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Abstract

Ultra-compact combustors (UCC) are an innovative approach to improving overall
engine efficiency and thrust-to-weight ratio by reducing the axial length and weight
of the engine. Traditionally, ultra-compact combustors achieved these efficiency gains
by burning circumferentially rather than axially, however, previous studies looked at
integrating a UCC featuring bluff-body flame holders into a small-scale JetCat P90
RXi gas turbine engine utilizing gaseous propane fuel, while maintaining a length
savings of 33%. This engine equipped with the novel compact combustor spooled up
to idle conditions before flame-out occurred while attempting higher engine speeds.
The current investigation aimed to utilize the previous compact combustor design
and switch fuels to liquid kerosene for operation in a similarly sized JetCat P160-
RXi-B engine. Through this effort, the JetCat P160 equipped with the compact
combustor was only able to spool up to a half-idle condition of 15,800 RPM before
the engine shut-off due to a lack of stable flame-holding. Afterwards, computational
simulations were performed in ANSYS Fluent, which showed the bluff-body flame-
holding mechanism designed for propane was not sufficient for liquid kerosene fuel.
A new combustor was designed and equipped with a different flame stabilization
technique at a slightly larger scale to ensure sufficient residence time while maintaining
an axial length savings of 20%. Manufacturing of the novel combustor featuring an
outboard cavity-stabilized flame-holding mechanism was performed at the P400 scale
and was integrated within a newly designed non-rotating test facility within the Air
Force Research Laboratory to facilitate proving the combustor’s operability within a

gas turbine engine within rotating turbomachinery.
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DESIGN AND APPLICATION OF COMPACT COMBUSTORS IN
SMALL-SCALE JETCAT ENGINES

I. Introduction

1.1 Ultra-Compact Combustors

Millions of dollars are spent annually by commercial airline companies to strive
for innovations within gas turbine engines and the aircraft. Improvements in effi-
ciency on the order of 1% can have a large effect on the economic aspect of the airline
industry, enabling the aircraft to be more profitable as a result of a slight improve-
ment in efficiency. Additionally, these improvements enable an aircraft to have an
increased thrust-to-weight ratio, allowing an aircraft to carry a heavier payload. An
ultra-compact combustor (UCC) aims to provide an axial length savings of 33% to a
gas turbine engine while ensuring ample residence time to meet combustion efficiency
and emissions standards. To prove the UCC’s capability within a gas turbine engine,
Bohan et al. [1] integrated a UCC equipped with a high-g circumferential cavity into
a small-scale JetCat P90-RXi hobbyist engine. As a result, the engine achieved self-
sustained operation at a half-idle condition of 14,000 RPM before flame-out occurred
at higher mass flow conditions. This flame-out was a result of increased tangential
velocities within the circumferential cavity, caused by a constriction within the com-
pact combustor, extinguishing the flame holders present. To improve upon the efforts
of Bohan et al. [1], Holobeny et al. [2] designed a compact combustor equipped with
bluff-body flame stabilization techniques to enable an increase in combustor fluidic

volume, thereby reducing the velocities within the combustor section. As a result,



the new compact combustor, integrated into the same JetCat P90-RXi engine, was
able to spool up to an idle condition of 36,000 RPM on gaseous propane fuel before
flame-out occurred at increased mass flow rates. To carry on this investigation, it was
recommended that the fuel be changed from gaseous propane to liquid kerosene. The
present research looked to modify the compact combustor designed by Holobeny et
al. [2] to be integrated into the dimensionally similar JetCat P160 RXi-B engine to
operate on liquid kerosene fuel, and to scale the P160 compact combustor up to the

larger P400 engine scale to investigate improved combustor performance.

1.2 Small Gas Turbine Engine Integration

The small-scale gas turbine engines used in the past and current compact combus-
tor research feature single-stage compressor and turbine sections, as shown in Figure
1. At this scale, a radial compressor more efficiently supplies the engine with an
appropriate pressure ratio compared to a multi-stage axial compressor. Additionally,
the radial compressor only needs to be powered by a single-stage turbine, which re-
duces the complexity of the design and reduces the mechanical losses of the system
compared to a large-scale gas turbine engine. While the rotating turbomachinery can
be scaled down linearly to accommodate the smaller form factor of these hobbyist
engines, combustor length is governed by flame length and residence time require-
ments, which do not scale linearly. As a result, the combustor within the JetCat P90
RXi, for example, needs to occupy roughly 60% of the total length of the engine to
meet this requirements. If a novel combustor were designed that could reduce the
length of the combustor, this would have significant improvements on the engine’s

thrust-to-weight ratio.
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Figure 1. Cut-away of a JetCat P90-RXi Engine [3]

1.3 Objectives

The primary goal of this research was based on previous research performed by
Bohan et al. [1] and Holobeny et al. [2], who demonstrated the viability of implement-
ing a UCC into a small-scale gas turbine engine. As Section 2.2.1 discusses, Holobeny
et al. [2] were able to integrate a compact combustor equipped with a bluff-body
flame-holding mechanism into a JetCat P90 RXi and spool it up to an idle condition
of 32,000 RPM using gaseous propane fuel. At higher mass flow rates, the engine
flamed-out. A likely culprit was the choice of fueling used, as gaseous propane could
be susceptible to pressure fluctuations during the combustion process. Rather than a
constant flow rate of propane being injected into the combustor, locally rich and/or
lean pockets could develop which could cause an instability and lead to blow-out.

This set the foundation of the current research which sought to operate the com-
pact combustor designed by Holobeny et al. [2] on liquid kerosene rather than gaseous
propane. Rather than using the JetCat P90 RXi engine that Holobeny et al. [2] used,
a similarly sized JetCat P160-RXi-B engine was used. Thus, the primary goal of this
research was to incorporate a compact combustor into a small-scale JetCat engine to

operate at full power using liquid kerosene fuel. To achieve this, there were several



sub-objectives to accomplish.

1. Modify the compact combustor designed by Holobeny et al. [2] to be integrated
into the JetCat P160-RXi-B engine.

2. Test the compact combustor designed by Holobeny et al. [2] in the JetCat P160-
RXi engine with rotating turbomachinery and liquid kerosene fuel to achieve

self-sustained operation at the maximum sustainable speed.

3. Design a compact combustor for the larger JetCat P400 scale engine in an effort

to resolve the residence time issues associated with the smaller scale engines.

4. Analyze the novel compact combustor at the P400 scale through the use of com-

putational fluid dynamics software at idle, mid-power, and design conditions.

5. Manufacture and test the P400-scale compact combustor in a non-rotating con-
figuration at the three conditions to determine the combustor’s viability an a

rotating engine configuration.

