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Numerical Analysis
of a Kerosene-Fueled
Scramjet Combustor

A kerosene-fueled scramjet combustor was numerically analyzed in order to meet the
requirement of thrust for a hypersonic test vehicle. The internal configuration of the fuel

injection struts and fuel injection was arrived through computational fluid dynamics (CFD)
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study. The combustor was tested in the hypersonic test facility at DRDL. Numerical simula-
tions were carried out along with facility nozzle (from throat onward) both for nonreacting
and reacting flow. Three-dimensional (3D) Reynolds-averaged Navier—Stokes (RANS)
equations are solved along with k—¢ turbulence model. Single-step chemical reaction with

Lagrangian particle tracking method (LPTM) is used for combustion of kerosene fuel.
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Fairly good match of the top wall pressure has been obtained with experimental data for
both nonreacting and reacting flows. Effects of mass flow rate of incoming vitiated air and
fuel flow have been studied numerically in details. Top wall pressure distributions have
been found to decrease with the decrease of the mass flow rate of vitiated air. Significant

drop of wall pressure, higher thrust per unit fuel flow, and combustion efficiency have been
observed with the decrease of fuel flow. [DOI: 10.1115/1.4030699]

1 Introduction

Air-breathing engines are considered to be one of the preferred
propulsion devices for atmospheric flight. Combustion should
take place at supersonic speed when the flight Mach number is
hypersonic (M >5). Supersonic combustion ramjet (scramjet) is
the key enabling technology for transatmospheric-sustained flights
in hypersonic speed. In scramjet engines, the combustor length is
typically of the order of 1-1.5m and the residence time of the
fuel—air mixture is of the order of a millisecond (for flight Mach
numbers from 6 to 8). Generation of useful thrust over the vehicle
drag through heat addition at such high speeds is challenging,
owing to the fact that the fuel has to mix and burn completely
within the combustor length. Research and development of an
efficient hypersonic air-breathing vehicle powered by scramjet
engine was started in the early 1960s [1-3]. Both hydrogen and
kerosene were studied extensively. Hydrogen-fueled scramjet
engine was considered for space applications, whereas hydrocar-
bon fuel was considered for air-launched missiles leading toward
the development of hypersonic vehicle with scramjet engine.
Though, hydrogen is attractive because of having higher specific
impulse and better ignition characteristics, liquid hydrocarbon
was preferred for its higher density and easier handling issue in
hypersonic military applications (M < 8). However, the liquid fuel
has to atomize and evaporate before mixing and combustion with
the mainstream air which adds an additional time delay for the
heat release and thus necessitating a longer residence time and, in
turn, a longer combustor length. Design of the internal configura-
tion for fuel injection is crucial for proper mixing of fuel with air,
ignition, and combustion, and to provide the required thrust within
the specified length of the combustor. Since the mixing and com-
bustion of fuel with air occur at supersonic speed, scramjet
researchers always face big challenges in respect of proper mixing
of fuel with air, ignition, and combustion inside the combustor.
Mixing of fuel with incoming supersonic air stream is a challeng-
ing issue for hydrocarbon combustion. A deeper penetration of
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fuel [4] into a supersonic air stream is required for better mixing
which is a key to sustained combustion. The typical penetration
depth of the fuel jet is about 10-15mm for a practical scramjet
combustor in the flight region of Mach 6.0-7.0. Reported experi-
mental and numerical studies [5—7] on hydrocarbon fueled super-
sonic combustion mostly address the issues of cavity-based flame
holder and injection system in laboratory scaled combustor. The
penetration of liquid fuel in supersonic flow is critical in any prac-
tical scramjet combustor. The problem of slow lateral fuel trans-
port in the air stream can be circumvented by injecting the fuel in
the core region of the flow by means of struts and/or pylons. The
oblique shocks generated from the struts also augment the mixing
which is very much needed in high-speed propulsion devices.

