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Abstract

The principal aim of this research was to provide a detailed understanding of the
performance of gas turbine engines inside indoor sea-level test beds. In particular the
evaluation of both thrust correction factors and the estimation of the mass flow
entering the test cell were at the core of the research.

The project has been fully sponsored by Rolls-Royce pic. Initially, their principal
objective was to assess the relevance and accuracy of CFD when applied to thrust
measurement inside indoor test beds with an intended outcome of minimising the use
of expensive experimental measurements.

The different system interfaces and accounting systems for in-flight conditions,
available in the open literature have been developed and adapted for indoor
environments. This has led to the definition of three different thrust correction
equations using alternative definitions of thrust correction factor. Aero-dynamic
principles have been applied for the derivation of one-dimensional relationships for
the calculation of each thrust correction factor using generic engine-cell performance
and dimensions.

A one-dimensional analytical model has been developed to represent the engine-
detuner ejector pump. This is able to characterise the engine-cell system performance
and is used as the main tool for providing a matching procedure capable of predicting
the cell entrainment ratio.

By processing experimental data relevant to different engine-cell configurations
through the ejector pump analytical model, a method for achieving the entrainment
ratio control inside the cell has been identified.

The CFD work has been concentrated into three main activities:

¢ A quantitative extrapolation of the thrust correction factors including, the
pre-entry force, the external and the total bellmouth force, the throat stream
force, the intake momentum drag and the base drag.

e The representation of the engine-detuner ejector performance for a
variety of  engine-cell configurations.

o The modelling of the generic test cell components including the inlet
stack, the cascade elbow, the exhaust stack & the blast basket.

The outcomes of this research have been very successful in enhancing the validity of
the thrust correction equations developed.. In particular, the use of a one-dimensional
approach in their estimation has been shown to be fully justified. The work has also
emphasised the value of CFD in supporting the derivation of the matching procedure
for predicting and controlling cell entrainment ratio. Indeed, one of the strongest
outcomes of this work has been the conclusion that both the engine-cell characteristic
lines computed with the one-dimensional model and those computed with CFD for
different cell configurations are almost identical.

In addition, the use of CFD as a tool for the quantitative evaluation of the thrust
correction factors has been established. Finally, the CFD results have facilitated an
enhanced understanding of the complex flow structure inside indoor test cells
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1. Introduction

Both engine manufacturers and airlines share the requirement to test the engine to
determining performance, verify repairs and ensure proper function of each engine
component. In general the various types of test activities can be divided in two
categories: research and development and production.

Within the research and development category four different types of test can be
identified namely, the design test, the proofing test, the capability test and the trouble
shooting test. All of them are aimed at supporting the engine manufacturer in the
development and the certification of the engine. The production tests include the
acceptance tests post-overhaul. Although this need not be done necessarily by the
engine manufacturers it must meet the design authority specification.

Each of the above test purposes needs its specific test facility with its own specific
instrumentation.

The facilities for gas turbine engine test can be divided into two main categories,
namely, altitude and the sea-level test beds.

The former are indoor facilities used to assess the engine performance under the same
conditions as those which the engine has to operate during its lifetime.

The latter can be outdoor and indoor facilities and with a corresponding lower degree
of complexity, when compared with the altitude facilities.

These are used for the entire above specified test purposes. Indeed, now days, during
the design and development of a gas turbine engine, only a few specific and essential
tests are made in altitude test facilities to optimise various designs.

The research program described in this thesis deals with the gas turbine engine test in
sea-level conditions. In particular within this category the indoor test cells represent
the main topic towards which the studied have been addressed.

The main difference between sea-level indoor and outdoor tests is centred on the
fulfilment of the fundamental requirements that each kind of test has to meet such as
accuracy in performance measurement, reliability and repeatability.

The “free air” outdoor is the “ideal” environment for measuring the thrust delivered
by the engine. Indeed, in such conditions the engine draws only the air necessary to
satisfy its thermodynamic cycle and therefore, in case of no-wind, the thrust measured
is the real gross thrust delivered by the engine. Accordingly, this satisfies the main
requirement for the accuracy in performance measurement.

However, the outdoor tests have to face all the issues related to the weather conditions
which affect the reliability and the repeatability of the results. Furthermore, they have
also to meet all the requirements related with the regulations of noise pollution.
Together, the above described restrictions make of an outdoor test an extremely
expensive and time consuming way to asses the performance of a gas turbine engine.

Accordingly it is standard practice to conduct most engine tests in indoor cells and
correct the data acquired for the enclosure effects. Indeed, in indoor conditions the
engine does not draw only the air necessary for its cycle (primary flow) but an
additional amount of air enters the cell (secondary flow) as consequence of the
interaction between the engine and the cell exhaust system. Indeed, the engine and the
exhaust collector duct (detuner) give rise to an ejector pump effect which allows the
secondary mass flow to enter the cell and by-pass the engine. The ratio between the
secondary and primary mass flows is usually called the entrainment ratio.
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The secondary mass flow is responsible for several aerodynamic forces around the
engine which do not allow the measurement of the real thrust delivered by the engine.
Therefore, the evaluation of these aerodynamic effects is necessary for determining
the real thrust delivered by the engine.

Engine Gross Thrust = Thrust Measured + Y_ acrodynamic forces actingon theengine (1.1)

Equation (1.1) is a thrust correction equation and the elements inside the summation
sign are usually called thrust correction factors.

At the same time, the quality of the flow distribution inside the cell represents another
issue for indoor tests. It is, for example important to keep this under control in order
to avoid flow distortion, separation, recirculation and flow fluctuations. Indeed, these
flow phenomena can affect the engine performance and even damage it.

An indoor test environment, however, represents the best solution in terms of
reliability and repeatability. Moreover, problems related with the noise pollution can
be better controlled indoors.

This research has been fully supported by Rolls-Royce plc.

Their principal objective was to assess the relevance and accuracy of CFD when
applied to thrust measurement in indoor sea-level test bed facilities. A parallel
ambition was to minimise the use of expensive experimental measurements.

The scope of this research has been defined by the requirements described above and
the fact that there are significant gaps in the relevant literature.

Accordingly, the work includes the use of CFD for the estimation of thrust correction
factors. In addition the work includes an analytical derivation of the various thrust
corrections equations It has been adjudged also necessary to evaluate the total thrust
correction factors using different engine-cell interfaces.

Using a one-dimensional approach initially, a study is carried out to derive useful
relationships for quantifying the single thrust correction factors through ordinary cell
measurement.

In this research program issues relating to both thrust and mass flow measured in
indoor sea-level test are considered

This involves the use of an analytical ejector pump theory to characterise the engine-
cell system. This analsis is verified CFD modelling predictions.

The activities listed above converge towards a final outcome for this research which
can be synthesised as:

The development of an analytical tool able to predict and control test cell entrainment
ratios in indoor sea-level test cells and which is capable of providing a quantification
of the real thrust delivered by an engine.

This thesis has been divided into a further seven chapters.

Chapter 2 includes a literature review on indoor sea-level test facilities for gas
turbine engines. This starts with a classification of the different types of facility, their
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chronological development and their purposes to include a description of the main test
cell components.

The second part of the literature review is dedicated to past studies of the effects of
engine-detuner ejector pump on the flow inside the cell. In particular, different ejector
parameters are taken into account such as the spacing between the engine and the
detuner, the nozzle-detuner diameter ratio and the primary jet conditions.
Furthermore, an energy balance inside the cell is proposed as a method for computing
the cell entrainment ratio.

The third part of the literature review deals with the thrust correction factors. The
Rolls-Royce and the ITP experiences are reported for the description of the method
actually in use for correcting the thrust measured inside the cell.

The fourth part describes the flow phenomena inside the cell such as distortion,
recirculation, separation and fluctuation. Useful guidelines are provided to protect the
cell from adverse flows which can compromise the stability of the engine and of the
measurement systems.

In the fifth part of the literature review, some CFD approaches for modelling the
indoor test cell facilities are reported.

Chapter 3 underlines the objectives for each area of work of this research
programme. In particular, the contributions to knowledge given by this research are
highlighted.

Chapter 4 deals with the definition of different thrust correction equations and with
the derivation of useful relationships for computing the majority of the elements of
the equations derived.

The first part of this chapter is dedicated to the definition of the aerodynamic first
principles which allow the distinction between thrust and drag.

The second part is dedicated to the study of the different system interfaces and
accounting systems used in the literature for in-flight conditions and their application
in the environment of an indoor sea-level test facility. A pseudo-infinite cell is used as
a link between the two conditions.

In the third part of chapter 4 three different thrust correction equations are derived
using an hybrid accounting system with different interfaces. For example, using a
one-dimensional aerodynamic approach, useful relationships for the calculation of the
majority of the thrust correction factors are derived. Graphical trends are presented to
visualise the effects of the engine-cell performance and dimensions on the thrust
correction factors.

The fourth part of Chapter 4 is dedicated to two special studies. The first is the free air
aerodynamics and the second is the pre-entry force. The former underlines the
aerodynamic differences between indoor and outdoor cases. The latter characterises
the force acting on the engine pre-entry stream tube as a function of the cell
dimensions and entrainment ratio.
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Finally, the fifth part of Chapter 4 shows a comparison between the different thrust
correction equations derived using actual Rolls-Royce data for engine “C” in the
Derby test cell “Y™.

Chapter 5 deals with the development of an ejector pump model to characterise the
engine-cell system. The model is based on the separation of the detuner into four
different regions: the Preliminary Region, the Accommodation Region, the Mixing
Region and the After-Mixing Region.

The flow conditions in the above regions are derived using analytical procedures
which are described in the first part of the chapter.

The second part of the chapter presents the application of the engine-detuner ejector
pump analytical model using Rolls-Royce data for the engines “A” and “B” in Derby
test cell “X”. The results are shown in graphical format and consist of the
representation of the engine-detuner characteristic lines and of the engine-cell
operating lines.

The third part of the chapter describes a non-dimensional analysis aimed at the
possibility of deriving a graphical representation for defining a unique engine-cell
operating line for different engines.

The results of the non-dimensional analysis are used in the fourth part of the chapter
as relevant contributions for the definition of a matching procedure which allows the
prediction of the cell entrainment ratio. The main characteristic of this prediction tool
is that it works by using ordinary engine-cell performance and dimensional
parameters.

Chapter 6 deals with the CFD work carried out in the research program.
It starts with the author’s approach to CFD and with his distinction between the CFD
user and developer.

The first part of the chapter is dedicated to modelling the Rolls-Royce engine ”C” in
Derby test cell “Y”. Particulars of the software settings and of the modelling are
discussed. In this part of the chapter the methodology followed to match the actual
cell entrainment ratio with the CFD models is also described. The main use of the
model developed in this section is the quantitative estimation of the thrust correction
factors. Thereby, the methodology adopted for the calculation of each one of the
thrust correction factors is illustrated.

A comparison is made between the different thrust correction equations derived in
Chapter 4 using the extrapolated data from the proposed CFD model.

The second part of Chapter 6 is dedicated to the study of the engine-detuner ejector
pump effect with the use of the CFD. Different models are used for deriving the
engine-cell gjector characteristics and to understand how the operating points of
system move along them. Different models include different cradle blockage areas
and different detuner lengths.

The third part of the chapter outlines several attempts for modelling different test cell
components such as the inlet system, the exhaust system and the blast basket. The
CFD settings are discussed as the results obtained.

Chapter 7 deals with the discussions of the findings of the above previous chapters.
The discussions are structured in three levels.
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In the first level the findings of each chapter are discussed separately one by one.
In the second level the findings of different chapters are compared and discussed.

In the third level the findings of this research are gathered together, discussed and
presented as a unique tool able to predict and control the cell entrainment ratio and to
provide a quantification of the real thrust delivered by the engine.

In this chapter the achievement of the objectives stated in Chapter 3 are discussed.
Chapter 8 includes the Conclusion and the future work outlined by this research.

The main body of this thesis is followed by four appendixes.

While APPENDIX A, APPENDIX C and APPENDIX D are integrations respectively
of Chapter 5 and Chapter 6, APPENDIX B includes the experimental wok carried out
at Cranfield University as support of this research. The reason this is not included in
the main body of the thesis is that it has already been published by the author in an
international conference (AIAA 43™ Aerospace Meeting and Exhibit 2005 in Reno) In
addition, it is also part of the theses of those Master student’s contributing to this
research.
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2. Literature Review

21. Gas Turbine Engine Test Facilities

Engine test facilities are designed to assess engine operation and performance under
well controlled conditions. They are divided into two types, the Sea-level Test Facility
(SLTF) and the Altitude Test Facility (ATF).

The most common is the sea-level test facility where the engine operates atmospheric
conditions.

The Altitude Test Facility is provided with extensive compressor, exhauster, heater
and dryer equipment in order to independently control the temperature and the
pressure at the engine inlet and exhaust. In such a way the engine operates under a
wide range of conditions simulating different altitude and Mach number.

2.1.1. Altitude Test Facilities

In this paragraph only the most important characteristics of an altitude test facility ar:
described. Indeed, the ATF are not the main facilities that this thesis deals with and
they are included in this paragraph only for a descriptive purpose.

Most Altitude Test Facilities are designed so that the inlet air flows through the inlet
duct directly into the engine. This kind of arrangement is called “connected” and
enables the flight conditions to be simply controlled by a relatively simple plant lay-
out.

An essential feature of the altitude test facility is the separation of the inlet of the
engine from the exhaust which allows the engine to operate under a wide range of
temperatures, pressures (altitudes) and Mach numbers. This can be seen in Figure 2.1
which represents the lay-out of one of the Altitude Test Facility at the Royal
Aerospace Establishment in Peystock, England (Osborn 1990b).

The design of the inlet ducting needs special attention so that it provides the engine
under test with a total pressure profile which is closely related to the flow field the
engine would experience in the actual installation in flight.

At the same time, the inlet ducting usually incorporates some method of determining
the engine mass flow which is a primary measurement requirement.

The following advice for the design of Altitude Test Facility is directly reported from
the lecture given by A.R. Osborn in the Agard Lecture Series (Osborn 1990a).

The inlet ducting design should keep the divergence angle below 7°. The
instrumentation inside the inlet duct should be kept to the minimum in order to avoid
flow distortion inside the ducting.

Usually in the ATF the test conditions are controlled by adjusting three primary
variables to achieve true flight conditions: inlet temperature, inlet pressure and ram
ratio. Figure 2.2 shows a typical flight envelop (Osborn 1990a) used during the
Universal Engine Test Program, one of the most extensive test cells programmes
(Propulsion and Energetics Pannel Working Group 15 1990).
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Figure 2.2: Flight Envelope Used During the UETP (Osborn 1990a)

In the flight envelop represented above the changes in T; are at constant Mach
number. The change in P; gives a constant Mach number and changing in altitude and
the change in ram ratio leads to both change in Mach number and altitude (Osborn
1990a).

A particular notation regarding the ATF has to be made for the thrust measurement
system where a slip joint separates the inlet section from the engine providing a plane
at which all the inlet forces can be accounted. Therefore, the load measured by the
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load cell does not represent the gross thrust delivered by the engine, but the difference
between forces at the slip joint and at the exhaust nozzles. Allowances have to be
made for external pressure forces along the engine carcass, skin friction forces
resulting from chamber cooling flows, stand forces and other parasitic forces.

A more detailed treatment of this force is given in Chapter 4 when the forces acting
on the metric assembly of indoor sea-level test cells are analysed.

Another particular feature of the ATF is the necessity to provide the engine with dry
and cold air. An interesting study of the drying and cooling system is presented by
P.F. Ashwood of the National Gas Turbine Establishment (NGTE) in 1972 (Ashwood
1972). At that time, for capital cost issues the plant capable of supply continuously
dry and cold air was substituted with an intermittent storage system cooled using
Freon as refrigerant.

As example for the possible studies carried out in an ATF the cell at the NGTE has
also the capability of testing the engine in wet icing condition to allow the anti-icing
equipment to be evaluated.

2.1.2, Sea-Level Test Facilities

Sea-Level test facilities are more common than altitude cells primarily due to the
complexity as well as the capital and operating cost.

Sea-Level cells for gas turbine engine can be divided in two groups: the outdoor
stands and the indoor or enclosed test cell.

The advantages and the disadvantages of both the configurations are taken into
account in paragraphs 2.1.5, now the attention is dedicated only to the different
configuration of the facilities.

An outdoor cell consists basically of an open air stand supporting the engine and
providing the thrust measurements.

The immediate test bed area has to be free of obstructions to assure the validity of the
thrust measurements and to avoid flow distortion which can affect the engine
performance. Also the thrust stand is located at a suitable elevation off the ground to
eliminate inlet flow interferences.

Figure 2.3 shows a general lay-out for outdoor cells.

From this picture it is possible to notice that the airmeter inlet is a bellmouth.

Indeed, in the design of these facilities special attention is dedicated to avoid the
influence of ambient disturbances as the wind which could seriously affect the test
results.

For this reason the bellmouth can also be supported by a large mesh screen fitted
around the engine (Walsh and Fletcher 1998).

Figure 2.4 shows an outdoor acquisition data envelope which limits the data
acquisition when the wind conditions exceed some limits (in the vertical axes is
represented the wind velocity in MPH) (Parfitt 2001).

A general indoor test cell is a set of building consisting of the test-bay with inlet and
outlet channels, the control room, preparation area and the equipment room.

The test bay (or test main chamber) is the section where the engine is located in its
thrust measurement stand during the test.

From the control room the engine is fully controlled during the test. Often, this is also
the room where all the data acquisition systems and data reduction processors are
located.
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Figure 2.4: Outdoor Test Acquisition Data Envelope (Parfitt 2001)

The preparation room is the area where the engine is set-up prior to the test in order to
minimise the non-running time of the engine inside the test room.

The equipment room is dedicated to the storage of the compressed air for the cell and
the engine, fuel for the engine and all the components for providing the engine with
the needed power electricity.

The components of an indoor test facility are described in paragraph 2.1.6. Figure 2.5
and Figure 2.6 show a general lay-out for indoor test cell with horizontal inlet and
vertical outlet stack.
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A universal lay-out for a sea-level indoor test facility does not exist.

Indeed, it depends on which kinds of tests have to be supported by the facilities.

There are several kinds of tests which the facility can deal with and therefore a unique
configuration to allow all of them is not possible. The different kinds of tests are listed
in paragraph 2.1.4.

Different lay-outs are given by Rene Jacques (Jaques 1984) who underlines the fact
that whenever there is the need of building two test cells they have to be parallel in
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order to share the control room and the engine preparation room. In this way the costs
are reduced.
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Figure 2.7: General Lay-Out for Indoor Test Facilities (Jaques 1984)

Figure 2.7 shows a situation where the volume of work imposes the need for two test
cells. In the right hand side of the picture there is also included a hush house.

When the work organization does not impose the need for two cells but still there is
the necessity of testing bare engines and on wing engines, another solution is
proposed for reducing the costs (Figure 2.8). In this case the cell is designed to allow
also the possibility to host an aircraft within its test bay, by a horizontal inlet channel.
In this way the same test cell can also be used as a test hush.

Figure 2.8: Indoor Test Bed for Bare Engines and Aircraft Trimming Test (Jaques 1984)

It is worth to mention that the above illustrated lay-outs are optimised for the
construction costs only and therefore they do not represent the best aero-dynamics
solutions.

The indoor test cells taken into account until now are specifically designed for gas
turbine turbojet or turbofan engines. These facilities represent the core study of this
work, but at the same time in this introductory overview for gas turbine test facilities
it is also worth to mention the facilities for testing gas turbine turbo shaft engines.
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There are different applications for turbo shaft engines as helicopters, turboprop,
auxiliary power units, power stations and vehicles. All of them share a common
requirement, the need for the power turbine to be under-load during the performance
evaluations. However, a difference has to be made between turbo shaft engines loaded
by a dynamometer and turboprops by a propeller.

The dynamometer by applying a load to the shaft of the power turbine acts as a brake
and by an appropriate instrumentation allows the determination of the torque. There
are different kinds of dynamometers for turbo-shaft engines such as Cradle
dynamometers, the air compressor, the hydraulic dynamometers and Eddy-current

dynamometers (Wunder 1984). An example of test cell lay-out for turbo-shaft engine
is given in Figure 2.9.

STACK

OPTIONAL
GEARSOX
 Rnvacemons
UPSTREAM OF
ANY GEARBOX
DYNAMOMETER

STAND OuUTPUT

) ad

Figure 2.10: Turboprop Test Cell Stand (Torella, Liotti, and Bruno 1988)

Figure 2.10 shows a turboprop set-up for an endurance test.
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2.1.3. Chronological Development of Sea-Level Bed for Gas
Turbines Engines

Before going ahead with the description and the analysis of the sea-level test cells for
turbofan and turbojet engines it is believed worth to illustrate their chronological
development.

In the early year of engine evolution, relatively simple and low power engines could
be tested on what now seem very basic test stands, needing only very elementary
methods of measurements and data presentation.

At that time it was also suggested that since the processes of compression, combustion
and expansion take place in different components, each could be studied in isolation,
therefore avoiding the need for testing the complete engine.

Indeed, it was claimed that component test rigs could be better instrumented than a
complete engine.

However, the argument ignored the difficulty of testing the components under
transient conditions and overlooked the influence of the interactions that occur
between components.

Needless to say that it was quickly realized that the argument could not be sustained
and that full-scale engine testing had an essential role to play in aero-engine
development (Ashwood 1984).

Component testing is equally necessary and the two perform complementary
functions in the process of establishing a firm data base from which a specific design
is ultimately cleared for flight.

During a lecture in London in October 1945 Sir Frank Whittle described the set-up
used to test his first experimental engine in April 1937 (Figure 2.11).

Figure 2.11: Sir Frank Whittle Test Cell (1937) (Ashwood 1984)

The engine was mounted on a four wheeled trailer which carried also the starting
motor (top left of the picture), the instruments and the control panel making the whole
set self contained except for the fuel and the water supply.

At that time no attempt was made to silence the engine, neither the intake nor the
exhaust.

Engine technology has developed over the years and engines have grown is size and
complexity resulting in significant gains in specific fuel consumption and power to
weight ratio.
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In parallel has grown the need for more comprehensive testing and a demand for
improved accuracy of measurement, for an increased number of measurements during
the test and for more comprehensive displays of processed information.

An example is the Test Bay No 4 at Peystock which was brought into use in 1946
particularly used for the investigation on reheat combustion and engine control
systems (Figure 2.12).

Figure 2.12: Test Bay No 4 at Peystock (1946) (Ashwood 1984)

The cell is essentially an open-ended hangar with a separated sound-proofed control
room which also housed the instrumentation. The engine was mounted on a frame
suspended from the roof by four rods. A particular design feature was the use of a
system of rods and cranks to couple the fuel control valves on the engine to the
throttle level in the control room. The instrumentation reflected the standard of that
time and used simple directed reading instruments. The pressure was measured with
water and mercury manometers and the temperature with thermocouples and
resistance thermometers.

The third generation of test is typified by the Glen test house at Peystock which was
commissioned in 1958 and is still in regular use (Ashwood 1984)

Figure 2.13: Glen test house at Peystock (1958) (Ashwood 1984)

The cell is fully enclosed and includes intake and exhaust silencing. It was designed
for hypothetical engine with a mass flow of 115 Kg/s.

The thrust frame is anchored to the floor and this result in the engine centre line being
3 m above the ground level.

A major virtue of this cell is that it is a zero-rate system. This means that there are not
pendulum effects due to gravitation such as parts with suspensions using rods or
flexure.

The original thrust measuring system used a mechanical linkage to transfer the thrust
to two weighted machines located in the control room.

With the advent of gas turbine engine with afterburner and turbofans pumping
problems were encountered in the cell design. Indeed, from one side the engines with
afterburner needed secondary mass flow entering the cell to cool down the
temperature of the exhaust system.

33



The first cooling systems were achieved by water ingestion inside the detuner or in
proximity of the engine.

However, although the water offers superior heat absorbing qualities, spray devices
have proved to be insufficient at penetrating the high velocity exhaust core. Also
another problem derived by the use of water for cooling down the system is the
corrosion of the exhaust parts, with a relative increase of maintenance cost.
Furthermore, since most of the water provided is lost by evaporation another issue is
to ensure a big water supplier.

Accordingly, in the fifties the test cell research has dedicated part of its work to find
alternative solution to cool down the cell.

The most straight forward solution is to use the primary engine jet and the detuner
tube (also called for this reason augmenter tube) for pumping secondary mass flow
into the cell in ejector fashion

The research concentrated most of its efforts in achieving the right proportion of
secondary flow inside the cell (Sapp and Netzer 1978). Indeed, turbofan engines
resulted into too much secondary flow entering the cell causing structural problems.
The problems related with the right amount of secondary flow are examined in more
detail in paragraph 2.2. By now in this historical overview it is important to mention
that in 1950 in Toronto made its first appearance a colander device with sliding covers
which allowed the control of the secondary flow by changing the pressure at the back,
the blast basket.

This underlines the fact that the cell design must be suitable for testing not only one
kind of engine but a whole range.

The basic design of the Glen test house is still valid today. The only changes found
necessary are related with the instrumentation and the thrust measurement system.
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Figure 2.14: Test Cell No. 1 of the Japan Air Lines Located in Narita (Freuler 1993)

All the modern test cells for turbofan and turbojet engine embody the basic features of
the Glen test house.

However at now days, the strict environmental regulations regarding noise pollutions
have set specific limitations which involve also the design of test beds.

Therefore, particular attention during the design is dedicated to the exhaust and the
inlet systems in order to meet the regulations. At the same time the geometry of the
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air inlet is also important since it affects the uniformity of the air which goes through
the engine.

Another important aspect of the modern design for gas turbine test cell is the data
acquisition and processing systems. In this field a lot of progresses have been made in
the last two decade in order to improve the accuracy of the measurements (Holmes
1984).

Figure 2.14 shows the cell No. 1 of the Japan Air Lines located in Narita (Freuler
1993).

Figure 2.15 shows the set-up for a modern test cell control room.

In 1981 in context with the symposium on “Turbine Engine Testing” the Advisory
Group of Research and Development has conducted a survey among all the NATO
countries to register all the air breathing engine test facilities for research and
development (paragraph 2.1.4). The survey has been called Air Breathing Engine
Test Facilities Register (Krengel 1981).

In this document plenty of information is available about facilities which are still
working.

It is interesting to notice how the cell characteristics changed during the years.

Figure 2.15: Modern Test Cell Control Room (Cell Aerospace Test Equipment)

2.1.4. Purposes of Sea-Level Testing

In generally the various types of propulsion testing can be dived in two different
categories, support for the research and development and production test.

The testing as support of the research and development can be divided in four basic
categories: design testing; proof testing, capability testing and trouble-shooting
(Rudnitski 1984).

Design testing is normally carried out by the engine manufacturer. The results from
these tests are used to validate or to correct computed designs and to optimise such
elements as cooling passages, boundary layer correction factors, etc. A typical
approach is to design the component based on experience and theory and then to
check the components or elements in bench tests. Basically the testing in the
developing program is divided in three levels: the piece-parts, modules and full
engine (Beanland 1984).

Proof testing is done by the manufacturer to shows that its product meets the design
specification. The specification may call for a large number of tests in addition to a
long and complex endurance test that may involve many throttle movements, altitude
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testing and running on several fuel types. Only when all the tests have been
successfully completed the engine can be properly considered certified.

Capability testing may be undertaken by the manufacturer or carried out in concert
with the client if he is a large operator like the military. Such tests concentrate on the
errors in adjusting the engine, lapse rate of performance with usage, manoeuvre
limitations caused by the flow distortion, limit with the afterburner light with respect
to altitude and speed, engine relight limits, surge and stall limitation, low cycle fatigue
life and stress rupture life.

Trouble-shooting is a testing function necessary to solve problems that occur in the
field after a period of use. In some cases it is necessary to duplicate not only the
failure mode, but the elapsed number of cycles or time in the engine life when the
failure occurred. Many engine types were originally conceived for an application
which may be quite different from the current usage, thus imposing new constrains
that were not provided at the original design.

The production testing includes also the post overhaul acceptance testing. Indeed they
share the same objective that the engine must meet the minimum performance targets.
While production test contains all new parts, overhauled engines may contain some
repaired parts with the bulk of the parts being used. The overhaul facility, which may
be owned by the user, has a dual role to play; it must satisfy the user who wants
engine integrity and performance restored at minimum cost. And at the same time it
must cooperate with the design authority and the vendor for new parts. Therefore, the
post overhaul acceptance tests are quite important, as the engine will seldom exhibit
“as-new” performance, yet it must pass minimum performance guarantees.

The class of facilities required for research and development testing is generally quite
complex and expensive, as simulation of both altitude and forward speed, in addition
to sea-level conditions, may be required.

Production testing, carried out under sea-level static conditions by the engine
assembler, is required to ensure that each engine meets performance guarantees. Due
to the tolerance in the production of individual parts and in the build up of assembled
components, each engine has a unique performance signature. Using minimal
instrumentation the production tests log engine performance and health, adding new
information to the manufacturer’s data bank.

These tests also demonstrate to the client that each unit meet the specification.

Together with the above test purposes it is also worth for completeness to mention the
tests made by the user technicians who have to respond to the pilot complaints about
inadequate or erratic engine performance. Sometimes the problems can be rectified on
wing without engine removal, but often, especially with older designs, the engine
must be installed on a test bed to isolate and repair the fault. Current design
techniques do permit a number of components, such as electronic fuel controls, to be
changed on wing, provided the fault can be isolated. Fault isolation may be effected
by test equipment that does not require engine operation, but if required, the test
facility must be capable of monitoring the engine performance while installed in an
aircraft (test haush). The objectives of a service technician are somewhat different
from the engine over-hauler. The primary function of the user technician is to keep
the airplane in the air. Therefore he does not place the same degree of accuracy on
performance parameters as fuel flow and thrust as does the engine manufacturer.
However with the advent of “on-conditions” maintenance more attention has to be
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paid to thrust and fuel flow. Hence the field test facilities now require a better
standard instrumentation, data gathering and handling and engine performance
assessment.

Each of the above test purposes needs its specific test facility with its own specific
instrumentations. An interesting classification of the degree of complexity, based in
the instrumentation required, for each test purpose is reported in (Holmes 1984). The
complexity increases from the top to the bottom of the Table 2.1.

Type of Test Objectives
Pass-off Demonstrate performance guarantees after
overhaul
Endurance Demonstrate capability of mechanical integrity
and reliability over an extended period
Fault Diagnosis Identify reason for performance shortfall or
components failure
Ingestion Demonstrate capability to withstand ingestion
of foreign objects
System Development Evaluate new system and accessories
Engine Development Evaluate new technology engine components
on an established engine
Demonstrator Asses the overall performance and handling
qualities of a completely new engine
containing many advanced technology features

Table 2.1: Degree of Complexity of the Instrumentation Required for Different Test Purposes
(Holmes 1984)

The main topic of this thesis is the enclosed gas turbine test facility, where the whole
bare engine is tested.

In such a case several flow phenomena, occur inside an enclosed test facility, which
make the engine performance evaluation a not easy task to accomplish.

In particular, this thesis deals with cell airflow and the engine thrust evaluation inside
the cell. The first is a very generic field worth to understand every time the engine is
operated inside the test cell. The second is more specific and deals with the evaluation
of different thrust and drag accounting systems, therefore useful every time the thrust
of an engine needs to be evaluated.

From the above brief specification the author would classify this research useful for
both research and development and production testing (overhaul tests included).
Indeed every time the engine has to run on enclosed cell the first requisite to
accomplish is provide the right environment and the cell airflow is one of the most
important parameters to keep under control.

2.1.5. Outdoor vs. Indoor Sea-Level Test Facilities

As already said in the above paragraphs this thesis deals with sea-level test.
Therefore, it is necessary to go into more details and emphasize the main differences
between the two kinds of SLTF.

An important, centre issue to gas turbine engine testing is the conflict between the
need for accuracy of performance measurements and the need for a reliable and
repeatable test environment.
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An outdoor “free air “test (Figure 2.4) environment represents the best possible
“ideal” condition in terms of thrust measurement. Indeed, when an engine is tested on
an outdoor stand under no-wind conditions draws only the air necessary to satisfy its
thermodynamic cycle. This leads to the result that the measured thrust force is a direct
reading of the real gross thrust delivered by the engine (SAE international 1999)
(Freuler 1993) (Rudnitski 1990). Therefore, such a value is also used as a datum to
which all the others results from different techniques can be compared to. This aspect
is also examined more in detail in Chapter 4 paragraphs 4.4.1 and 4.4.2.

Therefore, it would seem that the proper approach for all ground-level testing might
be to use outdoor “free-air” stands.

However, the ambient conditions which an outdoor test has to deal with do not allow
for a reliable and repeatable test environment. Especially the wind conditions are
considered the most critical for achieving a successful test result.

Additionally, the use of outdoor facilities can result in objection noise pollution, and
therefore as consequence they are located in the more remote and less accessible
areas.

All these constraints also make the outdoor test extremely expensive.

Accordingly it is standard practice to conduct the most turbojet and turbofan engine
testing indoors in specialized test facilities (Figure 2.6).

However, the enclosed environment does not represent the best solution in terms of
accuracy in the measurements. Indeed, in order to determine the actual performance
characteristic of an engine operating indoor the interaction between the engine and the
cell must be understood and evaluated. To underscore the importance of
understanding performance measurements from engine test facilities the Advisory
Group for Aerospace Research and Development has undertaken from 1980 to 1987
one of the most extensive experimental and analytical research programs called the
Universal Engine Test Program (UETP) (Propulsion and Energetics Pannel Working
Group 15 1990). Most of the authors of the references used in this literature review
have participated to such a program. The main objectives of the UETP are:

« To provide a basis for up-grading the standards of turbine testing within the
AGARD countries by comparing test procedures, instrumentation techniques and
data reduction methods, thereby increasing confidence in performance data
obtained from engine test facilities

« To compare the performance of an engine measured in ground level test facilities
(outdoor and indoor) and in altitude test facilities at the same non dimensional
conditions and establish the reasons for any difference.

Even though the UETP is a really fascinating piece of work in this thesis can not be
illustrated in its integrity. But it is referred to for the most of the topics treated here.

Coming back to the main differences between outdoor and indoor test facilities, it is
clear that a compromise needs to be agreed between the above constrains.

Generally, it is a common practice to limit the outdoor tests to 2 minimum number for
defining the datum engine performance characteristics. Once such conditions are
acquired, the results from the indoor test are correlated to them by complex
procedures in order to work out the actual engine performance also from indoor test
results (Propulsion and Energetics Pannel Working Group 15 1990).
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Figure 2.16 summarizes the interaction and the characteristics of outdoor and indoor
test data. Once the correlation has been-established for a defined engine in a defined

cell all the same kind of engine can use it to work out the real performance
characteristic.

Outdoor-Test Indoor-Test
Reliable
Accurate Repeatable
No Noise
Poulluting
A
Datum Test-Data
Performance
Correlation

Figure 2.16: Correlation Indoor-Outdoor

2.1.6. Indoor Test Cell Components

Three primary components can be identified inside an enclosed ground level test bed
facility: the inlet plenum, the test chamber, and the exhaust system.

Each one must be designed not only to acquitting its individual function but also
looking at the compatibility with the other components with respect to aero-thermo-
dynamics and acoustic performance.

The inlet plenum

The inlet plenum includes the inlet stack (assuming that the cell has a vertical inlet),
the acoustic treatment, the cascade turn wind, honeycomb, baffles and flow screens.
The primary function of the inlet plenum is to deliver clean and adequate air flow to
the test chamber. It should be designed to provide stable inlet flow up-stream the
engine inlet and to eliminate problems caused by physical and environmental
conditions. The first thing to achieve is a clean airflow, indeed, the inlet system must
allow for cell operation independent from outside wind direction and magnitude so
that testing can be conduced under all weather conditions. At the same time it should
isolate the no-uniform characteristic present in a free flow, in events of windy
conditions, in order to reduce the flow distortion inside the cell. Such a distortion
indeed could affect the engine performance and at last also damage the engine
components (SAE international 1999).
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Figure 2.17: Three Different Kind of Inlet Plenum: a) Horizontal, b) Vertical,
¢)Vertical Truncated (Freuler 1982)

As it is possible to see from Figure 2.13 and Figure 2.14 two different kind of inlet
plenum are available, the horizontal and the vertical. In terms of cell aero-dynamics in
a horizontal inlet system without bends the flow is less disturbed and under ideal
external conditions (i.e. no-wind) the distortion level is very low.

At the same time with vertical inlet systems the air is sucked inside the cell with less
danger of foreign objects and therefore erosion of the acoustic treatment. There is not
a direct wonder about foreign objects regarding the engine, the flow screen and the
debris guards located in the cell avoid the ingestion of such objects in the engine. Also
with vertical inlets the noise radiation at the ground level is lower.

An interesting study, for scale model test cell, of different inlet configurations under
crosswind conditions is presented in (Freuler 1982). Three different inlet plenums
were studied, horizontal straight, vertical 90° with turning wind and a truncated
courtyard version (Figure 2.17).

The results in terms of inlet distortion clearly show that most sensitive configuration
at the external wind direction is the truncated courtyard (Figure 2.18).

The flow distortion is accounted as it is shown in equation (2. 1)

vmax _vmin (2. 1)
v

aver

distortion =
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Another important parameter of the inlet plenum is the pressure loss which the flow
experiences passing trough it. Loss in total pressure along the inlet system can be
reflected in cell depression inside the cell. An excessive cell depression can be a cause
of structural problem first and second could affect the stability of the flow around the
engine and the accuracy of the measurements. It is generally recommended to limit
the cell depression to 150 mm H,O (Jaques 1984). Such a limit is not particularly for
the structural load but primarily for allowing the engine to work in conditions close to
the free air and secondly for the corrections necessary during the correlation.
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Figure 2.18: Effect of the Wind and Cell Inlet Configuration on the Flow Distortion inside the cell

In the above mentioned paper (Freuler 1982) the effects of different flow screen
porosity and position on the cell depression and inlet velocity distortion are also
investigated. The study involves two different inlet configurations, a vertical with 90°
curvature including turning wind and a horizontal. The lowest cell depression was
obtained with a horizontal inlet, without a flow screen and baffles (Figure 2.19).
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Figure 2.19: Flow Distortion and Cell Depression for Different Cell Inlet Configurations
(Freuler 1982)
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However, such a configuration corresponds to the highest flow distortion. Figure 2.19
suggest also that inlet flow distortion of 0.2 or less results when flow screen porosity
or baffles are chosen to produce a cell depression of at least three inches of water.
Furthermore it implies that higher loss flow screens result in more uniform flow, but
at the same time they correspond also at higher cell depression. Therefore a
compromise between flow distortion and cell depression needs to be achieved.

Test chamber

The test camber is the room where the engine is located during the test.

It includes the engine test frame and the cell supporting equipment, such as lift
platforms, ladder, the inlet of the augmenter pipe, the engine monorails and so on
(Figure 2.20).

Figure 2.20: Modern Test Chamber (Wilson 1999)

Attention must be paid to the design of the test chamber to minimize or eliminate
projections which affect portion of the flow entering the engine. Such projection can
cause wakes and distortion in the bellmouth and produce unacceptable variations in
the engine performance and mass flow measurements. In addition consideration
should be given to those aspects of the test chamber design which affect the airflow in
the vicinity of the engine to ensure that there is not air recirculation and that the
engine does not re-ingests hot gasses.

The recirculation (paragraph 2.4.2) can affect the flow measurements inside the cell
and the re-ingestion can alter the engine performance. Hot gas recirculation can be
dangerous even without re-ingestion. Indeed, it can generate temperature gradients in
the flow up-stream to the engine which is seriously adverse affected by temperature
distortion (similar to velocity distortion) (Rudnitski 1990).

Furthermore, the flow recirculation can also affect the pressure distribution along the
engine and therefore its thrust determination.

Therefore, inside the test chamber the temperature is usually well monitored.
Recirculation and re-ingestion are not the only risky flow phenomena inside the test
chamber but also due to the boundary layer separation from the cell walls also
vortices can appear.

The above flow phenomena will be better taken into account later on, when the cell
aero-dynamic will be better illustrated. At the moment they are listed only to
underline importance of a well designed test chamber. Indeed, a lot of risks can be
avoided designing a test room with the appropriate dimensions.
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Even though, one of the most important flow parameter i.e. the entrainment ratio () it
has not been introduced yet (equation (2.4)). It is useful to provide one important rule
which link together the engine and the test room dimensions in order to achieve flow
velocities inside the cell which are not higher than 10 m/s (Rudnitski 1990).

_124,, 2.2)
T (ut))

Such a velocity maximum value is advised in order to limit the flow distortion inside
the cell.

Another ratio often used in the tailoring of the test chamber is given by the engine
diameter over the cross sectional area of the cell.

In the above equation (2.2) it is shown one of the most important out-comes of every
test cell study i.e. how the engine dimensions, the cell dimensions and the cell flow
are strictly correlated together to achieve high-quality aero-dynamic inside the cell.

Exhaust System

Probably the greatest impact on the engine performance and on the cell performance
is the design of the exhaust system.

The exhaust system not only controls the total amount of mass flow entering the test
cell but it also controls the back pressure on the engine, the sound absorption and also
the production of exhaust pollution.

In the exhaust system are included the detuner pipe, the blast basket (perforated
cylinder Figure 2.14) or a cascade turn wind, silencers and flow screens.

In order to describe the exhaust system it is necessary to mention that the engines jet
exhaust (or jets for a turbofan engine) momentum in combination with the detuner
pipe act to form an ejector pump, which entrains cool secondary flow air from the cell
inlet. The amount of secondary flow is strictly dependent on the exhaust system
configuration by several relations which involve several parameters. These issues are
further discussed in paragraph 2.2.

In the past, the design of the augmenter pipe was considered an art and test facility -
designers and operators had only quantified some of the parameters concerning
ejector performance (Sapp and Netzer 1978).

The amount of secondary flow is probably responsible for most of the flow
phenomena inside the cell but at the same time it is used for cooling-down the engine
(exhausts nozzle and the exterior of the turbine), as well as the exhaust silencers and
the augmenter it self. Therefore it is preferable to use a detuner pipe that has a
collector which can be moved relative to engine exhaust plane and a variety of insert
size to modify the flow area.

As it will be better shown later on (paragraphs 2.2.2 and 2.2.3) the engine-detuner
distance and the area ratio of the detuner and of the engine nozzle are two crucial
parameters in the ejector theory. By them indeed, and by knowing the characteristic of
the engine exhaust it is possible to control the total mass flow entering the cell, the
pressure and the temperature around the engine and in the exhaust stack.

-
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An important limit of the exhaust stack is the flow temperature which should not
overtake the 400 °C in order to preserve the silencers.

At the same time for example a military jet engine in full- afterburner reach 1800°C.
Therefore the exhaust gasses must be cooled.

Cooling down the hot exhaust gasses only by dry air (by pumping air inside the cell
with the ejector pump), in the case of engine with afterburning, would require a large
amount of secondary flow. Probably such an amount would not suit at the best the
flow quality request inside the cell (in terms of flow velocity, distortion and accuracy
in the measurements). Therefore different cooling systems have to be used.

Quite common is the water injection in the augmenter tube as described during
paragraph 2.1.3.

Another approach is that of using two ejectors in series as illustrated in Figure 2.21.

Figure 2.21: Indoor Sea-level Test Bed with Double Air intake ((Jaques 1984))

The first ejector will drive only the required amount of air necessary to guarantee the
good cell aero-dynamic in the test room. The second will drive the right amount of air
for cooling down the exhaust stack.

In addition the velocity along the exhaust stacks is an important parameter. Indeed, in
order to improve the efficiency of the anti-noise treatments the velocity has to be
limited at 30- 40 m/s along the exhaust stack. Accordingly, this would determine the
cross sectional area of the stack (Jaques 1984).

Another important aspect of the exhaust system is the cost. Indeed, a round detuner
pipe is the most expensive component of the cell with a primary building cost of the $
1500000. About half of this cost is the labour required to cut, align and weld the
round sections. In addition to this primary costs also $ 400000 have to be added as
maintenance during a 20 years life span.

It has been estimated that the incorporation of a rectangular detuner pipe could save
$540000 on the construction costs and $260000 in the maintenance costs.

However, the performances of the two duct typologies have to be assessed before
switching from one to another.

Kodres and Murphy (Kodres and Murphy 1998) have presented a computational
analysis (using the PHOENICS CFD code), that dealt with three different detuner
cross sectional configurations: round, square and rectangular.
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The square detuner shows the best aero-thermo-dynamics performance avoiding
recirculation at the inlet and reaching lower surface temperature with an entrainment
ratio a bit smaller than that found for a round detuner.

However has to be said that the cross sectional area of the square detuner was about
27% greater than that of the round detuner (with its diameter equal to the side of the
square shape).

Even though this analysis did not include structural and noise considerations it
concludes that construction and maintenance costs can be reduced by switching from
a round to a rectangular (or square) detuner without any decrease in aero-thermal
performance.

2.1.7. Engine thrust Frame

The accurate measurement of the thrust is not only one of the most important but also
one of the most difficult parameter to achieve in the entire range of test bed
parameters.

The system most commonly used to measure the thrust of a turbojet/turbofan utilizes
strain gauge beams or diaphragms which give an electrical output proportional to the
applied load. Electrical circuits provide excitation voltages to the strain gauge from
10-15 volts and the strain gauges used are typically 350 ohms resistance (Holmes
1984).

They may be mounted near the front or at the rear of the thrust stand and work either
in compression or in tension. The forward location is preferred to reduce the
possibility of error due to thermal radiation from the engine exhaust. The thrust
measuring system should be designed to minimise false loading of the load cell due to
temperature gradients in the structure and/or calibration in a different horizontal plane
than the thrust loading.

The three basic flexure designs most commonly used with thrust stands are
compression, tension and compound. Flat plate flexures should only be used in
tension, whereas compound flexures have been satisfactory employed in both tension
and compression.

A centre-pull calibration with the engine in position is mandatory, as the pitching
moments induced in the stand can cause the flexures to change loading from tension
to compression. Should this happen, the calibration will likely be non-linear.

Stand stiffness, spring rate and hysterisis have to be accounted for as measurable
deflections of the thrust bed relative to the ground reference.

A regular centreline thrust calibration, as close as possible to the working conditions,
is the procedure needed to compensate for any moments effects.

2.1.8. Blast Basket

A complete reassessment of the test house design has been required with the advent of
the new generation large by-pass engines.

The mixing between the cold jet (coming from the fan nozzle) and the hot (coming
from the engine core) makes the global exhaust temperature lower than that

experienced with turbojet engines. This is especially true if the turbofan has mixed
exhaust.
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The immediate consequence of having exhaust jets at lower temperatures is that less
secondary flow is needed for cooling-down the exhaust system and preserve the
acoustic treatment.

However, if less secondary flow is needed, the global velocity along the detuner and
the exhaust stack is higher. Indeed, one of the main consequences of the mixing
process between primary and secondary flow is to slow down the primary flow.
Therefore the new smaller pumping task (described in paragraph 2.2) leaves a surplus
of kinetic energy in the exhaust stream.

Such a surplus is advantageous from the point of view of the interaction between the
cell flow and the outside weather conditions but has unfavourable impact in the
acoustic treatment. Indeed, the maximum efficiency from the acoustic treatment is
obtained if the flow velocity is kept below 40 m/s.

Figure 2.22: Blast Basket (Wilson 1999)

Therefore a new cell component is needed in order to help the flow mixing and
accordingly reduce the exhaust velocity. This component is the blast basket and takes
the form of a cylindrical colander closed at the end and it is located at the end of
detuner pipe.

Figure 2.22 shows a blast basket picture taken from the inside. It is interesting to note
that some of the holes are covered by plates. This technique is used for controlling the
pressure losses of the exhaust system and therefore the cell entrainment ratio.

The kinetic energy dissipation is achieved by the turbulent mixing between primary
and secondary flow and also by the flow crossing the holes.

Although blast baskets are mechanically simple and therefore attractive components
for inclusion in the test cell there is a shortage of aero-dynamics data on their
performance (Adkins and Anas 1996).

This has aimed Adkins and Anas (Adkins and Anas 1996) in their experimental and
numerical research for determing an overall discharging coefficient for the blast
basket as a whole.

w (2.3)
wL¥\2p(P - p,)

cdoverall =

Equation (2.3) is the formulation of the overall discharge coefficient defined where d,
L and ¥ are respectively diameter, length and porosity factor (free area over the total
area) of the cylinder, P the total pressure inside and p the static pressure outside.
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Figure 2.23: Overall c¢d Prediction (Adkins and Anas 1996)

Figure 2.23 shows the numerical results of the discharge coefficient for the overall
blast basket, for different porosity factors, found by Adkins and Anas (Adkins and
Anas 1996).

These results have been found to agree very well with the experimental results point
(Adkins and Anas 1996).

2.2, Ejector-Pump Effects in Indoor Test Facilities

2.2.1. Engine-Detuner Ejector-Pump

The interaction between the high momentum engine exhaust jets and the detuner give
arise to an ejector pump effect inside the test cell. Such an effect is responsible for the
fact that the cell mass flow is not only the mass flow needed by the engine to satisfy
its thermodynamic cycle. Indeed, in an indoor test facility the total mass flow entering
the cell can be split in two parts: the primary flow which is breathed by the engine and
the secondary which flows around the engine.

When the engine runs, the high energy primary flow drags, through viscous shearing,
the secondary flow which surrounds it.

Accordingly, the secondary flow starts to accelerate and enters the detuner pipe. Such
acceleration, within the enclosed environment of the test cell, generates a low pressure
region at the detuner inlet which at the same time drives other flow inside the test cell.

The ratio between the secondary and the primary flow is called entrainment ratio
(equation (2.4)).

& Wsec ondary 2.9
Wprimary

The entrainment ratio is a very important parameter in the study of the cell aero-
dynamic. Indeed, it influences most of the flow parameters and consequently the
majority of the flow phenomena which take place inside the cell i.e.flow distortion,
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flow recirculation, vortex formation and cell depression. Accordingly the amount of
secondary flow entering the cell is also responsible for the uncertainty in the
measurement, for the stability of the engine, for the thrust correction factors, for the
noise emission. However, it is also necessary for cooling down the engine and the
exhaust system.

At the same time the entrainment ratio depends on several factors as nozzle to detuner
diameter ratio, the engine airflow, the spacing between the engine and the detuner and
the temperature and pressure of the jets.

Another important consequence of this pumping effect is the engine oscillation in fuel
flow and airflow. Indeed, the ejector affects the pressure at the engine inlet altering its
performance (Jaques 1984).

Summarising the entrainment ratio is responsible for the majority of the flow
phenomena occurring inside the cell and at the same it is dependent on several factors.
Including also the fact that one cell has to be used for testing not only one kind of
engine but for a large variety, the cell design and in particular the exhaust system
design is very complicated.

2.2.2. Engine Nozzle-Detuner Spacing

In the past, several attempts have been made to study the effects of the engine-detuner
gap.

Due to the complexity of the operations and the costs associated moving the engine
with respect to the inlet detuner lip in full scale test facilities, most of the studies have
been done in model test facilities.

In his experimental research for adapting an existing GE air-cooled test facility to
large turbofan engines Karamanlis et al.(Karamanlis et al. 1986) found that the
secondary mass flow decreases moving the engine closer to the detuner.

The results for a civil turbofan engine simulator are shown in Figure 2.24.
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Figure 2.24: Effect of the Engine-Detuner Distance in the Entrainment Ratio (Large Turbofan)
(Karamanlis et al. 1986)

Moving the engine 40 inches closer to the exhaust collector (with respect to the
baseline configuration), the cell airflow reduced by 1.8 %. By moving the engine 40
inches away from the exhaust collector the cell airflow is increased by 2.6%.
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Similar results were obtained also for a military engine simulator (with afterburner)
and are shown in Figure 2.25.

By moving the engine nozzle inside the exhaust collector the pumping effect can be
reduced up to 12%.

This may be necessary to avoid some noise problem.
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Figure 2.25: Effect of the Engine-Detuner Distance in the Entrainment Ratio (Military Engines)
(Karamanlis et al. 1986)

Karamanlis et al. also obtained similar results to those just shown above for turbo-
shaft engines test cells (Karamanlis, Holmer, and Bellomy 1985).

This confirms that by moving the engine closer to the detuner the entrainment ratio
decreases.

Such a trend of results is confirmed also by Sapp and Netzer (Sapp and Netzer 1978)
with the limitation that his engine simulator could not supply enough mass flow to
underline the engine-detuner gap effect. Therefore, it was found that there was only
slightly increasing with the engine detuner gap.

Franco in 2000 (Franco 2000) carried out in Cranfield University a series of two
dimensional CFD simulations, in real scale, for different engine power settings (idle,
max-dry and reheat) and for different engine-detuner distances. The results show that
for the idle and the reheat engine conditions the entrainment ratio is almost constant.
Instead, when the engine operates in max-dry conditions the entrainment ratio at the
beginning starts to decrease by increasing the engine detuner distance and afterward
increases.

Another CFD work was carried out in Cranfield by (Dejean 2003)in 2003, This time
some three dimensional simulations were conducted and the results show a decreasing
trend of the entrainment ratio with the engine detuner distance. However, the engine-
detuner distances taken into account by Dejan (Dejean 2003) were only two and
therefore not enough for defining a real trend.

The fact that cell entrainment ratio increases with the engine-detuner gap is
underlined also in Gullia’s work (Gullia et al. 2005) by experimental and
computational analysis. The results (presented to the AIAA 43™ Aerospace Meeting
and Exhibit 2005 in Reno) are illustrated in Appendix B4 of this thesis and shown that
the cell secondary mass flow increases when the engine is moved further from the
detuner lip. However, it is also possible to notice that once the distance has reached
four engine nozzle diameters the secondary mass flow tends to remain constant.
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Figure 2.26: Nozzle Blockage Area Effect in the Cell Entrainment Ratio ((Ashwood 1984))

Another interesting ejector-pump performance study was carried out by Vyas et al.
(Vyas and Kar 1975) . This time, the study is not related with gas turbine engine
performance in test bed but involves 2 mm, 3mm, 4 mm and 5 mm nozzles diameters
and a mixing pipe of 38 mm diameter. The results of this experimental study show
that the entrainment ratio decreases with the nozzle-mixing pipe distance.

Apparently the trend of the results found by Vias does not agree with the above
illustrated trends (Figure 2.24 and Figure 2.25). A simple possible explanation for this
can be related to the fact that Vias has used very small nozzle diameters compared to
that of the mixing pipe. Therefore, this results in a very small blockage area, at the
inlet of the mixing pipe, which does not affect the ejector performance.

On the contrary, the blockage area of the engine nozzle has a really big impact in the
ejector performance (Sapp and Netzer 1978) and (Ashwood 1984)

The influence of the blockage area at the entrance of the detuner is shown in Figure
2.26. In the horizontal axis is plotted the ratio between the nozzle diameter and the
engine-detuner distance while in the vertical the percentage of the pressure variation
along the engine. Such a percentage represents the depression around the engine
which is strongly related to the secondary mass flow entering the cell. The graph
shows that without any blockage area at the detuner entry the depression along the
engine is much higher compared with a 50% of the detuner area blocked.

The engine-detuner spacing does not affect only the amount of secondary flow
entering the cell. Indeed, also the pressure distribution along the engine is dependent
on the distance between the engine nozzle and the detuner entrance.

As already said, as the secondary flow enters the detuner it starts to accelerate and
generate a low pressure region around the engine after-body. Therefore, the closer the
engine is to the detuner higher is the depression felt around its after-body.

This is one of the causes, which are better illustrated later (paragraph 2.3), of the fact
that the load measured during the test is not the real gross thrust delivered by the
engine.
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An example of how the engine detuner gap affects the measured thrust is given in
(Ashwood 1984) where a full scale parametric experimental analysis is illustrated
(Figure 2.27).
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Figure 2.27: Effect of the Engine-Detuner Distance on the Thrust Measured
(Ashwood 1984)

The analysis has been conducted with only one nozzle diameter and therefore the
different lines correspond to different engine positions. The parameters on the vertical
and horizontal axis are respectively the ratio of the measured over the calculated
thrust and the non dimensional rotational speed of the engine.

It is clear that as the engine-detuner gap increases the difference between the
measured and the calculated thrust reduces and the C; get closer to one.

Apparently this does not agree with the fact that the depression around the engine
increase with entrainment ratio (which is worth to remember that increases with the
engine-detuner gap). However, it is important to underline the fact that the lowest
pressure region, due to the ejector effect, is not located around the engine but at the
entrance of the detuner (Accommodation Region paragraph 5.2.4). Therefore, even
though in absolute terms the depression inside the cell is higher when the engine is
not very close to the detuner the thrust correction increases when the engine is closer
to it (this is confirmed by the findings presentes in the APPENDIX B.

2.2.3. Detuner to Nozzle Diameter Ratio

The detuner to nozzle diameter ratio is another very important parameter for the
ejector-pump design.

Primarily it affects the area available for the secondary flow along the detuner.

Indeed, as the diameter ratio increases, the entrance loss becomes less important
because the secondary flow enters the detuner in a more axial direction.

An example of the effect of collector to nozzle size is shown in Figure 2.28 which is
extracted from an experimental study carried out by Hastings (Hastings 1983) with a
scale test cell facility (1/12 scale). The tests were made keeping constant the nozzle
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pressure ratio, the engine-detuner gap and the nozzle diameter and by varying the
exhaust collector diameter.
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Figure 2.28: Effect of the Detuner to Nozzle Diameter Ratio on the Entrainment Ratio
(Hastings 1983)

It is possible to see that, the entrainment ratio (vertical axis) varies almost linearly
with the diameter ratio (horizontal axis) until a maximum value and then drops off.
From Figure 2.28 it is also possible to understand that, as the cell increases the
collector diameter has to increase in order to maximise the amount of secondary flow
entering the cell.

Vyas et al. (Vyas and Kar 1975) in his air to air experimental ejector analysis has
found a linear dependence between the entrainment ratio and the diameter ratio, as it
is shown in Figure 2.29.

In Figure 2.29 it is also plotted the Week’s rule, which is an empirical rule (equation
(2.5)) derived by the application of the momentum theorem without taking into
account any loss. Such a rule has been found to give satisfactory results when driving
nozzles are surrounded by a suction nozzle.

p= 0.222et | 0.7 (2.5)

noz

The comparison between the Week’s rule and the experimental analysis shows that
the measured entrainment ratio is high for small diameter ratios and low at higher
diameter ratios. The difference at small diameter ratios is probably due to the absence
of a suction chamber during the experimental sessions. Instead, at high diameter ratio
such a difference is probably due to the flow recirculation at the inlet of the detuner
which reduces the amount of secondary flow

Similar linear trends, to those shown above, were also obtained by Karamanlis et al.
(Karamanlis et al. 1986) in is model test cell experimental analysis. In his analysis it
was found that increasing the exhaust collector diameter from 10 inches to 13.25
inches the cell airflow increases of by 7.5%.
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Figure 2.29: Effect of the Detuner to Nozzle Diameter Ratio on the Entrainment Ratio
(Vyas and Kar 1975)

An interesting computational study, regarding the influence of the diameter ratio and
nozzle pressure ratio on the ejector pump performance, has been presented by Choy
and Soh (Choi and Soh 1990). The aim of the study was to develop a computational
approach for improving the understanding of the complex flow phenomena occurring
along a mixing pipe of an ejector pump. The computational approach used is a time
iterative full Navier-Stokes equation solver (PARC code).

Four different area ratios (collector to nozzle) have been studied: 6, 2.5, 1.5 and 1. For
a nozzle pressure ratio of 3.5 the results of the calculations show that an area ratio of 6
is too high and the secondary flow passes through the collector pipe without mixing.
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Figure 2.30: Computational Analysis of the Influence of the (Choi and Soh 1990)

The situation improves for 2.5 area ratio where some secondary flow acceleration can
be seen at the inlet of the mixing pipe. For 1.5 area ratio the Mach number changes
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continuously along the detuner with much faster incoming flow at the mixing duct
inlet. When the area ratio is brought to 1 the primary flow impinges into the boundary
of the mixing duct and does not any allow the secondary to enter it. Therefore, the
pumping performance decays.

From the above summary arises the fact that for a nozzle pressure ratio of 3.5 the best
area ratio is 1.5. The same analysis has been repeated for different nozzle pressure
ratios and the results are shown in Figure 2.30

2.2.4. Effect of the primary Jet Temperature

Due to the fact that an engine test cell has to be designed for testing different kind of
engines, the influence of the primary jet temperature on the ejector performance is an
important point, worth to be investigated.

The results of the Quinn experimental analysis (Quinn) are shown in Figure 2.31.

