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SUMMARY

Gas turbine engineering faces many challénges in the constant strive to increase not only
the efficiency of engines but also the various stages of development and design.
Development of combustors have primarily consisted of empirical or semi-empirical
modelling combined with experimental investigations. Due to the associated costs and
development time a need exists for an alternative method of development. Although
experimental investigations can never be substituted completely, mathematical models
incorporating numerical methods have shown to be an attractive alternative to

conventional combustor design methods.

The purpose of this study is twofold: firstly, to experimentally investigate the physical
properties associated with a research combustor that is geometrically representative of
practical combustors; and secondly, to use the experimental measurements for the
validation of a computational fluids dynamic model that was developed to simulate the

research combustor using a commercial code.

The combustor was tested at atmospheric conditions and is representative of practical

combustors that are characterized by a turbulent, three-dimensional flow field. The single



can combustor is divided into a primary, secondary and dilution zone, incorporating film-
cooling air through stacked rings and an axial swirler centred around the fuel atomizer.
Measurements at different air/fuel ratios captured the thermal field during operating

conditions and consisted of inside gas, liner wall and exit gas temperatures.

An investigation of the different combustion models available, led to the implementation
of the presumed-PDF model of unpremixed turbulent reaction. The computational grid
included the external and internal flow field with velocity boundary conditions prescribed
at the various inlets. Two-phase flow was not accounted for with the assumption made

that the liquid fuel is introduced into the combustion chamber in a gas phase.

Experimental results showed that incomplete combustion occurs in the primary zone,
thereby reducing the overall efficiency. Also evident from the results obtained are the
incorrect flow splits at the various inlets. Evaluation of the numerical model showed that
gas temperatures inside the combustor are overpredicted. However, the numerical model

is capable of capturing the correct distributions of temperatures and trends obtained

experimentally.

This study is successful in capturing detail temperature measurements that will be used

for validation purposes to assist the development of a numerical model that can

accurately predict combustion properties.
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OPSOMMING

Gas turbine ingenieurswese trotseer voortdurend vitdagings om die effektiwiteit van
turbinestraalmotors sowel as die verskillende fases van ontwerp en ontwikkeling te
verbeter. Ontwikkeling het hoofsaaklik berus op empiriese of semi-empiriese modellering
gekoppel aan eksperimentele ondersoeke. As gevolg van die hoé kostes en ontwikkelings
tyd verbonde aan eksperimentele ondersoeke bestaan daar 'n behoefte aan 'n alternatiewe
manier van ontwikkeling. 'n Alternatiewe manier wat baie potensiaal wys is die gebruik

van wiskundige modelle wat numeriese metodes implementeer.

Die doel van die studie is tweeledig: cerstens, om eksperimenteel die fisiese eienskappe
van 'n navorsings verbrandingsruim wat geometries verteenwoordigend is van praktiese
verbranders te ondersoek, en tweedens, om die eksperimentele resultate te vergelyk met
die resultate van 'n berekeningsvloeidinamika model wat ontwikkel is om die navorsings
verbrander te simuleer. Die numeriese model is ontwikkel deur gebruik te maak van 'n

kommersieél beskikbare kode.

Eksperimente is uitgevoer by atmosferiese toestande en die verbrander s

verteenwoordigend van praktiese verbranders wat gekenmerk word deur 'n drie-



dimensionele, turbulente vloeiveld. Die verbrandingsruim is verdeel in 'n primére,
sekondére en tersiére sone en film verkoelingslug word geimplimenteer deur gebruik te
maak van stapel ringe. 'n Aksiale werwelaar gesentreer rondom die brandstof inspuiter

verhoog die turbulensie intensiteit.

'n Ondersoek na die verskillende verbrandingsmodelle het gelei tot die implementering
van die PPDF-model van ongemengde turbulente reaksie. Die berekenings rooster het die
interne en eksterne vloeiveld ingesluit en snelhede is gespesifiseer as grens voorwaardes
by die verskillende inlate. Tweefase vloei is nie in ag geneem nie, en die aaname is

gemaak dat die brandstof in 'n gasfase vrygestel word in die verbrandingsruim.

Die eksperimentele resultate het gewys dat die verbrandings effektiwiteit word verlaag as
gevolg van onvolledige verbranding in die primére sone. Ook voor die hand liggend is
dat die verkeerde vloei verdelings bestaan by die afsonderlike inlate. Evaluering van die
numeriese model wys dat die resultate oorbereken die gas temperature binne die
verbrander. Ten spyte hiervan is die numeriese model in staat om die korrekte

temperatuur verspreidings en tendense wat verkry is eksperimenteel te voorspel.

Die studie is suksesvol in die sin dat detail temperatuur metings verkry is wat gebruik sal
word vir evaluerings doeleindes en om bystand te lewer in die ontwikkeling van 'n model

wat die fisiese eienskappe van 'n gas turbine verbrander akkuraat kan voorspel.

Sleutelterme:

Gas turbine verbrander Berekiningsvloeidinamika
Wand temperature Binne gas temperature
Uitlaatgas temperature Toets opstelling
PPDF-model Grens voorwaardes

Werwelings lug Vloei verdelings
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CHAPTER 1

INTRODUCTION

1.1 The problem considered

Gas turbine engineering faces many challenges in the constant strive to increase the
efficiency of engines during the various stages of development and design. One area
where a need exists to fundamentally understand the physical phenomena involves
turbulent reactive flows. The flow field inside a gas turbine combustor is extremely
complex as a result of its multi-phase, strong three-dimensional behaviour combined with
chemical reactions. In addition to this the combustion-chamber geometry and approach

flow are usually complex.

Until recently, development of combustors primarily consisted of empirical or semi-
empirical modelling combined with experimental investigations. Due to the associated
costs and development time, a need exists for an improved method of development.
Although experimental investigations can never be substituted completely, mathematical
models incorporating numerical methods have shown to be an attractive alternative to
conventional combustor design methods. At present, increased effort is made to describe
combustor flows numerically, but due to the limitations of current numerical codes in
terms of modelling complex geometries, turbulence, multi-phase flows etc., further

development of numerical models are necessary.

Accurate and detailed experimental data is needed to correctly validate numerical models.
During the past decade very little research has been done that has focused primarily on
obtaining experimental measurements for this purpose. Available data stems from model

combustors that is not fully representative of practical combustors and/or does not
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capture the flow field in detail. Detailed measured properties of a combustor that is
representative of practical combustors in terms of swirling air, operating zones, film-
cooling devices etc., are thus required. This dissertation investigates a single can
combustor with the purpose of obtaining experimental data and using the data to validate

a numerical model that was developed to simulate the combustion process.

1.2 Review of related literature

Advanced gas turbine combustion is one of the most complex and difficult processes
associated with fluid dynamics and heat transfer. Lengthy and costly experimentation on
full-scale hardware is required in the design and development of combustion equipment
[1]. Atmospheric and high-pressure test facilities are mostly used for the testing of

different designs [2]. The test facility and test rig are typically instrumented to monitor:

. combustor airflow;

o fuel flow;

. inlet pressure and temperature;

« combustor pressure drop;

. liner temperature (using both surface-mounted thermocouples and thermal paint);
. combustor exit temperature; and

. exhaust gas composition.

The efficiency of a combustor is then determined by measuring the pattern factor and
radial temperature profile at the combustor exit plane using a series of thermocouple
rakes. Each rake is comprised of thermocouples mounted radially across the combustor
annulus height. By using small increments to index the rake, very detailed temperature

maps of the combustor exhaust flow can be obtained.
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Although these test facilities and experimental investigations have been applied

successfully to analyze combustor performance, the disadvantages surpass the advantages

and are summarized as:

. lengthy development time;
. costs associated with experimental development;

. challenging operating conditions and the complexity of real combustors limit the

extent and detail of measurements that can be made.

Self-evident is the need for an improved method of development. One method that has
shown to be an attractive alternative is the use of mathematical models combined with
numerical procedures. At present, increased effort is made to obtain computational fluid
dynamic (CFD) models that can accurately predict combustion properties. Nevertheless,

the numerical codes have to be validated by means of experimental data [3].

Charles et al. [4] provide a collection of detailed data covering a range of conditions and
configurations for the purpose of model development, verification, and application. The
data presented include mean and root-mean-square values of the axial and azimuthal
velocities, as well as Reynolds stress data obtained using two-component laser
velocimetry, and mean temperature from thermocouple measurements. The aerodynamic
field was established using an R-type thermocouple probe mounted on a three-axis
positioning traverse. Axial and azimuthal velocity and temperature measurements were
acquired at eight axial locations downstream of the nozzle and at ten uniformly spaced
radial locations from the centre-line to the outer wall. The data sets presented reflect the
significant changes in the aerodynamic and thermal structure of a swirl-stabilized
combustor due to relatively modest changes in the inlet boundary conditions.
Unfortunately, the chamber design does not incorporate wall jets and is not representative

of gas turbine combustors.

Bauer et al. [3] point out that the high complexity of real combustors impedes

experimental as well as numerical investigations. Consequently, model combustors with
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simple geometries have been used for scientific studies. Local measurements of the
temperature, species concentration and the velocity in the three-dimensional flow are
presented using liquid and gaseous fuel. Mean velocity profiles and fluctuating velocities
are measured using laser anemometry equipment. With respect to the high temperatures
expected, PtRI/Pt thermocouples are used. However, several preliminary studies using
ordinary thermocouple probe designs demonstrated that the experimental accuracy is
strongly affected by the conduction losses of the probe, which depend on the design.
Therefore, a special thermocouple sensor was used. According to the local measurements,
the sphere has a diameter of 2.5 millimetre offering a large surface for convective heat
transfer in comparison to the heat conduction losses through the wire supports with a
diameter of 65 um. However, due to the integrating nature of the sensor design only time
averaged temperature measurements could be performed. The problem of the radiative
heat losses of the probe was not yet solved. Actual models, which account for radiative
losses suffer from a poor knowledge of emissivities of the probe, the gas and the
combustor walls. However, the new probe design rendered identical radial temperature
profiles in the combustor, independent of the traversing direction. Therefore, no
conventional correction method has been applied. In contrast to the velocity
measurements, the investigation of the temperature field was restricted to the mixing zone
of the combustor due to the presence of unburned liquid droplets in the primary zone.
Impingement of fuel droplets on the probe would have caused unacceptable errors and led
to destruction of the probe sensor. It was concluded that by comparing the experimental

results, it was illustrated that the selected fuel type determines the combustion process

decisively.

Bicen et al. [5] describe in more detail experimental methods previously used to measure
velocity and temperature characteristics in a model of the low-emission can-type
combustor. The combustor consists of a hemispherical head followed by a circular barrel,
which contains rows of primary and secondary dilution holes. The barrel is terminated by
a circular-to-rectangular nozzle. The main sources of imprecision associated with the
experimental techniques were identified, the estimates of the related errors were

evaluated and some sample results were presented to demonstrate the effect of air-fuel
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ratio on the velocity and temperature field of the combustor. The combustor was operated
near atmospheric pressure and with an inlet air temperature of 312 K. Various air-fuel
ratios (AFR) were used, covering a range from forty to seventy which, typically,
encompass full power to ground-idle conditions in real combustion chambers.
Temperature measurements were obtained with an uncoated thermocouple fabricated
from 40 pum diameter platinum, 13% rhodium-platinum wire and which was digitally
compensated. The thermocouple wire was supported on 500 pm diameter wires of the
same material cemented in alumina, which in turn was placed in a stainless steel tube of
four millimetre outer diameter. The axial velocity profiles indicate that the primary zone
recirculation increased in strength and decreased in width compared to that with
isothermal flow. The combustion also results in uniform velocity profiles at the exit. The
axial velocity profiles with different AFR's and in the primary zone are of similar shape
and the maximum positive velocity observed close to the wall is essentially independent
of AFR. The velocities near the centre-line, however, are influenced. For example, the
centre-line value increases, as the AFR is increased. The primary zone flow appears to be
only weakly dependent on mixture strength. In contrast, the velocities at the exit plane are
strongly affected by AFR. The higher temperature and thus lower densities associated
with the lower value of AFR result in higher velocities. An increase in AFR reduces, as
expected, the temperature, particularly in regions downstream of the primary holes. In the
primary zone, however, the temperatures are very similar for the two AFR cases and

confirm the observed trends in the primary zone velocity field.

Operating with preheated inlet air and near atmospheric pressure, an investigation of the
scalar characteristics of the combusting flow in a model annular combustor was also done
[6]. The experiments were carried out with an inlet air temperature of 200 K above
ambient for air-fuel ratios of nineteen and fifty corresponding to take-off and ground-idle
conditions. Temperature was obtained by fine wire thermocouples with digital sampling.
Concentrations of unburned hydrocarbon (UHC), CO,, CO, Oz and H;, were obtained by a
sampling probe with appropriate gas analysers. The thermocouples were made from
80pm platinum/13%-rhodium and platinum wires. The temperature signal was amplified,

digitized and processed in a microcomputer to determine the mean and root-mean-square
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values of temperature fluctuations. Concentration measurements were made by extracting
samples of gas through a water-cooled probe inside and at the exit of the combustor. The
inside and outside diameters of the water-cooled probe were one and eight millimetre
respectively and consequent flow disturbances can be important, particularly in the
primary zone, but cannot readily be quantified. In the primary zone, measurements are in
less detail and were restricted to species concentrations only, as it was not possible to
make thermocouple measurements due to high temperatures prevailing in this zone. The
pattern factor with preheat is around 0.3, which is very close to that of engine practice,
compared to 0.55 achieved without preheat. Increasing the air-fuel ratio has a similar
effect to that without preheat, as in both cases the overall temperature decreases, and
results in a higher pattern factor of around 0.48. This clearly indicates the inferior
combustion efficiency achieved in the absence of preheat. As expected, the higher the

average temperature, the lower the emission indices and pattern factor and the higher the

efficiency.

