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SUMMARY

The design and development of gas turbine combustors is a
crucial but uncertain part of an engine development process.
Combustion within a gas turbine is a complex interaction of,
among other things, fluid dynamics, heat and mass transfer
and chemical kinetics. At present, the design process relies
upon a wealth of experimental data and correlations. The
proper use of this information requires experienced
combustion engineers and even for them the design process is
very time consuming.

Some major engine manufacturers have attempted to address
the above problem by developing one dimensional computer
programs based on the above test and empirical data to
assist combustor designers. Such programs are wusually
proprietary. The present work, based on this approach has
yielded DEPTH, a combustor design program. DEPTH ( Design
and Evaluation of Pressure, Temperature and Heat transfer in
combustors) is developed in Fortran-77 to assist 1in
preliminary design and evaluation of conventional gas
turbine combustion chambers.

DEPTH can be wused to carry out a preliminary design along
with prediction of the cooling slots for a given metal
temperature limit or to evaluate heat transfer and
temperatures for an existing combustion chamber. Analysis of
performance parameters such as efficiency, stability and NOx
based on stirred reactor theories is also coupled. DEPTH is
made sufficiently interactive/user-friendly such that no
prior expertise is required as far as computer operation is
concerned. The range of variables such as operating
conditions, geometry, hardware, fuel type <can all be
effectively examined and their contribution towards the
combustor performance studied. Such comprehensive study
should provide ample opportunity for the designer to make
the right decisions. It should also be an effective study
aid.

Returns in terms of higher thermal efficiencies 1is an
incentive to go for combined cycles and cogeneration. In
such cases, opting for higher cycle pressures together with
a second or reheat combustor promise higher thermal
efficiencies and exhaust temperatures and hence such designs
are likely to be of interest. The concepts that are needed
for understanding a double or reheat combustor are also
addressed using the programme. A specific application of the
programme is demonstrated through the design of a double
combustor.
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CHAPTER 1
INTRODUCTION

"Combustor design is an art not a science" is still an
accepted statement within the gas turbine industry. During
the past four decades the gas turbine combustor technology
has developed gradually and continuously, exhibiting high
combustion efficiency over the normal working range, in
spite of ever increasing operating conditions- higher press-
ures, temperatures and velocities. However, new concepts and
technology are still needed to satisfy current and projected
pollutant emissions regulations and to respond to the
growing emphasis on engines that can utilize a much broader
range of fuels.

Gas turbine combustors involve complex simultaneous
processes of three-dimensional flow, droplet evaporation,
gas phase mixing, radiation and chemical kinetics. The
complexity of these interacting processes is such that most
current gas turbine combustor designs depend largely on
empirical correlations. The design of combustion chambers
and prediction of performance, however, still owes, in most
instances, as much to art and past experience as it does to
science. It has long been recognized the need for understa-
nding the various processes on a common basis and also the
difficulty of unifying the common fundamentals in a general
and practically wuseful theory. General theories apparently
were not wuseful, and useful theories were not general. In
recent years, thanks to the rapid development of computers
and concurrent research into fundamentals of the various
aspects of combustion and turbulent flow, mathematical
models of a fundamental nature have started to emerge.
Although not yet sufficiently reliable design tools, these
models have proven to be very effective in analyzing
existing designs and it is 1likely that they will
progressively replace the cut-and-try approach to combustor
design. The approach is potentially capable of substantially
reducing development time as well as cost at the same time
improving combustor performance.

Performance parameters concerning fluid dynamics, heat
fluxes, efficiency, stability, ignition characteristics,
altitude behaviour are all important in qualifying a
combustor. The advantage of a model lies in the fact that it
is able to predict any performance parameter for a given
design. However, the biggest reward is when the model is
able to optimally design for the given performance
specifications at a reasonable confidence level such that it
grossly reduces the need for expensive experimental work.
The choice of any model greatly depends on as to what is
required, while cost and time limit its complexities.



Major gas turbine manufacturers and design organizations are
continuously developing powerful programmes such as PACE,
CONCERT, PHOENICS etc., over the years based on their
immense wealth of practical and research experience. But the
complexities of the field will also demand simpler, but
effective procedures. Even to wuse the existing wealth of
information, it is time consuming to carry out a design.

The present work consists of developing a design programme
for a straight flow combustor through modelling. The
programme will be able to carry out a preliminary design and
to evaluate 1its performance. A one-dimensional model based
on basic assumptions and existing correlations is ventured
here, to join the multitude of codes which are increasingly
getting complicated in terms of coding or coordinate system
or colour output. Considering the nature of approach, it may
be hard for the model to find its rung on the existing
ladder of modelling techniques; but the intention is to
produce a useful design and study tool. Parametric study of
performance variation due to a range of variables such as
operating conditions, geometry, hardware or fuel, can be
effectively carried out. This should provide ample scope for
the designer to make the right design decisions.

A specific application of the programme is demonstrated
through the design of a double combustor. Breaking away from
traditional concepts will be beneficial in either substanti-
ating or improving the present returns. Cogeneration or
combined cycle technology promises higher returns in terms
of thermal efficiency. Reheat combustor or double combustor
appears to be a promising feature to be used in conjunction
with this technology. Thermal efficiencies well over 50%
appear to be round the corner. Though the philosophy is
viable, the conceptual understanding and practicability of
reheat combustor are still desired. The model is used to
cover these areas as well. Though, premature, these ideas
could well be the concepts of future technology.



CHAPTER 2
STATUS
2.1 BACKGROUND

Combustor modelling is an attempt to provide a mathematical
framework as a foundation for increasing understanding of
reacting flow phenomena and to provide a means for the pred-
iction of the performance of combustion systems. Combustor
models also provide the means for the analysis and interpre-
tation of experimental data, as well as the scaling
necessary to apply laboratory results to full-scale systems.

Most of this recent development work has involved hardware
and thus considerable expense; the alternative, some sort of
guantitative model of the combustion process, is not gene-
rally available because of the complexity of the combustion
process in a gas turbine combustor. The need to understand
the fundamental process and be able to effectively model it
to predict accurately, grew with

1) cost -of new development and the pressing demands to
get the design right at the first attempt.

2) alternative use of gas turbines from the traditional
aviation field to ground and marine transportation
as well as stationary applications.

3) growing awareness of atmospheric pollution and the
consequent increasingly stringent measures to
control it.

4) the depleting high-grade crudes and the need to use
broad specification and alternate fuels.

An incentive to this impetus is the explosive growth in the
computer technology. Ideally, a model should allow predic-
tion, 1in terms of combustor geometry, inlet conditions, and
fuel and injector properties, of several performance param-
eters including gaseous and particulate emissions, comb-
ustion efficiency, heat transfer flux to the liner and metal
temperatures (information necessary to estimate the stress
and 1life), rich and weak <combustion stability 1limits,
pattern factor, ignitability and altitude relight.

The advantage of a model lies in the fact that it should be
able to predict the value for a given design. However, the
biggest reward is when the model is able to optimally design
for the given performance specifications at a reasonable
confidence 1level that it should grossly reduce the need for
expensive experimental work. However, the present day art is
striving to fulfill this.



The information relating to combustor technology and
combustor modelling is very vast ranging from simple
correlations to sophisticated finite difference techniques.
The present model 1is at an intermediary level, drawing
substantial advantages from the 1low 1level models using
correlations but also deriving the benefits from the high
level models wusing finite difference techniques. Hence the
thesis 'is intended to present the information which should
provide a typical background to the state-of-art and also
serve as a starting point for the expansion of the present
work, if desired in future. However, a specific mention is
made, wherever applicable as to which information is
actually used in the present work.

2.2 MODELS

The variops models can broadly be classified as
1) Empirical
2) Modular
3) Finite Difference Approach

2.2.1 EMPIRICAL CORRELATION

Gross features are described by correlations of experimental
data based on dimensional arguments, extensive testing and
precedent. Studies naturally focus on gross properties -
expressions for combustion efficiency, for example, in terms
of airflow rate, pressure drop, global temperature and
geometry. Correlations may be inter-related, permitting a
modular treatment of the combustor and its aerodynamic
environment. Such modelling 1is sustained by a blend of
intuition, dimensional reasoning and experience. Interpo-
lation can be performed with more confidence than extrapo-
lation. The approach and the wealth of empirical observation
supporting it is described by Lefebvre (1983).

Perfectly Stirred Reactor (PSR) approach of Longwell and
Weiss (1955), through the experiments on the well known
'Longwell Bomb’, had provided more productive data for
'global reaction’ than the individual ones. This approach
may not be directly applicable to practical systems where
mixing processes are equally predominant. Using similar
approach the Theta parameter relation developed by
Greenhough and Lefebvre (1957) has found wide application.

As an example to correlative approach, an expression for
fuel/air ratio at lean blow out derived by Lefebvre (1987)
is reproduced.
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£ f
Pz} a [ ° ] ..(2.1)
Vv 1.3 Xeff FLCV

pz .
P2 exp(Tz/BOO)

dpo = &

where
A depends on the geometry and mixing characteristics of

combustion zone and needs to be derived experimentally.
A=0.54 for F101 combustor,

Thus, first term is a function of combustor design, second
term represents combustion operating conditions, while the
third embodies the relevant fuel dependent properties.

Following are the typical approaches for emission
estimatior. Mellor et al (1983) have <correlated the
pollutant data of existing combustion chambers using semi
empirical scaling approach. They have suggested a
characteristic time model for gaseous pollutant emissions
from conventional gas turbines :

NOx EI = 4.5 7 (g NO,/Kg of fuel) ..(2.2)

s1,N0” TNO

CO EI = 35 (g CO/Kg of fuel) ..(2.3)

Tco” Ts1,co
Leonard et al.(1983) extended the model to relate to the
combustion inefficiency, as

(1 - n.) = 2.15 (Tn/fEIQ_[ 1+ 0.12 (teb/rsl)] ..(2.4)
This attempt to include evaporation, mixing as well as
kinetic processes will again depend on the prior knowledge
or assumptions of individual characteristic time models and
their dependence on fuel type, injection, quenching .

Though successful designs have resulted out of such
empirical relations, the growing importance of emissions and
need for the knowledge of detailed picture of the local
variations have evolved more elaborate techniques.

2.2.2 MODULAR APPROACH

In order to achieve overall picture of the combustion
chamber, single stage stirred reactor models of Longwell and
Weisse must be combined in series to include staged air
addition, or in parallel to include recirculation flows.
Modular concept enables one to depart from PSR concept to
Well Stirred Reactor (WSR) where limitation can be mixing or
reaction or both. Here the combustion chamber is divided
into convenient number of discrete zones, characterized by a



limited number of global parameters e.g. air-fuel ratio,
residence time, degree of ‘'unmixedness’ etc. The basic
interest in the application of approximate techniques is to
avoid the complexities inherent in a direct calculation of
an elliptic flow field by making suitable assumptions that
allow the flow to be computed using simpler approaches.
Clearly the simplest possible procedure is to assume that
the flow field 1is one_dimensional, thus avoiding any
necessity for definition or calculation of velocity or
species profile effects. A somewhat more sophisticated
approach is to assume that the combustor flow field can be
broken down to separate zones, each of which can be
calculated individually in some detail and then coupled
together in some fashion to obtain an overall computational
analog of the combustor flow.

An excellent model was proposed by Hottel et al. (1958) to
include combustion in the recirculation flow. This was
extended to include air staging by Hammond and Mellor
(1970).

Individual zones are further divided to include possible
downstream combustion and unmixedness by Swithenbank (1973).
As shown in Fig 2.1, the primary zone is represented by
three modules, a pair of WSR’s coupled by a PFR. The volumes
are calculated from jet entrainment theory, the total volume
of the primary zone having been assessed previously by some
independent method. The volumes of the various reactors are
estimated on the assumption of uniform gas density; the
swirler and recirculation volumes are ratioed according to
their mass flows; that of the primary is considered to be
symmetrical about the primary orifices. The secondary zone
has two modules, a WSR followed by a PFR. The volume of the
WSR is obtained by the assumption that it is symmetrical
about the secondary zone holes, with its upstream boundary
abutting the primary zone. The dilution stirred reactor is
supposed symmetrical about the dilution holes, and of a
volume which is ratioed in proportion of its mass flow to
that of the secondary zone. Between the secondary WSR and
the dilution WSR the resultant volume is taken as being the
secondary PFR. The plug flow module of the dilution zone is
taken as that between the downstream end of the dilution WSR
and the exit of the combustor. Thus, for each module, the
mass flow, volume and residence time have been defined, and
this may be wused to predict the composition leaving each
module wusing a suitable reaction scheme. The output of one
module becomes the input of the next, although within the
Primary =zone an iterative calculation must be used since
there is recirculation from one zone to another. Though,
extensive testing has not been attempted, this method offers
valuable performance as well as emission information.
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Fig 2.1 Schematic of Modular model of Swithenbank et al.
(1973)

So far all these models examined have assumed that the
influence of fuel droplets is negligible. It is obvious that
a more complete analysis could be made if the fuel droplet
size and distribution were incorporated together with
evaporative effects.

More sophisticated modular formulation is that by Mosier and
Roberts (1973) in which the combustor flowfield is described
by radial array of one dimensional, coannular stream tubes
(4 for tubular and 7 for annular) symmetric about geometric
combustor axis (Fig 2.2).
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Fig 2.2 Stream tube model of Mosier and Roberts (1973)

The model includes physical description of fuel droplet
burning and equilibrium or kinetic limited hydrocarbon_air
thermochemistry. 1Initial wvalues of mean droplet size and
injection wvelocity are determined from Separate droplet
vaporization equations are written for each stream tube. All
fuel that enters the recirculation zone is assumed to be
fully vaporized and mixed with the region (1) airflow.
Quasi_global kinetic model is used for gas phase chemistry.
The applicability of the programme can be seen from its
sample result given as Fig 2.3. The correlations are
described by Mellor (1978) as quite suitable.
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Modular models are by mnature correlative rather than
predictive, some details of the flow field configuration
must be known before a calculation can commence. Apart from
experimental data obtained from a geometrically similar
combustor, finite difference techniques can provide
flow_fields.

2.2.3 FINITE DIFFERENCE APPROACH

Progress in computational techniques has diverted present
day research activity towards analyzing flowfields using
finite difference techniques. Considering the fact that the
governing equations of heat, mass, momentum and other
processes taking place in a combustor are partial difference
equations, finite difference techniques are more suitable to
arrive at solutions. It is worth reviewing the basic process
and the governing equations at this stage.

GOVERNING EQUATIONS

For gas-fuelled flames, in the absence of radiation, the
instantaneous values of velocity, concentration of chemical
species and enthalpy can be represented by the following
conservation equations in cartesian tensor notation.

Continuity
dp BpUi
ot axi
Momentum
U, U, ap ] U, U, 2 U
— + pUj——l - - + (p(—= + —L - — 8, 5 —X )} + egy
ot 9X . 90X, 9X . 9X . 9xX, 3 ] ox
J 1 j J 1 ko (2.6)

Chemical Species

oC oC d u 9C .

p-——E + pU. % = { a} + pr o« = 1,NS
at Jax. aXx. Sc 9x. o
J ] J ..(2.7)
. Enthalpy
oh » dh ap ] u dh u Pr NS aC
p — + pU,— = — + —{ — — 4+ —( — -1 )L h —2}
at Jaxj ot 9xy Pr oxg Pr Sc a=1 © 2%

..(2.8)
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. Equation of state
P
P = ..(2.9)
NS
RT (Ca/Mwa)
o=1

. Auxiliary thermodynamic data

h = ha(T) ..(2.10)
NS ..(2.11)
h =a£1Caha

The reaction mechanism and associated rate constants must be
known to obtain the formation rate per unit volume. For
example, in the idealized irreversible reaction where
species A and B combine to form species C, i.e

A+ B =C
the forward r;te constant is, typically, kf=a exp(-E/RT) and
the net formation rates, which appear in the species mass

fraction equations, are

P

I, =- — kf CA CB ..(2.12)
Mw

B

. P

Ig = - ;; kf CA CB ..(2.13)
A

. P ch ,

rc = +Mwka CA CB ..(2.14)
A B

These complete the formulations to evaluate local velocity,
pressure, density, temperature, concentration of species and
other dependent variables (of course, with the need of some
reasonable assumptions). However, when these have to be
extended to practical combustors, a variety of difficulties
arise due to the complexity of the process.

COMBUSTION PROCESS :

In the process of combustion in a gas turbine, liquid fuel
is usually injected into a region of flow reversal, and
combustion is initiated after a time interval during which
partial or complete evaporation 1is achieved. The primary
purpose is to raise the temperature of the airflow by
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efficient burning of the fuel. The various processes taking
place in the combustion chamber are extremely complex. They
involve fuel atomization and evaporation and subsequent
mixing with air and combustion products, all occurring
simultaneously with chemical reaction and heat transfer. The
problem is less severe if the fuel is prevaporised and
premixed or the 1initial state of the fuel is gaseous.
Progress in isolating individual process and its detailed
theoretical treatment 1is inevitably very slow. The simpli-
fied processes treated individually are amplified below:

TURBULENCE

The flow in practical combustion systems 1is invariably
turbulent and the temporal and spatial variations in the
dependent variables encompass such a wide range of time and
length scales so as to preclude the direct numerical
solution of the governing equations. The computer storage
and time requirements are well beyond the capacity of any
existing or planned computer.

As a consequence, the dependent variables are decomposed
into mean and fluctuating components, and the resulting
equations averaged to convert them into statistical equa-
tions describing the evolution of mean quantities. 1In
general, the averaging process should involve ensemble
averaging but for the stationary flows considered here this
is indistinguishable from time averaging. As a consequence
of the non-linearity of the equations, averaging results in
a loss of information so that the equations are no longer
closed and closure assumptions are necessary before solution
is possible.

Reynolds Decomposition Favre Averaging
6 =T+ ¢ 6=+ ¢
Y _ ;] At
¢ = — Jédt ¢ = —— [podt
At O pOt O
$' =0 p¢" = 0; but " # 0
convective term pUiUj
P U, U,+ p UIUL + U,p'U!" o~ _
13 13 1 p U. U.+ »p U; ut
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The introduction of Favre averaging (Favre(1969)) simplifies
the closure problems in that it reduces the number of terms
to be modelled, as an example, the convective term pU.U. 1is
shown above. This is also known as density weighted i
averaging. With this, the equations of continuity, conser-
vation of momentum and a scalar may be written as

3
—(el;) = 0 .. (2.15)
9X .,
i
o . _ ap o~
" —(pU,U.) = pg, - — - ——(pU"U") ..(2.16)
9X . td * 3X, X, ]
J 1 J
9 - . d _/—\/ e~
———(pUi¢a) = - ———(pU;¢") + pSa(¢) ..(2.17)
axi Sxi (]

Considerable progress has been made in devising 'models’
—

which allow the calculation of the Reynolds stress pU"U"
1]
— —— — /_\-/ —— ——
7 ’ . " " ’ 14
(pUiUj for unweighted) and turbulent flux pUi¢a (pUi¢u

for wunweighted). Launder and Spalding (1972) summarized an
array of models with increasing number of equations ranging
from zero to as many as 28 equations. Depending on the
complexities one might wish to enter, and the computing time
available, any model can be chosen. However, simple
algebraic eddy viscosity models found wider application due
to their simplicity.

Mosier and Roberts (1973) have assumed turbulent mixing
between adjacent streamtubes. The eddy viscosity model is of
the form

max min I
where k is empirical constant fitted to experimental
mixing data for two-dimensional turbulent jets

b is proportional to the width of the mixing
region

Edleman and Harsha (1978) compared the one equation and two
equation models, and sample results are given as Fig 2.4. It
is pointed out that accuracy can be improved in both the
models by better prescription of mean Prandtl and Lewis
numbers.
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Fig 2.4 Comparison of one equation model prediction for
center velocity decay, reacting Hz-air jet

However better predictive accuracy is anticipated when two
equation turbulence models are invoked: the most commonly
used dependent variables are the turbulence kinetic energy k
and energy dissipation rate €, which are modelled with
differential equations (Jones (1979), for example).

CHEMICAL KINETICS

The combustion model in essence must provide a method of
evaluating the mean formation rate of each species present,
and in addition allow the calculation of mean fluid tempe-
rature and the density of the mixture. With reasonable assu-
mptions, the instantaneous thermochemical state of the gas
is determinable as a nonlinear function of a single strictly
conserved (i.e. =zero source) scalar variable. All the
relevant strictly conserved scalar variables are linearly
related, so the actual one to be used becomes a matter of
taste. Typical choices are the normalised mixture fraction,
{, defined as the mass fraction of fuel both burnt and
unburnt, the elemental mass fraction of any element
present, and the enthalpy or any composite variable made up
of these quantities. If the mixture fraction ¥ will be taken
as ‘the scalar wvariable to be wused, all other conserved
quantities can then be obtained from

h = (h, - h )C + h
Sfu o Ta a ..(2.19)
Ya = (Yafu- Yaa)C + Yaa

where Ya is the mass fraction of element « and where
subscripts ‘fu’ and 'a’ refer to the values appropriate to
the fuel and air streams respectively. The instantaneous
composition, temperature and density must now be related to
the instantaneous value of U.
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EQUILIBRIUM

The simplest approach is to assume instantaneous reaction to
equilibrium at the equivalence ratio dictated by the local
mixing. With this assumption it is not necessary to specify
a precise reaction mechanism and the equilibrium state
including composition, temperature and density can be
obtained by minimizing the free energy. A well tested and
reliable computer programme based on this technique is
described by Gordon and Mcbride (1971).

ONE STEP

Another simple method is to assume single step irreversible
reaction of the form

Fuel + Oxidant =2 Products ..(2.20)

The fast reaction assumption then implies that the mixture
(at any instant) consists of either fuel plus products or
oxidant plus products, i.e. fuel and oxidant cannot coexist
on an instantaneous basis. A knowledge of mixture fraction
is then sufficient to determine the (instantaneous) fuel,
oxidant and product mass fractions and with the adiabatic
flow assumption the temperature may also be calculated.

In so far as major species and temperature are concerned
both for the H2/air system and lean hydrocarbon/air mixtures
there 1is 1little to choose between the single step irrever-
sible reaction (with accurate thermodynamic data) and the
full equilibrium calculation.

However for hydrocarbon/air mixtures richer than stoichi-
ometric where large amounts of carbon monoxide may be formed
differences between the two methods becomes significant: the
single step reaction model which allows no carbon monoxide
to be formed may generate temperatures upto 200 K higher
than equilibrium temperatures.

MULTI STEP

It is well recognized that typical hydrocarbons burn in a
sequential manner. That is, the fuel is partially oxidized
to CO and H2, which are not appreciably consumed until all
of the hydrocarbon species have disappeared. Dryer and
Glassmen (1973) wused this observation, to <construct a
two-reaction model for methane oxidation in a turbulent flow
reactor which can be generalized for application to
arbitrary fuels

CnHm + (n/2 + m/4)02 - nCO + m/2 H,O

2

Co + 1/2 02 2> CO ..(2.21)

2
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With optimal rate reaction rate parameters, the two-step
reaction mechanism performs as well as the single-step
mechanisnm, but also provides information about CO
concentration with the adiabatic flame temperature much
closer to the correct value. Thus the two-step model will
provide more accurate NOx production rate predictions.

Another reaction can be added to account for the H2 - H20
equilibrium in the burned gas region. For each reaction
added another species equilibrium concentration can be
estimated. The logical 1limit of this process 1is the
quasi-global reaction mechanism of Edelman Fortune (1969),

A Forward E/R
Reaction Long Chain Cyclic b Long Chain Cyclic
a8

1) C,H_+50,+ FHy+n CO 6.0x10°  2.08x107 1 12.2x10% 19.65x10°
2) €O+ OH =H+CO, 5.6 x 10! o 0.543 x 10°
3) CO+0,=C0,+0 3.0 x 10%2 0 25.0 x 103
4) CO+ 0+ M =CO,+NM 1.8 x 10%° -1 2.0 x 103
5) H, + 0, = OH + OH 1.7 x 1013 0 24.7 x 109
6) OH + H, = HO +H 2.19 x 10%3 o 2.59 x 103
7) OH + OH* 0 + H,0 5.75 x 1012 0 0.393 x 103
8) O+ Hy,=H+OH 1.74 x 1013 0 4.75 x 103
9) H+0,=0+O0H 2.24 x 10 ) 8.45 x 10°
10) M+ 0+ H=0OH+M 1.0 x 1016 0 0
11) KM+04+0=0,+M 9.38 x 10 0 0
12) M+ H+H=Hy M 5.0 x 101° 0 0
13) M+ H +OH =10+ M 1.0 x 10*7 0 0

14) 0+ Ny =N+ NO 1.36 x 1014 0 3.775 x 10°
15) Ny+ 0, = N + NO, 2.7 x 104 -1.0 6.c6 x 10%
16) Ny + 0, = NO + NO 9.1 x 10%* -2.5 6.46 x 10
17) NO + NO = N + NO, 1.0 x 10%° o 4.43 x 10%
18) NO + 0 =0, + N 1.55 x 10° 1.0 1.945 x 10%
19) M+ NO=0+N+M 2.27 x 10%7 -0.5 7.49 x 10%
20) M+ NO, = O + NO + M 1.1 x 106 0 3.30 x 10%
21) M+ NO, =0, +N+M 6.0 x 10** -1.5 5.26 x 10%
22) NO + O, = NO, + 0 1.0 x 102 0 2.29 x 104
23) N+ OH = NO + H 4.0 x 10'3 0 0
24) H + NO, = NO + OH 3.0 x 1013 0 0

25) €O, + N = CO + NO 2.0 x 101! -0.5 4.0 x 103
26) CO + NO, = CO, + NO 2.0 x 101! -0.5 2.5 x 103

dCC H
n

g AT RO e - (g—T) [ Emmetes | [ ok, [¢] - aemn, ] - A2

Table 2.1 Extendeg C-H-0 Chemical Kinetic Reaction Mechanism
K = AT exp(-E/RT)
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which combines a single reaction of fuel and oxygen to form
CO and H2, together with a detailed reaction mechanism for
CO and H2 oxidation, given as Table 2.1. Since all of the
important elementary reactions and species in the CO-H2-02
system can be included, this approach can provide accurate
values for adiabatic flame temperature and the equilibrium
post-flame composition. Because thermal NOx production in
Flames depends on burned gas properties, the extended
Zeldovich mechanism reactions can be added to the quasi-
global reactions to give an estimate of NOx formation rates.
Radical 1levels in the flame zone as per Dryer and Westbrook
(1979) itself are not predicted well by the quasi-global
model, so NOx production due to radical overshoot will not
be predicted correctly.

The computational costs of a given reaction mechanism depend
primarily on the number of chemical species included, rather
than on the number of reactions. Conventional numerical
solution techniques indicate that thﬁ computer time
requirements are roughly proportional to N“, where N is the
number of species (Westbrook and Dryer (1981)).

Single step 5 (including Nitrogen)

Two step 6
CO-H,-0 i0 (#, O,H, ,0,, OH, H,O0, N,, CO, CO,,
2 72 FUEL) 2 2 2 2 2
Increasingly elaborate mechanisms for hydrocarbons

consisting of several hundreds of reactions are being
investigated. (238 reactions with 47 species for n-butane by
Pitz, Westbrook (1984), for example).

Interaction with Turbulence

When finite rate <chemistry 1is coupled with flow calcula-
tions, ~caution is to be exercised when turbulence is consi-
dered. The importance of fluctuations in turbulent flows is
well known and must be represented in the evaluation of mean
formation rates, density and temperature. Thus the reaction
rate for the one-step reaction in equation 2.12 can not be
accurately evaluated 1in terms of mean quantities and , for
example, the equation

I, # - p k (T) CpCph ..(2.22)
will lead to errors upto three orders of magnitude. The most
convenient way to represent the necessary scalar
fluctuations is with a probability density function
(PDF).
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PROBABILITY DENSITY FUNCTIONS

Considering the stochastic nature of turbulence, it is logi-
cal to rely on probability theory to arrive at averaging. A
Probability Density Function P(Ui), is defined so that

P(Ui)dUi is the probability that the ith component of

velocity will lie in a small range dUi about the value u, at
particular, fixed values of X4 and t.

®
—QI P(Ui)dUi =1

J UiP(Ui)dUi = U,

1
—

© 2
2 2 —_— 2
-QI Ui P(Ui)dui = Ui = Ui + Ui .. (2.23)

There are joint probability density functions, such as
P(e,U,;), having P(p,Ui)dde. equal to the probability that
fluid®™ density 1lies in"a small range dp about p and the ith
component of velocity lies in a small range dUi about u,.

Thus by knowing the PDF of the variable, its mean value can
be evaluated. Various methods are being evolved to specify
or construct or generate from its transport equation.

Different forms of PDFs are being investigated to suit the
variable. Velocity components do not involve sharp bounds,
but by their nature the mass fractions, mixture fraction are
restricted to the range of zero to unity. A consequence of
these different behaviours as well as programming technique,
is that for some variables Gaussian distributions, while for
others clipped Gaussian or Beta Function, or Gaussian
bounded by Delta functions (Lockwood and Naguib (1975)) are
being tried out.

Chemical prescription and its incorporation into a turbulent
flowfield calculations are being approached using laminar
flamelet concept (Liew, Bray, Moss (1981,1984)). Burning
within the turbulent flame is assumed to occur locally in
laminar-like flamelets, the scalar structure of which is
substantially invariant when expressed in mixture fraction
space. The Laminar flame experiments of Mitchel et al (1980)
confirm that composition measurements at different flame
positions can be <collapsed into common profiles against
local equivalence ratio (or mixture fraction () since
fuel-air mass ratio

C
FAR = ——— ..(2.24)

(1-2)



18

Given knowledge of the mixture fraction in the turbulent
flame, the accompanying scalar description can be simply
inferred from the flamelet relationship. Then evaluating
the probability density of the mixture fraction (in a beta
function form), all the other variables are evaluated from
this scalar variable and its distribution function

for e.g. mean concentration

1 ~
C. = OI C, (C) P(Q)dT ..(2.25)

However, at this development stage of the concept, the
applicability of the existing data for reaction rates etc,
often generated under turbulent conditions, to laminar
flamelets is a matter of concern.

Single step global reaction (2.20) is made use of in the
present programme to evaluate the species concentration and
product temperature. :

NOx
The oxides of Nitrogen of which the predominant compound at
high emission 1levels 1is Nitric Oxide, can be produced by
three different mechanisms

1) Thermal NO is produced by oxidation of atmospheric
nitrogen in the post flame gases.

2) Prompt NO is produced by high-speed reactions at flame
front. Under certain circumstance and especially in low
temperature fuel rich flames No is found very early in
the flame region. The intermediates including CN- and
HCN-type species may play a role in the "early" forma-
tion of NO (Fenimore (1971)). Prompt NO levels cannot
be predicted with any degree of precision. However, it
is likely their contribution in the modern gas turbine
engines could be of the order 0-30 ppmv, with low
values occurring at high temperature lean combustion
and high levels at low temperature rich conditions.

3) Fuel NO is produced by oxidation of Nitrogen contained
in the fuel. Its importance increases with the increase
in availability of nitrogen containing fuels.

The present work discusses in detail the estimation of
Thermal NO.

Nitric Oxide is normally present in trace quantities and has
negligible influence on the reactions associated with heat
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release, the thermodynamic state of the gas of the flow. It
is generally accepted- at least under fuel lean and near
stoichiometric conditions- that formation of NO is described
by the extended Zeldovich mechanism

0O + N2 & NO + N ..(2.26)
N + 02 # NO + O ce(2.27)
N+ OH &2 NO + H ..(2.28)

With consideration of superequilibrium O atom, models for
gas turbines with lean primary zones, can expect reasonable
predictive ability.

Reasonable predictions are possible by simple expressions
correlating the operating conditions, mixing characteristics
etc.. Mellor’s (1983) characteristic model indicated as Egn.
2.1 is one such example. Lefebvre (1987) has proposed of the
form

-8 1.25
9 x 10 P V. exp(0.01 T_,)
NOx = 2. c st 9/Kg ..(2.29)
my Ty :

where Tét = Primary zone stoichiometric flame
temperature

VC = combustion volume

Fletcher and Heywood (1971) developed a NOx model applying
the well-stirred reactor concepts to primary =zone,
accounting for the unmixedness through a normal distribution
of equivalence ratio about an assumed mean value (Fig 2.5)
and a residence time distribution about a mean value.
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Fig 2.5 NOx model of Fletcher and Heywood (1971)

Qualitative predictive ability is achieved, with a priori
knowledge of a number of performance parameters.

Better predictive ability is demonstrated (Fig 2.3) by
Mosier, Roberts (1974). As NOx heavily depends on the local
values of temperature and stoichiometry of the flow.,better
flow_field calculations are the contributing factors. As
explained previously the combustor flow is evaluated by
assuming a number of stream tubes.

Following similar philosophy, Hung (1975) approached the
problem dividing the combustor into five regions, as shown
in Fig 2.6.
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Fig 2.6 NOx Model of Hung (1975)

Though, prior knowledge of flow proportions is required,
this model demonstrated reasonable accordance with the test
results. Steps are included to account for the effect of
humidity and water injection. Hung (1975b) had extended the
model to NOx due to fuel bound Nitrogen, by assuming that
chemically bound Nitrogen in fuel is 100% reacted to form
nitric oxide and post combustion nitric oxide formation is
through Zeldovich mechanism, as is the case in his original
model.

It is common to distinguish between combustion reactions
involving the exothermic formation of CO2 and H20, and the
NOx formation reactions. In practice, however, these two
processes cannot be distinguished, and they are coupled. For
example, Edelman and Harsha (1977) treated combustion and
NOx formation mechanisms within the framework of a unified
scheme, considering the assumption that O is at its
equilibrium level 1is not entirely wvalid. BHowever, the
present work adopted the approach of Fletcher and Heywood
(1971) and treated NOx formation as a post flame phenomenon
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sSOO0T

Soot formation and oxidation involve complex physico-
chemical processes. The generation of soot in hydrocarbon
flames represents a potential source of several problems.
Soot is combustible, and therefore if it is not consumed in
the flame it represents a contribution to combustion
inefficiency. Soot also can be the primary source of thermal
radiation. Finally, 1its impact on the environment as
undesirable emissions also needs to be considered. These
problems will become more apparent as alternate sources of
hydrocarbon fuels are developed.

The processes governing the rates of formation and
subsequent oxidation of soot are highly complex and
quantitative models to describe these processes are not yet
fully developed. However, the main controlling factors are
much better understood. For the pressures and temperatures
prevailing in gas turbine combustors, equilibrium
considerations suggest that solid carbon appears when there
is insufficient oxygen to oxidize the fuel to CO and H,.

CxHy + mo, -> 2mCO + y/2 Hy + (x-2m)C(s) ..(2.30)
According to the above reaction (Haynes and Wagner (1981)),
the formation of soot should start when x becomes equal to
or larger than 2m, i.e. when the C/0 atomic ratio exceeds
unity. However, since soot formation is essentially a non-
equilibrium phenomenon, soot is reported to be observed at
C/0 ratios much less than unity for temperatures less than
2000 K.

The amount of soot produced is generally too small to
influence the rate of heat release and, in principle, its
rate of formation can be <calculated from a knowledge of
hydrocarbon and oxygen concentrations if an approximate
correlation equation is known. In general, soot
concentration is given by

dc  dc dac_ .
_— . £ _ _Toxid ..(2.31)
dt  dt dat

f : formation, oxid : oxidisation
A simple representative correlation based on test data
proposed by Lefebvre (1985) is of the form:
1.5 2.0 [ F/A e0-0011T
¢ = Soxig = (18-H) By o 5 "%\ T |
a2 " pz / sz

..(2.32)
Cg and Ce are experimentally evaluated for each combustor
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Investigations typically relating the global soot formation
rates to the experimental results include Najjar (1986) on
gas turbine combustors, , Mullins et al. (1987) on shock
tube experiments. Though numerous correlations and models
exist, more work is required to effectively predict soot at
this stage of development. Hence, soot estimation is not
included in the present work.

FUEL SPRAY

So far, the discussions described the models for homogeneous
gas phase turbulent diffusion flames. However many flow
fields of technological interest involve multiphase reacting
flows, for example, problems involving coal combustion,
droplet and spray combustion phenomena associated with
liquid hydrocarbon fuels, and slurry and metal particle
combustion. In these areas combustion modelling approaches
are not nearly as well-developed. Here the discussion is
limited to only droplet and spray combustion. Even though
this aspect is not included in the present programme the
typical approach and governing equations are presented
below. ‘

A detailed model for fuel spray penetration and evaporation
requires the introduction of a species conservation equation
for each =size classification of the droplets, and similar
momentum equations including drag effects and energy
equations for droplet temperature histories.

Normally the size distribution of the fuel droplet is
adequately described by a single value of Sauter Mean
Diameter (SMD). 3

I nD

I nD2

SMD = where n number of drops

...(2.33)

One typical Lagrangian formulation (wWild et al.(1987)) for
the droplet motion is given as

dUid 18 Cp Re

2
d

— - - (ugq - Uy) ..(2.34)

D 24

e
where U g denotes the component of droplet velocity, D4 is
the droplet dia, g is its density. The droplet Reynolds no
Re is defined as

- U ..(2.35)
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Ch is Reynold’s number dependent drag coefficient
Droplet evaporation is described by
dDd 8\ - Cp

= 1n|l + ——(T—Td) [1+0.23 Re
dt 2 py Cp Dy L

1/2J
..(2.36)

SWIRL- RECIRCULATION

Another complication of the practical combusting systems is
that they are swirling with recirculation. Typical recir-
culation regions are shown as Fig 2.7 (Edleman & Harsha
(1977)). However, considering its nature, this aspect cannot
be included in the present work, which 1is only one
dimensional in nature.

Lilley (1986) presented the results of a series of work on
turbulent flows with swirl in 2D axisymmetric geometries
under low speed and non-reacting conditions. He highlights
the need for better models, reminding that the accuracy of
currently available prediction codes for swirling
recirculating confined flows is in doubt, because of
questionable turbulence models and lack of suitable
experimental data base.

Recirculation eddy

Upstre am

Downstream
stagnotion point

Oncoming flow LRecirculaﬂon eddy
(a) Outer-flow recirculation (d) Woke recirculotion

“Wake

Recirculation eddy

ZRecirculation eddy

tlnl .
et fl
(b) Centerline recirculation o

(e) Sudden expansion

Recirculation eddies Isotach (turbulent)

(*ypicol)-\\\<\~ = //j:;/

Isotach (laminar)

\-Onc.oming flow LRecirculotion eddy Moin flow
(c) Opposed jet recirculation (f) Corner flow
(a) "FREE’ (b) FIXED

Fig 2.7 Types of Recirculation zones



Lilley (1977) summarises that while good results can be
achieved for swirling jets, for reacting flows in combustion
geometries which include recirculation =zones, it is
difficult to achieve reasonable 1level of quantitative

REGION | REGION Il REGION i
RECIRCULATION PARABOLIC
INLET REGION: REGION: REGION:
ACCURACY OF STRENGTH = ACCURACY BETTER
PREDICTIONS UNDERPREDICTED) THAN 86 - 90%
DETERMINED BY ~ BY 20 - 25%
ACCURACY OF SIZE =
INLET PROFILE UNDERPREDICTED
BY 15 - 20%
PROFILE =
QUALITATIVELY
va PHEDI‘CJEDII Ll bk £ bk L ok Lk
A
AREAS OF 1 |
RECIRCULATION _‘_:(j//
/—'-_

—— |
—_—

P— |
CENTERLINE

x2xrrn

El

Fig 2.8 Summary of the accuracy of predictions in the
various regions of the flow field

agreement with experiment. Syed and Sturgess (1980) describe
the present status of predictive capability of swirling and
recirculating flow as shown in Fig 2.8.