In that picture m represent the stagnation pressure ratio of the primary to secondary
flow, L and D are respectively the length and the diameter of the mixing pipe, v is the
entrainment ratio and 0 the temperature ratio (primary over secondary). In Figure 2.31
are also plotted the results of analytical ejector model (illustrated in (Quinn) for L/D
=12.36 and L/D= 4.36 (dotted and solid lines)).

The figure shows that for the longer detuner an increase in the primary flow
temperature has a negative effect in the performance of the ejector. Indeed, the
entrainment ratio decreases by increasing the temperature of the primary jet.

This is probably related to the fact that, for a long detuner the fully mixed conditions
are reached inside the detuner also. Therefore, an increase in temperature has the
negative effect of increasing also the mixed flow velocity and accordingly the
pressure losses of the system.

As the ejector becomes shorter the above described trend is not longer respected.
Indeed for L/D = 8.73 and 6.55 at pressure ratios of 5.2 and 6.6 the ejector
performance at 8 =1 and © =2 are almost identical. And for L/D =5.82 the cell
entrainment ratio is higher for 6=2 than for 6 =1.
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Figure 2.31: Temperature Effect on the Entrainment ratio (Quinn)
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This tendency continues with further reductions in length, although obscured to some
extent by another phenomenon. For L/D=5.09 and lower, the entrainment ratio trend
start to depart from the monotonic shape found for the longer detuner, Indeed, it starts
to show two relative maxima. As the detuner length drops below four nozzles
diameters the temperature effect slightly increases the pressure ratio at which the
maxima were observed. It is worth to notice the substantial increase in performance
found in the two relative maxima compared to the analytical solutions.

X/0D

Figure 2.32: Effect of the Primary Flow Temperature on the Mixing Process (Quinn)

During the experiments abrupt changes in noise radiation were observed for the
pressure ratio and the detuner length related with the two maxima. These effects have
addressed the investigations towards a possible aeroacoustic interaction that promote
very rapid mixing for some defined pressure ratio. Also the velocity profiles at the
exit of the detuner and the static pressure along it show that for the pressure ratio of
3.8 the mixing process is accelerated (Quinn).

Another important effect of the primary flow temperature in the ejector performance
is that high temperatures accelerate the mixing process. This is shown in Figure 2.32
where the increase of static pressure (or the decrease of Cp) along the detuner wall is
plotted.

For higher 0 the flow reach earlier the asymptotic value of zero, which means that the
flow is completed mixed.

Summarising the above analysis and taking into account that for gas turbine test cell
the detuner length is never enough to achieve the fully mixed conditions, an increase
in primary flow temperature increases the amount of secondaryflow entering the cell.
This is also stated during the lecture given by Rudnitski for the Agard lectures Series
(Rudnitski 1990).

2.2.5. Entrainment Ratio Calculation

In this paragraph it is illustrated an example of calculation of the entrainment ratio for
sea-level indoor test bed facilities.

Such a calculation is accomplished by an energy balance between the entry and the
exit section of the test cell (Jaques 1984) (Figure 2.14).

The cell mass flow enters the test facility at the entry section of the inlet stack (which
in this calculation section is called (i)) and at that section its composition is made by
100% air. From that section the cell mass flow passes through the cell inlet, the main
chamber, the exhaust system and exits the cell at the exit section of the exhaust stack
(which in this calculation section is called (e)). At this section the cell mass flow
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contains also the combustion products coming out from the engine cycle which
increases the energy level inside the cell.

By the energy conservation principle it is possible to write equation (2.8)

WairH + W o1 (LHV * 11 comp + H fye1) = Woip H g + quelHe (2.6)

From the above equation it is possible to derive the total mass flow entermg the cell as
it is shown in equation (2.7)

= Wﬁtel(LHV*”comb +Hﬁ:e1 -H,) 2.7
ow (He"Hi)

Once the total mass flow entering the cell has been derived it is possible, by knowing
the engine mass flow (usually directly measured by flow airmeter), to calculate the
cell entrainment ratio by equation (2.4).

It is worth to underline the fact that in order to solve equation (2.6) it is necessary to
know the temperature at the exit of the exhaust stack. Indeed, such a temperature it is
necessary for computing the He (H=cp T and also cp=f (T) see appendix Al).
Accordingly, some problems could arise if the flow at the exit of the exhaust stack is
not fully mixed and still shows a profile. In such a situation the above calculation is
not able to calculate the right cell entrainment ratio. Therefore an important
assumption for the validity of the equation (2.7) is that the flow at exit of the cell is
fully mixed.

2.3. Thrust Correction Factors (TCF)

2.3.1. Thrust Correction Factors Definition

In the previous discussion about test cell types, the outdoor stand was held out as the
standard to which indoor cells were compared. The act of enclosing the engine and
directing the airflow through the cell brings with it a number of problems primarily
related to the determination of the gross thrust delivered by the engine.

In this paragraph a small introduction to the thrust correction factors is given. Indeed,
in Chapter 4 of this thesis this topic will be further discussed using a more deep
approach.

As it is better shown in the paragraphs 4.2.8 and 4.2.9 there is not a unique accounting
system to estimate the forces acting on the engine inside a test bed facility. Therefore,
also the forces can change depending on the interfaces chosen.

As already mentioned in the above paragraph 2.2, the ejector pump effect induces
inside the cell a secondary flow which by-passes the engine and enters the exhaust
system.

Such a secondary flow affects the pressure distribution around the engine the thrust
stand. Altering the pressure fields, the secondary flow gives rise to forces which affect
the load measured by the load cells. Therefore, the identification of these forces is a
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primary requirement in order to estimate the actual gross thrust delivered by the
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" Figure 2.33: Thrust Correction Factors

However, independently on the ‘accounting systém the final resultant of the actions on
the engine and on the metric-assembly has to be always the same.

The following paragraphs include the definition of the most corhmo\n’ thrust correction
factors found in the open literature. In order to facilitate their understanding Figure
2.33 shows the forces acting on the metric assembly.

The Inlet Momentum Drag (analogous to an inlet momentum effect in flight
conditions) represents the momentum effect acting on the entry section of the pre-
entry stream tube. For usual cell dimensions and condition the inlet momentum drag
represents the most of the total thrust correction, around the 85-95 % of it (Parfi
20023). ~

The External Bellmouth Force is the force acting on the external part of the bellmouth
and exerted by the secondary flow which by-passes the engine. Usually the bellmouth
is directly attached to the engine and therefore the force acting on it is credited in the
load measured by the load cells.

The Skin Friction Drag is the drag acting along the engine body and originated by the
viscosity effects of the secondary airflow.

The Cradle Force is the force acting on the movable part of the cradle by the
secondary flow which impinges on it. For usual cell conditions it represents the 1% of
the load measured.

The Base Drag. Around the detuner entrance the secondary flow starts to accelerate as
consequence of the ejector effect. Such an acceleration gives arise to a low pressure
region around the engine after-body which sucks the engine backward. This effect is
usually called base Force and represents another thrust correction factor which must
be accounted in force accounting system.
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The pre-entry force. If station (0) (Error! Reference source not found.) is used for
the thrust and drag accounting system also the pressure force acting on the pre-entry
stream tube, usually called pre-entry force, has to be taken into account.

In the literature the sum of the pre-entry force plus the force acting on the external
part of the belimouth has been estimated to be 10% of the inlet momentum drag (Rios
et al. 1998)

Finally in the open literature it is also underlined the fact that due to the low pressure
region which takes place at the engine after-body the engine nozzles discharge in
lower pressure conditions. Therefore, the engine produces more thrust than, for
example, in outdoor condition when it runs at the same RPM or with the same fuel

flow. This effect it is usually called Tailpipe Pressure Correction. Such an effect is
accounted through the following equation (2.1) (Rudnitski 1984).

Tailpipe Correction = A ;10551e (Prozzle — Preference) 2.1

For usual cell condition and dimensions the total sum of the above terms (thrust
correction factors) represents 1-5% of the engine gross thrust.

In this introduction to the trust correction factors two different methods are taken into
account. The first is the Rolls-Royce experience referred to as First Principle

Anemometer Method (Parfitt 2001; Parfitt 2002b; Parfitt 2002a) and the second is that
of the Indudtria de Turbo Propulsores (Rios et al. 1998).
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2.3.3 ITP Thrust Correction Methodology

It is of relevant interest to report the ITP experience regarding the thrust correction
factors (Rios et al. 1998) in this overviewing chapter dealing with cell aero-dynamics.
Indeed, such an experience offers the opportunity of understanding the derivation of
the thrust correction equations and also provides a quantification of each single thrust
correction factor in indoor test facilities.

The dashed line in Figure 2.34 defines the control volume used for deriving the thrust
correction equation by mean of the momentum equation (2.13).
The sub-scrits “st” refers to the stone guard and “v” to the viscous forces and @

represents the axial force.
The measured thrust is the net force resulting from all the pressure and viscous

stresses on the surfaces wetted by the fluid either passing through the engine or
flowing along the outside metric assembly.
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Figure 2.34: Control Volume for the Application of the Momentum Theorem
(Rios et al. 1998)

~Bresing + (P = Prop )4y = j(p Py )dA - j(p Proy )dA—, =
e(int) (2.13)

=W, v -W

eng”s eng

Therefore, the load measured by the load cells can be defined as in equation
(2.14).

s s
~Fy= I(P ~ Pref )dA - I(P = Pref YA+ Peradie + Pt + ¢ve-s(int) + ¢ve-s(ext) (2.14)

e(int) e(ext) 4
It has been agreed that the real gross thrust delivered by the engine is equal to the trust
measured in outdoor test facility in ideal condition of no wind. Therefore, substituting
po=prer and assuming no-flow around the engine, equations (2.13) and
(2.14 together can be written assequation (2.15).

Fo=Fg=W,v,+(p-pp)4, - (2.15)

From equation (2.15) and by using equations (2.13) and
(2.14 it is possible to define a thrust correction equation (&uation (2.16)).

FG "Weng s+(p pref)A

(2.16)
= F ¥ Wengv() I(p Po )dA i, J.(P Po )dA * ¢cradle - ¢ve -s(ext)

e(ext)

The terms of equation (2.16) have already been described in paragraph 2.3.1.

The third term on the right hand side of equation (2.16) represents the force acting on
the pre-entry stream tube (pre-entry force). In order to quantify such a term it is
possible to apply the momentum theorem to an external momentum box as that shown
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in Figure 2.35.This momentum box ends at section (f) and therefore it includes also
the force acting on the bellmouth which is part of the fourth term on the right hand
side of equation (2.16).The application of the momentum theorem (neglecting the
viscous forces and assuming uniform conditions at sections (0) and (f)) to the control
volume of Figure 2.35 is reported in equation (2.17).
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Figure 2.35: Control Volume for the Calculation of the Pre-Entry Force
(Rios et al. 1998)

e f
2.17
(0, - P4+ [(P=Po)dd+ [(p=po)dd=Wevy+ Wy, 17
0 e(ext)
Equation (2.17) can also be written as equation (2.18).
¢pre + ¢be11mouth = —(pj - pO)Af - Wsecvo + _Wsecvf (2.18)

Using the continuity equation and assuming that there are not pressure losses between
section (0) and (f) it is possible to write ((Rios et al. 1998)) equation (2.19)

¢pre + ¢be11mouth _ VVsec 1- l v_f + 10_ (2. 1 9)
Wengvo I/Vengvo 2 Vo V f

For the ITP test bed when an engine with afterburner is tested the above terms can be
quantified as shown below

ve/ vo=0.8
Wiec/ Weng=3.8
((Dpre + Qpelimouth) / wcngV0='0.095

This means that the thrust correction due to the pre-entry force and to the bellmouth
force is less than the 10% of the inlet momentum drag.
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The important output suggested by the ITP experience is that before neglecting any
force, in the thrust correction equation, it is worth to check its magnitude and equation
(2.19) is a very useful tool for this purpose.
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Figure 2.36: ITP Thrust Correction Factor (Rios et al, 1998)

Figure 2.36 shows the result coming out from testing a gas turbine engine with
afterburner in the ITP facilities.

In this figure are illustrated the trends of the measured thrust correction factors inside
the cell.

It is interesting to note that for the higher engine mass flow the Inlet Momentum
Drag, the Suction Drag (Base force) and the Additive Drag (pre-entry force) decrease.
This is due to the fact that for such engine mass flows, the engine (with the
afterburner on) is working with a bigger nozzle throat which represents a higher
blockage to the detuner area. For this reason the performance of the engine-detuner
ejector reduce and less mass flow is pumped into the cell.

Accordingly the above thrust correction factors reduce.

2.4. Flow Phenomena in Enclosed Test Facilities

2.4.1. Flow Distortion

Important performance assessment criteria include front cell flow field distortion and
engine face distortion. The front cell, and consequently the engine bellmouth flow
field, should be uniform to avoid excessive engine speed fluctuations and thrust
measurement uncertainty.

The front cell flow is strongly influenced by the test cell inlet design.

As already seen in paragraph 2.1.6 there are two possible types of inlet system,
horizontal and vertical. Obviously the later requires the flow to turn 90° and is the
most challenging for the flow quality. However the vertical inlet has also its
advantages in terms of noise reduction and weather conditions dependency. Not only
the inlet type affects the flow quality inside the cell but also all the equipment
installed inside it i.e the flow screens, silencers, turning wind, baffles.
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At the same time, however, also the cell equipment installed inside in the test bay as
lighting, engine monorails and personnel access stairways affect the flow quality.
Moreover, any other projections into the flow can distort the airflow in the front cell
and thereby cause a distortion in the engine fan face flow field (SAE aerospace 2002).
Also the flow-length between the down-stream edges of the panel or air-straighteners,
inside the cell inlet stack, and the engine inlet has been found to influence the quality
of the flow (Jaques 1984).

Though the inlet cell design is very important also the flow velocity both ahead of the
engine and around it is very important. Indeed, flow perturbations are unavoidable
and their resultant distortion augments with the flow velocity. Therefore, the rule is to
set an upper limit for the flow velocity up-stream the engine of 15 m/s ((Jaques
1984)). The fact of limiting the cell flow velocity has also an important effect on the
design of the cell dimensions and therefore also in the building costs.

About the flow distortion there are several indices defined in the stall theory but none
of them can be used for test cell flows. Therefore there are not methods available for
predicting the flow distortion down-stream the cell inlet and only a simple rule is
given by General Electric ((Jaques 1984)). The rule says that total distortion greater
than 50 mm H,0 above or below the average is unacceptable and it is recommended
to keep this difference below 25 mm H,O.

Since is not possible to really predict the flow distortion inside the cell in the literature
it is strongly advised to use scale test cells to asses the quality of the flow.

An example of such a kind of study was made Freuler (Freuler 1993)where some
structural modification are proposed in order to improve the quality of the flow inside
the cell. An interesting outcome from this analysis is that flow instability around the
engine bellmouth was found dependent on the engine monorail shape which protruded
down from the ceiling in the front cell region. In the proximity of the monorail it was
also found that flow separates from it and gives arise to some recirculation.
Accordingly, aero-dynamics fairings were proposed as solution to this problem.

Furthermore, temperature distortion can also be present in the test bay. This is
principally associated with flow recirculation problem as it is shown in paragraph
2.4.2. Temperature distortions at the compressor entry face can seriously alter the
engine performance and make really difficult each kind of correlations between
different facilities. Therefore it should be avoided.

Computational approaches have been found in literature to asses the quality of the
flow inside the cell.

An interesting example is that proposed by Kromer and Dietrich (Kromer-Oehler and
Dietrich 1984) by using the combination technique. Such a technique uses the panel
methods for deriving the incompressible potential solution to the problem and
afterward it applies to that the compressibility corrections. This approach it has been
used because of the complexity of the test cell geometry.

In this combination technique the pressure loss are not taken into account and
therefore the front cell flow distortion is a static distortion rather than a total.
Furthermore, the flow distortion has been introduced by a no-axial velocity
component at the inlet of the model.

In order to quantify the flow distortion the same term expressed in equation (2. 1) has
been used.
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Figure 2.38 shows a typical variation of axial velocity calculated analytically as a
function of the height above and below the engine centreline. This profile is located at
27.5% of total test cell axial length up-stream of the bellmouth highlighted section.
Though above have been listed all the negative consequence related with the flow
distortion inside a test bed facility and possible solutions in some cases, specific tools
are included in the cell inlet to simulate the flow distortion.

Figure 2.37: Completely Paneled Test Cell with Engine and Thrust Frame
(Kromer and Dietrich 1985)

This happens because the development of high-performance aircraft, demands the
successful integration of airframe, engine, and control system. Beale’s experience
(Beale 2002) deals with the distortion generators capabilities including also those
simulating transient distortions. These (as vaiable-position plug, variable position
ramps, rotor and stator, planar pulse generator) would allow the simulation in ATF of
flight profiles in real time.

A complete treatment of this subject is outside the aim of this thesis, but it represents
a valid topic of research at nowdays. '
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Figure 2.38: Axial Velocity Distortion in the Front Cell (Kromer-Oehler and Dietrich 1984)
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2.4.2. Flow Recirculation

Two different kinds of recirculation can rise inside a test bed facility, one internally
the bed and the other externally.

The internal recirculation is due to an excess of back pressure either along the detuner
or along the exhaust stack which allows the hot gasses to return forward from the
detuner to the test bay. The re-ingestion of these hot gasses into the engine can cause
many problems (as thrust definition and correlation) and serious damages to the
engine components.

The recirculation of the hot gasses inside the cell leads also to overheating the cell
components and instrumentation affecting their functionality.

The cell maximum temperature limits are typically set to 90 °.

For example the engine thrust stand must be held within a specific temperature range
in order to avoid thermally induced loads, which would increase the measurement
uncertainty. The instrumentations temperature must be maintained to avoid calibration
shifts. Cables and wiring are subject to degradation or failure if heated excessively.
Furthermore, the engine has to be maintained within a specific maximum temperature
to protect the engine electronic controls and other components particularly in the
region of the tailpipe and nozzle.

It is also interesting to say that it is worth to divide the heating problems into two,
those related with the cell and those related with the engine. This is basically because,
with recent military engines, overheating problems have been found for the engine
even when the cell temperature is well below the limits (Prufert and Williamson
2000).

With a high entrainment ratio there is a little likelihood of air recirculation in the test
bay. The excess of back pressure can appear when the pressure losses due to the water
injection rings, rods or bars, diffuser or blast basket, acoustic panels are too high.
Therefore, in the case of recirculation the back pressure can be reduced by re-shaping
the obstructions, increasing the flow area through the exhaust stack and installing a
recovery diffuser at the exit of the exhaust stack (Jaques 1984).

An interesting computational and experimental analysis of the flow recirculation
inside the test cell is proposed by Cross (Cross 1997). This analysis involves a
turbofan engine with afterburning in an altitude test facility. Though this can seem a
bit outside the aim of this thesis it represents a valid study useful for improving the
understanding of the flow phenomena inside the cell, also sea-level test cell.

The study is concentrated in the flow recirculation inside the exhaust collector as a
consequence of the mixing process between the primary and the secondary flow.
Figure 2.39 shows the scheme of the mixing process taken into account by Cross in
his analysis (the engine exhausts with the afterburner have Mach number greater than
one). If the initial velocity is gradually reduced the flow in the duct is forced to
include both a positive and a negative velocity zone.

Note that the mean streamlines represented in the figure take the form of a closed loop
with two stagnation points one in the front and one at the rear.

In altitude test facilities the hot gasses blowback phenomena often occur in that part
of the flight envelop which represents near sea-level static conditions.

Figure 2.40 shows the different overheating problems in the flight evelope of ATF.
The experimental results were obtained from full-scale testing. The cells were fully
instrumented including a thermo-vision infrared camera useful for monitoring the
high temperature gas paths.
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The computational model was based on a solution of the Navier-Stokes equation in a
two dimensional axisymmetric form (PARC2D).

The experimental program was conducted to identify the relation between cell
pressure and cell and nozzle strut temperature (as index of cell recirculation) at
constant nozzle operating conditions.

Front Rear
Stagnation Point

Diffuser \—Turbulent Mixing Zone

Velocity Profile
Figure 2.39: Scheme of Ducted Mixing Process (Cross 1997)

'The results show that the hot gas recirculation into the test cell initiates when the
‘primary flow passes from under-expanded to over-expanded condition} This is shown
in Figure 2.41 which represents the trend of the nozzle strut and exhaust collector
shield temperature as function of the cell static pressure. However, the infra red
camera shows that a recirculation is always present inside the detuner even when the
cell temperature does not increase and underlining the unsteady nature of the
phenomenon.

With the nozzle flow under-expanded, additional expansion of the jet within the
diffuser appears to play a role in blocking the recirculation.

Altitude, kit
8 & 8§

—
o

0
0 02 04 06 08 10 12 14 16 18 20
Mach No.

Figure 2.40: Overheating Problems in ATF (Prufert and Williamson 2000)

When the nozzle is operating over-expanded the jet flow angle turns toward the
diffuser centreline allowing more area for the secondary flow and effectively reducing
the ability of the jet in blocking the recirculation.
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The computational results show that the boundary conditions and the model geometry
play an important role in the details of the flow field. For example, the diffuser wall
temperature boundary condition changes significantly the diffuser wall pressure
profile.
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Figure 2.41: Variation of Nozzle Strut and Cell Temperature with the Cell Pressure
(Cross 1997)

Basically increase in test cell temperature was not indicated by the code even when
recirculation into the cell was predicted.

Following the above described Cross’s experience the research at Arnold Engineering
Development Center was carried on by Prufert and Williamson (Prufert and
Williamson 2000).

The object of the study is always the hot recirculation in altitude test facilities.
Differently from the Cross’ analysis now in the computational analysis are involved
also unsteady simulations for helping the understanding of the nature of the hot gasses
recirculation inside the cell.

The software used were: GRIDGEN as grid generator, NPARC as aero-dynamics
solver and the BLAYER code for analysing the heat transfer from the boundary layers
(this code uses the result directly obtained by NPARC and applies to the them the
laws of the heat transfer.

It is also interesting that in this computational study a Turbulence Model analysis
between three different was also conducted. The results reported in the publication
show that the K-¢ best predicts the pressure inside the cell.

Figure 2.42 shows the unsteady CFD solution at different time intervals.

The hot gasses in the recirculation region are periodically expelled from the diffuser,
resulting in an anular vortex structure. The cooling flow (the secondary flow) entrains
the vortex of hot gas pushing it back into the diffuser. As the hot gasses go back into
the diffuser a portion of the vortex sweeps over the nozzle near the trailing edge,
potentially heating the nozzle. This indicates that the NPARC code is able to
qualitatively predict the presence of diffusing puffing phenomenon.

In the Prufert and Williamson study (Prufert, Mclure, and Power 1994) three different
types of cooling flow injection into the cell were investigated. In the first case the cold
flow was injected at sonic conditions in a narrow zone upstream to the engine. In the
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second the cooling flow was injested from a uniform zone upstream to the engine and
in subsonic conditions. Finally in the third the cooling flow was injected around the
engine after-body and the cell upstream that position was not included in the
simulation. The results of the simulations show that the third configuration (the
localizated cooling) is the most efficient in terms of engine cooling rate. However, the
final outcomes of this study underline the fact that although the current cell
configurations are adequate to maintain the test cell air and cell outer wall
temperature, the engine cooling rates are not highly effective.

t = 0.0028 s t=00111s

t = 0.0056 s t=00139s

t =0.0083 s t = 00167s

Figure 2.42: Unsteady CFD Solution (Prufert, Mclure, and Power 1994)

This is basically due to the large test cell volumes and the random-directional patterns
of the flow within the cell which result in extremely low airflow velocity. For this
reason the localized cooling option is the more efficient. Indeed for this configuration
the cooling flow is accelerated just above the hottest part of the engine, the nozzle.
Another study related to the flow recirculation for altitude test facility which also
addresses some issues related to the computational problems, is that one carried out
by Huddleston et al. (Huddleston, Cooper, and Phares 1986).

In this study three different Navier-Stokes solvers were evaluated. They were
respectively developed by Thomas, Pulliam and Kneile and McCormack (the above
cited reference refers to other works more specifically dealing with the three solvers).
The code developed by Pulliam using a Beam-Warming algorithm gives the correct
results with the problem encountered in such an analysis. Primarily this is due to its
speed, robustness and versatility.

Two different models were simulated, both dealing with turbofan engines in ATF.
The first is a subscale model and only the fan and the secondary flow were simulated
(the core flow was substituted by a long sting all along the exhaust collector). The
computational results have been found to agree reasonably well with experimental. As
outcome also it has been found that the flow recirculation around the engine after-
body slow down the convergence of the simulation. This problem it has been
addressed with an inadequacy of the algebraic turbulence model used for the
recirculation.

The second model is a full scale test facility and this time the core flow was also
simulated (both the primary jets were choked). From the experimental data available,
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relevant three dimensional effects were found but such effects were neglected in the
simulation (axisymmetric simulation). Despite the above assumption the
computational results have been found to agree reasonably well with the
experimental. All the discrepancies were addressed to the computational grid which it
has been found to play an important role in the simulations.

The final outcome of this study is that, cell design problems as nozzle and test cell
heating, variable area ejector performance and engine exhaust collector designs can be
addressed by computational analysis. Such an analysis for test cell issues, however,
requires powerful computational capability and they represent an essential requisite
for the success.

In order to reduce the cell internal recirculation a simple back-flow reduction
technique was proposed by Anderson and Graham (Anderson and Graham 1968).
This consists of an orifice plate installed at the inlet of a straight exhaust collector
duct.

Figure 2.43 shows the mechanism of the recirculation reduction. The orifice plate
allows the secondary flow to pass through the detuner but obstruct any back flow.
Different detunenr and orifice sizes have been tested and the results show that the
nozzle pressure ratios with orifice were twice the pressure ratios without orifices.
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Figure 2.43: Recirculation Reduction Technique (Anderson and Graham 1968)

The external recirculation consists of the reingestion of the hot gasses ejected through
the exhaust stack. This kind of recirculation can be minimized by proper cell designs
which take into account the prevailing wind direction and the separation of the upper
parts of the exhaust and inlet stacks

2.4.3. Flow Separation and Vortex Ingestion

The analysis of the flow along the cell walls can be an important indicator of the
overall test cell flow quality.

Indeed, the separation of the flow from the walls has a negative impact in both engine
performance and quality of the flow inside the cell.

Figure 2.44 shows the axial variation of the static pressure along the cell wall derived
from the Kromer and Dietrich analysis (Kromer and Dietrich 1985) described above.
In the vertical axis is reported the pressure coefficient and in the horizontal axis the
normalized axial station. The solid line normal to the horizontal axis represents the
position of the high-lighted section of the bellmouth, and the dashed one the predicted
flow separation position. The round symbols in the plot are the experimental results.

70



Far up-stream the high-lighted section of the bellmouth the pressure coefficient is
negative because the contraction of the test cell walls at the front of the test cell.
Up-stream of the bellmouth it is shown that the flow experiences a severe diffusion
due to the shape of the pre-entry stream tube, which for the conditions Figure 2.44 is
referred to, works is suction mode.

Therefore, if the flow in the test cell is unable to diffuse flow separation along the
walls can occur.

Using the Integral Boundary Layer Method the flow along the cell wall has been
analysed and it has been found that for every cell entrainment ratio, therefore for
every secondary flow velocity, the flow always separates along the walls.

As may be seen in Figure 2.44, the location of the separation moves down-stream as
the cell entrainment ratio increases. For the largest entrainment ratio the separation
point moves down-stream the high-lighted section of the bellmouth.

When the location of the flow separation is up-stream the bellmouth, it can give arise
to vortex formation and ingestion into engine, with a severe negative effect in the
engine performance and health.

The above described results have been obtained by modelling a large turbofan engine.
Figure 2.45 shows the comparison between a large turbofan and a small engine on the
location of the predicted flow separation as function of the cell entrainment rato.

This is also reported in (Rudnitski 1990).
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Figure 2.44: Axial Variation of the Pressure Coefficient, a) p=0.72, b) p=0.86, c) p=1.15
{Kromer-Oehler and Dietrich 1984)

The figure shows that the flow separates for both engines up-stream to the high-
lighted section of the bellmouth. This separation occurs for u<1.1 for the large engine
and for u<2.6 for the small engine. Therefore, for entrainment ratios smaller than
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those just mentioned, there is a high likelihood of having vortex formation and
ingestion.

Dypase
g ¢
Sypene Rotio
$
1

or

— a) . b)

'—w
o N n L I A i i I 4 PYY 1 e L 4 1 1 L 1
A7 A48 A5 44 43 42 01 ¢ &y O 0 43 13 45 85 &5 13 1S 38 28 28

Normphized Azl Lecation [X-Xyg WDy Nennsined Asio! Lesstien (X-Luy VOp

Figure 2.45: Predicted Wall Separation a) Large Turbofan b) Small Engine
(Kromer-Oehler and Dietrich 1984)

By an experimental analysis involving scale models of large turbofan Freuler (Freuler
1982) derived the map represented in Figure 2.46. This represents the velocity ratio of
the flow velocity around the bellmouth highlighted section over the front cell velocity
(vertical axis) as function of the cell entrainment ratio (horizontal axis).
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Figure 2.46: Experimental Vortex Appearance (Freuler 1982)

From the above figure it is clear that vortices were observed to appear and be ingested
into the simulated engine bellmouth at velocity ratios below 0.5.

It is also worth to note that the vortices appear at or below entrainment ratios of
approximately 0.75.

Following the Freuler’s experience, and by the use of the combination technique
Kromer and Dietrich (Kromer and Dietrich 1985) derived a map similar to that
represented in Figure 2.46. The resultsare shown in Figure 2.47.

The parameters represented in Figure 2.47 are the same than those used in Figure
2.46. The only difference is that in the former the characteristic of two engines are
represented. The solid line represents a large engine and the dasched line represents a
small engine.

Usually large turbofan engines in sea-level test cells operate with an entrainment ratio
between 1 and 2, when small engines operate with entrainment ratios which can be
greater than 5.

72



Velocity Ratia, VQ,N FC

0.0 o e ! : Il 1 k v | " 4 I3 I L
00 04 08 12 15 2.0 24 28 2.2 36 40 44 438 52 56

Hypaas Ratio

Figure 2.47: Engine Operatin Margin as Function of the Entrainment Ratio

(Kromer and Dietrich 1985)

From the above consideration Figure 2.47 shows that the operating margin to prevent
vortex formation and ingestion for small engines is higher than for large turbofan
engines.

Therefore, when a large turbofan is tested attention has to be payed in order to prevent
the appearance of the vortices inside the cell and their ingestion into the the engine.

Figure 2.48: Vortex Ingestion Visualization (Brix, Neuwerth, and Jacob 2000)

Up to now the review about the vortex formation has been taken into account only as
a consequence of the flow separation. There are several theories behind the vortex
formation in inlet flows near the walls (i.e existence of the inlet vorticity in the
ambient, presence of the stagnation point in the wall, updraft from the stagnation
point to the inlet (Kline 1957) but their analysis is beyond the scope of this work.
However, it is important to provide a criterion which links the engine position inside
the cell and the flow conditions with the vortex formation.

Such a criterion is extracted from the analysis carried out from Nakayama (Nakayama
and Jones 1996) which demonstrates that the theory of the stagnation point as
essential condition for the vortex appearance predicts the right trends but
underestimates the vortex formation. In its analysis Nakayama put also together the
experimental results obtained from pioneers in the ground vortex as Glenny (Glenny
1968) Motika (Motycka 1975) Shin et al. (Shin et al. 1986) and completed them by
adding the cases of large engine diameters.
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Figure 2.49: Inlet Vortex Formation Correlation (Nakayama and Jones 1996)

Figure 2.49 shows the results relative to inlet vortex formation obtained from different
studies. In the horizontal axis is represented the ratio between the distance of the
engine centre line to the wall (H,) and the inlet diameter (D;) when in the vertical axis
the ratio between the flow condition at the engine inlet section (1) and those up-
stream the engine (0).

The dashed line represents the experimental border line between the vortex and no-
vortex region. Above the line, there is the vortex appearance when below the line
there is not.

The solid line represents the border line derived from computational analysis where
the vortex appearance was related to the formation of a stagnation stream line, It is
possible to see that this line underestimates the vortex formation. A possible reason is
that enough air vorticity for the vortex appearance can be gathered together also
without the formation of a stagnation stream line.

Equation (2.20) (Nakayama and Jones 1996) represents the correlation between the
experimental data reported in the dashed line and it is a useful relation to use in order
to prevent the inlet vortex formation and ingestion in indoor sea-level test bed

facilities.
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2.4.4. Pressure Fluctuation

Inside test cell facilities it is possible to experience extreme pressure fluctuations
which can also lead to unacceptable pressure values, greater than the barometric
atmospheric pressure.

These pressure excursions contribute to a history of cell structural problems owing to
the reversal of pressure loads on walls and panels and particularly door systems.

The probability of un-steady flows increases with the fact that one test cell is used for
several types of engines differing in configuration, thrust level, inlet flow requirement
and exhaust temperature.
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Figure 2.50: Example of Pressure Fluctuations in Sea-Level Test Cell Facility
(Freuler and Montgomery 1995)

A critical pressure fluctuation example is reported in the Freuler and Montgomery
(Freuler and Montgomery 1995) study of a General Electrics test cell in Cincinnati.
Figure 2.50 shows the pressure fluctuation measured in the above mentioned test cell.
Such fluctuations are responsible for noticeable door movements inside the cell and
one of them in the upper part of the inlet stack went also out of track.

In the left side of Figure 2.50 are reported the pressure fluctuation in the cell baseline
configuration and in the right side in modified configuration.

The study conducted by Freuler and Montgomery about the attenuation of these
pressure excursions was concentrated on the analysis of the exhaust system design
(including the detuner, the stack and the blast basket) and in the cell overall flow path
length. Prior to any modification in the full scale test cell a study was conducted in a
fully instrumented scale model (1:12) representing as much as possible the full scale
cell. The attention was concentrated on different blast basket end shapes. '
Figure 2.51 shows the results obtained with the different blast basket testd. In the last
column of the picture is reported the amplitude of the fluctuation reduction measured
for the different cases.
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Figure 2.51: Different Blast Basket End Shape Experimentally Tested
(Freuler and Montgomery 1995)
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From the results shown above it was chosen to reproduce in the full scale test cell a
blast basket with a 50° semi-vertex cone. The full scale results are shown in Figure
2.50 and they show that the modification has achived the scope of drastically reducing
the pressure fluctuations.

2.5. CFD Support to Engine Test

The modern Computational Fluid Dynamic techniques arise from the convergence of
three main fields: the aero-dynamics theory, computer performance, applied
mathematical methods (in the Graves’s analysis (Graves 1982). The chronological
steps of the above mentioned fields are listed and commented).

The develop of CFD techniques now days can be related to three main compelling
motivations in the past few years.

The first motivation is to provide new technological capabilities that can not be
provided by experimental facilities. Indeed, the experimental aero-dynamics facilities
have notorious limits in the flow representation as high Reynolds number, propulsive
and external flow interaction during flight conditions, planetary atmosphere
conditions etc. Numerical simulations do not have any of these limitations but
however they are limited by other parameters such as the speed and the memory of
the computer.
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Figure 2.52: Trend of Relative Computational Cost for Numerical Flow Simulation
(Graves 1982)

The second motivation concerns with the energy conservation. Indeed, the large
development wind tunnels require a large amount of energy whereas computers
require comparatively negligible amounts.

The third motivation for developing CFD is related to the economics in the sense that
computer speed and memory has increased with time at a much greater rate than
computer costs. In addition, the rate of improvement in the computational efficiency
of numerical algorithms for a given computer has been remarkable

Practically this means that the net cost of conducting a given numerical simulation
with a fixed algorithm has decreased rapidly with time (Chapman 1979).

Figure 2.52 shows the trend of the computational costs of numerical simulation for a
given flow and algorithm.

At the same time with the above described escalation of computational and numerical
resources also the propulsion systems have become increasingly complex. A result the

76



limits of present technologies are pushed for reaching improvement in performance or
other mission criteria. Accordingly, in engine test environment a more detailed
understanding of component performance and test/cell article interactions are
required.

Thus, CFD is growing into a role which complements and enanches all phases of
system design including test and evaluation. In fact, CFD is becoming an integral part
of the hardware testing process by providing information for pre-test facility design
and instrumentation and post-test analysis.

Several interesting practical examples of CFD application in aeropropulsion test
environment are reported in the Power’s experience (Power and Heikkenen 1993) as:

- understanding flow phenomena (as flow separation)

- propose and evaluate modification (detuner lip)

- evaluate component interaction (engine/fuselage)

- improve experimental measurements (sub-scale supersonic nozzle)

- chemistry process (combustion of the hydrogen deposition)

Summarizing, it can be said that CFD is being incorporated in the design process by
engine and aircraft manufacturers and test facility operator with three main objectives:

- to minimize parametric and scale test

- to reduce the risk by permitting more configuration to be evaluated
numerically

- to remove the constraint of limitations in the existing data base

The goal is to elimitate as much test as possible (Barton 1984),

2.5.1. Modular Geometry Archive

The Modular Geometry Archive arises from the experience of AEDC Group
(Sverdrup Technology, Inc.) which has over ten major turbine engine altitude test
cells and sea-level test stands. Test cell configurations are flexible to meet a wide
variety of test requirements. Therefore, although the general cells components are
present in each facility their characteristics such as shape and dimension can be
different for each one of them.

The Modular Geometry concept addresses hardware reconfigurations by maintaining
a computational model of each component, allowing construction of a new
configuration without starting from scratch.

In the past, modelled test cell hardware required weeks to months to generate
computationally and there was no mechanism to store critical geometry information.
Therefore each calculation of different but related configurations was a restart from a
ground zero.

Capitalizing on emerging grid generation technologies, engine and test cell hardware
component models are stored in a manner which enables quick turnaround model
generation for specific test cell and engine computational models.

Figure 2.53 shows the Modular Archive system hierarchy with the branched partially
expanded for the altitude test facilities and test article geometry (Prufert, Mcclure, and
Power 1994).
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Figure 2.53: Mudular Geometry Archive System (Prufert, Mcclure, and Power 1994)

Utilization of this data-base relies on the capabilities of work-station to construct files
with textual and image links to those databases.

This process speeds-up the initial development of complex models by eliminating the
confusion over how to get the necessary model geometry information

2.5.2. Computational Support to Sea-Level Test Facility

In this paragraph a computational exercise done within the AEDC Group for
evaluating the amount of secondary flow for a sea-level test cell is reported ((Prufert,
Mcclure, and Power 1994)).

/

Figure 2.54: 3D Rendering of the Test Facility Model (Prufert, Mcclure, and Power 1994)

Figure 2.54 shows a three dimensional rendering of the model of the sea-level test
cell.
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Only half of the model was computed by specifying symmetry along the horizontal
centreline of the cell.

Neither buffles nor struts were modelled in either the inlet or exhaust stack because
the velocities at those sections of the cell are sufficiently low to have a little effect on
the overall flow.

Turning vanes were modelled but the viscosity effects in the vicinity of the vanes
were assumed to be small.

The inlet flow screen was modelled by using a empirical porous media model in
which the pressure losses are a function of the porosity of the screen and of the local
velocity.

The thrust frame was modelled as complete blockage to the flow.

The model engine geometry simulated the overall engine dimensions in order to
maintain the inlet area, the fan discharge area and the core nozzle area. This was done
for simulating the correct flow rate and velocities into and out the engine.

The detuner pipe was modelled without any assumptions and the blast basket was
modelled with an empirical porous media.

Figure 2.55 shows the results of the three dimensional simulation. And it is possible to
note a recirculation inside the cell with some path lines ingested by the engine coming
from the rear of the cell.

Figure 2.55: 3D Simulation Results (Prufert, Mcclure, and Power 1994)
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3. Research Objectives

3.1. Introduction

The work described in this thesis has been fully supported by Rolls-Royce plc.

Their principle objective was to assess the relevance and accuracy of CFD when
applied to thrust murement in indoor sea-level test bed facilities with the outcome to
minimise the use of expensive experimental measurements.

In response, one of the outcomes of this research provides a clear and detailed
definition of all the forces acting on the metric-assembly inside a typical test cell.
This information was needed to support the First Principle Anemometer method then
in current use within the company.

Accordingly, once the force accounting system has been defined and the forces
detected, a CFD methodology is developed to allow computational calculation of
thrust correction factors needed to predict outdoor thrust.

In this chapter the research objectives will be outlined and the research method to
achieve those objectives discussed. The contribution to the science and the benefit
resulting from undertaking this investigation are anticipated.

3.2 Previous Research Gaps - Objectives & Methodologies

3.2.1. Thrust Correction Factors

It is well known in the literature that the force measured by the load cell during sea-
level tests is not the real thrust delivered by a gas turbine engine. It is also well known
that the real thrust delivered by a gas turbine engine is measurable only by outdoor
tests in ideal weather conditions.

However, neither of the topics described above have, hitherto, been adequately
addressed in the literature. The correction terms for calculating the real thrust
delivered by an engine from indoor test results are defined and described (paragraph
2.3) but only from a simplified point of view. Indeed, only the ITP paper ((Rios et al.
1998)) defines proper system interfaces and analyses all the components acting on the
metric assembly.

Furthermore, there is no attempt, in the literature, to quantify such correction terms as
functions of the engine-cell configuration and of the flow inside the cell.

Objectives -Thrust Correction Factors
The objectives of the work dealing with the thrust correction factors are as follow:
¢ To use different system interfaces in order to account for all the forces acting

on the metric-assembly and understand the meaning of each thrust correction
factor.
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e To evaluate the most useful system interface in order to achieve a repeatable,
reliable and accurate evaluation of the thrust correction factor by means of flow
measurement during the test.

e To express each single thrust correction factor as function of the cell and
engine dimensions and of the flow inside the cell. This is in order to make a thrust
correction derivation possible from common flow measurements during the
engine test and to understand how such correction factors change with the flow
structure inside the cell.

¢ To analyse the differences between the flow structure for indoor and outdoor
environment and evaluate the difference in the metric-assembly forces

Methodology - Thrust Correction Factors

The research done in the past for the estimation of the thrust and drag of propulsion
systems in-flight conditions is used in Chapter 3 for defining different system
interfaces for the engine inside a test cell facility.

One approach is to move from the in flight conditions (infinite in terms of external
environment) to the enclosed conditions inside the cell using a pseudo-infinite cell
concept. Such a cell is nothing other that a usual cell but infinitely large.

At the same time, different accounting systems are being taken into account in order
to propose thrust correction equations which involve either drag or force terms or drag
and force together (hybrid).

One dimensional gas dynamic relationships (based on theNewton’s second and third
laws, continuity, isentropic compressible flow and energy conservation) are used to
derive functions which link each thrust correction factor with the cell and the engine
dimensions and the flow inside the cell.

As validation for the different thrust correction equations derived, a comparison
among them is proposed using genuine test data provided by Rolls-Royce.

3.2.2. Cell Entrainment Ratio Prediction & Control

As has been outlined in the literature review, the cell entrainment ratio is the main
engine-cell performance parameter.

Indeed, most of the flow phenomena which take place inside the test cell (like
distortion, recirculation, separation, fluctuation) depend on the amount of mass flow
entering the cell. As a result of this the engine performance inside the cell and the cell
structural integrity, are also dependent on the cell entrainment ratio (paragraphs 2.2,
2.3,24).

Experimentally, entrainment ratio thresholds have been defined in order to protect the
cell environment from these various flow phenomena. However, the thresholds need
conflicting entrainment ratio requirements for each flow phenomena taken into
account. For example, in order to reduce the flow distortion it is advisable to keep the
entrainment ratio as low as possible. At the same time, however, for the recirculation,
it would be better to have high entrainment ratio. The same phenomenon occurs
between the temperature limits inside the cell and flow separation.
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Although, the cell entrainment ratio and its effects on the cell environment have been
broadly studied, there is no particular published reference which studies how to
predict and control cell entrainment ratio before testing the engine in the cell.

The advantages of knowing the cell entrainment ratio before running the engine can
be enormous.

First, for example, this would help to preserve the cell environment from the adverse
flow phenomena which could alter the test results or even damage the engine.

Second, a preliminary thrust correction factor calculation can be done before running
the engine. Indeed, if the objective (defined in the previous paragraph) of expressing
the thrust correction factor as a function of the cell and engine dimensions and of the
entrainment ratio is achieved, a preliminary calculation of the real thrust delivered by
the engine could be undertaken.

Furthermore, if the control of the cell entrainment ratio is also achieved, cell
readjustments can be made in order to best suit the engine within its environment.

Another advantage of knowing the cell entrainment ratio is the possibility of
supporting CFD studies. Indeed, by knowing the total mass flow entering the cell, it
would be possible to extrapolate flow parameters which can be useful in the
modelling and validation of CFD predictions.

Objectives — Entrainment Ratio Prediction & Control

With the above considerations in mind, the objectives of this part of the thesis dealing
with entrainment ratio prediction and control are the following:

e To develop a method for predicting the cell entrainment ratio based in engine
and cell parameter measurable during tests

e To develop a method for controlling the cell entrainment ratio

e To provide a tool which can support CFD fluid dynamic study in the
definition and of the boundary condition and in their validation

Methodology - Entrainment Ratio Prediction & Control

As described in Chapter 2 the secondary mass flow enters the test cell as a
consequence of the ejector pump defined by the engine and the exhaust collector pipe
(detuner).

Therefore, the methodology for developing an analytical tool able to predict the cell
entrainment ratio has been found in an ejector pump theory.

In particular, a steady and one dimensional ejector pump analysis is used as a starting
point, firstly to understand and secondly to characterise the interaction between the
engine and the detuner.

However, due to the fact that the primary and secondary flows are not completely
mixed at the exit of the detuner, another section is needed within the detuner to
characterise its performance.

In order to control the entrainment ratio, a characterisation of the entire cell is based
on the ejector theory and on the measurements taken inside the cell.
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The results obtained from the analytical tool are then compared with those obtained

by CFD simulations. The main purposes of this are: understand, prove and validate
the findings.

3.2.3. CFD as Support to Indoor Sea-Level Test

In the open literature, CFD applied to sea-level test cells is for the most part
concentrated on the analysis of the flow quality inside the cell. (paragraphs 2.4.1,
2.4.2,2.4.3,2.4.4 and 2.5.2). At the same time, however, qualitative results have been
extrapolated by the calculations and also very useful relationships have been found in
order to protect the cell environment from adverse flow phenomena.

The CFD step by step is taking the role which, before its development, was of the
small scale test cell facilities. Therefore, CFD it is used for improving test cell
performance, supporting cell modification and for visualise the flow within the cell.

In this work the CFD is used firstly to clarify the understanding of the flow structure
which was not well defined in the literature review (probably because of the
impossibility of measuring some flow regions inside the cell, as for example the pre-
entry stream tube). Secondly, it is used to help the validation of the objectives
previously proposed in paragraphs 3.2.1 and 3.2.2 by quantitative extrapolations.

Objectives — CFD as a Support to Indoor Sea-Level Test

o To asses the suitability of a commercial CFD package (with defined settings)
for modelling engine-cell performance in terms of: flow structure, entrainment
ratio prediction and test cell characterization.

e To provide guidelines and recommendations about the software settings and
about the test cell components representations

e To use the ejector-pump analytical experience to improve the CFD modelling
and at the same time validate the models

e To use the CFD experience to improve the ejector pump analytical
experience _ .

e To evaluate quantitatively the thrust correction factors for a sea-level indoor
test facility.

e To compare the CFD calculated thrust correction factors with those
analytically derived (paragraph 3.2.1)

Methoa’.ology - CFD as Support to Indoor Sea-Level Test

The CFD package used for the computational analysis is that provided by the Fluent
.nc.

The objective is to evaluate several models. Each model includes the main features of
a sea-level test bed facility but depending on the scope of the simulation the model
geometry can also vary. For example, single test cell components such as the inlet
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stack, the test bay and the exhaust system are first studied separately and then added
together to form the entire test cell. Due to the dimensions of each single component,
the total test cell represents a very large model which has, therefore, to face the
compromise of result accuracy, time and computational resource.

This compromise practically does not allow the modelling of the entire cell with
enough accuracy for a quantitative data extrapolation. Therefore, a methodology has
to be provided to recreate flow conditions close enough to the actual case without
simulating the entire test cell.

This approach particularly interests those simulations aimed by quantitative data
extrapolations as for example those used for the calculation of the thrust correction
factors. In such a case a methodology is proposed for allowing the data extrapolation
from a model which takes into account only the test bay.

Flow contours, path line plotting and computational integration and plotting are used
to improve the understanding of the flow structure inside the cell and to asses the
suitability of the commercial CFD package for test cell studies.

Several CFD models are also generated to represent the ejector pump effect taking
place between the engine and the exhaust system. In addition, the entire model of the
test bay plus the exhaust system would be too large to allow quantitative data
extrapolations. Therefore, a methodology must also be determined to reach the

characterization of this ejector effect.

The cell characterization results obtained by the analytical engine-detuner ejector
model are compared with those obtained by CFD in order to achieve an auto-

validation for both.

Based on the results some useful CFD guidelines for the modelling of indoor sea-level
test cell are given.

3.3. Contribution from the Current Research

From the combination of the above objectives for the three main areas involved in this
project it is now possible to derive the following contributions

Thrust Correction Factors

Derivation of different thrust correction equations for the calculation of the real gross
thrust delivered by a gas turbine engine in indoor sea-level test facilities.

The modelling of thrust correction factors as a function of ordinary engine-cell
dimensions and performance parameters.

Analytical Cell Entrainment Ratio Analysis
Develop a tool capable of predicting and controlling the cell entrainment ratio for gas

turbine engine test cell facilities knowing only usual engine performance parameters
and cell dimensions.
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CFD as support to Indoor sea-level test

A quantitative estimation of the thrust correction factors for gas turbine indoor sea-
level test.

The provision of methodologies for helping the CFD modelling and the test cell
characterization

By the combination of the three main field of this research outlined above a final
outcome and contribution can be summarized as follows:

Development of an analytical tool able to predict and control the cell entrainment

ratio in indoor sea-level test cells and capable of providing a quantification of the
real thrust delivered by the engine.
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4, Thrust Correction Factor

4.1. Introduction

Since the early stages of the jet engine develop there has been the necessity of
measuring the thrust delivered by a gas turbine engine in in-flight conditions.

This necessity has emphasized the needing for a precise definition of the jet engine
thrust, and for the drag of the body housing the engine.

These definitions will be of interest to thermo-dynamicist and aero-dynamicsists and
though each one of them considers certain forces to be important, unambiguous and
mutually-agreed definitions must be accepted.

At the same time, once thrust and drag have been defined, their formulation will be
used for all purposes and not for only in-flight thrust determination.

The estimation of the real thrust delivered by the engine within an indoor test bed
involves knowing both the magnitude and the direction of the all the forces on the
engine and on what it is called the “metric assembly”.

Therefore, the agreed definition of thrust and drag will be used even for assessing the
performance of the gas turbine engine within an enclosed facility.

4.2, Fundamental Concepts

4.2.1. Fluid Force Definition

The force locally exerted on a surface by a real fluid consists of two components, the
pressure force and the friction force. The pressure force, which acts normally to the
surface, represents the product of the local static pressure, p, and the corresponding
element of area dS. The friction force which acts tangentially to the surface,
represents the product of the shearing stress, 7, and of the element of area dS (Figure
4.1).

NORMAL (7))

Flow p TANGENTIAL

Figure 4.1: Fluid Force Component Over a Solid Surface

Using the above vector notation, the absolute total force acting on the surface is:
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F=  [(-p-n+7)dS @4.1)
SURFACE

Solving the element of force, d®, in the axial direction as

dg =(psin@ + r cos 6)dS

4.2)
d¢=(p+rcotf)dA (4.3)
Where dA = sin6 dS.
It is possible to get the absolute total axial force acting on the surface as
¢=IA(p+TCOt9)d‘4 (4.4)

Now allowing for the hydrostatic buoyancy of the body through the introducing of the
gauge pressure, (p-pa), it is possible to write the elemental gauge axial force as

dég =[(p - pa)+rcot0ldA 4.5)

And consequently the total axial gauge force acting on the whole surface as

dc = j[(p — pa)+1cot8ldA (4.6)

In this chapter, the special case of a non viscous, potential, flow will be considered. In

such a case only the pressure force will contribute to the general definition of the
overall force and so

d9Gpor =(p — pa)dA4 (4.7)

And

¢Gpot = /J;(p - pa)dA (4.8)

4.2.2. Ducted and Un-Ducted Bodies

A clear distinction must be made in this chapter between “force” and “drag” and
whether they act on the whole body or only part of it. Indeed, these two words are too
often used to describe the same thing. '

In order to make this distinction two statements can help. The first is the D’Alembert
paradox that: “The net force on a closed non-lifting body in isolation in infinite
subsonic, potential flow is zero”. The second is the Prandtl‘s extension to the
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D’Alembert’ s paradox, namely that: “ Bodies of infinite or semi-infinite extension in
the stream wise direction have a net force equal to zero in a subsonic, potential flow.
Before going ahead with the drag definition and derivation it is worth spending few
words on saying what an infinite or semi-infinite body is. Indeed, a gas turbine engine
might be referred to a ducted body.

In potential flow a body is said to be semi-infinite when the static pressure at the
centre or at the mid chord of it is equal to the ambient (“infinity” upstream or
downstream) static pressure and the velocity at that section is equal to free stream
velocity. In terms of the Cp (pressure coefficient expressed in equation (4.9)) this
means that the static pressure coefficient is zero on the middle section of the body
shown as Figure 4.2 below.

cp=L=P2 (4.9)

—’< Fore-body "'.:;:? After-body )

'

hd

1
)

]

'
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Figure 4.2: Cp Distribution on a Semi-Infinite Body in Potential Flow

Under these conditions the body can be divided into two parts: the fore-body and the
after-body and in virtue of the “ambient” mid section they are aero-dynamically
separated. This de-coupling allows the two parts of the body to be treated separately
there being no interaction between them.

The general D’ Alembert paradox may be directly applied to a semi-infinite non-lifting
body in isolation and leading in potential flow to equation (4.10).

Bopn = [(p— pa)dd =0 (4.10)
A

This means that the rearward pressure force acting on the fore-body is balanced by a
forwarding pressure force acting on the after-body.

However, a key additional feature of the semi-infinite bodies, in potential flow, is that
the forces acting in the stream wise direction on the fore-body and on the after-body
are both zero (equation (4.11)).

¢Gpot fore=body = ¢Gpot after~body = 0 4.11)
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In real flow the static pressure distribution on the fore-body of a semi-infinite body is
closely similar to that in in-viscid flow. But crucial changes occur for the after-body
where the boundary layer can not negotiate the positive (adverse) gradient of pressure
imposed on the flow by the shape of the body (Figure 4.2). Consequently the flow
separates along the after-body and the pressure forces acting on it are not longer able
to balance the rear warding force acting on the fore-body (paragraph 4.2.3). This leads
to the equation (4.12)

BGreal = j (p=pa)dd+0 (4.12)
And
PGreal forebody * PGreal afterbody # 0 4.13)

Figure 4.3 shows the Cp distribution along the same semi-infinite body of Figure 4.2
but this time in real flow.

—(

-----------------

Separation

Lenght

Figure 4.3: Cp Distribution for a Semi-Infinite Body in Real Flow

The above analysis is referred to semi-infinite un-ducted body and so only the flow
surrounding the body has been taken into account.

Instead, Figure 4.4 shows the flow field for a semi-infinite ducted body i in potential
flow and its notional division in the internal and external flow regimes.

™ otet ., Exhaust—x EXTERNAL
M@&I\I.AL ......................... '. ............... INT E&NAI;:::::_,
¥ Fore-body After-body —7~
Pre-entry stream tube Post-exit stream tub

Figure 4.4: Semi-Infinite Ducted Body

Both the internal and the external flows are supposed to include even the pre-entry
and post-exit stream tubes, both of infinite extent. The former starts from infinity up-

89



stream until the stagnation region on the nose of the intake and the second originating
from the nozzle and extending until infinity down-stream. Therefore the name
“internal flow” not only includes the flow instantaneously within the body but also
includes the flow which will pass (pre-entry stream tube) or has already passed (post-
exit stream tube) through the body from infinity upstream to infinity downstream.

Applying now the Prandtl paradox with reference to the external flow:

¢Gpot = I(p - pa)dAd=0 (4.14)

4+

The axial component of the force acting on the infinite extended body is zero in
potential flow.
And for the semi-infinite body properties:

¢Gpot fore=body + ¢Gpot pre—entry = 0 4.15)

¢Gpot after—body + ¢Gpot post—exit = 0 (4.16)

Semi-infinite ducted bodies lead to the same results as un-ducted bodies when at the
fore-body and at the after-body are added the respective stream tube.

4.2.3. Drag Definition

However having said that, whether only a part of an infinite or semi-infinite closed
and non-lifting body is considered in potential flow the pressure force acting on it will
in general be non zero. It is important to recall that for the validity of the paradoxes
above mentioned it is strictly necessary to take into account the “whole” body (finite
or infinite) as it is.

It is also important to say that within the validity of D’ Alembert and Prandt] statement
the force acting on a part of the body may be not defined as a drag because it will be
balanced by one acting on another part of the body of equal and opposite magnitude.

Therefore in potential infinite subsonic flow, for closed no lifting, semi-infinite and
infinite body, no drag is experienced.

Instead, of course, in real flow all bodies exhibit a drag.

In a subsonic flow regime two different types of drag will arise: the “skin friction”
and the “normal pressure drag”. In supersonic flow regime there is also the drag
associated with the shock wave together with the other two. ((Houghton and
Carpenter 1993) & (Douglas, Gasiorek, and Swaffield 1995))

The skin friction drag rises from the resolved components of the shear stresses on the
surface of the body. All the points of a surface where a viscous flow is acting are
subject to tension in the flow direction. This tension is directly due to viscosity, as
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consequence of the no slip condition at the surface. The resultant of the traction force
will act on the flow direction (or in the opposite direction of the reciprocal motion).
The normal pressure drag may itself be considered as the sum of several distinct
items: boundary layer normal pressure drag (form drag), trailing vortex drag and wave
drag (Aeronautical Research Council 1958).

For the purpose of this thesis only the boundary layer normal pressure drag is taken
into account and an explanation for describing it is attempted below. This as
consequence of the fact that the trailing vortex drag depends on the body lift and the
wave drag is associated with the formation of shock waves in supersonic flow. And
both are especially related to the flow around airfoils. (Houghton and Carpenter
1993). Therefore these two drag components are not of relevance or important for the
scope of this thesis.

The form drag is even itself a direct consequence of the viscous effects on the
boundary layer and its displacement thickness (Shapiro 1953) which will change the
actual shape of the body. Figure 4.5 shows the same object, a sphere, in (a)
surrounded by in-viscid flow and in (b) by viscous flow.

. . Boundary Layer
Stagnation point Fig.6 ¥~

Leading edge

oD —

—_— o=
—_) P
— —s (sl

a) Stagnation point b)

Trailing edge Wake
(st)

Figure 4.5: Flow Around a Sphere: a) In-Viscid Flow b) Real Flow

The main difference between the two flows is at the trailing edge.

In the case of the in-viscid flow there is a complete pressure recovery along the
trailing edge and a second stagnation point appears on the rear part of the body (st).
Instead in the viscous case the combination of the actual shape of the trailing edge and
the viscosity effects lead to a flow separation.

Figure 4.6 shows an enlargement of the boundary layer phenomenon of Figure 4.5. It
is possible to see that the flow deceleration bring to 8p/dx>0 (adverse pressure
gradient) along the trailing edge. By itself the flow adjacent to the surface has already
a very low velocity, due to the viscous effects, and a further decreasing may generate
a layer of reverse flow and therefore to separate.

The flow path when it is separated does not follow the shape of the surface and
detaches from it giving rise to a new flow region: the wake.

Within the wake the flow is highly turbulent and consists of large-scale eddies.
Consequently a high rate of energy dissipation takes place and a pressure reduction
occurs. Therefore, in real flow, the separation alters the pressure field at the rear of the
body and consequently the resultant of the pressure force is no longer zero as was the
case for potential flow (paragraph 4.2.2).
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Figure 4.6: Enlargement of Figure 4.5 along the Trailing Edge

Greal = j (p— pa)dA+0 (4.17)

Equation (4.17) is the consequence of the pressure unbalance in real flow.

The pressure acting on the front of the body is higher than that acting on the rear part.
Therefore, the force acting on the body in the direction of the relative fluid motion
increases. This force arises from the pressure difference, or more generally from the
non-uniform pressure distribution, on the body and it is called form drag.

The sum of the friction drag and the form drag is often called profile drag:

Profile Drag = Skin Friction + Form Drag (4.18)

The relative contribution of form drag and friction drag to the profile drag depends on
the actual shape of the body and its orientation with respect to the flow.

