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Abstract

Numerical simulations are carried out for scramjet combustor with fuel injector struts to
evaluate its performance for ground test conditions. Simulations were carried out for non-re-
acting and reacting flow with equivalence ratio of 1.0. CFD predicted top wall pressure
compared reasonably well with experimental results except the upstream (ahead of the fuel
injection) regions of the combustor where CFD has predicted higher values compared to the
measured values. Effect of various spray distribution and turbulence models on wall pressure
distribution and performance of the combustor studied. SST-kw turbulence model has pre-
dicted close to experimental data at upstream of combustion compared to k-€, k-0 turbulence
models. The net calculated combustion efficiency and achieved thrust at exit of combustor are
3% and 2.7% respectively higher in k-0 compared to SST-k® though total pressure recovery

in all three cases are almost similar.
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Introduction

Use of air-breathing engines is considered to be an
alternative to rocket-based space vehicles for trans-atmos-
pheric flight for high speed applications. Design and de-
velopment of a hypersonic airbreathing cruise vehicle
largely depends on the proper choice of propulsion system.
This type of vehicle would use supersonic combustion as
propulsion device. Both hydrogen and hydrocarbon fuels
are considered depending on applications and various
ranges of flight Mach number [1]. Although, hydrogen has
attractive features in terms of specific impulse, ignition
characteristics, etc., liquid hydrocarbon fuel is preferred
for volume limited missile applications in the lower hy-
personic region (M < 8). Because these applications im-
pose volume constraints, a strong motivation exists for the
development of a hydrocarbon-fuelled airframe integrated
scramjet. Since residence time of the fuel is very less,
atomization, vaporization, mixing and combustion are
some of the major technical and scientific problems in the
realization of liquid hydrocarbon fuelled scramjet com-
bustor. A deeper penetration of fuel into a supersonic air
stream enhances better mixing and thus performs efficient
combustion inside the combustor. The penetration of lig-

uid jet is studied extensively [2] for varying dynamic
pressure ratios of two streams and different droplet sizes.
In the flight region of Mach 6.0 - 7.0, a typical penetration
depth of the fuel jet of about 10 to 15 mm is reported for
a practical scramjet combustor. Though, studies of super-
sonic combustion with hydrocarbon fuels are performed
over the past 30 years, only a limited design data base
(Northam et. al. [3] and Waltrup [4]) is available in open
literature.

Various injection strategies including wall injection
[5, 6,7, 8], ramp cavity [9, 10], strut [11, 12], pylons [13]
etc. were tried for both hydrocarbon and hydrogen fuelled
scramjet combustor. When the fuel is injected from the
combustor wall or ramp cavity, reaction occurs only in a
small fraction of the flow field adjacent to the wall. Hence,
only a small zone of the flow field participates in the heat
release process. For a practical flight sized combustor,
with wall injections, core of the flow does not participate
in combustion process due to non-availability of fuel
resulting in inefficient combustion. Also, due to the occur-
ring of reaction close to the surface, combustor walls
experience excessive thermal loads and the walls are made
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thicker to withstand the high thermal load. The problem
of lateral fuel transport in the air stream can be circum-
vented by injecting the fuel in the core region of the flow
by means of struts [11, 12] and or pylons [13]. The oblique
shocks generated from the struts also augment the mixing
which is very much needed in high speed propulsion
devices. Manna et. al. [12] have numerically explored the
effect of the combustor inlet Mach number and total
pressure on the flow development in the kerosene fuelled
scramjet combustor. It was shown that higher combustor
entry Mach number and distributed fuel injection are
required to obtain predominant supersonic flow and avoid
thermal choking. The presence of fuel injection struts
makes the flow fully three-dimensional, causes significant
flow blockage and affects the mixing and combustion
pattern in the scramjet combustor.

