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ABSTRACT

The Ultra Compact Combustor (UCC) has the poten-
tial to offer improved thrust-to-weight and overall efficiency
in a turbojet engine. The thrust-to-weight improvement is
due to a reduction in engine weight by shortening the com-
bustor section through the use of the revolutionary UCC
design. The improved efficiency is achieved by using an in-
creased fuel-to-air mass ratio, and allowing the fuel to fully
combust prior to exiting the UCC system. Furthermore,
g-loaded combustion offers increased flame speeds that can
lead to smaller combustion volumes. The circumferential
combustion of the fuel in the UCC cavity results in hot
gases present at the outside diameter of the core flow. This
orientation creates an issue in that the flow from the circum-
ferential cavity needs to migrate radially and blend with the
core flow to present a uniform temperature distribution to
the high-pressure turbine rotor. A computational fluid dy-
namics (CFD) analysis is presented for the flow patterns
in the combustor section of a representative fighter-scale
engine. The analysis included a study of secondary flows,
cavity flow characteristics, shear layer interactions and mix-
ing properties. An initial understanding of primary factors
that impact the radial migration is presented. Computa-
tional comparisons were also made between an engine real-
istic condition and an ambient pressure rig environment.

NOMENCLATURE
b Vane Chord
CFD Computational fluid dynamics
EGV Exit Guide Vane
g Gravity
Je Newtons constant

1

ID Inside diameter
IGV Inlet guide vane

LBO Lean blow out

oD Outside diameter

PF Pattern factor

RANS Reynolds Averaged Navier-Stokes

Teav Cavity Radius

Re Reynolds Number

Sp Bubble Velocity

S Second, spacing

T: Total temperature

Tu Turbulence intensity

UuccC Ultra-compact combustor

Vian Tangential Velocity

Z Zweifel load coefficient

051 Vane inlet angle

0Bo Vane exit angle
INTRODUCTION

A large majority of the current axial turbine engines in
operation today utilize a combustor design that in principle
has not changed since the creation of the jet engine in 1929.
The materials in the combustor have been updated to han-
dle higher temperatures and with the introduction of film
cooling, the combustion temperatures can exceed the mate-
rial failure temperature of the combustor liner. The concept
of the traditional combustor uses axial flow straightened
by the compressor exit guide vane (EGV) and a long com-
bustion region on the order of 25-50 centimeters to fully
combust the fuel prior to entering the high-pressure turbine
inlet guide vane (IGV). Historically, turbine engine com-
bustion has taken place at an overall fuel-to-air ratio much
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less than stoichiometric [1]. Combining the low fuel-to-air
ratio and the long combustor sections allowed the fuel and
air to mix, evaporate, and fully burn prior to exiting the
combustor section. To improve engine efficiency and spe-
cific thrust the value of the turbine inlet temperature (T34)
has been steadily increased. Increased combustion temper-
atures can be achieved by increasing the fuel-to-air ratio
closer to stoichiometric. In recent years, the effort to im-
prove the thrust-to-weight ratio of turbine engines has led
to advanced combustors which are more compact than the
traditional combustor discussed above [2]. Combining the
effects of decreased combustor volume with an increased
fuel-to-air ratio increases the possibility of unburned fuel
entering the turbine section. An ultra-compact combustor
is a potential solution to an increase in Ty4 and a decrease
of up to 66% [3] in the length of the combustor section
which could lead to improved efficiency and an increased
specific thrust. The UCC features a circumferential cavity
positioned around the outside diameter (OD) of the engine
as shown in the upper part of Figure 1. The lower por-
tion of Figure 1 contrasts the orientation of components in
an ultra-compact combustor with a traditional combustor
highlighting the axial length differences.

Ultra-Compact Combustor

. Circumferential
UCC Turbine Cavity

Compressor Exit

Gulde Vane Turbine Inlet

Guide Vane

Traditional Combustor

FIGURE 1: UCC and traditional combustor systems com-
parison

Within the UCC, the compressor exit guide vane and
the turbine IGV are combined into a single airfoil located
directly below the UCC cavity. Fuel and air are injected
into the cavity at an angle to allow the fuel and air to mix
and swirl in the circumferential direction around the OD.
This circumferential versus axial burning increases the g-
loading on the fluid and provides two benefits. The first
benefit is that combustion products burned under increased
g-loading experience increased flame speeds as introduced
by Lewis [4] in 1973. The second benefit is that the heavier,
unburned fuel particles are forced to the outside diameter

of the circumferential cavity by the g-force. This migration
ensures that these particles stay in the cavity until they
are consumed and converted to lighter exhaust products.
The lighter exhaust products are pushed toward the inside
diameter of the circumferential cavity where they exit the
cavity and interact with the turbine vanes. Allowing the
heavy unburned fuel to remain in the circumferential cavity
until it is fully broken down is the equivalent of an infinite
combustion section which only occupies about 5 cm of axial
length.