After this drag classification it should be anyway emphasized that these drag
components are not independent one from each another. For example the change of
pressure distribution caused by the boundary layer leads to a change in the shock
wave system so that a part of the form drag may appear as a contribution to the wave
drag. Again the energy dissipation associated with the region of interaction between
the shock wave and boundary layers can not be separated into wave drag and
boundary layer drag.

Another approach for defining the drag is the energy dissipation.

Such energy dissipation occurs in the flow surrounding the body (for a non-lifting
body) and it is mainly due to the viscous effects (skin friction), flow separation and
shock waves (Houghton and Carpenter 1993).

Indeed, the profile drag appears as a loss in momentum between two sections one
upstream of the body (in free stream conditions) and one far downstream (where the
static pressure has recovered the ambient static value) and an increase of energy in the
wake. The loss in momentum appears as a reduction of the average flow velocity
whilst the increase of energy is seen as a non-steadying eddying on the wake.
Following this consideration the intensity and the size of the wake gives an indication
of the profile drag of the body.
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It is now worth recalling that in real flow behind any body there is a wake (as the
wake behind a ship). This is a further proof that any body in real flow experiences a
drag.

As the drag for a closed non-lifting body in infinite subsonic potential flow is zero,
the form drag in real flow can be expressed as the difference between the integrated
pressure force in real flow and the integrated pressure force in potential flow,
considering the same body shape in both cases (MIDAP Study Group 1979).

This concept is particular useful when considering sections of bodies, indeed as stated
above, the integrated pressure force on part of a body is not zero also in potential
flow. Furthermore, this concept is also useful when the bodies taken into account are
not in infinite flows and therefore their pressure distribution is affected by the
sourranding environment.

Thus the drag of part of a body is not the sum of the integrated shear stresses (skin
friction) and the integrated pressure force. Indeed, the form drag is the difference
between the integrated pressure force in real flow and the non-zero integrated pressure
force in potential flow.

The integrated pressure force in potential flow is termed “potential flow buoyancy”
and its magnitude generally varies dependently on which portion of the body is being
considered. In addition such a term tends to zero as the portion is extended to include
the whole body (for infinite flows).

D=Dform+Dﬁ'iction = I(p-ppot)dA+ ITCOted14=¢“¢pot 4.19)

surface surface

By this definition a clear distinction between force and drag is made and it is now
clear that they are synonymous only when the potential buoyancy is zero. Therefore,
when in infinite potential subsonic flow the entire body is taken into account.

4.2.4. Drag Definition for Ducted Body

The notional difference between internal and external flow is of importance in order
to define the drag for the ducted bodies. Indeed it allows the possibility of working
with infinite and semi infinite body and consequently the validity of the Prandtl
paradox. ‘
The surfaces bounding the internal and the external flows will be called the internal
and the external surfaces and the drags associated with the internal and external flows
internal and external drags.

It is desirable, however, to divide the two contributions into internal thrust and
external drag being the general case under consideration, in this thesis, as one in
which the internal flow contributes as thrust rather than as drag.

This in view of the fact that the ducted bodies considered in this work are gas turbine
engine. However this will better illustrated later on this chapter (paragraph 4.2.5),
when even a thrust definition will be attempted.

In order to analyze the external drag, it is necessary to assume that no mixing take
place between internal and external flow, both ahead of and behind the body. Thus
ahead of the body the flows are considered to be separated by the surface of the pre-
entry stream tube. Behind the body, instead, where usually the turbulent mixing
between internal and external flow takes place it is convenient to postulate the
existence of a post-exit stream tube.
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It is also assumed that not shearing stresses occur along the stream tubes.

Following the definitions given in the paragraph 4.2.3 the profile drag, associated
with the external flow for a ducted body, is given by the rate of decreasing of
momentum of the external flow in a direction parallel to the undisturbed flow.

The momentum difference is calculated between two sections, one at infinity up-
stream and one at infinity down-stream both having recovered the ambient static
pressure.

From this definition of profile drag it follows that for ducted bodies the form and
friction drags are not arising only from the effective external surface of the duct but,
also from the pre-entry and post-exit stream tube. However, by the above assumption
of no shearing stress along the stream tubes, no friction drag will be accounted for the
pre-entry and post-exit stream tube.

The drags from the pre-entry and post-exit stream tubes are not associated with any
dissipative process or increase in entropy but they arise solely from the division of the
forces on the ducted body into components due to the internal and external flows. At
the same time, however, it is worth to say that the pressure forces acting by the
external flow on the stream tube are equal and opposite of the pressure forces exerted
on it by the internal flow.

This concept will lead during this chapter to the definition of the thrust and drag
accounting systems.

Anticipating what it is better discussed later on regarding the thrust and drag
interfaces it may be useful to have a name for the drag associated with the pressure
distribution actually observed or estimated on the body’s external surface. This drag
component it is called “Intrinsic Form Drag”. Additionally, if the friction drags, it is
also accounted on the actual surface of the ducted body the whole drag it may be
called “Intrinsic Drag”.

Following the above theory if equation (4.19) is applied to the ducted body
comprising its pre-entry and the post-exit stream tubes it can be obtained

D=[¢_¢pot]+-: =

= (¢pre + ¢body ext + ¢ post) -(¢ pre pot + ¢body pot ext t ¢post pot) = (420)
= (¢pre + ¢badyext + ¢post) - (¢pre + ¢body pot + ¢post)
It can be shown now that equation (4.20) by the Prandt] paradox becomes:
D =(@pre + Prody ext +Ppost) (4.21)

From the above results it appears that for a ducted body the drag is equal to the
external forces acting on it from the infinity upstream to the infinity downstream. This
is the definition derived by ARC panel (Aeronautical Research Council 1958) for the
drag of ducted body and is valid when the drag of the entire body it needs to be
estimated and under the assumption of the validity of the D’Alembert and Prandtl
paradoxes. Instead, when the drag of only a portion of the ducted body needs to be
calculated has not to be forgotten of taking into account even the potential
components as illustrate on equation (4.20). Figure 4.7 summaries the drag
components on a ducted body.
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Figure 4.7: Drag Components on a Ducted Body

4.2.5. Thrust Definition

Differently from the drag, the determination of the thrust requires the consideration of
a propulsion system which generates a force at least equal to the drag in order to allow
the body to move in the forward direction.

The propulsion system studied in this work is, of course, the gas turbine engine.

In this chapter attention is paid to the different propulsion interface systems which
represent the different ways to account the thrust delivered by an engine and the drag
acting on it.

However, at this stage of the chapter it is worth making the point that even though the
engine within the test cell is tested without the nacelle, it represents anyway a ducted
body. Where the air is sucked from the engine face (from the first stage of the
compressor or at the fan face) and is expelled from the nozzle (two nozzles if the
engine is a turbofan with a short cowl). At the same time, around the engine in an
enclosed test facility there is a secondary flow flows which makes the analogy with
the ducted body even more realistic. For this reason special attention in the previously
sections of this chapter has been made to the ducted bodies. .
As it has been said above in order to analyse the thrust and the drag for a ducted body,
it is of importance to draw a distinction between internal and external flow. When the
ducted body is referred to a jet engine the difference in momentum between the
exhaust flow at a station infinitely downstream and the internal flow at a station
infinitely upstream is called thrust.

Consequently from the above definition the thrust for a jet engine is equivalent to the
sum of all the forces acting inside the ducted body plus those acting on the pre-entry
and post-exit stream tube.

Fn=¢ pre t ¢body int +¢ post 4.22)

The representation of a gas turbine engine as a ducted body allows the possibility of
looking at the thrust above defined as a negative drag. Indeed, equation (4.22) can be
written as equation (4.23).
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F 'N = (¢pre + ¢bodyint + ¢post) + (4.23)
- (¢pre + ¢body int pot + ¢ post)

Indeed the second term on the right hand side of equation (4.23) is equal to zero under
the assumption of the Prandtl paradox. Further more the drag is defined positive when
directed downstream instead the thrust is positive when directed upstream. This fact
makes the definitions of drag and thrust consistent with each other.

Figure 4.8 summarizes the thrust component on a ducted body.

Even though the above thrust definition is theoretically correct it requires the direct
integration of the pressure and friction components all over the internal surfaces of the
ducted body and stream tubes. In practice, the usual complexity of the duct shape
including the internal components of the engine makes this an impossible task.

Thus it is necessary to adopt an alternative approach.

Total Internal Thrust

Pre-entry Thrust Intrinsic Thrust Post-exit Thrust

Figure 4.8: Thrust Components on a Ducted Body

4.2.6. Momentum Theorem and Stream Force

During the previous paragraphs it has been recognized the impracticability of
calculating by direct integration the forces acting on the internal surfaces of a jet
engine. At the same time there have been some references to the momentum theorem
in order to calculate the pressure and the friction forces acting on a body.

In this paragraph the momentum theorem and its application will be shown more in
details.

The momentum theorem is a statement of the Newton’s second law adapted to a
continuum fluid.

It may be stated as: “the sum of all forces acting on the fluid within the control volume
is equal to the rate of change of linear momentum within the volume and the net
outflow of linear momentum” (SAE Commitee E-33 1985) (equation (4.24)).

sF=L [pmav+ {pr(s-mds (4.24)
control control
volume surface

Where ) F is the vector sum of all the forces acting on the fluid within the control
volume and it is conventionally considered positive when it acts in the downstream
direction. The forces included in the sum are body forces such as gravitational,
magnetic and electromagnetic and the surface forces resulting from normal and
shearing stresses.
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The first term on the right hand side of equation (4.24) represents the time rate of the
change of fluid momentum within the control volume.

The second term represents the net outflow of linear momentum through the closed
control surface.

In order to avoid misunderstanding it is worth recognize that if a surface force it has
been assumed to be positive acting in the downstream direction that force will be
accounted as a negative term in the momentum theorem forces summation.

For a two dimensional or axis-symmetric, steady flow with body and hydrostatic
forces neglected, the axial component of the net force acting on the flow is given by:

Y Frnet= {pvivndS (4.25)
control
surface

By the application of the above definition of the momentum theorem it is possible to
work out the resultant of the force acting on the fluid by the solid or stream surface
present within the control volume.

Therefore the application of the Newton’s third law it allows to compute their reaction
and thus the force acting directly on the surface.

The following application of the momentum theorem should help to clarify doubts,
and introduces the definition of stream force.

The net gauge force exerted by the flow on the body is:

$Ghody = f{[(p—po)ﬂcot 6ld4 (4.26)

The net force exerted by the stream surface to the fluid is:

PG stream tube = I (p—pp)d4 | (4.27)

streamtube
The momentum equation is:
(P1—=P0)A1 +9G sream tube = ¢Gbody =(p2-po)A; =W(vy-v)) (4,285

Where, the condition at station (1) and (2) are considered as averaged value from the
real condition at those two sections.

The same equation can be written in a different way as

8G stream tube = PGbody =W (V2 —=v1)+(p2 = pp)42 = (P1 - Pp)4; (4.29)
8G stream tube = PGbody =WV2 +(p2 — po)A; =Wv; —(p1 — Pp)4; (4.30)
8G stream tube = PGbody = FG2 — Fo1 (4.31)
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Figure 4.9: Forces Acting on the Control Velume and on the Body

Where Fg = WV + (p-p0) A itis called gauge stream force.

From the above application of the momentum theorem it is possible to make a couple
of interesting considerations.

If section (1) and (2) are sufficiently far upstream and downstream so that a complete
pressure recovery it is allowed it is possible to say that p; = p, = py and so

G stream tube = ¢Gbody =Wvy =W, (4.32)

If now the surfaces of the stream tube are sufficiently far from the body the static
pressure along the stream tube will constant and equal at p,, such that

PGbody =Wv2 —Wv) (4.33)

If now a potential flow is taken into account any wake can be generated by a flow
around a body, v, =v;and

pody =0 (4.34)

This is the proof of the D’ Alembert paradox.

4.2.7. Thrust as a Stream Force

In the paragraph 4.2.5 has been underlined the difficulty of determining the thrust
delivered by a gas turbine engine directly by integration of the pressure and friction
components all along the internal engine surface.

In the previous paragraph 4.2.6 the gauge stream force has been introduced and in this
paragraph its application for estimating the thrust of an engine is shown.

Applying the momentum theorem to the duct of Figure 4.10

p1A; —paAz+ [pdA=W(v; -v})
L (4.35)
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[pdA=W(vy =vi)—p1d; + pr4; (4.36)
tube

IpdA=WV2 +p2A-'WV1 -pIAI =F2 -FI
tube

(4.37)

In terms of gauge force:

[(p=pp)d4=Fg; - Fgy (4.38)
tube

From the definition of the momentum theorem, equation (4.38) represents the force
acting on the fluid by the duct. Now Newton’s third law gives the force by the flow on
the bounding surfaces that is the thrust.

Thus:

Net Gauge Thrust = Fg — Fg; (4.39)

This is conventionally positive when acting in forwarding direction.

It appears from the above definition that the thrust for a gas turbine propulsion system
(by the analogy previously stated with the ducted body) may be defined as the change
of stream force between the entry and the exit stations.

This concept of thrust as a change in stream force is generally far more convenient
than the alternative concept of the integral of pressure and viscous forces. However,
the two concepts are essentially equivalent.

Using this concept it is now possible to define the thrust of a propulsion system as the
change in stream force between two reference sections. However by the definition of
thrust given in the paragraph 4.2.5 if the two reference sections are not taken at
infinities upstream and downstream even the potential buoyancy effect must be taken
into account.

Figure 4.10: Representation of the Forces acting on a Duct

4.2.8. Thrust and Drag Accounting System

In Figure 4.11are represented all the forces acting on a ducted body associated to a
single stream nacelle from infinity up-stream (0) to infinity down-stream (00). For
simplicity, all the equations and diagram on this chapter will assume an axis-
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symmetric flow where velocity vector and pressure forces act parallel to the engine
axis.

In order to visualize the stream tubes one could imagine them as an impervious
membrane where the flow can not pass through it and incapable of facing any
pressure gradient across it.

1)) nacelleI ® post

- 00
Pre-entry stream tube Nacelle Post-exit stream tube

Figure 4.11: Representation of the forces acting on a single stream nacelle

Therefore, whatever is the force exerted by the external flow on the stream tube then
another force exists equal and opposite exerted by the internal flow.

Now from the above defined concepts of thrust and drag it is possible to define what it
is called the “Net Propulsive Force” as: (MIDAP Study Group 1979)

NPF =(Fg9 — Fg1) = Gnacelle (4.40)

Where @guacelle 18 the gauge force exerted by the external flow onto the nacelle, taken

to be positive when directed down-stream. The term (Fgy ~ Fg) is the summation of
the forces exerted by the flow on the internal surface of the nacelle and it is taken to
be positive when directed up-stream.

Now remembering that the nacelle drag may be evaluated as:

Dhacelie = nacelle — Pracelle pot = I (P = Ppot )dA + .' 7 cot 6dA (4.41)

surface surface

Moreover, the resultant of the forces acting on a ducted body in potential flow,
including the pre-entry and the post-exit stream tube, is zero (equation (4.42))

$pre +Pnacelle pot + Ppost =0 (4.42)
Therefore
Dyacelte = Bpre + nacelle + $post) (4.43)
Following the above steps:
NPF =(Fgg = FG1)= Dnacelle =#nacelle-pot = (4.44)

=(Fg9 = FG1)—Dnacelle + ¢pre—entry + ¢post—exil
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Equations (4.40) and (4.44) represent two different approaches to evaluate the Net
Propulsive Force. In the first, (equation (4.40)) the force exerted on the external
nacelle body are evaluated directly and it is called “force accounting system™. In the
second approach (equation (4.44)) the nacelle contribution to the net propulsive force
is made by its drag and it is called “drag accounting system”.

Essentially the two systems must give the same result, indeed they are equivalent.

4.2.9. Thrust and Drag Interfaces

In paragraph 4.2.7 it has been shown that the thrust of a gas turbine engine may be
defined as the change of stream force between the entry and the exit stations. In order
to use this definition of thrust it is anyway necessary to specify what the entry and exit
sections are for a gas turbine engine.

Indeed there are different interesting and adoptable choices which will lead to
different thrust equations but always to the same result, if correctly used.

At the first sight the more appropriate choice could seem to locate the interfaces at the
physical engine entrance and exit, so at station (1) and (9) (Figure 4.11). Using these
two sections the thrust evaluated is called “Intrinsic Net Thrust” (equation (4.45)) as
earlier stated for the drag evaluation.

Frinr = Fg9 —Fg1 (4.45)

Though this could seem the more straight forward definition, due to the physical
assonance and to the fact that effectively it represents the internal forces exerted on
the breathing body, it could lead to some problems.

Indeed, the intrinsic thrust uses station (1) as entry station which is strictly dependent
on the nacelle configuration and consequently on any change in entry area. Thus if the
thrust is defined using these two sections the engine manufacturers would not be able
to express the engine performance by a compact series of curves applicable to all the
installations.

Moreover, for measuring the flow characteristics at station (9) and (1) it would be
necessary to traverse the flow with instrumentation which can affect the engine
performance. Station (1) also presents the intrinsic difficulty related with its effective
position dependent on the location of the pre-entry stagnation point.

Another section useful as entry section in the thrust determination could be defined
upstream section (1) where the flow conditions are those at free stream, station (0).
For in flight thrust measurements the flow conditions at station (0) are:

Do = Patm (4.46)

Y0 = Vaircraft (4.47)
In case of indoor test facility the flow conditions at station (0) are:

Po = DPcell (4.48)
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Vo = Veello (4.49)

So the gauge stream force at station (0) is:

FGo =Wengovo (4.50)

This definition is true for both cases, either when as reference pressure it is used the
cell inlet static pressure (for indoor measurements) or when it is used the atmospheric
pressure (for outdoor measurements).

Following the choice of station (0) as entry station a possible exit station could be
(00) at infinity down-stream where a complete pressure recovery has already
occurred. Consequently, the pressure at station (00) is the free stream atmospheric
(the same that a station (0)), the engine mass flow is Weng and the flow velocity is voq.
The stream force at station (00) is

FGoo =Wengovoo 4.51)

This is called Overall Thrust.
The “Overall Net Thrust” is defined as in equation (4.52)

Fn =Wengovo —Wengovoo (4.52)

From the momentum theorem above illustrated, a natural consequence of the
definition of the Overall Net Thrust is the automatic inclusion of all forces exerted by
the internal flow on all the surfaces wetted by it between station (0) and (00). This
means that for a simple nacelle even the pre-entry and the post-exit stream tube have
to be included. Additionally, the forces acting on the fore-body and the plug have to
be accounted for a centre-body nacelle.

Figure 4.12 shows the forces acting on a centre-body nacelle (SAE Commitee E-33

1985).

Figure 4.12: Representation of the Forces Acting on a Centre Body Nacelle

So the Overall Net Thrust is:
Fy= WengOVO - Weng9V00 = ¢Gpre -9Grp + ¢Gplug - ¢Gpost + FNintr = (4.53)
=WengoVo + Ag(ps9 ~ psp) + PGpiug — ¢Gpost ~WengoVo

As a practical interface station (00) suffers because the wake make of Fggo a difficult

value to be evaluated. Indeed the flow downstream the exit station is complicated by
the transfer of momentum and energy between the internal and the external flow
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As a practical interface station (00) suffers because the wake make of Fgo a difficult
value to be evaluated. Indeed the flow downstream the exit station is complicated by
the transfer of momentum and energy between the internal and the external flow
which takes place in the wake of the body. Furthermore if the pressure of the internal
flow differs from that in the adjacent external flow (around the nozzles) also shock
waves may be present in the internal and external flow.

For indoor thrust measurement station (00) practically does not exist so this interface
system can not be used.

A useful and convenient form for the thrust can be derived deleting from the above
equation the terms Qpjyg and Ppos.

Fy= Weng9V9 +Ag(psg = Pso) ~ WengOVO (4.54)

Fn is usually called Standard Net Thrust.

The use of the Standard Gross Thrust has been proved to be very useful.

Indeed, for single stream nozzle the flow conditions at station (9) are often
independent from the external flow effect and under the control of the engine
manufacturer.

Following the above illustrated system interfaces Table 4.1 summarizes the various
Net Propulsive Forces defined.

Entry and | Net Thrust Definition | Accounting | Net Propulsive Forces
Exit System
Stations
Intrinsic Thrust Force Fi-intr = Onacelle
(1-9) Fiuintr = Fgo-Fai Drag Fninr + DpretDpost
Dnacelle
(0-9) Standard Net Thrust Force FN— Dpre~ Dracelte
Fn=Fgo-Fgo Drag Fn+®post= Diacelte
(0-00) Overall Net Thrust Force Fn— @pre = Ppos = Pracelte
Fx=Fco0-Foo Drag Fn'- Dhpacelle

Table 4.1: Summary of the Thrust and Drag Interfaces (MIDAP 1980)

4.3. Thrust Correction Equations in Enclosed Test Facility

4.3.1. Interface Sections and NPF for Indoor Thrust Measurement

As it has been described in Chapter 2 (paragraph 2.1.5), the thrust measured within
enclosed test bed facility is not the real thrust delivered by the engine. Therefore the

thrust measured by the load cells needs to be corrected by the so called thrust
correction factors.

Each one of the thrust correction factors it is related to a force acting on the
accounting system which has been chosen to evaluate the thrust delivered by the
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engine. Therefore, a thrust correction factor can act either directly on the engine
metric assembly or on one of the stream surfaces belonging to that system.

It may be worth to say that as accounting system for the engine is now meant the set
of surfaces derived as consequence of the interface sections chosen (entry and exit
section as in the paragraph 4.2.9). Therefore, it represents the set of surfaces where
the forces are applied.

5(0) % [ ©

(1) Load Cell7Z

7/

Bellmouth\L

Detuner

' Pre-entrv stream tube Engine

Figure 4.13: Simplified Test Chamber for Sea-Level Test Bed Facility

Having said that, it is clear that also within enclosed test cells the gas turbine engine
behaves as a ducted body and so it is necessary to choose the right interfaces in order
to calculate the force resultant acting on the engine.

Or by analogy, as it will be shown better later, on the load cells.

Figure 4.13 shows a sketch which represents a simplified test chamber for a classic
indoor sea-level test bed facility, with the metric-assembly (in red) and the non-metric
components (in black). In this figure are also represented the possible inlet and exit
interfaces, (0), (1) and (9).

It is easy to see that station (00) does not appear within the cell. This happens because
within the cell the primary jet is forced to mix with the secondary flow along the
detuner. Therefore the definition of a post-exit stream tube, which was difficult even
in free air conditions (Aeronautical Research Council 1955), is now not suitable.

In free air conditions it has been defined the Net Propulsive Force as the resultant of
the force acting on the accounting system.

The load cells inside the test cell, which link the movable part of the cradle to the
stationary one, measure directly the resultant of the forces applied to the accounting
system taken into account. Indeed, whatever are the entry and exit sections of the
ducted body the load cells measure the load transferred to them by the metric
assembly. Such a load, by the Newton third law, includes all the forces which are not
exerted directly on the metric assembly but on the different surfaces belonging to the
accounting system in use.

Though Figure 4.14 might be a bit misleading showing all the forces acting on the
system at the same time, it can still make the point that the load measured is the
reaction of all the forces acting on the system (equation (4.55)).

m
L= Z (PGi + F Gj ) accounting —system (4.55)

=1

e

1
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Figure 4.14: Representation of the Forces Acting on the Metric Assembly

It will be the main aim of this chapter to clarify Figure 4.14 and the right use of the
forces there represented.

Referring to the in flight condition is now possible make an analogy between the load
measured by the load cells and the Net Propulsive Force.

n m
NPF=L=3% 3% (fgi + FGj)accounting-—system KA
imljal

Therefore for indoor thrust measurement the load measured by the load cells can be
seen as the Net Propulsive Force for in flight thrust measurement.
Accordingly even the use of the interface sections can be the same.

4.3.2. Momentum Theorem Application on the Bellmouth

Usually for indoor and outdoor sea-level test the engine is mounted on the thrust stand
without the nacelle and a bellmouth is generally attached to the stand as intake. For
indoor test the main task of the bellmouth is to smooth the inlet flow, avoiding flow
distortion and separation.

Figure 4.15 shows an engine mounted on an indoor stand with the bellmouth.

All the previous analysis regarding the interface choice for the determination of the
NPF has been undertaken using a sharp lip intake (Figure 4.16), as is done in the most
of the literature, and using the highlighted section as possible stagnation region. In
such a situation section (1) is almost straight forwardly identified and it could be used
as section for the momentum theorem without further complication (equation (4.57)).

Fgi=(p- Pref)Al +WengV1 (4.57)
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Figure 4.16: Sharp Lip Intake

The application of the momentum theorem on a pre-entry stream tube which ends into
a bellmouth is more complicated. Especially when the stagnation region is not on the
highlighted section

Figure 4.17 shows a general arrangement for the pre-entry stream tube in suction
condition and its stagnation point on the bellmouth. It is clear that in such conditions
section (1) includes a part of the bellmouth surface (shd) and not only the free surface
(cd).

Applying now the momentum theorem in the pseudo momentum box abcdhs,
neglecting the friction forces and taking into account only axial forces it is possible to
obtain the following equation:

J(p=Preg)dA= [(p=pres)dA— [(p=Pref)dA =W (veq =Vap) (4.58)
AI"‘ A(‘d Avhtl

Which it may be written as (Williams and Gullia c):

Fop =Fgic+ [(P=Pre)dd=Fg, (4.59)
Ashd

The above relationship gives the equivalence of F, at station (1°).

This relation could be very useful in terms of one dimensional calculation. Indeed, it
is possible to calculate Fgi~ by knowing for example the non- -dimensional mass flow
going through the engine, P, T and of course the dimension of Al’. Ihc last
requirement is the most restrictive because in order to know the value of Al" it is
necessary to know the position of the stagnation point on the bellmouth.
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However, this happens any time it is wished to operate with Fg; and it is one of the
bigger limitations of using section (1) as interface for the accounting system.
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Figure 4.17: Stagnation Point on the Engine Bellmouth

However, the relationship above derived, even though its implicit difficulties, clearly
shows the flow structure around the stagnation point on the bellmouth. In addition,
equation (4.58) defines Fg; which will be used later on as a starting point for the
derivation of the thrust correction equations.

4.3.3. Pseudo-infinite Cell

In Chapter 4 of this work it is intended to move towards the definition of the thrust
correction equations using a step by step approach. In this way it is believed by the
author that a better understanding of all the issues related with the flow inside the cell
will be achieved.

For this reason it is thought that using the pseudo-infinite cell as a starting point it will
be helpful.

A pseudo-infinite cell is defined as one in which the cross sectional area is infinitely
large (Williams and Gullia a ). It is clear that such a cell does not exist in reality but
the same effect can artificially be obtained by testing the engine in an outdoor facility
in the presence of a head wind

The static pressure will be everywhere constant around the metric assembly and equal
to the reference pressure. This is the main difference with an indoor test cell where the
static pressure changes along the metric-assembly because of the enclosure effects.
The flow within a cell infinitely large looks like that in Figure 4.13. Indeed,
differently from the free stream condition with no wind there is the pre-entry stream
tube and consequently a stagnation point either on the bellmouth or in the metric
assembly (it depends on the free stream velocity (Seddon and Goldsmith 1985)).

Both the stream tube and the bellmouth aero-dynamics effects in free air will be better
taken into account later during this chapter (paragraph 4.4.1). By now it is important
just notice that differently from the in-flight condition the engine during sea-level test
is mounted without the nacelle and the intake is replaced by the bellmouth.
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The fundamental equation which will be used as starting point for the derivation of all
the thrust correction equations is equation (4.60):

L=Fgo = Fg =~ $ometric (4.60)
Where

PGmetric =PGcarcasetPGeradle metric +PGbell ext (4.61)

Equation (4.60) is the correspondent for indoor test facility of equation (4.40).

It is of interest to underline the fact that if the accounting system including station (9)
and (1) is used, the metric force is the sum of all the forces acting on the external
metric surfaces from (1) to (9). This statement is useful because later on, using
different accounting system, it is shown how the metric force could hold even forces
acting on surfaces wetted by the internal fluid.

As discussed in the paragraph 4.3.2 Fg; can not be readily determined so it is
preferred to use station (0) as inlet interface.

In order to move to station (0) it is necessary to apply the momentum theorem in the
control box defined by the pre-entry stream tube from section (0) to section (1).
Figure 4.18 shows the momentum box (dashed line) and the force acting on it.
Applying the momentum theorem and from what it has been discussed in paragraph
4.3.2 it is possible to obtain the relationship represented in equation (4.62)

—¥6pre = FG1 = Fgo (4.62)

It is worth noticing that in the above application of the momentum theorem no viscous
forces (from (s) to (d)) have been taken into account, so the flow is assumed to be in-
viscid.

Substituting equation (4.62) in equation (4.60) it is possible to obtain (4.63)

L=Fgg = FGo +9PGpre = PGmetric (4.63)

Assuming one dimensional calculation, the inlet momentum drag can be written as

Fo =Wengvo (4.64)

In equation (4.64) Vo is assumed to be a bulk flow property at station (0).
Following equation (4.64), equation (4.63) becomes

L=Fy +¢Gpre ~PGmerric (4.65)

To fully understand the meaning of a pseudo-infinite cell it is now worth to go from
the force accounting system (equation (4.65)) to a drag accounting system.
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Figure 4.18: Momentum Box Used for Moving to Station (1) to Station (0)
Thus

Detric = Pmetric =~ Pmetric pot (4.66)

Substituting equation (4.66) into equation (4.65)

L=Fy +8pre = Dmetric = Pmetric pot 4.67)

The potential buoyancy term of the metric assembly (last term in equation (4.67)) can
be defined using the momentum theorem in potential flow for the secondary mass
flow. The control box used must to contain the metric assembly and therefore it has

been chosen that represented in Figure 4.19 which encloses the secondary flow from
station (Oex) to station (9ext).

[ Sababiabdabededeb bbb b de bbbl i |

10 ' (9

E( ext) o l 5 (9ext)
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(__*= =

Figure 4.19: Control Volume for Calculating the Potential Buoyancy Term

Applying the momentum theorem to this momentum box (neglecting the wall friction
forces):

(F 69 —Foo )gxt pot = ¢Gpre = $Gmetric pot (4.68)
Substituting equation (4.68) into equation (4.67)

L=Fy = Dyepric +(Fgo = FGp)ex-ppot (4.69)
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Now, by the the pseudo-infinite cell assumption it is possible to write:

(F69 = FGo)ext-pot =0 4.70)

Indeed, in an infinite large cell the static pressure is the same in both stations (9) and
(0). In potential flow this means that also the secondary flow velocity is the same at
those two sections (equation (4.71) and equation (4.72)).

PYext = Poext 4.71)

Voext = Viext 4.72)

Following the above considerations the thrust correction equation for pseudo-infinite
cell becomes as equation (4.73)

L=Fy = Dyetric 4.73)

A consideration may rise by comparing equation (4.65) and equation (4.73).

The former represents the thrust correction equation as a result of a force accounting
system instead the later as a result of a drag accounting system.

The two equations appear different but this only because in equation (4.65) it has not
been applied the assumption of the pseudo-infinite cell yet. Indeed, by that
assumption it can obtained that the force acting on the metric is equal to the drag
(equation (4.74))

Pmet = Dpmetric (4.74)
And

P pre ~Pmerric pot =0 (4.75)

It is easy now to show that applying the above two assumptions to the equation (4.65)
it is possible to obtain equation (4.73).

4.3.4. Finite Cell

The validity of the pseudo-infinite cell assumption is strictly dependent on the engine
and cell size and so can not be generalised with enough accuracy. However, in the
previously paragraph all the consequences of that assumption have been listed and so
it can be used as starting point to approach a one dimensional calculation for a finite
cell.

Indeed, up to the equations (4.65) and (4.69) the analysis for the pseudo-infinite is
still valid for the finite cell with the only difference that now in the @y also the
base force needs to be added to. This happens as consequence to the fact that the static
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pressure does not remain constant anymore along the metric assembly. Therefore the
depression generated by the engine-detuner ejector pump results in a force applied on
the engine.

Formally the base force is directly included in the carcase force. Indeed the pressure
integral along the carcase, covering the whole carcase surface, includes also the
pressure effects along the engine after-body.

Therefore, formally the equation representing the forces acting on the metric assembly
could still remain equation (4.61) also in the finite cell analysis. However, it is worth
to remember one more time that implicitly now the ®penic term it includes also
another force, the so called base force, now directly incorporated in the carcase force
term.

The thrust correction equation for a finite cell is

L=F Nt ¢Gpre - ¢Gmetric (4-76)

Which it can be written even in terms of drag as (equation (4.77))

L=Fy = Dyeric +(Fgy _FGO)ext—pot 4.77)

Now the potential buoyancy terms can not be cancelled out because it is not zero as

was in the case of the pseudo-infinite cell.

It is at the moment believed worthwhile making the following observation before

going ahead with the analysis.

In order to account for the potential buoyancy of the metric assembly in the previous

paragraph stations (Ocx) and station (9.x;) have been chosen, (Figure 4.19). At the

same time, it would have been even possible to work with stations (lex) and (9ex)

(Figure 4.19).

Indeed those two sections include, by themselves, the whole metric assembly which is

intended to calculate the potential buoyancy term for.

The effect of extending the control volume up to station (0) is the immediate inclusion

in the potential metric buoyancy of the pre-entry force which results to be the same in

potential and real flow. This can be seen also from the equation (4.68).

In general, if station (Oex) and station (9¢x) are used in order to compute the potential

metric buoyancy term the pre-entry force will not explicitly appear in the thrust

correction equation. But implicitly it is still there, enclosed on the term (Fgo- Fgo)ext-
te

%s concept could be used in practical calculation of the thrust correction factors in

order to avoid an explicit calculation of @ and allowing for a more straightforward

calculation of the buoyancy term in potential flow.

Some misunderstanding could arise looking at @y, as part of the carcase force.
Indeed this force is induced by the ejector pump effect onto the engine and it is more

opportune to account for it in the thrust correction equation directly by a force instead
that as drag,
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Figure 4.21: Momentum Box for Calculating the Potential Buoyancy between (1) and (9.x)

So for example, it could be more opportune to consider station (9) as exit station for
the momentum box, Figure 4.21. In this case the potential buoyancy force related with
the engine after-body is not included on the whole potential metric buoyancy.
Therefore in the general thrust correction equation ®yase appears as a force.

Like a force ®p,se has to be accounted as described in equation (4.78)

Aip—poz Aip-poz 4.78
PGbase = I(pbase ~ Pref)dA + T cot &iA (4.78)
Aext-noz Aext-noz

The terms of equation (4.78) are shown in Figure 4.22.
At the same time, however, the drag of the engine carcase has not to include the
engine after-body. Otherwise the same effect will be accounted two times.

Aext-noz

Ath~noz

Figure 4.22: Engine After-Body Nomenclature
Following this consideration the thrust correction equation (4.77) would become

L=Fyn —D'yepic H(FG9' =~ FGo)ext pot = @Gbase (4.79)

This time the metric drag is
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D'y etric = Deradie metric + Phellext + D' corease (4.80)

And Diarease includes the carcase up to station (9ex).

4.3.5. Consideration on the Carcase Drag

The advantage of working directly with the drag instead that with force is represented
by the possibility of determining the drag by means of the drag coefficient Cd
(Anderson 2001).

Drag

1
'z'pVOZAref

Cd = (4.81)

So the drag coefficient allows for avoiding the integration of the static pressure along
the body surface necessary for computing the force acting on it.

However the drag coefficient has to be experimentally defined by real or scale model
which have to represent the actual situation. In order to represent the actual situation
by means of wind tunnels or water tanks some flow similarities have to be
established. In Gas dynamic the most common parameters to compare two different
situations are the Reynolds number (Re), the Mach number (Ma) and the altitude (for
rarefied gasses). The body shape is very important as well (Hoerner 1958).

A complete treatment of all the drag properties is beyond the aim of this work.
However, it is believed opportune by the author to make some considerations on the
use of Dearcase and Dearcase-

Indeed, two different approaches have been illustrated in the above paragraphs.

The first sees the inclusion of the base force directly within the Dearease (€quation
(4.77)) and the second treats the base force as a separate force (equation (4.79)).

Now has to be underlined the fact that when the first approach wants to be used a
specific drag coefficient for the carcase needs to be defined. This drag coefficient has
to be worked out by experimental test in which the ejector pump effect has to be
either reproduced of the same magnitude as the actual one or properly derived by
scale coefficients. So the complete use of equation (4.77) requires the proper
determination of the drag coefficient for the engine carcase.

When the second approach needs to be used the drag coefficient for the engine
carcase at this time, has not to include the engine after-body. Therefore, specific
experimental test have to be worked out to derive the right Cd.

An assumption whose validity it depends on the effective engine shape could be
suggested in the application of the second approach. Being the ejector effect
concentrated on the engine after-body (due to its vicinity to the detuner and to its
shape which has on the engine after-body the most of the projected area (d4)) the
experimental determination of the Cd may not include the ejector pump effect. This
assumption can be better understood looking at Figure 4.21 where the carcase, after-
body apart, is not subjected to any pressure drag due to its shape (un-realistic).
Accordingly, the drag includes only friction which is well represented once the cell
flow velocity is matched.
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4.3.6. Finite Cell with no Parallel Walls

Up to now both the pseudo-infinite cell and the finite cell illustrated are with parallel
walls between sections (0) and (9). It could happen that the cell has not parallel walls
as show in Figure 4.23. In such a situation the general thrust correction equation for
the finite cell would change and it will account also for the force exerted on the walls
(Williams and Gullia a).

-
PN i
----------
-----

e : (O
: (Oen) (Dwnll : =
: Ppre :
hecemereecesccccana, P (Dme( pot '

.....

Figure 4.23: Cell with not Parallel Walls

The change will occur only for the finite cell, because for the pseudo-infinite cell the
static will still remain constant along the wall and the metric assembly.

With no parallel walls the momentum equation for the potential secondary flow
(equation) becomes:

(F 69 ~Fao )ext pot = ¢pre = metric pot Pwall pot (4.82)

And consequently the thrust correction equation can be written in the same way as
equation (4.83) (Williams and Gullia a ).

L=Fy = Dpetric +(FG9 = FGo) ext pot ~ Pwall pot (4.83)

4.3.7. TCF Equation for finite cell using explicitly ®pe ext

Different forms of the thrust correction equations can be worked out always using as
engine interfaces stations (0) and (9). However it is worth to keep in mind that station
(0) in the previously analysis (paragraph 4.3.3and consequently on paragraph 4.3.4)
has been introduced by moving the accounting system from station (1).

Equation (4.60) will be referred as the reference unquestionable equation.

Using stations (0) and (9) another useful thrust correction equations can be derived by
taking out the Dyej ext from the Dyeric. Indeed, rather than estimating the external
bellmouth contribute by mean of its drag it could be more opportune accounting for it
by the force acting on it.

This because that force can be directly measured by static pressure measurements
along the bellmouth or even worked out by a CFD analysis. The main difficulty of
such measurements is represented by the needing of finding out the real position of
the stagnation point on the bellmouth. Indeed, what it has been defined external
bellmouth includes the portion of the bellmouth starting from the stagnation point up
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to the engine carcase. To compllicate such a determination there are the three
dimensional effects which characterize the whole flow within the cell and whose
effects are not going to provide a uniform stagnation point along the bellmouth.

These integration difficulties are the same which can be found on the calculation of
the pre-entry force which can not be directly measured experimentally.

Therefore computational resources as CFD are needed to accomplish these
integrations in circumferential and axial direction. .

In order to carry out the bellmouth drag from the metric drag in equation it is
necessary to define a new reference section (f) as it has been introduced on reference
(Rios et al. 1998).

Section (f) is shown in Figure 4.24.

Figure 4.24: Momentum Box for Calculating the Potential Buoyancy Term between (f) and (9)

The metric force will be defined as usual (equation (4.61)) what it is going to change
is the metric drag definition. Therefore all the difference will be on the thrust
correction equation written using the drag accounting system.

In order to avoid nomenclature confusion it is opportune to introduce another name
for the metric drag from station (f) to station (9), Dmetric £.9

D metric £-9 = D carcase + D cradle = (¢carcase + ¢cradle) + (484)
= (¢carcase + cradle) pot

Applying the momentum theorem for the secondary flow from station (f) to station
(9), as shown in Figure 4.24, it is possible to obtain (supposing a cell with parallel
wall and neglecting the wall friction) '

- (¢Gcarcase + ¢Gcrad1e) pot = (Fgo — F, Gf )ext pot (4.85)
Hence the force acting on the metric assembly

¢Gmetric = ¢Gbe11 ext b D carcase T D, cradle — (F Gy~ F af )ext pot (4.86)

Now substituting equation (4.86) into equation (4.76) it is possible to derive a hybrid
(force and drag) form of the thrust correction equation

L=Fy+ ¢Gpre = Pvetiext =D, carcase ~ Deradie + (Fgo — F, Gf Dext pot (4.87)
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Whenever the cell wall friction forces do not want to be neglected another term would

appear in equation (4.87) @, which being the wall parallel would include only the
friction term.

4.3.8. 1D calculation of ®Bell ¢xt

In the previously paragraph the force acting on the external bellmouth it has been
introduced directly on the thrust correction equation.

Now its calculation will be attempted using the fundamentals of the one dimensional
gas-dynamic for incompressible flow and the momentum theorem.

The momentum box chosen is that one of Figure 4.25 between sections (le) and (f)
and following the momentum theorem application (in this application the cell wall
friction forces are neglected) it is possible to derive equation (4.88).

~PGetien = F o ~Forem (4.88)

Fgr _Wsvy +(ps —po)dys

A 1 4.89
90 Acell 'Z_WgAcell ( )
(lext)i i §3)
ety

Figure 4.25;: Momentum box for calculating the force acting on the external bellmouth

Dividing the stream gauge force at section (f) by the dynamic head at station (0) it is
possible tot obtain equation (4.89)

Calling A = Acell and using
Agp

Ws =(Aeenn — APy (4.90)

Introducing now the assumption of potential incompressible flow it is possible to
obtain equation (4.91)

2
Fof —(1—i iy
g0 4cen A vg (4.91)

Then using
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Weelt = AcenvopP (4.92)

It can be obtained”

Vi WAy =( 7 I 2 ) (4.93)
vo W +Wy Ndcen —4n) \p+1Na-1

Therefore equation (4.89) can be written as equation (4.94)

For __(,_1 ._ﬂ_(__l_)"
qOAcelI—(I Z){[(;HI) A-1 + (4.94)

At the same time the ratio of the stream gauge force at section (1) and the dynamic
head at station (0) can be written as equation (4.95)

FGiext - WsViext + (Plext = Po)Ajext

A I 2
q0Acell ST Al (4.95)

Using the secondary mass flow at section (1ext) as represented in equation (4.96)

Ws = (Acett = A1V 1ext P (4.96)

It is possible to obtain

Foten {v,zw ”J[(’H)'Eizéﬁ]

qoAcell vg A (4.97)

Using equations (4.92) and (4.96) it is possible to write the ratio v; e / Vo as
represented in equation (4.98)

V12ext =[ Jad } A 7 49
v Lu+p) [(2-1_(A1—Ath)):| (4.98)
Ath
Consequently
( 1 [(,l— 1)_(-41 A )]
FGlext =<[ B ] A 1t Ay 109
q04cel (1"'/‘) (/1 1_(A1 "Ath)) A (4.99)
| Ath )
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After derived the above formulas (equation (4.99) and equation (4.94)) it is possible
to substitute them into equation (4.88) and find out the force acting on the external
part of the bellmouth (equation (4.100)) (Williams and Gulliad ).

| [(A-l)-ﬁlﬁ"'—)]

A
h__

2 Ny

&=
& (S

This calculation requires the knowledge of the flow conditions up-stream the engine
in order to calculate go. Anyway the velocity (which is the main parameter needed) at
station (0) upstream it is also necessary to compute the intake momentum drag which
is another fundamental component of equation (4.87).

Therefore, the knowledge of such a velocity should not be a problem if equation
(4.87) it has been chosen for correcting the measured engine thrust within the test cell.
The only problem for the application of equation (4.100) could be the knowledge of
A, Indeed, to calculate the force acting on the external bellmouth it is necessary to
know where the external bellmouth starts or where the pre-entry stream tube ends.
Experimentally it is very difficult and time consuming (consequently it is even
expensive) to find out the exact position of such a region and so it is not a common
practice to work in this direction.

However, have the possibility of calculating @pey ext, Once the stagnation point is
known, could be very useful. Indeed by a CFD analysis A, could be defined.
Therefore, the one-dimensional analysis can be carried ahead and then its thrust
correction factors can be compared with the more complex three dimensional CFD
results. At the same time if all the terms of the different thrust correction equations
can be calculated a comparison between them and their validation can be achieved.

It is now believed useful by the author make the point that the above analysis is done
for incompressible flow. However, due to the low velocity of the secondary flow,
around the engine, generally experienced in regular cell, this assumption is
acceptable. But it must be kept in mind that when the secondary flow velocity exceeds
some value even the flow compressibility effects have to be kept into account.

V"

Phell ext _ [ H
qucell

(4.100)

4.3.9. 1D Calculation of ®pe

In the paragraph 4.3.3 the force acting on the pre-entry stream tube it has been defined
by the difference between the stream force at the engine section (1) and the intake
momentum drag (the engine stream force at section (0)). Due to the high Mach
number at section (1) an incompressible estimation of the pre-entry force (using as
momentum box the internal flow volume between the two above mentioned sections)
is not valid. For this reason in order to estimate the pre-entry force it will be taken into
account the external momentum box between (Ocx) and (1) as it shown in Figure
4.26. At those sections the flow velocity, for common cell dimensions, it allows an
incompressible flow analysis.
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Figure 4.26 Momentum Box for Calculating the Pre-Entry Force

Consequently, applying the momentum theorem between (Ocx) and (le) (neglecting
the cell wall friction force) it is possible to derive equation (4.101)

Ppre =FGilext = FGoext (4.101)

Using the same form already used in paragraph 4.3.8 it can be obtained equation
(4.102) under the assumption of potential and incompressible flow

FGoext _ ,_H (4.102)
q04cel u+l

Substituting equations (4.99) and (4.102) into equation (4.101) it is possible to obtain
equation (4.103) (Williams and Gullia d)

( \

¢pre =(|: H ] A
godcar |LU+ 1) [( _(A1°Ath))] e

A-1
| \ Ath (4.103)
|:(,1_1)_ (AI -Ath )T
X Aun =2 #
A u+1

All the considerations expressed in paragraph 4.3.8, regarding the application of
equation (4.100) and the knowledge of the location of the stagnation point are still
valid for equation (4.103). However, equation (4.103) still remains very useful
especially for comparison and validation between the one dimensional analysis and
the CFD results.

4.3.10. Considerations on the Potential Buoyancy Term

Before going ahead with a further develop of useful thrust correction equations it is
believed worth to make some comments on the effect that the buoyancy term has on
the global equations.

First of all it is interesting to make some geometric considerations
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Following Figure 4.27, it is easy to understand all the terms enclosed on
(Fo-Fo)extpor. Indeed the global momentum box between sections (0)ex and (9)ex can
be separated in four different momentum boxes.

The first box is that one between (Oex) and (1.x), the second one is between (1) and
(f), the third one is between (f) and (Jex) and the fourth between (Fex) and (Jexr).

Fos--cesssesssscsannas 1 i b el

t (Ocx) (lex) | P
A Dyt D P (%)

tee i [T |

OpBel ext Dcradict D '

Figure 4.27: Different Momentum Boxes for Computing the Potential Buoyancy Term

Now, if the base force is directly incorporated within the thrust correction equation as
a force (equation (4.79)) there is not any needing of including station (9)ex. This
because the potential buoyancy effect of the engine after-body is not required if its
drag it is not included in the equation.

At the same time station (9x) is not needed if the whole engine carcase (including the
after-body) drag is accounted in the thrust correction equation (equation (4.77)) (in
such a case it will be used station (9.x) as already discussed above).

However a useful consideration which could help in future analysis can be made
looking at the drawing in Figure 4.27. Indeed in that drawing the area of station (f) is
equal to the area of station (9ext) and this means that in potential flow the respective
stream gauge forces are equal (equation (4.104))

(Foo =F g ext por=0 (4.104)

Consequently by the momentum theorem equation (4.104) bring to equation (4.105)

- (¢carcase -9 + ¢cradle) pot = 0 (4.1 05)

The above consideration is valid for engine and cell configurations like that in Figure
4.27 and its use for different configurations must be evaluated each time, as an
assumption.

Now a one dimensional analysis for the buoyancy term is attempted in incompressible
potential flow. Although its limitation this analysis it is believed useful in order to
understand the aero-dynamics of the secondary flow within the cell.

So an equation representing the buoyancy effect between station (Ocx;) and (9ex;) will
be derived and used for a parametric analysis.

The assumption of incompressible flow it is quite reasonable for the usual secondary
flow velocity within the cells.

Equation (4.106) defines the nomenclature for this analysis

AFggext pot - (FGo = FG9)ext pot = Ws (Vo =V9ext) = (P9=P0) Agext (4.106)
90 49ext 90 Agext 90 49ext
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Applying Bernoulli theorem between (0Oex) and (9exe) it is possible to derive equation
(4.107)

2
A1;'09extpot "{I V9ex,)

90 49ext Vo (4.107)
The total cell mass flow can be written as equation (4.108)
Wiot = PYoAcello (4.108)
And the secondary mass flow as equation (4.109).
(4.109)

Ws = pvgext Agext

In order to avoid nomenclature complication it is believed better introducing the terms
b and ¢ defined in equations (4.110) and (4.111)

p = Acell9 (4.110)
AcellO ;
¢ = Anozzle (4.111)
AcelIO
It is possible now to obtain
Voext __H#__1 (4.112)
Vg H+ I1b-c

And

1 Wi+’ (4.113)
0 Agers =5 —F——

2 pAceno

(6-0)
Then substituting equations (4.112) and (4.113) into equation (4.106) the stream
gauge force difference between stations (Oext) and (9ex) can be represented as equation
(4.114)

AFpoest pot == [(b= )2 +1=2b=2¢|+ 26| b-c)? =+ ¢+

+(b-0))x Wp (4.114)

2 pAceIl 0
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The advantage of including the term b into the equation is represented by the fact that
in this way even the potential buoyancy for a cell with not parallel wall can be
calculated using equation (4.114).

Furthermore including the term c also the effect of different engine nozzle dimensions
can be represented with that formula.

Different engine nozzles can also represent different kind of engine tested in the same
indoor test cell.

The buoyancy effect appearing on the thrust correction equations is

AFp9ext pot =—(FG9 — FGo) ext por (4.115)

Assuming that Acet 0 = Acell 9exx and so neglecting the area of the engine nozzle
equation (4.114) can also assume the easy form of

1
——— 4,116
AFggext pot [2( + w)] ( )

However, the validity of this assumption is strictly dependent on the engine
dimensions compared to those one of the cell.

The engine nozzle radious is taken into account as first parameter for the potential
buoyancy parametric study.

The cell dimensions (assumed to be 100 m2) will be kept constant as the cell
entrainment ratio (1.074), the engine mass flow (1190 Kg/s) and the cell is assumed
having parallel walls.
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Figure 4.28: Effect of the Engine Nozzle Radius in the Potential Buoyancy Effect

Figure 4.28 shows that increasing the engine nozzle radious the potential buoyancy
effect decreases until a given point. That is practically due to the fact that Agey
reduces and it is getting closer to Agext. Indeed, with the entrainment ratio chosen for
this parametric analysis the pre-entry stream tube works in suction condition (as for
all the cell sketches drawn up to now) which means that Agey is smaller than the Agey.
However if the cell dimensions and the cell entrainment ratio are kept the same and
only the area of the engine nozzle is increased it will be possible to arrive at a point
when Agex = Agext. Consequently the potential buoyancy effect will be zero. Afterward
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if the nozzle area is increased further more the potential buoyancy increases again due
to an unbalance in area between Agex and Agext. The slope of this part of the curve is
even steeper than the former part due to higher velocities at station Age which are
accounted with square value in the formula (4.114).

Now, keepmg constant the cell dimensions (100 m?), fixing the engme nozzle area
(6.15m ) and the engine mass flow (1193 Kg/s) in equation (4.114), it is possible to
understand the entrainment ratio effect on the potential buoyancy.

Figure 4.29 shows that increasing the entrainment ratio the potential buoyancy force
decreases. This because increasing the amount of secondary flow into the cell, though
the engine mass flow is the same, leads to an increasing of velocity at section (0). And
if the flow velocity at station (0) increases the same engine mass flow needs a smaller
pre-entry stream tube for entering the engine. Consequently Aqex increases getting
closer to Agext and therefore the potential buoyancy term decreases.

The shape of the stream tube depends on the velocity at station (0). Indeed, with
increasing this velocity the pre-entry stream tube changes shape from suction to
spillage condition. And for a given entrainment ratio the pre-entry stream tube will
also work in datum condition (parallel stream tube).

Due to the shape of the bellmouth whose crown radius it is in general bigger than the
engine nozzle radius a potential buoyancy force equal to zero correspond to a stream
tube working in spillage conditions (the pre-entry stream tube area has to be the same
than the engine nozzle area).
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. Figure 4.29: Entrainment ratio Effect in the Potential Buoyancy Term

Carrying on with the parametric analysis, if the engine mass flow, the entralnment
ratio and the engine nozzle area are kept constant (1193 Kg/s, 1.074, 6.15 m?) the cell
cross sectional area can be used as variable parameter in equation (4.114).

Figure 4.30 shows the results obtained changing the cell cross sectional area.

The first comment which automatically rises up is that increasing the cell dimensions
the potential buoyancy term decreases and it tends asymptotically to zero.

Indeed, increasing the cell cross sectional area the flow aero-dynamics within the cell
becomes more like to that in free stream conditions (outdoor test bed cell), or in a
pseudo-infinite cell as shown earlier in this chapter.
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It is interesting to look at what happens at the thrust correction equations (equation
(4.77)) once the cell is big enough to neglect the potential buoyancy term.
Neglecting the buoyancy term equation (4.77) becomes

L=Fy = Dyetric (4.117)

But at the same time if the cell is big enough even the flow velocity at section (0) and
the secondary flow velocity around the engine become low. Accordingly the intake
momentum drag and the metric drag become enough small to be neglected.

This leads to the fact that for infinitely large cell the thrust correction factor equation
becomes

L=Fgy (4.118)

This effect is the similar to that experienced for free air test, where the static pressure
is constant all along the engine (this will be better treated in paragraph 4.4.1).

The assumption of incompressible flow, as it has been said before starting the above
parametric analysis, is reasonable for usual secondary flow velocity within the cell.

However the above analysis uses quite unrealistic values for the variables in order to
point out the characteristic flow behaviours and trends for an indoor test cell.

For example it is not common practice to have an entrainment ratio equal to 15 in
usual cells. But here it has been used to understand and mark the effect of increasing
the flow velocity within the cell. At the same time however, it is worth to remember
that special attention has to be made in order of not overtaking velocity values to
make unrealistic the assumption of incompressibility for the secondary flow.
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Figure 4.30: Cell cross Section Area Effect in the Potential Buoyancy Term

Even with its limitations the above analysis can be useful in order to understand the
cell aero-dynamics and it could be used as starting points for preliminary test bed cells
design.

An analogous formula as equation (4.114) can be obtained for the potential buoyancy
between section (f) and (9ex) (equation (4.119)). At this time the pre-entry stream

124



tube and the bellmouth will not be included in the momentum box. The main
consequence of such an approach is that all the different stream tube shape effects are
not taken into account allowing for a more realistic analysis by using a fix value for
the engine area at station (f).

_|a-n 2((1-f) J d-N* | #mliu-d) (@119
AFf9ext pot =| 77—+ - -1|-
fhextpor [(I—d)+( h (I-d) U-dy? | pI= 1) 4eerp

Where the parameters e and f are defined in equations (4.120) and (4.121)

] ¢ = Anozzle (4.120)°
AceIIO
_ Aengr 4.121)
f= A
cell0

4.3.11. Thrust Correction Equation for Finite Cell using FGry

In the above derived thrust correction equations as engine inlet interfaces two

different sections have been taken into account. The first it has been section (1) for

deriving the thrust correction equation represented in equation (4.60). The second it

has been station (0) and the thrust correction equations derived with it, are equations
(4.76), equation (4.77) and equation (4.87).

An important feature of the above mentioned equations is that implicitly or explicitly

all of them are dealing with the force acting on the external bellmouth. But none of
them is dealing with the force acting on the whole bellmouth including also its

internal surface. Indeed, from the statement of equation (4.59) only equation (4.60) it

includes Qpen int 1; (s€€ Figure 3.31) which is only a portion of the @y jn.

Figure 3.31: Representation of the Forces Acting on the Bellmouth

Applying the momentum theorem in the two momentum boxes abcds and cdgh it is
possible to derive respectively equations (4.122) and (4.123)

=®bell int] = FG1dc —FG1 4.122)
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= Bbellint2 =FGn = FGldc (4.123)

If added together equations (4.122) and (4.123) lead to the total force acting on the
internal surface of the bellmouth (equation (4.124))

= @veitint = Fomn = Fgi (4.124)

Extending now the momentum box from station (1) to station (0) by equation (4.62) it
can be obtained equation (4.125)

= Obellint = Ppre =FGm — FGo (4.125)

Equation (4.125) can be easily incorporated in the thrust correction equation (4.87)
and obtain the following equation (4.126) (Williams and Gullia d)

L=Fgg = Fgin = Pbelt — Dcarcase = Deradle + (FGo "FGf)ext pot (4.126)

Where, ®p, represents the entire force acting on the bellmouth.

The use of equation (4.126) as thrust correction equation it offers the main advantage
of avoiding the involvement of the pre-entry force which by it self is a term difficult
to calculate and not possible to measureexperimentally.

Further more that equation avoids also the necessity of dealing with partial bellmouth
forces which require the localization of the stagnation point.

At the same time now the force acting on the entire bellmouth it needs to be
established.

4.3.12. 1D Calculation of the Term (Fem+®ber)

Equation (4.126) represents the sum of the axial forces acting on the “flange to
flange” engine and it may be written as equation (4.127) (keeping in mind that the cell
wall friction forces are neglected)

L=Fgg = (FGth *+ Ppelt )~ Dcarcase ~ Deradle + (FGy - FGf)axt pot (4.127)

As it will be better shown later on during this chapter the main term of equation
(4.127) is (Fom + Duven) and for this reason a relation able to quantify it is derived
using one dimensional incompressible flow theory.

As main tool it will be used as usual the momentum theorem and the momentum box
used is shown in Figure 4.32.

Applying the momentum theorem between sections (0), (f) and (th) it is possible to
obtain equation (4.128)

Fgr = Fgocelt ==®ben + FGrn) (4.128)
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Figure 4.32: Representation of the momentum box for calculating the term (Fgory+®yey)

The force on the whole bellmouth by the fluid it has been assumed to act in the
downstream direction.

Substituting equation (4.128) into equation (4.127) another thrust correction equation
is obtained (equation (4.129)).

L=Fgg =(Fgocen = FGf) = Degrease = Deradle + (Fgg = FGf)ext pot (4.129)

Therefore the term (Fom + Qper) is substituted with the term (Fgocen - For) which by the
potential incompressible flow assumption may be calculated as it follows.

However, before going ahead with the calculation it is worth underline that due to the
low Mach number at section (0) and (f) (usually experienced in common cells) the
assumption of incompressible flow leads to results which are not extremely far from
the reality.

Dividing the stream gauge force at station (0) (representing the total cross sectional
area of the cell) by the dynamic head still at station (0)

FGocenn  _ (Weng +7s o _ P Acen
A 1 _ 5 1 >
0cell £cell '2' PVo Acell '5 PV Acell

=2 (4.130)

Substituting equation (4.94) equation (4.130) it is possible to obtain equation (4.131)

Focell = For =2_(1__1_) [( A )]ZH (4.131)
90 Acell AJN\p+INA-1

And accordingly equation (4.132) (Williams and Gulliad)
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2
vet + FGin ( 1 ) [[ u Y A )]

Thell O - 1-= Rl === ]+

qoAcen AN\u+1ha-1 (4.132)

The most important thing to underline in equation (4.131) is the fact that despite the
high flow velocity along the internal bellmouth and at engine throat the term
(Foint+®pen) can be calculated under the incompressible flow assumption.

This is a consequence of the momentum conservation shown in Figure 4.32.

An important form of equation (4.132) is that one in which the left hand side involves
only bellmouth and throat terms. This categorically can not utilise an incompressible
flow assumption because the high Mach number at the engine throat which will act to
reducing the density.