Although experimental research has been conducted on both laboratory bench scale and
full-scale hardware, the required database is still not available. This is due to several
factors. Firstly, the relatively simple model combustors amenable to modelling and
optical access for laser diagnostics typically do not exhibit some of the geometrical and
operational features characteristic of practical combustors. Secondly, full-scale
combustor beds preclude the use of optical diagnostics, have poorly defined boundary

conditions, and have prohibitive operating costs.

A model gas turbine can combustor has been developed which provides optical access for
laser diagnostics and clean boundary conditions amenable to modelling, and also
incorporates critical features of practical combustors such as discrete wall jets, swirl
induced flow field, liquid spray atomization, and elevated pressure operation [7]. The
primary objective was to characterize the performance of this model combustor. A two-
component, dual beam laser anemometer system was used to characterize the axial and
azimuthal velocity components of the flow field. Temperature measurements were

accomplished with the use of a thermocouple probe using an R-type exposed junction
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thermocouple. The thermocouple was supported by a 1.6 millimetre outside diameter
Inconel tube, 38 millimetre long, which was in turn mounted on a 6.4 millimetre outside
diameter Inconel tube for structural rigidity. Water-cooling was provided through the
larger Inconel tube to assure the structural integrity of the probe. The common perception
of the flow field in a gas turbine combustor is the presence of an on-axis recirculation
zone produced as a result of the interaction between the swirl air and the primary jet flow.
By increasing the swirl air, the recirculation zone was transformed to an on-axis
configuration. A parametric study was conducted to establish the extent to which the
proportion of air directed to the swirler needed to be increased to establish on-axis
recirculation for the case of reacting flow. It was found that, for a fixed flow rate through
the swirler, increasing the primary jet air always led to a weakening of the recirculation
zone. Except to provide closure to the dome region, a condition was not found for which
the primary jet flow played a role in enhancing the recirculation zone strength or size. It
was also found that near the nozzle, the spray pattern is characterized from the dips in the
temperature profile and the correspondingly cooler temperatures on either side of the
centre-line. Evidence of an asymmetry in the spray distribution can be deducted from the
data and in consequence, a hot streak exists in the combustor. The temperature remains
high downstream of the primary jets; this is evident of further reaction in the secondary
zone. It was concluded that the presence of liquid injection and reaction significantly

alters the flow field characteristics.

Experimental work done for the validation of numerical models is vital and necessary to
develop physical insight and to refine numerical codes. In general, measurements that
capture the velocity flow field of model combustors have been obtained successfully
using laser anemometry systems [8]. However, from the scalar properties, i.e. species
concentration, velocities and temperatures, the temperature field is the most important
physical property and influences the design of the turbine section. Apparent is the lack of
detailed temperature measurements. Black et al. [9] point out that due to the enormous
heat load inside combustors and the turbulent character of the flow field, very few
internal measurements within burning combustion rigs whose geometry and operating

conditions are relevant to aero-engine combustors have been made. A need therefore
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exists to obtain detail temperature measurements that capture the thermal field of gas

turbine combustors.

CFD modelling of combustors and fuel nozzles has progressed to the extent that CFD
simulations are frequently included in the design process [10]. It is important to note that
the CFD applications for gas turbine combustors are driven not only by the potential cost
and time savings due to reduced development time. It is also driven by the capability of
the CFD results to provide additional insight into complex problems that do not lend
themselves to analytical solutions and may be too costly and time consuming to pursue

experimentally [11].

In an effort to reduce the time associated with development of a new combustion system
for an advanced turbofan engine, analytical models have been applied to both the internal
and external flow field of a combustor [12]. Combustor design goals were established in
terms of temperature rise, pattern factor, pressure drop, lean blowout fuel/air ratio and
maximum metal temperature. For the internal flow analysis the measured spray
characteristics of the fuel nozzles, along with the local pressure drops and external
velocities obtained from the external flow analysis were used as the initial and boundary
conditions. During the flow field optimization study, airflow splits, orifice
circumferential and axial locations and the number of orifices were adjusted to arrive at
the best configuration. The combustor discharge conditions, including total pressure and
temperature and gaseous emissions, were measured with multiple-element radial rakes
mounted on a rotating drum. The drum was rotated in ten-degree increments over the full
three hundred and sixty-degrees to completely characterize the discharge conditions of
the combustor. The liner wall temperatures were measured initially with thermal-sensitive
paint and later with skin mounted thermocouples. The combustor internal flow analysis
provided good guidance in the design of the combustor orifice pattern. With the
exception of system pressure drop, all of the design goals were achieved with only local

cooling modification required during the rig test evaluation to meet the goals.
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Due to the limited computing capabilities, many numerical investigations have focused
on one specific area of gas turbine combustion, i.e. multi-phase flow, combustion
reactions, turbulence modelling, etc. Research has also been conducted in the field of
spray combustor modelling [13]. Problems of current models are an inability to model
chemical reaction accurately and the shortcomings of simple turbulence models.
Additionally, in spray combustion systems, an accurate representation of the fuel droplets
is often considered important. In the present study an algebraic stress model was
employed for turbulence. It was shown that this model gives a significant improvement
over k-g models when predicting swirling flows. Models of the Magnussen type were
employed for chemical reaction and a detailed treatment of the fuel spray by means of a
lagrangian, droplet-tracking technique. The latter takes into account the effect of slip
between gas and droplets and the effect of turbulence on the droplets. The velocity
profile, at the combustor exit plane, was measured using an uncooled stainless steel pitot
tube. Temperature profiles within the combustor and at the exit were measured by means
of a platinum-platinum 13% rhodium thermocouple. This was operated unshielded and a
correction for radiation was applied to the data. It was concluded that turbulence has a
significant effect on the fuel spray distribution and it appears that an algebraic stress
model can be used satisfactorily, without adjustment of the modelling coefficients
normally employed for isothermal flow. Combustion models, which require knowledge

of only mean scalar variables, have given promising results.

A numerical study of radial and axial swirlers in terms of their effect on primary zone
operation, as well as their impact on downstream radial temperature profile and emissions
have also been investigated and discussed [14]. A three hundred and sixty-degree rotating
drum assembly containing six thermocouples was installed in the plane of the first turbine
nozzle inlet to measure exhaust gas temperature distribution. CFD modelling was
employed to study the effect of two different swirlers on combustion and emission
performance. The model provided detailed insights, not possible to achieve

experimentally, into the aerodynamic behavior and the creation and consumption of

intermediate species.
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Current combustion research has the objective of establishing combustion technologies
that ensure low emissions by future civilian aircraft fleets. One promising concept under
intensive study is the staged combustor. The combustor consists of three stages or zones.
The first zone consists of a fuel nozzle and rich-burn combustion chamber. This is
followed by a quick-quench zone where the rich mixture is cooled by an array of air
dilution slots. The third or lean-burn zone is a combustion chamber that is operated at
lean conditions. By operating at overall rich and lean conditions, little NOx is produced.
Cline et al. [15] focus on the modifying of the numerical code, primarily intended for in-
cylinder combustion calculations, to analyze the flow in a complete staged gas turbine
combustor, including the air-blast fuel nozzle, for three different nozzle airflow
distributions. For computational efficiency, the staged combustor was divided into two
sections: the rich-burn section, which includes the rich-burn zone and the air-blast fuel
nozzle, and the mixer section, which includes the quick-quench and lean-burn zones. The
inflow conditions for the mixer section were obtained from the results of the rich-burn
section calculation. For the rich-burn section the numerical code was modified to allow
three separate air passages for the air-blast fuel nozzle inner, outer, and dome airflow.
The boundary conditions were modified to allow separate inlet conditions for each air
passage downstream of the swirl vanes. The inflow boundary conditions were the
specification of the density and axial velocity. The outflow boundary condition was the
specification of a uniform static pressure. For the mixer section, the numerical code was
modified to accept the results of the rich-burn section as inflow conditions for the mixer
calculation. Again, the inflow boundary conditions are the specification of the three
velocity components, density, turbulent kinetic energy, and turbulent length scale.
Because the flow is subsonic, the mixer inflow pressure cannot be specified, but instead
must be calculated as part of the solution. If the calculated inflow pressure does not differ
significantly from the rich-burn section value at the same location, then the solution is
assumed to be complete. However, if the calculated inflow pressure differs significantly,
then the rich-burn section calculation must be repeated. The new outflow boundary
condition for the rich-burn section would be the pressure obtained from the mixer
solution. For the three cases investigated, the mixer section inlet pressure was considered

to be close enough to the rich-burn section pressure and, therefore, the calculations were

10
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not repeated. The results obtained illustrated the complicated flow field present in staged
combustors. In particular, the thermal protection requirements of the quick-quench zone
used in the study may be similar to those of the rich-burn zone despite the presence of the
cool dilution jet. From the results obtained it appears that the modified numerical code
can be used to study the effects of various staged combustor designs and operating
conditions, such as the air mass flow split, equivalence ratio, amount of swirl, combustor
wall shape, dilution jet mass flow and momentum, as well as the number, size, shape, and

inclination angle of the dilution slot.

The potential of the combustor concept with Rich-burn / Quick-quench / Lean-burn was
also investigated in a separate study [16]. The flow field and the temperature and mixture
distribution were measured under atmospheric conditions with conventional and laser
techniques. Local gas composition of CO,, CO, Hz, O, NO and UHC was measured
using suction probes. Temperatures were measured with a Al,Os layered PtRh-Pt 30/6
thermocouple and the measured temperatures were corrected for radiation. In the
combustion model used the species reaction time scale is thought to be very small
compared to the turbulent time scale, such that mixture can be considered to be in
chemical equilibrium. The discretisation process, basic to many numerical codes, applies
the assumption that in a small volume properties are constant for a small time step. So the
chemical state of the mixture can be described by the equilibrated mixture and its energy
level. However, in the small time-step considered, turbulence influences the mixture and
the energy, such that a number of equilibrium states in each volume exits. This time
dependent behavior can be described by probability density functions, which give the
distribution in time of all possible states. The calculations started in the entrance plane of
the mixing zone with measured velocity, temperature and composition distributions. The
number of measured points was small compared to the number of grid entrance points.
Moreover, the measured distributions did not completely show the expected periodicity,
which is necessary for the calculation. In the interpolation process used, periodicity was
enforced. Due to the limited optical access only the axial and vertical velocity
components were measured. It was concluded that the number of measurements was not

large enough, only in two axial-velocity planes, to allow a detailed prescription of

11
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velocity distributions. The higher momentum ratio between jet flow and primary zone
flow in the experiment relative to the calculation, leads to a higher penetration. Moreover,
differences in the momentum of neighbouring jets generate turbulence and consequently
promote turbulent exchange, which improve mixing. Incomplete penetration and less
azimuthal turbulent exchange cause the calculated temperatures of the central region of

both planes to decrease slower axially than the comparative measured temperatures.

Combustion option of a general three-dimensional numerical code, using the k-€ model
coupled with chemical equilibrium hypothesis was applied to a sector of an annular gas
turbine combustion chamber [17]. The aim of the work is to show the ability of standard
turbulent combustion modelling to predict some characteristics of a real combustion
chamber. A Laser-Doppler velocimeter was used for velocity measurements. The
temperature was measured by fine-wire thermocouples with digital sampling, and
concentrations of CO,, CO and O, were obtained on dry basis by sampling through a
microprobe and a water-cooled probe. The numerical code is based on finite difference
and finite volume discretisation for scalar transport equation with the standard k- model
used for turbulence calculation. The B-function is used as probability-density function of
the distribution of a mixing rate scalar f, which is equal to one in pure fuel regions and
zero in pure air regions. Eight equations are resolved: mass conservation, the three
components of momentum conservation, k and & equations, and mean value and variance
of mixing rate scalar f. Fast kinetics and chemical equilibrium are assumed in turbulent
combustion. The results showed that by using the standard k-e model coupled with
chemical equilibrium hypothesis, applied to a sector of an annular combustor gave good

quantitative results.

Biswas et al. [18] also note that a widely used approach to predict the turbulence
characteristics is to use the k-g turbulence model for closure, and that an accurate
prediction of combusting flow requires proper physics-based modelling of turbulence and
combustion. However, the standard k-g model needs to be improved to adequately predict

the complex swirling flow in the gas turbine combustor. In the present work, a standard

12
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k-g turbulence model is modified to take into account the secondary swirling effect of
swirl by formally operating on the algebraic Reynolds stress model. A combustion model
based on the eddy breakup concept is used. For this model, three transport equations are
solved for: a passive mixing rate scalar which is equal to one in pure fuel regions, and to
zero in pure air regions and mass fraction of fuel and oxidant in flow. Using the above-
mentioned combustion and turbulence model, a three-dimensional numerical code to
solve the turbulent combustion in gas turbine combustor is developed on the basis of
semi-implicit method for pressure linked equations (SIMPLE) scheme. The numerical

code was validated for several cases, and the k-& model improved for swirling flows

predicted the profiles of various quantities satisfactorily.