The research presented in this paper analyzed the im-
pact of turbine vane spacing, air inlet port sizing, and UCC
inlet mass flow variations on the velocity and swirling mass
flow rate of the fluid in the circumferential cavity and the
resulting temperature profile at the exit to the UCC section.

THEORY & PREVIOUS RESEARCH

The UCC initially conceived by Sirignano [5] takes ad-
vantage of circumferential combustion versus axial combus-
tion supplemented with an additional benefit of an increased
flame speed resulting from g-loaded combustion. This find-
ing was originally documented by Lewis [4] who reported
that beginning at 200 g’s the flame speed began to increase.
From 500 to 3,500 g’s there was a steady increase in flame
speed with increasing centrifugal force. In this range, Lewis
found that the burning rate of the fuel-air mixture was pro-
portional to the square root of the g-loading. Lewis at-
tributed the increase in flame speed to the presence of bub-
bles or eddies that traveled ahead of the flame front due to
the centripetal acceleration. When the bubble velocity (Sp)
exceeds the turbulent flame speed, the flame propagates at
the bubble velocity given by Eq. 1 [4]:

Sp=1.25\/7, (1)

where g is the g-loading. The units for Eq. 1 are ft/s.
Lewis noted that 1.25 coincidently is the 1g bubble velocity
in ft/s. The g-loading value as defined by Zelina et al. [3]
is given in Eq. 2.

_ V;f%m (2)
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In Eq. 2, Viqy is the tangential velocity in the cavity (m/s),
ge is Newtons constant (m/s?) and 7.4, is the average cavity
radius (m). Below 200 g’s Lewis showed that the turbulent
flame speed controls the flame propagation and the velocity
is independent of g-loading. Above 3,500 g’s Lewis noted a
sharp decrease in flame speed until a combustion limit was
reached and blowout occurred.



Initial experimental studies by Zelina et al. [2] on small
scale UCC systems operating at atmospheric and increased
pressures showed a combustion efficiency between 95 and
99% over a wide range of operating conditions burning JP-
8 +100 fuel. Additionally, this study noted that the axial
flame length from the UCC was approximately 50% shorter
than conventional combustion systems. The results from a
series of lean blowout (LBO) tests conducted by Zelina et
al. [2] which recorded the equivalence ratio in the cavity at
blowout for varying g-loading is shown in Figure 2. Zelina
et al. found that a stable flame could be maintained over
a wide range of operating conditions with a maximum g-
loading value approximated between 7,000 and 8,000 g’s.
This maximum g-loading value is supported by the data
presented by Lewis [4].
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FIGURE 2: UCC Cavity Equivalence Ratio at Blowout as a
Function of Cavity g-Loading [2]

The UCC turbine vanes experience fluid interactions
from two directions, one of which is a cross flow. When
a body with an endwall exists in cross flow, the effects of
secondary flows must be considered. Langston [6] provided
much of the early work regarding secondary flows and iden-
tified the dominant vortical structures that form around a
body protruding from a surface known as a horseshoe and
passage vortex. In a turbine engine, the vortex structures
can make film cooling difficult by disrupting the expected
flow pattern of the cooling film in addition to increasing the
convective heat transfer and producing aerodynamic losses.
Much of the research regarding secondary flows has been
in the turbine region of an engine that uses a conventional
combustion system. The long can-type combustor provides
an undisrupted surface where a thick boundary layer could
form. Hermanson and Thole [7] [8] studied the effect of inlet
conditions and Mach number on the formation of secondary
flows. The inlet in their study was the exit condition of
the combustor section. Their research showed that thicker

boundary layers resulted in a horseshoe vortex that spread
further around the leading edge. Additionally, they showed
that when no stagnation pressure gradient was present, no
horseshoe or passage vortex formed.

In the current study, several factors that impact the
temperature profile at the exit to the UCC section were
studied. Omne area was the secondary flow along the OD
endwall of the vane as it encountered the shear from the
cavity circumferential flow. This interaction could be ex-
ploited in aiding the migration of the hot flow exiting the
cavity. The migration across taller vanes than previously
experimented with is one of the key aspects of the current
study. Understanding the flow properties across taller vanes
will be an important factor as the UCC transitions from
small scale testing to a larger fighter-scale. To the knowl-
edge of the authors no research has been performed on a
UCC for a fighter-scale engine.