Equation (4.133) shows the compressibility effects

P (4.133)
Po

At the same time the velocity ratio between the stations (0) and (th) can be written as
in equation (4.134)

vo _Ws+Wp) py A _1+p py (4.134)
Vith PoAcel W)y A po

and accordingly it is possible to write the dynamic head ratio as in equation (4.135)

q_o=&h(1+_ﬂ)" (4.135)
am PO A

Using only throat terms, equation (4.132) would become (Williams and Gullia d)

2
Pveil + FGin _ 2_(,_1) [(LI_’L)] + 13090 Acell (4.136)
an A ANN\u+INA-1 din A

Substituting equation (4.135) into equation (4.136)

2
Bvet + Fomn _ 2_(,_1) [(_’i_ J—)] ciblen d+m® (4.137)
qih Ash AN\\p+INA-T po 4 |

Adjusting equation (4.137), equation (4.138) can be derived

2
Poett + Faun _ (1+#) (A-1)- v’ ||ew
9thArh A A-1){po (4.138)
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It is worth to underline the fact that the ratio pg/po can be incorporated in the left hand
side of the equation (4.138) together with the throat dynamic head (equation (4.139)).
Therefore the left hand side of such an equation involves only throat terms, apart the
force acting on the bellmouth, which can be regarded as invariant between indoor and
free air. This is very useful to calculated and establish a comparison of the force
acting on the bellmouth between free air and indoor conditions, as it will be shown
later on during this chapter (paragraph 4.4.2).

2
¢be11+FGth i (1+tu) (;L_])_ ouz
- A B -1 (4.139)
t 1.
Po

Now the left hand side of the equation (4.139) is a function of the engine and cell
dimensions and of the entrainment ratio. Furthermore its numerator is the main term
of the thrust correction equation represented in equation (4.127). Therefore, a graphic
representation of equation (4.139) is useful to understand how the thrust correction
factors change with p and A.

15 ‘\
1.2
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o
©
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Figure 4.33: Parametric Analysis of the Term (Fgy, + ®);) Function of A and p

A similar analysis was worked out by Ashwood (Ashwood 1984), with the intent of
calculating the force acting on the bellmouth and the results are in reported in
((Ashwood 1984)). However, has to be said that the Ashwood’s final result is
expressed in a different form, probably less useful for parametric analysis.

Figure 4.33 shows that for a given engine mass flow (Weng =constant) and dimension
(Am=constant) the term (Fom + ®ven)/ (quAmpw/Po) increases in a very non linear
fashion as the cell cross sectional area reduces and the entrainment ratio increases.

A possible explanation to confirming this trend can be obtained comparing the two
thrust correction equations represented in the equations (4.87) and (4.127).
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Comparing the two equations it is possible to see that the term (Fgn + ®ben) includes
in itself the intake momentum drag, which is well know to be the biggest thrust
correction factor in equation (4.87) (Rios et al. 1998). Therefore, being equations
(4.127) and (4.87) equivalent a change in one of them must be reflected even in the
other in a mutual way

Therefore, a reduction in cell cross sectional area or even an increase in entrainment
ratio bring to an increase in cell velocity by keeping the same engine mass flow. Such
an increase in cell velocity leads to an increase in inlet momentum drag (equation
(4.64)) which even if does not appear in (Fom + ®uen) is implicitly incorporated.
Another important consideration which can be made looking at Figure 4.33 is that
increasing the cell cross sectional area the thrust correction factor reduces and it tends
asymptotically to zero when the cell is infinitely large as in free air conditions. This
will be better shown later on when a comparison between indoor and outdoor thrust
corrections factors will be made (paragraph 4.4.2).

4.3.13. Cell Size and Entrainment Ratio for Fixed TCF

Equation (4.127) might also be written in terms of total thrust correction factor (TCF)

Fg9 =1+ (FGren Z¢bel[ )+ Dcazcase + Dcrzdle _ (Fgy —FZf)m pot _rcr (4.140)

Neglecting the contribute of the carcase and cradle drag and the buoyancy term,
which for usual p and A are the smallest thrust correction factor equation (4.140) can
be written as equation (4.141)

TCF=1+(FGth+¢bell) (4.141)
L

Substituting (4.139) into equation (4.141)

2 2
1+u Y7, Pih (4.142)
TCF =1+|| —&=| (A-Dn-| £— A
l:( 2 ) (4-1 (}L—I]]q’h th Lp,

Equation (4.142) represents a useful relation between the total thrust correction, the
cell and engine dimensions and cell and engine mass flow.

For example fixing the TCF by equation (4.142) it would be possible to find out the
possible combinations of u and A which match the fixed TCF.

Figure 4.34 shows the possible combination of p and A in order to get TCF equal to
1.05. All the possible combinations above the line (represented in figure) give TCF
bigger than 1.05 and all the combinations below it give TCF smaller than 1.05
(Williams and Gulliad ).

This can also been seen in Figure 4.33 where by increasing the entrainment ratio or
reducing the cell cross sectional area the thrust correction factors increase

Equation (4.142) can be improved without neglecting the carcase and cradle drag and
the buoyancy factor. Indeed, these three terms are all function of the velocity square
of the secondary flow (equation (4.81) and equation (4.119)).
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Figure 4.34: Possible Combination of A and p for Matching (Fgy, + ®pey)/L =1.05

2

2
1+pu y7; Pih 2 (4.143)
TCF=1+{|—2| (A-D-|4+— A, Eh 4 C
|:( ) )( ) [}.—Iﬂqth ttho H

So without neglecting the metric drag and the buoyancy term equation (4.142) could
become as equation (4.143).

4.4. Special Cases Study

In this paragraph two special cases are going to be studied in order to understand
better the flow behaviour around a gas turbine engine in sea-level test beds.

The first case shows that in free air test the thrust measured it is the real gross thrust
delivered by the engine. Furthermore, the free air case will be reported to the indoor
case in order to make useful consideration and establish some relationship.

The second case concerns with the pre-entry force. A useful relation for calculating
the pre-entry force is derived in order to relate different engine and cell configurations

4.4.1. Free Air Study

As it has been assumed in the literature review (paragraph 2.1.5) in free air test the
thrust measured is equal to the real gross thrust delivered by the gas turbine engine.
However, this statement (under the assumption of no-wind) is only true for jet
engines. Indeed, it needs to be adjusted for turbofan engine where the force exerted on
the hot nozzle and on the plug may affect the thrust measured as well (SAE Commitee
E-33 1985).

In this paragraph it will be taken into account a simple jet engine whose configuration
is the same sketched up to now in the previously paragraphs. Allthough this is a
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restriction it is believed to be a general starting point from where more considerations
can be made and refereed to even in the case of turbofan.

D
. R S s 444
é‘i__‘pb;u ol B 7 N

Figure 4.35: Momentum Box for free air Studies

Assuming of working with a free air velocity Vy >>0 which allows the stagnation
point of the pre-entry stream tube to be on the bellmouth (Figure 4.35). Under the
assumption of potential subsonic flow it is possible to show that the force acting on
the pre-entry stream tube is equal and opposite of the force acting on the engine fore-
body.

The starting point for showing the above statement is to account for an infinitely large
control box enclosing the pre-entry stream tube and the engine fore-body. Being in
free air this is reasonably possibly and it is shown in Figure 4.35 by the dotted and
dashed lines.

Then, on the horizontal momentum box’s surfaces the flow stream lines are not
affected by engine and test equipment blockage area. Therefore, they are unchanged
from the free stream streamlines conditions, strictly this can occur only at a distance
infinitely far from the body.

This concept might help the physical understanding of such a momentum box which
ends when the flow streamlines have reached the free stream configuration.

The main characteristic of this kind of control volume is the fact that the top of it has
not any projected area in the flow direction and so no pressure force can be applied on
it.

Further more the two cross sections passing for A and for B are infinitely large and
the bulk static pressure under the on working assumption may be assumed to be the
same. In particular being the flow in-viscid and so not allowing for any total pressure
loss even the velocity at the cross section B will be the same than that one at A.

This defines the “semi infinite” body.

Applying now the momentum theorem

Aé}(}p—po)dko (4.144)

Equation (4.144) can also be splitteed in two parts (equation (4.145))

[(p=po)dA+ [(p=pg)dA=0 (4.145)
AS SB
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This means that the force acting on the pre-entry stream tube is equal and opposite of
the force acting on the external bellmouth. However, if the same sign convection used
in the previously paragraphs is also used here from equation (4.88) it is possible to
derive equation (4.146.

Ppre = Pbell ext freeair (4.146)

It is worth to say that in this derivation the engine fore-body is assumed to have not
any projected area dA and consequently no pressure force will act on it. Otherwise the
second integral on the left hand side of equation (4.145) would also include the force
acting on the engine fore-body.

Figure 4.36: Momentum Box from the Engine Throat to Station (0) in Free Air

Now applying the momentum theorem form station (0) to station (th) (Figure 4.36) in
the internal flow it is still possible to derive equation (4.125) previously defined for
the indoor flow conditions.

Substituting equation (4.146 into equation (4.125)

= Pbell ext [freeair = bell int freeair = Fam = Fgo (4.147)

And consequently

= ®bell freeair =¥ —Fco (4.148)

Equation (4.148) is an important out-coming from this free air analysis especially
when equation (4.148) is reported to zero free steam velocity which, by the way, is the
usual condition for outdoor tests.

Indeed, if the free stream flows velocity is zero the inlet momentum drag becomes
zero and accordingly it is possible to write equation (4.149) (Williams and Gullia d)

= Obell freeair =FGih (4.149)

Equation (4.149) clearly states that under the above assumptions in free air conditions
with free stream velocity equal to zero the force acting on the bellmouth is equal and
opposite to the stream force acting on the engine throat.

If now the equation (4.149) is substituted in the thrust correction equation (4.127) and
considering that in this “ideal” condition even the drag and the buoyancy terms will
be zero (no flow will flow around the engine) it is possible to obtain
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L=Fgy (4.150)

Equation (4.150) clearly states that in free air condition with V, equal to zero the load
cells measure the real gross thrust delivered by the engine.

Therefore, in such flow conditions and for the gas turbine engine model taken into
consideration (represented in the sketches) the presence of the bellmouth allows the
compensation for the throat stream force and consequently make possible equation
(4.150).

Also the engine fore-body (until the section with the completely pressure recovery
(B)) would contribute to such force compensation if it had a projected area in the flow
direction. And its contribution would be included in the second integral of equation
(4.145) (which at the moment represents only the bellmouth force).

For improving the understanding of the flow phenomena in free air conditions and to
validate the above findings it is believed worth by the author to show the flow
structure for low free stream velocity V>0.

Decreasing the flow velocity V, the pre-entry stream tube stagnation point moves
back ward toward the engine fore-body ((Seddon and Goldsmith 1985)).

Accordingly, the flow structure is represented by Figure 3.37.

b2 i) o [
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.............................

Still in this case the infinitely large momentum box can be drawn but now the final
result is slightly different from that obtained before. Indeed, though the global integral
along the surface ASB is still equal to zero, equation (4.144) now includes only the
pre-entry force. This because the flat shape of the engine fore-body which has dA=0.

[(p=po)dd= [(p-py)da=4,,, =0 (4.151)
ASB AS

Equation (4.151) states that under the assumption of potential flow when the free
stream velocity is low but not zero the flow readjusts itself in order to allow the pre-

entry force to be zero. Practically if the stagnation point is not on the bellmouth there
is not any possibility to compensate the pre-entry force.
Under such circumstances equation (4.125) becomes

= Bvell int freeair = FaGh = FGo (4.152)
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But now the term ®yep int includes also that part of the bellmouth which before was
called external. Indeed the whole bellmouth is now inside the pre-entry stream tube
(Figure 3.37).

So in this case equation (4.152) can be reduced to equation (4.148) and to equation
(4.149) when the free stream velocity is zero.

Another case which could be mentioned is when the pre-entry stream tube is in datum
condition. In such a case for both Vy>>0 and V>0 the pre-entry force is equal to zero.
It is straight forward now by applying equation (4.144) to show that even the force
acting on the bellmouth in the former case and in the engine fore-body in the latter
case are equal to zero.

The free air cases shown above are very useful in order to help the understanding of
the general flow phenomena around an engine under test. Furthermore, their use is not
only limited with the free air conditions but fundamental considerations can also be
applied to the indoor test environment.

4.4.2. Indoor and Free Air Bellmouth Force Comparison

In the previous paragraph it has been shown that in free air conditions when the free
stream velocity is equal to zero the force acting on the bellmouth counteracts the
whole throat stream force.

Such compensation allows the force measured by the load cell to be the real gross
thrust delivered by the engine. Therefore in such conditions none of the thrust
correction factors is needed.

At the same time it is clear from Figure 4.33 that in indoor beds the suction force
acting on the bellmouth does not compensate for the throat stream force. Further more
this unbalance becomes even bigger by increasing either p or decreasing A.
Substituting equation (4.149) into equation (4.127)

L=Fgg - (~Fbelt freeair * Pbell ) = Dearcase = Deradle + (FGo = FGf)ext pot  (4.153)

It is interesting now analyse only the second term on the right hand side of equation
(4.153) which is responsible for most of the total thrust correction factors. This term
can be substituted in equation (4.139) obtaining

et + Foum _ = Pbell Jreeair +Ppelt 1+u 2 ;12

= = @A-D--=11>0 @154
Prh Prh A A-1 (4.154)

qehAm —— 9in4eh

Po Po

In the derivation of equation (4.139)the force on the fluid by the bellmouth has been
taken acting in the thrust direction (forward direction). This means that the force from
the fluid to the bellmouth it has been assumed acting on the drag direction. However
from the thrust correction factor calculation ®yey comes up to be negative (paragraph
4.5.4). Therefore the force on the bellmouth surface exerted by the surrounding fluid
it acts in the thrust direction as it also well know for mass flow ratio greater than one
(suction mode as is represented in the figures).

Now the denominator in equation (4.154) is always a positive number therefore also
the numerator has to be positive in order to satisfy the whole equation (4.154).
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So it is possible to write equation (4.155)

~Pbell freeair +Pper >0 (4.155)

As has said above the two forces in equation (4.155) result to be negative and can be
written as

Poetl = ~Lpenr (4.156)

Where Ly is the load on the bellmouth and it is always positive
Following equation (4.156) equations (3.155) and (4.156) becomes equation (4.157)

(Williams and Gullia d)

Lpell freeair = Lpell >0 (4.157)

Equation (4.157) proves that in free air test the load exerted by the flow on the
bellmouth is greater than the load exerted in indoor facility.

This means that for the same throat conditions the force exerted on the bellmouth in
free air condition is bigger than the force exerted in indoor conditions.

Therefore in indoor conditions ®bel does not compensate the whole throat stream
force, making necessary the presence of the thrust correction factor represented in

Figure 4.33.

In indoor conditions there is a progressive increase in the failure of the bellmouth
thrust force to compensate for the rearwards throat stream gauge force as the
entrainment ratio increases and the cell size reduces.

4.4.3. Pre-entry Force

All along this chapter there have been plenty of references to the pre-entry stream
tube and to its shape. For example during the consideration made for the buoyancy
term the passage from the suction to the spillage conditions it has been mentioned in
order to explain the increase of Ay as the entrainment ratio was increased.

Now in this paragraph an attempt to derive a useful relation for the pre-entry force is
made.

The main aim of this attempt would be to separate the pressure term from the area
term along the definition of the pre-entry force. In such a way both the effects will be
monitored. Indeed when the stream tube changes configuration both the pressure
component and the projected area change (from a diffusion process in suction
condition to a compression process in spillage condition).

|: (Oext) d)Pm —> E ( 1 t)
------------------- g ex ? \
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Figure 4.38: Momentum Box for Computing the Pre-Entry Force
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Equation (4.158) represents the application of the momentum theorem to the air box
drawn by dashed lines in Figure 4.38 (between (Oext) and (1.x)) assuming the flow to
be potential and incompressible.

¢pre = Fotext = FGlex = 201000 Arexe + (plaxt - Po)Alext - 2q°e"tAoe’“ (4.158)

In the above momentum balance have been neglected the cell friction forces (assumed
the flow potential).
By Bernoulli theorem between (0cy) and (1exr)

¢pre = (q0ext + 1ext)Alext = 290ext Avext (4.159)

Dividing both the left hand side and the right and side of equation (4.159) by qoAgext it
is possible to obtain equation (4.160)

2

¢Pre = (1+ 9 lext ) Alwct -2 ___(1+ Agext ) Alext -2 =(A1ext + AOext )_2 (4.160)
90ext Apext 90ext Apext Afoxt Apext Apext A Jext
Equation (4.160) can also be written as
Alext Ao
¢pre = (gﬁ' + ""‘ei) =2 \90ext Apext (4.161)
Oext A Jext
Dividing both side of equation (4.161) by (p1e-po) AO
¢P" e - Alext + A0ext =2 90ext Avext (4.162)

(Plext —Po )AOe.xt Apexs A Jext (plext —Po )AOaxt

Now the pre-entry force can be seen also as the integral of the gauge preesure along
the pre-entry stream tube

$pre = [(p—Dpo)da (4.163)
pre

By the first mean value theorem the integral of equation can be solved as

bore = (P =20 4o - 4;) (4.164)

Where (p -P 0) is the mean pressure value along the pre-entry stream tube.
Dividing equation (4.162) by equation (4.164) it is possible to obtain equation (4.165)
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AIext AOext
Slext y Plexty_
(P‘Po) (40-4;) (AOext+A1ext) ]

(Pirext — P0)  Apext A2
|- Oext. (4.165)

2
AIext

Keeping in mind that the mass flow ratio (MFR) is equal to Ay/A,

(49-4;)  A4;(MFR-1)
= 4.
Aowrt Ao (4.166)

Substituting equation (4.166) into equation (4.165)

A A
(p — ) [( Alext + Oext ) _ 2]
Po) _ Oext  Alext

(Prest —Po) 2
“ I_AOext AI(MFR-]) (3.167)

2
Afext Apext

Equation (3.167) can also written as (4.168) by includin the cell i
2t (Williams ond Gullia ) ) by g even the cell cross sectional

A
(p [( lext +A0ext)_2}
—Po) _ Apext  Alext
(P1ext — Po) 42 (4.168)
Oext A -A
— (MFR—I) cell lext
Alzext A0ext

Using(p_p 0 ) , MFR or even directly ®p as dependent parameter, equation (4.168)
can be used for parametric analysis.

Figure 4.39 shows how (p ~Po ) changes with the entrainment ratio for a cell of 115
m? and an engine mass flow of 1200 Kg/s.

For low p Figure 4.39 shows a growing tendency of (p ~Po ) as the entrainment ratio
increases. The reason why this happens is because for small secondary mass flow the
velocity at station (1ex) increases less than the velocity at station (Oex). This allows

the term (Prext = Po) to increase and consequently ¥~ P0Jto have a growing
tendency despite the total mass flow in the cell increases and the right hand side of
equation (4.168) decreases.
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Figure 4.39: (p-po) Average as Function of p

When the velocity at station (1.x) starts to increases more than the velocity at (Oext;

the trend of the curve of Figure 4.39 decreases and for a defined p the term\¥ ~ 0
becomes negative meaning that the pre-entry force has changed sign.

This means also that from suction condition the pre-entry stream tube has moved to
spillage conditions because. This also means that the velocity at section (0) it is high
enough to allow the stream tube cross section area to be smaller than A,.
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Figure 4.40: Pre-Entry Force as Function of p

Figure 4.40 shows the trend for the pre-entry force as function of the cell entrainment
ratio. It is clear that for a certain entrainment ratio the pre-entry force changes sign.
This corresponds to the change in the way of such force acts. Indeed has to kept in
mind that the whole derivation of equation (4.168) starts from the application of the
momentum theorem which uses a well defined signs convention

It is important to say that in the above analysis the pre-entry stream tube stagnation
point is kept always in the same position on the bellmouth, not allowing for it any
movement as function of the upstream velocity Vj,.

Under the same assumption Figure 4.41 shows how the (p ~Po ) changes as function
of the cell cross sectional area. Increasing that area the flow velocity inside the cell
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reduces. If from one side this allows a reduction in the pressure difference from the
other side this increases the projected area of the stream tube. From the pre-entry
force point of view these two effects act in opposite way. Indeed a reduction in

—p 0) bring to a reduction in @, and an increase in projected area bring to an
increase in Qp. However must be remembered that if the stagnation point was

allowed to move along the bellmouth the stream tube projected area would change as
well.
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Figure 4.41: (p-py) Average as Function of the Cell Cross Sectional Area
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Figure 4.42: Pre-Entry Force as Function of the Cell Cross Sectional Are

The sum of the two effects above mentioned is shown in Figure 4.42 where the pre-
entry force is plotted against the cross sectional area.
It is clear that the pressure reduction has a bigger contribute than the area increasing

and therefore the pre-entry force decrease as the cross sectional area increases and it
tends asymptotically to zero.

4.5, Thrust Correction Equations Comparison

In this paragraph the three thrust correction equations above derived ((4.77)(4.79) ,
(4.87) and (4.126)) will be compared using the data worked out during preliminary
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test of the Roll-Royce Engine “C” in Test Bed “Y™ sited in Derby. The data used are
engine performance measurement and the flow fields measurements inside the cell
necessary for the application of the First Principle Anemometer (paragraph 2.3.2).

However, before applying the thrust correction equations it is necessary to make some
assumptions which are described below (paragraph 4.5.3).

However, before it is preferred to give a small description in terms of dimensions and
performance of the Engine “C” and of the Test Bed “Y™.

4.5.1. Rolls Royce Engine “C”

For confidential reasons the Rolls-Royce enigne used for the comparison between the
different thrust corrections equation, above derived, is called engine “C”.

In Table 4.2 some engine specification are provided.

In the next Table 4.3 are summarized some useful data extrapolated from the engine
test carried out on the 4™ of April 2005 relative to the cell scanning 1495 which
correspond to an engine power setting measured of 90% ((Rolls-Royce )).

Thrust 315000-340000N
Bypass Ratio 8.7-8.5
Inlet Mass Flow 1204-1245 Kg/s
Fan Diameter : i
Length
Weight -

Table 4.2: R-R Engine “C” Specifications (Rolls-Royée ple.)

Day Temperature 285K
Day Pressure 101997 Pa
Inlet Mass Flow 1283 Kg/s

Non Dimensional Mass Flow 3275

Load Measured 385161 N
Test inlet Temperature 284.83 K
Test Inlet Total Pressure 100899 Pa
Test Cell Static Pressure 100828Pa

Table 4.3: Engine and Cell Measurement (Rolls-Royce )

4.5.2. Rolls Royce Test Bed “Y”

Rolls-Royce test cell “Y” (for confidential reasons the real name of the cell can not be
mentioned)is a large test bed whose dimensions allow testing for high by-pass ratio
turbofan. All along the bed it runs a cavity in order to reduce the noise pollution.
Figure 4.43 and Figure 4.44 show the layout of the cell and some general dimensions.

From these pictures which are not to be scaled for confidentiality reason it is not clear
the presence of a screen just down-stream the turn wind. Such screen is used to
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preserve the flow from distortion and to smooth it as much as possible in order to do
not affect the engine performance (paragraph 2.4.1).

Along the inlet and outlet stacks there are splitters covered by special material in
order to preserve the environment from noise pollution.

The “Y” cell is a parallel wall cell and its testmg cross sectional area is 203 m’.

For the test scanning number 1495 of the 4™ of April, whose engine and cell
measurement are above reported, the cell entrainment ratio was 1.6963, which means
that the total mass flow entering the cell was 3459 Kg/s
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Figure 4.44: Transversal Section of the Rolls Royce Test Bed “Y”(Courtesy of Rolis-Royce)

4.5.3. General Assumptions for the Thrust Correction Equations
Comparison

In this paragraph are discussed the general assumption valid for each one of the thrust
correction equations. Following, if a specific equation needs a specific assumption for
its application this is made when the equation is applied.

The first assumption which it has been made is that the drag of the engine carcase is
neglected. It would not be easy to work out the drag coefficient of the engine carcase
within a test bed either by experimental or by specific manual book. Indeed the flow
interactions between the carcase, the pre-entry stream tube, the bellmouth, and the
detuner (ejector pump) make of the engine carcase in the test bed a very specific case.
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However, this term appears in all the thrust correction equations above derived,
consequently it affects each equation in the same way.

Therefore, the purpose of comparison between different equations can justify such an
assumption.

Another assumption is related with the potential buoyancy term. Indeed, in the Rolls-
Royce first principle anemometer the static pressure around the engine after-body is
directly measured allowing for the base gauge force to be directly worked out.
Therefore there is not any needing for the potential buoyancy to be calculated along
the engine after-body (this means up to station (9ext)-

However the shape of engine C is not as simple as the engine shapes above
represented in the sketches where the axial engine projected area is concentrate only
in the engine after-body. Accordingly, in the following equations comparison the base
force it has been calculated using the pressure experimentally measured on the engine
after-body and the axial projected area from station (f) to station (9). At the same time
to cope the difficulties on determining the potential buoyancy effect, two different
approaches have been used for each equation. In the first approach the buoyancy it
has been calculated up to station (9ex) (starting from either from station (Ocxt), OF
station (f) depending on thrust equation used) and in the second up to station (9ey)
using the equaliance Agex¢=A¢.

The main implication of the first approach is that the engine after-body is accounted
for both base force and potential buoyancy effect. For the second approach the main
implication is due to the potential buoyancy related with movable part of the cradle.
Indeed by the assumption of Age equal to Agthere is not any difference between the
cell cross sectional area upstream the movable cradle and that one downstream. This
does not give arise to any cradle buoyancy effect.

Furtechrmore, however, by the two different approaches it will be also possible to
quantify the effective impact of using different buoyancy term in the thrust correction
equations.

Another important assumption made is that the friction force component is neglected
for the metric assembly (equation (4.61)).

Regarding the metric assembly the one dimensional thrust correction equations derive
in this chapter are not able to calculate the neither the base nor the cradle drag,
Therefore, both of them are derived by the Rolls-Royce First Principle measurements.
Since this two terms influence all the thrust correction equations in the same way the
final comparison is not affected by this assumption. Furthermore, an important
consideration has to be made concerning the drag of the external part of the bellmouth
which appears into the thrust correction equation (4.79). The determination of the
drag coefficient to estimate such a drag would require a long and expensive
esperimental work in an environment as much as close to that found in the test cell.
Such a work is not included in the specifications of this project and therefore for the
moment the bellmouth external drag is not taken into account. The consequence of
this are discussed during the chapter of this thesis dedicated to the discussion
(paragraph 7.2.1)

The last but not less important assumption is related with the effective shape of the
engine after-body. As it has been said above engine A is a large turbofan which
implies the presence of two jets one coming from the hot nozzle and the other form
the cold nozzle. Further more also the presence of the engine plug and the pylon
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should not be neglected in the interaction between the flow and the engine
components. Indeed, these components are present during the engine test.

Figure 4.45 shows a Rolls-Royce turbofan engine in the test bed and it is possible to
see the presence of all the components above mentioned.

Due to their high velocity characteristic both the jet’s path affect the pressure
distribution along the engine components which are in contact with them. Altering the
static pressure along the engine the two jets are also a source of additional forces on
the engine which will affect the load measured during the test.

Figure 4.45: Turbofan Hanged in a Cradle inside a Test Facility (Courtesy of Rolls-Royce)

For example the hot jet coming out along the plug affects the static pressure on it
giving rise to a force (due to friction and pressure) acting on the plug which should be
accounted on the force bookkeeping of the engine within a test bed. The same it
happens for the cold jet which hits the hot nozzle and the pylon. The estimation of
such forces is also made more difficult by the fact that the two nozzles are not
discharging to the cell pressure. In reality the pressure around the engine after-body is
affected by the ejector pump effect taking place between the engine and the detuner.
So, the calculation of the forces acting on the engine pylon, plug and hot nozzle
should account also for such effect (SAE Commitee E-33 1985).

This aspect it has not been taken into account in this thesis and it represents a really
valid topic for further researchers who want to deal with the engine performance in
enclosed test bed.

However for the purpose of comparison of different thrust correction equations using
a chosen engine power setting and cell conditions the forces acting on the plug, pylon
and hot nozzle are the same for each equation. This means that each equation will be
affected in equal terms. Therefore, this can justify the assumption, but still it remains
the fact the equations above derived are not complete and the terms missing should be
included in the future work as important issue to be solved.

144



4.5.4. Comparison

In order to make the comparison it is necessary first to derive all the values for
completing the thrust correction equations.

—_

oad Measured RR First Principle Measurements 385161 N
IMD (Fgo) Equation (4.64) 17263 N
(FgrhroAT + PBelimoutn) Equation (4.138) 14462 N
Dpase RR First Principle Measurements 969 N
D, Equation (4.103) 2307 N
DBelimouth ext Equation (499) -504 N
Dcradie RR First Principle Measurements 723N
(F G9' 'FGO)ext pot [Ag ‘ext =A9exd Equation (4.1 14) 2699 N
(FGo'-FGo)ext pot [Agext =Ag] Equation (4.1 14) 2388 N
(Fgo'-Fa)ext pot [Agext =Agext] Equation (4.119) -18 N
(Fgo 'FGf)ext pot [Agext =Ag] Equation (4.1 19) ON

Table 4.4: Calculated Thrust Correction Factors Engine C Test Cell Y

In the above Table 4.4 it is possible to find out all the thrust correction terms and the
equations used for computing them.

The first equation to be completed is equation (4.79). Following the above
assumptions the term Dpeyic Will only include the Cradle Drag.

From equation (4.79) the term Fgo, which is the real unknown of any thrust correction
equation, can be written in a explicitly form as in equation (4.169)

Fg9 =L+ Fgo+Dpepic —(Fg9 — FGo)ext pot + @Gbase (4.169)

It is preferred by the author to make the comparison between the thrust corrections
equations in terms of percentage of the load measured, so the above equation can also
be written as

Fgy _;, Fco , Dmemic _F69' ~ FGo) ext pot + PGbase (4.170)
16 i I i e
It is easy now to substitute the in equation (4.170) the value of Table 4.4.
Using for the potential buoyancy factor Ag ey =Agey it can be obtained
Fgo
TE 1.042204 (4.171)

At the same time using for the potential buoyancy factor Ag .y =A¢it can be obtained

F :
—% = 1.043014 LrlE)
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The next equation to be completed is going to be equation (4.87) which can be
expressed by using the base force and neglecting the carcase drag as

L=Fy +¢pre = Pbell ext ~ Pbase ~ Deradle + (ch' ‘FGf)ext pot (4.173)

Expressing equation (4.173) in the same form of equation (4.170) it is possible to
obtain

Fgo _,_ bore , Bretiext , Deradle , $hase _ FG9 ~FGrext por (4.174)
L L L L L L

It has not been said yet that in order to compile equation (4.87) it is strictly necessary
to know the position of the pre-entry stream tube stagnation point. This is something
that should be experimentally measured. But because in the static pressure along the
bellmouth data provided by Rolls Royce (worked out during the preliminary Engine
“C” test) contain a lot of scattering it has been decided to use the value provided by
the CFD analysis, which will be better described in paragraph 6.2.8.

The flow around the bellmouth and the pre-entry stream tube is clearly affected by
three dimensional flow phenomena, as the CFD analysis shows, and therefore the
stagnation point has not a constant radius all around the bellmouth. By averaging the
entire radius found it is assumed that the stagnation point radius is 2.18 m. The value
in Table 4.4 for the external bellmouth force it has been worked out by using the
above mentioned stagnation point radius.

Completing equation (4.174) with the values of Table 4.4 and using the potential
buoyancy from station (f) to station (Jex) With Agexe =Agex it has been obtained

igi = 1.041866 (4.175)

At the same time using for the potential buoyancy factorAg ., =A¢ it can be obtained
F,
—g—" = 1.041913 (4.176)

The next equation to be completed is equation (4.126). This equation similarly to
equation (4.87) can be written by using the base force and neglecting the carcase drag
as equation (4.177).

L=Fgg —FGu —Pell —Pbase —Deradle + (FG9' _FGf)ext pot 4.177)
Expressing equation (4.177) as equations (4.170) and (4.174) it can be obtained

1 Feo ;. Fom | Poell . ¢baLse + Dcrzdle _(Fgy 'Isz Jext pot (4.178)

Completing equation (4.178) with the values of Table 4.4 and using the potential
buoyancy from station (f) to station (Yext) With Agext =Ageyx it has been obtained
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Ty = 1041895 (4.179)

At the same time using for the potential buoyancy factorAgwx=Arit can be obtained

ﬂgi = 1.041943 (4.180)
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5. Analytical Prediction Tool

5.1. Introduction

The magnitude of the thrust correction factors depends on the amount of the flow
entering the cell. Indeed, the velocity and the pressure fields around the on testing
engine are strictly correlated with the total mass flow entering the cell.

Therefore the possibility of having a tool able to predict the cell entrainment ratio is
believed as a quite attractive opportunity, worth to be investigated.

The secondary flow inside the cell and consequently the cell entrainment ratio are
driven by the ejector pump taking place between the engine and the detuner. By this
effect the low pressure secondary flow surrounding the engine and the metric
assembly get energised by the primary flow and starts to move in the detuner.

Following the above consideration, the ejector pump theory is applied in the indoor
test bed facilities in order to develop a tool able to predict the cell entrainment ratio.
Once the cell secondary mass flow is known also its control could be an important
point to arise. Indeed, in order to limit all the uncertainties shown in Chapter 2 is
better to keep the entrainment ratio within reasonable values. So, the opportunity of
controlling the amount of entrained flow could be a very important feature for the test
cell.

In this chapter an analytical approach based on the ejector theory is proposed for the
describing the flow characteristic along the test cell exhaust system.

Furthermore, a matching procedure based on the use of the analytical ejector pump
approach is proposed for predicting the cell entrainment ratio.

5.2 Analytical Method

5.2.1. Analytical Method Approach

The approach used in this thesis to configure an analytical method for predicting the
cell entrainment ratio is based on the approach used by Hickman et al. (Hickman,
Gilbert, and Carey 1970)in their ejector pump analytical model.

The reason why it has been decided to follow such an approach is primarily because
of its simplicity and its flexibility to be integrated with different formulations.

The literature research done about the sea-level test cell appears not to offer any
ejector analytical model application on such facilities. Therefore, as a starting point
to see the effective capabilities of such modelling it has been thought more opportune
to use a simpler but at the same time complete model.

Another point of the Hickman et al. (Hickman, Gilbert, and Carey 1970) model which
plays an important role in the overall prediction tool described in this thesis is the sub
division of the mixing tube in different regions, as is shown later in this paragraph.
This leads to the possibility of studying the flow phenomena along the detuner in
separate phases.

Indeed, the usual detuner lengths found in indoor facilities do not allow for a
complete mixing between primary and secondary flow. It is, therefore, of
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fundamental importance to have at least another reference section before the mixing is
completed. In the Hickman et al. model this is called the Accommodation Region.
This is described later (paragraph 5.2.4).

At the same time the assumed model does not finish at the Accommodation Region
but goes further to include a Mixing Region and an After-Mixing Region where the
mixing effects can be accounted. This allows the model to be a completed ejector
model and gives the possibility of making some useful considerations to relate to
indoor test facilities. However, as has already been said, complete mixing is not
achieved for the standard test bed detuner length.

Originally the model was applied to air-to-air jet pumps but its application to gas
turbine engines has involved the requirement of adjustments to include the effects of
combustion products of kerosene. This means that all the parameters for the primary
jet, such as specific heats and the universal gas constant were all expressed as
functions of the fuel area ratio (FAR).

As far as the primary jet is concerned, it has to be underlined that turbofan engines do
not discharge only a single jet into the detuner. Indeed they have two concentric jets,
the cold jet coming from the fan and the hot jet coming from the engine core.

Cold Jet

Figure 5.1: Exhaust Jets for Turbofan Engines
The former surrounds the later by an annulus shape as shown in Figure 5.1.

This represents the main difference between the Hickman et al. ejector model and its
adaptation to gas turbine engines in enclosed test bed facilities proposed in this work.
As will be shown better later on during this chapter (paragraph 5.2.3) the two jets
have been averaged by a mass flow weighted criterion with the purpose of getting a
single effective working jet and thus to be similar to the Hickman et al. model.
Following the above considerations, the Hickman et al. model has been integrated
with a Preliminary Region where the two jets are adjusted into one accounting also for
the different gas composition.

The fundamental purpose of the above modifications to the Hickman et al. is to
develop the performance characteristic of the ejector pump taking place between the
engine and the detuner within an indoor test bed. These performance characteristics
can be represented by plots of jet pump pressure rise as a function of the cell
entrainment ratio at different working sections into which the model is subdivided.

In order to derive the ejector pump characteristic, the equations involved in the
procedure use the entrainment ratio as independent parameter.
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The assumption of the entrainment ratio together with the primary and secondary flow
conditions and the geometrical dimensions allow the calculation of all the flow
parameters at the different working sections.

Another important characteristic of this analytical model is the fact that it does not
take into account pressure loss effects for most of its sections. Indeed, until the flow is
completely mixed, no pressure losses are included in the model. After the mixing is
achieved it is possible to add pressure loss effects in the After-Mixing region. In this
way only a global effect of pressure losses on the overall ejector performances can be
studied.

Once it has been seen that the ejector theory can be used in an enclosed test bed
facility, inclusion of pressure losses throughout the entire model would represent a big
step forward. This is proposed as a subject for future study.

The fact that the detuner is divided in different working sections has been mentioned
many timed already. However, their specific location has yet to be established.
Accordingly, this is dealt with at the end of this paragraph.

Secondary Flow

v

S
' Primary Flow

et St 5%
E __/

Accommodation Mixing  After Mixing

Figure 5.2: Analytical Division of the Hickman et al.’s Ejector Model

Figure 5.2 shows a sketch of the original model proposed by Hickman et al. showing
the three main sections into which the model is divided.

Cold Jet

E >
; Hot Jet Primary Jet

Cold Ji/‘/r
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Secondary Flow :
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Preliminar}'/ Accommodation  Mixing After Mixing

Figure 5.3: Analytical Division of the Adapted Hickman et al.’s Ejector Model

The first is called the Accommodation Region, the second the Mixing Region and the
third the After-Mixing Region.
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The characteristics of each section will be described later in this chapter.
Figure 5.3 shows, the adaptations of the original ejector model to represent gas
turbine turbofan engines

5.2.2. Analytical Model Assumptions

The first assumption for the analytical model is that the wall shear forces are
negligible upstream of the After-Mixing Region.

Accordingly, pressure losses are accounted for only in the After-Mixing Region.
Therefore, in the momentum theorem applications only the pressure forces and the
momentum forces of the primary and secondary flow are taken into account.

A weighted mass flow average has been used to reduce the two engine jets into only
one. The mass weighted average is used to compute global primary values of specific
heat, gas universal constant, total pressure and total temperature.

This is to simplify the analysis of the three flows.

The specific heat for each flow has been expressed as a function of the static
temperature; otherwise the gases are considered ideal.

No heat transfer is allowed from the engine walls or the detuner walls.

From the Preliminary Region the primary jet is assumed to expand or contract
isentropically until the Accommodation Region where primary and secondary flows
reach the same static pressure.

The corresponding changes in area have always to meet the fact that the detuner is
supposed to be of constant cross-sectional area.

For the application of the following analytical model to the Rolls-Royce indoor test
bed facility it has also been assumed that the total pressure and temperature of the
secondary flow around the engine after-body are the same as those at the inlet of the
test chamber (experimentally measured).

5.2.3. Preliminary Region

It is useful before going ahead with description of the Preliminary Region to define
the nomenclature which will be used throughout this chapter in the description of the
proposed analytical tool. See Figure 5.4.

The role of the Preliminary Region in this ejector model is strictly related to the fact
that the gas turbine engines used are turbofans. This means that there are two primary
jets coming out from the engine at different conditions and with different gas
compositions.

Obviously, the cold jet does not go through the engine core and so does not contains
combustion products as does the hot jet.

At the same time the Hickman et al. ejector model deals only with a primary jet.
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Figure 5.4: Nomenclature for the Analytical Model

The main purpose of the Preliminary Region, therefore, is to reduce the two engine
jets to only one from the stand points of both gas composition and flow conditions. In
order to achieve this mass flow weighted average technique has been used (equation

(5.1)).

Taverage *

(5.1)

Once the flow conditions are calculated from the experimental data (provided by
Rolls-Royce 2002) at the engine nozzles it is possible to use equation (5.1) to average
the two jet flows.

Knowing Ppe, Tpe, We
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Guessing M.
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Rate
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Figure 5.5: Iterative Procedure at the Preliminary Region
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Indeed, the engine performance parameters provided are mostly for total rather than
static conditions. This is required by the formulae used for computing the
thermodynamic parameters which need to be averaged. Therefore, by the theory of
isentropic compressible flow, an iterative procedure has been established to work out
the static temperature and pressure by matching the mass flow rate of the nozzle. The
Mach number is then used as a handle for this procedure

Figure 5.5 shows such an iterative procedure used in the Preliminary Region for the
cold jet.

A similar procedure can also be used for the core jet.

In particular, the parameters which have to be averaged are the specific heats, the
universal gas constant, the total temperatures and the total pressures.

The specific heats and gas constant are calculated by the standard formulas of order
eighth presented in Walsh and Fletcher book (Walsh and Fletcher 1998) as a function
of only the static temperature for the cold jet and as a function of the static
temperature and the FAR for the hot jet (appendix Al).

However, to compile the above iterative procedure, it is necessary to know the
specific heat for both the jets before running the model. In order to overcome this
problem, the initial values for the specific heats and for the gas constant are taken
from Savaranamooto’s book (Saravanamuttoo, Rogers, and Cohen 1996).

Once the static conditions are known, the new mass flow weighted averaged
thermodynamic parameters can be calculated and used in the next ejector model
region.

Appendix A1 shows the formula used for these calculations.

5.2.4. Accommodation Region

The Accommodation Region can be regarded as the first region of the ejector model
since the Preliminary Region deals only with the primary flow.

After the first energy exchange between the two flows, (primary and secondary)
which takes place upstream the detuner, the secondary flow accelerates and starts to
move toward the exhaust collector. As soon as the two flows enter the detuner which
has a limited cross sectional area they start to expand and contract until their static
pressures match.

Initially, the primary flow static pressure drops whilst the secondary increases.

When the two static pressures reach the same value the accommodation process is
assumed to be completed and the flows are parallel.

Therefore, the Accommodation Region is defined as the section where the primary
and secondary flows achieve the same static pressure.

PP2 - PsZ
; Zx_ 1 x (5.2)
(1_'_7_ M2 J}"'I (1_'_7_ M2 )}’-1
2 P2 2 s2

Equation (5.2) above represents the relationship which has to be satisfied at the
Accommodation Region.
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During this accommodation process the pressure losses are neglected for both flows in
the analytical model. However, this assumption is partially justified by “Hickman et
al.” who has found good agreement between his ejector model results in the
Accommodation Region and experimental data (Hickman, Gilbert, and Carey 1970).
The fact that the pressure losses are not deeply affecting the ejector performance at
the Accommodation Region has represented another important aspect which has
influenced the author’s opinion to the use of the Hickman et al. model. Indeed the
Accommodation Region will turn up to be an important region for the overall
analytical prediction tool proposed in this thesis. Essentially, because the level of
mixing achieved along the detuner in a test cell is not really known. This is because
the detuner length is usually insufficient for complete mixing. Therefore, it would not
be possible to refer to fully mixed conditions in the detuner.

The analysis of the Accommodation Region starts by guessing a value for the
entrainment ratio. As has already been said above, in the overall approach used for the
model the entrainment ratio of the system is used in the equations as an independent
parameter. Fixing the entrainment ratio basically means fixing the secondary mass
flow because the primary is a known parameter. This allows the equations of the
system to be solved and the flow characteristics to be plotted. There is a limit for the
entrainment ratio guessed initially due to the limitations imposed by the sonic
conditions for the secondary flow at the Accommodation Region. When the flow
becomes choked along the detuner a further increase in entrainment ratio will not
result in any solution from the equation system shown below.
From the Preliminary Section all the “pseudo” primary flow thermodynamic
parameters are known, for example, the specific heat cpp, the gas constant R, total
pressure Py, total temperature T, and the mass flow Wp,.
The thermodynamic parameters of the secondary flow are known from the cell
conditions, e.g. the secondary specific heat cps the gas constant R, the total
temperature Tj, the total pressure Ps.
From the guessed value of entrainment ratio, the secondary mass flow is guessed.
Now if the secondary flow is treated as isentropic its mass flow per unit area can be
expressed as in equation (5.3) (appendix A2)

.-

Ws2 - Psy [7s2 M,

A2 Tz VR 7s2+1 (53)

(1+1-_1M2 )2(7,.:-1)
2 s2

Introducing Ay, to identify the area of the detuner (or mixing tube) equation (5.3) can
also be expressed as equation (5.4).

Where the A, is the area of the pseudo-primary jet at the Preliminary Region,

All the parameters on the right hand side of equation (5.4) are known (remember the
assumption of compressible isentropic flow). Therefore, an iterative procedure can be
established in the left hand side to match both side of the equation.

Mach number is used as the handle parameter for the matching procedure of the
secondary flow at the Accommodation Region.
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) \/—;2— M,
( rsz _Ps2*l (5.4)

(1 +Ys271 )02 Y20e2-D
2

So practically by changing the Mach number of the secondary flow at the
Accommodation Region in the left hand side of equation (5.4) a trial process can be
started in order to match the value of the right hand side of the same equation.

Once the right Mach number has been found by equations (5.5) to (5.7) below all the
thermodynamic parameters of both secondary and primary flows at the
Accommodation Region can be found.

Py,
Ds2= : 7e2
( I+ 7322-1 Mszz)(m—l) (5.5
¢ )= TsZ
s —
(1 +7s22 1 Mfz) (5.6)

vs2=Ms2‘,7s2R, Is2 (5.7

Applying now the Accommodation Region assumption (equation (5.2)) it is possible
to find out also the thermodynamic conditions of the pseudo-primary flow.

Indeed the Mach number of the primary flow can be found by using equation (5.5) but
this time referred to primary where the only unknown now is the primary Mach
number (equation (5.8))

(rp2-D
Yp2

g | i 23 1|2 (5.8)
Pp2 Yp2-1

L -

When the primary Mach number is known it is also possible find out the static
temperature and the primary flow velocity at the Accommodation Region by
equations (5.6) and (5.10) this time referred to the primary flow (equations (5.9) and
(5.10)).
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Tp2

p2= Yy 59
(1+7”22 Mf,z) G

Vp2= Mp2\/7p2Rstp2 (5.10)

Further more when the two static temperatures are known it is also possible to
recalculate the specific heats of the two flows, following always the equation shown
in the appendix A2.

The specific heat ratio (ys) in equation (5.4) has been used also in the Accommodation
Region when would have been be more correct to use the value of y,. However, until
the static temperature in the Accommodation Region is worked out is not possible to
calculate the new value of v, at the Accommodation Region (equation (5.12)).

t

yog=—2Ds2 (5.11)
CPs2 _Rs

Therefore, the use of ¥, instead of vy, in the above iterative procedure is another

assumption.

However, once the static conditions are known, y; can be calculated and a
comparison between them shows that they are identical at least as far as the sixth
decimal place.

Up to now the above procedure neglects the effects of primary stream expansion or
contraction along the Accommodation Region. This is because the primary flow area
used in equation (5.4) is that calculated for the Preliminary Region.

Therefore another condition has to be imposed in the procedure described above.
That is that the area of the primary flow plus the area of the secondary flow must be
equal the detuner area (equation (5.12)).

Ap2 + As2 = Adetuner (5.12)

Equation (5.12) can also be written (as shown in the Appendix A2) using the
thermodynamic flow property as equation (5.13)

yp+l
-1 Ay, -1
p
pJ p2 1+ M ]
Adetuner +
7PPP2MP2 (5.13)
7s+1
b4 2y, -1
R T 1+ 72ty |0
+

ysPs2Mgo
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Equation (5.13) can be used to correct the secondary flow Mach number previously
calculated by the iterative procedure established to match both sides of equation
(5.13).

Indeed, the detuner area is a known fixed geometric condition which must be matched
by the stream flow areas of the two flows.

When the secondary and primary flow Mach numbers also satisfy equation (5.13) the
Accommodation Region is solved.

With the final primary and secondary Mach numbers is now possible to compute all
the thermodynamic flow properties at the Accommodation Region by the equations
(5.5),(5.6), (5.7), (5.9) and (5.10) (including also the specific heats).

A simplified scheme representative of the iterative procedure above established at the
Accommodation Region is represented in Figure 5.6. In this diagram, boxes also
include the reference to the equations used in the different steps.

The numerical criterion for acceptable convergence in the areas balance is agreed to
be within 0.0005. This gives an error within 0.005 Kg/s for the secondary mass flow.

For clarity, the complete procedure for computing the flow parameters in the
Accommodation Region is summarized below.

The starting point is the guess of a value for the entrainment ratio.

This will automatically define the secondary mass flow since the primary one is
known.

Knowing the total mass in the detuner, the iterative procedure used in the
Accommodation Region is the tool which enables the calculation of the primary and
secondary flow parameters when the two flows reach the same static pressure (parallel
streams).

Such a calculation uses the secondary Mach number as a handle. There are, however,
two additional checks. The first is the secondary mass flow matching and the second
is the areas balance with the real detuner area. Once the secondary Mach number
satisfies these two conditions it is assumed to be the right one. :
From this value, it is now possible to calculate the rest of the parameters for primary
and secondary flow using the isentropic compressible flow equations.

The same process can then be used for a different entrainment ratio. However, the
same primary flow is used again. The result is a set of different flow conditions in the
Accommodation Region, ‘
With this procedure repeated for a range of entrainment ratios allows the
characteristic curve for the ejector pump to be established.

The outcome is illustrated in paragraph 5.3.4.

However, it must be noted that the characteristic curve itself is not sufficient to define
the actual operating point of the system.

However, it does show where the operating point of the Accommodation Region can
move.
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Figure 5.6: Scheme of the Accommodation Region Calculation Procedure

5.2.5. Mixing Region

The location of the Mixing Region is shown on Figure 5.4.
As the flows enter this region the mixing process has not yet started so individual
streams can still be identified. In the case of a turbofan engine in an enclosed test bed
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facilities at the entrance to the Mixing Region there are still three individual flows, the
entrained, the cold jet and the hot jet.

However, in the representation of the ejector pump effect used in this work the three
flows are converted into two by the process described above in the Preliminary
Region.

The two flows at the entrance of the Mixing Region have the same static pressure, are
parallel streams and have already passed through the accommodation process.

The aim of the Mixing Region is that of letting the flows to mix together into one
uniform flow until common properties are achieved. As for the Accommodation
Region, the model presented here is not able to monitor the flow properties all along
the channel at different detuner lengths. It will, however, provide the flow conditions
at the exit when completely mixing is achieved. The total pressure and temperature of
the flows are kept constant along the Mixing Region since pressure losses are not yet
considered. Accordingly, at the exit plane of the Mixing Region the flow will have its
own total pressure and temperature value which is different from those of the primary
and secondary flows.

The equations used to solve the flow at the exit of the Mixing Region are the
continuity equation (5.14), the equation for ideal gas (5.15), the mass flow rate
(5.16), the specific heat equation (5.17)(appendix A1), the momentum equation (5.19)
(Figure 5.7) and the energy equation (5.20) and (5.21).

Wy =1+ )W, (5.14)
%::‘ = Rmntm (5.15)
W = PmVmAm (5.16)
cp = f(t,FAR) (5.17)
_ cp*1000 (5.18)

cp*1000—-R

As2Ps2+ Ap2Pp2 —AmPm =WmVm —Wpvp2 —Wsvs; (5.19)
WSZHSZ +Wp2Hp2 =WmHm (5.20)

vl (5.21)
H=cp(t+—)
2cp
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Figure 5.7: Mixing Region Momentum Balance

Using the above equations it is possible to establish an iterative procedure for working
out the flow conditions at the exit of the Mixing Region. The solution is obtained by
an iteration technique in which the value of one variable is assumed and the equations
solved to obtain a calculate value of that parameter. Appendix A3 lists all the
equations with their explicit variables.

The procedure is now explained to show how to use these equations.

The parameter for the iterations used as a handle is the static pressure at the exit of the
Mixing Region.

The first equation to be compiled with the guessed pm is the momentum balance
(5.19). Thus, we now consider how to calculate the flow velocity at section (m) vy,
The total mass flow in the cell is a known parameter because the calculation of
section (m) follows the calculation of the Accommodation Region (section 2) where
the entrainment ratio was used as independent parameter.

Substituting the density as a function of t,, and py, (equation (5.15)) into equation
(5.16) it is possible to calculate the static temperature at section (m). It is now
possible to calculate the specific heat cp,. This parameter is calculated as a mass
flow average of the two different flows which are not the primary and the secondary.
Indeed the specific heat is dependent on the flow composition and so the flows are
divided into core flow and clean air flow, where the clean air flow includes the cold
jet and the secondary flow.

The equations used to calculate the specific heat are shown in Appendix A3.

It should be remembered that for combustion products, cp is function of the fuel air
ratio.

Once the cpn, is know by the energy equation (5.20) the new value of the static
pressure at section (m) can be calculated and compared to the guessed one. If the
difference is less than 0.1% the trial value is assumed to be correct. Otherwise a new
value of py, is guessed and the whole procedure is repeated.

When this iterative procedure is assumed to have converged the flow parameters vy,
tms CPm, Pm, are known.

From these it is possible to calculate all the stagnation values like Py, and Ty, using
isentropic compressible flow equations.

At section (m) there is no distinction between primary and secondary flow.

The flow is assumed to fully mixed.

It is important to say that in the momentum balance represented in equation (5.19) the
flow is assumed frictionless. Tangential forces are, therefore, not included in the
balance equation. A simplified scheme representative of the iterative procedure
established at the Mixing Region is shown in Figure 5.8.
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Summarizing, the mixing procedure here represented it can been said that two
different flows enter the Mixing Region coming from the Accommodation Region
and only one flow with uniform properties it is obtained at the its exit.
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Figure 5.8: Scheme of the Mixing Region Calculation Procedure

The flow along the Mixing Region is not taken into account. Indeed only the entrance
and exit sections are studied. Static pressure is used as the handle at section (m) and
the final check comparison is directly made on its value. Differently from the
Accommodation Region where the presence of two different flows imposes also the
check for the flow expansions or contractions.

Once the procedure has converged for one value of the entrainment ratio previously
selected at the Accommodation Region another value can be chosen and the
procedure repeated. This will enable the user to produce ejector characteristics at the
Mixing Region. These characteristics are particularly useful first to establish the
performance of the ejector pump but also to better understand how the engine within
an enclosed test bed behaves.
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5.2.6. After-Mixing Region

The ejector pump analysis shown above does not include any pressure loss due to the
detuner wall friction neither in the Accommodation Region nor in the Mixing Region.
In reality the friction loss takes place all along the Accommodation and Mixing
Regions.

However it is not easy to predict the pressure losses for flows which are not
completely mixed due to the complexity of the mixing process in the pipe and the
high degree of turbulence carried by the flow.

For these reasons in the ejector pump proposed by Hickman et al. the friction losses
are accounted for in a specific region afterward the different flows are fully mixed.
Such a region it is called the After-Mixing Region. Therefore, rather than adjust the
Mixing and the Accommodation region analysis to include the wall friction effects, it
is preferred to treat the mixing and the wall friction processes as independent effects.
To achieve this, the mixing tube will be imaginarily extended beyond the point where
completely mixing has been achieved. The friction losses are then assumed to be
concentrated here.

Usually the wall shear forces in a duct are represented by a coefficient p represented
in equation (5.22).

Hr=—> (5.22)

Once the friction coefficient is know it is possible to relate it to the total pressure loss
by the Darcy-Weisbach equation, namely

L ov?
AP=dpg B%— (5.23)

Where L is the duct length and D is the diameter.

For most of the application the value of the friction coefficient is taken from
experimental results which are used to classify ps by the roughness of the walls and
the Reynolds number (equation (5.24)).

pvD (5.24)

However in the detuner the streams flow in a very non-uniform way with a high level
of turbulence. This does not allow the use of pipe flow data experimentally derived
for uniform flow.

It is therefore convenient to represent the pressure loss directly as a head loss by the
use of loss coefficient (Kymt) (equation (5.25))

2
_ PmVm
APm' =Kuyr = (5.25)
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The friction as a fraction of the dynamic head will be the approach followed in this
work in order to account for the shear forces on the detuner walls.

The flow enters the pseudo region called After-Mixing Region with all the properties
found at the exit of the Mixing Region and will exit such region with a percentage of
its dynamic head lost along this path.

Therefore the first equation which can arise in the analysis of the After-Mixing
Region is equation (5.26) which represents the total pressure loss across this region.

Yy
Ym m

1 oum

iy _ ¥ y =1 v2 (5.26)
P+ IS n ™ (42 M2 )T = Ky B

The energy balance between section (m) and (m') is written in equation (5.27)

v, vi’ 527
Cpmtm +7=Cpm'tm' +—2—- ( . )

The ideal gas equation at section (rrf) (equation (5.28))
p '
;)% =R 't : (5.28)
m

The Mach number equation at section (rrf) as equation (5.29)

Vv
M = (5 29)
m f——_ .
7mlRm|tmc

The continuity equation for the After-Mixing Region can be expressed as equation
(5.30).

VmPm =V, P, (5.30)

The specific heat at section (m) can be calculated using equation (5.17) this time
referred to section (m ). The exact calculation of cp is shown in Appendix A4.

Using the above equations it is possible to establish an iterative procedure for the
After-Mixing Region which will allow all the flow parameters at section (m ) to be
evaluated.

In Appendix A4 are listed all the relevant equations with their explicit variables.

This paragraph explains the use of those equations and the values which can be
worked out from each one of them in an iterative manner.

Before starting the procedure it necessary to fix a value for the coefficient Kyt which
represents the percentage of the dynamic head lost along the After-Mixing Region.

In this case the handle is ty.
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The first step is to calculate the specific heat at section (m ) using equation (5.17). As
has been already said for the Mixing Region the specific heat cp is calculated by a
mass flow weighted average accounting for the flow composition using the fuel to air
ratio (FAR) (appendix Al).

Once the cp is known it is possible to calculate y,; by a similar formula to equation
(5.11).

Fix KMT
»! Guess ty
Specific Heat Equation (5.17) CPmi
Energy Equation (5.27) Vo
A

Mach number Equation M.
(5.29) "

Pressure Loss Equation Pun

(5.26) "

Ideal Gas Equation (5.28) to

Continuity Equation (5.30) "

No @ Yes

A 4

Isentropic Compressible

Pui, T
Flow Equations me

Figure 5.9: Scheme of the After-Mixing Region Calculation Procedure

Using the equation for ideal gases (4.28) and the continuity equation (5.30) with the
new ¥y it is possible to work out the flow velocity v,; which will allow the calculation
of the Mach number M,; by the equation (5.29).

Up to now the Kur has not been used but once the flow My, is known it is possible to
compile equation (5.26) and find out the static pressure at section (m ).
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Now, an updating of t,y is made using the energy equation.

When the difference between the calculated value t,; and that one guessed is within
the 0.001% the procedure is assumed to have converged. If not a new value of t,; has
to be guessed and the whole procedure rerun until convergence is achieved.

All other flow parameters can then be calculated by the equations used in a similar
manner to that described above.

A simplified scheme of the iterative procedure established for the After-Mixing
Region is represented in Figure 5.9.

Summarizing, the After-Mixing Region represents the part of the ejector model
analyzed in this thesis where dynamic head loss is taken into account. Indeed the first
step of the procedure is to assume a dynamic head loss coefficient.

The procedure above uses the static temperature at section (m ) as the handle
parameter.

The thermodynamic up-dating of the cp is different from the Hickman et al. model
where the specific heats are considered always constant.

Once the procedure has converged, the flow parameters can be extracted and used for
drawing the characteristic curves of the system.

This is illustrated in paragraph 5.3.6.

By changing the entrainment ratio at the Accommodation Region it is possible to find
new values for the After-Mixing Region always keeping the same jets conditions and
the same dynamic head loss. These values will define the curve where the ejector will
operate under such conditions.

Using also the same engine conditions and the same set of entrainment ratios
previously defined and at this time changing the value of Ky it is possible to draw
new ejector characteristics.

These characteristics will be particularly useful for understanding how pressure loss
can affect the ejector engine pump performance within the test bed. More specifically
this could be useful to understand how the amount of secondary flow changes as a
function of the pressure loss.

5.3. Analytical Ejector Model Applications

The above analytical ejector model has been applied to two different Rolls-Royce
engines tested in the same cell. For confidential reasons the engines are called in this
work engine “A” and engine “B” and the test facility is here named test cell “X”.
Before describing the results derived from the application of the ejector model, a
small description of the engines is given below.

5.3.1. Rolls Royce Engine “A”

Table 5.1 provides some useful specification of the Rolls Royce engine “A”.

