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Abstract

The two inlets to the reverse flow combustion chamber of the Rolls-Royce (Allison)
Model 250 turboshaft gas turbine produce a non-uniform temperature profile that is
exacerbated by inlet flow distortion caused by the compressor. A new combustion
chamber was designed to improve the exit temperature profile even with distorted inlet
mass flow rate conditions. This liner includes a swirl-stabilized recirculation region, a
smaller diameter, improved cooling devices and air distribution but is the same length
as the original design. The new design’s exhaust temperature profile was measured
on a test rig composed of mostly original engine parts and simulated a 3000 m alti-
tude cruise condition by matching Mach number, fuel-to-air equivalence ratio, and fuel
droplet Sauter mean diameter. The average non-dimensional temperature rise using the
new liner was lower than the original, 0.906 compared to 0.931 and the pattern factor
increased from 0.256 for the original to 0.379 for the new design. However both of these
values were hardly influenced by inlet distortion when using the redesigned liner.

Keywords: Allison 250, Combustion, Combustion Chamber, Gas Turbine Engine,
Pattern Factor, Rolls-Royce M250, Temperature Profile
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Résumé

Les deux entrées de la chambre a combustion du moteur Rolls-Royce (Allison) Model 250,
produisent un champ de température non-uniforme qui est exacerbé par un écoule-
ment inégal provenant du compresseur. Une nouvelle chambre fut congue dans le
but d’améliorer le champ de température méme lors d’inégalité de débit a son entrée.
Cette chambre inclus une zone de recirculation, un plus petit diametre, un systéeme
de refroidissement et de distribution d’air améliorer mais est de la méme longueur que
I'originale. Le champ de températures de la nouvelle chambre fut évalué sur un montage
composé presqu’entierement de pieces du moteur originale et simulant une croisiere a
3000 m d’altitude en assurant la similitude du nombre de Mach, de la richesse et du
diametre moyen de Sauter des gouttelettes de carburant. Le champ de température a la
sortie de la nouvelle chambre est similaire a celle originale mais n’est pas influencé par
I’écoulement inégal du compresseur. La moyenne de ’augmentation de la température
adimensionnelle produite par la nouvelle chambre est plus petite que celle originale,
0.906 comparé a 0.931, et le pattern factor est plus grand, passant de 0.256 du design
original a 0.379 pour la nouvelle chambre. Par contre, ces deux parametres demeurent

presqu’inchangés par un écoulement inégal a ’entrée.
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Introduction

The method of designing combustion chambers for gas turbine engines is one that is
not well-known. Gas turbine engines operate at multiple design points, resulting in
combustion chambers designed to satisfy several turbine inlet requirements for a variety
of combustion chamber inlet conditions. The temperature of highest importance to
designers of combustion chambers is the exit temperature. The combustion chamber
should provide the appropriate exit temperature, but also provide a nearly uniform exit
temperature profile. High exit temperatures and non-uniform exit temperature profiles
may cause turbine components to experience high thermal stresses and fatigue leading
to premature failure if not detected.

The damage of hot section components is a major factor in the service life of gas tur-
bine engines. Non-uniform combustion chamber outlet temperature profiles can result
in temperatures above the design specifications leading to performance degradation in
turbines, as well as damage to turbine vanes and blades. The result of damage caused
by excessive combustion chamber outlet temperatures is increased down-time due to
engine maintenance. This problem can be solved by improving the high temperature
properties of turbine materials or improving the outlet temperature profile of combus-
tion chambers.

In gas turbine engines, the behaviour of upstream components can have a significant
impact of the performance and life of downstream components. Abnormal operation of
the compressor may result in poor performance in the combustion chamber, affecting

the turbine which powers the compressor. The cyclical operation of the gas turbine



1.1.  Objectives

engines means that the performance of components can have consequences on the rest.
This necessitates the understanding of flow characteristics throughout the engine to
identify problems reducing performance.

The dual-entry, reverse flow combustion chamber is a can-type design common to the
Rolls-Royce (Allison) Model 250 turboshaft widely used in civil and military aviation.
It produces a non-uniform temperature profile at the outlet, which is known to lead
to localized damage of nozzle guide vanes reducing engine performance and increasing
maintenance costs.

The Model 250 is a perfect example of an engine where upstream components affect
downstream performance. The compressor is known to provide unevenly distributed
airflow to the combustion chamber. This imbalance of air at the two inlets of the
combustion chamber leads to increasingly non-uniform outlet temperature profiles with
higher maximum temperatures at the inlet of the turbine. The result of the uneven air

distribution prompts further damage to the downstream hot section components.

1.1 Objectives

The objective of this project is to design and evaluate a new combustion liner for the
Rolls-Royce M250-C20B engine to reduce the non-uniform temperature profile found at
the exit of the combustion chamber due to uneven inlet mass flow rate conditions. This
will be accomplished by following present-day design practices to design the liner. The
performance of the new liner will be tested with an atmospheric test rig to measure
the exit temperature profile. The new combustion chamber will be tested with even
inlet flow and conditions with uneven inlet flow rate to determine the change in outlet

temperature profile due to inlet flow conditions.



1.2. Thesis Outline

1.2 Thesis Outline

Chapter 1 provides an introduction to the project. Chapter 2 discusses the theory of gas
turbine engines and the design of gas turbine combustion chambers. Chapter 3 provides
a review of the M250 and relevant research on the engine. Chapter 4 presents the design
methodology of the new combustion chamber. Chapter 5 presents experimental setup,
the test procedures, and the results of the experiment. The results are then discussed
in Chapter 6. Chapter 7 contains conclusions of the research and recommendations for

future work.



Theory

This chapter presents the basic theory behind the thermodynamic cycle of a gas turbine
engine and the theory drawn from thermodynamics, chemical kinetics, and aerodynam-
ics required to design combustion chambers of gas turbines. A review of combustion

chamber design method is then presented.

2.1 Gas Turbine Thermodynamic Cycle

A gas turbine engine is made up of a compressor, a combustion chamber, and a turbine,
with a shaft connecting the turbine and compressor. The gas turbine engine can be
modeled as a real Brayton cycle with air as the working fluid as presented by Saravana-
muttoo et al. [1]. Air enters the compressor before being delivered to the combustion
chamber. Heat is added in the combustion chamber. The products of combustion
expand in the turbine which produces the work to drive the compressor. The excess
energy not needed by the compressor is transformed into thrust or work depending on
the configuration of the engine. An exhaust nozzle may provide thrust as in turbojet
engines and turbofan engines or the use of a free turbine may provide shaft work in
turboshaft and turboprop engines. Turbofan engines area mix of these two. Schematics

of a basic gas turbine and the ideal Brayton cycle are shown in Figs. 2.1 and 2.2.



2.1. Gas Turbine Thermodynamic Cycle
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Figure 2.1: Schematic of a Gas Turbine Engine.

Temperature

Entropy

Figure 2.2: Ideal Brayton Cycle for a Gas Turbine Engine.



2.1. Gas Turbine Thermodynamic Cycle

2.1.1 Combustion Chamber Objectives

A combustion chamber contains no moving parts and must be designed to accommodate
all operating conditions in one configuration. Although the combustion chamber is a
seemingly simple component of the gas turbine, the method in which they operate and
are designed is much more complex. The process of combustion involves the atomization
of fuel, evaporation of fuel, mixing of fuel and air, and burning of the fuel-air mixture.
The purpose of a combustion chamber is to increase the enthalpy of the air from the
compressor and deliver it at the design temperature to the turbine. Blazowski and
Henderson [2] presented 10 general requirements of combustion chambers regarding
design and performance objectives.

Performance Objectives:

e high combustion efficiency at all operating conditions;

e low overall system total pressure loss;

e stable combustion at all operating conditions; and

e reliable ground-level ignition and altitude relight capability.

Design Objectives:

e minimum size, weight, and cost;

e combustion chamber exit temperature profile consistent with turbine design re-

quirements;

e low stressed structure;

e effective hot parts cooling for long life;

e good maintainability and reliability; and

e minimum exhaust emissions consistent with current specified limitations and reg-

ulations.

The temperature at the outlet of a combustion chamber is limited by the maxi-
mum operating temperature of the turbine blades. Since the turbine inlet temperature
is critical, the combustion process of a gas turbine engine must be controlled. The

temperature increase in the combustion chamber is the result of a chemical reaction



2.2. Combustion Reactions

between air and fuel. The ratio of fuel to air and combustion efficiency determines the
temperature of the products of combustion and, hence, the combustion chamber exit

temperature.

2.2 Combustion Reactions

Combustion is an exothermic reaction of fuel and air. In complete combustion of hy-
drocarbons, fuel reacts with the oxygen in the air to produce water and carbon dioxide
like in the stoichiometric reaction shown in Eqn. 2.1. Nitrogen in the air does not react
and is in the products. In real combustion processes a multitude of chemical reactions

take place between various species as described by Kanury [3, p. 379].

C.Hp + (a + Z) (02 + 3.76N2) — aCO9 + gHQO + (CL + Z) 3.76Ny (2.1)

2.2.1 Equivalence Ratio

A stoichiometric fuel-air mixture is a mixture that has the ideal amount of fuel and air for
a combustion reaction to occur. When dealing with mixtures not at the stoichiometric
ratio, the fuel to air equivalence ratio, ¢, is used. The equivalence ratio describes the
proportions of fuel and air in a mixture, f, with respect to the stoichiometric ratio,
fstoic. Equations 2.2 and 2.3 show the fuel-air ratio and fuel to air equivalence ratio.
Table 2.1 explains the terms used to describe proportions of air and fuel with regards

to the equivalence ratio.

mg

f a mair (22)
_f
¢ B fstoic (23)

In the combustion chamber, reactions can only occur within certain equivalence ratio
limits, known as the flame stability limits. For most fuels, the flame will extinguish if
the reaction temperature is less than 1600 K [4]. Mixtures that are too lean or too rich

will result in a flame temperature below the flame stability limit. The lean and rich

7



2.2. Combustion Reactions

Table 2.1: Types of Fuel-Air Mixtures

‘ Condition
¢ <1 | Lean
¢ =1 | Stoichiometric
¢ >1 | Rich

limits that produce a temperature of 1600 Kvary greatly with the operating conditions

in the combustion chamber.

2.2.2 Chemical Equilibrium

To determine the reaction temperature of a real combustion reaction, the composi-
tion of the reactants and products must be known when the reaction is at equilibrium.
Complete combustion cannot occur in practice according to the second law of ther-
modynamics, as explained by Kanury [3, p. 357]. When reactions take place at high
temperatures, such as in gas turbine combustion chambers, dissociation of molecules
occurs, changing the composition of the products from those in Eqn. 2.1. A simplified
combustion reaction for a lean mixture is shown in Eqn. 2.4. Here, the equivalence ratio

is used to describe the amount of air and fuel reactants.
b b
dC. Hp + a—i—z Os +3.76( a + 1 Ny
b
— aCO + CO2 + (Hy 4+ 6H50 + €04 + 3.76 (CL + 4>N2 (2.4)

In reality there are additional products due to dissociation of molecules but their
amounts are negligible compared to those present in Eqn. 2.4. The prediction of
the composition of the products of combustion requires the simultaneous solution of
a set of equations. These include the first law of thermodynamics, the stoichiometric
chemical reaction equation, and additional chemical equilibrium relationships [2]. The
equilibrium relationships allow for the composition of the products in Eqn. 2.4 to be
predicted.

If the composition of the products is known, the First Law of Thermodynamics will

allow the prediction of the temperature of the products. Dissociation of COo and HoO

8



2.2. Combustion Reactions

results in the formation of CO, Hy and Os. These relationships at equilibrium can be

represented by Eqns. 2.5 and 2.6.

1

CO+ 50, = COy (2.5)
1

Hs + 502 = HyO (2.6)

These equilibrium relations are used to determine the equilibrium constants aiding
in the the calculation of the composition of the products of combustion. The partial
pressures are a function of the number of moles so the equilibrium constants can be

written in moles rather than partial pressures.

Pco vco
KILCO2 = 2; = 2 T (2'7)
2 Vo 2
Peo P02 vco <Ptotal VtotQal)
Py,0 VH,0
Kpm,0 = = : (2.8)

2 Vo 2
PH? PO VH, (Ptota172>

Vtotal
The equilibrium constants are functions of temperature and can be solved with the
Gibbs function and Gibbs free energy G, which is a function of temperature, enthalpy,

and entropy. Equation. 2.9 shows the Gibbs function.

—-AG

Molar balances with Eqn. 2.4 and some additional algebra with the equilibrium
constant expressions will reduce the number of unknowns in Eqn. 2.4 leading to the
composition of the products, shown further in Law [5]. The equations used to deter-
mine the product composition is highly non-linear, therefore, iterative techniques are
used to solve them. This is done by assuming a temperature for the products, Thame,
calculating the equilibrium constants at the assumed temperature, and determining the
composition of the products. The first law is then used to determine the temperature of
the products. If the sum of the enthalpy of the reactants and the sum of the enthalpy

of the products are equal, Eqn. 2.4 is balanced and the temperature of the products
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is Thame. This is a simplified approach, however, programs like NASA Chemical Equi-
librium with Applications (CEA), calculate the equilibrium conditions with additional

products and higher accuracy.

2.2.3 Adiabatic Flame Temperature

The adiabatic flame temperature is the temperature of the products of a mixture that
has reached equilibrium. It is the maximum temperature a combustion reaction that has
reached equilibrium can produce for a given equivalence ratio. Although it is seldom
reached in practice, the actual temperature is very close. The predicted adiabatic
temperature is used to determine combustion efficiency, establish flammability limits,
and calculate heat transfer within the combustion chamber.

Because of dissociation, the adiabatic temperature is a function of the fuel to air
equivalence ratio, along with the initial pressure and temperature of the air. The max-
imum temperature rise occurs for an equivalence ratio of approximately 1.05 [2]. The
temperature rise for various initial conditions is shown in Fig. 2.3.

The final temperature of a reaction increases with increased initial temperature,
however, as shown in Fig. 2.3, the temperature rise is not as significant at higher initial
temperatures. This is due to increased effects of dissociation at higher product temper-
ature. At increased pressure, the product temperature also increases and the maximum

temperature rise is shifted closer to the stoichiometric equivalence ratio.

2.2.4 Reaction Rates

As stated by Blazowksi and Henderson, combustion should occur in a minimal volume
due to space requirements in the engine [2], requiring it to take place in a short time.
The time required for combustion to take place is dependent on three factors: the time
for the fuel to evaporate, the time for the evaporated fuel to mix with air, and the time

for the chemical reaction to complete described by Odgers and Kretschmer [4]. Due to
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Figure 2.3: Effect of Equivalence Ratio, Temperature, and Pressure on Adiabatic Flame
Temperature Rise for Kerosine, adapted from [6].

high rates of reaction in combustion chambers, the time for the reaction to take place

is negligible when compared to the time required for evaporation and mixing.

2.3 Airflow Partitioning

The required overall equivalence ratio for a gas turbine is lean and lower than the lean
flammability limit for all operating points. Therefore, the air in the combustion chamber
is divided into three zones with each zone having a local equivalence ratio suitable to
the objective of the given zone. These zones are the primary zone, the secondary zone,
and the dilution zone.

Proper distribution of air in the combustion chamber will result in stable operation
at all operating conditions and sufficient mixing leading to desired exit temperatures
and exit temperature profiles. The chosen temperature in each zone determines the

equivalence ratio needed. Using Eqns. 2.2 and 2.3 the required local equivalence ratio,
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¢i, is calculated with Eqn. 2.10.

rivg
. Majir
. me ( me )
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Since the flow in the combustion chamber is incompressible, Ma < 0.3, at all oper-
ating conditions but at different mass flow rates, it is convenient to express the flows
as fraction of the total flow, mmg. These mass flow rate fractions are then true for all

operating conditions.

2.3.1 Primary Zone

In the primary zone the fuel is prepared by evaporating, mixing with air, followed by
partial combustion. The amount of air introduced into the primary zone is such that the
zone is always slightly rich, 1 < ¢ < 1.5, ensuring the mixture is within the flammability
limits. The higher temperatures produced with slightly fuel rich mixtures ensure high
reaction rates and rapid evaporation, reducing the time required for the combustion

reaction to occur.

2.3.2 Secondary Zone

The fuel that is not burned in the primary zone does so in the secondary zone. The
amount of air introduced in the secondary zone produces a slightly lean mixture,

0.8 < ¢ < 1, so that combustion is complete at the exit of the secondary zone.

2.3.3 Dilution Zone

In the dilution zone, the chemical reaction has stopped. The purpose of the dilution
zone is to add the remaining air required to reduce the temperature of the products
of combustion in the liner after combustion is complete. This addition of air lowers

the equivalence ratio to the desired equivalence ratio, typically below 0.5. The air is

12
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mixed with the combustion gases to provide the correct outlet temperature as well as

an acceptable temperature distribution.

2.4 Combustion Chamber Description

The most common types and configurations of combustion chambers are presented in
this section. The various components that are used in combustion chambers are also

presented.

2.4.1 Combustion Chamber Types

There are three main types of combustion chamber configurations as outlined by Bla-
zowski and Henderson [2]: can, can-annular, and annular, shown in Fig. 2.4. The
configuration selected is based on the overall design of the engine.