UCC GEOMETRY

A traditional combustor section of a fighter-scale engine
features a compressor exit guide vane to turn the flow axial
prior to entering the combustor, and a turbine inlet guide
vane at the exit of the combustor to provide fluid at the
correct angle to the first turbine stage. In a UCC, the com-
pressor EGV and the turbine IGV are combined into a single
vane located directly below the UCC cavity. Figure 3 shows
the orientation and dimension of components in the ultra-
compact combustor tested in this study. The combustor
section inlet is on the left of Figure 3 with the combustion
products exiting to the right. The inlet and exit dimen-
sions were sized to nominal fighter-scale engine dimensions
for the compressor exit and the turbine inlet passages, re-
spectively. The inner radius of the passage at the exit was
31.75 centimeters with an outer radius of 38.1 centimeters.
The passage expansion was performed at a shallow 7° an-
gle per wall to prevent separation in the adverse pressure
gradient region. Temperature profiles discussed later are
taken at the inlet to the turbine rotor labeled ‘Temperature
Plane’.
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FIGURE 3: Cross-sectional view of UCC section used in the
current analysis (Dimensions are in centimeters)



For the current study a new UCC turbine vane was
developed which was a composite of a representative com-
pressor EGV and turbine IGV. With the compressor EGV
removed, this “hybrid” vane allowed the fluid exiting the
compressor to maintain its swirl as it entered the UCC sec-
tion. The fluid was then turned slightly to achieve an exit
angle of 70° into the high-pressure turbine. The hybrid vane
only required 16° of turning and had a Zweifel load coef-
ficient of 0.70. The Zweifel load coeflicient was calculated
using the definition presented by Baskharone [9] shown in
Eq. 3.

Z = 22003262 (tanB1 —tanBs) (3)

In Eq. 3, s is the vane spacing, b is the vane chord, 3
is the vane inlet angle and (3 is the vane exit angle. Fig-
ure 4 shows the development of the hybrid vane shape and
its relative positioning to the UCC circumferential cavity.
The axial chord of this vane was also set at 10.16 centime-
ters, however, due to the steep angle of the vane, the chord
length was 21.07 centimeters. The maximum vane thick-
ness was 2.07 centimeters to enable later internal cooling
passages in the airfoil. Due to the orientation and thick-
ness of the hybrid vane, metallic blockage of the core flow
and overlap occurred if the number of vanes was increased
beyond 30. The leading edge of the vane was positioned
upstream of the circumferential cavity to introduce the hot
gases from the cavity prior to the throat of the vane pas-
sage to aid in mixing with the core flow. The cavity was
positioned upstream in the passage to allow fluid exiting the
cavity to more easily span a shorter radial distance and pro-
vide a more uniform temperature distribution downstream.
Additionally, positioning the cavity upstream in the passage
provided the greatest length for mixing of the core flow with
the hot cavity flow.

NUMERICAL SETUP

A numerical analysis was used to characterize the flow
conditions in the UCC test section over a wide range of flow
and geometry variations. This analysis provided the prelim-
inary research on fighter-scale UCC performance. All solu-
tions were run using FLUENT® 6.3 with a 3-dimensional,
node centered, steady-state, pressure-based solver with a
RANS turbulence model. The SIMPLE algorithm was se-
lected for pressure-velocity coupling which uses a relation-
ship which enforces mass conservation and establishes the
pressure field within the domain. All solutions were run
second-order for momentum, density and energy. Turbulent
production and dissipation along with pressure were kept
first-order to aid computational speed and stability. The

Compressor
Rotor Rotation
Direction
-54° Hybrid Design

g g0
Compressor Exit 54«
Guide Vane p

Circumferential Cavity i
F|°W_ 1016em 5 M
Turbine Inlet . '
Guide Vane 70 |

70° |
Turbine Rotor
Rotation
Direction

FIGURE 4: Origin and orientation of the hybrid vane design

COMBUSTOR SECTION

surface meshes in the computational domain were resolved
with a combination of structured and unstructured cells.
Structured cells defined the surface of the vane while un-
structured cells were used on the remaining surfaces in the
geometry. A single unstructured block resolved the domain
volume. All mesh generation was performed in Gridgen®
and exported for use in FLUENT®,

Following the findings of Hermanson and Thole [8], the
k —e RNG turbulence model was selected for the current
analysis for the models’ ability to handle stagnation flows
and conditions with high streamline curvature. Hermanson
and Thole were able to compare experimental results to var-
ious numerical simulations using different turbulence mod-
els and found that the K — e RNG turbulence model most
closely matched the experimental flow pattern and vorticity
magnitude.