The effect of new strut geometry in the mixing and
combustion process of a flight worthy scramjet combustor
is numerically explored in this present work. Paneersel-
vam et. al. [14] presented a typical cruise hypersonic
air-breathing mission where it was intended to demon-
strate the autonomous functioning of airframe integrated
scramjet engine in cruise mode for 20 seconds with earth
storable kerosene fuel at free stream Mach number 6.5 and
altitudes of 32.5 km. For operational convenience, ground
launch option is adopted for the proposed mission. The
cruise vehicle is housed above a first stage of a launch
vehicle and carried to the desired altitude before injecting
into the atmosphere. A rectangular geometry with seven
fuel injection stuts with 120 injectors (0.5 mm diameter)
was considered for the geometry. Different divergence
angles were given to top wall to make the cross-section
varying along the length of the combustor. Further details
of the combustor are available in Ref.[14-16]. Number of
ground test in connected pipe mode tests [15,16] and
detailed three dimensional reacting CFD numerical simu-
lations [17] were carried out to finalize the number of
struts, their positions and fuel injection locations to have
benign thermal environment and optimum performance
of the flight sized engine.

While realising the airframe integrated scramjet vehi-
cle, the weight of various subsystems is increased signifi-
cantly and the free stream Mach number for scramjet
operating condition has reduced to 6.0 from 6.5 and also
the free stream total temperature reduced to 1723 K from
1970 K. This change of free stream condition has in-
creased the nonuniformity of flow profiles at combustor
entrance. All these changes resulted in non-ignition/inter-
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mittent ignition of kerosene in the combustor and use of
auxiliary ignition devices (pilot hydrogen/ethylene) could
not solve the ignition problem satisfactorily in the existing
design. To circumvent the ignition problem, a new design
of strut with wide base is adopted [18] to have a larger
recirculation zone of kerosene fuel in the strut base.

The nonreacting and reacting flow field of the kerosene
fuelled scramjet combustor with new wide based strut
geometry is explored numerically in this paper by solving
three dimensional Navier Stokes equations alongwith two
equation turbulence models, infinitely fast rate chemical
kinetics and eddy dissipation based combustion model.
Thermochemical variables are analysed to get a better
insight of mixing and combustion process inside the com-
bustor and computed wall pressures are compared with
experimental data for the new geometry. The performance
of various turbulence models in predicting reacting flow
in practical scramjet combustor is not studied adequately
in open literature. In the present work, we assessed three
different two equation turbulence models for their predic-
tive capabilities of turbulent reacting flow in a flight sized
kerosene fuelled scramjet combustor. Parametric studies
are also conducted to study the effect of spray parameters
on scramjet wall pressures.

Scramjet Combustor - Geometry and
Experimental Condition

The full scale proof hardware of scramjet combustor
with fuel injector struts was directly connected to a blow-
down type high enthalpy test facility. A vitiated air heater
(hydrogen burner with make-up oxygen supply) was used
to obtain high enthalpy airflow for equivalent flight con-
dition of total temperature and total enthalpy of 1650-1750
K and 1.55-1.65 MJ/kg respectively. Test gas was accel-
erated through a contoured convergent-divergent nozzle
to Mach 2.2 at combustor entry.

The two module scramjet combustor with fuel injector
system of 8-strut arrangement is considered for numerical
analysis. Schematic diagram of the scramjet combustor
with a part of the facility nozzle is shown in Fig.1a. The
combustor dimensions were non-dimensionalised with
combustor entry height (#). The length of the facility
nozzle and combustor is 5k and 22h respectively, while
width of the combustor including facility nozzle remains
the same and is 64 throughout the length. The combustor
has four sections. The 1% section has a constant area with
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a length A, followed by 1° divergent (2nd section) for 2h
length, 4° divergent (3rd section) for 8/ length and finally
7.5°divergent (4th section) of 104 length. To have modular
structure, a middle wall with a thickness of 0.2/ is placed
at a distance of 34 downstream from combustor entry in
the middle of the combustor which makes combustor into
two modules. The width of the combustor is sufficiently
large and the middle wall joins both top and bottom wall
in the middle and thus provides support for both the walls.
Also the leading edge of the middle wall compresses the
incoming air flow, generating various shocks structures
which produce higher static pressure and temperature at
the regions ahead of the first struts. This creates a better
environment for initiation of ignition of the fuel comes out
from the first struts. Four struts are provided in each
module in such a manner that one module is the mirror
image of the other about the middle wall. The struts are
straight and cross section remains constant along the
height of the combustor as shown in Fig.1b. The cross
sectional length and the base width of the struts are 0.7h
mm and 0.3/ respectlvely First strut is placed near to the
middle wall while 4™ strut near to the side wall.