The first type is the can combustion chamber, Fig. 2.4(a). A single can may be
used in small combustion chambers or several cans may be arranged around the shaft
connecting the turbine and compressor with each can having its own concentric outer
casing. In this type, the air is split into several streams, one for each can. Each can
also has its own fuel injector. The can type was popular in early aircraft engines due
to its compatibility with centrifugal compressors, where the air is divided into several
streams in the diffuser [1]. Their relatively high weight and the resulting high frontal
area have meant a decrease in usage in more recent engines.

The second type of combustion chamber is the can annular type, Fig. 2.4(b). In
this type, several cans are arranged uniformly in an annular casing. This type replaced
the can type combustion systems of early engines as the most common due to its more
compact design.

The third type of combustion chamber is the annular type, Fig. 2.4(c). An annular
casing houses a single annular combustion chamber. This type is now the most common

in modern aircraft engines. The annular combustion chamber is the ideal type due to

13
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()

Figure 2.4: Cross Sectional Views Looking Downstream of the Types of Combustion
Chambers, (a) Can, (b) Can Annular, (¢) Annular.

its reduced surface area, length, and frontal area [7]. Although it is the most common
type, there are some disadvantages to annular combustion chamber systems including
the complexity in development, difficulty to obtain an even temperature distribution,

and structural weakness [1].

2.4.2 Airflow Configurations

For each type there is also an airflow configuration that can be chosen. There are two
airflow configurations: axial flow and reverse flow. The name of each configuration
refers to the direction of airflow relative to the axis of the engine. In the axial flow
configuration, air flows approximately parallel to the axis of the engine from compressor
to turbine as shown in Fig. 2.5. This is the most common flow configuration [2].

In a reverse flow configuration the air is directed towards the outlet end of the
combustion chamber before turning 180° and passing back along the outside of the
combustion chamber. The air then makes another 180° turn through the combustion
chamber to the outlet. This configuration can be used to minimize the length of the
shaft between the compressor and turbine and is well suited for engines with centrifugal
compressors as described by Blazowski and Henderson [2]. An example is shown in

Fig. 2.6.
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Figure 2.5: Cross Section of a Combustion Chamber, adapted from [6].
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Figure 2.6: A Reverse Flow Combustion Chamber, taken from [6].

2.4.3 Components

The fuel in the combustion chamber is supplied by the fuel injector. The fuel is supplied
at high pressure and is atomized and sprayed in a conical pattern into the liner. Well
atomized fuel droplets evaporate quickly, decreasing the time required for a combustion

reaction to take place.
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Air travels from the compressor to the combustion chamber through a diffuser. The
velocity of the air at the exit of the compressor often exceeds 150 . This is too fast
for the reaction to occur within the combustion chamber, as laminar flame speeds are
rarely higher than 5 % [6, 8]. To ensure combustion is completed within the combustion
chamber, and to avoid excessive pressure losses, the air velocity must be reduced. This
is accomplished with a diffuser.

Downstream of the diffuser are the snout and dome. The dome houses the fuel
injector, swirler, and in most cases the igniter. The snout divides the air from the
diffuser into two streams. The first stream, which is the majority of the air, enters an
annulus between the casing and the liner going around the snout. The angle between
the snout and casing wall provide the increase in area to diffuse the air. The second
stream is directed to the dome, where it is introduced into the liner through the swirler
and dome cooling slot.

Relatively cold air introduced through cooling slots keep the liner from overheating.
The temperature of the combustion gases can exceed 2500 K, however, the cooling slots
are placed such that the liner wall temperature does not exceed the materials maximum
temperature limit. Modern liners are often constructed using alloys of nickel due to
their desirable properties at high temperatures. The liner must be made to withstand
continuous and cyclical high temperature operation.

The casing is the outer shell that surrounds the liner. The casing provides the outer
wall that creates the annulus around the liner. Like the liner, the casing must be able

to withstand high pressures, high temperatures, and high cyclic loading.

2.5 Combustion Chamber Design

The following section describes the combustion chamber design method taken from

Odgers and Kretschmer [4].
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2.5.1 Sizing

The size of the combustion chamber is dictated by two factors: the reaction rate of
the mixture and the allowable pressure loss in the liner [4]. To determine the size of
the combustion chamber, the diameter of the primary zone must be determined. The
volume of the primary zone can be estimated with several methods. Methods have been
derived for both chemical kinetics and aerodynamics.

The diameter of the primary zone determines the size of the entire combustion
chamber. The diameter of the liner is proportional to the length of each of the zones.
Therefore, the calculation of the diameter of the primary zone is a critical procedure in

the design of a combustion chamber.

2.5.1.1 Chemical Kinetics

A correlation to determine the primary zone volume based on reaction rate is given in
Kretschmer and Odgers [9]. The correlation was derived for propane, Eqn. 2.11, and
may be assumed valid for most fuels. The diameter can be determined by assuming that
the volume of the primary zone is a cylinder of equal length and diameter. The values
for the variables in Eqn. 2.11 are given in Kretschmer and Odgers [9]. This equation

does not take into account the evaporation of fuel droplets.

_ ___ B
M AT6K.n e R(T3+¢ATpy) 1 [5(1 — ye)|*[p — ye]n—a] 2.11)
V P} R (T5+eATpy)" "2 ye  [238+ ¢ +ye|" .

2.5.1.2 Mach Number Correlation

The size of the combustion chamber can be estimated with a reference Mach number.
Some methods estimate the diameter of the casing, while others estimate the diameter
of the liner. The ratio of the casing diameter, D, and liner diameter, d, is recommended
to be between 1.39 and 1.54 [4]. The reference Mach number for a typical combustion

chamber is approximately equal to the allowable pressure loss. The pressure loss is
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normally 5 % of the inlet pressure [4], therefore, the reference Mach number is 0.05. An

equation to approximate the Mach number is given in Eqn. 2.12 [10].

nay/T.
n ) VT o (2.12)

Ma = (14. 1
a 3 SK0'5 ADP3

2.5.1.3 Bragg Correlation

Another aerodynamic relationship to determine the primary zone diameter comes from
a correlation by Bragg [10] in Eqn. 2.13. With this correlation the mass flow rate of

fuel is used to determine the appropriate area of the primary zone.

m?s e/ T 1
kg KO- (&) <AP3,4>
P, Ps

Ag = <0.0162 (2.13)

2.5.1.4 Aerodynamic Groups

A third method uses aerodynamic groups based on the Mach number for each combus-

tion chamber type. The area of the casing is calculated with Eqn. 2.14.

T3 |AP:
\/R 2 34 (2.14)
Qref APS 4

Table 2.2: Typical Values Used in Eqn. 2.14.

Type | A7t S R
Can 40 0.053 0.0030
Can-annular 30 0.054 0.0035
Annular 20 0.060 0.0030

APs_, .
The overall pressure loss, P:; 4 is the pressure loss from the compressor outlet to

AP3 4

the turbine inlet. The pressure loss factor, =

, is a coeflicient of pressure loss with
respect to a reference dynamic pressure. In practice, two of the values in Tab. 2.2 are
selected and the third value is then calculated. Substituting the calculated values back
into Eqn. 2.14 along with the operating conditions, allows for the size of the combustion

chamber to be determined.
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2.5.1.5 Greenhough-Lefebvre Correlation

The Greenhough-Lefebvre correlation [4] is the another method used to determine the
size of the combustion chamber. The correlation is shown in Eqn. 2.15. The volume is

assumed to be a cylinder with length equal to the casing diameter.

V0'75P31'75 Ty

P € 20K (2.15)

m

2.5.1.6 Length

The diameters calculated vary with each method, therefore, the selected diameter is
typically determined by the engine geometry constraints. The length of each zone in
the combustion chamber is proportional to the diameter of the primary zone as shown

in Egs. 2.16, 2.17, and 2.18.

0.66dpy, < Lpy < 0.75dpy, (2.16)
Lsz = 0.5dpy, (2.17)
0.4
20
LDZ = W dPZ (2-18)
Qref

Where @ is the maximum pattern factor, also called traverse quality. The pat-
tern factor represents the maximum outlet temperature deviation from the mean outlet

temperature. The pattern factor is calculated with Eqn. 2.19.

Tmax - T4

Q= Ty (2.19)

An even temperature profile can be obtained by lengthening the dilution zone, how-
ever, as stated by Lefebvre [6], the additional length required to achieve such a tem-
perature profile would result in an unacceptable increase in weight of the engine and
pressure loss in the combustion chamber. Therefore, the length of the dilution zone is

limited to reduce these negative aspects of a longer combustion chamber.
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2.5.1.7 Casing

The diameter of the casing, D, is also based on the diameter of the primary zone.

Equation 2.20 is used to calculate the diameter of the casing.

1.39dpy < D < 1.54dpy, (2.20)

2.5.2 Diffuser Design

Diffuser design can vary greatly depending on engine configuration. One type is the
faired diffuser where the velocity of the air is reduced gradually through multiple diffus-
ing passages. The first passage is located upstream of the combustion chamber, another
in the annular region around the liner, and inside the snout [6]. A second diffuser type
is the dump diffuser where the velocity of the air is reduced in a conventional diffuser
before being dumped in front of the liner dome. The faired diffuser offers lower pressure
drop compared to the dump diffuser, however, the length and weight is higher when
compared to the dump diffuser.

The purpose of the diffuser is to effectively reduce the velocity of the air with the
smallest possible pressure drop, often approximately 1% of the inlet pressure. The air
exiting the diffuser should also have a minimal amount of flow distortion, therefore, the
angle at which the passage diverges must not be too great. If the angle is too great, flow
separation on the diffuser wall will result in distorted flow and higher pressure losses.

The diffuser pressure loss factor, %, contributes to the pressure loss factor for
the entire combustion chamber along with the snout and swirler pressure loss, as shown

in Eqn. 2.21. The pressure loss factor is calculated with Eqn. 2.22.

Af)3-4 APdiff APsn APsw
= + -
Qref Qref Qref Qref

(2.21)

APgig _ APgg AP3_y  P3
Qref P3 Qref AP374

(2.22)

The velocity of the air in the snout is further reduced before entering the liner. The

velocity of the air at the inlet of the snout and the velocity of the air around the snout
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should be equal, therefore the area of the snout, Ag,, is determined by the conservation
of mass. The area around the snout is known as the annulus. The mass flow rate of air
through the snout is selected based on swirler flow rate and dome cooling requirements.

A good estimation of this flow rate is half of the airflow in the primary zone.

2.5.3 Dome Design

The dome houses the fuel injector and the swirler. The fuel injected into the primary
zone requires time to evaporate and mix with air. To allow the fuel droplets adequate
time in this zone, a reciruclation region is created, keeping the fuel droplets in the

primary zone. This flow structure is created by a swirler, shown in Fig. 2.7.

Figure 2.7: Flow in the Primary Zone, taken from [6].

The swirler stabilizes the flame by creating a low pressure region just downstream
of the swirler promoting a recirculation flow to form. The diameter of the swirler is
smaller than the liner, therefore, the air expands radially outward once it enters the
liner due to the tangential velocity of the flow. This results in axial and radial pressure
gradients in the primary zone. A low pressure region can be found in front of the fuel
injector. If the swirl is strong and the fuel droplets are small enough, these pressure
gradients are large enough to cause flow reversal and entrain the fuel droplets [11]. The

flow pattern is assisted by incoming air from the primary zone hole jets and forms a
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toroidal vortex. The resulting flow pattern is a toroid with edges tangent to the liner
wall, the dome wall, the liner centerline, and the primary zone hole jets. The toroidal
vortex can be simplified to a circle in two dimensions, and is known as the magic circle.

The approximate dimensions of the magic circle are shown in Fig. 2.8.

Lpy

A
Y

A

\“ /J A

Figure 2.8: Dimensions of the Magic Circle and Dome.

The angle of the dome relative to the centerline of the liner, v, is calculated such that
this circle occupies approximately 80 % of the primary zone by volume [4]. The angle
of the dome, v, must be calculated by iteratively solving Eqn. 2.23. The derivation of

this equation is given in Appendix A.2.

1[d—dwo d, [(¥) d
Lpz = 08Lpg = = | 250 4 Sean (£) 4 2 2.2
rz = 08Lez =5\ = Ty an<2>+2] (2:23)

Another useful method of determining the angle of the dome is by estimating the

length of the recirculation zone, Lyry, with the swirl number, S, as suggested by Mat-
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tingly [12, p. 354]. Equation 2.24 is used to calculate the length of the recirculation

zone. The swirl number is defined in Eqn. 2.25.

Lpz = Sdsw,o (224)
3
) - ()
S = Ztan By | ——0l (2.25)
3 dsw i
1 o <dsw:o>

Swirlers are typically placed around the fuel injector at the center of the dome. The
purpose of the swirler is to add a tangential component to the velocity of the flow with
a set of angled blades resulting in air flowing radially outward at the exit of the swirler.

There are two main types of swirlers: axial swirlers and radial swirlers as shown in

Fig. 2.9.
_C_—
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Figure 2.9: Axial and Radial Swirlers [6].

The size of the swirler is determined by the swirler pressure loss factor, which is
calculated by rearranging Eqn. 2.21, the angle of the blades, and the mass flow rate of

air through the swirler. The fraction of the total flow rate through the swirler is typically
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between 3% and 10%. The cross sectional area of an axial swirler is calculated with

Eqn. 2.26.

A sz
=D (2.26)

oS Bsw A | APy (m)z + K, (?TD)2
W d

Gref Msw

SW

Where Ky is a swirler constant, which is dependent on the type of blade used,
Ky = 1.15 for curved blades and Ky, = 1.3 for straight blades. The angle of the
blades is between 45° and 70°. The area of the swirler calculated with Eqn. 2.26 is then
increased by 50 % to account for the blockage of the blades [4]. The inner diameter of
the swirler, dgw,i, is the diameter of the injector, therefore, the outer diameter of the

swirler, dsw,, can be calculated using Eqn. 2.27.

4(1.5 Agy,
dsw,o = \/ 415 Asw) + d? (2.27)

T Sw,1

2.5.4 Liner Wall Cooling

The liner wall is heated by the combustion gas through radiation and convection result-
ing in situations where the liner may deform due to extreme heat. Therefore, cooling
devices are used to inject air along the liner wall to maintain acceptable liner tempera-
tures.

On present day engines approximately 20 % of the air is used for wall cooling [6],
however, prior to advancements in wall cooling techniques, the proportion of air required
for cooling was as much as 60 % [13]. Air can be introduced in many ways, a variety of
cooling devices are shown in Fig. 2.10.

Transpiration cooling (Fig. 2.10(a)) uses specially manufactured materials to pass
air through small pores in the wall [14, 15]. Effusion cooling (Fig. 2.10(b)) uses several
holes in the liner wall to add air and create a film along the liner wall. Impingement
cooling involves directing air onto the outside of the liner, cooling the liner by convection

as shown in Fig. 2.10(c). Machined ring cooling and wiggle strip cooling are examples
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Figure 2.10: Four Types of Cooling Devices, (a) Transpiration, (b) Effusion Cooling,
(¢) Impingement Cooling, (d) Film Cooling, adapted from [14].

of film cooling techniques. Some cooling devices simply introduce a film of cool air
parallel to the liner wall through slots, as shown in Fig. 2.10(d). Air passes along the
outside of the upstream wall before passing through the wiggle strip to the inner side
of the downstream wall as shown in Fig. 2.11. The wiggle strip acts as a joint between
the two walls.

It is important to maintain a uniform film along the liner to avoid overheating of
the liner. Film cooling air injected upstream of holes is blocked by the jets produced by
the holes, leaving a region behind the jets without cooling air. Therefore, film cooling

slots should be placed downstream but reasonably close to the holes.
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Figure 2.11: Diagram of a Wiggle Strip [6].

The placement of the film cooling devices is determined by calculating the wall
temperature of the combustion liner and placing a new film cooling device when the
wall temperature exceeds the allowable temperature of the material. This process is
continued until the end of the combustion chamber. This requires the calculation of the
mass flow rate inside and outside of the liner, as well the mass flow rate of the cooling
film. The temperatures of the cooling air, annulus air, and combustion gas are also

required. Figure 2.12 shows a representation of a film cooling device.
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Figure 2.12: A Representation of a Film Cooling Device

To determine the wall temperature, the combustion gas temperature at any given

point, Ty ;, through the combustion chamber must be known. Each region of the com-

26



2.5. Combustion Chamber Design

bustion chamber has a different temperature change based on the equivalence ratio at
the given location. For the purposes of calculating the wall temperature for film cool-
ing device placement, the temperature changes in each zone are considered to be linear.
Odgers and Kretschmer [4] provide a method to determine the axial temperature profile
along the length of the combustion chamber.

The temperature of the liner is determined by the radiation and convective heat
transfer into the liner and the convection to the air in the annulus and the radiation to
the casing. The wall temperature is calculated through an energy balance defined by
the convection and radiation from the hot gas inside the liner to the liner wall, Geconv,wi
and grad w1, the conduction of heat through the liner wall, gcong, and the convection and
radiation away from the liner to the air in the annulus and casing wall, Gconv,w2 and
Grad,w2- Again, the equations to predict the magnitude of each type of heat transfer are

found in Odgers and Kretschmer [4]. The energy balance is shown in Eqn. 2.28.

QConV,Wl + Qrad,wl = QCond = QConV,WQ + q‘rad,w2 (228)

The difference in temperature on the inside and outside of the the liner wall is small
if the wall is sufficiently thin (1-2 mm). Therefore, the temperature difference does
not need to be calculated and the energy balance can be simplified to only consider
convection and radiation to and from the wall.