Recent progress in two aspects of simulation - the modelling of turbulence and the
modelling of combustion chemistry, have been described [19]. The PDF (probability
density function) method is used to simulate turbulent combustion. At a given time, the
flow is represented by a large number of notional particles. Each particle represents a
fixed mass of fluid with a certain position, velocity, temperature, and chemical
composition. The simulation consists of computing the time evolution of the particle
properties. To describe the chemistry for turbulent-flow simulations, a simplified
description is needed. ILDM (intrinsic low-dimensional manifolds) were developed to
simplify the representation of the chemical kinetics. The composition of a fluid particle in
the flow can be represented as a point in a multi-dimensional composition space; then, as
time goes on, the point moves in the space under the actions of chemical reaction and
molecular diffusion. The ILDM method simplifies the situation by considering that
instead of filling the multi-dimensional composition space, the particles are attracted to
low-dimensional manifolds within the space. The ILDM method provides a mathematical
prescription for identifying the intrinsic manifolds of specified dimensionality for any
fuel/air mixture. The PDF turbulence model was used in combination with the ILDM
chemistry model to make calculations of velocity, density and composition in turbulent

flames. The model calculations agree well with the experimental data.
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A phenomenological modelling approach to combustor design supplemented by key
experiments which depict the fundamental physical phenomena present within
combustors is feasible and a necessity in minimizing combustor development time and
cost requirements [1]. A two-dimensional axisymmetric modelling approach with
emphasis placed on combustion models and their application to reacting flows were
investigated. A primitive, pressure-velocity-variable, finite-difference code is applied to
predict two-dimensional axisymmetric turbulent reacting flows. The method and program
involve a staggered grid system for axial and radial velocities and a line relaxation
technique for the efficient solution of the equations. Turbulence simulation is by way of a
two-equation k-g model and combustion via three chemical reaction schemes based on
Arrhenius and eddy-breakup concepts for diffusion and premixed situations. The present
contribution focuses on combustion simulation schemes for turbulent flames. In
combustion simulation, the overall one-step reaction scheme fails to predict the formation
of intermediates, such as carbon monoxide. The two-step scheme can provide the
prediction of carbon monoxide, which will improve the combustion simulation
dramatically, but the formation of intermediate hydrocarbons is ignored. The four-step
scheme describes a transformation mechanism of the hydrogen fuel into intermediate
hydrocarbons and hydrogen, and the oxidation of intermediates to carbon monoxide,
carbon dioxide, and water vapor. In the computer simulation of a chemically reacting
flow field, the problem is simulated by simultaneous nonlinear partial differential
equations. The governing partial differential equations are reduced to a set of finite-
difference equations for values at points of the grid system covering the solution domain.
These, together with appropriate boundary conditions, constitute a system of strongly
coupled simultaneous algebraic equations. The task is to obtain predictions for velocities,
pressure, temperature, species concentrations, and turbulence quantities throughout the

region of interest. The three chemical reaction schemes investigated are:

« One-step reaction scheme

C.H, +(x+%)(02 +nN,) - xCO, +2}2—H20+n(x+%)Nz
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« Two-step reaction scheme

X Yy Y x Yy
C.H. +(=+<)0, +nN,)—>xCO+=H,0O —+ )N
A1y (2 4)( , +hN,) = x 51 +n(2 4) 2

CO + %02 - CO,
« Four-step reaction scheme

CxH2x+2 —)§C2H4 +H2
C,H,+0, >2C0+2H,

Co +%02 - (O,

H, +%O2 - H,0

The results showed that near the inlet of the combustor, the predicted temperature profiles
are in good agreement with the data. However, in the developing and middle regions, all
three models over-predict the temperature level because of the over-estimated reaction
rates. Generally, the higher-order scheme shows better agreement with the data than the

lower-order results due to the relatively slow reaction rate.

Similarly, Dong et al. [20] applied a primitive, pressure-velocity-variable, finite-
difference code to predict two-dimensional axisymmetric turbulent reacting flows. The
method and program involve a staggered grid system for axial and radial velocities and a
line relaxation technique for efficient solution of the equations. Turbulence simulation is
by way of a two equation k-g model and combustion via three chemical reaction schemes
based on Arrhenius and eddy-breakup concepts for diffusion and premixed situations.
Combustion flow field predictions were given to illustrate the effects of various reaction

schemes on the flow field (velocities, species concentrations, temperature and turbulence
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levels). The combustion schemes investigated are the one-step, two-step and four-step
scheme. Improved simulation of turbulent chemically reacting flow is possible by the
appropriate choice of the combustion model. It is deduced that higher-order chemical
reaction schemes perform better than lower-order schemes. The two-step and four-step
schemes both show promise for application in gas turbine combustors, because more
kinetic information can be qualitatively calculated with these two schemes. The
mechanism of the four-step chemical reaction scheme is appealing, and with further
parameter evaluation and testing, it is likely to permit more accurate prediction of major

species, such as unburned fuel, carbon monoxide and hydrogen.

In general, there are two distinct approaches to the numerical simulation of multi-phase
fluid dynamics [21]. One is based on the lagrangian treatment, where the denser of the
phases is followed throughout the flow field on lagrangian trajectories. The second is
based on the eulerian approach, predicting disperse two-phase flows, on the assumption
that there are two space-sharing interspersed continua present. The following objectives

were established:

. to demonstrate the feasibility of solving the equations;
. to demonstrate the accuracy of the results for a one-dimensional, two-phase problem,
and the plausibility of the results for some practical industrial problems; and

« to provide information about computer costs.

One of the practical problems considered was the application to a combustor/burner
design. The k-g model of turbulence was used to calculate the effective viscosity in all
regions of the flow, except where strong swirl exists, where a mixing-length model is
used instead. Use is made of a single-step combustion model either diffusion or
kinetically controlled. The disappearance rate of fuel was calculated in the kinetically
controlled model as the minimum of an arhenius expression and the eddy-break-up
expressions. It was found that flame length decreases as combustion air temperature
increases. As air temperature is increased both internal and external recirculation zones

are enhanced, suggesting a better flame stability. It is also highlighted that turbulence
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models for two-phase flows are still at the speculative stage. The great disadvantage of
the current turbulence models is that they ignore “intermittency”. All real turbulent flows
exhibit fragmentariness, i.e. large-scale inhomogeneities, ignored by conventional

turbulence models.

Kurreck et al. [22] investigated a three-dimensional combustor flow in detail. A test case
was selected to validate a two-phase flow simulation code that was developed. The
solution strategy for the prediction of coupled two-phase flows with an eulerian /

lagrangian approach is:

. calculate the gaseous phase without droplet source terms;
. calculate the liquid phase and source terms;
. repeat step one including the droplet sources; and

. repetition of steps three and two until convergence is achieved.

The gaseous phase boundary conditions are obtained from experimental results. For the
liquid phase it is important, especially for the atmospheric case, to select suitable droplet
starting conditions, since the solution of the calculation is strongly influenced by these
values. Adequate modelling of the atomization process is very time-consuming and with
reasonably accuracy for a technical application currently not available. Therefore, it is of
prime importance to obtain all information about droplet diameter spectrum, starting
position, staring velocities and temperatures from experimental data. From the results it
was found that the core of the spray is relatively cold. The temperature decreases because
of the evaporation of droplets. The predicted temperatures are higher compared to the
measurements. One reason for this may be the radiative losses of the temperature probe,

especially in the main reaction zone. Another reason is the assumption of complete

reaction in the underlying model for the heat release.
A CFD home code based on the finite-volume method and body-conforming non-

orthogonal but structured grids for calculating 3D turbulent reactive flows was employed

to simulate a single annular reverse-flow combustor both at ground idle and full load
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power conditions [23, 24]. Turbulence is simulated by way of the standard k-e model
along with the wall function treatment for the near-wall regions. The conservation
equations solved for the gas phase are those for momentum, mass, kinetic energy of
turbulence and its dissipation. Two-phase effects also require to be modelled, because in
combustion systems fuel is often injected in the form of a spray of small liquid droplets.
Among the numerous spray models available in literature, the deterministic separated
flow model was chosen. This model assumes that the fuel is injected into the combustion
chamber as a fully atomized spray, which consists of spherical droplets. The liquid-phase
equations are based on the Lagrangian formulation of the droplet trajectory, transient
heating and vaporization. The entire fuel spray is constructed using a finite number of
size ranges obeying a two parameter droplet size distribution, which is assumed to be of
Rosin-Rammler type. The description of droplet heating and evaporation is added to the
computational model using two equations, which are solved separately. The former is
solved only during the preheating period until the droplet temperature reaches boiling
point, at constant diameter. Subsequently, the droplet temperature remains constant and
the decrease in diameter occurs. The correct implementation of the appropriate boundary
conditions is crucial in obtaining meaningful and accurate results. Unless there is mass
injection involved in treating solid surfaces, the no-slip and no-through-flow conditions
are imposed. The wall is adiabatic and no surface boundary conditions on either pressure
or density are required. At the outflow boundary, a zero gradient of the contravariant
velocity components is specified from which the Cartesian components are derived. A
one-dimensional code was used to determine air flow distribution through the rows of
holes across the liner as well as pressure drops and injection angles. The errors in
numerical results are due to the uncertainty of the velocity and mass flows specified at
various inlets, the assumption of fast chemistry, the assumption of a standard k-g
turbulence model and the neglection of radiation effects. The experimental errors are due
to sector to sector non-uniformity, radiation losses from the thermocouple and those
caused by the intrusion of the probes into the flow. The results of the analysis suggest that
the modelling techniques employed have practical application for the prediction of main
combustion characteristics. The agreement with experimental data used to validate the

code ranged from fair to good.
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In the work done by Ebbinghaus et al. [25] CFD is used to analyse the mixing of three
rows of jets arranged in different patterns in a can combustor and to predict the resulting
temperature profiles. The aim was to achieve a more uniform temperature profile, both
radially and circumferentially. A one-step global reaction mechanism for propane is
assumed. The chemical reaction is modelled using the Magnussen mixing controlled
reaction model and an Arrhenius rate mechanism, the smaller of the two rates defining
the reaction rate for each cell. The physical properties of the combustion reactants and
products for each cell are assumed to be dependent on species concentration. The
combustion walls are assumed to be adiabatic. The standard k-g model of turbulence, the
Power Law differencing scheme and the SIMPLE solution algorithm were used. From the
numerical results it was found that an improvement in the uniformity of the
circumferential temperature distribution was achieved if the number of dilution holes was
equal to or larger than the number of secondary holes. The primary jets have no
discernible influence on the temperature distribution at the exit plane, as they are masked
by the secondary and dilution jet flows. Temperatures were measured using bare wire K-
type and R-type thermocouples. The thermocouple was mounted on a support which
provided movement on three translational axes and it was aligned parallel to the axis of
the can to minimize the perturbations. From the measurements it was found that all
results exhibit a non-cyclic temperature peak. It was evident from the experiments that
temperature hot spots are due to non-cyclic behaviour, which have previously been
shown to be the result of uneven fuel or air distribution. If those variations in the
boundary conditions were known, this could be incorporated in the numerical model, but
as flow symmetry will no longer be present, the numerical effort would increase
accordingly. Using a basic numerical model the influence the of air jet pattern on the
temperature profile of a can combustor was investigated and the comparison of three
different designs with experiments in general validated the predictions. As would be
expected, only qualitative agreement is achieved if the fuel and airflow boundary
conditions are not equal to the experimental conditions. To quantitatively compare
temperatures, the inlet conditions of the model must coincide with the experiment. A

weakness of the numerical model is the underestimation of mixing behind jets which
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results in an over-prediction of the cyclic temperature variations immediately

downstream of the jets.

Numerical modelling has generally been successful in predicting trends in mixing
performance, but mixing rates are usually underpredicted when compared with
experimentally measured mixing rates [26]. In a numerical study, ways to reduce pattern

factor in reverse flow combustors by increasing large-scale circumferential mixing were

investigated. The numerical model consisted of:

. aprimary zone model to determine dilution zone inlet conditions; and

. three dilution zone/transition duct models that extended to the turbine inlet guide

vanes.
The basic capabilities of the numerical code include:

. co-located, fully implicit, and strongly conservative finite volume formulation;

. solution of two- and three-dimensional Navier-Stokes equations for incompressible
and compressible flows;

. cartesian and non-orthogonal curvilinear coordinates,;

. single and multi-domain grid topology;

. upwind, central, second-order upwind, and Osher-Chakravarthy differencing
schemes;

. standard and extended k-g turbulence models, the two-scale turbulence model of Kim
and Chen and the low-Reynolds-number k-€ model of Chien;

. instantaneous, one-step, and two-step combustion models;

. modified form of Stone's strongly implicit solver and conjugate gradient solver; and

. pressure-based solution algorithms including SIMPLE and a variant of SIMPLEC.
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The numerical details of the calculations include:

. whole field solution of u momentum, v momentum, w momentum, pressure
correction, turbulent kinetic energy k, dissipation rate €, total enthalpy, and mixture
fraction;

. upwind differencing for all variables;

« variable fluid properties;

. adiabatic walls;

. standard k-¢ model with wall functions;

. turbulent Prandtl number of 0.9;

«+ one-step reaction kinetics model; and

. premixed fuel and air (primary zone model only).

A solution for the primary zone was obtained for the purpose of providing mainstream
inlet boundary conditions for the dilution zone models. It was concluded that numerical
tests using three-dimensional CFD models have been performed to analyse an advanced
dilution hole concept for small reverse flow combustors. The advanced dilution hole
concept consisted of injecting the dilution air jets with a high circumferential component.
The results of the numerical tests showed that this has the potential of reducing pattern

factor as much as 60 percent compared to the base-line dilution hole configuration.

Hornsby et al. [27] describe the use of CFD in advancing the development of an injection
system to optimize the low NOx performance of a generic combustor design. Extensive
use has been made of CFD to improve the prediction of fuel-air mixing in addition to the

internal flow pattern of the combustor. Potential problems of the CFD models are:

. the availability of adequate boundary conditions;
. a further problem is that of geometry, in particular how accurately the model
represents the geometry and if the grid is sufficiently refined to capture the nature of

the flow; and
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. the physical modelling in the CFD code itself. If the parameter in question depends
strongly on a phenomenon which is not included in the mathematical models then the

analysis could prove futile.

CFD modelling was used as a tool to aid engineering development, rather than a detailed
analysis to provide quantitative performance data. The alternative approach of detailed
quantitative analysis not only carries with it a large time penalty, but also a requirement
for correspondingly detailed data measurement both upstream of the combustor for
boundary condition definition, and inside the combustor for validation purposes. The

physical model for this study made use of:

. the k- turbulence model

. analysis is steady state

« density calculated as an ideal gas

. wall functions

. the combined eddy break-up/chemical kinetics reaction rate model

. fuel is CHy using 2-step reaction and using the reaction rate data of Dupont

. combustion is adiabatic and radiation is not significant

. properties at model inlets assumed to be flat, based upon bulk flow properties from

test data.