A small secondary flow study was conducted using a
simplified UCC geometry to verify that the £ —e RNG tur-
bulence model would produce a horseshoe and passage vor-
tex using the grid and solver settings described above. This
study concluded that the k —e RNG turbulence model com-
bined with the tested grid resolution were capable of gener-
ating the appropriate secondary flows.

UCC COMPUTATIONAL DOMAIN

The UCC computational domain consisted of a single
vane extracted from the complete three-dimensional UCC
section. Figure 5a shows the domain highlighted from the
full annulus and Figure 5b shows the periodic test domain
with boundary conditions. All non-labeled boundaries were
walls. Domain sections were created for the hybrid vane
featuring 20 vanes and 30 vanes arrayed around the com-
plete UCC annulus. As the number of turbine vanes arrayed
around the complete annulus was increased, the width of
the computational domain was decreased to maintain only
one vane in the domain. Table 1 summarizes the specifica-



tions of the vane and domain sections. In addition to the
baseline UCC air injector ports which had a diameter of
0.54 centimeters, additional domains were created for the
20- and 30-vane test cases which increased the diameter of
the air injector ports to approximately 2 times and 3 times
the baseline diameter. The 30-vane domain could not fit
the 3x diameter inlet ports without overlapping so this con-
dition was not tested in that domain. The inlet variation
was used to test the impact of the injection velocity on the
flow properties, specifically the tangential velocity, in the
circumferential cavity. Figure 6 shows the three air inlet
port variations. A final increase in inlet area was created by
converting the upper wall of the baseline geometry circum-
ferential cavity to a mass flow inlet and the inlet ports were
converted to walls. Since all inlet port holes were drilled at
an angle relative to the tangent of the circumferential cav-
ity, the inlet and exit of the air inlet ports were elliptic and
thus were larger than the cross-sectional area of the hole.
Table 2 shows the port diameter and total inlet area for each
domain section of the 20- and 30-vane variants. While the
diameter of the ports was increased, the on-center spacing
for all configurations was held constant. All ports injected
air into the cavity at 35° relative to the tangent of the cav-
ity. In the 20-vane domain, a total of 80 pairs of air injector
ports were used, this resulted in 8 ports per domain section.
The number of ports in the 30-vane domain was set to 90
pairs of ports around the complete UCC section to maintain
as close to 80 pairs as possible without having partial holes
in individual domains sections. The hole spacing and total
number of ports for each domain tested are also shown in
Table 1.

TABLE 1: UCC turbine vane spacing and circumferential
cavity inlet port specifications per section

Parameter 20-Vane 30-Vane
Vane Spacing (cm) 10.0 6.65
Throat Width (cm) 2.82 1.34
Axial Solidity 2.09 3.11
Number of Air Inlet Ports 8 6
Air Inlet Port Spacing’(cm) 3.16 2.81
Air Inlet Port Spacing (deg) 4.5 4

T Linear distance between hole centers

A grid independence check was performed to ensure the
resolution of the computational domain was not influencing
the test results, specifically the tangential velocity in the
circumferential cavity. The variation of tangential velocity
with increasing grid resolution from 1.5 to 4.3 million cells
was found to be less than 2.4% across all resolutions. A vari-
ation of less than 5% within the CFD solution is considered
independent and thus all resolutions could have been used.

Cavity Mass Flow Inlet (8)
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FIGURE 5: 20-vane (hybrid vane style) computational do-
main

The computation time for each cell resolution was accept-
able so the largest cell volume was selected for each domain
to ensure sufficient resolution of the secondary flows.