The temperature of the cooling air near the wall increases and the efficiency of the
cooling air on the the liner wall decreases further away from the cooling device. The
cooling efficiency varies for the different types of cooling devices and is used to calculate
the convective heat transfer to the inner wall of the liner. The cooling efficiency for a
wiggle strip decreases as the distance from the film cooling device increases, as shown
in Fig. 2.13.

The mass flow rate of air through each cooling device is a function of the cooling air
temperature and pressure, the pressure loss across the cooling device, and the area of the

air passage. FEach cooling device is designed such that the pressure loss is equal to that
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Figure 2.13: Cooling Efficiency for a Wiggle Strip taken from [10].

of the swirler. The pressure loss through the slot is equal to the pressure loss through
the swirler resulting in an even pressure distribution between the two. The pressure

loss is calculated with Eqn. 2.29. The mass flow rate is calculated with Eqn. 2.30.

AP. AP, (APSW) < Gret > <AP34> (2.29)
P3 o P3 Qref AP3*4 P3 '
i 2 P32 AC eff A-PC
_ [2PfAcen 2.30
e \/ RT; P .

2.5.5 Air Admission Holes

Mixing of air with combustion gases in the combustion chamber has significant effects
on the exit temperature profile. Mixing is dependent on the geometry of the combustion
chamber as well as the geometry of the holes in the liner that the air is admitted through.
The quality of mixing, is dependent on the size of the hole, pressure loss through the

hole, the flow conditions around the hole, and the type of hole [6].
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The design of holes in the liner begins with the calculation of airflow through each
set of holes. The air in the primary zone is supplied by the swirler, the air from cooling
devices that end in the primary zone, and the primary zone holes. It is assumed that
half of the air from the primary zone holes supplies the recirculation zone and the
other half continues downstream into the primary zone towards the secondary zone.
The air in the recirculation zone contributes to the total air in the primary zone and
is supplied by the swirler and the air from cooling devices in the recirculation zone.
Equations 2.31 and 2.32 describe the sources of air in the recirculation zone and primary
zone. Substituting Eqn. 2.31 into Eqn. 2.32 yields Eqn. 2.33, which is used to calculate

the required flow rate through the primary zone holes.

. . : 1MPZ hol
tinz =t + iRz + o (2.31)
1
rpy = iRy + % (2.32)
MPZ hole = MPZ — Msw — Z Me,P7 (2.33)

Air through the secondary and dilution zone holes are defined in a similar manner.
Air from upstream in the liner supply a portion of the air and the holes make up the
remainder to achieve the required air proportion in the zone. Equations 2.34 and 2.35

define the flow rate through the secondary and dilution zone holes.

MSZ, hole = MSz — MpPz — Z e 87, (2.34)

MDZ, hole = 13 — 187 — Z e, D7 (2.35)

The total area of the holes is a function of the condition of the air, the mass flow
rate of the air, and the allowable pressure loss through the holes. The allowable pressure
loss through the holes is determined with Eqn. 2.36. The area of the holes is calculated
with Eqn. 2.37. This is the total area for a set of holes. Once the number of holes is
determined, the diameter of each hole is calculated.

APhole — AP3—y APy

= 2.36
P; P P (2.36)
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2.5. Combustion Chamber Design

Mmuole [RT3 P
Abole = N 2.37
bole = proy 2 APy (237)

The primary zone holes are placed at the end of the recirculation zone to assist with

the formation of the toroidal vortex. The secondary holes are placed at the beginning of
the secondary zone. The dilution zone holes are placed at the beginning of the dilution
zone. Holes are normally arranged symmetrically around the liner in a single row.

The penetration of the jets issuing from the liner holes is influenced most significantly
by the jet to cross-flow momentum flux ratio [16] which is the ratio of the momentum
of the jet from the liner hole to the momentum of the flow inside the liner. Ideal jet
penetration occurs when the jet reaches the centerline of the liner. Over-penetration
of the jets results in higher pressure losses within the liner, while under-penetration
will result in a hot core stream due to insufficient mixing at the centerline of the liner.
Therefore, it is important to attain satisfactory jet penetration. Pressure gradients
caused by the blockage of the jet provides the force required to deform the jet, as shown

in Fig. 2.14 [17, 18]. The penetration of the jet is estimated using Eqn. 2.38.

1Y

= X

Z/

tet-wake voriices

mixing
layer
i
UL

Figure 2.14: Jet in a Crossflow taken from [18].
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2.6. Exit Temperature Profile

0.5
A2 . 2 2d . ole .
Y —0.36510g | [ L2 c12mho1_e2 ( hole> <mh le + mg) sin pole | +0.485 (2.38)
d Phole Ahole Mg d Mg

2.6 Exit Temperature Profile

As mentioned in Saravanamuttoo et al. [1, p. 84| the temperature of highest importance
in a gas turbine engine is the combustion chamber exit temperature. The combustion
chamber exit temperature affects the total power output of the engine as well as the
cycle efficiency but also limits the life of the hot section components. The exit of
a combustion chamber may have hot streaks or uneven temperatures, therefore, hot
section components should be designed to withstand temperatures above the average
exit temperature.

The quality of the exit temperature profile is one of the major challenges in the
development of gas turbine combustion chambers. The temperatures at the outlet of
the combustion chamber must be within the design limitations of the turbine. Failure
to remain within these limits can prematurely degrade nozzle guide vanes and turbine

blades, leading to decreased service duration.

2.6.1 Quantifying Exit Temperature Profile

Lefebvre [6] outlines three methods used in industry to describe the exit temperature
of the a combustion chamber: the pattern factor, profile factor, and turbine profile
factor. Pattern factor represents the maximum temperature deviation from the mass
flow weighted mean temperature at the exit of the combustion chamber. Since a measure
of the maximum temperature deviation is given, nozzle guide vanes can be designed to

operate in the most extreme conditions. Pattern factor is defined as:

Tmax - T4

2.39
T T (2.39)

Pattern Factor =
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2.6. Exit Temperature Profile

Pattern factor can be calculated using either the mass-flow weighted or area average
temperature. Both methods yield similar results, however, mass-weighted averages are
rarely used. In general, mean temperatures are expressed as area averages due to their
relatively simplicity [19]. Ideally, to maximize turbine component life, the pattern factor
should be below 0.2. Variations may occur but the pattern factor should not be higher
than 0.5 [20].

The exit temperature profile can be characterized by its radial temperature profile
which is described by profile factor. Profile factor describes the temperature distribu-
tion on a turbine blade from hub to tip. The profile factor is the ratio of the difference
between the maximum circumferential mean temperature and the mean exit tempera-
ture and the difference between the mean exit temperature and the inlet temperature.

Profile factor is calculated with Eqn. 2.40.

max (Tmean,r) — Ty

Profile Factor = T, T

(2.40)

Both the pattern factor and profile factor compare temperature differences to a mean
temperature and are best suited for situations where the exit temperature distribution
is perfectly uniform. The desired temperature profile is rarely flat. The radial temper-
ature profile is typically tailored to provide low temperatures at the blade root where
mechanical stresses are high and at the blade tip where cooling is difficult [6]. The
turbine profile factor takes the design temperature profile into account as is defined by

Eqn. 2.41.
max (T4,r - T4,des)

Turbine Profile Factor = T, T,

(2.41)

The maximum temperature difference, max (T4, — T4 ges), compares the average
temperature and the design temperature at the same given radius. Profile factor offers
a very detailed measure of the exit temperature profile in relation to the turbines op-
erating limits, however, the design profile is not always available, and therefore, is less
common. Pattern factor remains the most common parameter when quantifying the

exit temperature profile of a combustion chamber [21]. An example of an actual and a
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2.6. Exit Temperature Profile

design radial temperature profile with exit temperature profile parameters is shown in

Fig. 2.15.
100
e Design profile
max - T4}
=
3
b3y max
o
=}
<
&
() {maX(Tmean,r) - T4}
]
=
M
- T4des}
0
T3

Temperature

Figure 2.15: Explanation of Exit Temperature Profile Parameters on a Sample Radial
Temperature Profile, from Lefebvre [6].

Another method to quantify the outlet temperature field was presented by Bruan [22].
With this factor, the measured temperature is compared to the maximum and minimum

measured temperatures. The Bruan profile factor is defined in Eqn. 2.42.

T — T
Bruan Profile Factor = ——— =% (2.42)

max Tmin
2.6.2 Contributors to Pattern Factor

The temperature distribution at the exit of the combustion chamber is influenced by
several factors. The most significant contributors are dilution, cooling, primary zone
temperature, and combustion chamber geometry. Each of these factors have several
dependencies of their own, as shown in Fig. 2.16.

Cooling air flows may not mix sufficiently with the combustion gases before reaching

the outlet of the combustion chamber leading to temperature profiles diverging from the
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Figure 2.16: Contributors to Pattern Factor [21].

design profile. As Sj6blom [23] states, cooling air tends to make the temperature profile
more peaked due to the accumulation of cooling air near the walls. This problem is
worsened for higher turbine inlet temperatures, where increased cooling air is required.

Lefebvre proposed a correlation between pattern factor, pressure loss, and liner
length [24]. The correlation for can and can annular combustion chambers is shown in

Eqn. 2.43.

Tmax_T4 zl—exp 1
T4 — T3 _007% (APSH + APSW>

Gref Qref

(2.43)

With increased pressure drop or increased length, pattern factor is reduced. The
pressure drop in the liner dictates the penetration in the dilution zone, while the length
of the liner controls the time and volume in which the jets have to mix with the com-

bustion gases.
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2.7. Atmospheric Rig Testing

2.7 Atmospheric Rig Testing

Testing gas turbine engine components at engine operating conditions is difficult as it
often requires a tremendous amount of energy. Therefore, to perform preliminary testing
of engine components, scaled tests can be performed. This involves scaling operating
conditions by matching dimensionless groups. An explanation of the dimensionless
groups used to achieve similarity is provided in White [25]. In general, combustion
depends on mixing, energy transfer, and fuel spray characteristics.

Consistent airflow between operating and test conditions is ensured by matching the

Mach number. The Mach number is calculated with Eqn. 2.44.

v
Ma = —
c

(2.44)

The velocity, v, and speed of sound, ¢, can then be defined using mass flow rate,

pressure, temperature, and gas properties to define the Mach number with Eqn. 2.48.

m

P
c=+YRT (2.47)
Ma = TVET (2.48)

PAJy

Since the areas are constant for the combustion chamber, and R and ~ are approx-
imately equal between the engine and test rig, they can be disregarded. This allows
the quasi-non-dimensional Mach number, ]\7@, to be used in place of the Mach number.

The quasi-non-dimensional Mach number is calculated with Eqn. 2.49.

N N /T
Mayig = Maengine = ml\f (2.49)

The enthalpy increase in the combustion chamber is determined by the chemical
reaction between the air and fuel. The efficiency of combustion is rarely lower than

99 %, therefore, only the fuel flow rate needed to be scaled from the cruise condition
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2.7. Atmospheric Rig Testing

to the test condition to achieve the correct temperature rise. This is done by matching

the equivalence ratio, ¢.
(brig = ¢engine (2.50)

In addition to supplying the fuel at the correct flow rate, the fuel spray characteristics
must also be equivalent. Odgers et al. [26] showed that for fuel sprays with mean fuel
droplet diameter below 120 um the difference in evaporation time is negligible. The
mean fuel droplet diameter is known as the Sauter mean diameter, Dso, as is defined
as the diameter of a drop in a spray that has the same ratio of volume to surface area

for the particle of interest [24] as shown in Eqn. 2.51.

> dmid
D3y = =——— 2.51
2T S ame? (2:51)
n
For pressure swirl fuel nozzles the Sauter mean diameter is calculated with Eqn. 2.52 [6].
kg \ 02 1\ 05
D3y =225 | ——— — 2.52
w2 () (am) o2

The surface tension of the fuel is denoted by k¢. Fuel pressure during flight conditions
is often high enough that D32 engine is less than 120 um, therefore, to produce equivalent
evaporation characteristics D3g rig must also be less than 120 um.

The two dimensionless groups, Ma and ¢, are used to match the airflow and fuel
flow conditions for a real engine operating condition. A sufficiently low Sauter mean
diameter will offer equivalent fuel spray characteristics to real engine operation. By
controlling these three values, a test simulating a real engine operating condition can

be performed at atmospheric conditions.
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Rolls-Royce M250

The Rolls-Royce M250, originally known as the Allison 250, was introduced in the
1960’s. The M250 is an extremely popular and uniquely designed turboshaft engine
spawning several variants possessing a wide range of power ratings. The compressor
consists of six axial stages and one centrifugal stage. The discharge air from the cen-
trifugal stage is delivered to two diffuser tubes on either side of the engine. The air
enters the combustion chamber through the diffuser tubes, with a dual entry design.
A reverse-flow combustion chamber with a single can liner is located at the rear of the
engine allowing the compressor and turbine to be closer, reducing the length of the
shaft connecting the two. The outlet of the combustion chamber is an annulus at the
inlet of the turbine section. The first turbine, the gas generator turbine, contains two
stages and powers the compressor. The second turbine, the power turbine, also contains
two stages and powers an external load. A display cutaway of the engine is shown in
Fig. 3.1. The arrows indicate the direction of airflow.

Air from the diffuser tubes turns 180° and enters the casing through two inlets. The
air enters the liner through a set of dome swirlers, holes, and wiggle strips. The swirlers
create counter rotating flow to assist with mixing of fuel and air in the primary zone.
Since there is no radial expansion out of the swirler, no significant pressure gradients
are setup to form a strong toroidal vortex. The recirculation zone is set up by the jets
in the primary zone. The liner is shown in Fig. 3.2.

The M250 uses a dual orifice pressure swirl nozzle. At low fuel pressure, the primary

fuel nozzle is used. Above a certain pressure, the secondary nozzle is activated. In
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3.1. M250 Research

Compressor Combustion

Chamber

Figure 3.1: M250 Engine Cutaway.

Figure 3.2: M250-C20B Combustion Liner.

normal engine operation, both the primary and secondary nozzles are used.

3.1 M250 Research

A series of studies was performed on the military version of the M250, the T63-A-700,
by Eckerle [27], Haas [28], and Bruan [22]. Eckerle built the original test rig with Haas
improving on the design by adding additional monitoring systems. Bruan measured
the temperature profile at the outlet of the combustion chamber. The temperature
profile was measured by installing a thermocouple array consisting of 48 thermocouples

at 3 radii and 16 equally spaced locations around the exit annulus. The profile had

38



3.1. M250 Research

a non-uniform temperature distribution and was non-symmetrical with one side being
significantly hotter than the other. Temperature profiles using the Bruan profile factor

are shown in Fig. 3.3.

PF

0 01 02 03 04 05 06 07 08 0.9

90°

270°
(b)

Figure 3.3: Turbine Inlet Temperature Profiles at (a) 80 % and (b) 100 % Compressor
Speed, adapted from [22].

Bruan found that there was a difference in pressure in the two diffuser tubes. It was
suspected that the non-symmetric temperature profile was caused by an uneven mass
flow rate between the two diffuser tubes. It was concluded that the uneven air flow
directed the flame towards one side of the exit. The side with the higher temperature
was the side of the engine with the lower pressure diffuser tube.

The difference in flow condition in the two diffuser tubes was studied by Ilott [29],
who developed a rig to power and measure the performance of the compressor. The
mass flow rate in each of the discharge ports of the centrifugal compressor was measured
using venturi type flow meters. It was found that there was up to 3.9 % variation in

mass flow rate between the two compressor outlet ports at 80% of the design speed
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3.1. M250 Research

verifying the observations of Bruan.

Ilott [29] also found the Mach number profile at the inlet of the diffuser tubes was
highly non-uniform. This non-uniformity would have significant influence the perfor-
mance of the diffuser tubes upstream of the combustion chamber. Therefore, the quality
of the compressor exit profile would have an influence on the combustion chamber per-
formance.

Magsood [30] continued research on the M250 by investigating the effect of inlet dis-
tortion on the combustion chamber exit temperature profile. A test rig was constructed
to scale the operating conditions of the M250 to simulate combustion chamber inlet
airflow distortion and measure the exit temperature profile. Conclusions of the study
were that inlet distortion did have an effect on the exit temperature profile. Regions
of relatively high and low temperatures were found for even inlet conditions but were

exacerbated and shifted with distorted inlet flow, shown in Fig. 3.4.

Non-Dimensional Temperature Rise [—]

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

90° 3 in 90° 3 in
120° 60° 120° 60°
2 in 2 in
150° 30° 150° 30°
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180°F ’ 0° 1800’ ’ 0°

210° 330° 210° 330°

240° T 300° 240° — 300°
270° 270°

(a) (b)

Figure 3.4: Exit Temperature Profile for (a) Even Inlet Mass Flow Rate, (b) 4 % Higher
Left Inlet Mass Flow Rate, from Magsood [30].
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Magsood [30] concluded that the two low and two high temperature regions were
from incomplete mixing in the dilution zone from the two dilution zone holes. Another
conclusion was that when the inlet mass flow rate was higher on one side, the regions of
high and low temperature were still present, however, the high temperature region on
the side with higher inlet mass flow rate would increase in temperature, thus increasing

the pattern factor.
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Combustion Chamber Redesign

A design process described by Odgers and Kretschmer [4] was followed to develop the
new combustion chamber for the Rolls Royce M250-C20B. The design of the combus-
tion chamber is provided in this chapter. First the design constraints and assumptions
are stated. Then the operating conditions for the combustion chamber are presented,
followed by the air distribution in the zones of the combustion chamber. The calcula-
tion of the dimensions of the new combustion chamber is then presented. Next is the
dimensioning of the dome followed by the design of the cooling devices. Finally, the
sizing of the holes is shown. The dimensions of the newly designed combustion chamber

can be found in a set of engineering drawings in Appendix B.