The methodology used to apply CFD to DLN combustion systems was proved to be fast
and effective in optimizing the emissions characteristics of the combustor. Ways to

increase the accuracy are:

o further grid refinement
. enhanced turbulence models
. enhanced combustion models

« transient analysis
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Most models include only the reacting flow inside the combustor liner with assumed
profiles and flow splits at the various liner inlets [10]. A logical next step is to model the
entire flow field from the compressor diffuser to the turbine inlet with the flow inside and

outside the combustor liner fully coupled. Two reasons for doing this are:

. flow splits and boundary conditions for the combustor liner inlets are modelled
explicitly and no longer need to be approximated; and
. liner wall temperatures can be predicted when the flow field on both sides of the liner

walls are modelled in a coupled fashion.

In general, it is necessary to couple the combustor solution and at least part of the swirler
passages because of the strong recirculating flow in the region of the swirler. Although
conjugate heat transfer approaches that couple heat transfer in solid material with the
fluid flow solution have been available for some time, the authors are not aware of any
attempt to directly model gas turbine combustor liner wall temperatures using CFD. This
research describes CFD analysis of a model combustor from the deswirl vane exit of a
centrifugal compressor to the turbine nozzle inlet. The total airflow through the
combustor was prescribed by the single boundary condition at the compressor diffuser.
All of the remaining flow splits, except for the flow through the dome, were a product of
the CFD model. Kinetics were modelled using a one-step finite rate reaction with
equilibrium reaction products. This efficient model accounts for the significant effects of
finite reaction time and provides a much better prediction of flame temperature compared
to simple one-step models with only H,O and CO; as products. The PDF model was used
to account for turbulent/chemistry interaction. The two-variable PDF was applied to the
fuel mixture fraction and to the progress variable. The liquid fuel spray motion and
evaporation was modelled as lagrangian droplet packets that influence the eulerian gas
phase equations through mass, energy, and momentum source terms. The comprehensive
model made it possible to predict flow splits for the various openings into the combustor
liner and to remove the guesswork required for prescribing accurate boundary conditions

for those openings. The coupled modelling of the flow inside and outside the liner,
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combined with conjugate heat transfer analysis and participating gas radiation, provided a

direct prediction of liner wall temperatures.

McGuirk et al. [28] also point out that computational modelling of combustor systems is
generally performed in two stages: Firstly, the external aerodynamics are considered,
allowing the calculation of the mass flow splits into individual ports of the combustor.
Secondly, the internal flow field is calculated, using the bulk jet inlet conditions found
from the external model. The models employed for the external calculations are often
empirically based, or use simple, one- or two-dimensional computational models.
Although these methods give an indication of the flow split between the primary,
intermediate and dilution ports, they provide little detailed information about the jet
properties as they enter the combustion chamber. Jet velocity profiles, jet entry and angle
profiles and jet turbulence levels will, however, all influence the internal flow field to
some extent. It is often suspected that poor predictions of combustor exit temperature
profiles are due to the unresolved jet properties used as inlet conditions. Indeed, the best
predictions of such an important parameter as exit temperature pattern factor, are usually
gained only when test data are used to specify the velocity field in the various combustor
inlet streams. In order to avoid this dependency on test data, it will be necessary to extend
the area of CFD modelling to include the external flow within the annuli surrounding the
flame tube and carry out coupled external/internal calculations. It seems therefore timely
to revisit the question of describing air-entry port details within CFD models of

combustors and the accurate modelling of combustor geometries.

One of the most recent improvements on the development of a general-purpose
combustion code and its applications to flow analysis of a production gas turbine
combustor are described by Anand et al. [29]. The highly modular structure provides for
easy implementation and enhancements of physicochemical models for turbulence,
combustion, spray, evaporation, etc. Two of the main modules are: the chemical reaction
module that incorporates a two-step general hydrocarbon combustion chemistry with the
eddy-breakup combustion model and a presumed Probability Density Function (PDF)

laminar flamelet combustion model, and the spray module in which a stochastic
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Lagrangian transport and evaporation models are used with an efficient droplet tracking
algorithm. The standard k-g model is used to account for the turbulence effects. A user-
friendly and efficient grid-generator that generates a complex single-block grid
incorporating all the typical features of gas turbine combustors, namely multiple swirlers,
shrouds, primary and dilution holes, transition, etc. has been developed. The numerical
model includes the five most commonly used types of boundary conditions: inflow,
outflow, symmetry, periodicity, and solid wall. Wall boundary conditions are formulated
by the standard wall function approach. The inflow boundary conditions include axial
swirler, nodal injection, effusion cooling, and fuel nozzle. An axial swirler is an annular
inlet on an i-plane, over which the flow velocity is defined by its axial, radial and
tangential components. A nodal injection is an inlet over which the flow has constant
properties. An effusion cooled surface is modelled by inflow fluxes of cooling air evenly
distributed over the cooled area and fed into the flow field as source terms. These inflow
boundary conditions are most relevant to combustors, but also general enough to cover a
wide range of flow simulations. A detailed computational analysis was carried out in
conjunction with experimental testing and design changes of a production gas turbine
combustor to help understand the flow field and to guide the design modifications. The
analysis involved a detailed modelling of all major physical aspects of the combustor
such as dome swirlers, fuel nozzles, inner and outer heat shields, splash plates, primary
and dilution holes, effusion cooling, etc. A baseline configuration and several
modifications were considered. The flow distribution to the various combustor liner inlets
is calculated using a one-dimensional flow distribution analysis taking into account the
compressibility effects, and the different diffuser pressure drops to the dome, and the
inner and outer combustor annuli. The mass flows, effective areas, jet velocities and jet
angles obtained from this analysis were used as inlet boundary conditions. The mass flow
distributions were also verified through cold-flow measurements of flow distribution for
the liners. The inlet conditions for the fuel spray, including the Sauter mean diameter,
drop-size distribution and the droplet velocities are derived, based on the nozzle type,
geometry and the nozzle operating conditions. The only modelling parameter or constant
optimized in this entire study was the Schmidt number that controls the diffusion of the

scalars only. Standard values were used for all other modelling constants, such as the k-&
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model constant. The same value of the Schmidt number was used for all the scalar
variables, namely the fuel mixture fraction, unburned fuel and CO mass fractions. The
value of the Prandtl number for enthalpy was also set to be the same as the Schmidt
number used. The value of the Schmidt number (Sc) was varied over the range 0.5 to 1.0.
Temperature measurements on the rig are made by a two-arm rotating thermocouple
probe, with five shielded thermocouples located at different span heights on each of the
arms. It was found that for a Schmidt number equal to 0.6, the computed results match
well with the rig data both in magnitude and the shape of the profile. As Sc is increased
from 0.6 the diffusion of the dilution jets into the primary zone combustion products, or
vice versa decreases, and hence the dilution jets penetrate further towards the centre of
the combustor annulus. Thus the mid-span of the annulus gets cooler while the inner and
outer regions get warmer. On the other hand, if Sc is reduced, the diffusion of the dilution
jets into the combustion products increases, and the jet penetration reduces. This causes
an increase in the temperature around mid-span and a reduction on either side. The value
of Sc controls the mixing of fuel and air in the primary zone and has a strong influence on
the temperature field in the primary zone. This, in conjunction with dilution jet
penetration, has a strong influence on the exit temperature profile. Several other
combustor modifications were also analyzed. In all the cases the computational results
captured the trends of the shifts in the temperature profile very well. While in some of the
cases even the magnitudes were predicted accurately, there were some discrepancies in
the magnitude for some cases. However, the trends were accurate enough to assess the
effect of design changes - even minor changes such as changing the shape of the dilution
orifices from holes to slots of the same area - that the model proved to be a valuable tool
in evaluating design changes and in guiding future modifications. The success of the
numerical model, in spite of the well-known limitations of the turbulence and combustion
models used, is partly due to the robustness and improved accuracy of the numerical
techniques used, compared to staggered-grid and grid-aligned velocity components used
in alternate methods. Another important success factor is the proper specification and
modelling of the combustor inflow features. The results presented show, in general, a

significant sensitivity to flow-rates and boundary conditions/modelling of the various

combustor features.
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1.3 Need for this study

It can be concluded from the literature survey that numerical modelling is the key to
future developments in the field of gas turbine combustion. Due to the advantages
associated with CFD, focus has shifted from analyzing combustion on a chemistry level
to a physics based model. However, further development is still necessary to optimize the

usable resources.

The lack of sufficient experimental data - specifically the thermal field - that can be used
for validation purposes is apparent. This is as a result of the connected costs of
experimental investigations, the operating conditions and the complexity of combustors.
Temperature measurements mainly consist of a detailed distribution at the exit plane of
the combustor with a very limited number of temperature measurements inside the
combustion chamber. Also apparent is the fact that very few measured liner wall
temperatures are used for direct validation purposes. One of the reasons being that a very
small change in the location of a probe can make all the difference between recording and
failing to record a "hot spot" [30]. Most of the experimental work that has been
investigated, focused on combustors with simple geometries that is not fully
representative of practical combustors. A need therefore exits to obtain more detailed
temperature measurements for a conventional gas turbine combustor during operating
conditions. Such measurements have to be able to capture the three-dimensional thermal

field inside the combustor, together with exit gas and liner wall temperatures.

Despite the increased effort and progress that have been made in computational methods,
the literature survey revealed that CFD is not yet capable of accurately predicting the
properties to a standard where CFD can be implemented as primary design tool supported
by minimal experimental work. CFD is rather employed as an aid in the design process
and experimental testing is consequently still needed. Numerical models developed "in-

house" also prove to be better equipped than models developed using commercial codes.
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A trend that was captured from the various numerical investigations is the overprediction

of temperatures, associated with incorrect mixing and reaction rates.

In most instances, the standard k-ge model is employed to model turbulence in
combustors. Despite various modifications to the k- model to account for swirl induced
flow, none has yielded increased accuracy. A need exists for an improved turbulence

model, especially in combustion applications.

Due to the limited computing capabilities available in the past, only the internal flow field
was modelled, with the boundary conditions specified at the various inlets of the
combustor obtained either experimentally or by using a one-dimensional computer code.
A certain amount of uncertainty is therefore present in the specifications of the jet angles
and discharge coefficients. At present the computing capabilities are at the point where
the combustor has to be modelled from compressor outlet to turbine inlet - thereby
combining the external and internal flow field. This is a necessity to reduce the
assumptions and errors made during the specification of the inlet boundary conditions. It

is evident that numerical models have the capabilities, but still need to be developed to

their full potential.

The purpose of this study is twofold. Firstly, to experimentally investigate the physical
properties associated with a research combustor that is geometrically representative of
practical combustors. Detailed experimental data that constitutes temperature
measurements will be procured. Secondly, to use the experimental data for the validation
of a computational fluids dynamic model that was developed to simulate the research

combustor using a commercial code.

1.4 Outline of this study

Chapter two provides a basic review of the combustion principles that is necessary to

understand the subsequent sections. The basic design features of a conventional gas
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turbine combustor are described, as well as the purpose of each feature. The chemical
reactions that occur during combustion are very complex and a simplified reaction that
occurs during combustion is presented. One of many ways to evaluate the efficiency of

different combustor designs is discussed.

Chapter three examines the experimental measurements that were taken to establish the
physical properties during operating conditions, and the geometrical positions of these
measurements are proffered. The various features of the experimental setup are described

and a detailed description of the research combustor is given.

Chapter four describes the computational fluids dynamic model incorporated to simulate
the combustion process. The commercial code is capable of implementing different
combustion schemes and a description of the Presumed-PDF model of unpremixed
turbulent reaction that was used for the combustion model investigated is given. The
computational grid and geometry modelling are very important in obtaining realistic
predictions. These are investigated and discussed. Equally important is the boundary
conditions prescribed at the inlets and outlets. The operating and boundary conditions

chosen for the numerical model are presented.

Chapter five discusses the experimental and numerical results arrived at. Based on the
experimental measurements, an evaluation is made of the overall efficiency of the
research combustor. The numerical results are discussed and an evaluation is also made

of the capabilities of the numerical model to capture the measurements and trends

obtained experimentally.

Chapter six summarizes the work done in this study. Conclusions reached during the
investigation are drawn and contributions to the field of gas turbine combustion are

highlighted. Recommendations for further work relevant to the present study are made.
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CHAPTER 2

COMBUSTION PRINCIPLES

2.1 Preamble

The previous chapter provided a review on some of the research that has been undertaken
in the field of gas turbine combustion. The conventional combustion-chamber design has
been developed based on principles obtained from experimental investigations and
empirical formulations. This chapter provides a short review on these principles of gas

turbine combustors.

The basic design features of unpremixed combustors are discussed as well as the
respective function of each feature or element. The chemical reactions that occur during
combustion are very complex and involve a number of various reactions. A simplified
equation for combustion of hydrocarbon fuels are given and discussed. The different
chamber designs must be evaluated in terms of efficiency and this is done by obtaining an
efficiency parameter. One of several ways to assess the efficiency of a combustor is also

presented. The information is obtained from the well-known text of Lefebvre [30] and

Harman [31].
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2.2 Basic design features

The basic design features of a conventional gas turbine combustor are shown in Figure

2.1.
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Figure 2.1 Main components of a gas turbine combustor

In general all chambers incorporate, as key components, an air casing, diffuser, liner and
fuel injector. 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 liner is usually
divided into three zones, i.e. primary, secondary and dilution. The functions of the
primary zone are to anchor the flame and to provide sufficient time, temperature, and
turbulence to achieve essentially complete combustion of the fuel. Large-scale
recirculation is obtained by the use of a small number of large jets. With this system,
mixing of fresh mixture and combustion products occurs slowly, and, in consequence, the
maximum volumetric heat-release rate tends to be low. However, burning can be
maintained over a wide range of fuel flows and down to low pressures. In general, a

satisfactory recirculation flow path can be achieved by the use of an air swirler combined
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with opposed jets flowing radially inward from the liner wall. This flow path is in the
form of a toroidal vortex and causes the partly burned mixture to recirculate several times
back to the point of fuel entry: this allows ample residence time for the reactions to
proceed, as the spiral flow path lengths are quite long, and the process is continually
regenerated by re-entry into the hottest region. However, apart from the manner in which
air is distributed throughout the primary zone, another major design variable is the actual
quantity supplied. As the fuel flow rate is determined by the overall combustor fuel/air
ratio, the only independent control that can be exercised over the primary-zone fuel/air
ratio is via the amount of air employed in primary combustion. It is the primary-zone
fuel/air ratio that governs the nature of the combustion process and the overall chamber

characteristics.