COMPUTATIONAL TEST CONDITIONS

For ground takeoff, the total fuel burn for the fighter-
scale engine was approximated at 2 kg/s. The compressor
was estimated to provide air at a total flow rate of 72 kg/s.
Removing flow for turbine cooling left 66 kg/s usable mass
flow. Based on previous work, the remaining core flow was
split such that the mass flow rate into the circumferential
cavity was approximately 30% that of the core flow rate.
The resulting core mass flow rate was 50.5 kg/s and 15.5
kg/s of air was fed into the circumferential cavity along
with the 2 kg/s of fuel. With a mass flow rate of 2 kg/s
of fuel and 15.5 kg/s of air, an equivalence ratio of 2 would
be achieved in the circumferential cavity. To simplify the
study and reduce the computational time, air was injected
into the circumferential cavity at 2200 K, a representative
combustion temperature for an equivalence ratio of 2. This
simplification eliminated the need for combustion modeling
at this stage of the analysis. To maintain the correct total
mass flow rate into the circumferential cavity, the mass flow



TABLE 2: Air inlet port variations

20-vane

30-vane

Inlet Name Port Diameter Total Inlet Area Port Diameter Total Inlet Area

Baseline 0.54 cm
2x 1.08 cm
3x 1.62 cm

Upper Wall N/A

3.19 cm?
12.87 cm?
28.75 cm?
57.29 cm?

0.54 cm 2.40 cm?
0.99 cm 8.05 cm?
N/A N/A

N/A 37.89 cm?

1 AT

(a) Baseline - g= 0.54 cm

T

(c¢) 3x - #=1.62 cm

FIGURE 6: 20-vane (hybrid vane style) air inlet port variations

rate of the fuel was added to the mass flow rate of air. Us-
ing this simplification, 17.5 kg/s of air was injected into the
circumferential cavity through the air inlet ports and any
density differences or energy lost to vaporize the incom-
ing fuel was neglected. To ensure that all configurations of
the computational domains maintained the same total mass
flow rates for the full annulus, the total mass flow rate was
divided by the corresponding number of vanes since each
domain contained only a single vane.

In addition to the engine representative conditions, con-
ditions that could be run in an atmospheric pressure labo-
ratory test rig were also tested using the 20- and 30-vane
domains. The rig conditions were scaled to be represen-
tative of the engine conditions but operating at standard
atmospheric pressure. Table 3 shows the various input pa-
rameters for both the engine condition and the rig condition.
For all test cases the inlet Mach number remained constant
at approximately 0.18 for the engine condition and 0.2 for
the rig condition. This Mach number through the combus-
tion section is faster than a conventional engine which slows
the incoming fluid to maintain stable combustion. The re-
duced core flow velocity is not required in a UCC since
combustion occurs around the OD of the engine, indepen-
dent of the core flow. The Reynolds number (Re) at the
entrance of the vane passage for the 20-vane domain was
approximately 72,000 for the rig condition and 2,250,000
for the engine condition using the initial vane height of 2.2
cm as the reference length. The Re at the exit of the vane
passage for the 20-vane domain ranged between 81,100 and
87,300 for the rig condition and 2,830,000 and 2,890,000 for
the engine condition. The Re at the entrance to the vane

passage of the 30-vane domain was approximately 89,000
for the rig condition and 3,000,000 for the engine condition.
At the exit of the vane passage in the 30-vane domain the
Re ranged from 118,000 to 129,000 for the rig condition and
3,600,000 to 4,000,000 for the engine condition. The vari-
ation in Re at the exit of the vane passage was dependent
on the tangential velocity in the circumferential cavity.

In preliminary tests conducted by Bohan [10], it was
found that variations in the number of vanes below the cir-
cumferential cavity, the shape of the vane below the cavity,
the dimensions of the cavity, and variations in the core mass
flow rate all had an insignificant impact on the fluid prop-
erties within the circumferential cavity. For this reason the
air inlet variations, which had a significant effect on the
fluid properties in the circumferential cavity, are the focus
of this paper. This series of tests was conducted to charac-
terize the flow properties in the circumferential cavity based

TABLE 3: Operating parameters for engine condition and
rig condition for complete annulus

Parameter Engine Rig
Condition Condition

Operating Pressure 4,000,000 Pa 101,325 Pa

Core Mass Flow Rate 50.5 kg/s 1.466 kg/s

Core Flow Inlet Angle 54° 54°

Core Flow Temp 960 K 530 K

Core Flow Tu 5% 5 %

Cavity Inlet Mass Flow  17.5 kg/s 0.58 kg/s

Cavity Inlet Flow Temp 2200 K 1000 K

Cavity Inlet Tu 2% 2 %




on variations in the input flow rates as well as variations in
the UCC test section geometry. All four air inlet variations
were tested at the cavity inlet mass flow rates shown in Ta-
ble 3 as well as 75%, 50%, and 25% of these value for the
engine condition. The rig condition was only tested at the
values shown in Table 3. The values in Table 3 represent
the most demanding flight condition. The mass flow rate
variation tests simulated throttled conditions while testing
the benefits and drawbacks of having more or less vanes
below the circumferential cavity.