4.1 Design Constraints and Assumptions

The design of the new combustion chamber is intended to be compatible with the current
engine configuration, therefore, an unusual set of constraints are placed on the design.
The casing and diffuser tubes will remain the same. The new design must have an
outlet diameter matching the dimensions of the existing combustion chamber so as to
avoid alteration of the turbine section. The new liner must fit into the current casing
and must be compatible with the fuel injector and igniter that are currently installed on
the engine. It is assumed that the pressure drop across the combustion chamber from
compressor outlet to turbine inlet will be 5% of the compressor outlet pressure for all

operating points.
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4.2. Calculation of Operating Conditions

4.2 Calculation of Operating Conditions

To begin the design of the combustion chamber, the engine operating conditions are
required. These conditions include the compressor exit temperature and pressure, the
turbine inlet temperature, and the mass flow rate of air and fuel. The required fuel-to-air

equivalence ratio for each operating condition can then be determined.

4.2.1 Engine Operating Points

Seven operating points were obtained from the Allison 250 Engine Installation Man-
ual [31]. When designing a combustion chamber for a gas turbine engine, many more
operating points would be used to design the combustion chamber. The operating
points used for this design represent typical flight conditions and include the extreme

conditions experienced by the engine. The operating points are shown in Tab. 4.1.

Table 4.1: Engine Operating Points At Sea Level Static Conditions Unless Indicated
Otherwise.

Rotor Speed Fuel Flow Rate Temperature

Nl mg Tatm T5

Condition [25X] H K] K]
1 Takeoff 53 000 34.4 288 1083
2 Max. Continuous 52220 32.7 288 1050
3 Max. Cruise 51200 30.3 288 1011

4 Cruise A 50160 27.9 288 970

5 Cruise B 48 800 24.8 288 920

6 Ground Idle 33000 8.82 288 700 £ 38

7 Takeoff (1892 m) 52 640 25.5 308 1083

4.2.2 Operating Conditions

The operating conditions for each operating point were calculated with a set of compres-
sor and turbine maps from Palmer [32] and measured test data from StandardAero [33].
This involved matching the compressor and gas generator turbine so that the conditions

of compatibility of mass flow, work, and rotational speed were met. Saravanamuttoo et
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4.2. Calculation of Operating Conditions

al. [1] and El-Sayed [34] provide an in-depth explanation of this process. The compressor

and gas generator turbine maps from Palmer are shown in Figs. 4.1 through 4.4.
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Figure 4.1: Compressor Map, taken from [32].
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Figure 4.2: Compressor Efficiency Map, taken from [32].
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Figure 4.3: Gas Generator Turbine Map, taken from [32].
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Figure 4.4: Gas Generator Turbine Efficiency Map, taken from [32].

The calculations to determine the operating conditions for condition 1 are shown.

The calculation process is iterative until the mass flow rate, rotor speed, and work
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4.2. Calculation of Operating Conditions

across the engine are compatible. For the calculations shown, the final iteration values
have been selected for demonstration purposes. For simplicity, the isentropic relations
are shown here assuming constant specific heat. The actual operating conditions were
calculated using varying specific heat with methods by McBride et. al. [35].

The compressor maps by Palmer [32] do not provide data above % = 90 % which
is below the rotor speed of many of the operating points in tab. 4.1, therefore, the
compressor conditions are taken from StandardAero test data [33] which are not shown.
The operating point for condition 1 is shown only on the turbine maps, as it can not
be shown on the compressor maps. The corrected rotor speed N; is calculated with
Eqn. 4.3. The rotor speed is corrected with the compressor inlet temperature which

is calculated with Eqn. 4.1. The inlet total pressure is is then calculated. The Mach

number through the engine is 0.468. This was calculated through component matching

iterations.
-1 14—1
Too = Tatm (1 + 72Ma2> = 288K <1 + (0.468)2> =301K (4.1)
P, Ty \77  [301K\TiT
—1 1.4—1
02 _ (202 )7 _ (22 n =1.17 (4.2)
Patm Tatm 288 K
Ny 53 000 fli‘r’l
50970 =X 50970 &Y
N = min min. — 101.8% 4.3
1,corr \/@ 301K (Y ( )
288 K

The rotor speed results in a compressor efficiency of 76 %. An efficiency of 76 %
results in a corrected mass flow rate of 3.52 %, which corresponds to a compressor
pressure ratio of 7.37. The actual mass flow rate is calculated with Eqn. 4.4. Tt is
assumed 2 % will be bled for secondary air systems as suggested by Saravanamuttoo et
al. [1]. The temperature at the outlet of the compressor is calculated with Eqns. 4.7

and 4.8.
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myv O 0
m3 =098 —— — 4.4
: ( 5 ) (75) 4
. b 1.17 1kg kg
=0.98( 3.52 — =178 —= 4.5
s < s > 301K (2.205 lb> s (45)
\/ 288K
~y—1
To2 <P3> R
Tos = Tp2 + — -1 4.6
0 02 Tlcomp ( P2 ( )
301 K 1.4-1
Ty = 301K + = ((7.37) . 1) — 606 K (4.7)
T 605 K
Ty = 03 = = 580K (4.8)

(1+ 55 Ma2) (14141 (0.468)°)

With varying specific heat T3 = 575 K. The power needed to drive the compressor
is calculated with Eqn. 4.9. The mechanical efficiency for engines of the era according

to Mattingly [36, p. 382] is 0.95.

. m
Weomp = ——C} (Tos — Tog) (4.9)
Thmech
1.78 k& kJ
o = s (1.005 —— ) (605K — 301 K) = 572kW 4.10
P 095 < kgK> ( ) (4.10)

The turbine outlet temperature is 1083 K. The total temperature is calculated with

Eqn. 4.11.

-1 1.33 -1
Tos = T (1 + 72Ma2) =1083K (1 + 332(0.468)2) =1122K (4.11)

The turbine expansion ratio is first estimated to be 3. Using Fig. 4.4, this corre-
sponds to a turbine efficiency of 0.83. The turbine inlet total temperature can then be

calculated with Eqn. 4.12.

Tos 1122K
- =\ EEEE
1- Tlturb (1 — % R ) 1—-0.83 (l — (3) 1.33 )

The mass flow rate through the turbine is the air flow rate and the fuel flow rate. The

= 1400K (4.12)

corrected mass flow rate, as defined by Palmer [32] in Fig. 4.3, can then be calculated
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with Eqn. 4.13. The relative pressure loss through the combustion chamber is 0.05.

1.0210/6 102 (13 + 1) \/ 558%

B (4.13)
5 —7n
0-95 (ﬁ) (ﬁ”)
1.02mve 102 (1.78 ke | 0.0344%) LK N
g 0.95 (1.16) (7.37) S

Figure 4.3 is used to determine the turbine expansion ratio. The corrected flow rate
of 1.10 % validates the estimation for the turbine expansion ratio of 3. The turbine inlet

temperature is calculated with Eqn. 4.15.

T 1400 K
Ty = o4 = 00 = 1353K (4.15)

(1455 Ma2) (14 1351 (0.468)%)

With varying specific heat Ty = 1345 K. The power produced by the gas generator

turbine is calculated with Eqn. 4.16.

Wearb = (g + 1ing) Cp (Toa — Tos) (4.16)

. k k kJ
Wb = <1.78 ?g +0.0344 f) <1.148 kgK) (1402K — 1122K) = 574kW  (4.17)

The power produced by the gas generator turbine is equal to the power required
to drive the compressor. The mass flow rate is also conserved, therefore, the operating
condition calculation is complete.

The equivalence ratio, ¢, for each combustion chamber condition, was determined
using the chemical equilibrium program CEA [37]. In this program, the chemical equi-
librium conditions were calculated for the combustion reaction for each operating condi-
tion. Therefore, the operating conditions of the combustion chamber for each operating
point are shown in Tab. 4.2.

The equivalence ratio for each condition is very lean, lower than the stable flamma-
bility limit. Therefore, the air must be distributed such that stable combustion is

produced within the combustion chamber.
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4.3. Combustion Chamber Air Distribution

Table 4.2: Combustion Chamber Operating Conditions

Mass Flow Rate Temperature Pressure FEquivalence Ratio
ms3 T3 Ty Py ¢
Condition k8] K] [K] [bar] -]
1 1.78 575 1345 7.47 0.311
2 1.75 569 1305 7.34 0.295
3 1.69 559 1259 6.94 0.279
4 1.64 547 1216 6.63 0.264
5 1.54 536 1149 6.22 0.239
6 0.746 407 860 2.82 0.167
7 1.30 596 1345 5.70 0.303

4.3 Combustion Chamber Air Distribution

The airflow through the combustion chamber is split into three zones. To ensure stable
operation of the combustion chamber, the proper proportion of air must be added to
each zone. Distributing the air correctly allows for the equivalence ratio to be controlled

in each zone and ensure a stable flame at all operating points.

4.3.1 Primary Zone

The chemical equilibrium program CEA [37] was used to determine the lean and rich

limits resulting in a flame temperature of 1600 K. The limits are shown in Tab. 4.3.

Table 4.3: Lean and Rich Limits

Temperature Equivalence
Temperature Pressure Rise Ratio
T P 1600K —T5  ¢rean  Prich
Condition K] [bar] K] -] -]

1 575 7.47 1025 0.432 241
2 569 7.34 1031 0.432 2.40
3 559 6.94 1043 0.437 2.39
4 547 6.63 1053 0.443 2.37
5 536 6.22 1064 0.448 2.34
6 407 2.82 1193 0.500 2.19
7 596 5.70 1004 0.423 2.45

To determine the air flow limits in the primary zone, the limits of lammability must
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4.3. Combustion Chamber Air Distribution

first be calculated. The ratio of the overall equivalence ratio to the lean limit and ratio
of the overall equivalence ratio to the rich limit must be calculated with Eqn. 2.10.

The range of required fraction of air flow in the primary zone can be determined
o) )

% T These fractions represent the fraction

of total airflow to produce a reaction with temperatures above 1600 K. These fractions

with Eqn. 2.10 using the ratios of and

are calculated with values from Tab. 4.3 for condition 1 in Eqns. 4.18 and 4.19.

s 0.311

mal.r,lean _ o _ = 0.720 (4.18)
ms Olean 0.432

mair rich ¢ 0.311
ms ¢rich 241 ( )

Choosing the minimum of % will ensure that there is not an excess of air so

the flame stays lit for all lean conditions. Choosing the maximum of ¢ will ensure

¢rich

that there is not an excess of fuel so the flame stays lit for all rich conditions. This
will maintain an equivalence ratio that results in a flame temperature higher than the

extinction temperature for all conditions. The limits are in bold in Tab. 4.4.

Table 4.4: Primary Zone Limit Ratios

¢ ¢lean (Zsrich ma;;:;ean = ¢lin ma,:i:;mh = ¢ih
Condition | [-] [-] [-] -] -]
1 0.311 0432 2.41 0.720 0.129
2 0.295 0.432 2.40 0.683 0.123
3 0.279 0437 2.39 0.638 0.117
4 0.264 0.443 2.37 0.596 0.112
5) 0.239 0.448 2.34 0.534 0.102
6 0.167 0.500 2.19 0.334 0.0764
7 0.303 0.423 245 0.716 0.124

The fraction of air in the primary zone is chosen to be between these two ratios to

satisfy all of the lean and rich constraints, therefore, a good value for the primary zone
air flow is the average of the two highlighted values. The required proportion of air in

the primary zone can be calculated from equivalence ratio limits with Eqn. 4.20.

Taipz,  0.129 + 0.334

=0.232
ms 2

(4.20)
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4.3. Combustion Chamber Air Distribution

The local equivalence ratio in the primary zone for each condition is calculated with
Eqn. 2.10, shown for condition 1 in Eqn. 4.21. The temperature was then calculated

with CEA [37]. The equivalence ratios and temperatures in the primary zone are shown

in Tab. 4.5.
¢ 0.311
_ - —1.34 4.21
opz Mair Pz ().232 3 (4.21)
m3

Table 4.5: Primary Zone Conditions

Equivalence
Ratio Temperature
¢ ¢pz T3 Tpy
Condition | [—] -] [K] K]
1 0.311 1.34 575 2320

0.295 1.27 569 2366
0.279 1.20 559 2410
0.264 1.14 547 2442
0.239 1.03 536 2458
0.167 0.721 407 2006
0.303 1.31 596 2360

N S O W N

All conditions have temperatures above 1600 K in the primary zone. The airflow
fraction of 23.2% is acceptable. The temperatures produced at these conditions are

very high which will result in fast reaction rates in the primary zone.

4.3.2 Secondary Zone

Combustion must be completed before the exit of the secondary zone. To do this, the
maximum equivalence ratio in the secondary zone must be lean, which will ensure that
the fuel is fully burned at this stage. It is suggested by Odgers and Kretschmer [4] that
$sz.max < 0.9. A value of ¢g7 max = 0.85 was selected. This was chosen to increase
the amount of air entering through the secondary zone holes to enhance jet penetration
and mixing. To determine the airflow in the secondary zone, ¢sz max is applied to the

richest condition, which is condition 1. The secondary zone airflow is calculated with

Eqn. 4.22.
Mair,S7 _ 10} _ 0.310
ms $S7,max 0.85

= 0.365 (4.22)
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4.4. Calculation of Combustion Chamber Dimensions

With an airflow fraction of 36.5%, the equivalence ratio for the other operating

conditions can be calculated using FEqn. 4.23. The equivalence ratio in the secondary

zone for condition 2 is given as an example. A summary of the secondary zone conditions

are shown in Tab. 4.6.

$sz =

¢

7'hair,SZ

mg

. 0.295

—— = (0.808

0.365

Table 4.6: Secondary Zone Conditions

Equivalence
Ratio Temperature

¢ sz T3 Tsz

Condition | [—] -] [K] K]
1 0.311 0.850 575 2327
2 0.295 0.808 569 2264
3 0.279 0.763 559 2189
4 0.264 0.723 547 2115
5 0.239 0.654 536 1991
6 0.167 0.457 407 1514
7 0.303 0.828 596 2308

(4.23)

The equivalence ratio for the most lean mixture, condition 6, is 0.457. This results

in a secondary zone temperature of 1514 K. This is less than 1600 K, however, the fuel

is burned first in the primary zone. Combustion should be completed before the end of

the primary zone for this condition because the condition is lean in the primary zone.

Hence, this airflow will be acceptable.

The exit of the dilution zone represents the desired conditions at the exit of the

combustion chamber, therefore, all temperatures in the combustion chamber are known.

4.4 Calculation of Combustion Chamber Dimensions

The geometry of the primary zone determines the geometry of the entire combustion

chamber as discussed in Section 2.5.1. The calculation of the diameter of the primary

zone is a critical procedure in the design of a combustion chamber. The calculations
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4.4. Calculation of Combustion Chamber Dimensions

for condition 1 with each correlation, Eqns. 2.11 to 2.15 are shown in Appendix A.1.

Table 4.7 shows the results of each method.

Table 4.7: Summary of Primary Zone Diameters

Chemical Non-dimensional ~Greenhough-
Kinetics Mach Bragg Groups Lefebvre
Eqn. 2.11 Eqn. 2.12 Eqn. 2.13 Eqgn. 2.14 Eqn. 2.15
Condition [mm] [mm] [mm] [mm] [mm]
1 42.4 101 102 109 161
2 37.2 101 100 109 164
3 33.9 101 98.3 109 171
4 33.4 102 96.0 110 178
5 47.6 101 93.0 109 186
6 74.1 97.7 76.9 105 311
7 40.2 100 91.0 96.8 141

The calculated liner diameters range from 33.4mmto 311 mm. Therefore, these

results must be analyzed further to determine a diameter. The chemical kinetics corre-

lation suggests the minimum required volume and diameter required for a well stirred

reactor, without taking evaporation time into account so it underestimates the primary

zone diameter with regards to the other four methods. The Greenhough-Lefevbre cor-

relation has an estimate that is relatively high. The value for condition 6 which is the

ground idle condition is considered an outlier because it is an idle condition and will be

dismissed. The average diameter when the chemical kinetic method and outlier are not

considered is 115 mm. The length of each zone are calculated using Eqns. 2.16, 2.17,

and 2.18. The dimensions of the combustion chamber are shown in Tab. 4.8.

2 2
LPZ = §dpz = §<115 mm) = 76.7mm

Lsz = 0.5dpz = 0.5(115 mm) = 58.5 mm

20 " 20\
Loz = | —0 | dpp=(-— ) dpy=1
bz <Q APy ) re <0.32 (41.0)> pz = 136 mm

Qref

L = Lpy + Lsz + Lpy, = 76.7mm + 58.5mm + 136 mm = 271 mm

(2.16)

(2.17)

(2.18)

(4.24)
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4.4. Calculation of Combustion Chamber Dimensions

1.39dpy < D < 1.54dpy, (4.25)

160mm < D < 177 mm (4.26)

Table 4.8: Liner Dimension Summary

Iteration 1 Iteration 2
de = 115mm dpz = 100 mm
Lpy, 76.7 mm 66.7 mm
Lpy, 58.5 mm 50.0 mm
Lpy, 136 mm 118 mm
L 271 mm 235 mm
D 160mm — 172mm 139mm — 153 mm

The suggested casing diameter for a 115 mm diameter liner is between 160 mm,
and 177 mm , which is comparable to the 180 mm of the existing casing. The average
diameter of the redesigned liner is smaller than the existing can, 145 mm, however
the resulting length of the redesigned liner is longer than the existing liner’s length of
242 mm.

