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Abstract

Icing in an engine breather system can block the engine breather pipe, cause excessive
crankcase pressure and degrade the engine performance. In this project, a numerical study,
experimental tests and CFD analysis are employed in order to understand condensation and
the extent of freezing inside a vertical pipe, a horizontal pipe and a T-joint pipe which are
exposed to an external convective cooling. The pipeinternal flow is assumed to be a
vapour/air mixture. This study hasled an evaluation of freezing in an engine breather pipe.
The finding in this project highlighted the effects of the pipe internal flow condition (vapour
mass fraction, relative humidity, mixture gas flow rate, and inlet relative humidity), the pipe
external cooling condition (temperature and air velocity) and pipe thermal conductivity on
condensation and extents of ice formation in the pipe. In the experimental study, atest rig has
been designed and the condensation and freezing in the pipe have been tested at the Cranfield
Icing Tunnel. The local pipe temperatures are measured to validate the numerical and the
CFD analysis. The numerical study has led to develop aone dimensional code which used
heat and mass analogy to model condensation and freezing in avertical pipe exposed to a
cold air flow (-20C). This code satisfactory predicts the trend and magnitude of the local
temperatures and heat transfer coefficient along the vertical pipe at available test condition
within an acceptable uncertainty of 25%. This study proposes an empirical correlation based
on adegradation factor to evaluate heat transfer coefficient inside avertical pipe. Itsresults
fit with the experimental data within 15% uncertainty. The CFD methodology developed in
this study is capable of predicting condensation rates, local temperatures, heat transfer
coefficients and extent of freezing in the pipes with good agreement with the experimental
results. The CFD model over predicts the breather pipe ice blockage time due to disparities
between an actual engine operating condition and the CFD model. Therefore, an adjustment
factor of 1.7 is proposed in this study to correlate the predicted blockage time. The results of
this study can help Jaguar to establish guideline for future design of engines breather pipes.
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A Surface area[m?]
Co Specific heat at constant pressure [J kg™ K™
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i Mass flow rate [kg 5]
m" Mass flux [kg m? s?]
Mg Molecular weight of gas
M, Molecular weight of vapour
M, Average mixture molecular weight
Nu Nusselt number
Prandtl number
P Total pressure [Pal
r pipe radius [m]
R Universal gas constant [J K™ mol™]

13



Ra Rayleigh number
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SCCM Standard Cubic Centimetre per Minute
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Chapter 1 Introduction

1.1 Overview

When acar engineis started up in cold conditions its intake system can be proneto icing.
Recent tests conducted at the Jaguar Research Centre indicate that ice formation in an engine
intake system can restrict airflow and significantly degrade the engine performance. In fact,
in freezing conditions the temperature of the engine breather pipe can be less than the dew
point temperature of the breather gas mixture. In this situation, the vapour in the mixture
condenses inside the breather pipe which can result in blockage and crankcase over
pressurisation.

The current PhD study is sponsored by Jaguar Land Rover Ltd. with the goal of modelling
condensation and evaluating ice formation in an engine breather pipe. The results of this
study will help Jaguar to establish new guidelines for future design of engines.

Jaguar XK engineis shown in Figure (1-1). According to the Jaguar icing tests, the critical
region for breather icing is at the connection of the breather pipe to the air manifold, as

shown in Figure (1-1).
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Breather
Pipe
connection
to Manifold

Figure 1-1 Jaguar XK engineindicating breather pipe connection to theair manifold

Theicing test results show that ice starts to build up at this junction and eventually can
block the breather pipe. This can lead to an increase in crankcase pressure which in along
engine run can blow out the crankcase gasket. Also some of the ice can be ingested to the air
manifold and stick to the engine throttle valve, shown in Figure (1-2).

Ice inside the full load
breather connection

| Temperature @
photograph : -20 Deg C

Ice Attached to
the Throttle
Valve

Figure 1-2 Iceinside the breather pipe and affectsthe throttle valve

17



The most important key which researchers at Jaguar are looking for in this project isan
understanding of the parameters which can affect icing in pipesin aflow of cool air. Also
they aim to obtain a CFD model which can model condensation and freezing in the breather
pipe and estimate the total time in which the pipe become blocked by ice. The case study in
this project is on the Jaguar Engine X250 V8 n/a.

1.2 Project objectives

The aim of the current research is to provide Jaguar with a CFD model which can be
applied to model freezing in the engine breather pipe and eval uate the pipe blockage time.
Beyond this, assessing the process of condensation and freezing in the pipes exposed to
external convective cooling through experimental and numerical study, understanding the
heat and mass transfer phenomena during condensation in the pipes are the focusin this
study.

1.3 Methodology

The objectives of this study are fulfilled by employing a numerical study, CFD analyses
and experimental tests.

To model and simulate ice formation inside the breather pipe, firstly condensation should
be addressed. To simplify the case, condensation is studied in the vertical pipe through
numerical analysis. In the numerical studies a one dimensiona codeis developed for a
vertical pipe which applies heat and mass transfer equations and can predict the condensation
rate and ice formation inside the vertical pipe. Thisanalysishasled to a better understanding
of heat and mass transfer in reflux condensation of steam in vertical pipe.

In the experimental part, atest rig is designed and constructed to evaluate the numerical
results. All the experiments have been conducted at the Cranfield Icing Tunnel. The Icing
Tunnel is used to blow cold air around the pipe and simulate external forced convection and a
test rig is designed to supply vapour/air mixture. The choice of employing the Icing Tunnel
and the test rig provide more flexibility on changing the boundary conditions and making
observation of condensation and freezing process in the pipe compared to the tests done at the

Jaguar Icing facilities.
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In the experiments condensation and icing are evaluated in horizontal, vertical and a T-
joint pipe and have been conducted in two phases. Even though, conducting icing tests on
these pipes may not be fully representative of an icing test on an actual engine breather pipe,
they can provide useful information about the process of condensation and freezing inside the
pipe which can be used as a validation tool to investigate the result of the numerical study
and the CFD model. The results of the vertical tests have been used to validate the 1D-code.

CFD anaysisis another useful tool which has been employed in this research to evaluate
condensation and freezing. Star CCM + isacommercial CFD software which is used by
Jaguar LandRover Ltd and has also been applied to this study.

In CFD studies a defogging model has been devel oped to be able to compute condensate
flux along the pipe. A Java script is aso written and implemented to be used with the
software to take into account the freezing heat flux in every iteration. The model is validated
by results of the horizontal pipe tests.

In the last stage of this research, the CFD model is applied to the actual breather pipe and
the breather pipe blockage timeis estimated.

In the diagram presented in Figure (1-3) the phases of this research are shown and are
highlighted as follows.

e Understand condensation and freezing in a pipe viaanumerical study.

e Develop aonedimensional code which can model condensation and apply freezing
heat flux.

e Conduct experimental analysis to observe condensation and ice formation at
different input conditions. The first phase of the experiments is conducted with the
goal of evaluating the hydrodynamics of condensation and ice formation inside a
vertical pipe. In the second series of experiments the pipe temperatures are
measured and the experimental heat transfer is evaluated. The experimental results
can be employed as a validation tool to evaluate the numerical study and the CFD
model.

e Perform CFD Analysis of condensation and freezing in horizontal pipe and
develop amode to predict risk of Ice formation. The software used is StarCCM+ .

e Apply the model on actual breather pipe and validate it by using Jaguar Engine test
results.

e Provide the model to Jaguar LandRover Ltd.
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Apply the model to the Actual Breather Pipe
and validate it by Jaguar Icing Test Results

A

Provide CFD model for Jaguar

Figure 1-3 Stages of Research
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1.4 Thesis Structure

The thesis has been divided in to nine chapters as follows:

Chapter 2 presentsthe literature review and explains the car engine icing and Positive
Crankcase Ventilation (PCV) system. A physical model of condensation and freezingin a
pipe and its formulation is devel oped and discussed in this chapter. Also available models for
modelling condensation and Ice formation in Star CCM+ software are presented.

Chapter 3 explains the test rig which has been used in the experimental study. This test
rig has been designed to study condensation and freezing in pipes which are exposed to a
flow of cool air. This chapter focuses on explaining components of the test rig aswell as test

procedure and calibration.

Chapter 4 provides more discussion on experimental results. These results are referred in
chapter 5 and chapter 6 for validation process.

Chapter 5 explains the solution method of a one dimensional code written to model
condensation in avertical pipe. The solution procedure of this model and itsresult are
presented in this chapter.

Chapter 6 explains CFD simulation which has been done in Star CCM + software to
model condensation and predicts ice formation in a horizontal pipe. The results of the CFD

model are presented and validated, with experimental data.

Chapter 7 appliesthe CFD model on an actual engine breather pipe and predictsice
accretion and risk of icein the engine breather pipe. The results of the model are correlated

with experimental test results conducted at Jaguar Landrover test facilities.

Chapter 8 gathers al the conclusions and recommendations which have been arrived at

the findings of the present study.

Chapter 9 explains severa aspects of this study which are subjected to further
investigation.
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1.5 General Comments

This study was started in October 2008. All the experimental tests have been conducted at
the Cranfield University Icing Tunnel. A test rig has been designed and employed for
conducting the tests with extensive help and support of Dr David W. Hammond.

The first series of experiments was performed in April 2009 with the main purpose of
observing the hydrodynamics of condensation and icing in avertical Perspex pipe. Thenin
January 2010 the test rig was modified and more instruments were employed to achieve
higher measurement accuracy. Tests on avertical pipe, a horizontal pipe and a T-Joint pipe
were conducted. The CFD part of the project has been undertaken by using Jaguar Land

Rover Research Centre computer facilities at Coventry, UK.

1.6 Application software and programming languages

Thetest rig components in the current project are designed by using the AUTOCAD
(2007)*. The one-dimensional numerical code has been written by using Matlab Script File
(7.10)%. A commercial CFD package (Star CCM+ 7.02°%) was used for developing the
computational solution in the breather pipe. This CFD package gives the ability to model
condensation using the defogging model. Post processing the results was done in this
software. Also a code written in Java and implemented within StarCCM+ to take into account
the freezing heat flux in every iteration. N.I Compact Field Point interface connected to aPC
and controlled by using Labiew (7.1)*.

! AutoCAD is a software application for computer-aided design (CAD) and drafting which is developed and
sold by Autodesk, Inc.; www.autodesk.com

2 MATLAB is a programming language developed by MathWorks. www.mathworks.co.uk

3 Star CCM+ is a package for CFD simulation developed by CD Adapco. www.cd-adapco.com.

* Compact Field Point & Labview are trade names for products made by National Instruments; www.ni.com
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Chapter 2 Literature Review

In this literature review, first the background of engineicing isinvestigated. The engine
breather system and the flow conditionsin this system are reviewed. The freezing processin
the breather pipe starts from the condensation of vapour. Therefore, evaluating condensation
and heat transfer in the pipeisthe main focusin this literature review. A theoretica model of
reflux condensation of steam-air mixturein avertical pipe is developed by the author for this
specific project, based on the formulation of the previous works, and is presented in this
section. The theoretical model is used to develop a one dimensional code which is explained
in chapter 5.

In the last section of thisliterature review the formulation of condensation and freezing
modelsin StarCCM+ software are reviewed. StarCCM+ is used as a CFD tool in this study.

2.1 Car engine icing

Car engineicing is the term for a condition where ice accumul ates inside of a piston
engine air intake or ventilation system. The source of thisicing is water vapour contained in
the ambient air, crankcase gases or the fuel. Ice formation in the car engine can occur
typically in four different zones and categorized as carburettor icing, fuel icing, impact icing

and breather icing accordingly.

2.1.1 Carburettor icing

The effects of both “ carburettor icing” and “breather icing” are similar in terms of
restricting flow in the engine manifold. However carburettor icing is the most common and
serious amongst the types of icing in carburettor engines. The cause of thisicing isthe

sudden temperature drop due to fuel vaporization and pressure reduction at the carburettor
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venturi which cause the water vapour in the air to condense. When the carburettor
temperature is at or below freezing, some of this water freezes and ice forms on the internal
surfaces of the carburettor and it can extend up to the throttle valve. In Figures (2-1) and (2-2)

ice formation around the throttle valve and in the venture are shown.

Throttle
butterfly

7 7

Fuel icing (less common)

\
!;/

ity ‘

Figure 2-1 Restricting the airflow in engine manifold dueto ice for mation (www.caa.co.uk)

A\
Fuel ///5

Ice in carburettor venturi

2

Fuel/Air
ixture

To Engine

Incoming Air

Figure 2-2 I ce formation in Carburettor (www.free-online-private-pilot-gr ound-school.com)

Carburettor icing degrades engine performance and in extreme conditions it can stop the
engine and the engine may not even re-start and if it does, it may be with adelay.
Whilgt, in this study the focus is to investigate breather icing, studying severa aspects of

carburettor icing helps to understand how ice formation is addressed in the engine.
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It can beinferred from the literature that carburettor icing is common in aircraft piston
engines. Gardner (1998) conducted a study of carburettor icing on aircraft piston enginesin
warm conditions at the Fuels and L ubricants Laboratory of the National Research Council of
Canada. According to hisreport, carburettor icing in aircraft enginesis not restricted to cold
weather, and will occur in warm days if the humidity is high enough, especialy at low power
settings when the throttle butterfly is only partially open.

Sleezer et a (2004) used a chart to indicate the icing probability of carburettor engine of
light aircraft (Fig 2-3). Asitisillustrated in this chart the serious risk of icing occurs at the
range of -4 °C to 16 °C. Moderate risks will happen between temperatures of -7 °C to 25°C.

CARBURETTOR ICING IN AIR FREE OF CLOUD, FOG OR PRECIPITATION

(risk and rate of icing will be greater when operating in cloud, fog and precipitation)

D Serious icing - any power
Moderate icing - cruise power
Serious icing - descent power

. Serious icing - descent power

. Light icing - cruise or descent
power

—— World Wide
+30  Appr

upper limits
of dewpoint

—f— NW Europe
+20

+10

0 Dewpoint °C

pd

/

=20
=20 =10 V] +10 +20 +30 +40

Temperature *C

Figure 2-3 Carburettor Icing probability chart (Sleezer et al, 2004)

Thisway of presenting the risk of ice formation gives an idea of a possible way to develop
asimilar chart to evaluate breather icing risk in this study.

In Figure (2-4) the number of accidents caused by carburettor icing in aircraft piston
engines per month in 1999 is shown. It illustrates that the critical timeis unexpectedly in the

warm months, because the water vapour content of the air in warm days is more than cold

days.
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Number of Accidents per Month Citing
Carburetor Icing as a Cause / Factor, 1999
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Figure 2-4 Number of accident per month citing Carburettor as causein Northern hemisphere
(Sleezer et al, 2004)

In genera, the conditions favouring carburettor icing in aircraft piston engines include:
- Temperature range -3C to 15 C at any power
- High relative humidity (RH) e.g. 60-100%
- Increasing altitude lowers dew point temperature and causing more condensation and
increases risk of freezing in cold condition
- Increasing speed (wind chill effect)

In order to identify the risk of carburettor icing the majorities of aircraft piston engines are
equipped with a carburettor temperature gauge, ice light or similar instruments. carburettor
heating system are the most common system used to prevent carburettor icing.

2.1.2 Fuel icing

Fuel icing isthe result of water, held in suspension or solution in the fuel, precipitating
and freezing in the induction piping and even in fuel tank. This sort of icing is most likely to
occur in aircraft engines. In order to avoid fuel icing, fuel heaters as well as anti-icing agents

are used which stop the ice crystal formation in the fuel.

2.1.3 Impact icing

The ice which builds up on an engine air box and air filters causes what is referred to as
intake or impact icing. Thistype of icing occurs when ice particles or water droplets impact
on engine air box and block the intake air filter. This typically happensin the snow, sleet,
sub-zero cloud or eveninrain, if either the rain or car body are below 0°C. Thistype of icing
can affect fuel injection systems as well as carburettor based systems and can be more
hazardous for turbocharged engines since some of the ice particles can be ingested in the

engine manifold and can impinge on the turbocharger blades. Engines at reduced power
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settings are more prone to Impact Icing because the partially closed throttle valve can more

easily be restricted by the ice.

2.1.4 Breather icing

Breather icing is the term for a condition where ice accumulates inside a piston engine
breather system. The source of thisicing is mostly water vapour in blow-by gaswhich is
circulated by the Positive Crankcase Ventilation (PCV) system. Blow-by gas and the PCV
system are explained in section (2-2).

The warm blow-by gas carried by the PCV system brings alot of moisture and fuel to the
manifold tube. Asthis vapour passes through the breather tube, under some conditions it may
condense and if the breather pipe surfaceis at or below freezing, the water freezes before it
can pass out of the breather pipe. This can then restrict the airflow, increase the crankcase
pressure and causes rough engine running. The pressure rise also may blow up the crankcase
sealing and resultsin oil leaks.

Some of the knowledge obtained from Carburettor Icing can help to identify the
parameters which may affect breather icing as listed as follows:

e Air flow condition inside the breather pipe such as temperature, relative humidity
and pressure which affect the dew point

e Blow-by composition (see section 2-2-1)

e Air conditions around the breather pipe (under bonnet airflow ) which may be
affected by vehicle speed and ambient conditions

e Geometry of the breather tube

e The pipe thickness and material (thermal conductivity)

All the terms such as PCV system, breather pipe, and blow by gas are explained in the next

section.
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2.2 PCV System

The crankcase is the enclosed space at the bottom end of an internal combustion engine
which includes the crankshaft, pushrods, piston cylinders, pistons, connecting rods, and
timing gears that connect to the front cover. Most of these components are moving and arein
contact with engine lubrication ail.

A Positive Crankcase Ventilation system (PCV system) is used to circulate the crankcase
gases to the engine intake and prevent the crankcase gas from being expelled to the
environment. Crankcase gases are mixture of blow-by gas®, soot from the engine combustion
mixed with oil mist and oil vapour.

If the crankcase gases are allowed to accumulate in the crankcase compartment due to the
flow of blow-by gas, it would result in considerabl e pressure and cause the crankcase seals
and gaskets to leak. Thus, the crankcase gases must be properly vented from the engine by a
check valve. The check valve, which typically is a conventional reed type valve, vents the
crankcase gases through a pipe to the engine air intake to reduce air pollution . This pipeis
called a“Breather Pipe’. In another word, crankcase gases are returned into the cylinder for
combustion and eventually the resulting fumes are taken to a catalytic converter where they
are treated for release to the atmosphere.

According to a Racor Technical Report® (2006), restrictions on environmental pollutants
were not in place until the first legislation on car passenger pollution in 1960’s. In the 1970's
emissions caused by blow-by gas on heavy-duty diesel engines were a small portion of the
total emissions emanating from the engine and there were no regulations on diesel crankcase
emissions, so crankcase gases were vented directly to the atmosphere. By the 1990’s, diesel
emissions had been reduced to the point where blow-by emissions became a more significant
part of the overal engine emissions. In 2007, the US EPA (Environmental Protection
Agency) required engine manufacturers to include crankcase emissions for all diesel engines
and PCV systems are broadly used nowadays in most of vehicles. The EPA Emission
Standard for heavy duty Diesel Engines from 1998 to 2007 islisted in Table (2-1).

® Blow-by gasis the term used for gases which escape through the piston rings during engine operation. See
section (2.2.1) for more information.
& www.parker.com/racor
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Table 2-1 EPA Emission Standardsfor Heavy-Duty Diesel Engines (g/bhp.hr)
(www.par ker.com/racor)

Heavy Duty Diesel Truck Engines

Year HC co NOx PM
1988 1.3 15.5 107 0.6
1990 1.3 15.5 6 0.6
1991 1.3 15.5 5 0.25
1994 1.3 5.5 5 0.1
1998 1.3 I5.5 4 0.1
2004 option | 5.5 24 0.1
NHHC+NOX
2004 option 2 O'SDT]T:HC 15.5 NHH%?NO}( 0.1
2007 0.14 15.5 0.2 001

2.2.1 Blow-by gas composition

During engine operation the compressed fuel and air mixture burns in the cylinder on the
top of the pistons. When the piston rings become worn and even, to some extent, when they
are new they allow some of this compressed and burning mixture to escape and leak past into
the crankcase (Fig. 2-5). Thisflow is called "blow-by gas".

(a) Blow-by during 1 (L) Blow-by during
the compression < the powsr
stroke 71K 4 |,1-'j stroke

N
1 5
H P |
7
1 1
o
1 4
f
/
r
Z %
Escaping \:
air ” A
’ Escaping ——
/ exhaust

Figure 2-5 Blow-by gas during compression and expansion stroke (Heisler 1995)

Asillustrated in Figure 2-6, most of the blow-by gas passes through the piston ring contact
surfaces and the cylinder wall. A small amount of blow-by escapesin to the crankcase along

the sides of the groove behind the piston ring. A third part of the blow-by escapes through the
rings gap.
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ring and cylinder ring groove side
(i i

Through ring gap
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Figure 2-6 Blow-by gas scape through cylinder rings (Heinz et al 1998)

Avergard and Lindstrom (2004) mentioned that the blow-by gas originates not only from the
combustion chamber, but it can also be from other sources in the whole engine system. He
stated that around 60 % originates from the combustion process and the remaining 40 %
comes from other sources such as the air compressor and turbocharger. All these blow-by
sources have a connection to the crankcase. Either their own crankcase is directly connected

or they have lubricating channels that are connected to the oil sump.

2.2.2 Blow-by gas flow rate

The blow-by gas flow rate depends on different engine parameters such as load, engine
speed, whether or not the air compressor is charging etc., but it also increases with the
engines total operating time and it can vary alot between different manufactures and models.
The amount of blow-by is measured in avariety of ways and the values of measured blow-by
are very different. Heinz (1995) stated that the blow-by increases with engine speed and in
particular as the piston rings and cylinder bore wear, the blow-by becomes more noticeable in
the upper speed range, (Fig 2-7). In charged engines, leaks in the turbo charger can have a

considerable effect on the measured blow-by volume as well.
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Figure 2-7 Effect of engine speed on piston and ring blow-by (Heinz , 1995)

Heinz et al (1998) stated that the most common method used for indicating the blow by
flow rate is by expressing it as a percentage of the intake volume. In this form, the blow-by
can be compared between different engine types. The amount of blow-by can only be
determined through direct measurement but good rule-of-thumb is that figures are 0.5% in
new engine, 1% in design target for breather sizing and a maximum of 2.5% to 3% for aworn
engine, or with poor piston ring sealing.

Heinz et a (1998) measured the blow-by in a 1.6 litre, 4 cylinder petrol engine and
compared it with a2.0 litre 4-cylinder diesel engine. The characteristic map of the petrol
engine shows at low speeds, the ratio of blow-by to intake air is about 1% to 6.8% and at
high speed and high load the value falls to about 0.9%. A similar pattern can be observed for
the diesel engine. It is because of the fact that at high load and high cylinder pressures, the
gas pressure is high enough to press the piston ring’ s contact surfaces into the distortion
recesses. At low pressure, the rings skip over these gaps and open space for blow-by gas.
Therefore the blow-by may be greater at partial load and low cylinder pressure. Avergard and
Lindstrom (2004) called this phenomena “ring flutter” which would happen when the pressure
difference between the combustion chamber and the crankcase is not high enough to push the
piston ring tightly onto the piston ring groove and cause the piston ring to flutter in the
groove. He also showed that blow-by is a pulsating gas with partial backflow or, if a
crankcase breather isfitted, even flow reversal. He tested a specific engine, a 1.3 litre, 4-

cylinder petrol engine with liquid cooling, as an example and reported that blow by gas
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pulses heavily with time with peaks at 85 I/min and -50 I/min. In Table (2-2) different values
of blow-by gas are shown by Avergard and Lindstrom (2004).

Table 2-2 Different measur ements of blow-by. The measurements have been done on engineswith an
output between 300-600 hor sepower (Avergard and Lindstrom (2004))

M easured value Reference

10 - 30 I/min per cylinder Marty (2003)

140 - 300 I/min Batram et al (2000)
1120 I/min on aworn engine Batram et al (2000)
0.51/min per rated engine hor sepower Batram et al (2000)

2.2.3 Crankcase gas content

The gas mixture which goes through the breather pipe is crankcase gas which is mixture of
blow-by gases, soot from the engine combustion mixed with oil mist and oil vapour.

Blow-by gases are composed of unburned air fuel mixture or partially burnt products of
combustion plus oil aerosal, (e.g. CO,, CO, O,, NOy and H,0). Aswith the blow-by mass
flow rate, which varies from one engine to another, its composition differs according to
engine speed, load and other engine components such as air compressor.

Lopez (2004) showed that leaking blow-by through the piston rings atomized the oil in to
droplets and entrained them to the flow (Fig 2-8a). He postulated that approximately 50 % of
the oil aerosol in crankcase gases forms around the piston rings and the cylinder wall.
Components of the engine oil with low boiling points vaporize and likewise |ead to the
formation of aerosols by condensation. In addition, the high piston temperature and the action
of other rotating-parts such as crankshaft, which is constantly rotating, cause the oil to
evaporate, splash and break up into different droplet sizes. The mixture then mixes with
blow-by gases and passes through PCV system (Fig 2-8b).
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Figure 2-8 Oil entrainment in blow-by flow through the piston-ring liner (L opez, 2004)

Heinz et a (1998) examined the composition of the blow-by gas and its condensate and

expressed the results in terms of volume fraction relative to that present in unburnt gasoline.

He showed that the amount of high boiling point compounds in blow by condensate is more

than that of low boiling point compounds. He also mentioned that 10 to 40 percent of the

condensates consisted of lube components (Fig 2-9).
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Figure 2- 9 Analysisresults of blow-by condensates, Heinz et al (1998)

In genera the crankcase vapours are normally comprised of fuel, moisture, unburnt

hydrocarbons, and combustible materials such as atomized oil, diesel fuel, and heavy
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particul ate resulting from engine operation. Some are gaseous, some are liquid, and some are
particul ate matter.
Heinz et a (1998) describes the crankcase gases as follows:
e Soot Particles; 0.3t0 0.5 um

e Oil Agrosol Particles; 0.1 to 10 um
e Gasses, CO, CO,, NOX, Oz, HO

e Gaseous Hydro-Carbons (HC)
e Water Vapour (H20)

2.2.3.1 Filtering Crankcase blow-by gas

Since, the crankcase gases contain fine oil particles in the form of oil mist they may cause
engine malfunctionsif they return to intake section of the combustion engine. Thus, these
gases are filtered by the PCV system with at |east one separator.

Mostly labyrinth or cyclone separator and textile fibre filters are used to filter the mixture.
Steffan (2003) investigated the fluid and droplet dynamicsin cyclone and disc stack
centrifuges and showed that the cyclones have better overall separation performance. Reitze
(2001) stated that filters and separators only remove particul ate material, liquid droplets,
liquid mist and submicron sized droplets, but allow vapour to pass through. If this vapour
condenses in the breather pipe it may turn toicein cold condition and can cause Breather
Icing.

In the next section, condensation and freezing of water in vertical pipeis studied.
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2.3 Film condensation inside of a vertical pipe

Condensation is considered here to be as an isothermal phase change phenomena which
involves an abrupt discontinuity of properties at constant dew point temperature. The study of
condensation is very important in many industrial applications. Some typical examples of
these applications are in nuclear power generation industry, chemical processing, thermal
power generation and refrigeration industries.

Around one century back Nusselt (1916), for the first time’, studied condensation of steam
anaytically. In his research, he studied the condensation of steam on avertical cooled
isothermal flat plate maintained below the dew point temperature. The condensation starts at
the top of the plate and forms aliquid film which flows downward due to gravity. Nusselt
derived condensate mass flow rate from the momentum equation and balanced his energy
equation at the gag/liquid interface. He made several assumptions to simplify his model such
as. negligible shear stress at the film/gas interface, negligible momentum transfer across the
film, constant fluid properties and laminar fluid film and calculated the film heat transfer
coefficient and film velocity as a function of local film thickness. The results of Nusselt work
has been widely referred in lots of books.

Since Nusselt’ s pioneering analytical study, there have been considerable research works
on external and internal condensation on various geometrical configurations such as channels
and tubes in both horizontal and vertical orientations.

An intensive detailed review of in-tube condensation is given by Dalkili and Wongwises
(2009). The in-tube condensation process of steam in avertical pipeis classified by gas
mixture type (containing non-condensabl e gas or pure steam), flow regime (whether it is
laminar or turbulent) and direction of gas (whether it is co-current or counter current to the
liquid film motion).

The methods of evaluating the condensation in vertical pipe can be categorized as
analytical and experimental.

In analytical methods, the governing equations which are derived from condensation
models are solved numerically with using mostly an iterative procedure. Some typical works
of thiskind are Liao et a (2009), Park and No (1999) and Dehbi and Guentay (1997).

In the experimental studies, test rigs were set up to generate and measure condensation.
The typical measured parameters are: inlet gas mixture temperature, inlet mixture mass flow
rate, inlet pressure and temperature variation along the pipe. From this test data, the

" According to the best of the author’s knowledge
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experimental heat transfer coefficient in the pipeis evaluated by balancing heat and mass
transfer equations or performing an empirical correlation. Some of these types of works are
Kuhn et a (1997), Lee and Kim (2008) and Moon et a (2000).

It isimportant to note that most of the studies of condensation of steam in vertical tubes
have dealt with condensation in absence of noncondensable gases. However, in practise there
is always a small amount of noncondensabl e gas present in the condensing tube due to
atmospheric operating conditions encountered in many of these applications. Theoretical and
experimental research studies have consistently indicated that noncondensable gases have a
strong influence on steam condensation in the vertical pipe (Dehbi and Guentay 1997). Asa
genera rule, the greater the noncondensable mass fraction the greater resistance to the
condensation.

The scope of the numerical study in thisthesisisto study reflux film condensation of a
steam-air mixture in avertical pipe considering the effect of noncondensable gas and to
develop acorrelation to quantify the parametric effects of nondimensional parameters on the
experimental heat transfer coefficient. Therefore, numerical analyses and empirical
correlations of film condensation from steam-air mixture in vertical pipes are reviewed in this

section.

2.3.1 Analytical models

Colburn and Hougen (1934) analysed condensation of vapour-air mixturesin avertica
pipe. They proposed atheory that the condensation mass transfer is controlled by diffusion
across adiffusion layer. Thisdiffusion layer isathin layer of air near the condensate film
layer. Their theory is based on balancing heat transfer through the vapour-air mixture side
with the heat transfer through the liquid film at the gas/film interface. In their model the
overall heat transfer conduction between the condenser tube and the vapour-air mixtureis
comprised of conduction through the gas boundary layer and condensate film. The heat
transfer through the gas boundary layer includes of sensible and latent heat transfer. The
latent heat is evaluated by using heat and mass analogy. This calculation requires an iterative
process, extensive iterations, to converge two unknown variables which are air mole fraction
and gas/film interface temperature.

It should be noted that in the heat and mass analogy, heat and mass transfer equations are
solved for the gas boundary layer and liquid film and are balanced at liquid/gas interface.

Peterson et al (1993) developed a diffusion layer theory by introducing the concept of a

“condensation thermal conductivity (k¢)”. By this model the overall gas side conductivity isa
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combination of condensation thermal conductivity for latent heat transfer and the standard
thermal conductivity for the sensible heat. The advantage of the diffusion layer theory is
quick convergence in numerical calculations as the condensation thermal conductivity is just
afunction of interface temperature. The condensation thermal conductivity in Peterson’s
diffusion theory is derived from the formulation of mass diffusion by using the Fick’s law of
diffusion® on amolar basis.

Liao and Vierow (2007) extended the Petrson et al’ s (1993) diffusion layer model on a
mass basis. This formulation is more elaborate than Peterson et al’s model and it is
appropriate for use when condensation thermal conductivity islinked with the heat and mass
analogy to evaluate latent heat transfer. They also showed that the mass based diffusion
model can predict the experimental data better than the molar-based model.

Moon et a (2000) proposed a heat and mass analogy model for reflux condensation in
presence of non-condensable gas. They evaluated the condensate film heat transfer
coefficient based on the liquid film model derived from condensation of vapour co-current to
liquid film. They developed an iterative model to evaluate the condensation and assumed that
the vapour is condensed completely in the pipe. They didn’t make serious attempts to
guantify uncertainty in their model.

Liao et a (2009), used the heat and mass analogy approach to evaluate local heat transfer
coefficientsin reflux condensation of aflowing steam-air mixture flowing counter-current to
alaminar condensate film in avertical pipe. In contrary to Moon et a (2000), they anticipated
that vapour might not necessarily condense completely in the pipe. They developed an
iterative solution method which marches from the bottom of the pipe to the top of the pipe
and calculate the local gas/film temperature and the vapour mass flow rate at the tube outlet
within two iterations. The inner wall temperature is determined in this process. In their model
condensate film movement is coupled to both gas mixture motion and vapour condensation.
Hence, the local condensate film behaviour must be treated differently between co-current

and counter current condensation.

2.3.2 Empirical Correlations

The empirical correlations are mostly used to compute the local or average heat transfer
coefficient, local or average Nusselt number and condensate film thickness. These
correlations are developed from iterative numerical solutions correlated with the experimental
dataand mostly are afunction of the following parameters:

8 Fick Law of diffusion is explained in Appendix A
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Condensate Film Reynolds Number (Ref)
Gas mixture Reynolds Number (Reg)
Gas Mass Fraction (WQ)

Jakob Number (Ja)

The main drawbacks with these correlations are their validity range and their accuracy.
The simple correlations are not sensitive to their local variables and the variable range. There
are some accurate correlations but mostly require an elaborate solution.

Revankar et a (2010), developed a correlation for avapour and air mixture in a vertical
tube based on the heat and mass analogy model for various operating parameters of a passive
condenser system. He used an aternating conditional regression (ACE) to correlate the local
heat transfer coefficient with the noncondensable gas mass fraction (W), the mixture gas
Reynolds number (Rey) and the Jakob number (Ja). A total of 102,600 experimental data
points was used as input to the ACE. His correlation is valid for 0<Rey<40,000, 0<W,<0.5,
and 0.002<Ja<160. The operating pressure in his experiment was 100 to 400 kPa.