1.4 Novelty of Research

The research presented here built off the previous work of Holobeny et al. [2].
They incorporated a compact combustor into a small-scale gas turbine engine and
achieved self-sustained operation at an idle condition, which was an improvement
over the work of Bohan [4], who was the first to achieve any self-sustained operation
with a UCC. This work looked to achieve self-sustained operation at higher mass-flow
conditions utilizing a more desirable fuel source, all while utilizing a novel combustor
design.

This was achieved by modifying the compact combustor designed by Holobeny

et al. [2] to integrate into the similarly sized JetCat P160 engine to operate on



liquid kerosene fuel. The previous combustor operated on gaseous propane, which
was not an incompressible fluid and was susceptible to pressure fluctuations during
operation, which likely caused combustion unsteadiness and led to blowout. Switching
fuels to liquid kerosene would solve this issue since kerosene can be considered an
incompressible fluid within the operating regime of the engine. To test the current
compact combustor in the P160 engine, Air Force Research Laboratory’s Small Engine
Research Lab (SERL) Test Stand 5 was utilized where the engine followed the same
instrumentation setup as Holobeny’s [3] P90 configuration.

To make use of the increase in fluidic volume and residence time in larger scale
engines, it was desirable to scale the P160 compact combustor up to the P400 scale
engine to observe improvements in the combustor’s operability. The design of the
P400 compact combustor was aided and optimized through the use of computational
fluid dynamics, and analyzed at off-design and design conditions to ensure optimal
performance across the engine’s operating range. With an optimized computational
design, a novel non-rotating test rig was designed to test the combustor prior to

testing in a rotating configuration.



II. Background

The objective of this research was to design a compact combustor to operate
within JetCat P160 and P400 hobbyist engines on liquid kerosene. To meet this
objective, several fields were studied. Section 2.1 discusses the theory behind ultra-
compact combustor research and how it can reduce required combustor length and
thus the overall length of an engine. This prior research led to the development
of the bluff-body combustor, which utilizes a principle known as bluff-body flame
stabilization, disccused in Section 2.3, as it’s primary mechanism to ensure stable
combustion while having a reduced combustor length required. Coupled with bluff-
body flame stabilization is turbulent premixed combustion, discussed in Section 2.4,
where important premixed combustion concepts such as the Damkdchler number and
liquid-fuel evaporation are discussed. To incorporate a novel combustor design into
a small engine, an understanding of the engine and all of its integral components
is required, which is discussed in Section 2.5. Additionally, the section discusses
parameters such as pattern and profile factors, which need to be addressed in order
to ensure proper integration with the rotating turbomachinery. To validate the scaling
of the compact combustor from the smaller P160 size to the larger P400 scale, CFD
was used. Section 2.6 discusses the relevant models and grid structures that are used

for combustor analysis.

2.1 Ultra-Compact Combustor

Axial combustors intake air from the compressor where a portion of the air is
introduced into the primary zone to be mixed with fuel and burned, while the rest
of the air is directed around the chamber to be introduced into the secondary and

dilution zones. To achieve complete combustion prior to the combustor exit plane,



the flame must be contained within the combustor. This means the length of the
combustor is governed by the flame length leading to long combustors in order to
ensure ample residence time for the fuel to achieve complete combustion. This creates
a practical limit in combustor size. To achieve a shorter, more compact combustor, a
different mentality in how to have a combustor that achieves a similar residence time

is required.
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Figure 2. Traditional, axial combustor layout [5]

Two recent combustor designs have been investigated in the literature and aim
to reduce the axial length required for a burner section in an engine. These include
the trapped vortex combustor (TVC)|[6] and high-g combustor (HGC)[7]. While both
combustors strive for reduced axial length, both differ from the flow principles they
use to achieve this length reduction.

Starting with the trapped vortex combustor, illustrated in Figure 3, a TVC con-
sists of three main components, a forebody, cavity, and an afterbody. Bulk flow travels
past the forebody creating a shear layer at the edge of the cavity. Air driver jets from

the afterbody inject air into the cavity opposing the direction of the bulk flow. The
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Figure 3. TVC and HGC designs from Brionnes et al. [8]

air driver injection coupled with the shear layer establishes a trapped vortex which
aids as a flame holder to promote stable combustion. This vortex allows for a rapid
mixing and exchange of products between the cavity and bulk flow [6].

The high-g combustor, also shown in Figure 3, utilizes high-g centrifugal loading
as its mechanism to shorten its length while ensuring sufficient residence time. To
introduce g-loading into the cavity, air is introduced circumferentially. This g-loading
forces the heavier unburned gases to the outer diameter of the cavity while the lighter
products migrate toward the bulk flow to be entrained and exhausted. This radial
migration significantly increases the residence time since the unburned reactants are
held within the cavity until they are burned. Additionally, the g-loading had been

shown to enhance the combustion process [5].

2.1.1 Previous UCC Research.

At the Air Force Institute of Technology (AFIT), a majority of research has been
aimed towards optimizing high-g combustor performance for use in a gas turbine
engine. Figure 4 shows a UCC experimental rig used by Damele et al. [9]. In this
UCC configuration, flow entered through a diffuser where a portion was directed

towards the core flow or cavity flow. The cavity flow passed through an air driver
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Figure 4. UCC Experimental Rig Used by Damele et al. [9]

plate where it was circumferentially swirled before entering the circumferential cavity.
Fuel was sprayed either radially or circumferentially into the cavity and burned. The
products from the cavity flow met up with the core flow via a hybrid guide vane, which
served as a tool to help migrate the products towards the core flow to be exhausted
9].

One of the challenges of high-g ultra-compact combustors has been controlling
product migration from the circumferential cavity to the core flow and the first turbine
stage. Due to the high-g loading environment, a majority of the combustion products
were entrained towards the outer diameter of the cavity, causing peak temperature
locations on the first turbine stage to occur towards the tip of the blades, which
significantly reduced turbine life. Damele et al. investigated which experimental
parameters largely affected UCC combustor performance and exit temperature and
pattern factor profiles [9]. These experimental parameters included variations in

cavity equivalence ratio, g-loading, swirl direction, and mass flow ratio. The results



of this investigation found temperature and pattern factor profiles that exhibited a
natural skew towards the outer diameter (OD), and further investigation found that
these profiles were most sensitive to mass flow ratio. Variation in core-to-cavity flow
splits greatly affected the amount of heat released at the exit plane, causing the
magnitudes of the peaks in the temperature distributions to change [9].