Computational Methodology

Three-dimensional Reynolds Averaged Navier Stokes
(RANS) equations along with species and turbulence
transport equations are solved using computational flow
code CFX [19] to study the high speed reacting flow of
HSTDV-CV scramjet combustor. The CFX-code is an
integrated software system capable of solving diverse and
complex multidimensional fluid flow problems. The code
is fully implicit, finite volume method with finite element
based discretization of geometry. The method retains
much of the geometric flexibility of finite element meth-
ods as well as the important conservation properties of the
finite volume method. It utilizes numerical upwind
schemes to ensure global convergence of mass, momen-
tum, energy and species. It implements a general non-or-
thogonal, structured and unstructured, boundary fitted
grids. To circumvent the initial numerical transient, the
discretization of the convective terms are done by first
order upwind difference scheme till few time steps in-
itially and subsequently, the convective terms are discret-
ized through 2" 4 order scheme to capture the flow features
more accurately. The set of equations solved by CFX are
the unsteady RANS equations in their conservation form.
The turbulence was solved using k-€ [20], k-® [21] or
SST-kw [22] models along with wall functions. The details
are given in following section.
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Governing Equations

The appropriate system of governing equations of
mass, momentum, energy, turbulent and species transport
equations of an unsteady compressible gas flow may be
written as:

Conservation of Mass equation:

Jp

8t+—x(pu)_0 k=1,23 (1)

Conservation of Momentum equation:

p 9T)
(pu)+ (Puu)+=—= : ik=1,2,3 )
Jdx. OJx
k i k
Conservation of Energy equation:
d
d d 9 G
S (pH)+=— == k=12
5, ® )+axk(PukH) axk(ujrjkﬂaxk’ k=123 (3)

Turbulence Transport Equations

k-€ Turbulence Model

Turbulent Kinetic Energy (k) equation:

H dk
([Pr+ Jaxj+sk “)

Turbulent Eddy Dissipation (€) equation:

d [ M Mlae
—(p8)+—(pu8) x(Pr+ ejaxng (5)

Where, p, u;, p, H are the density, velocity components,

—(Pk)+—(PM k) =

pressure and total energy respectively and pu=p,+ W, is
the total viscosity; W, I, being the laminar and turbulent

viscosity and Pr is the Prandtl number. The source terms
S, and S, of the k and € equation are defined as

au au 82

i pe
Sk_rzka peand 5 =C, T i, ~Cer

Where turbulent shear stress is defined as
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St ®)

Laminar viscosity (1) is calculated from Sutherland law

as

32 (T +§
_ T Zref "7
K= uref (Tref] ( T+S J )

Where, T is the temperature and Hyor s Tref and S are

known coefficient. The turbulent viscosity , is calculated

as,

o= G,

The coefficients involved in the calculation of turbulent
viscosity (11,) are taken as

c = 0.09, C. =144, C . =192
0 e2

el

c =10, c =13, c =09

K € c

The heat flux g, is calculated as g, = — , Mis the

NELS
d x;

thermal conductivity.

k-0 Turbulence Model

In this model, turbulent viscosity is calculated as func-
tion of k and ® [21].

no=r (%k} ©)

Turbulent Kinetic energy (k) equation:

9 dk
—(pk)+—(pku)—7 (rk a—] G -Y, (10)
J
Specific Dissipation Rate (®) equation:

J 9 _9 (p do _
5 (pw)+BXi () mui)—axj [Fw aXJ+G® Ym (11)

Where, G, is turbulence production due to viscous and
buoyancy forces,
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u
1 ® 2
V=B'pkw, Ty =p+— G, =a G, Y, =Bpw
k

My . .
and T’ = pu+ . of the k and ® equations respectively.
w

Where B! =0.09, ot = 5/9, B = 0.075, and 6, = G, = 2.