The studies on strut-based scramjet combustor with kerosene
fuel are highly limited. Fuel injection from the struts has been
experimented upon in some subscale scramjet engine including
airframe integrated scramjet module [8,9]. The subscale strut-
based scramjet engine being developed at NAL (Kakuda, Japan)
[9] uses the fuel injection strut to improve mixing.

With the advent of powerful computer and robust numerical
algorithm, CFD is playing an important role in developing a
comprehensive understanding of the key phenomenon that domi-
nates performances. To accurately model scramjet flow field,
CFD must adequately resolve several complex physical proc-
esses including three-dimesionality, shock boundary interaction,
turbulent mixing of high-speed streams, atomization, and com-
bustion of liquid fuel. Only few numerical studies were reported
on strut-based liquid-fueled scramjet combustor. Dufour and
Bouchez [10] have numerically simulated the scramjet experi-
ment [11] using a 3D Navier-Stokes solver and single-step
chemical kinetics. A reasonably good match is obtained between
the computational and experimentally measured wall static pres-
sure. Montgomery et al. [12] have implemented reduced chemi-
cal kinetic mechanisms for combustion of various hydrocarbon
fuels into the VULCAN CFD code and used for simulations of a
3D scramjet flameholder. Manna et al. [13] numerically explored
the effect of the combustor inlet Mach number and total pressure
on the flow development in the scramjet combustor. It has been
shown that higher combustor entry, Mach number, and distrib-
uted fuel injection are required to obtain predominant supersonic
flow and avoid thermal choking.
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A hypersonic air-breathing cruise vehicle with airframe inte-
grated scramjet engine was presented by Pannerselvam et al. [14].
One-dimensional flow model was developed for the design and
performance prediction of various individual components, such as
forebody, intake, combustor, and nozzle.

In this work, 3D viscous simulations are presented for a full
scale flight module scramjet combustor for hypersonic air-
breathing mission with kerosene fuel injected from a row of struts
placed in the flow path. Combustor entry conditions have been
taken corresponding to the equivalent flight condition of the
hypersonic air-breathing cruise vehicle [14]. Thermochemical
parameters are analyzed to estimate the flow behavior inside the
combustor. The effects of air mass flow and fuel flow rate on com-
bustion efficiency and performance are presented.

2 Solution Methodology

Commercial crp software crx-11 [15] is used for the present
analysis. Crx is a fully implicit 3D RANS code, capable of solving
diverse and complex turbulent reacting fluid flow problems. The
code is a fully implicit, finite volume method with FE-based
discretization of geometry. The method retains much of the
geometric flexibility of finite element methods as well as the
important conservation properties of the finite volume method. It
utilizes numerical upwind schemes to ensure global convergence
of mass, momentum, energy, and species. It implements a general
nonorthogonal, structured, boundary fitted grids. To circumvent
the initial numerical transient, the discretization of the convective
terms is done by first-order upwind difference scheme till few
time steps initially and subsequently, the convective terms are dis-
cretized through second-order scheme to capture the flow features
more accurately. Turbulence was modeled using k—¢ model. Wall
functions were used to model flow near the walls.

For combustion, the eddy dissipation model (EDM) is used for
its simplicity and robustness in predicting the performance of re-
active flows in many engineering applications. The EDM is based
on the concept that chemical reaction is fast compared to the
transport process in the flow. When reactants mix at the molecular
level, they instantaneously form products. The model assumes
that the reaction rate may be related directly to the time required
to mix reactants at molecular level. In turbulent flows, this mixing
time is dictated by the eddy properties and therefore, the burning
rate is in proportional to the rate at which turbulent kinetic energy
is dissipated, i.e., reaction rate is proportional to &/k, where k is
the turbulent kinetic energy and ¢ is its rate of dissipation. The
chemistry of the kerosene (C;,H»3) reaction is represented on a
molar basis by

CioHpz + 17.750, = 12C0O, 4 11.5H,0

The mixing rate determined from the EDM is given as

& . Y y
Ry gpm = _Aebup%mln{yﬁ%vBebu ﬁ}
K K

where p and yy, yox, and y, are the density and mass fractions of
fuel, oxidizer, and products, respectively, Acp, and By, are the
model constants, and ry is the stoichiometric ratio.