In efforts to reduce the skew in the temperature distribution towards the OD, Cot-
tle et al. aimed to redesign the hybrid guide vane (HGV) centerbody equipped with a
radial vane cavity (RVC) [10]. This RVC, shown in Figure 5, featured a forward and
backward facing step placed on the pressure and suction sides of the HGV respectively
directly underneath the circumferential cavity. The implementation of these radial
cavities were used to pull in combustion products from the circumferential cavity into
the center of the vane passages to create a more desirable temperature distribution
at the vane exit where peak temperatures occur towards the mid-span [10]. With the
RVC implemented in the experimental rig, circumferential flow migration was im-
proved, however it also had the effect of prematurely quenching some of the reactions

passing through the guide vane passages leading to reduces exit temperatures.
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Figure 5. Comparison Between HGV used by Damele et al. (left) and Cottle et al.
(right) [10]
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To improve product formation within the vane passages, cavity air drivers were
implemented to force more air upwards into the circumferential cavity. Both of these

modifications led to smoother radial temperature distributions at the exit plane and
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reduced radial location of peak temperatures. While product migration was improved,
combustion instabilities in the circumferential cavity occurred well within the oper-
ating range of the UCC. Due to the radial injection of fuel into the circumferential
cavity, less time was allotted for fuel-air mixing which created rich fuel pockets along
the OD of cavity. Over time, these fuel pockets would accumulate in size until re-
actions could no longer be sustained within the cavity and were pushed out of the
cavity entirely.

To resolve the fuel accumulation issues discovered by Cottle et al., DeMarco et
al. designed a new circumferential cavity [11]. Rather than introducing fuel into the
circumferential cavity radially, fuel was introduced tangentially along the surface of
the outer ring. This enabled fuel-air mixing throughout the entirety of the circum-
ferential cavity, which dropped the local equivalence ratio, promoted reactions within
the full cavity height, and increased tangential velocities and g-loading within the
cavity [11].

These changes were implemented with a 6-step ring and a hole-area reduction in
the front air driver plate. Looking at the 6-step ring, shown in Figure 6, six backward
facing steps were created as primary fuel and air drivers into the circumferential
cavity. Additionally, these backward facing steps created recirculation regions which
enabled a pilot flame to be anchored at several locations within the cavity, promoting
stable combustion across the operating range [11].

When tested, the 6-step ring was unable to sustain continuous combustion at the
designed flow split and mass flow conditions. Further investigation through particle
imaging velocimetry (PIV) coupled with computational fluid dynamics (CFD) results
found that the centrifugal loading within the cavity at design conditions was insuf-
ficient at creating strong recirculation regions at the backward facing steps, leading

to a lack of flameholders present within the cavity [11]. To resolve this issue, an
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Figure 6. 6-Step UCC Cavity Designed by DeMarco et al. [11]

additional UCC cavity outer ring was manufactured, now featuring twelve steps. The
additional steps created additional recirculation regions where flames could be an-
chored [11]. Additionally, every other step was used for fuel injection only, while the
others injected both fuel and air circumferentially into the cavity. These fuel-only
steps promoted flame holding while the fuel-air steps helped to control the equiva-
lence ratio within the cavity. With the changes made to the new UCC cavity outer
ring, the 12-step ring was able to maintain high combustion stability over a large
range of cavity equivalence ratios compared to the stock design used by Cottle et al.
[11]. While exit temperatures were found to be lower than the stock design, pattern
factor profiles were found to be desirable. Further research by DeMarco et al. found
that bulk cavity velocities in the 12-step outer ring lead to very low cavity g-loading,

suggesting that combustor performance was a result of residence time [12].

2.1.2 UCC Gas Turbine Engine Integration.

In efforts to progress towards a UCC-gas turbine engine integration, Bohan and
Polanka designed a UCC based off of their existing 12-step circumferential cavity
research to fit within a JetCat P90 RXi hobbyist engine [1]. To ensure integration with

the small gas turbine engine, there were several design challenges to overcome. First,

12



traditional UCC designs have recessed combustion cavities that lay on the outside
of the engine housing [1]. To appeal to modern-day gas turbine engines, the UCC
cavity needed to exist inside the engine casing in some manner. Second, a reoccurring
challenge with UCC’s has been combustion product migration. Traditional UCC’s
burn circumferentially around the outer diameter of the engine and rely on the core
flow to push this circumferential flow axially downstream towards the turbine and
exhaust nozzle. This product migration, traditionally, produces uneven temperature
distributions, which leads to undesirable pattern factors [1]. Additionally, the hot
combustion products remained tied to the OD of the engine housing, which placed
an undesirable thermal load on the tips of the turbine rotors [1].

To overcome these design challenges, Bohan and Polanka designed the UCC seen
in Figure 7. Air entered through the primary zone inlet ramps and be turned for
circumferential injection through an array of backward facing steps. Every other step
was responsible for air injection, while the others were responsible for fuel injection
similar to the scheme used by Demarco et al. [1]. The backward facing steps acted as
flame holders to secure a pilot flame in the recirculation regions behind the steps. The
primary zone was separated from the secondary zone through a constriction, which
allowed for a transition from circumferential to axial flow.

During experimental testing, self-sustained operation was achieved at a half-idle
condition of 14,100 RPM until flameout occurred at higher mass flow rates, which
was a result of reactions being pushed out of the primary zone [1]. These reactions
were pushed out of the primary zone as a result of the hardware constriction within
the UCC, increasing the tangential velocities beyond the stability limit. However,
at the half-idle condition, engine exit temperature profiles were comparable to the
stock JetCat P90 RXi baseline data, suggesting that the UCC was matching similar

performance to the stock combustor with a length savings of 33%.
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Figure 7. UCC designed by Bohan and Polanka for integration with a JetCat P90 RXi
engine [1]

To improve upon Bohan and Polanka’s UCC design for the JetCat P90 RXi en-
gine, Holobeny et al. redesigned the UCC to possess a larger chamber volume to
reduce the tangential velocities causing blowout at the higher mass flow conditions
[3]. Additionally, the redesigned UCC was equipped with better flame holding mecha-
nisms to promote improved flame and combustion stability across an operating range
[3]. Figure 8 shows the compact combustor redesigned by Holobeny et al. [3]. Flow
left the compressor and pass through the holes on the forward dome along with the
dilution holes on the outer diameter of the casing. The compressor-fed air passing
through the forward dome struck a plate creating a recirculation region on the back-
side of the impingement plate. This allowed the fuel to be injected into this region.
This enabled the fuel and air to mix and a stable flame holding region to form [?].
This novel combustor design achieved a 33% length savings compared to the UCC
designed by Bohan and Polanka [3]. A comparison can be seen in Figure 9 where a
32% increase in chamber fluidic volume can be observed.