2.2.4 CLOSURE

The treatment of above processes and coupling of submodels
is gradually growing. However, the empirical approach, to
date has arguably been the more influential in determining
the design.

The Existing models of the gas turbine combustion are
itemized in Table 2.2 and 2.3. (Mellor (1979)) interms of
whether they are modular (MO) or finite difference (FD) .
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a|Submodel |Complexity|(extra PDE’s) Submodel
Reference FD or MO |[chemistry|Turbulence fuel spray {Interactions Comments
Hammond & MO nb HSRC NAd None Poor trend
Mellor predictions;
(1971) can’‘t fit both
NO and CO
Fletcher, Mo 0 + NO psr® NA None Can’t fir NO
Heywood over entire
(1971) engine operating
range
Mosier MO n WSR's 1 None Good
Roberts et PFR’s agreement
al (1973)
Anasoulis et FD 0 + NO 0 n None Very poor
al (1974) agreemnt
Reynolds et FD 2 2 unknown esu? Predicted HC
al (1977) and CO too
high; no NO
predictions
Serag-Eldin FD 0 2 NA pDFR Limited
Spalding agreement for
(1978) T
Edleman et Parabolic n 0 n None No comparision
al (1972) FD + WSR with experiment
Felton et FD and 2 2 unknown EBU MOs sized from FD
al (1977) MO n PSR’s n None analysis, no MO
results compared
with gas
turbines yet
a FD = finite difference, MO = modular; e PSR = partially stirred reactor
b number of steps see text f PFR = plug flow reactor
C WSR = well stirred reactor g EBU = eddy break up model
d not appropriate h PDF = probability function

* see Mellor (1979) for references

Table 2.2 Models for Gas Turbine Combustors (Mellor(1979))
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Submodel |Complexity|(extra PDE’s) Submodel
Reference Experiment |chemistry|Turbulence fuel spray |Interactions Comments
Lockwood et [Axi- 0 0 NA None Local mixing
al. (1974) symmetric can be
furnace calculated
Bradley et WSR 2 2 RA EBU Ko k'’s match
al (1977) both T and
compositon
Wormeck and WSR n 2 NA None NO predictions
Pratt (1977) poor
Peck and Opposed 2 + NO 0 or 2 NA None Predicted n
Samuelsen Jet too high,
(1977) reactor cold flow off
Wuerer and Opposed NA 0 or 2 NA NA cold flow only
Samuelsen Jjet
(1977) reactor
Schefer and |Opposed + NO 0 NA None Predicted nc
Sawyer jet and NO too
(1977) reactor high
Gibleng et 3D model + NO 0 n None very poor
al (1975) combustor agreement for
- T and NO
Gibeling et |[3D model + NO 2 n None same as above
al (1976) combustor
McDonald and|Axisymmet- + NO 2 NA None very poor
Buggeln ric model agreement
(1977) Combustor for T
Altenkirch Quasi- n 0 NA None Very poor
& Mellor axisymmet— agreement for
(1975) ric burner NO and CoO
Boyson and Axisymmet- NA 2 n None No comparison
Swithenbank |[ric burner with exper-
(1977) iment

* see Mellor (1979) for references

Table 2.3 Finite Difference Model comparisons in
recirculating flow

LR A

A e SRR b

Al

A cursory glance of the comments offered by Mellor (1979) do

i i icti he practical
highlight the gap between the pre§1ct}og and t
siguatgon and hence, the formidability of the task.
Observations, so far are made wiFh no refgrence to the
complications involving the computing technique wused in
these methods.
2.2.5 COMPUTATIONAL CODES
The essential difference between the various available

computer codes include the following: the complexity of the
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equations set for the simulation of the physical processes,
the storage requirements, the location of variables in the
grid space system, the method of deriving the finite-
difference -equations that are incorporated and the solution
technique. Problems are classed according to the degree of
realism and refinement, as represented by their dimension-
ality (the number of independent variables from three space
dimensions and time) and type (parabolic and elliptic). The
flow classification of parabolic (possessing one coordinate
direction with first- but without second order derivatives-

boundary layer type with prominent directions(s)) or
elliptic (possessing second order derivatives in all co-
ordinate directions- recirculating type with wupstream

influence) governs the type of boundary conditions required
and the solution method. Marching methods are appropriate
for the former, relaxation methods for the later.

Wide range of readily available large codes are:
Parabolic : GENMIX

. Elliptic : CHAMPION, TEACH, PACE, SIMPLE, FLUENT,
CONCERT, PHOENICS etc.

In recent times the finite difference approach has gained
rapidly in popularity since it can resolve details of the
flow and temperature fields which are important to the
turbine designer. Nevertheless there are significant
features of combustor operation, such as the prediction of
the rich and weak combustion stability limits as a function
of pressure, temperature and flow, which are both difficult
and expensive to compute via the finite difference
procedure. Fortunately, the reactor network approach is well
suited to this latter task and the two approaches should be
regarded as complementary rather than as competing
alternatives (Evan et al. (1984)). The difficulty in using
finite difference modelling procedures for calculating the
stability limits arises partly from the form of the
differential equations. These are stiff non-linear equations
and their wuse in searching for the flame blow-off loop
conditions not only involves long computation times but is
also complicated by the need to distinguish against
numerical instabilities when computing close to a real flame
instability. The stirred reactor model 1is therefore
potentially more suitable for the accurate prediction of
chemical kinetic effects on combustion efficiency and
pollution, maximum throughput and stability limits. However
it requires additional measures to consider mixing effets.

The model described by Jones and Pridden (1979) provides a
representative example in computing three-dimensional
combustor flowfields. The governing equations for this model
are written in Favre averaged form and a two-equation k-¢
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turbulence model is used. Fast chemical reaction is assumed
so that the species concentrations can be determined from a
single normalized concentration variable; a scalar
probability density function model is wused to take into
account fluctuations in scalar properties. For the case of a
liquid fueled combustor, dynamic equilibrium (for both mean
and rms velocities) i§ assumed and the fuel temperature is
assumed constant; a d° law is used for droplet evaporation
and the droplet concentration field is described by a scalar
probability density function for droplet size. The NO
formation process is described by an overall irreversible
rate expression, based on instantaneous concentrations and
temperatures; the average production rate for NO is also
obtained from the scalar probability density function

2.3 CHOICE OF MODEL

In deciding on and justifying the use of a particular
procedure, one has some deliberation:

1) Does it predict with sufficient accuracy?
2) How much time is needed to obtain solution?

3) How easy is it to wunderstand the result and its
implications?

4) what is the cost?

Until a clear understanding of all the complex processes and
their interaction are well wunderstood, the gas turbine
combustor field will continue to use correlations based on
experimental results and cautiously utilize the results of
modular and finite difference approaches to supplement the
wealth of experience.

Spalding once stressed the importance of a balance of
complexity in mathematical models, pointing out the
absurdity of a highly sophisticated reaction scheme in a
primitive flow model. There is no point in including a
factor that will have a tenth order of magnitude influence
on the result when all factors responsible for fourth to
ninth order of magnitude effects, in that particular
context, have been omitted (and a factor important in one
combustor configuration may be totally irrelevant in
another). The answer does not therefore (necessarily) lie in
construction of a "kitchen sink" theory in which all
conceivable and many inconceivable factors have been
included. The answer can lie in selection of parameters such
that all are in balance in complexity, and the "accuracy" of
the answer does not grossly exceed the accuracy of
experimental determination and test.



30

One example of need of different degrees of complexity are
the grid size for flow calculations, radiation calculations
and the emission calculations.

2.4 SCOPE

Keeping in mind the adequacy of prediction technique depends
largely on the detail required, it is decided to take the
following steps:

1) Major emphasis should be on a comprehensive design
procedure.

2) One dimensional parabolic flow analysis with a
constant property assumption radially, for flow
evaluation.

3) Simple kinetic model based on a single step global
reaction to evaluate temperatures. Soot is
neglected.

4) Heat transfer analysis such that metal temperature
and related heat transfer data can be obtained. Also
a design procedure to estimate the cooling configur-
ation for a given maximum metal temperature.

4) Modular approach with stirred reactor concept, to
estimate NOx, based on Zeldovich reaction mechanism
as a post flame phenomenon.

The expected advantages are :
1) savings on computing time and storage

2) An effective design tool at a preliminary stage to
compare the various design options qualitatively and
guantitatively on relative basis

The demand for better efficiency and the potential co-
generation and combined cycles, are sufficiently tempting to
attract Gas Turbine technology towards reheat combustor.
Though conceptually not a new topic, practical usage would
be novel. Possibility of exploring the concepts and design
approach for a double combustor wusing the developed
programme, will also be considered.

Though the initial aim was to evolve a programme, as
described above, in order to improve the utility of the
programme, it was subsequently decided to enter into
stability and efficiency estimation. This attempt will be
described in the subsequent chapters.
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CHAPTER 3
PROGRAMME PHILOSOPHY
3.1 FOREWORD

Combustion technology, being much experimented, but less
documented, will be approached with less certainty from the
software point of view. However, computers enhance the
utility of the existing information if suitably structured
in an algorithm. Design oriented software for combustors,
apart from satisfying the norms of software engineering
interms of highest reliability, least number of bugs, would
be more beneficial if it is interactive or user friendly.
Its utility will invariably rest both on

1) Design or Evaluation Approach
2) Computing Technique
3.2 STRUCTURED PROGRAMMING

The computing technigque will decide the time and storage
requirement. Both obviously, have to be minimized. Any
development work should be structured in such a way that
evolution or continuation in future 1is an easy process.
Modular approach is the best technique considering the
interactive complex individual phenomena in a combustor.
Thus partitioning the system as per process and defining the
problem in a modular fashion should enhance the
modifiability of the software.

3.2.1 LANGUAGE

It is decided to write the programme in Fortran-77, a widely
accepted engineering language wusing the available VAX
computers. '

3.2.2 GRAPHICS

The available GINO 1libraries lend themselves to be easily
programmable with Fortran-77 language. Though systems like
UNIRAS or GKS (Graphical Kernel System) could have been a
better choice if future standards and portability between
systems "are considered. However, considering the short time
span available, and also the need for the programme to be
used as a study tool in the School, it is decided to adhere
to the available GINO libraries.

NOTE : The inevitable did happen much sooner than expected.
Just before this thesis went for a print, it was announced
that existing GINO libraries will be phased out by Sep 88.
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UNIRAS would be the next choice. Change over should not be a
problem as the output is already stored in a convenient
tabular form.

3.2.3 INTERACTIVE

Maximum benefit can be accrued from any design programme,
which 1is intended to be a study aid too, when the programme
is interactive or so called 'user-friendly’. Any combustor
design process involves a variety of design decisions which
largely depend on past experience or design environment (in
short there 1is no one single standard design code). Hence
providing a choice with all the options offers an
opportunity for a user to investigate the implication of any
option on the overall design.

Interactive exercise can be enhanced by a variety of ways.
Facilities 1like Forms Management, Screen Management or
Screen Graphics provide the desired effect of windowing the
screen and displaying maximum information on the same screen
at different 1locations. The only disadvantage is that they
are highly system oriented. Portability between systems is
impossible. However a version with the available Forms
Management System on the VAX will be produced.

3.2.4 INPUT/ OUTPUT

The input information, the wuser is required to provide
should be made as simple as possible. File and/or
interactive input will be made possible. Interactive input
will be assisted with the possible range of each variable,
so that the input process will be reduced to a matter of
judgment in majority of the cases. Graphical output is more
effective as opposed to a tabular output. Considering the
nature of variation of variables such as temperature,
pressure etc., interactive graphics enhance the utility of
the package. However, for the present study, both the
graphical and the tabular output will be provided with an
option to choose a range of variables for plotting. If any
session is discontinued, for any reason, programme should be
able to store all the intermediate values, so that contin-
uation is an easy process.

3.3 AXIOMS FOR ALGORITHM
3.3.1 MAJOR ASSUMPTIONS
1) One dimensional analysis

2) Primary aim is to be an effective design tool and a
study aid.
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3) All the steps would be based on available correla-
tions and experimental-results

4) It should cover all the essential features of design
and performance in terms of fluid dynamics, metal
temperatures, efficiency, stability and emissions.

5) It should be interactive.
3.3.2 GRIDDING

By and large conventional combustors are axisymmetric or
approximated to axisymmetric shapes. Though <cylindrical
polar coordinates easily represent the system, cartesian
coordinates are preferred as they lend themselves for easy
understanding. However, for multi-dimensional systems, the
above representation is not preferable due to nonconformity
to a complicated geometry with a coarse grid or long
computational times with a fine grid. In such cases, 3D body
fitted coordinates should be a preferred system. Kenworthy
et. al. (1984) have demonstrated the disadvantages of a
stairstep coordinate system as compared to a body fitted
coordinate system. For analyzing combustors with contoured
walls, 3D body fitted coordinate system would be an
automatic choice for the future finite difference codes. For
the present work, stairstep system, - is a natural choice. The
X-direction spacing would decide how closely the boundary
conforms to the contour of the combustor.

combustor contour

Fig 3.1 Stairstep Coordinate System
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3.3.3 PROGRAMME HIERARCHY

True to the title 'DEPTH’, programme is intended to be able
to probe sufficiently deep into both the aspects of design
as well as evaluation. Accordingly it is divided into two
parts as represented below.

DEPTH

INPUT FILE
PRE. DES.
PRELIMINARY PERFORMANCE
DESIGN I/0 FILE EVALUATION

INPUT FILE -
PER. EVN.

Fig 3.2 Programme Hierarchy

"DEPTH' consists of two primary blocks, one Preliminary
Design and the other Performance Evaluation. The Evaluation

phase further comprises of

. Flow Evaluation

. Heat Transfer Calculations

. Efficiency and Stability Evaluations
. Emission Estimation

User will have an option to enter any block giving the
necessary input.
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CHAPTER 4

PRELIMINARY DESIGN
4.1 INTRODUCTION

"Combustion Chamber design is an art not a science". The
reminder to this statement, however, is not to take cover
under the magnitude of the problem, but to highlight the
inadequacy of a start- to-finish design procedure. As design
is a process with a lot of feedbacks, it would be difficult
to draw out a simple order of events. Also design is always
a logical extension to the past experience. Combustor
technology has always been following this consistently over
the past few decades. Many types of combustors, differing
widely in size, concept and method of fuel injection have
been designed. However «close inspection reveals that many
aerodynamic features are common to all systems.

4.2 BASIC DESIGN FEATURE

In order to define the essential components needed to carry
out the primary functions of a combustion chamber, the
process needs to be defined briefly.

Figure 4.1(a) shows the simplest possible form of combustion
chamber- a straight-walled duct connecting the compressor to
the turbine. Unfortunately, this simple arrangement is
impractical because the pressure 1loss incurred would be
excessive. The fundamental pressure loss due to combustion
is proportional to the square of the air velocity, and for
compressor outlet velocities of the order of 150 m/s this
loss could amount to about a quarter of the pressure rise
achieved 1in the compressor. To reduce this pressure loss to
an acceptable 1level, a diffuser is used to lower the air
velocity by a factor of usually about 5, as shown in fig
4.1(b).

However, even with a diffuser, a flow reversal must be
created to provide a low-velocity region in which the flame
can be sheltered and sustained. Fig 4.1(c) shows how this
may be accomplished with a plain baffle. The only remaining
defect in this arrangement is that, to produce the desired
temperature rise, the overall chamber air/fuel ratio must
normally be around 50, which is well outside the limits of
flammability for air-hydrocarbon mixtures. 1Ideally, the
equivalence ratio in the primary combustion zone should be
around 0.8, although lower values (around 0.6) are sometimes
preferred if low emission of nitric oxides is a prime
consideration. To solve this problem the simple baffle is
replaced with a perforated 1liner, as illustrated in
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Fig 4.1 stages in evolution of a conventional
Gas Turbine Combustor (Lefebvre (1983))

fig 4.1(d). The function of the liner is to provide a region
of low velocity in which combustion is sustained by a
recirculatory flow of burned products that provide a
continuous source of ignition for the incoming fuel-air
mixture. The air not required for combustion is admitted
downstream of the combustion zone to mix with the hot burned
products and thereby reduce their temperature to a value
that 1is acceptable to the turbine. In Practice it is
customary to insert, between the primary and dilution zones,
a so-called "intermediate" zone whose purpose is to recover
losses due to chemical dissociation of the primary
combustion products. This is done via the addition of small

discrete amounts of air.
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Fig 4.1 thus illustrates the 1logical development of the
conventional gas turbine combustion chamber in its most
widely wused form. As would be expected there are many
variations on the basic pattern shown in Fig 4.1 (d) but, in
general, all chambers incorporate, as key components, an air
casing, diffuser, liner and fuel injector- as shown below:

Fuel nozzle Liner
Cooling slot
/ / Outer annuhN,
aK— — — N
Primary hole

zone zone

Intermediate hole

/

——

|
|

Intermediate : Dilution
|
: Dilution hole
|

A
Inner annulus

Diffuser

N\

Air casing

Air swirler
Snout

Fig 4.2 Main Components of a Gas Turbine Combustor

The choice of a particular type and layout of combustion
chamber is determined largely by engine specifications but
is also strongly influenced by the desirability of using the
available space as effectively as possible.

4.3 COMBUSTOR REQUIREMENTS

A gas turbine must satisfy a wide range of requirements
whose relative importance varies among engine types.
However, the basic requirements of all combustors may be
listed as follows:

1) High combustion efficiency (i.e., the fuel should be
completely burned so that all its chemical energy is
liberated as heat)

2) Reliable and smooth ignition,both on the ground
(especially at very low ambient temperatures) and,
in the case of aircraft engines, after a flameout at
high altitude

3) Wide stability 1limits (i.e., the flame should stay
alight over wide ranges of pressure, velocity, and
air/fuel ratio)
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4) Freedom from pressure pulsations and other
manifestations of combustion-induced instability

5) Low pressure loss

6) An outlet temperature distribution (pattern factor)
that is tailored to maximize the life of the turbine
blades and nozzle guide vanes

7) Low emissions of smoke, unburnt fuel, and gaseous
pollutant species

8) Design for minimum cost and ease of maintenance
9) Size and shape compatible with engine envelope
10) Durability
11) Multifuel capability

4.4 COMBUSTOR TYPES

A broad classification of the many different kinds of
combustion chamber is given as Table 4.1.

TYPE SIZE GEOMETRY FUEL SYSTEM
Air borne Straight flow|Premix
high altitude
low altitude Large Annular Partial Mix
Tubular air blast atomiser
Ground Small Tuboannular airassist atomiser
Industrial )
Marine Reverse flow |Liquid droplets
Road transport simplex,duplex
Vaporiser

Table 4.1 An Overview of Gas Turbine Combustors

As straight flow combustors are only considered, no
information regarding reverse flow would appear henceforth.
A schematic description of the different combustors are
given as Fig 4.3.
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Fig 4.3 Various Types Straight-flow Combustors
(a) Tubular (b) Tuboannular (c)Annular.

4.5 SELECTION

This must be one of the prime tasks to conclude at the
beginning of any project. However, treating the combustor as
a black box between compressor and turbine, the initial
norms are set aside by the overall system requirements.
Overall «cycle considerations decide the inlet massflow,
temperature and pressures and the required exit combustor
conditions interms of temperature rise, accepted pressure
loss for the given operating environment and requirement.
This would have considered the ambient conditions, type of
fuel etc. The overall dimensions for this black box to fit
within, would be the next major input. All these factors, as
they have external dependency, are grouped and would
required to be opted for before the design phase begins.

The type of fuel and oxidant medium would have known at this
stage. Oxidant medium is mentioned as opposed to air for the
simple reason for reheat combustors the medium would be
burned products and even for conventional combustors if
water/steam could be added for emission control.
Stoichiometric air fuel ratio is calculated using oxidation
potential, the procedure outlined in Appendix A. AFRS is
useful parameter to judge the amount of medium required as
well as the maximum temperature that can be obtained which
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is the adiabatic equilibrium value.

Though the selection as to the type of combustor largely may
depend on past experience and the environment of the engine,
However for completeness, the relative advantages and
disadvantages are listed below as Table 4.2.

Chamber type  Advantages Disadvantages
Tubular 1. Mechanically robust 1. Bulky and heavy
2. Fuel-flow and airflow patterns are 2. High pressure loss
easily matched 3. Requires interconnectors
3. Rig testing necessitates only small 4. Incurs problem of light-round

fraction of total engine air mass flow

Annular 1. Minimum length and weight 1. Serious buckling problem on
2. Minimum engine frontal area outer liner
3. Minimum pressure loss 2. Rig testing necessitates full
4. Easy light-round engine air mass flow

3. Difficult to match fuel-flow
and airflow patterns

4. Difficult to maintain stable
outlet temperature traverse

Tuboannular 1. Mecixanically robust 1. Less compact than annular
- 2. Fuel-flow and airflow patterns are 2. Requires connectors
easily matched 3. Incurs problem of light-round

3. Rig testing necessitates only small
fraction of total engine air mass flow

4. Low pressure loss

S. Shorter and lighter than tubular
‘chambers

TABLE 4.2 Relative Merits of Various Chamber Types
(Lefebvre (1983))

4.6 REFERENCE CONDITIONS

Knowing the inlet conditions, the combustor requires to be
sized. The parameters which facilitate this would be the
reference velocity Uref, which is the mean velocity across
the maximum cross sectional area of the ~casing in the
absence of a liner i.e.

)

Uref ..(4.1)
p, A
2 “ref

In order to gquantify A..¢ @t this stage, two approaches are
possible.

4.6.1 THETA PARAMETER APPROACH

Knowing the wvariation of the o parameter (which will be
described in chapter 7), A of Can be estimated as per the
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required efficiency 1level. Lefebvre (1966) indicates the
variation of © parameter for the various types of combu-
stors, given as Fig 4.4. As performance interms of effic-
iency is linked with the geometry and operating conditions

8

N Tubular and _]
tuboannular

Annular

o}
o

[+1]
o

| I B S|
1 2 3 4 5 6 7 8x107

6 =P} Aeg DYJF exp (T, 1300)/m

Combustion efficiency, percent

R

Fig 4.4 Design Curves for Conventional Combustors
(Lefebvre (1966))

this empirical relation is an useful design tool. However,
prior knowledge of Theta parameter variation is essential
for this approach. The proprietary nature of information
makes it difficult to obtain the exact relation, but in the
absence of better information Fig 4.4 may be used. This,
evaluation option is incorporated in the programme. In the
case of combustor for air borne applications, altitude
relighting is a major criterion for the sizing. If the
operating conditions for the relight <can be quantified,
Theta parameter provides what should be the minimum size to
achieve the expected efficiency level.

The general procedure involves, in specifying the efficiency
level acceptable in the operating envelope, which in turn
decides the level of Theta parameter. Knowing the operating
conditions, A can be evaluated

ref
4.6.2 PRESSURE LOSS APPROACH

An alternative solution 1is to resort to two dimensiconless
pressure loss parameters

OPL (Overall Pressure Loss) (P2-P4)/P2 : often quoted as a

percentage ranging from 4 to 10 %. Smaller the value more is
the energy to the turbine and lower is the specific fuel

consumption.

PLF (Pressure Loss Factor) (PZ'P4)/qref : It is a measure of

flow resistance introduced into the airstream between
compressor outlet and turbine inlet. Unlike the OPL, which
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depends on operating condition, the pressure loss factor is
a fixed property of the combustion chamber. It represents
the sum of two separate sources of pressure losses.

P,-P AP .. APL
24 diff .. (4.2)
qref qref qref

The APdiff should be kept as minimum as possible as this

does not contribute in anyway to combustion. It is equally
important to minimize the later part, although higher it is,
better is combustion and dilution process due to high level
of turbulence better penetration which promote good mixing
and can result in shorter 1liner. Hence optimization is
required. The values range from 17 to 50, for annular to
tubular types.

The two parameters are related by the equation (the
derivation is given as Appendix B)

2 , (/D) 172

..(4.3)

Similar expression (Lefebvre (1983)) does not contain the
mach number term, probably for ease of calculation. In order
to use this approach, judgment is still required in guessing
the value for PLF.

The combustor reference size is taken as the larger value
from the above two approaches.

4.7 DIFFUSER

The exit area of the compressor is required to be joined to
the above reference area by means of a diffuser. The result
would be to reduce the air velocity at the exit of compr-
essor to a level where combustion is possible, which is
decided by the reference velocity. An ideal diffuser is one
that achieves the required velocity reduction in the sho-
rtest possible 1length, with minimum loss in total pressure
and with wuniform and stable flow conditions at its outlet.
The various types are as shown as Fig 4.5.
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Diffusing
flow

®)

Fig 4.5 Types of Diffusers (a) Aerodynamic (b) Dump

No real design procedure 1is offered except following the
principles of geometry and the basic fluid dynamics. The
latter indicates the typical dependence of losses in the
diffuser on the included angle (Fig 4.6). They are optimized
around

Pressure loss
o
8
)
7

\ /
\N /7 Friction loss
> /

Divergence angle

Fig 4.6 Influence of diffuser angle on Pressure Loss

11 degrees, to the 1left more friction losses due to very
long diffuser and to the right separation losses due to very
steep expansion. However, in annular diffusers the included
angle can go up to 20-22 degrees.

The relative merits of different diffusers are given as a
reminder. As the design procedure is not fully established
for the 1later two types of diffusers, they are not
considered for the present study.

If the diffuser included angle is specified, using inlet
geometry and area ratio, diffuser length can be calculated
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from simple geometrical relations.

Diffuser type Merits Drawbacks

ot

. Relatively long

2. Performance susceptible to thermal
distortion and manufacturing
tolerances

3. Performance and stability sensitive to

variations in inlet velocity profile

Aerodynamic or faired 1. Low pressure loss

Dump 1. Relatively short 1. Pressure loss about 50% higher than
2. Insensitive to variations for faired type
in inlet flow conditions
Vortex-controlled 1. High performance 1. Requires minimum of 4% air bleed
2. Short length 2. Design procedures not fully
3. Low pressure loss established
Hybrid 1. High performance 1. Design procedures not fully
2. Short length established

3. Low pressure loss

Table 4.3 Relative Merits of various Diffuser Types
(Lefebvre (1983))

Dump Diffuser : Following Fishenden et al. (1977), the
optimum area ratio for the conventional part of the diffuser
is assumed to be 1.8 and the rest is dumped. It is joined at
90 degrees to the reference area.

(2) oump @ SETTLING LENGTH

VORTEX
BOUNDARY
STREAMLINE ~

/

e——l—
_DVIDING .k

TREAMLINE

- -——
ACCELERATING

Fig 4.7 Flow pattern down stream of prediffuser

They have summarized that the principal factors determining
the losses in dump and settling length regions are 1) the
amount of diffusion being attempted and 2) the radius of
curvature of the flow which determined by the size and shape
of the flame tube head and the dump gap. As generalization
is difficult, a good design practice appears to be when the
diffuser to dome length is chosen such that:
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DDL

2 1.2 00(404)
HT3

where HT3 is the prediffuser exit height

Adkins (1983) suggested a diffuser design based on G param-
eter. This technique is presented for designing annular
diffusers which give the optimum configuration for producing
maximum pressure recovery with a stipulated length (ie. Cp*
diffusers). An empirical relationship has been used for the
parameter :

1.424 -0.5
G* = |0.915 (AR) -1 ..(4.5)

The G* parameter, if held constant along the diffuser,
should yield the maximum Cp for a given length. Thus knowing
the profile of one diffuser wall and the overall area ratio,
the shape of the other wall can be optimized.

This method was experimented. However, considering the level
of sophistication of the overall program, this method was
considered superfluous and hence discontinued.

4.8 SIZING
4.8.1 LINER CROSS SECTIONAL AREA

For any given casing area higher liner area results in lower
velocities and higher residence times which are good for
ignition, stability and combustion efficiency. At the same
time, this results in a smaller annulus which raises annulus
velocity and hence lowers its static pressure causing
inadequate penetration and mixing. Hence an optimum value is
required. Lefebvre and Norster (1969) have derived,
considering the primary zone considerations, relations for
optimum value for area ratio between liner and casing.

[AL } [ (1-msn)2 -\ 1/3
L = 1-
2
Aref opt 8Py 4/9res — MBpog/B)) (4.6)
where

msn = frontend massflow as a fraction of total mass flow

A = diffuser pressure loss coefficient
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However, for PLF between 25 to 50, the optimum value is
fairly constant. Hence it is decided to leave the option to
the wuser, to <choose the ratio of liner width to casing
width, the range being 0.65 to 0.85,

4.8.2 LINER LENGTH

From analytical view point, it is convenient to consider the
liner as comprising two main zones, Burning and Mixing zone.

Burning Zone : Primary requirement is to achieve the maximum
combustion efficiency. it is further divided into two parts
namely Primary and Secondary (also known as intermediary).
THE majority of the combustion should take place in the
primary. In the secondary, a small amount of air is injected
into the hot gases emanating from the primary zone to lower
the temperature and thereby encourage the completion of the
combustion process. However certain conditions like altitude
or very rich primary zone combustion could carry on into
secondary due to slow reaction kinetics or insufficient time
in the primary zone. A secondary zone may not exist for
engines like lift engines where weight is the main criteria.

Mixing Zone % Here the balance of air is added to dilute or
reduce the exit temperature to the level of turbine. This
zone may further be divided as dilution and nozzle. Dilution
is where bulk of the mixing takes place. Nozzle is the
transition piece between combustor to the turbine inlet
guide vanes. Thus the final form of modular liner, is as
shown in Fig 4.8

/ . ) . 1
/ PIL . szL . DZL . ZNL I
I . . . . I
I EFF(l) . EFF{2) . EFF(3) .EFF(4) I
1 . . . .
\ PHI(1) . PHI(2) . PHI(3) .PHI(4)/
\ . . . . /
\. . . .. .
TT(1)TT(2) TT(3) TT(4) TT(5) TT(6)
LL(1)LL(2) LL(3) LL(4) LL(5) LL(6)

Fig 4.8 Liner in its modular form

The individual zonal lengths are signified by PZL to ZNL and
the cumulative by LL(1) to LL(6). The efficiency and the
equivlaence ratios are represented by EFF() and PHI()
respectively. TT(1) to TT(6) stand for the total temperature
at that location.

NOTE: It is worth highlighting a point of deviation from
standard zonal division and the present model. In majority
of the works the primary zone is the area between dome head
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to the plane passing through the centerline of primary/
secondary holes and similarly secondary zone is the area
between former plane and the plane passing through the
dilution hole centerline. It is found that when preliminary
design and evaluation are interlinked, exact size of the
holes are not determined till the evaluation reaches the
location of the hole. Zonal end values are used as reference
values for evaluation as well as geometry calculations. Also
evaluation requires the beginning of the hole location.
Hence it is decided to choose the zonal end planes as those
at the beginning of primary/secondary or dilution holes.
Similar strategy is applied to any mixing hole that its
specification with respect to the dome head is given upto
the beginning of the hole and not the centerline distance.

The relative 1lengths and amount of airflow split will be
based on the relative importance of combustion efficiency,
emissions, turbine inlet temperature pattern and stability.

Based on experience L/D ratio of each zone can be guessed
depending on the engine role airborne, industrial etc. and
operating conditions 1like altitude, range etc. Typical
values being 0.5 to 1.0 for the primary zone, 0 to 1.5 for
secondary, 1,0 to 1.5 for the dilution and 0.4 to 0.6 for
the nozzle zones. The following are the default values
incorporated in the programme.

P S D N
Ground 0.8 0.4 1.4 0.6
Airborne 0.5 1.0 0.7 0.6
> 10 km
Airborne 0.55 0.85 0.9 0.4
€ 10 km

Table 4.4 Relative Zonal Lengths

The guesses are generally proven to be as good as any
possible generalized analytical reasoning. However, for the
burning zone stirred reactor concept is used to ensure that
adequate burning volume is available to arrive at a desired
level of efficiency.

Herbert’s (1962) combustor 1loading parameter is used to
deduce the relation for the minimum combustion volume:
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for ¢ < 1.0
1.5 (21200/T__) 2
m T e n (1+én/AFRS)
Vi = 6-403E-5 P; Pz
P, (1-n) (1-¢n)
for ¢ > 1.0

Vmin = 6.403E-5

1.5 (21200/T

T

Moz pz

) 2
P2y (1+¢/AFRS)

P

2

2 (1-n) (¢-n)

4.8.3 EQUIVALENCE RATIO

..(4.7)

..(4.8)

Apart from the manner in which air is distributed throughout

the primary zone, another major
actual quantity supplied. As
determined by the overall

only independent

control that can

design

variable is the

the fuel flow rate 1is

combustors fuel/air ratio, the
be exercised over the

of air

the primary zone

factor,

the importance, the

primary zone fuelyair ratio is via the amount
employed in primary combustion. it is

fuel/air ratio that, more than any other single

governs the nature of the combustion process and overall
chamber characterization. Considering

relative merits of stoichiometric, fuel-rich

and weak

primary zones are listed as Table 4.5, which forms the basis
for selection. The future designs, considering the stringent

Primary-zone
mixture strength

Advantages\

Disadvantages

Stoichiometric 1. Maximum heat-release rate 1. High rate of heat transfer to
2. Low-luminosity flame liner walls '
3. Little exhaust smoke 2. Requires intermediate zone
4. No carbon deposits 3. High nitric oxide emissions
Fuel-rich 1. Low recirculation velocity gives 1. Low volumetric heat-release
good “‘weak-extinction” point rate
and easy ignition 2. High-luminosity flame
2. High combustion efficiency at 3. Copious exhaust smoke
low power conditions 4. Coke deposition on walls
5. Liner wall temperature varies
with fuel type
6. Requires long intermediate
zone
Fuel-weak 1. Clean, blue flame 1. High recirculation velocity
2. No exhaust smoke adversely affects stability and
3. No carbon deposits ignition performance
4. Cool liner walls
S. Requires no intermediate zone
6. Good exit temperature
distribution
Table 4.5 Influence of Various Primary-Zone

Mixture Strengths

(Lefebvre (1983))
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emission regulations would be designing well below the stoi-
chiometric wvalue. Suitable values are guessed accordingly
for the -equivalence ratios for each zone. However, for a
preliminary design, some basic guidelines observed are:

1) The 1lower limit for fuel weak mixture is considered
as 0.6 and wupper 1limit for fuel rich as 1.2. The
reasons are as indicated in Table 4.5.

2) If atomizer is used, the atomization quality drops
when air/liquid mass ratio falls below 4, based on
the experimenatl investigation by El-Sshanawany et
al (1980).

4.8.4 FLAME TEMPERATURE

Evaluation of flame temperature is an involving and complex
process that itself can form a major research topic. As the
processes involved are chemical kinetics in multiphase with
heat 1losses through radiation and convection, superimposed
with the problems of evaporation, mixing and recirculation,
the system renders itself a formidable task to programme
within the available resources. However, flame temperature
and its distribution temporal and spatial is essential for
flow as well as metal temperature calculations. The basic
one dimensional approach of DEPTH simplifies the problems
associated with spatial distribution. But the basic problem
remains as to the evaluation of flame temperature at each
axial location of combustor.

Time dependent kinetic reactions, one step or multi step
accounting for the heat 1loss and coupled with the flow
calculations is what is desired in any combustor analysis.
However, simple analysis wusually relies on isobaric,
adiabatic equilibrium temperatures corrected by an extent of
reaction at that instant which could be based on experience
or empiricism. These values are reasonably accurate for any
initial design step. Heat losses are usually neglected as
they constitute only to a maximum of 3%, with standard
current fuels and established injection techniques.

Equilibrium calculations by programs such as Gordon and
McBride (1969) is widely accepted and used as a reference in
many design and development works. A quicker way to achieve
the results is to use charts which are prepared for standard
fuels such as kerosene or diesel giving combustion
temperature rise versus fuel air ratio for given inlet
temperature. Even simpler methods are available in equation
form which grossly represent these charts with fair accuracy
which make them obvious choices for any computer algorithms.
Some such examples are

Harman’s(1981) correlations for fuels which are very close
to kerosene
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FLCV n
AFR = 400< AT <900
1.1 (1 + 7,/3250) (AT - 50)
..(4.9)
FLCV n
AFR = 200< AT <400
0.99 (1 + T,/3250) (AT - 10)
..(4.10)

Another useful correlation presented in the work by
Candelier et al.(1987):

(15580+T2)'(3923—T2)
AFR = 5 ..(4.11)
1632.5 AT - 102212 - 14.5T2 - 0.067 T,
These again fall short of the needs if the fuels are changed
or inlet oxidant medium changed, say by water injection or
by precombustion. However these can be easily accommodated
in programs such as Gordon and Mcbride (1969).

Flame temperature estimation of conventional and future jet
fuels by Gulder (1986) 1is good correlation for adiabatic
flame temperature accounting for pressure, temperature,
equivalence ratio, and carbon to hydrogen ratio and yielding
the result within a maximum error of 0.8%. 1Initial
development of the program did make use of these express-
ions, however, the need for individual species concentra-
tions for the purpose of transport and thermodynamic
property evaluations, has rendered this approach inadequate.

Next <comes the 1issue of converting this adiabatic equil-
ibrium temperature to actual, as the reaction will rarely be
100% complete, heat is lost due to radiation and convection,
the diffusion due to temperature and concentration gradients .
and the effects of turbulence.

Combustion Efficiency:.

The extent of reaction is usually accounted for by way of
efficiency of combustion.

actual AT

based on temperature n =
theoretical AT

theoretical FAR for given AT

based on fuel air ratio n
actual FAR for given AT

However, neither definitions are quite the same as the
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fundamental definition based on the ratio of actual energy
released to the theoretical quantity obtainable. The
difference between all the definitions is negligible when n
is very high. However, efficiency is an important factor,
but uncertain to quantify analytically. Past experience had
been the major input. Considering the experimental nature of
the information, assuming the efficiency variation across
the combustor is as good a guess as to predict using any
equation at a preliminary stage. Stirred reactor concepts
indicate that the efficiency at the end of primary zone is
rarely over 90% and should reach the maximum at the end of
burning =zone. Hence these values are assumed at the end of
each zone. '

Heat Loss:

Heat 1lost due to radiation is around 3% maximum, hence not
specifically accounted for in simple analyses. However, if
analysis do require the effect of future fuels or injection
techniques, it may be worth including the heat losses into
the «coding, however, empirical it may sound. This loss, in
practice, will effect the primay zone temperature, but this
is not 1lost from the system as this is carried away by the
annulus air which reenters the liner. The actual heat loss
from the casing to surroundings, in reality is quite
insignificant.