LPTM is used for discrete phase model to characterize the flow
behavior of the dispersed phase fluid (kerosene liquid) along with
the flow of the continuous phase predicted using a discretized
form of the RANS equations. Solutions are marched with global
time step typically at 107> s. Log-normalized maximum residue
of —04 is considered as the convergence criteria.

The software (crx) is thoroughly validated for the reported
literature for hydrogen and hydrocarbon fuels injected from wall,
cavity, pylon, and struts, and the simulation results were published
in Refs. [16-19].
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3 Combustor Configuration and Inflow Details

Hot air for the test is generated by burning small amount of
hydrogen with incoming air in a heater which gives rise to high
pressure and temperature of the test air in the heater. The vitiated
air (contains superheated water vapor) was passed through a con-
vergent and divergent nozzle to give the required conditions for
the scramjet. The combustor geometry with eight strut arrange-
ment along with the divergent facility nozzle is shown in Fig. 1.

The length of the divergent portion of the facility nozzle is 2.9/
with a 0.37h constant area included at the exit in order to settle
the flow before the entry to the combustor. Where / is the height
of the combustor at the inlet as shown in Fig. 1. The width of the
combustor is 6.44. The cross sections of the nozzle at throat and
exit are 6.4 x 0.56h and 6.4h x 1.0h, respectively. The length of
the combustor is 21.54. An additional length of 1.2/ constant area
is added at the end of the combustor to provide support to the
combustor. The cross sections at the entry and exit of the combus-
tor are 6.4k x 1.0/ and 6.4h x 2.93h, respectively. The combustor
has a constant area section of 1.05/4 from entry of the combustor,
followed by 1deg divergent section of 2.3h, 4 deg divergent sec-
tion for 7.33Ah, and finally a 7.5deg divergent section of 9.9h
length. A middle wall of 0.144 thickness has been attached at
X =2.9h at the middle of the combustor which makes combustor
into two modules, named as, left module (LM) and right module
(RM). Four struts are provided in each module in a similar manner
from the middle wall (as shown in Fig. 1), first strut being near to
the middle wall and fourth strut near to the side wall. The location
of the first, second, third, and fourth struts is 3.72h, 5.17h, 6.92h,
and 8.844 from the combustor inlet in the X-axis whereas 0.49h,
1.27h, 2.03h, and 2.81/h from the middle of the combustor in the
width, respectively.

The schematic of typical strut geometry is shown in Fig. 2. The
cross section from the leading edge is sweeping backward in the
upper and lower parts. Marquardt Corporation (Cazenovia, NY)
[20] has investigated this sweptback type of strut in scramjet com-
bustor to increase the three dimensionality of the flow. Leading
edges with small radius and blunt trailing edges have been pro-
vided in the strut to keep the shock attached and for flame holding
purpose, respectively. Detailed computational studies were carried
out to find out the number of struts for fuel injection, their config-
uration and injection locations as a part of the development of
hypersonic vehicle program [14]. The cross-sectional length and
the base width of the struts are 0.51/4 and 0.13/, respectively. In
the simulation, X-axis is taken along the length of combustor,
while Y- and Z-axis are chosen along the height and width of
the combustor, respectively, with the origin being placed at the
middle of the bottom wall at combustor inlet.