During non-rotating testing, the UCC repeatedly ignited at low fuel and air flow

rates. These tests showed the viability of the bluff-body flameholder’s ability to act
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as a flameholder and promote stable combustion [3]. An equivalence ratio test was
performed where the combustor exhibited a maximum equivalence ratio of 0.235 at an
idle condition. This corresponded to an average exit temperature of 1086 K, which was
similar to CFD results. Pattern factor profiles were generated both experimentally via
a thermocouple rake, and through CFD. Experimentally, the pattern factor was found
to be 0.35. During rotating testing, the engine was able to reach an idle condition of

36,000 RPM, however at higher mass flows the engine flamed-out.
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Figure 8 UCC designed by Holobeny et al. for integration with a JetCat P90 RXi
engine [3]
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2.1.3 Previous JetCat P90 RXi Combustor Testing.

Holobeny et al. tested the JetCat P90 RXi engine equipped with a novel compact
combustor in two different stages; a non-rotating and rotating configuration [3]. Tests
for the non-rotating configuration were performed in the Combustion Optimization
Analysis Laboratory (COAL) within AFIT whereas tests for the rotating configu-
ration were performed within Air Force Research Laboratory’s (AFRL) SERL Test
Stand 5.

The non-rotating testing enabled the engine, or compact combustor, to be further
instrumented and analyzed to determine pattern and profile factors prior to the com-
pressor and turbine being installed. Figure 10 shows the non-rotating test setup used
be Holobeny et al. where air was supplied to the engine through a supply line [3].
Additionally, gaseous propane was supplied to the fuel holder ring for fuel injection
through propane tanks. On the backside of the JetCat mounts laid a thermocou-
ple rake, shown in Figure 11, which was capable of gathering temperature data at
the combustor exit plane over a 60-degree span. This enabled pattern and profile
factor distributions to be determined prior to turbine installation to ensure the new
compact combustor produced desirable pattern and profile factors [3]. Thermocou-

ple rake data for the non-rotating testing configuration was gathered for three test
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Figure 10. Non-rotating hardware setup used by Holobeny et al. [3]

conditions. These conditions included a light condition, which was the lowest point
the engine ignited to begin a consistent burn, a middle condition, which bridged the
gap between the lowest point and the idle condition, and an idle condition, which
matched the idle air and fuel flow rates from JetCat [3]. The pattern factors for the
light and middle conditions were found to be 0.18 and 0.24 respectively, while the idle
conditions produced a considerably higher pattern factor of 0.38, which falls within
the desirable bounds mentioned in Section 2.5.1 [3].

Additionally, exit temperature measurements were recorded and compared against
air mass flow and equivalence ratio, shown in Figure 13. At light and middle condi-
tions, equivalence ratios highest for these cases which led to high average exit tem-
peratures. As air and fuel flow ramped up towards the idle condition, however, the
average exit temperature lowered resulting in more desirable exit temperature mag-
nitudes [3].

Rotating testing was performed within AFRL’s test stand 5 where Holobeny et
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Figure 12. Temperature (K) contours from the thermocouple rake data [3]

al. were able to successfully bring the engine up to an idle condition of 36,000 RPM

before flame-out occurred at higher mass flow conditions [2]. Upon disassembly of the
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Figure 13. Exit temperature measurements plotted against air mass flow and equiva-
lence ratio [3]

JetCat P90 RXi engine, uneven scalloping patterns were noticed along the backside
surfaces of the combustor, shown in Figure 14. These uneven patterns suggest the
likelihood of uneven fuel distribution during the 36,000 RPM test run of Holobeny et
al. [2]. As Holobeny et al. [2] attempted to spool the engine higher by introducing
more fuel, there was too much fuel in these localized areas and not enough in the
others to hold a stabilized flame, leading to blowout. This uneven fuel distribution
was most likely a result of the fuel nozzles not being choked, causing the injection to
be influenced by pressure fluctuations during the combustion process. Transitioning
towards liquid fuel injection through the use small 0.020” tubes will mitigate the

effects of pressure perturbations, since liquid kerosene is nearly incompressible within
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the operating range of the engine, and possibly resolve this fuel distribution issue.

Figure 14. Burn patterns seen on the compact combustor used by Holobeny et al. [2]
after testing

2.2 Trapped-Vortex Combustors

A TVC consists of three main components, a forebody, a circumferential cavity,
and an afterbody. The forebody is the upstream face of the circumferential cavity,
while the afterbody is the downstream face of the cavity. Bulk flow travels past the
forebody creating a shear layer at the edge of the cavity. Air driver jets from the
afterbody inject air into the cavity opposing the direction of the bulk flow. The air
driver injection coupled with the shear layer establishes a trapped vortex which aids
as a flame holder to promote stable combustion. This vortex allows for a rapid mixing
and exchange of products between the cavity and bulk flow [14].

There are a couple important parameters surrounding TVC design and character-
ization such as cavity aspect ratio and air loading parameter (AL). Equations 1 and 2

show how the cavity aspect ratio, where L represents the length of the cavity and D,
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represents the diameter of the forebody, and AL are defined, where V4, represents

the volume of the cavity, respectively [4].

L/D, = (—1.62)D1/Do+ 1.79 (1)
Migs
AL — awr (2>

Mair [15] and Little and Whipkey [16] found that a stable vortex is trapped inside
a cavity sized for minimum drag. At the minimum drag configuration, which cor-
responds to a L/D,=0.60, very little fluid is entrained into the cavity. Colcord and
Sirignano [17] found that a long shallow cavity achieved better mixing than a square
cavity. Square cavities couldn’t maintain a flame beyond Re=5,000, while cavities
with an L/D,=2 could maintain a flame up to a Re=10,000. Additionally, they found
that parallel injection, which involves fuel and air being injected on the same plane,
showed the highest burning efficiency. Contrasting, reinforcement injection showed
the lowest burning efficiency.

Roquemore et al. [18] highlighted the benefits of the TVC showing that the
TVC achieved greater than 99% efficiency and had a significantly better (up to 50%)
improvement in ignition, and altitude relight compared to a traditional swirl-stabilized
combustor. The TVC also achieved a 40-60% reduction in NOx emissions. All of these
benefits were gained while achieving a 40% wider operating range over a traditional

combustor.