Diffusion Process :

The temperature and concentration gradients are ignored due
to constant property assumption. Turbulence effects reduce
the mean value, however, neglected for coding simplicity.
This would possibly mean, the temperature could atleast be
50 K higher near stoichiometric region, giving corresponding
errors in the evaluation of metal temperatures and NOx
estimation. However, preliminary designs should tolerate
this crude approach.

Based on the n and equivalence ratio, flame temperature
should be able to be evaluated. Empirical equations with an
accuracy quoted at # 100 K are forwarded by Odgers (1980).
They appear in the following form

Primary Zone

T, =Ty +n 8T, ,

n, = 0.56 + 0.44 tanh [1.5475 x 10_3 (Ta + 1081nPa - 1863))
sz = Ta + 0.5 npz ( AT¢=1 + O0Tpz)
npz = 0.72 + 0.29 tanh [1.5475 x 10.3 (Ta + 1081nPa - 1863)]

T v
out a pz pz L. (4.12)
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Secondary Zone

T. = T

in out
sz pz
ToutSZ =Ty + Ngp 8740
Thean = 0-5(Tin + Tout! --(4.13)
sz
DPilution Zone

T. = T

ing, out_,
Toutdz =Ty * Mgy 8T4ops ‘
Tmeandz = O.S(Tin + Tout) ..(4.14)

Disregarding the wuncertainty over the evaluation of the
efficiency, the approach 1is based on simple assumptions.
However, the evaluation of temperature rise again requires a
temperature, curve/chart or some other computer programme,
the problem as discussed before.

In view of the above it is decided to adopt a strategy such
that the analysis

1) is a simple method interms of coding complexity and
computing time, at the same time within reasonable
accuracy.

2) is fairly general that it accounts for any inlet
conditions interms of medium (oxidant or fuel), or
conditions such as temperature or pressure.

3) accounts for completeness of reaction and heat loss.

4) is able to provide flame temperature along with the
concentrations of combustion products.

The procedure is developed and described in Appendix C.
Comparison shows that the results are within the accuracy
level in commensurate with the present work’s
sophistication.

4.8.5 EXIT TEMPERATURE PROFILE

Radial and circumferential distribution of exit temperature
largely decides the 1life and durability of hot end
components namely, nozzle guide vanes and turbine blades.
The most important parameters to represent the temperature
traverse quality are
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Pattern Factor = —naX 4
T4~Ty
where T = maximum recorded temperature at the

max A
exit plane

T, = mean inlet temperature
T4 = Mean exit temperature

These values should ideally be less than 30 %. The desired
average radial distribution at combustor exit is usually has
a profile that peaks above mid-height of blade. Ideally
design should aim to achieve this. One dimensional uniform
property assumption in the present programme does not permit
no real design or evaluation based on traverse analysis.
However, existing correlations are used to ensure this. The
relation that is incorporated in the programme is by
Lefebvre (1983), who correlated the existing combustor data
to

-1
T -T L AP
max "4 = 1 - exp [-Cl L1 ] ..(4.15)
Ty-T, Dy Qpes
where C1 = 0.07 for tubular and tuboannular

0.05 for annular

combustor length

[
—
ll

D

1 liner height or dia

4.8.6 FLAME STABILIZATION

The primary zone airflow pattern is of prime importance to
flame stability. Many different types of airflow patterns
are employed (Fig 4.9), but one feature common to all is the
creation of toroidal flow reversal that entrains and
recirculates a portion of the hot combustion products to mix
with incoming air and fuel. These vortices are continually
refreshed by air admitted through primary/secondary holes
supplemented in most cases by air flowing through swirlers
and flare cooling slots and sometimes by air supply through
atomization. Hence at this stage there is a need to decide
whether atomizer, swirler, domeholes all/or some are
employed or not. Here once again the choice is a matter of
experience. At the present time, accurate information is
lacking on air-massflow recirculation ratios for primary
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Fig 4.9 Primary Zone airflow patterns. (a) Opposed jet
(b)swirl-stablized (c)Combined swirl and opposed jet

zones that wutilize a combination of swirler and opposed
primary jets, supplemented by wall cooling air and atomizing
air. However, an empirical approach is incorporated in the
program based on the parameters that would influence the
amount air that would take part in the combustion

1) Distance of the cooling slot/ mixing hole from the
injector head

2) Depth of penetration
3) Angle of the jet
4) Spray angle

5) Swirl strength (normally indicated by the swirl
number) ’

The empirical approach to evaluate the fraction is outlined.
Cooling Slot : represents the actual amount of air

taking part in combustion from the available cooling
air m 1 through the slot:

tEgmb

coo
N.omb = B.ool * FRACTION ..(4.16)
where FRACTION = 1 if 81/0.5Dft < 1/3

= 3(81/0.5Dft) > 1/3

41 is the distance between the cooling slot
beginning to the end of the burning zone
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Mixing Hole : from the available mixing air m

mix’
mcomb = mmix * FRACTION ..(4.17)
where FRACTION = Fld * Flp * Flqg
Fld = 1.0 if (Ymax/th)*Flszo.9
= (Ymax/Dft)*Fls/0.9 else

only for annular
Fls = 1.0 for staggered hole combustors,depends
on the relative

= 2.0 for inline holes position of holes
on outer & inner
annuli in an
opposing row.

Flp = 1.0 for plunged holes

= 0.95 for plain holes

Flgq = 0.5 "if ¢,180 > 0.5
= ¢,/180 > 0.3
= (¢,/180)/0.3 otherwise

Swirl strength should be wused to find the length of the
burning zone. Empirical relations such as the one by Kerr
and Fraser (1965), as shown below

me X
= (0.35+1.4SN) ..(4.18)
Msw dege
where me = entrained mass flow rate
2 2 0.5
deff = (Dsw - Dhub)

X downstream distance

The 1length of the recirculation zone can be approximately
indicated, by assuming the value of entrained fraction as
0.5. However, experimental evidence through water flow
visualisation or temperature measurements through thermal
paint etc. should indicate the burning zone length in a more
positive way. However, the above equation is incorporated,
due to inadequate procedures to represent the complex 3D
phenomena- swirl and recirculation. User, however, can
choose the 1location where peak temperature would exist, to
represent the burning zone.
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For the above approach flow conditions are needed to
estimate these numbers. Hence for the preliminary design,
the following expression for the amount of air involved in
primary combustion is sufficiently accurate.

mpz =m..+ moy meo + 0.5 (mlc + ms) ..(4.19)
where mpz = total primary air
m = swirler air

SW

m = atomizer air
Meo = flare cooling air
my, = liner cooling air

m = total air flow through the secondary
holes

Once again apportioning suitable values to the individual
flows, front end and the primary zone cooling and mixing
flows can be estimated.

NOTE : Wherever the term suitable values appear, default
values are stored in the program from the available
combustor data. User will have the option to change them to
suit individual requirement.

Similarly from the -equivalence ratios at the end of each
zone appropriate mass flow for the dilution holes is
estimated.

NUMBER OF CANS :

The choice of number of cans in tuboannular combustor is
once again a matter of experience. There are designs with 12
cans. But there 1is no available literature to suggest a
procedure to choose the exact number. One interesting
suggestion 1is to choose a prime number like 7, 11 or 13, so
that any possible resonance can be avoided due to low order
multiple frequencies. There 1is no proof to support it or
disprove this supposition. However, one analytical reasoning
is proposed by the author, based on the non-dimensional mach
number in the burning zone, leading to

-5 2
Q ~ 1.0e X th X P3 x (100. - oPL)
can
/Tpz ..(4.20)

umber = m m
Number of cans pz / can

Reasonable preliminary estimates can be obtained.
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4.9 SWIRLER

A comprehensive literature search brought to light virtually
no work on which such a sound theoretical swirler design
method could be based. The method used is therefore based on
an examination of swirler designs that have been previously
been used on combustors mainly of the tubular type. Although
the range of Dft does not cover the values normally encount-
ered in annular combustors, the following relation obtained
from Northern Research Engineering (1974),may be used until
more information on swirler is available.

D = Outer Dia 0.225 pft + 0.01905 m ...(4.21)

SwW
0.100 Dft + 6.35 x 103 m .. (4.22)

Dhub= Inner Dia

Beer and Chigier (1972) provided a non-dimensional criterion
to characterize the amount of rotation imparted to the axial
flow '

S.. = —m ...(4.23)
sw t

where Gm = axial flux of angular momentum
Gt = axial thrust
and derived the same as
3
L - (Dpyp/Dgy)

2
SN = - 5 tan © c..(4.24)
31 - (Dhub/Dsw)

Swirl is classified strong when SN 2 0.6 and weak otherwise.
©, the vane angle is generally between 45 to 60 degrees.

The other factors which influence the swirl are the number
of blades and type. The number of blades are usually between
8 to 16. The curved blades show better performance than flat
blades.

4.10 FUEL INJECTION

A major design decision in combustor is the choice of type
of fuel injection. Its importance is growing as the future
combustors are subjected to an increasingly severe emissions
regulation and are called upon to burn a larger proportion
of heavy distillate and synthetic fuels. The injectors can
be broadly classified as pressure atomizer, twin-fluid
atomizer and vaporizer- the relative merits are listed in
Table 4.6.
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Type Description Advantages Drawbacks Applications
Pressure Plain orifice 1. Simple, cheap 1. Narrow spray angle Afterburners, torch igniters
atomizer 2. Rupged 2. Solid spray cone
Simplex 1. Simple, cheap 1. Needs high tuel-pump pressures Engines of low fuel flow range
2. Wide spray angle (up to 300°) 2. Excessive soot formation at high (not greater than 7 to 1)
. combustion pressures
3. l-uel distribution, and hence exit pattern
factor, varies with fuel flow rate
Duplex Same as simplex, plus good atomiza- Same as simplex Engines of low to medium

Duplc or dual
orifice

Spill return

Rotary Slinger system
atomizer
Twin-fluid Plain-jet airblast
atomizer
Prefilming airblast
e
Piloted or hybrid
Air assist
Vaporizer Conventional vaporizer

(walking stick, T,
mushroom, etc.)

Lean premix
prevaporize

tion over a very wide range of fucl
flows

. Goud atomization over a very wide
.range of fucl flows

. Wide burning range

Mechanically robust

. Easily modified to facilitate com-
bustor development

awn

. Simple construction
2. Large holes and flow passages
obviate risk of blockage

[

. Simplicity
Low cost
. Needs only low-pressure fuel pump

- W -

Operates satisfactorily with low fuel
pressurcs -
. Simple, cheap

. Low susceptibility to blackage

w N

. Opcrates satisfactorily with low fuel

pressures

Low soot formation

Exit pattern factor fairly insensitive

to changes in fuel flow rate

. Mcchanically robust

. Atomizing performance is superior
to ali forms of pressure atomizer,
especially at high combustion
pressure

~

w

[V

Same as prefilming aisblast, plus
1. Wide burning range
2. Easy enpine start-up

Good atomization

1. Operates satisfactorily with low fuel
pressures

2. Reduced soot formation due to pre-

mixing of fuel and air

Pattern factor fairly insensitive to

fuel flow rate

ol

Very low NO, emissions
No exhaust smoke

Very low flame radiation
Constant pattern factor

Ealiad adted

w19 -

— N -

[SE I N

1o

wN - —

w

—

Same as simplex, plus complexity

High cost of manufacture

Susceptibility of small passages to block-
ape by contaminants and fuel gumming

. Spray angle varies with fucl flow

Fuel-pump power requirements can be
excessive

. Atomization relatively poor at high-

altitude relight condition
Slow response to changes in fuel flow rate

Narrow spray angle

. Atomizing performance inferior to prefilm-

ing airblast

- Narrow burning range

Atomuzation quality is low for low
combustor velocities, such as occur at
start-up

. Needs pilot nozzle

pressure ratio

Wide range of aircraft and
industrial gas turbines;
cannot be used on high-
pressure-ratio engines owing
to excessive exhaust smoke

Good potential applications
for ““dirty™ fuels and fuels of
low thermal stability

Small engines of low compres-
sion ratio

Few, to date

Wide range of modern high-
performance, high-pressure-
ratio engines

General application to all types
of engines

. Needs external source of high-p air ial engines
or steam
. Requires auxiliary fuel jet for starting Used on several early aircraft
. Difficult to develop engines of medium pressure
Mech lly suspect, especially at high ratio
pressures
Fairly narrow burning range
. Unsuitable for heavy distillate fuels owing
to coke deposition
Susceptible to autoignition, flashback,and  All types of engines where
flame blowout ultralow pollutant emissions
. Requires sophisticated control system is prime requirement

Table

The choice once again is the result of confidence from past
notably wviscosity,
tension, mass transfer number will play a
the atomizing
of the given injector. No design procedure
influence of fuel type and
atomization quality (through SMD),
radiation, can
The approach and the equations incorporated in

experience,
density,

major role on

characteristics

is incorporated. However, the
given injector on the
combustion efficiency and

empirically.

However,
surface

4.6 Relative merits of fuel injectors
(Lefebvre (1983)).

fuel

properties

the selection and so are

be examined

the programme are amplified in the subsequent paragraphs.
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Following Lefebvre (1983), if fuel evaporation is considered
as rate_limiting process, the efficiency is given by-

0.5
8()\/Cp)g 1n(1+B)(1+0.25ReD )tres
nce = 2
pe D ...(4.25)

where
B = mass transfer number

. PgTamp~Ty) . (4.26)
L + Cpl(Tl—To)

several assumptions are required to evaluate these,
following Leonard and Mellor (1983)

L = heat of evaporation J/kg
360. - 0.39 Te 3
= 10 J/kg .. (4.27)
°f
760. + 3.35 Te
Cpy = S J/kg K ...(4.28)
pf'

= 1000 K

Tamb

T, = 50% boiling point of the fuel

T, = inlet fuel temperature

p. UD

“q
D = Drop size in SMD

U = main stream velocity

tres= residence time
on a qualitative basis, when comparing two fuels a and b
this reduces to

2
1- ln(1+Ba)

"b _ _fb Pb
2

l-na Pea Da ln(1+Bb)

...(4.29)

Droplet size is commonly expressed as SMD (Sauter Mean
Diameter)(egn 2.33). A great deal of work has gone into
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deriving empirical relations between SMD and fuel proper-
ties, the +type of injector, its geometry and operating
conditions. It is not practicable to code all of them as ge-
neralization is not easy. However, SMD generally varies as:

a b

SMD = Kl o u (AP)c m d €

f
L ®a (1+mL/ma) + K2 ce.(4.30)
where o = surface tension

Kl' a,b,c,d,e,f,K2 are the coefficients , to be
experimentally derived for each type.

for a typical pressure atomizer

0.16 to 0.19 ;b
0.25 ;e

0.16 to 0.3 jc = -0.275 to -0.5
-0.1 to -0.25

a
d

nn

f and K, are applicable to airblast atomizers.

However, the dominating term being viscosity w, the effect
of fuel variation can be effectively evaluated by a simpler
efficiency relation
0.5
l—hb Pep Hfp ln(1+Ba)
= 05 ...(4.31)
1-na Pra Mfa ln(1+Bb)

This relation is incorporated into the programme.

4.10.1 NUMBER OF FUEL INJECTORS

In order to provide a rough estimation of number of nozzles
at preliminary stage the following empirical relation is
derived.

Number of injectors = n/® ...(4.32)
where sin © = 0.5 PZL / Rref

The complete derivation is described as Appendix D.
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CHAPTER 5

FLOW EVALUATION

5.1 FLOW CONDITIONS

The processes in the combustion chamber are complex and
interdependent. It may be hard to justify in certain cases
to isolate a process for evaluation. However flow evaluation
is the first step to wunderstand the aerodynamics of the
combustor and provide the major input for other performance
parameters. Following the flow as it enters the combustor is
the starting point.

5.1.1 PRECONDITIONS

Inlet conditions are defined at this stage. The overall
geometry of the combustor has been established either
through the preliminary design or as an input by the user.
When it is a new design, initial estimates of mass flows are
available based on which, cooling and mixing configurations
will be sized at the appropriate zonal positions.

5.2 PROPERTIES:

Before attempting further evaluation there 1is a need to
address to one of the most important areas, namely,
thermodynamic and transport properties. As combustors are
involved with flows which are reacting, it is difficult to
choose a model which is accurate as well as simple in terms
of computing time and storage. The uncertainty of knowledge
of exact composition and consequent temperature at each
point inside the combustor is simplified to an extent by the
basic assumption of uniform properties/composition at each
axial location i.e., circumferential variations are
neglected. Literature concerning the thermodynamic or
transport properties of combustion products, will not be
universal in nature due to the complexity and generality
involved.

The initial phase of the work involved with the feasibility
of overall programme’s technique. Hence property evlauation
was simplified by using the best available algebraic expre-
ssions representing the properties of air and combustion
products. The initial phase itself occupied nearly 10
months, a major portion of the total effort. Once the basic
algorithm was proven, clearing most of the bugs, the
attention was shifted to use the program to analyze a double
combustor which would be described in chapter 9. Then there
was a greater need for a generalized method to evaluate
properties as opposed to few experimental curve fits.
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Literature availability 1is rather poor when it comes to
reheat combustor where wvitiated air would be the oxidant
medium. Barr and Mullins (1947) as well as Odgers and
Kretschmer (1980) did carry out experiments with vitiated
medium and presented results. But their work did not contain
any information on the properties. Powell (1985) developed
polynomials for thermodynamic and transport properties for
vitiated test medium based on composition. Though the
procedure is broadly outlined, the final form of polynomials
is not published. 1Individual species data is available in
Reid et al (1977), Reklaitis (1983), National Engineering
Laboratories (1972,1973). However, either the temperature
range or number of species for which data is presented is a
limitation to use any one data completely.

Hence it is decided to fall back on the fundamental approach
to derive the relevant properties of any mixture from its
constituent pure gas values knowing its fractional content
in the mixture. Now the uncertainty is shifted to the type
of model wused to «convert pure gas values to the mixture
value and also on to the accuracy of estimation of exact
content of each constituent in the mixture. However, attempt
is made to use the current models, which are generally used
in any large finite difference codes.

5.2.1 SPECIES CONCENTRATION
Evaluation of exact species concentrations and hence the
mixture properties sounds noble and may be considered the
best approach. For dry or wet air or for fuel alone the
method is straight forward.

For dry atmospheric air, the mole fractions are

mole fraction
N2 0.7809
02 0.2095
Ar 0.0093
CO2 0.0003

Table 5.1 Dry air composition

For wet air the % of H,0 is also to be included. For hydro-

carbon fuel, the major constituents are expressed in some
approximate formula 1like CxH . Traces of N,0,S can also be
considered. y
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Combustion Products : Following zonal division, equivalence
ratio is already estimated as indicated in para 4.8.3. From
the equivalence ratio, the simple method coded by the author
as described in Appendix C solves for the temperature based
on the single global reaction. This yields the concentration
of individual species which represent the products at that
plane. Hence for any intermediary plane inside the zone, the
average values are based on the equivalence ratio at the
exit of the zone. However properties inside the zone are
evaluated based on the concentrations at the end of the
zone, but at the appropriate temperature at that location.

NS .

Mean ‘Molecular Weight Mw = I oy ij ...(5.1)
J

5.2.2 THERMODYNAMIC PROPERTIES

Thermodynamic Properties ( heat capacities and enthalpies)
are computed from JANAF Thermochemical tables (Stull and
Prophet (1971)), which are expressed as polynomials in
temperature by Gordon and Mcbride (1971)

Cp.:
—J -z, + 2.7+ 2.7% + 2,7 + z.7° ...(5.2)
R 1 2 3 4 5

2 3 4
h. Z.T Z.T Z,T Z.T z
D Z, + + 3 + 4 + + ] «..(5.3)
RT 3 T

There are six coefficients Z, to Z,. corresponding to each
species for each of the températuré range 300 K to 1000 K
and 1000 K to 5000 K. The coefficients for the 10 species
are tabulated in Appendix E. The enthalpy equation (5.3)
consists of the sensible enthalpy and the standard enthalpy
of formation.

THERMODYNAMIC PROPERTIES OF A MIXTURE

The mixture enthalpy is given by :
h = I o, h, ...(5.4)

The specific heat capacity of a mixture is given by :

NS
Cp = I o0.Cp. ...(5.5)
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5.2.3 TRANSPORT PROPERTIES

Transport properties (absolute viscosity and thermal
conductivity) for individual species are calculated from the
appropriate Enskog-Chapman expressions (Fristrom and
Westenberg, 1965) using the Lennard-Jones Potentials.

NOTE : In practice, the molecular transport properties have
insignificant effect on the flow, as real flows in the
combustion chambers are highly turbulent and the
corresponding turbulent values dominate these molecular
properties. However, the present work doesnot consider
turbulence. But, laminar viscosity is required to calculate
the flow Reynolds number and the viscous effects near the
wall. This value is also needed in determining the thermal
conductivity of the medium which is required in the
convective flux calculations. Hence the need exists for the
evaluation these transport properties.

VISCOSITY

The absolute viscosity for all species except H,O, wp., and
the viscosity of the species H,0, FH20 (Croom andJLeyhe
1966), are respectively given as:

-6 1/2
2.6693 x 10 (Mw, T)
M = (kg/m/S)
J 2 (2,2)*
. Q . ...(5.6
%55 v3 (5.6)
where jo# HZO
(
2.5639 T1/2 -6
x 10 ;T <1300 K
1371 -37.4/T
1+ —— x 10
T
Hg2o0 = 1/2

1.498 T -6

7 x 10 ;T >1300 K
24.51 x 10
1 +
2
\ ee.(5.7)

where
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%3 collision diameter of the molecule in angstroms.
(2,2)*
Qyj the thermal conductivity collision integral;

(this 1is a function of eij/KLJ' the Lennard-Jones constant
in degree kelvin) (Hirschfelder et al.1967)

The Lennard-Jones constants and the collission diameters,
are listed in Appendix F for the species of interest in this
study.

The viscosities of individual species at any temperature
between 300 K and 2500 K, could be evaluated using the above
equations. This vast data of temperature dependent B
viscosities for each species is reduced to a from of AT ,
using the least-square linear regression analysis. In order
to optimize the error, effort and storage space, the range
is divided into three regions. 300-800, 800-1300 and
1300-2500 degrees kelvin. The maximum deviation is within
1.75% . The coefficients A and B for each species are
listed as Appendix G.

THERMAL CONDUCTIVITY

The monatomic thermal conductivity is obtained from the
viscosity , through the kinetic theory .(Hirschfelder et.
al. 1967):

o 15 R pu.
N, = 1 ...(5.8)
J 4 ij

The thermal conductivity, X of any polyatomic nonpolar gas
can be arrived at with the aid of the Eucken correction,
(Fristrom and Westenberg, 1965) :

2
+ - & Cp, ...(5.9)

= 1-38
5 j

° f

Vel Ve

where Sf is dimensionless parameter given an average value
of 0.885 " (Hirschfelder et al. 1967)

It has been observed (Fristrom and Westenberg 1965) that it
is usually sufficient to follow the same treatment for a
polar gas such as H20, which is present in considerable
amounts in the combustion gases.
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TRANSPORT PROPERTIES OF A MIXTURE

The mixture viscosity is given by (Tam, 1981) :

NS NS Cpi
0.301875 L o, . + 0.92925 ¢ o, Y.
R T | . i i
1 1 R
/j =
NS Cp,
Z A — Ui ---(5.10)
i R

Though the basis for this formula is not clear, its accuracy
reasonably agrees with any standard mixture relation. It
compares well the following expression

NS ' oiz
u =1 3 ce.(5.11)
i o, NS RT
+ 1.385 Zui oj

j#i
where -

[Dij] = diffusion coefficient for specie i through specie j

1.86 x 1077 v/ 13 (Mw, + Mw.)/Mw, Mw,
= ] ] ...(5.12)

*
2 52(1,1)

p o..
13 Dij

The evaluation is as outlined in Hirschfelder et al. (1954).

Egqn. (5.10) is also compared with the empirical relation of
the form given as egn. (5.14), which 1is true for any
property of a mixture. The difference is within +5%.

Considering the uncertainty of the composition or the exact
value due to scarce experimental data, the approximate
egn. (5.10) is considered adequate, as the other two methods
involve evaluation of additional parameters such as
diffusion coefficient. Hence this equation is used in the
programme to evaluate the mixture viscosity.



67

The empirical relation proposed by wWwassiljewa (1937) is used
to evaluate the mixture thermal conductivity.

NS C. A,
A o= I =1 e..(5.13)
i NS
L C., A,.
. i
j ] J
where A.. 1is a function as proposed by Mason and Saxena
1]
(1958)
[1+ (A, /2 )22 (mw, w1742
1 J 1 ]
Bjj =k 1,2
[8(1 + Mwi/ij)] ...(5.14)

with k, a numerical constant given as unity.

Though the conductivity of the gas mixture as obtained using
the above semiempirical formula (Reid et al., 1977) has an
~error rarely exceeding 5%, this method is chosen due to its
simplicity and independence from any extra parameters or
coefficients.

The mixture conductivity can however be simplified if

Prandtl number, Pr, is assumed to be unity, however this
approach is not resorted to.

Ppr=— & "1 ...(5.15)
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5.2.4 EFFECT OF PRESSURE

It can be seen from Fig 5.1, the values do not appreciably
change upto moderate pressures. However, very few experim-
ental data is available. At this stage of development of
this work it is felt better not to correct for pressures. It
may be necessary to approach this problem at a later stage,
considering the fact that the usual pressures when double
combustors are utilized are around 50 atm.

30
20—
240
200 kS N
\\ P =700 bar : .
x
£ 'Ek 0 6 \\\
s 60 N 500 5 N\
= ] \qxgggAQ%o g 4 o §S§&§‘W£
Fal b Yo
;i_ 120 l \\ ZoorIOO" ;: 3 \\\\\\\‘?
L [ >
2 Saturotion \% = £ ° \v'f\:\\\ | A
£ 80 line s 2 N T 5
H Critical & os o = 7
\E. point l' \\“J - . =
5 40 = 4 10 L \
. ’_"/ 50 g: P’— -
0 " o7 g g
100 150 200 250 300 350 400 g R
Temperature, K s
(X} c2
01/
03 4
‘/
0.2
04 0506 08 10 2 3 L S 6 78 510
Reduced temperature, 7,= 7/7;
a) Thermal Conductivity of b) Generalized reduced
Methane Viscosities

Fig 5.1 Effect of Pressure on Transport Properties
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5.2.5 STATE

Knowing the properties and total or static condition and/ or
geometry at any location, isentropic relations are used to
fully define the state. The exact evaluation procedure is:
given as Appendix H. Thus the values describing the state,
thermodynamic and transport properties of the medium would
be estimated at any axial plane.

5.3 DIFFUSER

In order to estimate the diffuser performance the following
terms are defined (Fig 5.2)

Fig 5.2 Energy conversion in a Diffuser

n
Mean Velocity El - — ...(5.16)
By
Inlet dynamic pressure El = P, - pg ... (5.17)
Pressure loss APdiff =P, - P, ...(5.18)

Pressure loss coefficient A APdiff/ql ...(5.19)

One Dimensional approach

Py + Gy = Py + G, + OPg es ... (5.20)
Pressure recovery P, - Py
coefficient Cp = —mm ...(5.21)
9

Using blockage concept developed by Sovran and Klomp (1967),
the diffusers equivalent flow can be defined as shown
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r— : 1 i
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Fig 5.3 Simulation of velocity profile with an equivalent
rectangular profile (a) real profile (b) equivalent
profile

A - Ag U
Blockage factor B = —m— =1 - — ...(5.22)

A U

Tyler and Wiliiamson (1968) empirically related the inlet
and exit blockage factor to the geometry as

-

0.07 1/[2(AR)-1]

for B, < 0.16; B, = 0.8 (AR) (Bl) ...(5.23)

-0.69

for B, > 0.16; B, = 1.044 - 1.13 (l—Bl) AR ...(5.24)

1

The value of Cp can then be calculated by assuming that the
flow is one dimensional between the effective areas at
diffuser inlet and exit. It is given as :

1 1
Cp = —mmmm= - ...(5.25)
(1—}31)2 (1—132)2 AR?

Realistic Approach

Kinetic coefficient 1is applied to account for the discrep-
ancy between realistic profile and the one-dimensional
approach, where

L2

J- U° pU da

2
Kinetic Flux Coefficient o« = ...(5.26)

[ ST
c
=1
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Equation 5.20, when accounted for «, transforms to

P; + @ 4 =P, + o, g, + APdiff ...(5.27)
P, = P
cp = 2—1 ... (5.28)
* 9
AP ..
N diff
* 9
%
=1-Cp - 5 ...(5.29)
al AR

In the case of dump diffuser, it is treated as sudden
expansion in a duct. As shown in Fig 5.4

SELF -GENERATED
FREE MIXING STALL REGION

FREE SHEAR LAYER
FREE STREAMUINE

SEPARATION
POINT

FLOW
—_—

\TTACHMENT POINT
(MAXIMUM STATIC PRESSURE)

| 2~=—STATIONS

Fig 5.4 Sudden Expansion in a duct
2

1
A = [ 1- — ...(5.30)
AR

For the total loss, the coefficient for conventional diff-
user given by egn (5.32) and that for sudden expansion by
egn (5.33) are simply added.

(X

8Pyiff = conv+xsudden) * 9 ...(5.31)

Thus p,, P, are evaluated by assuming Biv o and % typical

values being 0.03, 1.1 and 1.2 respectively. These are not
far from realistic values observed in typical combustors.
The properties are assumed to be constant at the exit of
diffuser.
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5.4 LINER EVALUATION

Preliminary design sized the 1liner as a broad five zone
container. If it is a new design, the liner hole size and
number as well as cooling configuration need to be optimized
based on metal temperatures. But for an existing design, as
these are already known only pressure drops, coolant/mixing
flows, metal temperatures need to be evaluated. Hence for
the former case heat transfer calculations need to be simul-
taneously performed along with the flow calculations. As the
selection of any of above variables depends on one or more
of the rest, the process may require a number of iterations
and suitable selection. However for an existing design these
complications do not arise and flow evaluation can be done
independently. The following are the steps through which the
combustor is evaluated, the same is shown as Fig 5.5.

1) Combustor, through the preliminary design or through
initial input for an existing combustor, has been divided
into five zones, namely, recirculation, primary,
secondary, dilution and nozzle. Equivalence ratio,
efficiency and 'gas temperature are known at the exit of
each zone and hence the composition of the media is also
known at +those planes. The variation of any variable
between the zones is based on the end zone values.

2) In case of a new design, based on initial estimates
cooling/mixing flows, cooling and 1liner hole config-
urations are sized at the appropriate location using
simple standard design practices. This step will not be
needed for an existing design.

3) An initial guess is made for the front end flow. Balance
would be going to the annulus. In case of Annular comb-
ustors a second guess 1is also required as to the flow
split between inner and outer annuli.

4) Liner front end pressure drop is calculated from the mass
flow, area and discharge coefficient. Discharge coeffici-
ents are either predefined or evaluated appropriate to
the flow conditions and geometry. '

5) Assuming an instantaneous combustion of the front end air
which entered the 1liner and attributing an arbitrary
temperature rise (150 degree Kelvin in this case) , exit
conditions are evaluated, with the help of Rayleigh’s
equations.

6) One dimensional steady flow analysis is used to evaluate
the flow in the streamwise direction in the liner and in
annuli wusing appropriate state properties. This is done
over a control volume of infinitesimal length. This value
varies but generally taken as 1 mm.
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PRELIMINARY SIZING
INPUT/PROGRAMME GENERATED OUTPUT

I

GUESS FRONT END MASSFLOW
(IF ANNULAR, ADDITIONAL GUESS
FOR FLOW SPLIT BETWEEN ANNULI)

-

EVALUATE AP FRONT END

INSTANTANEOUS COMBUSTION & PRESSURE RISE
RAYLEIGH FLOW SOLUTION

CORRECTION FOR EVALUATE INLET CONDITIONS FOR
FRONTEND MASS CONTROL VOLUME
FLOW AFE T

r—————————-'lb STEADY FLOW SOLVER FOR EXIT CONDITIONS

INCRMENT CV
INLET=EXIT
CONDITION

FOR MIXING HOLE/
NO COOLING SLOT
CHECK FOR +VE
}l=—| FLOW -AND +VE AP
BETWEEN ANNULI &
LINER

NO END OF COMBUSTOR
?

YES

NO CHECK FOR ANNULI MASS FLOW
¢ PREDEFINED MINIMUM

YES

FLOW EVALUATION COMPLETE

Fig 5.5 Outline of Flow Evaluation.

7) At the end of any cooling/mixing configuration conditions

8)

are checked for positive mass flow in the annuli and also
positive static pressure difference across the annulus
and the liner. If either condition is not satisfied these
calculations are repeated from the beginning of the liner
with suitable corrections to the initial guesses.

The calculations are performed in a marching fashion till
the end of combustor is reached. At the end of combustor,
the mass flows remaining in the annuli should be as
negligible as the accuracy demands. It is assumed that
0.05% of total mass flow can be considered negligible. If
this condition is not satisfied, with suitable
corrections to the initial guesses, calculations are
repeated from step 4. Thus steps 4 through 8 are carried
out till the left over massflow condition is satisfied.
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Assumptions and appropriate evaluation procedure are
described in the subsequent paragraphs.

NOTE : Contrary to the above approach of starting from the
liner beginning and marching forward, it is possible to
evolve a procedure of starting from the exit of the
combustor and marching backwards. The 1latter method is
considered to 1lead to faster <convergence. However, this
routine is not suited for the present work as evaluation
phase is <coupled with preliminary design of slot geometry.
Hence this approach is not considered.

5.4.1 LINER HOLES
Liner holes have to be estimated in terms of size and number

only when it is a new design. The basic equation for flow
through a hole may be expressed as

= cd a V2 by (P, - p.) ...(5.32)

Th h geom 2 3

2

where A = geometric area 1/4 ndh n

h geom

n = number of holes
P, = total pressure upstream of hole
pj = static pressure downstream of hole

Cd = coefficient of discharge which requires to be
estimated depending on the type of hole, location
and flow conditions. The evaluation procedure is
outlined in the subsequent paragraphs.

Preliminary design evaluates Ah geom based on the massflow
estimates. The total area, the diameter and the number are
evaluated based on standard combustor design practices.

5.4.1.1 DOME HOLES

If employed,normally same number as the number of injectors
for the annular and 2 or 4 in case of tubular. Ah effective
is estimated from the guessed dome flow and pressure drop

bp.

6p = 0.9 (100 x OPL x P ...(5.33)

2 = OPgifg)
5.4.1.2 SECONDARY HOLES

The choice is based on the depth of penetration of the jet.
Lefebvre (1983) has described Norester’s (1964) equations
for round air jets into a tubular liner as
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Deflected jet Velocity trajectory

Hotgas
mainstream ————————

X

Fig 5.6 Jet in cross flow

Y .
MaX =-1.254 —_g ...(5.34)

U
Pg-g
g denotes gas in the liner

j denotes jet

.
N

n ey U, ...(5.35)

h U, =
where j [

2

2
dj = Cd dh

Specifying Y dh and n can be evaluated. Here the proce-

max’
dure 1is iterative as depth of penetration also depends on
the amount of jet flow. However, n for each liner can be
guessed as double the number of injectors in case of annular
and six or eight in the case of tubular combustors.
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5.4.1.3 DILUTION HOLES

Dok
Similar argument applies to the dilution holes, except that
the depth of penetration is to a much lesser extent- 0.25 to
0.4 of the flame tube width. The total number being same as
the number of injectors incase of annular or six or eight im —
cas ubular. T T

5.4.1.4 COEFFICIENT OF DISCHARGE

For most liner holes the upstream flow direction is parallel
to the plane of the holes as illustrated in fig 5.7

— Casing
an - \‘
9an ———

—2 Liner
\Xt angle 6

my,

.

Fig 5.7 Flow through a liner hole

jet dynamic pressure P.on - Pp
where K = =
annulus dynamic pressure Pan = Pap
T
o = —
an

Kaddah(1964) satisfactorily correlated Cd for plain
circular, oval and rectangular holes by

A (K-1)
Cd = ...(5.36)
2 2 0.5
[ 4K - K(2-a) ]

where A is found to be 1.25

Freeman (1965) extended the correlation to plunged holes by
increasing the constant A to 1.65 from 1.25.

Adkins and Gueroui (1986) suggested an alternate method to
evaluate flow and Cd for plain circular holes. It avoids the
iterative technique to be followed with eqgn (5.36), where in
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term hole massflow.

for the hole massflow and Cd through a parameter
ratio, based on flow characteristics and geometry

The method has evolved

considering the curvature and contraction effects.

THEORETICALLY BASED CURVE
601 EGUATON  {5.37)

s . . R
00 0 26 -30 40 50 60 70 B0 90
FLOW PARAMETER @

a) Cd Correlation

5-00

&S50
400+

X 350

- 300
250
2:00
150

INGESTION RATO
POROSITY RATIO

100
50

THEORETICALLY BASED CURVE
EQUATION €5-38)

o o

-00
-00

0 -2 -0 40 50 60 70 -80 90

FLOW PARAMETER, @

b) Mass flow Correlation

Fig 5.8 Correlations by Adkins and Gueroui (1986)

Coefficient of Discharge

..(5.37)

cd = £/ cfc? -1 + ¢
where Pan — Pg
¢ = ———
Pan ~ P
Cfc = 1 - exp(-1) + exp{-1//(1-4)}
circumferential surface area
f =
circular plain area
Correction

ated using the correlation of the form

£ = 0.14(d/D)% - 0.03(d/D) + 1.0

f, is conceptually shown as Fig 5.9, but calcul-

*+00



Fig 5.9 Curvature corrections

Mass flow:

I Cfc2 -1+ ¢
- =f ..(5.38)
X 1 - ¢
where ..
I = Ingestion Ratio = mh/man

X = Porosity Ratio = Ah/Aan
The results are comparable for plain holes. This procedure,
however is not adopted in the program as it is not derived
for plunged or other shapes of holes. However, it is
incorporated in the programme as a cross check to the values
generated by egn (5.36) and also for a possible inclusion
into the programme in future, considering its non-iterative
approach.

The discharge coefficients for the dome holes are assumed to
be 0.8 as the plane of the hole is nearly perpendicular to
the flow direction.

5.4.2 LINER PRESSURE DROP

There is no published literature to describe the pressure
drop when all the three configurations namely, swirler,
atomizer and dome holes are employed.

The author taking analogy from electrical circuits developed
a simple formula to combine the effects of all.
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Flow through a hole can be represented as

Fig 5.10 Electrical analogy for a flow through a
hole

I =G AV fnh=Ah cd, vZe(P; - p,)
where
I current - massflow hh
AV potential difference - f (pressure drop) V2pbP
G conductance - effective area Ay th

...(5.39)

Higher the conductance higher is the current for the same
potential difference.