The preferred design of the new combustion chamber is one that is longer than the
existing chamber, however, increasing the length would result in changes to the casing
and possibly the diffuser tubes. To avoid increasing the complexity of the redesign,
the diameter of the liner was decreased in order to match the length of the existing
combustion chamber. For the second iteration, a diameter of 100 mm was chosen
with a corresponding length of 235 mm, allowing for a 7 mm axial swirler giving a
total length of 242 mm. The length of each zone was calculated with Eqns. 2.16, 2.17,
and 2.18, and determined to be 66.7 mm, 50.0 mm, and 118 mm, respectively.

The chosen diameter of 100 mm is within the range of suggested diameters in
Tab. 4.7, and is also within the suggested diameters according to Eqns. 2.12 and 2.13,
therefore, should be taken as a valid choice.

The diameter of the redesigned liner is smaller than the existing liner, therefore, the

outlet must be adapted to the existing geometry of the turbine inlet on the engine. A
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4.5. Dome Design

conical section was used for the dilution zone to increase the diameter of the liner to
achieve the desired outlet diameter.

The calculation of the size of the combustion chamber normally includes the sizing
of the casing and diffuser, however, the casing and diffuser will remain unchanged. Any
design choices based on the diffuser and casing are made with the existing component

geometries.

4.5 Dome Design

For the redesigned liner, the igniter and fuel injector must be in the same position as
the existing liner so that the casing does not require modification. For this combustion
chamber, the fuel injector is positioned in the center of the dome surrounded by the
swirler.

The recirculation zone will occupy 80 % of the primary zone length. The limit of
80 % is an acceptable recirculation zone size as suggested by Odgers and Kretschmer [4]
and Mattingly [12]. Figure 2.8 shows dimensions to define the geometry of the dome.
The angle of the dome, 1, is calculated with Eqn. 2.23, however, this requires the

dimensions of the swirler.

4.5.1 Swirler

An axial swirler will be implemented for this combustion chamber. The portion of
the pressure drop contributed by the swirler is determined by the pressure drop from
the diffuser, snout, and allowable pressure drop in the combustion chamber. Since the
diffuser and snout properties are not known, they will be calculated as if they were being
redesigned to determine an appropriate pressure loss associated for each component.
These values are used to calculate the pressure loss through the swirler. The swirler

pressure loss factor is determined by rearranging Eqn. 2.21 to obtain Eqn. 4.27.

APsw AP3 4y APy APgg

(4.27)
Qref Qref Qref Qref
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4.5. Dome Design

. Ps_
The combustion chamber pressure loss factor, Abs—q

is already defined in Tab. 2.2.

The overall pressure loss in the combustion chamber, A%ﬁ’;‘*, is 5% and it is assumed

that the diffuser pressure loss, A%‘;‘ﬁ, is 1 %. The diffuser pressure loss factor can then

be calculated with Eqn. 2.22.

APsig  APgig APs_y P

1
= =0.01(41.0 =8.21 4.28
Qref Ps Qref AP;_y ( ) <005> ( )

For combustion chambers with a snout, air for the swirler and dome cooling devices
enters through the snout. There is a small pressure loss associated with this. The air
that does not enter the snout is directed into an annulus between the casing and liner
where it is then distributed into the rest of the liner. The velocity of the air that enters
the snout and the velocity of the air going around the snout should be equal, therefore
the area of the snout, Ag,, is determined by the conservation of mass. Although there
is no snout in this combustion chamber based on the liner and casing configuration, the
values for the snout should be estimated to help with calculation of the swirler. For

now, it is assumed that 15 % of the air will enter through snout and 85 % will enter the

annulus.
’fhg = pUAg (4.29)
Man = pUAan (4.30)
man — man — Aan (4 31)
mS man + msn Aan + Asn '
Asn = Aan (man.“‘ misn - 1> (432)
Man
- Man | Tsy
Asn == Z(D2 - d2) (w - 1) (433)
m3
0.85+0.15
Ay = % ((180mm)* — (100 mm)?) (025 — 1> = 3100 mm? (4.34)

The mass flow rate through the snout, g, is equal to the swirler flow rate plus
the flow rate of any film cooling devices starting at the dome. It was assumed that

the snout will receive 15 % of the total mass flow rate. This can be recalculated later
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4.5. Dome Design

if the estimated flow changes. The pressure loss factor of the snout is calculated with

Eqn. 4.36.
APsn AD 2
AP, mp? \?

2
APy, 7 (180 mm)?

=0.25 4 =0.378 4.37

Qref (3100 mm? + 7 ((180 mm)? — (100 mm)?) (437)

The swirler pressure loss factor can now be calculated.
APSW
=41.0 —8.21 — 0.378 = 32.4 (4.38)
Qref

The pressure loss factor is used to determine the area of the swirler with Eqn. 2.26.
This equation does not account for the blockage of the blades so the area is increased

by 50 %. Straight blades will be used at an angle of 60°.

A Kew
Agw = 1.5 g i 5 (4.39)
COS Dsw A | APsw ; A
’ Qref (%) + KSW <T§>
T (180 mm)? 1.

Aoy — 15 L0 6“8?1) ’ S (4.40)

COS s 2

1 \2 Z (180 mm)

324 (506 4-113<§<umnmg2>

Agw = 9160 mm (4.41)

The inner diameter of the swirler, which is 19 mm, is based on the diameter of the

fuel injector. The outer diameter of the swirler is calculated with Eqn. 4.43.

4 Auy
dsw,o = ﬂ_S + dgw,i (442)
4(9160 mm?
dswo = \/ AO160mI®) |19 1m)? = 39.6mm (4.43)
T

With the swirler dimensions known, the angle of the dome can be calculated. Solving

Eqn. 2.23 gives an angle of 69°. To provide strong swirl at the exit of the swirler, there
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4.6. Film Cooling Devices

must be no spaces where air can pass straight through, however, this should be done
without an excessive number of blades. Figure 4.5 shows two swirlers with a different

number of blades.

Figure 4.5: (a) Swirler With Too Few Blades, (b) Swirler With the Correct Number of
Blades.

Figure 4.5(a) has too few blades resulting in spaces where air can pass in a straight
line through the swirler without turning. The correct number of blades is an amount
which contains no straight passages as shown in Fig. 4.5(b). Ten straight blades at an

angle of 60° have been selected for this swirler.

4.6 Film Cooling Devices

The walls of the liner require methods to prevent overheating resulting in mechanical
failure, therefore, film cooling devices will be designed for the liner. The liner is made of
316L stainless steel, thus, the maximum allowable wall temperature is 1100 K [6]. The
liner wall temperature at any given point can be determined if the operating conditions
are known, allowing the film cooling devices to be placed accordingly. Using the method

proposed by Kretschmer and Odgers [38], the temperatures throughout the combustion
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4.6. Film Cooling Devices

chamber were determined. The full procedure for determining the temperature in the

liner and the wall temperature is presented in Appendix A.3, where an example us-

ing condition 1 is shown. The temperature through the combustion chamber for each

condition is presented in Fig. 4.6

Gas Temperature [K]
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.......... Condition 7
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80

|
100 120 140 160 180 200 220 24
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Figure 4.6: Axial Temperature Profiles for Each Condition.

Based on Fig. 4.6, conditions 1 and 7 have the most extreme temperature profile.

It is likely that the placement of the film cooling slots will be dictated by these two

operating conditions, however, the wall temperature for each condition must be checked.

Once the temperature profile is known, the liner temperature can be calculated.
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4.6. Film Cooling Devices

4.6.1 Film Cooling Device Placement

To determine the location of each film cooling device on the liner, the first was placed
at the end of the dome and the wall temperature was calculated along the wall for each
condition until the maximum temperature (1100 K) was exceeded, at which point a
new film cooling device was placed. The energy balance described by Eqn. 2.28 is used
to determine the wall temperature. The radiation and convective heat transfer to and
from the wall were calculated and the wall temperature was determined.

Wiggle strips were selected for the film cooling devices on the liner wall. To install
them, the liner wall must be made in segments of concentric cylinders with increasing
diameter. A wiggle strip with a width of 2 mm was selected, and designed to block
65 % of the slot area, A.. A wider slot with high area of blockage, Ap, was selected
to increase the change in diameter of the liner from one cylinder to the next. This
reduced the angle of the conical section of the dilution zone, while still maintaining an
appropriate mass flow rate through each slot.

A splash cooling device was placed in the dome to prevent the dome from over
heating. A strip of metal was placed in the inner wall of the dome which directs air
from a set of holes in the dome, outwards along the wall. The length of this wall is
not long, therefore, only a small portion of the total mass flow was used for this. The
location of each film cooling device is indicated in Tab. 4.9 along with the the mass flow

rate through each slot.

Table 4.9: Film Cooling Device Locations and Flow Rates

Distance from
Swirler Exit  Flow Rate
Film Cooling L, %
Device [mm] [—]
Dome 0 0.036
1 12 0.052
2 38 0.055
3 104 0.059
4 146 0.063
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4.7. Air Admission Holes

Four film cooling devices were placed on the liner wall after the dome. Film cooling
device 2 was placed well before it is needed to allow the primary and secondary holes
to be positioned in the correct locations. If film cooling device 2 was placed at the
calculated location it would interfere with the secondary zone holes. The solution to
this was to place the film cooling device upstream of the holes. Film cooling device 3
is then placed between the secondary zone holes and the dilution zone holes. The final
film cooling device is placed immediately after the dilution zone holes. The temperature

of the liner wall before each film cooling device is shown in Tab. 4.10.

Table 4.10: Liner Wall Temperature for All Conditions Immediately Upstream of the
Next Film Cooling Device.

Wall Temperature [K]
Condition | L =38mm L =104mm L =146mm L = 235mm
1 681 1093 1099 821
2 673 1078 1078 798
3 659 1042 1043 775
4 643 1005 1008 751
9 627 946 944 714
6 459 640 682 525
7 710 1094 1082 818

4.7 Air Admission Holes

With the air distribution in each zone determined and cooling air allocated, the air
admission holes can be designed. To design the holes, the airflow through each set of
holes must be determined. Air from the first two film cooling devices are added to the
primary zone air. The flow rate of the two film cooling devices, the swirler, and the total
flow rate in the primary zone are known, therefore, the required airflow is calculated
with Eqn 4.44.

MPZhole  MPz — Msyw — Y 1M

“PZ — 0.232 — 0.06 — (0.036 + 0.052) = 0.084 (4.44)
m3 msg

61



4.7. Air Admission Holes

The air for the secondary zone is supplied by the primary zone, any film cooling
devices in the zone, and the secondary zone holes. There are no film cooling devices
that supply air in this region so the required flow rate is simply the difference in flow
rate between the primary and secondary zones. The required flow rate through the

secondary zones holes is calculated with Eqn. 4.45.

MSZ hole  MS7 — Mpz — Y M 37

= 0.365 — 0.232 — 0 = 0.133 (4.45)
ms ms

The flow rate through the dilution zone holes is the remaining air left after the
secondary zone and final film cooling devices. A small portion of the air, 1% - 2%, is
assumed to bypass the combustion chamber for turbine cooling and must be taken into
account when calculating the air flow in the dilution zone. Equation 4.46 is used to

calculate the air flow through the dilution zone holes.

MDZhole 3 — Mgz — Y MeDZ

4.46

s s (4.46)

% —1—0.365 — (0.055 + 0.059 + 0.063) — 0.015 = 0.443 (4.47)
3

With the flow rate of the holes known, the size of the holes can be determined.
The area of the holes is calculated with Eqn. 2.37. The calculations of the area for the
primary zone holes are shown in Eqn. 4.48. The Cp for circular plain holes in the liner
is 0.55 as stated by Odgers and Kretschmer [4]. The pressure loss through the holes is
calculated with Eqn. 2.36 and is 0.04.

mpznole RT3 P3
A = : 4.48
PZbole = p 0 2 APole (4.48)

) 0.084 (1.78%) 2870 (575K) [ 1
Pa:bole = 747 000Pa (0.55) 2 (0-04

> = 523 mm?> (4.49)

The secondary zone hole and dilution zone hole areas are 828 mm and 2730 mm,
respectively. The calculated area is the combined area for all of the holes for a given
zone. The diameter and number of holes may vary in each zone are chosen based on

mixing and jet penetration objectives. The diameter of each hole is determined by the
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4.7. Air Admission Holes

number of holes selected. For each set of holes, a greater number of smaller holes can
be selected to promote mixing, however, a smaller number of larger holes offers better
jet penetration.

Eight holes were selected for the primary zone, six holes were selected for the sec-
ondary zone, and eight holes were selected in the dilution zone based on the jet pen-
etration for each set of holes. The diameter of the holes is calculated with Eqn. 4.50,
shown for the primary zone holes.

APZ hole 523 mm?
4( P28h1> 4( gnm)

dpZ hole = = =9.1mm (4.50)
7'(‘ 7r

Ideally the penetration of the jets should reach the centerline of the liner or half way
through the diameter, ¥ = 0.5. The penetration of the jets is calculated with Eqn. 2.38,
shown for the primary zone holes. The density of the air is calculated with the ideal

gas law.

A2 .9 0.5 2d
Y ~0.3651og <pRZ§mh°12> <M> (4.51)
d Phole Ajole MRz d

" (mhole + MRz,

) sin 0h016:| + 0.485
MRz

0.5
y 1.8258 (7850 mm?)* (0.084)* 2(9.1mm)
=0.365log ” 5 5 (4.52)
d 4.522% (523 mm?)* (0.19) 100 mm

0.084 +0.19
0.19

> sin (900)] + 0.485 = 0.498

The axial locations of the holes along the liner are at the end of the recirculation
zone, the start of the secondary zone, and the start of the dilution zone. The size of the
holes, the corresponding number of holes, and jet penetration for each set on the liner
are shown in Tab. 4.11.

The jet penetration for the dilution zone holes is slightly higher than 0.5, however,
the number of holes was chosen based on the number of primary zone holes. Eight

dilution zone holes were chosen so that they could be staggered with the primary zone

holes. This resulted in higher jet penetration than desired but was acceptable.
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Table 4.11: Liner Hole Summary

Flow Rate Diameter Jet Penetration
m.mh—gle dhole Number y
Zone [—] [mm] of Holes [—]
Primary 0.084 9.1 8 0.498
Secondary 0.133 13.2 6 0.470
Dilution 0.443 21.0 8 0.519

4.8 Design Summary

The liner was designed using the methods outlined by Odgers and

to a result with very different geometry from the original liner

Kretschmer [4] leading

. The liner was made

of rolled sheets of 316L stainless steel and welded at the seams to form cylinders. The

sheets were 1.27 mm (18 gauge) thick. The cylinders were then welded together with

wiggle strips between.

The new liner is shown in Figs. 4.7 and 4.8. The air flow

distribution for the redesign is shown in Fig. 4.9. Detailed design and assembly drawings

are provided in Appendix B.

Figure 4.7: View of the Swirler and Dome.

64



4.8. Design Summary

Figure 4.8: View of the Holes and Film Cooling Devices.
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Experimental Rig and Validation

To test the new combustion chamber, the atmospheric combustion chamber test rig
developed by Magsood [30] was used. The test rig is constructed with, as much as
possible, engine parts including the left and right diffuser tubes, combustion casing,
fuel injector, igniter, and nozzle guide vane (NGV) shield. The test rig is shown in

Fig 5.1.

Exhaust Section

Inlet Section

Combustion Chamber

Figure 5.1: Atmospheric Combustion Chamber Test Rig, from Magsood [30].
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5.1.  Atmospheric Combustion Chamber Test Rig

A centrifugal blower delivers air to a plenum which is used to provide a uniform
and steady flow to the combustion chamber. The air exits the plenum through two bell
mouth intakes, one for each side of the combustion chamber inlet, into two pipes. The
air travels through a venturi flow meter followed by a restriction screen. These screens
are used to modulate the inlet airflow distribution for the various test cases. The air
passes through the diffuser tubes and enters the combustion chamber. At the outlet of
the combustion chamber is the NGV shield from an M250-C20B. After the NGV shield
is the test section which contains a thermocouple rake rotating 3 K-type thermocouples
360° to measure the temperature profile at the exit annulus. The thermocouple rake
is positioned by a stepper motor, housed within a water cooled chamber. Once the air
passes through the test section it enters the exhaust pipe, mixes with atomized outlet
cooling water, and exits the test cell.

The temperature was recorded at 250 equally spaced circumferential locations at
three radial locations. The three radial locations, measured from the centerline of
the combustion chamber, are 67 mm (2.625 in), 70 mm (2.75 in), 73 mm (2.875 in).
Once the test rig was operating at steady state, temperature data was recorded. The
data at each position was sampled for 2.5s at 4 Hz and the thermocouples were given a
3 s stabilization time after moving to a new circumferntial position. This was repeated

for all 250 positions. Further details of the test rig can be found in Magsood [30].