For each test case, the area-weighted average of tan-
gential velocity, velocity magnitude and density in the cir-
cumferential cavity were recorded. The difference between
the tangential velocity and the velocity magnitude allowed
the flow angle to be calculated. The density was combined
with the tangential velocity of the fluid and the known cross-
sectional area of the cavity to calculate the mass flow rate in
the circumferential cavity. Additionally, the area-weighted
averaged total temperature was recorded for the exit face
of the domain and plots of the circumferentially averaged
total temperatures on the exit plane were created.

RESULTS & DISCUSSION

The preliminary tests conducted by Bohan [10], which
all used the baseline air inlet and mass flow rates shown in
Table 3, all achieved tangential velocities on the order of 600
m/s for the engine condition and 390 m/s for the rig condi-
tion. Applying Eq. 2 to solve for the g-loading on the fluid
resulted in values well above 90,000 g’s for the engine con-
dition and 40,000 g’s for the rig condition. From Figure 2 it
can be seen that at an equivalence ratio of 2, any g-loading
value above 3,500 g’s will result in blowout. Even if a re-
duced equivalence ratio was used, the g-loading cutoff for
blowout is approximately 7,500 g’s. Reductions in the mass
flow rate into the circumferential cavity did help to reduce
the tangential velocity, however, the 100% mass flow rate
test cases represent takeoff conditions and other full throt-
tle maneuvers. The engine must be able to operate at the
full range of mass flow rates meaning that simply reducing
the mass flow rate into the cavity is not an option to limit
the g-load. The g-loadings found in the preliminary study
would quickly result in a blowout and an unusable engine as
the throttle setting was increased. The tangential velocity
of the fluid in the cavity must be reduced to maintain the
g-load at an acceptable range at the takeoff condition. The
target operational g-loading was 3,500 g’s. Under the op-
eration conditions outlined in Table 3, this value represents
the maximum loading limit prior to blowout, but based on
the findings of Lewis [4], this value also represents the high-
est flame speeds and thus the maximum benefit from g-load
combustion.

Since variations in the cavity dimensions, number or ge-
ometry of the vanes, and core mass flow rates did not cause
any appreciable reduction in tangential velocity, another al-
ternative was sought to reduce the g-load. Reduction of the
injection velocity was investigated by changing the cavity
air inlet area. Using the 20- and 30-vane domains, the di-
ameter of the air injection ports were enlarged as discussed
previously. For constant mass flow rates, as the inlet area
increased the injection velocity decreased. As shown in Ta-
ble 4 for the 100% cavity inlet mass flow rate for engine and
rig conditions, the tangential velocity within the cavity was
significantly dependent on the cavity inlet velocity. Figure
7 shows that this dependence is linear. This figure also re-
veals that this dependence was maintained at lower cavity
inlet mass flow rates. Figure 8 shows a seemingly identical
result for the 30-vane test cases. Figure 9 shows the result-
ing relationship between the inlet area and the tangential
velocity. This plot is applicable to both the 20- and 30-vane
test domains.
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The mass flow rate in the circumferential cavity was an
indicator of how far the fluid travels from the injection hole



TABLE 4: Results for air inlet area variations, 100% cavity inlet mass flow rate, 20- and 30-vane domains

Operating Inlet Inlet Inlet Tangential Mass Flow Pattern g-Load
Condition Name Area'  Velocity Velocity Rate? Factor
20 Engine  Baseline  3.19 cm? 199 m/s 602 m/s 11.76 kg/s 0.79 97,000
20 Engine 2x 12.87 cm? 66 m/s 213 m/s 3.79 kg/s 0.41 12,100
20 Engine 3x 28.75 cm? 36 m/s 89 m/s 1.67 kg/s 0.35 2,100
20 Engine  Top Wall 57.29 cm? 19 m/s 61 m/s 1.20 kg/s 0.34 1,000
20 Rig Baseline  3.19 cm? 136 m/s 388 m/s 0.36 kg/s 1.66 40,300
20 Rig 2x 12.87 cm? 47 m/s 141 m/s 0.12 kg/s 0.37 5,300
20 Rig 3x 28.75 cm? 25 m/s 60 m/s 0.05 kg/s 0.55 1,000
20 Rig Top Wall  57.29 cm? 13 m/s 40 m/s 0.04 kg/s 0.64 400
30 Engine  Baseline  2.40 cm? 184 m/s 571 m/s 10.98 kg/s 0.21 87,000
30 Engine 2x 8.05 cm? 79 m/s 210 m/s 4.08 kg/s 0.43 11,800
30 Engine  Top Wall 37.89 cm? 18 m/s 67 m/s 1.15 kg/s 0.32 1,200
30 Rig Baseline  2.40 cm? 127 m/s 334 m/s 0.44 kg/s 0.22 30,000
30 Rig 2x 8.05 cm? 54 m/s 136 m/s 0.13 kg/s 0.19 5,000
30 Rig Top Wall  37.89 cm? 12 m/s 41 m/s 0.04 kg/s 0.23 450