When all the three devices are present, the combined circuit
will be as shown in Fig 5.11

Gat

VV

Gsw

P
3 Gdome L

Fig 5.11 Electrical analogy for the front end
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I
then AV = ——
G

where AV = V2 P3 (P3 - pL)

I = total mass flow =m, + me, M3ome
G = total conductance = Gat + Gsw + Gdome
Gat = By¢ Cdy¢ 1
G =
sw 1 2 1 10.5
K (——1] - —5
SW 2
cos6 Asw AL
Gdome = Adh Cddh | ...(5.40)
The Geyw is derived from the expression proposed by Knight

and Walker (1957) for the pressure loss of thin vaned axial
swirlers

2

A A 2 m.
ref 2 ref swW

Asw AL m3

2

...(5.41)

1.3 for flat vanes
1.15 for curved vanes

where K
sw

APsw = total pressure drop due to swirler
Asw = frontal area of swirler
o = vane angle

Conductance of any feature would obviously be zero if it
doesnot exist. When pressure atomizer is used, G, would be
zero.

Thus knowing the mass flow and geometry, the pressure drop
can be estimated. B

5.4.3 COMBUSTION
The front end air after entering the liner will mix with

fresh fuel and the recirculated burnt products and will take
part in combustion. Considering the chemical kinetics and
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recirculation, mixing pattern and fuel droplet chemistry, it
is impossible to model 1in the one dimensional sense. In
order to grossly represent, an instantaneous combustion is
assumed and an arbitrary value of 150 degree Kelvin
temperature rise is assigned for the state after combustion.
Using Rayleigh flow relations, properties after combustion
are evaluated. The method of evaluation is outlined in
Appendix I.

5.4.4 COLD FLOW

Generally in the case of new designs, analysing cold flow or
combustionless aerodynamics is a very useful study to under-
stand the flow characteristics of the combustor. It is well
established that the flow pattern with and without
combustion is by and large similar. In practice, water flow
visualisation 1is an accepted and most widely used technique
to represent the flow pattern inside a combustor. In order
to simulate this situation, cold flow analysis is facilit-
ated where in temperature rise is assumed to be zero, ie.
exit temperature is same as the inlet. This study helps to
identify the mean equivalence ratios in each zone, based on
which 1liner gas temperature profile can be reasonably
predicted which could be used for the flow evaluation with
combustion. Case 3 in the Chapter 11 amplifies this point.

5.4.5 LINER ANALYSIS

As the analysis is one dimensional the combustion chamber is
divided into «control volumes by vertical planes at each
axial location which can be varied as per convenience. As
the system 1is treated parabolic, the exit condition of the
control volume is solved knowing the inlet condition
accounting for

1) Area change
2) Wall friction

3) Mixing of gases which are injected into the main
stream

4) Change in molecular weight and specific heat
occassioned by combustion, gas injection

The unknowns, pressure, temperature, density and velocity
are evaluated by solving equations of conservation of mass,
momentum, energy and that of state. These finite differen-
tial equations can be solved by several methods. Here, the
flow in the down_stream direction x is obtained by using one
dimensional steady flow analysis, outlined by Shapiro
(1953). The assumptions are as follows
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The flow is one-dimensional and steady

Changes in stream properties are continuous

The gas is semi-perfect i.e., it obeys Boyle’s and
Charles’ laws and has a secific heat which varies
only with temperature and composition.

Recirculation is not considered

Heat exchange 1is neglected. (However the radiation

exchange is grossly accounted for while evaluating
the flame temperature value.)

The differentials are converted to finite difference and
using method of influence coefficients the exit state of the
control volume is evaluated. The exact procedure is outlined
as Appendix J.

5.4.6 SUDDEN EXPANSION LOSSES

In the annulus, when the air is removed from the cooling

an

Fig 5.12 Sudden expansion in the annulus

slots or mixing holes, the remaining air suddenly expands to
fill the area, for which the losses are calculated by the
empirical relation ( Northern Research Engg (1974)).

Though

p1Vl2 Mo LB
1 - By = 1.85 - ...(5.42)
2 1.36 m. o

2.22
where B = 0.5 + 0.242 (Mnl)

this relation is valid when the air is removed
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through static ports only, they are used for total head
devices also, due to lack of literature at this stage.

5.4.7 MASS BALANCE

When the —calculations reach the end of the combustion
chamber the left over mass in the annuli should be less than
0.05% of total air, or any user defined value. If not, the
initial guess of mass flow splits 1is <corrected and
evaluation repeated from the front end of liner. Similar
correction is also required if the massflow left in annuli
is negative or static pressure in annuli is lower than liner
at any cooling slot/mixing hole.

Tubular

1) At the end of combustor, if flow is left over, the
front end flow 1is increased in the ratio of front
end opening to total effective opening area on the
mass left over in the annulus.

2) If the static pressure is less in the annulus then
front end flow correction 1is doubled from the
previous value.

3) If massflow 1is negative then front flow correction
is halved.

4) 1If the previous front end correction is zero for
case 2 or 3, then the correction is taken as 0.1 of
frontend flow.

Annular

1) If the remaining mass flows in the annuli are of the
opposite signs, then the annuli flow split guess
correction is changed by half for the +ve side of
annulus. If =zero it is taken as half of the mass
flow 1left on the +ve side. Front end flow remains
the same.

2) 1f the remaining mass flows in the annuli are of the
same sign, then the front end correction is changed
by half in the same direction. If it is zero it is
taken in the ratio of frontend opening to the total
opening on the amount left over in the annuli.

3) At any cooling/ mixing configuration, when one of
the static pressure 1is 1less than that of liner,
similar correction as step 1) is done, but in the
opposite direction. Front end remains the same.
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4) To avoid oscillations and to hasten convergence, a
maximum number of 11 sub-iterations are allowed
where steps like 1) or 3) can occur for a front end
flow, which is held constant for these
sub-iterations. Then front end flow 1is changed
accordingly and sub-iteration counter renews.

An iteration 1is one in which the calculations successfully
reach the end of the combustion chamber. 1In case the
massflow or static pressure difference change sign before
the end of the combustion chamber, it 1is counted as
sub-iteration. After a predefined number of iterations,
evaluation can be stopped or continued with an option for
detailed output for closer examination of the variables or
flow evaluation can be stopped, but continuing with the
remaining performance evaluation with existing mass flow
splits.

5.4.8 CONTROL VOLUME

This value should be as small as possible considering the
finite difference method wused to solve the differential
equations. It has been observed that the procedure explained
as Appendix J fails to converge, for certain large area
ratios or mass flow ratios across the control volume. To
avoid that 1mm is assumed as the control volume length,
though it may be viewed as too fine a grid to attempt for a
gross evaluation procedure. This value, however is not
constant, it increases to the diameter of the mixing hole or
reduces to the balance of the distance between control
volume and end of a zone, if the distance is less than the
control volume’s length. Also the beginning of cooling slot
is evaluated for 0.5 mm for the same reason of sudden area
change.

5.5 PATTERN FACTOR

Uniform property across a plane precludes any calculation to
evaluate the temperature traverse quality. However,
comparitive figures are obtained by using the correlations
as stated in 4.8.5. However, it is possible to generate
realistic analysis by dividing the combustor into convenient
concentric tubes and extending the present one dimensional
concept to each of them, with a suitable interaction between
the tubes.
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CHAPTER 6
HEAT TRANSFER
6.1 INTRODUCTION

Liner durability essentially depends upon the thermal
stresses they are subjected to under the severe pressure
conditions inside any combustion chamber. A major operating
cost of aircraft turbine engines is the replacement of
combustor liners after relatively short periods of use. One
of te primary aims of the design is to avoid this. Damage is
usually in the form of cracks, which develop at discontinu-
ities in the wall such as cooling slots and air admission
holes or at locations where manufacturing processes leave
severe residual stresses. A liner is a complex structure, so
the <calculation of thermal stresses and the prediction of
liner life present formidable problems. 1In general,
combustor failures are known to result from operation under
conditions that subject the liner to a combination of high
temperatures and high temperature gradients. Cracks are
caused by 1low-cycle fatigue due to transient excursions in
the liner wall temperature. These usually peak during accel-
eration and take-off from sea level which is when buckling
loads across the liner are also at a maximum. Temperatures
and temperature gradients must therefore be kept down to
ensure a satisfactory liner life. Hence one of the primary
intentions of heat transfer analysis has been to predict
metal temperature over the years. The need for the accurate
predictions will continue to grow due to the continuous
growth in severity of system variables 1like pressure,
turbine inlet temperature or need to use wide-cut fuels. An
additional incentive for establishing methods for prediction
stems from their potential contribution to the control and
reduction of pollutant emissions. To optimize the perfor-
mance and liner durability, a better understanding of the
heat transfer process is necessary.

For the purpose of analysis a liner may be regarded as a
container of hot flowing gases surrounded by a casing.
Between the container and the casing flows relatively cool
air. The 1liner 1is heated by radiation and convection from
the hot gas-soot mixture inside it and 1is <cooled by
radiation to the outer casing and by convection to the
annulus air. The relative proportions of the radiation and
convection components depend upon the geometry and operating
conditions of the engine; however, typically radiation
accounts for 30 to 50% of the overall heat flux to the
walls of present-day engines. As fuels of an increasingly
soot-forming nature are used, the radiative contribution may
reach up to 80% of the total wall heat flux.

O0f the four heat transfer processes that govern liner wall
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temperature, two ( external convection and external
radiation) can be calculated with reasonable accuracy.
However, it is quite difficult to model with the same level
of accuracy, the internal radiation, due to the multi-
dimensionality of the radiative field. Internal convection
also poses a problem due to the introduction of various film
cooling devices. The nature of interaction between cooling
film and the main flow is again not a multi-dimensional
phenomenon. Thus, in the design of combustion chambers for
high-pressure gas turbines, only rough estimates of liner
wall temperature, and hence liner durability can be made.

6.2 RADIATION

Considering 1its importance, it is appropriate to review the
field of radiation first. It is now well established that in
gas turbine combustion chambers a large proportion of the
total heat flux to the liner walls is by radiation from the
flame. For the combustion gases generated by gas turbine
fuels the total emitted radiation has two components (1) the
"non-luminous" radiation that emanates from certain hetero-
polar gases notably carbon dioxide and water vapour (2)
"luminous" radiation that depends on the number and size of
the solid particles (mainly soot) in the flame.

6.2.1 NON-LUMINOUS RADIATION

The non-luminous component of radiation is due to the
combustion products. A characteristic of gas radiation is
that it occurs in the form of banded spectra (Tourin
(1966)). 1In non-luminous flames the banded spectra from H20
and CO2 are the most prominent feature at temperatures upto
about 3000° K. The strongest emission bands for H20 are
centered at 1.4, 1.9, 2.7, 6.3 and 21 um. CO2 radiates
strongly around 2.7, 4.3 and 15 ym. At higher temperature
H20 and CO2 are depleted by dissociation, but radiation from
diatomic molecules, notably CO, is increased. Although CO
can contribute significantly to the emission and attenuation
of radiation within flames, its contribution is localized
and is of secondary importance in evaluating radiative
fluxes. The contributions of S02 and NOx can be neglected
because of their 1low concentrations. Moreover, gases with
symmetrical molecules, such as H2, 02 and N2, give no appre-
ciable radiation, even at the highest temperatures.

6.2.2 LUMINOUS RADIATION

In the primary combustion zone most of the radiation
emanates from soot particles produced in fuel-rich regions
of the flame. Soot may be generated in any part of the
combustion zone where fuel/air ratios are high and mixing of
fuel and air is inadequate, but the main soot-forming region
lies inside the fuel spray at the center of the liner. In
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this region local pockets of fuel and fuel vapour are envel-
oped in oxygen- deficient burned products at high
temperatures thereby creating conditions that are highly
conducive to soot formation.

At low pressures the presence of soot particles may give
rise to a luminous flame, but usually they are too small in
number to significantly affect the level of radiation.
However, at the high 1levels of pressures encountered in
modern gas turbines, the soot particles attain sufficient
concentration to radiate as black bodies in the infrared
region. It is under these conditions that radiant heating is
most severe and pose serious problems in regard to liner
durability. Due to lack of complete understanding of the
mechanism at this stage development, technical problems
connected with soot formation in combustion at elevated
pressures still have to be handled on a trial and error
basis (Wagner (1987)).

6.2.3 RADIATION MODELS

The field of radiation modelling has been fairly active and
is growing in importance. A variety of methods of varying
complexity are available, though a simple prediction proce-
dure for the ultimate user is still much wanted. A review of
the status by Viskanta (1984) and Lefebvre (1984) bring out
the relative complexities, inadequacies, and the problems in
areas such as soot modelling or availability of experimental
data. However, an over view of some of the techniques is
worthwhile.

The problems coupling of radiation calculations with flow

field calculations, can be better judged, by cursory look at
the type of equations which represent the radiative field.

Radiation within
solid angle

| Direction of
radiation intensity

N

¢

Surface of
radiating body

Fig 6.1 Intensity of Radiation



88

The intensity of radiation I is a function of angle ,
wavelength and distance (fig 6.1). For a monochromatic
radiation it is given by Bouger—Lambart law as

dI E
. [ b _ Ix] .. (6.1)
ds n

where E is the monochromatic black body radiation
given by Planck’s Law as o

C T" C e -
- 1 .. (6.2)

C,/AT
2> [ e 2 ]

where Cl and C2 are Planck’s constants

E

bx

k absorption coefficient- this is the sum k for
both gas and soot particles.
The total rate of radiation emission is obtained by integra-
ting eqn (6.1) over the entire path length, then over the
entire spectrum of wavelengths and over the solid angle 9,
as '

rrs @

q =] J 1, dxde .. (6.3)
20

Computing time is enormous, if the above integrations have
to be performed over the entire domains of integration and
more so if the grid size is small and the geometry is
complex. All the models try to achieve to solve these with
various assumptions to reduce computing time to an
acceptable accuracy.

"ZONE’ METHOD : Described by many as an elegant and for many
several years ahead of its time, the method developed by
Hottel and COHEN (1958), perhaps, is the most widely used.
Application of the method requires the whole gas volume to
be divided into a number of smaller volumes, each with
uniform properties such as temperature, composition,
emissivity and transmissivity. The radiation from each
volume to the 1liner wall can then be calculated, provided
their relative geometrical orientation is known. The method
requires only the solution of a set of simultaneous
algebraic equations; however, the computer time involved may
be so lengthy as to seriously restrict the number of zones
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into which the total combustion volume is divided. In
addition to limiting the accuracy of the method, this could
also lead to incompatibility between the coarse grid used
for radiative transfer calculations and the finer grids
required for associated fluid-mechanics calculations. It is
also complex to calculate and store exchange coefficients
for complex geometries.

MONTE-CARLO METHOD : The Monte-Carlo method is also based on
the solution of the simultaneous algebraic equations of 3-D
heat transfer, but the calculations are greatly simplified
by treating the radiative exchange between gases and/or
surfaces in a probabilistic manner. This allows the number
of zones into which the combustion volume is subdivided to
be greatly increased. The total energy emitted by each zone
is divided into several beams each of which is emitted with
equal energy in a random direction from a random location in
the zone. As each beam travels through the gas its
attenuation is described by Beer’s law. If its energy is not
totally absorbed by the combustion gases before it reaches a
wall surface, the remaining energy is reflected back into
the combustion volume in a random direction. The calculation
continues wuntil the beam energy is completely absorbed
(Siegell and Howell (1981)). Its main advantage lies in its
flexibility and its ability to be applied to complex
geometries. But its principal drawback is that it is time
consuming.

FLUX METHOD : These methods are based on the wuse of
simplifying assumptions of the angular variation of radiant
intensity in space. These allow the exact integro-
differential radiation transport egquation to be reduced to a
system of approximate partial differential equations, which
may be solved in parallel with the flow equations. Two flux
to multiflux methods are being investigated (Siddal (1972)).
The reasons for inaccuracies are a) the radiant flux is
divided into too few directions (2,4 or 6 being small for
many applications)and b) the fluxes in the different
directions are unrealistically independent of each other.

SPHERICAL HARMONIC METHOD : Here the intensity is represen-
ted by a series of spherical harmonics (P.). This method is
attractive in that it has a strong mathematical basis and
allows the possibility of replacing the integro-differential
equation for radiative transfer by a set of partial
differential equations. Retention of terms through the first
(N=1), third (N=3) or fifth (N=5) results in P,, Py, Pg

approximations respectively. However reasonable agreement is
reported using Py approximation (Menguc et. al (1985)).
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DISCRETE METHOD : This method proposed by Lockwood and Shah
(1980) is similar to the Monte-Carlo method in that it is
based on the solution of representatively-directed beams of
radiation within the combustor. However, in this method the
ray directions are not random but are specified in advance,
and are solved only between two boundary walls. The method
is economical, easy to apply and has potential for high
accuracy.

6.2.4 SCOPE

In order to interface with the existing programming style
simple correlations are required. Taking cover under basic
assumption of uniform properties at any axial plane and one
dimensional approach, we fall back on the currently
available method (Lefebvre and Herbret (1960)) which is
based on mean beam length.

The basis is that the gas would be considered gray. Hence k
would be a constant, independent of wavelength. Integration
of eqn(6.1) over a mean path length 1, characteristic of the
given combustor geometry, leads to
E
)= L (6.4)

n

I =(1- e"kl

If the surface is assumed to radiate diffusely, then

E=nl ..(6.5)
Hence, _
E=(1-e*hE ..(6.6)
where Eb = 0o T4

€ = emissivity

Thus radiation emission, is evaluated based on emissivity,
which 1is empirically correlated using the mean beam length,
and other operating conditions.

This is the simplest of the available techniques. However,
this can only predict average radiation heat flux; radial
non-uniformities of radiative properties are not accounted
for.
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6.3 HEAT BALANCE

Representing the various heat fluxes of the liner as shown
in Fig 6.1, heat balance can be attempted. Under equilibrium
conditions the 1liner temperature is such that the internal
and external heat fluxes at any point are just equal. Loss
of heat by conduction along the liner wall is comparatively
small and is neglected for ease of calculations.

C, = convection heat flux
to annulus air

{ R, = rediation heat flux
10 casing

K = conduction along liner wall K 1.9 = conduction heat

through wall
T2

) e NSNS I
4 T Ty
C, = convection heat

flux from gas

R, = radistion heat
fiux from gas

Fig 6.2 Basic Heat Transfer Processes.

The heat transfer model shown as Fig 6.2, includes only the
axial wvariation of properties. Under steady-state condit-
ions, the rate of heat transfer into a wall element must be
balanced by the rate of heat transfer out. Therefore, an
element with inside surface area AAwl

(R; + Cy) BBy = (Ry + Cp) A, = Ky, ce.(6.7)

Evaluation of individual terms and subsequent balance yields
the liner wall temperature for any operating condition.

However, the above simple balancing procedure soon gets
complicated when cooling channels (single or double )are
introduced. The number of equations will be 5 and 8
respectively (as shown in Fig 6.3).

NOTE: The notation in Fig 6.3 is different in that, R, is
represented by RR1, C, by cCl1, and Ki_» by KK12. Similarly

for the other skins also this changed notation holds good.



Akt E T R

92

CASING WALL

COLING AIR - e

COOLING AIR 1

COMBUSTOR CENTER LINE

Fig 6.3 Heat Balance Configurations
6.3.1 METHOD OF SOLUTION

The solution of these non-linear equations is carried out
using NAG subroutine COSNCF (detailed information is
attached as Appendix L).

At the development stage of the program this NAG library has
been made wuse of. Obvious advantages are simple to use and
no need for additional <coding. 1In order to improve the
programme’s stand alone capability, wuse of external
libraries need to be avoided. Hence recourse is taken to
account for this. The solution of these non-linear equations
is carried out wusing modified Newton Raphson method with
Gaussian elimination technique, which 1is explained as
Appendix M.

The choice of correlations for coefficients will largely
depend on the past experience and availability. However,
every effort is made to locate the best available expres-
sions representative of all the configurations that are
intended to be analyzed. It is worthwhile to highlight the
advantage of modular structure programmes where the user
defined <correlations can be very easily introduced into the
programme.
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6.3.2 INTERNAL RADIATION :

The radiative interchange rate at a black bounding surface
at uniform temperature is given by Hottel(1967) as:
4 4

g Tg ag Twl ) ..(6.8)
When gray walls of emissivity ew are considered, partial
absorption occurs leading to multiple reflections and
absorptions. The resulting sum is the gas to wall flux,
which must be smaller that for a black walled system by a
factor 1lying between ew and 1. If the emissivity is high,
(e > 0.8), the use of the factor O.S(ew+1) as a multiplier
to egqn (6.8) cannot lead to much error. "Thus,

Rl = o (€

€ +1
w 4 4
) (eg Tg - ag Twl )

R, = o ..(6.9)

This is adopted by Lefebvre‘and Herbert (1960). They further
approximated the above expression with

0.5
o T
[—ﬂ] = [—9—] ..(6.10)
eg Twl
leading to
€ +1
1.5 2.5 2.5

Rl = g ; ) eg Tg (Tg - Twl ) ..(6.11)

However, considering the need to incorporate coatings and
materials of 1low emissivities, a more rigorous approach is
followed where allowance for non gray radiation is also
included. This leads to (Hottel (1967))

R, = oe. ( g d - g ¥ ..(6.12)

FLAME EMISSIVITY :

Reeves (1956) correlated Hottel’'s graphical data of flame
emissivities of water vapour and carbon-dioxide at various
temperatures and pressures and developed expression for
emissivities of non-luminous flames given fuel/air ratio and
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operating conditions. These are corrected for luminosity by
multiplying with luminosity factor.

for distillate fuel ~ CH2 :

e, =1 - exp (-0.286 L P (£1)%° Tg‘1°5) ..(6.13)
for distillate fuel ~ CHl 5 ¢
e, = 1 - exp (-6.378 L p0:7° (£1)0-5 Tg'l‘s) .. (6.14)

where L = luminosity factor
1l = mean beam length
f = fuel air ratio
LUMINOSITY FACTOR

The uncertainty of evaluating exactly the soot forming and
consumption processes is lumped in one fiddle factor. The
fidelity of the approach yielded many correlations of which,
the expression by Kretschmer and Odgers (1978) is chosen
considering it is the best fit of available data, and it is
accepted that carbon hydrogen ratio is a fair measure of
luminosity.

L = 0.0691 (CsoH — 1.82)2-71

..(6.15)
where C/H = carbon, hydrogen mass ratio

The above expression is limited to fuels having molecular
weight of 44 or above, provided that

1) the fuel is a satufated hydrocarbon

2) it 1is <commercial liquid fuel ranging from gasoline
to fuel oils
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The estimated accuracy is

425 % and range of variation is as
shown in the Fig 6.4.
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Fig 6.4 Effect of fuel carbon/hydrogen on flame luminosity
MEAN BEAM LENGTH

The beam length is determined by the size and shape of the

gas volume. For most practical purposes it is given with
sufficient accuracy by the expression

volume
l1 = 3.4

..(6.16)
" surface area

However, in the programme the following are made use of,

Tubular
1l = 1.2 Rad ..(6.17)
Annular
1 =1.14 (Rado - Radi)
..(6.18)
where

Rad denotes radius, with o and i signifying the outer
and inner respectively)
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FLAME ABSORPTIVITY :

Using Kirchhoff’s radiation law which states in essence that
the monochromatic emittance is equal to the monochromatic
absorptance for any surface. ie.

SX(A,T) = ax(X,T) ..(6.19)

Hence abosptivity 1is evaluated using similar expression as
for emissivity but evaluated at wall temperature.

6.3.3 ANNULAR RADIATION :

The heat transferred by radiation from the flame tube to the
casing 1is generally small compared to the external convec-
tive heat transfer. Its significance, however increases with
the flame tube wall temperature due to its quartic nature
(Lefebvre (1983)). It 1is reasonable to assume that the
casing wall temperature is identical to that of the
compressor delivery temperature. The following expression by
Hottel and Sarofim (1981) reasonably represents the
radiation across the annular space

€ €
cc+sw(l—ec)(Aw/Ac)

6.3.4 INTERNAL CONVECTION
UNCOOLED SECTION :

The uncooled section is that which does not employ film
cooling. Following relation is accepted as the best
available, considering the process involving gases which are
at high temperature and wundergoing rapid physical and
chemical change. As the flame tube can be reasonably be
assumed to be a straight pipe, the appropriate classical
heat transfer for extreme turbulence, as proposed by
Lefebvre and Herbert (1960) is used.

0.02

St = 0.0283 Re .. (6.21)
N [ . ]0.8

C, = 0.02 (T_ - T .)

1 ng0- 2 g vl .. (6.22)

AL”g

However, the constant in the above equation is changed to
0.017 for the primary zone calculations in order to account
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for various other factors like recirculation, temperature
profile etc.

The following uncertainties, though highlighted at the time
of proposing, do remain till date.

1) Though the analogy is +taken from fully developed
turbulent pipe flow, the conditions in the primary zone
contains by design a reversal of flow so that only in a
region adjacent to walls does the direction of flow
correspond to that of the assumed pipe analogy. It is
difficult to precisely allocate a value of (m/AL),
however, no allowance is made for such discrepancy.

2) The average heat transfer over the length of a pipe
from its entrance is known to depend and vary quite
considerably with length/diameter ratio, so called
thermal entry effects. However, considering the extreme
turbulence, it 1is reasonable to assume that the value
derived <closely represents the stirred flow in the
combustor.

3) The question of which temperature to be wused for
evaluating the properties is another major one. Here we
have a situation of gas temperature having both radial
and circumferential variation, whose bulk static
temperature is used for radiation calculation. Another
assumption 1is that considering the low mach numbers,
the total and bulk temperatures are indistinguishable.
The gas temperature Tg for convection calculations will
obviously be between the bulk static and the wall
temperature Tw. Variety of approaches are being
followed. Either, end temperatures ie. bulk or wall
temperature or a mean between the bulk and wall
temperatures, at which all the properties could be
evaluated. When bulk temperature is wused, it is

normally corrected by (Tg/Tw)m where m=0 to 0.5 for

high to 1low Reynolds number. 1In the present study,
however, the bulk mean total temperature itself is
used.

COOLED SECTION :

In order to supplement the removal of heat from the liner by
external radiation and convection, a film cooling air on the
inside of 1liner wall may be used. Essentially it makes use
of a number of annular slots through which air is injected
axially along the inside wall of the liner, to provide a
protective film of cooling air between the wall and hot
combustion gases. The cooling film is gradually destroyed by
turbulent mixing with the hot gas stream, so that a
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succession of slots at about 4 to B centimeter intervals
along the 1length of the liner may be provided. A basic
limitation of the method is that it doesnot allow a uniform
wall temperature. The heat sink potential of the cooling air
is not effectively utilised since the wall adjacent to the
clot is inevitably overcooled. Advanced cooling materials
such as porous surfaces are the ideal, and technology is
striving to overcome limitations such as structural weakness
and clogging. Till the ideal |is available, the existing
techniques have to be made use of effectively. The following
film cooling devices are being examined.

The cooling devices that are being wused are shown
conceptually below. They appear in the decreasing order of
amount of cooling air required

/cﬂ/cé

Slot fitm cooling

"

Film-convection cooling (convective.channel)

= ———¢

Film-convection cooling {impingement)

P SN Y SY NS4

Multipte discrate hole film cooling (effusion cooling)

1 A

Fig 6.5 Trends in amount of cooling air employed

The simple slot film cooling has traditionally received the
most attention both in terms of application and fundamental
studies. Some of the variations of the simple slot are
presented as fig 6.6.
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Fig 6.6 Cross section of film cooling devices. a) wiggle
strip. b) stacked ring c) splash cooling d) machined
ring '

However, the present study has 1limited to the following
devices.

1) Unobstructed Gap

2) wiggle Strip Slot

3) Splash Cooled Type

4) Impingement cooling

5) Convective channel (double walled cooling)
NOTE : The notation followed to differentiate splash from
impingement cooling is that splash has just one row of holes
and hence one row of impingement jets, whereas impingement
cooling has several rows of jets. In other words,
impingement cooling is an extension of splash cooling along
the axial length.
DESIGN
Sturgess (1985) established MIX grouping to describe the
performance of a machined ring. But for the other types, no

such published information is available. Hence, broad design
guide rules interms of lip length selection or cooling flow
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estimation are incorporated for guidance. The temperature
results and effectiveness decay should provide adequate
feedback for improved designs.

0.030 Ar——éﬁ::::;f

0.025

0.020

0.015

R=34IN (8.6 CM.)

ELASTIC BUCKLING COEFFICIENT

0.010

R=52IN.(13.2CM.}
R=84IN.(21.3CM.)
0.005 i 1 1 1 1 1

o 0.2 03 04 05 06 08 1.0

L2/Rn

R=138IN. (35.0CM)

-

Fig 6.7 Elastic buckling>geometry relationship
(Sturgess (1980))

The 1lip lengths are normally less than 2 cm. Experience

suggests that for a large diameter combustor, L2/Rh should
have a value less than 0.1 to avoid lip buckling.

FILM COOLING CORRELATING PARAMETER

When a wall is film cooled by injecting a stream of air
between the surface and the hot main stream flow, three .
separate flow regions may be identified as shown as fig 6.8
(Sstollery and El-Ehwany (1965)).

The first flow region comprises a potential core, in which
the wall temperature remains close to the coolant-air
temperature. This is followed by a zone where the velocity
profile is similar to that of a wall Jjet. Further
downstream, the flow conditions approximate to those in a
turbulent boundary layer. The relative lengths of the three
regions are governed mainly by the velocity ratio Uc/Ug. For
Uc < Ug, the second zone is nonexistent, and a turbulent
boundary-layer model 1is appropriate for regions downstream
of the potential core. In some practical devices, there is a
rapid mixing at the entry region, raising the coolant inlet
temperature.
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FIG 6.8 Schematic of film cooling process.

1.0

The concept of well known film cooling effectiveness defined
as

n = (Tg - Twad) / (Tg - Tc) ..(6.23)

is accepted as a practical means relating the performance of
any cooling device. A variety of expressions (Stollery et.
al. (1965)) exist to describe the wall adiabatic temperature
variation with the distance. The form of parameter chosen
for the present work is that of Winter (1963), for the

following reasons:

. it is very effective at correlating a wide variety of
test data

. it has yielded acceptable wall temperature
predictions for a variety of combustors '

according to Schofield, Moore (1963), this gives less
scatter than others when tested over a wide range of

conditions.

WINTER PARAMETER :
n, A 0.8 0.6,..0.8

x = k |[——=5 ... (6.24)
m, By c
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where k = 1.0 when Ug/Uc > 0.8

1.25

k = (Ug/Uc + 0.2) when Ug/Uc < 0.8

Programme makes use of effectiveness variation with Winter
parameter X

n=f (X) ...(6.25)

The correlations employed are the best from the available
literature. It may be highlighted that they may not be
universal. User will have the option to change any of the
correlations to one in which he has better confidence.
However, the form that are included in the programme are
(Bergguist (1975)):

Unobstructed Gap:

n=1.0-0.00204 x*-34 ... (6.26)
Splash Cooled: 2.178

n=1.0 - 3.032E-2% (1n(0.6953 x)] .. (6.27)
Wiggle Strip:

n=1.0 - 4.84E-4* exp[2.77 x°'236] ...(6.28)

For any clean 2D slot the following after Ballal and
Lefebvre(1973) is also included

for x/ms < 8:
= 1.0

for 8 < x/ms < 11:

-1
X
= [0.6+ 0.05 — }
ms
for x/ms > 11:
-0.3 0.15
0.7 X R He -0.2
= 0.7}- e, — m ee.(6.29)
s ”g

where m = (pU)c/(pU)g

These equations can be applied to near slot regions provided
the thickness of the slot lip is small in relation to slot
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height. However, for mechanical integrity, the 1lip |is
sometimes made quite thick. In those circumstances, the
following correction (Lefebvre(1972)) is applied, to account
for the slot lip thickness, t.

0.1, -0.2  _g 4¢

X t
Correction Factor = 1.83 [—} {—-] (Res)

S ms ..(6.30)
No specific correlation could be obtained for impingement or
convective channel cooling configurations. It is assumed
that the effectiveness variation for impingement type is the
same as that of splash cooled and for the convective channel
that of wiggle strip. This assumption appears reasonable
considering the similarities in the downstream flow in both
pairs.

The adiabatic wall temperature thus obtained is used to cal-
culate the heat convected using appropriate film coefficient
relations of the form

Nu = f (Res,x,s)

FILM BEAT TRANSFER COEFFICIENT
As suggested by Ballal and Lefebvre (1972), the flow field

at the injection point becomes a significant variable for
the definition of heat transfer coefficient.

(pU)c

m = mass velocity ratio = ..(6.31)

(pU)g

Their analysis revealed that when the mass flow ratio m is
less than 1.3, the near slot region (x/s < 50) can be
described by a boundary layer model while for higher mass
flow rates it represents a wall jet model.

BOUNDARY LAYER MODEL (m < 1.3)

The model yields
0.7

X
Nu = 0.069 |Re_ —— (T - T .)
[ s ] wad  “wl .. (6.32)
N [ . ]0.7
C. = 0.069 — |Re_ —| (T, - T .)
1 x 5 5 wad — Twll g 33
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WALL JET MODEL (m > 1.3)

The model yields

0.8 ¢ x 2044

Nu = 0.10 Re [—s—] (Tyng = Ty ..(6.34)
N 0.8[ X }°°44

C. = 0.10 — Re_ |— (T =T .)

1 X s | s wad — “wl' oo 35,

Here all the property evaluation is done at the Twad
IMPINGEMENT COOLING

Higher heat transfer coefficients can be achieved on the
external forced convection by means of impingement cooling.
The impingement cooling review by Beccko (1976) for the
turbine blade cooling provides wuseful relations that are
available currently. For one line of round jets on a plane
wall, Gardon and Cobonpue (1962) obtained the following
expression:

0.375

0.625 0.33 (d
for Z2/d < 6.63

Nud(o—x/d) = 0.247 Rey Pr N

0.625

= 0.806 Re 4 Pr

0.625 0.33(d) 0.375 (d
} for z/d > 6.63

X Z

..(6.36)

dia of the hole
downstream distance
jet to plate distance

where d
X
2z

The effect of transversal flow added along the wall was
investigated by Metzger and Korstad (1972), who suggested a
new parameter M*, where

m

Mx = ©
m.
]
when m, and mj are respectively the total flow rate along

the wall and the flow rate only due to the jets. However,
they found a weak dependence of M* as:

0.662 0.333 -0.049

Nu = 0.065 Red Pr M* ..(6.37)

dav
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This correlation is appropriate to use for splash cooling
slots, where there 1is one row of impingement hole. As the
evaluation is in a discrete control volume in a marching
fashion, there is a need to differentiate between average to
instantaneous value. However, it 1is beyond the scope of
analytical work to derive exact solutions for a turbulent
field. The best way to utilize the available information is,
to treat the maximum heat transfer coefficient right under
the impingement jet with d/x=2. Then the value reduces with
d/x, as x increases from d/2.

The beginning of the slot, wupstream of the hole, though
small in length , poses computational problem. It doesnot
know what 1lays ahead and also how much of air impinged
recirculates back. For the present an average value is
assumed for this initial region, till a better scheme is
deviced in future, where in temperature calculation is done
in an iterative manner. Instead of assuming a minimum value
of Nusselt number for a typical splash cooled configuration,
(which is around 30 to 60), it is felt better to assume a
minimum mass flow which is 2% of the total flow for annular
and 3% for of the total flow for the tubular. Corresponding
heat transfer coefficients are evaluated based on pipe
flow.

Gardon and Akfirat (1966) have extended the previous single

row to two dimensional array of jets. But the average heat
transfer coefficients were correlated by the equation

0.62

Nu . = 0.36 Re_, ) ..(6.38)
U_. x. p
a "N
and Re,, = —— ..(6.39)
Y7,
u, = arrival velocity
= Ue (for zn/B < 7)
7B
= Ue — (for zn/B > 7)
Zn
where U, = jet velocity
X, = spacing between centers of nozzles
z, = nozzle to plate distance
B = width of slot nozzle
d = diameter of the nozzle

The departure from standard notation, according to the
authors, is justified by the wutility of the resulting
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correlations. It is interesting to note that the combustor
field has to rely on the above equations which are actually
developed for the annealing of non-ferrous metals and the
tempering of glass.

One major difference in the <cooling configuration, in
deriving the above egquations, 1is that the jets are not
confined i.e. after impinging they do not have a predominant
way to escape. A more tried out relation is by Singh(1972),
which is an extension to the above, correlating the existing
data. The final form is as given :

loglO(S) = C1 loglo(xn/zn) + C2 ..(6.40)
where C1 = -0.8950468

C2 = —-0.8085483
1/3 2/3 1/5
where S = Stav Reav Pr (zn/d) ..(6.41)
U X_ p
av 'n
geav=
7

The arrival Qelocity is calculated, using the expression as
suggested by Gardon and Cobonpue (1962), which is of the
form

6.63 d Ue

Usw = . ..(6.42)

n

The present work has incorporated these correlations.

However, even the above equations are more appropriate to
use for an average value over an array of impingement holes.
The above derivation is strictly for a square matrix, in the
sense equal separation of jets in the x and y directions,
ie. along the axis and circumference respectively. When the
spacing along the axial length greatly differs from that of
circumferential spacing, it is difficult to attribute a
value to X -

Better predictive ability appears to be obtained from the
correlations of Florschnetz, Truman and Metager (1981).
Their investigation covers a two-dimensional array of
circular jets of air impinging, with the air, after
impingement is constrained to exit by the surface in single
direction along the channel formed by the surface and the
jet plate, as shown :
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Fig 6.9 Basic model geometry and nomenclature

The advantage is that it could be used for any horizontal
spacing, including a continuous -injection (theoretically).

Gj(x)
> a
]
l
W/ )

X —JUx J

a) Discrete hole injection b) Continuous injection model

S

Fig 6.10 Impingement injection type

The final correlation is of the form

- m _ n 1/3
Nu A Rej (1 B{(zn/d)(Gc/Gj)} ] Pr .(6.43)
where n, ny n,
A,m,B,n = C (xn/d) (Yn/d) (zn/d) ..(6.44)
with the following coefficients
Inline Pattern Staggered Pattern
Cc n, ny n, Cc n, ny n,
A |1.18 -0.944 -0.642 0.169| 1.87 -0.771 -0.999 -0.257
m (0.612 0.059 0.032 -0.022| 0.571 0.028 0.092 0.039
B |0.437 -0.095 -0.219 0.275}] 1.03 -0.243 -0.307 0.059
n |{0.092 -0.005 0.599 1.04 0.442 0.098 -0.003 0.304

Table 6.1 Constants for Impingement Correlation

The model is derived for the following range of variables
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Re 2.5 x 105  to 7 x 10%
Gc/Gj 0 to 0.8
xn/d 5 to 15 for inline

5 to 10 for staggered
yn/d 4 to 8
zn/d l to 3

Using the correlations beyond these values is questionable.
However, the range appear to be within typical values found
in combustion chambers.