Liquid kerosene fuel is injected through 208 injection points
provided in eight struts. Each strut contains 13 injection holes on
either side. All the injection holes are approximately of the same
size having a diameter of 0.5 mm. Full geometry was taken for the
simulation as there were slight differences (approximately few

——
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Strut-2
Middle wall

Strut-1
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Rightmodule (RM)

Section-l : Nozzle (a) Top view
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Igading edge
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Fig. 1 Details of the scramjet combustor: (a) top view and (b)
side view
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Fig.2 Typical strut geometry

millimeter) between the two modules (LM and RM) in the manu-
factured combustor. The simulations were carried out both for
nonreacting and reacting flow. Additionally, to see the effect of
leakage of kerosene which was observed during the test; two
more simulations have been carried out by reducing the fuel
equivalence ratio to (1) 10% and (2) 20%. A Rosin—Rammler par-
ticle distribution of diameter D =37.32 um and dispersion factor
of y=1.5 has been considered for all the reacting flow simula-
tions. An equivalence ratio of 1.0 is considered for reacting flow
simulations.

4 Results and Discussion

4.1 Computational Grid. Block-structured grids are made
using ICEM CFD [21] for the entire domain. A total
316 x 55 x 175 (~3 x 10%) number of structured grids are used
in the simulations. The typical grid distributions in X-Y, X-Z, and
Y-Z plane are shown in Figs. 3(a)-3(c), respectively. The grids
are fine near the leading edge and trailing regions of the struts,
adjoining region between the nozzle and combustor, and near wall
regions, while relatively coarser grids are provided in the remain-
ing portion of the combustor.

4.2 Boundary Conditions. All the flow properties are kept
constant at the inflow plane, as the inflow boundary is supersonic.
No slip and adiabatic wall boundary conditions are imposed at the
walls. The ambient pressure outflow boundary condition has been
imposed at the exit of the combustor as the combustor is tested at
ambient condition. When the combustor is analyzed to calculate
the thrust availability, simulations have been carried out with

(b)

supersonic outflow boundary condition at the exit of the
computational domain. Log-normalized maximum residue of —04
is considered as convergence criteria.

4.3 Nonreacting Flow Simulation Results. The qualitative
features of the nonreacting flow field have been presented through
the Mach number, static pressure (P/Pg, P being the static pres-
sure at combustor entry), and static temperature (7/7s, T, being
the static temperature at combustor entry) distribution in different
planes (X =—3.34 (nozzle entry), 0.0 (combustor entry), 2.9A,
5.8h, 8.7h, 11.6h, 14.5h, 17.4h, and 21.5h (combustor exit)) in
Fig. 4. Flow is found to expand in the divergent nozzle. Mach
number value of 1.89 has been achieved at the entry of the
combustor. Flow in the combustor is largely supersonic in the
combustor upto about X = 12.04, after which the separation of
the flow has been found toward the exit of the combustor due to
the presence of ambient pressure (outflow) condition. Flow in the
combustor after 12/ becomes subsonic because of the presence of
terminal shock through which the combustor pressure rises to
atmospheric pressure. Static pressure and temperature have been
found to decrease upto the middle (X =1.0) of the combustor
due to the expansion in the divergent combustor, but increases
afterward due to the equalization of pressure with the ambient
condition at the outlet of the combustor. Top wall pressure com-
parison between the experimental and CFD at Z= 1.6/ is shown
in Fig. 5 for both for LM and RM. Fairly good match has been
obtained between the two results. The measured nozzle exit wall
pressure P matches exactly with CFD simulation result.

4.4 Reacting Flow Simulation. Reacting flow simulations
are carried out with transverse injection of liquid kerosene fuel
into the supersonic air (vitiated) flow through the four struts in
each module. Based on the mass flow rate of vitiated air, mass
fraction of O, available in the vitiated air, and the injected kero-
sene flow, the equivalence ratios are calculated to be almost unity
for all the cases. The thermochemical flow parameters are
described by the distribution of Mach number, pressure, tempera-
ture, and mass fractions of carbon dioxide (CO,), oxygen (O,),
kerosene vapor (Cj,H,3), whereas quantitative comparisons are
made for top wall pressure, average Mach number, static pressure
and temperature, combustion efficiency, thrust, etc.