Thrust 333000-422000 N
By-pass Ratio 6.2 5.7

Inlet Mass Flow 1078 — 1200 Kg/s
Fan Diameter P -
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Length &363 o
Area Cold Nozzle 27im
Area Hot Nozzle Qs .

Table 5.1: R-R Engine “A”Specification ((Rolls-Royce plc. ))

5.3.2. Rolls Royce Engine “B”

Table 5.2 provides some useful specification of the Rolls Royce engine “B”.

Thrust 235744 -249100 N
By-pass Ratio 7.6-1.5
Inlet Mass Flow 860 — 880 Kg/s
Fan Diameter ?47m
Length 3.05,,
Area Cold Nozzle 2405: .50
Area Hot Nozzle 065m

Table 5.2: R-R Engine “B” Specification ((Rolls-Royce plc. ))

5.3.3. Rolls-Royce Test Bed “X”

Test Bed “X” is located in Derby in the main Rolls-Royce site. Its dimensions are
smaller than those of Test Cell “X” above described. This is mainly because when
Test Bed “X” was built, engine sizes were much smaller than they are today.
Accordingly, the flow fields could be preserved from possible distortion generated by
the interactions in the engine-cell. However, test bed “X” is still in service and actual
high by-pass ratio engines are still tested in it with good results.

Outlet \J 4
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.V_;.Sl.llm...._._._ =} '

Figure 5.10: R-R Test Bed “X”

The main peculiarity of this cell is the presence of a “V-shape” structural feature in
the roof which restricts the cell cross section area just upstream of the engine. The
main purpose of this feature is to accelerate the flow and allow more uniform flow
measurements. Indeed, in that section the cell velocity measurements are taken with
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the intention of calculating the thrust correction factors (in particular the intake
momentum drag) as described in the First Principle Anemometer (paragraph 2.3.2).
Due to the sensitivity of some cell dimensions a detailed picture of Test Bed “X” can
not be included in this document. An approximate sketch is, however, shown below
(Figure 5.10) with the information needed for the application of the ejector model
above described.

The effective cross sectional area of Test Cell “X” is 114.5 m?.

5.3.4. Ejector Model Application at the Accommodation Region

As described in the previous paragraphs 5.2.4, after the Preliminary Region treatment
only two flows approach the Accommodation Region, the primary and the secondary.
Indeed the two engine jets are reduced to one by applying a mass flow weighted
averaging technique in the Preliminary Region.

An engine power setting with its set of data (describing the engine’s jets and the
secondary flow conditions) has to be chosen to start the iterative procedure described
for both the Preliminary and Accommodation Region. An entrainment value must be
chosen as well and it is worth remembering that this is the independent parameter for
the whole procedure.

Running both the Preliminary and the Accommodation Regions it is possible to work
out the static pressure at the Accommodation Region for the chosen settings.
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Figure 5.11: Single Point of An Ejector Characteristic at the Accommodation Region

Figure 5.11 shows the result for the engine A for a non-dimensional mass flow at the
engine inlet of 3060 and with an imposed entrainment ratio of 1.2. The same
procedure can now be repeated for different entrainment ratios but keeping the same
engine power setting. It is worth underlining again that with the engine power setting
also the secondary flow conditions at the entrance of the main chamber of the test cell
are kept the same.

Figure 5.12 shows the characteristic line for the engine A derived using a range of
entrainment ratio from 0.2 and 2.
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From Figure 5.12 it is possible to understand the trend of the static pressure at the
Accommodation Region as a function of the entrainment ratio. Resulting from the
assumptions in the iterative procedure, the total pressures of the primary and
secondary flows are still the same as those up-stream before entering the detuner. The
static pressure drops at the Accommodation Region as the total flow entering the
detuner increases, so to allow the entrainment ratio increases.
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Figure 5.12: Ejector Characteristic at the Accommodation Region

Repeating the same procedure for different engine’s non dimensional mass flow
(engine power setting) different curves can be derived as represented in Figure 5.13
for non dimensional engine mass flows of 3060, 1753, 2451.

It is clear that decreasing the engine non dimensional mass flow the static pressure
increases keeping the same entrainment ratio.
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Figure 5.13: Ejector Characteristic at the Accommodation Region for Different Engine ndmf

The curves represented in the above figures are not able to specify the real operating
point of the system, at this stage, but they define where it could lay for different cell

configurations.
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With different cell configurations there are different system pressure losses.

For example a different cradle configuration or a different cell structure could lead to
a different pressure loss which will affect the operation of the ejector pump. The
system will, however, operate at one point only along the curve. However, the
uniqueness of the characteristic curve at the Accommodation Region is better
discussed in the next chapter (paragraph 6.3.4) by the use of the CFD. Indeed, it will
be shown that the operating point will change for different system configurations but
will move only along one characteristic curve. At this stage, in Chapter 5, the
uniqueness of the curves represented in Figure 5.13 can only be assumed.

For each engine’s non dimensional mass flow, the cell entrainment ratio is also
experimentally measured by an energy balance (paragraph 2.2.5). This is a quite
interesting prospective because it means that the real operating points for the different
engine power setting can also be plotted on Figure 5.13.

Therefore the same procedure used to derive the characteristic curves at the
Accommodation Region will also be used to work out the effective p, for all the
different engine non dimensional mass flows. To do this rather than assume a value
for the entrainment ratio it will be used that experimentally measured.

Figure 5.14 shows the estimated operating line for engine A.
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Figure 5.14: Operating Line for the Engine A

The name operating line arises because such line describes how the real working
points of engine A in test cell X move in engine-detuner characteristic in the
Accommodation Region. It is clear that the operating line cuts each ejector
characteristic curve of Figure 5.13 at only one point.

The operating line for engine B can also be derived using the same procedure and
plotted in the same map as that used to represent engine A, Figure 5.15.

The first comment which may arise is that the two operating curves do not lie on the
same curve.

This is essentially because the representations used do not allow the two curves to do
that. Indeed the engine parameters are different, starting from the nozzle area and also
because the testing conditions were not the same for the two engines. However a
better representation to make the two operating lines lie together will be studied and
proposed later on (paragraph 5.4.1) during this chapter.
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At the moment the main conclusion is that iterative procedure established for the
Accommodation Region is able to represent the characteristic lines for the ejector
pump generated by the engine and the detuner.
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Figure 5.15: Operating Lines for the engines A and B

5.3.5. Ejector Model Application at the Mixing Region

Once the total mass flow entering the cell has been accommodated at section (2) along
the detuner, it is possible to apply the iterative procedure discussed in Figure 5.8 and
work out the flow conditions at section (m). At section (m) the flows are fully mixed
which also means that the energy exchange between primary and secondary flow is
complete. Practically, the secondary flow has reached the same energy level as the
primary flow and the two flows now are no longer distinguishable. This energy
exchange can be seen as an increase of static pressure and velocity for the secondary
flow. From the point of view of the primary flow this energy exchange is instead
followed by a velocity reduction and at the same time by an increase of static
pressure. The above consideration is thought quite useful for a better understanding of
the flow behaviour along the detuner. Indeed the static pressure for both primary and
secondary flows starts to increase in the same way after the Accommodation Region
giving rise to what it is called pressure recovery.

At every section, therefore, downstream of the Accommodation Region the static
pressure will always be uniform across every section. At the same time the velocity of
the primary flow decreases allowing the secondary flow velocity to increase. Globally
these two effects allow the total pressure of the primary flow to decrease and that of
the secondary to increase. These trends will be explained later in this paragraph and in
the next Chapter 6 where the use of CFD techniques will help the understanding.
Choosing an engine power setting it is now possible to apply the Mixing Region
procedure and find out the values at section (m).

The procedure starts by guessing a value of pp,.

Repeating the same procedure for the same engine power setting and for the same
range of entrainment ratios used for the Accommodation Region (from 0.2 to 2) it is
possible to derive the plot of Figure 5.16.
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Figure 5.16: Ejector Characteristic at the Mixing Region

Figure 5.16 shows the trends of the static and total pressure at section (m) for engine
A with a non dimensional mass flow of 3060 and different entrainment ratios. As is
seen, as a result of increasing the entrainment ratio the total and static pressure
recovery is smaller since the increase of total mass flow takes place in the same
detuner dimensions and with the same primary flow.

The static pressure difference from the Accommodation Region to the Mixing Region

(the pressure recovery) can be seen in Figure 5.17. Clearly, the difference increases
as the entrainment ratio is reduces.
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Figure 5.17: Static Pressure Difference between Accommodation and Mixing Region

The same iterative procedure can also be repeated for different engine power settings
as it has been done for the Accommodation Region.

Figure 5.18 shows the situation at the Mixing Region for engine A with three different
non dimensional mass flows.
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Figure 5.18: Ejector Characteristics at the Mixing Region for Different Engine Power Setting

Increasing the primary mass flow causes the total pressure at section (m) to increase
due to the higher energy reservoir kept in the engine jets and exchangeable with the
secondary flow. The same does not happen for the static pressure which has to
compromise its trend with the detuner geometric conditions and with the fact that
increasing engine mass flow also the total mass flow increases.

In order to show the mixing effect the total to static pressure ratio for the primary and
secondary flow at the Accommodation Region and for the uniform flow at the Mixing
Region are plotted in Figure 4.19.
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Figure 4.19: Pressure Ratio of Primary and Secondary Flow

This may help the understanding keeping also in mind that for a defined engine power
setting the engine and the secondary flow starting parameters are kept always the
same for the entire different entrainment ratio analyzed. So within the assumption of
the procedure illustrated above, Figure 4.19 can give an idea of the energy transfer
from the primary to the secondary flow.

Figure 4.19 can be misleading because both the total and the static pressures vary at
section (m) when entrainment ratio is changed. Indeed as is shown in Figure 5.16 the
two pressures at section (m) decrease by increasing the entrainment ratio.
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It is obvious, however, that the drop in static pressure is larger than the drop in total
pressure, this being the pink curve in Figure 4.19 monotonically growing.

This behaviour can be explained looking at the pressure ratio in the vertical axis as
Mach number by the isentropic compressible flow formulations. By increasing the
entrainment ratio (which can correspond to the total cell mass flow) the velocity at
section (m) increases and at the same time a larger amount of secondary flow (the
primary flow is kept constant for the working engine power setting) allows the total
temperature to decrease at section (m). These two effects result in an increase of
Mach number.

Figure 4.19 is not able to quantify the result of the mixing process but only gives an
idea of the proportion of the mixing.

Accordingly, the total temperature at section (m) as function of the cell entrainment
ratio is plotted on Figure 5.20. The total temperature is able to quantify the global
level of energy owned by the flow (for unit of mass flow) at section (m). From the

trend represented in the graph it is clear that such a level decreases with an increase of
entrainment ratio.
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Figure 5.20: Temperature at the Mixing Region as Function of p

In order to quantify the performance of the ejector pump generated between the
engine and the cell detuner the total pressure rise of the secondary flow up to the
Mixing Region is plotted in Figure 5.21.

It is clear that increasing the energy available with the primary jet causes the
secondary total pressure to increase.

However it has to be remembered that the analysis up to now does not include any
pressure loss. Secondly, the fully mixed condition is also reached for each one of the
cases above illustrated.

In reality due to the detuner length complete mixing is not achieved. This means that
the above maps may not be fully realistic. However, they do help the understanding
of the flow phenomena in an enclosed test bed facility.
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Indeed the flow behaviour along the detuner is responsible for the total mass flow
entering the cell.

Summarizing, the analytical procedure established for the Mixing Region is able to
represent the flow characteristics when fully mixed conditions are achieved (see
Figure 5.16). Furthermore it helps the understanding of the flow mechanism along
the detuner which can be applied for controlling the total flow entering the cell
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Figure 5.21: Secondary Flow Pressure Rise

5.3.6. Ejector Model Application at the After-Mixing Region

As explained in the paragraph 5.2.6 the ejector analytical model does not include any
pressure losses during the Accommodation Region and the Mixing Region.

However, it is possible to account for the pressure loss as percentage of the dynamic
head in a “pseudo-region” which is called the After-Mixing Region.

For this region an iterative procedure has been established (paragraph 5.2.6). In this
case it is assumed that a percentage of the inlet dynamic ahead is lost. It is then
possible to produce values of the total and static pressure.
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Figure 5.22: Comparison of the Ejector Characteristics with and without Pressure Losses
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Figure 5.22 shows the ejector characteristic for engine A with a non dimensional mass
flow of 3060. Both cases with (Kyr equal to 0.2) and without pressure loss are
illustrated.
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Figure 5.23: Ejector Characteristic with Different Pressure Loss Factors

Both the total and the static pressure drop are compared for cases with and without
pressure loss.

The concept of “Fanno Flow” (Shapiro 1953) is used to quantify the drop in static
pressure for parallel adiabatic flow with friction. In subsonic flow, friction in a
parallel pipe causes an increase in Mach number. Simultaneously, the total pressure
decreases.

Repeating the procedure for different loss coefficients Ky it is possible to work out
different ejector characteristics (see Figure 5.23).

The corresponding ratio between the total and the static pressure is shown on Figure
5.24: Pressure Ratio for the After-Mixing Region
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Figure 5.24: Pressure Ratio for the After-Mixing Region
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Such a figure shows the same map as Figure 4.19 but includes the results of the
After-Mixing Region with different levels of pressure loss.

Zooming in closer to the results of the After-Mixing Region (Figure 5.25) it is
possible to see how increasing the pressure loss coefficient the total to static pressure
ratio increases especially for the higher entrainment ratios.

For low values of entrainment ratio the Mach number is less than 0.2 so the effects of
compressibility are very small.

In order to understand how the ejector performances are affected by the pressure loss
it is interesting to plot the secondary flow total pressure rise (Figure 5.26).

The result of increasing the total pressure loss is that the total pressure of the
secondary flow drops. This means that the pressure loss counteracts the energy
transfer from the primary to the secondary flow, reducing the energy gain of the
secondary flow.
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Summarizing, the After-Mixing Region procedure, it is possible to reproduce the
effects of a loss in dynamic head and how that affects the flow field and the ejector
performance.

Even though for usual cell dimensions the flow never gets completely mixed and the
pressure loss happens all along the detuner length interesting phenomena arise from
the above analysis. These will be also shown in the chapter dedicated to the CFD
work (paragraph 6.3.4).

Furthermore, the ejector analysis really assists the understanding of the flow
phenomena in the cell.

5.4. The Matching Procedure for Predicting the Cell
Entrainment Ratio

In this paragraph the results obtained through the application of the analytical ejector
model at the Accommodation Region will be used for attempting a matching
procedure able to predict the cell entrainment ratio. The methodology is discussed and
the results presented. However the whole matching procedure will also be discussed
in the next chapter with the findings of the CFD analysis (paragraph 6.3.4).

5.4.1. Accommodation Region Non Dimensional Analysis

In the paragraph dedicated to the application of the analytical model at the
Accommodation Region (paragraph 5.3.4) the operating lines of two different engines
in the same test bed cell, Figure 5.15 have been presented. These two lines have been
derived by using experimental measurements of the entrainment ratio together with
the engine conditions needed for the procedure.

As it turns out, a direct application of the iterative procedure does not result in the two
operating lines superimposing in the map. This is because the static pressure at the
Accommodation Region is not the right parameter to represent the two engine-detuner
ejector performances in only one curve. This is mainly because the jet dimensions are
different which means that different accommodation areas (primary and secondary)
can be allocated for the two engines.

A representation where the operating lines of two engine-detuner ejectors do not
superimpose for the same test cell is not a very useful way of plotting the performance
parameters. This is especially the case if the primary aim is to characterize the ejector
effect taking place within the cell from the point of view of the facility itself.

The opportunity to have only one cell operating line for every engine running in the
same cell is quite attractive.

This would then allow the study of how the ejector operating point would move along
its characteristic at the Accommodation Region.

It is worth repeating that the Accommodation Region is the only region of the three
studied above (Accommodation, Mixing, After-Mixing) which really takes place
along the detuner without making any further assumption. For the usual cell
dimensions, the flow does not achieve fully mixed conditions along the detuner itself.
In fact this needs a special tool like the blast basket to reach uniform conditions
(paragraph 2.1.8).
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Accordingly, the Mixing and the After-Mixing Regions are not able to identify real
operating conditions inside the cell. However their contribution to the understanding
of the cell flow behaviour is relevant and can still be used for different purposes.
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Figure 5.27: Non dimensional Representation of the Cell Operating and Characteristic Lines

Several attempts have been made to superimpose the operating lines of engine A and
B on the Accommodation Region characteristic map.

The main tool used is to non-dimensionalise the key parameters.

A number of different strategies have been used to achieve the desired form. For
obvious reasons, however, only the most relevant are presented in this thesis.

The earlier attempts made looked at the possibility of representing the single
operating line and the ejector characteristic in the same map.

Figure 5.27 shows the results of plotting the non dimensional secondary mass flow at
the Accommodation Region versus the ratio of total to static pressure of the primary
flow at the Accommodation Region. As can be seen, the two engine operating lines
in this representation are closer than in Figure 5.15 but they are still not
superimposed. In the above representation it is also possible to see the characteristic
line for engine A with a non dimensional mass flow of 3060.

If the two operating lines were merged into only one a cell operating line could have
been identified. Consequently every engine-detuner ejector pump established would
have had its operating point on that curve. As it happens for engine A the
characteristic line crosses the cell operating line at its operating point. This means
that it would have been possible to derive the cell entrainment ratio for every engine
in the cell just running the ejector analytical model at the Accommodation Region.
Indeed, by running the ejector model it is possible to work out all the secondary and
primary flow values at the Accommodation Region which allow the calculation of the
cell entrainment ratio for the effective operating point.

Anyway at this point it is very important to verify the uniqueness of the cell
characteristic line at the Accommodation Region for different engine and cell
configurations (keeping the same engine power setting). If for common cell
dimensions the ejector characteristic changes with both the engine and the cell
configurations, the above procedure can not be validated. However this discussion
will be continued in the next chapter where with the help of CFD the same primary jet
and the same detuner cross sectional area are modelled in different engine and cell
configurations.
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Figure 5.28: Non dimensional Representation of the Cell Operating and Characteristic Lines

The non dimensional case represented in Figure 5.27 has been used to describe the
global aim of this non-dimensional analysis even though it does not represent the right
set of parameters. It is considered that a global understanding of the whole aim would,
using a specific example, be preferable than a theoretical treatment. Anyway, during
the further consideration of other cases, the opportunity of having a representation
with only one cell operating line is underlined more deeply.

The non dimensional primary flow at the Accommodation Region (Figure 5.28) has
been used as a second attempt to merge the two engine-detuner ejector operating
lines.

In this case, the two operating lines lay on top of each other as does the characteristic
line.

The same colours have been used to facilitate the understanding of this map.

The objective of finding a representation where the two operating lines merge
together has, therefore, been achieved.

However, this representation is not able by itself to work out the system operating
point when different engines are tested in the same cell.

The main requirement, however, is to have a unique engine-detuner characteristic
line. This as has already been said will be shown in the next chapter (paragraph 6.3.4)
by the use of CFD. For now and for the rest of this chapter the uniqueness of the
characteristic line at the Accommodation Region is assumed.

Following the considerations related to Figure 5.28 and after many other attempts, the
opportunity of representing the cell operating line (the two single superimposed) at

the Accommodation Region and the ejector characteristic as only one plot has been
abandoned.
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This opens the prospect of establishing a matching procedure which uses two different
plots, one for the operating line and one for the ejector characteristic, both at the
Accommodation Region.
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Figure 5.29: Non dimensional Representation of the Cell Operating Line

However, before describing this matching procedure, another useful representation of
the parameters worked out at the Accommodation Region will be presented in this
paragraph.

It will be very close to that shown in Figure 5.28 with the only difference that the non
dimensional primary flow will be calculated at the engine nozzles if the engine is a
turbojet and at the Preliminary Region if the engine is a turbofan.

Looking at the matching procedure prospect it is important to be able to enter a map
(as that shown above) just using engine parameters. In this case there is no need to
use any other analytical model. Figure 5.29 gives an example of this representation
which will be better understood in the next paragraph (5.4.2) where the matching
procedure is attempted.

5.4.2. Matching Procedure at the Accommodation Region

The idea of predicting the cell entrainment ratio by a matching procedure between
two different plots at the Accommodation Region arises because of the impossibility
of representing in the same map both the cell operating line and the engine-detuner
ejectors characteristic.

Therefore two maps have to be used at the same time.

The first map is that previously referred to as the cell operating line. This
characterizes together both engine parameters and flow conditions at the
Accommodation Region. In the previous paragraph it has been shown that there are
two different ways of representing the cell operating lines, Figure 5.28 and Figure
5.29. In the former the flow properties at the Accommodation Region are linked with
the primary flow conditions at the Accommodation Region.

In the second, the flow properties at the Accommodation Region are linked with the
primary flow conditions directly at the nozzles. In this case it can be said that the
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primary flow properties are taken at the Preliminary Region, if the engine under test is
a turbofan, where the two exhaust jets are reduced to only one by mass flow weighted
average technique.

The second map which has to be used is the engine-detuner ejector characteristic at
the Accommodation Region (Figure 5.13). This links directly the total cell mass flow
with the primary flow conditions at the Accommodation Region.

From these considerations it is clear that the link between the two maps is the primary
flow conditions at the Accommodation Region. This then allows the total mass flow
in the cell to be estimated starting from only the primary non-dimensional mass flow
at the Accommodation Region.

In this paragraph both ways of representing the cell operating line (Figure 5.28 and
Figure 5.29) are used for the matching procedure.

The main purpose of describing the matching procedure for the two operating line
representations is to enhance the understanding of the whole procedure.

Although, since now it is known that one of them will not work.

Figure 5.30 shows the idea of the iterative procedure using the non dimensional
primary mass flow at the Accommodation Region.

When a new engine runs in an already in use test cell the matching procedure
described above provides an opportunity to know the cell entrainment ratio without
measuring it experimentally. Even better the matching procedure can predict the cell
entrainment ratio before testing the engine.

Indeed, with knowledge of the engine performance parameters and by guessing
different cell entrainment ratios, we can establish the engine-detuner characteristic at
the Accommodation Region (Figure 5.30 b)). Ideally this characteristic line crosses
the cell operating line (unique for a given cell) at only one point which will be the
operating point of the new engine in the test cell. Knowing the position of this point in
the cell operating line allows the static pressure in the Accommodation Region for
such conditions to be estimated (Figure 5.30 a)). Once this is known it is easy to work
out from the engine-detuner characteristic (Figure 5.30 map on the right) the cell
entrainment ratio.
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Figure 5.30: Matching Procedure Using the Non-Dimensional Primary Mass Flow at A.R.

A few rows above the word “ideally” it has been used. The right word would
probably have been “possibly” because it is already known that in such a
representation the engine-detuner ejector characteristic will not cross the cell

operating line at one point only. This is clearly shown in Figure 5.28 where the three
lines superimpose.
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This compromises the usefulness of the matching procedure because it will not be
possible to find the real operating point of the system in such representation. Figure
5.31 is no more than a zoom into Figure 5.28 in order to show that the characteristic
line lies on top of the operating line.
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Figure 5.31: Zoom of Figure 5.28

This happens because if the non dimensional primary mass flow at the
Accommodation Region is used, the area of the primary jet will play an important
role. Indeed the jet coming from the engine will readjust itself by diffusion and
contraction processes which will lead to a change in the primary flow area as a
function of the secondary mass flow.

Furthermore, the impossibility of achieving a matching procedure using the
representation of Figure 5.28 is underlined also by another fact. For entering the cell
operating line plot with the effective non-dimensional primary mass flow at the
Accommodatio Region it is necessary to know the cell operating point in the
Accommodation Region Characteristic. This requires the knowledge of the cell
entrainment ratio and therefore would make the matching procedure useless.
Therefore the set of parameters used in Figure 5.28 do not allow for an extrapolation
of the cell entrainment ratio.

Accordingly, another set of parameters, therefore, has to be found for representing the
cell operating line. This time though with the restraint of achieving a plot which will
inter-relate the flow conditions at the Accommodation Region with those at the
nozzles (where neither contraction nor diffusion has occurred yet).

For this reason in the non dimensional flow analysis in the previously paragraph, the
case represented in Figure 5.29 has been included. Indeed using the non dimensional
primary mass flow at the Preliminary Region (for a turbofan engine) the
representation will be free from any Accommodation Region readjustment.
Furthermore, using the Preliminary Region results it is not anymore required the
knowlefge of the operating point on the characteristic at the Accommodation Region
at priori.

Therefore, a matching procedure is now finally proposed using the operating line
representation of Figure 5.29.
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Matching Procedure

As a first step the engine-detuner ejector characteristic at the Accommodation Region
has to be worked out (Figure 5.32b)) by guessing different cell entrainment ratios and
following the iterative procedure described above (Figure 5.6).
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Figure 5.32: Matching Procedure Using the Non-Dimensional Primary Mass Flow at P.R.

After that, knowing the engine jets non dimensional mass flow (calculated at the
nozzle or at the Preliminary Region depending on the engine type) it is possible to
enter the map on the left of Figure 5.32(a)) from the horizontal axes and find out the
operating point in the cell operating line. Once the operating point has been found in
the vertical axes of the same map it is possible to read the total to static primary
pressure ratio. The total pressure of the engine jet is known directly as a performance
parameter in the case of a jet engine and by running the Preliminary Region procedure
(paragraph 5.2.3) when the engine is a turbofan.

Consequently the static pressure at the Accommodation Region can also be worked
out. This will allow to entry into the map on the right of Figure 5.32 from the vertical
axis (static pressure Accommodation Region). Following this the cell entrainment
ratio can be worked out once the operating point has been transferred to the
characteristic engine-detuner curve.

Therefore, starting from the engine performance parameters, it is possible to work out
the cell entrainment ratio.

Concerning the engine performance parameters, it can be said that they can also be
interpolated by gas turbine performance codes rather than be measured inside the cell.
This increases the usefulness of a matching procedure like that described above
because it allows some preliminary considerations before running the engine to be
made.

Once the cell operating line in the matching procedure described above is known, the
cell entrainment ratio can be worked out for a new engine by running the analytical
ejector model at the Accommodation Region.

5.4.3. The Uniqueness of the Engine-Detuner Characteristic

Before describing more deeply the usefulness of this matching procedure at the
Accommodation Region the importance of the uniqueness of the engine-detuner
characteristic in the whole procedure is described. This is for two main reasons, firstly
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because whenever (for the same engine power setting) such a characteristic changes,
the whole procedure can not be validated. Secondly, to allow the reader to think about
possible validation using CFD tools.

In a way, the considerations in this paragraph are an introduction to the CFD work
used to validate the above methodology.

In order to derive the engine-detuner characteristic at the Accommodation Region the
main cell parameters used are the detuner cross sectional area and the total pressure of
the secondary flow. The latter may also represent the cell upstream of the engine
nozzles.

To show the importance of the uniqueness of this characteristic we are now going to
show what would happen if it misses.

For example, imagine that the different detuner lengths (different pressure loss along
the detuner) lead to different engine-detuner characteristic at the Accommodation
Region for the same engine power settings, Figure 5.33 a). This means that the cell
operating line (Figure 5.33, b)) by the matching procedure would not define only one
possible operating point. Consequently different cell entrainment ratios can be worked
for the same engine power setting.

Therefore, a survey to verify the uniqueness of the engine-detuner characteristic at the
Accommodation Region is needed for validating the matching procedure at such
region.

Obviously the definition of a unique characteristic at the Accommodation Region
does not imply a unique characteristic at other sections downstream of the detuner
where the system pressure loss and the mixing process affect the whole ejector
performance (see Figure 5.33).

The above consideration is the main reason which has driven the author to choose the
Accommodation Region as representative section for the engine-detuner ejector.
However, it has to be said that the ejector theory by itself specifies that the ejector
theory is unique and that the operating point is defined along it by the sytem pressure
losses downstream of the Accommodation Region.
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Figure 5.33: Matching Procedure with two Characteristic Lines
5.5 The usefulness of the Matching Procedure at the

Accommodation Region

At this stage and prior to any further validation the matching procedure could be used
for preliminary study regarding gas turbine engines in enclosed test bed facilities.
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However, in this panorama, six main contributors can be given from a preliminary
estimation of the entrainment ratio for new engines in an in use test cell facility.

The first is related directly with the amount of mass flow going trough the cell.
Indeed, the mass flow entering has to be kept within defined limits. The reasons for
this are mainly related to the flow velocity within the cell. A very high flow velocity
would lead to higher thrust correction factors inside the cell and this means a bigger
difference between indoor and outdoor test results. Consequently all the thrust
correction factors would play an important role in the thrust correction equations and
none of them could be neglected. This is very important when back to back
comparisons are needed for engine certification purposes. So it is usual to keep the
cell entrainment ratio below defined limits.

The flow velocity within the cell does not affect only the total amount of the thrust
correction factors but also the flow quality. Indeed flow phenomena as distortion,
recirculation and separation inside the cell are seriously affected by the total amount
of mass flow entering the cell (paragraph 2.4)

Furthermore, following the consideration made in the literature review the above
mentioned flow phenomena demand for conflicting entrainment ratio. Therefore, its
knowledge has an even more attractive feature.

The knowledge of the total mass flow entering the cell before running the engine can
give valid indications on the use of the cell.

The second advantage of knowing the cell entrainment ratio before running the engine
is related to the thrust correction factor. Indeed useful relations for the thrust
correction factors have been derived in Chapter 4 which links the magnitude of the
correction with the engine and cell dimensions as well as the entrainment ratio. This
means that once the entrainment ratio is known it is even possible to estimate the total
amount of the thrust correction factors which have to be applied to the load measured.

The third contribution is not directly related to the use of indoor test facilities but with
their study. The static pressure at the Accommodation Region could be used as a
boundary condition for CFD studies. This would avoid the need to model the whole
exhaust stack with all the difficulties that this would involve.

Indeed the exhaust stack contains one of the most difficult parts to model by CFD, the
blast basket. A big perforated cylinder located at the end of the detuner which collects
all the exhaust gases which are not completely mixed yet. These gases after have
being collected start to mix in the cylinder by recirculation and leave it going through
the small holes. Plenty of flow phenomena not completely understood yet occur in the
blast basket slowing down the modelling and the convergence of the CFD models.
Furthermore the whole exhaust stack represents by itself a huge volume to model
which would require a massive number of calculation cells alone (see cell dimensions
Figure 5.10).

Therefore a bigger number of cells could be concentrated where it is needed
dependently on the aim of the simulations.

So the knowledge of the flow properties at a section upstream of the exhaust stack
would facilitate the entire CFD modelling. It is also worth saying that at the
Accommodation Region the static pressure is constant across the section and so the
necessity to work with a velocity profile would be avoided.

However there are several reasons which push to model the entire cell. First of all,
the necessity to understand the flow behaviour along the exhaust stacks. Therefore,
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depending on what the real aims of the CFD analysis are, it could be interesting to
have knowledge of the Accommodation Region as a possible boundary condition.

It can be said that when the test chamber is the main part under study, the
Accommodation Region as a boundary condition can really be an attractive
opportunity.

Another possible use of the matching procedure, the forth, is the validation of the
CFD results. Indeed, comparing the engine-detuner characteristic at the
Accommodation Region analytically obtained with that obtained by CFD is useful to
understand the reliability of the computational result.

Another point which make the combination of the analytical ejector tool and the
matching procedure very useful, the fifth, is their contribution to the general
understanding of the of the flow phenomena inside the cell. Indeed, together they
allow the understanding of how the engine-detuner system works.

Finally the matching procedure can also be used in order to control the entrainment

ratio inside the cell. The methodology for this is proposed during the final discussions
(paragraph 7.4) of thisthesis.
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6. CFD Modelling for Enclosed Test Cell Facilities

CFD plays an important role in several aspects of this project. Indeed, each analytical
study has been followed by a computational analysis. Indeed, in this chapter all the
main areas handled are looked at from a CFD point of view.

The CFD application, for studying the thrust correction factors, has been used
primarily to derive those components not experimentally measurable, for example, the
pre-entry force. Afterwards, the entire set of thrust correction factors have been
derived and compared with the one dimensional gas dynamic analysis proposed in
Chapter 4. Since the literature does not give references regarding this specific CFD
application, the main purpose of this analysis was to understand the capabilities of
commercial fluid dynamic software to interact with thrust correction factors.

For the analytical tool developed in Chapter 5, the CFD analysis has supported the
matching procedure at the Accommodation Region. Running different engine-cell
configurations the uniqueness of the engine-detuner ejector characteristic curve has
also been proven.

Furthermore, several models have been generated to understand how the operating
point of the system moves along the characteristic curve with the main purpose of
controlling the cell entrainment ratio. '

The majority of the work listed above has been carried out using only the test cell
main chamber. However, several attempts have also been made to model the other
test cell components. The aim of this is to reach a better understanding of the flow
* field inside the cell.

In this chapter the software used for the CFD analysis is not described in detail.
Indeed, the Fluent user manual provides by itself a complete description of how the
software works and gives also a description of the possible computational choices
available.

For each part where CFD has given its contribution the work methodology and the
results are discussed during this chapter. However, before starting with the analysis
the global approach used during the CFD work is explained.

6.1. Author Approach to the CFD

Computational fluid dynamics represents an extremely powerful tool to analyse flow
fields. Indeed, the state of the art nowadays has reached a high level of confidence in
terms of development and application for fluid dynamic codes.

However, having said that, a distinction has to be made here between those who
originate CFD packages as an analysis tool and those who merely use it as a tool for
analysis.

Even though the final aim of both categories would be improve the knowledge and the
understanding of the fluid dynamics, the approach from the research point of view is
quite different. From one side there is he or she who writes his own code for his
specific need. These will be very specific codes, useful for a restricted number of
problems, but able to give very accurate answers within the assumption made.
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Another common approach is that for one who writes his own code, starting from
commercial software platforms, and afterwards the “homemade” routines can be
integrated. In this way the commercial software will be able to give more specific
answers concerned with the particular problem being dealt with.

However, at the same time there is also one who uses the commercial fluid dynamic
codes as they are without making any integration but just as a user. In general the
commercial codes are able to model a wide range of situations from changes of state
to the shock waves from turbomachinery flows to combustions processes, leaving the
accuracy of the results varying with the code set up.

All three approaches are interesting at the same level but as is possible to understand
they do not suit all the research fields in the same way. For example it would be
pointless to spend a lot of time trying to model something that is not completely clear
and about which there are not specific indications. In such a case, it is probably better
to try to understand the flow phenomenon before and only afterwards concentrate
attention on a more accurate modelling process.

By itself, the indoor gas turbine test facility includes plenty of flow phenomena which
occur at the same time and among which there are some still not completely
identified.

Following the above considerations, in this work, it was decided to adopt for the CFD
analysis a “user” approach.

Several models have been generated; each one of them particularly oriented to one
specific aspect (thrust correction factors, analytical ejector model, and cell
components influence) but always the standard Fluent options have been used.

The main aim of the computational fluid dynamic analysis in this work is that of
exploring the flow fields inside the test cell in order to work out useful outcomes for
their global understanding.

In a way it can also be said that the CFD analysis proposed here is used for both
supporting and validating the findings arising from the one dimensional gas dynamics
illustrated in the Chapters 4 and 5.

Concluding this introductory paragraph, the work presented in this Chapter is seen by
the author as a starting point from where more interesting and accurate results can be
generated including also other CFD techniques.

6.2. CFD Modelling for the Cell Thrust Correction Factors

6.2.1. Aim of Calculating the TCF by CFD

As described in the literature review and confirmed in paragraph 4.4.1, the ideal
environment for checking the real thrust delivered by a gas turbine engine is the free
stream condition. Indeed, it has been shown in paragraph 4.4.1 that in such a
condition and with no wind, the thrust measured is the real thrust delivered. However,
these ideal conditions are very difficult to satisfy due to the increasing ambient
restrictions (noise and pollution) and to the unforeseeable weather conditions. These
impediments make an outdoor master test very expensive and provide incentives
toward indoor test research facilities.
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In such a background, CFD can provide valid support to the experimental data carried
out during ordinary indoor test. Furthermore it can also give useful information about
flow structures which are difficult to understand by either experimental measurements
or visualizations.

In this part of the work the computational fluid dynamic has been used as support of
the one dimensional thrust correction analysis carried out in Chapter 4.

The thrust correction equations derived is compiled with the data extracted from CFD
models and a final comparison is made between CFD and one dimensional gas
dynamic.

6.2.2. CFD Modelling Approach and Methodology

Figure 4.43 and Figure 4.44 show the longitudinal and transversal dimensions of an
indoor test cell. It’s very big volume makes it very difficult to model in CFD. In
situations like this, there are several factors to consider before generating the model.
First of all the accuracy of the results and the time spent in running the model. The
accuracy of the results is dependent on several parameters which at the moment can
be usefully split into two main categories, the computational choices and the volume
discretization (grid).

The former are made in order to use the right set of equations and the right procedure
for representing the flow inside the whole control volume. These include, for
example, the choice of the turbulence model or of the solver used by the software to
solve the equations system (Fluent incorporated b).

The latter is very important because it defines first the geometry of the model and
secondly the dimensions and the number of the volumes where each spatial and time
differential equation is to be integrated. The bigger the volume (cell) the bigger the
uncertainty related with the discretization.

Concerning the former factor, in general the choice is driven by past experiences or
by the modelling it self which has to satisfy some conditions instead of others. So, in
the trade off process between accuracy and running time, the computational choice is
often constrained by the nature of the problem.

The time needed for each step of the iteration process is controlled by the number of
discretization volumes chosen as is the accuracy of the solution. Such dependency is
non-linear.

From the above consideration it appears that probably the better trade off involves
limitation on the whole control volume. Indeed, if the control volume is kept within
certain dimensions a good density of discretization elements can be achieved without
working a massive number of elements.

This balance satisfies also another important point which concerns with the capability
of the calculation facilities. Indeed it is not only matter of calculation time but the
success of a CFD simulation is also strongly affected by computational resource
available. If these resources are not enough the calculation process either does not
start or stop.

Accordingly, with the above considerations it has been decided from the outset to
examine only a part of the test cell using CFD. In particular, the test main chamber

189



has been chosen from downstream of the cascade elbow to the end of the detuner or
upstream of the blast basket.

Figure 6.1 shows enclosed in the red oval the part of the cell where the CFD analysis
has been concentrated. This is called the “main test chamber.
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Figure 6.1: Sea-Level Test Cell

Obviously this choice implies some assumptions are included in the model.

The first assumption, using as inlet condition a section downstream the cascade
elbow, is that the flow is uniform entering the cell. In reality the flow downstream of
the elbow is not completely smooth and uniform since it is still affected by some
distortion generated along the cascade. This distortion is dependent on the cell design
and on the cell operating conditions (paragraph 2.4.1). Usually for normal operating
conditions the flow is quite smooth at that section and the assumption of uniformity is
not so far out. However, it is still an assumption whose impact on the results depends
also on the aim of the simulation. The author believes that the uniformity of the flow
at the cell entrance is not one of the main parameters for an estimation of the thrust
correction factors. However, it has to be said that it may become a fundamental
parameter if the quality of the flow inside the cell is the driven parameter for the
simulation.

This will be shown later on during this chapter when some cell components are
analysed separately.

The second main assumption is related to both the exhaust stack and the blast basket.
If these components are not included in the simulation any outlet control of the flow is
lost. However, if the inlet stack is not included in the cells, its influence can be
represented by the use of the total pressure measured in the cell downstream (inlet
pressure loss).

The outlet stack situation is a bit more complicated. The primary and secondary flow
enter the blast basket still not completely mixed and at that section the flow
measurements are difficult to accomplish due to nature of the flow itself. Downstream
the blast basket the assumption of complete mixing can be made and flow
measurements can be taken.

From the above considerations it can seem that a natural cut to the cell is downstream
of the blast basket where the assumption of flow uniformity is not so far away from
reality.
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However, such a cut would involve the modelling of the blast basket which by its
shape and geometry would require a massive number of elements to achieve a good
discretization. This will compromise the main trade off between accuracy, time and
computational capability.

Going back to what has already been said in Chapter 5, the flow before entering the
blast basket has already passed the Accommodation Region and consequently the
static pressure along the detuner will grow uniformly. This consideration allows the
possibility of using a uniform static pressure as the outlet boundary condition for the
main test chamber model.

However, the static pressure at the entrance of the blast basket is an unknown
parameter.

The fact that the matching procedure developed in paragraph 5.4.2 is able to predict
the cell entrainment ratio (and the static pressure at the Accommodation Region) is
very useful. Indeed the static pressure derived in such a way can be used as an outlet
boundary condition for the modelling of the main test chamber.

However, the CFD analysis had already started before the analytical matching
procedure had been developed. Accordingly, it has not been used to derive the outlet
boundary conditions for the computational simulations.

Indeed, another process has been used to match the real cell entrainment ratio by
running the test cell main chamber only.

In this case, the parameter used as a handle is always the uniform static pressure
profile along the detuner. The secondary flow entering the cell is then driven by the
value of the static pressure at the exit of the detuner. Accordingly, cell mass flow
matching will occur for only a single value of static pressure.

This concept represents the main idea of the matching process for the CFD analysis.

The main purpose of the matching process then is to match the computational solution
with the experimentally measured entrainment ratio.

The total mass flow can be split into two parts; the first is the one going directly into
the engine and the second is that driven by the engine-detuner ejector pump.

The mass flow going through the engine is driven by the static conditions at the
engine face (assuming that the conditions at the cell inlet are fixed) and the secondary
flow is defined by the static pressure at the exit of the detuner. '
Therefore, once the engine conditions have been fixed (engine performance data) it is
possible to change the total cell mass flow by varying the static pressure along the
detuner. This can be repeated until the CFD simulations give the same cell
entrainment ratio as that experimentally measured.

It is believed that once the cell entrainment ratio is matched, the majority of the flow
similarities between the real case and the simulation can also be captured. In
particular, for example, thrust correction factors can be examined.

Indeed, assuming that the computational geometry is close to the actual geometry and
the mass flow is the same, the gauge pressure distributions on the surfaces will also be
very close. This is of primary importance in any computational study regarding
distribution of forces.

Figure 6.2 summarises the model used and the whole procedure adopted for matching
the cell entrainment ratio for pure turbo-jet engines. Knowing the engine mass flow, -
the exhaust mass flow and the total conditions at the cell inlet, the magnitude of the
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cell entrainment ratio is computationally forced by changing the static pressure at the
detuner outlet.
The case for a turbo-fan engine is shown on Figure 6.3.
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Figure 6.2: CFD Model for Turbojet Engine
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Figure 6.3: Bonduary Condition for a Turbofan Engine

The need to achieve second order discretisation (Fluent incorporated b ) makes the
process very laborious. This is especially so if the equations are not all changed to
second order at the same time. Indeed for each step of the simulation the cell
entrainment ratio will vary and useful reference parameters can only be taken when
the last step has converged. This means that in order to match the correct entrainment
ratio with a second order of accuracy, several models must be run.

This is explained in detail later (paragraph 6.2.6) when a step-by-step approach is
illustrated.

6.2.3. Model Geometry and Grid

This part of Chapter 6 is dedicated to the thrust correction factor analysis using CFD
tools. In particular, the work done for the Rolls-Royce engine C in the test cell “Y” is
described.

The main cell geometric dimensions have already been described in paragraph 4.5.2
The main details of the model are illustrated by the following pictures which have
been taken directly from the CFD model.

Figure 6.4 shows detail of the bellmouth. The internal part is generated by an ellipse
and is connected to the external part by a circular joint (Figure 6.5).
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Figure 6.4: Bellmouth Front View

Figure 6.5: Bellmouth Rear View

Figure 6.6: Metric Assembly Side View
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Figure 6.7: Metric Assembly Rear View

Figure 6.6 and Figure 6.7 show two different views of the metric assembly. It is
possible to see the cradle (movable and fixed), the engine, the airmeter and the entry
part of the detuner. On top of the cradle there are two rails for setting the engine

inside the cell.
It is interesting to note that the engine is modelled with both the pylon and the plug.

In terms of the grid several attempts to mesh the model have been made. Due to the
large dimensions of the cell more than one kind of mesh scheme has been used. For
most of the cell hexahedral elements have tried. Indeed they can map (Fluent
incorporated a ) an entire volume more regularly than tetrahedral cells, requiring in
this way a lower number of elements. Furthermore, at the inlet of the main chamber
and up to the engine, the flow paths are quite straight and not disturbed by any
obstacle inside the cell. In such a situation, hexahedral cells can speed up the
simulation compared to the tetrahedral (Fluent incorporated b ). The flow paths inside
the detuner were not known before running the model. However, due to the amount of
mass flow involved in the simulation and to the length of the detuner not being
extremely big (24 m) it was supposed that no recirculation could take place along the
detuner (paragraph 2.4.2). This has encouraged the choice of the hexahedral mesh
along the detuner. In addition, due to the cylindrical shape of the detuner, a Cooper
mesh (Fluent incorporated a ) has been adopted.

Around the detuner, in the rear part of the cell, some recirculation was expected. Past
models have shown the presence of some vortices generated by the interaction of the
ejector pump effect and the cell walls. Figure 6.8 which represent another engine in a
different cell, underline the flow separation phenomenon discussed in paragraph 2.4.3
and the recirculation around the detuner. For this reason a tetrahedral mesh structure

was used in the rear part of the test chambre.

Around the engine, the flow is affected by the deflections given by the engine itself
and the cradle. However, past simulations have shown that the flow maintains its
paths without recirculation (Figure 6.9, shows the flow around the engine from past
simulations). Following this consideration, many attempts have been made to achieve
a hexahedral mesh structure. Due to cylindrical shape of the engine, the Cooper
scheme has been quite helpful in this part of the model, allowing most of it to be
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meshed with hexahedral elements. However, in a large model such as the test bed
facility, some compromises have to be made and at the end a few volumes around the
engine have been meshed with a tetrahedral scheme.
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Figure 6.8: Flow Separation and Recirculation in the Rear Part of the Cell

Figure 6.9: Flow Path around the Engine

In order to reduce these compromises or concentrate them where it is more convenient
the cell volume it has been divided into many volumes.

As an example, Figure 6.10 shows the entire cell and Figure 6.11: Enlargement of
Figure 6.10 around the Bellmouth an enlargement around the bellmouth.

The Bellmouth is thought to be a quite sensitive part of the model, indeed following
the considerations made in Chapter 4 the force acting on it has to be estimated. So, a
quite accurate mesh is needed around the bellmouth. At the same to respect the main
compromises stated in paragraph 6.2.2 a very fine mesh scheme can not be used
everywhere. Therefore, the density of the cells has to be differentiated. Moreover, not
only is the density important but also the shape of the elements is relevant for the
calculation. Consequently, several volumes have been generated around the
bellmouth. In each of them the grid density is different, decreasing as the elements get
further from the body surfaces. The shape of these secondary volumes is important as
well. Indeed, if a certain kind of grid needs to be adopted, the shape of the volume is
of fundamental importance. This is because, not all the volume shapes can be meshed
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with a defined scheme. There are quite a lot of rules to follow in order to apply a
defined grid scheme (Fluent incorporated a).
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Figure 6.11: Enlargement of Figure 6.10 around the Bellmouth

For the bellmouth, hexahedral elements were used along the surfaces, so the
secondary volumes have been drawn keeping in mind all the possible configurations
which allow such kinds of elements.

Another consideration can be made concerning the density and the shape of the
elements. Indeed in such a big model it is useful to alter the model after convergence
is reached. The adaptation process is useful because it allows refinement of the mesh
only where it is needed and without making the model too heavy where it is not
needed. So, it is suggested to keep in mind since the beginning of the modelling the
opportunity of making grid adaptation. Indeed, the shape of the adapted cells it
depends on that of the original.

The bellmouth has been taken as an example to illustrate all the compromises
involved in a meshing process. At the same time, however, the above consideration
can be repeated also for the flow along the detuner where the layer closer to pipe
surfaces are more difficult to mesh.

Figure 6.12, shows an overview of the mesh for the entire cell main chamber and
Figure 6.13 and Figure 6.14 show two details of the mesh around the bellmouth.
These pictures have been extracted from the last of the model for the engine C in test
cell “Y™. This model has six million elements.

The geometry and the mesh have been generated using the mesh generator included in
the Fluent CFD package, Gambit (Fluent incorporated a ).
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Figure 6.12: Overview of the Mesh for Engine C in Test Cell “Y”

Figure 6.13: Grid around the Bellmouth for Engine C in Test Cell “Y”
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Figure 6.14: Grid around the Bellmouth for Engine C in Test Cell “Y”

6.2.4. Boundary Conditions for Engine C in the Test Cell “Y”

Once the geometry has been drawn and the grid is ready the model can be imported to
the solver Fluent.

After checking the scaling processes in Fluent, the model boundary conditions can be
set. How the boundary conditions work is well explained in the paragraph dedicated
to them in the Fluent Manual (Fluent incorporated b ). Furthermore, in paragraph
6.2.2 has been given an overview about how which boundary conditions are used in
this work. Now the boundary conditions are going to be illustrated in relation with the
whole test main chamber model. For confidentiality reasons the values used as
boundary conditions can not be published.

Figure 6.15 shows the kinds of conditions used.

197



Figure 6.15: Boundary Conditions

At the cell inlet, Pressure Inlet is chosen as inlet conditions. This condition uses the
total pressure as main parameter (Fluent incorporated b ) which is experimentally
measured inside the cell.

The total mass flow entering the cell needs to be split in two parts, one has to go
through the engine and the other has to by-pass the engine and enters the detuner. To
achieve this, an outlet flow boundary condition is needed at the engine inlet. Indeed,
the flow which is sucked by the engine has to leave the model. At the engine face the
static pressure drops due to the increase of flow velocity, and this depression is used
as boundary conditions for the computational model. It is worth saying that Fluent
does not use any mass flow outlet boundary conditions.

The Pressure Outlet boundary condition uses the static pressure as main parameter for
this calculation.

A direct value of the static pressure at the engine face is not provided; consequently it
has been derived by an isentropic compressible flow calculation. To do this, the
engine mass flow (measured by the airmeter Figure 6.14), the geometric area of the
engine face and the total cell temperature (measured at the cell inlet) are needed.
Assuming that there are no pressure loss (isentropic flow) it is possible to work out
the static pressure by an iterative procedure similar to that one illustrated for the
Preliminary Region of the Analytical Ejector model (paragraph 5.2.3).

The static pressure worked out by this methodology does not provide the right mass
flow at the engine face as final result of the simulation. Indeed, Fluent works with real
flow and therefore takes also into account the pressure losses. Therefore, the value
extrapolated from the isentropic flow calculation can be used only as a starting point.
Accordingly, at the end of the simulation the static pressure at the engine face has to
be readjusted in order to match the real mass flow entering the engine.

So the physical effect of a Pressure Outlet boundary condition at the engine inlet is to
generate a depression region, so that a part of the total cell mass flow is allowed to
flow through it.

As has already been said, Fluent does not work with mass flow outlet boundary
conditions but uses the Mass Flow Inlet. So the same mass flow which has left the
model at the engine face has to flow in the model (plus the fuel mass flow) again from
the engine nozzles. To simulate this, a Mass Flow Inlet boundary condition has been
chosen. By this Condition the mass flow entering the model is fixed and the rest of the
parameters can vary in order to match it (Fluent incorporated b ).

The meaning of the last boundary condition at the detuner outlet has been explained in
the previous paragraph (6.2.2). This practically represents the handle parameter of a
trial procedure whose scope is to match the actual cell entrainment ratio. The
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numerical value of the static pressure at the detuner exit is not important for the
calculation of the TCF but its influence on the cell mass flow is vital. Due to the strict
dependence of the forces acting on the metric assembly on the entrainment ratio,
matching the correct proportion of the primary and secondary flow is relevant.

6.2.5. Fluent Settings

The aim of this chapter is not to show how the Fluent CFD package works and what
all the possible options available within it are. So in this paragraph only the main
settings chosen for the simulations are listed. In the Fluent Manual (Fluent
incorporated b ) more useful information can be found concerning the approaches
used for solving the governing equations.

The Segregated solver is used in this set of simulations. Mainly the three solvers used
by Fluent (Segregated, Coupled Implicit and Coupled Explicit (Fluent incorporated b
) are valid for a broad range of flows and some advantages can only be seen for highly
compressible flows in the use of the Coupled solvers (Fluent incorporated b ).
However, at the same time, to solve together all the governing equations for each
discrete volume requires more memory than is available. Therefore, due to the model
dimensions and with a mesh of six millions elements, the Segregated Solver has been
preferred. This implies the use of an implicit linearization of the governing equation.
In such a way each “scalar” equation it is solved once a time for all the cells at the
same time.

Concerning the Turbulence Model, for memory and time economy the choice has
been addressed towards the Reynolds Average Navier-Stokes (RANS) equations.
They, compared to the Large Eddies Simulations (LES) equations (the alternative to
the RANS), account only for the mean flow quantities including all scales of
turbulence. This, especially for steady problems, reduces the computational effort
quite a lot. Compared with LES which excludes small scales of turbulence, but
computes in a time dependent form the large eddies. This choice has also been driven
by the fact that the application of LES to industrial flows has not been extesively
used. It has however been used for standard problems.

Inside the RAMS configuration the choice of how the Reynolds stresses are
represented needs to be made. These so-called Reynolds stresses are additional terms
(Fluent incorporated b ) which appear in the governing equations because each single
variable of the system has been split into two components, namely the mean and the
fluctuating. This approach increases the number of unknown in the system and so
requires either new assumptions or new equations to be added.

Two main approaches are offered by Fluent for solving the governing equations with
the RANS assumption. The first is the Boussinesq (Fluent incorporated b ) approach
and the second is the Reynolds Stress Transport Model. Even though the second is
clearly superior and more accurate, it requires a much bigger computational effort (it
adds seven more equations to the system). Also the Boussinesq hypothesis (which
adds one or two equations to the system) performs very well especially for industrial
flows.

Different calculation models use the Boussinesq hypothesis (Fluent incorporated a ).
In this chapter, the choice made is justified. The turbulence models which use the
Boussineq assumptions and are available in Fluent are the Spalart-Allmaras, the
standard k-g, the RNG k-g, the realizable k-¢, the standard k-® and the SST k-®. The
main criteria driving such a choice have been the computational effort required and
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the reliability of the model. In terms of computational effort, the Spalart-Allmaras
model introducing only one equation to the governing equations system is convenient
compared to all the others. At the same time, in terms of accuracy by introducing two
further equations to the governing system and a higher degree of non-linearity, the
other models (k-€ and k-w) can provide better results. From the beginning, the choice
was oriented towards a two auxiliary equations turbulence model. In terms of CPU the
standard k-€ (as the standard k-®) model requires 10-15 % time less than the RNG,
the Realizable and the SST.

A fundamental parameter which has lead to the choice toward the Realizable k-€ has
been the past application and one of the main purposes of the model. Indeed, the
realizable version of the k-& model presents substantial improvement in flows with a
high degree of stream-line curvature (Fluent incorporated b ). This is thought to be
particularly interesting for the determination of the pre-entry force. It is worth
remembring that this is the force acting on the pre-entry stream tube. Also such a
model is shown to provide more realistic results in the determination of the pressure
cocfficient along body surfaces. This is also the case for the pre-entry stream tube on
the bellmouth. At the end, the larger CPU needed for the k-¢ Realizable has been
compromised in favour higher accuracy in the results.

The k- models are primarily for turbulent core flows, ie for the flows somewhat far
from the walls. Indeed the turbulence is seriously affected by the presence of the wall
in a no-trivial ways. The non-viscous condition impacts in the reduction of the
tangential velocity fluctuations and the kinematic blockage impacts in the reduction of
the normal velocity fluctuations. As is described in the Fluent Manual (Fluent
incorporated b ) this affects the fidelity of the numerical simulations. Practically, in
Fluent there are two different ways to face such a problem the Near Wall Treatments
and the Wall Functions. Due to the computational effort required by the Near Wall
Treatment, which would imply the generation of a specific grid along all the walls, the
Wall Function approach has been chosen. The test bed is a very big volume by itself
and if the engine is also added it becomes really expensive in terms of the number of
elements to generate boundary layer cells everywhere.

This may justify the assumption of using the semi-empirical formulations enclosed in
the Wall Functions approach

Fluent offers the choice between two different Wall Function formulations, the
standard and the non-equilibrium. The first is more robust and economic in terms of
calculation the second is particularly good for situations where the flows depart from
the standard equilibrium conditions, such as flow separation. In the test bed case
previous model have not shown big separations from the surfaces especially from
those of interest in the TCF calculation. This led the choice toward the Standard Wall
Functions.

The Wall Functions treatment is very useful but it should not be forgotten that their
validity is strictly connected to the y+ parameter (Fluent incorporated b ). So an
estimation of the y+ has to be made when the simulation has converged. If it is out of
the range of validity some grid adaptations has to be made.

6.2.6. Step-by-Step Approach for the Discretization

By default, in Fluent the discretization process which converts the governing
equations into algebraic equations is set at the first order. So the numerical values at
the faces of the cells are calculated from those at the centre by linear equations. In
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order to improve the accuracy of the solution this calculation can also be done using a
second order scheme by a Taylor series expansion (Fluent incorporated b ).

In general, better results are obtained with the second order of discretization when the
flow is not aligned with the grid. Therefore, it is especially useful when, tetrahedral
cells are used. At the same time the convergence of the model slows down with a
second order of discretization. It is also possible that the same model which has
already converged using the first order does not converge with the second order. This
makes the discretization process quite sensitive.

It is highly recommended to use the second order of discretization for compressible
flows.

The main equations which need to be discretized are the momentum and the
continuity. However the discretization process also involves the scalar equations as
the kinetic turbulence (in this work k), the turbulence dissipation (€) and the energy
equation. Furthermore, the pressure and the density interpolation schemes can be
included in the discretization process. It is worth saying that the interpolation of the
density comes as result of the discretization of the continuity equation. So the
continuity equation is not listed in fluent between the discretization parameters.

As has already been said above, a change to the second order discretization may result
in convergence difficulties. So to overcome this, a step-by-step approach is used. The
first run of the model uses first order for all the terms until it has converged. Once the
first solution is obtained, pressure, density and momentum equations are changed to
second order and the model is allowed to run until it converges. After that the two
turbulence equations are changed to second order and the final model is run until it
also converges.

Now that also the step-by step approach has been introduced it is probably clearer all
the labour which needs to be done to match the right cell entrainment ratio, as was
attempted to be explained in paragraph 6.2.2.

6.2.7. Convergence Criteria

For all the CFD run the main convergence criteria used in this work is the default
residual at single precision.

This means that a model has converged when continuity, x velocity, y velocity, z
velocity, k and € residual have reached 0.001 and the energy 0.000001.

After the discretization the generic variable & at a cell q can be written as equation
(6.1) (Fluent incorporated b )

aq.fq = Zbanbfnb +c 6.1)
n

Following the above definition for the Segregated Solver Fluent defines the scaled
residual as equation (6.2)
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Instead, for the continuity equations the scaled residual defined by Fluent is defined as
equation (6.3). Where, the denominator is the largest of the continuity residual in the
first five iterations.

erate of mass criteiron in cell q|iteration N

Rc = cells—q (63)
ZIrate of mass criteiron in cell gliteration 5
cells—q

6.2.8. Pre-Entry Force Calculation Methodology by Using CFD

The pre-entry force has already been defined in Chapter 4 paragraph 4.3.7. In this
paragraph a quantitative estimation of the pre-entry force is made using CFD.

It is worth remembering that the engine simulated is the Rolls-Royce engine C and the
cell is the Rolls-Royce test bed Y. The data shown here are extracted from a model
which matches the cell entrainment ratio experimentally measured. It also uses as
boundary conditions the same engine and cell conditions used for the thrust correction
equations comparison proposed in paragraph 4.5.4.

Indeed a comparison between one dimensional gas dynamics and CFD will be made.

Figure 6.16: Pre-Entry Stream Tube

As far as the author is aware a direct calculation of a force acting on a stream tube is
not possible by the standard post-processing Fluent tools. Indeed, the pressure field’s
integration surfaces are not solid and further more their shape and dimensions are
unknown until the simulation has converged. Figure 6.16 shows the shape of the pre-
entry stream tube for the model under study.

It is possible to see that due to the flow velocity up-stream of the engine the stream
tube shape in suction conditions. The cell conditions such as density and velocity,
allow for the engine mass flow a larger cross sectional area than the bellmouth
sectional area. This means that the stream tube must have a convergent shape to carry
the air through the engine.

Since a direct calculation is not allowed with Fluent, some assumptions have to be
made in order to define a way of calculating such a force. The first assumption is that
each path line, which defines the stream tube boundary, belongs to a single
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longitudinal plane. In order to understand this assumption, it is probably better to start
to describe the procedure used for the calculation of the pre-entry force.