This yields comparable results with that of Egn 6.40. Both
the equations are, however, incorporated in the programme.

CONVECTIVE CHANNEL

This <class of cooling technique appear to be referred to by
a variety of names. Combined f£film cooling and augmented
external convection (Lefebvre (1983)), film/convection
cooling (Sjoblom (1984)), convective channel (Nealey et al.
(1985)) or simply double walled cooling (author) are all
synonyms for this alternate technique, which is sure to find
wider application. The convective channel arrangement
(Nealey (1985)), as shown, relies 1largely on the axial

Laser beam drilled holes
Cooling fiow /

T~ = —
| s Bl JJ - -
Dimpled Laser beam
spacer plug weld

Thermal relief
P\’ slots

High temperature  Etched
nickel braze surfaces

Fig 6.11 Typical Convective channel arrangement

velocity of the coolant through the double wall channel
region to achieve cooling of the liner inner surface prior
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to tangential injection of the air film.

No specific correlations are put forward in the available
literature. Sjoblom (1984) treats the channel as pipe flow,
the same analogy drawn for the entire combustor. However, it
may raise skepticism due to the narrow height of the
channel, in relation to the diameter of the combustor. For a
typical 30 cm reference diameter with 2 mm slot height
amounts to a ratio d/h = 150. In such high ratios, it may
appear better to consider the system as parallel plates.

‘However, the available literature doesnot give simple

equations for them either. Kays(1966) presented the Nusselt
number data for infinitely long parallel plates. Comparison
of that with the pipe analogy leads to

Pr = 0.7 4 4 5 5 6
Re 10 3x10 10 3x10 10
Nu
1 parallel 27.8 61.2 155 378 1030
plates
0.8
2 0.02Re 31.7 76.3 200 482 1262
0.785
3 0.02Re 27.6 65.4 168 399 1026

Table 6.2 Nusselt No comparison for parallel plate and pipe
analogies

The last two rows show the results by assuming the pipe
analogy (egn 6.21) with standard constants and the second
due to a possible new correlation. No doubt, the second
correlation gives closer result, but no attempts or claims
are being made due to insufficient experimental data. Also
the difference in values and the uncertainty in the parallel
plate assumption are of the same order. Hence the evaluation
procedure for the convective channel is same as the external
convective heat transfer coefficient, except that when heat
balance is being made an additional wall is considered.

SURFACE ROUGHNESS

The above cooling rates can be enhanced by artificially
roughening one or both of the coolant side channel surfaces.
The order of increase 1is qualitatively shown as (Nealey
(1985))
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Fig 6.12 Heat Transfer characteristics of artificially
roughened surfaces

Kays (1966) semiemperically related the Nusselt number
increase, for air at Pr=0.7, through friction coefficient as

0.5

Nu £ )
—————————————————— = e — '-(6.45)
Nusmooth fsmooth

The empirical data is based on values corresponding to
pipes. But, this seem to reasonably represent the above
data (fig 6.12). The increase could be due to the proximity
of both the surfaces in a convective channel. However, this
relation will be introduced into the programme as a
gualitative measure.

It has also been observed by Nealey (1985), that channels
with only one roughened surface exhibited about half the
pressure drop (at a given flow rate) of comparable channel
with both surfaces roughened. However, the configurations
with only roughened surface exhibited almost the same heat
transfer coefficient level as the channel with both surfaces
roughened. Apparently, the induced turbulence and extended
surface area of the heated wall alone control the overall
heat transfer rates to a significant extent.

EFFECTIVE FLOW AREA

When film cooling is employed the effective geometrical
area, including the effects of blockage need to be
evaluated. It 1is felt easier to express this as a fraction
of the available slot area, which is calculated based on
liner radius and the height of the slot. However, only a
fraction of the above area would be utilised for the actual
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flow, due to the blockage of stiffeners, supports or
wiggles. The guidelines to evaluate the fraction are as
follows:

1) Unobstructed Gap: It 1is assumed to be fairly high
(0.8).

2) Wiggle Strip : The wiggles are approximated to
triangular strips and blockage 1is accordingly
calculated, as per the method deviced Appendix M.

3) Stacked Ring : The total hole area is calculated
which is actually the flow area. Hence the fraction
here simply the ratio of this area and the slot

area.
Ahole2
11
Ahole! :L Aslot I Aslot
)]

Ahole!
Fraction : - Abole2
Aslot Aslot

Fig 6.13 Flow Area Fractions

Then discharge coefficient 1is applied on this fraction to
arrive at the effective flow area.

Effective Area = Aslot x Fraction x Cd

There is no published procedure available to evaluate their
Cds. However, being total head devices, in most cases it can
be assumed to be very high between 0.75 and 0.8. However,
Cds for the impingement or splash holes will be lower, being
evaluated on the lines of a mixing hole.

6.3.5 EXTERNAL CONVECTION :

This component is estimated by making the same assumptions
of pipe flow as was done for the internal convection in the
uncooled section. The Reynolds number in this case, however,
is based on the hydraulic mean diameter of the annulus. The
fluid properties are evaluated at the bulk annulus air
temperature, same as the combustor inlet temperature. In
practice, the «cooling air temperature will increase during
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its passage downstream, but its increase is neglected due to
its small effect.

i 0.8

an
(T - T,
Hd0'2 [ A u ] w2 in

¢, = 0.02 )

an ..(6.46)

6.3.6 WALL CONDUCTION

The heat flow through the 1liner wall 1is calculated by
assuming the liner as multi-layered cylinder (Kreith(1976).
This becomes true if there is a coating on the inside of the
liner wall, otherwise only the thickness of the liner wall
need to be considered.

K, _ (T, = T )
1-2 o vl %3 C(6.47)
X ln(rz/rl) + ln(r3/r2)
xl ‘Az

Cam
Twd

Twl
r3 rL’

Uner LCoaUng

Fig 6.14 Heat Transfer by Conduction
6.3.7 ADDITIONAL MEASURES

A good maximum design temperature for commercial life requ-
irements with materials (Nickel and Cobalt based alloys such
as Nimonic 75 and Hastealloy X, and C 263 and Haynes 188) is
925-975 K. In order to combat higher liner temperatures,
additional methods such as a thin coating of thermal barrier
may be required. Though stability of coatings is still much
desired, they offer the immediate advantages till alternate
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materials developed. Liner wall coatings can reach thick-
nesses wupto 0.5 mm. Typical materials and their properties
are described in subseguent paragraphs. The Parametric study
of wall temperature variation with and without coating for
Case 2 (rest of the details are described in Chapter 11) is
shown as Fig 6.15 to indicate the benefits.

500

T T T T

« Combustion Zone /
4001 o Dilution Zone b

= 3000 .
£ / *ox P2 = 16 atm, T2 = 695 K

S o ZIRCONIA 0.5 mm thick, 6 microns RMS
= x e .

z x X

> x BT s Tu-T2

z

—

2

200 300 400 500
A Tw K (without coating)

Fig 6.15 Effect of Coating on WallkTemperatures (Case 2)
6.3.8 PROPERTIES -

TRANSPORT

The transport properties, X and ¢ are mainly required for
the film <cooling air and hence the function correlated by
Kretschmer and Odgers (1978) is made wuse of during the

initial development

N
= 74.811 + 1.674 T°- 72 _ 0.0081599 T!*° 4

0.8
u
2.2539E-5 T2°2° _ 2.5287E-8 T

..(6.48)

However subsequently the properties generated by the
programme explained in the chapter 5 is made use of.
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MATERIALS

The properties emissivity and conductivity for typical liner
and coating materials are stored as data, though not
exhaustive at this stage. These values are known to be
temperature dependent. But obtaining information as a
function of temperature is time consuming. The mean values
are quoted as Appendix N.

It has been experimentally correlated by Ubhi (1987), the
effect of temperature along with thickness and surface
roughness of coating, on emissivity. According to his
study, the emissivity of a coating can be expressed as:

= f(Thickness,Surface Temperature, Roughness)

= A(l)+ A(2)exp(-C T/100) ...(6.49)
where
A(J)= X(1,J) + X(2,J) t + X(3,J3) R + X(4,J) tR J=1,2

t = (thicknhess of coating in m) x 1000,

R = (RMS of surface roughness in um) X 105,

(! The constants 1000 and 105 are introduced to size the
coefficients X(i,j) to appreciable figures)

T = surface temperature in °C

C = a constant

The range of applicability is 0.lmm to lmm for the thickness
and 2 to 10 um for the surface roughness value). The
coefficients for allumina and =zirconia are 1listed as
Appendix 'N’.

This data is also made use of, though limited for few
materials at this stage. Such detailed, approach may sound
superfluous for the present model. But the emphasis is on
the utility of the present programme in comparing these sub-
models relatively easily. These results are presented as
case 4C and 4D, in Chapter 11.



115

CHAPTER 7

COMBUSTION EFFICIENCY AND FLAME STABILITY

7.1 REQUIREMENT

Two of the primary design goals of any combustor are to
attain the highest possible combustion efficiencies whilst
providing the 1largest possible stability limits within the
~operating environment. So far, designers are able to achieve
these criteria with quite a reasonable confidence level.
However, a «critical review of the available information
indicate the absence of quantitative expressions for
efficiency and stability limits that can be applied to any
gas turbine combustor in general. The reason, guite
obviously, is due to the fact that there is no one single
rate limiting process. This can vary from system to system
and in a system from situation to situation. However,
extensive work, was undertaken between 1950-70, which, laid
out a good foundation for the combustor design field,
however, empirical or gualitative they may appear. Though,
the wunderlying mechanism at a macro level is very clear and
understood, the microlevel quantification is a bit involving
and doesnot permit itself to be generalized in few simple
relations.

With the interest of laying down the rules for double
combustor, it 1is necessary to reopen the investigation
chapter for these two <criteria. Hence the need for qua-
litative as well as guantitative generalization of combu-
stion efficiency and stability limits, when the combustor
has to work with vitiated oxidant medium.

7.2 BACKGROUND
7.2.1 COMBUSTION CHAMBER

A broad classification of the many different kinds of
combustion chamber is given as Table 4.1. The existing
multitude of combinations can even be doubled since there
are two well-defined philosophies by which air is added to
the chamber; the first being small and frequent additions,
otherwise commonly known as pepperpot configuration, and the
second with large and infrequent additions. These
combinations can even be complicated by the way in which
fuel 1is added, upstream or downstream or staged injection.
It is not the purpose here, to argue the merits and demerits
of the various systems, but merely to use their existence as
an indication of the improbability of a ‘"universal
correlation" for all types of practical units.
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Despite the 1large number of design differences, all gas
turbine combustion chambers have three features which may be
identified: (a) a recirculation =zone, (b) a burning zone
which includes the recirculation zone and which extends to
the dilution region, and (c) a dilution region. The function
of the recirculation zone is to evaporate, partly burn, and
prepare the fuel for rapid combustion within the reminder of
the burning =zone. At the end of the burning zone, ideally
all fuel should be burnt so that the function of the dilu-
tion zone is solely to mix the hot gas with the dilution air
such that the mixture leaving the chamber has a temperature
and velocity distribution which is acceptable to the guide
vanes and the turbine. Generally the addition of dilution
air 1is so abrupt that if combustion is not complete at the
end of the burning zone, then chilling occurs which prevents
further completion. However, there is evidence within some
chambers that if the burning zone is run overrich, some
combustion does occur within the dilution region.

Based wupon the above assumption, it would appear logical to
treat the combustion chamber as (a) a partially stirred
reactor within the recirculation =zone, followed by (b) a
plug flow reactor to the the end of the burning zone,
followed by (c) a zone of negligible reaction but intense
mixing. Hence, theories based on stirred reactor should
yield reasonable gqualitative picture for efficiency and
stability. Also, with suitable experimental support, they
could even be extended for qualitative analysis.

7.2.2 EFFICIENCY

Combustion efficiency is an important parameter, but
uncertain to quantify analytically. Past experience has been
the major input. 1In combustion, efficiency relates to the
extent to which fuel supplied releases its heat energy.
Quantification in terms of measurable parameters is a matter
of choice. Oxygen content unutilised, carbon monoxide and or
unburnt hydrocarbons left over in the exhaust stream are all
a measure of inefficiency or the amount of unconverted
energy and temperature rise 1is a direct measure of
efficiency. Thus, gas analysis or pyrometry are the two
measuring techniques for the efficiency. Now, expressing the
same in analytical expressions in terms of operating
conditions is even more involved process.

Progress in isolating and evaluating the component processes
under representative environmental conditions is inevitably
slow and, wuntil more detailed knowledge is available,
suitable parameters relating combustion performance to
combustor dimensions and operating conditions can only be
derived using simplified models.
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Lefebvre (1966) suggested one such model based on the widely
accepted notion that the total time required to burn a
liquid fuel is the sum of the times required for fuel
evaporation, mixing of fuel vapour with air and combustion
products, and chemical reaction. The time available for
combustion is inversely proportional to the air flow rate.
Thus, combustion efficiency may be expressed as:

-1
-1 1 1 1
nc = f(airflow rate) x + +
evaporation mixing reaction
rate rate rate
.. (7.1)

In practical combustion systems, the maximum rate of heat
release at any operating condition may be governed either by
evaporation, mixing or chemical reaction, but rarely by all
three at the same time. Lefebvre’s (1966) © parameter is
still widely known and used

n, = £(o)

1.75 0.75 [T ] .
where © = P A D exp|—| / m
2 ref Tref 300 a o (7.2)

This model presumes that primary =zone energy release
kinetics are 1limiting to combustor performance. Combustors
may be sized to achieve some acceptable minimum efficiency
by <choosing © sufficiently large at some point in the
combustor operating envelope. For high efficiency (n > 90%)
this model is not strictly wvalid because primary zone
kinetics are no 1longer limiting to overall combustor per-
formance. Rather it 1is secondary zone performance which
controls emissions and efficiency. Even at high efficiency,
however, © remains a wuseful parameter for comparing the
performance of different combustors and fuels. However,
prior knowledge of the © parameter for a particular
combustion chamber for a given equivalence ratio is a pre-
regquisite. Due to the proprietary nature of these experime-
ntally generated information, this type of input to the
computer program is rather difficult to obtain.

The importance of evaporation can also be included as
proposed by Lefebvre (1987) as:

nc_‘ Nco nce -+ (7.3)
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1.3
[ -0.022 P2 VC exp(Tc/400)
n = 1 - exp e (7.4)
c® £
- c a
-36 P, V_ X
n = 1 - exp 2_c eff ..(7.5)
ce T D2 f
- c 0 c a
where
nce = reaction rate efficiency
Nee = evaporation rate efficiency

£ = combustion air fraction

A effective value of evaporative constant m2/s

eff
It may be noted that as opposed to the global values of
overall operating conditions representing the earlier
proposed © parameter (egn 7.2), the parameters in the latest
(eqn 7.4) represent the combustion =zone directly. This
brings it closer to the stirred reactor concept. Hence these
should be better representative of the efficiencies.

A more complicated model formulation for the primary zone is
that of Swithenbank et al. (1973), similar to the following
expression:

n = --(7.6)

pz
tK tD tE
1+—+_+_—.

t R tg
and the relative time scales are proposed as -

tR/tK' reaction kinetic time scales, based on Arhenius

expression a function of exp(E/RT)
te/tp = turbulent mixing scale
- 50(&/3)1/2 o (7.7)

where § = AP/q
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In case of droplet systems, a total mixing time is defined as

2 2
tD = (tD' + tE )

172 ..(7.8)

where tD' is only due to turbulent mixing same as (7.7)

tE is droplet evaporation time.

Mellor (1976) has extended the model through characteristic
times, to define efficiencies of the entire combustor accou-
nting for the various operating environments. When the
regions are schematically represented considering the flow
pattern, we can identify the different mixing zones, in the

(A)
FUEL
Z :r,.’_;:fw
© —
AR ~N
FUEL Besit \M}} —~
. — -—--—J- N, R
(B) _— 7
w8

Fig 7.1 simplified schematics of various primary zones
(Mellor (1976)).

primary section. The two important mixing processes in this
schematic representation of the primary zone (Fig 7.1); one
involves the mixing of the fuel vapor eddies with the hot
recirculating burned gases, and the other that of the
resulting fuel-burned gas mixture with the fresh air in the
shear layer. Characteristic times for these two mixing
processes can be thought of as turbulent eddy dissipation
times or lifetimes. The various characteristic times are
indicated as Table 7.1.
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TIME SYMBOL PHYISICAL/CHEEMICAL PROCESS
Fuel, droplet lifetime Teb Droplet evaporation and/or
combustion
Eddy dissipation time Tes Small scale turbulent mixing
for injected fuel near the fuel injector in

the recirculation zone

Eddy dissipation time T Large scale turbulent mixing
in the shear layer between fresh air and the
recirculating burnt products

Fuel ignition delay and The Homogeneous combustion of

burning time the fuel to CO2

Conversion Kinetic time Tn Conversion times for the
CO and UHC in the shear
layer

Table 7.1 Characteristic Time Scales (Mellor (1976)).

if,
t t t
__K+_.2+_E_ ‘X
tp - tR te
1/(1 + X) =1 - X ( expanding through Taylor’s series &

neglecting higher powers of X, if X
is small; as 1is the case when the
primary zone inefficiency is low.)

Hence the primary zone inefficiency becomes, from egn 7.6

t t t
(1-n)__ = K, D, E c i (7.7)
pz t t t
R R R

Leonard and Mellor (1983), using the above concept have
correlated the combustor efficiencies which included fuel
type and atomization effects. The model is shown as fig 7.2.

L T ({12 /9]
= [ . .
o Fig 7.2 Schematic diagram
52 ri“ﬂdd“h»/m» of the relation of the
B = mixing layer to the primary
r A zone and exhaust efficiency
lever o a2 e : (Mellor (1983)).
(] a (]
! i
|

lrlllAlv ZONE BOVNDARY J
e e o ——— — ———————— e -
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where

(1—n)0 = reference efficiency considering negligible
kinetic and evaporation rates, constant for a
combustor configuration and operating cycle
design.
-2

Tn = 10

Tn = 0.9 T2 + 0.1 T4

Ts1 co = lco Vres

-1 -1,-1
leo = [ig7 ¢ dgy ]

exp(4500/RTn)

The model reproduces the primary empirical observations
reasonably. The time scale approach should provide useful
guidance to designers.

Another approach 1is that by Odgers and Carrier (1973) who
have correlated efficiency for weak primary zones based on
experimental observations as,

N =2 log v + B¢pz + C ..(7.8)
Where I = parameter log log (100/n)
n = combustion efficiency
v = fuel loading me / Vo p"

n = reaction order

3

A,B,C, for fuel loading in lb/(s ft° atm"), were derived as

0.911, -1.1, 0.557

Constant C is dependent on the chamber and has to be
evaluated experimentally for each case.

7.2.2.1 CLOSURE

Considering above, the approach of Leonard, Mellor(1983)
based on time scales appears to have a potential to cover
all aspects that influence efficiency and also amenable for
easy coding in a computing programme. This possibility is
explored as explained in the subsequent paragraphs.

7.2.3 STABILITY

Stable combustion during erratic fuel or oxidant medium
supply to the combustor is a prerequisite of any gas turbine
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combustion chamber.

One theory to explain the stability phenomenon stems from
stirred reactors. Longwell et al (1955), Herbert (1962) have
derived stability criteria based on the postulation that if
the mean gas residence time in the recirculation zone
exceeds the requisite fuel burning time there, then a stable
flame will spread into the free stream.

For a stirred reactor the analysis (Swithenbank (1973))
reduces to a =zero-dimensional system. 1In a steady state
operation:

Heat liberated by Heat removed from
chemical reaction = reactor volume
..(7.9)
1 11

each side when represented in a non-dimensional form with
respect to fraction of oxygen conversion (v)

s

\
"
0 =

t t
I (1-v); =
.. (7.10)

"
w |o
e

11 (l-w)II = v (T -To) where v is the slope of the heat
removal line

..(7.11)
1-0
|
1
oe > final oxygen conc.
. v -
initial oxygen conc.
-'foe
z 1 PROPANE /AIR Vo= 1/(Tmax - TO)
Nno4 ¢=1.0 . .
g 1.= 500K T = residence time
z T, e
3ol A 1. 7= l00 secs 0 represents initial
2° T=198 3 3
S 2 e conditions
4 T;= 0000407
ol -
00 T, 1000 1500 2000 Tuux

TEMPERATURE (T)’K

Fig 7.3 The adiabatic Stirred reactor heat balance
(Swithenbank (1973))

Expressing the solution graphically, as shown in Fig 7.3
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1) Point A on curve 3 1is meta stable w.r.to small
changes of inlet parameters (Ts, ¢, TO)

2) Thermal ignition-stay time is achieved as curve 2
3) Blow-off occurs at the stay time given by curve 4

Lean blow-off limit is signified by that critical condition
where heat removed just equals to the heat liberated at that
operating condition. Any <change 1in condition to increase
heat removal rate, quickly gets into the unstable condition
of extinguishing the flame.

Kretschmer and Odgers (1972) had derived an empirical
equation for stability in terms of air loading parameter as
shown below

10 —C/(Ti+eAT)

N 1.29 x 1019 (m+1)[5(1-ve) ¥ é-ve]%e

vp2? 0.082062¢ Ye{5(m+1)+¢+Ye]2¢[Ti+8AT]2¢-0-5

.. (7.12)

gas massflow into a reactor gmol/s

volume 1lit

pressure atm

ratio of inerts/oxygen by volume in mixture

¢ for ¢ <1 and 1 for ¢ > 1
undissociated adiabatic temperature rise in K
oxygen consumption efficiency

Zukowski and Marble (1956) have associated stability with
the shear layer, such that stable combustion is achieved if
the fluid residence time is greater than the burning time in
the shear layer. An extension of the same is that of Leonard
and Mellor (1983) which states that for a heterogeneous
systems the <criterion for blow off is that the mixing time
available in the shear layer surrounding the flameholding
recirculating zone must be sufficient to both evaporate the
fuel and ignite the mixture. '

(TZ/T¢=1)Tsl ~ The * KTep <. (7.13)
The temperature ratio is required to account for the
velocity difference between the liner and outer regions of
the shear layer.
7.2.3.1 CLOSURE

The approach (egqn 7.12)) of Kretschmer and Odgers (1972)
appears to be the simplest to be incorporated into the
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program which accounts for a wide range of operating
conditions and commensurate with the accuracy needed.
Hence similar strategy 1is adopted for the present work by
deriving a loading parameter expression to account for the
various inlet media, which is explained in the subsequent
paragraphs.

7.3 REQUIREMENT

The regime of interest would be, how do efficiency and
stability vary with medium change viz.

1) FUEL : fuel type may be varied due to deliberate
blends or due to inevitable shortage crisis.

2) OXIDANT : this medium may be changed from air to
vitiated medium either by precombustion in the case of
rigs or reheat combustors or through water/steam
injection for emission control.

The effect of fuel medium change is being vigorously
investigated since a decade and reasonable empirical and
semi-empirical guidelines have been formulated quantifying
efficiency or stability changes, by relating evaporation
times or drop life times to the fuel properties. Leonard &
Mellor(1983), Gleason & Bahr(1980), Ballal & Lefebvre (1979)
are some of representative work. The efficiency variation
based on evaporation as rate limiting process had already
been discussed as 4.10. Though much has been done for the
later medium, the interest was mainly to relate the rig
results to the actual combustors, as invariably some form of
vitiation was undertaken to simulate the inlet temperatures
or pressures. Barr & Mullins (1949), Greenhough & Lefebvre
(1957), represent some of earlier published work on
vitiation. Odgers & Kretschmer (1980) have recommended to
avoid vitiated preheating for test analyses, considering the
differences observed in pollutant formations and radiation
values from vitiated to unvitiated atmospheres. For a gas
turbine combustor, no model is currently available in the
literature that has been published, which would relate
vitiated preheating results to an unvitiated performance
with sufficient accuracy. With the interest in reheat
combustor or double combustor concept as opposed to simple
gutters in the reheat duct of any afterburner engine, it is
decided to probe deeper as to the possibility of
correlation, between vitiated and unvitiated performances.

7.3.1 EFFICIENCY CORRELATION

The data available from the Moonlight Project, however
limited, should provide the starting point for this
exercise. Mori et al (1982) have investigated vitiation
effects, whose results are quoted subsequently.
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a) M1l Combustor (Main)

b) RLC1 Combustor (Reheat)

Fig 7.4 Combustion Efficiency - Moonlight Project (1982)

Main combustor : combustion

air : 23.6%

AFR overall 50 60

20 80 90 100 125 150

175

sphum 02% AFRS

equivalence ratio

.000 20.95 14.73}.294 .

.082 18. 15.94(.319 .

.145 17. 16.85].337 .

.193 16. 17.56.351

.213 15.60 17.87(.357 .

.210 .184 .164 .147 .118 .098

.228 .199 .177 .159 .128 .106

.241 .211 .187 .169 .135 .1l12

-251 .219 .195 .176 .140 .117

.255 .223 .199 .179 .143 .119

.08
.09
.09
.10

.10

Reheat combustor :

combustion air :35.9%

n (AFR overall) 50 60

70 80 90 100 125 150

175

sphum 02% AFRS

equivalence ratio

.143 12.40 23.111.462 .385

.281 10.50 25.90|.518 .432

.534 8.20 31.03{.620 .517

.330 .289 .257 .231 .185 .154

.370 .324 .288 .259 .207 .173

.443 .388 .345 .310 .248 .207

.13
.14
.17

Table 7.2 Combustors air/fuel flow distribution-

Project

n = overall air fuel ratio

sphum = specific humidity kg of water/ kg of air

Moonlight
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The Tables 7.2 are generated from the limited data presented
by the MOONLIGHT project by Mori et al.(1981). Investigation
of vitiation effects on AFRS and adiabatic temperature is
carried out wusing the simplified technique to find the
temperature rise as indicated in Appendix C. For the same
oxygen volumetric percentage reduction, the two methods,
water addition or precombustion, yield different AFRS and
also different adiabatic temperatures (Fig 7.5).

30 . . 2700
Pin = 10 atmy, Tin = 1000 K

25 0 4 2450 Fuel C12.5 H24.4
%’ s Water injection
£ 201 42200 & ¢ Pre Combustion
2 ° Reference Condition
- 5
v £ i
o 151 11850 2 Pref = 10 atm, Tref = 600 K
< 2

10 ) ) 1700

10 15 20 25

% 02 (by volume)

Fig 7.5 AFRS and T.a under vitiation

The adiabatic temperature is roughly lowered by 50 degrees
for each 1% reduction in oxygen volumetric percentage. Hence
vitiation of the medium can be represented by any two of the
variables 02 %, AFRS, water content (specific humidity). It
is proposed that the widely accepted © parameter (egqn. 7.2)
may be modified to account for vitiation in the following

manner.

0.75 1.75
A D P
Modified © parameter = C; ref ref 2 exp (T2/C2)
m .. (7.14)

Cy is introduced considering the fact that collision

frequency should reduce as number of inerts to oxygen
increases, in other words as vitiation increases.
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C1 = f ( ¢pz' AFRS, sp humidity)

a AFRSr x (1 + sphumr)

pz AFRS x (1 + sphum)

«.(7.15)

C2 is introduced as maximum adiabatic temperature falls with

vitiation. It also depends on how vitiation is achieved.

Hence, the proposed form of c, is

C = B [0.0679 AFRS (1

2

where AFRST

c
+ sphum) ] ..(7.16)

for a reference condition

sphumr say, with the fuel without vitiation

B = 300, coefficient assumed as in original ©

a,b,c require to be evaluated experimentally

The final form of the correlation is

n = £f( modified © )

For the Moonlight combustor they worked out to be as

a=290.14 ; b=2.0; c=1.3

These appear to correlate the
the correlation coefficient r
better is the fit). The final

2 3
n = Ao + Al X + Az X" + A3 X

where
0.25
X = (o mod )
A0 = -1925294.039322875, Al =
A2 = -3492.133076386518, A3 =

A4 = -0.314914209478934, AS =

limited data reasonably, as
= 0.9689 ( closer to unity
form of relation is

+ A, X° + Ag X .. (7.17)
129741.0127543312,

46.93142351950109,
8.4404338915763207E-04

However, the range of applicability of the above eguation is
narrow due to the nature of high degree of polynomial. In
order to avoid an ill-conditioned solution (wherein the
solution is very sensitive to small changes in independent
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variable; this arises due to high order of the polynomial),
double precision is used in the least square curve fitting
routine. Consequently the coefficients appear in such
lengthy form. It may be impractical to |use them. Also
efficiency values above 100 and may be below 50 have to be
approximated to the respective limiting values. In order to
circumvent this, a simplified representation 1is done by
splitting the region. The same is represented graphically as
Fig 7.6.

for © < 2.02E7 n = Ag + A1@0'25 where A, = -543.6047
Al = 9.5194
r = 0.9045
for € > 2.02E7 n = Ao + Al/e where AO = 104.1648
Al = -1.85041E8
r = 0.9035
for © > 4.45E7 n = 99.999 r is the corre-
lating coefficient
..(7.18)
100
90 4
52
5 80| ]
&
o
e s EXPT
_ EQUATON
70 ) N \
0.10 0.20 0.30 0.40 0.50
MODIFIED THETA PARAMETER x108

Fig 7.6 Efficiency under vitiation- Modified theta parameter
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7.3.2 KINETIC TIME APPROACH

In order to arrive at the correlation analytically an
attempt is made to bring in the effect of vitiation through
kinetic time. Following the characteristic time model, as
described earlier (fig 7.2), with the assumptions that
mixing times and evaporation times are not rate limiting,
the inefficiency can be deduced as
T Tk
(1 - nc) =C— (1 - nc)o [ C, + C4 ] ee.(7.19)
Ts1 , TR
All the terms have the same definition as described earlier
in fig 7.2 except (1-nc) would be a constant for a combu-
stor representing the regerence condition inefficiency due
to mixing and evaporation, which is assumed to be constant
even when the oxidant medium is changed. Cqv C2' Cy are the

constants to be evaluated later. C, representing the combi-

ned effect of the mixing and evaporation. Now there is a
need to evaluate the kinetic reaction time ke

A review to evaluate the kinetic time, has yielded the
following correlation after Odgers

0.25
=7 (Tpz_
tK (ms) = 1.281 x 10 {Pl.ZS} X
1.75
[l+¢pz(l+h)/23.8]
0.75
(4, (1-n)])

exp(E/R T__)
pz
[1-né ]

..(7.20)

However, due to paucity of complete information about the
applicability of the equation, it is decided to evaluate the
times through material consumption equations.

KINETIC REACTION

According to the collision theory for a bimolecular
reaction, material consumption rate is given by

dm PY*® £ n-f -(E/RT)

- — =V k /T X X . e ees (7.21)

at RT comb “oxi

which for a gas flowing into a perfectly stirred reactor
vessel becomes
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NYn

P\? f n-f -(E/RT)
Xcomb Xoxi

=VkV/T {——- e ee. (7.22)
(l4m) RT
where X=mole fraction
n oxygen consumption efficiency
the other terms are as defined for
egqn 7.12

The constants k,f,n,E are all derived using "best-fit"
values to the experimental data. Hence there is this
uncertainty in extending the results to the other cases.
However, for carbon/hydrogen/oxygen/nitrogen containing
fuel-oxidant media, the qualitative agreement can be
reasonably expected.

The mass balance for any hydrocarbon fuel burning in air can
be represented on a global rate reaction basis thus:

¢ CxHy + (x + y/4) O2 -

2 ¥nx CO2 + Yny/2 HZO + (x+y/4)(1—Yn)O2 + (¢-—Yn)CxHy
ceo(7.23)
(¢-Yn)
Xcomb =
(x+y/4)+¢é+¥n(y/4-1) e (7.24)

(x+y/4)(1-Yn)
Xoxi = ...(7.25)
(x+y/4)+¢+¥n(y/4-1)

The individual proportions will be different if all the ass-
umptions introduced in Appendix c, are superimposed conside-
ring dissociation. The above ratios are listed to illustrate
the approach. :

The best fit wvalue for k, the collision frequency factor,
varies from 1.29E10 for propane (Kretschmer & Odgers (1973))
to 1.2E12 for n-heptane (Longwell & Wise (1955). As most of
the data derived is in the presence of air and hence
extending it to vitiated medium is dubious. However, it can
be argued, that k, the collision frequency should decrease
in the same proportion as more vitiation or number of inerts
increase. As stoichiometric air-fuel ratio between the two
media is also a measure of the increase in inerts with
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respect to a reference value, it is proposed that

AFRSr(l+sphumr) b where b is 2.0
k = 1.29 E10

AFRS(1l+sphum)

n-1
lit / (g.mole)n_lxl/zs

«..(7.26)

This has vyielded reasonable correlation for the Moonlight
data, though more experiments may be needed for confirmation
or improvement.

Similarly the activation energy E, varies from 24 Mj/kg mole
to 88 Mj/kg mole. Even for propane Kretschmer & Odgers
(1972) have indicated a scatter ranging from 69771 to 28037
cal/g mol (Fig 7.7). For Kerosene 88 Mj/kg mole is being
used by a large number of correlators and hence this value
is presently being adopted.

2000 T ] -4

P

e

000 1

200 o &0 00 &0 0 "o, 0

Fig 7.7 variation of activation energy for methane

The exponent n varies from 1.3 to 2., and Kretschmer and
Odgers(1973) have expressed it as a function of ¢. However,
n=1.75 and f=1 are widely accepted and a large number of
data already exists correlating to these exponents and hence
no attempt is made to review their value.
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if p is the density at T, in the stirred reactor,

mass = p V
PV xoxi
02 moles left over =
Mol Wt
IP\
= |— |vx .
RT oxi

(P YV X . 1]
2 moles consumed = |— ox1

o) -
\RT J (1-n) e (7.27)

if tK is the reaction time

PV Xoxi n
O2 consumption rate = |— |—————— ceo(7.28)
RT (1-n) ty
equating - (7.22) and (7.28)
n exp(E/RT)
t =
K n-1
[ P ] f n-f-1
—_— k v/ T X X . (1-n)
RT comb “oxi .. (7.29)
Assuming
n=1,75
£f=1.0

E = 88 Mj/kg mole
R = 8314.3 Mj/kg mole K

= 0.08206 1lit atm/g mole K
k = as given as egn 7.26

Kinetic times (TK) are evaluated for the Moonlight combustor

and are presented for an AFR of 60 as below. The values for
unvitiated air are reasonably in close agreement with the
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values derived using egn 7.20 of Odgers.

T 0, % t, sec

2 2 K n(expt)
M1 530 20.95 0.32480e-6 99.90
18.50 0.52040e-6 99.51
17.00 0.72924e-6 97.50
16.00 0.94413e-6 94.10
15.60 0.12035e-5 78.50

RLC1| 990 12.40 0.3833e-6 99.99
810 12.4 0.47789%e-6 99.80
730 12.4 0.52434e-6 99.30

Table 7.3 Kinetic times for Moonlight combustors

On a comparative basis, they appear to represent the
efficiency degradation based on the kinetic reaction times.
However, for similar drop in kinetics Leonard and Miller
(1983) have reported only 2.5% increase in inefficiency, as
against a drop of almost 20% in the efficiency in the
present case. The evaluation of tK here, has already assumed
the knowledge of primary zone efficiency. The fidelity of
the approach doesnot make it an easy predictive procedure,
as originally indicated as Egn 7.19. Also the data about the
empirical constants such as k or E in the presence of exces-
sive inerts is scarce. Hence this exercise is discontinued
at this stage, leaving the empirical relation through
modified © parameter as representative of efficiency under
vitiation.

7.3.3 STABILITY RELATION

The stirred reactor approach as explained in the preceding
sections is the basis for stability calculations. The

maximum loading parameter N/VPn is chosen to represent the
blow-off conditions. Here for a given inlet conditions, the
efficiency is varied to get the maximum value of loading
parameter from equation (7.22), which represents the
blow-off condition at that equivalence ratio.

NOTE : 1In general, both rich and lean stability limits are
required to complete the loop. However, the lean limit would
be more important in instances like sudden throttling back
when 1load is thrown off from the grid. Only bottom half of
the loop upto stoichiometric ratio is considered, for all
the cases.

Though qualitative, this method should bring out values for
the maximum throughput as well as the lean blow off limit at
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any power setting. The first being the maximum value of
loading parameter at equivalence ratio one of the stability
loop for the design point. The later from the appropriate
stability curve against the loading parameter of the
combustor at the operating condition. The flow and pressure
values can be obtained from cycle considerations. The
burning zone volume is again a matter of judgment. Water
flow visualization also helps to locate the exact size of
recirculation pattern and consequent combustion profile.
However, as a first guess this could be made equal to the
primary zone volume. Using this approach, the lean blow off
limit is presented for the Moonlight’s M1 combustor.

From the available measurements, the following are deduced

Vo = 2.e73 o
Apz = 0.72 kg/s
P = 0.3 MPa
_ Tpz__
(v, 2175 = 9.37E-8 ; log(9.37E-8) = -7.03

With E/R = 16000 K, the results are as presented below.

2.00
OXYGEN CONTENT
1.800 s 21.0 %
: i3
0%
1.600 ; 'g'gz
15.6 ~
{.400 o
1.200
2 1.00] . . ,
= Pin = 3 atm, Tin = 530 K
" 0.80L Fuel C12.5 H24.4
=z
“0.600
<
=
§tl40
0.200

w 1 - 1 I 1
-1 -0 -3 -8 -7 -6 -5 -4
LOADING PARAMETER (LOG)

Fig 7.8 Stability Curves- Moonlight combustor
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The same exercise 1is repeated with E/R as 20000 K. The
stability curves move left giving more realistic picture for
the vitiation, as shown below-

.0 ]
2.00 OXYGEN CONTENT
) ] 21.0 %
'-80 ps lg.g %

17.0
\-60 1 3 160
5 o15.6
\.40) ]
1.20 |
g 1.00 ]
* 0.80 | Pin = 3 atm, Tin = 530 K

Fuel C12.5 H24.4

1

13 =12 =11 =10 -8 =8 -7 -6 -5
LOADING PARAMETER (LOG)

Fig 7.9 Stability Curves- Moonlight Combustor

One way of using them would be, knowing the given combustor
operating loading parameter, pick out ¢pz for blowout.

¢LBO = ¢pz x fraction of combustion air

AFR oo = AFRS/¢ o

For the present case, with different E/R values

0, % E/R 10584 16000 20000 K

20.9 AFR 693 284 156
Blow
15.6 out 504 180 106

Table 7.4 Blow_out values for M1 combustor

The inference is:

From the experimental values, it appears that the value for
E/R 10584 K, is more appropriate at 02% for standard air.
With Oxygen depletion, it increases to its maximum value
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around 20000 K, as both the end values appear to reasonably
represent the system. It appears logical to assume that as
inerts increase, E/R value should increase. Inert content
seems to be an additional variable to those represented in
Fig 7.7. More experimental data may be required to confirm
or improve this supposition. However, in the programme, user
has choice to select this value, before wundertaking
stability calculations.