44.1 Reacting Flow Simulation Result (Baseline). Mach
number, static pressure, and static temperature distribution at dif-
ferent axial stations (X = —3.34 (nozzle entry), 0.0 (combustor
entry), 2.9h, 5.8h, 8.7h, 11.6h, 14.5h, 17.4h, and 21.5h (combustor
exit)) are shown in Figs. 6(a)-6(c), respectively, whereas the aver-
age values of the same along the length of the combustor are
shown in Figs. 7(a)-7(c), respectively.

Due to reaction of the fuel, Mach number values come down,
static pressure and temperature increase in the middle of the

(c)

Fig. 3 Grid distribution at different planes of the scramjet combustor: (a) X-Y plane, (b) X-Z

plane, and (c) Y-Z plane
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Fig. 5 Comparison of nonreacting top wall pressure distribu-
tion (Z=1.6h)

(a) Mach number, (b) static pressure, and (c) static temperature distribution at various axial planes

combustor, adjacent to the strut regions. Average Mach number
has been found below unity at X =4.94—10.8/4. Flow is not fully
subsonic in the range. There are some subsonic pockets (caused
due to reaction) in the downstream of the struts. These subsonic
pockets are responsible to bring the average Mach number below
unity. Afterward, the flow starts expanding at 7.5 deg divergent
section of the combustor causing Mach number to increase and
static pressure and temperature to decrease. Toward the exit of the
combustor, flow is compressed due to the influence of ambient
pressure (which is higher than the expanding flow pressure) caus-
ing Mach number to decrease and static pressure and temperature
to rise. The average Mach number has been found to become sub-
sonic again at X =17.0h and continued to be subsonic upto the
exit of the combustor.

Mass fraction of CO,, O,, and C,H»3 at various axial locations
is shown in Figs. 8(a)-8(c), respectively. Reaction pattern for
both the modules (LM and RM) looks almost similar. Liquid kero-
sene droplets completely vaporize within the combustor and no
liquid droplets are found at the exit of the combustor. However,
some of the unburnt kerosene is observed adjacent to the middle
wall regions. Combustion efficiency is defined as the ratio of the

Fig. 6 (a) Mach number, (b) static pressure, and (c) static temperature distribution for reacting flows at various

axial planes
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Fig. 7 Average Mach number (a), static pressure (b), and static temperature (c) distribution for reacting flows along the length

Fig. 8 Mass fraction distribution of (a) CO,, (b) O,, and (c) Jet-A (C12H,3) vapor at various axial locations

burnt kerosene to the total amount of kerosene fuel injected in the
combustor and found to be 78.2% for the present case. Thrust
achieved from the combustor is calculated from the difference of
the outlet momentum and inlet momentum of the combustor and
is found to be 7350 N/kg s of fuel flow rate.

3.0+ * @ Expt(LM)
—5— CFD(LM)

| § A Expt RM)
CFD (RM)

2.0

1 .0 - ,"__,-"'.- |

Wall static pressure (Pw/Ps)

=
o

| ! | ! | ! |
0 5 10 15 20 25
Along the flow direction (X/h)

Fig.9 Comparison of top wall pressure distribution (Z=1.6h)
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The comparison of the top wall pressures between the experi-
ment and the CFD has been made in Fig. 9. Rise of wall static
pressure due to the combustion has been found adjacent to the
strut wall regions in both experiment and numerical simulation.
Pressure distribution of both the modules in CFD looks almost
similar. Eventhough overall comparison between the experiment
and the CFD is fairly good, the peak pressure in the experiment
seems to be slightly more compared to the CFD values. Also, the
point of separation in experiment seems to be delayed in RM com-
pared to CFD.