Hasanein et al (1995) conducted an experimental and theoretical investigation to correlate
local mixture Nusselt number in terms of Rey, Jaand Wy or mixture Schmidt Number (Sc).
The correlation including Schmidt number is better in representing the condensation in
presence of noncondensable gases. In his experiments, condensation is studied inside a
vertical pipe with 46mm internal diameter and length of 2.44m. The range of parametersin
his investigation was (825<Rey<24460, 0.238<Sc<1.187, 0.007<Ja<0119, and Gas
temperature between 100°C to 130°C). This correlation predicts the experimental datavery
well. He also developed atheoretica model and solved the diffusion equation to obtain steam
mass flux at the interface between the condensate film and the gas mixture. He showed that
the thermal resistance of the condensate film is significant when the gas mixture Reynolds
number is high (Reg>6000) and mass fraction of noncondensable gases of the mixtureis low
(Wg<0.2).

Moon et a (2000), studied reflux condensation and conducted experiments with variations
of three main parameters: inlet steam flow rate, inlet air mass fraction and system pressure.
He used his test data to make an empirical correlation for local heat transfer coefficient. He
nondimensionlized local heat transfer coefficient by introducing a degradation factor (F) as
the ratio of local experimental heat transfer coefficient to the film heat transfer coefficient.
He used 165 data points of local heat transfer coefficients and correlated the degradation
factor with four nondimensional parameters namely the gas mass fraction (Wg), the mixture
gas Reynolds number (Rey), the Jakob number (Ja,) and the film Reynolds number (Re;). His
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correlation is applicable in the range of 6119<Re;<66586, 0.14<W{<0.972, and
0.03<Ja<0.125. The root mean square error of his correlation is 17.7% compared with
experimental data.

Vierow and Schrock (1991) proposed a degradation factor defined as the ratio of local
experimental heat transfer coefficient to the Nusselt Number. He correlates F with the
enhancing factor (f;) which relates to Reynolds Number (Re) and the degradation factor, f;,
which is related to gas mass fraction Wy. Their condensing tube length and inner diameter
was 2.1m and 0.022m, respectively. This correlation in the case of pure vapour becomes too
simpleto be effective as f, become unity. The mass fraction of the mixture is between 0 to
14% with operating pressure of 30 to 450 kPa.

Kuhn et al (1997), continued the work of View and Schrock (1991) and defined f1 to
include the effect of interfacial shear stress and the film waviness as f1=f1shear X f10ther- The
factor f, defined as afunction of film Reynolds number. The ssimplicity of this correlation
makes it easy to be used in computer codes, but its accuracy depends on the condensation
mass flux and shear stress. His condensing tube was 2.4m length and 0.0475m diameter. The
operating pressure was 100 to 500 Kpa.

Shah (1979, 2009) presents a correlation for heat transfer during film condensation inside
of vertical, horizontal and inclined pipesin co-current condensation. He used 1189 data
points from 39 different studies. Shah (1979, 2009) applied his correlation for co-current
condensation and assumed that the heat transfer coefficient at the tube entrance is zero and is
equivaent to atube full of saturated liquid at the end of the pipe. However in many situations
at the end of condensation there is not enough water to fill the pipe.

Siddique (1993) correlated local Nusselt number as afunction of Sc, Rey , Wy and Ja. In
order to find the coefficients for the correlation, he used alogarithmic transformation and
linear regression analysis. He reported that as the Schmidt number is small for the steam air
mixture it can be removed from the correlation. He used a condensing tube with the length of
2.54m and diameter of 0.046m in his experiments. He used air and helium with gas mass
fractions of 10% to 35% as noncondensabl e gases in his experiments.

Most of the research works on condensation in vertical pipe have focused on condensation
in the passive containment cooling system (PCCS) of anuclear reactor (Kuhn et al (1997),
Maheshwari et a. (2004) Kim et a (2009) ) in which the steam flows co-current to the
condensate film. However, only few experimental investigations were found on reflux or

counter current condensation.
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From the above, empirical correlations and the analytical works, a number of conclusions

can be drawn:

1) Analytical works have been based on the governing equations for momentum and
energy. They use adiffusion layer method and based on heat and mass anal ogy the
condensation mass in the pipeis calculated. The four most difficult quantities to
calculate in these analyses are: interfacial shear stress, interfacial temperature, gas and

film velocity profile and turbulence. They all require iterative solution procedure.

2) Empirical correlations which are ssmplein solution are not very accurate. More
complicated solutions are better in terms of accuracy but they require an iterative

solution procedure.

3) The developed methodologies for co-current condensation are not generally applied to

counter-current condensation due to following reasons:

e While gas concentration increases along the pipe, condensate film thickness
decreases under counter-current condensation whereas in co-current condensation
it increases.

e Shear stress at the interface of gas/liquid tend to accelerate film flow and make the
condensate film thinner in co-current flow while it thicken the film for counter
current condensation

e Thenumerical solution in co-current condensation marches from the top to the
bottom of the pipe. This scenario is not suitable for counter current condensation,
since the condensate film thickness is usually unknown in counter current
condensation.

In the next section a physical model for reflux condensation of a steam-air mixturein a
vertical pipe which is exposed to external cold airflow is explained. The formulation applied
in this model comes from the analytical works donein the literature and are explained in the
next section. An iterative procedure is devel oped based on this model which isexplained in
Chapter 5.
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2.3.3 Physical model of reflux condensation of a steam-air mixture

Models devel oped so far have evaluated condensation in condensing tubes exposed to
external cooling water and require the specification of wall temperature. However, in this
study the external cooling is caused by external cross air flowing at velocity of V. and
temperature of T.. Here, the detail formulation and methodology used for modelling reflux
condensation in avertical pipe, exposed to acold air flow, which is developed for this
specific project by the author is described.

In the current model, gas phase heat transfer is modelled by employing the heat and mass
transfer analogy and using the diffusion layer theory proposed by Liao and Vierow (2007)
due to its good performance. The liquid film heat transfer is approximated using the liquid
film model derived from condensation of vapour in counter-current flow used by Liao et a
(2009). The heat and mass transfer equations for liquid and gas phase are balanced with gas
mass fraction, temperature and shear stress at the liquid/gas interface. The unknowns are
local heat transfer coefficients, tube wall temperatures and gas/liquid film interface
temperature which are solved iteratively, as explained in Chapter 5.

The problem being studied here is shown schematically in Figure (2-10).
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Figure 2-10 Schematic illustration of reflux condensation in vertical tubein presence of non-

condensable gas

With forced in-tube condensation, the vapour condenses on the inner side of the pipe wall
as droplets which can eventually flow down as aliquid film in the vertical pipe. The direction
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of gasflow has an important role on shear stress and the governing equations which are
explained in this section. In reflux condensation, the condensed liquid flows downward as an
annular film adjacent to the cooled pipe wall, while the uncondensed gas mixture flows
upward in the core of the tube, as shown in Figure (2-10). The high density difference
between the condensed liquid and the gaseous core together with the shear force of the gas
mixture maintain an annular flow pattern over the most of the condensing length.

In this study both the gas mixture and the film are assumed to be in the laminar regime. It
should be noted that both Moon et al (2000), Vierow et a (2003) reported that when the
condensate film isin laminar film, the turbulence effect of counter current flow is
insignificant. With the condensation of pure vapour, the condensate film provides the only
heat transfer resistance to the condensation (Kim (2000)). Whereas, if small amounts of non-
condensable gasis presented, the main resistance to the heat transfer will lie in the gas/vapour
boundary layer. Infact, the concentration of the non-condensable gas increased near to the
liquid films as it becomes excluded from the condensate film and it forms a boundary layer as
shown in Fig (2-10). The boundary layer is called adiffusion layer because the vapour in the
gas core region must diffuse through this layer to condense at the interface. This diffusion
layer acts as athermal resistance. The heat transfer coefficient in the diffusion layer includes
condensation and convection terms. While, both depend on the mixture flow dynamics, the
condensation heat transfer also depends on mass diffusion through the diffusion layer.
Therefore, to model condensation both of the heat and mass transfer equations must be solved
for the gas boundary layer and the liquid film and balanced at the liquid/gas interface.

Figure (2-10) illustrates schematically the control volume of the model considered for the

analysis. Mixture gas enters the vertical pipe with a given mixture mass flow rate (m,),

vapour mass fraction (W) and bulk temperature Tg;n. The pipe has been exposed to the
external cold air cross flow at temperature of T, and velocity of V.. Theinside wall of the
tubeis at a prescribed temperature T, , lower than the saturation temperature of the gas
mixture, and therefore condensation takes place on the inner wall surface to begin with. The
interface between the liquid and the vapour/gas region is at saturation (T; =T ). Tsx iSthe
saturation temperature at the corresponded partia pressure. W, isthe air mass fraction.

This condensate flows downward as a film because of gravity. The condensate film
thickness o; , isafunction of position aong the flow direction.
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2.3.4 Heat and Mass Analogy

The overall heat transfer from the gas-vapour mixture to outside of pipe includes
convective (qey) and condensate heat (qcg) through the diffusion layer, convective heat in the
liquid film (g), conduction heat through the wall and convection to the external flow as
shown in Figure (2-11).

The condensate heat is the latent heat due to condensation of the vapour.
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Figure 2-11 Schematic illustration of the model

Thetotal heat flux form the gas side to the interface is given as:

q" =g + Oy (2.2)
q"=h, (T, -T)+ mgondhfg

Ty : Gas bulk temperature of the core flow

h.,: Convective heat transfer coefficient from the gas phase to the liquid film

.- Interfacial mass flux (kg/m°s)
This must be equal to the heat flux through the liquid film as

q"=h (T -T,) (2.3)
After equating Eqg. (2.2) and Eq. (2.3), (heat balance at the interface) we get:

he (T =Ty) = he, (T, = Ti) + M hyg (2.4)

hs: condensate film heat transfer coefficient
The condensation heat flux, q_,, can be defined as the following equation.

m(’:’ond hfg = hcd (Tb _T|) (25)
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hrg IS the latent heat of vaporization of water vapour in the diffusion layer temperature
hig=hig(Tave), Tave IS the arithmetic average of the gas bulk temperature (Ty,) and the interface
temperature (T;).

Substituting Eg. (2.5) in EQ. (2.4) gives:

hy (T =T ) = (g, + Negg )(T, = T5) (2.6)

C.L. Gas/Liquid Interface

Diffusion
Layer

Figure 2-12 Equivalent heat transfer resistance circuit

The equivalent thermal resistance circuit is shown in Figure (2-12). Based on this circuit

the overall heat transfer coefficient (U) can be decomposed in to the following equation.

-1
d 1
d, h,

1 1 d d
= +—+——In(=%) +
hgy +h, hy 2k, d

(2.7)

ky : isthe conductivity of the wall
d; and d, are inner wall diameter and outer wall diameter, respectively. h; is the externa
cooling heat transfer coefficient.

The overall heat transfer isthen given as.
Qw,i =U A| (Tb _Tc) (28)
Where A; isthe inner surface of the pipe, T, isthe external coolant temperature.

All the heat transfer coefficients (heg, ey, hr, he) must be calculated and the procedure to

calculate these are presented as follows.

2.3.4.1 Condensate film heat transfer

The motion of the liquid film is specified by neglecting the acceleration termsin the
momentum equations. The thickness of the condensate film is also assumed to be so thin
relative to the radius of the pipe so that the curvature of the layer can be neglected. Therefore,



the simplifying assumption is made that the effect of the pipe curvature can be neglected in
the evaluation of the thickness of the condensate film.

Then the momentum equation for the liquid film is simplified as follows.

=———pP:9 (2.9)

Theliquid velocity profile is determined by integrating EqQ. (2.9) twice with respect to y,

and considering the following boundary conditions as Eq. (2.10).

(u, 21y U)o =0 (2.10)

f y=5 = T} ' tly=0 = .

Moy

U (=2 (P p oty sy Ay (2.1)
py o Ox 2 My

Where the longitudinal pressure gradient (dp/dx) is equal to that for the gas phase and is
balanced by the interfacial shear and the gradient momentum flux as follows.

d(pu?
dp _ | 4, d(pgly) (2.12)
dx d dx

Seban and Hodgson (1982) recast Eq. (2.9) as the following equation and defined G as Eq.
(2.14).

0%u
i Ot _fp, 1 P 2.13)
p:g oy P:9 dx
G141 9P (2.14)
P9 dx

Considering the G and the liquid velocity profile, Eqg. (2.11) can be rearranged as follows.
o
U () = G-y~ 22 y) + Ly (215)

f \ PiVi

This velocity distribution can be used to derive the liquid Reynolds number as afunction
of film thickness.

m 14 piig) 8% 1, &2
Ref:ﬂDf _,U_f'!..pf(_Uf)dy_( fle:G—— l _:I (2.16)

iHy M 3 pig 2

With the charectristic length L
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V? 1/3
L= [—J (2.17)

the dimensionless gas shear stress, T

P — (2.18)
pr 9L

and dimensionless film thickness 6%,

« O

o =—, 2.19
3 (2.19)

Eg. (2.16) can be normalized as follows.

* 3 * * 2
Re, =) _T©) (2.20)

3 2
Recasting Eq. (2-20), the dimensionless film thickness §*, can be calculated as afunction
of G and the film Reynolds number as follows. (Liao et a (2009) ).

1 Re 1/3 1 % 1 Re -1/3 *\ 2 1 Re -2/3 *\3
S ==|2a—"| +=by=foa—| | D) iS|a—1| | L (2.21)
2\ G 2G 27 G G, 3° G G

Eq. (2-21) shows that the laminar film thickness increases with the interfacial shear stress.
In the cases when vapour shear stressis negligible compared to gravity, (G=1, t; = 0), Eq
(2.20) can be ssimplified to give Eq. (2-22).
5" =(3Re, J° (2.22)

This equation is the Nusselt’s classical solution for evaluating film thickness for zero shear
stress.

For alaminar film, the temperature distribution in the film is almost linear. Therefore the
film heat transfer coefficient can be expressed as.

_kf_ kf
s sL

(2.23)

Where, ks isthe thermal conductivity of the film. This theoretical film heat transfer
coefficient is based on a smooth laminar film. However the actual film surface includes
waviness. Chun et al, (1971) considered the effects of waviness and corrected the film heat
transfer coefficient for co-current condensation by an empirical factor as follows when Re is
greater than 4.
h, = i
" 1.334Re, )1

(2.24)
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The subscript, w, denotes the waviness. The above equation is derived for co-current
condensation but Thumm et al (2001) reported that it can be applied for counter current

condensation as well.

2.3.4.2 Two-phaseinterfacial stressin counter-current condensation

Theliquid film velocity (u;) at the interface is defined in terms of the interfacial shear
stress ¢, exerted by the gas/vapour mixture on the condensate film, as expressed in
Eq. (2-11). Theinterfacial shear stressfor counter-current condensation was expressed by
Liao et a (2009) as.

1 .
T =5 Py f(ug—ug)®+m(u, —uy) (2.25)

The first term on the right hand side of the Eq. (2.25), relates to the shear stress at zero
mass transfer and the second term results from the momentum transferred by the
condensation mass flux. In this equation, py iSthe mixture density, f isafriction factor, ugis
the bulk steam-gas mixture velocity. It should be noted that both the vel ocities of the gas and
the film can be expressed as average velocities here. In this study the approximation ug<<us
is made, therefore Eq. (2.25) can be expressed as.

T, =%pg fu? (2.26)

The friction factor (f) for the upward flowing gasis given in modified form by Seban and

Hodgson (1982) for the counter-current flow. This friction factor is defined as follows.

fy (f \/ERG‘?'5 Vi Pt os T
(zj‘(ijo{l+l40(’?;m_g(_g) {1—exp(—pf 95)D (227)

Where (ij isthe single phase friction coefficient and is defined in terms of the gas
0

Reynolds number as follows,

[i __8 Re, < 2000 (2.28)
2), Re,
f 0.04

(2 =W Re, > 4000
0 g

[ f _ (Reg)O.SS

2), 3050
Thumm (2001), adopted a method to calculate the friction factor as follows.

2000 < Re, < 4000

47



f 1258 0.205
Ot (29

* 0.5
Q:&(ﬁ)o@)ae{w}
Re; p d

g Alf
Where the constants ¢ and n are evaluated from Eq (2.30) and the 53 isexpressed in Eq

(2.31).
c=131 , n=025 for Re, <40 (2.30)
c=476 , n=060 for Re, >40

5o =(3Re,)"? for  Re, <513 (2.30)
5.0 =(0.303Re,)***  for  Re, >513

The above suggested correlations are applied for counter-current condensation and are
quite different from the correlations applied to co-current condensation ([Kim and Corradini,
1990] and [Dehbi and Guentay, 1997]).

2.3.4.3 Diffusion Layer Model (Condensation heat transfer coefficient)

The condensation heat transfer in the presence of non-condensabl e gases can be evaluated
by the generalized diffusion layer model (Liao and Vierow, 2007), in which a condensation
thermal conductivity isintroduced on mass basis to facilitate formulation of the mass transfer.

As expressed in Eg. (2.5) the condensation heat flux can be expressed as: (g7, = m[,;h;,) -

cond

Tofindm

cond

, the mass balance at the interface is applied. Considering the steady state

diffusion equation in the radial direction y, the condensation mass flux at the interfaceis

evaluated as the following equation (See Appendix A-1 for more details).

Mg =p—Dln[1_W“" J (2:32)

o 1_Vvv,b

g

Where §, isthe effective diffusion layer thickness, D is diffusivity, Wy, and Wy are

vapour mass fraction at the bulk and the interface, respectively. Using Egs. (2.32), (2.5) the

condensation heat transfer coefficient (heg) can be calculated as follows.

o Dh 1-W,,
th — r.nconcl fg _ P fg In v,i (233)
(=T 65(T,=T) (1-W,
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The condensation heat transfer hey can be evaluated using Sherwood number as

S % _ 5L (2.34)

The Sherwood number in the above equation can be recast by substituting 5, from Eq. (2.34)
as.

Sh— h L(T, - T) 1 _hyl (2.3
higeD  In(@-W,)/1-W,)

Therefore the condensation thermal conductivity (k) derived on the basis of mass as follows.

h oD  (1-W.
k =—tePD [ 17 W, (2.36)
(Tb_Ti) 1_Vvv,b

Liao and Vierow (2007) recast the above equation by using the Clausius-Clapeyron equation
and ideal gaslaw as:

/
_ ¢, hghl,PDM, M

K 2.37
e R =3
_Inj@-my,)/@-my)]
' In(my,; /m, )
M,
¢2 - '\/Imbl\/I mi

In the above equation:

e Ristheideal gasconstant. ¢ accounts for the non-condensable gas and suction
effectsand ¢, accounts for the effect of variable mixture composition across the

condensation boundary layer.
e Pisthegastota pressure and D isthe vapor mass diffusivity (See Appendix-B for
more details)

e M, istheaverage mixture molecular weight and is calculated as
M, =%XM,+(1-x,)M which x, isthe vapour log mean mole fraction and given
aS X, = (X,p = X, ) /IN(X, 5/ X,;) -

e hijisdefinedashi =h +cp,(T, - T,) and cy:isthe specific heat of the vapour
SpeCcies.
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The condensation thermal conductivity in Eq. (2.37) differs from the ones in the previous
studies ([Kageyamaet a., 1993], [Kuhn et a., 1997] and [Herranz et a., 1998]) in that it has
amore rigorous technical derivation.

Using the condensation thermal conductivity (k) in Eq. (2.37) the condensation heat
transfer coefficient (heg) can be evaluated by using the Sherwood number from the following

eguation.

hd [48/11 , Re, <2300
- - 0.8 0.35 (238)
k. |0.023Re® 2 |, Re, >10000

C

The Sherwood number in the transition regime (2300 < Rey < 10000) is taken to be a

linear interpolation between the Sherwood numbers at the two ends of the transition regime.

2.3.4.4 Convective heat transfer coefficient

The gas phase sensible heat transfer is evaluated with the standard forced convection
formulation for flowing vapour and non-condensable gases. Similar to the condensation heat
transfer, the sensible heat transfer coefficient comes from Nusselt number (Nu) as follows.
_h,d

k

]

Nu (2.39)

Invoking the heat and mass transfer anal ogy, the Nusselt number can be evaluated using
Eq. (2.40), where the Sherwood number is replaced with the Nusselt number and the Prandtl
number is replaced with the Schmidt number [ Sh (Sc) = Nu(Pr) ]. The gas phase convective

heat transfer coefficient he isthen given asfollows.

Nu*zw—

Ks

2.3.4.5 External Heat Transfer Coefficient

48/11 , Reg< 2300
(2.40)

0.023ReX®Pr®® | Re, >10000

Cross-flow over a pipe exhibits complex flow patterns depending on the Reynolds number
defined as the following Eq.
_ VD
= m

Re (2.41)

In which D, is the outer diameter of the pipe, V is the flow velocity, p is density and g iS
the dynamic viscosity.
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At very low upstream velocities (Re<1), the fluid completely wraps around the pipe,
however at higher velocities the boundary layer detached from the surface and a separation
region behind the cylinder is formed, as shown in Figure (2-13).

sepamlionm

b 0
wide wakes
. L

(a)

—
stagnation point

Figure 2-13 Flow over cylinder, (Holman, 2002)

Because of complexity of the flow pattern, only correlations for the average heat transfer
coefficient have been developed. These correlations are generally appropriate only over a
certain range of conditions.

In forced convection flow conditions around the pipe, Knudsen and Katz s (H.J Holman
1997) proposed an empirical relation given in Equation (2-42) which iswidely used, where

constants C and n are given in Table (2-3).

Nu, = C(Re,)" Pr® (2.42)

Table 2-3 Constantsfor use with Eq. (2-42) (Holman, 2002)

Re, C n
0.4-4 0.989 0.33
4-40 0.911 0.385

40-4000 0.683 0.466

4000-40000 0.193 0.618
40,000-400,000 | 0.0266 0.805

All properties are evaluated at film temperature (Tr), Holman (2002). T; is arithmetic
mean of the free stream temperature (T,,) and the pipe outer surface Temperature (T,,,) as
follows:

T+ T
2

T, (2.43)

For all vaues of Reg, aswell as wide range of Prandtl numbers, Holman (1997) proposed

the following correlation.
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Nu, =0.3+

4/5
0.62Re"2 pr V® Re \°
9 9 1+( 9 (2.44)

237 V4
{ (0.4] } 282,000
1+ —
Prg

Holman (2002) expressed that this equation is pretty accurate, and thus has been preferred
to be used in study.

Churchill and Chu (1975), give a correlating equation for natural convection from along
isothermal horizontal cylinder which isthe most reliable for Rayleigh number (Ra). Rayleigh
number is the product of Grashof (Gr) and Prandtl number (Pr) and is defined as:

Ra=Gr.Pr (2.45)

The Grashof number (Gr), can be interpreted as dimensionless number representing the
ratio of buoyancy forces to the viscous forces in the free-convection flow system. This
number plays asimilar roleto that played by the Reynolds number in forced convection. It is
defined as

3 2

Grzw (246

Where d is the pipe diameter, g is gravity acceleration, 3 is the volumetric thermal
expansion coefficient which isequal to 1/T¢, AT is the difference between the pipe outer
surface temperature (T.o), and ambient temperature (T,,) and  is the dynamic viscosity.

Natural convection Nusselt number is given as:

(2.47)

2
1/6
U (0.6+ 0.387 Ra ]

hi+ (0.599/ Pry*e '™

2.3.4.6 Partial properties

Variables or properties related to the condensate film, vapour and non-condensable gas are
respectively denoted with subscript f, v, g.

The physical properties of the gas mixture are evaluated at the arithmetic mean of the gas
core (bulk) temperature and interface temperature as follows:

_ T +T

2.48
ave 2 ( )

Water film physical properties are evaluated at the film temperature (Ts) which is derived
from Eq. (2.49).
T, =T, +031(T -T,) (2.49)
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The air and vapour mass fraction are cal culated according the following equations.

_ m/ _ Py _ %& (2 50)
Com+m p+p, M P '
W, =1-W, (2.51)

Where M, is the vapor molecular weight, P is the gas total pressure, and M is the mixture
molecular weight given by.
1 W, W,
_— = + —_—
M M, M

(2.52)

The density of water vapor, p, and the density of air p, are respectively given by:
R, _P-R
R, " RT

Where R;= 287 Nm/kg K and R,= 462 Nm/kg K. The density of the gas mixtureisthen given
by

o, = (2.53)

Pg =Pyt Pa= Py (2.54)

Vapour partia pressure (P,) at interface or bulk can be calculated by Gibbs-Dalton ideal
gas mixture equation from the gas total pressure (P) and dry air mass fraction (Wy) as
follows.

P =P 1-W, (2.55)
1-1-M, /M )W,

By re-arranging the above equation, one can cal culate the non-condensable gas (dry air)
mass fraction with vapour partial pressure as follows.

W, = P=F,
P-(@1-M,/M,)P,

, W, =1-W, (2.56)

The molecular weight of dry air is M, =0.0289644 (kg/mol) and molecular weight of water
vapour is M, =0.01802 (kg/moal)
The vapour mole fraction, x, and air mole fraction, x, are defined as follows.

P P
_R X, =-a=1- 2.57
X = X =3 X, (2.57)
The gas mixture molecular weight My (kg/mol) is then derived as follows
xM,
Mg =xM, +(@=x)M, . W, == (2.58)

The molecular transport properties of gas mixture, such as viscosity and thermal
conductivity can be calculated as follows (Bird 1960).
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n m n k.
'ugzz X Hi , kgzz %Ki (259)

. 1+[%J(%] ] (2.60)

If we assume air as species 1, and saturated vapour as species 2 the above equation can be

recast as follows.

Xally X My
i, = + (2.61)
D Xt X Xea + X
K — XK, + XK, (2.62)

g

Xooa + Xy Xaa + X
It should be noted that ¢p., and ¢y are equal to 1.The specific heat capacity for the gas
mixture is simply calculated by mass fraction weighted average.
Cpig=W,Cp,n+t(1-W,)C,,, (2.63)

a“pra

2.3.5 Energy balance equation

The heat transfer through the gas/boundary layer can be expressed with reference to
convection and conduction as follows:
q” = q(’:,onv + q:;ond (264)

Considering q.,, and g, the heat flux can be rewritten as:

cond

q" =h, (T, - T) + hy (T, = T) (2.65)
Where h,, isthe forced convection heat transfer coefficient in the condensate film due to

sensible heat, hey i's the condensation heat transfer coefficient.

The temperature at the interface, inner and outer wall can be calculated by using the heat
balance equations.

First, the gas phase sensible and latent heat flux transferred to the two-phase interface
must be balanced by the heat flux transferred from the interface to the liquid film in steady
state as:

(hyy + P )(T, = T) = 1 (T = T,) (2.66)

Second, in steady state condition, the heat flux transferred from the liquid film to the wall
inside surface must be equal to the heat flux transferred from the wall inside surface through
thewall:
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Ky

h.(T -T.)=—— W
(T =) d, Ind,/d)/2

(Twi = Tuo) (2.67)

Where T, and T, are respectively the temperatures at the inside and outside surfaces of
the tube; D; and D, are respectively the inside and outside diameters of the tube. Finally, the
heat flux transferred from the tube wall outside surface to the coolant must be removed by the
cooling air flowing around the pipe, external air flow:

kW — = —
a.in, rd )72~ Twe) = el =) (2.68)

Where the heat transfer coefficient for the external air flow (h;) is evaluated considering
the relative importance of the forced convection.
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2.4 Condensation and Ice formation in CFD Software

(Star CCM+)

Although the numerical study and the theoretical model developed in this study can help
to model condensation and predict freezing regions in the pipe, the Jaguar interest isto use a
CFD mode to simulate condensation and predict the extend of freezing in the pipe.
StarCCM+ is the current CFD software being used at Jaguar. Therefore, current modelsin
this software which can be used to model condensation and freezing in the pipe are
investigated.

Star CCM+ can model condensation using a model referred to asthe “Thin Film
Defogging model”. For modelling freezing there are two models available in this software
which are Thin Film Delcing and VOF Solidification models.

The Thin Film Defogging model allows for condensation, but not for deposition of ice.
Thismodel is based on solving an additional scalar transport equation that represents the
mass fraction of water vapour. A source term for the scalar is considered for condensation of
the gas mixture. The vapour content in the air does not affect the thermal properties of the
vapour-air mixture and this need to be specified separately. The water vapour massis
neglected with respect to the total massin acell.

The Thin film De-icing model allows melting but not solidification. VOF Melting and
Solidification is the only model available in the software which can be used for ssmulating ice
formation in free surface cases. Thismodel is available for VOF phases and enables aliquid
to turn into asolid, and vice versa, within one VOF phase. Currently there is no mechanism

for deposition of a condensate film directly on to walls from the water vapour.

2.4.1 Defogging Model in StarCCM +

The defogging model is a simplified approach to simulate condensation inside a cabin
windshield or other surfaces.

In this model, the mass fraction of vapour is obtained by solving an additional scalar
transport equation. A source term for the scalar is considered for condensation of the fog
layer as well asthe latent heat required for transition. Condensation rate is also calculated

when there is a difference between the water vapour content in the gas mixture and the cell
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next to the surface. In this model the fog layer is modelled by afunction and it is not
represented as a phase in the inner volume mesh. Thus the fog layer does move or flow

It isadvised by Star CCM+ manual (Ver 7.02) to run the ssimulation in steady state to
initialize the flow field.

Windshield glass r/d .
thickness (optional) Outflow
/o Cabin
Modeled 7/
fog layer /

|/
‘ Hot air inflow

Figure 2-14 Boundariesin a windshield application (Star CCM+ User Guide)

Since the fog layer does not affect the flow field, it is advised to select alarge time step
during the transient run.
The rate of mass transfer per unit surface (kg/s-m?) in this model is computes as:

CG(1-C,)

m= CGlIn
Pby CG(1-C,)

(2.69)

Where, s, isgiven by:
By=Ceqp- D, /L-0.045: Re®® 0% (2.70)
- Camp isthe empirical constant used for calibration (0.05-0.9)
- L is characteristic length (cubic root of cell volume adjacent to fog layer boundary
- Dy isdiffusion of vapour in air (m%s) and constants CG and CS are given
CG=0.622+0.378C, (2.71)
CS=0.622+0.378Cs
- Cyisthe concentration of vapour in air
- Csisthe saturation concentration of vapour in air
- Scis Schmidt Number

The saturation pressureis calculated from the following equation

17.502(T-273.15)

p,(T)=611.85e T-2% (2.72)

The amount of condensation in every timestep is
drh=rm-dt (2.73)
and the thickness of the liquid film is calculated by
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s=s§,+dm/p, (2.74)

2.4.2 Solidification model (general enthalpy method)

In order to model Ice formation in Star CCM+ software, an enthalpy method isused. This
model does not track the liquid-solid interface explicitly but instead it uses an enthal py
formulation and determines the solidified portion of the liquid-solid which can be converted
toice[StarCCM+].

In this case the enthalpy of the liquid-solid phase h, is defined as function of the sensible

enthalpy of water (h,) and the relative solid volume fraction (« ), defined as:
hI*s = hIs + (1_a;)hfusion (275)
a. isthe relative solid volume fraction and it is defined as the portion of the volume

occupied by the liquid-solid phase which is the solid state and hryson 1S the latent heat of

fusion.

In this model the relative solid volume fraction is calculated by:

1 if T <O
a,=+f(T) if 0<T <1
0 if 1<T’

Where, T isthe normalized temperature defined as:

T =T (2.76)
Tliquidus -

solidus
Tsoliqus - The temperature at which amaterial completely solidifies.

T -

Tiiquius : The temperature at which amaterial becomes completely liquid
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Chapter 3 Experiment

3-1 Introduction

The main purpose of conducting the experimental study is to assess condensation and ice
formation in avertical, a horizontal and a T-Joint pipe exposed to external convective
cooling. Specifically, evaluating the main test parameters like vapour mass fraction, external
heat transfer and surface coating on heat flux isthe main focusin this study

In order to generate an air/steam mixture at a predetermined humidity, atest rig has been
designed and constructed which is able to provide a steady air-steam mixture at a given
vapour concentration to flow in to the pipe. To simulate external convective cooling, the
Cranfield icing tunnel has been utilized to blow cold air around the pipe at different air
speeds and temperatures.

In this section, the test rig design and its components are described. Test conditions, test
procedures, and the calibration of tunnel are explained and in the last section the evaluation
of the heat transfer from temperature measurement will be studied. The experimental

analysisis described in chapter 4.

3-2 Cranfield icing tunnel

The Cranfield icing tunnel is a closed—circuit wind tunnel with of 760mm square working
section (Fig. 3-1). Itswind speed range and total temperature range are from 30m/s to 100m/s
and from 30°C to -30°C, respectively.
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Figure 3-1 Convergent entry (left) to 760mm sgquar e working section (right), Luxford (2005)

It is aso equipped with a multi-channel video monitoring and surveillance system, a

National Instruments Field Point based flexible 16 bit signal monitoring and recording
installation for temperatures, pressures and other electrical signals. The schematic of the

tunnel isshownin Fig. (3-2).
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Figure 3-2 Schematic of Cranfield Icing Tunnél
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3-3 Test rig design

The test rig comprises of avapour/air source, a Perspex pipe, adata acquisition system and
picture/video cameras. The air/steam mixture producer supply a steady mixture of air-steam
at a specific vapour mass fraction and guide it to the Perspex pipe at a constant mass flow rate
and temperature. The Perspex pipeisinstalled insde theicing tunnel test section. The main
components of the test rig are:

- Air compressor and air tank

- Airdryer

- Pressureregulator and needle valve

- Air massflow rate controller

- Boailer (Steam Generator)

- Rubber Hose

- Gasmanifold

- Three-way vave

- Hange

- Condensate container

- Perspex pipe

- Clamps and connections

- Temperature probes (RTD, Thermocouples)

- Temperature controller

- Dataacquisition box (Labview software is used for collecting and analysing
datain the system).

- Video/photo camera
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Figure 3-3 Schematic diagram of thetest rig

The schematic of thetest rig has been shown in Figure (3-3), dry air is supplied by a
compressor and it is stored in an air tank to minimize air pressure fluctuations and keep the
air pressure constant (Pr). Then the compressed air goesin to adryer and passes through a
pressure regulator, a needle valve, amass flow rate controller (Omega-FM A5528) and finally
itisinjected in to the boiler. The dry air is mixed with the water vapour and a steady air-
steam mixture at a given mass concentration is generated. The mixture then passes through a
heated rubber hose, a heated manifold, a heated three-way valve, a heated flange and flows
into the Perspex pipe from its bottom and eventually is expelled in to the Atmosphere from
the outlet of the pipe.