5.1 Atmospheric Combustion Chamber Test Rig

The test rig was operated at the same conditions used by Magsood [30] in the original
liner testing. A 3000 m cruise condition was simulated by matching the Mach number,
the equivalence ratio, and minimizing the Sauter mean diameter of fuel droplets at
ambient conditions inside the combustion chamber. The rig operating conditions are
shown in Tab. 5.1.

The fuel nozzle used by Magsood [30] was tested prior to being used in the com-
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5.1.  Atmospheric Combustion Chamber Test Rig

Table 5.1: Engine and Test Rig Operating Conditions

Operating Conditions Matched Properties
Py T3 w3 g Ma ¢3—4 D32
k k K0.5
kP K] [%) (8] | S]] [eml
Cruise at 3000m | 427 501 1.01 15.9 52.9 0.231 47.2
Test Rig 101 293 0.314 4.93 52.9 0.231 63.4

bustion chamber. In previous tests the fuel pressure was 552 kPa resulting in 4.93 %,
however, to achieve the same flow rate, a fuel pressure of 780 kPa was required. Streaks
were also visible in the spray pattern meaning some regions of the spray pattern had
a higher concentration of fuel droplets than others, which would result in invalid test
data. A second M250 nozzle was obtained and similar conditions to those reported by
Magsood [30] were achieved at the desired operating condition. No streaks were visible
in the spray pattern from the second nozzle.

A compressed air line was added to the test rig to keep the stepper motor from over
heating. It was found that the water jacket around the stepper motor was not enough
to keep the motor housing cool. To keep the exhaust air from heating this chamber,
an external supply of compressed air was delivered to pressurize the housing and fill
it with room temperature air. This chamber is downstream of the exit temperature
measurement plane so it did not affect the flow field at the exit of the combustion
chamber. This cooling air, in addition to the water jacket proved to be sufficient in
keeping the housing cool. Other changes to the test rig included re-machining O-ring
grooves to provide a better seal for the cooling water and adding a fuel pressure regulator
to the fuel supply line. The fuel pressure regulator resulted in a steady delivery pressure
to the fuel nozzle.

Tests were conducted for the 3 cases shown in Tab. 5.2. These test cases were
performed by Magsood on the original combustion chamber [30], based on the 4%
difference in mass flow rate in the diffuser tubes measured by Ilott [29].

For the test cases, left diffuser and right diffuser refer to the side when looking down-
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5.1.  Atmospheric Combustion Chamber Test Rig

Table 5.2: Test Cases

Test Case | Description
+4% LD | 4% Higher Left Diffuser Mass Flow Rate
Even Even Mass Flow Rate

+4% RD | 4% Higher Right Diffuser Mass Flow Rate

stream of the combustion chamber to the exit temperature measurement plane, shown
in Fig. 5.3. The change in flow rate was done with a restriction screen decreasing the
flow area in the corresponding diffuser tube by 4 %. The difference in flow rate between
the two diffuser tubes was experimentally verified by Magsood [30] and reproduced for
the current tests. For even flow cases, identical screens were used. When reducing the
flow on one side, one screen was replaced with another of reduced cross sectional area.
The restriction screen was 3D printed and is shown in Fig. 5.2. The scale at the side of

the figure is in inches.

!
E’
!@

Figure 5.2: Restriction Screen used to Reduce Airflow at Combustion Chamber Inlet.

The air exiting the combustion chamber passes through the annulus of the NGV
shield and the temperature was measured at the exit temperature measurement plane.

The central dome of the NGV shield is held in place by five struts which block small
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5.2. Temperature Profiles

portions of the flow through the annulus resulting in colder regions on the temperature
profiles at the locations shown in Fig. 5.3. The temperature profiles are presented as if

the viewer is looking downstream to the turbine from NGV shield.

90°

Direction of
Flow

Exit Annulus [

_ Direction of
= Flow

Exit Temperature
Measurement Plane

Figure 5.3: Nozzle Guide Vane Shield Sketch.

5.2 Temperature Profiles

The temperature profiles are presented as contour plots with each contour representing
the non-dimensional temperature rise which is the ratio of the measured temperature
rise to the adiabatic temperature rise. The adiabatic flame temperature was calculated
with CEA based on the operating conditions of each test. Equation 5.1 was used to

calculate the non-dimensional temperature rise for each measurement point.

gy — 13
Z,y) - T

0
( adia — T3

(5.1)

The MATLAB™ routine, written by De Freitas [39] and used by Maqsood [30],
was used to create the contour plots that represent the exit temperature profile. The

data was measured in polar coordinates, converted to non-dimensional temperature rise,
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5.2. Temperature Profiles

interpolated onto a uniformly spaced rectangular grid using the griddata function with
cubic interpolation, and then presented as an annular temperature profile.

The average non-dimensional temperature rise is calculated as an area weighted
average over the measurement area, as shown in Eqn. 5.2. The test rig was not instru-
mented to collected flow field data, therefore, a mass-weighted average was not used.
The average exit temperature, T}, is calculated with Eqn. 5.3. The average temperature,
the maximum measured temperature, and the inlet temperature are used to calculate

the pattern factor with Eqn. 2.39.

750
> (AAA)
n=1
= -2
T4 = eavg (Tadia - TS) + TS (53)

To compare temperature profiles from similar tests, the change in non-dimensional

temperature rise between respective tests was used, calculated with Eqn. 5.4.

Aby) = Owy)2 = Oz (5.4)

The original combustion chamber was tested for an even inlet flow rate condition
and compared to the previous tests by Magsood [30] to ensure the rig was operating
correctly. The tests by Magsood were shown to be repeatable, therefore, only one test
case needed to be reproduced before proceeding to the new combustion chamber test
phase. Two baseline tests were performed for the even flow rate test case. The baseline
test average temperature profile is shown in Fig. 5.4(b) and the temperature difference
between the test by Magsood and the baseline test is shown in Fig. 5.5.

The temperature profile in Fig. 5.4(b) and the comparison in Fig. 5.5 show that the
results recorded by Magsood [30] were reproduced by the test rig based on a qualitative
inspection of the temperature profiles. The hot spots and cold spots were in the same
locations and of similar magnitudes, therefore, the next phase of testing could be carried
out. The exit temperature profile of the new combustion chamber with even inlet flow

was then measured. The temperature profile for even inlet flow rate is shown in Fig. 5.6.
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Figure 5.4: Exit Temperature Profile for (a) Magsood Even [30], (b) Baseline Even.
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Figure 5.5: Change in Exit Temperature Profile Between Magsood Test and Baseline

Test, Even.
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Non-Dimensional Temperature Rise [—]
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Figure 5.6: Exit Temperature Profile for the New Combustion Chamber, Even.

The mass flow rate of air in the right diffuser tube was modified to be 4% lower
than the left diffuser tube using the restriction screen in Fig. 5.2. The temperature
profile for 4% higher left diffuser flow rate is shown in Fig. 5.7(b) where the effect of
inlet distortion can be seen. With the increased flow rate on the left side, the regions
at 150° and 220° have increased in temperature and expanded in area when compared
to the even flow rate case. The most significant increase can be seen along the inner
radius at 230°, as well as the region between 150° and 180°.

The mass flow rate of air in the left diffuser tube was modified with the previously
described restriction screen to be 4 % lower than the right diffuser tube. The tempera-
ture profile for 4% higher right diffuser flow rate is shown in Fig. 5.9(b). With increased
flow on the right side, the hot spots at 40° and 330° expanded in area, however, there
was no significant increase in temperature. The regions near 150° and 220° also de-
creased in temperature and area. The change in non-dimensional temperature rise due

to inlet distortion is shown in Figs. 5.8 and 5.10.
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Figure 5.7: Exit Temperature Profile for the New Combustion Chamber for (a) Even,

(b) +4% LD.
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Figure 5.8: Change in Exit Temperature Profile, Even and +4% LD.
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Non-Dimensional Temperature Rise [—]
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Figure 5.9: Exit Temperature Profile for the New Combustion Chamber for (a) Even,
(b) +4% RD.
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Figure 5.10: Change in Exit Temperature Profile, Even and +4% RD.
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5.3. Average Temperature and Pattern Factor

In all test cases, the locations of the hot regions were consistent. Between each test
case, there was no significant circumferential expansion of the hot regions. There were
increases in temperature on either side of the outlet due to the change in inlet flow.
These increases in temperature occurred mostly on the inner radius of combustion
chamber outlet. Inlet flow distortion did not have a significant effect on the outlet
temperature profile.

The locations of the cold regions were also consistent for each test case. The location
of the cold regions are at approximately 5°, 95°, 185°, and 275°and were not significantly
affected by inlet distortion. These cold regions are at the locations of four of the eight
dilution zone holes. The small cold spots near 250° and 305° are caused by the struts

in the NGV shield which can be seen in Fig. 5.3.

5.3 Average Temperature and Pattern Factor

The non-dimensional temperature rise for each data point was calculated with Eqn. 5.1.
The pattern factor was then calculated by first converting the average non-dimensional
temperature to the average temperature and then using Eqn. 2.39. The results are

shown in Tab. 5.3. The non-dimensional temperature uncertainty, ug,,,, is also listed.

Table 5.3: Average Non-dimensional Temperature Rise and Pattern Factor

Test Case ‘ Oavg  Pattern Factor g,
Original Even Baseline | 0.943 0.273 0.006
New +4% LD 0.912 0.389 0.006
New Even 0.906 0.379 0.006

New +4% RD 0.920 0.335 0.006

The average non-dimensional temperature rise at the outlet of the combustion cham-
ber was lower than the desired temperature rise for all test cases. This can be attributed
to heat losses in the combustion chamber like the cooling of the NGV shield and losses to
the surroundings. The average non-dimensional temperature rise was consistent across

all test cases.
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5.3. Average Temperature and Pattern Factor

The average temperature rise and pattern factor for the original liner baseline test
was comparable to the results of Magsood [30]. For the new combustion chamber the
even test case had the lowest temperature rise, while +4% LD had the highest pattern
factor. For the the even and +4% LD cases, the maximum temperature occurred in the
hot region at 220°. With the decrease in temperature on the left side for +4% RD, the
maximum temperature occurred in the hot region at 330°, however, this temperature
was lower than the maximum temperature for the other test cases resulting in a lower
pattern factor.

No significant change in average non-dimensional temperature rise was observed
between the three test cases. For both inlet distortion test cases, the maximum change
in temperature from the even test case was recorded along the inner radius, showing that
the inner radius was effected more significantly than the middle and outer radii. The
lack of change in temperature at the outer radius is the reason for the minimal change
in pattern factor between the even and +4% LD cases and the decrease in +4% RD.
Referring to Figs. 5.8 and 5.10, most of the temperature profile remained unchanged,

only changing significantly in the hotter regions in the middle and inner radii.
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Discussion

The results obtained from the tests of the new combustion chamber offer further un-
derstanding of the behaviour of the M250 combustion chamber. Hot spots were still
present in the outlet temperature profile, close to the same position as in the original
combustion chamber suggesting the problem is not related to the liner but with the
entire combustion chamber.

In this chapter, the results of the combustion chamber with the redesigned liner
are analyzed and compared to the results from the original combustion chamber, the
geometry of the redesigned liner is compared to the original liner, and the effects of
the outlet temperature profile on the engine are discussed. The effects of inlet flow

distortion on the new liner are also discussed.

6.1 Temperature Profiles

Four regions of relatively higher temperature were observed at 40°, 150°, 220°, and 330°.
The presence of these four hot regions are not caused by the liner but by the casing.
The hot spots at the outlet of the combustion chamber are caused by the flow from the
diffuser to the annulus. The transition from the diffuser tubes to the annulus is a series
of holes in the casing wall. The flow from the diffuser tubes enters the casing at the
two inlets indicated in Fig. 6.1. The air enters the annulus through 12 holes around
the casing where it is then distributed around the liner. The inside of the casing with

the hole layout is also shown in Fig. 6.1.
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6.1. Temperature Profiles
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Figure 6.1: Sketch of Casing Inner Wall.

Instead of uniformly entering the casing through the 12 holes, the air entered mostly
through the holes closest to 0° and 180° indicated by the arrows in Fig. 6.1. This caused
more air to enter the liner through holes near 40°, 150°, 220°, and 330°. The equivalence
ratio in the recirculation zone is approximately 1.2 for this operating condition. By
adding more air in this region, the mixture approaches stoichiometric and the local
temperature will increase. This relationship is shown in Fig. 6.2.

The regions with less air are richer, resulting in lower local temperatures. This
corresponds to the cold spots in the exit temperature profile. The uneven distribution
of air in the recirculation zone caused by the casing air distribution resulted in local hot
regions and carried on through the combustion chamber to the outlet.

The region near 150° was expected to be at the same temperature as the regions
at 40°, 220°, and 330°, however, the igniter and dome film cooling device at 180° are
the reason for the low temperature. Since the igniter is at this location, the dome film
cooling splash strip did not surround the entire circumference. This resulted in the
discontinuous splash strip at 180° to accommodate the igniter.

During manufacturing the sleeve for the igniter was not installed completely straight.
As a result, the igniter hole was not positioned correctly and the igniter could not be

inserted into the liner. To fix this, a small amount of the sleeve was ground off to
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Figure 6.2: Plot of Temperature Rise as a Function of Equivalence Ratio.

increase the size of the hole so that the igniter could be inserted correctly. This resulted
in a slightly larger hole than intended.

It is possible that the hole for the igniter in the dome was too large and air entered
at this point. The air would have disrupted the toroidal vortex in this location causing
furhter non-uniformity in the primary zone. The additional air from the igniter holes in
addition to air from the casing hole near 150° could have also resulted in lean conditions,
¢ < 1, lowering the temperature. The soot deposited at this location is also different
than the rest of the splash strip, giving further evidence that there was not as much
fuel in this region. The air exiting the swirler around 180° is directed along the splash

resulting in the pattern shown in Fig. 6.3.
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6.1. Temperature Profiles

270°

Figure 6.3: Soot Deposit on Splash Strip After Test.

The entire splash strip is covered in a shiny coating of soot except for the region from
100° to 170°. This inconsistency from the rest of the splash strip strongly connects the
theory of lean conditions at this location to the deviation from the expected temperature

rise at the outlet of the combustion chamber at 150°.

6.1.1 Performance Comparison

The temperature profile from the new combustion chamber tests were compared to
the temperature profile of the original combustion chamber which was tested by Mag-
sood [30]. To compare each temperature profile, Eqn. 5.4 was used. Graphical com-
parisons between the new and the original combustion chamber for each test case are

shown in Figs. 6.6 through 6.9.
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Figure 6.4: Exit Temperature Profile for +4% LD with (a) Original Liner from Maq-

sood [30], (b) New Liner.
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Figure 6.5: Change in Exit Temperature Profile - New and Original Liners, +4% LD.
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Figure 6.6: Exit Temperature Profile for Even Inlet Flow with (a) Original Liner from

Magsood [30], (b) New Liner.
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Figure 6.7: Change in Exit Temperature Profile - New and Original Liners, Even.
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Figure 6.8: Exit Temperature Profile for +4% RD with (a) Original Combustion Cham-
ber from Magsood [30], (b) New Combustion Chamber.
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Figure 6.9: Change in Exit Temperature Profile - New and Original Liners, +4% RD.
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The original combustion chamber had two regions of relatively high temperature at
approximately 45° and 225°. The new liner did not reduce the magnitude of these hot
spots, but instead increased them. An additional regions of higher temperature when
compared to the original liner was also identified. The regions near 40° and 220° are
slightly hotter, however, the most noticeable change is in the region between 290° to
345°. This is due to the new hot spot that was produced in this region that was not
present in the original combustion chamber. There is also an increase in temperature
rise along the outer radius from 120° to 240°.

Magsood [30] calculated the average non-dimensional temperature with an image
processing software Matrox, however, the values could not be replicated with the pro-
vided data so the average non-dimensional temperature was calculated with Eqn. 5.2.
The average non-dimensional temperature and pattern factor for the original combus-
tion chamber and the new combustion chamber are shown in Tab. 6.1.

Table 6.1: Average Non-dimensional Temperature Rise and Pattern Factor Comparison
to Tests by Magsood [30].

New Liner Original Liner

Test Case Oavg  Pattern Factor ‘ Oave  Pattern Factor
New +4% LD | 0.912 0.389 0.935 0.279
New Even 0.906 0.379 0.931 0.256
New +4% RD | 0.920 0.335 0.943 0.308

The average temperature rise of the new liner is lower than the average temperature
rise with the original liner. This may be attributed to the increased soot deposition on
the inner wall of the liner due to the rich conditions in the primary zone. The difference
in average temperature rise is quite small and likely due to testing configuration. On
the original liner there is a lip which is used to mount the liner onto the NGV shield at
the outlet of the combustion chamber. There is a small gap outside of the NGV shield
for the outer lip of the liner. While the liner is installed the gap should be plugged

during operation on the test rig. The NGV shield and liner lip are shown in Fig. 6.10.
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6.1. Temperature Profiles

Figure 6.10: (a) Outer Gap Around the NGV Shield, (b) Liner Lip.

The new liner did not have the outer lip to plug this gap. To ensure no air escaped
through the gap, it was covered with a piece of sheet metal. It is possible that during
tests on the original liner a small amount of air leaked around the outer lip of the liner.
This would result in a higher equivalence ratio in the combustion chamber raising the
adiabatic flame temperature resulting in a higher average temperature. This would have
been a small amount of air which would not have a notable change in the flow in the
combustion chamber.