L Total inlet area for the domain section

2 Cross-sectional mass flow rate through circumferential cavity
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to its exit into the core flow. Since the fluid does not enter
the cavity and immediately exit, there was a build up of
fluid. The amount of fluid transported in the cavity was
proportional to the number of inlets upstream of a refer-
ence location whose fluid has not exited the cavity. Larger
mass flow rates mean that fluid was staying in the cavity
longer and thus traveling farther before exiting. Dividing
the cavity mass flow rate from Table 4 by the inlet mass flow
rate per vane section (Total cavity inlet ri/vane count), the
number of vanes and the physical distance between the in-
let and exit position were determined. These measurements
were verified by interrogating the streamlines in the CFD
solutions. Figure 10 shows the streamlines in the circumfer-
ential cavity for the 20-vane domain at engine conditions for

the baseline and 3x air inlets. Using the tangential veloc-
ity from Table 4 and the arc length traveled, the residence
time was computed. The resulting residence times varied
between 0.0024 - 0.0027s for the 20-vane engine conditions
and 0.0034 - 0.0038s for the rig condition. The 30-vane do-
main had the same residence time for the engine condition
(0.0026 s), but a slightly longer residence time for the rig
condition at 0.0039 - 0.0043s.

FIGURE 10: Streamlines in the circumferential cavity as
viewed from upstream (baseline inlet above, 3x inlet below)



In Figures 7 and 8 it can be seen that the lower cavity
mass flow rates (50% and 25%) operating with the larger
diameter inlets (slower velocity inlets) achieved faster cav-
ity tangential velocities than the higher mass flow rate cases
using the same inlets. This anomaly was the result of the
lower mass flow rates entraining core flow fluid into the
cavity. Another effect of the entrained core flow in the cir-
cumferential cavity was a greatly reduced cavity tempera-
ture. The flow pattern in the cavity for the lower mass flow
rates revealed a bulk flow in the circumferential direction
in conjunction with a swirl component. This pattern was
not observed in the higher flow rate cases which only had a
circumferential flow component.

In Figures 7, 8 and 9 it can be seen that the rig condition
tangential velocity results were closely matched to the 50%
mass flow rate engine condition despite a large difference in
operating pressure, mass flow rate and inlet temperature.
The results are similar because the resultant inlet velocities
were very closely matched confirming that the inlet velocity
is the driving parameter in controlling tangential velocity
regardless of the remaining parameters.

The combustor section exit temperature profile is of
critical importance to the turbine blade durability. The
temperature profile, or pattern factor (PF), establishes the
work potential of the turbine rotor along with setting the
cooling flow requirements to the airfoil. The PF as defined
by Mattingly et al. [1] is shown in Eq. 4. All station 4
temperatures in this equation were taken as total tempera-
tures on the exit plane. The PF for each 100% cavity inlet
mass flow rate test case was shown previously in Table 4.
For comparison purposes, the PF of a traditional combustor
system is 0.20.

PF— Tt4mam - Tt4avg (4)
Tt4avg - TtS

Ideally, the temperature in the middle third of the blade
would be the hottest with the temperature decreasing to-
ward the endwalls. Because endwalls are difficult to cool
and there are other complications with hot gas ingestion in
the seams between components along the ID endwall and
over the blade tip in an actual engine , it is important to
keep these surfaces as cool as possible. The exit tempera-
ture profile was impacted by the variation of the air inlet
area. Figure 11 shows the circumferentially averaged total
temperatures for each cavity inlet diameter variation using
100% cavity inlet mass flow rate for the 20-vane domain.
Figure 12 shows the same results for the 30-vane domain.
In all cases the OD endwall temperature remained fairly
constant. The ID endwall, however, was the region most
impacted by the air inlet diameter variation, specifically for