If the combustion gases issuing from the primary zone were admitted directly into the
dilution zone, then the dissociated products they contain, such as CO and H,, would be
quenched so rapidly that recombination could not occur in the short time available before
the gases are discharged from the chamber. In consequence, the level of combustion
efficiency would be less than 100 percent. To alleviate this problem, it is customary,
whenever practicable, to insert a secondary zone between the primary and dilution zones.
The main function of the secondary zone is to provide conditions that are conductive to
recombination and thus to the elimination of dissociated products from the gases entering
the dilution zone. Temperature plays a crucial role in this process: If it is too low, then
recombination will proceed very slowly and will not be completed in the time available.
If the temperature is too high, then the gases entering the dilution zone will contain
dissociated species in equilibrium concentrations. Although the role of the secondary
zone is somewhat nebulous and difficult to define, its importance to overall combustion
performance should not be underestimated. In addition to recovering the dissociation loss,
it also serves as an extension of the combustion zone under conditions for which
combustion performance is limited by inadequate reaction and/or evaporation rates. Thus
a sizable secondary zone can appreciably augment the overall combustion efficiency at
low power conditions, and enhance the multifuel capability of the engine. The secondary

zone also contributes to temperature traverse quality in two ways. It lowers the general
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temperature level of the predilution gases, and it provides time and distance for the
amelioration of any hot spots in the primary zone efflux, which might otherwise pass

through the dilution zone and cause overheating of the nozzle guide vanes.

The role of the dilution zone is to admit the air remaining after the combustion and wall-
cooling requirements have been met, and to provide an outlet stream with a mean
temperature and a temperature distribution that are acceptable to the turbine. It is
generally accepted that a satisfactory temperature profile is dependent upon both
adequate penetration of the dilution jets and use of the correct number of jets to form
sufficient localized mixing regions. The most important temperature parameters are those
that affect the power output of the engine and the life and durability of the hot sections
downstream. As far as overall engine performance is concerned, the most important
temperature is the turbine inlet temperature T4, which is the mass-flow-weighted mean of
all the exit temperatures recorded for one standard of liner. Since the nozzle guide vanes
are fixed relative to the combustor, they must be designed to withstand the maximum
temperature found in the traverse. Thus, the parameter of most relevance to the design of
nozzle guide vanes is the overall temperature distribution factor, which highlights this

maximum temperature. It is normally defined as

T -T
Pattern factor = —2& %

T (2.1)

where Tmax = maximum recorded temperature
T3 = mean inlet air temperature

T4 = mean exit temperature

The liner must be structurally strong to withstand the buckling load created by the
pressure differential across the liner wall. It must also have sufficient thermal resistance
to withstand continuous and cyclic high-temperature operation. This is accomplished
through the use of high-temperature, oxidant-resistant materials combined with the

effective use of cooling air. Film cooling makes use of a number of annular slots through
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which air is injected axially along the inner wall of the liner, to provide a protective film
of cooling air between the wall and hot combustion gases. The cool film is gradually
destroyed by turbulent mixing with the hot gas stream, so that normal practice is to
provide a succession of slots along the length of the liner. At the downstream end of the
liner the flow acceleration in the nozzle tends to suppress the hot-stream turbulence, and
the cooling film can persist for a much greater distance. The main advantage of the
method is that the injection slots, or cooling strips, can be designed to withstand severe
pressure and thermal stresses at high temperatures for periods up to several thousand
hours. Moreover, the stiffness provided by the cooling strips result in a liner construction
that is both light in weight and mechanically robust. A basic limitation of the method is
that it does not allow a uniform wall temperature. The wall is coolest near each slot and

increases in temperature in a downstream direction to the next slot.

The processes of liquid atomization and evaporation are of fundamental importance to the
behavior of a gas turbine combustion system. Normal fuels are not sufficiently volatile to
produce vapor in the amounts required for ignition and combustion unless they are
atomized into a large number of drops with corresponding vastly increased surface area.
The smaller the drop size, the faster the rate of evaporation. The influence of the drop
size on ignition performance is of special importance, since large increases in ignition
energy are needed to overcome even a slight deterioration in atomization quality. Spray
quality also affects stability limits, idle combustion efficiency, and the emission levels of
smoke, carbon monoxide, and unburned hydrocarbons. A common method of achieving
atomization is by forcing the fuel under pressure through a specially designed orifice.
Because of the need to minimize combustor length, a spray angle of around 90-degrees is
customary. This is impossible to attain with a simple drilled orifice, and it is generally
achieved by imparting swirl to the emerging fuel jet. The principal advantages of
pressure-swirl atomizers are good mechanical reliability and an ability to sustain
combustion at very weak mixture strengths. Their drawbacks include potential plugging
of the small passages and orifice by contaminants in the fuel and an innate tendency

toward high soot formation at high combustion pressures.
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2.3 Chemical reactions

The combustion of hydrocarbon fuels can in general be expressed as:

Fuel + Air — Combustion products (2.2)

Using kerosene as an example, with an average molecule of Ci2Hag, its combustion in air

to form carbon dioxide and water is expressed by the simple equation
C,H,, +180, +67.7N, > 12C0, +12H,0 + 677N, + heat (2.3)

The ratio by weight of this stoichiometric mixture, in which exactly the right amount of

air is available to complete the combustion of fuel, is determined from the molecular

weights

Air: (18x32) + (67.7x28) = 576 + 1895.6 = 2471.6 (2.4)
Fuel: (12x12) + (24x1) = 144 + 24 = 168 (2.5)

The air/fuel ratio is thus 14.712 while fuel/air ratio (/a) is given by the inverse and is
equal to 0.06795. The equivalence ratio ¢ is used to relate a particular fuel/air ratio to the

stoichiometric value

o (f / a)actual
¢ B (f / a) stoichiometric (26)

In practice, the chemical reaction is by no means as simple as suggested by equation 2.3.
There are far more reactants than the basic fuel molecule and oxygen, and the over-all
reaction is made up by the combination of various more simpler reactions. Hydrocarbon
fuels contain numerous different sizes and forms of molecules, from the light gases to the

heavy oils and waxes, of which Cj;Hz4 describes only the mean composition of the
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molecules present in kerosene. The different molecules have a wide range of boiling
points, specific gravities and other properties, with slight variations in lower calorific
value. The heavier fractions take longer to break down than the lighter fractions, while
branched molecules take longer than straight-chain molecules. As the molecules are
broken down by the heat of the combustion a number of smaller molecules and radicals
form which interact with others as they combine and divide a continuing sequence. Some
of the reactants which are present during the combustion process may be seen in the
colour of the flame: blue indicates ideal combustion of a fully mixed supply of fuel and
air, white or yellow regions show the formation of carbon and green shows a locally rich

mixture with considerable formation of radicals.

The many reactants take part in a wide variety of reactions, some giving out heat
(exhothermic) and some absorbing heat (endothermic). The reactions may go forward or
backwards, depending on the equilibrium concentration of the different reactants. High
values of temperature and pressure increase the energy and frequency of collisions
between reactant molecules, but some collisions are glancing blows yielding no reaction.
As combustion continues, the reactant concentrations reduce exponentially while the
temperature rises: the rate of reaction is proportional to e™RT where K is the activation
constant of the substance. When this sequence of reactions ends, the effect is that the
reaction in equation 2.3 is complete and the constituents of the outlet gas are the low
energy, inert final products. Sometimes, however, the reaction does not run to
completion. The chemical processes all require a period of time, the duration of which
varies for the different reaction. This time may be sometimes too short, if the reactants
are quenched by contact with a draught of cooler air or gas or by contact with the cooled
container: this leaves carbon monoxide (CO) and unburned hydrocarbon molecules in the
outlet gas. Alternatively, the time spent at high temperature may be excessive, permitting
the formation of oxides of nitrogen (NOy) and the dissociation of water and carbon
dioxide. The effects of incomplete combustion are seen in the emission of various

pollutants and in the loss of combustion efficiency and performance.
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2.4 Combustion efficiency

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 is achieved. The primary purpose is to raise the temperature of the
airflow by efficient burning of the fuel; thus, an important design requirement is a means
of relating combustion efficiency to the operating variables of air pressure, temperature,
and mass flow rate, and to the combustion-chamber dimensions. One of the most widely
used approaches for describing combustion efficiency when the overall rate of heat
release is limited by chemical kinetics is the burning-velocity model. Here the
combustion zone is envisaged as being similar in structure to the flame brush produced
on a bunsen burner under turbulent flow conditions. Combustion performance is then
described as a function of the ratio of turbulent burning velocity to the velocity of the
fresh mixture entering the combustion zone. It is assumed that evaporation rates and
mixing rates are both infinitely fast, and that all the fuel that burns does so completely.
Combustion inefficiency arises when some of the mixture succeeds in passing through
the combustion zone without being entrained by a turbulent flame front. Combustion

efficiency is defined as

heat released in combustion

Te = heat available in Suel

_ p A, S, AT

7
i H 2.7)

Now ¢, AT =gH by definition, also the flame area Af may be assumed to be

proportional to the combustor reference area A¢. Thus equation 2.7 simplifies to

Sy

Uref

1.0 (2.8)
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If one expresses Uy in terms of 2, , P3, and Arr and describes St in terms of laminar

burning velocity and turbulence intensity, equation 2.8 becomes

) " g ) Ve 0.5m
770 = f P3Ar2f (P3Drej:) exp(]; /b) APLJ (29)
mA qref

It was demonstrated that combustion-efficiency data obtained during low-pressure tests
on several types of combustion chambers could be satisfactorily correlated by assuming
m=0.75. Owing to the relatively small variations in inlet temperature experienced by
most combustion chambers, equation 2.9 is not very sensitive to the value of b.
Satisfactory correlation of data is obtained using a constant value for b of 300.
Experimental evidence supporting the inclusion of a liner pressure-drop term in equation
2.9 is meager. For this reason, and because the liner pressure-loss factor does not vary
much from one combustor to another, the pressure-loss term is usually omitted, and

equation 2.9 reduces to the well-known loading parameter 6.

Neo =S (O) =

[ P4, Dg}f exp(7, /300)] @.10)
mA
Equation 2.10 has been applied with considerable success to the correlation of
experimental data on combustion efficiency, and it has proved very useful in reducing the
amount of rig testing required to evaluate new combustor designs. As shown in Figure
2.2 only a few test points are needed to establish the complete performance curve for a
chamber. Furthermore, it is possible to predict, with reasonable accuracy, combustion
efficiencies at flow conditions that lie outside the capacity of the test facility, provided
that at these extrapolated conditions the combustion performance is not limited by fuel
evaporation or by any factor other than chemical reaction rates. The main advantage is
that it provides a method of scaling combustor dimensions and operating conditions to
common values so that any differences in performance that remain can be attributed

directly to differences in design.

38



Chapter 2 Combustion Principles

100

Combustion efficiency, percent

20

PL7S exp(T3/300) /i 5

Figure 2.2 Correlation of combustion-efficiency data for an aircraft engine combustor

2.5 Summary

The topic of combustion is so vast that this chapter provided a very basic review of the
operation of combustion chambers that is relevant to understanding the subsequent
sections. It has been shown that for combustion to occur a low velocity flowfield must be
established where stable burning over a range of different air-to-fuel ratios can exist. This
recirculating flowfield is obtained by swirling air entering the chamber combined with
opposed jets flowing radially inward from the liner wall. It is this process, more than

anything else that controls the combustion inside combustors.
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EXPERIMENTAL MEASUREMENTS

3.1 Preamble

Numerical models have to be validated against experimental measurements in the form of
temperatures, velocities and species concentration. The temperature field is the most
important property and is a key component in the development of the turbine section. The
need for detailed temperature measurements that capture the thermal field of a gas turbine
combustor has been identified from the literature survey. In this chapter the experimental
investigation of a single-can combustor is examined. The experimental setup and
instrumentation used to record and monitor various parameters are discussed. The
research combustor is representative of practical combustors in terms of a primary,
secondary and dilution section, film cooling and swirling air. A description of the
geometrical features and operating zones are given. The mass flow splits at the inlets as
obtained during isothermal conditions are also presented. Experimental measurements
were made using thermocouples and constitute liner wall, inner and exit gas

temperatures. Each of these is discussed and the geometrical locations of the probe

positions are given.
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3.2 Experimental setup

Combustion primarily consists of the mixing process between fuel and air. In practical
combustors the rate of airflow is usually fixed and the rate of fuel flow is varied to
control the amount of heat release. The experimental setup for the actual research
combustor is shown in Figure 3.1 and a schematic drawing in Figure 3.2. Air is provided
by a centrifugal high-pressure low-volume blower with straight radial blades. The blower
is capable of providing a static pressure above 6 kPa between mass flow rates of 0.1 and
1.0 kg/s. The rate of airflow is controlled by a frequency inverter connected to the motor
and measured using an orifice flowmeter. The orifice was designed and manufactured

according to BS1042 with a D and D/2 pressure tapping.

Figure 3.1 Test rig used for the experimental investigation
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Chapter 3 Experimental Measurements

The calibration factor or flow coefficient o is obtained from equation 3.1.