The starting point of the calculation is the definition of the stream tube boundary with
CFD. Such a stream tube starts from the bellmouth surfaces, where it defines a
stagnation region and develops up-stream (it could also been said that it starts up-
stream the engine e end up on the bellmouth surfaces with a stagnation region). A
generic stagnation region is characterized by a reduction of the velocity until it
becomes zero at the walls. This corresponds to an increase of the static pressure which
on the wall will match the value of the total pressure (stagnation pressure). The
starting point to define the pre-entry stream tube is to spot the stagnation region
around the bellmouth.
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Figure 6.17: Static Pressure Contour around the Bellmouth

Figure 6.17 shows the static pressure contour for the bellmouth. Entering the
bellmouth the engine mass flow starts to accelerate due to the reduction in cross
sectional area available. This implies a significant drop in static pressure as is shown
in the figure. At the same time the secondary flow due to the shape of the bellmouth
diffuses around it. Between these two regions there is on the bellmouth, another
region where the static pressure has reached the stagnation value and the flow is
stationary.

Figure 6.18 shows the static pressure contour around the bellmouth lip. Now, the
pressure field is clearer and it is also possible to see the increase of static pressure,
which goes from the green field to the gold.

Figure 6.18 also shows the grid used to simplify the identification of the static
pressure peak.

The static pressure field is the plot used to identify the stagnation pressure region.
Once the stagnation region has been identified it is possible to visualise the pre-entry
stream tube.

Indeed, using Fluent, the flow path lines (Fluent incorporated b) can be released in
reverse mode (opposite to the main direction of the flow). This is also shown in
Figure 6.16.

However, it is not permissible to release the path lines from one single point.
Accordingly, a rake traversing the stagnation point has been drawn and the path lines
have been released from there. This is shown in Figure 6.19 and Figure 6.20.
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Figure 6.18: Static Pressure Distribution around the Bellmouth Lip

=
Figure 6.19: Flow Path Lines Realesed from the Rake

From each path line released from the rake it is possible extract by Fluent all the
geometric and flow parameters for each grid node crossed by it. For example it is
possible to extract the coordinates of such nodes, the static and total pressures etc.

All the information extracted is in form of txt files which can easily be read by
common software.

Once the rake’s path lines are plotted in numerical maps it is easy to understand
which defines the pre-entry stream tube boundary.

As is possible to imagine, these path lines do not belong to a single longitudinal plane.
Indeed, there could be a small distortion due to the interaction between the flow and
the walls of the cell.

The first assumption made at the begging of this paragraph is related to this flow
behaviour.
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Figure 6.20: Enlargement of the Flow Path Lines From the Rake

Indeed for the pre-entry force calculation the stagnation path line has been assumed to
belong to a single plane defined by the engine axis (axis x) and the vertical axis (y
axis) or the transversal (axis z) (these are the axes defined in Figure 6.16).
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Figure 6.21: Cordinate of the Stream Line which Defines the Pre-Entry Stream Tube

Figure 6.21 shows the plots of the co-ordinate values extracted from Fluent in the
longitudinal symmetric cell plane (x and y).

Following the above indications it is possible to plot in a way similar to Figure 6.21
also the other flow parameters such as the gauge static pressure (different plotting will
be shown later on).

In terms of TCF only the axial component of the force acting on the pre-entry stream
tube is needed.

To find out this value a numerical method it has been developed.

Each single path line is discretized using the same discretization used by Fluent for
the calculations. Indeed the grid nodes have been used to divide the path line in
several segments (Figure 6.22).
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Figure 6.22: Discretization of the Stream Line

Before describing the numerical integration it is worth stating the second main
assumption used for the calculation of the pre-entry force.

The exact calculation of such a force would require the integration of static gauge
pressure field all along the boundary surface of the stream tube.

At the moment this integration is made using the static pressure field extracted by four
stagnation path lines. These path lines are released from four different stagnation
points (A, B, C and D) symmetrically disposed with to respect the engine axis (Figure
6. 23)

Figure 6. 23: Stagnation Points Used for the Calculation of the Pre-Entry Force

For each one of the above defined pathlines, the stream tube is assumed to be
uniformly made by it. In other words, the stream tube is assumed to be once made by
all path lines like A (released from A), once by all path lines like B (released from B),
once by all path lines like (released from C), and once by all path lines like D
(released from D).

For each one of these cases a pre-entry force is calculated by the procedure defined
below.

Finally, the average of the four forces is taken as the estimation of the pre-entry force.
By definition the gauge pre-entry force is defined as the integral of the gauge static
pressure along the axially projected area of the stream tube (equation (6.4)).

¢Gpre = I (p - pp)dA 6.9)

stream—tube

The first step of the numerical integration is to associate at each node of the
discretization a projected area.
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Figure 5.24: Area Associated at each Discretization Point

Figure 6.22 and Figure 5.24 show three different nodes with their respective radii. The
area associated with each of them is defined by the following equation (6.5)

2 2
Ai= I:(LZ—RIJ'FRI} ‘[(ﬁ_TRi_—I)“FRi_I] T (65)

In such a way is defined an under discretization which reduces the area associated to
each node of the discretization.

Accordingly, to the area element A; is associated the gauge pressure of the node (i)
which is defined as in equation (6.6).

paGi =(pi — Po) (6.6)

The reference pressure is taken 15m up-stream of the stagnation point, where it is
believed there is less flow distortion due to the presence of the engine.

Therefore, the contribution given by the node (i) to the pre-entry force is estimated in
equation (6.7).

bGpre-i =(Pi — Po)4; (6.7)

Accordingly, the pre-entry force associated with the path line which the node (i)
belongs to is represented by equation (6.8) (which refers to the stagnation path line of
kind A)

n n
BGpre-4 = 28Gpre-i = 2.(Pi — Po)4; (6.8)

The above procedure is repeated for the four path lines used for this estimation and
finally the value of the pre-entry force is given by the equation (6.9).

D
Z ¢Gpre—j (6'9)
PGpre = a4
‘pre 4
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6.2.9. Pre-Entry Stream Tube CFD Considerations

In this paragraph some useful outcomes from the CFD analysis about the pre-entry
stream tube are illustrated.

Indeed the CFD offers the possibility of showing and plotting flow fields around and
across the pre-entry stream tube. This is particularly interesting because the provision
of such information by experimental measurements would require a really huge effort.
As a first consideration it is desired to capture the attention of the reader to the
effective structure of the pre-entry stream tube. To this end the above analysis for the
calculation of the pre-entry force is used.
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Figure 6.25: Pre-Entry Stream Tube Dimensions

Figure 6.25 shows the radial dimensions of the pre-entry stream tube by the four
stagnation path line defined in the previous paragraph. This plot does not offer a lot of

to say, but it is important to visualize the pre-entry stream tube and to understand
better the following plots.
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Figure 6.26: Gauge Static Pressure along the Stagnation Stream Lines
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Figure 6.26 shows the trends of the gauge static pressure for the four stagnation path
lines. This plot together with that in Figure 6.25 gives the opportunity to visualize the
flow structure of the pre-entry stream tube.

From Figure 6.25 it is possible to see the convergent shape of the stream tube which
assuming the absence of pressure losses would lead to a reduction of static pressure
(by the isentropic flow assumptions). Instead, Figure 6.26 clearly shows an increase
of static pressure as the stream tube cross sectional area reduces. This is essentially
due to the fact that at the stagnation point the static pressure must match the total
pressure.

Such a trend makes the pre-entry stream tube a difficult region to understand and
consequently the pre-entry force difficult to calculate.

It is also interesting to visualise the flow filed across the stream tube. Indeed, the
boundary walls of the pre-entry stream tube also represent the equilibrium region
between the primary and secondary flows.
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Figure 6.27: Velocity Plots across the Pre-Entry Stream Tube

To analyse the flow field across the stream tube it has been necessary to draw some
vertical lines (Fluent incorporated b ) through the stream tube and plot along them the
flow parameters. Figure 6.27 shows the velocity field across the stream tube for
different lines at different distances from the engine (the distance from the engine can
be clearer understood by combining Figure 6.27 with Figure 6.25). Moving towards
the engine the velocity of the flow inside the stream tube increases, as already stated
above. However, it is interesting to note that from the cell walls the velocity gradient
of the primary and secondary flows grow uniformly. This can be better seen if the two
figures are superimposed. Figure 6.28 is an experimental superimposition of Figure
6.27 and Figure 6.25. Such a representation can be misleading but shows clearly that
the velocity gradient grows uniformly from the cell walls. In a way, this could also be
seen as flow uniformity across the stream tube.

The same outcomes can also be drawn when looking at the plot of the static pressure
across the stream tube (Figure 6.29). The pressure gradient across the stream tube is
uniform.

This means that in these engine and cell conditions, the pre-entry flow is not affected
by the interaction with the cell which could destabilise the equilibrium of primary and
secondary flows along the stream tube.
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Figure 6.28: Superimpose of Figure 6.25 and Figure 6.28
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Figure 6.29:Static Pressure Plots across the Pre-Entry Stream Tube

6.2.10. Bellmouth Force Calculation Methodology by CFD

In order to compile the TCF equations defined in Chapter 4 two different bellmouth
gauge forces have to be defined. Indeed, in equation (4.87) only the external
bellmouth force is needed whilst in equation (4.126) the whole bellmouth force must
be accounted for.

In paragraph 4.3.7 it has been underlined that in order to calculate the external
bellmouth force it is necessary to spot the stagnation region on the bellmouth lip.

How such a region is identified has been said in paragraph 6.2.8.

However, it is worth remembering that the stagnation region can not be defined a
priori before the simulation has converged.

This does not allow the division of the bellmouth in opportune surfaces which would
suit a direct calculation of the external bellmouth force using Fluent (Fluent
incorporated b ).

Therefore, some assumptions have also to be made for the bellmouth external force.
Such a problem was known before starting the modelling. Therefore, the bellmouth
model has been divided into several surfaces. In this way for the larger part of the
bellmouth, the force acting on it can be calculated directly by Fluent integrating the
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gauge pressure on the defined surfaces. Figure 6.30 shows the surfaces into which the
bellmouth is separated externally.

Figure 6.30: Bellmouth Surfaces

It is possible to see several surfaces have been generated on the bellmouth lip where
the stagnation region was expected to be located.

However, the last part of the bellmouth force, around the stagnation region, can not be
calculated directly by the Fluent integration tools.

Therefore, the assumption made was that of extracting manually from Fluent the
values of the static pressure. These values are extracted from the grid nodes (Figure
6.18) using a very narrow range of limits. Together with the pressure values the
coordinate of the nodes were also extracted in order to allow the calculation of the
projected area. Indeed, for the bellmouth also, only the axial component of the force is
needed.

The direct calculation of the gauge forces by Fluent includes the integration of the
gauge static pressure on the entire three-dimensional surfaces (Fluent incorporated b).
Instead, manually the gauge static pressure values have been extracted only from one
side of the bellmouth and afterwards averaged (arithmetically).

.Z(Pi - Po)

o (6.10)
PGbell-lip =

Alip

Equation (6.10) summarises the above calculation Ajip represents the axially
projected area of the bellmouth lip, from the know surface up to the stagnation point
and n is the number of the node in such a space.

At the same time the gauge force acting on the entire bellmouth is calculated directly
using the Fluent integration tools.

From the previous plot of Figure 6.17 it is expected to find the force acting on the
internal part of the bellmouth directed in the up-stream direction (due to the
depression represented on that figure). In addition there is another force acting on the

external part of the bellmouth and directed in the up-stream direction (due to the flow
diffusion described above).
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6.2.11. Base Force Calculation Methodology by Using CFD

The ejector pump effect generated by the interaction between the engine exhausts and
the detuner (described in Chapter 5) gives rise to a low pressure region around the
engine afterbody. Such a depression sucks the engine backward and affects the thrust
measured by the load cells.

One-dimensional gas dynamics can be easily used to estimate the base force. This is
because the pressure field around the engine afterbody can not be computed.
Ccordingly, the comparison with the CFD result and the one-dimensional result id
made using the experimental results.

Indeed, by the First Principle Anemometer (paragraph 2.3.2), the static pressure
around the engine afterbody is directly measured by a piezo-ring and the twelve static
probes fitted on the outside of the fan duct (paragraph 2.3.2).

Accordingly, experimentally the axial base force is measured by the product of these
static pressure measurements and the axial projected area of the fan duct (equation
(6.11) where n is the number of static pressure measurements and Apase is the
projected area of the fan duct).

_ZI(Pi - Po)

(6.11)
¢Gbase = _—7_ Abase

The engine inside the cell is tested without the nacelle and this makes the definition of
the exact engine shape quite difficult especially for the fan duct which starts from the
engine face and ends at the cold nozzle.

Static Probes Piezo Ring !

Figure 6.31: Location of the Static Pressure Probes during the Experimental Tests

The CFD model has been drawn using a singular regular surface for the engine body,
with respect to the engine face and the nozzle dimensions.

This does not allow the comparison of the experimentally measured force directly
with that integrated by Fluent tools. Indeed, the axial projected area used by Fluent
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can be different from that used for the experimental calculation (only the fan nozzle
projected area).

For this reason in this work a comparison between the experimental and the computed
static pressure field is made.

However, this comparison can estimate the CFD capability of representing the suction
force on the engine afterbody during an indoor test and it opens the door to further
geometric refinement.

Figure 6.31 shows the location of the static pressure probes during engine tests.

Figure 6.32 shows the static pressure field around the fan duct from the computational
model. Also illustrated is the location of the piezo-ring in the CFD model.

Piezo-Ring

Engine Body

Figure 6.32: Static Pressure Contour along the Fan Duct

6.2.12. IMD Calculation Methodology by Using CFD

In the thrust correction one-dimensional analysis the intake momentum drag has been
evaluated assuming a known entrainment ratio.
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Figure 6.33: Velocity Profile 15m Up-Stream the Engine
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Accordingly, with the definition of p, it is possible to derive the total mass flow
entering the cell and therefore the flow velocity in a plane up-stream of the engine.
Accordingly, the flow velocity up-stream of the engine has been calculated by a mass
weighted average integration (Fluent incorporated b). In particular, such a velocity
has been calculated at the same plane as the static reference pressure has been
evaluated.

Figure 6.33 shows the pressure profile at such a plane. It is possible to see that the
flow is quite uniform; this is a consequence of using only the main test chamber for
the simulation.

6.2.13. Cradle Drag Calculation Methodology by Using CFD

Experimentally the force acting on the cradle is calculated using velocity
measurement by the relationships shown in paragraph 2.3.2.

The same approach has been used by CFD.

Accordingly, the same drag coefficient experimentally used for the evaluation of the
drag acting on the cradle is used.

Particular attention during the modelling has been paid to the cradle blockage area.

In reality the cradle has a lot of obstructions mounted around its main frame which
make its actual modelling very complicated. Such obstructions have been neglected in
the computational modelling.

Accordingly with the methodology followed for the cradle drag evaluation, a flow
velocity comparison is made between computational and experimental values.

It is worth saying that a direct estimation of the force acting on the cradle could also
have been made by the Fluent integration tools. However, to use such a method it is
necessary to have a very fine mesh which respects all the constraints due for the flow
calculation around the walls (Fluent incorporated b ). In a model as big as the test
facility such constraints would lead to a huge number of cells which would throw off-
balance the main compromise made at the beginning of this chapter.

For this reason a direct calculation of the force on all the model’s walls has been
avoided.

However, particular attention has been paid to the bellmouth force. In particular, a
very fine mesh has been generated around it which could lead to the evaluation of the
force by a direct integration.

The same approach for assessing the validity of the CFD and the one dimensional
thrust correction factors analysis used for the base force will also be used for the
cradle drag. Therefore, the same value used for the Cradle Drag in the one-
dimensional thrust correction equations (paragraph 4.5.4) is also used for compiling
the thrust correction equations with the CFD results.

6.2.14. Throat Force Calculation Methodology by Using CFD

In order to compile the throat thrust correction equation (equation (4.126)) also the
gauge stream force has to be evaluated.

This has been done by extracting from Fluent the values of the static pressure and the
velocity.

With these two parameters a direct estimation of the gauge throat stream force can be
made.
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6.2.15. CFD Thrust Correction Factors Results

The different methodologies used for extracting the thrust correction factors from the
computational model have been illustrated above.

In this paragraph the thrust correction factors calculated by CFD will be tabulated and
used for compiling the thrust correction equations derived in Chapter 4.

Parameter Value
Vo 13.383 m/s
IMD 17170 N
Vih 173.49 m/s
Foth 103851 N
Bellmouth Total 90876 N
Bellmouth External 836,97 N
Pre-Entry Force (A) 1452 N
Pre-Entry Force (B) : 1274 N
Pre-Entry Force (C) 1502 N
Pre-Entry Force (D) 1400 N
Pre-Entry Force Average 1407 N
p base nacelle 100700 Pa
p piezo-ring 100543 Pa
Base Force (p nacelle) 342N
Base Force (p ring) 969 N
Veradle CFD 8 m/s
Apcrdte crp (equation (2.10)) 38.95 Pa
Deradie CFD 845 N

Table 6.1: CFD Thrust Correction Factors

The same assumptions used for compiling the thrust correction equations with the
thrust correction factor calculated from the one-dimensional analysis are also used
with the CFD results (paragraph 4.5.3).

The same buoyancy terms calculated in Table 4.4 are also used with the CFD data.

As already said in the above paragraphs the experimentally derived Cradle Drag and
the Base Force are used also with CFD results for compiling the thrust correction
equations (it was the same also for the comparison in paragraph 4.5.4).

The thrust correction equations compiled using the CFD results are equations (4.79)
(4.87) and (4.126).

In order to have a better view of these equations, those used in paragraph 4.5.4 for the
one-dimensional comparison are reproduced here.

The first to be completed is equation (4.79). Following the above assumptions the
term Dperic Will only include the Cradle Drag.

From equation (4.79) the term Fgy, which is the real unknown of any thrust correction
equation can be written in a explicit form as in equation (4.169) (here renamed (6.12))

Fgg = L+ Fgo + Dyeyric = (Fgor 'FGO)ext pot + ¢Gbase (6.12)

Expressing the thrust correction factors in terms of percentage of the load measured
by the load cell it is possible to obtain equation (4.170) (here renamed as equation

(6.13)).
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FG9 =]+ FGO + Dmetric - (FG9' _FGO)ext pot + ¢Gbase (613)

L L L L L

Substituting the corresponding values from Table 6.1 into equation (6.13) and using
Ag= Ay for computing the potential buoyancy term it is possible to obtain

6.14
—Fle’ =1.041962 614

Using Ag= Ar for computing the potential buoyancy term the thrust correction
equation (6.13) gives as result

6.15
F—?— =1.042771 (613)

It is worth to underline, also in this paragraph, that in the above thrust correction
equation the contribute of the external part of the bellmouth to he Dyeric has been
neglected (paragraph 4.5.3)

The next equation to be completed is equation (4.87) which can be expressed by using
the base force and, neglecting the carcase drag, as equation (4.173) (here renamed as
equation (6.16)

L= FN +¢pre "'¢belI ext "¢base "Dcradle +(FG9' —FGf)ext pot (6-16)

Expressing equation (6.16) in the same form as equation (6.13) it is possible to obtain
equation (6.17)

Fgo =]- ¢P"€ + Boell ext + Deyagre + Prase _ (Fgy -FGf Jext pot (6.17)

L L L L L L

Substituting the values of Table 6.1 into equation (6.17) and using the assumption of
A¢= Ay for computing the potential buoyancy term it is possible to obtain

6.1
%l=1.043192 (6.18)

Using Ag= Ay for computing the potential buoyancy term the thrust correction
equation (6.17)(6.13) gives as result

6.19
%:1.043145 6.19)

The next equation to be completed is equation (4.126). This equation similarly to
equation (4.87) can be written by using the base force and neglecting the carcase drag
as equation (4.177) (here renamed (6.20))

216



L= Fgg "FGth "¢bell "'¢base = Depadle + (FG9' "FGf)ext pot (6.20)
Expressing equation (6.20) as equations (6.13) and (6.17) it can be obtained

LFG9 - 1+ Fom + Pvell + Phase + Deyqdie - (FG9' = FGf dext pot (6.21)
L L L L L L

Completing equation (6.21) with the values of Table 6.1 and using the potential
buoyancy from station (f) to station (Jex) With Agex =Avex it has been obtained

FG9

7 =1.038128 (622)

At the same time using for the potential buoyancy factor Ag e =Ar it can be obtained

Fg

~69 =1.03808 (6.23)
L

6.3. CFD Study of the Engine-Detuner Ejector Pump

The main purpose of using the CFD to study the ejector pump effect in indoor test bed
facilities is to understand how the flow in the Accommodation Region is affected by
the cell configuration.

The uniqueness of the engine-detuner characteristic curve at the Accommodation
Region is a fundamental requirement for the analytical matching procedure described
in Chapter 5.Therefore, the CFD has been chosen to represent different engine cell
configurations and to analyse for each the flow in the Accommodation Region.
Below, the different cell configurations studied are presented and the engine-detuner
ejector characteristic derived for all of them.

6.3.1. CFD Approach and Methodology to Study the Accommodation
Region o

The main idea is to study how the engine-detuner characteristic in the
Accommodation Region is affected by the cell configurations. To achieve this,
different cells are modelled, always using the same engine power setting.

One of the main parameters used for the analytical procedure in the Accommodation
Region is the detuner diameter. This is the key cell parameter. Indeed, the entire
definition of the engine-detuner characteristic depends on the detuner diameter.
Therefore, this parameter is considered fixed during this study.

Furthermore, the detuner diameter even in reality can not be changed unless the whole
detuner is replaced. So the detuner diameter is not included within the definition of
different cell configurations in this chapter.

At the same time there are other ways to alter the cell configuration. In this work two
of them are taken into account. They are the cradle dimensions and the detuner length.
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With the former, it is necessary to show the effects on the engine-detuner
characteristic at the Accommodation Region of the cell configuration up-stream of
both the engine after-body and the detuner.

With the second, it is necessary to show the effects on the engine detuner characeristic
of the flow down-stream of the detuner. In particular with different detuner lengths, it
can be shown how the level of mixing along the detuner affects the engine-detuner
characteristic.

In other way, the detuner length could also represent different exhaust configurations.
Therefore, with the help of CFD, different cradle configurations and different detuner
lengths are simulated in the indoor test facility. After the simulations have converged,,
the Accommodation Region is analysed and the ejector performance parameters at
such a region are plotted.

The CFD calculations are also used to derive the engine-detuner characteristic in the
Accommodation Region for the original engine and cell configuration.

To achieve this result by Fluent the same approach has been used as shown in the
previous paragraph. The static pressure at the outlet of the detuner is varied in order to
allow different secondary mass flows to enter the cell. Consequently, the ejector pump
operating point will move along its characteristic which will be thereby defined.
Accordingly, the ejector performance derived for different cell configurations (cradle
and detuner lengths) is plotted in the same map with the defined computational
engine-detuner characteristic in the Accommodation Region. In this way it is shown
that such a characteristic curve is still valid for different cell configurations.

At the same time, this characteristic is compared with the one analytically derived in
Chapter 5.

It is worth saying again that for this analysis the engine power setting is always kept
constant. The engine and the cell used for the simulations are the Rolls-Royce engine
A and the test bed cell “X”.

6.3.2. CFD Models for the Accommodation Region Analysis

In order to study how different cell configuration affect the flow field in the
Accommodation Region several models have been created.

As already said in the paragraph above, the first scope of this analysis was to
reproduce by CFD the engine-detuner characteristic in the Accommodation Region.
Therefore, a model representing the main test chamber of the engine A in test bed “X”
was created (Figure 6.34).

ES &

Figure 6.34: Model of Test Cell “X” Main chamber

It is interesting to note the V section up-stream of the engine (Figure 6.35). This
section is used to improve the accuracy in the flow measurement within the cell.
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Also the cradle is different from that of test bed Y but the criterion adopted for
representing it is the same, i.e. matching real blockage area.

Figure 6.35: Model of Test Cell “X” Main Chamber
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Figure 6.36: View of the Grid for the Accommodation Region Analysis

The grid used for this model is not so fine as that for the engine C in test cell 57 used
for the estimation of the thrust correction factors. This happens because the aim of the
two studies is different. For the thrust correction study a quantitative estimation of the
flow parameters was carried out when for the Accommodation Region only a
qualitative study has to be achieved.

Figure 6.37: Model of Test Cell “X” Main Chamber without the Cradle

However, the criteria followed for the generation of the grid were the same as those
used for the model related to the thrust correction factors study. Indeed, past
modelling has drawn the generation of the grid (Figure 6.36).
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The total number of elements is around one million. However a direct comparison
with the previous model cannot be made because of the different cell dimensions
(Figure 4.43 and Figure 5.10).

The second model generated for such a comparative analysis neglects the cradle.

The geometry is identical to that shown in Figure 6.35 apart from the cradle, which in
this case, is not included (Figure 6.37).

The third part of the analysis deals with different detuner lengths. Therefore, several
models have been designed with different detuner lengths.

In this work, only three lengths are reported: 45 m, 95 m and 145 m.

The three models are shown in the pictures below.
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Figure 6.38: Model of Test Cell “X” Main Chamber with a Detuner 45 m Long
oy
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Figure 6.39: Model of Test Cell “X” Main Chamber with a Detuner 95 m Long

,;T/ 3
m | T b T 1

Figure 6.40: Model of Test Cell “X” Main Chamber with a Detuner 145 m Long

It is interesting to underline the fact the grid scheme used for all the model along the
detuner is the same. In this way the choice of the grid along the detuner, probably the
most important region, in the Accommodation Region study, will not affect the

comparisons.
The total cell number for the 145 m detuner length model is 2 million.

6.3.3. CFD Setting for the Accommodation Region Analysis

Basically the Fluent settings are the same of those shown for the thrust correction
analysis.

The model includes only the main test chamber (Figure 6.1 and Figure 6.10) and
therefore, ends at the entrance to the blast basket.

This is considered sufficient for the study of how the Accommodation Region
changes with different cell configurations. Indeed, such a study is the starting point of
a comparative study rather than a quantitative study. Therefore, the exact
representation of the flow field inside the cell is not strictly necessary. By changing
the cell configurations, the flow fields are far from being realistic. However, this will
facilitate the final comparison proposed in the previous paragraph.

The boundary conditions used are the same as those shown in Figure 6.15.
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In addition, as already mentioned, the detuner outlet static pressure is used to alter the
performance of the engine-detuner ejector pump.

Also the computational settings are the same as those used in paragraph 6.2 with the
difference that the turbulence model used is the standard k-g rather than the Realizable
k-e.

To establish the convergence of the model the Residual definition for single precision
(paragraph 6.2.7) has been adopted.

The step-by-step approach is also used to achieve the second order of accuracy.

6.3.4. CFD Accommodation Region Analysis Results

In this paragraph the results of the CFD analysis are presented for the
Accommodation Region. In particular, the derivation of the engine-detuner
characteristic is given together with the influence of the cradle and of the detuner
length on such a characteristic.

A comparison with the one-dimensional analytical model is made in the next chapter
which is dedicated to a discussion of the results. Indeed, this comparison is not only
of interest from the CFD point of view but also for the entire work. Therefore, it will
be described along with the results discussion.

The first result proposed is the determination of the engine-detuner characteristic by
CFD. The boundary conditions used for these simulations are those referred to engine
A with a non-dimensional mass flow of 3060 (paragraph 5.3.4) (Rolls-Royce ).

The static pressure used as a boundary condition for the detuner outlet is listed
together with the entrainment ratio worked out from the models in Table 6.2

Static Pressure Detuner Outlet R
[Pa]
103500 0.78
103000 0.84
102000 0.96
101000 1.13
99215 1.33
98215 1.42
96215 1.64

Table 6.2: Static Pressure at the Detuner Outlet and the p Obtained as results

Figure 6.41 shown above is the first section of the detuner with constant area after the
conical entrance. This is used as representating the Accommodation Region.

Figure 6.41 also shows the static pressure profile of the Accommodation Region. It is
seen that the profile is quite uniform. However, the exact position of the
Accommodation Section can not be known before the simulation has been run.
Moreover, due to the cell configuration, it is quite complicated to draw a circular
plane in the detuner after the convergence is achieved. For this reason the section
defined in Figure 6.41 above has been chosen as a compromise.

Figure 6.42 shows a plot of the static pressure in the Accommodation Region as a

function of the cell entrainment ratio. This has been extrapolated from the CFD
results.
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Figure 6.41: Visualization of the Accommodation Region in the Computational Model

The values of the static pressure in the Accommodation Section have been
extrapolated by a mass weighted integration (Fluent incorporated b).

The shape of the curve is similar to that of Figure 5.12 which represents the ideal
target. However, the comparison is made in the chapter dedicated to the discussion of
the results.

The engine-detuner ejector characteristic has been calculated also for the model
without the cradle. The boundary conditions are the same as those used before. That
are those relevant to an engine non-dimensional mass flow of 3060 (Rolls-Royce ).
The static pressure used as boundary condition for the detuner outlet is listed together
with the entrainment ratio worked out from the models in Table 6.3.

Static Pressure Detuner Outlet B
[Pa]
102000 0.97
101000 1.09
100000 1.21
99215 1.31
98215 1.43
97215 1.52

Table 6.3: Static Pressure at the Detuner Outlet and the p Obtained as results (no-cradle model)

The results are plotted in Figure 6.43.

Again the shape of the engine-detuner ejector characteristic in the Accommodation
Regions looks plausible.

In order to make further validations, APPENDIX C shows the results obtained for
different engine power settings.

The influence of the cradle blockage area is also shown in the section of this report
dedicated to the experimental work (APPENDIX B). Also shown in this Appendix,
the main conclusion is that the blockage area of the cradle does not affect the cell
entrainment ratio

The effect of different detuner lengths is the third section which this paragraph deals
with.

The lengths of the detuner modelled together with the static pressure used at the
detuner outlet (as boundary conditions) and the entrainment ratios evaluated from
CFD simulations are listed in Table 6.4.

The results extrapolated in the Accommodation Region are plotted in Figure 6.44.
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Figure 6.42: Static Pressure at the Accommodation Region, Computational Results
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Figure 6.43: Static Pressure at the Accommodation Region, Computational Results (no-Cradle)

Detuner Length Static Pressure Detuner Outlet T
[m] [Pa]
45 102000 132
95 102000 1.46
95 104000 1.318
145 102000 1.39

Table 6.4: Different Detuner Length, Static Pressure Outlet and p Obtained

Figure 6.44 alone is not of much interest but if the same values are plotted in Figure
6.42 the results make more sense as shown in Figure 6.45.
It is seen that the operating points evaluated using CFD results for different detuner

lengths super-impose on the engine-detuner ejector pump characteristic at the
Accommodation Region.
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Figure 6.44: Static Pressure at the Accommodation Region for Different Detuner Length
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Figure 6.45: Operating Point for Different Detuner Length and the A.R. Ejector Characteristic

The variation of static and total pressure along the detuner when its length is changed
is shown in the following pictures.

In order to visualise the primary and secondary flow along the detuner, two different
lines have been drawn inside the pipe. One of them is running along the detuner axis
and the second close to the detuner wall. The characteristics of the primary flow (with
the former line) and the secondary flow (with the second line) can be established.
Indeed it is believed and confirmed by previous simulations that until the two flows
are completely mixed, the engine exhaust jet occupies the central part of the detuner
flow and the secondary the outer part.

Accordingly, Figure 6.46 shows the location of the two lines in the detuner cross
sectional area
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Figure 6.46: Location of the two Lines for the Pressure Study along the Detuner

The main aim of plotting the total pressure along these two lines is that of
understanding the state of the mixing along the detuner. Indeed, the total pressure can
be assumed as parameter for assessing the mixing level, being also at some stage an
energy parameter.

The results are shown in Figure 6.47, Figure 6.48 and Figure 6.49.

As is possible to see, the primary flow total pressure decreases along the detuner. This
is primarily due to the energy transfer from the primary to secondary flow.
Accordingly the total pressure of the secondary flow increases.

So the pressure losses of the secondary flow are lower than the energy gained from
the primary.
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Figure 6.47: Total Pressure Trend Along the Detuner (45 m)
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Figure 6.48: Total Pressure Trend Along the Detuner (95 m)
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Figure 6.49: Total Pressure Trend Along the Detuner (145 m)

It is clear that for the detuner lengths of 45m and 95m the two flows are not
completely mixed yet. Indeed there is still a gap between the two lines.

At the same time for the detuner length of 145m the two lines merge and then start to
drop. This is due to the fact that after the mixing is achieved the pressure losses let the
total pressure decrease along the detuner.

The trend of the total pressure for different detuner lengths could also be useful for
the understanding of the ejector pump performance. Indeed, it can be useful to relate
the amount of secondary flow entering the cell with the level of mixing achieved
along the detuner.

To confirm the above trends it is possible to extract and compare from Fluent the total
pressure profiles at the detuner exit for the three different models. The results are
shown in Figure 6.50, Figure 6.51 and Figure 6.52 and it is possible to see that by
increasing the detuner length the flow profile is more uniform.

At the same time, it is also interesting to see how this commercial CFD software
represents the Accommodation Region. Therefore the two lines defined above have
also been used for plotting the static pressure.

Figure 6.50: Total Pressure Profile at the Detuner Outlet (45m)
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Figure 6.51: Total Pressure Profile at the Detuner Outlet (95m)

Figure 6.52: Total Pressure Profile at the Detuner Outlet (145m)

The results are plotted in Figure 6.53, Figure 6.54 and Figure 6.55. It is possible to see
that the static pressure drops for both the flows before entering the detuner
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Figure 6.53: Static Pressure Trend along the Detuner for Primary and Secondary Flow (45m)
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Figure 6.54: Static Pressure Trend along the Detuner for Primary and Secondary Flow (95m)
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Figure 6.55: Static Pressure Trend along the Detuner for Primary and Secondary Flow (145m)

The two static pressures match at the Accommodation Region which from these
graphs it seems to be few centimetres (20cm) downstream of the section used above
for deriving the engine-detuner characteristic. It is also interesting to see that the static
pressure of both flows increases uniformly along the detuner after the
Accommodation Region as a consequence of the mixing process.

Chapter 5 also takes into consideration the effects of the pressure losses along the
detuner and how they affect the performance characteristics.

It is interesting to plot together the results of the analytical model and those
extrapolated by CFD.

Indeed, this can help the understanding of how Fluent treats the pressure losses.

The results are shown in Figure 6.56.

In this picture it is possible to see where the operating point of the pseudo-cells
modelled lay on a map which shows different engine-detuner characteristics at the
After-Mixing Region. So in a way, it is possible to compare the pressure losses
accounted for in the one dimensional calculation with those accounted for in Fluent.

It can be seen that increasing the detuner length from 45m to 95m allows the
entrainment ratio to increase as a consequence of a higher level of mixing achieved
(paragraph 2.2). Moving from 95m to 145m has the opposite effect and the
entrainment ratio decreases as a consequence of the pressure losses. It is also
interesting to observe the fact that by increasing the length of the detuner the
operating point moves toward a characteristic line with a higher pressure loss
coefficient.
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Figure 6.56: Effect of the Pressure Losses on the Engine-Detuner Characteristic

6.4. CFD General Components Modelling Test Cell

This part of Chapter 6 describes several attempts to model separately different parts of
test bed facility. The main aim of this is first to analyse the influence of each
component and second to gather together such components and model the entire cell.
The components studied in this section are the inlet stack and the exhaust stack
including the blast basket.

However, it needs to be underlined that the attempts made are in order to extrapolate
qualitative rather than quantitative results. Therefore, the main CFD compromise is
oriented toward less time consuming models rather than accurate models.

6.4.1. Test Cell Inlet Stack Modelling

The main objective of an inlet system for indoor test cell facilities is to provide a
smooth flow. Within the cell there are several sources for flow distortions (paragraph
2.4.1) which can easily affect the whole performance of the engine. Moreover, such
flow instability can also compromise the life of the engine. At the moment there are
no methods available for predicting the flow distortion downstream of the inlet stack
apart from the simple rule given in paragraph 2.4.1.

In this section the cell and the engine used for the CFD simulations are Rolls-Royce
engine A and test bed cell 56.

Such a cell has a vertical inlet stack as is shown in Figure 5.10. Therefore, a cascade
elbow is necessary to turn the flow into the engine axial direction.

Figure 6.57 above shows the cross section of one element of this cascade. The shape
is quite simple, a circumferential arc with a straight tangential element on both sides.
The cascade is made up of 20 deflectors. However, it has to be noted that deflectors
are not equally-distant. Actually their concentration is higher in the top part of the
cascade than in the bottom. This is to ease the straightening of the flow in the top
corner beneath the test chamber ceiling where the bend is very tight.
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Figure 6.57: Geometry of a Turn Wind Deflector

To take this particularity into account, an exponent grading scheme (Fluent
incorporated a ) has been applied on inter-distances. This grading scheme implies that
the ratio of any two succeeding interval lengths is constant:

liv ] =R = e(%xx-%)
l (6.24)

L

L is the length of the cascade, n the number of intervals (n=21) and x a user-specified
input parameter, in this case x=0.46.

As a result, the distance between the bottom corner and the first deflector is 911mm
whereas the one between the top corer and the last deflector is only 623mm.

The inclination of the cascade air deflectors is 47.5° with respect to the cell axis.
Figure 6.58 shows the geometry of the entire inlet stack, including the cascade.

In order to mesh such a geometry, several sub-volumes have been generated.
Different volumes have been generated along the cascade , one for each deflector. In
such a way, 21 hexahedral volumes are generated and each of them can be meshed
with hexahedral mappable grids. This allows the grid elements to be orientated in the
flow direction. This reduces the calculation time (Fluent incorporated b ).

In addition, the rest of the inlet stack has been meshed with hexahedral elements
(Figure 6.58). Following such a scheme two different grids have been generated, one
with 200,000 elements (Grid I) and another with 400,000 elements (Grid II).

Inlet pressure for the atmospheric side of the inlet stack and outlet Pressure for the
internal side have are chosen as boundary conditions for these two models (Figure
6.58). The values have been worked out from the experimental data provided in order
to give a total mass flow entering the cell close to the actual value.

Fluent settings are the same as those used for the engine-detuner ejector pump study
and a step-by-step approach has also been applied.

Since the main objective of having two different grids for the same model is that of
studying the influence of the grid (Rubini ) on the results as convergence criteria also
the mass flow convergence history has been used.
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Figure 6.58: Geometry and Grid of the Inlet Stack

6.4.2. CFD Test Cell Inlet Stack Results

The first result is that related with the grid independence study.

The two grids have given the same result in terms of mass flow going through the
cell; of course, the calculation time using Grid II was longer.

The mass flow history is shown in Figure 6.59.
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Figure 6.59: Mass Flow History for the two Simulations with Different Grid

The comparison between the two models has also been made in terms of static
pressure, velocity and flow recirculation. For all these parameters the models have
proved to be very similar (APPENDIX D). For this reason further study is carried out
with Grid L.

Now, in order to understand the effects of the cascade, the model described above is
added to the main test chamber of test cell 56 and a new model generated.

Such a model includes Rolls-Royce engine A and the boundary conditions used are
those related to the engine non-dimensional mass flow of 3060 (Rolls-Royce )
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Figure 6.60: Recirculation without the Cascade Turn Wind

Figure 6.61: Flow Recirculation and Re-Ingestion

The results of this new model are compared with those obtained from a past model
(Gullia 2003) which includes the inlet stack but not the wind deflectors (Figure 6.60).
For both of them the same boundary conditions have been used for the engine and the
cell and the same Fluent settings (which are the same used for the engine-ejector
pump study).

As can be seen in the above picture, for the model without the cascade elbow, the
cross sectional area of the flow contracts and the flow turns only in the bottom part of
the cell. This gives rise to a big region of recirculation on top of the cell. This flow
recirculation has not only an impact in flow profile entering the cell but also on the
flow downstream. Indeed, Figure 6.61 shows some flow reingestion, which could
seriously damage the engine.

Including the cascade elbow turn wind, these problems are apparently solved.

The flow profile at the V section of test cell “X” is much more uniform with the
presence of the cascade (Figure 6.62) and there is no flow reingestion by the engine
(Figure6.63).

Looking at the flow profile (turbulence intensity) at the V section of the model
including the cascade, (Figure 6.62), another interesting factor can be seen. Indeed,
such a uniformity of the flow can partially justify the assumption made in all the
previous analyses about running only the main test chamber. Using this assumption at
the inlet of the cell, the flow profile was considered uniform. However, this does not
exclude the effect of the V section which (see Figure 6.62) is responsible for most of
the distortion at that section.
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Figure6.63: Flow Paths With Turning Wind

6.4.3. Test Cell Exhaust Stack Modelling

The exhaust stack is a very important test cell component. Indeed the mixing depends
on the flow processes along the detuner, the blast basket and the exhaust stack.
Accordingly, the exhaust stack behaviour is is very important because it controlsl the
entrainment ratio inside the cell (paragraph 2.2).

The blast basket is probably the most difficult component to model. It is (for test bed
56) a cylinder 10m long with a diameter of 5m and perforated by holes of 35mm
diameter for two third of its lateral surface (see Figure 2.22). The total porosity (y) is
20%.

There are two possible ways to model such a component. The first is to represent the
exact geometry of the perforated cylinder. The second is to use an artificial Fluent
tool to simulate the sudden total pressure loss across the blast basket boundary.

The former of the two methods is probably the more accurate but at the same time
would require the generation of a very specific grid. In a cylinder 10m long to mesh
thousands of 35mm holes it would require a big gradient in the grid dimensions and
consequently a massive number of elements. Furthermore, if such a model of the
exhaust system needes to be connected to the test cell main chamber and the inlet
stack the entire model would be both extremely big and difficult to run.
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For these reasons, it has been decided to use one of the Fluent artificial tools for
representing the blast basket.

There are two different methods for representing sudden pressure loss across a
surface. The first is the Porous Medium and the second is the Porous Jump. Their
main differences are described in the Fluent user Manual (Fluent incorporated b ).

Of the two the second is chosen for its robustness and simplicity (Fluent incorporated
b).

However, it has to be said that though such a tool is able to represent sudden pressure
losses (as an added sink in the momentum equation) it is not able to represent the jets
across the holes of the blast basket. Indeed the holes are not even modelled.

The law for representing the pressure losses across the Porous Jump surface is a
combination of the Darcy Law plus an additional inertial term (equation (6.25))

6.25
AP=_(£_"_v+C2-;—pv2)Am ( )
a

Where p, is the laminar fluid viscosity, a is the permeability of the medium, C; is the
pressure-jump coefficient, v is the velocity normal to the porous face, and Am is the
thickness of the medium (Fluent incorporated b ).

However, for high velocity flow through perforated plates only inertial pressure losses
are accounted for. Therefore, the Darcy’s law contribution is neglected in the pressure
loss definition by the porous jump method (Fluent incorporated b).

However, the total pressure drop across the porous jump needs to be quantified.

To do this the Adkins method is used (paragraph 2.1.8).

The first step is to work out the discharge coefficient from Figure 2.23. However,
Adkins derived this map considering a blast basket perforated in its external surface.
In reality the blast basket in test cell 56 has only two third of its external surface
perforated (Figure 2.22)

Therefore, to overcome such a difference, two discharge coefficients have been
determined. The first using the real porosity and an equivalent diameter for the blast
basket (Table 6.5 b))and the second using the real diameter (Table 6.5 a)) and an
equivalent porosity.

The equivalent diameter found is 3.3m instead of Sm and the equivalent porosity is
13% of the entire area. Using a cell mass flow of about 2500 Kg/s the total pressure
losses calculated by the Adkins formula (paragraph 2.1.8) are listed in the following
tables. The surface thickness used for the calculation is 20mm.

Parameter Value Parameter Value
L 10m L 10 m
D Sm D 33m
\\ 2500 Kg/s w 2500 Kg/s
L) 20% v 13%
Cd 0.41 Cd 0.5741
AP 50K Pa AP 20K Pa
C 290m” a) C 135m” b)

Table 6.5: a) B.B. Real Diameter b) B.B. Equivalent Diameter
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Figure6.64: Exhaust Stack Model

Figure6.64 shows the model for the exhaust stack.

It is seen that a part of the detuner is included in the model (1 m).

The grid used for meshing the blast basket is made by hexahedral elements using the
Cooper scheme (Fluent incorporated a). And that for the exhaust stack is made by
hexahedral elements as well by a map scheme (Fluent incorporated a ).

The fluent setting are the same as those used for the inlet stack, apart from the
introduction of the porous jump as a boundary condition for the blast basket top
boundary, as shown in the picture (Figure6.64).

6.4.4. Test Cell Exhaust Stack Results

Different models have been run for the exhaust stack in order to improve the
understanding of the flow fields along it.
The first uses a uniform profile for the total pressure inlet boundary condition.
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Figure 6.65: Static Pressure Profiles for Different C,
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To see how the pressure dro(p affects the flow fields, two models with different C,
were run. In one C, is 100 m™ and in the other 275m™.

The simulations converge up to the second order following the step-by-step approach.
The results are shown in Figure 6.65.

The first thing to notice is that the total pressure drop across the blast basket is from
110 K Pato 118 K Pa.

This means that the model is able to simulate a pressure drop, even in the extreme
case of parallel flow in a semi-perforated cylinder.

The second thing to notice is the impact that such pressure losses have in the flow
inside the blast basket. It is clearly visible that at the bottom of the blast basket, close
to its final part, some flow recirculation appears. Further more this recirculation
increases with the pressure losses across the blast basket.

A first interpretation to this phenomenon is given by Lachery (Lachery ) who
attributes such a recirculation to the inbalance of total pressure due to the sudden
pressure loss. To trade off this inbalance, the internal flow loses some energy starting
the recirculation. Another aspect worth noticing is the difference in mass flow
between the two models. That with higher pressure losses carry less mass flow inside
the exhaust stack compared with that involving lower pressure loss (respectively 3596
Kg/s and 3565 Kg/s). This can be justified by the fact that the two different pressure
losses imply two different static pressure drops along the stack which affects the flow
velocity and consequently the mass flow.

The second model, adopting the porous jump, includes as inlet boundary conditions,
profiles of total pressure and temperature referred to un-mixed conditions extracted
from previous simulations of the main test chamber at the Accommodation Region.
These simulations converge only up to the first order of discretisation. However, it is
valid to extrapolate qualitative considerations beyond that. Also in this case, two
different pressure jump coefficients were run (C, =100 and C; =300).

By this model, it is possible to distinguish the behaviours of the primary and the
secondary flow along the blast basket.

Figure 6.66: Velocity Vector inside the Blast Basket Using P Profiles as Inlet Boundary

Figure 6.66 shows the velocity vectors at different sections along the blast basket.

It can be seen that the high velocity jet rebounds against the wall of the blast basket
and then divides in two. One part goes up and leaves the “perforated cylinder and the
other goes down forming a recirculation region.

To carry on with the analysis of pressure losses, the pressure difference between the
flow inside the blast basket and the flow outside can be plotted by Fluent.
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Two lines are shown in Figure6.64, one is 1mm above the pressure jump surface (line
2510) and the other is Imm below it (line 2509).
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Figure 6.67: Pressure Drop across the Blast Basket

Figure 6.67 show the evolution of the total pressure gap between the two lines.

The dashed line represents the limit at the right hand side of which the flow leaves the
cylinder and at its left hand side the flow does not cross the blast basket.

This plot allows the visualization of the total pressure drop imposed on the flow.

It is also interesting to notice that such a drop seems to follow a second order law.
Another interesting consideration can be made by plotting the total pressure along the
line 37500 represented in Figure6.64.

This is shown in Figure 6.68.

It can be seen that there are two peaks of total pressure inside the blast basket. One is
a maximum and is picked up at the centre of the cylinder where the primary flow is.
The second peak is a minimum and is located at the bottom of the cylinder where the
recirculation has been noticed. As already said, two different C, coefficients have
been used for these simulations. The model with high pressure losses shows higher
values of total pressure before the pressure jump (approximately in correspondence
with line 2509) and values of the two peaks lower than those calculated with the small
pressure losses.
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Figure 6.68: Pressure Trend along the Vertical Stack
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A first explanation of this phenomenon is that with the higher pressure drop the flow
finds more difficulty in passing though the porous jump. Accordingly, more mixing is
achieved inside the blast basket and the flow becomes more uniform.

To summarise these tests, it appears that the Fluent porous jump model is robust and
able to simulate the pressure losses across the blast basket. However, it can not model
the mixing due to the small jet diffusion after passing through holes since it does not
take porosity into account.

Using this model, the difficulty is to determine which Pressure Jump Coefficient (C,),
matches the real case.

6.4.5. Test Cell Entire Model

Adding to the test main chamber model (defined in the previous paragraph) the inlet
and exhaust cell models it is possible to define the entire test bed (in this case the
Rolls-Royce test bed 56).

The total model is shown in Figure 6.69.

This allows the study of the flow along the all cell and also how the cell configuration
would affect the flow behaviour inside the cell. Indeed, changing the pressure jump
coefficient (C,) at the blast basket would allow the study of how the engine-detuner
ejector pump operating point would move itself along the ejector characteristic
(Figure 6.56).

At the moment there are no experimental data which would help quantify the pressure
losses across the actual blast basket. Therefore, the main idea is to derive the engine-
detuner ejector characteristic by keeping the engine power setting fixed and changing
only the pressure jump coefficient at the exhaust. This is the case until the
experimentally measured entrainment ratio is matched.

Unfortunately many convergence problems arose so that the entire cell model did not
converge.

Figure 6.69: Entire Test Cell Model

Convergence was only obtained for the first two steps of the step-by-step approach
when the porous jump boundary condition was not activated.

The results are promising and are shown in the Table 6.6

Indeed, for different pressure jump coefficients different mass flows have also been
calculated respecting the trend found in previous simulations. Increasing the pressure
losses decreases the mass flow entering the cell.
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The convergence was not achieved for the first step when the porous jump was
activated.

Pressure Loss Average Mass Flow
Coefficient C; [m™] (kg.s™h
0 2050
100 2020
200 1950

Table 6.6: Result Extracted from the Entire Model

To tackle these problems, one solution could be to refine the mesh. The mesh used for
these models is not very accurate and it would need further adaptation especially in
the engine after-body and in the exhaust regions. Probably this would lead to needing
a model with more than 10 millions cells. In addition special facilities would be
required.

Another interesting study could be involving the turbulence models. In this work the
standard k-¢ is used. It is believed that this is responsible for the high pressure losses
especially during the mixing process. Indeed, also without any pressure jump loss the
mass flow entering the cell is much lover than the real case.

To illustrate this point the results obtained for the exhaust model alone can also be
taken into account. Both the models with uniform entry profiles and with special
profiles have the same average total pressure as the inlet conditions (the outlet
condition is the same, atmosphere). But the mass flows obtained as a result are quite
different. For the model with uniform profiles the entering mass flow is 3500 Kg/s
and for the other 2100 Kg/s. This huge difference in mass flow between the two
models could lead to the fact that the standard k-e¢ turbulence model under these
conditions does not work very well. In addition, too much pressure loss during the
mixing procedure is accounted for. For this reason, a study of turbulence models
could be greatly beneficial.
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7. Discussion

7.1. Introduction

In this chapter the project objectives, fixed in Chapter 3, are discussed after the
findings achieved in the three main areas of work: Thrust Correction Factors, Ejector
Analytical Model and CFD.

The discussions of the findings are structured into three levels.
The first includes the analysis of the findings of each single area of work.

The second includes the comparison between the results obtained from different area
of work.

The third represents the combination of the experiences reached in the three different
areas of work

7.2. First level of Discussion

7.2.1. Thrust Correction

The research undertaken in recent years about the determination of thrust and drag for
gas turbine propulsion systems in in-flight conditions (MIDAP Study Group 1979;
MIDAP 1980; SAE Commitee E-33 1985) is applied in Chapter 4 to indoor sea-level
test beds.

The aim of this knowledge transfer from the in-flight condition to the enclosed sea-
level cell is the determination of a number of equations capable of evaluating the real
gross thrust delivered by the engine during the tests.

In reality this is not only a simple knowledge transfer. Indeed, because of the
completely different conditions, the general equations for in-flight condition has to be
significantly re-arranged to satisfy the cell environment. However, it must be said that
the approach followed in the main reference regarding the thrust and the drag
determination for in-flight thrust conditions has been really useful.

This approach has involved the study of the forces and drags acting on what has been
called the metric-assembly from different points of view. In addition, different system
interfaces (Figure 4.13) have been studied from the point of view of different
accounting system (force, drag and hybrid).

In order to move from in-flight to the test cell conditions a step-by-step approach has
been used. This was thought to improve the understanding of the difference between
the two kinds of environment. Accordingly, a pseudo-infinite cell has been defined
and used as a first step for representing the forces acting on the metric assembly
(paragraph 4.3.3). With the results obtained from the pseudo-infinite cell analysis it
has been possible to move to a finite cell (paragraph 4.3.4) with the consequent
inclusion of the static pressure gradient inside the cell.
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From the analysis of the finite cell three different thrust correction equations have
been evaluated.
These equation are :

L =Fy —Dcareasse = Deradie = Dpell ~ext + (FG9 = FG0)ext pot (7.1)
L=Fy+ ¢Gpre = PGbell ext — Dcarcase = Deradle + (Fgo = F Gf Yext pot (7.2)
L= FG9 - FGm -¢bell —Dcarcase 'Dcradle + (FG9 "FGf)ext pot (7.3)

Using the considerations made in paragraph 4.3.4 about the possibility of measuring
experimentally the base force, it is also possible to write the above thrust correction
equations in a different form.

L=Fy=D'carcasse —Deradle = Phell —ext + (FG9 = FGo) ext pot = ¢Gbase (7.4)
L=F, N+t ¢Gpre "'¢Gbell ext = D ’carcase "Dcradle +(F G99~ F, Gf )ext pot ~ ¢Gbase (7-5)

L=Fgg - Fen "¢Gbell -D 'carcase" cradle + (F G9 ~-F, Gf )ext pot ~ ¢Gbase (7.6)

Where the term D' carcase means that the drag of the engine carcase has to be taken into
account up to station (9) (Figure 4.21).

Using equations (7.4), (7.5) and (7.6) the first objective of those proposed in 3.2.1 has
been achieved. Indeed, by the application of different system interfaces and
accounting systems the forces and the drag acting on the metric assembly have been
identified and related in different thrust correction factors.

This also represents the first novelty of this work indeed, in the open literature there is
no thrust correction equations approach as complete as this. Furthermore, this
approach is able to name all the forces and drags acting in the metric-assembly that .
are taken into account. L
However, the incompleteness of the above equations when turbofan with unmixed
exhaust and engine with the pylon are tested has to be defined. Indeed, the.
interactions of the flow with part of engine after-body (hot nozzle duct and plug) and
the pylon have not been taken into account. Therefore, this defines a first limit of

these thrust correction equations about their ability of estimating the real gross thrust
delivered by the engine.

Once the thrust correction equations have been defined a potential one-dimensional
gas-dynamic approach has been used in an attempt to correlate each thrust correction
factor with the engine-cell dimensions and performance.

The aim of this is to derive useful relations which allow the calculation of the thrust
correction factors either by ordinary flow measurement in the test cell or by
calculation once the engine and cell dimensions and performance are known.

This has been achieved by using the basic principles of Newton’s second and third

laws, the continuity equation, isentropic compressible flow theory and the equation of
the energy conservation.
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The results of this study are summarised in the following equations which represent
the above attempt to quantify the thrust correction factors.

¢qu§”m ) [(Iﬂy)] [[ (i y )]] " [(LI)_%A:—:;M)L .7
0Acelt + A-1-X1 " 2h) '

& IR

¢Gpre _ [ H :| : A +1b+
Qodcen L1+ 4) A—]- (4; - 4p)
Ath )] (7.8)
[(1_1)_ (4; "Ath)}
X Aih -2 4
A p+l

AFygext pot = _{”2 I_(b-c)z +1—2b—201+ Zyl(b—c)z —b+c]+ 19)

w
+(b-c)?}x—EF—
2PAcelno

V2 R N
Angextpot=[(]___-£)_+(1_f)2(g;f2_1)_(1 f ],, wpri=d)

(I-d) (I-4d) (U-dy° | pi- 1? Acerto
¢Gbell +FGth ={(1+ﬂ)2(l_1)_(£2_.]:| (711)
Pth A A-1
IenAm ——
Po

All the parameters included in the equations are explained well in Chapter 4.

As can be seen, the terms enclosed in the above equations are only cell-engine
dimensions and performance parameters like the entrainment ratio, the engine mass
flow and other flow parameters at sections (0) and (th). All these terms are commonly
measured inside the cell by energy balances (paragraph 2.2.5) or by engine cell
instrumentation as engine air meters or anemometers at station (0) (paragraph 2.3.2).

However, once the cell entrainment ratio is known all the other performance

parameters (po and py) can be derived (in first approximation) using basic aero-
dynamics principles. It is worth remembering that in such calculations the hypothesis
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of an incompressible flow has to be well assessed. In addition, whenever it is
appropriate compressibility effects have also to be taken into account. This is the
approach used for compiling equations (7.7), (7.8), (7.9), (7.10), (7.10). The results of
these calculations are reported in Table 4.4 (here renamed Table 7.1).

I Al

RR First Principle M 385161
IMD (Fgo) Equation (4.64) 17263 N
(Fgrhroat + PBelimouth) Equation (4.138) 14462 N
Dpase RR First Principle Measurements 969 N
Dy Equation (4.103) 2307 N
DQpellmouth ext Equation (4.99) 504 N
Dcradie RR First Principle Measurements 723N
(Fgo'-FGo)ext pot [A9'ext =Ag] Equation (4.114) 2388 N
(FG‘)"FGf)exl pot [A9 ext =Af] Equation (4.1 19) ON

Table 7.1: Thrust Correction Factors

The above equations are not only useful for filling the thrust correction equations
derived above, but also to allow parametric analysis to be accomplished. These kinds
of studies help the understanding of how the engine-cell dimensions and performance
affect the cell flow structure and accordingly the thrust measured by the load cell.
Analytically derived maps are reported in paragraphs 4.3.10, 4.3.12 and 4.4.3 showing
how some of the thrust correction factors change with the engine-cell dimensions and
performance. In particular the thrust correction factors analysed are the potential
buoyancy term, the (Fgru+®yen) and the pre-entry force.

One important result has been obtained analysing the term (Fgrut+®pen) of equation
(7.6). The two terms, inside the brackets, are singularly the largest thrust correction
factors of that equation. Therefore, it can be assumed that the trend of the entire
equation depends on the magnitude of their relative contributions.

Figure 7.1 shows the parametric analysis of the term (Fgru+®ye) as a function of the
cell entrainment ratio and A (A=Ace/Aw). It is seen that the magnitude of the thrust
correction factors increases in a very non-linear fashion when A is reduced and the cell
entrainment ratio increases. This means that the thrust correction factor decreases
either by increasing the cell dimensions or by reducing the engine dimension. It is
possible to see that they tends asymptotically to zero as A continues to increase. At
the same time, however, the amount of secondary flow entering the cell also affects
the thrust correction factors. In fact, the curves of Figure 7.1 are shifted upwards to
increasing thrust correction factor as entrainment ratio increases.

From equations (7.7), (7.8), (7.9), (7.10) and (7.11) and the map shown in Figure 7.1
the second objective proposed in paragraph 3.2.1 is achieved. Indeed, the equations
show the possibility of representing the thrust correction factor by ordinary engine-
cell dimension and performance parameters. This allows the calculation of the
corrections either by cell measurements or by basic first principle aerodynamics.
Furthermore, parametric analyses as shown in Figure 7.1 enhance the understanding
of the enclosure effects on thrust correction factors.

These are also novelties of this work. In fact,, in the open literature, the effects of the

test cell enclosure are only qualitatively mentioned. To the author’s knowledge the
latter effects have not before been derived analytically.
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Figure 7.1: Parametric Analysis of the Term (Fg, + @) Function of A and p

However, not all the thrust correction factors, named in the thrust correction
equations, have been analytically derived. The base force, the cradle drag and the
carcase friction drag are left apart. However, the most important thrust correction for
which analytical derivation has not been achieved is the external bellmouth drag. This
does not, in fact, allow a complete comparison between the above thrust correction
factors. In equation (7.1) (or (7.4)) an estimation of such a drag is required to fully
compile it. Therefore, despite the fact that the above thrust correction equation is
included in the comparison it has to be underlined that it is not complete. Further
study should concentrate on the analytical representation of the above missing factors.

In order to validate both the thrust correction equations derived above (equations
(7.4), (7.5) and (7.6)) and the thrust correction relationships ((7.7), (7.8), (7.9), (7.10)
and (7.11)) Rolls-Royce genuine data (engine C in test cell “X”) have been used to
make a comparison. The assumptions for this comparison are listed in paragraph
4.54.