2.3 Bluff-Body Flame Stabilization

Given the turbulent flow regime combustors typically operate within, the flame
front is inherently complex which presents several challenges for holding and propa-

gating a flame. To achieve a stable turbulent flame, a resistance to liftoff, flashback,
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and blowout is required. Liftoff occurs when the flame is no longer attached to the
primary fuel port, flashback occurs when the flame propagates through a region with-
out quenching, and blowout occurs when all reactions are quenched and a flame can
no longer propagate and is extinguished [19]. Resisting blowout for an anchored flame
in a turbulent regime is often more applicable than flashback or liftoff for gas turbine
combustors. To be sufficiently far from blowout occurring, flow techniques in which
the local turbulent flame speed are matched with the local mean flow velocity, and
ignition techniques are often utilized. Some of these methods include bypass ports,
burner tiles, bluff bodies, and swirl or jet-induced recirculating flows [19].

Bypass ports are often utilized in Bunsen burners and propane torches in which
low-velocity openings are used as a method to relight the main flame in the event the
flame is blown out [19]. Refractory burner tiles are used to create passageways aft
of an industrial burner, for example, to stabilize a flame. These burner tiles conduct
the combustion temperatures creating a nearly adiabatic wall boundary condition
[19]. This causes heat to radiate back towards the flame maintaining higher burn-
ing velocities and flame temperatures. Additionally, burner tiles often exhibit large
divergence angles which causes separation along the wall leading to the formation of
recirculation regions. These recirculation regions entrain hot combustion products
and introduces them back upstream with the unburned reactants to cause ignition
and a stable flame-holding region [19]. Bluff bodies enable turbulent flames to be
stabilized in the wake region further upstream in the flow-field. A general outline of
a bluff body stabilized flame can be seen in Figure 15. Within the wake of the bluff
body exists a recirculation region which entrains combustion reactants and products
to promote flame anchoring and fuel atomization and ignition respectively [19].

Several bluff body shapes have been researched in efforts to reduce the likelihood

of blowout occurring. Blowout for bluff body stabilized flames is largely dependent
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upon the processes occurring within the recirculation region, which is also dependent
upon the upstream flow velocity. To determine roughly at what velocity blowout may

occur, the following equation for blowoff velocity, Vpowout, can be used

2

S
owout — 2poL —L 3
Ubl t Po (pOéT) (3)

where py and p are the unburned and burned gas densities, L is the characteristic
length of the recirculation zone, Sy, is the laminar flame speed, and o represents the
turbulent thermal diffusivity.

Swirl or jet-induced recirculating flows utilizes a recirculation region to anchor a
flame. This recirculation zone is created by introducing a swirling component to the
incoming fuel-air mixture. This swirling, or creation of recirculation regions, can be
created by controlling jet direction in an appropriate manner into the environment.
Figure 16 shows several flow patterns in conventional can combustors [19]. The pres-
ence of dilution holes enables core flow to enter the combustion cavity. The high
velocity jet passing through the dilution hole causes recirculation regions to form
along the backsides of the holes which aid in fuel-air mixing and flame anchoring.

To analyze the structure and dynamics of a turbulent bluff-body stabilized flame,
Fugger et al. investigated the structure and dynamics of a turbulent bluff-body sta-
bilized premixed propane-air flame [20]. The experimental setup, shown in Figure
17, featured an inlet-chocked orifice plate where a preheated, unvitiated propane-air
mixture were introduced. Further downstream was the bluff body, which was a 38.1
mm equilateral triangle where the fuel-air mixture was ignited via an ethylene-air
ignitor torch [20]. To visualize the stabilized flame within the wake of the bluff body,
several laser diagnostic techniques were used, including planar laser-induced fluores-
cence (PLIF) and PIV. A CH,O-PLIF was used to visualize the reactants side of the,

while a OH-PLIF was used to visualize the products side, or the flame front. Figure
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Flame front

Recirculation
zone

Figure 15. Turbulent flame stabilized by a bluff body [19]

18 shows simultaneous images of C'H,O-PLIF, OH-PLIF, along with the overlap be-
tween the two images coupled with PIV data to gain velocity vector data [20]. The
CH,O-PLIF, highlighted green, showed the preheat zone of the flame while the OH-
PLIF, highlighted red, showed the flame front. The overlap between the two images,
highlighted yellow, illustrated the thin reaction zone that lied between the preheat
and flame-front regions respectively. These results agreed with the understanding
that turbulent combustion lies within the preheat and reaction zones. Additionally,
the highest levels of vorticity present in the flow-field were concentrated to narrow
regions in the upper and lower shear layers [20].

Monfort et al. investigated quantifying the entrainment and decay behavior of
the recirculation zone directly behind the bluff-body flameholder [21]. To visualize
the recirculation region, sodium injection was utilized. Figure 19 showed PIV mea-
surements behind the flameholder for an array of of equivalence ratios. The colorbar
shows velocity magnitudes which help visualize the recirculation region behind the

bluff-body. The differences between the sizes of the recirculation regions suggested
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cone, and (c) multiple rows of holes [19]

Figure 16. Flow patterns for can combustors with (a) single row of holes, (b) shrouded

orifice plate Bluﬂ:body
| | ..‘n Exit
Premixed :?:'“\ IH ‘{g :{D H':},.
-
864 mm
< 1387 mm

Figure 17. Bluff-body combustor experimental setup [20]
tions [21].

that the decay and entrainment behavior are highly dependent on operating condi-

Allison et al. investigated flame structure of bluff-body stabilized flames and its

25

influence on fuel distribution. The fuel injection was nonpremixed, jet in-cross-flow.



OH-PLIF CH O-PLIF  CH O/OH

Figure 18. Overlapping PLIF images coupled with velocity vectors for the wake behind
the bluff-body [20]

a. b.
" - i
. d.

Figure 19. Axial velocity fields from PIV measurements for a bluff-body wake [21]

Chemiluminescence and planar fluoresence imaging of OH radicals were used to vi-
sualize the reaction regions behind the flameholders. It was found that combustion
occurred in separated zones, which included preheat and reaction zones as expected

22].
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2.4 Turbulent Premixed Combustion

Three flame regimes characterize turbulent premixed flames. This regimes are
wrinkled laminar flames, flamelets in eddies, and distributed reaction as seen in Figure
20 [19], which illustrates these flame regimes and their relation to the Damkohler
number and the turbulent Reynolds number. To differentiate these regimes from
one another, various length scales are introduced. These length scales include the
Kolmogorov microscale, [k, and the integral length scale, [o. The structure of a
turbulent flame is governed by the relationship between these length scales and the
laminar flame thickness, o7, [19]. The wrinkled laminar flame regime lies within the
kolmogorov length scale, the flamelets in eddies regime lies between the kolmogorov
and integral length scales, and the distributed reaction regime lies beyond the integral
length scale. In the context of flame structure, when the flame thickness is thinner
than the Kolmogorov length scale, the flame can only wrinkle and distort [19]. On the
other end of the spectrum, if the length scales are smaller than the flame thickness,
the flame is no longer primarily driven by chemistry, but instead by momentum or

turbulence [19].