The pattern factor for all three cases is also significantly higher with the new liner
than with the original liner. This higher pattern factor is partially due to the lower
average temperature rise, as pattern factor is the deviation from average temperature
rise, however, it is mainly a result of the local hot regions in the primary zone.

A drawback of the pattern factor is that it does not take into account the area
of the temperature deviation. Upon inspection of the temperature profiles shown in
Figs. 5.6, 5.7, and 5.9, the regions of high temperature are small. These regions are sur-
rounded by larger regions close to the desired temperature rise. Although the maximum

temperature deviation is higher, the area of these high temperatures are small.
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6.1.2 Effects of Inlet Distortion

The effects of inlet distortion on the exit temperature profile were present in the new
liner and were consistent with the original liner results presented by Magsood [30]. It
was found that the side with higher inlet flow increased in temperature, which was also
observed in the original combustion chamber. An observation from the cases with inlet
distortion showed an increase in temperature rise along the inner radius for both cases,
shown in Figs. 5.8 and 5.10. A more uniform radial temperature profile is seen in the
hot regions for both cases with inlet distortion when compared to the even inlet flow
case. The reason for is likely from improved mixing due to the increased flow rate on
the affected side.

The maximum temperature did not change significantly due to inlet distortion. This
is the reason there was no notable increase in pattern factor like in the original liner.
The maximum temperature for each case was measured on the outer radius, however,
the majority of the increased temperature with inlet distortion was found along the
inner radius. The temperature along the outer radius was mostly unchanged along the
hotter side. This can be seen in Figs. 5.8 and 5.10.

This result shows that the new liner had a smaller change in temperature profile
under uneven inlet flow conditions when compared to the original liner. The change
in pattern factor for the new liner was minimal and lower than with the original liner.
For the cases with inlet distortion, the maximum temperature did not significantly
increase as with the original liner. For 4 % higher left inlet flow, the change in maximum
temperature in the hot region near 220° was 49 K for the original liner, and 15 K for the
new liner. For 4% higher right inlet flow, the change in maximum temperature in the
hot region near 40° was 56 K for the original liner, and 12 K for the new liner. Although
the pattern factor was higher for all cases with the new liner, the change in both pattern
factor and maximum temperature was not as significant.

The observations with the new liner are also consistent with the results of Bruan [22]

shown in Fig. 3.3. For those tests the effects of inlet distortion were not fully investi-
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gated, however, it was noted that with higher inlet flow rate at one side of the combustion

chamber, the temperature increased on that side.

6.2 Combustion Chamber Design Comparison

The design of the new combustion chamber varies in many ways from the original design
specifically in air distribution and geometry. The new liner was made of stainless steel
rather than an advanced material due to manufacturing limitations. To accommodate
the lower temperature limit of steel, the film cooling air was increased. No other special
considerations to facilitate the choice of material needed to be made. A comparison
between the design of the two liners shows the difference in the design methodology for

each combustion chamber.

6.2.1 Geometry

The diameter of the new liner was sized based on the correlations based on aerodynamics
(Eqns. 2.12 — 2.14) which produced a much smaller primary zone diameter than the
original. From this diameter, the size of each zone was determined. Using this method,
compromises had to be made in order for the liner to fit in the existing casing.

The length of the liner was constrained to the length of the original liner, therefore,
the small diameter was necessary. A longer primary zone would have been preferred,
however, space constraints did not allow it. The length of the primary zone was as
short as Eqn. 2.16 allowed in order for the total length to match the original liner. The
length of each zone for the two liners is comparable, however, the length to diameter
ratio for each zone in the new liner is much higher than for the original liner.

The smaller primary zone diameter meant that the diameter of the liner would need
to increase along the length of the liner to achieve the correct exit diameter. This was
achieved with the conical section in the dilution zone. The cone angle is acceptable due

to the exit geometry of the combustion chamber. At the outlet is the NGV shield which
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6.2. Combustion Chamber Design Comparison

directs the flow to the exit annulus, meaning the flow will follow the conical shape of
the dilution zone wall.

The length of the dilution zone is similar on both liners. The new liner diameter
increases in the dilution zone so a ratio of length to diameter is difficult to estimate.
Odgers and Kretschmer [4] provide Eqn. 2.18 to estimate the dilution zone length based
on maximum pattern factor and primary zone diameter. Since the liner diameter in-
creases along the length of the liner, this may underestimate the required length of the
dilution zone.

The correlation in Eqn. 2.43 was used to estimate the pattern factor for the new
liner. This resulted in a pattern factor of 0.17. By this calculation, the length of the
liner is appropriate, however, the experimental results deviate considerably from this
value due to the non-uniform air distribution by the casing. This equation does not
take into account the increasing liner diameter in the dilution zone. It is possible that
the use of this conical section requires a longer dilution zone to adequately mix the air.
A longer dilution zone could have helped to provide a more uniform exit temperature
profile.

After testing the dome cooling splash strip was fully coated in soot. The splash strip
stuck out into the recirculation zone and acted as an obstruction for the fuel droplets
in the toroidal vortex. Most of the fuel was unaffected but as shown in Fig. 6.3, shiny
layer is a result of some fuel droplets in the recirculation zone coating the splash strip
in addition to soot from combustion. The preferred configuration would have been a
cooling device that did not change the geometry of the dome.

The new liner has one film cooling device in the dome and four along the length
of the liner wall. The original liner uses the dome swirlers as cooling devices for the
dome and has two additional film cooling devices to cool to the rest of the liner. The
new liner is made of stainless steel while the original liner is likely made from another
material with a higher operating temperature allowing fewer film cooling devices to

be used. Fewer film cooling devices would have allowed for more air to be used for
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the holes for each zone. This would allow for a higher number of holes to be used
improving mixing while maintaining appropriate jet penetration. Due to manufacturing
limitations, wiggle strips were used. A more sophisticated method of wall cooling would

have been beneficial, resulting in less air used for film cooling and more for the holes.

6.2.2 Air Distribution

The holes in the liner wall are evenly distributed around the liner for the new design,
unlike the original liner. In addition to the evenly spaced holes, the sizes and number
of holes in each zone differed significantly from the original liner. The number of holes
as well as the total area for each set of holes are compared for the new liner and the
old liner in Tab. 6.2. The total area of the holes along the liner are approximately
equal, suggesting that the intended pressure drop and velocity through the holes are
approximately equal.

Table 6.2: Liner Hole Comparison

New Liner Original Liner
Diameter Total Area Diameter Total Area
Number dhole EAhole Number dhole ZAhole
Zone of Holes [mm)] [mm?] of Holes [mm)] [mm?]
Primary 8 9.4 550 6/6 14.3/12.7 1720
Secondary 6 13.2 820 14 9.5 1000
Dilution 8 21.3 2860 2 31.8 1580

The largest difference is noticed in the primary zone and the dilution zone. For
the new liner, the addition of the swirler and dome cooling splash strip resulted in a
small proportion of air through the primary zone holes, and therefore, fewer and smaller
holes. The eight dilution zone holes are evenly spaced around the liner as opposed to
the original liner where there are only two holes, 180° apart. Both liners are shown in
Fig. 6.11.

Eight dilution zone holes were chosen so that they could be staggered with the

primary zone holes. This resulted in a jet penetration slightly deeper than the centerline.
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6.2. Combustion Chamber Design Comparison

(a) (b)

Figure 6.11: Hole Size and Placement (a) New Liner, (b) Original Liner.

During manufacturing the holes were not staggered, however, this was not identified
until testing had begun. Rather than having eight dilution zone holes, twelve dilution
zone holes could have been chosen to be offset with secondary zone holes. This would
have resulted in a small degree of under penetration (4 = 0.45), however, the increased
number of holes would have resulted in better circumferential mixing. This may have
reduced the temperature of the hot spots and raised the temperature of the cold spots.
Since there were four hot spots and four cold spots, they likely correspond to the eight

primary zone holes and eight dilution zone holes. Changing the dilution zone hole
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6.2. Combustion Chamber Design Comparison

pattern from eight to twelve could result in an exit temperature profile with six hot
spots and six cold spots, each with a smaller deviation from the average temperature.

The hole size and placement in the original suggests the air distribution and the
intended equivalence ratio in the original liner prior to the exit of the combustion
chamber is much different than in the new liner. On the original liner, the area of
the primary zone holes and the holes used for the dome cooling flaps and swirler is
nearly one third of the total area for air to enter the liner. This results in a primary
zone that should be slightly lean with rich regions as a result of local air distribution.
Comparing this to the new liner, which is designed to be rich in this region, shows
that the design philosophy of the original combustion chamber was completely different
when it came to distributing the air for each zone.

Evidence of a rich primary zone was visible after testing. The proportion of air in the
recirculation zone was calculated to be 19 % of the total air, resulting in an equivalence
ratio of 1.21 in the region. This is supported by the soot deposits on the dome cooling
splash strip. Soot deposits on the splash strip suggest that the recirculation zone was
very rich, as the splash strip was completely coated with soot, as shown by the shiny
coating in Fig. 6.3.

The placement of the igniter in the dome causes it to protrude into the recirculation
zone resulting in asymmetric flow in the region. If the dome cooling strip was a full ring
and not interrupted by the igniter, it is likely that the colder region around 150° would
produce similar temperatures and cover the same area as the rest of the hot regions.

The type of swirler was changed from a dome swirler to an axial swirler. This change
was implemented to introduce a toroidal vortex to create a swirl-stabilized recirculation
flow in the primary zone. The swirler in the new liner allows 6 % of the total airflow
into the liner to produce a toroidal vortex in the primary zone. In the original liner,
there is likely no recirculation set up as a result of the counter rotating swirlers, any
recirculation that is produced is due to the jets of the primary zone holes.

The swirler was successful in producing a toroidal vortex in the primary zone as all
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soot deposits along the inner wall of the liner show no evidence of swirl unlike in the
original liner. The deposits of soot on the wall of the new liner are generally in the axial
direction, while the original liner had soot deposits with an angle of approximately
20°from axial. The lack of swirl downstream of the primary zone was the intended
result. Since there was no evidence of swirl downstream of the primary zone, there
was a complete transition from swirling flow to recirculating flow resulting in a strong

vortex.

6.3 Effects on Engine

The presence of hot spots at the turbine inlet can lead to secondary flows. These sec-
ondary flows caused by thermal gradients in the turbine result in reduced performance.
Thermal gradients at the outlet of the combustion chamber can introduce secondary
flows in turbines, possibly larger in magnitude than secondary flows introduced by ve-
locity gradients as demonstrated by Lakshminarayana [40].

Although the thermal gradients lead to secondary flows which affect the turbine
performance, the more significant consequence is on the turbine life. The first row in
the turbine consists of the NGVs. The NGVs experience the highest temperatures in
the turbine, therefore, when the combustion chamber delivers temperatures higher than
the design specifications, the NGVs can quickly degrade. The premature degradation
of these parts leads to decreased service life and increased maintenance time and costs
over the life of the engine.

The operating condition in the current tests was a cruise condition. This condition
produces temperatures well below the temperatures at take off, however, the engine
spends the majority of its time at cruise meaning the NGVs would experience the hot
streaks for extended periods of time. This results in a non-uniform distribution of
thermal stresses on the NGVs. Since NGVs are stationary, only the paths with the

hot streaks will experience this increase in thermal stress. For the new liner this has
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6.3. Effects on Engine

increased from two locations to three and could be of greater concern for conditions
with higher turbine inlet temperatures like during takeoff. Additional tests would need
to be performed to determine the temperature profile at these conditions.

Both hot and cold spots at the outlet of the combustion chamber affect the life of
turbine blades. For turbine blades, the frequency at which the blades transition from
relatively high temperature to low temperature must be considered. The amplitude of
the fluctuations is approximately the same between the new and original liners. The
frequency of the gas temperature fluctuations has increased for the new liner when
compared to the original liner. Although the amplitude has remained the same and
the frequency has increased for the gas temperature, the strain amplitude on the blades
has likely decreased. The strain on the blades is driven by the heat transfer from the
gas to the blades which results in the temperature change. Since the frequency of the
temperature fluctuations has increased, it results in less time over which heat transfer
to the blades occurs resulting in a smaller variation in the blade temperature. Further
investigation into the thermal mechanical fatigue behaviour of turbine blades is needed
to determine if the new liner reduces the life of turbine blades, however, that is beyond

the scope of this project.
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Conclusions and

Recommendations

7.1 Conclusions

The objective of this research was to design a new combustion liner for the Rolls-Royce
M250-C20B combustion chamber that produces a more uniform temperature profile
than the original liner and also reduces the effects of uneven inlet air flow conditions.
The new liner was designed using present-day design practices and tested on an at-
mospheric combustion test rig. The exit temperature profile of the new combustion
chamber was measured and the performance was compared to the original combustion
chamber.

A scaled cruise condition was used for the testing conditions on the atmospheric
test rig. This was achieved by matching the quasi-non-dimensional Mach number and
the equivalence ratio, and minimizing the Sauter mean diameter of the fuel droplets.
Real engine parts were used to match the geometry of the combustion chamber on the
engine. The airflow from the real operating condition was scaled using Mach number.
The area in the combustion chamber and the gas properties were consistent between
test rig and engine operation allowing for the use of the quasi-non-dimensional Mach
number. The fuel droplet characteristics were matched by ensuring the Sauter mean
diameter was below 120 pm.

A number of changes were made to the test rig. The fuel nozzle was replaced because
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the original nozzle produced streaks. The water cooled chamber housing the stepper
motor was also slightly modified to better protect the stepper motor from extreme
temperatures. The O-ring grooves were re-machined and larger O-rings were used to
provide a better seal. Compressed air was supplied to pressurize the chamber with the
stepper motor to keep exhaust gas from entering and over heating the stepper motor.

The results of the tests showed that the temperature profile of the new combus-
tion chamber contained hot spots in the same location as the two hot spots identified
in the original combustion chamber. The hot spots in the new combustion chamber
temperature profile were higher in temperature than the original liner. There was also
one additional hot spot that was not present in the original liner. A fourth region
of increased temperature was observed, however, the temperature in this region was
significantly lower than the other three.

The consistency of the locations of the hot spots between the original and new
combustion chamber resulted in further analysis of the entire combustion chamber rather
than just the liner. This revealed that the reason for the hot spots in the temperature
profile at the exit of the new combustion chamber was due to the air distribution in the
casing. Regardless of liner design, the hot spots were still produced because of the inlet
air flow from the diffuser tubes into the annulus surrounding the liner through a set of
12 holes in the casing.

The air did not enter the casing uniformly, and instead entered through 4 of the
12 holes in the transition from the diffuser tubes to the annulus. The air entering
through these four holes did not surround the liner uniformly and entered the liner at
four locations in line with the casing holes. This resulted in regions in the primary zone
that were locally hotter than others. These hot regions were carried through the liner
to the outlet where they were identified on the exit temperature profile.

The effect of inlet distortion was also investigated. The inlet air flow was varied for
the two inlets of the combustion chamber. For these tests, the flow rate of air entering

the combustion chamber was 4 % higher on one side with tests conducted for uneven
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air flow on both sides. This resulted in similar observations to the original liner and
agreed with external research conducted on the engine. The temperature on the side of
the combustion chamber with higher inlet flow rate increased.

The effect of inlet distortion for the new liner was not as significant as in the original
liner. There was no significant change in maximum temperature, however, the area
of the hot regions increased. The change in pattern factor was minimal for the inlet
distortion cases and much smaller when compared to the original liner. This showed that
the design of the new liner partially achieved the objective of improving the combustion
chamber.

This was the first attempt to redesign part of the combustion chamber. The design
can be further refined based on the experimental findings. It is difficult to predict outlet
temperature distributions without experimentation, therefore, it is difficult for the first
design to achieve all objectives. As an initial design, the new liner offered comparable
performance to the original liner with improvements in overall temperature distribution
around the outlet annulus and with inlet distortion but did create additional hot and

cold spots.

7.2 Recommendations

The conclusions of the research suggest that the casing was the reason for the hot
spots at the outlet of the combustion chamber. To investigate the effects of the casing
air distribution, the casing should be redesigned to provide a uniform air distribution
around the circumference of the liner and tested with both the redesigned liner, and the
original liner.

If a second iteration of the liner is to be designed, a change in hole configuration
may be useful. Changing the symmetry of the holes in liner, similar to what is done
on the original liner, would be difficult and would require extensive testing with new

designs based on the test results. Changing the number and size of the holes may be an
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easier solution. Eight dilution zone holes were selected so that they could be staggered
with the eight primary zone holes. Since the jet penetration was high for the dilution
zone, a greater number of smaller holes could be used. A possible configuration is twelve
dilution zone holes staggered with the six secondary zone holes.

The airflow in the primary zone is thought to be non-uniform around the circum-
ference of the liner, however, the flow paths were not observed. Flow visualization
through experimentation or simulation would be beneficial in further understanding the
air distribution from the casing. The airflow without combustion would be sufficient to
visualize the flow paths through the combustion chamber.

Additional tests should be conducted with the new liner to establish a more consis-
tent average temperature rise and pattern factor. Further testing at different operating
points should also be conducted to measure the performance of the combustion chamber
at various conditions.

It is also recommended that the cooling system for the stepper motor be redesigned
or enhanced. The temperature of the air in the water cooled chamber was measured
during testing to monitor the condition of the stepper motor. The stepper motor stalled
at high temperatures and was only operational if room temperature compressed air was
delivered into the test section to keep the temperature from increasing rapidly.