The pipeisinstalled in the test section and exposed to the cold airflow inside the tunnel.
(Theflow direction of the gas mixture is shown in Figure (3-3)). The length of the pipeis 80
cm, which is4 cm longer than the size of the test section. This allows the gas mixture to be
expelled to the atmosphere at the end of the pipe. The pipe material is Perspex which permits

visual observation of condensation and ice formation in the pipe. One HD Sony video
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recorder and three Nikon cameras (500D) have been used to capture video and pictures
during the tests.

In order to prevent the steam from condensing before entering the Perspex pipe, al of the
component of the test rig which come to contact with the gas mixture have been insulated

and heated up to 2-5 degree Celsius above the saturation temperature of the gas mixture.

3.3.1 Mass flow rate controller

Thedry air mass flow rate is measured by an electronic mass flow rate controller
(OMEGA-FMAS5528). This device can control the airflow from 10 SCCM (standard cubic
centimetre per minute) up to 50 SLM (standard litre per minute). The FMA5528 measures the
air mass flow rate directly, without needing to compensate for variations in gas temperature
or pressure (within stated limits). It can also maintain a constant flow regardless of variation
ininlet or outlet pressure through a built-in electromagnetic valve. The set-point is controlled
locally via a potentiometer. It also produces adigital output and sends digital data through a9
pin serial port connected to computer.

The reading of the mass controller is shown on its built-in screen (shown in Figure (3-4))
in standard litres per min. The standard condition is 20 °C and 1 atm absolute. Knowing the
temperature and pressure of the actual flow, the actual mass flow rate can be calcul ated by

using the following formula.

li ; li 1 Actual T K
Actual Mass Flow Rate (mllt%) = Reading ( ure ) ctual Temperature(k)

Actual Pressure (atm) 293 (K)

(3.1)

min

Pressure
Regulator/Filter

Figure 3-4 Mass Flow Rate Controller (OMEGA-FM A5528), Pressureregulator and a Needle Valve
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An air pressure regulator and a needle valve have been used upstream of the mass flow
rate controller to reduce the air pressure from 8 bar (Pr) to 2 bar which is the operating
pressure of the mass flow controller, as shown in Figure (3-4). Thereisabuilt-in filter in the
air regulator which can separate water from the air before it reaches the mass flow rate

controller.

3.3.2 Steam Generator (Boiler)

There are two methods for mixing dry air with steam. In the first approach dry air and
steam are mixed via a nozzle after the boiler. However, in the second method dry air is
injected directly to water in the boiler. Tanrikut (2000) showed that the steam behaviour in
the second method, i.e. injection to the boiler, is more stable compared to the first method
especially when air mass flow rate is increasing. Moreover, this method avoids local
condensation and entrainment due to possible inadequate thermal control of incoming air. In
thistest rig, the second approach has been utilized. The air connection to the boiler is shown
in Figure (3-5).

Boiler (insulated)

Figure 3-5 Boiler (steam generator) and Scale

The boiler has been insulated and secured in a plastic box to reduce thermal loss, as
illustrated in Figure (3-5). The boiler was based on a steam generator for stripping wall paper.
In order to measure vapour mass flow rate, evaporation rate, the boiler has been placed on a
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scale. This scale measures the weight of the boiler during the tests and sends the data through
a9 pin connector to a computer in frequency of 20milliseconds. Water in the boiler is heated
up by an immersion type electrical heater mounted at the bottom of the boiler. The steadiness
of the water evaporation primarily depends on the constancy of heat supply to the evaporator
which is easily achieved by constant electric heating at a cal culated wattage and at a steady
evaporator pressure (Pg) which in this caseis at atmospheric pressure. The boiler power is
set by using a power controller (Variac) as shown in Figure (3-6). It generates a constant
electrical heating which helpsto generate the steam at a constant rate. The power (wattage) is
measured by adigital multi meter connected to the Variac as shown in Figure (3-6).

Multimeter

Figure 3-6 Boiler Power Controller (Variac)

3.3.3 Gas manifold, three-way valve and flange

After the boiler the gas mixture passes through a flexible hose and thereafter it flows
through a manifold, athree-way valve and a flange until it reaches the Perspex pipe whichis
installed in the icing tunnel test section. In Figure (3-7), the way which the manifold, the
three-way valve and the flange are connected is shown. They are held by a stand from the
bottom and bolted to test section from the top. They are all insulated and heated upto 2to 5
degrees above the saturation temperature of the gas mixture.
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Three-way
Valve

Figure 3-7 Position of Boiler, Hose Pipe, Manifold, T-Valve, Flange

3.3.3.1 Gas manifold

The main reason to use the gas manifold is to guide the condensate liquid toward the
condensate container mounted at the bottom of the manifold. Hence the bottom of the
manifold has been shaped like a pyramid shown in Figure (3-8). Moreover it provides space
to insert atemperature probe (RTD). The manifold was made to be large enough to
accommodate a dew point humidity measuring device as shown in Figure (3-8). However, the
humidity measuring device failed during the first test. Therefore, the humidity of the mixture
was eval uated by measuring the weight of the boiler during the tests as shown in Figure (3.5).
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& Dew Point
Meter

Figure 3-8 GasManifold

The manifold is heated to prevent the gas mixture from condensing on itsinner walls. It is
made of aluminium plates with thickness of 6mm.

Six electrical resistors have been attached to its surfaces, 4 on the top and 2 on the sides,
shown in Figure (3-9a).

A temperature controller is used to control the temperature by applying voltage through
the resistors. This was a convenient way to produce heat to the structure. A thermocoupleis
also installed on its top surface to give feedback to the temperature controller. (See Section
3.3.4 for more details on the temperature controller).

The direction of the mixture gas through the manifold isillustrated in Figure (3-9b). As
shown the gas mixture enters from the side and |eaves the manifold from the top. To measure
the gas temperature a RTD (PT 100) probe has inserted inside the manifold which is
perpendicular to the gas-mixture flow. The pressure of the gas mixture is measured by using a

pressure transducer.
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Figure 3-9 GasManifold, a) Electrical resistorsattached b) Direction of the flow in the manifold

3.3.3.2 Three-way valve

A three-way valve (L type), has been used in order to control the gas mixture and guide
the mixture to the Perspex pipe when the tunnel velocity and temperature become steady. It
expels the mixture to the atmosphere before reaching the steady condition. The schematics of
the two different combinations of the flow direction are shown in Figure (3-10).

- -
Atmosphere ‘\l [/ j [/ Test Section
Flow in Flow in

a) b)

Figure 3-10 Schematic of flow in aL-Type Valve

The valve has been heated with three resistors and insulated as illustrated in Figure (3-11).
A thermocouple has been also mounted on the cold spot of the valve to give feedback to the

temperature controller.
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Figure3-11 T-Valveinsulated and installed

3.3.3.3Flange

A flange has been designed to connect the valve to the test section and also hold the
Perspex pipein thetest section. In other words, it is attached to the three-way valve from its
bottom, with metal clamp, and supports the perspex pipe fromits top. It is bolted to the
bottom of the test section with 4 adjustable screws (Fig. (3-12)).

Figure 3-12 Flange Connected to the test section through four bolts

The flange is heated with three electrical resistors (4 amps) and also insulated as shown in
Figure (3-13b).
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Figure 3-13 Flange a) electrical resistors attached to the flange (top view), b) insulated flange bolted
tothetest section

3.3.4 Temperature Controller

A controller has been made to regulate the temperature of each separate zone through the
gas path and keep the temperatures above the saturation temperature of the gas mixture. This
would prevent the gas mixture from condensing before it reaches the perspex pipe. This
device controls temperature by comparing the process temperature with its adjustable set

value.

Figure 3-14 Temperature Controller Diagram

The temperature controller includes of eight independent channels and four of them have
been used to control the temperature of the rubber hose, the manifold, the three-way valve
and the flange. To reduce the chance of short circuit and el ectric shock, a 24 volts supply is
used to drive the controller. Thisis shown in Figure (3-16).
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Figure 3-15 Schematic of the temperature controller channelsin used

Figure 3-16 Flange preheater controllers

3.3.5 Diffuser Box

Cranfield icing tunnel minimum steady speed is about 35 m/s. Thisair speed had to be
reduced to a desirable range of 3.5m/sto 5m/sin the test section where the Perspex pipeis
installed. To achieve this, adiffuser box has been designed to be installed inside the tunnel
and reduce the air velocity to approximately one tenth of the tunnel speed. The shape of this
box islike a diffuser with an approximate total length of 1443 mm and diffusion angle of 5

degrees drawn in Figure (3-18).

Item Moterial Dimension

& FPerforoted Steel 100760

Perspex 300x760

Metal Sheet S70%760

Lsm I I v )

Ferspex Pipe POxTE0

1445

Figure 3-17Diffuser Box Dimensions
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A perforated sheet (gauze) has been welded to both inlet and outlet of the box in order to
restrict the air going through the box (Fig 3-18). Both sides of the box are made of plexiglass
for visua observation. The box isinstalled and bolted in the middle of the test section shown
in Figure (3-19a). The air speed inside the box has been measured and calibrated at different

tunnel speed as explained in section (3-6).

| =5
—t

Perspex sheet

Perforated sheet

(@ (b)

Figure 3-19 Diffuser Box (a) Bolted inside the test section (b) Perspex pipeinstalled in the middle of
the box
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3.3.6 Instrumentation

In this experiment, data has been measured in two common ways of visual observation and

gathering electric signals by Data Acquisition System (DAYS).

A total of 30 different parameters have been measured which 25 of them are temperatures

at different places. The temperatures have been measured by using K-type thermocoupl es.

Tunnel air speed, dry air pressures, boiler power and dry air mass flow rate are the other

measured parameters. Some of these variables were measured to control the test rig and the

rest for observing and recording purposes which all are presented in Table (3-1). Their

positions are also marked in the schematic of the test rig, Figure (3-20).

Table 3-1 Instruments on the component of facility

Component Parameter Identifier Instrument Purpose
Compressor Pressure P Barometer Controlling
Pressure Regulator Pressure P Gauge Pressure Controlling
. Mass Flow meter Controller | R ded
Mass Flow rate Dry air mass flow rate m_. W ecorde
Controller (Omega-FMA 5528)
Steam Temperature T, K-type Thermocouple Recorded
Boiler Water Temperature T, K-type Thermocouple Recorded
Power w Multi Meter Recorded
Flexible Hose Surface Temperature T o K-type Thermocouple Controlling
Gas Temperature Tgas PT 100 Recorded
Air Manifold Gas Pressure Pgas Micro manometer Recorded
Hot Spot Temperature T e K-type Thermocouple Controlling
Cold Spot Temperature [T K-type Thermocouple Controlling
Flange Surface Temperature T anger K-type Thermocouple Controlling
T-Valve Hot Spot Temperature man.c K-type Thermocouple Controlling
Cold Spot Temperature [T K-type Thermocouple Controlling
Perspex Pipe Wall Temperatures T-T, K-type Thermocouple Recorded
Core Temperature To1— Tps | K-type Thermocouple Recorded
Icing Tunnel Velocity Vv, Static tapping Recorded
Temperature T. K-type Thermocouple Recorded
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Figure 3-20 Schematic of the test rig showing the measured parameters

The data acquisition boxes are shown in Figure (3-21).

Figure 3-21 Data Acquisition Boxes (16 channelsfor T/C and 1 RTD)

The growth, coal escence, motion, and detachment of the condensate dropl ets are observed
by three video recorders which were located at different positions to cover the whole length
of the pipe and monitored by three screens, Figures (3-22) and (3-23). Pictures were taken
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with reasonable resolution from different angelsin every 5 seconds by using two Nikon 500D
cameras.

Figure 3-22 L ocation of three video cameras

Figure 3-23 Three screens used for monitoring the videos during tests

Most of the parametersincluding all of the temperatures and the Icing Tunnel data are
measured using a “ Compact Field Point” interface connected to a computer and controlled
using Labiew (7.1)°. In Figure (3-24) a print screen of the Labview front panel is presented.

® Compact Field Point & Labview are trade names for products made by National |nstruments; www.ni.com
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Figure 3-24 Labview front panel used for data monitoring

3.4 Test condition

Conducting the experiments from the design of the test rig to running of the tests took
about 7 months. Thisincludes 1 month to design the test rig, 4 months for preparation and
making the parts and finally 2 months for calibration and running the tests.

Condensation and freezing have been investigated in three different test cases of a
horizontal, a vertical and a T-Joint pipe. In the case of horizontal and T-Joint pipe the diffuser
box has been installed horizontally inside the tunnel. However, in the case of the vertical pipe

it has been turned in to a vertical position. See Figure (3-25).
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Figure 3-25 Pipe and diffuser box positionsinside thetest section a) Horizontal Pipeb) Vertical Pipe c)
T-joint Pipe
The inner diameter of the Perspex pipe has been selected to be 15mm, which is equal to
the actual engine breather pipe, with thickness of 2mm. The choice of the wall thickness
allows inserting thermocoupl e through the pipe wall and also it is nearly equal to the actual
engine breather pipe thickness which is 1.5mm to 2mm. The length of the pipeis 80 cm
which is 4 cm longer than the test section width which goes out of the test section.
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The objective of performing the tests on the horizontal and vertical pipesisto observe the
way condensation occurs and determine experimental data to underpin the determination of
effective heat transfer coefficient.

The results of vertical pipe are used to validate a one dimensional code which models
condensation and freezing in avertical pipe (explained in Chapter 5). Horizontal pipe test
has been run to validate the CFD study, is explained in Chapter 6.

The actual engine breather pipeis connected to the engine air manifold at its outlet (See
Figure 1-1). According to the Jaguar icing tests, this connection point is the critical region in
terms of ice blockage. The main purpose of conducting test on the T-joint pipe was to
evaluate ice formation at the junction of the two pipes. A schematic of the T-joint pipeis
shown in Figure (3-26). This T-joint pipe is made of a 15 mm pipe (equal to the breather pipe
diameter) connected perpendicular to a 75mm pipe (equal to the manifold pipe diameter),
presented in Figure (3-26). Both of the pipes are perspex and their dimensions are listed in
Table (3-2). Although testing the T-joint pipe may ne be fully representative of the actual
breather pipe, it provides good indication of movement of condensate film and ice growth at
the junction. The ice growth rate at the junction is also investigated in this study in chapter 4.
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ltem Material
A | Junction
B | PERSPEX Pipe (ID: 15mm}
C | Perspex Pipe (ID: 75 mm)

TOP VIEW
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Figure 3-26 Schematic of T-joint pipeinstalled inside the Icing Tunnel, a) Side View b) Top View c)
Actual T-joint pipeinstalled inside the test section (side view)
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Table 3-2 Dimension of the T-Joint Pipe

.Inner Length Thickness
Diameter
(mm) (mm) (mm)
Pipe B 15 340 2
Pipe C 70 200 3

3.4.1 Test Matrix

A total number of 28 tests have been conducted in three categories of horizontal pipe,
vertical pipe and T-Joint pipe. These runs have been conducted at various inlet conditions.
The main parameters are vapour mass flow rate, dry air mass flow rate, mixture inlet
temperature and tunnel air velocity which have been varied to evaluate their influences on
hydrodynamics of condensation and ice formation. The ranges of the main parameters are
givenin Table (3-3) and the test matrix is presented in Table (3-4).

Table 3-3 Experimental ranges

Par ameter Units Range

Dry Air Mass Flow rate Kg/hr 0.5-1.44

Vapour Mass Flow Rate | gr/min 0.38 - 5.55
Tunnel Velocity m/s 40,50

Inlet Gas Temperature C 43.2 - 86
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Table 3-4 Test Matrix for Condensation and I ce formation inside the Vertical pipe

. Tesf Tunnel Tom Boiler m, m, m
PlpeType | Case | Duration | Speed | () | POWEr | e/ g/min| k|
T-Pipe Run1 42:00 40 86.1 | 322 0.9 5.55 1.26 0.26
T-Pipe Run 2 36:00 40 62.0 | 115 1.0 2.13 1.39 0.11
T-Pipe Run3 27:00 40 62.2 | 161 1.0 2.74 1.20 0.14
T-Pipe Run 4 29:00 50 62.0 | 161 1.0 2.74 1.20 0.14
T-Pipe Run5 27:00 50 62.1 | 161 0.8 2.29 0.98 0.14
T-Pipe Run 6 16:00 40 62.4 161 1.2 2.77 1.20 0.14
T-Pipe Run 7 20:00 0 63 165 1.0 2.8 1.22 0.14
T-Pipe Run 8 20:00 0 63 165 1.0 2.8 1.21 0.14
T-Pipe Run 9 20:00 0 62.4 | 167 1.38 3.46 1.59 0.13
T-Pipe Run 10 39:20 0 48.0 97 1.0 1.5 1.1 0.1
T-Pipe Run 11 24:00 50 52.0 97 1.0 1.6 1.1 0.1
T-Pipe Run 12 32:00 50 61.0 99 0.5 14 0.6 0.13
T-Pipe Run 13 26:00 50 43.5 99 1.4 1.2 1.4 0.05
T-Pipe Run 14 41:00 50 43.2 62 0.5 0.6 0.6 0.06
Horizontal | Run 15 14:00 50 46.0 63 0.54 0.56 0.58 0.06
Horizontal | Run 16 37:00 50 43.5 63 0.55 0.59 0.58 0.06
Horizontal | Run 17 16:00 50 46.9 | 157 1.44 3.27 1.64 0.11
Horizontal | Run 18 35:00 50 58.4 | 157 0.55 3.0 0.73 0.25
Horizontal | Run 19 18:00 50 59.1 | 154 0.55 3.0 0.71 0.25
Horizontal | Run 20 20:00 50 59.6 | 154 0.49 3.0 0.66 0.27
Horizontal | Run 21 13:00 50 60.9 | 154 0.56 3.1 0.73 0.25
Vertical Run 22 21:00 50 49.9 62 1.40 0.38 1.43 0.02
Vertical Run 23 12:00 50 49.2 | 168 1.39 3.12 1.39 0.12
Vertical Run 24 21:00 50 53.9 | 165 0.82 3.12 1.01 0.19
Vertical Run 25 21:00 50 60.2 | 240 0.81 3.62 1.09 0.25
Vertical Run 26 18:00 40 53.0 [ 158 0.63 3.66 0.85 0.26
Vertical Run 27 12:00 40 51.8 | 158 0.68 3.55 0.89 0.24
Vertical Run 28 12:00 40 52.8 | 158 0.72 3.55 0.93 0.23
Vertical Run 29 12:00 40 52.8 | 158 0.74 3.55 0.95 0.22

3.5 Test procedure

To carry out the tests the following procedure has been conducted.

(1) Fill the boiler with 5 litre of water at boiling temperature

(2) Set the three-way valve to its vent position which expel the mixture to the Atmosphere

(3) Adjust the boiler power and the dry air mass flow rates to the given values (for

instance P=100Watt, m,=0.74 kg/hr)
(4) Adjust the temperature controller to control the temperature of the rubber hose, the

manifold, the Three-way valve and the flange 2 degrees above the gas saturation temperature.

81




(5) Start theicing tunnel and set its velocity (V) and temperature (T)

(6) After allowing a sufficient time to reach a quasi-steady state the three-way valve is set
to the open position which allows the air/steam mixture to go in to the perspex pipe. From
this point the observation and the data measurement are started.

Duration of each test is different and depends on the condensation performance and rate of

ice formation. After each test the perspex pipe was taken out for taking pictures.

3.6 Temperature measurements of Perspex pipe

The perspex pipe wall temperatures have been measured at 9 locations (T, to Tg) along the
pipe shown in Figure (3-274). To measure the temperatures, 9 holes have been drilled through
the middle of the pipe and the thermocouples have been inserted in to the holes. A cross
section of the pipe wall is shown in Figure (3-27b). As the pipe thicknessis 2 millimetres,
miniature thermocouples with diameter of 0.25 mm have been utilized, Fig. (3-28).

The gas core temperatures have been measured at 5 different points (Tcy to Tcs) along the
pipe as shown in Figure (3-27). The thermocouples have been inserted to the pipe half way
across up to the centre of the pipe, shown in Figure (3-29).

All the thermocouples are sealed with silicon and fixed with heat resistant self-adhesive
tape shown in Figure (3-30).

In the case of the T-joint pipe, 5 wall temperatures and 3 core temperatures have been
measured, as shown in Figure (3-27c).
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Figure 3-27 Temperature measuring points, a) Perspex pipe, b) cross section of Perspex pipe, ¢) T-
joint Pipe
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Figure 3-28 Miniature TC Direct K-type Thermocouple (Diameter: 0.25 mm)

Figure 3-29 Ther mocouplesinserted to the middle of the horizontal pipe, Condensate dropletswere
formed on theinner surface of the pipe and large droplets dide down and accumulate at the bottom of the

pipe

Figure 3-30 Ther mocouples embedded in the vertical pipe and fixed with heat resistance self-adhesive
tape. (Thepipeisinstalled inside the test section)



3.7 Tunnel calibration

Taking measurements with any instruments or devices needs calibration to ensure
the accuracy of the data. In order to calibrate the air velocity across the diffuser box in the
tunnel a standard pitot-static tube has been used.

Figure 3-31 Pitot-Static Tube

The probe was traversed across the test section perpendicular to the direction of airflow at
15 different locations shown in Figure (3-32). The difference between the static and total
pressure has been measured at each of these locations. Air velocity was then calculated by

applying Bernoulli Equation as follows.

V= \/ 2( Piotar — Pstatic )/ P (3'2)
— Pitot Tube
12 = .
Section

14 = L=180 mm
13 =

380 12 -
11 =
10«
9 .

b 3
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4 e ‘ 280330
3 e =L
> . ' 120
ap 130
1 a—gy
I P R e

Figure 3-32 Positions of measuring tunnel air velocity acrossthe tunnel test section

The target air velocity in the diffuser box is between 3.5 to 6 m/s which is around the air

speed under bonnet of a typical Jaguar car. To achieve this velocity, three different tunnel
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speeds of 40m/s, 45m/s and 50 m/s have been tested and air velocities in the test section have
been measured. The maximum and minimum values of pressure difference (AP = Piptq; —
Pg:qtic) @ each of the points have been measured by using the pitot-static tube and presented
in Table (3-5). Referring to these values and applying Eg. (3-2) the maximum and minimum
value of the velocities can be evaluated and the arithmetic mean can be calculated which are
givenin Table (3-5).

Table 3-5 Pressure difference and air velocity at different positions acrossthetest section at tunnel

velocity of 50 m/s
Position Position AP(min) AP(max) | V(min) | V(max) | V (ave)
cm Pa Pa m/s m/s m/s
1 3 16 22 5.1 6.0 5.5
2 8 15 29 3.9 6.9 5.9
3 13 25 37 6.4 7.8 7.1
4 18 21 27 5.8 6.6 6.2
5 23 8 16 3.6 5.1 4.4
6 28 11 18 3.2 5.4 4.8
7 33 15 28 3.9 6.7 5.8
8 38 16 29 5.1 6.9 5.9
9 43 36 48 7.7 8.8 8.2
10 48 17 27 5.3 6.6 5.9
11 53 8 6 3.6 3.6 3.4
12 58 8 8 3.6 3.6 3.6
13 63 5.5 6.5 3.0 3.3 3.1
14 68 4 7 2.6 3.4 3.0
15 73 2 10 1.8 4.0 2.9

Thelocal averaged air velocities at each of the locations have been plotted at different
tunnel velocities in Figure (3-33). As shown, the air velocity variations in al three different

cases have followed asimilar pattern which has two rises around 10cm and 45cm.
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Figure 3-33 Air Velocity in the diffuser box along the cross section of the tunnel a) tunnel velocity= 50
m/s, b) tunnel velocity= 45m/s, c) tunnel velocity= 40m/s
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3.8 External heat transfer coefficient

The averaged heat transfer coefficient in cross flow over acylinder is given by Eq. (3.3)
Externa heat transfer coefficient at different points along the pipe can be calculated by Eq.
(3-4). (See section 2-3-2 for more details).

h=—aa (33

a

282,000

(34)

4/5
0.62Re"2 pr V2 { ( Re S’T
+ +

Note that, d, is the characteristic length which in this case is the outer diameter of the
pipe (d=19mm). k, is the gas thermal conductivity. The Reynolds number (Re;,) is calculated
based on the measured velocity given in Figure (3-33). Pr, is Prandtl number and cal culated
by applying Eg. (3-5).

Kk

w: Dynamic viscosity, (N s/m?)
Co: Specific heat, (Jkg K)
k: Thermal Conductivity (W/m k)

Pr (3-5)

: _ - . P
The air density is calculated by applying ideal gas equation (p = ﬁ ) a the tunnel

temperature (T=-20°C), Atmospheric pressure and R;=287JKg K.

The Nusselt number and external heat transfer coefficient at tunnel velocity of 50 m/s and
40 m/s have been calculated and presented in Table (3-6) and Table (3-7), respectively.

In the event of natural convection, the heat transfer coefficient is evaluated by Egs. (2.45)
(2.46) and (2.47).

Table 3-6 External heat Transfer Calculation at Tunnel Velocity of 50m/s

Location Velocity | Reynolds Nusselt HTC
(cm) (m/s) Number | Number | (W/m2K)

3 5.5 9205 49 57

8 5.9 9806 51 60

13 7.1 11739 57 67

18 6.2 10357 52 62

23 34 7232 42 49

28 3.8 8007 45 53
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33 5.8 9707 50 59
38 6.0 9941 51 60
43 8.2 13693 62 73
48 5.9 9871 51 60
53 3.4 5590 36 42
58 3.6 5992 37 44
63 3.1 5184 34 40
68 3.0 4921 33 39
73 2.9 4847 33 39

Table 3-7 External heat transfer Calculation at Tunnel Velocity of 40m/s

Location Velocity Reynolds | Nusselt HTC
(cm) (m/s) Number | Number | (W/m2K)

3 3.0 4921 33 39
8 3.0 4921 33 39
13 3.7 6152 38 45
18 3.1 5171 34 40
23 3.0 4963 33 39
28 3.1 5114 34 40
33 3.9 8186 45 53
38 3.1 6815 41 48
43 5.8 9637 50 59
48 2.7 4494 31 37
53 2.6 4300 30 36
58 1.7 2802 23 27
63 3.1 5114 34 40
68 1.8 2996 24 29
73 2.4 3953 29 34
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Tunnel Air Velocity = 45m/s
80 |
70
£ ¥ 60
< E
= X 50
3
U o« 40
b) s
m !
Z é 30
g3
=8 20 |
10 |
0.........................................
0 10 20 30 40 50 60 70 80
Position across the Tunnel Test Section (cm)
Tunnel Air Velocity = 40m/s
70 |
5=
= &
c E
E=
=2
) 8
I
5 0
P
g g
S o
10 |
s J 1 N
0 10 20 30 40 50 60 70 80
Position across the Tunnel Test Section (cm)

Figure 3-34 External heat Transfer Coefficient, a) at Tunnel Velocity of 50m/s, b) at Tunnel Velocity
of 45m/s, ¢) at Tunnel Velocity of 40m/s
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Chapter 4 Experimental Results and
Analysis

In chapter 3, the design of the test rig has been explained and aso the measurement
techniques, test conditions and the test procedure have been described. Here, in this chapter
the results of the tests are investigated.

Studying the hydrodynamics and heat transfer associated with condensation and freezing
of the air/steam mixture is afocus in this chapter.

The experiments have been conducted separately on the horizontal pipe, the vertical pipe
and the T-joint pipe. Here, in this chapter, the results are anal ysed separately in each of these
test cases. In each section, first condensation rate and ice formation are studied and then the
temperature measurement results are addressed to evaluate heat transfer. Variation of the
main test parameters like vapour mass fraction, external heat transfer and surface coating on
heat flux are investigated and heat transfer coefficient is evaluated by addressing the

temperature results.

4.1 Vertical pipe

The vertical pipe tests have been conducted to validate a one dimensional numerical study.
This numerical code and its results are discussed in chapter 5. The test matrix of the vertical
pipe has been shown in Table (4-1). All the variablesin thistable are averaged over the 12
minutes of the runs. A total number of 8 tests have been run on the vertical pipe at different
inlet mass flow rate ranges of 0.84kg/hr to 1.58kg/hr with an inlet vapour mass fractions of

0.02 to 0.36. The operating pressure was at atmospheric pressure.
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Table4-1 Vertical Pipe Test Matrix

Pipe Type Run Time Tunnel Speed | Tg,in| Boiler Ma M\{ Mg Wy
Number | (Minutes) (m/s) (°C) |Power (W)| (kg/hr) |(g/min)| (kg/hr)
Vertical Run 22 12:00 50 49.9 62 1.43 0.38 1.45 0.02
Vertical Run 23 12:00 50 49.2 168 1.39 3.12 1.58 0.13
Vertical Run 24 12:00 50 53.9 165 0.81 3.12 1.00 0.23
Vertical Run 25 12:00 50 60.2 240 0.82 4.62 1.1 0.34
Vertical Run 26 12:00 40 54.0 158 0.62 3.66 0.84 0.36
Vertical Run 27 12:00 40 51.8 158 0.68 3.55 0.89 0.31
Vertical Run 28 12:00 40 52.8 158 0.72 3.55 0.93 0.30
Vertical Run 29 12:00 40 52.8 158 0.74 3.55 0.95 0.29

In this section, condensation rate isinvestigated by exploring pictures and recorded videos
during the test. Also the effects of vapour mass fraction on pipe temperature and

condensation rate are investigated.

4.1.1 Observing condensation

When gas mixture goes through the perspex pipe, vapour starts to condense on the inner
surface of the pipe and the condensate film flows down inside the pipe as a film because of
gravity forces. A container was used at bottom of the manifold to collect the condensate
water, shown in Figure (4-1).

Figure 4-1 Condensate collector for Vertical pipe

Observation in this study shows that the whole process of the condensation can be divided
in three phases.

The first phase begins immediately when the mixture starts to go up through the pipe
(t=0), the inner surface of the pipe is completely bare, after atime interval droplets nucleate
and begin growing by direct condensation at specific locations called nucleation sites which
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are usually pits and surface scratches. These droplets are called primary droplets and as their
critical sizes are much smaller than the average distance between nucleation sites, they are
too far from one another to coalesce. (Figure 4-2 b)

In the second phase, coal escence between adjacent drops takes place. In this phase
droplets grow due to direct condensation and random coal escences. They move about as a
result of coalescence and can be located at virtually any points on the solid surface.
Therefore, their physical locations are no longer limited to their nucleation sites on the
surface. (See Figure 4-2 c). Asthe drops grow they reach a size, departure size, in which
they are ready to fall off. (See Figure 4-2 d)

In the third phase, the droplets slide down and sweep other droplets on their path. New
droplets start to grow again by direct condensation and then by coal escence and direct
condensation until the drop size distribution becomes identical with the un-swept region.

Thisregion is swept by another departing droplet and the cycle continues repetitively.
Strip A Strip B
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Figure 4-2 Typical growth behaviour of dropletsin condensation

In Figure (4-3) and Figure (4-4) the condensation process at the beginning of the perspex
pipe (up 5 cm from the pipe inlet) and middle of the pipe (at 35cm) are shown. These two
figures show the condensation process at three different momentsin time (1min, 3min, 5min)
during the Run22. Comparing these pictures indicates that at time=3 min droplets at the
beginning of the pipe are in the coalescing mode (Figure 4-3b), but the upper part of the pipe
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(35 cm) isstill in the primary phase (Figure 4-4b). This comparison shows that the
condensation rate decreases aong the pipe.

(@ time=1 minutes (b) time=3minutes (c) time= 5 minutes

Figure 4-3 Serial photograph of condensation at the beginning of the pipein Run 22 (a) Primary
Droplets (b) Coalescence (c) Sweeping

(@) time=1 minutes (b) time=3 minutes (c) time=5 minutes

Figure 4-4 Serial photograph of condensation at location of 35 cm in Run 22 (a) Start of thetest at 1
minute (primary droplets) (b) Start of thetest at 3 minutes (primary droplets) (c) Start of thetest at 3

minutes (coal escence)
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4.1.2 Condensation Rate

The other way to investigate condensation rate is measuring droplet departure time and
their departure position. This has been evaluated in 5 different regions (A,B,C,D,E) aong the
pipe, identified in Figure (4-5).

PIPE

Figure 4-5 Top view of the vertical pipein thetest section (Divided in 5 different Section)

Videos of Run 22 have been investigated for 14 minutes and the locations and the
departure time of droplets have been measured and listed in Table (4-2). This Table presents
that the first droplet departed after 3:39 minutes from region “E” at the height of 1.5cm from
the bottom of the pipe. Then second droplet departed from the same height (h=1.5 cm) but

after 4:09 minutes from region “B”.

Table 4-2 Time and height of droplets departureinsidethe pipe at different regions

Time Height of Departure (cm) ) Height of Departure (cm) ) Height of Departure (cm)
(min) A B [c| D E Time A B C D E Time 3 B C D | E
00:00 06:30 10 09:51 21
03:39 1.5 06:51 8 09:52 23
04:09 15 06:58 12 10:25 | 23
04:16 3 07:09 11 11:03 28
04:43 2 07:18 11 11:06 7
04:49 2 07:25 16 11:09 | 6.5
04:57 4 07:43 | 11.5 11:28 22.5
05:10 5 08:08 18 11:27 30
05:30 3 08:22 18 11:44 23
05:34 6.5 08:31 16 11:55 28
05:38 5 08:36 15 12:16 28
05:57 9 08:41 19.5 12:43 32
06:03 5 09:01 19 13:05 | 31
06:07 45 09:11 23 13:15 325
06:14 7 09:15 20 13:30
06:24 8 09:29 25 13:38 35
09:44 15
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The time and the locations of the droplets departuresin each of the five regions
(A,B,C,D,E) over 14 minutes (840 seconds) of the test are shown in Figure (4-6). Thisfigure
clearly shows as the gas mixture goes up through the pipe, it takes longer for droplets to grow
and fall off.
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Figure 4-6 Height of departure versusthetimein different region inside the pipe

It is shown in Figure (4-6) that droplets from region E have dropped quicker than region
A. This can be due to greater heat transfer at the front of the pipe compared to the back of the
pipe.