4.4.2  Effect of Mass Flow Rate of Vitiated Air. Mass flow rate
of vitiated air was found to decrease with time during the experi-
ment. To find out the effect of mass flow rate on top wall pressure
and the performance of the combustor, two more simulations are
carried out by changing the mass flow rate of the hot incoming air
by 5% (case-2) and 10% (case-3). In the simulations, kerosene
flow rate was kept the same. Comparison of top wall pressure dis-
tribution (RM) for these two cases along with baseline case is
shown in Fig. 10. Overall, top wall pressures have been found to
decrease with the decrease of mass flow rate. In the reaction
intense zone (X/h =0.45-0.8), the differences of the top wall pres-
sure have been found more compared to the other axial locations.
Combustion efficiency has been found to decrease (74.0% for
case-2 and 70.9% for case-3) with the reduction of air flow rate.
Similarly, thrust achieved from the combustor has been found to
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Fig. 10 Effects of vitiated air flow (RM)
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Fig. 11 Effects of fuel flow rate (RM)

be 6832 N/kg s and 6381 N/kg s fuel flow rate for case-2 and case-
3, respectively, which accounts for a reduction of thrust by 7.1%
and 13.2%, respectively, compared to the baseline combustor.

4.4.3 Effect of Fuel Flow Rate. During the test, some amount
of leakage of kerosene was found from the combustor. To assess
the effect of fuel flow rate, two more numerical simulations were
carried out in the baseline configuration by reducing the fuel flow
rate 10% (case-4) and 20% (case-5) in equal manner for all the
struts. Comparison of top wall pressure distribution (RM) for
these two cases along with baseline case is shown in Fig. 11. Top
wall pressures have been found to decrease with the decrease of
fuel flow rate. Upstream interaction has been found to decrease
with lesser fuel flow rate. The differences of the top wall pressure
have been found to be less in the downstream regions compared
to the reaction intense zones. Combustion efficiency has been
found to increase (80.5% for case-4 and 83.9% for case-5) with
the reduction of fuel flow rate. Though overall thrust has been
found to decrease by 5.3% and 10.5% for case-4 and case-5,
respectively, compared to the baseline value, thrust per unit fuel
flow rate has been increased by 5.4% and 12.0%, respectively, for
case-4 and case-5 compared to baseline configuration. This is
because of increase in combustion efficiency.

011003-6 / Vol. 8, MARCH 2016

5 Conclusions

Post-test numerical simulations of full-scale eight struts-based
scramjet combustor with facility nozzle are carried out for test
inflow conditions. Both nonreacting and reacting flow simulation
are carried out. Different simulations are performed to study the
effect of mass flow and fuel flow rate on top wall pressure distri-
bution and combustor performance. Three-dimensional RANS
equations are solved along with k—¢ turbulence model. Single-step
chemical reaction with LPTM is used for combustion of kerosene
fuel. Top wall pressures have been found to decrease with the
decrease in mass flow rate. Fairly good match of the top wall pres-
sure has been found both for nonreacting and reacting flow with
the experimental results. In addition, to see the effect of fuel flow
rate, two more simulations have been carried out by reducing the
fuel flow rate by 10% and 20% equally from the struts. It has been
observed that both the combustion efficiency and the thrust avail-
ability per unit fuel flow rate increase with the decrease of fuel
flow rate.
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Nomenclature

Aepbus Bebu = model coefficient of EDM
D = Rosin—Rammler particle diameter
EDM = eddy dissipation model
h = height of the combustor
k = turbulent kinetic energy
LM = left side module of the combustor
LPTM = Lagrangian particle tracking method
M = Mach number
P = pressure
R = right side module of the combustor
RANS = Reynolds-averaged Navier—Stokes
r = stoichiometric ratio
Ry gpm = mixing rate of EDM
T = temperature
X, Y, Z = three-axes direction
y = mass fraction

Greek Symbols

7 = measure of particle size distribution
¢ = turbulent kinetic energy dissipation rate
p = density

Subscripts

f, ox, p = fuel, oxidizer, product
i, out = inlet, outlet
o = total condition of a flow

s = static
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