Z(AP) 1/2

0=ad, l[__w (3.1
L 7

Q = Volume rate of flow (m’.s™)

A = Throat area of the obstruction (m®)

AP = Pressure change (Pa)

p = Density (kg.m™)

The density was calculated from the ideal-gas equation of state with the air temperature
measured upstream of the orifice flowmeter by a thermocouple. The pressure change was
obtained using a calibrated digital micromanometer. It is important to obtain the correct
relationship between throat area and pressure change. If the throat area of the orifice is
too small, flow separation will occur resulting in a non-uniform flow profile downstream.
The volume flow rate, Q, through a pipe or duct is just the integral of the velocity

distribution, V(x,y), over the cross-sectional area A [32]:
0=[V(xydd (3.2)

The velocity distribution V(x,y) was measured at a distance of 0.53 m downstream of the
orifice flowmeter. The velocities were measured vertically and horizontally every 5 mm
across the diameter of the duct using a pitot tube. Small fluctuations occurred and to
compensate for this the average of 180 samples were calculated at each measurement
position. Equation 3.2 assumes that the velocity profile is symmetrical and from the
velocities measured vertically across the duct - illustrated in Figure 3.3 - a small amount
of asymmetry is evident. The volume flow rate was therefore calculated as the average
obtained from the velocities in the upper half of the duct and the lower half of the duct. A
flow coefficient of 0.62 was calculated from the experimental measurements and

compares favourably with the theoretical value of 0.61.
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Figure 3.3 Velocity distribution measured vertically across the duct

Fuel is injected into the combustion chamber using an internal gear pump that is capable

of providing a delivery pressure of 1500 kPa. The fuel flow rate is controlled by changing

the delivery pressure. This is done in two ways — by adjusting the pressure on the pump

and through a frequency inverter that is connected to the motor. The fuel flow rate was

measured using a positive displacement flowmeter with a pulse sensor. The meter was

connected to a multi-function controller with a period measurement mode. Calibration

was done by measuring the mass rate of flow as a function of time. This was repeated

several times to obtain the relationship between mass rate of flow and amount of pulses

per period.

(3.3)

m, =cp

Mass rate of flow (g.s")

1.36x107

Pulses per period
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The fuel is transported in an uncooled fuel supply line connected to a Monarch nozzle
(1.0 GPH, 90° PLP). The nozzle provides atomization of the liquid fuel at a conical angle
of 90-degrees. Calibration of the nozzle was done by measuring the pressure change at
various mass flow rates, shown in Figure 3.4. The pump inlet and fuel nozzle was

provided with filters to prevent blockage due to contaminants present in the fuel.
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Figure 3.4 Fuel nozzle calibration curve

The inlet air temperature is a critical parameter in terms of combustion modelling and
was measured 0.3 m upstream of the orifice flowmeter and 0.85 m downstream using two
K-type thermocouples. The pressure change across the combustor was measured at a
distance of 0.85 m downstream of the orifice flowmeter. The pressure change was
measured relative to atmospheric pressure. The various temperatures experimentally
measured are discussed in the subsequent sections. Three analog-to-digital cards with a
total of 24 differential input channels recorded the measured temperatures. Electrical and
electromagnetic noise can result in substantial measurement errors when measuring low-

level thermocouple signals. To prevent errors as a result of noise the thermocouples were
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insulated against ground loops and the analog-to-digital cards included filters and
complete separation of analogue and digital circuitry. All data were recorded at a

sampling rate of 1 Hz.

3.3 Research combustor

The research combustor shown in Figure 3.5 is made from stainless steel and coated with
a thermal barrier coating (TBC) on the inside of the liner. The reference length (L) and

radius (R) of the combustor are 174.8 and 41.2 mm, respectively.

Figure 3.5 (a) Plan view of the research combustor
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Figure 3.5 (b) Sectored view of the research combustor illustrating the various operating zones

The purpose of the TBC is to lower the emissivity on the inside of the combustion
chamber, and thereby reducing the radiant heat transferred to the inner liner wall. The
single can combustor is divided into the primary, secondary and dilution zone. Six jets
are located in the primary zone, twelve jets in the secondary zone and ten jets in the
dilution zone, ensuring good mixing between fuel an air. Film-cooling air is injected into
the secondary and dilution zone using stacked rings with 40 entry holes. An axial swirler
with a 45-degree swirl angle and curved blades enhances the mixing process and the
development of low velocity recirculation regions. Although the combustor was tested at
atmospheric conditions, the geometry is very representative of practical combustors that
are characterized by a turbulent, three-dimensional swirling flow field. The combustor
was designed to operate with an air mass flow rate of 0.1 kg/s. At this point an
experimental pressure change of 2.32 kPa was measured across the combustor. This
represents a 2.45 percent pressure change and is well within the accepted 5 percent of
practical combustors. The various flow splits between the swirler, primary, secondary and
dilution jets obtained during isothermal conditions together with the geometrical areas are

given in Table 3.1.
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Hole type Ag (mm?) Mass flow %
Swirler 184.19 8.35
Cooling 1 25.45 1.73
Primary 205.27 12.50
Secondary 235.62 15.26
Cooling I 25.45 1.74
Dilution 1084.34 60.52

Table 3.1 Isothermal mass flow splits and geometrical areas

The primary zone operates at stoichiometric conditions. The advantages include a high
volumetric heat-release rate and a relatively low rate of carbon formation; the primary
zone can consequently be made small, and the combustion process is characterized by
freedom from coke deposition and exhaust smoke. Its main disadvantages are a high rate
of heat transfer to the liner walls and high emission on nitric oxides [30]. The combustor
is designed to operate on both liquid and gaseous fuel and all the results recorded were
obtained using kerosene. The operating conditions are determined from the stability loop.
Using a fixed air mass flow rate, and varying the fuel flow until extinction occurs, the
stability loop shown in Figure 3.6 was obtained. It is evident that very lean air-to-fuel
ratios can be obtained with the type of liner material determining the limit for rich air-to-
fuel ratios. The diameter ratio of the combustor casing relative to the combustor liner was
equal to 2.42. This is large compared to normal practice and was done in an effort to

reduce the influence that the measuring equipment has on the airflow in the annulus.
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Figure 3.6 Combustion chamber stability loop

3.4 Liner wall temperatures

Twenty temperatures on the outer liner wall were measured using K-type thermocouples.
Each thermocouple was protected by a 1.5 mm diameter 300 mm long stainless steel
sheath. The thermocouples were attached to the liner wall by means of a small bracket.
The respective geometrical measurement positions are shown in Figure 3.7. The
combustor was divided into four positions, with each position at an angle of 40-degrees
from the horizontal centerline. At position one, eight thermocouples were placed axially
along the combustor from the primary to the dilution zone. At positions two, three and
four, four thermocouples were placed that coincided with measurement points at position
one. The placement of the measurement points was done so that the distribution of wall
temperatures from the primary to the dilution zone could be captured, as well as the

distribution of temperatures along the perimeter of the combustor.
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Figure 3.7 Combustor liner wall temperature measurement positions

3.5 Exit gas temperatures

The exit gas temperatures were measured using five K-type thermocouples protected in a
1.5 mm diameter, 300 mm long stainless steel sheath, The thermocouples were fitted with
radiation shields and positively ventilated, in an effort to render true convective gas
temperatures. The thermocouples were equi-spaced along the radius of the combustor at
the outlet plane and mounted on a traverse mechanism that enabled measurements to be
taken at 10-degree intervals, Figure 3.8. A total of 180 temperatures were recorded to

capture the temperature distribution across the outlet plane of the combustor.
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Figure 3.8 Exit gas temperature measurement positions

3.6 Inside gas temperatures

Enclosed casings and very high gas temperatures inside combustors have resulted in very
few detail measurements of the inside temperatures. Operating at lean overall conditions
and with the exit plane of the combustor open to atmosphere, the research combustor
provided the ideal opportunity to obtain detail measurements of gas temperatures.
Temperatures were measured using an R-type thermocouple with a maximum continuous
working temperature range of 0 to 1600-degrees Celsius. The thermocouple is housed in
a 4.6 mm diameter 300 mm long ceramic sheath and the hot junction is therefore not
directly exposed to radiant heat transfer. The geometrical measurement positions are

shown in Figure 3.9.
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Figure 3.9 Inside gas temperature measurement positions

Measurements were taken at five axial planes from the secondary to the dilution zone.
The thermocouple was mounted on the traverse mechanism and measurements were
taken at 30-degree intervals. A total of 48 temperatures were recorded at each plane to
capture the temperature distribution of inside gas temperatures. One thermocouple was
used to obtain the measurements. This means that it is a very time-consuming process,
and although measurements could have been taken at smaller angles the 30-degree

intervals were used so that all the measurements could be obtained in one test session.

3.7 Summary

This chapter described the test rig used to obtain physical measurements for a can type
combustor during operating conditions. The main features of the setup were discussed
and a description of the research combustor was given, illustrating the different zones and

film cooling devices employed. The various measurements that were recorded as well as
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the geometrical positions were examined. Although atmospheric test conditions were

used, the geometry of the chamber is representative of practical combustors.
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NUMERICAL MODEL

4.1 Preamble

The growing need to understand the complex flow field phenomena involved in gas
turbine combustors has led to the development of fundamentally based analytical
approaches to assist the design process. CFD forms a major category of such procedures
and is a key component in the present and future development of combustors. The
detailed information obtained from numerical simulations is needed to analyze stresses
and thermal conditions in the metal parts of the flame tube. The thermal and flow
conditions at the exit of the combustor also greatly influence numerical simulations of
heat transfer to the turbine blades and discs. This chapter describes the fundamentals of a
CFD model that was developed using a commercial code. An investigation of the
different combustion models available, i.e. kinetically controlled reaction model,
turbulence-controlled eddy break-up model, hybrid kinetics/eddy break-up model,
combined time scale model and a presumed-PDF model of unpremixed turbulent
reaction, led to the implementation of the PPDF combustion model to numerically model
the research combustor. A short description of the PPDF-model implemented by the
numerical code is given. The computational grid used to model the external and internal
flow field is described as well as the boundary values used. The computational model was
not developed by the author but only implemented and modified to correspond to the

correct test conditions. The relevant information that describes the numerical model is

obtained from the corresponding references [33-37].
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4.2 Presumed-PDF model of unpremixed turbulent reaction

The Presumed-PDF model implemented [38] was developed by the combustion
community to predict unpremixed or diffusion flames formed at the interface between
separately-introduced fuel-bearing and oxidant-bearing streams. This model employs the
fast-kinetics assumption, which results in turbulent mixing between the streams being the
rate-controlling process. The particular model incorporated in the commercial code

characterizes the mixing process in terms of:

. The time-average fields of the mixture fraction f and its mean square fluctuations or

'variance' g, defined as

I (4.1)

&r

where /' is the instantaneous fluctuation about the mean and the overbar denotes the
time average. Each field is governed by its own differential transport equation.

. A presumed form of probability density function (pdf) for the instantaneous mixture

fraction f, which depends on the above mentioned variables and is denoted by P(y).

A

Under certain circumstances, to be described below, the instantaneous temperature 7',
density p and species concentration m can each be uniquely related to # . Their time-

average values can then be determined from
1 A
¢ = [#(HP)df (42)
0

where q; stands for any of the aforementioned variables. Thus the complete model

consists of the transport equations for f and g5 the presumed pdf, P(f), and the set of
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¢?( /) relations for 7 , m, and p. The 43( /) functions are derived from the particular

assumptions made about the instantaneous reactions and are specific to each fuel/oxidant

combination. The principle assumptions are:

. the reactions are fast, leading to thin burning zones embedded in the turbulent flow
field,;

. the thermochemical state at any point within such a zone is uniquely related to « 7.

The second assumption strictly requires that the zone be adiabatic, although empirical
means of correcting for heat losses have been devised. The fast reaction assumption
allows some degree of freedom in the reaction representation, the main practices being as

follows:

. 'Mixed as burnt' models, which assume a single-step irreversible reaction and enable

the ¢?( f) to be determined straightforwardly from the stoichiometry and

thermophysical properties.
« 'Equilibrium' models, which can encompass the full reaction mechanism but assume

that all reactions reach equilibrium, i.e. forward and backward rates are equal. For
these, the @(f) have to be determined using the appropriate equilibrium and
thermophysical data and a solution scheme for the associated simultaneous non-

linear algebraic equations.

. 'Laminar flamelet' models, which presume that the reactions take place at finite rates
in one-dimensional transient laminar flames. Here, the determination of the ;3( )

involves solution of the unsteady one-dimensional mass, momentum, energy and

species concentration equations for the laminar flame.
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4.3 Computational grid

A close look at the combustor reveals the existence of a geometric symmetry plane. In
order to reduce the computational effort, it was therefore decided to split the combustor
along the symmetry (or cyclic) plane and model only one half of the combustor. The
computational grid was generated in three stages. During the first stage the computational
grid for the flow field inside the combustor was generated. During the second stage the
computational grid for the combustor liner was generated. This was accomplished by
adding an extra layer of cells on the outer surface of the flow domain by extrusion of a set
of boundary shells which were generated on the outer surface of the flow domain. The
various holes through the liner were then generated by deleting the corresponding cells.

During the third stage the computational grid for the flow field outside the combustor was

generated.

The passages of the swirler were not modelled, but only the outlets of the passages
through the liner. In order to ensure that the correct mass and momentum fluxes were
prescribed at the swirler outlets, the effective areas were only modelled. The holes in the
cooling rings were modelled as rectangular holes with the same area as the effective
round holes. Use was also made of discontinuous local grid refinement to model this fine
detail. In the case of the primary, secondary and dilution holes, each hole was modelled
using four cells. The annulus together with an outlet section present in the experimental
rig was included, as shown in Figure 4.1. It was decided to include this outlet section as
the pressure change which occurs in this section may also have a significant influence on
the flow at the outlet plane of the combustor. A view of the final computational grid

without the external flow field is shown in Figure 4.2.
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Figure 4.1 Computational domain chosen for the external and internal flow field
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Figure 4.2 Computational grid used to model the internal flow field together with the outlet section
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4.4 Boundary values

The boundary conditions prescribed consist of the conditions at the various inlets, the

outlet, the symmetry plane and the inside and outside surfaces of the liner. The radial vy,

tangential ve; and axial v, velocities; the turbulence intensity I mixing length Le;

temperature T and density p which were prescribed at the various inlets together with the

operating conditions are summarized in Table 4.1 and Table 4.2.