The comparison is shown in paragraph 4.5.4 by using for each thrust correction
equation two approaches for the potential buoyancy effect. Here the results of the
comparison are tabled for only one approach for the potential buoyancy term used.
This is in order to avoid complication on the understanding of the value.

The comparison, as shown in Table 7.2, is made in terms of the percentage of the load
measured. In this way an estimation of the amount of the thrust correction factors in
relation to the total load measured is also given.

The results obtained for the different equations show a very good agreement since the
maximum difference between them is the 0.115% of the total load measured.

This to some extent validates the derivation of the thrust correction equations and the
thrust correction factor relationships.

Therefore, the results in Table 7.2 represent further confirmation that the first two
objectives stated in paragraph 3.2.1, within the assumption made, have been achieved.
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Thrust Correction Equation Fgo/LL
L= FN - Dcradle "Dbell—ext + (FG9 - FGO)ext pot— ¢Gbase 1.043014
(Agext=Ar)
L=Fy+ ¢Gpre = 9Gbell ext ~ Deradle + (Fg "FGf)ext pot — PGbase 1.041913
(Agext =Ar)
L=Fg9 =FgGh = Pbell = Deradle +(FG9 = FGf )ext pot =~ PGbase 1.041943
(Agex=Ap)

Table 7.2: Thrust Correction Equation Comparison

Following the discussions of Chapter 4 it could be thought that equation (7.6) is the
most suitable for a direct calculation of the thrust correction factors by flow
measurement inside the cell.

Indeed, due to the quality of the flow at the engine throat (usually it is well defined)
the distortion problems can be avoided. Flow distortion up-stream of the engine can
affect the flow measurement and consequently the determination of the force acting
on the metric-assembly. It has to be underlined that between the engine face and the
bellmouth there is usually an airmeter for measuring the engine performance.
Therefore, the same airmeter can be used for measuring the flow conditions at the
engine throat.

Concerning the force acting on the bellmouth, a static pressure field can be obtained
by mapping the bellmouth with pressure taps. Such measurements are not something
completely new. Indeed, in some of the Rolls-Royce facilities there are already sets of
static pressure tappings along the engine bellmouth.

Furthermore, the contribution of the potential buoyancy term to the total thrust
correction factor is much lower if it has to be calculated between station (f) and (9)
than between station (0) and (9). Therefore, this is another advantage of equation (7.6)
(compared to equation (7.4)) which in such a way allows a more accurate estimation
of the thrust correction by flow measurements in the cell.

However, it has also to be said that the thrust correction equation which involves the
use of the stream gauge force at the engine throat also requires the measurement of
the force acting on the entire bellmouth. The magnitude of these two terms is quite
large and therefore even a small error in the measurement can bring a sizeable
alteration to the results. This fact plays a role against the use of this thrust correction
equation and would address the correction of the thrust measured by the means of
another thrust correction equation. From this point of view the thrust correction
equation which involves ®pre and Dpeprex Would suit the above considerations better.
The use of this equation involves an additional term to measure (®,) if compared
with that which uses the engine throat as interface, but the magnitude of each single
term is smaller. However, the main concern with the use of this thrust correction
equation is the pre-entry force. Indeed, this term can not be directly measured during
the test and therefore its estimation requires the use of either CFD software
(paragraph 6.2.8) or the analytical approaches proposed in equation (7.8).

The thrust correction equation which uses the potential buoyancy term calculated
from station (0) to station (9) appears to be the most direct to use. However, this
equation is the one which has least confirmation with the experimental data. Indeed,
the most of the thrust correction factors are enclosed in the potential buoyancy term
which is not measured but is analytically computed (equation (7.9)). Furthermore, in
this equation the external bellmouth drag also appears. This would be extremely
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expensive and time consuming to determine. Indeed, experimental test which must
reproduce the same test cell environment would be required to make such an
estimation.

Underlining the advantages and the disadvantages of each thrust correction equation,
the above considerations partially answer the third objective in paragraph 3.2.1.
Indeed, the reliability and the accuracy of the thrust correction equation depends on
the confidence in the measurement systems and computational tools available.
Therefore, depending on the cell set up and on the method used, each thrust correction
equation developed could be the more appropriate for the calculation of the thrust
delivered by the engine.

Following the same approach used for studying the indoor sea-level test facilities, the
outdoor stands have also to be taken into account. The aim of this was to understand
the main differences between the flow structures in the two situations.

Using the engine model represented in paragraph 4.4.1 it has been found that in free
air conditions with a head wind in the engine axial direction, the force acting on the
bellmouth is equal to the difference between the gauge throat stream force and the
intake momentum drag (equation (7.12))

- ¢Gbe11- Sreeair = F Gth — Fgo (7.12)

The above equation has been derived by assuming that the wind velocity was
sufficiently high to allow the stagnation point to be around the engine bellmouth lip.
Assuming now that the wind velocity drops to zero equation (7.12) can be rewritten
as:

- ¢Gbe11— -freeair =F, Gth (7 1 3)

Equation (7.13) shows that in free air condition the gauge force acting on the
bellmouth compensates the stream gauge force acting on the engine throat.
Substituting equation (7.13) into equation (7.6) (re-arranged for free air conditions
with no-air flows around the engine if the wind velocity is zero) it is possible to obtain
equation (7.14).

L=Fg, (7.14)

Equation (7.14) shows that for outdoor tests, in zero-wind conditions, the gross thrust
delivered by the engine is equal to the load measured by the load cells.

In paragraph 4.4.1 it has also been proven that equation (7.13) is also valid when the
wind velocity is not so high and the stagnation point lays on the engine carcase.

Substituting equation (7.13) into equation (7.11) it is possible to compare the force
acting on the bellmouth in free air conditions with that acting on it in the indoor
conditions

Loy freeair > Loeli-freeair (7.15)
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Equation (7.15) shows that the force acting on the bellmouth in free air conditions is
larger than the force acting on it in indoor conditions.

This result confirms the trends of Figure 7.1. There it is shown that for an indoor test
the term (Fomit®pen) is always bigger than zero and it tends to zero only for infinite
cells dimensions (free air condition).

Therefore, the above considerations underline the fact that the main difference
between the outdoor and the indoor is the recovery of the throat gauge force by the
gauge force acting on the bellmouth. In fact in free air conditions this force recovery
achieved is 100% whilst for indoor conditions it is only partially achieved.

The above findings answer to the fourth objective proposed in paragraph 3.2.1.
Indeed, it has been shown in equation (7.14) that in free air conditions the load
measured is the real gross thrust delivered by the engine. Furthermore, it has also been
identified that the bellmouth force is the main difference between the outdoor and
indoor condition.

However, it has to be said that further studies are needed to improve the
understanding of the flow around the engine. In particular, the effects of the engine
jets on the hot nozzle duct, on the plug and on the pylon have to be taken into account
for a complete balance of the forces acting on the system.

7.2.2. Analytical Prediction Tool

In Chapter 5 a one dimensional ejector pump analysis has been applied to the indoor
sea-level test facilities to analytically study the influence of the interaction between
the engine and the exhaust collector on the flow inside the cell.

The ejector analysis is based on basic aero-dynamics principles including the
continuity equation, momentum and energy conservation, the ideal gas relationship
and assumes compressible flow in every part of the model.

The main assumption of this model is the theoretical division of the detuner into three
regions, the Accommodation Region, the Mixing Region and the After-Mixing
Region. Furthermore, to make such an analysis applicable also to turbofan engines a
fourth region is used, the Preliminary Region. All the characteristics of the above
regions are explained in paragraphs 5.2.3, 5.2.4, 5.2.5 and 5.2.6.

The decision to use this approach is driven by the fact that for the usual cell
dimensions the flow along the detuner does not achieve fully mixed conditions.
Therefore, another reference section (before the mixing section) is needed to study the
engine-detuner ejector performance.

Due to the difficulties of defining a pressure loss coefficient for unmixed flows the
analytical model does not take into account pressure losses until the flow is fully
mixed.

The application and the assumptions of this analytical study are explained in
paragraphs 5.2.3, 5.2.4, 5.2.5 and 5.2.6.

The Analytical Model derived is able to define the engine-detuner characteristics for
the three detuner regions (Accommodation, Mixing and After-Mixing). This is shown
in paragraphs 5.3.4, 5.3.5 and 5.3.6 by using Rolls-Royce engine-cell dimensions and
performance data

The first result of this analysis is the enhancement of the understanding of the flow
phenomena taking place inside the facility and in particular along the detuner. Figure
5.13 shows how the static pressure changes at the Accommodation Region and
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therefore characterises the engine-detuner ejector effect. Figure 5.16 illustrates the
static pressure recovery along the detuner when complete mixing is achieved.

shows how pressure losses affect the engine-detuner characteristic. The
understanding of these phenomena is very important to increase the confidence with
engine-cell performance. Indeed, for example, the knowledge of the pressure trends
along the detuner can be useful for setting up CFD (or experimental study) or to
propose modifications achieved through performance enhancements.

Using the experimentally measured cell entrainment ratio the Analytical Model is also
able to define the operating lines of the engine-detuner system as is shown in Figure
5.15 for the Accommodation Region.

This allows a complete study of the three regions defined along the detuner. Indeed,
by derivation of the characteristic lines it is possible to know where the system
operating point can move and using the operating line, it is possible to locate it.

This approach assumes more relevance if related to the Accommodation Region.
Indeed, such a region is the only one (of the three defined) which really takes place
along the detuner (for common cell dimensions) and therefore can be used as a link
with the actual engine-detuner system.

The importance of this approach is also supported by the fact that the analytical
results at the Accommodation Region agree pretty well with the experimental ones
(Hickman, Gilbert, and Carey 1970).

The above considerations underline the possibility of deriving a tool able to predict
the cell entrainment ratio once the cell operating line is known. The attempt to derive
such a tool is described in paragraph 5.4.

The first requirement to satisfy is to find a representation which allows the definition
of a unique cell operating line which is independent of the engine type. Indeed, Figure
5.15 shows that not all the parameters provide a representation of a unique cell
operating line.

To achieve this goal, a non-dimensional analysis is been carried out.

Several attempts at this analysis are shown in paragraph 5.4.1.

The results show that it is possible to find a set of parameters which allow the
representation of only one operating line for the system. However, such a choice is
not able to represent the system by the means of only one map. Indeed, the operating
line and the characteristic line lay one on top of each other.

This is shown in Figure 7.2.

These results open the prospect of establishing a matching procedure able to predict
the cell entrainment ratio between two separated plots (one for the operating line and
the other for the characteristic line).

Accordingly, by using two different plots the necessity of representing both the lines
at the Accommodation Region is no longer a constraint (the horizontal parameter of
Figure 7.2 is the non-dimensional primary flow at the Accommodation Region
(paragraph 5.4.1)). Therefore, another set of parameters able to represent a unique
cell operating line is found (Figure 7.3)
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Figure 7.3:Non-Dimensional Representation of the Cell Operating and Characteristic Lines

This time the horizontal axis of Figure 7.3 represents the non-dimensional primary
mass flow at the Preliminary Region.

[it is now possible to establish a matching procedure between the cell operating line
and the cell characteristic line (Figure 7.4).

Knowing the non-dimensional primary flow at the Preliminary Region (from the
engine performance parameters) it is possible to enter the map on the left hand side of
Figure 7.4 (from the horizontal axis) and find out the static pressure at the
Accommodation Region (vertical axis). Once the static pressure at the
Accommodation Region has been found it is possible to enter the map on the right
hand side of Figure 7.4 to find the entrainment ratio (on the horizontal axis).
Therefore, starting from the engine performance parameters, it is possible to work out
the cell entrainment ratio.
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Figure 7.4: Matching Procedure Using the Non-Dimensional Primary Mass Flow at P.R.

The above procedure satisfies the first objective proposed in paragraph 3.2.2.

Indeed, a new tool able to predict the cell entrainment ratio has been developed. Such
a tool requires only engine-cell dimensions and performance parameters which are
usually measured during standards tests.

This new prediction tool relies on the cell characterisation for the definition of the cell
operating line. Indeed, experimental data have been used to derive the location of the
cell operating points and, accordingly the operating line resulting from the analytical
gjector model. Such an approach has been possible by avoiding the great difficulty
that would have been faced if the pressure losses of the system had been estimated
analytically or accounted for from experimental data.

As a result, the Accommodation Region offers the possibility of studying the engine-
cell performance in enclosed test cell facilities using a cell characterization by means
of ordinary cell data alone.

This methodology represents the significant novelty of this work and the author
claims it to be an entirely new approach.

However, it has to be underlined that this prediction tool relies also on the uniqueness
of the engine-detuner ejector pump characteristic at the Accommodation Region.
Such a property is shown in the next paragraph by the means of the CFD.

The benefits of knowing the cell entrainment ratio before running the engine in the
cell are manifold.

First of all the cell can be protected from the negative flow phenomena which affect
the engine and cell performance. Indeed, if the entrainment ratio predicted does not
satisfy the requirements for a clean cell flow field the cell can be modified in order to
accomplish these requirements.

Secondly, by knowing the entrainment ratio, the thrust correction factors can also be
estimated by the one dimensional gas-dynamic analysis described in paragraph 7.2.1.

The combination of the analytical ejector model and the prediction tool is also very
useful for CFD analysis. In particular, two distinct advantages can be obtained, one

for modelling purposes and the other for validation purposes.

During the modelling process, the knowledge of static pressure at the Accommodation
Region can be used as an outlet condition for the cell. This saves the modelling of the
exhaust stack and therefore would allow for a larger grid concentration in the test bay
in respect of the main compromise that CFD modelling requires (paragraph 6.2). The
modelling of the exhaust stack also represents one of the most difficult parts of the
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model. This is mainly due to the mixing process along the detuner and into the blast
basket. Such a process is still not completely understood theoretically and therefore its
modelling requires many assumptions and heavy computational resources. However,
it has to be said that for many purposes, the modelling of the exhaust system can not
be avoided. For example, in all situations which deal with the flow fields along the
exhaust vertical stack. Therefore, this limits the usefulness of the knowledge of the
static pressure at the Accommodation Region to all those simulations dealing with the
flow fields inside the main test chamber.

For validation purposes a knowledge of the engine-detuner ejector characteristic at the
Accommodation Region can be extremely useful. Indeed, it represents an engine-cell
performance parameter which has to be met by the simulation to prove the reliability
of the computational results.

The above consideration answer to the third objective proposed in paragraph 3.2.2.

Concerning the second objective of paragraph 3.2.2 this will be discussed in the third
level of the final discussion of this work. At that time a methodology will be proposed
which may prove useful for characterising the entire engine-cell system and,
therefore, in controlling the cell entrainment ratio. Indeed, the results worked out
during the ejector analytical model application are not sufficient to derive a method
for controlling the secondary mass flow entering the cell. Basically this is because it is
not possible to quantify practically the pressure losses represented by the proportion
of dynamic head lost.

However, the result obtained for the After-Mixing Region can show qualitatively the
influence of the pressure losses on the total mass flow entering the system.

is a further improvement in the general understanding of cell aero-dynamics and
represents a further attempt to characterise the system.

7.2.3. CFD as Support to Sea-Level Test

The use of CFD as a support to gas turbine engine sea-level test studies (which this
project is dealing with) is described in Chapter 6. The CFD work is divided in three
main areas: i) the estimation of the thrust correction factors (paragraph 6.2), ii) the
engine-cell characterisation (paragraph 6.3) and iii) general modelling of the cell
components (paragraph 6.4). In this chapter each one of these areas is discussed
separately.

Quantitative estimation of the thrust correction factor

The first area to be discussed is the quantitative analysis of the thrust correction
factors.

The compromise between final accuracy of results, computational resources available
and simulation running time does not allow the modelling of the entire test cell
(paragraph 6.2.2).Another approach has therefore been adopted. The inlet and the
exhaust systems are not included. The engine mass flow was defined by imposing the
static pressure at the engine face (experimental parameter). The total mass flow
entering the cell has been matched to the experimentally measured cell entrainment
ratio by changing the static pressure at the detuner exit section (Figure 6.2).
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Therefore, it is required that the simulation of several model are undertaken until cell
entrainment ratio is matched. The application of the step-by step approach to increase
the accuracy of the discretization of the governing equation makes the above
procedure for matching the cell entrainment ratio even more complicated. Indeed, for
each step, the cell entrainment ratio changes and therefore before varying the static
pressure at the detuner exit has to be waited that the last step of the discretization
approach has converged.

However, it is believed that once the cell entrainment ratio was matched the majority
of the flow similarities between the real case and the simulation could also be
captured. Therefore, the thrust correction factors could be examined. Indeed,
assuming that the computational geometry is close to the actual geometry and since
the mass flow and the total inlet pressure are the same. Similary, the gauge pressure
distributions on the surfaces will also be very close. This is of primary importance in
any computational study regarding distribution of forces. Accordingly, the total inlet
pressure is fixed at the model inlét as a pressure inlet boundary condition and is taken
directly by experimental measurements. The summary of the boundary conditions
used is reported in Figure 6.15.

All the details about the geometry, the grid and the Fluent settings have been given in
paragraphs 6.2.3, 6.2.4,6.2.5, 6.2.6 and 6.2.7.

The first thrust correction factor to be calculated is the force acting on the pre-entry
stream tube defined as the pre-entry force.

The method used for the calculation of this force is based on three steps: the
identification of the stagnation region on the bellmouth, the identification of the
stream tube and the integration of the pressure along the tube.

The identification of the stagnation points has been achieved by the analysis of the
static pressure field around the bellmouth lip. In particular, four stagnation points
diametrically opposite around the bellmouth lip have been identified (Figure 6. 23).
From each stagnation point a path line in reverse mode has been released using the
Fluent path lines tool. Once the four stagnation path lines have been identified a
stream tube has been associated to each one of them (identification of the stream
tube). This is the main assumption of the pre-entry force calculation. Indeed, in order
to account for possible three dimensional effects, which would not allow for a
uniform stream tube, four different stream tubes have been taken into account. Each
one of the stream tube was assumed to be uniformly made by the path line released
from only one of the defined stagnation points. Once the dimensions of the four
stream tubes have been found (by extracting the coordinates from the path lines
released) it is possible to use a numerical method to associate at each node of the path
line a correspondent area (equation (6.5)). Using the Fluent path line tool it is also
possible to extract form each node of the path lines the flow properties. Therefore,
knowing the gauge static pressure and the element of axial projected area for each
node it is possible to compute four different axi-symmetric pre-entry stream forces
(equation (6.8)) (pressure integration along the stream tube). The final value of the
pre-entry force is computed by averaging the four values defined above (equation

(6.9)).
The value of the pre-entry force computed is reported in Table 7.5.

The derivation of the pre-entry force has also led to a more deep study of the pre-entry

stream tube. One interesting property of the pre-entry stream tube that the CFD is able
to represent is related to the static pressure distribution along the path line. Despite the
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convergent shape of the stream tube the static pressure increases moving toward the
bellmouth lip. This apparently does not agree with the convergent duct in subsonic
flow theory, which would lead to a velocity increase and a static pressure reduction.
However, the static pressure along the stagnation stream line has to increase moving
toward the bellmouth in order to match the total pressure at the stagnation point.
Therefore this justifies the static pressure trend described above but has to be
underlined that, such a trend is valid only for the stagnation path line. This is
confirmed by the plotting in Figure 6.27 and Figure 6.29 which show a drastic
velocity increase and pressure reduction of the stream tube core while moving
towards the bellmouth.

Another interesting fact that the CFD plottings are able to show, is that there are not
pressure or velocity gradients across the stream tube.

The second thrust correction factor calculated by CFD is the gauge force acting on the
entire bellmouth and on the external bellmouth.

The calculation of the gauge force acting on the entire bellmouth does not show any
complication and it can be made by a direct integration using the Fluent integration
tools. It is however worth to remember that for direct force calculations the accuracy
of the grid along the surfaces is of vital importance. Therefore, since the beginning the
grid has to be generated taking into account possible grid adaptation (Fluent
incorporated b) in order to meet the final standards for the integration accuracy.

About the gauge force acting on the external part of the bellmouth, the first step is that
to identify the external part of the bellmouth. Therefore, it is necessary to identify the
stagnation region on the bellmouth lip. The methodology used is the same described
above. In order to help the integration of the gauge pressure, since the beginning of
the modelling the bellmouth surface was divided in several different surfaces. Indeed,
the stagnation region can not be understood unless the simulation has converged.
Therefore, the division of the bellmouth surface in several components allows for a
more complete direct integration by the Fluent tools and it leaves then a smaller part
to be integrated manually (equation (6.10)).

The results of the integration are reporte in Table 7.5.

The next thrust correction factor calculated by CFD is the base force.

No relation for computing the base force has been defined by the one dimensional
aero-dynamws analysis. Therefore, for filling the thrust correction equations reported
in paragraph 7.2.1 the experimental measured base force has been used.

In order to compare the thrust correction equations and analyse the validity of the one
dimensional analysis also in the thrust correction factor equations filled with CFD
results the base force is accounted as that experimentally measured.

However, a comparison between the CFD value of the static pressure at the engine
after-body and that experimentally measured is shown.

Two different ways of extracting the static pressure at the engine after-body have
been used. The first defines a ring similar to that used in the R-R First Principle
Anemometer Method. The second averages the static pressure along the engine cold
nozzle duct (engine body).

The results of this are in table Table 7.3.

It is possible to see from the values in Table 7.3 the static pressure calculated by CFD
at the cold ring matches the value experimentally measured. This can confirm the
capacity of Fluent of representing the depression region experienced by the engine
after-body inside the test cell.
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CFD Experimental
p average nacelle p average cold ring Piezoring
[Pa] [Pa] [Pa]
100700 100543 100543

Table 7.3: Static Pressure Comparison for the Base Force Calculation

The next thrust correction factor to be computed by CFD is the cradle drag.

In the thrust correction equations reported in paragraph 7.2.1 the experimental
measured cradle drag has been used. Therefore, in order to make the comparison
between the CFD and the one dimensional results the value experimentally measured
is also used in the thrust correction equation compiled with the CFD result.

However in Table 7.4 a comparison between the velocity measured around the cradle
by the anemometers (paragraph 2.3.2) and the value computed by CFD is presented.
By CFD it is possible to compute the velocity around the cradle in several ways. Here
two of them are reported. The first calculation is done by drawing a set of vertical
planes across the cradle which cut the entire cell and extract the average velocity
along them. The second way is a manual velocity measurement by picking up the
velocity around the cradle close to where the anemometers are positioned.

CFD Experimental
Planes Average Manual Anemometers
[m/s] [m/s] [m/s]
10.5 8.1 7.3

Table 7.4: Velocity around the Cradle

Still the CFD results show a good agreement with the experimental values, this is true,
especially when the manual approach is used. The main differences are probably due
to the blockage are of the cradle. Indeed, the CFD model uses the same structural
blockage area of the real cradle but it does not take into account the area of all the
instrumentations and tools positioned around the cradle. Furthermore, it has to be
underlined the fact that the velocity measurements are also influenced by the distance
from the cradle. The manually picked values are taken at a distance from the cradle
where the velocity profiles were completely developed. This can justify the slightly
higher value. About the values derived by averaging the velocity along cross sectional
planes it has to be said that such velocities are computed accounting for the entire
cross sectional area of the cell. Therefore, they include also regions located not very
close to the cradle.

The next thrust correction factor to be calculated by CFD is the gauge stream force at
the throat.

This has been done by extracting from Fluent the values of the static pressure and the
velocity. i
With these two parameters a direct estimation of the gauge throat stream force can be
made.

The last thrust correction factor calculated by CFD is the intake momentum drag.
Accordingly with the definition of the intake momentum drag, the flow velocity has
been computed directly by Fluent integration tool 15 m up-streams the engine. At
such a distance the flow profile is almost uniform as it is shown in Figure 6.33. After
that this velocity has been multiplied by the engine mass flow directly measured by
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the Fluent integration tool. The value of the intake momentum drag computed is
reported in Table 7.5.
Using the values reported in table Table 7.5 it is possible to compile the thrust

correction equation reported in paragraph 7.2.1 in the same form of those expressed in
Table 7.2.
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Foru 103851 N
Bellmouth Total -90876 N
Bellmouth External -836,97 N
Pre-Entry Force (A) 1452 N
Pre-Entry Force (B) 1274 N
Pre-Entry Force (C) 1502 N
Pre-Entry Force (D) 1400 N
Pre-Entry Force Average 1407 N
p base nacelle 100700 Pa
p piezo-ring 100543 Pa
Base Force (p nacelle) 342 N
Base Force (p ring) 969 N
Veradle CFD 8.1 m/s
APcradie CFD (equation (2.10)) 38.95 Pa
Deradie CFD 845 N

Table 7.5;: TCF Computed Using CFD Results

Thrust Correction Equation Feo/LL
L =Fy = Deradle = Dpeii-ext + (FG9 = FGo)ext pot ~ PGhase 1.042771
(Agext=Ag)
L=Fy+ ¢Gpre =9Gbell ext = Deradle + (FG9 = FGf)ext pot PGhase 1.043145
(Agex =As)
L=Fgg = FGm —¢bell = Deradie + (FG9 o FGf)ext pot —¢Gbase 1.03808
(Agext=Ag)

Table 7.6: Thrust Correction Equation Comparison

Regarding the calculation of the potential buoyancy term the same values reported in
table Table 7.1 are used also with the CFD results.

Again it has to be underlined that for the first equation in the table the thrust
corrections estimation does not include the value of the external bellmouth drag.

The above two tables fulfil the fifth objective presented in paragraph 3.2.3.

Indeed a quantitative estimation of the thrust correction factors has been made using
CFD.

Comparing the result obtained by compiling the thrust correction equations it is
possible to obtain a first validation of the findings. Indeed all the equation of Table
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7.6 should give the same result (apart for the neglecting of the external bellmouth
drag for equation (7.1)).

The bigger difference between the three thrust corrections equations compared is
about 0.5% of the load measured. It is worth to notice that regardless the method used
to compute the thrust cormrection factors (i.e back-to-back test, experimental
measurements, computational analysis etc.) errors will be always present. The error
reported here is within the acceptable margin defined by Rolls-Royce.

Considering that the above thrust correction equations involve quite different terms
and the fact also that each term has been computed by some assumption this
difference does not appear to be very big. The equation which seems to have more
problems is that one which involves the gauge stream throat force. The high flow
velocity experienced by the internal part of the bellmouth could be a possible reason
to explain the difference. Indeed, the modelling of such high velocity profile could
require a more accurate approach than the “standard wall function” (Fluent
incorporated b) used in this work. However, at the same time it has to be said that
more accurate modelling would require a greater number of cells around the
bellmouth. This would increase the computational resources required to allow the
simulation to run. Therefore, the main compromise between accuracy, computational
resources and simulation time defined at the beginning of Chapter 6 would come back
again to play its role.

However, the results shown in Table 7.6 are a very good starting point to enhance the
CFD confidence for modelling the flow inside a sea-level test facility and attempting
quantitative extrapolations. Furthermore, it has to be underlined the fact that the
methodology delivered for achieving this quantitative extrapolation of the thrust
correction factors does not involved the study of any improvement of the results.
Changing the Fluent settings and compare the different CFD approaches is a valid
point for future work.

It has to be underlined that the results provided in Table 7.5 and Table 7.6 represent a
novel approach for the calculation of the thrust correction factors in indoor sea-leve
test cell.

CFD study of the engine-detuner ejector pump effect

The second area, of CFD application in this project, to be discussed is the
computational study of the engine-detuner ejector pump effect.

The main purpose of the application of the CFD for studying the ejector effect taking
place in indoor test facilities is to understand how the Accommodation Region is

affected by different engine-cell configuration.

In order to study the effects of the engine-cell configuration two parameters have been
studied: the cradle blockage area and the detuner length. The former represents the
influences of the cell configuration up-stream to the detuner on the engine-detuner
characteristic at the Accommodation Region. The latter represents the influence of
different exhaust system configurations on such a characteristic.

Furthermore, the CFD calculations are also used to derive the engine-detuner
characteristic at the Accommodation Region for the original engine and cell
configuration.

The computational geometries and settings are described in paragraphs 6.3.2 6.3.3.
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Table 6.2 and Table 6.3 show the results obtained for the derivation of the engine-
detuner characteristic at the Accommodation Region after the second order of
discretization is achieved (the former is related to the model with the cradle and the
second to the model without the cradle).
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Figure 7.5: Characteristic at the Accommodation Region for Models with and without the Cradle

Figure 7.5 shows the representation of the ejector characteristic at the
Accommodation Region for the two models, with and without the cradle.

As it is possible to see in both cases the CFD is able to represent the right shape of
such a characteristic. Furthermore, the results of the two set of simulations show that
the two characteristics are almost identical. From this consideration it is possible to
understand that the ejector characteristic at the Accommodation Region does not
depend on the cell configuration up-stream to the detuner.

However, it is possible to see that for equal static pressure, used as outlet boundary
conditions for the models, the operating points are not the same. This means that the
engine-cell system operating point moves on the characteristic as a function of the cell
configuration.
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Figure 7.6: Effects of Detuner Lengths on the Operating Point at the Accommodation Region
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Table 6.4 lists the results obtained from the models with different detuner lengths
(these models include the Cradle).

These results can be plotted in the same map represented in Figure 7.5 in order to
show the effect of changing the detuner length on the engine-detuner characteristic at
the Accommodation Region (Figure 7.6).

The results plotted in Figure 7.6 show that to each detuner length corresponds a
different operating point at the Accommodation Region. However, all the operating
points defined lay on top of the engine-detuner ejector characteristic. This result
confirms the uniqueness of the engine-detuner ejector at the Accommodation Region.
It can be also interesting to understand how the operating point moves along the
characteristic curve. To do this an analysis of the level of mixing achieved along the
detuner is carried out and the results are shown in Figure 6.47, Figure 6.48 and Figure
6.49. The total pressure is the parameter used to quantify the level of mixing achieved
along the detuner. It is assumed that when the primary and the secondary flow reach
the same total pressure the mixing process is completed. The above mentioned three
pictures (paragraph 6.3.4) show that increasing the detuner length the level of mixing
achieved increases as well. Furthermore, with a detuner length of 145 m the total
pressure of the primary and secondary flow after having reached the same value start
to decrease following the same trend. These considerations can be reflected to the
trend of the plot of Figure 7.6 and to relate the level of mixing with the amount of air
entering the cell. Indeed, in such a picture it is possible to see that the entrainment
ratio increases while moving from a detuner of 45m to one of 95m but it decreases for
a 145m detuner length. Therefore, this means that until the fully mix conditions are
achieved, an increase of the detuner length brings more flow into the cell. Instead,
when the flow is fully mixed an increase of the detuner length brings a reduction to
the flow entering the cell. This behaviour is basically due to the pressure losses
effects. Indeed, until mixing is not fully achieved, the total pressure of the secondary
flow increases despite the system pressure losses. When the energy transfer between
the primary and the secondary flows ends, the system pressure losses act to reduce the
total pressure of the mixed flow. Therefore, once the mixing is fully achieved the
system pressure losses act to reduce the pumping effect and the secondary mass flow
entering the cell reduces.

The above considerations, related to the application of the CFD for studying the
engine-detuner ejector pump, answer to the fourth objective presented in paragraph
3.2.3. Indeed, the CFD analysis showing how the engine-detuner ejector operating
point moves along the characteristic line (in the Accommodation Region) has
improved the ejector analysis described in Chapter 5. Furthermore, the CFD study has
also proved the uniqueness of the engine-detuner characteristic in the Accommodation
Region and therefore has given confidence to the Matching Procedure for the

prediction of the entrainment ratio.

CFD general modelling of the test cell components

CFD has also been used for modelling some test cell components with the main
purpose of understanding their influence on the flow fields inside the cell.

The first component to be studied is the cell inlet stack. Indeed, the majority of the
models run for studying either the thrust correction factors or the engine-detuner
ejector pump did not include the inlet stack but uniform conditions at the main test

chamber inlet.
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The results show that an inlet stack which also includes the cascade turn winds is able
to provide a very uniform flow inside the cell and up-stream tp the engine. This is
shown by the plots of

Figure 6.62 where the results of two inlet stacks, with and without turning winds, are
compared.

Furthermore, the presence of the turning wind has been found of primary importance
to avoid the recirculation inside the cell (Figure 6.61).

The second component to be modelled was the outlet stack, including the blast basket.
A methodology has been provided for modelling the big perforated cylinder by
combining together the porous jump theoretical model present in Fluent ((Fluent
incorporated b ) and the experimental Adkins and Anas technique (Adkins and Anas
1996)) (paragraph 6.4.3).

The results show the appearance of a flow recirculation inside the blast basket
dependent on the magnitude of the pressure losses imposed. Furthermore, the results
show that the system mass flow reduces as the system pressure losses are increased.
At this stage of the modelling this can not be related to the pumping effect because the
model does not include the engine-detuner ejector pump effect.

Another interesting consideration which can be made by analysing the total pressure
trend along the entire exhaust stack is that, by increasing the pressure drop the mixing
level inside the blast basket increases (Figure 6.68).

To summarise the tests made by using the Fluent porous jump, it appears that this is a
robust model able to simulate the pressure losses across the blast basket. However,
there are limitations to take into account. The first limitation is the impossibility of
studying the mixing process between the small holes of the blast basket. The second
limitation is uncertainty on the determination of the pressure losses. Indeed, the
combination of the Adkins and Anas experimental analysis ((Adkins and Anas 1996))
with the Fluent porous jump has to be trimmed in order to provide the same results.

In this paragraph the use of CFD for modelling the flow field inside a gas turbine sea-
level test cell has been discussed from several points of view. They can now be
summarised in three main points: i) thrust correction factors estimation, ii) engine-
detuner ejector analysis and iii) test cell components modelling, The analysis of each
point has allowed the achievement of some of the objectives fixed for this part of the
work (paragraph 3.2.3). As the quantitative estimation of the thrust correction factors
and the support to the analytical ejector pump experience for developing the Matching
Procedure for the entrainment ratio prediction.

Furthermore, by combining the three experiences together, the use of CFD has
allowed a better understanding of the flow structure inside the facility (visualisation of
the pre-entry stream tube structure and the flow recirculation inside the blast basket).
With the quantitative and qualitative results obtained along this project the suitability
of the commercial CFD package used for studying the flow phenomena in the indoor
sea-level test facilities has been proved (first objective of paragraph 3.2.3).

Some guidelines about the use of CFD for indoor sea-level gas turbine test facilities as
listed below.

e Due to the dimensions of a test cell facility a trade off has to be achieved
between accuracy, computational resources available and computational time
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e To support the above point, a model including only the main test chamber
can be used, once the real cell entrainment ratio has been matched, to study the
flow inside the cell. Two different approaches have been developed to match the
entrainment ratio. The first is to use the analytical ejector model and find out the
static pressure at the Accommodation Region corresponding to the actual p. Such
a pressure can be used as outlet boundary condition for the model (which ends at
the Accommodation Region) and when combined with the actual total pressure at
the inlet of the model gives the right mass flow entering the cell (paragraph 5.5).
The second method is an iterative procedure by which the static pressure at the
exit of the detuner is changed until the actual cell mass flow is matched
(paragraph 6.2.2). However, it has to be said that this two processes always need
some final adjustments of the boundary conditions in order to match the engine
and the cell mass flows.

e Split the cell volume in many detailed volumes in order to achieve the type
of mesh required. Such an approach is important because it avoids the use of
inapropriate grid typologies with the consequence of keeping always under control
the number of the grid elements.

e In such a big model as the test cell facility it is advised to use the grid
adaptation tools once the convergence is achieved. This approach avoids running
extremely long simulations which would not converge because of some setting
problems.

e If the calculation of the force acting either on the external or in the internal
part of the bellmouth is one of the targets of the simulation it is advised to split the
bellmouth geometry in several surfaces. With the bellmouth split in several parts,
first the identification of the stagnation region is easier. In addition for a larger
part of the bellmouth surface the calculation can be done automatically using
integration tools present in the software package.

o If the calculation of the base force is one of the targets of the simulation it is
advised to represent the exact geometry of the fan duct (for a turbofan engine with
unmixed nozzle).

e It has been proved that the cradle does not affect the engine-cell performance
inside the cell. Therefore it is advised to exclude from the model all the
instrumentations and the cell equipment fixed on the cradle and use only the main
frame for the simulation.

e If the pre-entry force has to be calculated it is advised to generate a very fine
mesh around the bellmouth lip to facilitate the identification of the stagnation
stream line. Second it is also advised to have a fine grid also in front of the engine
in order to allow an easier data extraction from the path line.

e If a cell characterisation in the Accommodation Region has to be done it is
advised to cut the detuner (close to its entrance) with several cross sectional
surfaces since the beginning of the modelling. This would facilitate the location of
the Accommodation Region.
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7.3. Second Level

In this second level of discussion the findings reported in the different chapters
(Chapters 4, 5 and 6 (and summarised in paragraphs 7.2)) of this work are compared.

One-Dimensional vs CFD Thrust Correction Comparison

The first comparison is between the calculations of the thrust correction factors using
the one-dimensional relationships developed in Chapter 4 and those extrapolated by
CFD in Chapter 6.

Table 7.7 gathers together the results previously shown in Table 7.2 and Table 7.6,
and Table 7.8 encloses the results previously shown in Table 7.1and Table 7.5.

As it is possible to see the results obtained by compiling the thrust correction
equations either with the CFD data or with the one-dimensional data, are in good
agreement.

The maximum difference between them is around 0.39% of the thrust measured by
the load cell. This is below the limit which is usually set at 0.5% (private conversation
with R-R Staff) for the uncertainty on the determination of the gross thrust delivered
by an engine.

The larger differences on the estimation of the thrust correction factors refer to the
determination of the pre-entry force and the term (Fgruroat + Qcbelimouth)-

The estimation of the pre-entry force using the CFD results has been made by a
numerical integration of the gauge static pressure along the pre-entry stream tube.
Such a procedure contains by itself some uncertainties in both the definition of the
pre-entry stream tube and on the integration process as described in Paragraphs 6.2.8
and 7.2.3. Accordingly these uncertainties can affect the value computed. In order to
improve the calculation of the pre-entry force it is advised to refine the mesh not only
around the bellmouth but also up-stream to the engine where the pre-entry stream tube
is located. In such a way more nodes are available for the numerical integration
proposed as a method for estimating the the pre-entry force. A better mesh up-stream
the engine can also provide a more definite pressure field which can allow a more
accurate calculation.

Thrust Correction Equation Feo/LL A%
~ CFD 1-D
L =Fy = Derodle = Dpeli-ext + (FG9 = FGo)ext pot ™~ $Ghase | 1.04277 1.04301 | 0.0242
4A9 ‘ext =Af) h
L= Fy +9Gpre = $Gbell ext = Deradle +(FG9 = FGf Yext por = #Grase | 1.04314 | 1.04191 | 0.123
(Agext=Ay)
L =FgGg = FGth =velt = Deradie +(FG9 = FGf Jext pot ~$Gbase | 1.03808 | 1.04194 | 0.386
(Agext=Ay) -
Table 7.7: Thrust Correction Equation Comparison CFD-1-D .
TERM . |~ CFD__ | 1D - | -=A
IMD (Fo) 17170 N 17263 N 93 N
(Foruroat + Pobelimouth) 12975 N 14462 N 1487 N
Dpre 1407 N 2307 N 900 N
(DBellmouth ext -836 N -504 N 332N

Table 7.8: Thrust Correction Factor Comparison CFD-1-D
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Also for the term (FgtaroaT + PGbelimoutn) it 18 believed that a mesh refinement can
improve the results. Indeed, as already said in paragraph 7.2.3, the determination of
the throat gauge force and the bellmouth gauge force involve the solution of a high
velocity field. Therefore, the “standard wall function” approach used by Fluent (and
chosen for these simulations) may not be ppropriate. The “enhance wall treatment” is
the best alternative offered by Fluent to study the flow in the proximity of bounding
walls. However, this approach (also if used only around the bellmouth) would lead to
a massive increase of computational elements for modelling the cell which would
compromise the computational resource available and the computational time.
Therefore its use has to be well evaluated.

A comparison like the one proposed in Table 7.7 and Table 7.8 represent another
novelty of this project.

It would be really interesting to have the opportunity of comparing the above
presented data with the actual experimental results from back-to back. This would
definitely confirm the validity of both CFD and one-dimensional numerical results.
Unfortunately, outdoor test results for computing the real thrust delivered by the
engine have not been provided.

Ejector Pump Analytical Model vs CFD

The second comparison is between the CFD result about the engine-detuner ejector
pump characterisation in the Accommodation Region and those obtained by the
analytical procedure. The aim of this comparison is to have an auto-validation of both
the approaches. Indeed, if the two ways of representing the engine-detuner
characteristic lead to the same result, the Matching Procedure for the prediction of the
cell entrainment ratio is better supported.

Figure 7.7 shows the engine-detuner characteristic curves in the Accommodation
Region developed with both CFD and the analytical procedure. In particular Figure
7.7 plots the characteristics derived with CFD using the model with cradle (blue
curve) and the model without cradle (red curve) plus the operating points of the
different systems associated with different detuner lengths.
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Figure 7.7: Comparison between Analytical and CFD Results in the A.R.
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As it is possible to see, all the characteristics are very close to each other. This means
that the engine-detuner characteristic in the Accommodation Region predicted using
CFD is almost identical to that derived by using the analytical ejector model.

This provides a confirmation about the validity of the Matching Procedure and
furthermore confirms the validity of the CFD as useful tool for studying the flow in
indoor sea-level test facilities.

The above considerations answer to the sixth objective presented in paragraph 3.2.3
which includes the comparison between the thrust correction factors calculated using
CFD and those computed by the one-dimensional relationships. Furthermore, by
showing that the characteristic at the Accommodation Region calculated using CFD
modelling is almost identical to the one computed by the ejector analytical model,
also the third and the fourth objectives of paragraph 3.2.3 are fullfilled. Indeed, it has
been shown that CFD can improve the analytical approach for modelling the engine-
detuner ejector pump but also that the analytical ejector model approach can be used
to improve the CFD modelling of the indoor sea-level test facilities.

Dimension Performance
Acei(0) 1)
Acell-(1) Vo
Acell(9) Vith
Aqozzle po
Aeng(f) Pth

Table 7.9: Parameters for the Thrust Correction Factors Relationship

On this second level of discussion it is also interesting to pay attention to the possible
interaction between the work presented in Chapter 4 and Chapter 5.

In Chapter 4 the relationships for calculating some of the most important thrust
correction factors (equations (7.7), (7.8), (7.9), (7.10) and (7.11)) have been
developed as function of common engine-cell dimension and performance parameters
(Table 7.8).

As it is possible to see in Table 7.9, where the required parameters are listed, the only
parameter unknown before running the engine in the test cell is the entrainment ratio.
Indeed, once this parameter is known it is possible to extract the cell velocity at
station (0) by knowing the engine mass flow and the cell dimensions. About the throat
density, it can be computed either using the isentropic compressible flow relationship
(in first approximation) or by knowing the characteristic curve of the engine inlet
system.

Therefore, the entrainment ratio is the main unknown for using the above listed
equations and calculating the thrust correction factors. In the above listed equations,
the intake momentum drag is not mentioned because it is assumed to be known when
the flow velocity at station (0) is known (equation (4.50)).

At the same time, the main output of Chapter 5 is the developement of a prediction
tool able to predict the cell entrainment ratio.

Therefore combining together the one-dimensional relationships for the calculation of
the thrust correction factors and the Analytical Prediction tool it is also possible to
estimate the thrust correction factors before running the engine inside the cell.
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This represents another benefit from knowing the cell entrainment ratio before
running the engine. It is worth to say that the above result is supported also by the
findings from the CFD studies and their comparison with the engine-detuner
analytical ejector model and the thrust correction factors results.

The combination of the thrust correction factors and ejector pump theories developed
in this work represents a novel approach for improving the capacity of the test cell.

7.4. Third Level

In the third level of discussion, the attention is concentrated on the development of a
methodology for predicting and controlling the cell entrainment ratio in sea-level test
facilities. Such a methodology is based on the experience and the results obtained
from each area of work.

A Matching Procedure for predicting the cell entrainment ratio has been presented in
the first level of the discussion (paragraph 7.2.2). Such a procedure, is based on the
use of two maps (the operating and the characteristic curves) developed in the
Accommodation Region using an ejector pump analytical model. The CFD analyses
have improved the understanding of this method (First Level of discussion) and
supported its validity (Second Level of discussion).

In the First Level of discussion the possibility of controlling the cell entrainment ratio,
predicted using different pressure losses for characterising the system, has been
introduced.

An analytical approach for modelling the influence of the pressure losses would
require the study of flows not fully mixed (primary and secondary flows in the
detuner) whose behaviour is not completely understood. Furthermore, an analytical
approach would leave unsolved the problem of transferring its application to the
actual cells. Indeed, the practical quantification of the pressure losses analytically
applied would require several sets of time consuming and expensive experimental
tests.

Therefore, another approach is suggested here.

The method, proposed in this third level of discussion, is based on a cell
characterization method using real test data.

In Chapter 5 (paragraph 5.3.4), the derivation of the cell operating line by the
application of an analytical ejector model was shown. Such an operating line has been
derived by using as input the entrainment ratio experimentally measured for the
different engine power settings tested. Such a derivation is based on the actual engine-
cell configuration and has been proved to be independent of the engine parameters. In
Figure 7.3 a unique operating line has been identified for different engines and power
settings. Therefore the operating line depends only on the cell configuration.

By changing the cell configuration the system’s operating points, for different engine
power settings, will alter their position along their characteristic curve in the
Accommodation Region. Accordingly, they would define another operating line,
similar to that obtained for the original cell configuration but this time shifted to a
different position on the map.

The fact that the system operating point moves along the engine-detuner characteristic
in the Accommodation Region has been shown in Figure 7.6 by using different
detuner lengths.

Figure 7.8 shows a comparison between the cell operating line worked out for the
actual cell configuration and two system operating points for two different cell
configurations. As can be seen, altering the cell configuration the system operating
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points do not lay on the existing cell operating line. Therefore, different engine-cell
operating lines must pass through the new operating points.

Bearing in mind, the findings described above and by (paragraphs 7.2.2 and 7.2.3)
running the same set of engine power settings in different cell configurations provides
a map similar to that drawn in Figure 7.9. In this map several cell operating lines are

plotted as a function of the cell configuration which is represented by the pressure
losses of the system, AP %.
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Figure 7.8: Comparison between the Engine-Cell Operating Line Worked Out by the Analytical
Ejector Pump Model for the Actual Cell Configuration and Two Different Operating Points
Representing the Extreme Working Conditions for the Ejector Pump Characteristic Curve.

Once this map is derived, it is possible to establish another matching procedure which
can help control the cell entrainment ratio. Such a procedure would define a complete
method for predicting and controlling the cell entrainment ratio.

W
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Figure 7.9: Different System Operating Lines for Different AP% of the System
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The matching procedure for predicting the cell entrainment ratio has already been
discussed in paragraph 7.2.2. Attention is now paid to produce a matching procedure
for controlling the cell entrainment ratio.

There are two maps used for predicting and controlling the cell entrainment ratio.

The engine-detuner characteristic in the Accommodation Region and the map which
includes the different cell operating lines (Figure 7.9). As a starting point it is
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assumed that the entrainment ratio that the engine would experience in the test cell
has been already predicted and its value is named p (Figure 7.10).

This point, p’, corresponds to a point o on the engine-cell operating line. This is
clearly shown in Figure 7.11 where the blue line represents the cell operating line for
the original cell configuration and 0" the operating point of the system for this system
configuration. These are the results provided by the application of the prediction tool.
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Figure 7.10: Predicted (Red) and Desired (Green) Cell Entrainment Ratio
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Figure 7.11: Operating Point for the Actual Cell Configuration

In Figure 7.10 is also shown the ideal cell entrainment ratio (i) which for the current
engine and cell configuration avoids the presence of adverse flow phenomena in the
cell (recirculation, separation, distortion). As shown in Figure 7.8 the operating point
related with p does not lay on the existing operating line (in the case of Figure 7.11
this means in the blue line) Indeed, for the existing cell configuration and engine
power setting, (engine non dimensional mass flow at the nozzle) the operating point is
o". However, the selected entrainment ratio would correspond to an operating point
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which lays on another cell operating line, defined for different system pressure losses.
Combining together the two maps shown in Figure 7.10 and Figure 7.11 it is possible
to provide the system pressure losses which would allow the matching of the
entrainment ratio p, to be defined as target.

Indeed, from Figure 7.10 it is possible to extract the static pressure at the
Accommodation Region corresponding to p. This value can then be used as an input
to the vertical axis of the map represented in Figure 7.11. Since the engine power
setting remains the same it is therefore possible to find another system operating point
along a different cell operating line. The pressure losses associated with this operating
line characterise the new cell configuration.

Figure 7.12 summarises the two matching procedures for predicting (red) and
controlling (green) the cell entrainment ratio.

This procedure is summarised in the following steps.

The first step is to spot the value of the static pressure corresponding to the cell
entrainment ratio desired along the engine-detuner characteristic curve (in the
Accommodation Region (right hand side of Figure 7.12)). The second step is to use
the value of this static pressure and use it in the cell operating lines map (left hand
side of Figure 7.12) by defining the ratio Pp/pac. The reader is reminded that P,
represents the stagnation pressure of the primary flow and is a know engine
parameter. The third step consists of using the ratio Py/p,.. derived in the second step
and the engine non dimensional mass flow to find the operating line where the system
operating point has moved to. The identification of the new cell operating line allows
the estimation of the system pressure losses required to achieve the desired
entrainment ratio.
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Figure 7.12: Prediction and Controlling Matching Procedures

The main concern related with the application of the controlling matching procedure
is the definition of a map which includes the engine-cell operating lines as a function
of the pressure losses. As already said during this chapter the flow along the detuner is
highly unmixed and therefore an attempt of quantifying its pressure losses would
require expensive and time consuming experiments. For this reason at the beginning
of this paragraph it has been stated that the controlling matching procedure is based
on a cell characterisation using real test data. By this it is intended that the different
system operating lines are not derived by direct pressure losses estimations but by
characterising the test results derived by altering the configuration of the cell.
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The following example is given.

It is suggested that the percentage of the open air of the blast basket is used as a
handle. Indeed, it is possible to use plates to cover a percentage of the holes present
on the surface of the cylinder.

By covering part of the holes, the engine-cell performance is altered and therefore
different cell entrainment ratios can be obtained. Accordingly, testing different engine
power settings with the changed blast basket configuration provides a new set of cell
entrainment ratios. This new set can be processed with the use of the analytical ejector
model (discussed in paragraph 7.2.2) and a new engine-cell operating line will be
derived. It is suggested that the new engine-cell operating line is referred to the
percentage of the free area of the blast basket and not to the analytically derived
pressure losses.

This procedure can be repeated for different blast basket configurations and
accordingly different engine-cell operating lines are derived. Such a process
eliminates the need to evaluate analytically the pressure losses of the system.

The map shown in Figure 7.9 is qualitative picture of typical pressure loss
characteristics.

The validity of the method has been illustrated and a procedure to characterise the
cell, using a series of tests, has been presented.

The method suggested eliminates the need to quantify the pressure losses experienced
in the blast basket. However, in theory the effect of the pressure losses experienced in
the exhaust system can be idealised through the use of an infinite length, constant area
detuner which expands the flow to atmospheric conditions.

In such a case, mixing will be achieved in the detuner and therefore pressure losses
can be modelled with the use of an appropriate method (outlined in paragraph 5.2.6).
This type of modelling is an accurate representation of the losses and their effect on
the system performance. This is due to the fact that the ejector pump parameters such
as detuner diameter, primary and secondary flow conditions as well as engine detuner
spacing are the same and will result in a single characteristic line to represent the
Accommodation Region.

Therefore, the same ejector pump is modelled.

Despite the simplification at the exhaust system the following analytical method is
presented to quantify the effect of the pressure losses on the operating line.

This time pressure losses are used as handle parameter, the entrainment ratio is the
guessed parameter and the static pressure at the outlet of the detuner is the validating
parameter.

An initial guess of the entrainment ratio at the Accommodation Region is required.
For this value of entrainment ratio the iterative procedure developed for the
Accommodation Region and presented in paragraph 5.2.4 is used to define the flow
parameters in that a region.

Once the flow conditions in the Accommodation Region are known the iterative
procedure defined for the Mixing Region (outlined in paragraph 5.2.5) is applied.

In this case for the entrainment ratio initially guessed the iterative procedure at the
Mixing Region is initialised using the atmospheric pressure.

If the static pressure value computed is equal to the atmospheric then the entrainment
ratio guessed equals the entrainment ratio at zero pressure losses.

If the static pressure computed is different than the atmospheric a new value for the
entrainment ratio at the Accommodation Region is guessed and the process is
repeated until the static pressure is computed as equals to the atmospheric.
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For any value of pressure losses other than zero the process is initialised by guessing a
value for the entrainment ratio and following the iterative procedure developed for the
Accommodation Region.

Once the flow parameters at the Accommodation Region are computed the iterative
procedure at the Mixing Region can be applied by guessing a value of the static
pressure for initialising it.

This time the static pressure is allowed to vary with the only constraint being that for
the given entrainment ratio the static pressure computed must be equal to the static
pressure guessed (check condition).

Once the conditions in the Mixing Region are known the After-Mixing iterative
procedure (outlined in paragraph 5.2.6) is initialised by guessing the value of the
static temperature and using the pressure losses as an independent parameter.

The convergence criterion is that the static pressure computed for the initially guessed
entrainment ratio and defined pressure losses must be equal to the atmospheric.
Therefore, if the atmospheric static pressure is not matched another value of
entrainment ratio must be guessed and the entire process repeated.

The matching procedure derived here for controlling the cell entrainment ratio also
offers the opportunity of controlling the thrust correction factors. Indeed, the cell
entrainment ratio can also be varied in order to match a previously fixed value for the
thrust correction factors. This is on the basis that one-deimensional relationships have
been derived and expressed in terms of generic engine-cell dimensions and
performance parameters (paragraph 7.3).

Another important input for improving both the matching procedures for predicting
and controlling the cell entrainment ratio comes by non-dimensional analysis
considerations.

In both matching procedures the plots used for representing the engine-cell operating
line have the engine non-dimensional mass flow at the nozzle as a variable in the
horizontal axis.

Non-dimensional mass flow, the flow velocity (divided by the square root of
stagnation temperature) and the engine specific thrust (divided by the square root of
temperature) are all functions of Mach number only. Therefore, in both the matching
procedures proposed in this work the specific thrust of the engine could be used for
representing the engine-cell operating line.

Accordingly the matching procedure using specific thrust for predicting and
controlling cell entrainment ratio has been originated by this work, which is entirely
new and represents a major step forward in test cell analysis.

Since the specific thrust is an engine designed parameter this method of characterising
cell performance is extremely useful for the test cell operator.

A complete validation, against real cell data, has not been fully accomplished in this
work., However, for the validation of the prediction tool, the performance data of
different engines, tested in a defined cell, can be used to produce the engine-detuner
characteristic line in the Accommodation Region. Following this, such characteristics
can be used in association with the engine-cell operating line to compute the cell
entrainment ratio.

The values computed could then be compared with those experimentally measured.

Basically the data needed to accomplish this validation process are the dimensions
and performance of the engine previously tested in a cell whose engine-cell operating
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line has been derived already (in the case of this thesis test cell Y). These data are
sufficient for producing the engine-detuner characteristic in the Accommodation
Region and therefore, also for using the entrainment ratio prediction tool. Accordingly
the entrainment ratios predicted can be compared with those measured in the cell.

For the validation of the one-dimensional thrust correction factors, back-to back test
(indoor and outdoor) data are necessary.

Further validation is also required for the characteristic curve in the Accommodation
Region for both the analytical method and CFD analysis. Indeed, the accuracy and the
limitation of both approaches should be studied.

The main limitation for the ejector pump analytical method is that of assuming
isentropic flow for the calculations in the Accommodation Region. Such an
assumption can be true only under very specific operating conditions (i.¢ the engine
nozzle is positioned in the Accommodation Region plane).

The analytical model does not take into account the effect of the distance between the
engine and the detuner which can affect the engine-detuner ejector performance, as
has been shown in paragraph 2.2.2.

At the same time the method does not take into account any flow phenomena such as
flow recirculation, separation and fluctuation along the detuner which if present, alters
the engine-detuner ejector performance.

Another limitation of the engine-detuner ejector analytical model is that in every
section the flow parameters are computed as bulk properties (one-dimensionally) and
therefore, three-dimensional effects are not taken into account.

The fact that the engine jets (for turbofan engines) are averaged at the Preliminary
Region represents another limitation of the engine-ejector model.

The influences of the above limitations on the characteristic line in the
Accommodation Region need to be further studied and undertstood.

In this part of the validation process some experimental tests could be undertaken
using the small scale test facility of Cranfield University (described in APPENDIX
B). Indeed, the possibility of having experimental data for different cell
configurations will be of great importance for this validation process.

From the point of view of the CFD analysis an increase in the modelling accuracy is
required. First of all a grid independency analysis is necessary. Indeed, up to now
different grids have been tested with the aim of comparing the characteristic curve in
the Accommodation Region for different cell configurations. However, a rigorously
correct grid analysis for comparing the influence of the mesh in each engine-cell
operating point has not been undertaken.

Furthermore, a CFD study related to the quantification of the pressure losses is
necessary for understanding those software settings which better represent the flow
inside the cell. That is, how the operating points move along their characteristic.

The above considerations satisfy the final outcome proposed in paragraph 3.3 about
the development of an analyitical tool able to predict and control the cell entrainment
ratio and the thrust correction for indoor sea-level test facilities.

Figure 7.13 represents the entire procedure presented in this research for predicting

and controlling the cell entrainment ratio and the thrust correction factors for sea-level
indoor gas turbine engine test facilities.
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8. Conclusion and Future Work

8.1. Conclusion

In this paragraph the conclusion from the previously chapters of this work are drawn.
The way they are presented follows the thesis structure

o The different system interfaces and the force and drag accounting approaches
found in the open literature for in-flight conditions have been successfully applied
to indoor sea-level test cells. This has allowed the derivation of three different
thrust correction equations for sea-level indoor test cell facilities. Two of these
(equations (7.1) and (7.2)) use station (0) as the inlet interface, and therefore are
customarily related to in-flight conditions. The third (equation (7.3)), uses the
engine throat as inlet section and is therefore better related to the stationary mode
(outdoor test cell environment).

e A step-by-step approach, through the definition of a pseudo-infinite cell
(paragraph 4.3.3), has been useful to underline the main differences between in-
flight and indoor conditions. The enclosure effects alter the pressure distribution
along the engine and do not allow a complete pressure recovery on the engine
fore-body. This is true also in potential flow (invalidity of the Prandtl paradox for
infinite and semi-infinite bodies). Therefore, the pre-entry and the bellmouth
forces have to be accounted for in the thrust correction equations when station (0)
is chosen as inlet interface. At the same time, the pressure distribution along the
engine after-body is altered by the enclosure and the ejector pump effects.
Accordingly, the base force acting on the nozzles ducts must be accounted for.

e The gauge force acting on the bellmouth has been identified as the main
difference between the indoor and the outdoor stationary engine testing condition.
In the outdoor environment the force acting on the bellmouth has been proven to
be larger than in the indoor conditions (for the same amount of air draw by the
engine (equation (7.5)). This is able to balance the gauge stream force acting on
the engine throat and allows the direct measurement of the real gross thrust
delivered by the engine in zero-wind conditions. In indoor conditions, the un-
balance between the forces acting on the bellmouth and on the engine throat entail
the inclusion of both of them when the throat is chosen as engine inlet interface..

e One-dimensional aero-dynamic principles have been used to develop and
express the thrust correction factors in terms of the two main, generic, system
parameters: the entrainment ratio (engine-cell performance parameter) and the
ratio between the cell cross sectional area and the engine throat area (engine-cell
dimension parameter). The relationships derived allow for parametric analyses
and for the development of a map which shows how the two main parameters
affect the thrust correction factors. The list of thrust correction factors whose one-
dimensional relationships have been derived is shown below:

 The gauge force acting on the external part if the bellmouth (equation

(7.7)).
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o The pre-entry gauge force (equation (7.8)).