The droplet departure position in respect to non-dimensional departure frequency is
illustrated in Figure (4-7). The non-dimensional frequency is defined as the frequency of the
droplet departures divided by the frequency of the first departure f(y)/f(yy).
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Figure 4-7 Variation of departure position in respect to the non-dimensional departure frequency

4.1.3 Temperature variation along the pipe

The Perspex pipe wall temperature distribution (T to Tg) and core temperatures (T to
Tes) are measured along the pipe, explained in section (3.6). Variations of these temperatures
over the 12 minutes of Run 24 are shown in Figure (4-8).
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Figure 4-8 Temperature variation of the Per spex pipe at different location along the pipe over thetime
for Run 24.

Asillustrated, in the beginning of the test (time=0) mostly the temperatures are around
-20°C. Thisisdue to the fact that the pipe is exposed to the cold air (-20C) inside the tunnel
before the gas mixture flows in. When the gas mixture enters the pipe it induces the
temperatures to increase and after about 3 minutes they appear to become mostly steady. Asit
isshown in Figure (4-8), there are few decreases and increases in the pipe temperature graphs
(T1 to Tg) which can be related to the movement and the growth of the droplets in the pipe.
To investigate this better, the temperature variation at the height of 6cm (T,) isinvestigated
separately in Figure (4-9). Asit is shown, once the air/steam mixture enters the pipe (at
time=00:15min), the wall temperature increases quickly in the first minute and then it
gradually becomes steady after about 4 minutes. Comparing the temperature variation with
the recorded videos of this run, confirms that the temperature measurement is influenced by
progress and movement of droplets in the pipe. Droplet growth on the inner surface of the
pipe imposes additional resistance to the heat transfer which can be the cause of the gradual
increase of the pipe temperature at (01:15 <t < 04:15). When the droplets fall off, they
sweep the inner surface and this may produce a decrease in the surface temperature. The
sweeping effect on the temperature graph can be recognizable by sudden drops shown in
Figure (4-9).
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Figure 4-9 Pipe temperature at 6cm from the pipeinlet over 20 minutes

In order to make general comparisons between the test cases, al the temperatures were
averaged between 4 to 12 minutes in which they are mostly steady.

Standard deviation values at each of the data pointsis calculated and presented in Table
(4-3). The standard deviation gives a measuring tool to put a probability value on the
difference of the data points and the averaged value. The standard deviation is referred here
as apotentia uncertainty. In Table (4-3), both the local temperature averaged value with its

attributed uncertainty at each of the measuring points at different runs are presented.

Table 4-3 Vertical pipewall temperature and uncertainty at different locations

T1 T2 T3 T4 5 T6 17 T8 T9

6 15 24 33 43 52 61 70 75

RUN22 Temp. © 11.0 10.4 1.0 -2.5 -3.4 -4.0 -2.4 -4.0 -1.5
Uncertainty 0.966 0.555 0.769 0.450 0.564 0.876 0.010 0.585 0.432

RUN23 Temp. © 19.8 15.6 7.1 3.7 2.1 -1.8 1.6 2.6 2.8
Uncertainty 1.027 0.360 0.258 0.577 0.565 0.328 0.008 0.375 0.175

RUN24 Temp. © 9.6 4.9 -3.3 -6.3 -7.7 -10.5 -9.7 -7.7 -2.1
Uncertainty 2.358 0.779 0.515 0.191 0.147 0.096 0.005 0.958 0.138

RUN25 Temp. © 23.4 19.2 9.0 2.6 1.9 -3.2 -1.7 0.9 0.9
Uncertainty 1.674 1.332 0.583 0.614 0.615 0.540 0.004 0.674 0.717

RUN26 Temp. © 9.5 4.3 -1.4 -6.7 -7.9 -9.5 -7.3 -5.6 -2.7
Uncertainty 0.599 0.837 0.505 0.434 0.674 0.921 0.005 0.599 0.198
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Pipe wall temperature distribution and gas core temperature distribution have been plotted
in Figure (4-10) and Figure (4-11), respectively. The local uncertainty at each of the data
point isillustrated as an error bar. These figures show that the temperatures decrease along
the pipe. Thisis due to latent and convection heat transfer from the vapour mixture to the
cold wall. The latent heat is released due to condensation of vapour and the convection heat
transfer is due to temperature difference between the gas mixture and cold wall.
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Figure 4-10 Pipewall temperaturefor Run 22 to Run 26 on vertical pipe

100




70

—— Run25, Ma(lit/min)=14.07, Mv(gr/min)=4.62, Mg(kg/s)=1.10, Tg(c)=60, V(m/s)=51,Wv=0.25
g RUN24, Ma(lit/min)=14.00, Mv(gr/min)=3.12, Mg(kg/s)=1.00, Tg(c)=54, V(m/s)=49,Wv=0.19

65 —&— Run26, Ma(lit/min)=10.63, Mv(gr/min)=3.66, Mg(kg/s)=0.84, Tg(c)=54, V(m/s)=40,Wv=0.26 -
—@— Run23, Ma(lit/min)=23.92, Mv(gr/min)=3.12, Mg(kg/s)=1.58, Tg(c)=48, V(m/s)=50,Wv=0.12
60 % Run22, Ma(lit/min)=24.53, Mv(gr/min)=0.38, Mg(kg/s)=1.45, Tg(c)=50, V(m/s)=50,Wv=0.02 _
| | : :

(%)
B4 I
§ .
o e
240 o 5
: —
- [ =
0 e |

/

—a
"“3‘5

Ll
o

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75
Position from the pipe's inlet (cm)

Figure 4-11 Gas Core Temperature for Run 22 to Run 26 on Vertical Pipe

4.1.4 Heat Transfer Coefficient

Here, the process of evaluating the local in-tube heat transfer coefficient based on the
experimental temperature is described.

Figure (4-12), shows a schematic of condensation process and temperature measurement
points in the vertical pipe.

For local condensation, in-tube heat transfer coefficient at any axial locations (x) along the
pipe can be expressed by Eqg. (4-1).
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Figure 4-12 Control Volumefor reflux condensation

HTC=. T (4-1)
T.(¥) T, ()

Where, HTC isthe local in-tube experimental heat transfer coefficient and it is deducted
from the measured heat flux (q;V), gas core temperature (T, ) and pipe inner wall temperature
(T, ) a any x along the pipe.

The heat flux through the tube wall at any axial position is calculated by applying heat
conduction through the wall and external convection from acylindrical geometry, as
presented by Eq. (4-2).

o =Y (Tw.m ~ Toootan) (4-2)

Where U, isthe external overall heat transfer coefficient which is afunction of conduction

and convection heat transfer coefficients.

U z{ln(ro/rm)ro +i}_ 43)
K h,

ro. external diameter of the pipe (m)
kw: conduction heat transfer coefficient of the pipe (W/m.K)
h.: external heat transfer coefficient (W/m.K)

Where subscripts “m” denotes the radial position at which the thermocoupleisinstalled.
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Since, the thermocouples were inserted to the middle of the pipewall (Twm), shown in
Figure (3-27), the temperature at the tube inner wall (T,;), can be deduced from the heat flux

equation as Eq. (4-4).
K.,

Twm: middle pipe wall temperature

TW P~ TW,m + q;v,o (4'4)

ri: interna diameter of the pipe (m)

The thermal conductivity of the pipewall (kw) is given as 0.18 W/(m.K) which isfor the
Perspex material.

The following procedure is proposed to evaluate the experimental heat transfer coefficient.

1- Cdculatethe overal heat transfer coefficient (U) from Eq. (4-3)

2- Cadculate heat flux from Eqg. (4-2) based on the measured temperatures

3- Cadculate theinside wall temperature (T;) from Eq. (4-4)

4- Calculate the heat transfer coefficient (HTC) from Eq. (4-1).

The above procedure was applied and the experimenta heat transfer coefficient (HTC) has
been evaluated at different locations aong the pipe. In Table (4-4), theinner wall temperature
Twi , the calculated heat fluxes and finally the calculated HTCs are listed at four different
locations (15cm, 33cm, 61cm and 75cm) along the pipe.
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Table 4-4 Heat Transfer Coefficient for Vertical Pipe

Case Location (cm) 15.00 33.00 61.00 75.00
Tcore (°C) 45.97 39.00 27.57 24.29
Twall (°C) 10.38 -2.55 -2.35 -1.46
External HTC (W/m2.K) 64.01 59.63 44.21 20.51
Run22 Overall Heat Transfer Coeffcient (W/m2.K) 45.62 43.35 34.58 18.16
Heat Flux (W/m2) 1385.78 756.72 610.24 245.90
Twi (°C) 13.16 -1.02 -1.13 -0.97
HTC (W/m2.K) 42.24 18.91 21.27 9.74
Tcore (°C) 45.97 39.00 27.57 24.29
Twall (°C) 15.55 3.70 1.64 2.85
External HTC (W/m2.K) 64.01 59.63 44.21 20.51
Run23 Overall Heat Transfer Coeffcient (W/m2.K) 45.62 43.35 34.58 18.16
Heat Flux (W/m2) 1621.85 1027.29 748.36 324.12
Twi (°C) 18.81 5.76 3.15 3.50
HTC (W/m2.K) 59.72 30.91 30.64 15.59
Tcore (°C) 50.81 43.68 31.73 27.86
Twall (°C) 4.94 -6.27 -9.73 -2.07
External HTC (W/m2.K) 64.01 59.63 44.21 20.51
Run24 Overall Heat Transfer Coeffcient (W/m2.K) 45.62 43.35 34.58 18.16
Heat Flux (W/m2) 1137.88 595.36 | 355.07 325.69
Twi (°C) 7.23 -5.07 -9.02 -1.41
HTC (W/m2.K) 26.11 12.21 8.71 11.13
Tcore (°C) 57.60 52.20 44.32 40.73
Twall (°C) 19.22 2.65 -1.74 0.89
External HTC (W/m2.K) 64.01 59.63 44.21 20.51
Run25 Overall Heat Transfer Coeffcient (W/m2.K) 45.62 43.35 34.58 18.16
Heat Flux (W/m2) 1789.36 981.78 631.42 379.43
Twi (°C) 22.82 4.62 -0.47 1.66
HTC (W/m2.K) 51.45 20.63 14.10 9.71
Tcore (°C) 50.39 42.09 31.85 27.29
Twall (°C) 4.26 -6.73 -7.31 -2.67
External HTC (W/m2.K) 44,51 54.33 37.03 18.41
Run26 Overall Heat Transfer Coeffcient (W/m2.K) 34.76 40.48 30.02 16.50
Heat Flux (W/m2) 843.52 537.38 381.03 285.92
Twi (°C) 5.96 -5.64 -6.54 -2.10
HTC (W/m2.K) 18.99 11.26 9.93 9.73

In order to estimate the uncertainty attributed to the heat transfer coefficient, the classical
method of Kline and McClintock (1953) has been applied. In this approach, the uncertainty in
agiven function is due to the combined effects of uncertaintiesin al the variables, according
to the well-known root-sum-square method. Therefore, the uncertainty of the heat transfer

coefficient (HTC) to be due to the uncertainty of the heat flux exchanged at the surface (q,,)

and to the uncertainties associated to the measurements of the pipe inner wall (Ty;) and gas
core temperature (T¢). Moreover, the heat flux (qy,) accounts for the external overall heat

transfer coefficient and uncertainties of wall (Twm) and tunnel external temperature (T.), EQ.

104



(4-2). Thus, from Egs. (4-1), (4-2) and (4-3), the uncertainty associated with the heat transfer

coefficient can be given by:
oh_ [(oq) (o-T)Y
h Lo (T —-Tu)

U (0Tun-T)) (o -T,))
:\/(J +[ w,m c J +[G( c WI)J (45)
U (Tw,m _TC) (Tc _TWI)
Thevariablesr;, ro, ki are assumed to be error free. Uncertainty of the external overall

heat transfer coefficient (U) is assumed to be just dependent on the coolant heat transfer
coefficient. The uncertainty of the coolant heat transfer coefficient was evaluated in the

section (3-7).

The K type Thermocouples were calibrated within +£0.1 °C error limit. This standard error
has been added to the temperature standard deviations, given in Table (4-3).

In Figure (4-13) the uncertainties of the heat transfer coefficient at different runs have

been plotted as a percentage.
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Figure 4-13 Heat Transfer error for Vertical pipe
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The maximum error of the heat transfer coefficient is 17% at the end of the pipe (75 cm).
Thislarge error may be due to disturbances of external flow. This has happened because the
air from the outside of theicing tunnel has been sucked in to the tunnel test section through
the gap between the outlet of the Perspex pipe and the test section (shown in Figure 4-14).
This can affect the external convective cooling and introduce an error in the determination of
heat transfer coefficient. Despite several attempt to seal this gap, dueto practical restriction,
air leakage hasn't been stopped during the tests.
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n
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Figure 4- 14 Suction of air from outside of the tunnel test section

The heat transfer coefficients (HTC) for Run 22 to Run 26 are plotted in Figure (4-15).
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Figure 4-15 Heat Transfer Coefficients (HTC) for Run 22 to Run 26 (Vertical Pipe)

The heat transfer from the gas mixture during condensation depends on two
interdependent parameters which are sensible heat and latent heat. Sensible heat transfer is
due to the temperature difference between the gas mixture and the wall. Latent heat transfer is
due to vapour mass flow rate (moisture content of the air). Therefore increasing the vapour
mass flow rate and the mixture temperature increases the heat transfer coefficient in the pipe.

Figure (4-15), shows that heat transfer coefficient decreases sharply at the initia length of
the pipe and then slowly as the vapour mass fraction decreases along the length. This can be
due to the fact that most of condensation in the pipe happens in the beginning of the pipe up

to 33cm.

4.1.5 Vapour Mass Fraction

In Figure (4-16), two test cases (Run 22 and Run 23) with similar inlet gas temperatures
and dry mass flow rate but with different vapour mass fractions (W,=0.02 and W,= 0.12) are
presented. The purpose of this comparison isto evaluate the effects of vapour mass fraction
on heat transfer coefficient. Asit is presented, increasing the vapour mass flow rate from
0.38 g/min (Run21) to 3.12 g/min (Run23) increases the local heat transfer coefficients
approximately by 50% all aong the pipe. This means vapour content plays an important role
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on heat transfer resistance. In the event of higher vapour mass fraction, more water vapour
can be condensed and more latent heat is released.
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Figure 4-16 Pipe wall temperature for Run 22 and Run 23

4.1.6 Ice formation in vertical pipe

Ice formation inside the pipe can be assessed by monitoring pipe wall temperature. The
temperature plot for Run 22 at 18 minutesis shown in Figure (4-17). This graph shows that
condensate film in the pipe starts to freeze from 26cm. The wall temperature distribution
rises gradually after 52cm. This can be due to the external flow disturbances which have been
explained earlier in the section (4.1.3). Thisrise of temperature can be recognized in all the

runs.
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Figure 4-17 Pipe temperaturefor Run 22 at 18 minutes

In Figure (4-18) ice formation inside the pipe is shown. After the test, the weight of theice

was measured which was 2.04 g.

Figure 4-18 Ice layer inside the pipein Run 22 at the end of the test. Thedirection of internal airflow
isfrom left toright
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4.2 Horizontal Pipe

The purpose of conducting an experiment on a horizontal pipe was to evaluate a CFD
study which is explained in the Chapter 6. In this experiment atotal number of 7 runs have
been conducted. The test matrix of the horizontal pipe has been shown in Table (4-5). All the
variablesin this table are averaged over the 12 minutes of the runs. The inlet mixture mass
flow rate varies from 0.58 kg/hr to 1.63 kg/hr with an inlet vapour mass fractions of 0.06 to

0.26. The operating pressure was at atmospheric pressure. The effects of moisture content,

gas inlet temperature and pipe coating on condensation and ice formation is evaluated.

Table 4-5 Horizontal Pipe Test Matrix

Pipe Type Case T.ime Tunnel Tg,in | Boiler Power Ma Mv. Mg Wy
(Minute) |speed (m/s)| (°C) (W) (kg/hr) |(g/min)| (kg/hr)
Horizontal Run 15 12:00 50 46 63 0.54 0.56 0.58 0.06
Horizontal Run 16 12:00 50 44 63 0.55 0.58 0.58 0.06
Horizontal Run 17 12:00 50 48 157 1.44 3.12 1.63 0.12
Horizontal Run 18 12:00 50 58 157 0.55 3 0.73 0.25
Horizontal Run 19 12:00 50 59 154 0.54 3 0.71 0.23
Horizontal Run 20 12:00 50 60 154 0.47 3 0.63 0.26
Horizontal Run 21 12:00 50 61 154 0.56 31 0.73 0.23

4.2.1 Observing Condensation

When the air-steam mixture enters the Perspex pipe, it starts to condense on the inner
surface of the pipe. The whole procedure of the condensation in the horizontal pipe can be
divided in to four phases. The first two phases are similar to the vertical pipe which are as,
primary droplet and coal escence. In the third phase, droplets fall off, drain downwards and
accumulate gradually on the bottom of the pipe up to a certain thickness (Figure (4-19)). This

phaseis called slip down. In the fourth phase, called flow out, the condensate pool flows out

axially toward the end of the pipe due to shear forces between the core gas and the
condensate film. (Figure (4-20)).

Figure 4-19 Cross section of the pipe showing the flow of the condensate film draining down

Condensate film
draining
downwards

Condensate pool
flowing axially
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Figure 4-20 Condensation in a horizontal pipe

4.2.2 Effects of thermocouple and coating on condensation rate

As an engine breather pipe becomes older, its inner surface may be affected by oil or any
other particlesin the breather gas. Here, it has been tried to evaluate the effects of the nature
of pipeinner surface on condensation rate. Hence, a hydrophobic coating (Nikwax) has been
used. Nikwax is a soap based cleaner which can be used to clean equipment. This product
produces a durable water repellent coating with elastic water-repellent molecules. It can also
withstand temperature up to 50-60 °C.

In order to coat inner surface of the pipe, Nikwax liquid has been poured in to the pipe and
soaked for 20 minutes. The purpose of producing this coating was to evaluate effects of
hydrophobicity on condensation rate.

Run 21, has been repeated once with a coated pipe (Run19) and once without coating (Run
20). Both the runs were conducted without thermocouples. In Table (4-6) the test conditions
of these three runs (Run19, Run20 and Run21) have been listed.

Table 4-6 Test Condition of Run19, Run20, Run21

Run Condition Tunnel Tg,in Boiler Ma Mv Mg Wy
Number Speed (m/s)| (°C) |Power (W) | (kg/hr) |(g/min)| (kg/hr)
Run 19 | Without Coating- Without T/C 50 59.1 154 055 | 277 | 0.71 | 0.23
Run 20| With Coating- Without T/C 50 59.6 154 049 | 2.77 | 0.66 | 0.25
Run 21| Without Coating- With T/C 50 60.9 154 056 | 2.77 | 0.73 | 0.23

Comparing the results of Run 21 with Run 20 helps to assess the effects of attaching
thermocoupl e to the pipe on condensation rate.

Asoccurred in the previous section, the rate of condensation has been evaluated by
visualizing the recorded videos and monitoring droplet departure time and departure
positions. The position and time of droplet departures in these three cases are presented in
Figure (4-22). The droplet departure time in the horizontal pipe is defined as the time when
droplets reach the bottom of the pipe (region C shown in Figure (4-21)).
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Figure 4-21 Side view of the horizontal pipeinstalled in thetest section

Figure (4-22) clearly shows that the hydrophobic coating increases the departure time.
Thisis dueto the fact that the hydrophobic coating decreases the surface energy and therefore
the droplets are kept on the surface longer. Using the coating has nearly doubled the

departure time.

Droplets Departure in Horizontal Pipe
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40 s
..
— 35 A R
£
S ¢
30 = | | & |
v
2 [ /. 4
o |
g > 3
= 55 B A
& @
- A 4
o 15 A ! |
£ Fi
R o e M
= | | !
g g ¥
S 5 [ | ‘_ > . 4
]2
0
D000 00O0O00O0O000000O000O00O00000O0O0 09O
NTOROANTONONTONONTODONTODRONT © @ O
N e N NN NN M NN ST ST ST ST ST U W W W W W
Time (Sec)

Figure 4-22 Time of droplet departurein horizontal pipe

In order to assess the condensation further, accumulation of condensate film at the bottom

of the horizontal pipe in Run 19, Run 20 and Run 22 are compared at two momentsin time (3

112



minutes and 5 minutes) in Figure (4-23) and Figure (4-24). The pictures have been taken

from beneath the pipes and show condensate accumulation at the bottom of the pipe.

a) Pipewithout coating- without Ther mocouple (Run19)

b) Pipewithout coating- with Ther mocouple (Run21)

¢) Pipewith hydrophobic coating- without Ther mocouple (Run20)

Figure 4-23 Effects of Thermocouple and Coating on Condensation Rate at 3 minutes

a) Pipewithout coating- without Ther mocouple (Run19)

b) Pipewithout coating- with Thermocouple (Run21)

c) Pipewith hydrophobic coating —without Ther mocouple (Run20)

Figure 4-24 Effects of Thermocouple and Coating on Condensation Rate after 5 minutes

113



This comparison suggests that attaching thermocoupl es to the pipe does not affect the
condensation rate or in other words the heat transfer.

4.2.3 Temperature and heat transfer coefficient

Variation of the measured temperatures along the pipe for Run 21isillustrated in Figure
(4-25), thisincludes 9 wall temperatures T1to Ty and 5 gas core temperatures Tgin and Ticore tO
T4core OVEr 13 minutes of the test.
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Figure 4-25 Temperature variation of the Perspex pipe at different locations along the pipe over the
timefor Run 21.

According to the test procedure, (see section 3.5), when the tunnel velocity and
temperature become steady at 50m/s and -20C, respectively, the gas mixture enters the
perspex pipe. Here, in Figure (4-25), it is clearly shown that at the beginning of the test
(time=0) al the temperatures are between -20C to -10C. When the gas mixture enters the pipe
the temperatures increase and they all become mostly steady after about 4 minutes. The local
average temperatures of gas core flow and pipe wall are presented in Table (4-7) and Table
(4-8). The temperature values are averaged value between 4 to 12 minutes. Standard
deviation from the mean value at each of the measurement points have been calculated and
presented as an uncertainty in Tables (4-7) and (4-8).
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Table 4-7 Horizontal pipewall temperature at different locations along the pipe

Location 6 15 24 33 43 52 61 70 75

Run15 Uncertainty © 0.4 0.3 0.3 0.1 0.1 0.2 0.1 0.2 0.2
Temperature © 6.5 -2.9 -8.0 -13.2 -14.1 -14.3 -14.4 -15.1 -11.6

Run16 Uncertainty © 0.15 0.20 0.09 0.10 0.45 0.15 0.27 0.17 0.19
Temperature © 11.43 -0.14 1.89 -0.13 -1.74 -3.82 -5.49 -8.96 -8.07

Run17 Uncertainty © 1.41 2.79 0.66 1.17 2.01 1.74 0.66 0.14 0.31
Temperature © 22.89 16.14 14.44 9.02 9.81 5.86 8.23 3.50 4.95

Runis Uncertainty © 1.15 0.62 1.65 0.08 2.31 1.86 0.56 0.37 0.15
Temperature © 24.62 13.16 3.32 -5.20 -5.78 -8.37 -9.80 -11.45 -6.81

Run21 Uncertainty © 0.86 1.21 0.59 1.16 1.43 1.20 0.60 0.95 0.49
Temperature © 25.3 19.1 10.2 3.6 2.1 -4.2 -4.5 -5.3 -3.3

Table 4-8 Horizontal pipe gas cor e temperature at different locations along the pipe

L ocation 0 15 33 61 75
Run15 Uncertainty (°C) 0.2 04 04 05 05
Temperature (°C) 46.2 43.7 35.6 18.0 16.0
Run16 Uncertainty (°C) 01 04 0.8 05 0.9
Temperature (°C) 44.3 40.8 21.8 131 10.3
Run17 Uncertainty (°C) 0.2 0.3 0.8 0.3 0.3
Temperature (°C) 47.2 46.5 40.8 324 28.7
Run18 Uncertainty (°C) 0.1 0.2 04 0.4 1.0
Temperature (°C) 57.7 55.7 49.6 30.7 26.9
Run21 Uncertainty (°C) 0.1 0.2 0.3 0.5 0.5
Temperature (°C) 61.0 59.9 56.2 417 36.9

The in-tube heat transfer coefficient (HTC) in the horizontal pipeis evaluated by applying
procedure given in the section (4-1-4). In Table (4-9) the HTC islisted at 4 different locations

along the pipe.

Table 4-9 Heat Transfer Coefficients(HTC) in Horizontal Pipe

Location (cm) 15 33 61 75
Run15 16.81 6.06 6.04 4.91
Runl6 2224 | 3973 | 27.05 10.84
Runl7 54.59 | 39.81 | 40.58 18.38
Run18 3573 | 1177 8.77 6.59
Run21 4381 | 1961 | 1162 7.11

Applying the method of Kline and McClintock (1953) explained in the section (4.1.4), the

uncertainty of heat transfer coefficient in the Horizontal pipe has been evaluated for al the

runs as given in Figure (4-26).

The maximum uncertainty of the heat transfer coefficient was 23% at the end of the pipe

(75 cm). Thislarge uncertainty at the end of the pipe was due to disturbances of external flow

(explained in section 4-1-4).
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Figure4-26 HTC error for Horizontal piperuns

4.2.4 Effects of vapour mass flow rate
Here, the effect of vapour mass fraction on condensation rate and heat transfer in the

horizontal pipeisinvestigated. For this purpose the results of Run 15, Run 18 and Run 21 are
investigated. The test conditions for these runs have been averaged between 3 to 12 minutes
of test and listed in Table (4-10).

Table 4-10 Test condition for Run15, Run18 and Run2, averaged between 3 to 12 minutes

Pipe Type Case Tunnel Tg,in | Boiler Power Ma Mv. Mg Wy
Speed (m/s)| (°C) (W) (kg/hr) |(g/min)| (kg/hr)
Horizontal Run 15 50 46 63 0.54 0.6 0.58 0.06
Horizontal Run 18 49 58 157 0.55 3 0.73 0.25
Horizontal Run 21 49 61 154 0.56 3.1 0.73 0.25

Pipe wall temperatures of these runs have been plotted with their attributed uncertainties,
shown as error bars, in Figures (4-27). The experimental heat transfer coefficient is also
illustrated in Figure (4-28).

Figures (4-27) and (4-28) show that there are high gradientsin all the temperature graphs
up to the length of 33cm. The experimental heat transfer coefficientsin Figure (4-28) show
the similar trend in which the heat transfer coefficients decreasing sharply over the initial
length of the pipe and then slowly until they are merged together at the end of the pipe. This
indicates that most of the condensation occurs up to length of 33cm of the pipe.
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Figure 4-27 Core Temperaturein Run 15, Run 18 and Run 21 of horizontal pipe
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Figure 4-28 Heat Transfer Coefficientsin Run 15, Run 18, Run21 of horizontal pipe

It has been discussed in section (4.1.6) that increasing vapour mass flow rate increases

latent heat transfer which increases the heat transfer coefficient (HTC). Increasing gas
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temperature increases the sensible heat transfer. Run 21 has the highest inlet temperature and
vapour mass flow rate and as shown in Figure (4-29) its local heat transfer coefficient isthe
higher than Run18 and Runl5. To investigate this further, the accumulation of condensate
water at the bottom of the pipe in each of these runs after 10 minutesis compared in Figure
(4-29). From this pictureit is clear that condensation in Run 21 is greater than for Runs 18
and 15 and Run 18 is greater than Run15. This means that in the case of higher vapour mass
fraction, more water vapour is condensed in the pipe. This would release more latent heat and

can increase the heat transfer coefficient and increase the local temperatures.

a) Run15

b) Run18

¢ Run21

Figure 4-29 Horizontal pipe from bottom view after 10 minutes

To investigate condensation further in each of the cases, videos of the tests have been
analysed and condensation rates in each of the cases (Run15, Run18 and Run21) were
determined. Thetime of the droplet departures and their locations from the pipeinlet have
been listed in Table (4-8) for Runs 15, 18 and 21.
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Table 4-11 Droplet Departuretime and their positionsin Runl5, Runl16 and Run 21

Run 15 Run 18 Run 21
Time of ) Location Time of ) Location Time of ) Location
Departure Deparll:‘;?s?conds) Dengture Departure Deparll:‘;?s?conds) Dengture Departure Deparll:‘;?s?conds) Dengture

(Minute) (cm) (Minute) (cm) (Minute) (cm)
06:35 395 4 02:45 165 3 02:44 164 2
07:48 468 6 02:45 165 4 02:50 170 4
08:30 510 7 04:14 254 6 02:59 179 6
09:59 599 10 04:29 269 7 03:05 185 5
10:23 623 9 04:44 284 7.5 03:15 195 8
11:03 663 12 04:58 298 9 03:31 211 9.5
11:26 686 17 05:05 305 03:45 225 9
12:12 732 125 05:28 328 12 04:08 248 15
05:50 350 15 04:08 248 13

05:50 350 13 04:18 258 12

06:02 362 10.5 04:18 258 15

06:14 374 13 04:30 270 16

06:22 382 24 04:40 280 18

06:32 392 26 04:53 293 20

06:43 403 22 04:55 295 22

07:01 421 29 04:57 297 32

07:06 426 27 05:03 303 23

07:18 438 28 05:09 309 25

07:28 448 33 05:14 314 33

07:36 456 37 05:19 319 27

05:25 325 28

05:27 327 29

05:34 334 35

05:44 344 37

In Figure (4-30), the locations of droplet departure versus time are plotted for these three

cases. This Figure clearly indicates that increasing the vapour mass flow rate increases

condensation rate.
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Figure 4-30 Time and location of droplets departurein a horizontal pipe
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4.2.5 Temperature and ice formation physics

Measuring pipe temperature helps to recognize freezing in the pipe. Here, the temperature

graph for Run 18 is shown in Figure (4-31). As shown, the wall temperature is below 0°C

from 28 cm after 37 minutes of the run. The start point of the freezing region can be

identified by looking at the pictures. One can identify the freezing region starts from 27cm, as
shown in Figure (4-32).
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Figure 4-31 Horizontal Pipe Wall Temperaturein Runl8
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Figure 4-32 Iceformation in Horizontal pipein Run 18 at 10 minutes

It has been noted earlier about the effects of air which was sucked in to the tunnel from the
outside of the test section during the test and increased the pipe temperature. It can be
observed in Figure (4-32¢) that theice layers at the end of the pipe were melted due to this
effect.
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4.3 T-Joint Pipe

The main purpose of conducting test on the T-joint pipe was to evaluate ice formation at

the junction of the two pipes, shown in Figure (4-33).

Figure 4-33 Top View of the T-Joint pipe

A total of 14 runs have been conducted on the T-Joint pipe. Four of the runs have been
performed in natural external convection, four in forced external convection at tunnel
velocity of 40m/s and the rest at the speed of 50m/s. The inlet mixture mass flow rate varies
from 0.6 kg/hr to 1.59 kg/hr with an inlet vapour mass fractions of 0.05 to 0.26. The

operating pressure was at atmospheric pressure. Test matrix has been shown in Table (4-12).

Table4-12 T-Joint Pipe Test Matrix

. Tunnel Speed| Tg,in Boiler Ma Mv Mg

Pipe Type | Case (m/s) (C) |Power (W)| (kg/hr) |(g/min)| (keshr) | WY
T-Pipe Run1 40 86.1 322 0.9 5.55 1.26 0.26
T-Pipe Run 2 40 62.0 115 1.0 2.13 1.39 0.11
T-Pipe Run 3 40 62.2 161 1.0 2.74 1.20 0.14
T-Pipe Run 4 50 62.0 161 1.0 2.74 1.20 0.14
T-Pipe Run 5 50 62.1 161 0.8 2.29 0.98 0.14
T-Pipe Run 6 40 62.4 161 1.2 2.77 1.20 0.14
T-Pipe Run 7 0 63 165 1.0 2.8 1.22 0.14
T-Pipe Run 8 0 63 165 1.0 2.8 1.21 0.14
T-Pipe Run 9 0 62.4 167 1.38 3.46 1.59 0.13
T-Pipe Run 10 0 48.0 97 1.0 1.5 1.1 0.1
T-Pipe Run 11 50 52.0 97 1.0 1.6 1.1 0.1
T-Pipe Run 12 50 61.0 99 05 14 0.6 0.13
T-Pipe Run 13 50 44.5 99 14 1.2 14 0.05
T-Pipe Run 14 50 43.2 62 05 0.6 0.6 0.06

4.3.1 Observing Condensation and Ice Formation physics

Phases of condensation in the T-joint pipe are similar to the horizontal pipe. The
difference in the horizontal pipe, however isthat the gas mixtureis expelled to the
atmosphere at the outlet of the pipe. Whereas, in the T-joint pipe the mixture gasis sucked in
to the tunnel due to the pressure difference caused by the tunnel air velocity, Figure (4-34).
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This pressure difference induces the condensate pool to flow out the small pipe and freeze at
the junction of the two pipes.
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Figure 4-34 schematic of flow direction in T-joint pipetest, (Top view)

In Figure (4-35) four different pictures are shown which have been taken at different times
during the Run 7. These pictures were taken from the bottom of the pipe and present the
progress of condensation in the T-joint pipe. Asillustrated, the flow out phase happened at 6
minutes, Figure (4-35d).

d) at 6 minutes

c) at 5 minutes

Figure 4-35 Sequences of condensation at different timesin a T-Joint Pipe on Run 7
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4.3.2 Condensation Rate

Condensation rate has been studied by examining video recording of Run 5,12 and 13 by
for 10 minutes and measuring the time and position of droplets departures.

The time of departure is the time when the droplet reaches the bottom of the pipe, region
C, shown in Figure (4-36).