Although no streaks were present in the second fuel nozzle spray pattern, spray pat-
ternation testing should be conducted for fuel nozzles to be used in future combustion
research to establish a baseline for the state of the nozzle before testing. Preliminary
testing proved that the outlet temperature profile is very sensitive to nozzle spray pat-
tern, therefore, spray patternation testing should be performed to determine the state

of fuel nozzles for future work.
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Calculations

A.1 Diameter Calculations

The calculations for the combustion chamber diameter are shown for condition 1.

A.1.1 Chemical Kinetics

The volume required for the reaction is calculated with Eqn. A.1. The diameter is calcu-
lated with this volume, assuming a cylindrical volume with equal length and diameter.
The steps are shown in Eqns A.1 through A.6. The values for M, n,y, %, €, and o were

obtained from Kretschmer and Odgers [9)].

. . FE
M AT6K.n e RETtedTog) 1 [5(1 — ye)|*[¢pz — ye]"°]

— d - Al
VP 1000n1R™ (T3 + eATpz)" 09 ye [23.8 + ¢pz + ye]” (A1)
A AT6 (12.9 X 109%?2““”) o TR T A2

VPP~ 1000(-49-1) (8.314_J )" (575K +0.851 (1745 K)) 9707 '

1 [5[1—1(0.851)]]>7 [1.34 — 1(0.851)]"49-0-746]
1(0.851) [23.8+1.34+1(0.851) |
M mol
=178 x 1073 ————— A3
vV Py % Pal 4 m3s (4.3)
I i
V= -3 mol n = 73M mol n (A4)
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1.78%8
kg
Y= T 1 1073700;1%1 (7.47Pa)" " 0.8 (45)
: Pal49m3s \'" a)
4 3/4(59. 3
dzi’/vz‘\s/(598mm):42.4mm (A.6)
T ™

A.1.2 Mach Number Correlation

The diameter of the liner can be calculated with Eqn A.8. The Mach number in the
combustion chamber is assumed to be 0.05. The Mach number is used to calculate the
casing diameter which is proportional to the liner diameter. The liner diameter is 70 %

of the diameter of the casing.

m T.TL3\/T3
Ma = (14. =0. A.
o= ( 35K0~5) app, 00 (A7)
1.79 ¥&\/575 K
Ap = (14.3 o ) s (A.8)
sK05/ 0.5 (746 000 Pa)
Ap =16 400 mm? (A.9)
4A 4(164 2
D:\/:\/Wffm):144mm (A.10)
T T
d=0.7D = 0.7 (144mm) = 101 mm (A.11)

A.1.3 Bragg Correlation

The correlation by Bragg, Eqn. A.13, can also be used to size the primary zone. The

pressure loss across the combustion chamber, AI;?'&“‘, is assumed to be 5 %.
m?s mer/ 13 1
Aq = (0.0162kg K0.5) (&) (AP374> (A.12)
P P
2 0.0344 \/575K [ 1
Aq = (0016222 s (A.13)
kg KO- 7.37 0.05
Aq = 8120 mm? (A.14)
4A 4 (812 2
d:\/:\/(80mm)2102mm (A.15)
T T
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A.1.4 Aerodynamic Groups

The area of the casing can be calculated with Eqn. A.16 and from there the liner
diameter is determined. The values in Tab. A.1 are used in Eqn. A.16 to calculate the

casing diameter.

RTg AP;_4
\/ A.16
Qref APs 4 ( )

Table A.1: Typical Values Used in Eqn. A.16.

Type | St SR RR
Can 40 0.053 0.0030
Can-annular 30 0.054 0.0035
Annular 20 0.060 0.0030

AP3,4 AP3,4 (2> 1
— il A7
Gret P; \R Z;;/;S (A.17)
APs_ 2 1 \?
371 —0.053 - < ) =41.0 (A.18)
179k  [287 L. (575K 1
Ap = s \/ K ( ) 41.0 (A.19)
747000 Pa 2 0.053
Ap =19000mm? (A.20)
4A 401 2
_ ¢ _ W%OOmm) 156 mm (A.21)
T T
d=0.7D = 0.7 (156 mm) = 109 mm (A.22)
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A.1.5 Greenhough-Lefebvre Correlation

The Greenhough-Lefebvre correlation, Eqn. A.24, estimates the size of the casing. The
diameter of the liner is calculated from the volume of the cylinder calculated with this
method. The volume is assumed to be of a cylinder with equal diameter and length.

The value for the combustion efficiency parameter, @, is provided in Odgers [10].

VOB pLTS 1

¢ - €260K (A.23)
m
oo
V0T _ maT3 (A.24)
P31'75 e360K
2,96 x 10° P22 (1,79 %) o
V = A.25
(747000 Pa) "™ 360k (A.25)
V =9.50 x 10 mm? (A.26)
) ) 6 3
D= *\*/4‘/ - \‘/4 (950 10°mm®) 15 4 1m (A.27)
s s
d=0.7D = 161 mm (A.28)

107



A.2. Dome Angle Equation Derivation

A.2 Dome Angle Equation Derivation

The dimensions of the primary zone are shown in Fig. A.1.

A
Y

A
Y
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Y

A
A
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\
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Figure A.1: Primary Zone Dimensions.

<

The length of the recirculation zone is the sum of the three lengths. The first is the
the length of the dome, Lgome. This is the horizontal length from the swirler to the end

of the dome and is calculated with Eqn. A.29.
d*dsw,o

Liome = —2 A.29
d tan ¢ ( )

The next length, Ly, is the length from the end of the dome to the point tangent

to the magic circle on the liner wall. The arc on the magic circle between the point
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tangent to the dome and the point tangent to the liner wall can be intersected at the
midpoint by a line from the end of the dome to the center of the circle. This line creates
two identical right angle triangles, each with one side equal to the radius of the magic
circle and an angle of half the dome angle, as shown in Fig. A.1. This triangle is used

to determine the length, Ly, as shown in Eqn. A.30.

_d Y
Ly =7 tan <2> (A.30)

The third length is the radius of the magic circle, %. The length of the recirculation

zone is shown in Eqn. A.32.

d—d
SW,0 d w d
Lng=—2— 4+ %qan (L) 4+ ¢ A31
RZ tamertham<2>+4 (A.31)
1 [d—dwo d. (¥ d
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A.3 Filming Cooling Device Placement

The temperature along the length of the combustion chamber was estimated to deter-
mine the heat transfer to the liner wall along the length of the combustion chamber. The
method was developed by Odgers and Kretschmer [38]. The parameters for condition 1
are given in Tab. A.2.

Table A.2: Operating Conditions for Condition 1

Parameter Value Parameter  Value
P; 747000 Pa Ty 1.78 k&
Ts 575K Bz 0.19

Ty 1345 K d 100 mm
sz 2320K LRZ 54 mm
Tsy 2327TK Lpy 67 mm
Ty=1 2472 K Lgy 50 mm
10) 0.311 Lpy 136 mm

The temperature rise through each zone is assumed to be linear. The calculations

for condition 1 are shown. The first step is to estimate the recirculation zone exit

temperature.
2
Trzo =Ts + 3Rz (Ty=1 —T3) (A.33)
nrz = 0.56 + 0.44 tanh [1.55 x 107 (T3 + 108In P; — 1863)] (A.34)

nrz = 0.56 + 0.44 tanh [1.55 x 107% (575 + 1081n (747000) — 1863)]  (A.35)
nrz = 0.676 (A.36)

2
Thzo =57T5K + 5 (0.676) (472K — 575K) = 1430K (A.37)

The same approach is used to determine the temperature at the exit of the primary

zone.

Tpz,0 = T3+ npz (Tpz — T3) (A.38)
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npz = 0.56 4 0.44 tanh [1.55 x 1073 (75 + 108 In P3 — 1863)] (A.39)
npz =0.71 +0.29 tanh [1.55 x 1072 (575 + 1081n (747000) — 1863)] (A.40)
npz =0.786 (A.41)
Tpz.0 =575 K + 0.786 (2320 K — 575K) = 1946 K (A.42)

Combustion is completed at the exit of the secondary zone, therefore, the tempera-
ture at the exit of the secondary zone is assumed to be Tgz = 2327 K. The temperature
at the exit of the dilution is Ty = 1345 K. Thus, the temperature along the length of
the combustion chamber is defined.

The liner wall temperature, Ty, is calculated by considering the heat transfer due
to radiation and convection to and from the liner wall. Conduction is not considered
in the calculation as the temperature difference across the liner wall is negligible due
to the small wall thickness. The energy balance into the liner wall and out of the liner

wall is shown in Eqn. A.43.

erad71 + (jconv,l = QCond = Qrad,Q + q'conv,Z (A43)

A sample calculation is provided for condition 1 at 20 mm from the first cooling

device at the end of the dome. The gas temperature, T, ., is calculated with Eqn. A.45.

TrRz,0 — 13
—_— X

Tyo=Ts+ — (A.44)
Trzo — T
Ty00 =T5 + % (20 mm + Laome) (A.45)
d—dsyo 100mm — 39.6 mm
Ldome = 0 = =11. A4
d 2 tan v 2 tan(69°) 6 mm (4.46)
1430K — 575K
Ty o0 =575 K + S0K = 575K o) im + 11.6) = 1080 K A.AT
g7

54 mm

The radiation from the combustion gas to the inner liner wall is calculated with
Eqn. A.48.
) 1
s = 501+ 2z TEE (T2~ TE) (A.15)
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A.3. Filming Cooling Device Placement

The emissivity of the wall, ey, is assumed to be 0.8. The emissivity of the gas is

calculated with Eqn. A.49.
eg = 1 —exp | —0.0746 Lu P3 (0.6 d ¢pz)"” Ty o° (A.49)

The luminosity factor Lu, calculated with Eqn. A.51. The fuel is Jet-A, CioHos,

therefore, a = 12 and b = 23. The molar mass of carbon is 12.0 n%. The molar mass of
hydrogen is 23.0 ﬁ. The equivalence ratio in the recirculation zone is calculated with
Eqgn. A.53.
a Mg 2.71
Lu =0.0691 —1.82 A.50
" (bMH ) (A.50)
2.71
12 (12.0-8;
Lu =0.0691 12 (12.055) 1.82 = 3.78 (A.51)
23 (1.01:5)
10) 0.311
= = — 164 A.52
PRz iz~ 0.19 (A.52)

gg =1 —exp [—0.0746 (3.78) (747000 Pa) (0.6 (0.1m) (1.64))° (1080 K)*“’] (A.53)

£y =0.845 (A.54)

The luminosity factor is calculated for the gas in the recirculation zone, however,
for gas in the primary, secondary, and dilution zones, the luminosity factor is 3, 2, and
1, respectively. The convective heat transfer from the gas to the inner liner wall is

calculated with Eqn. A.55.

. Ae \ (1%
deonv,1 = 0.017 (uOS) <A> dyy 0% (Te.w — Tn) (A.55)

Where 11, is the mass flow rate of air through the coooling device, A. is the area
of the cooling slot, dy, . is the hydraulic diameter of the slot, which is double the slot
width, w, and Tt , is the temperature of the cooling gas along the wall. The width of
the cooling slot is 2mm. The conductivity and viscosity, ﬁ, are represented by an

empirical relation, calculated with Eqn. A.56.

A
55 = T48 4+ 1.67T%™ —0.00816 T"° +2.25 x 107> T** — 2,53 x 10°°T%  (A.56)
0
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A.3. Filming Cooling Device Placement

The temperature of the cooling air near the wall increases and the efficiency of the
cooling air on the the liner wall decreases further away from the cooling device. The
cooling efficiency for a wiggle strip is plotted against an axial position parameter, X,

in Fig. A.2. The position parameter is defined in Eqn. A.57.

in"o.z
0 10 20 30 40 50 60
1 : 3 1 l ) r ) |
WIGGLESTRIP
% \‘ \
L 06 e
\
g e & UNOBSTRUCTED GAP
'8} S
o 04
'
L.
w
Sl
-
0 |
0 20 40 60 80 ‘100 120
x m-O.Z

Figure A.2: Cooling Efficiency for a Wiggle Strip [10].

’rhAC 0.8 T av 0.6 xo_g

Where 7hg is the mass flow rate of gas inside the liner, A, is the area of the cooling
slot, Ty ave is the average temperature of the gas at the entrance of the slot and the
current position, x, and Kx is dependent on the velocity of gas in the liner and air in
the slot as shown in Eqn. A.58.

1 for % >0.8
Ky = ¢ (A.58)

(% + 0,2)71'25 for 0> 7% > 0.8
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A.3. Filming Cooling Device Placement

Where,
mg
" A.59
¢ psAa ( |
™
_ e A.
o=t (A.60)
ug g pe Ac 1itg Ty avg Ac (A.61)

ue  MepgAa T3 Aq

The mass flow rate through the cooling slot is dependent on the effective area of the
slot, the pressure drop across the slot, and the conditions of the air. The effective area
of the slot is determined by the coefficient of discharge of the slot, Cp, 0.85 for wiggle
strips, the area of the slot, A., and the area of material blocking the slot, Ag, such as
a strip of material used to create a wiggle strip. The blockage for these wiggle strips is

65 % of the total area of the slot. The effective area, A e, is calculated with Eqn. A.63.

Ac eff = CDAC <1 - AB) (A62)
El AC
_n.T ) Ap
Aceft = Cpy (d+2w)*—d*) (1- T (A.63)
Acott =0.85 (2) ((100mm + 2(2mm))? — (100mm)2) (1 — 0.65) (A.64)
Aot =181 mm? (A.65)

The pressure drop through the slot is equal to the pressure loss across the swirler.

The pressure loss is calculated with Eqn. A.67.

APC AF)sw APSW < Qref ) <AP3—4>

= = A .66
P P et \ P34 Py ( )
AP, 1
=3 0(41'(]) (0.05) = 0.039 (A.67)
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A.3. Filming Cooling Device Placement

The mass flow rate through the film cooling device is calculated with Eqn. A.69.

. \/APC 2P} A2
me = _

A.68
P, RT; (A.68)
2 (747000 Pa)2 (0.000181 m?)? k
e = 0,039 2 ? ( m0)” 092 k8 (A.69)

he 0.092%8
Te = 5 = 0.052 (A.70)

g 1.78k8
The cooling efficiency of the film, nx, can be determined with Fig. A.2 after calcu-

lating X.

Tyo+1T, 759K + 1080 K
Ty avg = g’OJ; 820 _ J; — 919K (A.71)

ug  0.19(919K) (641 mm?)

= = 0.477 AT

ue  0.052 (575 K) (7850 mm?) (A.72)
—-1.25

Kx = <Zg + 0.2) = (0477 +0.2)7"* =1.63 (A.73)

0.19 (641mm?2) \*® /919K \*® /(0.02m)"#
X = L. A.T4
(0.052(7850mm2)> 575K 0.002m ) (103) (A.74)

1
X =179 5 (A.75)

The efficiency of the cooling film is 0.95. The temperature of the cooling air

20 mm from the cooling device is then calculated with Eqn. A.77.

Tc,r = Tg,avg —nx (Tg,avg - T3) (A76)

Te00 =919K — 0.95 (919K — 575 K) = 592K (A.77)

The radiation and convective heat transfer away from the liner to the annulus is

calculated with Eqns. A.78 and A.79.

Grad,2 =0.40 (Tyy — T3 (A.78)
' s ) O s
Gconv,2 =0.02 @ Tan dh,an (Tw - T3) (A79)
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A.3. Filming Cooling Device Placement

Inserting all values into the appropriate equations yields the following.

: 1 s W
Grad1 = 5 <5.67 x107° — K4) (1+0.8)(0.848) (A.80)
x (1080K)"® ((1080 K)%5 — Tv%ﬁ) (A.81)
a1 = 000154 109 K*® — 725 A.82
Grad,1 = 0.00154——7s (38.3 x 10 —T2°) (A.82)
0.8
, kg®2m!8Y (0.052(1.78%8) o
Geonv,1 = 0.017 <192 TR ) 00054 2 (2(0.002m)) (A.83)
x (592K — Ty) (A.84)
: W N
Gconv,1 = 526 2K (592 K- Tw) ( .85)
oz = 0.4 (567 x 1075 2 _ (T — 109 x 109 K*) (A.86)
Grad,2 =Y. . 2 KA w .

kg02 m1.8> 0.75 <1.78 ks—g>

Jeonv,2 =0.02 | 191 . -0.2 A

Goonv,2 =00 < Mg 0.0176 m? (0.08m) (A.87)
x (T, — 575 K)

. W A

Gconv,2 = 202 M(Tw — 575 K) ( 88)

An iterative solver would be used to solve for Ty,, however, for demonstration, a wall

temperature of 644 K is inserted into Eqn. A.89.

W 6 1-2.5 2.5 W
0.00154—5—= (38.3 x 10°K*° — T;;°) + 526 — K(592K — Ty) (A.89)

= 0.4 <5.67 x 1078 ) (T — 109 x 10° K*) + <202 WK> (Tiy — 575 K)

m?2 K4 m?2

%
K) (592K — 644 K) (A.90)

m2 K25 2

W
0.00154—= 5= (38.3 x 10° K*5 — (644 K)“) + <526

W
— 04 <5.67 x 1078 ) ((644 K)* — 109 x 10° K4) + (202 K) (644K — 575K)

m?2 K4 m?
%Y %Y \WY% W
42800 — — 27400 —5 = 1430 — + 13900 — (A.91)
m m m m
W W
15400 —5 ~ 15330 — (A.92)
m m

The wall temperature is 644 K.
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