It may be highlighted, that so far the effects of mixing or
evaporation on stability limits are not considered. A proven
primay zone pattern or known blend of fuel can be used such
that the above processes are insignificant. However,
predictive capability is a must at preliminary design stage.
Lefebvre’'s (1987) semi_empirical relation brings in the
evaporative effects through the evaporation time constant

. 2
f m d

Qpo = A [JZH = H 0 ] .. (7.30)

sz Pz exp(TZ/BOO) XeffLCV

8(X\/Cp)
where A = ——3 1n(14B)(140.276Re ”%pr1/3) | . (7.31)
P
1

the terms are as explained in eqgn (4.25), which is
taken from Leonard and Mellor (1983)

It is worth noting that the pressure dependence has gone
down from 1.75 to 1.3 may be due to the fact that the
expression is just predicting the lean blow off limits. This
equation could straightaway be wused in the programme.
However, it also has the fiddle factor in terms of its
constant A, which requires to be experimentally evaluated.
Our present requirement of wusing it wunder wvitiated
conditions can also be NOT satisfied.

To satisfy, the above requirement, a possible approach would
be to treat the volume for combustion consisting of two
parts, one where evaporation takes place and the rest acts
like stirred reactor. Conceptually, it can be represented as

vcombustion

vevaporation

Fig 7.10 Conceptual representation of combustion volume
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This would decrease the available stirred reactor volume, if
the evaporation effects dominate, thus increasing the
combustor operating loading point, more towards the critical
point. A possible expression for the evaporation volume
would be

2
Vo = f {mpz /ppz} {do /xeff} ] .. (7.32)

This can be explored, if suitable experimental data is
available. In theory, this 1logic can be extended to the
mixing as well. 1If mixing phenomenon can be quantified in
terms of volume, the traditional loading paramter could well
bring out the blow out values from the curves based on
stirred reactors. :
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CHAPTER 8
EMISSIONS
8.1 SCOPE

The existing evaluation algorithm should extend from flow
field calculations into realm of emission estimation. The
growing importance of emission regulations necessitate
this aspect, as in future, the choice of a combustor may
well depend on these limits. Any design choice would obvi-
ously be made on a comprehensive performance basis, because
there exists a need for optimization. As excessive cooling
may reduce metal temperatures, but may produce deteriorated
combustion efficiency. Similarly high primary equivalence
ratio can result in better stability and heat release rates,
but producing unacceptable amounts of NOx. Hence information
regarding trace species such as NO, NO,, UHC (unburnt
hydrocarbons), €O in the exhaust gases “is needed from
pollution as well as performance points of view.

The above statement cannot truly be implemented in the full
sense in the present programme due to the following reasons.
Out of the trace species of interest namely NO, NO2, UHC and
CO, the latter two namely UHC and CO which decide the combu-
stion efficiency cannot truly be evaluated as gas temperat-
ures are being estimated based on efficiency assumptions.
This implicitly assumes the amount of UHC and CO concentrat-
ions. Till the flow field calculations are modified to acco-
unt for the heat releases which again involve fuel chemistry
and chemical kinetics (with or without simplifications),
efficiencies will be assumed which in turn fix the amount of
co or UHC. Considering the modular structure of the
programme, change should be a simple matter, if decided in
the future. Approach based on the concentrations at the end
of the primary =zone and their subsequent history through
characteristic times (Mellor(1984)) appear to be
potentiallly a simple design tool. Alternatively, empirical
formualtions based on experimental data can be incorporated
to predict the exhaust CO and UHC concentrations. Typical -
formulations are those proposed by Lefebvre (1984) of the
form:

86m. T__ exp(-0.000345 T__)
CO = a_pz ; - > Apz g/kg
m. D p
Poz  ee) b P ..(8.1)
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11,764 m, sz exp(-0.000345 sz)

UHC = 3 g/kg
f _m_ D AP
ppz xeff P2 ..(8.2)

However, for the present purpose these species are omitted.

There are a variety of ways of expressing the concentrations
of trace species. The nomenclature and the relevant
conversion factors are indicated as Appendix O. In the text
mass fraction represented by { }, is adopted as the unit of
measure. A detailed attempt is made to estimate the
concentrations of NOx. The steps that would be followed are
as follows :

8.2 NOx BURNING ZONE

1) Identify the NO formation rate mechanism. NO forma-
tion rates are strong functions of temperature and
compositon. The present analysis assumes a unique
relation between equivalence ratio and the temper-
ature. Hence specification of equivalence ratio
decides species concentration and hence the temper-
ature for a given fuel, oxidant media at a given
inlet temperature and pressure. The final form of
rate equation for ~changes in nitric oxide {NO}
expressed as mass fraction, for a gas element at
equivalence ratio is given by

$
d{NO}
. = f [T,composition]) ee.(8.3)
dt ¢
t d{NO}
. {NO}t¢ = o ” dt ...(8.4)

<

2) However considering the complexities of phenomena in
the burning zone, primary zone is best identified as
a well stirred reactor.

NOTE : For easier understanding , author has schemati-
cally classified (fig 8.1) the different stirred
reactors in terms of the distribution of the qualifying
parameters namely, equivalence ratio and residence time
through probability density functions. ¢ and t are the
respective mean values.
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Probability Density Functions

Reactor Characteristic
Equi. Ratio Residence Time

Mixing is

Perfectly Stirred Reactor complete.
Uniform.
(PSR) Ideal.

o ¢ © 0 T ®

Mixing is
complete at

Well Stirred Reactor or macro level.
No inter-mix ///\\\

Partially Stirred Reactor ing between
pockets. o ¢ = (] T ®
(WSR) All £luid

elements will
have differ-
ent speeds.

Plug Flow Reactor A series of
PSRs, with a
(PFR) distribution -

in mixing but 0 ¢ ® 0 T ®
having same

residence time

Fig 8.1 Schematic Representation of Stirred Reactors

For a WSR, both the distribution functions have to be

considered.

3) Assuming a residence time distribution w(t)
proposed by Beer and Lee (1965)

1 - t/T
. Y(t) = — e ...(8.5)
T
where
T = mean residence time

PV

m

Integrating over the time distribution, the time
average value of all gas elements with a given ¢

. (WO}, = [ (N0}, w(t) at

as
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NOTE: A value of 50 times the mean (50t) is assigned to
the wupper 1limit of residence time range which is
considered sufficiently long to be treated as infinite.

4) A normal distribution characterised by a mean and
standard deviation 1is assumed for the equivalence
ratio, of the form:

1 1¢-29
f£(¢) = ¢ exp - - |— ..(8.6)
2 o

where ¢ is a constant to ensure that the area under
the PDF is unity and is defined as

1
[exp | - - |— d¢
2

o = standard deviation

Note: The nature of the normal distribution function is
that f(4)dé tends to zero as ¢ tends to +«. Negative
¢’'s have no physical significance. However, All the
possible combinations of fuel and air mixtures can be
represented by equivalence ratio values between 0 or =,
the end values corresponding to neat air or neat fuel
respectively. However, it is prohibitive in terms of
calculating time, to consider such a vast range. Consi-
dering the above, a constraint is imposed upon the
function that the 1limits are between 0 to 2¢, thus
retaining the symmetry about the mean value. For o less
than 9%/3 it can be shown that the integral is greater
than 99.7% of that_over the range t=. Practically a
range of o from 0 to ¢/3 will represent a wide range in
distribution characteristics.

Here, a point of interest is if mixture fraction 3
defined as
1
fE = —— ...(8.7)
1 + AFR

is considered as opposed to egquivalence ratio, the
range will have finite 1limits of 0 to 1. The
distribution could be represented by a beta function,
as opposed to the present truncated Gaussian.
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The mean nitric oxide mass fraction in the flow leaving
the burning zone is given by

2%
. {NO} =oj {NO}¢ f(¢) d¢ ...(8.8)

8.2.1 CHOICE OF KINETIC REACTION SCHEME

Nitric oxide is normally present in trace quantities and has
negligible influence on the reactions associated with heat
release, the thermodynamic state of the gas or the flow.It
is generally accepted- at least under fuel lean and near
stoichiometric conditions- that formation of NO is described
by the extended Zeldovich mechanism :

0 + N2 & NO + N ce..(8.9)
N + 02 2 NO + O ...(8.10)
N+ OH & NO + H ...(8.11)

In most combustion systems the NO concentrations will be
well below their egquilibrium levels and if a steady state
approximation is then invoked for N atom concentration the
instantaneous NO formation rate can be expressed. A variety
of simplified representations are available.

l) whitelaw (1981) :

d{NO} MWNO
- = p Kg —— {0} {Nz} ...(8.12)
dt Mw,. Mw

where K. is the forward rate constant for the reaction
given by egn (8.9).

2) Jones and Priddin (1978)

ano -0.0675 172 1/2

_— = 4.,0917E13 T exp(-67915/T) » n, ny

dt 2 2
...(8.13)

where n is concentration in moles/unit mass

3) Hung (1975) expressing rate equation in ppm/ms



143

1/2 2 1/2
d X 1/2 [a X X - b X /X
—NO _p Nz 02 o0 c..(8.14)
dt 1+ ¢c XNO/X02
where X is the concentration in ppm/ms

P total pressure in atm

1

a = 4.6E18 T ~ exp(-135000/RT)

1

b 2.1E17 T ~ exp(-92000/RT)

c = 8.5 exp(74000/RT)

R =1.98 cal/mol.K
4) Fletcher and Heywood (1971) considering further reactions
of N,0
d{NO} 2 Mw 2 R R
i [« R R SO - ...(8.15)
dt P 1+eak, 1+k,

the explanation of individual terms follows.

Fletcher and Heywood (1971) model is chosen for the present
programme as the reaction mechanism is exhaustive.

1) N+ NO = N2 + 0 Kl = 1.204 E10

2)| N + O2 = NO+ O KZ = 1.204 E10 exp(-7100/RT)
3)| N+ OH & NO + H Ky = 4.214 E10 |

4)| H + NZO e N2 + OH K4 = 3.010 E10 exp(-10800/RT)
5)] O + N,O & N, + 0, Ke = 3.612 E10 exp(-24000/RT)
6)| O + N20 & NO + NO K6 = 4.816 E10 exp(-24000/RT)

Table 8.1 NOx Reaction Mechanism (Fletcher &Heywood (1971))

where Ky to K = onejway equilibrium reaction rate constants
(m~/sec kg mole)

R = 1.98 cal/mol K

! data is taken from Campbell (1968)
rest is adopted from Schofield (1967)
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R, is the one way equilibrium reation rate for reaction i

R, = K; [N]_ [NOI_ ]
1
Ry, = Ky [N], [0,], Ky =
R2+R3
Ry = Ky [N]_ [OHI, :
6
Ry = Ky [H] [Ny01 Ky =
(0] [N,O] fat R g 16)
R. = K . .
5 5 e 27 e [NO]
Rg = Kg [0]_ [N,0]_ | o =
[NOJ
..(8.17)
where

{i}

[i] = concentration of the species kg mole/m3

mass fraction of ith species

= (i) o/Mw,
Mwi = molecul%r weight of ith species in kg/kg mole
P = density in kg/m3

The equilibrium concentrations for the operating conditions
are taken using Gordon and Mcbride (1971) program. This
obviously is a serious 1limitation of wusing the present
programme on its own without having to depend on the
external input. However at this stage, no effort is made to
reduce the reaction mechanism to a simpler one where the
existing species data can be made use of. Gaussian
quadrature 1is wused to integrate the above equations. The
method is outlined as Appendix P.

The standard deviation o, which is required to characterise
the distribution of the -equivalence ration (egqn 8.6), is
represented by a mixing parameter so, defined as

<

Sg = o/¢ ...(8.18)

S is also called "mixedness". This is a measure of non-
uniformity of the burning zone. So=0 corresponds to perfect
mixing.

The concentration at the end of burning zone appear to be
reasonable, however, arbitration is involved in identifying
the mixedness S for the type of combustor and its power
setting. However, a value of 0.2 at full power seem to
correlate at least in two cases (chap 11). The following are
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the burning zone end values for different mixedness for the
two cases.

Case 1 Case 2
Pin 1.14 1.76 Mpa
Tin 601 705 K
) 0.852 0.65
T 12.41 3.51 ms
S0 NOx mass fraction x 106
0.05 1327.0 60.57
0.1 1218.0 102.30
0.2 989.2 252.50
0.3 631.8 365.70

Table 8.2 NOx mass fractibns for different mixedness
8.3 NOx MIXING ZONE

Following Fletcher and Heywood (1971) model, the rest of
combustor is treated as one mixing zone.The flow is assumed
to be one-dimensional with gases uniformly mixed across each
cross-section. Only the mean equivalence ratio is required
to be considered and this only changes as the remaining air
is added in. Hence, the nitric oxide mass fraction changes
through chemical reaction and through dilution as additional
air is mixed with the bulk liner flow according to

d{NO} 1 d{NO} {NO} d¢
— ..(8.19)

BT e e——— + —

dx U dt ¢ dx

where U is the flow velocity

A more rigorous analysis could be incorporated considering
the mixing of cooling and mixing air, however it is
superfluous in the light of constant property assumptions at
each axial plane. When the flow field calculations are
altered to accommodate radial distribution, a detailed NOx
analysis would be justified.



R R R

146

CHAPTER 9
DOUBLE COMBUSTOR
9.1 WHY REHEAT ?

"Optimizing Efforts" is always a primary design goal.
Maximum output, efficiency, 1life etc, or minimum losses,
size, weight, cost etc are a series of options which a
designer constantly endeavours to compromise. The energy
crisis will remain a constant driving factor for better
performance gas turbines irrespective of aviation or
industrial applications.

Material developments have consistently offered the scope to
improve the output as well as thermal efficiency in a gas
turbine by enabling higher cycle pressures and temperatures.
Better 1liner materials to improve the metal temperature
limits or improved technology to maximise the returns from
the available materials are still very much desired.
However, the power output and/ or thermal efficiencies can
be greatly improved by shifting simple gas turbine cycle to
combined cycle using reheat, regeneration, intercooling and
steam cycles independently or collectively.

9.2 STATE OF ART

The reheat gas turbine cycle itself is well known and
received attention in years gone by- particularly in Europe
USSR (Uvarov et al (1974)) and more recently in Japan (Mori,
Takeya (1981).

It is well established that reheat will increase power
output by 35 to 40 percent but without the complication of
regeneration and intercooling the cycle efficiency is
degraded over the simple cycle. Another example of the
reheat gas turbine <cycle presently being employed is the
afterburner of the jet engine for aircraft use- particularly
for the military and, to a limited extent, for commercial
planes, namely Concorde SST. The jet reheat cycle has been
developed to give reliable service where augmented output is
required for a short or limited time. The greatly increased
thrust comes at the expense of markedly increased fuel
consumption. Commercial applications, because of the fuel
consumption, have gone to efficient high bypass ratio fan
jets for subsonic flights which in turn has made available
the second generation high-ratio, high-firing temperature
gas generators for industrial applications.

Perhaps it has been thought that the degradation 1in
efficiency of the reheat cycle would not offer an advantage
to combined cycle power plants. Attention has not been given
to the cycle because of the gas turbine’s increased fuel
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consumption. Another explanation could be, that the extra
complication and cost of more controls, another burner,
compatibility of nozzle area, start-up procedures etc.,
would offset any advantage offered in terms of specific
power output (reduction in physical size), particularly at a
higher fuel consumption. Conventional Industrial (heavy
duty) gas turbines are mostly single shaft units for power
generation and do not readily 1lend themselves to the
addition of reheat burners, unlike the aircraft derivative
gas turbines which offer an advantage in potential physical
arrangement for the reheat cycle such that a reheat
combustor can be readily added between the gas generator and
power turbine.

With the advent of the increasing number of high-temperature
/high pressure-ratio gas turbines which lend themselves to
reheat cycles, it is appropriate to consider the concept of
second combustor in the traditional simple gas turbine
cycle. The term double combustor may be used as a synonym to
the traditional reheat combustor.

Cogeneration and combined cycles have already shown appli-
cations in this respect, the 1latest being the MOONLIGHT
PROJECT undertaken by the "Engineering Research Association
for Advanced Gas Turbines’ of Japan. The Phase III results
concerning the progress of this project had been recently
presented by Takeya et. al. (1987). More information about
reheat cycles, cooling systems, or component arrangements
can be obtained from Rice (1979,1981), El-Masri (1985).

9.2.1 ANALYSIS

AlR EXHAUST
ot

. GAS GENERATOR POWER TURBINE LOAD

a) Layout b)Cycle

Fig 9.1 Reheat Gas Turbine Schematic Diagram
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The «cycle analysis is the same whether it is a gutter or a
double combustor. Fig 9.1 schematically represents a reheat
gas turbine cycle. Comparision of reheat cycle with or
without intercooling, regeneration and steam cycle with a
simple cycle and the consequent relative merits can be
obtained from any standard reference, such as Cohen et al
(1981). Hence it requires no mention here, except for some
conclusive comparisons.

9.2.2 CONCLUSIONS

1) The reheat cycle gas turbine efficiency is degraded
over the simple cycle for equal TIT (Turbine Inlet
Temperature).

2) The reheat «cycle gas turbine output is increased
significantly. '

3) The reheat gas turbine cycle optimum pressure ratios
run higher than for the simple cycle by significant
amounts and both the optimum output and efficiency
points take place simultaneously at this elevated
pressure level.

4) The combined cycle incorporating the reheat gas
turbine offers significant cycle efficiency
improvements for equal TITs.

Fig 9.2 Intercooled Reheat Gas Turbine Schematic
Diagram

5) If intercooling (Fig 9.2) is used, it can greatly
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enhance the cooling potential in the first
combustor.

Intercooling adds mechanical complexity and incre-
ases cost, but the combined-cycle output is also
increased to off set the added cost.

9.2.3 RELEVANT COMBUSTOR FEATURES

1)

2)

3)

4)

5)

Inlet pressures to the first combustor would be
high, making the radiation problems of concern.
Maximum pressure ratios would typically be 50.

The TIT for the first turbine would be accordingly
higher to achieve the maximum cycle efficiency.
Effective cooling would be required to avoid high
metal temperatures. Better materials will always be
an alternate solution.

If intercooling is wused, the inlet temperatures
would be low so that cooling potential of the first
combustor is enhanced, partially counteracting the
problems of high pressures. ‘
The second or double combustor would be required to
operate in a vitiated medium, containing as low as
11% of 0, as opposed to 21% of 0, in standard air
medium.

For the operating pressures (generally equal to a
simple <cycle) of the second combustor, the inlet
temperatures would be high, again causing a review
of <cooling techniques, due to the decreased cooling
potential of the medium. Typical maximum values
would be around 10 atmospheres of pressure and a
1000 K of inlet temperature. However, typcically
this inlet temperature would be lower if the same
pressure levels were to be achieved through
compression alone.
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9.3 DESIGN CONCEPTS OF SECOND COMBUSTOR

The possible areas of conceptual understanding and design
problems are listed below.

AREA PROBLEM/CONCEPT

PROPERTIES Composition
Thermodynamic & Transport

COMBUSTION AFRS

Adiabatic Flame Temperature
Combustion Efficiency
Stability-Flammability Limits

HEAT TRANSFER Evaluation procedure
Emissivity, Absorptivity

NOx Generation

DESIGN CRITERIA Sizing
ASSOCIATED Starting

Controls for double fuel
Thermal Stability of Fuel

Auto ignition

Cooling of fuel delivery lines

Table 9.1 Concepts - Double Combustors

9.3.1 PROPERTIES

The generalized method described as Chapter 5, which is
based on the constituent concentration is adequate to
evaluate the thermodynamic and transport properties.

9.3.2 COMBUSTION

The available 21% of 02 in the standard air medium would be
consumed partly in the first combustor, but will be
sufficient for a subsequent combustion. This vitiation due
to precombustion can be degraded by water/steam injection.
This further depletion is purely by the fact that the
relative 02 content in the total £flow is reduced. The
addition could be for NOx emission reduction. The water
could also be introduced if evaporative .intercooler is
introduced into the cycle. However to gain insight into the
order of magnitude of reduction in Oxygen content when only
water is‘'added, fig 9.3 is included.
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Fig 9.3 Specific Humidity versus Vitiation

9.3.2.1 AFRS

It can be safely guessed that vitiation would cause the AFRS
to go up and adiabatic flame temperature to come down.
Calculations are performed using methods developed in this
program (Appendix A and C), to demonstrate this variation

shown as Fig 9.4.

30 . , 2700
_ Pin = 10 atm, Tin = 1000 K

251 0 4 2450 Fuel C12.5 H24.4
()
g a Waler injection
g 200 4 2200 g v Pre Combustion
5 o o Reference Condition
3 2 |
o 150 41950 2 Pref = 10 atm, Tref = 600 K
< e

10 1 1

10 15 20 251700

% 02 (by volume)

Fig 9.4 AFRS and Tadiabatic under vitiation
9.3.2.2 ADIABATIC FLAME TEMPERATURE

Similarly the maximum temperature attainable is also shown
in Fig 9.4. Roughly for one % of 02 depletion, the adiabatic

flame temperature drops approximately by 50 K.
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This means that in case of heavy air vitiation in the high
temperature reheat combustor, the flame temperature will be
lower than that of the conventional combustor. Also deterio-
rated combustibility, less NOx generation and less wall tem-
perature rise would be expected. However, this does not
necessarily mean lower wall temperature because of the
higher inlet air temperature. In order to keep this adiabat-
ic flame temperature constant, if the inlet temperatures are
raised by about 110-120 K (approximately double the
temperature reduction due to 02 depletion) the cooling
potential would be lost.

9.3.2.3 COMBUSTION EFFICIENCY : A combustor designed for
maximum efficiency, if made to operate wunder vitiated
condition, the efficiency 1is expected to drop considering
the drop in reaction kinetics. The equation (7.18), derived
earlier, indicates the loss in n, considering the vitiation
under moderate inlet temperatures. However the inlet
temperature of any typical double combustor would be much
higher. Thus a reheat combustor designed to operate at
maximum efficiency, the deterioration due to 02 depletion
would not be as serious as in a normal combustor.

9.3.2.4 FLAMMABILITY LIMITS : Drop in reaction kinetics due
to wvitiation narrow the flammability limits. The relative
drop can be seen for the main combustor of Moonlight project
Fig 7.9. Similarly, Fig 9.5 represents the stability limits

2.00
Pin = 9 atm 5 Tin = 1010 K
Fuel C12.5 H24.4
OXYGEN CONTENT
1.50L
a 12.4 %
v 21.07%
o
= 1.000
[+ 4
[ Y]
(&)
=
[ ¥S]
)
s
5 0.50L
S
t
0.00
-9 -8

LOADING PARAMETER Log(m/VP*n)

Fig 9.5 Effect of vitiation on Weak extinction in a double
combustor
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of a Reheat combustor designed by DEPTH, based on the ope-
rating conditions of those of the Moonlight’s project (rest
of the results are presented as Case 4 in Chapter 11).

9.3.3 HEAT TRANSFER

The operating environment has low pressure, but relatively
higher temperature with depleted oxygen content. However the
processes of heat transfer viz., radiation and convection
are the same. No new procedure is suggested, as it is felt
logical to assume that the earlier procedure (Chap. 6) is
adequate. The change in medium is accounted for through
composition and corresponding thermodynamic and transport
properties. Considering the fact that the bulk is still
nitrogen, there will not be appreciable change in transport
properties due to composition, but the temperature at which
these are evaluated will be higher in the annulus and poss-
ibly be lower in the liner due to lower gas temperatures due
to vitiation. As regards to radiation, no simple procedure
is available to estimate the emissivity or absorptivity if
02% is reduced. However following the correlations which are
temperature and pressure dependent, these should adequately
represent the medium, wuntil more experimental data is
available. Non-luminous radiation should be more than what
it would be for the same operating considering higher conce-
ntrations of C€O2 and H20. Lower pressures and higher inlet
temperatures would again conflicting to increase the emissi-
vities. Mean beam lengths should generally be higher as com-
pared to the first due to possible higher flows (addition of
first turbine coolant flows) and also due to the need for
higher combustion air flows from the total available due to
increased AFRS values because of vitiation. Hence the non-
luminous emissivities cannot be expected to be lower in any
case. The 1luminous part due to soot can be expected to be
the same as otherwise obtained for the same injector,
primary zone aerodynamics and pressure level. Pressure
levels would generally be 1low, not promoting soot produ-
ction. But as AFRS is higher and flame temperatures are
lower, in order to achieve high heat release rates, tendency
would be to run the primary zone richer than usual. But this
effect would be mitigated if fuel distribution through
proper selection of the injector is made. The method of heat
transfer evaluation of Chapter 6 should represent the double
combustor also. Applicability of correlations, which are
experimentally derived, however, dubious, are the best
available. The comparative results (Case 4 in Chapter 11)
exhibit that the method is generally valid.

9.3.4 NOx

As NOx formation is directly dependent on the flame
temperature, vitiation should produce reduced NOx levels.
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Following the existing method of evaluation, NOx variation
with vitiation is as shown.

10 : ]
8L i
6L -

(.

b= 4l

S i

S

®

x refFerence

e 2L condition

<

S . Pin = 10 atm, Tin = 1000 K
0 Pref = 10 atm, Tref = 5§79 K
10 ® 5 20 25

% 02 (by volume)

Fig 9.6 NOx under Vitiation

The data pertains to what is generated in the primary zone
only. For reference they are compared with a standard 10 atm
condition, which would correspond to 579 K inlet temperat-
ure. At 20.95% of 02, (which corresponds to standard dry
air), the high increase in Nox generation is obviously due
to the increase in inlet temperature. But subseqguent
reduction for 1lower 02% 1is due to the reduction in flame
temperature due to vitiation. The level of NOx produced at
around 15% can be seen to be much less than what is even
considered as a future 1limit at the exit of a combustor.

The inlet wvitiated medium for the second combustor will
carry trace species that are generated in the first
combustor, the 1level of which will depend on the way fuel/
oxidant are added in the first combustor. However, this
total amount would be split between the burning and dilution
zones of the second, shown schematically as fig 9.7.
Considering higher AFRS, the amount of air for the burning
zone would be above 25%. Mcvey et al. (1983), used vitiated
medium to test conventional combustors, along with
corrections for the trace species generated due to
precombustion. According to them it is probable that the 25%
of NOx delivered to the burning zone is largely destroyed
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and the balance of 75% NOx in the dilution air passes
through the combustor to exit as the total emissions of the
system. However no experimental validation 1is offered.
Similar suppositions are offered by Moreno et al (1987) in
their article about a double combustor which is under
investigation. No test results are offered yet. Incidentally
this is the second design other than Moonlight project
relating to reheat combustor concept under trial.

N4

NOx 1
25-30 % | 75-70 %
Y Y
FIRST COMBUSTOR
B : burning | B D o
D : dilution

SECOND COMBUSTOR

Fig 9.7 Schematic representation of NOx production in a
system with a double combustor

The assumptions regarding the destruction of NOx (due to the
first combustor) in the second combustor burning zone, will
make the double combustor concept extremely attractive as
regards to NOx emissions. However, this assumption doesnot
appear to be plausible and it would not be correct to
presume the same without validation. Hence this supposition
is disregarded. However, it is possible to maintain a very
low NOx generation 1level in the second combustor, by
maintaining low peak temperatures in the primary zone due to
high vitiation of the oxidant medium. This is clearly
demonstrated by Case 4 in Chapter 11. Thus, the sum total is
marginally higher than what has entered the burning zone.
Hence the overall NOx level of the system ,ie. including the
first combustor, should at most be marginally higher than
the first combustor alone.

However the NOx generated for unit power output should be
superior in a two combustor situation partly due to higher
output at higher thermal efficiency and partly due to the
lower NOx generation level of second combustor as a result
of wvitiation. This, if confirmed experimentally, could well
be a major incentive to go for a double combustor
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arrangement for future applications.

Another interesting argument would be as to what is the
right design philosophy for the 1level of primary zone
equivalence ratios in the double combustor configuration.
The possible four combinations of RICH-RICH, RICH-LEAN,
LEAN-RICH AND LEAN-LEAN for the two combustors seem to be in
a decreasing order of NOx generation levels. Here RICH may
be viewed for equivalence ratios around stoichiometric, ie.
anywhere above 0.9. RICH-RICH would be selected considering
the thermal efficiency point of view and LEAN-RICH appears
to be an optimum from NOx and durability considerations.
However, more rigorous cycle analysis may be needed to
confirm this.

9.3.5 SIZING CRITERIA

Considering the above, it can be seen that overall sizing
can be done in the same lines as the conventional combustor,
but cooling technique has to be considered.

9.3.6 STARTING

In the case~- of reheat Gas Turbine, the first stage power
turbine nozzle area should be designed for the greater
volume at the elevated temperature- the area varying
directly with absolute temperature to maintain proper
velocity. This situation 1leads to two possibilities (1)
variable first stage nozzles or (2) start up with both
burners operating under a programmed control temperature
rise. The second option appears to be practical and
economical.



157

CHAPTER 10
PROGRAMME DESCRIPTION
10.1 FOREWORD

The complete description of the programme is intended to be
compiled in three parts 1) Users'’ Guide 2) Users’ Manual and
3) Programme Listing. The first deals with the execution of
the programme containing information about Input/Output
(I1/0) devices and format, error messages along with typical
examples. The second part contains brief design philosophy,
description of modules/ subroutines, listing of variables,
common blocks, and flow charts. The third part is the
programme itself on a hard copy. A brief description of the
I/0 information is only included here for completeness sake.
Attached as Appendix Q are four flow charts describing
DEPTH'’s MAIN module and its INPUT/OUTPUT flow.

10.2 INPUT

It is aimed to make the programme a highly interactive one,
so that no prior knowledge programming is required. The
range of values the programme is expecting as well as the
units are prompted so that the user can very easily follow
the design procedure. The programme structure enables the
user to choose one of the following options

1. Interactive Design
2. New Design
3. Continue from last termination

10.2.1 INTERACTIVE DESIGN

The wuser can carry out a design fully interactively,
following the messages and inputting on to the screen
directly, making suitable judgments as and when necessary.

10.2.2 NEW DESIGN

However, to hasten the session, the same input can be done
through files appropriate for preliminary design and
performance evaluation. These require to be created before
running the programme. File name is of the format DESIGN.DAT
or INPUT.FOR , containing not more than 12 characters in its
specification. The data is required to be entered in block
fashion, the title signifying the nature of the data.Care
should be taken for order and the units of data in each
block. The values are of free format. Whenever, the data is
insufficient, the entire block can be omitted. The block
information as input for preliminary design is given as
Table 10.1 and that for the flow evaluation as 10.2.
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Table 10.1 Input for Preliminary Design

FILE NAME : of the format DESIGN.DAT

or INPUT.FOR , containing not more than 12 characters.

PARAMETER UNITS@ OPTION
'SPEC’
. Mass flow kg/s
. Total Pressure inlet N/m2
. Total temperature inlet degree K
. Total temperature outlet degree K
. Overall Pressure loss %
. Pressure loss factor R
'GEOM’
. Reference radius m refer fig 10.1
. Inlet Height m
'TYPE’
. Type of Combustion Chamber I 1 Annular
2 Tubular
3 Tuboannular
. Type of Fuel I 1 AVTUR
2 AVGAS
3 Jp4
4 JpP5
5 DIESEL
6 FUEL OF YOUR CHOICE
. Carbon Number R
. Hydrogen Number R
. Nitrogen Number R
. Oxygen number
. Type of Diffuser I 1 Faired
2 Dump
. Type of Atomiser I 1 Pressure Atomiser
2 Air Blast atomiser
3 Air assist atomiser
4 Vaporiser
5 Atomiser of your choice
. Type of Operation 1 1 Industrial

2 Airborne ¢ 30 K
3 Airborne > 30 K

NOTE : e I : integer number
R : real number
c’ ¢ character with colons either side

or units as indicated.
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Table 10.2 Input for Performance Evaluation

FILE NAME : of the format PERFORM.DAT or INPUT.FOR , containing not more than 12 characters.

PARAMETER 7 UNITSE OPTION
‘MATRL’
- . Liner Paterial 1 1 Aluminium Alloy

2 Nimonic 90

3 Hastalloy 235

4 Inconel 700

5 Material of your choice

Casing Material 1 Same as above
Liner wall thickness »
Casing wall thickness m
. Coating choice rce ‘Y’ YES
‘N’ NO
. Coating material 1 1 Alumina Al203
2 Zirconium Oxide
3 Berilium Oxide
4 silicon Nitride
5 Material of your choice
g . Coating thickness m
‘GUESS’
- Slot selection 1 1 slots predicted
. Liner temperature limit decree K
. Nozzle option I 1 outer radius constant
§ 2 Inner radius constant
3 Axi symmetrical
OR
"GIVEN'
. Slot selection I 0 slots provided
. Mo of %lots 1
. No of evaluation routines 1 3 Annular
2 Other types
*SLOTS'
. Slot position from dome head m
. Slot type e’ ‘M’ Mixing Hole
‘C' Coocling Slot
_ ‘D’ Dome Hele
) ‘A’ Area Change
3 N’ change from tuboannular to
annular
. Slot Choice 1 1 wiggle strip
2 unobstructed gap
3 splash cooled
4 impingement cooling
5 vet to be incorporated
- 6 plain circular holes
7 plunged circular holes
8 oval holes
= 9 yet to be incorporated
. Slot sign ‘e’ '+’ slot steeped up

eg. machined ring
-’ slot is stepped down

eg. skirt welded to the liner
. Slot station Numbers 1 No of stations the slot is
described refer fig 10.2

FOR EACH STATION :

. Station position » with respect to the beginning
of the slot
OUTER . Slot height n
FOLLOWED . Slot major diameter m
BY . Slot minor diameter ]
INNER . No of holes T
. Discharge coefficient R
*VALUE’
. Fraction of total massflow kg/s Default value : 0.5E-3
to annulus flow at the
liner end
- . Control volume length ] Default value : 0.001
_ . Jterations 1 Default value : 15
*END’
NOTE : e I : integer number
y R : real number
- rc’ : character with colons on either side
] or units as indicated. N
* the first location is always as distance 0.000 m and is for dome head,

whether dome holes are present or not.
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NOTE : Usually modelling techniques adopt a two stage
strategy in which gridding and evaluation are independent
and are executed in the same order. But, as preliminary
design 1is also coupled with the evaluation in the present
work, prior gridding is not possible. In order to circumvent
the problem, this new strategy of developing grid as well in
a marching fashion is adopted. The grid is developed from
the 2zonal exit points which form the reference in a new
design. Linear interpolation is done between them to arrive
at the complete picture of the combustor. However if cooling
slots or mixing holes are incorporated subsequently, the
starting of their 1location will also be included as the
reference points. These features are called SLOTS, which are
of six types (D,M,C,A,N,E)- D to signify the dome head, M
for a mixing hole, C for a cooling slot, A for a curvature
change like a nozzle or dome joining the straight portion of
liner or N for tuboannular converting into annular section
i.e. a common discharge or E for the end of the combustor.
Reference is taken as the distance from dome head to the
feature/slot. Again each slot is divided into STATIONS, to
include the characteristics of the slot. Each station is
described with reference to the beginning of the slot. Thus
a mixing hole may require one station to signify the
beginning, where as a cooling slot requires at least three
to signify say beginning of slot, beginning of air entry
passage, and end of lip. A curvature change can be described
by one station only. The lip configuration can be broadly
classified either as a step or a skirt. In the former the
entire liner diameter grows at the step or beginning of the
cooling confiquration, where as in the later <case an
additional piece is Jjoined keeping the 1liner diameter
constant. These are differentiated by a sign convention of
'+’ or '-' respectively in the input. Fig 10.2 should
amplify these above comments. It is reminded that in
practical combustors, it may be hard to find such sharp
bound geometries, however, approximations are necessary for
evaluation. All these slots and station reference points
along with the zonal points form the basis on which linear
interpolation 1is done to develop the grid. Logically any
complicated dome shape can be accounted for by assuming
sufficiently 1large number of slots to account for the
curvature. Major and minor axes are introduced to account
for elliptical holes or rectangular holes. Effort is made to
account for the cross section when it is circular or appro-
ximately rectangular. The later is a feature found in
tubo_annular combustors, when the nozzle joins the common
discharge.
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N
N

/

LINER CENTERLINE

1 2 3
SLOT POSITION 12 13 1
SLOT TYPE n ¢’ ¢’
SLOT CHOICE 6 4 3
SLOT SIGN - e -
SLOT STATION NO 1 ] 3

SLOT HEIGHT

2
)
"
;/ g
2 3
1 2 3
A C
STATION POSITION i " 12 13 14 " 12 13
SLOT HEIGHT 0.0 Hi H2 H3 W4 "t W2 H3
SLOT HAJOR GIA 10 0.0 20 30 0.0 0.0 20 0.0
SLOT MINOR DIA 101 0.0 201 301 0.0 0.0 201 0.0
MO OF HOLES NI 0 N2 N3 0 0 N2 0
DISCHARGE COEFFICIENT 6.0 0.0 0.7 , 0.6 0.0 0.0 0.0 0.0

% if 0.0, program generales CD

{ user specified CD.

Fig 10.2 Slot Specification
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10.2.3 CONTINUE FROM LAST TERMINATION

This facility uses the I/0 file which is created at the end
of each session. Advantage lies in the fact that performance
evaluation can be done without the need to go through the
preliminary design. This 4is true in the case, when an
existing chamber needs to be evaluated for performance.

10.3 OUTPUT

The output generated by the programme is tabular as well as
graphical.

10.3.1 TABULAR
The results of each session are stored in a new I/0 FILE,
whose name can be inputted by the user. This, too is of the
format RESULTS.DAT or OUTPUT.FOR, containing not more than
12 characters in the file name.
10.3.2 GRAPHICAL
The programme can generate the following graphs
1. Flow Evaluation:
1) Combustor geometry
2) Liner temperature variation
3) Mass flow splits
4) Radiative Coefficient Variation
5) Convective Coefficient Variation
6) Any one of the following variables by choice
a) Pressure
b) Mach No
c) Velocity
d) Emissivity
e) Absorptivity
f) Cooling Effectiveness
2. Stability Data
3. NOx Data

User can view the graphs on appropriate terminals, interac-
tively while running the programme before opting to store
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them. 1If opted, the programme stores the output in a file
called PLOT.SAV. This can be viewed on any appropriate
terminal and/or can be obtained as hard copy prints at any
time.

Facility is provided to store flow evaluation and heat
transfer data for upto four cases, so that ready comparison
can be done for the heat transfer data interactively.

10.4 PC ADAPTABILITY

The boom in the desktop PC (Personal Computer) market by the
end of 1986, had caused a review in the philosophy, that the
programme should be able to be run on a PC. This obviously
increases the transportability and stand alone capability of
the programme. The immediate changes to the program was to
size the VAX FORTRAN 77 to a PC version. Here, Microsoft’s
FORTRAN 77, which can be adopted by any IBM PC or its
compatibles, is made use of. Typical discrepancies such as
problems with double precision, format handlers, input
output devices were eventually ironed out. External library
dependence had to be avoided if PC wusage has to be
effective. The NAG (Numerical Algorithm Group) library used
for non-linear equation solution in the heat transfer
calculations had to be replaced by author’s own algorithm.
This completed the  revision for the basic programme to be
able to be run on desktop PC. However, the GINO libraries
are not compatible with the PC. No attempt is made to
establish suitable PC graphics package due to time
constraints.