PIPE

Figure 4-36 Side view of the pipein thetest section

The departure time versus the departure position isillustrated in Figure (4-37). Thisfigure
shows that condensation rate in Run 5 with vapour mass flow rate of m,, =1.9 g/minis

greater than Run 12 with m,, = 1.4 g/min, and Run 13 withm, = 1.2g/min.
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Figure 4-37 Time of droplet departurein T-Joint Pipe
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The temperature of the T-joint pipe has been measured at 5 points (T to Ts) and mixture
gas core temperature at 3 points (Tc1 to Tc3), explained in section (3.6).
Figure (4-38) shows the variation of all these temperatures during Run 1 for 35 minutes.

The temperature variation indicates that mostly all the temperature become steady after 11

minutes.
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Figure 4-38 Temperature Variation in Run 1

4.3.3 Ice formation at the junction

Ice formation in Run 14 is studied in this section. In this run, gas mixture with mass
flow rate of m, = 0.6 g/min and vapour mass fraction of 0.07 at temperature of 43°C
enters the pipe. Theicing tunnel isrun at -20C and 50m/s. The test has been performed
for 40 minutes. Figure (4-39) presents six pictures taken at the end of the test and shows
the ice formation at the junction of the pipes, Figures (4-39a,b and c). It aso shows that
the air/steam mixture turns to ice when it reaches the main pipe, Figure (4-39d,e and f).
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€) f)

Figure 4-39 Iceformation in T-Joint Pipe

Asexplained earlier, in the flow out phase condensate pool flows toward the junction of
the pipes. When this water reaches the junction, it turns to ice because of the freezing

temperature at this region.
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Figure (4-40), indicates the junction of the pipes when the condensate pool is passing by.
This figure presents 4 pictures which have been taken in every 15 seconds after 30minute of
the Run 14. The eye line view of these pictures are shown in Figure (4-40 @). It is clear from
the pictures that some of the condensate water has been turned into ice while it was passing

the junction and entering the main pipe.

Main Pipe (OD: 75mm) Small Pipe

(OD: 19mmy

a) Eylineview of the pictures

c) After 15 sec

d) After 30 sec €) After 45sec

Figure 4-40 Condensate pool flow out at the junction of T-Joint pipe, pictures show the junction of the

pipesin every 15 seconds after 30 minute (Run 14)
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In Figure (4-41), ice formation at the junction of the pipes at two different moment in time

(at 30 minutes and 41 minutes) have been compared.

a) After 30 min b) After 41 min

Figure 4-41 Iceformation at the junction of two pipesin Run 14 at two different time of 30min and 41

minutes

Theicing area at the junction has been identified in Figure (4-42). It shows that at 30
minutes the icing area was about 74 mm? which had occupied 42% of the total area of the
pipe. This has increased to 56% (99 mm?) after 41 minutes. Comparing the icing blockage
areas indicates that ice has been formed at the rate of 2.4 mm? per minute which eventually
would have blocked the pipe after 73 minutesif it had progressed in the same rate.
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a) After 41 min

Ice (42%)

Pipe Wall

b) After 30 min

Figure 4-42 | dentify I ceregion at the junction of two pipesin Run 14 at two different time of 30min

and 41 mins

4.3.4 Effect of gas mass flow rate on ice formation

To investigate the influence of the gas mass flow rate on ice formation at the junction, the
results of Run13 are compared with Runl4. The gasinlet temperatures in both of the runs are
nearly 44 °C, but the gas mass flow rate in the Run13 is more than of the Run14. In Table (4-
13) the characteristics of the two runs have been presented.

Table 4-13 Flow conditions for Run13 and Runl14

. Tunnel Speed | Tg,in Boiler Ma Mv Mg

Pipe Type | Case (m/s) (°C) _|Power ()| (kg/hr) |(g/min)| (kgshr) | WV
T-Pipe Run 13 50 44.5 99 1.4 1.2 1.4 0.05
T-Pipe | Run14 50 43.2 62 0.5 0.6 0.6 0.06
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Figure (4-43) shows the junction of the pipes at the end of the tests.
Comparing the pictures of the two runs shows that contrary to Run 14 in Run 13,
condensate pool doesn’t freezes when it flows out the junction.

a Run 14 after 26 min b) Run 13 after 26 min

Figure 4-43 Iceformation at thejunction of T- pipe after 26minsin Run 13 and Run 14

Temperature results of the runs (Figures 4-44 and 4-45) indicates that increasing the mass
flow rate from 0.6 (kg/hr) to 1.4 (kg/hr), at nearly a same vapour mass fraction, increases the
local temperatures and prevent the condensate pool from freezing at the junction.

Even though the observation may not be fully representative of ice formation in an actual
breather pipe, but investigating the ice formation at the junction of the pipes has provided
Jaguar engineers information about the effects of condensate film movement and ice growth
at the junction of the pipes.

Thelocal gas core temperature and pipe wall temperature distributions of Run 13 and 14
are compared in Figure (4-44) and Figure (4-45), respectively. The results show that the pipe
wall temperature in Run 13 is above freezing temperature (0°C) for the whole length of the
pipe. In other word, increasing gas mass flow rate can reduce the risk of ice blockage at the
junction of the pipes.

130



60.0 === RUN13, Ma(lit/min)=23.5, Mv(g/min)=1.2, Mg(Kg/hr)=1.4, Tg(C)=44, V(m/s)=49, Wv=0.05

=== RUN14, Ma(lit/min)=9.2, Mv(g/min)=0.6, Mg(Kg/hr)=0.6, Tg(C)=43, V(m/s)=49, Wv=0.06
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Figure 4-44 Gas Core temperature for Run 13 and Run 14
25.0 === RUN13, Ma(lit/min)=23.5, Mv(g/min)=1.2, Mg(Kg/hr)=1.4, Tg(C)=44, V(m/s)=49, Wv=0.05
=== RUN14, Ma(lit/min)=9.2, Mv(g/min)=0.6, Mg(Kg/hr)=0.6, Tg(C)=43, V(m/s)=49, Wv=0.06
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Figure 4-45 Pipe wall temperaturefor Run 13 & Run 14
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4.3.5 Vapour Mass Fraction

Figure (4-46) compares the mixture core temperatures distribution between Run 2 and
Run 3. The test conditions for Run2 and Run3 are similar, except the inlet vapour mass flow
rate which is15% more in Run3 (2.2 g/min) than Run2 (1.9g/min), as presented in Table (4-
14).

Figure (4-46) shows that the inlet gas mixture enters the pipe at 62 °C, in both of the cases,
but the core temperature distribution in Run 3 is higher than Run 2 due to greater
condensation and higher release of latent heat.

Table 4-14 Run2 and Run3 test conditions

Tunnel Speed Tg,in Boiler Power Ma Mv
° . M hr Wv

(m/s) ) W) | (ke/hn) | (g/min) | VB &/
Run 2 50 62 115 1.04 1.9 1.2 0.11
Run 3 50 62 161 1.04 2.2 1.17 0.14

Case

65.00 @sff=== Run 3 Run 2
64.00
63.00
62.00 | = —m—
61.00 —.\
60.00

59.00
58.00
57.00
56.00
55.00 j
54.00

53.00
52.00

51.00
50.00

Temperature (C)

0 3 6 9 12 15 18 21 24 27 30 33
Distance from the Pipe Inlet (cm)

Figure 4-46 Gas core temperature for Run2 and Run3
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4.3.6 Effects of external convective cooling (tunnel velocity)

Three runs have been performed at different external air velocities of Om/s (natural
convection), 40m/s and 50 m/s. In Figure (4-47) gas core temperature variations of these runs
have been presented. As expected, increasing the external convective cooling increased the
heat transfer aong the pipe and decreased the local core temperature.

200 e=fe==RUN 4, Ma(lit/min)=17.8,Mv(g/min)=2.3,Mg(kg/hr)=1.20, Tg(C)=62, V(m/s)=51, Wv=0.14
' === Run 6, Ma(lit/min)=17.8,Mv(g/min)=2.3,Mg(kg/hr)=1.20, Tg(C)=62, V(m/s)=40, Wv=0.14
=== RUN7, Ma(lit/min)=17.9, Mv(gram/min)=2.80, Mg(kg/hr)=1.21, Tg(c)=63, V(m/s)=0, Wv=0.14
65.0 |
e
60.0
—
\\§§\§~§§~

) 55.0 i B
E . ‘5‘ I
E ey
=} T
©
]
- 50.0
£
)
-

45.0

40.0

0123 456 7 8 9101112 1314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Location from the pipe inlet (cm)

Figure 4-47 Gas core temperature for Run 4, Run6 and Run7
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4.4 Conclusion

The observations showed that the process of condensation in the vertical pipeisdivided in
to three phases such as, “primary droplets’, “droplets coalescences’ and “sweeping”. In the
horizontal and the T-joint pipe this processis divided in to four phases as “primary droplets’,
“droplets coalescences’, “droplets slip down” and “condensate flow out”.

Droplet sweeping can affect the pipe temperature. It can be recognizable by sudden
changes in the surface temperature graphs.

Measuring the pipe temperature helped to investigate the heat transfer along the pipe and
evaluate the experimental heat transfer coefficient. The results of the experimental heat
transfer coefficients showed that the maximum uncertainty occurred at the end of the pipe
due to disturbance of the external flow at the walls and suction of outside air in to the tunnel.

The heat transfer from the gas mixture during condensation depends on two
interdependent parameters: sensible heat and latent heat. Sensible heat transfer is due to the
temperature difference between the gas mixture temperature and the wall. Latent heat transfer
is due to vapour mass flow rate. Therefore, increasing the vapour mass flow rate and gas inlet
temperature enhances the in-tube experimental heat transfer coefficient. Increasing vapour
mass flow also increases the condensation rate in the pipe.

This study suggests that attaching thermocouples does not affect the heat transfer and
condensation rate in the vertical pipe. However, hydrophobic coating reduces the dropl et
departure time.

Increasing the external cooling increased the heat transfer and condensation rate and
decreased the local core temperatures.

Even though the observations and the experimental analysis on the vertical, the horizontal
and the T-joint pipe may not be fully representative of testing the actual breather pipe, they
have provides helpful information about the effects of most dominant parameters like vapour
mass fraction, inlet gas temperature, pipe coating on condensation in the pipe and the effects

of condensate film movement on ice growth at the junction of the T-joint pipe.
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Chapter 5 One Dimensional Code

5-1 Introduction

In section (2.3) the theoretical model of reflux condensation of steam-air in avertical pipe
isexplained. In the model, the steam air mixture flows upward in the pipe and the condensate
film flows downward as an annular film. The heat and mass transfer equations for liquid and
gas phase are balanced with gas mass fraction, temperature and shear stress at the liquid/gas
interface. Liao and Vierow’s (2007) diffusion model is used to calculate the condensation
heat transfer coefficient. The liquid film heat transfer is evaluated by employing liquid film
model derived from condensation of vapour co-current to the liquid film used by Chun et a
(1971).

In most of the models developed thus far, the temperature of the pipeis known a-priori
and external cooling is not taken in to consideration. The present model attempts to address
the external cooling heat transfer and be dependent on geometry, external side of the pipe and
inlet boundary conditions for the inlet gas mixture. The local pipe temperatures and heat
transfer coefficients are unknown and are solved iteratively. These heat transfer coefficients
are condensation heat transfer coefficient (h.g), convective heat transfer coefficient (hy,) and
film heat transfer coefficient (hy). The local temperatures are inner wall temperature (T,y;) and
gas/film interface temperature (T;). A one dimensional computer code is developed in this
study based on this model to predict the heat transfer coefficients and the local temperatures.
The iterative solution of the code assumes T,,; and T; in every iterations and corrects them by
balancing mass and energy equations. The freezing heat flux is also applied when T,
temperature is below 0°C. The solution method of the model is explained in this chapter and
the results of gas core temperatures and wall temperatures are compared with experimental

data which show satisfactory agreement.
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To quantify the parametric effects of nondimensional parameters on the external heat
transfer coefficient, anew correlation is devel oped by using a degradation factor (F) whichis
explained in this chapter.

Finally at the end of this chapter, the code is used to predict the freezing region in different
external cooling condition and different pipe conductivity attributed to actual condition in the

Jaguar icing test.

5.2 Solution procedure

The procedure outlined here explains the solution method of the code which calcul ates the
interface temperature (T;) and inner wall temperature (Ty;). This procedure marches from the
bottom of the pipe (x=0) to the top of the pipe (x=L). At the pipe inlet, the gas temperature
(Tp), vapour mass flow rate and mixture mass flow rate are provided as input data. The
interval between the nodes along the tube, Az isflexible and cal culated considering the total

energy balance equation (is explained further in this chapter).

CL.

[ Cold

' Airflow

| A—

I Wap hc

Ty : —

IO . T.

O T,

| Mixture Ga i);ff;mn She Wall LT
Section (j)— Xure Gas aver AL ¢

me,mv, T & & t

Figure 5-1 Physical model control volume
In the calculation procedure the known parameters are
e Geometric parameters. pipeinner diameter (D;), pipe thickness (t) and pipe length
(L)
e Externa air flow temperature (T.) and heat transfer coefficient (h) is prescribed
from the experimental data (Section 3-8)
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e Pipethermal conductivity, ky

e Inlet mixture conditions

- Steam-Air mixture mass flow rate, m,
- Gasmixture temperature, T,
- Gasmixture pressure, B,

- Vapour massflow rate, m,

The assumptions for this analysis are:

e The gas and condensate flow are laminar

e Themotion of the liquid film is specified by neglecting the acceleration termsin
the momentum equations.

e The curvature of the condensate film is neglected.

e Thebulk gastemperaturein radia direction is constant

e When the pipeinner wall temperature becomes zero all the condensate mass turns
toice

e Not al the vapour condenses in the pipe.

Since vapour may not necessarily condense completely inside the pipe, the vapour mass
flow rate at the pipe outlet needs to be known a priori. Here, it is assumed that vapour leaves
the pipe in saturated condition, the condensation is prohibited at the top of the tube, and the
vapour bulk temperature is equal to the tube wall temperature. Hence, the vapour mole
fraction at the pipe outlet (x,) can be calculated as x, =P{ T\i}/P. P, isthe saturated vapour
pressure at the pipe wall temperature (T,;) which is known from the test data. Therefore, the
vapour mass flow rate at the pipe outlet can be calculated by

M

M, oy = (1—X:<V—)Mg m, (5.1)

The molecular weight of vapour is M, =0.01802 (kg/mol) and molecular weight of gas
mixture (M) is calculated from Eq. (2.58).

The calculation procedure starts at the tubeinlet (section j), marked on Figure (5-1). The
air and steam mass fraction at the pipe inlet are calculated from Eq. (2-56).

The following procedure is used to calcul ate the condensation one step upstream the pipe
inlet (z,,, = z; + Az).

1- Calculate the core gas temperature, Ty, as follows:
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7,09 =T, _AT, (5.2
Thevalue of AT, is specified to be (0.05°C) for the first 0.4m of the pipe, because of the

rapidly changing the heat transfer coefficient. Thereafter it is kept to be 0.1°C.

2- Determine the air and vapour physical and transport properties at the bulk temperature (Tp)
( lla,b ’ ka,bu Pra,b, Cpa,b s MV,b ’ kV,bl PrV,b) va,b ’ hfg s pV,bl Regl |va,b)

3- Calculate the mixture gas physical properties (Mg, g, Kg) at the bulk temperature (Tp)
according to Egs. (2.58) to (2.60).
4- Calculate the mixture gas Reynolds number (Rey) as

Ay
’ 7rDi:“g

Re (53

5- Calculate the friction factor as well as the interface shear stress according to the following
Eq. (5.4).
~0.079

1/4
Re,

1
T, =5 f Pgug o

- (5.4)

6- Calculate longitudinal pressure difference, (?)
X

Pressure difference needs to be calculated using gas velocity (ug) from Eq. (2.12).
7- Guess the inner wall temperature, (Tw,)
8- Guess the interface temperature, (T;)
9- Evaluate the vapour partial pressure (P,;) at the interface temperature, (T;)
As the condensation occurs at the interface, the vapour partial pressure at the interface
can be predicted by defining the saturation pressure at the corresponding temperature (T;)
(P,; = P, {T,}) from the steam Tables.

10- Define the air mass fraction at the interface given in EqQ. (2.56)
11- Calculate the film temperature and the physical properties of liquid water at corresponded

temperature (Ty) from Eq (2.49) and determine the condensate film properties (us , K, Vi) a
this temperature.
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12- Calculate the non-dimensional parameters G, L, rl*, according to the Eq. (2.14), Eq.
(2.17) and (2.18), respectively.
13- Calculate the nondimensional film thickness (") and condensate film Reynolds Number

(Rey) according to the Eqg. (2.19) and Eq. (2.20), respectively.

14- Calculate the film heat transfer coefficient (h) from Eq. (2.23), when the film is laminar
and from Eq. (2.24) if the Re is greater than 4.

15- Calculate the condensation heat transfer coefficient (hey) based on equations presented in
Section (2.3.4.3)

16- Update the local condensation mass flux as follows which is used to evaluate the flow

condition for the next node.

h -T
M, = cd(:-]b -I-I) (5.5

17- Calculate convective heat transfer coefficient (he,) based on equations presented in
Section (2.3.4.4)

18- Check the interface temperature using the energy balance at the interface
Theinitia value of (T;) can be compared by heat balance at the interface by rearranging

equation (2.68) as follows.

T T, he +T,(h, +hy)

(5.6)

h; +h,, +hy
19- Calculate the outer wall temperature (To). This may be calculated by rearranging Eq.
(2.67) asfollows.

'n(d/d)/Z} (5.7)

d
Two:Tvm'_ hf Ti_va' :
s

20- Update the inner wall temperature (Ty;) by rearranging equation (2.68) as follows.

d,In(d, /d,)/2
K

Ti =T +[hw (T —T2) (5.8)

The Al can be calculated from the total heat transfer equation from j to j+1 as following.

139



M[(qm) L= (5.9)

r.ncond hfg + rn\/va (ATb) + rT‘lnccpnc (ATb) + mana (ATb)
When the T,; becomes OC, the freezing heat flux is calculated by multiplying the enthalpy of
fusion by condensate mass. This then applied in to right side of the above equation as given:
—ﬂdzAl (@ + g0 ]= (5.10)
rhcondhfg + rnvva (ATb) + r.nnccpnc (ATb) + mana (ATb) + mcond hfusion
Thewholeiteration is repeated for new axial location (z,,, = z, + Az) until the top of the
pipeis reached.

Based on the above procedure the agorithm used in the code is presented in Figure (5-1). The
code is written by using Matlab Script File and it isfully presented in Appendix C.
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Boundary Conditions
Pipe Geometry: L D;, Mixture at the pipe inlet : m,;, m,;Ty;, P,;
i !
Calculate bulk temperature (Ty) }17
Determine the vapor and gas properties at the bulk temperature l
(Moo s Kabs Pran, CPuns b Kups Prus, CPyb, Ny o, Rey, ,CPus ) Initial properties at each node (W, ,W,)
Calculate the mixture gas properties at the bulk temperature
[P;u ’ k;b. Re, , Pgs. V;b]
Y
Calculate the longitudinal pressure . Initial Guess of Inner Wall Temperature (T,;) }4—
drop along the tube (Eq. 2.12)

¥

Initial Guess of interfacial Temperature (T;) }4_

determine the condensate film properties (j, ki, vy,) vapor fraction (W, ) at the interface

Calculate the film temperature (T¢) (Eq 2.49) and
" (T (Eq ) | ‘ Define the saturated vapor pressure (P, ;) and the ]

L

Calculate the non-dimensional parameters, Calculate the film Reynolds Number
G,Landri, Eqs (2.14), (2.17), (2.18) and film heat transfer coefficient (hy)

'

[ Calculateh.4andh,, I

Convergence test

[ CalculateT,,, using (Eq.5.7)
of (T;) (Eq. 5.6)

Convergence test
of (T;) (Eq. 5.6)

No

Check the Al from the steady state heat and mass balances between
the nodes Eq. (5.9) or Eq. (5.10)

Last Node ?

Figure 5-2 Calculation procedur e of two iterative ssimulation of vertical in-tube condensation of steam
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5.3 Results

For assessment of the developed model, the experimental results of the vertical pipe
(presented in the section 5-1) are employed here. The test conditions are presented in Table

(5-1). The pipe properties are also presented in Table (5-2).

Table5-1 Vertical pipetest Boundary Condition

. Run Tunnel Speed | T, ; Ma Mv M

Pipe Type Number (m/sr)’ (°gé; (kg/hr) |(g/min) (kg/ﬁr) Wy
Vertical Run 22 50 499 143 0.38 1.45 0.02
Vertical Run 23 50 49.2 1 139 2.02 1.51 0.08
Vertical Run 24 50 5341 0.81 1.5 0.90 0.10
Vertical Run 25 50 60.2 | 0.82 2.22 0.95 0.14
Vertical Run 26 40 540 0.62 1.15 0.70 0.10

Table5-2 Material properties of the pipe

Parameter Value
Pipe Inner Diameter 15 mm
Pipe Length 750 mm
Pipe thickness 2mm
Pipe Density (Plexiglass) 1190 kg/m"3
Pipe Specific Heat (Plexiglass) 1450 JKg-K
Pipe Thermal Conductivity (Plexiglass) 0.18 W/m-K

In chapter 4, it was shown that increasing the vapour mass flow rate from 0.38(g/min) in
Run22 to 2.02 (g/min) in Run23 increases the local heat transfer coefficient. Theinlet air
mass flow rate for Run 22 and Run 23 are nearly the same.

In Figure (5-3), the variation of air mass fraction (W), derived numerically, and
experimental heat transfer coefficient for Run 22 and Run 23 along the pipe are compared.
This figure shows that the air mass fraction increases along the pipe, due to condensation,
while the experimental heat transfer coefficient decreases. The gradient of air mass fraction in
Run 23 is more than Run 22 which shows more condensation rate occurs in Run 23, their
inlet dry air mass flow rates are nearly similar.

Condensation mass flux in Run 22 and Run 23 are compared in Figure (5-4). Thisfigure
shows that the condensation in Run 23 is more than Run 22 and in both cases the
condensation rate decreases along the pipe.
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The comparisons of the theoretical local temperatures for 3 different test cases are shown
in Figures (5-5) to (5-7). The experimental temperature shown is the averaged value over 12
minutes of the test and the local standard deviations are shown as an error bar in these
Figures. As shown, both the magnitude and trend of the local temperatures predicted by the
code are in good agreement with the test results.
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Figure 5-5 Comparison between theor etical and experimental local Temperaturesat HTC Gas

coretemperaturefor Run 22
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To investigate the error in values, root mean square (RMS) error used to evaluate the
differences between temperatures predicted by the model and the experimental values. The

RMS error isgiven as.

=l (5.11)

N —
Z (Tlocal theoritical _Tlocal ,exp)2
RMS Error = N

T

localexp 1S te mean value of the local experimental temperature.

The RMS error of local temperaturesis 3.91°C, however considering the standard
deviation of the measurement with RMS of 4.31°C, may show that the predictionsarein
good agreement with the experimental data.

Figure (5-8), shows the comparisons of the predicted values of heat transfer coefficient
(HTC) with the measured HTC. This figure shows that most of the data agree with
experimental value within +25% uncertainty. This uncertainty is increased when the heat
transfer coefficient is below 30. Thisis due to the experimental measurement error which
increases to 17% at the end of the pipe due to suction of air flow from outside of the Icing

Tunnel. (See section 4.1.4 for more details).
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5.4 Development of a new empirical correlation

In chapter 4, the local experimental heat transfer coefficients are obtained by measuring
local temperatures along the vertical pipe. Based on the data of experimental heat transfer
coefficients, an empirical correlation is developed here as a function of several
nondimensiona parameters to define the governing factors on reflux condensation.

Referring to chapter 2, the in-tube heat transfer coefficient (HTC) can be separated in to
the film heat transfer coefficient (hy) and the heat transfer coefficient of the steam-air mixture
consisting of convective (hy,) and condensation (heg) heat transfer coefficients, as given in Eq.
(5.12).

HTc{hC ihc +H (5.12)

The nondimensional parameters relating to condensation heat transfer (heg) are Rey, Rey,
W.ir and Jakob number (Ja). The convective heat transfer coefficient (hy,) can be expressed
in terms of Rey and Prg, (Moon et. al (2000)).

To quantify the parametric effects of each of these nondimensional parameterson HTC a
new correlation is developed in this study. To nondimensionalize the heat transfer coefficient
the degradation factor (F) is defined as the ratio of local experimental heat transfer coefficient
(HTCep) to thefilm heat transfer coefficient (hy).

The degradation factor (F) isformulated as afunction of 4 nondimensional parameters
which are the Jakob number (Ja)', gas mixture Reynolds (Re,), and film Reynolds number

(Rer) and Air mass Fraction Wy, by relationship of the form as follows.

p

_ HTC,,

=Const +axRe +bxRe;+cxJa+dx W, (5.13)

f
By performing a multiple regression analysis the values of the coefficients are obtained

and the result is presented in the following equation.

HTC . . . .
=" =0.030+0.008(Re, ) + 0.053(Re, ) - 0.07(J,) ~ 0.08(W,, ) (5.14)

f

The feeg , Re, , Ja, VVaj, are normalized parameters and are given as Eq. (5-15).

19 Jakob number is a nondimensional parameter which represents the ratio of sensible heat to latent heat
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Re, = (Re,—879)/2022 (5.15)
Re, = (Re,—0.06)/4.3

W, = (W, —0.86)/0.99

Ja=(Ja -0.009)/0.02

The variations of the parametersin the above correlation are presented in Table (5-3).

Table 5-3 Variation of parametersincluded in Eq. (5.14)

Parameter Range
Rey 879-2022
Rey 0.06-4.3
Wi 0.86-0.99
Ja 0.009-0.020

Based on this correlation, the most dominant parameter is the air mass fraction (Wai). It
shows that heat transfer is severely degraded by increasing the air mass fraction. The
temperature difference between the tube core temperature and the inner wall temperature
affects the heat transfer coefficient and thisis presented by the Jakob number which isthe
second dominant factor in the correlation. The effects of gas Reynolds number on the
degradation factor isrelatively low based on this correlation.

Figure (5-9) compares the results of the proposed correl ation with the experimental data.

Using this correlation, the majority of the data agree with experimental value within 15%.
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Figure 5-9 Comparisons of correlated HTCswith measured HTCs

5.5 Icing Region Prediction

As explained in chapter 3, the minimum achievable air temperature at the Cranfield icing
tunnel is-20C. However in the Jaguar engineicing tests, the engine breather pipeistested
with an external airflow temperature of -40C. The pipe materia in the experiments is Perspex
with conductivity of 0.18-0.22 W/m.K and is different form the actual breather pipe material
which is Polyamidel2 with conductivity of 0.24 -0.5 W/m.K.

It is of interest to apply the actual breather pipe materia properties, wall thickness and
external cooling condition to the code and predict Icing zone at the actual engine test
condition.

The new boundary conditions applied to the code are listed as follows.

e Externa cooling temperature (-40C)
e Pipe conductivity (ky) of polyamide 0.24 W/m.K to 0.5 W/m.K

e Pipethickness: 2mm
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e External heat transfer coefficient (hc) 45 W/m.K, 55W/m.K, 656W/m.K and
75W/m.K correspondent to the air flow velocity of 3.5m/s, 4.5 m/s, 5m/sand
5.5m/s

The fixed boundary conditions are: mixture gas mass flow rate (mg=1.48 kg/hr), inlet gas
mixture temperature (Ty=86 C), inlet relative humidity (100%) and external cooling
temperature of -40C.

The above boundary conditions have been applied to the code and the results are plotted in
Figure (5-10) and Figure (5-11).

In Figure (5-10), the distributions of inner wall temperature along the pipe at different
external convective cooling conditions (h;=45, 55, 65 and 75 (W/m.K)) are plotted. The start
locations of freezing zones are highlighted in this figure. Increasing the h, impose more heat

transfer and reduces the inner wall temperature and increase the risk of ice formation in the
pipe.
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Figure5-10 Calculated Inner Wall Temperature at different external HTC (Tgin=86C Kw=0.5)
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Pipe wall conductivity also plays an important role in shifting the freezing zone along the
pipe. Decreasing the wall conductivity will acts as a resistance to the heat transfer. Figure (5-
11) shows that decreasing the wall conductivity from 0.5 W/m.K to 0.4 W/m.K shifts the

freezing zone start point by nearly 0.1 m.
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Figure5-11 Inner Wall Temperature at different pipe wall conductivity (k.) and at (T,=86 C
h=75W/mK)
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5.6 Summery and Conclusion

An iterative model is developed in this research which employs heat and mass transfer
analogy approach for obtaining local heat transfer coefficient in reflux condensation of steam
air mixture counter-current to laminar liquid film. Liao and Vierow’s (2007) diffusion model
and Chun et al’s (1971) liquid film model are used to calculate condensation and film heat
transfer coefficients, respectively. External cooling is taken in to consideration and the model
is dependent on geometry, inlet boundary condition and external side of the pipe.

This model can satisfactorily predict the trend and magnitude of the local temperatures and
heat transfer coefficient along the vertical pipe at the available test conditions within an
acceptable uncertainty of +25%.

It aso shows that increasing inlet vapour mass flow rate increases the condensation mass
flux aong the pipe.

To evaluate the effects of gas mixture flow rate on the heat transfer coefficient, a new
correlation is devel oped based on a degradation factor. The empirical correlationisa
function of condensate film Reynolds number, gas mixture Reynolds number, gas mass
fraction and Jakob number. The correlation showed that air mass fraction and the Jakob
number are the most dominant factors. However, the effects of gas Reynolds number on the
degradation factor isrelatively low.

The model is used to predict start point of freezing region based on the local inner wall
temperatures at the boundary conditions attributed to the actual engineicing tests. It shows
that at the fixed inlet boundary condition, increasing the externa heat transfer coefficient
increases the risk of ice formation. Also reducing the pipe therma conductivity can delay the

start of freezing zone in the pipe.
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Chapter 6 Computational Fluid
Dynamics Simulation

6-1 Introduction

Using CFD analysis helps to predict flow field and heat transfer in the breather pipe. In
this study a CFD model is developed for modelling condensation and ice formation in the
pipe which is exposed to external convective cooling. StarCCM+ is a CFD package which
provides defogging model and helps to simulate condensation in internal and external flows.
This software was recommended by Jaguar to be used as a CFD tool for this project. Theaim
of using the CFD model is to model freezing in the engine breather pipe and to evaluate the
pipe blockage time.

As explained in the section (2.4), the “Thin Film Defogging” model is the only available
model in StarCCM+ which can be used to model condensation. The model is originally made
to simulate condensation in car windshield application. Here in this section this model is
modified to be applicable to simulate condensation in horizontal pipes. This model has been
developed by implementing a Java script which takes into account freezing heat flux and
corrects the heat flux along the pipe.

The ssmulation was run in a three-dimensional and unsteady mode. To have a quicker
convergence just half of the pipe with a symmetry plane is modelled, as shown in
Figure (6-1). Most of the parameters are analysed on the symmetry plane and also on the
gas/solid interface called “condensation surface’.

The whole pipe was split into two regions namely gas and solid (pipe wall) as shown in
Figure (6-2).

The external convective cooling is taken in to account by selecting the external heat
transfer coefficient and externa temperature on the external surface of the pipe. This method

isavailable in StarCCM+ for modelling external convection in a pipe.

153



Gas
Symmetry
Plane

Pipe
Symmetry
Plane

Figure 6-1 Pipe geometry symmetry planeillustration

Gas Region

Solid Region
(Pipe Wall)

Figure 6-2 Pipesdivided in to two regionsas gasregion and solid region

154



6.2 CFD boundary settings and materials

The boundary conditions of the model are set at the inlet and outlet of the pipe as inlet
mass flow rate and pressure outlet, respectively (as shown in Figure (6-3)).

Qutlet
/

Figure 6-3 Gas Region Boundary Conditions

The values set for the boundary conditions are taken from the test data of the horizontal
pipe (Runl5 and Runl8), explained in chapter 4. Table (6-1) presents the boundary

conditions. The values of inlet gas mass flow rate have been divided by 2 asjust half of the
pipeis modelled

Table 6-1 Boundary Condition

Case Inlet Boundary External Flow Outlet Boundary
Mass Flow Temp | Vapour Mass Reynolds Temp HTC Temp | Absolute Pressure
Rate (kg/hr) (°C) Fraction (°C) (W/m2K) (°C) (Pa)
Run15 0.58 46 0.06 858 -20 Test Data 174 101325
Run18 0.71 58 0.12 712 -20 Test Data 30.9 101325

The materia of the pipe wall (Solid Region) is set as Plexiglas. The properties of Plexiglas

as well as the water film and the mixture gas which have been set in the model are presented
in Table (6-2).
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Table 6-2 M aterial properties of water film, Dry Air and Pipe

Parameter Value
Film Density 1000 kg/m®
Film Diffusivity 2.556 * 10"(-5) m‘/s
Film Latent Heat 2,500,000 Jkg
Cemp (Defogging Empirical Factor) 0.9
Air Dynamic Viscosity 1.855*10"(-5) Pa-s
Air Molecular Diffusivity Schmidt Number (0.9)
Air Thermal Conductivity 0.0260305 W/m-K
Pipe Density (Plexiglas) 1190 kg/m®
Pipe Specific Heat (Plexiglas) 1450 JKg-K
Pipe Thermal Conductivity (Plexiglas) 0.18 W/m-K

StarCCM+ can compute external heat flux based on the external heat transfer (h;) and

external temperature. In this model the experimenta externa heat coefficient (h.), evaluated
in section (3.8), is applied to the model as a boundary condition. The distribution of the h; on
the external surface of the pipe is shown as contours in Figure (6-4). The values of h; are

implemented to StarCCM+ by importing the values as a Table. The external temperature is

set as (-20°C).

External Surface

—

>

External_HTC
Hc. 800 43.600

50.400 67.200 64.000

Figure 6-4 Values of external heat transfer coefficient applied at the external wall
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6.3 Grid Generation

The gas region was meshed with a structured grid (called a trimmer mesh in StarCCM+).
Due to nature of the conjugate heat transfer™, it was important to have conformal mesh at
the gas/solid interface. Therefore, the mesh in the solid region was generated by extruding the
mesh of the gas/pipe interface surface. Considering the pipe wall thickness, which is 2mm, 20

layers of trimmer mesh have been created, 0.1 mm per layer, shown in Figure (6-5).