2.4.1 Damkohler Number.

To understand and characterize turbulent premixed flames, the Damkohler num-

ber, Da, is often used, which can be described by the equation below

Da = Hlow (4)

Tchem

where Ty, represents the characteristic flow time and 7., represents the charac-
teristic chemical time [19]. In the context of a burner, the flow time represents the

time reactants spend in the burner before they are burned and exhausted, and the
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Figure 20. Characterization of turbulent premixed combustion [19]

chemical time represents the time needed for the reactants to under-go the necessary
reactions to complete combustion. The Damkohler number can also be expressed in

the following way

Da= ()=

’
U'r‘ms

) (5)

where the characteristic flow time, 710y, is rewritten in terms of the integral length

’

scale, [,, and the relative turbulence intensity, v and Tepem 18 rewritten in terms

rms?

of the laminar flame thickness, 07, and the laminar flame speed, Sy, [19]. This formu-

lation puts the Damkohler number into terms that can be interpreted from a given
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flow-field. If Da >>1, this corresponds to a fast-chemistry regime where the chemical
reaction time is significantly greater than the residence time. The inverse is true if

Da << 1, where reaction rates are slow compared to the mixing rates [19].

2.4.2 Liquid-Fuel Evaporation.

To transition from gaseous to liquid fuels, fuel atomization needs to be guaranteed
to have proper fuel-air mixing and stable combustion. With gaseous fuels, droplet
evaporation doesn’t apply given the fuel is already atomized to readily mix with the
incoming air and combust. For liquid fuels, the D? law can be used to estimate the

time required for a fuel particle to fully atomize [19]. The D? law can be seen below
D*(t) = D? — Kt (6)

where the droplet diameter, D(t), can be determined by knowing the initial droplet
diameter, D,, the evaporation constant, K, and the droplet lifetime, ¢t. The evapora-

tion constant can be described below

D
K= 8'OpABln(1—|—By) (7)
l

where p is the density of the air, p; is the density of the fluid droplet, D 4p is binary
diffusivity, and By is the Spalding number, or transfer number. Given the fuel is liquid
kerosene, or C'5Hsg, the Spalding number can be determined, the binary diffusivity
from the fuel droplet to the air can be estimated, and thus the evaporation rate can
be found [19]. This enables the droplet lifetime to be determined.

To ensure fuel atomization when using a liquid fuel, traditional combustors in
large-scale gas turbine engines commonly rely on swirlers, as shown in Figure 21. In

this typical engine configuration, air exiting the compressor enters a dump diffuser to
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Figure 21. Traditional large-scale gas turbine engine combustor layout [19]
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Figure 22. Traditional large-scale gas turbine engine combustor flow patterns [19]
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lower the velocity of the air flow prior to burning [23]. A portion of the air flows around
the combustor liner’s inner and outer annulus, which is fed back inside the combustor
to either cool the liner surfaces, quench reactions, or dilute the combustion products
prior to turbine inlet. The primary air flow passes through the swirler located on the
dome of the combustor liner. Liquid fuel passes through the center of the air swirler

where all of the fuel is entrained, vaporized, and mixed with the core flow in the
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recirculation region created downstream by the swirler, as shown in greater detail in
Figure 22 [23].
The amount of swirl imparted on the flow is defined by the swirl number, S,

defined in Equation 8.

;2 1— (ra/re)3

S = gtanasw[l .

(8)
In Equation 8, ay, represents the angle of the swirler vanes, 7, represents the inner
radius of the swirler, and r; represents the outer radius of the swirler. A swirl number
between 0.6 and 1.0 has been shown experimentally to be optimal which correlates to
vane angles ranging from 35 to 50 degrees [23]. While this type of fuel injection device
is commonly used in modern-day large-scale gas turbine engines, the fuel pressure
required to supply the swirlers requires a fuel pump that may be exceedingly large
and heavy relative to the size of the engine [24]. This is why small-scale engines rely
on vaporization tubes as a means to vaporize the liquid fuel prior to injection within
the primary zone of the combustor.

Vaporization tubes, as shown in Figure 23, are a type of fuel injection scheme
commonly used in small-scale gas turbine engines which use “hook-like” fuel lines
placed within a injection/vaporization tube so that fuel is injected opposing the di-
rection of air flow through the engine [24]. This enables some of the heat released
from combustion occurring in the primary zone of the burner to be transferred to
the fuel-air mixture traveling down the fuel vaporization tubes, causing the fuel to

vaporize and be premixed with air prior to injection towards the end of the tube.
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Figure 23. Fuel-injection scheme shown through the cross-section of a small-scale gas
turbine engine [24]

2.5 Small Gas Turbine Engines

To investigate the operability of ultra-compact combustors integrated into gas tur-
bine engines, small-scale gas turbine engines such as the the JetCat P90 RXi have been
used in prior research due to cost, availability, and design simplicity. Figure 24 shows
a cross-section of a JetCat P90 RXi hobbyist engine where the layout closely resem-
bles the JetCat P160 and P400 being used for the current investigation. In this engine
configuration, flow passes through a centrifugal compressor into a diffuser/deswirler
prior to entering the burner. From the burner, hot combustion products migrate
through a single-stage turbine and nozzle guide vane, and exits through a converging

nozzle.
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Linear scaling of turbomachinery generally applies to compressor and turbine de-
sign, however burner design is governed by flame length and residence time require-
ments, which do not scale linearly. As a result, a large portion of the overall axial
length of the small-scale engine is occupied by the burner to satisfy these require-
ments. This creates motivation towards designing a novel combustor that aims to
significantly reduce the total length of the engine. While the combustor has its own
design considerations, temperatures downstream of the combustor need to be ana-
lyzed to ensure proper integration between the burner and other turbomachinery,

especially the turbine. Section 2.2.1 discusses parameters that can be measured to

ensure proper integration of a novel combustor design into a gas turbine engine.