The programme was tested on an IBM AT as well as on AMSTRAD
PC 1512 wusing Microsoft’s FORTRAN 77 compiler version 3.3.
The CPU time is roughly 3 to 4.5 times more than VAX, which
was less than 30 sec for one iteration of flow evaluation
along with a heat transfer calculation. However, being int-
eractive and short overall duration for one iteration (of
the order of 15 to 30 minutes) this point has no real signi-
ficance. With the available compiler, as double precision
can be used, the accuracy of the results have not suffered.
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CHAPTER 11

CASE STUDIES AND DISCUSSION

11.1 VALIDATION

The combustor technology and the computing intricacies, both
have assumed equal importance during the development of the
present work. Before validating the programme as a whole,
the sub-models such as property evaluation (Chapter 5) and
flame temperature evaluation (Appendix C) were verified. The
programme is validated against two existing combustors and
the results are found to be quite realistic and encouraging.
The proprietary nature of the information concerning the two
combustors prohibits further identification of the
combustors. However, the programme has been used on several
cases. The discussion of the results of selected cases as
examples 1is intended to indicate the strengths as well as
the weaknesses of the programme, and also scope for the
future work. :

11.2 DISCUSSION

For the purpose of study, DEPTH is used on the following
combustors

1) A tuboannular combustor for a Gas turbine for
Industrial application.

2) A tuboannular combustor for an Aeroderived Gas
turbine for Industrial application.

3) An annular combustor for a Gas turbine intended for
airborne application

4) A reheat/double combustor

For Case 1 and 3 Performance Evaluation and for Case 2 and 4
Preliminary Design as well as Performance Evaluation are
carried out. The results are included as Appendix R with the
following comments.

CASE 1

This is a typical medium capacity (15 MW) industrial engine-
a traditional design and hence little constraints on the
size. Additional features that are incorporated are double
walled cooling, the nozzle or the transition duct is a
common annulus into which all the tubes discharge (in other
words the tuboannular becomes an annular design).
Programme’s routine also had to be modified to suit the
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peculiarity that the primary plunged holes go through the
impingement «cooling 1lip. The flow proportions and metal
temperatures are reasonable. The impingement cooling
relations (egn 6.43) appear to be yielding sensible results.
However, improvements, as described in Chapter 6, are
needed to evaluate the leading portion of the cooling slot.
The 1lean, but nearer stoichiometric primary zone coupled
with the very large residence times are a source for the
high NOx emissions.

CASE 2

As the engine is an aeroderivative, specific power is
higher. Consequently the operating pressure and the turbine
inlet temperature are higher. Hence the cooling requirement
goes up. The programme has designed a liner which compares
well with the available similar combustors in the field. The
metal temperatures, 1level of NOx and lean blow off limits
are within acceptable limits.

CASE 3

This engine was intended to be a design exercise upto the
finished product, for a batch of students from one of the
noted Technical 1Institutes. 1In order to match their water
flow analysis and initial combustion tests, the combustor is
analyzed for both cold as well as hot flows. Using the cold
flow option in the programme, the mass flow splits obtained
are as represented below.

| ¥ MASS FLOW SPLITS BLOCK: 6 |
(sec) . (dil)
64.20 16.82 47.39
0.00 ©0.00 | 8.46 | 13.63 3.14
25.23 MIXING v v v v v v v
. Lo | LI .(kg/s/tube)
/ |
/R P . s . D . 2 | A= 2.000
10.52( 1SWRL) [x] . . . {
10.52 0.00(-1ATOM) | | 2.26 . 0.66 . 0.25 . 0.24 | F = 0.032
0.00(-1DOME) ({x] . equivalence ratio .
\ . . . /
\ . . . 4
0.00 COOLING “~ \._""_._ °° =" .
// // // V4 /7
99.96 0.00 0.00 0.00 0.00 0.00

Fig 11.1 Mass Flow Splits - Case 3

It can be clearly seen that the flow proportions are
mismatched to the traditional burning and mixing zones. The
highly over_rich primary =zone and near stoichiometric
condition in the secondary zone indicate that actual burning
will be in the secondary zone. The highly over_ rich primary
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zone will lead to starting problems, which was also observed
by the team during the rig tests.

Though it is difficult to exactly locate the size of the
burning zone and consequently where in the secondary zone
the peak temperature would occur. It is reasonable to assume
that this 1is 1likely to happen more towards the secondary
zone exit. This is again based on a simple assumption that
the peak temperature occurs at stoichiometric equivalence
ratio. In this case a linear interpolation between 2.3 and
0.68, which are the exit values of equivalence ratios at
primary and secondary zones respectively, leads to a stoich-
iometric plane more towards the secondary zone exit. This
procedure is defaulted into the programme and comes into
play when the primary =zone is run over_rich (the default
limit 1is set as 1.1, PHI is 0.995 at an efficiency of 90%).
Case 3B represents the output of assuming the temperature
profile as indicated above.

The programme has the flexibility of varying the location of
these peaks and review of the results. Here, a variation is
tried in that the peak plane is assumed to occur immediately
after the primary holes (as original design is intended to
have the burning =zone within the primary zone). Case 3C
represents the consequent metal temperatures.

The programmes default logic appears to be reasonable as the
the temperature profile (Case 3B) is not too far from the
thermal paint exercise as explained subsequently.

The liner, after half an hour of running, is as displayed
as Plate R-1 (Candelier et al (1987). The darker regions
near dilution holes indicate location of maximum
temperature(>1073 K). Red indicates the «coolest region,
closer to the inlet temperature (~455 K). Case 3D is a run
with operating conditions exactly matching with those of the
above test conditions (the test is done with rougly half the
mass flow and correspondingly lower inlet pressures)

Water flow visualisation has indicated a separation in the
inner annulus entry region shown as Plate R-2 (Candelier
etal (1987)), due to abrupt change in cross section due to
the blunt 1liner head. The secondary holes on the inner
liner, are in reality 1lying in the wake of the separated
region. This causes deficiency in the secondary hole flow
from the inner liner. This phenomenon cannot be predicted by
DEPTH, however, it can be simulated by artificially lowering
the effective flow area of secondary holes by inputting a
lower discharge coefficient, (in this case a value of 0.01
appear to be more appropriate).
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Thus, these variable options such as profile shifting or
artificially adjusting mass flow rates through the slots,
enable the programme to be used effectively supplementing
the information provided by tests such as cold flow or
thermal paint exercise.

CASE 4

The design is attempted at the inlet operating conditions as
specified by the MOONLIGHT Project (Mori et al (1983)). The
inlet oxidant medium is deduced based on the first
combustor’s inlet and overall flow proportions. As no
information regarding the inlet or outlet geometry of the
combustor is given, a simple traditional design is carried
out.

Joutign avg. &

Fig 11.2 Basic configuration of Reheat Combustor
(Mori (1983))

The overall geometry specified by the programme is not very
far behind the figures quoted in Fig 11.2. The reference
diameter being 0.5m as opposed to their 0.53m.Though the
combustor is depicted as canted (Fig 11.2) and also the
additional overall 1length reduction due to the diffusers
location, no attempt is made to adjust these or any other
geometrical feature. Continuing with the Programmes
generated values, a 1liner of 1.12m (this includes the
transition duct of length 0.21m) length is evolved, which is
of similar proportions to that of the MOONLIGHT project.

Considering the large size and also the possible high
cooling flow requirements, a 1low dilution flow can be
expected. But this may be adequate considering the fact that
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the dilution and nozzle lengths are fairly large to ensure
adequate mixing and hence reasonable pattern factor at the
end of the combustor. Hence an initial flow of 20% is
assumed as the dilution flow for the preliminary design
sizing.

The mixing and cooling configurations are estimated
following an interactive exercise in Performance Evaluation.
The design 1limit for the permissible maximum wall temper-
ature is taken as 1125 K. However, the cooling margin is not
very much as the inlet temperature is 1010 K. Wiggle strips
are chosen as the cooling configuration for the dome and
impingement cooling with two rows of jets for the rest of
the combustor. the total number of cooling slots are also
convincingly closer. Thus, a design is successfully carried
out with the metal temperature limit of 1125 K. However, the
heat transfer analysis shows an exception at the location
just before the secondary mixing hole, where the temperature
is close to 1200 K. One of the reasons for the departure
(ignoring the simplified empirical approach) is, though the
initial selections of cooling slots is based on temperature
limit of 1125 K, the flow proportions are not quite correct
at that time. The remedy now is to reposition the cooling
slots on either side of the problem area and/or change the
conditions (say hole size or number etc) to promote higher
cooling potential. The convection coefficient graph provides
a rough measure, as to which is a better choice. This change
will not only change the cooling configurations at that
point but will also affect the overall flow proportions.
This can, however, be quickly viewed through the programme.
This fact can be considered as one of the strengths of the
present programme in examining the effect of one such change
on the overall performance. For comparison the extract of
massflow splits is reproduced here.
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Primary Secondary Dilution

Air hole L.7% 12.7°%, 17.2%,
1( 1 LR
Swirler NP=17| Ns=36 Nd=70.2
10.5%
el gL gy _‘
Cooling air (S.1)  (144) (16.5)
m | o b (] 15 "O

Fig 11.3 Air Distribution of RC (MORI (1983))

|” ¥ MASS FLOW SPLITS BLOCK: 6 |
) (sec) (dil)
39.88 21.39 18.50
0.00 o©0.00 | 0.00 | 0.00 0.00
0.00 MIXING v v v v v v v
- 1 e | I} .{kg/s/tube)
/ . . - |
/R P . s . D R | A =17.200
10.77( 1SWRL) ([x] N - o |
10.77 0.00(-1ATONM) | | 1.00 . 0.58 . 0.33 . 0.31 | Fr = 0.216
0.00(-1DOME) [x] - equivalence ratio .
\ . . . /
\ . . - . /
49.30 _ COOLING ~° \.__*°_. = . - <t
7/ // /7 // //
99.96 2.43 12.85 5.68 20.92 7.42

Fig 11.4 Air Distribution of RC by DEPTH

The general 1level of agreement appears reasonable, despite
the fact that the exact dimensions are not known. The flow
splits for the individual cooling configurations are given
in Appendix R. If the turbine entry temperature is further
hoped to be increased, more air will be required for
combustion and consequently better cooling techniques using
reduced flows will be required. Once evolved they can be
added to the existing cooling configurations.

Though the vitiation is considerable in that 02% by volume
drops to 12.15 from 20.95 of standard air, the tendency of
reduced efficiency and stability is offset by the very high
inlet temperature. Using the modified Theta parameter
concept developed (egn 7.14), the combustor is examined for
its range of efficiency.

2
Rogg = 1.0 (m) P, = 911930.0 (N/m‘)
D¢ = 0.5 (m) T, = 1010 (K)
2 °
A g = 3.142 (n®) f, = 206.4 (kg/s)
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c = 0.3491446 C, = 585.4

1

¢ = 0.99

pz emod = 4,77 E8

from egn 7.14 n = 99.99%

The stability curve also shows reasonable margin. Here E/R
is taken as 20000 K as explained in 7.3.3. The lean blow out
value at this power condition is 442 AFR.

The NOx is evaluated wusing the mean equivalence ratio of
primary zone as 0.996 and a mixedness of 0.2. This gives a
NOx mass fraction of 0.6E-5 in the primary zone, which
ultimately results in 2.3 ppmw at the exit of the combustor.
This apparently is the best value for any combustor.
Parametric study, by changing the mixedness, has yielded,
2.3 and 3.0 ppmw for 0.3 and 0.1 respectively. All are
exceptionally good, if the combustor can demonstrate this in
practice.

Though the trend is as expected and explained in chapter 9,
the extremely 1low fiqures for the NOx can be a cause for
skepticism. However, it appears logical to expect very low
figures in the present case as the inlet medium is at a
reduced energy level after an expansion and is vitiated to
around 12% of oxygen due to precombustion as well as water
addition through the intercooler, with a consequent lower
peak temperatures. The peak temperatures in the burning zone
are kept below 2100 K.

This value for the second combustor, when added to what has
been delivered by the first combustor, should make the
entire system attractive on the basis of NOx. The magnitude
of the wvalues are realistic when compared with the limited
experimental data of Moonlight Project. However the
conclusions drawn are not definite till proved
experimentally.

With  suitable formulation this could bring about a
convenient correlation for NO emissions, provided data is
available. Similar empiricism can be found in expressions
such as Egn 2.29 given by Lefebvre (1987) . However, there
is a scope for refinement considering vitiation.

For the double combustor designed the programme demonstrates
the increase in metal temperatures and consequent increase
in cooling flow requirement to restrict them and a possible
deterioration in the traverse quality due to lower diluting
flow. It also indicates the attraction due to low levels of
NOx generation, at the same time the change in stability
limits. (reproduced as Fig 9.5)
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Case 4B and 4C demonstrate the advantage of using coating
(here Alumina of 0.5 mm thickness with a surface roughness
value of 6ym is tried) on the metal surface. The reduction
in wall temperature is of low order due to low heat fluxes
resulted because of the high metal temperatures. However,
the primary =zone value can be seen to be higher than those
in dilution =zone. The high metal temperatures are also the
cause for both the <cases to yield more or less similar
values. This is because at those high temperatures the value
given by the polynomial in Case 4C approaches the constant
emissivity assumed in the former Case.

11.3 CLOSURE

The programme works well within the assumptions made. The
reason for the preliminary design resulting in geometries
being very similar to the actual ones is obviously due to
the traditional approach of =zoning the combustors. The
evaluation routines assume constants which are very close to
reality. Hence figures concerning NOx or stability are
invariably true, at 1least in the sense of order of
magnitude. One positive inference is that the programme cuts
short the time required for tedious and repetitive
calculations needed at a preliminary design stage and the
scope of visualising the combustion chamber as a whole.

The one dimensional approach with a constant property
assumption is a major simplification in analysing the
combustor field, though at times grossly misrepresents the
actual and also lacks resolution or complete information.
Hence a caution or judgment is required in extending the
results. For example, the empiricism incorporated 1in
evaluating the amount of recirculation into the burning zone
(Chapter 4.8.6) may appear logical, but cannot be a
universal truth. 1In such cases, the option of changing the
equivalence ratio may be used to judge what could have been
the correct value, as the mean equivalence ratio decides the
peak temperature in that zone. Similar argument holds for
say NOx or stability evaluation. For example the statistical
parameters such as variance or distribution functions in NOx
estimation or the dependence exponents (1.75 or 1.3 for the
pressure) in stability calculations may require judgment.
However, following such philosophy for evaluation is
justified. Similarly it <can be argued as to which is the
right way to size the combustor. Pressure loss, altitude
relight or ignition characteristics can all be related to
the operating conditions and geometry. Thus knowing the
operating conditions and the parameter, the size can be
evaluated. But the point to be noted is that there is a
matter of judgment as to what would be the parameter and or
operating conditions at that time. Hence guessing the PLF
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for pressure 1loss approach is as uncertain as to guess the
mass flow, the ©pressure and the temperature conditions at
the relight conditions at the altitude. These indirectly
make the designer fall back on experience and logically
extend the 1limits or choose size. However, one pessimistic
approach would be to guess the parameters as ones experience
permits and choose the maximum size from all the concepts.
The above comments may well apply for any design routine or
equation chosen in the programme.

It could be seen that simplification routines developed to
evaluate parameters such as stoichiometric air fuel ratio,
flame temperature for any equivalence ratio at any
efficiency, combustion product composition and transport and
thermodynamic properties for any fuel, oxidant media should
prove to be valuable at a preliminary design stage.

Refinement can be attempted. But the reminder to "kitchen
sink theory" (para 2.3) should leave the programme to be
content with the accuracy. Also refinement of one process
may not necessarily lead to better results. Leaving the
pessimistic hint behind this statement (if taken, there is a
danger of remaining static taking cover under the contented
statement that this is the maximum possible, marginal
benefits are not worthwhile), every individual process in
the programme can be better represented and better coupled.
First one should be injector- its spray characteristics and
consequent evaporation and mixing requires to be included.
Higher cooling flows do indicate less dilution flow availa-
bility, but this information cannot be used to represent the
loss 1in traverse quality. This can be achieved through 2 or
3D codes or simple juxtaposition of several 1D flows with
suitable interaction between them. There is a need to
incorporate this for a comprehensive analysis of combustor
and its impact on the hot end components.
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CHAPTER 12
CONCLUSIONS

DEPTH (Design, and Evaluation of Pressure, Temperature and
Heat Transfer in Combustors), an interactive computer
program in FORTRAN 77 has been produced with the following
characteristics.

1) The programme is essentially one-dimensional, making
use of the best correlations in the available
literature.

2) It can carry out a preliminary design of a straight
flow combustor of annular, tubular or tubo-annular
type, and then execute a performance analysis in terms
of estimation of flow proportions, heat transfer
characteristics, stability and NOx emission parameters.
The design has the feature of estimating the cooling
configuration requirement based on a given metal
temperature limit.

3) It can _ also carry out simply the performance analysis
for an existing combustor, whose geometry is already
defined.

4) It should prove to be an effective design tool, in
reviewing the impact on performance by varying any of
the wvariables, such as geometry or operating condit-
ions, environment in terms of fuel or oxidant medium or
hardware of the combustion chamber (injector or type of
cooling slots etc).

5) Metal temperature calculations include both single wall
as well as double wall configurations along with
impingement or splash cooling.

6) It is a comprehensive study aid, drawing the benefits
from its interactive nature.

7) Structured programming with modular concept should
enhance modifiability for future needs.

An evaluation procedure is developed to calculate the
combustion products concentration, their properties and
temperature due to combustion of any generalised fuel and
oxidant media. The results are within the accuracy, the
programme is intended to be. NOx and stability based on
stirred reactor theory, though requiring judgment in
choosing some of the correlating constants, provide a
comprehensive picture of the combustor. Accuracy is limited
to the assumptions made in choosing the correlations.
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However, the options that are offered and the flexibility
for the wuser to <change the assumptions or equations used
should prove to be a definite advantage.

The need for and concepts of a double or reheat combustor
are reviewed in the 1light of achieving very high thermal
efficiencies. DEPTH is used to develop the understanding of
these concepts and finally to design a double combustor. The
low NOx generation levels in the second combustor could be
an incentive to go for such a feature in conjunction with a
combined <cycle or cogeneration. The lower cooling potential
of the medium for the second combustor may demand attention
to the <cooling technology if the cycle temperatures are
high.

DEPTH is validated against two existing combustors and the
overall agreement of flow proportions, metal temperatures,
NOx levels and stability limits is quite realistic.

A version of DEPTH, using the VAX FMS (Forms Management
System) is also produced for an effective interactive usage.
Also the programme is sized to be able to be run on an IBM
PC or its compatibles. So far the PC version of the DEPTH
has been successfully tried on an AMSTRAD PC 1512. Stand-
alone capability and portability should outweigh the
increase in run time.
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APPENDIX A

STOICHIOMETRIC AIR-FUEL RATIO EVALUATION :

m_,23,35,85,8, balancing coefficients

Considering any general fuel and oxidant reaction, for
stoichiometric proportions
CxHyNzow + mg CquNrosARt 2 ay CO2 + a, HZO + a, N + a, AR
... (A.1)
C, H, O atom balances yield
4x + y +0z - 2w
m, = ees (AL2)
2s - 4p - g + 0r + Ot
m, {plC] + ql[H] + r[N] + s[O] + t[AR]}
AFRS =
{x[{C] + y[H] + z[N] + w[0]} eeo (A.3)
Rewriting in terms of oxidation potentials
ATOM C H N (0] AR
OXI. POT. +4 +1 +0 -2 +0
ATOM. WT. [12.01115(1.00797|14.0067 |15.9994|39.9480
[ NS
? Ox1; Atom; MWoxidant
! i fuel
AFRS = X
[ NS ]
- I Oxi, Atom, Mw
| 1 oxidant fuel oo (A.4)
where
AFRS = Air fuel ratio stoichiometric
Oxii = oxidation potential of individual species
Atomi = no of atoms of each specie i
(x,y,z,w for fuel, p,q,r,s,t for oxidant)
Mw = molecular weight
[ 1} = atomic weight of the species
NS = number of species
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APPENDIX B
REFERENCE AREA EVALUATION

The reference area 1is the maximum cross sectional area of
the casing in the absence of a liner. This is calculated
based on the operating conditions and the two nondimensional
parameters Overall Pressure Loss (OPL) and Pressure Loss
Factor (PLF).

Liner

// nymﬂm

/ / Outer annulus.\g'
\r N Al

Fuel nozzle

—

Primary hole

E Primary

zone zone zone

Dilution hole

|
|

{ntermediate l Dilution
|

intermediate hole :

/ WA
Diffuser Inner annulus
Air swirler Air casing

Snout

Fig B.1 Combustor Geometry

P, - P
OPL = 3 4 ... (B.1)
P
3
P, - P
PLF = 3 4 .. (B.2)
Qref
m, = p3 A3 U3 ees (B.3)
= p3 Aor Ulog ... (B.4)
2
Qref = 1/2 P3 Uref ... (B.DH)
p3 = 93 Ra t3 .o. (B.6)

using (B.1) and (B.2)

OPL Q

PLF P3
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using (B.4) and (B.6)

.2
OPL 1 my R
2

PLF

t3
2
ref P3

a

P, A

3

using Isentropic relations

y -1 2
T/t = (1l 4+ ————— Mn")
2
v/(y-1)
'Y-l 2
P/p = |1l + ————— Mn
2 .
) 1/(vy-1)
OPL “ R m T y -1 2
a 3 3 1
— = |2z + " Mn3
PLF 2 P3 Aref 2
2 1/(y-1) 1172
Ra my T3 y -1
Bret =| T, |52, 2 1+ S "3
3 ref
, ..(B.7)
form (B.3) and (B.4)
Area Ratio = AR = Aref/ A3 = U3 /Uref
1/2
1 2 PLF 1
= - v Mn3
2 OPL v-1 2 v/(y-1)
1 + —— Mn3
2

..(B.8)
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APPENDIX C
A SIMPLE METHOD TO EVALUATE FLAME TEMPERATURE
Reiterating the guidelines concluded in Chapter 4.

The strategy should be :

1) 2 simple method in terms of coding complexity and
computing time, at the same time within reasonable
accuracy.

2) fairly general that it accounts for any inlet
conditions interms of medium (oxidant or fuel), or
conditions such as temperature or pressure.

3) account for completeness of reaction and heat loss.

4) able to provide flame temperature along with the
concentrations of combustion products.

PROCEDURE:
Falling back on basic reaction of any fuel of the type CxHy
reacting with 0y the only oxidant of the inlet oxidant

medium.

for stoichiometric equilibrium combustion

CyHy + (x + y/4) 05 > x CO, + y/2 Hy0 ...(C.1)

for any equivalance ratio ¢, assuming excess 0, or excess
fuel will be left over as ¢ <1 or ¢ >1 respectively:

¢ CxHy + (x + y/4) 02 -

For ¢ < 1.0 :

- ¢ x CO2 + ¢ y/2 H20‘+ (x + y/4)(1-¢) O2 ees(C.2)

For ¢ > 1.0 :

% x CO, + y/2 Hy0 + (¢-1) CxHy ...(C.3)

If the combustion efficiency n or extent of reaction is
superimposed
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¢ CxHy + (x + y/4) o2 -
For ¢é < 1.0 :

3 ¢nx CO, + ¢ny/2 Hy0 + (x+y/4)(1-n¢)0, + ¢(1-n)C.H,
t..(C.4)
For ¢ > 1.0 :

2 nx Co2 + ny/2 HZO + (x + y/4)(1-n)02 + (¢-n) CxHy (c.5)

Further assumptions are made thus:

1) CO correction for 1low ¢ : When too much excess air is
present, CO normally does not exist below a minimum equi-
valence ratios. The value is around 0.5 to 0.6. Here it
is assumed to be 0.6. Hence, below this value all CO
except that formed due to inefficiency oxidises to COZ'
Correspondingly 0, molecules are reduced.

2) Excess fuel «correction : The excess fuel which is
present cannot 1logically exist in the form of original
CxHy' Hence this term in the right hand side of the
equation is converted thus:

for ¢ <1
¢(1—n)CxHy -

> ¢(1l-n)x CO + ¢(1l-n)y/2 H2 - ¢(l-n)x/2 O2 ce.(C.6)
for ¢ > 1

($=n)C H, >

for 1 < ¢ < 1.2 CxHy is converted into CO and H2

»+ 2(¢-n)x CO + (¢-n)y/2 H2 - (¢-n)x CO2 ...(C.7)

for ¢ > 1.2 CxHy will exist in its intermediate forms say
from a simple methane CH, to any complicated chain of
higher order combinations. However, here they are approx-
imated and grouped under one average formula. Methane CH,
is chosen to represent all the intermediaries.

> ($=N)CH, +2($-N)(x-1)CO + 0.5(¢-N)(y-4)H,-(4-n)(x-1)CO,
...(C.8)
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Heat Balance :

Steady flow thermal balance between energy released and
absorbed gives rise to

s-f Q = (AH + OBH_.°)_. - (AH_,, + AH_®°)
p ad Tp ad £ 'p T, f 'R
L au” L *
= nj (AH )j - n, (AH )i
= Zero cee (C.9)
where

AH* = net enthalpy change from 298.15 k to the
temperature T

P ad = Adiabatic temperature of products

Ty = initial temperature of reactants

Hf° = formation enthalpy at 298.15 K

n = number of moles; P,j = products, R,i=reactants
Once the mole numbers of species are obtained based on the
equivalence ratio and the empirical assumptions as mentioned
in the earlier paragraphs, adiabatic temperature is
evaluated knowing AH* from thermodynamic data of individual
species as given by egn 5.5 & 5.6. A Newton Raphson’s method
is used to ensure a rapid convergence.

Correction for Radiation Loss :

The heat 1lost due to radiation 1is accounted for by
estimating empirically the loss, as explained in chapter 6.

Now the heat balance becomes

)

s-f o0 = s-f Qp ad ~ ! Qadiation
= zero ... (C.10)
Qradiation :

Radiation and so 1is the loss largely depends on the fuel
type, air_fuel ratio, mixing, atomisation, operating
conditions (pressure, temp etc.). This would be maximum in
the burning zone and gradually reducing towards the exit of
the combustor. Aromatic content, hydrogen concentration,
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carbon hydrogen mass ratio have all been assessed as a
correlating parameter for the effect of fuel type on
radiation. C/H mass ratio 1is taken as the basis, through
luminosity factor, as explained in Chapter 6. Air blast
atomisers are known to yield 1lesser radiation (Lefebvre
(1983)). Though the peak value shifts more towards the dome.
The axial distribution of the loss also depends on power
setting. The following 1is adopted, though qualitative, to
represent the radiation 1loss.

It is assumed that Qradiation can be expressed as a fraction

of net enthalpy of products, as

Q = Q In. (AH*)j

radiation crad * j

where Q is a function of all the qualifying parameters

crad
which influence the radiation loss as indicated. As it
is difficult to interpret this in absolute terms, the
following form is assumed.

4 :
Q = chad (Tg/Tgo) Cinje (RLC/RLCO)

crad 0

Where

Cinje is a coefficient to account for the injector.
The following are arbitrarily chosen for the
injectors available in the programme

1.0 Pressure atomiser

0.85 airblast atomiser

0.9 air_assist atomiser

0.8 vaporiser

1.01 = user choice (pessimistic value)

RLC = a coefficient akin to emissivity N

= f(C/H, ¢, P2’ TZ' Injector, Combustor dia)

This should represent the fuel and operating
conditions, which when wused in conjunction with an
appropriate base or reference value should yield a
good qulitative picture.

0 signifies a base condition. Here, a pressure atomiser with
kerosine is chosen as the base.

T = 2150 K (These data produced by Menguc
9 (1985) based on experimental
values of Najjar and Goodger
RLC, = 0.602 (1985))

Radiative flux = 557 W/m2
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From the available data of Menguc (1985), the coefficient is
estimated as following.

Q = 0.0152

crado
Hence the LHS (left hand side) of egn. (C.10) becomes

*
Thus, the percentage of loss due to radiation is calculated
for the burning zone and this is dropped in the ratio of
mean temperature of the zone raised to a power of four
(following the quartic nature of radiation)

*
(8H )y

DISSOCIATION :

As near stoichiometric ratios, dissociation of CO2 and HZO
intervenes, reducing the temerature. Following

Douglas(1986), it is assumed that Tdisc is the temperature
above which dissociation occurs.

T3isc = 1666.67 + 101.1 log (Patm) K ...(C.11)

The dissociation equations are represented thus:

CO2 = Co + 1/2 o2 ...(C.12)
pco [po. 1172 co2 nco [P nO,/ n.}1/?
2 2 T
pH20 - ) _ nHZO
1/2 H20 1/2
sz [p02] nH2 [P n02/ nT]
where

p partial pressure

P total pressure in atmospheres
n number of moles

n, total number of moles

It is again involving if iterative methods using reaction
rate constants or minimisation of free energy method is
employed to evaluate the temperature. It is best to fall
back on empirical approach.
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For emissivity calculations, the partial pressures of co,
and H,0 are empirically evaluated.

Upto the region near stoichiometric, where dissociation

intervenes, this variation was correlated by Lefebvre and
Herbert (1960) to a close approximation by the expression

P 2.1 FAR

P l + 1.05 FAR

More general approach by Kunitomo and Kodama (1974) leading
to

P
€0 = 2.2 (1.0 -2 )(¢-1.2)2 for ¢ < 1.2
P

= 0.0 for ¢ > 1.2

P

—€0Z  _ 0.175 - 0.0756 + 0.033 ® for ¢ > 1.1
P

= 0.092+0.0389-2.619(1.01-9)(¢-1.05)% for ¢ < 1.1

P
H20  _ 0.259 - 0.068¢ - 0.0783 © for ¢ > 1.05
P .

= 0.126-0.72[¢+0.887Q—1.724-—1.42(9-0.805)2]2
for ¢ < 1.05
where @ is the specific gravity of the fuel at 293 K.
¢ is the excess air factor = 1l/equivalence ratio

However, their wutility for general inlet medium fuel or
oxidant and varied inlet conditions such as pressure and
temperature are again doubtful. However, accepting the
approach it is decided to develop an empirical formula for
nCO/nCO2 directly.

A general review of results for variety of a AFRS and inlet
media, yielded the author to correlate the molar ratio of CO
and CO (for a reference condition of 10atm, 600 K, AFRS
14.72477 as
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= 1.3495477 - 3.9479001 ¢ + 2.8372667 ¢2

(nCO/nCOz)
...(C.14)

ref

The accuracy of the final result can be improved if the
range of ¢ is still narrowed and split into different bands.
However, no attempt is made at this stage as the accuracy of
the temperature is within 3% of the result from the
equilibrium programme of Gordon and McBride (1969).

The dissociation would be a function of inlet temperature,
pressure and the ratio of oxygen to total moles of reactants
(taking the reaction rate constant equations). The last term
can be indirectly correlated to the stoichiometric air fuel
ratio. Hence the final relation when all correction terms
are applied is of the form

nCo
= (nCO/nCOz)ref CT CP CA ...(C.15)
nCO2
where Cr» c,, C are +the correction terms for the

temperature, pressure and air fuel ratio, which in turn are
of the following form.

a+bd¢ +cC ¢2

C._ = (const V)
v

where v could be temperature, pressure or AFRS

Inlet Temperature Correction:

2

(T2/600)xx where xx = a; + b1 ¢ + cy ¢

Pressure Correction:

(101325.0/PT,)¥Y 2

where yy = a, + b, ¢ + ¢, ¢
The coefficients are evaluated for two inlet temperature
ranges, T <600 K and >600 K, giving rise to a table of
values as EShown below.

5

<600 K >600 K
a; 8.4130688 13.4470283
b] -10.642003 -19.7610165
c] 3.119978 7.3304683
a, 1.17195244 0.6585379
b5 -0.60457671 -0.0772085
c3 -0.30561864 -0.3686883




198

AFRS Correction :

c; (AFRS/14.7247)%% where zz = aj + by ¢ + cg 2

< 14.72447 < 14.72447
ag 0.7951688 14.825443
b3 -0.6670292 -87.841416
c3 0.7322894 62.344971
and ¢y = 5.0 for ¢ = 1.0 and AFRS 2 17.5

= 1.0 for ¢ > 1.0
= 1.2 otherwise
HZO - H2 exchange:

Once nCO/nCO2 is obtained, then nHz/nHZO is obtained through
water gas reaction. Combining egns C.12 and C.13

CO2 + H2 = co + HZO ... (C.16)
pCoO pHZO nCoO nHZO
= k =
WG
pCO2 pH2 nCO2 nH2

which is a sole function of temperature. In the temperature
range of interest the value for k varies between 4.2 and 6.

WG
Correlating the inverse of this value:
-1
k “we = 1kyg
= 1,32294323 - 8.57404542E-4 T + 1.569414583E-7 T2
Hence,
nH nCoO
-2 . k‘lwc .. (C.17)
nH20 nCO2

DISSOCIATION CORRECTION :

nCO/nCO2 is evaluated as per egn (C.15),for a given equival-
ence ratio, AFRS, inlet temperature and pressure conditions.
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co, and CO mole numbers, evaluated from egns. C.1 and C.8
are adjusted down to the ratio nC0/nCO, and correspondingly
o, molecules are changed. Similar approach is followed for
HZO and H, using equations C.17 and C.13.

CORRECTION FOR RADICALS :

The amount of free radicals such as H, O, OH, NO is usually
small and is not accounted for simplicity. However, near
stoichiometric regions the amount of OH and NO radicals is
quite substantial that their contribution is worth consid-
ering. Hence falling back on empiricism,

OH Radical

nOH/nH,0 is empirically correlated as

(nOH/nHZO)ref = -0.00488037 + 0.1152274 AFRS ...(C.18)

Again, similar temperature and pressure corrections are
applied for, of the form given as egn C.15.

nOH

- XX Yy
(nOH/nHZO)ref (T2/600) (101325/PT2)

nHZO

The coefficients for exponents xx and yy are as follows.

< 600 K > 600 K
ay 9.88377120 11.1303894
b1 -19.3447130 -21.2841742
€3 10.4204711 11.3074406
a, 1.1817425 1.1194420
b2 -2.5275913 -2.2915515
cy 1.5993100 1.3744739

e

H,0 mole numbers calculated in previous steps are further

reduced in the above ratio

H,0 = 1/2 H, + OH ..(C.19)
Correspondingly H, mole number is also changed. This will
however change tfhie ratio nH2/nH20 evaluated previously.
However, no iterative approach is resorted to correct this.
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NO Radical
Similarly nNO/nN, are empirically correlated as :

(nNO/nNz) = -0.0242110082+0.076380045 ¢-0.04582283 ¢2

ref

As this is strongly dependent on the inlet temperature, the
coefficents for temperature are evaluated as:

n NO x
= (nNO/nN,) ¢ (TT,/600) ...(C.20)
n NZ
< 600 K > 600 K
a; 8.1501203 8.6575719
b] -18.3672682 -19.027442
cq 11.0291039 11.335452

N, mole numbers calculated in previous steps are further
reduced in the above ratio

N2 +,02 = 2 NO ...(C.21)
Correspondingly 0, mole number is also reduced.

Heat balance is now performed, with the corrected conce-
ntrations of the species based on above dissociation
assumtpions. -

COMPARISION :

For comparision three typical inlet conditions are chosen. -

Case (a) with moderate pressures for a typical simple gas
turbine combustor (P2=15 atm, T2=650 K).

Case (b) with very high pressures accompanied by water
injection, say due to intercooling or for NOx
control prior to entry into combustor, representing
the current .combustor philosophy for any combined
cycle powerplant (P2=50 atm, T2=950 K, sp.
humidity=0.1).
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Case (c) with moderate pressures with burnt products, say
from the first combustor as the oxidant medium,
representing a reheat combustor (Pz-lo atm,
T2-1000K, vitiated air). The composition of the
vitiated inlet medium in mass fractions 1is as
indicated.

N, 0.74538
0o, 0.18272
AR 0.01266
co, 0.04248
HZO 0.01676

All the three cases are run with two types of fuels.

(1) standard kerosine represented by the formula Cia.5 Hyg 0

(2) High aromatic content typical of fuels expected in the
future represented by the formula Ci5.5 Hig. p-

The results are compared using Gordon and McBride’s (1969)
computer program. The flame temperatures between the
equivalence ratios of 0.15 to 1.2 are shown as Fig C.1. The
maximum error is less than 3%. It is always on the +ve side
in the region of interest ie. between 0.6 to 1.0 egquivalence
ratio. The reasons are obviously due to the assumptions and
the empirical correlations and the absence of other
radicals. However in terms of the assumptions for the
strategy, this error is justified. Hence one direct
consequence of these high temperatures in the primary and
secondary zones would be higher metal temperatures.

The molar percentages of major individual species are also
reasonable and so their utility in calculation of transport
properties should be with reasonable confidence.
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FIG C.1 Adiabatic Flame Temperature Comparison
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APPENDIX D
PROCEDURE TO ESTIMATE NUMBER OF INJECTORS

Experience plays a major part in selecting the number of
fuel nozzles needed for a type of combustor geometry, type
of fuel and other operating conditions. however, it is tried
to relate some of the above parameters with simple geometri-
cal variables. Though it is approximate, it should provide
the user a reasonable starting point for an initial guess.

Assumptions

1) It is assumed that nozzles are considered as discrete
points distributed equally around the centerline of the
dome head.

2) From each point the fuel is sprayed with cone angle equal
to 110 degrees. (this value, in reality, for certain type
of injectors, could be as low as 45°, when the actual
chamber pressures are considered).

3) The positioning of the nozzles is such that the cones
meet at around the end of recirculation zone which is
assumed to be half the length of the primary zone. The
geometry is solved to find the distance between the
nozzles and hence the total number of nozzles.

Y

il

INTECTOR

Y2 P2L \

Fig D.1 Schematic of fuel spray pattern

D = 1/2 PZL tan (55°) ...(D.1)
sin © = D/Rref e..(D.2)

Number of Injectors = n/@ «..(D.3)
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APPENDIX E
COEFFICIENTS FOR THERMODYNAMIC PROPERTIES

The constant pressure heat capacities, and enthalpies of
chemical species have been expressed as polynomials (egn.
5.2 & 5.3). There are 14 coefficients for each species,
represented by the matrix 2z(Kk,J,I1),J=1,7, K=1,2, I=1,NS,
K=1 corresponds to temperature 1000 to 5000 K and

K=2 corresponds to 300 to 1000 K.