Prism Layer in Gas Region
(10 layers, total thickness of 1.0 mm)

Pipe Wall
(20 layers of trimmer mesh )

Figure 6-5 Mesh Generated for Gas and Solid regions

Asageneral rule, apoor quality mesh can impact the accuracy and efficiency of the
solution and can even causes the solution to diverge or otherwise produce a bad result. In
StarCCM+ these poor quality cells can be checked, identified and removed from the mesh
volume region (StarCCM+ Manual).

To evauate the cell quality, the girds have been diagnosed using the measures listed in
Table (6-3). Following this check, no cell has been marked which demonstrate the good
quality of the mesh generated.

™ The term conjugate heat transfer is used to describe processes which involve variations of temperature
within solids and fluids, due to thermal interaction between the solids and fluids
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Table 6-3 Recommended values for removing invalid cells proposed in Star CCM+ Maual

Parameters Minimum Value
The cell and boundary Skewness angles 1e-06
Face Validity metric 0.95
Cell quality metric 1e-06
Volume change metric 0.001

In order to capture the flow features near the wall and to have more accurate simulation at
the boundary layer, afiner mesh has been used at the region close to the interface.

Considering the maximum gas velocity in the pipe, which is around 2.5m/s, and pipe inner
diameter of 15mm, it is chosen to have 50 cells across the pipe width so that the position of
each cell correlates to the velocity increment of approximately 0.05m/s. This givesthe
average cell base size of 0.3mm.

Taking to account the high temperature difference between the gas core flow and the
external temperature the first cell height is calculated by dividing the pipe diameter by 200
which gives 0.035 mm. The mesh in the boundary layer is generated by applying prism layer
model in StarCCM+. Following the best rule of practice applied for similar pipe flow by
Jaguar, 10 layers of prism layer elements is generated which gives atotal thickness of 1mm.
The thicknesses of prism layer elements are grown with the growth ratio of 1.5, shownin
Figure (6-5).

A grid sensitivity study was conducted by reducing the cell base size from 0.8 mm to
0.2 mm and influence of the mesh size was checked by monitoring the values of averaged
velocity, averaged vapour mass fraction at the outlet of the pipe and also local temperature at
330 mm from the inlet of the pipe. The results of the grid sensitivity are shownin
Table (6-4).

Table 6-4 Mesh Configuration Setting

Case | BaseCdl Number of cells | Number of | Averaged Velocity Averaged Vapour Temperatureat
Size acrossthe pipe Cells at the pipe outlet Mass Fraction at the 330 mm (°C)
(m/s) pipe outlet
01 0.8 mm 36 847,400 1.2113 0.07305 33.619
02 0.5 mm 46 2,377,555 1.2096 0.07290 33.7287
03 0.4 mm 52 3,670,920 1.209735 0.072965 33.7914
04 0.3 mm 58 5,080,670 1.209259 0.0729399 33.7898
05 0.2 mm 85 18,521,200 1.20902 0.0729238 33.784
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Figure 6-6 Gas Core Temperature at 610 mm from theinlet for different cell base sizes

According to the data presented in Table (6-4) and Figure (6-6), the independency of mesh

size to the heat transfer and airflow was achieved with acell base size of 0.4mm giving
3,670,920 cellswhich finally used for the analysis.
Asagenera rule, cell skewness angle of above 85 degree can cause solver difficulties

especialy in presence of conjugate heat transfer. In Figure (6-7) the cells skewness angles are

shown for the gas/solid interface. It shows that the maximum value of 0.82, within the limit

for good quality of cells.

Skewness Angle
0.60000 0.16547 0.33003 0.405640 0.66 186 0.82733

Figure 6-7 Cell skewness angle at the gas/solid interface surface
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6.4 Solver Selection and Solution Methods

Segregated flow and energy model is used to solve the flow and energy in the gas and
solid regions. The gas mixture isin the laminar regime (Re;<2300). Thus, laminar model is
used to model the flow behaviour and the flow assumed to be incompressible. Thin film
defogging model is aso used to model condensation.

A second order discretization scheme was used for al the solved quantities. Extra
information regarding the numerical solver can be found in the StarCCM+ guide.

To reduce the computation effort and achieve better convergence the following solution
procedure is employed:

- Solve for only flow in steady condition (turn off the wall continuum and defogging
and energy solvers)

- When the variation of velocity at the outlet boundary is minimized, turn the model to
transient unsteady, turn on the wall continuum, energy and defogging solver and
run the model.

The time steps are set to the 0.01 second with 20 iterations per time step. This setting
made the residual s variation to be monotonic and also the value of velocity to be converged at

the end of each time step.
6.5 Modelling freezing

It should be noted that the only available model which can simulate freezing in StarCCM +
was VOF solidification and melting model. However this model is not capable of being
linked to the defogging model in order to simulate accumulation of condensation on a bare
surface. Therefore, the defogging model is developed in this study to be able to predict the
location and extent of the freezing zone and model freezing heat flux in the pipe. Thiswas
achieved by developing a Java script and implementing it to the model. The script computes
freezing heat flux and corrects the exchanged heat flux at the pipe surface in every iteration.

To take in to account the freezing heat flux, the pipe inner wall temperature is tracked
along the pipein every time step. When the temperature dropped to zero the code assumes
that it isapotential location for freezing and cal culates the local freezing heat flux by
multiplying the enthal py of fusion by local condensate mass of each cell in the freezing zone.

Thisfreezing flux is then applied as a sink term to the exchanged heat flux at the gas/solid
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interface. In this methodology it is assumed that all the condensate mass in the freezing zone
is converted to ice and there is no splash of water or movement of aliquid film.

It should be noted that defogging model does not compute condensate mass, but it gives
the value of vapour mass fraction and also fog layer thickness ' at each cell as afield
function™®. Employing the average vapour mass fraction at section (j) in the pipe one can
calculate the vapour mass flow rate at section (j) by Eq. (6.1).

j
(TTU our)avera e — mlnlet Dry Air (Vvvap?ur )aVETage (61)
ap g YAIrq_ (\N j

vapour ) average

(\/Vj )average Is the average vapour mass fraction at section (j) and m, Dry Ai isthedry air

vapour

mass flow rate at the inlet which is constant along the pipe.
Knowing the average vapour mass flow rate (mjwour)averaged at two adjacent sections (j and

j+1) shown in Figure (6-8), the condensate mass can be evaluated by Eq. (6-2)

s j+1

mcjondensate = (rn;apor )averaged - (rn\/apor )averaged (62)

L~ j+1

Figure 6-8 Condensate water between section (j) and (j+1)

In order to calculate the averaged value of vapour mass fraction across the pipe at a known
interval, the “histogram table” isused in Star CCM+. This histogram table alowed creating a
table showing the averaged distribution of selected quantity (like vapour mass fraction) along
adefined direction at predetermined intervals.

12 Fog layer thickness is aterm used in Star CCM+ which indi cates condensate thickness
3 Field functions are raw data from the simulation stored in the cells and/or on the boundaries which may be
viewed and defined in STAR-CCM+.
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6.5.1 Algorithm for Calculating Freezing Heat Flux

The procedure of cal culating condensate mass and applying freezing heat flux in the Java

codeislisted asfollows.

1

Compute the local average value of vapour mass fraction every 1 mm along the pipe
by employing the histogram table. (as the pipe length is 760mm the number of
intervalsis 760). Interpolating this histogram table gives the local averaged values of
vapour mass fraction along the pipe at any cellsin the gas region. The same procedure
appliesto calculate the local inner wall temperature along the pipe at the inner surface
of the pipe.

Compute the local average vapour mass flow rate given in Eq. (6.1)

Generate atable which presents the local values of vapour mass flow along the pipe
Thistable called “MFR table

Read the local value of vapour mass flow rate at every subsequent interval from the
“MFR table and calculate the local condensate mass (m/, . .. ) based on Eq. (6.2).

If the local inner wall temperature is below zero the freezing heat flux is calculated by
applying:

Freezing Heat Flux=m_ . . xh (6.3)

fusion

Implement the freezing heat flux as a sink term to the exchanged heat flux at the
gas/Salid Interface through User Heat Flux Function.

The above processis executed in every iteration until the end of the ssmulation. Based on this

process a Java script has been written and implemented within the defogging model. The

algorithm of this codeis shown in Figure (6-9). The code is presented fully in Appendix D.

The results of implementing the code are presented in section (6-6-3).
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Figure 6-9 Process of computing condensate mass and freezing heat flux
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6-6 CFD Results

6-6-1 Convergence Criteria

To evaluate the convergence of the solution the variation of following parameters are
monitored during the simulation.

e Vapour mass fraction at the outlet of the pipe
¢ Difference between the mass flow rate at the inlet and outlet of the pipe
e Maximum Gas Pressure

The simulation was run for 8000 iteration (8seconds) and the results show the vapour mass
fraction at the outlet, the difference of mass flow rates and the maximum pressure were
become steady from 4000 iteration, (see Figures (6-10), (6-11) and (6-12)).
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Figure 6-11 Averaged Vapour Mass Fraction at the outlet of the pipe
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Figure 6-12 Difference between theinlet and outlet mass flow rate

6-6-2 Temperature and Vapour Mass Fraction variation

The distribution of vapour mass fraction and temperature along the pipe are shown in
Figure (6-13) and Figure (6-14), respectively. These two Figures show that as the gastravels
along the pipe the temperature and vapour mass fraction reduce. Thisis due to heat transfer to

the outside and condensation along the pipe.

¥ Temperature (C)
HLF -10.281 35774 17.036 30.604 44,352 58.010

Figure 6-13 Temperature contoursfor Run 18 after 60 sec
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Vapor Mass Fraction Value
XA 0.030087 0.056659 0073332 0.09000:

0.10648 3.12335

Figure 6-14 Vapour M ass Fraction Contoursfor Run 18 after 60 sec

In Figure (6-15) the local average value of the fog layer thickness at the gas/solid interface
is shown. The contours illustrates that the thickness of the fog layer decreases along the pipe

which demonstrate that the rate of condensation reduces along the pipe.

FoglayerThickness_Average
K 0.00000 1.5063e-005 3.0125e-005 4.5188e-005 6.0250e-005 7.5313e005
- L 4 2

Figure 6-15 Fog layer Thickness Average Value along the pipe for Run 18

For post processing purposes, two separate lines have been defined along the pipe which
dataistracked. One was aong the core of the pipe and the other at middle of the pipe wall.
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Also 4 cross lines were created across the pipe at different distances from the pipe inlet
(z=0mm, z=250mm, z=500mm and z= 750mm), as shown in Figure (6-15).

Cross Line (@ 760mm from the Inlet

Cross Line @ 250mm from the Inlet —

——

"

=S = e " ™~ Core Line
Cross Line @ Omm (Inlet) e \, o

[ — 7 Middle Wall Line

Figure 6-16 Coreline and Middle Wall line used for post processing pur poses

The variations of air mass fraction across the pipe along the four cross lines are plotted in
Figure (6-17). Thisfigure illustrates that air mass fraction at the core of the pipe (y=0) had a
minimum value and it increased toward the wall. In fact, the vapour diffused through gas
mixture to reach the pipe wall to condense. This enriches the air near the wall and accounted
for increasing the air mass fraction. The vapour content of the gas mixture reduces as it
travels along the pipe due to condensation. Therefore, the maximum value of air massis at

the outlet of the pipe near the wall.
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Figure 6-17 Air Mass Fraction Variation acrossthe pipe at 4 different locations (z=0mm, z=250mm,
z=500mm and z=760mm)

Thelocal gas core and wall temperatures obtained from the CFD model aong the core line
and wall middle line are compared with their correspondent experimental valuesin Figure (6-
18), and Figure (6-19) for Runs 18 and Run 15, respectively.

These figures show that the CFD model generaly predicts the local wall and core
temperatures along the pipe with good accuracy, not only in the magnitude but also in the

trend of experimental data.
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In both of the runs, the CFD model under predicted the wall temperature from the
beginning of the pipe up to 25 cm. This under prediction is more in Run 18 with vapour mass
fraction about double the Run15. This might be attributed to movement of condensate
droplets which may affect the temperature measurement which is not taken in to account in
the Defogging model.

The RMS Error of the local temperatures is calculated by the Eq. (6.4)

n 2
Zizl(Ti,CFD - Ti,Exp)
14

Ticrp : Local temperature calculated by CFD model

RMSError = \/ (6.4)

Tiexp : Local experimental temperature measured in the test

n: is the number of measurement points which is 14 (5 core temperatures and 9 wall
temperatures) as explained in chapter 4.
The value of the RMS error for Run 15 and Run 18 are 3.7 °C and 6.7 °C, respectively.

6-6-3 Results of implementing the Java Script

As explained earlier in section (6-5), the Java code developed in this study uses the local
average value of vapour mass fraction in a given spatial interval to calcul ate the average
condensate mass aong the pipe. Then it goes on to eva uate the freezing heat flux and
implement it asa sink term in the energy flux at the gas/solid interface.

The result of the model is presented in Table (6-5). This Table presents the local averaged
values of condensate mass, inner wall temperature of the pipe and freezing heat flux along the
pipe for the two boundary conditions, Run 15 and Run18.

These results are taken after 10 seconds (in unsteady simulation). For reasons of

simplicity, the pipe length is divided in to 20 equal intervals.
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Table 6-5 Condensate M ass and Freezing Heat Flux along the pipefor Run 18 and Runl5 after 10sec

(Freezing Region in highlighted)

Min. | Max. RUN 15 RUN 18
Interval Position|Position Condensate Freezing Heat Inner wall Condensate mass Freezing Heat Temperature -
(2] [2] Flux Temperature- Flux

(mm) | (mm) [M2 flow (g/s) (mW/m?) Average (K) flow (g/s) (mwW/m?) Average (K)
1 0 38 5.24E-04 0 288.08 9.53E-04 0 301.83
2 38 76 2.96E-04 0 277.63 5.38E-04 0 290.52
3 76 114 2.01E-04 67 272.96 3.70E-04 0 284.46
4 114 152 1.40E-04 47 269.96 2.82E-04 0 280.27
5 152 190 1.22E-04 41 267.87 2.33E-04 0 277.19
6 190 228 1.00E-04 33 266.70 1.93E-04 0 275.51
7 228 266 7.97E-05 27 265.66 1.62E-04 54 273.97
8 266 304 7.40E-05 25 264.75 1.40E-04 47 272.57
9 304 342 6.76E-05 23 264.06 1.27E-04 42 271.54
10 342 380 5.79E-05 19 263.54 1.14E-04 38 270.76
11 380 418 5.11E-05 17 263.057 9.89E-05 33 270.02
12 418 456 4.67E-05 16 262.61 9.29E-05 31 269.33
13 456 494 4.71E-05 16 262.24 9.21E-05 31 268.78
14 494 532 4.54E-05 15 261.92 8.40E-05 28 268.32
15 532 570 3.88E-05 13 261.73 7.02E-05 23 268.13
16 570 608 3.35E-05 11 261.75 6.43E-05 21 268.25
17 608 646 3.56E-05 12 261.88 6.41E-05 21 268.504
18 646 684 2.95E-05 10 262.16 5.11E-05 17 269.05
19 684 722 2.32E-05 8 262.46 3.08E-05 10 269.62
20 722 760 1.90E-05 6 262.26 1.28E-05 8 269.35

When the inner wall temperature drops to OC (273 K) the Java code cal cul ates the freezing
heat flux based on Eq. (6.3). Otherwise, it is assumed to be zero, as shown in Table (6-5).

The total condensate mass in the pipe for Run 18 and Run 15 are calculated by adding up
the local condensate masses. This can be also calculated by making a surfaceintegral, of the
fog layer on the inner surface of the pipe where condensation takes place. Both ways of
evaluating the total condensate mass led to same result within 2% difference, presented in
Table (6-6).

% For more details on Surface Integral see Star CCM Manual on Analyzing > Reporting Results > Report
Types Reference > Statistical Reports > Surface Integral
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Table 6-6 Total Condensate Massin the pipe after 10 seconds

Case Total condensate mass flow rate (g/s) Total condensate mass flow rate (g/s)
(Calculated from vapour mass fraction) (Calculated from surface integral of fog layer thickness)

Run15 2.03E-03 2.10E-03

Runl18 3.78E-03 3.71E-03

The calculated condensate masses showed that condensation in Run 18 is 43% higher than
Run 15. Thisis due to the higher level of vapour massin Run 18, which has been already
discussed in chapter 4, section (4.2.2).

6-6-3-1 Risk of freezing

Based on the data presented in Table (6-5) and Table (6-6), it can be inferred that although
the amount of condensate mass in Run 15 isless than Run 18, freezing starts earlier in Run
15 due to lower inlet gas temperature. In order to make a comparison between the two runs
in terms of ice blockage, volumes of condensate water in the freezing zone are calculated. To
make better comparison, the volume of condensate is divided by the volume of the pipein the

freezing zone. Thisratio is called “volumeratio” given as.

Volumeof Condensate Water in Freezing Zone
Volumeof thePipein Freezing Zone

Volume Ratio =

(6.4)

Volume ratios for both Run 15 and Run 18 are listed in Table (6-7).

Table 6-7 Condensate massin freezing area in comparison to total condensate mass

Freezing Surface | Total volumeof pipein Volume of condensatein Volume

(m? the freezing zone (mm?3) freezing zone (mm°) Ratio
Run15 0.0161 1.14E-04 1.21E-09 1.06E-05
Run18 0.0125 8.05E-05 2.27E-09 2.82E-05
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Table (6-7), compares freezing surface area, total volume of condensate in the pipe,
volume of condensate in the freezing zone and volume ratio between Run 15 and Run 18.
This comparison shows the freezing zone in Run 18 is less than Run 15 but there is more
condensate water in the freezing zone in Run 18 and Run 15. This makes the volume ratio
higher in Run 15 and may be more potential for freezing in Run 15. From this comparison it
may be inferred that reducing the inlet gas temperature increases the freezing zone in the
pipe. However, the amount of condensation in the pipe is another important factor which
needs to be considered to evaluate the risk of ice formation.

6-6-3-2 Condensation rate and heat transfer coefficient

In Chapter 4, Section (4-2-4), condensation rate in Run 18 was compared with Run 15
based on the frequency of droplet departures. The accumulations of condensate water at the
bottom of the pipe in each of these runs are shown in Figure (6-20). The pictures were taken
after 10 minutes.

b) Run 18

Figure 6-20 Accumulation of condensate water on the bottom of the pipe for Run 15 and Run 18 after

10 minutes

Here, from the numerical aspect, the local averaged value of the condensation rate along
the pipe for both of the Runsis assessed. The CFD results, Figure (6-21), show that the level
of condensation in Run 18 is almost double of Run 15 which is a good agreement with the
experimental result. (see section (4-2-4) and Figure (4-30) for the attributed experimental
results)
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Figure 6-21 Local Condensation ratein the pipefor Run 15 and Run18

In Figure (6-22), the theoretical heat transfer coefficients for Run 18 and Runl5 are
compared with the experimental values. As shown, the heat transfer coefficient decreases
sharply at the start of the pipe and then slowly as the vapour mass fraction decreases along
the length. The heat transfer coefficient in Run 18 is more than Run 15 due to its higher level
of vapour mass flow rate and higher inlet temperature. Figure (6-22) shows that the CFD
model under predicts the heat transfer coefficient at the beginning of the pipe for the both
cases. One factor which may be contributing to this might have been the movement of
condensate droplets and their accumulation in reality which is not smulated in the CFD
model. This under prediction in Run 18, with the higher condensation rate, is more than for
Run15.

The heat transfer coefficients are decreasing sharply at the beginning of the pipe and then
slowly toward the end of the pipe. Thistrend is similar to the trend of condensation rate,
Figure (6-21).
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Figure 6-22 Heat Transfer Coefficient along the pipe for Run 18 and Run 15

6.7 Sensitivity of the CFD Model

Star CCM+, calculates the condensation mass based on the diffusion model Eq. (6.5) and
(6.6) (Star CCM+ Manual).

) CG(1-C)
m= CGln———=~ 6.5
PqBy CGU—C,) (6.5)
B, =C,. - D, /L-0.045 Re"® (6.6)
g emp v

All the coefficients in the above equation were explained in section (2.4.1).

In Eq. (6.5) Cenp isan empirical condensation factor which can vary from 0.05t0 0.9. In
this section, the sensitivity of the model is evaluated by changing this empirical factor to
determine its effect on the RM S error and total condensate mass in the pipe for Runsl5 and
Run 18. Table (6-8) shows these results for three different values of Cemp as 0.05, 0.45and 0.9

175



Table 6-8 Effects of Changing Cemp 0n RMSError and Total Condensate Volume

Case Cemp RMSError Total Condensate Volume (mm3)
Run18 0.05 137 319
Run18 0.45 7.65 433
Run18 0.9 6.7 45.6
Run 15 0.05 7.48 29.6
Run 15 0.45 4.20 36.2
Run 15 0.9 3.73 374

The results show that increasing the Comy increases the total condensate volumein the
pipe. The optimum value for the Cenp is 0.9 which gives the minimum RMS error and is used

for the analysis.
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6-8 Conclusion

In the CFD model the external convection istaken into account by selecting the externd
heat transfer coefficient and external temperature on the external surface of the pipe.

Extruding the surface mesh at the gas/solid interface helps to have conformal mesh at the
gas/solid interface. Modelling just half of the pipe with a symmetry plane shows shorter
convergence time.

The Java code developed in this study is capable of calculating the local condensate mass
in agiven special interval in the pipe in every time step. It incorporates freezing heat flux as a
sink term to the boundary heat flux at the gas/solid interface. Implementing this Java code to
Star CCM+ software makes the defogging model to be able to model condensation and
predict the location and extend of the freezing zone in the pipe.

The optimum process to achieve convergence is to run the model first in a steady mode
and after initial convergence switch it to an unsteady solver.

The results of the CFD model were compared with the test data and showed that the model
is capable of predicting condensation rate, local temperatures and heat transfer coefficient
with good agreement with experimental results.

Thelocal values of condensation volume can be calculated by the surface integral of fog
layer thickness on the freezing surface.

It is presented that in the case of higher vapour mass fraction, more water vapour is
condensed and more latent heat can be released. This could increase the heat transfer
coefficient and increase the local temperatures.

When the vapour mass flow rate in the pipe is increased, the uncertainty in predicting the
local temperatures and the heat transfer coefficient increases. This may be due to the
movement of condensate water in practise which cannot be simulated in the current model.
The volume ratio is defined in this study as a factor which defines the severity of ice growth
in the pipe and shows the potential for ice blockage.

It is presented that the optimum value of the empirical condensation factor (Cemp) for the
application of condensation in pipeis0.9.

Comparing the results of run 15 with run 18 shows that there is more risk of ice formation
in run 18. Thisis due to more condensation in the freezing zone which can cause the ice
blockage earlier. From this comparison it can be inferred that reducing the inlet gas

temperature increases the freezing zone in the pipe. However, the amount of condensation in
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the pipe is another important factor which needs to be considered to evaluate the risk of ice
formation. Therefore both the inlet gas temperature and vapour content may affect the risk of

ice blockage in the pipe.
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Chapter 7 CFD model of actual
breather pipe

7-1 Introduction

The Jaguar required the engine breather system to function well in temperature down to
-40°C (Jaguar engine design specification, Version 2). The breather system design must
prevent the formation of ice that would cause the breather pipe to become blocked or create
excessive crankcase pressure. It was of interest for the Jaguar to have a CFD model which
can model condensation and freezing in the breather pipe and estimate the total time in which
the pipe become blocked by ice. In this chapter the developed CFD model which has been
validated in the chapter 6 is applied to the breather pipe, as an example, to predict freezing
surface area and estimate the pipe blockage time. Someicing test results were available on
one of the Jaguar engines (X250 V8 n/a) which are referred for assessing the CFD model.

In Figure (7-1), the breather pipe assembly isillustrated. The pipe inlet and pipe outlet are

connected to the crankcase cover and to the air intake manifold, respectively.
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Outlet (Connected to
the Intake Manifold)

Inlet (connected to
the Crankcase Cover)

o B

b)

Figure 7-1 Pipe geometry symmetry planeillustration a) Breather Pipe b) Breather pipe connected to
the engine
The results of the Jaguar icing tests show that freezing occurs at the outlet of the breather
pipe where it is connected to the air intake stub (AlS) as shown in Figure (7-2). Theice
blockage can pressurize the crankcase and in extreme conditions blow out the crankcase
sealing. The test results on the engine, X250 V8, show that the engine breather pipe become
blocked after 90 minutes.

Blocked |

Figure 7-2 Breather pipeisblocked by ice at its connection to the air manifold
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The geometry of the breather pipe was simplified for the CFD analysis as shown in
Figure (7-3). The inner diameter of the pipe is 15mm with thickness of 1.5mm and the total

length of 590 mm. The CFD simulation was run in three-dimensional and unsteady mode.

b)

Figure 7-3 a) Breather Pipe Cad model, b) Breather pipe simplified Cad model

7.2 CFD boundary settings

The boundary conditions of the model were set as inlet mass flowrate at the pipe inlet and

pressure outlet at the pipe outlet. The values set for the boundary conditions were taken from
the test data of the Jaguar icing test as presented in Table (7-1).

Table 7-1 Boundary Conditions

Inlet Boundary External Flow Outlet Boundary
Temp HTC Temp | Absolute Pressure
Mass Flow Rate (Kg/hr) RH Temp (°C)
(°C) WimK) | (°C) (Pa)
148 86 100% -40 45 -40 -25 Pa
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The pipe contact surfaces with the crankcase cover at the inlet and the air manifold at the
outlet were set as constant temperatures of 86°C and -40°C, respectively as shown in Figure
(7-4).

Outlet

Inlet

Outlet Side Wall Inlet mass flow rate= 1.48 kg/hr
Constant Temp. =-40C

Inlet Side Wall
Constant Temp.=86C

Outlet
Pressure =-25 Pa

Figure 7-4 Boundary Conditions at the inlet and outlet of the pipe

The external heat transfer was taken in to account by applying the externa temperature
(-40C), and external convection heat coefficient, (h;) on the external surface of the pipe. The
applied he was 45 [W m? K™], taking to account the measured under bonnet air velocity of
3.5m/s. The material of the pipe is Polyamide 12 and its properties are illustrated in
Table (7-2).

Table 7-2 Material properties of Polyamid 12

Parameter Value
Pipe Density 1010 kg/m®
Pipe Specific Heat 1170 JKg-K
Pipe Thermal Conductivity | 0.24 W/m-K
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7.3 Grid Generation

Since, the breather pipe includes a sharp bend at the beginning, a trimmer mesh couldn’t
be employed but instead a polyhedral mesh was used for the gas and the solid regions as
shown in Figure (7-5a). To achieve a conformal mesh at the gas/solid interface, a prism layer

mesh is applied for both of the regions, as shown in Figure (7-5 b)

| Gas region

Pipe Inlet

. éaiid region |
(Pipe Wall) |

I

pipe wall
(solid region)

i Prism layer

- Interface l

Gas region

b)

Figure 7-5 Polyhedral mesh applied for gas and solid regions a) Polyhedral mesh shown on a cross
plane of the pipe, b) Mesh at theinlet surface of the pipe

To evaluate the cell quality, the girds have been checked using the measures listed in

chapter 6, Table (6-3), and no cell has been marked which indicates the good quality of the
generated mesh.
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In order to capture the boundary layer properly near the wall and resolve the boundary
layer in the viscous sublayer, the first cell height is adjusted in such a manner that y plus
value to be approximately 1 or less. The y* parameter is computed by:

yt = _””;yp (7-1)

u, : friction velocity at the nearest wall
Yp : distance from point to the wall
M @ dynamic viscosity

For this simulation, the two-layer all y* treatment was used in StarCCM+ 7.02 whichisa
near-wall modelling method employing the high y+ wall treatment for coarse meshes and the
low y+ wall treatment for fine meshes. The low y+ wall treatment is suitable only for low-
Reynolds number turbulence models and used when the entire mesh is fine enough for y+ to
be approximately 1 or less. The high y+ wall treatment implies the wall-function-type
approach with the assumption that the near-wall cell lies within the logarithmic region of the
boundary layer. It is used when the wall-cell centroid is positioned in the logarithmic region
of the boundary layer (y* >30).

Different cell sizes were examined as presented in Table (7-3) and mesh independency
was achieved after 3 million cells by checking the variations of different parameters such as,
the heat flux at the boundaries, the total average surface temperature, the velocity and
temperature at 100 millimetres upstream the pipe outlet (Point A). Thefina grid used for the
anaysisinvolved 3,099,775 cells, case “G03” highlighted in Table (7-3).

Table 7-3 M esh sensitivity study setting

) DeltaHeat Flux | Ave. Surface Temp. Velocity at Point A | Temp. at Point A
Case | Base Size Number of Cdls
(W/m?.K) (‘0 (m/s) (C)

GOo1 0.80 mm 1,711,095 0.3394 -10.01 2.005 274.3
G02 0.60 mm 2,8371,04 0.3510 -9.85 2.086 275.9
GO03 0.50 mm 3,099,775 0.350 -9.858 2112 276.7
G04 0.45mm 3,378,041 0.348 -9.86 2.1105 276.5
GO05 0.40 mm 4,777,064 0.346 -9.865 2.110 276.8
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7.4 Solver Selection and the CFD results

The segregated flow and energy model was used to solve the flow and energy in the gas
and the solid regions. K-¢ turbulence model was used to model the flow behaviour following
the Jaguar best rule of practise used for similar cases. The Thin Film Defogging model was
employed to model the flow behaviour and the flow was assumed to be incompressible.

To reduce the computation effort and achieve better convergence, the solution was run
firstly for 1000 iterations in steady state and when the heat flux at the internal and external
surfaces of the pipe became steady the solution was switched to unsteady mode. The time
steps were set to the 0.01 second with 20 iterations per time step. This setting makes the
residuals to be monotonic and alowed the variation of boundary heat flux to become steady
at the end of each time step.

To evaluate the convergence of the solution, the variation of the heat flux at the internal
and the external surfaces of the pipe were monitored. After 260,000 iterations, equivalent to
128 seconds, the difference between the heat fluxes had fallen to 1% and the convergence
was achieved as shown in Figure (7-6). The area of the freezing surface converged to avalue
of 118.5 mm? at the end of the run as shown in Figure (7-7). The freezing surface zoneis
highlighted in Figure (7-8).

%
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Figure 7-6 Boundary Heat Fluxes at external and internal surfaces of the pipe
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Figure 7-7 Freezing surface area during therun
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Figure 7-8 Freezingregion at the internal surface of the pipe

To estimate the time in which the breather pipe would be blocked by ice, the solution time
isdivided by blockage ratio as given in Eq. (7-2)

Solution Time

Time of Blockage (CFD) = m (7-2)

The Blockage Ratio is defined as the ratio of the maximum fog layer thickness to the pipe
radius as given:

Max Fog layer thickness in Freezing Zone (7 3)
Pipe Radius

Blockage Ratio =
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It should be noted that fog layer thickness is the thickness of condensate water. The fog
layer contoursin the freezing zone areillustrated after 128seconds in Figure (7-8).

Table (7-4) presents the results of the CFD model after convergence in terms of the
freezing surface area, total condensate volume, the maximum fog layer thicknessin the

freezing zone, blockage ratio and the estimated pipe blockage time.

Table 7-4 Results of CFD analysis

Parameter Value
Freezing Surface Area (mm?) 1185
Total Condensate Volume (mm®) 1473
Max Fog Layer Thicknessin the freezing zone (mm) 0.1
Blockage Ratio 0.014
Time of Blockage (CFD) 9248 s (154 min)
Time of Blockage (experiments) 5400 s (90 min)
Correction Factor 171

Based on the blockage ratio (0.014) and the solution time (128s), the CFD model
predicted that the breather pipe would be blocked after 154 minutes. Comparing this with the
actual breather pipe blockage time which is 90 minutes, shows that the CFD model over
predicts the pipe blockage time. This over prediction can be adjusted by employing a
correction factor which in this particular caseis 1.7. The size of the breather pipe, itsinlet and
external conditions and engine size can affect this factor. This factor helpsto correct the
difference between the predicted blockage time and the actual blockage time. This difference
may be due to the disparities between the results of the engine test and the CFD model. These
disparities may be caused by:

e Movement of condensate water which is not simulated in the CFD model but
happens in the actual engine test. As aresult of engine vibration, some of the
condensate water in the breather pipe may be pushed toward the pipe outlet and
turn to ice. This can speed up the freezing process.

e The complicated and pulsatile nature of breather pipe internal and external flow
have not been simulated in the CFD model as there were not any test data available
in these terms.

e Theinlet relative humidity is not consistent during the Jaguar engineicing test.
Thiswould affect condensation and a so the extent of freezing.
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The effects of inlet relative humidity on the results of the CFD model are taken into
consideration in the next section.

7.5 Sensitivity of the CFD Model to relative humidity

The sensitivity of the model is checked in terms of inlet relative humidity. The model is
run at three different relative humidity values as 100%, 50% and 0% (dry air). In Figure (7-9)
the freezing surface zone at each of the case, at time: 128sec, is highlighted.

RH=50% > / !
b - ;/

RH=100%
c)
\}
' i
t X Temperature (K)
ot 238.52 245.45 252.37 259. 26622 273.14

uZ |

Figure 7-9 Freezing Surface at different inlet relative humidity valuesa) RH=0% , b) RH=50% , c)
RH=100%
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As shown in Figure (7-9), increasing the relative humidity reduces the freezing surface
area due to increase of latent heat transfer. However, this may not necessarily mean that the
risk of ice blockage reduces as well. To investigate this further, the total condensate volume,
the condensate volume in freezing zone, the total volume of the pipein the freezing zone, the
maximum fog layer thickness in the freezing zone, volume ratio and blockage ratio are

compared between these casesin Table (7-5).