Compressor

Turbine

Figure 24. Cutaway of a JetCat P90 RXi gas-turbine engine [3]

DePaola [25] looked at testing four small-scale gas turbine engines and comparing
their performance against one another. The four small-scale engines tested were
denoted as Engines A, B, C, and D and had published thrust outputs of 210 N,
186 N, 300 N, and 235 N, respectively, at design conditions. Figure 25a shows a
comparison of the the measured thrust outputs of each engine, while Figure 25b
shows the measured mass air flow rates through each engine. Experimentally, the

thrust output measured for Engines A-D were found to be 200 N, 172 N, 293 N, and
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220 N, respectively, which corresponds to deviations of -4.8%, -7.5%, -2.3%, and -6.3%
from the published values. Regarding fuel consumption, Engines A-D reported fuel
consumption rates of 525 gpm, 392 gpm, 804 gpm, and 515 gpm, respectively, from the
manufacturer at design condtions. Figure 26 shows the measured fuel consumption
rate during testing for each engine yielding values for Engines A-D of 579 gpm, 568
gpm, 866 gpm, and 559 gpm, respectively, representing deviations of 10%, 45%, 7.7%,
and 8.5%.

To compare the combustor’s performance across all engines, thermocouples were
placed upstream of the turbine inlet to measure combustor exit temperatures. Figure
27 shows results from testing for two different engines where lines of constant com-
bustion efficiency are plotted alongside the measured exit temperature data. Figure
27a and 27b correspond to Engine B and C, respectively. In Engine B, only one ther-
mocouple was used to measure turbine inlet conditions across several power sweeps.
The results show combustion efficiencies on the order of 95% at the design condi-
tion. Regarding Engine C, two thermocouples were used to measure turbine inlet
temperature which were clocked 180 degrees from one another. These results differed
significantly from each other suggesting a portion of the combustor was burning con-
siderably better than the other. This may be due to a fuel distribution issue where
the fuel channel isn’t behaving as a plenum and is distributing more fuel to a portion
of the combustor than another [25].

Cican et al. [26] analyzed the performance of a JetCat P80 engine on different
types of fuels which included kerosene, diesel, kerosene with 5% gasoline, and kerosene
with 10% gasoline. To monitor the performance of the small-scale gas turbine engine
operating on the various fuels, the turbine inlet temperature, denoted as T3, and
thrust output was monitored. Figure 28 shows plots of the turbine inlet temperature

versus run time for the various fuels used where the engine was operated from a
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Figure 25. Corrected thrust and mass air flow versus engine speed for 4 small-scale gas

turbine engines [25]
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Figure 26. Corrected fuel consumption versus engine speed for 4 small-scale gas turbine

engines [25]

stand-still to an idle speed during the elapsed time. Regarding ignition between fuels,

Figure 28a shows that diesel fuel was the quickest to ignite during start-up, followed

by kerosene, kerosene with 5% gasoline, and kerosene with 10% gasoline. On the 0°C
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Figure 27. Turbine inlet temperatures measured for Engines B (left) and C (right) [25]

day, shown in Figure 28b, all of the fuels exhibited similar ignition characteristics and

ignited at similar times.

— ssesses [ ====f5%G - = K10%G
800
700 i Fas—e =
600 - t N
500 a 1 o
© 400 3 t ]
== i
ﬂ 300 i " =
200 ' i
[
20 gy
0
0 10 20 10 40 50 60 70 80
t's
(a)

vesnins | memmake5%HGE == K+10%G

—

0 10 20 30 40 50 60 70 BO

Figure 28. T35 versus run time for various fuel types on (a) a 19°C day and (b) a 0°C

day [26]

Figure 29 shows thrust versus engine speed where the engine was accelerated from

an idle condition of 35,000 RPM to a design condition of 90,000 RPM for all fuel types.

Figure 29a shows data collected on a 19 °C day where the fuels followed a similar

trend-line until full power where there was a disparity between the kerosene-gasoline

fuels and the pure kerosene and diesel fuels. The kerosene-gasoline fuels produced

more thrust compared to the other fuels on this particular test day. Figure 29b shows
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data collected on a 0 °C day, where the engine behaved similarly on all fuel types.
The engine produced roughly 50 N of thrust, which was more compared to any of the

fuels on the 19 °C day.
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Figure 29. Thrust versus engine speed for various fuel types on (a) a 19°C day and (b)
a 0°C day [26]

2.5.1 Pattern and Profile Factors.

Two performance parameters are often utilized to determine temperature unifor-
mity coming from the burner going into the first turbine stage. These parameters

include pattern (PF) and profile factor (Pr). Pattern factor can be defined accordingly

where T},,4. is the maximum measured temperature at the exit of the burner, T}, is
the average of all temperatures at the exit plane of the burner, and 7};, is the average
of all temperatures at the inlet plane of the burner [27]. Modern-day gas turbine
engine burners typically exhibit pattern factors ranging from 0.25 to 0.45, however
improvements in combustor performance allowing for rises in T}4 have lowered pattern
factor requirements down to the range of 0.15 to 0.25 [27].

Where the pattern factor describes the thermal plane entering the first turbine
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stage coming from the combustor exit, the profile factor describes the burner average

exit temperature distribution and can be defined accordingly

T;Smaa:av - ,I'tin

P, =
! Eav - Ezn

(10)
where T},azq0 18 the maximum circumferential average temperature at the combustor
exit [27]. Typical profile factors range from 1.04 to 1.08 with 1.06 being the design
goal [27]. A profile factor of 1 would translate to a uniform temperature distribution
going into the first turbine stage. To promote the lifespan of turbine blades, having
a temperature distribution slightly skewed towards the tip is recommended in order

to extract as much work from the flow while also ensuring turbine life [27].

2.6 Computational Modeling

To aid and validate mechanical designs for use in complex flow-fields, compu-
tational fluid dynamics is often a useful tool for providing insight towards possible
solutions. ANSYS Fluent is a common commercially available software package with
several capabilities involving numerous models for solving turbulence, species trans-
fer, combustion reactions, and heat transfer problems [28]. These areas outlined are
crucial for analyzing and validating a novel compact-combustor design. Since several
models exist within each category, the works of Bohan [4] and Holobeny [3] served
as an outline to aid in grid generation and turbulence modeling selection, discussed
in Section 2.6.1 and 2.6.2 respectively, combustion modeling selection, discussed in
Section 2.6.3, and conjugate heat transfer selection, discussed in Section 2.6.4. Ad-
ditionally, since the current compact combustor was going to operate using a liquid
fuel source, an understanding of the application of liquid fuel injection was required,

and is discussed in Section 2.6.5.
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2.6.1 Grid Generation.