the 20-vane domain. With the 20-vane domain, higher in-
let velocities resulted in higher ID endwall temperatures.
There was not a direct linear relationship that applied to
the results since the 3x diameter case resulted in a lower ID
endwall temperature than the top wall injection case. This
relationship does show, however, that slower tangential ve-
locities do not allow the fluid exiting the circumferential
cavity to completely penetrate the core flow and heat the
endwall as it is convected downstream. The rig condition
exit temperature profiles for each inlet area variation fol-
lowed a similar pattern as the 20-vane engine condition.
Again, the larger inlet areas had the lowest temperatures
at the endwalls and a relatively uniform maximum temper-
ature across the middle of the passage span.
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FIGURE 11: Circumferentially averaged total temperatures
for inlet diameter variations using 100% cavity inlet mass
flow rate, 20-vane domain

In general the 30-vane domain produced more uniform
results across the entire vane passage than the 20-vane do-
main for all inlet diameters tested.
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FIGURE 12: Circumferentially averaged total temperatures
for inlet diameter variations using 100% cavity inlet mass
flow rate, 30-vane domain

To understand why the exit temperature changes with
varying inlet diameters, contour plots of the total tempera-
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FIGURE 13: Total temperature contours on engine components using 100% cavity inlet mass flow, 20-hybrid vane domain

under engine conditions

ture on the vane, ID endwall and domain exit are shown in
Figure 13 for the 20-vane domain operating at 100% cavity
inlet mass flow rate for each cavity inlet port size variation.
These figures also show the variation of temperature on the
domain exit plane in the circumferential direction. In the
baseline and 2x diameter inlet test cases, region 1 highlights
the areas on the suction surface that were cooled by OD core
flow that was entrained by the high velocity cavity flow and
swirled into the vane. The profile of the hot fluid on the vane
surface after exiting the cavity was directly proportional to
the velocity of the fluid in the circumferential cavity. Faster
cavity flows had little or no curvature at location 2, but due
to the momentum of the fluid exiting the cavity, the profile
at location 3 was almost linear. The 3x and top wall inlet
domains showed more curvature at location 2, to the extent
that the flow on the vane surface did not reach the endwall.
There was still flow downstream, however, that swirled off
the vane surface and caused ID endwall heating. Addition-
ally, the flow at location 3 did not have the same linear
profile observed in the baseline case resulting in a reduced
heated footprint. A smaller heated area on the vane surface
means that there will be less area to cool in future itera-
tions of the analysis. Because the endwall surface is difficult
to cool and ingestion of hot gases into the ID engine seals
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could result in catastrophic failure, the ideal situation is to
have no excess heating of either endwall.

CONCLUSION & FUTURE WORK

The dominant factor controlling the velocity in the cir-
cumferential cavity was the inlet velocity of the air feeding
the cavity. Larger inlet velocities resulted in larger cavity
velocities and vise versa. The cavity inlet velocity was di-
rectly related to the area of the inlet, the mass flow rate of
fluid into the cavity and the temperature of the incoming
air. The residence time remained relatively constant for all
inlet geometries varying between 0.0024 and 0.0027 seconds
for the engine condition. The number of turbine vanes lo-
cated below the circumferential cavity did have a minimal
effect on the tangential velocity in the cavity. The primary
cause of this variation, however, was not due to the number
of vanes but rather an overall difference in inlet area result-
ing from differences in the number of inlets in the complete
array. The largest impact resulting from variations in the
number of vanes was on the exit temperature profiles. The
spacing of the vanes modified the fluid flow pattern between
the vanes with a more uniform temperature distribution ob-
tained at the domain exit from the larger vane count.

It was shown that the 3x air inlet diameter in the 20-



vane domain provided the results closest to the target g-load
and the most desirable exit temperature profile. Since the
maximum benefit for g-loaded combustion occurs at 3,500
g’s, the cavity inlet diameter could be modified slightly to
adjust the tangential velocity to a maximum value of 114
m/s. The exit temperature profile for the 3x case resulted
in the coolest temperatures at the endwalls and the hottest
temperatures fairly uniformly distributed across the middle
of the passage. The area of the heated portion of the suc-
tion surface of the vane for this case also showed a reduced
heated footprint which will require less cooling in future
iterations of the vane.

The next steps in the fighter-scale UCC analysis in-
cludes incorporating reacting flow models to simulate com-
bustion rather than bringing air into the cavity at combus-
tion temperatures. Further analysis will investigate creating
a common inlet to ensure a balanced pressure distribution
through the UCC.
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