Table 7-5 Effects of Changing the Inlet Relative humidity on the freezing surface area

Parameter Casel Case?2 Case3
Inlet Relative Humidity 100% 50% 0%
Freezing Surface Area (mm?) 1185 14,523 23,231
Total Condensate Volume (mm°) 2,598 1,061

Condensate Volumein Freezing Surface (mm°) 10.3 554.5

Volume of the pipein Freezing Zone (mm?®) 388 54461

Fog Layer Thickness (mm) 0.11 0.043

Volume Ratio 0.026 0.02

Blockage Ratio 0.015 0.0057

As presented in Table (7-5), increasing the inlet relative humidity from 50% to 100%
reduced the freezing surface area from 14,523 mm? to 118.5 mm?®. However, the total
condensate volume in the pipe increased from 1,061mm?® to 2,598mm?>. This means that there
is more condensate film in the freezing areain the Case 1 but its freezing surface areais less
than the Case2. To compare the cases further in terms of the risk of ice formation, the volume
ratio and the blockage ratio are considered. Table (7-5) presents that both volume ratio and
blockage ratio in Case 1 are higher than Case 2. This comparison shows that risk of ice
formation in the pipe with RH=100% may be more than for RH=50%.
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7.6 Conclusion

Having the conformal mesh at the gas/solid interface provided quicker convergence. This
is achieved by applying polyhedral mesh for both the gas and solid regions and applying
prism layer at the gas/solid interface.

To reduce the computation effort and achieve better convergence, the solution was run
firstly for 1000 iterations in steady state and when the heat flux at the internal and externa
surfaces of the pipe became steady the solution was switched to unsteady mode. Setting the
time steps to the 0.01 second with 20 iterations per time step allowed the boundary heat
fluxes to become steady at the end of each time step.

Due to conjugate heat transfer the boundary heat fluxes at the internal and external
surfaces of the pipe were considered as the convergence criterion in this study.

The CFD model predicted the freezing zone at the outlet of the pipe. The results showed
that the model over predicted the blockage time. This may be due to disparities between the
engine test conditions and CFD model settings. These disparities may be caused by:
movements of the condensate water, pulsatile nature of breather gases and external air
velocity which are not modelled in the CFD model.

It was shown that the inlet relative humidity is a dominant parameter which affects the
freezing surface areain the pipe. Increasing the inlet relative humidity increases the overall
condensation and release of latent transfer in the pipe. This would decrease the freezing
surface area but may increase the risk of ice formation. Volume ratio and blockage ratio are
defined in this study to assess the risk of ice formation in the breather pipe. This study
suggested that the risk of ice formation in the pipe in the case of relative humidity of 100% is
higher than relative humidity of 50%.

The correction factor of 1.7 is proposed through this study which can be used as a

reference parameter for the future simulation.
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Chapter 8 Conclusion

The present study has established a framework for evaluation of condensation and freezing
in pipes exposed to an externa cool airflow. The numerical study, the experimental tests and
the CFD analysis helped to highlight the dominant parameters as inlet vapour/air mixture
boundary conditions (vapour mass fraction, inlet relative humidity, mixture gas flow rate),
external cooling condition (temperature and air velocity) and pipe thermal conductivity on
condensation and ice formation in pipes and eventually validate a CFD methodol ogy which
can evaluate the risk of ice formation and the blockage time in the actual breather pipe.

The devel oped one-dimensional numerical model can satisfactoraly predict the trend and
magnitude of the local temperatures and heat transfer coefficient along the vertical pipe at the
available test conditions within an acceptable uncertainty of +25%. The results of the one
dimensional model showed that increasing inlet vapour mass flow rate increases the
condensation mass flux along the pipe. This model was used to predict the local inner wall
temperatures and starts of the freezing zone at the boundary conditions attributed to the actual
engineicing tests. It showed, increasing the external convective cooling, at the fixed inlet
boundary condition, increases the heat transfer along the pipe, increases the condensation rate
and risk of ice formation. In other words when the external convective cooling is increased
vapour is cooled faster and reaches its saturated temperature quicker. Reducing the pipe
thermal conductivity has shifted the freezing zone toward the end of the pipe.

To evaluate the effects of gas mixture flow rate on heat transfer coefficient, a new
correlation is developed in this study based on a degradation factor. The empirical
correlation isafunction of condensate film Reynolds number, gas mixture Reynolds number,
gas mass fraction and Jakob number. The correlation showed that air mass fraction and the

Jakob number are the most dominant factors. However, the effects of gas Reynolds number
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on the degradation factor is relatively low. Using this correlation, the mgjority of the data
agree with experimental value within the uncertainty of 15%.
The results of the experimenta studies showed that measuring the gas and pipe
temperatures can help to:
e Predict the hydrodynamic of condensation
e Estimateicing regionsin the pipe
e Evauate the in-tube experimental heat transfer.

The droplet sweeping can be recognizable by sudden changes in the temperatures graphs.

The condensation rate in the horizontal, the vertical and T-joint pipes have been
investigated by evaluating pictures and also by measuring the droplet departure time. Both of
the ways have shown that as the gas mixture travels along the pipe its vapour content
decreases and this reduces the condensation rate along the pipe.

The results of observation showed that the process of condensation in the vertical pipe
follows three phases of “primary droplets’, “droplets coalescences’ and “sweeping’. In the
horizontal and the T-joint pipe this processis divided in to four phases as “primary droplets’,
“droplets coalescences’, “droplets dlip down” and “condensate flow out”.

The experimental result in this study showed that the vapour mass fraction and the mixture
gas temperature plays an important role on the level of condensation and heat transfer in the
pipe. Increasing both of these parameters increased the heat transfer coefficient in the pipe.
Increasing vapour mass fraction increases the latent heat and increasing the mixture gas
temperature increases sensible heat transfer.

The comparisons of theoretical and experimental heat transfer coefficients showed that the
maximum uncertainty occurred at the end of the pipe due to disturbance of the external flow.

This study suggests that attaching thermocouples on the vertical pipe had little effects on
the heat transfer and the condensation rate. However hydrophobic coating delays the dropl et
departure time.

The results of the CFD model were compared with the test data which showed that the
model is capable of predicting condensation rate, local temperatures and heat transfer
coefficient with good agreement with experimental results.

The java code developed in this study can calculate the local condensate mass in the pipe
in every time step and incorporates freezing heat flux as a sink term to the boundary heat flux

at the gas/solid interface. Applying this code to Star CCM+ software, enables the Defogging

192



model to predict local averaged condensate film thickness, freezing surface area, risk of ice
blockage and time of ice blockage.

In the CFD model, generating the conformal mesh at the gas/solid interface provided
better convergence. Thisis achieved by extruding the surface mesh at the gas/solid interface
for straight pipe. In the event that the pipe includes bends, like the breather pipe, a polyhedral
mesh should be applied for the gas and solid regions and a prism layer should be used at the
gas/solid interface for both the regions. Modelling just half of the pipe with a symmetry plane
shows quicker convergence.

The optimum solution process to achieve a quicker convergenceisto run the model first in
steady mode and after initial convergence switch it to unsteady solver.

There are two ways to calculate local values of condensation volume in the pipe. The Java
code cal cul ates the condensate volume based on local vapour mass fraction. The other
method is using surface integral of fog layer thickness on the inner surface of the pipe. It has
been shown that both of the methods gives equal results within 2% difference.

The results of the CFD model presented that the gas mixture inlet temperature and vapour
mass fraction affect the condensation rate and the extent of freezing in the pipe. It isaso
presented that increasing vapour mass fraction would increase condensation and release more
latent heat. This may increase the heat transfer coefficient and increase the local
temperatures.

The CFD results showed that increasing the inlet vapour mass flow rate increases the
uncertainty in predicting the local temperatures and the heat transfer coefficient. This may be
due to the movement of condensate water in practise which has not been simulated in the
CFD model.

The blockage ratio is defined in this study as a factor which defines the severity of ice
growth in the pipe and shows the potential for ice blockage. It is presented that the optimum
value of the empirical condensation factor (Cenp) for the application of condensation in pipe
is0.9.

The validated CFD model has been used to simulate condensation and extent of freezing
in one of Jaguar engine breather pipe (X250 V8 n/a) as an example. The boundary heat
fluxes at the internal and external surfaces of the pipe were chosen as the convergence
criterion. The simulation was run until the difference between the heat fluxes has fallen
below 1%.

193



The CFD model has been used to estimate the icing blockage time in the engine breather
pipe. The estimated blockage time is higher than the experimental value. This meansthe
CFD modd is over predicting the blockage time. This over prediction can be due to some
disparities between the CFD model and the actual conditions of the icing test as follows.

e Movement of the condensate water toward the end of the pipe speed up the
freezing process. The movement of water isnot smulated in the model.

e The pulsatile nature of interna breather gas flow and external cold flow has not
been taken into account in the CFD model.

e Theinlet relative humidity during the Jaguar engineicing test is not consistence
and it reduces during the Jaguar icing test. This may affect the freezing surface and
condensation rate in the breather pipe.

The correction factor of 1.7 is proposed through this study to correct the estimated pipe
blockage time. This can be used as a reference parameter for the future simulation.

Inlet relative humidity is one of the most dominant parameter which can affect the
freezing surface areain the pipe. Increasing the inlet relative humidity increases the overall
condensation in the pipe and increases the latent heat. This would decrease the freezing
surface area but may increase the risk of pipe blockage.

This study suggested that the risk of ice formation in the pipein the case of relative humidity
of 100% is higher than relative humidity of 50%. Volume ratio and blockage ratio are defined
in this study to address the risk of ice formation in the breather pipe.
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Chapter 9 Future Work

Several aspects of this study can be subjected to further investigation and improvement.

In the experimental investigations in this study, the core and pipe wall temperatures have
been measured and the movement of the condensate film and the thickness of ice formation
were evaluated by observing pictures and videos. However, measuring the thickness of ice
and condensate water in the pipe more accurately, can be a challenge which will provide
useful datafor validating the numerical study.

It is shown that using hydrophobic coating reduces the droplet departure time, it would be
useful if the coated pipe temperature can be measured and the effects of coating on
experimental heat transfer coefficient is evaluated.

In this study, it has been shown that defogging model doesn’t take in to account the
movement of condensate film. However, the fluid film model is an independent model
available in Star CCM+ which can simulate the movement of awater film due to gravity and
shear stress. The fluid film model doesn’t simulate condensation and cannot be linked to the
defogging model. Therefore, it should be employed separately. In this event, the results of
the Defogging model at the end of the run should be exported in to the Fluid Film model as
initial conditions. The thickness and temperature of fog layer thickness along the pipe can be
exported and defined asinitial condition for the water film in the Fluid Film model. Using
this model may provide idea about movement of condensate water toward the freezing
region.

Theinlet relative humidity in the Jaguar engine tests has not been measured yet. It is
presented in this study that inlet gas humidity is one of the most dominant parameter which
may affect condensation and freezing in the pipe. Decreasing the relative humidity increases
the freezing surface area but in the other hand it reduces the amount of condensation in the
pipe. Therefore, it is proposed to Jaguar to measure the inlet breather gas humidity in their
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next icing tests. The other aspect of improving theicing test isto measure the breather pipe
temperature at severa locations along the pipe and also make the breather pipe with a
transparent material which alows observing the hydrodynamic of condensation and location

of freezing region.
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Appendix A: Mass Transfer

Mass transfer refersto massin transit due to a species concentration gradient in a mixture.
In fact the, driving potential for mass transfer due to diffusion in a gas mixture is the species
concentration gradient.

Let V, and V, are the vapor and air velocities with respect to stationary coordinates,
respectively. These species velocities results from the gas bulk motion and diffusion of the
vapor superimposed on the bulk motion. Hence, the absolute mass flux of vapor with respect
to stationary coordinate is defined as m| = p V, . Specifically, the absolute mass flux of

vapour results from the mass flux of vapour bulk motion, p,V , and mass flux due to the

diffusion superimposed on the bulk motion, J,, asfollows.

m =pV, =pV+J, (A2
V istheloca mass average velocity of the gas mixture defined as follows.
v=Palat PN _MWE My Ly, (A2)
Pat P, P

Substituting Eg. (A.1) into Eq. (A.2)
m =J,+W,(m +m (A3

a

In the above equations Ja isthe diffusive mass flux, mass flux due to diffusion. Thisis

\

dw,
caused by the vapour concentration gradient. The greater the concentration difference,, dy

between the two layer of speciesis, the more diffusion flux Jy becomes.

The vapour diffusive mass flux, is defined as the vapor transport relative to mass-average
velocity of the mixture (V) asfollows.

3n=PalVa=V) = pa(Va ~ WV, +WeV, ] ) (A4)

Applying the Fick’s law of diffusion which is the mass transfer analogous to Fourier’s
law, the diffusive vapour mass flux is defined as Eq. (A.5)

J,=—pD,gVW, (A5)

The minus sign in the above equation explains that the diffusion occurs in the direction of

decreasing concentration.
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For the air-steam mixture, the steady-state diffusion equationsin radial direction, y,
obtained by substituting Eq. (A.5) into Eqg. (A.3) asfollows:

ms = _pDv a;/\ylv +ern[" (A-G)

aWa "
m; =-pD, ay +W,m

Where D, and D, are the diffusion coefficients for the vapour and the air, respectively.
In the vapour condensation in the pipe, the condensate film isimpermeable to the air,
therefore diffusive mass flux of the air at the film-gas interface is zero, as given in Eq. (A.7)

m, =0 m;=m, (A.7)
In other word, the air molecular are motionless in the radial direction relative to the
stationary coordinate and the vapour molecular diffuses through the diffusion layer.

Therefore, the Eq. (A.6) reduced to

" an "
rTl/:_pDv 8y +ern\/ (A'8)

0= _pDa 8Wa +Wan’\’/,
oy

Considering the assumption that the mixture density and diffusion coefficient are not a
function of radial position, y, the vapour diffusive mass flux can be evaluated by rearranging
and integrating the above equation.
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Appendix B: Diffusion Coefficient of
water vapour in air

There are different methods for calculating the diffusion coefficient of water vapor in air.

Hasanein (1991), evaluate the vapour diffusion coefficient as follows.

D, = [D—J (B.D)
Xa
Where Dy, is the binary diffusion coefficient and is obtained from the following equation.
—-411.83
D, - 6.6x10°T 1 N 1 (B2)

{(le/3 (le/?:}?’ Ma MV
Pll =| +|=
P \% P a

The empirical diffusion coefficient of water vapour diffusing in air is 0.282 (cm?/s) at one
atmosphere.

Fuller (1966) developed an empirical relation as follows.

1.75
D, =10°— ' YT (B.3)
PNV v M, M,

Where Pisin atmosphere pressure, T isin Kelvin and V, and V, are the volumes of parts

of the air molecul e and vapour molecule, respectively.
Figure (B-1) illustrates the calculated diffusion coefficient of water vapour in air asa
function of temperature, provided by Bolz and Tuve (1976).

3.5¢10”
I L ]
,a.. } .
€ 3.040° — e -
€ »
2 °
= | -
8 2.540° »
s [ |
3 [e
E '
Regression curve fit, Eq.(A.14)
® Bolz and Tuve (1976)
1.540° | 1 1 ;
280 300 320 340 360 380
Temperature (K)

Figure B-1: Theair-water vapour diffusion coefficient asa function of temperature, estimated using
the method provided by Bolz and Tuve (1976).
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The diffusion coefficient of water vapor in air can be obtained by a more accurate equation
using aregression curve fit to the data from Bolz and Tuve (1976) as presented in Eq. (B-4)
which is used in this study.

D,, = -2.775x10°° + 4.479x10°®T +1.656x10°T? (B4)
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Appendix C: Matlab Code

This appendix presents the Matlab code developed in this study. The names of variables are self-
explanatory. If additional clarifications are required, comments are inserted. All the thermodynamic

tables required to look up are listed in the code.

clc
clear all

%% Geonetry conditions

Di =0.015; ri=Di/2; A =3.14/4*Di "2, % pi pe inside dianmeter (m

t=0. 002; Pi=2*3.14*ri % Wal | thickness (m

Do=Di +2*t; ro=Do/ 2; Ao=3. 14/ 4* Do"2; % pi pe inside diameter (m

Dm=0. 017; rmeDm 2; Ame3. 14/ 4* D2, % pi pe inside dianmeter (m

Po=2*3. 14*r o

Kw=0. 25; % Thermal conductivity of Nylon (W nK)

%0 Properties Library

% Air properties at different tenperature at atnospheric pressure

Tar ef =[ 100, 150, 200, 250, 300, 350, 400] - 273;

Mia=[ 71. 1, 103. 4, 132. 5, 159. 6, 184. 6, 208. 2, 230. 1] *10"(-7); % N. s/ nR

Ka=[ 0. 009246, 0. 013735, 0. 01809, 0. 02227, 0. 02624, 0. 030030, 0. 03365] ; W m K
Cpa=[ 1. 0266, 1. 0099, 1. 0061, 1. 0053, 1. 0057, 1. 0090, 1. 0140] *1000; % J/ kgKk;
Pra=[ 0. 770, 0. 753, 0. 739, 0. 722, 0. 708, 0. 697, 0. 689] ;

Ma=0. 028966; % kg/ nol
% saturated water properties at different tenperature and pressure

Tl ref=[273. 15, 275, 280, 285, 290, 295, 300, 305, 310, 315, 320, 325, 330, 335, 340, 345, 350, 355, 3

60, 365, 370] - 273;

Psat =[ 0. 00611, 0. 00697, 0. 00990, 0. 01387, 0. 01917, 0. 02617, 0. 03531, 0. 04712, 0. 06221, 0. 081

32,0.1053,0.1351,0.1719, 0. 2167, 0. 2713, 0. 3372, 0. 4163, 0. 51, 0. 6209, 0. 7514, 0. 9040] *10"5
% Pa

vf=[1,1,1,1,1. 001, 1. 002, 1. 003, 1. 005, 1. 007, 1. 009, 1. 011, 1. 013, 1. 016, 1. 018, 1. 021, 1. 024

,1.027,1.030, 1. 034, 1. 038, 1. 041] *0. 001; % nB/ kg

W=[ 206. 3, 181. 7, 130. 4, 99. 4, 69. 7, 51. 94, 39. 13, 28. 74, 22. 93, 17. 82, 13. 98, 11. 06, 8. 82, 7. 09

,5.74,4.683, 3. 846, 3. 180, 2. 645, 2. 212, 1. 861] ; % nB/ kg

Hf g=[ 2502, 2497, 2485, 2473, 2461, 2449, 2438, 2426, 2414, 2402, 2390, 2378, 2366, 2354, 2342, 232

9, 2317, 2304, 2291, 2278, 2265] *1000; %/ kg

Cpf=[4.217,4.211,4.198, 4.189, 4.184,4.181,4.179,4.178,4.178,4.179, 4. 180, 4. 182, 4. 184,

4.186,4.188,4.191, 4. 195, 4. 199, 4. 203, 4. 209, 4. 214] *1000; % j/ kgK

Cpv=[ 1. 854, 1. 855, 1. 858, 1. 861, 1. 864, 1. 868, 1.872,1.877,1. 882, 1. 888, 1. 895, 1. 903, 1. 911

1.920, 1.930,1.941, 1. 954, 1. 968, 1. 983, 1. 999, 2. 017] *1000; %/ kgK

Muf =[ 1750, 1652, 1422, 1225, 1080, 959, 855, 769, 695, 631, 577, 528, 489, 453, 420, 389, 365, 343, 3

24,306, 289] *107(-6); YNs/ 2

Muv=[ 8. 02, 8. 09, 8. 29, 8. 49, 8. 69, 8. 89, 9. 09, 8. 29, 9. 49, 9. 69, 9. 89, 10. 09, 10. 29, 10. 49, 10. 69

,10. 89, 11. 09, 11. 29, 11. 49, 11. 69, 11. 89] *107(-6); IUNs/ nR

Kf =[ 569, 574, 582, 590, 598, 606, 613, 620, 628, 634, 640, 645, 650, 656, 660, 668, 668, 671, 674, 677

,679]*0.001; %W nk

Kv=[ 18. 2, 18. 3, 18. 6, 18. 9, 19. 3, 19. 5, 19. 6, 20. 1, 20. 4, 20. 7, 21, 21. 3, 21. 7, 22, 22. 3, 22. 6, 23,

23.3,23.7,24.1,24.5]*0. 001; 9W nk

Prv=[12.99, 12. 22, 10. 26, 8. 81, 7. 56, 6. 62, 5. 83, 5. 20, 4. 62, 4. 16, 3. 77, 6. 42, 3. 15, 2. 88, 2. 66

2.45,2.29,2.14,2.02,1.91,1.80];

Prf=[ 0. 815, 0. 817, 0. 825, 0. 833, 0. 841, 0. 849, 0. 857, 0. 865, 0. 873, 0. 883, 0. 894, 0. 901, 0. 908,

0. 916, 0. 925, 0. 933, 0. 942, 0. 951, 0. 960, 0. 969, 0. 978] ;

M/=0. 01802; % kg/ nol
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%% Experinental Library

Veb=[ 50, 50, 50, 50, 40] ;

Lcb=[ 0. 03, 0. 08, 0. 13, 0. 18, 0. 23, 0. 28, 0. 33,0. 38, 0. 43,0. 48, 0. 53,0.58,0.63,0.68,0.73,0.7
6] ;

hc50b=[ 58, 60, 66, 62, 51, 54, 60, 60, 72, 60, 44, 45, 43, 41, 41, 8] ;

hc40b=[ 41, 41, 47, 42, 42, 42, 54, 49, 59, 39, 38, 31, 42, 32, 37, 8] ;

%0 Averaged 4 to 12 nin
LTwnb=[ 0. 06, 0. 15, 0. 24, 0. 33, 0. 43, 0. 52,0. 61, 0.7, 0. 75] ;

TwrExpb(1,:)=[11.0,10.4,1.0,-2.5,-3.4,-4.0,-2.4,-4.0,-1.5];
TwrExpb(2,:)=[19.8,15.6,7.1,3.7,2.1,-1.8,1.6,2.6,2.8];
TwrExpb(3,:)=[9.6,4.9,-3.3,-6.3,-7.7,-10.5,-9.7,-7.7,-2.1] ;
TwrExpb(4,:)=[23.4,19.2,9.0,2.6,1.9, -3. 2 -1.7,0.9,0.9];
TwrExpb(5,:)=[9.5,4.3,-1.4,-6.7,-7.9,-9.5,-7.3,-5.6,-2.7] ;
TwrExpErrorb(1,:)=[0.966 0.555 0.769 0.450 0.564 0.876 0.010 0.585
0.432]";

TwrExpErrorb(2,:)=[1.027 0.360 0.258 0.577 0.565 0.328 0.008 0.375
0.175]";

TwrExpErrorb(3,:)=[2.358 0.779 0.515 0.191 0.147 0.096 0.005 0.958
0.138]';

TwrEXpErrorb(4, :)=[ 1. 674 1.332 0.583 0.614 0.615 0.540 0.004 0.674
0.717]";

TwrEXpError b(5,:)=[0.599 0.837 0.505 0.434 0.674 0.921 0.005 0.599
0.198]";

Twi ExpMo(1,:)=[13.71 13. 16 2.64 -1.02 -1.71 -2.89 -1.13 -2.95 -
0.24]";

Twi ExpMo( 2, :) =[ 23. 27 18. 81 9.23 5.76 4. 36 -0.57 3.15 4. 11
4.35]";

Twi ExpMo( 3, :)=[12. 16 7.23 -1.95 -5.07 -6.42 -9.87 -9.02 -6.89 -
0.89]";

Twi ExpMo(4, :)=[27.25 22.82 11. 29 4.62 4. 14 -2.02 -0. 47 2.24
2.26]";

Twi ExpMo(5, :)=[12. 11 6. 49 0.04 -5.57 -6.67 -8.72 -6.43 -4.66 -
1.53]";

LTh=[ 0, 0. 15, 0. 33, 0. 61, 0. 75] ;

TbExpb( 1, :)=[ 86, 46. 0, 39.0, 27. 6, 24. 3] ;

TbExpb( 2, : ) =[ 48. 4, 48. 7, 44. 3, 36. 5, 33. 5] ;

TbExpb(3,:)=[53.9,50.8,43.7,31.7,27.9];

TbExpb( 4, :)=[60. 2, 57.6,52.2,44.3,40. 7] ;

TbExpb(5, :)=[53. 7, 50. 4, 42. 1, 31. 8, 27. 3] ;

TbEXpErrorb(1,:)=[0.27 0.68 0. 60 0.71 0.80]";

ThbEXpErrorb(2,:)=[0.85 0.36 0.42 0.56 0.67]";

TbEXpErrorb(3,:)=[0.35 0.84 1.22 0.75 0.52]";

ThbEXpErrorb(4,:)=[0.34 0.73 0.90 0.75 0.89]";

TbEXpErrorb(5,:)=[0.46 0.93 0.98 0.56 0.94]";

LHTCb=[ 0. 15, 0. 33, 0. 61, 0. 75] ;

HTCExpb(1,:)=[42.2 18.9 21.3 17.4]*1.27";

HTCExpb(2,:)=[59.7 30.9 30.6 26.2]*1.27";

HTCExpb(3,:)=[26.1 12.2 8.7 14. 4] *1. 27" ;

HTCExpb(4,:)=[51.4 20.6 14.1 12.5]*1.27";

HTCExpb(5,:)=[19.0 11.3 9.9 9.7]*1.27";

HTCExpErrorb(1,:)=[1.92 1.76 1.15 5.15] " ;

HTCExpErrorb(2,:)=[2.63 2.62 1.55 7.72]";

HTCExpErrorb(3,:)=[1.48 1.08 0.43 4.26]";

HTCExpErrorb(4,:)=[3.00 1.67 0. 86 3.71]"

HTCExpErrorb(5,:)=[1.18 0. 66 1.35 1.55]";

mai nb=[ 1. 43, 1. 39, 0. 81, 0. 82, 0. 62] ; % kg/ hr

nvi nput b=[ 0. 023, 0. 187, 0. 187, 0. 277, 0. 220] ; % kg/ hr

%0 Average 12 mn

LTwnb=[ 0. 06, 0. 15, 0. 24, 0. 33, 0. 43, 0. 52, 0. 61, 0. 7,0. 75];
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TwnExpb(1,:)=[8.6 7.0 -1.1 -4.4 -5.0 -5.7 -4.5 -5.9 -2.3]"
TwhExpb(2,:)=[17.4 13.2 5.0 1.8 0.4 -3.2 -0.3 0.2 1.9]';
TwnExpb(3,:)=[7.5 2.5 -4.4 -7.4 -8.5 -11.2 10.5 -9.0 -2.6]"
TwhExpb(4,:)=[20.6 15.2 6.4 0.3 -0.1 -4.9 -3.7 -1.5 -0.4]";
TwnExpb(5,:)=[9.4 4.4 -1.5 -6.8 -7.8 -9.6 -7.9 -5.9 -2.8]";
TwhExpErrorb(1,:)=[1.278 5. 290 6. 028 3. 842 3.510 3.324 3.464 4.004
0. 013]"'

TwhExpErrorb(2,:)=[0.291 6.413 6.361 4.820 4.493 4.211 3.633  4.477
0.013]"';

TwExpErrorb(3,:)=[0.434 4.642  4.757 2.570 2. 400 2.183 1.752 1.907
0.191]";

TwhExpErrorb(4,:)=[0.283 6.912 7.565 5.464 4.462 4.328 3. 448 3. 849
0.070]";

TwhEXpErrorb(5,:)=[0.137 0.674 0.682 0.806 0.529 0.569 0.665 1.106
0.113]";

TwoExpMo(1,:)=[1.19 -0.39 -5.47 -8.48 -9.44 -8.82 -7.67 -8.64 -
4.08]";

TwoExpMo(2,:)=[7.75 4.10 -0.80 -3.86 -5.69 -6.81 -4.36 -3.69 -
0.29]";

TwoExpMo(3,:)=[0.44 -3.64 -8.02 -10.69 -11.93 -13.13 -12.44 -11.15 -
4.39]";

TwoExpMo( 4, :)=[10. 14 5.57 0.23 -4.96 -5.99 -8.14 -7.06 -5.09 -
2.39]";

TwoExpMo(5, :)=[3.69 -0.68 -5.17 -9.96 -10.95 -11.50 -10.06 ~-8.23 -
4.411";

Twi ExpMo(1, :)=[16. 84 15. 37 3.88 0.15 0. 04 -2.23 -0.93 -2.82 -
0.31]";

Twi ExpMo( 2, :)=[28.25 23. 47 11.55 8.21 7.16 0.95 4.18 4. 65
4.38]";

Twi ExpMo( 3, :)=[15. 54 9.50 -0.31 -3.72 -4.68 -9.08 -8.31 -6.63 -
0.68]";

Twi ExpMo(4, :)=[32.40 26.12 13. 25 6. 30 6.59 -1.16 0.01 2.53
1.78]";

Twi ExpMo(5, :)=[15. 81 10. 17 2. 60 -3.20 -4.29 -7.45 -5.39 -3.24 -
0.97]";

LTbb=[ O, 0. 15, 0. 33, 0. 61, 0. 75] ;

TbExpb(1,:)=[49.9 45.8 39.2 27.9 24.8]";

TbExpb(2,:)=[49.2 48.1 43. 6 35.5 32.6]"

TbExpb(3,:)=[53.4 50.2 42.9 30.9 27.7]";

TbExpb(4,:)=[60.3 57. 4 51.4 43. 3 40.0]"'

TbExpb(5,:)=[53.5 50.5 42.2 31.9 27.4]";

TbExpErrorb(1,:)=[3.42 3.31 1.51 7.10 7.53]"

TbExpErrorb(2,:)=[3.98 4.66 1.89 6. 27 6.53]";

ThEXpErrorb(3,:)=[2.45 2.52 1.16 5.20 5.30]"

TbExpErrorb(4,:)=[2.54 4.04 2.09 4.71 4.14]";

ThbEXpErrorb(5,:)=[1.51 0.69 0. 27 1.26 0.82]"'

LHTCb=[ 0. 15, 0. 33, 0. 61, 0. 75] ;

HTCExpb(1,:)=[52.6 22.4 23.8 15. 2] ;

HTCExpb(2,:)=[79.7 34.7 27.7 16. 8] ;

HTCExpb(3,:)=[32.8 15.2 10.7 13.3];

HTCExpb(4,:)=[66.6 25.3 16.6 11.1];

HTCExpb(5,:)=[27.5 15.1 12.7 12. 3];

HTCExpErrorb(1,:)=[10.66 8. 80 6.23 4.4];

HTCExpErrorb(2,:)=[13.92 9. 86 5.80 4.3];

HTCExpErrorb(3,:)=[6.89 5.80 2.93 3.09];

HTCExpErrorb(4,:)=[13.93 9.57 5.62 3.23];

HTCExpErrorb(5,:)=[1.23 0.88 1.54 1.6];

mai nb=[ 1. 42, 1. 39, 0. 83, 0. 81, 0. 64]; % kg/ hr

mai nb=[ 1. 48, 1. 45, 0. 86, 0. 84, 0. 66] ;

nvi nput b=[ 0. 023, 0. 187, 0. 187, 0. 277, 0. 220] ; % kg/ hr

204



%%
Ra=287;
Rv=462;
R=8. 3144,
g=9. 81;

for j=1:2

%% Cool ant Gas Properties

% Dry air constant

% Uni ver sal gas const ant

R R b S R T

Tc=-20; % C
Ve=Vch(1,j);

Pc=101325;

kc=i nterpl(Taref,Ka, Tc,'linear', ' extrap');
muc=i nt er pl(Taref, Mua, Tc,'linear', ' extrap');
prc=interpl(Taref,Pra, Tc,'linear','extrap');

pc=Pc/ (Ra*(Tc+273));
Rec=pc* Vc* Do/ muc;
%% I nl et Conditions

Rk S I SR I

mai n=nmai nb(1,j); % kg/ hr
nvi n=nvi nput b(1,j); % kg/ hr
mai n=nmai n/ 3600; % kg/ s
nmvi n=nvi n/ 3600; % kg/ s

T=ThExpb(j, 1); Tk=273+T;

P=101325;

%% Correct Vapour

Psat vb=i nterpl(Tlref, Psat, T,

Pv=Psat vb;

sH=0. 622*Pv/ (P- Pv) ;
nvsat =sH* mai n;

nvsat kghr =nvsat *3600;

%% Vapor

mass flow rate at the

% Gas mi xture Tenperature (O

Mass flow to Get the Gas Saturated

linear', extrap');

out |l et

Psat vout =i nter p1( Tl ref, Psat, Twi ExpMo(j,9), ' linear', ' extrap');

Pvout =Psat vout ;

sHout =0. 622* Pvout / ( P- Pvout) ;
mvout =sHout * mai n;

mvout kghr =mvout *3600;

%46 I nlet Mass Flow rate

ma=mai n;
mv=nmvsat ;
if j==
m/=nvi n;
end
%o Ilnitial Conditions
nf =mv- nvout ;
mc=0;
i =0;
L1=0;
del t aL=0. 001; %n
del t aT=0;

BEERLBRERLERERLEEERERERE R R
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%% Mai n Code
whil e L1<0. 75

if L1>0.4
del t aL=0. 002
end

i =i +1;
L1

T=T-del t aT,;
Tb(1,i)=T,

Psat T=interpl(Tlref,Psat, T, ' linear', 'extrap');
Pasat =P- Psat T;

sHsat =0. 622*Psat T/ (P- Psat T) ;

nvsat b=sHsat *nm;

mv=nv- nc;

sH=mv/ ma;
Pv=P*sH (0. 622+sH);
Pa=P- Pv;

RH=Pv/ Psat T,

nvb(1,i)=m;
RHb(1,i)=RH,
nf =nf - nc

P=(0. 622* Pv+sH*Pv) / sH; % Gas nmixture pressure (pa)
xvb=Pv/ P;

xab=1- xvb;

Wb=M*xvb/ ( Ma* (1- xvb) +M/*xvb) ;

Wab=(P-Pv)/ (P-(1- M/ Ma) *Pv) ;

Mexvb* Mv+( 1- xvb) * Mp;

if Vc==50
hc=i nterpl(Lcb, hc50b, L1, 'linear', ' extrap');

el se
hc=i nt er p1(Lch, hc40b, L1, ' linear', ' extrap');
end
%uy AII’ PhySI Cal Pl’OpeI’tIeS EE R R R I I S S I R Sk S I R I I Ik
nmua=i nterpl(Taref,Mia, T, ' linear', 'extrap');
ka=i nterpl(Taref,Ka, T, ' linear', ' extrap');
pra=interpl(Taref,Pra, T,'linear', ' extrap');

cpa=interpl(Taref,Cpa, T, linear', extrap');