When generating a mesh for a computer-aided design (CAD) model, there are
fundamentally two grid types to chose from; structured and unstructured. For a
structured grid, the cell types must be quadrilaterals for a two-dimensional case or
hexahedra for a three-dimensional case. Structured grids are good for boundary layers
as the high aspect ratio of the cells help to capture large gradients, however structured
grids are typically difficult to generate around complex geometries. For an unstruc-
tured grid, the cell types are typically quadrilaterals or triangles for a two-dimensional
case or hexahedra, tetrahedra, pyramids, or prisms for a three-dimensional case. Un-
structured grids are more easily suited towards complex geometries, however it’s likely
that there will be highly skewed cells near boundaries. To get the benefits of both
of these grid types, a hybrid grid is often used, which allows for transition between
structured and unstructured grid types if cell refinement along the wall is required.
This type of grid was used by Bohan et al. [29][1] and Holobeny et al. [2] during

their computational analysis of ultra compact combustors.

2.6.2 Turbulence Modeling.

Some of the turbulence models that exist within ANSYS Fluent include Spalart-
Allmaras, k — €, kK — w, and Reynolds Stress [28]. The k — w Shear Stress Transport
(SST) model is a Reynolds-Averaged Navier-Stokes(RANS) model that utilizes two
equations to solve for the turbulent kinetic energy, x, and dissipation rate, w. When
the kK — w SST model is selected, the computational fluid domain is divided into two
regions, a near-wall and far-wall region respectively [28]. For the near wall region, the
k — w turbulence model is used, however for the far-wall region, the x — e turbulence
model is used. Similar to the x — w model, the kK — € model is a two equation model,

however the turbulent shear stress, €, is solved for rather than the dissipation rate.
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This turbulence model is better suited for far-field regions due to the models ability
to provide better solutions in this regime [28]. Due to the ability of the K —w model to
accurately model inner regions of the boundary layer, this model, equipped with an
additional shear-stress-transport (SST) model, was used by Bohan [4] and Holobeny

[3] when designing their compact combustors for use in JetCat engines.

2.6.3 Combustion Modeling.

To match the methods used by Holobeny [3] and Bohan [4], the partially premixed
combustion model equipped with flamelet generated manifold and diffusion flamelets
was used in ANSYS Fluent [3][4]. This particular combustion model is ideal for
combustors that operate globally lean with a premixed fuel-air mixture. Additionally,
the model is able to take into account dilution/cooling holes, which enables the model
to predict lean blowout due to quenching [28].

The work of Lin et al. [30] documented a method to better predicting lean blow
off (LBO) limits using a RANS based CFD solver for use with propane-air combus-
tion in a swirler. Using the stock input parameters within the partially premixed
combustion model in ANSYS Fluent has led to LBO limits being of by as much as
20-30% compared to experimental data [30]. Lin et al. [30] looked at toggling some
of the parameters within the combustion model to arrive at a better model that could
more accurately predict the LBO limit. The setting that was studied involved the
simple indicator, A, which measures the rate of change in the Damkdhler number
or temperature. Using a Da-based LBO indicator, compared to temperature based
indicators, calculated on the temperature-range clipped flame section (TCFS) was

more accurate at predicting the LBO limits within an error of 8.6% [30].
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2.6.4 Conjugate Heat Transfer.

A conjugate heat transfer model is required to measure the heat transfer passing
through the fluid and solid boundaries. This is applicable to combustors due to hot
gases interacting with the metal combustor liner, and cooling flow passing through
the secondary zone and dilution holes. Obtaining an accurate combustor wall temper-
ature measurements is ideal to ensure the structural integrity of the combustor itself.
Assuming adiabatic boundary conditions may cause the model to over-predict the
fluid temperature interacting with the combustor walls, leading to hotter tempera-
tures throughout the entire domain. This was the case with Bohan where downstream
temperatures saw as much as a 500 K drop in temperature between the conjugate

and adiabatic models [4].

2.6.5 Discrete Phase Modeling.

To simulate liquid kerosene fuel injection within a computational model, the dis-
crete phase model (DPM) solver in ANSYS Fluent is commonly used. The DPM
solver uses the Euler-Lagrange approach by considering two phases; the fluid phase
and the dispersed phase. The fluid phase is treated as a continuum, while the dis-
persed phase is solved by tracking several particles, similar to droplets, through the
flowfield. These “particles” which are tracked are able to exchange momentum, mass,
and energy with the fluid phase, which makes this model appropriate for liquid spray
combustion systems because the state of the liquid fuel is constantly changing once
it is injected into the combustor [2].

This methodology was used by Briones et al. [31][8] in the case of simulating
and investigating the effect of centrifugal forces on turbulent premixed flames where
both gaseous (propane-air) and liquid (kerosene-air) fuels were used. Additionally,

Brionnes et al. [31] used this methodology when simulating a liquid kerosene spray in-
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jection scheme within a outboard cavity-stabilized combustor in tandem with ANSYS
Workbench to reach an optimized combustor design by varying dimensional param-
eters around the combustor and using figures of merit, such as pattern factor, total

pressure loss, and combustion efficiency, to reach an optimized design.
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III. Methodology

The current investigation looked to take the UCC designed by Holobeny [3] for
the JetCat P90 RXi-B engine and modify the combustor to be integrated into the
similarly sized JetCat P160 to operate on liquid kerosene fuel rather than gaseous
propane. Gaseous propane was previously used due to its ease of control and avail-
ability, however, it was more desirable and practical to transition towards liquid fuel
operation. The previous compact combustor used by Holobeny et al. [2] for the Jet-
Cat P90 RXi equipped with gaseous fuel injection was designed with the intention
of transitioning towards liquid fuel injection, which enabled the previous combustor
to be integrated into the new engine with only minor modifications. Section 3.1 dis-
cusses the previous compact combustor designed for the JetCat P90 engine, while the
hardware and necessary changes that needed to be made to be integrated with the
JetCat P160 engine are discussed further in Section 3.2. Once the necessary modi-
fications were made, the P160 engine equipped with the revised bluff-body compact
combustor was tested using liquid kerosene fuel, as discussed in Section 3.3. Compu-
tational simulations were performed afterwards to supplement experimental testing,
which is discussed in Sections 3.4 and 3.5.

The second objective of this present study was to design a compact combustor
for the larger JetCat P400 engine. Given the experimental and computational results
following the JetCat P160 testing with the bluff-body compact combustor the bluff-
body flame-holding mechanism present was insufficient at holding a pilot flame within
the primary zone of the combustor. This led to the design a new compact combustor
utilizing a new flame stabilization scheme; trapped-vortex combustion. To design
this alternative combustor, numerous CFD simulations were run to reach a sufficient
design based on parameters such as pattern factor, exit temperature profile, pressure

drop, and combustion efficiency. The hardware of the TVC used in the P400 engine
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is discussed in Section 3.6. The methodology behind the CFD simulations performed
for the TVC combustor i