Inlet v . o . UZ_I I ke ! P
[m.s™] [m.s™] [m.s™] [m] [K] | [kg.m?]

Fuel 23.792 0 23.792 0 | 266x10*| 293 1.679
Swirler 0 53.88 53.88 0.1 | 1.25x10™| 300 1.011
Cooling I 0 0 78.415 0.1 |2.82x10° | 300 1.011
Primary -67.756 0 39.338 0.1 | 1.97x10* | 300 1.011
Secondary -65.54 0 42.837 0.1 | 1.53x10™| 300 1.011
Cooling 11 0 0 78.868 0.1 |282x10° | 300 1.011
Dilution -68.906 0 30.636 0.1 |3.39x10" | 300 1.011

Table 4.1 Boundary conditions at the various inlets

Air
Patm [kPa] 88
AP coms [kPa] 2.36
T.2 [K] 300
m, [kg.s] 0.1
Fuel
Tt [K] 293
me[g.s"] 0.769

Table 4.2 Operating conditions used in the simulation
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The velocity boundary conditions are obtained from the experimental discharge

coefficient and jet angle. The basic equation for flow through a hole may be expressed as

[30]:

th = C,A+/2APp

(4.3)

By rearranging equation 4.3 the discharge coefficient is obtained in terms of the mass rate

of flow:

. m

© T AJ2APp

The jet angle is then calculated from the discharge coefficient:

! (1.2C ,K)

Where K is the hole pressure-drop coefficient and is defined as:

comb

jet dynamic pressure AP
+

annulus dynamic pressure Qa0

The effective area by definition is:

Ay =—2 _=C,A

A/ 2APp
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The effective velocity at each inlet is then calculated from the mass rate of flow and

density:

m
pAeff

Veff = (48)

The radial, tangential and axial velocity component is lastly obtained from the effective

velocity and jet angle:
V.o, = Ver €OSO; (4.9)

Because the turbulent character of the flow is dominated by the vigorous mixing which
takes place inside the combustor, it has been found that the turbulence intensities
prescribed at the inlets are not critical. The values for both the fuel mass fraction and the
mixture fraction at the fuel were prescribed as 1.0, whilst the oxygen mass fraction and
nitrogen mass fraction were respectively prescribed as 0.233 and 0.767 at all the other
inlets. The liner was not included in the simulation and the walls were assumed to be
adiabatic. Radiation was also not taken into account. At the outside surface of the liner a
convective heat transfer boundary condition was prescribed. The ambient temperature
was specified to be 300 Kelvin, whilst the effective heat transfer coefficient was taken to
be 23.967 W/m2K. The upper and lower halves of the symmetry plane were defined as
cyclic boundaries and all corresponding faces were integrally matched. Cyclic boundary
conditions were prescribed for all variables on these faces. The assumption was made that
due to the atomization process, the liquid fuel is introduced as a gas phase in the
combustor. A more accurate representation would be to incorporate the

Eulerian/Lagrangian two-phase model that looks at the interaction between a continuum

gas phase and a discrete droplet phase.
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4.5 Summary

Two of the most important aspects of CFD modelling in obtaining realistic predictions
are the prescribed boundary conditions and magnitude of grid refinement. The grid
density selected must be a balance between the requirement of modelling the geometry as
accurately as possible, that the grid should be fine where steep gradients occur in the flow
field and that the available computer resources should be able to cope with the problem.
This, together with a judicious choice of boundary conditions, may lead to physically
acceptable answers. This chapter provided a basic description of the CFD model that was
employed to simulate combustion. A review of the combustion scheme, i.e. the PPDF-

model implemented, was given and the computational grid and boundary conditions were

examined.
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CHAPTER5

RESULTS AND EVALUATION

5.1 Preamble

The literature review identified the need for a numerical model that can simulate
combustion in gas turbines. A research combustor that was designed with this purpose in
mind was discussed. The physical properties involved during combustion was
investigated experimentally and in chapter three the various measurements and
geometrical positions that were recorded were described. In chapter four the numerical

model implemented was discussed as well as the operating conditions that were

simulated.

In this chapter the results obtained experimentally and numerically are presented.
Experimentally, three different test conditions were investigated. These are discussed
along with the test parameters that were used. From the results obtained, an evaluation is
made of the efficiency of the combustor. Possible reasons are given for insufficient
combustion as a result of chamber design. A direct comparison is also made between the
experimental and numerical results. Discrepancies are pointed out and shortcomings of

the experimental methods and/or numerical model are discussed.
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5.2 Experimental results

5.2.1 Test parameters

The overall air-to-fuel ratio of the combustion chamber can vary between 20:1 and 150:1
depending on the type of engine. The test parameters used for the research combustor
typically represents flying at altitude conditions. High overall air-to-fuel ratios were
chosen to prevent damage to the liner wall that could be caused by an excessive heat load.
Testing commenced under atmospheric conditions, the advantage being that the
experimental setup is simplified as there is no need to preheat the inlet air, to obtain high
pressures that are representative of the compressor outlet pressure, provide cooling of the
fuel supply line, etc. The disadvantage of atmospheric test conditions is the inferior
combustion efficiency that is obtained. However, when an evaluation is made between
experimental results and a numerical model, the efficiency obtained can be discarded.

The test parameters for the three different operating conditions used are presented in

Table 5.1.

For all the test cases, the air mass flow rate was fixed and the amount of fuel varied to
obtain different air-to-fuel ratios. As noted in chapter three, the combustor was
theoretically designed to operate with an air flow rate of 0.1 kg.s. The validity of this
was assessed by obtaining measurements at various air flow rates. For values below 0.1
kg.s' no significant variation in the temperature measurements were obtained, whilst
values above the design point resulted in an increased pressure change across the
combustor and increased turbulence intensity. The increase in turbulence intensity has a
significant influence on the temperature field and as a result it was decided to keep the air
mass flow rate fixed at 0.1 kg.s'. For reactive flow the pressure change across the
combustor increased by 0.58 kPa compared to the cold flow analysis. This represents a
total pressure change of 3.09 percent. It is assumed that the fuel temperature corresponds

to ambient conditions, due to the relatively low fuel delivery pressure and mass flow rate.
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Test case 1 2 3
Air/Fuel ratio 120 130 140
Ambient temperature [K] 290.15 289 288.65
Inflow pressure [kPa] 94 94 94
Inflow temperature [K] 309.45 304.55 301.05
Air flow rate [kg.s™] 0.1 0.1 0.1
Fuel flow rate [g.s™] 0.833 0.769 0.714
APcomn [KPa] 2.92 2.89 2.89
Pra [KPa] 990 845 725
Pair [kg.m™] 1.0255 1.0424 1.0545
T [K] 696.44 667.04 641.96
Equivalence ratio, ¢ 0.1226 0.1132 0.1051

Table 5.1 Test parameters and conditions

Preliminary CFD results predicted a maximum gas temperature of 2300 Kelvin inside the
combustor. The maximum continuous working temperature that can be measured using
an R-type thermocouple is equal to 1873 Kelvin. As a result it was decided to measure
inside gas temperatures only at the highest air-to-fuel ratio for the different test cases.
Each test case was repeated several times to assess the repeatability of the measurements.
Except for slight variations due to atmospheric conditions, no significant changes in the
measurements were recorded with repeatability measured within two percent. The hot
junction of a thermocouple measures temperatures relative to a cold junction or reference
temperature. Electrically controlled reference baths are often used which provide stable
and uniform zones for the termination of thermocouple systems. These generally consist
of a heated or cooled zone box thermostatically controlled to remain at a specified
temperature [39]. Temperature measurements were obtained using ambient temperature
as reference point. Ambient conditions however, varied and to compensate for this all the
measurements recorded were adjusted to use 273.15 Kelvin as cold junction, and are

therefore independent of these variations.
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5.2.2 Imside gas temperatures

The inside gas temperatures were measured at five axial planes as discussed in chapter
three. At an axial distance of 114.8 mm upstream of the exit plane a non-uniform
temperature distribution exists as shown in Figure 5.1. The horizontal line corresponds to
position one that has previously been defined. A hot section close to position one is
evident, with an asymmetrical core region. From the temperature distribution alone it is
difficult to account for the asymmetry present. This could however, be as a result of two
factors: an uneven fuel spray distribution, or the amount of air that enters each primary jet
and film cooling hole differs by a large extent. Due to the vigorous mixing process in the
primary zone, the existence of "hot spots" in the primary zone efflux is often incurred,

with the intermediate zone contributing to the amelioration of these [30].
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Figure 5.1 Inside gas temperature distribution at an axial distance of 114.8 mm from the combustor

exit plane
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A cold region in the centre characterizes the temperature field with the hot combustion
products transported along the liner wall. The reason that the hot products are transported
close to the liner is as a result of the sharp swirl angle that causes the reaction zones to
form close to the wall. As the axial distance increases from the fuel inlet, the distribution
becomes more symmetrical, with the cold region in the center expanding towards the
liner wall as shown in Figure 5.2. The axial plane that corresponds to the dilution jet
inlets, Figure 5.3 clearly shows the cooling effect of the dilution air entering into the
combustion chamber. It should be noted that the angle of traverse for the measurements

does not correspond to the angle of the various jets.

Figure 5.2 Inside gas temperature distribution at an axial distance of 89.8 mm from the combustor

exit plane
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Figure 5.3 Inside gas temperature distribution at an axial distance of 39.8 mm from the combustor

exit plane

Plotting the data on the geometrical symmetry plane of the combustor gives a better
understanding of the temperature distribution (Figure 5.4 gives an interpretation to
illustrate these results). Most of the fuel entering the combustion chamber 1s burned in the
primary zone. This is as a result of the primary zone operating near stoichiometric
conditions. It would therefore be expected that the maximum gas temperatures would
occur in the primary zone. As more air is introduced through the secondary jets to
provide an excess of oxygen to complete combustion, the gas temperatures will decrease
from the primary to the secondary zone. The dilution air lowers the temperatures of the

combustion products in the secondary zone before moving onto the turbine blades.
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Figure 5.4 Interpretation of the temperature field inside the combustor at various angles from

position one

From the measurements obtained in Figure 5.5 and Figure 5.6 it is observed that high
temperatures occur close to the wall in the secondary zone. This indicates secondary
combustion taking place as a result of incomplete combustion in the primary zone. The
role of film cooling devices is to generate a protective film of cooling air between the
wall and hot combustion gases. This cooling film, however, is gradually destroyed by
turbulent mixing with the hot gas stream and as a result has a finite length of
effectiveness. This may or may not include extension of the cooling film into the next
cooling bay [40]. If combustion in the secondary zone takes place close to the wall, the
cooling film will be destroyed. This will result in an increase of liner temperatures in the
secondary zone. During testing this was noticed visually inside the combustor, with
overheated sections in the intermediate zone compared to the rest of the liner. The inlet
air from the dilution jets results in the formation of a low temperature area close to the
exit of the combustor. To ensure a satisfactory temperature profile at the chamber outlet,
there must be adequate penetration of the dilution air jets, coupled with the correct
number of jets to form sufficient localized mixing regions. If the total dilution-hole area

is spread over a large number of small holes, penetration will be inadequate, and a hot
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core will persist through the dilution zone. At the other extreme, the use of a small
number of large holes will result in a cold core, due to overpenetration, and unsatisfactory
mixing [30]. The latter applies to the research combustor with most of the dilution air
flowing along the center of the combustor, and consequently mixing with the combustion

products is inadequate.
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Figure 5.5 Inside gas temperature distribution at an angle of 18-degrees from position one
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Figure 5.6 Inside gas temperature distribution at an angle of 48-degrees from position one
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5.2.3 Liner wall temperatures

The outer liner wall temperatures for an air-to-fuel ratio of 130 is shown in Figure 5.7.
The highest liner temperature was recorded in the secondary zone. This confirms the
measurements acquired from the inside gas temperatures that indicate combustion close
to the wall in this section. The liner temperatures decrease from the secondary zone
axially along the combustor to a minimum in the dilution zone. A maximum temperature
difference of 12-percent was measured circumferentially at the four positions that
coincided with one another at an axial distance. No large thermal gradients therefore
exist between these positions. The increase in average circumferential temperature with

air-to-fuel ratio is pointed out in Figure 5.8.
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Figure 5.7 Combustor liner wall temperatures for AFR=130
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Figure 5.8 Average circumferential liner temperature for different AFR's

5.2.4  Exit gas temperatures

As noted in chapter two, the distribution of exit gas temperatures is an important
parameter in the design of turbine blades. Shown in Figure 5.9 is the distribution of exit
gas temperatures for an air-to-fuel ratio of 130. As expected from the inside gas
temperatures that were recorded the distribution is characterized by the cold core formed
by the dilution air. Ideally, a symmetrical span profile must exist to prevent the formation
of hot sections downstream from the combustor. Evident from the measurements is the
asymmetry, mainly formed by the colder region between positions four and one.
Referring to the liner temperatures measured at an axial distance of z/L=0.9113 the
minimum temperatures were recorded at positions one and four and confirm the

distribution of exit gas temperatures.
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In practice it is very unlikely that a uniform profile will be obtained, as there is not
enough time available for good mixing to take place. The shielded thermocouples were
mounted in several different ways on the traverse mechanism in an effort to reduce the
amount of asymmetry. The precision with which the fuel inlet is mounted relative to the
centre line of the combustion chamber is fixed and the only parameter that can be
changed is the fuel injector. Irrespective of these changes the same temperature
distribution was obtained, indicating that the asymmetry can be contributed to the
mechanical construction of the combustor. The constant hot and cold cycles experienced

during testing also has a significant influence on the geometrical form of the chamber.
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Figure 5.9 Exit gas temperature distribution for AFR=130
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The linear decrease in average exit temperature - obtained from the mass-flow-weighted
mean of all exit temperatures - with an increase in air-to-fuel ratio, is shown in Figure
5.10. Increasing the air-to-fuel ratio results in an overall temperature decrease, a higher

pattern factor and a decrease in efficiency.
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Figure 5.10 Average exit gas temperature for different AFR's