%Vapour phySI Cal prOpertI es ERE I I T I I I T I
muv=i nterpl(Tlref, Muv, T, ' linear', 'extrap');

kv=interpl(Tlref,Kv, T, 'linear', 'extrap');
prv=interpl(Tlref,Prv,T,'linear', extrap');

cpv=interpl(Tliref,Cpv, T, linear', ' extrap');

pa=(Pa)/(Ra*(T+273)); %air density
pv=Pv/ (Rv*(T+273)) ; % Vapour density

% M xture Gas Conductive (kg) and Viscosity (mug) F**xx*kxkkrxdirx
phav=1/sqrt (8)*(1+(Ma/ M) )~(-0.5)*(1+(nua/ nuv)~0. 5*( M/ Ma) ~0. 25 ) "2;

phva=1/sqrt (8)*(1+(M/ Ma))~(-0.5)*(1+ (muv/mua)”~0.5*(Ma/ M) "0. 25 )"2;
nmug=( xab*rmua) / (xab+xvb* phav) +( xvb*muv) / ( xab* phva+xvb) ;
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kg=(xab*ka)/ (xab+xvb*phav) +( xvb*kv)/ ( xab* phva+xvb) ;

% M xture Gas Vel ocity and Reynol ds KKK KKK KKK KKK KKK KKK KK KKK
Reg=4* (ma+nmv) /(3. 14*Di *nug) ; % Cool ant air Reynol ds
pg=pa+pv; % gas m xture density

ug=(nma+mv)/ (pg*3. 14*ri"2); % gas m xture velocity

%Mxture (\ﬁs pressure drop R I I Sk S O S O O
f 0=0. 079/ (Reg”(0.25));

dP=0. 5*f 0* (0. 5*pg*ug”2)/ri;

P=P- dP;

% Experinental Tenperatures >>>>>>>>>>>>55>55>>55>>>>>5>>>5>>>>>>

TbExp=i nt er p1(LTbb, TbExpb(j,:), L1, 'linear', ' extrap');
TwnExp=i nt er p1( LTwrb, TwnExpb(j,:),L1,'linear', ' extrap');
HTCExp=i nt er p1( LHTCb, HTCExpb(j,:),L1,"linear',6 'extrap');
U=(log(ro/rm *ro/ Kw+1/ hc)~(-1);

Q& | uxExp=U* ( TwnExp- Tc) ;

TwoExp=Cf | uxExp/ hc+Tc;

Twi Exp2=TwnExp+Qf | uxExp*ro*l og(rniri)/ Kw,

Twi Exp=i nt er p1( LTwrb, Twi ExpMa(j,:), L1, " linear', ' extrap');
%% Code 2 Calculate Wall Tenperature (Tw)

% Ilnitial Condition

del taTwi =10;
Twi =( T- 20) ;
if i>=2

Twi =Twi b(1,i-1)+2;
end

whil e deltaTwi >0. 2
Twi =Twi - 0. 1;
%% Core Code Calculate Interface Tenperature (Ti)
% Initial Condition
del t aTi =100;
Ti=(T+Twi )/ 2;
if i>=2
Ti =Ti b(1,i-1)+4;
end
whi | e del taTi >0. 05
Ti =Ti - 0. 1;
% Air and Vapor nass fraction at the interface ****x**xxx%x*
Psatvi=interpl(Tlref,Psat, Ti,'linear', 'extrap');
Pai =P- Psat vi ;
xvi =Psat vi / P; xai =1-xvi ;
Wi =Mr*xvi [ (Ma* (1-xvi) +Mr*xvi ) ;
Wai =1- Wi ;
Mexvi * Mv+xai * Ma;

% Fi Il mheat transfer coefficient ( hf )x*xxkxisxsksrsxisxrxx
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Tf =Twi +0. 31*(Ti - Twi ) ; %filmtenmp (Tf)

% filmproperties

vi=interpl(Tlref,Vf,Tf, " linear', ' extrap');
muf =i nterpl(Tlref, Muf, Tf," linear', ' extrap');
kf=interpl(Tlref,Kf, Tf, 'l inear', ' extrap');
cpf=interpl(Tliref, Cof, Tf, ' linear', 'extrap');
nuf =nuf *vf;

pl =1/ vf;

Rel =4*nf / (3. 14*Di *nuf);
% I nterfacial Shear stress and Nondi nensi onal paraneters

ti=0.5*f 0*pg*ug”"2;

L=((nuf~2)/g)"(1/3) ; % Di mensi onl ess | ength
td=ti/(pl*g*L) ; % Di mensi onl ess shear stress
G=1+(1/ (pl *g)) *dP;

% Fi |l mt hi ckness

del Fd=0.5*(24*Rel / @ "(1/3)+0.5*(td/ G +0. 5*(24*Rel / G (-
1/3)*(td/ Q72+1/ 3*(24*Rel I G "(-2/3)*(td/ G "(3);

del F=del Fd*L;

hf d=kf / del F;

del FNU2=0. 5* ( 24* Rel / 1) ~( 1/ 3) +0. 5* (0/ 1) +0. 5* (24* Rel / 1) ~( -
1/3) *( 0/ 1) ~2+1/ 3% (24*Rel / 1) ~(- 2/ 3) * (0/ 1) ~(3) ;
hf NU2=kf / del FNU2;

% Nusselt Film Sol ution

del FNU=( 3*nuf *"2*Rel / (4*pl *(pl -pg) *g) ) ~(1/ 3);
del F3=(3*nuf *nf/ (3. 14*Di *(pl-pg)*g))"(1/3);
hf NU=kf / del FNU,

if Rel>4

hf =hfd/ (1. 33*(4*Rel )*(-0.11));
el se

hf =hf d;
end

%(bnvectlve heat trasfer ( hCV )*************************
i f Reg<2300;
hcv=(48/11)*(kg/ D) ;
el se
hcv=0. 023* Reg”( 0. 8) *pran(0.35)*(kg/Di);
end
%cbnden8|ve heat trasfer ( hcd ) R I I S O O O
Thar=(T+Ti )/ 2;
hf g=i nterpl(Tlref,H g, Tbar,'linear', 'extrap');
hf g2=hf g+cpv*(T-Ti ) ;
xvbar =(xvb-xvi )/l og(xvb-xvi);
Moar =xvbar * Mr+( 1- xvbar) * Ma;

cpg=xvbar *cpv+(1- xvbar) *cpa;

M =xvi * Mr+xai * Mg;
Mo=xvb* Mr+xab* Mg;
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pbar =Mbar * P/ ( R* Thar) ;
phi 1=I og( (1- Wab)/ (1-Wai )) /| og( Wai / Wab) ;
phi 2=Moar*2/ (Mo*M ) ;

9D=0. 24*0. 0001* (1. 013/ (P*107(-5))*((Ti +273)/273) ~(1. 75)) *( 1-

0. 3*(P*107(-5))/200);

end

end

D=- 2. 775* 107 (- 6) +4. 479* 107 ( - 8) * ( Ti +273) +1. 656* 107 (- 10) * ( Ti +273) 72;
Sc=nug/ (pg*D);

kc=phi 2/ phi 1* ( hf g* hf g2* P* D* Mr* Ma) / ( R*2* ( Thar +273) A3) ;

if Reg<2300
hcd=(48/ 11) *kc/ Di ;
el se
hcd=0. 023* Reg™( 0. 8) * Sc( 0. 35) *kc/ Di ;
end
% di f fusion | ayer thickness koK ok ok k Kk Kk Kk ok ok

del g=hf g2*pg* D/ (hcv*(T-Ti))*l og( (1-Wi)/ (1-Wb));
% Update the interface tenperature (Ti) | ***x**xxdkrxkdrxss

Qf =hf* (Ti - Twi ) ;
Qo=(hcv+hcd) *(T-Ti);

Ti 2=( T*(hcd+hcv) +Twi *hf )/ (hf +hcd+hcv);

del t aTi =abs(Ti 2-Ti);

Ti =Ti 2;

% Conpute the Quter wall tenperature (Two)

Two=Twi - ( hf*(Ti-Twi)*( Di *l og(Do/Di )/ (2*Kw) ) );

% Update the Inner wall tenperature (Tw)

Twi 2=Two+( hc*( Two- Tc)*(Do*l og(Do/Di )/ (2*Kw)));
del taTwi =abs(Twi 2- Twi ) ;
deltaTwi b(1,i)=deltaTw ;

%0 Conpute the Quter wall tenperature (Two)

Tw =Twi 2;

mvbi =ma* (1- Wai ) / Wi ;
nmvi b(1,i)=nvbi;
hcdnew=nvbi *hfg/ (T-Ti ) ;

HTCExp
HTC=(1/ (hcv+hcd) +1/ hf )~ (- 1) ;
HTCnew=( 1/ (hcv+hcdnew) +1/ hf ) ~(- 1) ;
F1=HTCExp/ HTC,

F2=HTCExp/ hf;

F3=HTCExp/ hcd;

F1b(1,i)=F1;
F2b(1,i)=F2;
F3b(1,i)=F3;
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Ja=cpg*(T-Twi )/ hfg;

Jab(1,i)=Ja;

ncf | ux=hcd*(T-Ti )/ hfg;

nc=hcd*(T-Ti )/ hf g*Pi *del t aL; % | ocal condensate nass
ncb(1,i)=nc;

mvb(1,i)=nv;

if i>=2
nc2=nvb(1,i-1)-nvb(1,i)
nc2b(1,i)=nc2;
ncb(1,i-1);
devi ationntc=(nc2b(1,i)-nch(1,i-1))/nc2b(1,i-1);
nmchi =nvi b(1,i-1)-mvib(1,i)
end

%% Cal cul ate the delta L

Qwi =(2*Kw) / (Di *1 og( Do/ Di )) *(
Qno=( 2* Kw) / ( Do* | og( Do/ Di ) ) * ( Twi - Two)

Q@ =hf*(Ti-Twi)

Q=(hcv+hecd) *(T-Ti)

QHTC=(HTO) *(T-Twi )

Q=hc* ( Two- Tc)

% del t aTi ha=abs(Ti 3-Ti 2);
del taKl R=Q¥ - Qwi ;

del WbWri =( Wb- Wi );
HTC2=Qwi / (T-Twi );

hi ce=334000; % Ent haply of freezing
Q =2*3. 14*Kw (Twi - Two) /| og(ro/ri)*del taL
Q((L,i)=Q;

if i>=2
nmvave=(nvb(1,i)+nmvb(1,i-1)-nt)/?2;
del taT2=(Q - nt*hf g)/ (ma*cpa+nvave*cpv) ;

Q=(Q(1,i)+Q(1,i-1))/2;

if Twi <0

del taT=(Q - (nc*hf g+nc*hi ce) )/ (ma*cpa+tnvave*cpv) ;
el se

del taT=(Q -nc*hfg)/ (ma*cpa+tmv*cpv);
end

end

Del @=Q *del taL;

Ll=del talL+L1;

Del Q(1,i)=Del Q
Qvb=nv*cpv*(del taT);
Qvb2=nmv*cpv*(del taT);
Qab=nma*cpa*(del taT);
del WbWri =( Wb- Wi ) ;

L1b(1,i)=L1;

del talLb(1,i)=deltal;

Tcb(1,i)=Tc; Tib(1,i)=Ti; Twib(l,i)=Twi; Twob(1,i)=Two; Ubb(1,i)=ug;
Twi Expb(1,i)=Twi Exp; TwoExpb(1,i)=TwoExp;

TbExpbextrapol ate(1,i)=TbExp; HTCExpbextrapol ate(1,i)=HTCEXp;

Wabb(1,i)=Wab; Wai b(1,i)=Wai;Wbb(1,i)=Whb;Wib(1,i)=Wi;

muf b( 1, i)=muf; pl b(1,i)=pl;pgb(l,i)=pg;Relb(l,i)=Rel;

nmvb(1,i)=mv; mab(1,i)=ma; nfb(l,i)=nf; ncfluxb(1,i)=ncflux; pab(1l,i)=pa;
del Fb(1,i)=del F*1000; del FNUb( 1, i ) =del FNU* 1000; del F3b( 1, i ) =del F3*1000; del gb(1, i ) =del
g*1000;

nvsat bb( 1, i) =nvsat b;

del Ti Tw(1,i)=(Ti-Twi); kfb(1,i)=kf;
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Pvb(1,i)=Pv; xvbb(1l,i)=xvb; xvib(1,i)=xvi; del WbWib(1,i)=del WbWi ;
Pb(1,i)=P;
dPb(1,i)=dP; mvb2(1,i)=m*1000; ncb2(1,i)=nt*1000; nfb2(1,i)=nf*1000;
Regb(1,i)=Reg; Recb(1,i)=Rec;Rel b(1,i)=Rel;
hcdb(1,i)=hcd; hfb(1,i)=hf
; hf NUb( 1, i) =hf NU;, hf NU2b( 1, i ) =hf NU2; hcvb(1, i) =hcv; hcb(1, i) =hc;
HTCb(1,i)=HTC,
Scb(1,i)=Sc;
HTCExpbb( 1, i) =HTCEXp;

Limtation=i;

Error T=T- TbExp
Error TW =Twi - Twi Exp

end

for gg=1:i
RHbi nv(gg, 1) =RHb( 1, gg) ;
L1bi nv(gg, 1)=L1b(1, gg);
HTCbi nv(gg, 1) =HTCb( 1, g9) ;
Thi nv(gg, 1) =Tb( 1, gg) ;
Twi bi nv(gg, 1) =Twi b(1, gg);

hf bi nv(gg, 1) =hf b(1, gg) ;

hcvbi nv(gg, 1) =hcvb(1, gg) ;

hcdbi nv(gg, 1) =hcdb( 1, gg) ;

HTCbi nv(gg, 1) =HTCb( 1, gg) ;
HTCExpbbi nv(gg, 1) =HTCExpbb( 1, gg) ;

F1bi nv(gg, 1) =F1b(1, gg);
F2bi nv(gg, 1) =F2b(1, gg) ;
F3bi nv(gg, 1) =F3b(1, gg);

Regbi nv(gg, 1) =Regb( 1, gg) ;

Rel bi nv(gg, 1) =Rel b(1, gg) ;

Jabi nv(gg, 1) =Jab(1, gg);

Wabbi nv(gg, 1) =Wabb(1, gg);

Schinv(gg, 1) =Scb(1, gg);

hf NUbi nv(gg, 1) =hf NUb( 1, gg) ;

hf NU2bi nv(gg, 1) =hf NU2b( 1, g9) ;

mef | uxbi nv(gg, 1) =ncfl uxb(1, gg);
end

Nurreri cal 01=[ L1bi nv, Thi nv, Twi bi nv, HTCbi nv, RHbi nv] ;

Nurrer i cal 02=[ hf bi nv, hcvbi nv, hcdbi nv, HTChi nv, HTCExpbbi nv, Flbi nv, F2bi nv, F3bi nv, Reghi n
v, Rel bi nv, Jabi nv, WaAbbi nv, Scbi nv, hf NUbi nv, hf NU2bi nv, ntf | uxbi nv] ;

Experi menal 01=[ LTwnb( 1, :); Twi ExpMo(j,:); TwnExpErrorb(j,:)];
Experi menal 02=[ LTb(1,:); TbExpb(j,:); TbExpErrorb(j,:)];
Experi menal 03=[ LHTCb( 1, :); HTCExpb(j,:); HTCExpErrorb(j,:)];

if j==

xl swrite(' 1DCodeResul ts-deltaT-Twi - nvi n-nvsat - Correl ati on2casel. x
Nurerical 01, 'R1', '"B3');

xl swrite(' 1DCodeResul ts-deltaT-Twi - nvi n-nvsat - Correl ati on2casel. x
Nurerical 02, 'R1l', '"R3");

xl swrite(' 1DCodeResul ts-deltaT-Twi - nmvi n-nvsat - Correl ati on2casel. x
Experinenal 01, 'R1', 'H2');

xl swrite(' 1DCodeResul ts-deltaT-Twi - nvi n-nvsat - Correl ati on2casel. x
Experinenal 02, 'R1l', 'H6');

xl swrite(' 1DCodeResul ts-del taT-Twi - nvi n-nvsat - Correl ati on2casel. x
Experinenal 03, 'R1l', 'H10");

s',

s',

s',

s',

s',

end
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if j==

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nureri cal 01, 'R2', 'B3');

xl swrite(' 1DCodeResul ts-del taT- Tw
Nureri cal 02, 'R2', 'R3");

xl swrite(' 1DCodeResul ts-del taT- Tw
Experinenal 01, 'R2', 'H2');

xl swrite(' 1DCodeResul ts-del taT-Tw
Experinmenal 02, 'R2', 'H6');

xl swrite(' 1DCodeResul ts-del taT- Tw
Experinmenal 03, 'R2', 'H10");

end
if j==

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nureri cal 01, 'R3', 'B3');

xl swrite(' 1DCodeResul ts-del taT- Tw
Nurreri cal 02, 'R3', 'R3");

xl swrite(' 1DCodeResul ts-del taT- Tw
Experinenal 01, 'R3', 'H2');

xl swrite(' 1DCodeResul ts-del taT-Tw
Experinmenal 02, 'R3', 'H6');

xl swrite(' 1DCodeResul ts-del taT- Tw
Experinmenal 03, 'R3', 'H10");

end
if j::

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nurerical 01, 'R4', '"B3');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nurerical 02, 'R4', "R3");

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinenal 01, 'R4', 'H2');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinmenal 02, 'R4', 'H6');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinmenal 03, 'R4', 'H10");

end
if j::

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nurerical 01, 'R5', '"B3');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Nurerical 02, 'R5', "R3');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinenal 01, 'R5', 'H2');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinenal 02, 'R5', 'H6');

xl swrite(' 1DCodeResul ts-deltaT-Tw
Experinenal 03, 'R5', 'H10');

end

%% Plots

if J ==
figure(l)
hol d on
pl ot (L1b, Th)

- nvi

- nvi

- nvi

- nvi

- nvi

- nvi

- nvi

- nvi

- nvi

- nvi

- Vi

- Vi

- Vi

- Vi

- nvi

- Vi

- Vi

- Vi

- Vi

- Vi

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

n-nvsat-Correl ati

errorbar (LTbb, TbExpb(1,:), ToExpErrorb(1,:),"'-.or")
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end

end

hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Tenperature (c)')

title(' Gas Core Tenperature')

pl ot (L1b, Twi b, L1b, Twi Expb)

hol d of f

figure (2)

hol d on

pl ot (L1b, HTCb)

errorbar (LHTCbh, HTCExpb(1, :), HTCExpErrorb(1,:),"'-.or")
hl = |l egend(' Numerical (Runl)','Experinents (Runl)');
x| abel (' Distance fromPipe Inlet (cm')

yl abel (' Total Heat Transfer Coefficient (Q"')

title(' Total Heat Transfer Coefficient')

hol d of f

figure (3)

pl ot (L1b, nvsat bb, nvb, ntb) ;

figure(3)

hol d on

pl ot (L1b, Th)

errorbar (LTbb, TbExpb(2,:), ToExpErrorb(2,:),"'-.or")

hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Temperature (c)')

title(' Gas Core Tenperature')

pl ot (L1b, Twi b, L1b, Twi Expb)

hol d of f

figure (4)

hol d on

pl ot (L1b, HTCb)

errorbar (LHTCb, HTCExpb( 2, :), HTCExpErrorb(2,:),"'-.or")
hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Total Heat Transfer Coefficient (CQ"')

title(' Total Heat Transfer Coefficient')

hol d of f

i ==3

figure(5)

hol d on

pl ot (L1b, Th)

errorbar (LTbb, TbExpb(3,:), ToExpErrorb(2,:),"'-.or")

hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Tenperature (c)')

title(' Gas Core Tenperature')

pl ot (L1b, Twi b, L1b, Twi Expb)

hol d of f

figure (6)

hol d on

pl ot (L1b, HTCb)

errorbar (LHTCbh, HTCExpb(3,:), HTCExpErrorb(2,:),"'-.or")
hl = |l egend(' Numerical (Runl)','Experinents (Runl)');
x| abel (' Distance fromPipe Inlet (cm')

yl abel (' Total Heat Transfer Coefficient (Q"')

title(' Total Heat Transfer Coefficient')

hol d of f
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end

end

if j==

end

end

figure(7)

hol d on

pl ot (L1b, Th)

errorbar (LTbb, TbExpb(4,:), ToExpErrorb(4,:),"-.or")

hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Tenperature (c)')

title(' Gas Core Tenperature')

pl ot (L1b, Twi b, L1b, Twi Expb)

hol d of f

figure (8)

hol d on

pl ot (L1b, HTCh)

errorbar (LHTCb, HTCExpb(4, :), HTCExpErrorb(4,:),"'-.or")
hl = Il egend(' Nunmerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Total Heat Transfer Coefficient (Q"')

title(' Total Heat Transfer Coefficient')

hol d of f

figure (11)
hol d on

pl ot (L1b, nvhb)
hol d of f

figure(9)

hol d on

pl ot (L1b, Th)

errorbar (LTbb, TbExpb(5, :), ToEXpErrorb(5,:),"'-.or")

hl = |l egend(' Numerical (Runl)','Experinents (Runl)');
x| abel (' Di stance fromPipe Inlet (cm')

yl abel (' Tenperature (c)')

title(' Gas Core Tenperature')

pl ot (L1b, Twi b, L1b, Twi Expb)

hol d of f

figure (10)

hol d on

pl ot (L1b, HTCb)

errorbar (LHTCh, HTCExpb(5, : ), HTCExpErrorb(5,:),"'-.or")
hl = |l egend(' Numerical (Runl)','Experinents (Runl)');
x| abel (' Distance fromPipe Inlet (cm')

yl abel (' Total Heat Transfer Coefficient (O ')

title(' Total Heat Transfer Coefficient')

hol d of f
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Appendix D: Java Code

This appendix presents the Java code developed in this study.

/1 STAR-CCMt+ nacro: test005.]ava
package nacr o;

i mport java.util.*;

import java.util.logging. Level

i mport java.util.logging. Logger;
i mport star.common. *;

i mport java.io.*;

i mport java.util.*;

import java.io.File;

i mport java.io. Fil eNot FoundExcepti on;
import java.io.PrintWiter;

i mport java.util.Arraylist;

i mport java.util.Scanner;

i mport star. base. neo. *;

public class test005 extends StarMacro {
public void execute() {

try {
execut e0() ;

} catch (Fil eNot FoundException ex) {

Logger . get Logger (t est 005. cl ass. get Nane()) .| og(Level . SEVERE, nul I,
ex);
}

}
private void executeO() throws Fil eNot FoundException {

Simulation simulation_ 0 =
get ActiveSi mul ati on();

/1 Generate Histogram Vapour MassS Fracti on ****x*kkkkkkkkkkkkkkk*
H st ogranmTabl e hi stogramlable 0 =

si mul ati on_0. get Tabl eManager (). creat eTabl e( Hi st ogr anirabl e. cl ass) ;

hi st ogr aniTabl e_0. set Present ati onNane("H st ogr amvapour MassFracti on");

Regi on region_0 =
si mul ati on_0O. get Regi onManager () . get Regi on(" Gas") ;

Boundary boundary 0 =
regi on_0. get Boundar yManager (). get Boundary("Qutlet");
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Boundary boundary_1 =
regi on_0. get Boundar yManager () . get Boundar y(" Synmetry- Gas") ;

Di rect Boundar yl nt er f aceBoundary
di rect Boundaryl nt er f aceBoundary 0 =
((Direct Boundaryl nt er f aceBoundary)
regi on_0. get Boundar yManager () . get Boundar y(" Condensat i on
[ Gas/ Pipe]"));

Boundary boundary_2 =
regi on_0. get Boundar yManager () . get Boundary("Inlet");

Boundary boundary_3 =
regi on_0. get Boundar yManager () . get Boundar y(" Condensati on");

hi st ograniTabl e_0. get Parts(). set Cbj ect s(regi on_0, boundary_0,
boundary_1, directBoundarylnterfaceBoundary 0, boundary_ 2,
boundary_3);

H st ogranBase hi stogranBase 0 =
hi st ogr aniTabl e_0. get Hi st ogran() ;

hi st ogr anBase_0. set Wi ght i nghbde(1);
hi st ogr anBase_0. set Nunber O Bi n(50) ;

Fi el dFunctionUnits fiel dFunctionUnits 0 =
hi st ogr anBase_0. get Wi ght i ngFuncti on();

PrimtiveFieldFunction prinitiveFiel dFunction_0 =
((PrimtiveFi el dFuncti on)
simul ation_0. get Fi el dFuncti onManager (). get Functi on(" Vapor MassFracti o

n"));
fiel dFunctionUnits_0. setFi el dFunction(primtiveFi el dFunction_0);

Fi el dFunctionUnits fieldFunctionUnits 1 =
hi st ogr anBase_0. get Bi nFuncti on();

PrimtiveFieldFunction prinitiveFieldFunction_1 =
((PrimtiveFi el dFuncti on)
simul ation_0. get Fi el dFuncti onManager (). get Functi on("Position"));

Vect or Conponent Fi el dFuncti on vect or Conponent Fi el dFunction_0 =
(( Vect or Conponent Fi el dFuncti on)
primtiveFi el dFunction_1. get Conponent Function(2));

fiel dFunctionUnits_1. setFi el dFuncti on(vect or Conponent Fi el dFuncti on_0O

),

XYPl ot xYPlot 0 =
((XYPl ot) sinmulation_0.getPl ot Manager (). get Qbj ect (" XY-
Vel oci tyCoreline"));
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Axes axes 0 =
xYPl ot _0. get Axes();

Axis axis 0 =
axes_0. get YAXi s();

AxisTitle axisTitle 0 =
axis 0.getTitle();

axi sTitle_0.setText("Velocity: Magnitude (m's)");
axi sTitle_0.setText("Velocity: Magnitude (m's)");
/1 Field function H stogram Vapour Mss

Fraction(lnterpol ation)****x*

User Fi el dFuncti on userFi el dFunction_0 =
simul ation_0. get Fi el dFuncti onManager (). cr eat eFi el dFuncti on();
user Fi el dFunction_0. set Present ati onNanme(" H st _Vapour Mass_Frac");
user Fi el dFuncti on_0. set Functi onNanme(" Hi st _Vapour _Mass_Frac");
user Fi el dFuncti on_0. setDefinition("interpol ateTabl e( @abl e(\"Hi st ogr

amvapour MassFraction\"), \"Position[Z] - Mn Extent\", LI NEAR
\"Vapor Mass Fraction Value - Average\", $$Position[2]) ");

/1l Field function H stogram Vapour Mass Fl ow Rate

kkhkkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhk*k

User Fi el dFuncti on userFi el dFunction_2 =
simul ati on_0O. get Fi el dFuncti onManager (). cr eat eFi el dFuncti on();

user Fi el dFuncti on_2. set Presentati onName("MFR_Dry_Inlet(Kg/s)");
user Fi el dFuncti on_2. set Functi onName("MFR_Dry_I nl et (Kg/s)");
user Fi el dFunction_2.setDefinition("0.00015\n");

User Fi el dFuncti on userFi el dFunction_1 =
simul ation_0. get Fi el dFuncti onManager (). cr eat eFi el dFuncti on();

user Fi el dFunction_1. set Present ati onNanme(" Vapour MassFl owRat e") ;

user Fi el dFunction_1. set Functi onNane(" Vapour MassFl owRat e") ;

user Fi el dFunction_1.setDefinition("${MR Dry_Inlet(Kg/s)}*(${H st_Va
pour _Mass_Frac})/ (1-${Hi st_Vapour_Mass_Frac}) ");
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/| Cenerate Hi stograniTabl e Vapour Mass Fl ow Rate

kkkkhkkhkhkkhkkhkhkhkhkhkikikikkhkikhk*

H st ogranTabl e hi stogranmfable_ 1 =

si mul ati on_0. get Tabl eManager (). creat eTabl e( Hi st ogr anirabl e. cl ass) ;

hi st ograniTabl e_1. set Present ati onNane("Hi st ogr anapour MassFl owRat e") ;

hi st ogranTabl e_1. get Parts(). set Cbj ects(regi on_0, boundary_0,
boundary_1, directBoundarylnterfaceBoundary_ 0, boundary_2,
boundary_3);

H st ogranBase hi stogranBase_1 =
hi st ogr aniTabl e_1. get Hi st ogran() ;

hi st ogranBase_1. set Wi ghti nghbde(1);
hi st ogranBase_1. set Nunber O Bi n(50) ;
Fi el dFunctionUnits fiel dFunctionUnits 2 =
hi st ogr anBase_1. get Wi ght i ngFuncti on();
fiel dFunctionUnits_2.setFi el dFuncti on(user Fi el dFunction_1);
Fi el dFunctionUnits fiel dFunctionUnits 3 =

hi st ogr anBase_1. get Bi nFuncti on();

fiel dFuncti onUnits_3. setFi el dFuncti on(vect or Conponent Fi el dFunction_0

),

/| Export File H stogramlabl e Vapour Mass Fl ow Rate

kkkkhkkhkkhkkhkkhkkhkkhkkikkhkkikhkhkh*k

hi st ograniTabl e_1. export (resol vePat h("H:\\ Wr k\\ Java
Scripts\\Final\\ccnD4.csv"), ",");

/1 Open the Hi stogram Vapor Mass Flow Rate File

kkhkkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhk*k

File file = new File("H \\Wrk\\Java
Scripts\\Final\\ccnD4. csv");

File fileTenp = new File("H \\Wrk\\Java
Scripts\\ Final\\ Tenperature. csv");

Scanner inputFile = new Scanner(file);

Scanner inputFileTenp = new Scanner(fil eTenp);
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PrintWiter out = new PrintWiter("H \\Wrk\\Java
Scri pts\\ Fi nal \\ Bi bi Jende. csv");

/] Decl aration

int index = O;

ArraylLi st <Doubl e> nunbers = new ArrayLi st <Doubl e>();
ArraylLi st <Doubl e> subtract = new ArraylLi st <Doubl e>();
ArraylLi st <Doubl e> firstColum = new ArrayLi st <Doubl e>();
ArraylLi st <Doubl e> secondCol um = new Arrayli st <Doubl e>();
ArraylLi st <Doubl e> t hi rdCol um = new ArrayLi st <Doubl e>();
ArraylLi st <Doubl e> TenpCol um = new Arrayli st <Doubl e>();
ArraylLi st <Doubl e> Heat Fl ux = new Arrayli st <Doubl e>();

/! Read the Tenperature Col unm
String lineTenp;

i nput Fi | eTenp. next Li ne();
while ( inputFileTenp. hasNext Line())

{

lineTenp = inputFileTenp. nextLine();

String[] digit = lineTenp.split(",");

TenpCol umm. add( Doubl e. par seDoubl e(digit[3]));
}

/! Read the file contents into an array and create a New Table for
Condensat e Mass Cal | ed Qut put

String line;

i nput Fi | e. next Line();
while ( inputFile.hasNextLine())

{

line = inputFile.nextLine();

String[] digit =1line.split(",");

firstCol um. add( Doubl e. par seDoubl e(digit[1]));
nunbers. add( Doubl e. par seDoubl e(digit[3]));

}

for (int i =0; i < nunbers.size()-1; i++)
{ subtract. add(nunbers.get(i) - nunbers.get(i+1));
if (TenpCol um. get (i) <273)
Heat Fl ux. add(subt ract . get (i )*287000/ ( 2*3. 14*0. 0075* (0. 76/ 50) )

} else {
Heat Fl ux. add(subtract.get(i)*0);
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out.println("Position[Z]" + "," + "CondensateMass" + "," +

"Tenperature” + "," + "HeatFl ux" );
out.println(firstColum.get(0) + "," + "0" + ", " + TenpCol um. get (0)
+ "+ "0,
for (int i =0; i < subtract.size(); i++)
{
out.println(firstColum.get(i+1) + "," + subtract.get(i) +
"," + TempCol umm.get (i) + "," + HeatFlux.get(i) );

}

//Close the file
i nput Fil e.close();
out.cl ose();

File condFile = new File("H \\Wrk\\Java
Scri pt s\\ Fi nal \\ Bi bi Jende. csv");

Scanner tenpln new Scanner (condFi | e);
Scanner condln new Scanner (condFil e);
Scanner condl n2 = new Scanner (condFil e);

String linel
String line2;
String line3;

int counter = O;
doubl e tenp;

doubl e mass = 0O;
doubl e total mass = O;

final doubl e TEMPERATURE = 273;
t enpl n. next Li ne();

do
{
linel = tenpln.nextLine();
String[] rowl = linel.split(",");
tenp = Doubl e. par seDoubl e(rowl[ 2] ) ;
simulation O.printIn("Tenp is =" + tenp);
count er ++;

}
while ( temp > TEMPERATURE);

simulation_O.println("counter= + counter);

condl n. next Li ne();
for(int i = 0; i <counter; i++)

{
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i ne2 = condl n. next Li ne();
String[] row2 = line2.split(",");
simulation O.println("mass is =" +
Doubl e. par seDoubl e(row2[ 1]));
nmass += Doubl e. par seDoubl e(row2[ 1]);
}

condl n2. next Li ne();

whil e ( condl n2. hasNext Li ne())

{
i ne3 = condl n2. next Li ne();
String[] row3 = line3.split(",");
t ot al mass += Doubl e. par seDoubl e(row3[ 1] );
}

Doubl e MassFreezing = total mass - nass;
Doubl e Ri sk = (MassFreezing / total nass)*100

simulation O.println

simulation_O.println("");
simulation_O.println("Total Mass of Condensate in the pipe =
+ total mass);
simulation_O.println("");
simulation_O.println("Mass of Condensate in Freezing Region is
" + MassFreezing);
simulation_O.println("Mass of Condensate in NonFreezing Region is
+ mass);
simulation O.printin("");
simulation O.printin("");

simulation O.printIn("Risk of Ice formationis =" + Risk + "%);

simulation_O.println("");

if (Risk <30)

{

simulation_O.println(" --> As the Risk is Less than 30% The Design
is Acceptable <-- ");

} else {

simulation O.println(" --> As the Risk is Above 30% The Design is
Not Acceptable <-- ");

}
simulation O.printin("");
simulation O.println(™----------m-mmm o
")
condl n. cl ose();
}
}
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