N2

1 0.28963194E+01, 0.15154866E-02, -0.57235277E-06,

2 0.99807393E-10, -0.65223555E~-14, -0.90586184E+03,
0.61615148E+01,

3 0.36748261E+01, -0.12081500E-02, 0.23240102E-05,

4 -0.63217559E-09, -0.22577253E-12, -0.10611588E+04,
0.23580424E01/

02

1 0.36219535E+01, 0.73618264E-03, -0.19652228E-06,

2 0.36201558E-10, -0.28945627E-14, -0.12019825E+04,
0.36150960E+01,

3 0.36255985E+01, -0.18782184E-02, 0.70554544E-05,

4 -0.67635137E-08, 0.21555993E-11, -0.10475226E+04,
0.43052778E01/

AR

1 0.25000000E+01, O. , 0. p

2 0. , 0. . —0.74537502E+03,
0.43660006E+01, -

3 0.25000000E+01, O. . 0. '

4 0. r 0. , —0.74537498E+03,
0.43660006E+01/

co

1 0.29840696E+01, 0.14891390E-02, -0.57899684E-06,

2 0.10364577E-09, -0.69353550E-14, -0.14245228E+05,
0.63479156E+01,

3 0.37100928E+01, -0.16190964E-02, 0.36923594E-05,

4 -0.20319674E-08, 0.23953344E-12, -0.14356310E+05,-
0.29555351E+01/

H20

1 0.27167633E+01, 0.29451374E-02, -0.80224374E-06,

2 0.10226682E-09, -0.48472145E-14, -0.29905826E+05,
0.66305671E+01,

3 0.40701275E+01, -0.11084499E-02, 0.41521180E-05,

4 -0.29637404E-08, 0.80702103E-12, -0.30279722E+05,
-0.32270046E+00/



CH4

S w

Cco2

Ul

oW N

OH
1
2

o w

) N =2

0.15027072E+01,
0.67777899E-09,
0.10707143E+02/
0.38261932E+01,
-0.22732926E-07,
0.86690073E+00/

0.44608041E+01,
0.22741325E-09,
-0.98635982E+00,
0.24007797E+01,
0.20021861E-08,
0.96951457E+01/

0.31001901E+01,
-0.34909973E-10,
-0.19629421E+01,
0.30574451E+01,
0.55210391E-08,
-0.22997056E+01/

0.29131230E+01,
0.12730795E-10,
0.54288735E+01/
0.38365518E+01,
0.20843575E-09,
0.49805456E+00/

0.31890000E+01,
0.95919332E-10,
0.67458126E+01/
0.40459521E+01,
-0.61139316E-08,
0.29974988E+01/
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0.10416798E-01,
-0.44283706E-13,

-0.39794581E-02,
0.69626957E-11,

0.30981719E-02,
.15525954E-13,

.87350957E-02,
.63274039E-15,

oo

.51119464E-03,
.36945345E-14,

.26765200E-02,
.18122739E-11,

oo oo

0.95418248E-03,
0.24803941E-15,

-0.10702014E-02,
-0.23384265E-12,

0.13382281E-02,
-0.64847932E-14,

-0.34181783E-02,
0.15919076E-11,

-0.39181522E-05,
-0.99787078E+04,

0.24558340E-04,
-0.10144950E+05,

-0.12392571E-05,
-0.48961442E+05,

-0.
-0.

66070878E-05,
48377527E+05,

0.52644210E-07,
.87738042E+03,

|
o

0.58099162E-05,
-0.98890474E+03,

oo [ Ne]

.19084325E-06,
.39647060E+04,

.94849757E-06,
.36715807E+04,

-0.52899318E-06,
0.98283290E+04,

0.79819190E-05,
0.97453934E+04,
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APPENDIX F

TABLE F.1 COLLISION DIAMETERS AND LENNARD-JONES POTENTIAL
PARAMETERS €

SPECIES o (A) e/K (K)|| sPECIES o (A) e/K (K)
N2 3.798 71.4 CH4 3.758 148.6
02 3.467 106.7 co2 3.941 195.2
AR 3.542 93.3. H2 2.827 59.7
co 3.690 91.7 oH 3.110 91.8
H20 2.641 809.1 NO 3.470 119.0

@ data is taken from Reid et al. (1977)
TABLE F.2 VALUES OF KT/¢ and o(2:2)*
KT/¢ 9(2,2)* KT/¢ 9(2,2)* KT/¢ 9(2,2)*
1.90 1.197 3.3 1.014 4.8 0.9343
1.95 1.186 3.4 1.007 4.9 0.9305
2.00 1.175 3.5 0.9999 5.0 0.9269
2.10 1.156 3.6 0.9932 6.0 0.8963
2.20 1.138 3.7 0.9870 7.0 0.8727
2.30 1.122 3.8 0.9811 8.0 0.8538
2.40 1.107 3.9 0.9755 9.0 0.8379
2.50 1.093 4.0 0.9700 10.0 0.8242
2.60 1.081 4.1 0.9649 20.0 0.7432
2.70 1.069 4.2 0.9600 30.0 0.7005
2.80 1.058 4.3 0.9553 40.0 0.6718
2.90 1.048 4.4 0.9507 50.0 0.6504
3.00 1.039 4.5 0.9464 60.0 0.6335
3.10 1.030 4.6 0.9422 70.0 0.6194
3.20 1.022 4.7 0.9382 80. 0.6076

data taken from Hirschfelder et al.

(1954)
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APPENDIX G
COEFFICIENTS FOR SPECIES VISCOSITY DATA

Using 1least square fit analysis the temperature dependent
viscosity of individual species generated wusing Kinetic

theory are reduced to AT® form. It is further divided into
three ranges 300-800, 800-1300, 1300-2500 K. The matrix rep-
resents VISCOF(K,J,I1),J=1,2,K=1,3,I=1,NS, where K coresponds
to the three temperature range, J=1 for the constant of
multiplication A and J=2 for the power B.

N2 1 4.4249720E-07, 0.6511479 '
2 8.1864022E-07, 0.5569940 ’
3 1.2107138E-07, 0.8218453 /
02 1 3.0519510E-07, 0.7376035 '
2 9.7767452E-07, 0.5644143 '
3 6.2705396E-07, 0.6236016 /
AR 1 3.8466644E-07, 0.7162670 '
2 1.2953406E-06, 0.5348911 '
3 3.7022056E-07, 0.7058824 /
co 1 3.0429968E-07, 0.7128531 '
2 1.0134340E-06, 0.5329965 '
3 2.6192052E-07, 0.7179117 /
H20 1 2.2769083E-08, 1.067423 ’
2 3.5005293E-08, 1.003473 '
3 4.7415284E-07, 0.6430891 /
CH4 1 1.5467951E-07, 0.7524964 ’
2 2.6708437E-07, 0.6722450 '
3 7.1924870E-07, 0.5345844 /
Co2 1 2.4367341E-07, 0.7349151 ’
2 2.3944531E-07, 0.7385539 '
3 7.2368522E-07, 0.5860700 /
H2 1 2.9646156E-07, 0.6031408 '
2 2.2000563E-07, 0.6441427 '
3 1.1770304E-07, 0.7349934 /
OH 1 3.2337837E-07, 0.7171631 '
2 1.0864258E-06, 0.5361540 '
3 3.1926515E-07, 0.7032359 /
NO 1 2.6910473E-07, 0.7481864 '
2 7.4073671E-07, 0.5980423 '
3 8.8341119E-07, 0.5718754 /
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APPENDIX H
ISENTROPIC PROPERTY EVALUATION

In the flow at any given 1location, the unkown state
parameters are evaluated assuming isentropic flow relations.

T y -1

c Tt n? ... (H.1)
t 2
F vy -1 , ]v/(y1)
O Mo ... (H.2)
p 2
& Pl v Mn
; ) RT Y - l_ 2 0°5(Y+1)/(Y"1) -.-(H-3)
[1 + — Mn }
2
p R t
p ) to-(H.4)
Mw
U
= ...(H.5)
v YRt

As an example, the evaluation of mach number is as shown:
Equation (H.3) is rewritten as

0.5(y+1)/(v-1)

A RT ¥y -1 2
Mn = —_ —_ 1 + — Mn ...(H.6)
AP Y 2 .

1) Guess initial mach number

2) Knowing the rest of the terms RHS of egn (H.6)
evaluated

3) The value abs[{Mn-Guess)/Guess] should be less than
0.0001.

4) 1f condition 3 is not satisfied steps 2 and 3 are
repeated with the estimated mach number.

Convergence is wusually quite rapid as initial guess is
quite close to the actual one considering the low mach
number in the combustor.
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APPENDIX I

RAYLEIGH EQUATION SOLUTION

ss involving changes in the stagnation enthalpy or
on temperature of a gas stream which flows at

area and without friction effects is termed as
T-change (Shapiro (1953)). This 1is signified by

Line as shown
y /Po. Rayleigh,
hos , M<l
=Rt == eoting—
T =" Cooling 9 -
AN SF *

Rayleigh,
M>1

Fig I.1 Rayleigh Curve for simple T change

The normalised relation is given as

1)

2)
3)
4)

2(y+1)Mn? -1
(14— m?) coo(I.1)
(l+yMn®) 2

Knowing state 1 before combustion, normalised
temperature ratio Tl/T* ie evaluated using eqgn
(1.1) ' :

Assuming the temperature rise, T2/T1 is evaluated
TZ/T* = TZ/Tl X Tl/T*

Using egn (I.1) Mn, is evaluated in an iterative
manner. Knowing Mn, and T,, the rest of the state is

fully described using isentropic relations.
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APPENDIX J
ONE-DIMENSIONAL STEADY FLOW SOLUTION
The procedure is as outlined by Shapiro (1953).

Consider the flow in a duct between two sections an infinit-
esimal distance dx apart (Fig J.1). In this element of duct
length, gas is injected into the stream at the mass flow
rate of dm_, liquid evaporates into the stream at the mass

flow rate of dmL, heat in the amount dQ is exchanged with

external sources, and shaft work, shearing work, or electr-
ical work 1is delivered by the stream to external bodies in
the amount dwx. :

i A
i
al LA S
Control | p +a
p | Surtoce | ¢ % L\ SO
+d / \l\\\-’
Y ‘ 77",
| | / i
N —— em——— Y} o JM5+ﬂm‘ ‘mL
P )
u D1y o0 112101

|
|
|
|
|
|
— ]

Fig J.1 Control surfaces defined for seveal methods of
gas injection and liquid evaporation.

Equation of State

p = pRt/Mw ceo(J.1)
dp dp dt dMw
—_— o — — 4 — eee(J.2)
p p t Mw
Mach Number
MnZ = UZMw/YRt ... (3.3)
amn?  dqu? amw dy dt
7 = 3 + -—_——- — ces(J.4)

Mn U Mw Y t
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Continuity
m = pAU ce.(J.5)
dm dp da du
—_— — + — + — eeo(J.6)
m P A U

where dm = dmL + dmg

Energy

Neglecting gravity effects, the final form of energy balance
appears as:

2

U U2 - U 2 dm
dQ - dWx = dh +d — + |h_, - h_ + g g
2 g 9 2 m
) U2 - UL2 dmL
+ | hy - hy + . (3.7)
2 m

The enthaply change of the main stream, dh, is the sum of
the changes due to chemical reaction and due to temperature
change. Thus

dh = -dh + Cp dt

where dhpr' the enthalpy increase at the temperature t and
pressure p for a change from products to reactants. hgt and
hg denote the enthalpy at temperature t and at tg at which
gas enters respectively. The symbol hV denotes the enthalpy
of evaporated 1liquid dmL at temperature t, and hL the
enthalpy of 1liquid entering the control volume. The egn

(J.7) is finally rearranged as

do - dWwx + dH  dt vy -1 au?
= — 4 Mn —5— e..(J3.8)
Cp t t 2 U
where .
9 dm
dH = dh - t-T u/2
pr = [Cpg(t=Ty) + U%/2] ——9m
U2 - UL2 dmL
- [hv - hL + ] .oo(Jog)
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Momentum
pA + pdA - (p+dp)(A+dA) - tw dAw - dX

Wall shear stess is related to the coefficient of friction £
2
Ty = foU" /2
dX is the sum of

1) the drag of stationary bodies immersed in the stream
within the control surface boundaries.

2) the drag of liquid droplets and filaments travelling
more slowly than the main gas stream.

3) the component of body or gravity forces acting on
the material within the control surface in the
direction oppsoite to that of the velocity vector.

da 4dx

_— = — where D is the hydraulic diameter
A D

After substitution and rearrangement, egn. (J.10) leads to

2 2 2

dp vyMn® du YMn dx dx 2 dm
— + 5+ 4f— + — 3 + YMn“(l-y)— = 0
P 2 U 2 D 1/2ypAMn m
eeo(J.11)

where dm dm_ dm

— ey —3 _L

m m m

yg = Ug'/U and y; = U,'/U
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The following are the six independent variables and the four
unknowns from the above equations J.2, J.4, J.6, J.8, J.1l1.

da/A dan/an
(dQ - dwWx + dH)/Cp t du? /u?
dx dx dm
4f— + — > - 2y — dp/p
D 1/2ypAMn m
dm/m de/p
dMw/Mw
av/v

The dependent variable dan/ﬁn2 is expressed in them, by
solving the above system of simultaneous, linear, algebraic
equations :

dmn? 2[1+1/2(v-1)Mn%] dA 1 + yMn? dQ - dWx + dH
2 - - 2 - ¢ 2
Mn 1 - Mn A l1 - Mn Cp t
vMn2(1 + 1/2(y-1)Mn?) dx ax dm
+ 3 4fF — + —" 2y —
l1 - Mn D 1/2ypAMn m
2(1 + Mn2) [1 + 1/2(y-1)Mn2] dm 1 + yMn? dMw  dy
+ — g SS—————— Ju—— - S—
1 - an m 1 - an Mw Y
..(3.12)

The coefficients of the independent variables are called the
influence coefficients. The dependent variables of interest

viz., dan/an, and dp/p are better expressed in a tabular

form in terms of their influence coefficients as Table J.1.
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Variable dH?/an dp/p
2 2
2[1+1/2(y-1)Mn
da’a A2y | vin
l-Mn2 1-Mn2
1+-an2 Yﬂnz
(dQ - dV¥x + dH)/Cp t 5 -
1-Kn 1-Mn?
dx dx dm | v#nZ(1+1/2(y-1)Hn?) w2 (1+(y-1)Hn?)
4f e 2y— 5 - —
D 1/2ypAMn m 1-Mn 2(1-Hn2)
2(1+Mn?)[141/2(y-1)Mn2 2 2
dns (1+4Mn“)[141/2(vy-1)Mn"] 2vyMn“(1+41/2(y-1)Hn")
m/m -
' 1-Hn2 l-Hn2
2 2
1 + vMn
dMw/Mv - YHn
1-Hn? 1-Hn?
dy/vy -1 0

"

Table J.1 Influence Coefficients

The equation (J3.12) is solved, by transforming the
differentials to finite differences through the average
values across the control volume, by the following steps:

1) Compute the average flow properties over the increment

Tove = 1/2 (T2+T1)

Algve = 172 (A,+A4)

HD_ . = 1/2 (D,+D,)

Mwave = 1/2 (Mw2+Mw1)

Moye = 1/2 (m2 + ml) ‘
Mnave = 1/2 (Mn2+Mnl)

Yave = 172 (vy+vy)

Have 172 (py+uq)



215

2) Differentials are put to finite difference

dvy/y = F, = (vo=71) /Y506
da/Aa = FA = (Az—Al)/Aave
dT/T = FT = (TZ—Tl)Tave
dMw/Mw = FMw = (sz-—Mwl)/Mwave
dm/m = Fm = (mz-ml)/mave
dx dx
F = {f— + —mm—— - 2yF
F 2 m
Hdave 1/2ypAMn
where
. dX = 0.0
p U HA
Reynolds Number Re = — Ve
Have

friction factor £ (Massey(1975))

16/Re for Re < 2100

25 for Re » 2100 ©

0.079,/Re’"
@ Blasius suggested this approximate formula and this was
found to <correlate well for Re from 3000 to 10000. However
its simplicity and range of applicability for ducts or
annuli with rough surfaces makes it automatic choice in
relation to any other complicated expression. It is felt
adequate to assume it even for the transition region upto
- 3000.

.Y = Uy /U

Ug' is the tangential velocity component
of the dilutant or coolant flow.

Ug' = 0 for mixing hole

Ug' = Ug for cooling slot
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3) It is also assumed that the independent variable
vy -1 daT

an) —

2 T

(dQ - dwWwx +dH)/cpt = (1 +

METHOD OF SOLUTION

1) Guess the outlet mach number an. Reasonable
estimate can be obtained using

0.5
an = Mnl x (1+ Fm - FA)
2) Mnave = 0.5(Mn2+Mnl)

3) if Egn J.12 is represented as

2 2
an—Mnl
5 = LHS (left hand side)
Mn ave
2 2 2
an = Mnl + LHS (Mnave)

new estimate of an can be obtained.

4) 1£f the abs [(an-Guess)/Guess] is greater than
0.0005, calculations are repeated from step 2 with
the estimated an.

5) I1f convergence is not obtained within 40 iterations
option is given to try another 40 iterations, with a
suitable initial guess. However in normal circumst-

ances convergence is rapid.

6) Static pressure is then evaluated by integrating the
corresponding dp/p influence coefficient terms,
after Mn, is evaluated.
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APPENDIX K

COSNCF - NAG FORTRAN Library Routine Document

NOTE: beforc wsing this routine, please read the appropriste implementation document 10 check the interpretation of
bold italicised 1erms and other implementation—dependent details. The routine name may be precision—dependent.

1. Purpose

COSNCF is a comprehensive routine to find a zero of a system of N nonlinear functions in N variables by

a modification of the Powell hybrid method.

2. Specification

SUBROUTINE COSNCF (FCN, N, X, FVEC, XTOL, MAXFEV, ML, WU,
4 EPSFCN, DIAG. MODE, FACTOR, NPRINT, NFEV, FJAC, LDFJAC,

2 R, LR, QTF, ¥, IFAIL)

1 IFAIL

OO

EXTERNAL FCN

INTEGER N, MAXFEV, ML, MU, MODE, NPRINT, NFEV, LOFJAC, LR,

real X(N). FVEC(N). XTOL, EPSFCN, DIAG(N). FACTOR,
1 FJAC(LDFJAC,N), R(LR). QTF(N), W(N.4)

3. Description

COSNCEF is based upon the MINPACK routine
HYBRD. It chooses the correction at eack :tc_:s
as & convex tombination of the Netdont ah
scaled gradient directions. Uhdef teasonable
conditions this guarantees global convéigehce fot
$tarting points far from the solution and & fast
tate of convergence. The Jacobian is upddted by
the rank-1 method of Broyden. At the startii}
point the Jacobian is approximated by fotwird
differences, but these are not used again uitil the
rank-1 method fails to produce satisfactory
progress.

4. References

(1] POWELL, M.J.D.
A hybrid method for nonlincar algebraic
equations. In  ‘Numerical Mctbods for
Nonlincar  Algebraic  Equations’,  Ed.
Rabinowitz, P., Gordon and Breach, 1970.

[2) MORE, J.J,, GARBOW, BS. and
HILLSTROM, K.E.
User Guide for MINPACK-1.
ANL-80-74, Argonne National Laboratory.

S, Parameters

FCN - SUBROUTINE, supplicd by the user.

FCN must calculate the valucs of the functions
at X and return thc_sc in the vector FVEC.

Jts specification is:-

SUBROUTINE FCN(N,.3.FVEC,IFLAG)
INTEGFR N, IFLAG
pesl (R FVEC(N)

N < INTEGER.
On éntry, N éofttains the uumber of
Wdations. The valde of N must not be
¢hinged by FCN.

X - real array of DIMENSION (N). _
On entry, X contains the point at which the

functions are to be evaluated. The values in
X must not be changed by FCN.

FVEC - real array of DIMENSION (N).

On exit, unless IFLAG was zcro on entry of
IFLAG is reset to a negative number,
FVEC(i) must contain the value of the i(th)
function evaluated at X.

IFLAG - INTEGER.

If, on entry, IFLAG is zero, then X and
FVEC arc available for printing. Scc
NPRINT below.

In gencral IFLAG should not be reset by
FCN. If, however, the user wishes to
terminate execution (perhaps because some
illegal point X has been reached) then
IFLAG should be sct to a ncgative integer.
This value will be returned through IFALL.

FCN must be declared as EXTERNAL in the
(sub)program from which COSNCF is called.
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N - INTEGER.

On entry, N must specify the number of
equations. N > 0.

Unchanged on exit.

X - real array of DIMENSION at least (N).

Before entry, X(j) must be set 10 a guess at the
j(th) component of the solution (j = 1,2,...,N).

On exit, X contains the final estimate of the
solution vector.

FVEC - real array of DIMENSION at least (N).

On exit, FVEC contains the function values at
the ﬂnél point, X.

XTOL - real.

On entry, XTOL must specify the accuracy in X
to which the solution is requjred. XTOL = 0.0.
If XTQL is less than machine precision (see
NAG FORTRAN Library poutine X02AAF)
then machine precision is usgd. See Section 10.
The recommended value is the sdugte toot of
machine precisiop.

Unchanged on ¢3it.

MAXFEYV - INTEGER.
On entry, MAXFEYV must ]?ecify the maximurmh
number” of calls to FCN with IFLAG#0.
COSNCF will exit with IFAIL = 2, if, at the
end of an iteration, the number of calls to FCN
exceeds MAXFEV. A suitable choice of
MAXFEY is 200 X (N+1). MAXFEV > 0.

Unchanged on exit.

ML - INTEGER. A
On entry, ML must specify the number of
subdiagonals within the band of the Jacobian

matrix. (If the Jacobian is not banded, or you are
unsure, set ML = N-1.) ML = 0.

Unchanged on exit.

MU - INTEGER.

On entry, MU must specify the number of
superdiagonals within the band of the Jacobian

matrix. (If the Jacobian is not banded, or you are
unsure, set MU = N-1.) MU = 0.

Unchanged on exit.

EPSFCN - real.

On entry, EPSFCN must specify the order of the
largest relative error in the functions. If
EPSFCN is less than machine precision (sce
NAG FORTRAN Library routine X02AAF)
then machine precision is used. Consequently a
value of G.0 vill often e suitstle.

Unchanged on exit.

DIAG - real array of DIMENSION at least (N).

Before entry, it MODE = 2 (see below), DIAG
must contain positive entries that serve as
multiplicative scale factors for the variables. If
MODE#2, then DIAG is set internally.

MODE - INTEGER.

On entry, MODE must specify whether or not
the user has provided scaling factors in DIAG. If
MODE = 2 the scaling must have been
specified in DIAG. Otherwise, the variables will
be scaled internally.

Unchanged on exit.

FACTOR - real. .

On entry, FACTOR must specify a quantity to
be used in determining the initial step bound. In
most cases 0.1<FACTOR=<100.0, and
FACTOR = 100.0 is generally suitable. (The
step bound is FACTORX||DIAGXX]], if
this is non-zero; otherwise the bound is
FALTOR.) FACTOR > 0.0.

Dhenangeg on exif.

NPRINT - {NTEGER.
On entty, NPRINT must specify whéthet special
cdlfs tbyi-‘CN. wit IFLAgecscty to O, are l::cbc
made for printing purposes.
If NPRINT =< 0 then no calls are made. If
NPRINT > 0, then FCN is called at the
beginning of the first iteration, every NPRINT
iterations thereafter and immediately prior to the
return from COSNCEF. In this case, FCN should
usually be coded to print both X and FVEC (sce
FCN above)—. .

Unchanged on exit.

NFEV - INTEGER. :

On exit, NFEV specifies the number of calls
made to FCN.

FJAC - real array of
(LDFJAC,p), where p = N.

On exit, FJAC contains the orthogonal matrix Q
produced by the QR factorisation of the final
approximate Jacobian.

LDFJAC - INTEGER.

On entry, LDFJAC must specify the first
dimension of FJAC as declared in the calling

(sub)program. LDFJAC = N.
Unchanged on exit.

R - real array of DIMENSION at least (LR).

On exit, R contains the upper triangular matrix
R pruduced by the QR factorisation of the final
approximate Jacobian, stored row-wise.

DIMENSION
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LR - INTEGER.

On entry, LR must specify the dimension of R as
declared  in the calling  (sub)program.
LR={NX(N+1).

Unchanged on exit.

QTF - real array of DIMENSION (N).
On exit, QTF contains the vector QT XFVEC.

W — real array of DIMENSION (N,q),
where q = 4. ‘

Used as workspace.

JFA]L - INTEGER.
Before entry, IFAIL must be assigned a value.
For users not f{amiliar with' this parameter
(described in Chapter POI) the recommended
value is 0.

Unless the routine detects an error (see next
section), IFAIL contains O on exit.

6. Error Indicators and Warnings

Errors detected by the routine:-

IFAIL<O0
This indicates an exit from COSNCF because
the user has set IFLAG negative in FCN. The

value of IFAIL will be the same as the user’s
sctting of IFLAG.

IFAIL = 1
On entry, N < 0, XTOL < 0.0, MAXFEV =<
0, ML < 0, MU < 0, FACTOR = 0.,
LDFJAC < N, LR<iNX(N+1) or
MODE = 2 and DIAG®{H) = 00,
i=12,..N.

IFAIL = 2

There have been at least MAXFEV
evaluations of FCN. Consider restarting the
calculation from the final point held in X.

JIFAIL =3

No further improvement in the approximate
solution X is possible; XTOL is too small.

IFAIL = 4

The iteration is not making good progress, as
measured by the improvement from the last §
Jacobian evaluations.

IFAIL = 5

The iteration is not making good progress, as
measured by the improvement from the last 10
iterations.

The values IFAIL = 4 and IFAIL = 5 may
indicate that the system does not have a zero.
Otherwise, rerunning COSNCF from a different
starting point may avoid the region of difficulty.

7. Auxiliary Routines

Details are  distributed to  sites in
machine-readable form.
§. Timing

The time required by COSNCF to solve a given
problem depends on N, the behaviour of the
functions, the acctiracy requested and the
starting point. The humber of arithmetic
operations executed by COSNCF to process each
call of FCN is dbout 11.5XNZ. Unless FCN can
be cvaniated quickly, tne timing of COSNCF will
be strongly influenced by the tire spent in FCN.

$. Storage
There are no internally declared arrays.

10. Accuracy

If D denotes the diagonal matrix whose entries
arc defined by the array DIAG, then COSNCF
tries to ensure that

|IDX(X—~XSOL)||,
< XTOL X [|D X XSOL || ,.

If this condition is satisfied with XTOL=10"%
then the larger components of D X X have k
significant decimal digits. There is a danger that
the smaller components of D X X may have
large relative errors, but the fast rate of
convergence of COSNCF wusually avoids this
possibility.
The test assumes that the functions are
reasonably well behaved. If this condition is not
_ satisfied, then COSNCF may incorrectly indicate
convergence. The validity of the answer can be
checked for example, by rerunning COSNCF
with a tighter tolerance.

11. Further Comments

Ideally the problem should be scaled so that, at
the solution the function values arc of
comparable magnitude.

12. Keywords

Equations, nonlinear algebraic; Powell hybrid
method.
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APPENDIX L
NON-LINEAR HEAT TRANSFER EQUATION SOLVER

in order to evaluate the metal temperatures, heat balance
specified as equation (6.7), is required to be performed.
The final form when all the terms are considered yields a
gset of non-linear eqguations. The non-linearity is due to RR1
the radiation term which is a function of the temperature to
its fourth power. The number of simulataneous equations
depends on the number of skins and cooling channel
configuration (Fig 6.3). FVEC in the foregoing discussion
represents the residue which should be zero for the exact
solution. AREAl to AREA6 are the respective surface areas of
the skins.

SINGLE SKIN

FVEC(1) = (RR1+CCl)AREAl - KK12 ee. (L.1)
FVEC(2) = (RR2+CC2)AREA2 - KK12 ee. (L.2)

SINGLE WALL

FVEC(1) (RR1+CC1)AREALl - KK12
FVEC(2) (RR2+CC2)AREA2 - KK42
FVEC(3) = (RR3+CC3)AREA3 - KK12
FVEC(4) (RR3-CC4)AREA4 - KK42
FVEC(5) (CC4)AREA4+(CC3)AREA3 - MCPA(TL(5) - TL(6))

TL(1)to TL(4): respective skin temperatures T ; to T4
TL(5)& TL(6): coolant temperature inside the slot
MCPA = (m Cp),
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DOUBLE WALL

FVEC(1) = (RR1+CC1l)AREAl - KKI12

FVEC(2) = (RR2+4CC2)AREA2 - KK62

FVEC(3) = (RR3+CC3)AREA3 - KK12

FVEC(4) = (RR3-CC4)AREA4 - KK42

FVEC(5) = (RR5+CC5)AREAS5 - KK42

FVEC(6) = (RR5-CC6)AREA6 - KK62

FVEC(7) = (CC4)AREA4+(CC3)AREA3 - MCPA(TL(7) - TL(9))
FVEC(8) = (CC5)AREA5+(CC6)AREA6 - MCPA(TL(8) - TL(10))

TL(1) to TL(6) : respective skin temperatures Twl to T4
TL(7) to TL(10): coolant temperature inside the slots

The coefficients are evaluated as per the procedure outlined
in Chapter 6.

4 4
RR1 = Al Tg - A2 Twl
4 4

RR2 in

CCl = A4 (Twad - Twl)

CC2 = A5 (Tw2 - Tin)

KKlZ-f(Twl,Twz,x,geometry)

The RR1 term consists of two parts, wherein Al is a function
of gas emissivity which in turn depends on gas temperature,
whereas A, is a function absorptivity which is evaluated
based on the wall temperature Twl‘ Thus all coefficients,
except AZ are constants for a given condition. A, however,
is a function of Tl and therefore needs to be estimated. By
assuming an inital value of T _,, which estimates an initial
value of Ay, leaving as many unknowns as there are

equations.
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NEWTON-RAPHSON'S TECHNIQUE

Rewriting equations (L.1) and (L.2)
fl(x,y) = 0 where X + T
fz(x,y) = 0 Y > T

expanding in Taylor’s series and neglecting the higher order

terms

of of

, 1 1
0 = £ (x5,y;) + —(x5,9=%3) + —(y;,9-¥;)
ax y
afz 3f2
0 = £y(xjry;) + —=(xy,9-%3) + —(y;,9-¥;)
ox 3y
if Xi41 — % = h
Yiq1 - ¥y = K
9f. h of, k
—'_1 + "_l = - fl(xi:yi)
ax y
ef, h of, k
-——2 + ——2 = - fz(xiryi)
9x 0%

These simulataneous eguations can easily be solved for h and
k . For this Gaussian Elimination technique is used.

GAUSSIAN ELIMINATION TECHNIQUE

As this is also a fairly standard technique no detailed
explanation is needed. However for completeness sake, the
methodology is indicated.

If we have n equations with n unknowns

211%1 7 %12%2 T 213¥3 T -c- ¥ %1070 T V1
22171 T %2272 T 22373 7 v Y :ann =Y
a31%1 * 232%3 33%3 ¥ .- 3n*n T ¥3

. . .

an1¥1 * appXy t 2n3%3

+
+
o
b
n

<

o}
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To evaluate we form the augmented matrix

311 812 213 +-- 1 Y3
351 832 2333 - 83p Y

a3q @33 233 -+ 83, Y3

. . .
. .

a8h1 2n2 8h3 *** @pn Yn

L

After triangularisation we have the new matrix

211 2312 213 *++ 21 Y3
’ [4 ’ ’
0 a22 a23 .. a2n y2
0 0 a33 s o a3n y3
. (n-1) (n-1)
0 0 0 SR S, Yn

Finally we perform the back substituion to know the unknowns
o Xq to X

Once h and k are evaluated, we then use

X.

jg1 = X3 + D

Yiqp = ¥y * K

to get the next approximation and repeat. This procedure is
extended to the single wall and double wall cases where the
numbers of equations would increase to 5 and 8 respectively.

It has been found when the programme is run with double
precision, the results are as accurate as that of NAG
library. Rarely it requires as high as 6 iterations for the
final solution, mainly because the initial guess is very
close to the solution. Thus the need of external libraries
is eliminated.
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APPENDIX M

FLOW AREA - WIGGLE STRIP

|<-—— AA

h
Rmean
_ — — — — — combustor center line
|<--- AA

SECTION AA - DETAIL BB

tw A ///\\\ B h  A_ SLOT AREA = 2 n Rmean h
/ 1o\

Al B’
one wiggle

if N is the number of wiggles

slot area per wiggle = As/N
= AB h
hence, AB = As/ Nh

if each wiggle is approximated to the traingle A'B'C’
wiggle height C'D’ = (h - tw) where tw wiggle thickness
wiggle base A'B' = C. * AB

(Cf is introduced considering the curvature effects, a more
detailed geometrical relation can be incarporated, however Cf

can be approximated to 0.9)

wiggle length a'C’ = (A'B'/Z)2 + c'pr?

2 (A'C') tw

wiggle area Aj

wiggle blockage = A, N/ Ag

Flow area fraction 1 - wiggle blockage
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APPENDIX N

MATERIAL PROPERTIES

Sl Material Thermal Condt.|Emissivity
No (W/m K) -
Liner/ Casing Material
1 |Alluminium alloy 80 0.4
2 |Nimonic 90 25 0.7
3 |Hastalloy 275 22 0.7
4 |Inconel 700 17 0.7
Coating Material

1 |Allumina 2.74 0.45
2 |zirconia 0.6 0.4
3 |Berrylium oxide 25.13 0.5
4 |silicon Nitride 18.84 0.3

Table N.1 Representative properties of typical materials

ALUMINA , (X(i,j),j=1,2,i=1,4)

0.5204662050532104, 2.165653971160257
-0.0787224302793582, -1.215433485988361
0.0180849436871110, 0.516784558750829
0.0086515266491387, 0.39252800808 298

C = 0.9039389681214779

ZIRCONIA , (X(i,j),j=1,2,i=1,4)

0.4198776679325266, 3.151012812469279
-0.0554946809863555, -1.050571553314007
0.0563636506469235, 0.969195702938641
-0.0304724552006618, -0.802167723362267

C = 0.7897476451189523

Table N.2 Coefficients for Temperature dependent
Emissivity (Ubhi (1987))
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APPENDIX O
CONVERSIONS FOR TRACE CONCENTRATIONS

Concentrations of trace species in a multicomponent gaseous
mixture can be expressed in a variety of ways.

Volumetric

no of moles of trace species

1. mole fraction

total moles of the mixture

2. 1 volume of trace species
1 ppnv 3

10~ volumes of gaseous mixture

(lppm = one part per million)

mole fraction x 10°

3. 1 ppmv

Gravimetric .

mass of trace species

1. mass fraction
total mass of the mixture

mol. wt. of species

= mole fraction
mean mol. wt. of mixture

2. 1 ppmw = mass fraction x 106
mol. wt. of species
= ppmv
mean mol. wt. of mixture
3. mg/m3 = ppmw x density x 10712
where density in Kg/m3
4. Kg/hr = ppmw x (air+fuel) x 0.0036

where (air+fuel) in Kg/s

5. Emission Index = g trace species/ Kg of fuel

6. g/MW = g of trace species/ energy ocutput in MW
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CORRECTIONS

The measured content normally is corrected to a reference
condition so that comparision is standardised.

1. 15% Oxygen
(20.95-15.0)

NOx = NOx
obs meas
(20.95—02meas)

where ozmeas = 02 % volume measured in the exhaust

2. Reference conditions as per EPA, USA standards

0.5

NOx = NOx,ps (Pres/Pops)

corr exP[lg*(Hobs_Href)]*

1.53
(Tref/Tamb)

where - P

ref 101.32 kpa

T = 288 °K

ref
H

ref 0.00633 Kg H20/Kg dry air

others are correspondingly as observed
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APPENDIX P
INTEGRATION TECHNIQUE FOR NOx EQUATIONS

The integration over the time and equivalence ratio 1is
carried out wusing Gaussian quadrature. Computing time and
accuracy had to be optimized, while considering the number
of points or terms in the quadrature formula. After compa-
ring the results of various combinations, using 6, 10 and 20
point formulae, the optimum method was found as to divide
the entire integration region into suitable intervals and
performing integrating with Gaussian Quadrature wusing 6
point formula for each interval. The term suitable interval
is used depending on the mean values for time and
equivalence ratio.

Residence Time

0 < t/T £ 3 At/t = 0.25
3 < t/t £ 39 ot/t = 3
39 < t/t £ 50 At/T = 11 ..(P.1)
Equivalence Ratio
Coefficient of variation S, = o/¢émean
(the typical values being around 0.2 or lower)
c > 0.15
0 < ¢ < émean 8¢ = o or (¢mean-¢) whichever is
lower
¢mean < ¢ < 2émean 0 = - " -
c £ 1.5
0 < ¢ < ¢mean-—3sO 8¢ = ¢mean-3S0
¢mean-—3$O < ¢ £ émean 8¢ = o or (¢émean-¢) whichever
is lower
é¢mean < ¢ £ ¢mean+3s0 A = - " -
é¢mean+3S < ¢ < 2¢émean 8¢ = ¢émean-3S
0 0
..(P.2)
The limits of the function is transformed to
© +1
Jf(y)dy = [Jf(X)dX ..(P.3)
0 -1



using quadrature formula

+1 n
JE(X)dX = I Wk
-1 k=1

where n is the number of points, here it is 6

f(Xk)
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..(P.4)

the Xk(abscissa) and Wk(weight factors) values are as

follows.

Xk Wk
-0.9324695142 0.1713244924
-0.6612093865 0.3607615730
-0.2386191861 0.4679139346

0.2386191861 0.4679139346
0.6612093865 0.3607615730
0.9324695142 0.1713244924

Table P.1 values for 6 Point Formula
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APPENDIX Q
FLOW CHARTS
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CASE

CASE

CASE

CASE

CASE

CASE

CASE

CASE

CASE

4B:

4C:
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APPENDIX R

CASE RESULTS

Tuboannular Industrial Gas Turbine
Combustor (evaluation).

Tuboannular aeroderived gas turbine
combustor (design & evaluation).

Annular aero Gas Turbine combustor
(evaluation)- cold flow analysis

Flow analysis with combustion.
CASE 3B with shifted temperature profile
CASE 3B with test rig operating conditions

Double/ Reheat combustor
(design & evaluation)

CASE 4 with coating with constant
emissivity

CASE 4B with temperature and coating
characteristic dependent emissivity

233

255

270
273
283
284

287

303

304
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'SPEC’
83.3
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INPUT FOR PRELIMINARY DESIGN

(refer Table 10.1 for nomenclature)

1136866.5
601.
1073.
4.5S
65
'GEOM'
0.365
0.05
'TYPE’
12.5
22.4
'END’

. .
OO it

3
1

CASE 1
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CASE 1 (contd)

INPUT FOR PERFORMANCE EVALUATION

.2 for nomenclature)

(refer Table 10
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CASE 1 (contd)
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- RUN WITH THERMAL PAINT

1: TEST LINER (CASE 3)
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Plate 2 : TEST LINER (CASE 3) - WATER FLOW VISUALISATION
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