5.3 Numerical results

One of the major advantages of CFD is the ability to provide detailed insight and
comprehensive information that is not always possible to obtain from experimental
measurements. The distribution of velocity magnitudes on the geometrical symmetry
plane obtained from the numerical simulation of the research combustor is shown in
Figures 5.11-5.12. The highest velocities are procured at the swirler and various jet inlets.
The recirculating low velocity area in the primary zone that is formed by the interaction

of the inlet air from the swirler and primary jets are overt. It is arranged that the conical
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fuel spray from the burner intersects the recirculation vortex at its center. This action,
together with the general turbulence in the primary zone, greatly assists in breaking up
the fuel and mixing it with the incoming air [41]. The air entering the primary jets has an
increased penetration depth compared to the secondary and dilution air. The reason is
twofold, firstly the primary hole area is smaller in relation to the dilution holes and
secondly the inlet air from the secondary and dilution holes are diverted by the
combustion products flowing along the core. A larger recirculating region that is formed

between the primary and secondary jets is clearly visible.
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Figure 5.11 Velocity vectors depicting the flow field inside the research combustor
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Figure 5.12 Velocity magnitudes depicting the flow field inside the research combustor

The temperature distribution on the geometrical symmetry plane of the combustor is
presented in Figure 5.13. A maximum temperature of 2160 Kelvin is predicted, with high
temperatures appearing in the primary and secondary zone close to the liner wall. The
lowest temperatures are predicted in the dilution zone and along the centre of the
combustor. The hot sections between the primary and secondary jets, as well as after the
secondary jets indicate that the combustion products penetrate between the jets, and that
combustion occurs in the intermediate zone. Significant from the results is the inability of
the film cooling air to provide a protective cooling layer between hot combustion
products and the inner liner wall. From the velocity field it is noted that the film cooling
air proceeds a short distance from the inlets before being halted by the hot gases flowing

downstream.
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Figure 5.13 Temperature field inside the combustor on the geometrical symmetry plane

At the exit of the combustor the gas temperatures decrease from the outside to the inside
and then increases again at the center of the combustor as shown in Figure 5.14. An
interesting pattern is observed in the temperature contours on the outlet plane. The hot
sections that occur along the perimeter are in line with the dilution holes and are an
indication of how the hot gases which are squeezed between the air entering the dilution

jets, curl around them.
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Figure 5.14 One-half of the symmetrical gas temperature distribution at the exit plane of the

combustor

5.4 Evaluation

Experimental and numerical results indicate that temperatures increasing from the centre

to the liner wall delineate the temperature field inside the combustor. Incomplete

combustion occurs in the primary zone, reducing the overall combustion efficiency.

Although no velocity measurements were obtained to determine the shape and size of the

recirculation region, the velocity distribution from the numerical results indicate that the

amount of air entering through the swirler and primary jets results in recirculation zones

that are not fully optimized. Cameron et al [7] note that the common perception of the

flow field in a gas turbine combustor is the presence of an on-axis recirculation zone

produced as a result of the interaction between the swirl air and the primary jet flow. It
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was found that by increasing the swirl air, the recirculation zone was transformed into an
on-axis configuration. In contrast to this, a condition was not found for which the
primary jet flow played a role in enhancing the recirculation zone strength or size. The
isothermal amount of air entering the research combustor through the swirler consists of
8.25 percent of the total air mass flow. This amount is fairly low compared with
quantities that vary between 18 and 45 percent depending on the type of combustor
[41,7]. By increasing the amount of swirl air it would be possible to increase combustion

efficiency in the primary zone and reduce the liner temperatures in the secondary zone.

It is also evident that the incorrect flow splits exist at the various film cooling and
dilution holes. In general, the lower the amount of air employed in film cooling,
particularly in the primary zone, the better the prospect is of achieving 100% combustion
efficiency at the chamber outlet [30]. Despite this possible increase in combustion
efficiency it was found that the amount of film cooling air employed does not provide
sufficient cooling of the inner liner wall. The amount of air entering the first and second
film cooling slots are 1.73 and 1.74 percent respectively. On modern combustors, up to
50 percent of the total air-mass flow is employed in liner wall cooling [30]. The
numerical results indicate that the film cooling air is almost non-existent as turbulent
mixing with the hot gas stream destroys it. By increasing this amount of air, the liner
temperatures in the secondary and dilution zone will decrease, and it would be possible to
test at lower air-to-fuel ratios that is representative of ground idle and take-off conditions.
In contrast to this, the quantity of dilution air must be reduced to optimize mixing with
the combustion products. The temperature contours at the exit plane point out that the
dilution air flows along the center with the combustion products on the outside. Sufficient
mixing must exist between hot gases and dilution air to prevent the formation of hot

sections downstream of the combustor.
A direct comparison between the experimental and numerical results shows that the CFD

model overpredicts the magnitude of temperatures in certain areas. Along the core and in

the dilution zone, the temperatures are in close proximity. However, the maximum
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temperatures in the primary and secondary zone close to the liner wall are overpredicted.

These differences are mostly related to the numerical model:

. The assumption of adiabatic walls, that is, no heat transfer is invalid. The annulus on
the test rig was not insulated and although the magnitude is not directly as a
consequence of convective heat transfer, wall temperatures of 400 Kelvin were
measured on the outside of the annulus. In the case of adiabatic walls all the heat is
assimilated by the annuli flow which in return is transported into the combustion
chamber increasing gas and liner temperatures.

« An asymmetry is present in the velocity and temperature field obtained numerically.
The assumption to model only half of the combustor is therefore questionable and
whether the symmetry plane of a swirling combustion process is at the same position
as the geometrical symmetry plane.

. Radiation was not included in the simulation. Although this would result in an
increased heat transfer to the gas particles and liner wall, radiation does not have a
predominant influence at high air-to-fuel ratios. It is also important to account for
radiation losses incurred experimentally as well as on the outside of the flame tube.

. The numerical model does not adequately model the geometrical aspects of the
research combustor. The swirler forms an important part in the combustion process
and is not included in the model. Although the computational effort is increased it is
necessary to model the geometries as accurate as possible to obtain realistic
predictions.

. Liquid fuel was used during experimental testing. The assumption is made that due to
atomization, the fuel is introduced into the combustor in a gas phase. However, two-
phase flow is present consisting of a gas phase and small fuel droplets following
different trajectories. In spray combustion systems, an accurate representation of the
fuel droplets is often considered important [13].

. The fuel nozzle was not geometrically modelled. At the inlet an angle of fuel spray
was prescribed. However, the fuel spray embodies a conical shape filled with a liquid
and gas phase and by specifying an angle all the fuel is directed into a single area,

which is incorrect.
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The experimental and numerical distribution of temperatures at the exit plane of the
combustor is in good agreement. Except for an increase in temperatures at the center -
which can be related to the boundary conditions prescribed - the numerical model is
capable of predicting the correct magnitudes and distributions. As noted in chapter one, a
direct comparison of liner wall temperatures is difficult. The reason being that a small
difference in probe position can make all the difference between recording and failing to
record a "hot spot". The measured wall temperatures are therefore very useful in
substantiating trends and measurements obtained inside the combustor, but care must be

taken when it is used for direct comparison with numerical results.

Despite the inadequacies of the CFD model it is promising to observe the numerical
model being capable of capturing the temperature distribution and trends obtained
experimentally. This sustains the potential of finite difference techniques in modelling
gas turbine combustors. With the ever-increasing computing capabilities, CFD models

should be able to predict the different physical properties within an acceptable limit.

5.5 Summary

This chapter provided and discussed the results obtained experimentally and numerically.
Experimental results were obtained for different test conditions and a numerical model
was validated against these. It was found that inferior combustion efficiency exists, due to
the incorrect air flow splits at the various inlets. The numerical model overpredicted the
magnitude of temperatures, but was able to capture the distribution of the temperature

field. The shortcomings of the numerical model and assumptions made were pointed out.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

6.1 Summary

The turbulent, swirling flow field in a gas turbine combustor is complex and difficult to
analyze. Although showing potential, numerical models predicting the physical elements
of the turbulent flow field still needs further development. Most of the current models are
capable of capturing the correct trends and distributions, but not the magnitudes of the
various properties. Therefore, CFD is rather used as an aid in the design process to assess
the influence of different design changes and not as primary design tool. Consequently,

costly and timely experimental investigations are necessary to measure the performance

of a combustor.

Complex geometries and challenging operating conditions have resulted in a limited
number of experimental investigations and measurements that can be used for validation
purposes. Most research done dates back to the previous decade, focusing on combustors
with simple geometries that do not provide a sufficient challenge to present-day
computing capabilities. In this study, the need was addressed to obtain detailed
experimental measurements that capture the three-dimensional thermal field inside a
research combustor. A description of the research combustor was given, illustrating the

various features that are representative of practical combustors. All possible
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measurements, i.e. inside gas, liner wall and exit gas temperatures were recorded for
different air-to-fuel ratios. Due to the experimental setup and test conditions that were
used, inside gas temperatures - which were inadequately investigated and/or precluded by
other researchers - were measured successfully. The experimental results recorded were

presented and discussed in detail.

Using a commercially available code, a numerical model was developed to simulate the
research combustor and test conditions used during the experimental investigation. A
description of the combustion scheme, i.e. presumed-PDF model of unpremixed turbulent
reaction was given. The computational grid and boundary conditions implemented in any
numerical model are important and form the basis of obtaining realistic predictions. Each
of these were examined and the shortcomings of the computational model were
highlighted. A comparison between the experimental and numerical results showed that
the gas temperatures are overpredicted. This can be related to the boundary conditions
that were prescribed. However, the model was capable of capturing the correct
distribution of temperatures and trends obtained experimentally. This points out the

potential of CFD and the need for further development.
Important conclusions drawn from the research done, as well as contributions, are
presented in the subsequent section. Further developments, both experimental and

numerical are needed and recommendations for further research provide an apt ending to

this study.

6.2 Conclusions and contributions

The main conclusions and contributions reached during the course of the study can be

summarized as follows:
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. Numerical models developed to simulate gas turbine combustion, have to be validated
against experimental data. An experimental investigation was done that captured the
thermal field of a can-type combustor for this purpose. Inside gas, liner wall and exit

gas temperatures were measured successfully.

. Experimental results showed that incomplete combustion occurs in the primary zone,
thereby reducing the overall efficiency. The numerical results confirmed this,
indicating that the recirculation zones that are formed in the primary zone are not
fully optimized. Unburnt fuel is transported into the intermediate zone where
secondary combustion occurs. As a result the liner temperatures in this section

increase and the measured wall temperatures reflect this.

. Also evident from the results are the incorrect flow splits at the various inlets. The
amount of swirling air dominates the size and strength of the recirculation zone. This
amount must be increased to reduce the inefficiency as a result of the latter
conclusion that was reached. The amount of dilution air must be reduced to prevent
overpenetration and insufficient mixing with the hot combustion products, as was
found from the experimental and numerical results. It is also concluded that the film
cooling air is almost non-existent and does not provide a sufficient layer of cooling

air between the hot gases and inner liner wall.

. The numerical model overpredicts the gas temperatures inside the combustor. This is
directly related to the shortcomings and assumptions made in the development of the
computational model. The discrepancies can be summarized as: single-phase flow, no
radiation, adiabatic walls, symmetry and geometrical features not modelled. Despite
these shortcomings, trends and distributions obtained experimentally were predicted
correctly. The numerical model is capable of providing detailed insight and
comprehensive information that is not always possible to obtain from experimental
measurements. The present CFD model needs further development to utilize the

available resources and potential to accurately predict combustion properties.
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6.3 Recommendations for further work

Recommendations for further work, applicable to the present study can be summarized as

follows:

. In this study, only the temperature field was investigated experimentally. Further
experimental work must include velocities and species concentrations. A first
approximation can consist of the velocity field during isothermal conditions, reducing

the experimental effort and instrumentation needed to conventional measurement

methods.

. An experimental investigation that determines the influence of different design
changes and operating conditions on combustor performance is needed. Some of
these changes include the amount of swirl air, swirl angle, preheated and pressurized
inlet air, fuel type, fuel spray angle, increased film cooling air and measurements at
lower air-to-fuel ratios. Investigating these changes will result in the expansion of the

current experimental database.

. Improvement of the current numerical model is needed. The shortcomings of the
model, as discussed in the previous section must be investigated. Modelling must
couple the external and internal flow field, reducing the inlet boundary conditions
that are prescribed to velocities and pressures at the compressor outlet. Two-phase
flow must also be incorporated into the combustion scheme and the fuel nozzle must

be modelled to obtain a realistic distribution of the fuel entering into the combustion

chamber.
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NOMENCLATURE

A Area

Ar Flame area

Ca Discharge coefficient

Cog Specific heat of gas at constant pressure
CioHa4 Kerosene

CcO Carbon monoxide

CO; Carbon dioxide

D Diameter

H Lower specific energy of fuel
H; Hydrogen

I Turbulence intensity

k Turbulence kinetic energy

K Hole pressure-drop coefficient
L Reference length

L. Mixing length

m Mass flow rate

NO Nitric oxide

NOy Oxides of nitrogen

0, Oxygen

P Pressure

q Fuel/Air ratio by mass
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Nomenclature

Qan Annulus dynamic pressure

Q Volume rate of flow

R Reference radius

St Turbulent flame speed

T Temperature

u, w Turbulent velocity fluctuations
UHC Unburnt hydrocarbons

\Y% Velocity

Vo Tangential velocity component
Vr Radial velocity component

V2 Axial velocity component

X, Y, Z Cartesian coordinates

Greek Alphabet

0y Equivalence ratio

p Density

o Flow coefficient

A Increment or change in quantity
€ Rate of dissipation

n Efficiency

p Density

0 Loading parameter

6; Jet angle
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Nomenclature

Superscripts

()

Subscripts

1,3
2,4
a
atm

comb
eff

max

ref

Mean value

Upstream of a specific point
Downstream of a specific point
Air

Atmosphere

Combustor

Effective

Fuel

Maximum

Reference

Throat
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