Such a force has been found to decrease by increasing the cell entrainment
ratio (for constant cell dimensions) up to a point when it changes sign and
increases again. This behaviour has been related to the operating condition of
the pre-entry stream tube which moves from suction conditions (for low
entrainment ratio) to spillage conditions (for high entrainment ratio). As the
cell dimensions are increased, the pre-entry force tends to zero (free-air
conditions).

o The resultant gauge force from the gauge stream force acting on the
engine throat and the gauge force acting on the entire bellmouth (equation
(7.11)).Such a force increases when the cell dimensions are reduced and
simultaneously when the cell entrainment ratio is increased. Accordingly, it
tends to zero for infinitely large cells and for zero entrainment ratio (free
stream conditions).

e The potential buoyancy term (equations (7.9) and (7.10)).
Due to the inlet and outlet interface sections the potential buoyancy term
includes the effect of both pre-entry force and external bellmouth force. By
increasing the cell dimensions the buoyancy term reduces. By increasing the
cell entrainment ratio the buoyancy term first reduces and then increases
(this trend is related to the operating conditions of the pre-entry stream tube.

e A comparison between the three different thrust correction equations has
been made (Table 7.2) using the derived one-dimensional relationships for
computing the thrust correction factors. The results have shown very good
agreement between the equations (the maximum difference is less than the 0.2%
of the measured thrust). This supports the validity of both the equations developed
in the research and of the one-dimensional relationships derived for computing the
thrust correction factors.

¢ It is shown that a one-dimensional model is able to accurately represent the
engine-detuner ejector pump in indoor test cells.

¢ Due to well known difficulties in representing pressure losses in a non-fully
mixed flow, an Accommodation Region has been identified and selected as the
most relevant section for representing the ejector performance (engine-cell
characteristic line and engine-cell operating line).

¢ The engine non dimensional mass flow (at the engine nozzle) is used as input
parameter in a developed matching procedure which is shown to be capable of
predicting the engine-cell performance. Such a procedure involves the use of the
engine-cell characteristic and operating lines in the Accommodation Region. It is
also shown that these two curves can be derived by the use of the ejector-pump
analytical method proposed by knowing only the engine-cell performance and
dimensions parameters (such as: Proz, Tnozs Anczs Wengs Detuner diameter and p).

¢ This research has led to the significant conclusion that the flow conditions in
the Accommodation Region computed using the analytical ejector-pump model
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can be used as boundary conditions for the CFD modelling. A great benefit of this
approach has been that it also avoids the need to independently model the
complex cell exhaust system (blast-basket and exhaust stack). Very importantly
and as a result, more attention can then be given to the modelling of the main test
chamber.

e It is also concluded from the CFD analysis that the static pressure at the exit
of the detuner can be used as handle in an iterative procedure for matching the
actual cell entrainment ratio when only the main test chamber is being modelled.

e It is further concluded that CFD can be used to quantitatively estimate the
thrust correction factors and that their values can be directly used for compiling
the thrust correction equations.

e A comparison has been made between the different thrust correction
equations compiled using CFD values. The outcome is a close agreement between
them. In fact the difference is as low as 0.5% of the load measured by the load
cells. This therefore supports the declared validity of CFD as a useful tool for
predicting thrust correction factors.

e A very significant outcome of this research is the conclusion that properly
applied CFD is able to represent the engine-detuner ejector characteristics.
Similarly, CFD is able to demonstrate how the system operating point moves
along the characteristics as a function of the system pressure losses both up-stream
and down-stream of the detuner. Furthermore the work has shown that these
results are in good agreement with those computed from the one-dimensional
ejector pump model developed in the work. Indeed, one of the strongest outcomes
of this work has been the conclusion that both the engine-cell characteristic lines
computed with the one-dimensional model and those computed with CFD for
different cell configurations are almost identical.

o A further important outcome of the research is that the engine-cell
characteristic line in the Accommodation Region is unique. This supports the
validity of the matching procedure derived for predicting the cell entrainment
ratio.

e The CFD results presented here have shown that the cascade elbow in the
first bend of the inlet stack allows a very smooth flow at the cell reference section
(Rolls-Royce test cell X with the engine A). This partially justifies the assumption
of using a constant flow profile at the inlet of the test main chamber.

e The experience gained during this research has allowed the derivation of
useful guidelines for modelling indoor sea-level test cell with CFD tools
(paragraph 7.2.3).

e The pressure losses along the detuner, through the use of the analytical
ejector model, can be used as handle parameter for characterising the engine-cell
system. Accordingly, a methodology for controlling the cell entrainment ratio has
been developed. Such a methodology is based on the use of the engine-cell
operating lines map and of the engine-cell characteristic map.
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e To overcome the usual difficulties in experimentally measuring pressure
losses along a detuner, a novel approach to cell characterisation using ordinary
test cell data (e.g., entrainment ratio) is proposed. The parameter used to alter the
cell configuration is the percentage of free holes in the blast basket. The cell
entrainment ratio measured for each different blast basket configuration can be
processed through the ejector pump analytical model. Accordingly, different cell
operating lines can be derived. The matching procedure developed for controlling
the cell entrainment ratio can then be applied and the cell configuration which best
suits the desired engine-cell performance can be selected. These parameters
include desired entrainment ratio for avoiding negative flow phenomena inside the
cell and desired thrust correction factors to best suit the flow measurements.

o A further important outcome of this research is the matching procedure using
specific thrust for predicting and controlling cell entrainment ratio, which is
entirely new and represents a major step forward in test cell analysis.

8.2. Future Work

o To validate the possibility of producing the operating lines map for different
system pressure losses by applying to the already existing engine-detuner ejector
model another iterative procedure. Such an additional iterative procedure would
allow moving from the After-Mixing Region back to the Accommodation Region
and accordingly to evaluate the difference in entrainment ratio as function of the
pressure losses. This procedure has been outlined a first validation to achieve
before planning any other cell characterization by experimental testing.

e To improve the validation of the matching procedure for predicting the cell
entrainment ratio using the performance data of different engines and comparing
their experimental entrainment ratios with those predicted by the method.

e To include in the thrust correction equations already developed the effect of
the interaction between the engine afterbody components (such as pylon, hot duct
and plug) and the engine and cell flows.

e To develop one-dimensional relationships for calculating the gauge forces
acting on the engine after-body components (such as pylon, hot duct and plug)
using engine-cell ordinary dimensions and performance parameter.

e To improve the CFD modelling in order to extract more accurate value for
the determination of the thrust correction factors. In particular, it is recommended
that the grid density and shape are improved to understand how the pre-entry force
and the term (ForaroaT + QPabelimoutn) are affected.

¢ To investigate the opportunity of having a representation of the cell operating
lines which includes the engine specific thrust as a parameter for characterizing
the engine performance.
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o To compare the thrust correction factor derived using the one-dimensional

relationships and CFD with the result of experimental back-to-back tests (which
also include outdoor tests)

e To improve the CFD Modelling of the entire cell by adding the different cell
components already modelled and using the experience gained.

¢ To understand the possibility of using an ejector pump model which would
allow the control of the flow all along the detuner rather than in three different
sections. Furthermore, another step forward would be to include the pressure
losses in each part of the detuner rather than only after the flow is fully mixed.
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APPENDIX A. Analytical Model
Al Preliminary Region
The Preliminary Region is used when the engine is a turbofan and by a mass weighted

average technique the two engine jets are reduced to only one jet.
The starting parameters are shown in the next table.

Cold Nozzle | Hot Nozzle
Ppc Pph
Tpc Tph
Apc Anh
Wpe Won
FAR

Table A. 1: Preliminary Region Starting Parameters

By the fuel to air ratio (FAR) it is possible to calculate the Universal Gas Constant for
the hot jet by the equation (a.1) which is valid for combustion products of kerosene.

R = 287.05-0.0990FAR + 1E — 07FAR? (a.1)

At the same time for the cold nozzle can be used R valid for dry air (287.05).

Below it is possible to find the equation used for the iterative procedure at the
Preliminary Region referred to the cold jet (with the suffix pc). The same equations
and the same procedure are used for the hot jet.

4
-1 oy (@2)
Ppc = pc(1+72 Mpcz)r !

tpe = pc(1+12—Mpc ) (a3)

__Ppec a4
Wpc_R p MpC\”pcRpctpcApc (a4)

pc”pc

However, before starting the procedure has to be said that a value of y has to be
guessed for both the flows. Without knowing the static temperature it is not possible
to work out the right specific heat at constant pressure value (cp) and so even y is
unknown. A value of y has been assumed following the experience of Saravanamuttoo
et al.((Saravanamuttoo, Rogers, and Cohen 1996)), for the cold jet 1.4 and for the hot
jet 1.33.

The Mach number is the handle parameter of the iterative procedure and has to be
guessed for any iteration until the convergence is achieved.

Compiling equations (a.2) (a.3) with the guessed Mach number it is possible to find
out the static pressure and the static pressure which used in equation (a.4) give the
mass flow rate of the primary cold jet. As convergence criteria the calculated primary
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cold. mass flow can be compared with real primary cold mass flow and if the
difference is less than 0.001 the results are accepted.

The same procedure is followed for the hot primary jet.

Once the static values are known for both jets it is possible to calculate their
respective specific heat at constant pressure, cp.

Equation it has been used for the cold jet.

2 3
0.236688tpe _1.852148t5, 608352t}
1000000 1000000 1000000

cp pe =0.992313 +

_ 8.89393317, . 7.097112t), 3.234725t) O 7945717, (@5)
1000000 1000000 1000000 1000000
8
_ 0.081873t5
1000000

And Equation (a.6) it has been used for the hot jet (ph).

2 3
0.236688t p, _ 1~852148tph N 6.08352tph

cppp =0.992313 +

1000 1000 1000
4 5 6 7
_ 88939331, , 70971121y, 32347251, . 0.794571¢7,
1000 1000 1000 1000
0.081873t%,  0.081873¢ 8.747481¢ a.6
" 1000 . 1000 = +1fl:‘§R (-0.718874 + — o> . o
2 3 4 5
_ 1586315711, , 17.25409613, 1023379513, \ 308177813,
1000 1000 1000 1000
6 7
03611125, 00039191 o,
1000 1000

Knowing the two cp it is possible to calculate the two y by the following formulas.

p
7 e~ B "7
pc pc
€P ph
Y oh p (a.8)

(@ph = Rpp)

Once the y of the two jets are known it is possible to find the whole primary flow y,
by a mass weighted average.

_Ppc?pc +Wphn? ph (2.9)
Wpc + th

Y ph
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For the secondary flow it has been assumed a ¥, of 1.4 since the beginning,
A2. Accommodation Region

As it has been said in Chapter 5 the main condition at the Accommodation Region is
that a uniform static pressure profile is reached where the primary and secondary flow
are the same.

The iterative procedure it has been explained in Chapter S, in this appendix are going
to be proved the two checking equations used to work out the Mach number of the
secondary flow (handle parameter in the procedure).

The secondary mass flow per unit of area at the Accommodation Region can be
written as in equation (a.10).

:Vs = Ps2Vs2 (a.10)
52

Using the equation for ideal gas the density of the secondary flow at the
Accommodation Region can be written as in equation (a.11).

= Ps2 (a.11)
Ps2 Rt

And by definition the Mach number of the secondary flow at the Accommodation
Region is represented by equation (a.12).

Mgy =——S2 (a.12)

VVs2Rsts2

Using equations (a.11) and (a.12) in equation (a.10) it is possible to derive equation
(a.13)

14
—5 5 Fs2 Mga\7s2Rsts) (a.13)

As2 Rsts2

The static pressure of the secondary at the Accommodation Region is represented in
equation

P

Ps2 = 72

-1 -
U+

(a.14)

The static temperature of the secondary flow at the Accommodation Region can be
expressed as
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Ts2

Loy = (a.15)
s2 Ys=1, 2
(1 + M s 2)
2
Equation (a.14) and (a.15) can be substituted in equation (a.13)
Vs = 1,2

1+ M$)

Ws P> 1 ( 2 s2
= _— M ,/ Rt

4., 72 R, T, s2VYs28sls2 (a.16)

(1+“—2_£M322)7~‘2 -1

The secondary flow area at the Accommodation Region is given by the total detuner
cross sectional area minus the area of the primary flow (equation (a.17)).

Asy =(4y — ApZ) (a.17)

Equation (a.16) can be rewritten as (a.18) by using equations (a.17) which is the same
of equation (5.4) used for the first check of the iterative procedure at the
Accommodation Region

WSVTSZ - Ms2
V7s2 Ys2*! (a.18)

(Am —ApZ 52 Rs (1+ZL25___1M£2)2(}‘,2-1)

If the area of the primary flow used in equation (a.18) is the area of the nozzle (or the
sum of the nozzles area in case of turbofan) neither diffusion nor contraction can be
taken into account.

Therefore a second check equation is needed in order to account for the primary flow
readjustment at the Accommodation Region.

Such checking equation is directly derived by equation (a.17) using the isentropic
relations for compressible flow.

The primary flow area at section (2) can be found by equation (a.19).

Wp2 (a.19)

A=
p2
Vp2Pp2

Which using equations (a.11), (a.12), (a.14) and (a.15) (referred to the primary flow)
can be written as equation (a.20).

At the same time the secondary area at the Accommodation Region can be written as
equation (a.21) b y using the same consideration already used for the primary cross
sectional area. Equations (a.20) and (a.21) can be included in equation (a.17) as it is
shown in equation (a.22).
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A4sr =

4, =

f——' Yp2=1 5 \2(rp;-D
Wp sz Rp 1+——7—Mp2J

Yp2+l

Yp2— 2yp2-1
pJ Tpz (R |1+ - 2) p2=D (2.20)

2J7p2

7:2+1
Ys2—=1, 2 \2(y,s-1
MW, \/EJE(“'——S 5 Msz) (7s2=D) (a.21)

Ms2Ps2\/7's2

7p2+1

+
M, ,P,

p2tp2 Yp2
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Equation (a.22) can also be expressed also in term of primary flow Mach number
living as secondary flow parameters only its total pressure and temperature. To do this
the Accommodation Region main conditions represented by equation (a.18) can be
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used to extrapolate the secondary flow Mach number as function of the primary flow
Mach number (equation (a.23))

Once the secondary flow Mach number satisfies the two check equations (a.18) and
(a.23) within an error of 0.0005 the procedure is completed and this Mach number is
used to working out all the conditions of primary and secondary flow at the
Accommodation Region.

In this procedure specific heats of both the flows are not up-dated at each step but
calculated at the end once the static temperatures are known by using again (a.5) and
(a.6).

A3. Mixing Region

The Mixing Region iterative process starts by guessing a value of the static pressure at
section (m), Pm.

From the Momentum equation (equation (5.19)) it is possible to work out the explicit
value of vy, by writing such equation in the form of equation (a.24)

V= Wp [ As2pPs2 _ AmPm +Vp = Wsvsa (a.24)
Wm WP WP p

The universal gas constant at section (m) it is worked out by a mass flow weighted
average between the primary and the secondary flow (equation (a.25))

_ R, + R

N (a.25)
Wp+Ws

Once the velocity at section (m) is known from the continuity, mass flow rate and idea
gas equation it is possible to work out the static temperature at section (m).

¢, = PmAmVm (a.26)
Rm Wm

Once the static temperature at station (m) is known, the specific heat cp, can be
worked out as mass flow weighted average of the two singles cp (keeping in mind that
the two flows have different composition) as it is shown in equation (a.27).

Knowing the cpy, the energy equation (5.20) can be used a checking equation for the
static pressure at section (m).Equation (a.28) shows how the static pressure at section
(m) can be worked out from the energy equation. When the difference between the
static pressures calculated by two different iterations is less than 0.1% the procedure
is converged and the values py, ty, and v, are assumed to be true. Using the above
parameters it is possible to calculate with the isentropic flow equations the total
pressure and temperature at section (m) by equations (a.14) and (a.15), this time
referred to section (m). However to do this it is necessary to calculate y,, with the
same relation used for the Preliminary Region but this time using the cpm.
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A4 After-Mixing Region

The first step of the iterative process at the After-Mixing Region is to define a value
for the pressure loss coefficient Kmr. The whole procedure assumes Kyr fixed at the
starting point.

The handle parameter is the static temperature t,;.

The first step is work out the specific heat cpy following the equation (a.27) shown in
the appendix dedicated to the Mixing Region. Knowing ty it is possible to work out
the flow velocity at section (m) by using the energy equation (5.27) here represented
in the form of equation (a.29).

2 v2, (a.29)
v o= cpmtm+ﬁ’-—cp IR

From the Mach number equation (5.29) My can be calculated and used in the
pressure loss equation in order to find out the static pressure at section (m' ) by

equation (a.30).

290



Ym

- Ym -1
Py =[P (147

2
2 -1 PmV 1
Mm)ym _KMT m2m] ) ; = (330)
U+ M2y

The continuity and the ideal gas equations used together allow finding a checking
equation to for the static temperature initially guessed at station (m') as it is written in
equation (a.31).

t o= Lmm @31)
" Ry PmVm

The universal constant of gas at station (m') is the same that at station (m) because the
gas composition is not changed.

When the difference between the guessed value of t;; and that one calculated is less
than 0.001% the procedure it is assumed converged and the values calculated to be

true.
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APPENDIX B. Experimental Work in Cranfield University

In this appendix the experimental work related to the indoor test bed facilities and
carried out in Cranfield University.

The work described below is part of a parallel project going on at the university and
especially undertaken by post graduated students (MSc students).

The author of this thesis has worked very closely with these students and to some
extent has led and followed them through their single projects and beyond.

A paper has been published by the author in this topic to an international conference
(AIAA 43" Aerospace Science Meeting and Exhibit) as a result of further
investigations carried out afterward the master students.

However, the work done has been already partially published in the Master student’s
theses. For this reason the originality of such a work can not be claimed in this PhD
thesis. At this time, however, it is interesting to summarize such work and underline
its findings.

It has to be said from the beginning that the accuracy of the results is not as good as it
should be for two reasons. The first is because the students who worked in these
projects did not have all the time they would have wished to complete their research.
Indeed, to set up experimental sessions requires several months. The second reason is
related to the CFD aspect of the experimental work. Indeed most of the experimental
cases studied were also represented by Fluent. At this stage, the main purpose was to
asses the capability of this commercial software to represent the flow in the test bed.
Therefore, rather than to match quantitative values, the CFD has been used to indicate
the trend of these parametric studies.

B1. Test Bed Facility in Cranfield University

In model test cell there are two areas which are of official importance to the success
or the failure of the experimental investigation to produce meaningful results. The
first of these is the modelling of the test cell geometry in sufficient detail so as to
ensure the correct aerodynamics of the system. The second is the simulation of the
engine of the engine configuration in relative size, placement and flow characteristics
(SAE international 1999).

The test bed facility used in Cranfield University is small scale which allows testing
of micro gas turbines only. Such a cell does not represent the scale model of any real
test bed cell. Therefore a main scale factor can not be defined (SAE international
1999). Comparing the main chamber with Rolls-Royce test bed X a scale factor can
be found around 1:12. Such a value is among those suggested in the SAE AIR 4827
(SAE international 1999) where plenty of useful information related to scale test can

be found.
The main particularity of the Cranfield test cell is its flexibility in accomplishing

parametric studies.
Indeed, such a cell can change configuration quite easily just by unscrewing a few

bolts.
In particular the parameters that can be changed are the engine-detuner distance, the

cradle blockage area, the cell cross sectional area and the distance from the engine

inlet to the floor.
The on use engine will be described later on, in this paragraph special attention will

be made about the cell inlet and cradle.
Figure B.1 shows the Cranfield University test facility.
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The cell, which is of axial type allows fairly uniform flow. Indeed, the flow does not
need cascade vanes for turning the flow in the engine axial direction. It also does not
need an exhaust stack to allow the flow to exit the cell because detuner discharges
directly into the atmosphere without the need for a blast basket.

Figure B.1: Cranfield Small Scale Test Facility
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Figure B.2: Cell Inlet Bellmouth

Horizontal cells are generally less expensive than those equipped with vertical stacks.
At the same time, however, they need more noise absorption material to meet required
noise attenuationcriteria (Jaques 1984). However, this is not strictly necessary for the
Cranfield model facility whose engine has a much lower pressure ratio (the biggest
responsible for the noise production) compared with real turbojets and turbofans
tested in real test beds.

The cell is enclosed inside a test house in order to minimise cross wind disturbances.
However, there is a lot of room to allow the flow to turn without recirculation (flow
visualization shows the flow is quite stable around the cell especially if the doors of
the test house are closed (Kleemann 2004)).

Very important for the smoothness of the flow is the cell inlet.
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This component it has been recently substituted after that flow visualization shown a
relevant separation from the previous circular inlet. Now the cell inlet has an elliptical
shape (Figure B.2) converging asymptotically to the square cell cross sectional area
(side of 700 mm). Since the beginning this new intake has not shown any separation.
This is very important because in front of the engine flow measurements have to be
done and they could be seriously affected by the separation (mass flow
measurements). However, a calibration for the intake has been made and it will be
described in the next paragraph.

Figure B. 3 shows the layout of the Cranfield test facility.

The thrust measurement device (TMD); has been designed by Rolls-Royce and can be
used for both indoor and outdoor tests (Figure B.4).

The TMD is firmly attached to the test bed and contains a floating structure held
within to which the engine is attached. There are two load cells aligned with the
engine centreline, which are themselves aligned with shafts along which the floating
cradle axis can move. There obviously exists an interface between the fixed and
floating structures to facilitate these two functions (Rolls-Royce plc. 2003).

The first is accomplished by shaft brackets. Shafts and linear bearings impede all
relative movement between the fixed and floating structures except along the axial
translation where thrust is applied. By blocking 5 of the 6 degrees of freedom, the
engine is held safely on the test bed. The axial movement needs to be left unblocked
and virtually frictionless if thrust is to be measured accurately. Any blockage would
absorb part of the thrust being measured.

The second function of the interface is to measure the thrust. This is achieved by
having all of the thrust absorbed by the load cells themselves. To do so, the fingers
protruding from the floating structure are guided by the guidance screws and push on
the pushing nuts that, in turn, push on the load cells. The pre-loading springs keep the
finger - nut - load cell system always in contact so as to avoid damage to the load
cells. The bending beam load cell produces an electrical output signal that is a
function of the shear force the floating structure applied to it.

Reference Lowering

Section 2 Plate P 1200
Cell Inlet r : .i\ ] 1
i ;  Enging > Detuner 1§ 250
i ; Cradle |
/ l »)
Eeference 3060
Section

Figure B. 3: Cranfield Test Cell Layout

It is highly recommended to calibrate the load cells every time the engine is
unplugged from the cradle.

How the load cells are calibrated will be described in the next paragraphs.

Another useful fact related to the thrust measuring device, is that its drag coefficient
has been estimated at 1.79 and the frontal area at 0.005856 (Gonzalez Galinez 2003).
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Figure B.4: Cranfield Outdoor Stand

B.1.1 Test Cell Inlet Calibration

A cell inlet calibration is needed in order to relate the real mass flow entering the cell
to that measured each time by the instrumentation set in the cell.

Indeed, during the normal tests, the mass flow entering the cell is worked out by total
and static pressure measurement at the reference sections. In particular, the total
pressure is measured on the centre line of the reference section by a Pitot tube and the
static as an average of four probes located in the sides of that section (pyr) (Figure
B.5).

In this way, such a total pressure measurement may be affected by a non-uniform
velocity profile which develops in the cross-section along a pipe (Figure B.6).
Therefore, the mass flow calculated with just the reference measurements is not very
accurate. With a lip welded all around the inlet, the boundary layer at the reference
section is supposed to be turbulent and therefore, the velocity profile more uniform.
The main idea is that of mapping the total and static pressure fields at the first useful
cross section of the cell (reference section). And afterward to relate those
measurements with those of the reference Pitot tube and of the static tappings which
are going to be permanently set in the cell (Prer and pres).

Indeed, knowing the difference between total and static pressure and by assuming the
flow to be incompressible (low velocity inside the cell) it is possible to work out the
velocity and therefore, the mass flow.

In order to map the total pressure field at the reference section, special probes have
been made and located in rakes which are shown in Figure B.5 by the blue lines. Each
rake has six total probes. Furthermore, the total pressure is measured by traversing a
Pitot tube across the reference section at different locations (green lines in Figure
B.5).

The static pressure is measured by seven probes in each side of the cell (green circles
Figure B.5). It is worth remembering that absolute values of total and static pressure
are not needed. ilnstead, for each point where the total pressure is measured, the
difference between total and static pressure is needed. Indeed, for incompressible flow
the velocity can be worked out by the relationship (b.1) shown below.
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Figure B.5: Pressure Rakes for Mapping the Cell Inlet

Velocity profile

Figure B.6: Velocity Profile
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2
Therefore, at each total pressure probe is associated a static pressure. In particular it is
associated with the closest between those located in cell sides.

Once the velocity is known, an area value has to be associated with each total pressure
probe. Therefore, the reference section is divided in different small areas, 121 areas.
Furthermore, a value of the density has to be is associated with each area. This could
seem a contradiction with the fact that the flow is assumed incompressible but it is
necessary because not all the measurements for the inlet calibration have been taken
the same day. Indeed, several days of tests have elapsed to map the whole reference
section. Therefore, atmospheric temperature and the pressure were variables.
Accordingly for each area an average density has been defined and an average value
of the velocity calculated. It is emphasised that the averages mentioned above could
also be necessary because in the same area more than one total pressure probe could
be enclosed.
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The cell static pressure at the reference section is computed by the measurements
shown in (b.3) (this will be better discussed in B.1.6).

Pref =Fatm +(Pryy = Fypm) + (Pref — Prr) (b.3)

Where the Py is the atmospheric pressure, the Pty is the total pressure inside the test
house and prer is the average static pressure of the four orange probes in Figure B.5.
The cell temperature is measured by thermocouples located on top of the cell.

Using relation (b.1) the velocity related to each total pressure probe is calculated by

(b.4)
2(Pj - pj) (b.4)
Pj

And the velocity related to each area (in the case that in the same area there are more

than one total probe) by (b.5) where r is the number of the probes enclosed the same
area. ,

r
2 v;
=]

VI='I

(b.5)

r

Therefore, following the above relationships it is possible to come out with the total
mass flow entering the cell (equation (b.6)).

m
Weenl = IZIVI A1p; (b.6)

Where, m is the number which the cell reference is divided into. .

At the same time it is possible to use the same methodology and compute the cell
mass flow using the reference values.

The values at the reference section have been measured constantly during each day of
calibration measurement. Therefore the reference values are calculated as an average
of the all measurements made.

q Z(P_p)refi Deell i
)2 A -
i=h|  Peelli Rt; (®.7)
Rt;
n ( ' )
q
Wref =3
k=1 n

The velocity can be found by averaging the average of all the (P-p).f measurements
made during a single day for the number of days test. At each time the (P-p).r are

measured also the prr and the t. in order to compute directly the density at the same
time.
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Equation (b.7) represents the mass flow computed by the reference values, where q is
the number of the measurement made during the day and n the days of test.

Now, knowing the mass flow derived by using the total pressure profile (actual mass
flow) and that by using only the reference values it is possible to derive a coefficient
to relate both (equation (b.8)).

actual mass flow ©.8)
kint = ’
reference mass flow

All the flow measurements are reported in Deen thesis (Deen 2004).

The cell inlet coefficient is computed to be 0.97829.

So, each time the reference values are used to computing the cell mass flow the found
value has to be multiplied by 0.97829, in order to reduce the distortions due the
velocity profile inside the cell (boundary layer effects).

B.1.2 Load Cells Calibration

It is highly recommended to calibrate the load cell every time the engine is moved
from the cradle or whenever the cradle is moved from the cell.

The calibration device incorporates the use of a dead weight system due to the high
degree of accuracy and simplistic design at low cost. It works by recording the
electrical output produced by the load cells when a known force is applied, simulating
the engine thrust (this methodology id also suggested in Sae arp 741 (SAE aerospace
2002)).

The thrust can then be found from the load cells output signal.

A pulley is positioned on the calibration device with a line attached from either side
of the TMD to the engine interface. This runs horizontally along the centre line of the
engine (i.e., in the direction of the thrust). The two lines converge to a single line,
which runs over the pulley and is connected to dead weights which hang vertically
(Figure B.7).

If the friction is low enough the line will pull on the TMD floating structure with a
force equivalent to the force applied by the dead weights (Rolls-Royce plc. 2003)

The calibration procedure involves an initial reading of load cell outputs at zero loads
followed by readings at progressively larger loads. The weights have to be added
carefully to avoid any overshoot thus avoiding hysteresis. After the loads are added
the system is allowed to stabilise and then individually the nominal output from the
left and right load cells should be recorded. From these values it is possible to infer
the thrust at a later stage. The electrical output from the load cells is recorded either
when the dead weights are loaded on and also when are loaded off. The results
obtained for one load cell calibration are shown in Figure B.8.

It is seen that one of the two cells does not give an output of zero when is un-loaded.
However, this is not a problem if it is noticed and recorded during the calibration.
Indeed, independently from the cell condition at zero load by Figure B.8, it is possible
to translate the electrical output for every load condition and for both the cells. The
total thrust delivered by the engine is the sum of the load recorded by the two cells.
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Figure B.7: Outdoor Load Cell Calibration

More accurate methodologies for the thrust calibration in sea-level test facilities can
be found on the lecture given by Cronin in AGARD LS-132 (Cronin 1984).
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Figure B.8: Load Cells Calibration Output

B.1.3 AMT OLYMPUS MICRO TURBINE ENGINE

Usually for model test cell there are two kinds of engine simulators the TPS (turbine
powered simulator) and the EPS (ejector powered simulator ((SAE international
1999)).

In the Cranfield test facility a micro gas turbine engine (TPS), the Olympus model by
AMT Netherlands is used which has been derived from the previous Mk-2 version.
This engine constructed is a single stage radial compressor, an axial turbine and an
annular combustion chamber. The engine is protected by an Engine Control Unit ECU
which regulates the performance of the turbine such as rotational speed and exhaust
temperature. The ECU acts directly on the fuel pump (AMT Netherland ).
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Until last year the engine was controlled by a radio-control system which led to a lot
of problems (Le Fay 2002). At present, the control system is a desk-control and many
problems of engine stability have been solved.

The engine uses propane as a starting gas for pre-heating. After the start-up the engine
is switched from the propane to kerosene. For lubrication the Olympus uses oil which
has to be premixed with fuel in a percentage of 4.5.

PARAMETER VALUE
Diameter [mm)] 130
Length [mm] 270
Weight [gr] 2400
Thrust @max rpm [N] 190
Thrust @min rpm [N] 7
Pressure Ratio @max rpm 4:1
Mass Flow @max rpm [gr /sec] 400
Maximum RPM 110,000
Exhaust Temperature °C 650
Max Exhaust Temperature °C 700
Fuel Consumption gr/min (@max rpm 550

Table B.1: AMT Olympus Parameters

For more specification about the engine the reader is remanded to the Olympus
Manual (AMT Netherland ). However the most useful informations are given in the
following Table B.1.

B.1.4 Engine Airmeter

The engine manufacturer recommends for such an engine the use of an inlet duct no
bigger than 60 cm” and 50 cm of length.

The intake used in the Olympus in Cranfield University is fitted with an airmeter of
61.41mm diameter and incorporating a bellmouth.

The airmeter has been designed by Roll-Royce and is used for measuring the mass
flow entering the engine (Henderson 2000).

Indeed, by six static pressure probes mounted around the airmeter it is possible to
measure the depression at the engine throat. Such a depression is measured as the
difference between the static pressure at the engine throat and in the test house (more
specification on the instrumentation systems are given in the next paragraph).
Assuming that the total pressure is constant from the reference section to the engine
throat it is possible to work out the Mach number (the velocity at the throat is quite
high and therefore the flow as to be treated as compressible). The total temperature is
measured on top of the cell and assuming to be the same that at the throat it is possible
to work out the static temperature (by the compressible flow relationships).

Once the static temperature is calculated by the ideal gas equation the density can be
worked out and from the Mach number, the velocity can also be estimated.
Accordingly, the mass flow passing through the airmeter cross section can be
calculated.
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However, due to the flow distortion a Flow coefficient (kam in equation (b.9)) has to
be defined (as it happens for the cell intake). Usually this flow coefficient is plotted as
a function of the Mach number.

_ Actual Mass Flow (.9)

M Ideal mass flow

Therefore the airmeter needs to be calibrated.

To ascertain the flow coefficient three different methods have been used two of them
are theoretical and one uses CFD.

The two theoretical methods are: the one used by Rolls-Royce for the calibration they
made for this airmeter and mentioned by Henderson (Henderson 2000) and the second
is that proposed by D.J. Lathy and A Hamed (Lathi and Hamed 1993).

A two dimensional CFD model has been run for nine different boundary conditions
and the result plotted. The complete study of the flow coefficient for the Olympus
airmeter is proposed in Gozalez thesis (Gonzalez Galinez 2003). Here the final map is
shown in Figure B.9. The dashed line in this picture represents the pressure at the
operating point as described by the engine manufacturer. Around such a value the
differences between the three methods are very small (around 0.02% to 0.08%). The
three methods show bigger difference for lower Mach number (around
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Figure B.9: Flow Coefficient for the Engine Inlet

0.2) especially comparing the CFD results with those obtained by applying Lathy-
Hamed method

The Rolls-Royce method has been chosen finally,, because of its smaller discrepancy
compared with the other. Therefore, each engine mass flow is computed using the
compressible flow tables multiplied by the airmeter coefficient.

B.1.5 Fuel Flow Calibration
The Fuel Flow calibration is done only at the beginning of the experimental period

and does not need to be repeated more than once. It does not include any electronic
instrumentation, only a weight scale and a chronometer.
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The flow is set at certain level on the scale and then the liquid is allowed to run for a
certain time in the balance. The mass flow is obtained dividing the number of grams
by the elapsed time. The values of a classic fuel flow calibration are reported in Deen
Thesis (Deen 2004). Figure B.10 below shows the results.
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Figure B.10: Fuel Flow Calibration

B.1.6 Instrumentation

As has already been said, this part of the thesis deal with a parallel project which was
on-going at Cranfield University.

Accordingly, the cell instrumentation is up-dated year by year as necessary.

The last up-date of the instrumentation is valid in this work even though the results of
the last experimental sessions are not included in this report. This is mainly because
the results need to be better understood and better judged.

The static pressure is measured at the reference section, around the engine nozzle, in
the first region of the detuner and at the engine throat section (Accommodation
Region).

The total pressure is measured at the reference section at the detuner entry, at the
engine nozzle, inside the test house and in the open atmosphere. About the
measurements in the engine airmeter and at the reference section, their aim has been
defined.

As far as measurements around the engine nozzle are concerned, four static probes
have been set along the converging shape of the nozzle (Figure B.11). Such
measurements are part of the latest up-date and from them the depression generated
around the engine after-body can be estimated. The high temperature at the nozzle
exit plane does not allow the probes to be set there. Therefore, they have been located
at 8 mm, 18 mm, 28 mm and 38 mm downstream of the the nozzle exit plane.

Tapping downstream location Number of
from detuner entry [mm] tapings
3 4
7 4
12 4
18 4

302



25 2
33 2
42 2
52 2
67 2
97 -4

Table B.2: Static Probes Position along the Detuner

Figure B.12: Total Pressure Probe Inside the Nozzle

Figure B.13: Static Pressure Taps and Total Pressure Probe along the Detuner Entrance
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A total pressure probe has been set inside the engine nozzle and is shown in Figure
B.12

In addition, the thirty static probes located downstream of the detuner entry plane are
part shown in Figure B.13. They are located at different positions along the detuner in
coplanar groups (see Table B.2). These measurements are needed to estimate the
depression in the Accommodation Region. Together with these static probes, a total
pressure probe is been set at the entrance of the detuner (see Figure B.13).

The total pressure inside the test house is measured by a water differential manometer.
This measures the difference between the total pressure inside and outside the test
house. This manometer is located behind the cell where the flow is almost stationary.
Accordingly, the total pressure here is assumed to also be the static.

The atmospheric pressure measured by a barometer is the only absolute value.

Apart from the atmospheric pressure, the test house pressure, the pressures at the
Accommodation Region and all other pressures are measured by pressure transducers.
Such an instrument is able to measure pressure differences between the pressures
recorded from its two channels. Therefore, all the pressures read by the pressure
transducer are relative and not absolute values.

Accordingly the transducers need to be scaled and as already said the reference
parameter will be the atmospheric pressure,. Usually the second channel of the
transducer is connected to a region of steady flow inside the test house. It therefore
measures the total pressure of the test house.

For example, let us suppose we need to calculate the static pressure at the reference
section. The pressure transducer gives directly the pressure difference between the
four static probes and the total pressure in the test house. Accordingly, following
equation (b.3) it is possible to work out the static pressure at the reference section.
The first term of that equation is measured by the atmospheric barometer, the second
by the differential manometer and the third by the pressure transducer.

Figure B.14 shows the two differential manometers used for measuring the static and
total pressure at the Accommodation Region and the total pressure of the test house.
The temperature measurements recorded are: the engine nozzle temperature, the fuel
temperature, the load cell temperature, the cell temperature and the temperature on top
of the bellmouth.

Figure B.14: Differential Manometers
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The temperature at the engine nozzle is recorded so as to monitor the performance of
the Olympus and is read directly in the ECU.

The fuel temperature is recorded for fuel flow calculation (SAE aerospace 2002).

The load cell temperature is necessary because the signals are temperature dependent.
The cell temperature is important for the mass flow calculation (as already described
above).

The temperature on top of the bellmouth is monitored to track the flow recirculation
inside the cell which would lead the engine to re-ingest hot gasses.

The probes used are the Type K thermocouples which are Nickel /Aluminium or
Nickel / Chromium. These thermocouples have a wide range of use and for this
reasons are the most used (Cronin 1984). The accuracy is different from different
ranges. From -44 °C to 333 °C is + 2.5 °C and from 333 °C to 1275 °C 1is 0.0075(t
°C).

The rotational speed of the engine in measured by a magnetic probe located at the
compressor wheel and is displayed directly in the ECU. Furthermore, the engine
rotational speed is also used as a handle for engine power setting.

The engine thrust is measured by load cells which have been described above.

Inside the cell the velocity is measured by a thermal anemometer (Airflow ). Its
accuracy is within 1 m/s if positioned within an angle of + 15° from the flow
direction.

Such an anemometer is particularly useful for laminar flow when the flow direction is
well defined.

Seven velocity measurements are taken inside the cell in front of the engine (SAE
international 1999), on the centre line of what has been called reference section 2 in
Figure B. 3. Furthermore, nine velocity measurements are taken in front of the cradle
(Figure B.15)

The aim of the former measurements is to understand the velocity profile at that
section and to compute the IMD. The second measurements allow the calculation of
the cradle drag (Figure B.15)

Table B.3 summarizes the instrumentation available for the Cranfield test bed.

Figure B.15: Velocity Measurements in front of the Cradle
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Value Instrument Section
Patm Barometer Test house
Tamb Thermomether Test house

Pam—P1n Water Manometer Test house

(P-D)res Pitot tube-four static probes-Pressure Reference

Transducer
(PrHDref) four static probes — Pressure Transducer Reference
(P1H-Peng) Engine airmeter- Pressure Transducer Engine throat

Thrust Load cells left and right T™D
Teen Thermocouple Cell roof
V ref Thermal anemometer Reference 2

V cradle Thermal anemometer Cradle

RPM Engine control unit ECU

Fuel flow Engine control unit Scale-meter
P nozzle Static probes- Pressure Transducer Nozzle ext
Prozzle Pitot tube- Hg Manometer Nozzle surf
P detuner Water Manometer Accom. Reg.

Petuenr Hg Manometer Accom. Reg

T nozzle Thermocouple Nozzle
Ttuel Thermocouple Fuel tank

Fuel flow Scale
RPM ECU

Humidity Hydrometer

Table B.3: summary of the MEaurements

Within the instrumentation smoke generation has also to be included. This has been
used to visualise the flow inside and outside the cell and also around the engine.

A very accurate and extensive treatment of the possible measurements within an
enclosed test facility can be found in Holmes (Holmes 1984). In that report not only
what the measurement are or how they are taken are described but also the signals
transmission, the data acquisition and the calibrations are treated. In this case,
everything is especially relevant to sea level test beds.

B2. Test Plan
In the test plan section of this report, all tests undertaken by the author are described.
B.2.1 Test Plan year 2004

Four different engine-detuner distances at three different power setting and three
different blockage area of the cradle at 65% of power are described.

Distance | Power Setting
0d 50%-65%-80%
1d 50%-65%-80%
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2d 50%-65%-80%
4d 50%-65%-80%

Table B.4: Different Engine Detuner Tested

Number of | Cradle Blockage Area | Blockage
Plates [m?] Ratio
0 0.026088 0.053
1 0.048288 0.098
2 0.068688 0.14
3 0.089832 0.18

Table B.5: Different Cradle Blockage Areas Tested

In Table B.4 the distance between the engine and the detuner is referred to an engine
nozzle diameters (d) which is 63 mm.

In the cell description the effect of changing the blockage area of the cradle is also
important. To do this some plates can be added to the front of the original cradle in
order to increase its blockage area. Table B.5 shows how the blockage area of the
cradle changes by adding the plates. The blockage ratio is defined as the blockage
area of the cradle divided by the cross sectional area of the cell.

In addition, an outdoor test session was carried out in 2004 to measure the real thrust
delivered by the engine.

B.2.2 Test Plan 2005

In 2005 the cell instrumentation was up-dated with the static pressure probes around
the engine nozzle in order to estimate the base force acting on the engine after-body.
The up-dating includes also the total pressure probe inside the nozzle and the static
and total pressure probes at the Accommodation Region.

The main purposes for the 2005 tests are: to estimate the thrust correction factors (for
different engine configuration) and validate the analytical engine-detuner ejector
model described in Chapter 5. »
Two different engine-detuner distances are used: two nozzle diameter (2d) and four
nozzle diameter (4d). .
For the two configurations the complete set of measurements available are taken, as
described in Table B.3.

All the measurement process is well described in Elysee (Elysee 2005)and
McLoughlin (McLoughlin 2005) theses.

B3. CFD Modelling for the Cranfield Test Bed Facility

Before describing the results of the experiments it is thought useful to introduce also
the CFD modelling which has been undertaken in Cranfield as part of this parallel
project.

In this way the experimental results will be plotted together with those coming from
the simulations, and comparisons will then be possible.

The CFD analysis for the project related with the Cranfield test bed facility is aimed
at establishing how effectively commercial CFD software can be used to indicate the
real flow phenomena inside an experimental engine test cell.
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The study is preliminary.

For this reason model accuracy has been seen as of secondary importance compared
with the computational time and power required (Chapter 6).

The computational code used in this research comprises the solver Fluent, the pre-
processor for geometrical modelling Gambit and an additional mesh generator T-Grid.
Basically all the CFD settings are the same than those used for the modelling the large
Rolls-Royce cells and described in Chapter 6. Therefore the reader can refers to those
comments for better understanding the choices made.

Also the step-by-step approach to achieve the second order of accuracy has been used.
The boundary conditions used are the following: Pressure inlet for the cell entry
plane, Pressure Outlet for the engine face, Mass Flow Inlet for the nozzle and pressure
outlet for the detuner exit section.

At the beginning of the project some boundary conditions were derived by
Turbomatch (School of Engineering Cranfield University 1999) due to lack of
accuracy in the measurements. Especially for the nozzle conditions (Kleemann 2004).

Indeed, until 2005 it was not possible to take any measurements at the nozzle.

In the model presented in this appendix the nozzle conditions are derived partially by
experiments such as the mass flow which is the mass flow entering the engine plus
fuel mass flow and partially by the results of the performance simulation code
Turbomatch.

The results shown in this appendix come from a model with 500000 elements.

The criteria for grid generation follow the results obtained for the big cells, and
therefore the reader can refer to Chapter 6.

Figure B.16, Figure B.17 and Figure B.18 show three views of the computational
model.

TN T

Figure B.16: CFD Model of the Cranfield Test Facility

Figure B.17: CFD Model of the Engine and of the Thrust Stand
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Figure B.18: CFD Grid of the Cranfield Test Facility

It is worth saying that several models have been made since the results obtained in
2004 (McLoughlin 2005). In particular, during the 2005 a lot of improvement has
been made and the latest model runs with 1,500,000 elements. The results are
promising (McLoughlin 2005) (Elysee 2005))but still are not ready to be published.

B4. Experimental and CFD Results

B.4.1 Data Normalization

Of course, the experimental work can not be completed in one day.

Accordingly the atmospheric conditions were not always the same for all the tests.
This of course can affect the comparison of the results and therefore a normalization
of the data is required before any comparison ((SAE aerospace 2002)).

The standard conditions used for the normalization are 15 °C (288 K) and an
atmospheric pressure of 101325 Pa.

The relationships used for the normalization are listed below (equation (b.10), (b.11)
and (b.12)).

W 101325 (T s (b.10)

W,
R S T

Phbnst Thrust101325 (b.11)

Pamb
_ RPM 288 (b.12)
1

amb

RPM,,
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Figure B.19: Data Normalization Effects

A clear impact of the normalization is noticeable in Figure B.19.

It is clear that without normalization in the outdoor test the engine delivers less thrust
than in indoor conditions. Clearly this is not correct and is due to the fact the outdoor
test was carried out in the summer time when the ambient temperature was 28 °C and
the ambient pressure 100126 Pa.

The same thing happens when the indoor measurement are compared by themselves.
Therefore, all the results plotted in the following maps are all normalized.

B.4.2 Experimental and CFD Comparison

The first result to be shown is concerned with the influence of the engine-detuner
distance on the flow fields inside the cell. Such a parameter can affect the cell
entrainment ratio and therefore the thrust correction factors. Accordingly an
interesting result is to plot how p changes with the engine-detuner gap (Figure B.20).
Both computational and experimental results show that the cell entrainment ratio
increases as the engine-detuner distance increases. This trend is confirmed by Jacques
in (Jaques 1984).

5.4

5.2

4.8

4.6 —-80% exp. -m- 65% exp.

4.4 4 —4—50% exp. = 50% CFD
' ®m 65%CFD  -e-80% CFD
4.2
4 - T - -
0 50 100 150 200 250

Distance Engine-Detuner [mm)]

Figure B.20: Entrainment Ratio as Function of the Engine-Detuner Gap
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Although the absolute values predicted by CFD are not directly comparable with the
experimental results yet, the trends are the same.

Since the beginning it was known that the CFD model could not match the
experimental values due to the actual accuracy of the models. However the fact that
the trends are matched justifies further study in both experimental and computational
directions. Indeed, the experimental apparatus used in 2004 shows some lack of
accuracy (Kleemann 2004).

Before going ahead and attempting to discuss the above trends it is worth saying that
the main difference between the computational and experimental results are due to the
fact that the CFD does not match the experimentally measured engine mass flow.

26
254+ —-—0dCFD -=-1dCFD
@ 24 -+ 2dCFD < 4dCFD //'
(=]
X o3} —~0dexp. —+—1dexp. //
2 2 | ——2dexp. —ddexp. //
B - >
@ 21 N //
o
= 2 =8
S 19 /
1.8 - /
i T - - - . ,
0.3 0.32 0.34 0.36 0.38 04 0.42
Engine Mass Flow [ Kg/s]

Figure B.21: Difference in Engine Mass Flow Between Experimental and CFD

Figure B.21 shows the results from both CFD and experiments. The reasons for this
are probably due to the accuracy of the measurements with the engine airmeter and
the inaccuracy of the computational grid at the engine face.

However, another important thing that needs to be said is that for the different engine
power settings, the differences in engine mass flow is relatively small in absolute
terms. This is primarily because the engine mass flow by it self is relatively small.
Accordingly, every inaccuracy either in the measurements or in the computational
settings can make a big difference in the results.

At the same time, however, the comparison between CFD and experiments can be
useful for defining the trend lines and understand if the computational tools are able to
predict them.

In Chapter 6 it was found that the level of secondary mass flow entering the cell is
proportional to the level of mixing achieved along the detuner (Figure 6.56).
Following that conclusion the same plots used in Chapter 6 are used in this appendix.
Accordingly, two lines are defined along the detuner: the first along the centre line
and the second close to the detuner top boundary.

Figure B.22 shows a plot of the total pressure along the detuner for both the primary

and the secondary flow (from the computational model) and for 1d and 4d engine-
detuner distances.
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Figure B.22: Total Pressure Trend along the Detuner for Different Engine-Detuner Gap
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Figure B.23: Velocity profiles at the Exit of the Detuner for 4d on the left and 1d on the right

It is clearly shown that for four engine nozzle diameters distance the flow achieves a
higher level of mixing along the detuner. This confirms the findings related to the
large scale test facility which have been described in Chapter 6.

Another plot which can help to identify the level of mixing achieved along the detuner
for different engine-detuner distances is the velocity vectors.

Figure B.23 shows a velocity vector plot at the exit of the detuner for the CFD models
4d (left) and 1d (right). The model with a larger distance between the engine end the
detuner shows more uniform velocity at the exit of the detuner. Accordingly the
primary and the secondary flows have achieved more uniform conditions.

Following these results it is also interesting to see how the CFD models predict the
flow at the Accommodation Region.

It is also clear from Figure B.20 that the entrainment ratio increases with the engine
power setting. Therefore the plot at the Accommodation Region is referred to two
models having the same engine-detuner distance but different power settings (50%
and 80%).

Figure B.24 shows the static pressure drop at the Accommodation Region for the two
different engine power settings.

Similar trends were also found by Sapp and Netzer (Sapp and Netzer 1978) and
Laidlaw (Laidlaw 1950).

It is also seen that the higher mass flow going through the detuner for the 80 %
(according with cell entrainment ratio) allows for a higher static pressure drop.
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Consequently at this level of accuracy, the CFD code is able to represent the flow at
the Accommodation Region. Also the plot of Mach number at the Accommodation

Region for the two power settings confirms the trends described above (Gullia et al.
2005).
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Figure B.24: Static Pressure Drop at the Accommodation Region

Another interesting result in terms of cell entrainment ratio is the influence that the
cradle may have on it. Figure B.25 shows that the entrainment ratio is not affected by
the cradle blockage area.

This is probably due to the low velocity inside the small scale test bed facility and
therefore such a result can not be straightforwardedly extended to all the engine-cell
configurations. However, in Chapter 6 (paragraph 6.3.4) the influence of the cradle
for the large cells has been discussed. From those results it is possible to see that the
cradle does not significantly affect the cell entrainment ratio for those different
configurations.

These conclusions could be extremely useful to CFD users.

Indeed, they allow one to neglect all those particulars concerning the cradle frame
which would otherwise make the model too complicated.

Figure B.26 shows the comparison between the load measured by the load cells
outdoor and at different engine-cell configurations. The difference between the
outdoor line and the other single lines represents the amount of the thrust correction
factors needed for the different configurations.

Such trends show that the difference between the outdoor and indoor load measured
increases as engine detuner distance reduces. This could seem a bit misleading.
Indeed, up to now, most of the thrust correction factors have been found to be
proportional to the cell entrainment ratio. But at the same time from both experiments
and CFD results, the entrainment ratio came out to be inversely proportional to the
engine-detuner distance (Figure B.27).

This appears to agree with the experimental analysis conducted by K A Campbell in
the Glen test house and summarize by (Ashwood 1984).

Even at that time the thrust correction factors increased as engine-detuner gap
reduced. Furthermore, Ashwood analysis (Ashwood 1984) also shows a TCF peak for
a very short gap similar to that represented in Figure B.27.
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Figure B.25: Influence of the Cradle Blockage Area on the Entrainment Ratio

This means that by reducing the engine-detuner distance another flow phenomena, not
related with the secondary flow, comes to play a fundamental role.

Usually the greatest thrust correction factor is the intake momentum drag (paragraph
4.5.4). 1t is possible with the measurements available (all the analysis is referred to
2004) it is possible to compute this as a function of the engine-detuner distance.

The corresponding plot is shown in Figure B.28.
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Figure B.26: Load Measured By the load Cells Indoor and Outdoor

This plot confirms that both CFD and experiments predict an increase in IMD by
increasing the engine-detuner distance, which also means increasing the entrainment
ratio. This is also the expected trend for the effect of intake momentum drag.

The cradle drag is computed by nine velocity measurements (Figure B.15) and by
knowing its drag coefficient and its blockage area (equation (b.13)).
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Figure B.27: TCF Variation with the Engine-Detuner Distance

falig
Dcradie =cd—2-pv Ayef (b.13)

The same method has been used for computing the cradle drag using CFD. This is
mainly because a direct calculation of the force acting on the movable part of the
cradle cannot be made at this stage due to the inaccuracy of the grid around it.

The trends related to the cradle drag as a function of the engine-detuner distance are
shown in Figure B.29 which includes both experimental and CFD results.
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Figure B.28: Intake Momentum Drag Variation with the Engine-Detuner Distance

The computational results still give almost the same trend when compared with the
experimental.

These trends show a characteristic which was not expected before.
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Indeed, since the velocity inside the cell is directly dependent on the entrainment ratio
it was expected to conclude that the cradle drag contribution would be proportional to
the engine-detuner distance. Instead, it appears clearly from Figure B.29 that the
cradles drag is bigger when such a distance is zero.
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Figure B.29: Cradle Drag Comparison Between Experimental and Computational Results

An explanation for the cradle trends and for the trend of the thrust correction factors,
which both increase by reducing the engine detuner distance, can be found if the
engine-detuner ejector pump effect is taken into account (Ashwood 1984).

As described in the literature review (paragraph 2.2) around the engine after-body the
secondary flow starts to accelerate as consequence of the low pressure region at the
Accommodation Region.

For the usual engine-detuner distances such an acceleration is felt by the engine only
around its rear part.

However, when the engine is positioned very close to the detuner, the secondary flow
can also start to accelerate up-stream of the engine nozzle. Therefore, even though the
secondary mass flow is lower for short engine-detuner distances, the flow velocity
around the engine cradle can be higher than for larger distances.

Accordingly, this can affect the thrust correction factors related to the front part of the
engine (pre-entry force and bellmouth force) and also the force acting on the movable
part of the cradle. At the same time however, since the engine after-body is closer to
the Accommodation Region, which is the lowest static pressure region, the base force
will also increase for shorter engine-detuner distances.

Regarding the engine cradle drags both CFD and experimental results show also a
minimum around 1d engine-detuner distance. This is probably due to a balance of the
two effects, entrainment ratio and ejector pumps.

At the same time there are still no explanations for justifying the maximum peak
around the 2d engine-detuner distance.

However, by itself the cradle drag is not able to explain the high TCF needed at 0d.
Indeed, if the intake momentum drag and the cradle drag are added together, there still
is a quite large correction to be identified at such a distance.

Figure B.30shows this difference.
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Figure B.30: Unmeasured TCF

Unfortunately, in 2004 it was not possible to measure experimentally more parameters
and therefore to calculate further thrust correction factors.

However since the begining attention was oriented to the suction force acting on the
engine after-body as a possible explanation for the trends of the thrust correction
factors.

Indeed, more likely, the engine gets closer to the detuner the larger the suction force
acting on it.

Therefore at that time a CFD analysis for the base force was attempted though the
model accuracy was not so good. The aim was to show the trends of the base force
with the engine-detuner distance and understand the difference in magnitude.

Several pressure values have been extracted from the engine nozzle surface and the
base force has been computed by equation (6.11)).

The values of the base force are plotted in Figure B.31.
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Figure B.31: CFD Analysis of the Base Force
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Figure B.32: Depression Measured around the Nozzle

The base force trends are almost the same as those representing the total thrust
correction factors, having the maximum at Od and decreasing with increasing
distance. Such trends fit the difference between the total thrust correction factors very
well and match those already measured. Furthermore, it is possible to estimate the
sudden increase of base force close to 0d to be around one order of magnitude bigger
than that for the other distances

Therefore, by reducing the engine-detuner distance, the force acting around the engine
afterbody increases and becomes the larger of the thrust correction factors.

In order to investigate such a phenomenon in 2005, four static pressure probes were
set around the nozzle (Figure B.11).

The first results publicized in Elysee thesis (Elysee 2005) confirm the large increase
in base force as the engine-detuner distance is reduced.

At the moment only two distances have been checked (2d and 4d).

However, the results are promising. During the measurement when the detuner was
moved forward from 4d to 2d the pressure transducer went out off the scale for
measuring the gauge static pressure around the nozzle.

This clearly symbolizes that the depression around the nozzle really increases quite
dramatically.

Figure B.32 shows the depression measured around the nozzle for the two engine-
detuner distances at 65 % power setting. It is clear that for 2d the depressions is three
times bigger than for 4d.

B5. Conclusions

Before finishing this Chapter it is considered worth summarising the experimental and
computational work carried out in Cranfield University with the small scale test
facility.

Computational and experimental data confirm that the entrainment ratio increases
proportionally with the engine-detuner distance.

This flow behaviour can be related to the level of mixing achieved along the detuner
between primary and secondary flows (as is shown in Chapter 6). Indeed, it has been
seen that by increasing the engine-detuner gap the level of mixing increases as well.
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Therefore it has confirmed that the mixing process affects the amount of secondary
flow entering the cell.

Despite the low level of accuracy of the models, Fluent is able to represent the
Accommodation Region and the plots are consistent with cell aerodynamics.
Experimental and computational data show that the blockage area of the cradle does
not affect the cell entrainment ratio.

The TCF trends found are different from those expected.

In fact the TCF increases as entrainment ratio is reduced.

Following the cradle drag and base force analyses the TCF trends have been attributed
to the ejector pump effects. Indeed, when moving the engine towards the detuner, the
secondary flow acceleration is felt also around the cradle, therefore increasing the
cradle drag. For a detuner position around 1d the cradle drag shows a minimum which
is thought to be due to a balance effect between the entrainment ratio and the ejector
pump effect. :

Furthermore, if the engine is positioned closer to the detuner, the suction force is
much stronger as therefore is the base force. Actually, from the CFD analysis the base
force at 0d seems to have a much bigger impact on the thrust correction factors than
the rest of the TCF’s (1 order of magnitude greater).

Following the above conclusions, the commercial CFD software used is able to
predict the experimental trends. Therefore, the computational model can now be
improved further so to achieve a higher level of accuracy.

The possibility of working with a small scale test bed facility may give the
opportunity to analyse several flow phenomena arising inside the cell. This is

especially the case if the test cell allows parametric study like the Cranfield model test
cell.

However an important point has to be stated.

Due to cell and engine characteristics, the flow parameters are very small until the
analysis is taken to the limit (engine nozzle plane and detuner entry plane coplanar,
for example). This makes flow measurement very difficult. Indeed, very accurate
instrumentation is needed to pick up all the flow characteristics.

Therefore, quite often doubts can arise about the quality of such measurements,
slowing down the analysis.

Problems can also arise not only from the measurements point of view but also from
the interpretation of the results. In some cases the differences are so small that their
analysis is not very clear. o
At the same time, the instrumentation has to satisfy the requirement of not being too
intrusive in the flow field as to invalidate engine performance results. One example is
the measurement of total pressure at the engine nozzle plane. Indeed, in order to
measure accurately such a value and identify the profile, the pressure probe should
traverse the nozzle. This will compromise the structural stability of the nozzle first
and secondly the increased blockage area of the instrumentation could affect the
engine performance.

In order to improve partially this situation and therefore to increase the flow
parameters (as forces, velocities, pressures) a suggestion could be to reduce the cell
cross sectional area. This possibility is within the opportunity offered by the Cranfield
facility.

However, in doing this, secondary flow phenomenon (as vortex ingestion and
recirculation) can arise inside the cell and compromise the whole measurements.

The situation is tricky and therefore, each parameter has to be taken into account quite
carefully.
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APPENDIX C. Accommodation Region Analysis for Different Engine

Power Setting

Following, the results obtained from the CFD analysis at the Accommodation Region
for different engine power settings are compared with the the results obtained from

the analytical model (paragraph 5.2.4)

These results together with those already shown in paragraph 6.3.4 help the validation

of the Analytical Method procedure described in Chapter 5.

In the following plots, the blue line represents the Analytical Model results while the

red line represents the CFD results (Hagues 2005)

Figure C. 1: Accommodation Region Characteristic (Engine ndmf = 2596.34)

(Hagues 2005)

0 62 Os 085 O8 ! 2 Le s I8 2

Figure C. 2: Accommodation Region Characteristic (Engine ndmf = 2844.88)

(Hagues 2005)
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Figure C. 3: Accommodation Region Characteristic (Engine ndmf = 3006.58)
(Hagues 2005)

Figure C. 4: Accommodation Region Characteristic (Engine ndmf = 3126.94)
(Hagues 2005)

321



APPENDIX D. Grid Analysis for the Inlet Stack

This appendix has the aim of completing paragraph 6.4.2 concerning two with grid
comparison for the inlet stack computational model.

In the above mentioned paragraph the comparison between the mass flows pointed
from the two models has shown a good agreement. Here the static pressure contour
and the velocity vectors and the velocity profile are compared.

The final result of this grid independency analysis is that the two models show very
similar results and therefore Grid 1 (200000 elements compared with Grid II 400000
elements) has been chosen for further analysis (Lachery )
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Figure D. 1: Static Pressure Contour a) Grid I b) Grid II (Lachery )
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Figure D. 2: Velocity Vector a) Grid I b) Grid II (Lachery )
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Figure D. 3: Velocity Profile at the Exit of the Inlet Stack Model a) Grid I b) Grid II ((Lachery ))
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