SST - ko Turbulence Model

To retain the robust and accurate formulation of Wil-
cox’s k- ® model in the near wall region, and take advan-
tage of the free stream independence of the k- € model in
the outer part of the boundary layer, Menter [22] blended
both the models through a switching function. k- € model
was transformed into Wilcox’s k- ® formulation and was
multiplied by (1-F;) and added to original k- ® model
multiplied by F;. The blending function F; will be one in
the near wall region and zero away from the surface. In the
second step, the definition of eddy viscosity (L) was
modified in the following way to account for the transport
of the principal turbulent shear stress (T = —p u’v”)

a, k

= 12
"t max(alu);QFz) (12)

where v, (is kinematic viscosity) =,/ 0 and F, isablending
function similar to F, which restricts the limiter to the
wall boundary layer. Q is an invariant measure of the strain
rate. Their formulation is based on the distance to the
nearest surface and on the flow variables.

4
F2 = tanh(argz) (13)

The argument is defined as

4po _k
\Vk SOOV}’ @2 (14)

0090y 2" 2

arg, = min | max {
y Cka

Where y is the distance to the wall and CD,, the positive
portion of the cross-diffusion terms expressed as

(D, = max {Zp S, ° 8x ax

- & } (15)

Where, y is the distance to the nearest wall and v is the
kinematic viscosity.
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Species Transport Equation

Conservation of Species Mass Fraction (¥)):

9 (| My HtaY

9 9 SOAN |  A  {
Bt(pY1)+axk(pukYI)_axk[(Pr+(5jaka+SI (16)

Where the source term S is due to the chemical reaction
rate involving%1 species component /, and Y; is the mass
fraction of I species. The chemical reactions can be
described in terms of k elementary reactions involving N~
components that can be written as:

N N
C C
> v, 1 >y v/ 1 (17)
I1=A,B,C, ... I1=A,B,C,...

Where, v;; is the stiochiometric coefficient for species
component / in the elementary reaction k. The rate of
production/consumption, Sy, for species component / can
be computed as the sum of the rate of progress for all the
elementary reactions in which component / participates:

k
S,=M, > O =R (18)
k=1

Where, M,,; is molecular weight of species component
I and R, is the elementary reaction rate of progress for
reaction, which can be calculated using combustion
model.

Thermodynamic Model

A thermally perfect gas is assumed in the present study
and consequently, the specific heats for all species are
function of temperature only. The specific heats are calcu-
lated using a fourth order polynomial at the internal of
fluid temperature 300 K - 5000 K. In each interval, the
same form for the polynomials is used but different coef-
ficients can be used.

C .
%=Al.+Bl.T+Cl.TZ+Dl.T3+El.T4 (19)

Where, A;, B;, C;, and E; are curvefit constants [19]
and T is the fluid static temperature. C,,; is linearly ex-

trapolated when the fluid temperature T < 300 K or T >
5000 K. Then, the static enthalpy h, is calculated as
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n
h = Z Y; h; (T') and the static enthalpy of each species,
i=1
h; (T),is

0 T
h(T) = Ay + IT” C(T)dT (20)

where, A hf(l) is the standard heat of formation of species /,

defined as the heat evolved when one mole of substance
is formed from its elements in their respective standard
states at 298.15 K and 1.0 atmosphere. The fluid tempera-
ture is calculated based on the solution of the fluid en-
thalpy using a Newton’s iteration method for finding the
roots of the polynomials. An equation of state of the
following form for a multi-component is used to calcu-
late fluid density p=P/(RT/W, ), where mixture

molecular weight (W, ) is obtained by the following equa-

—1

tion, Wm:{z (Y/w, )] and R is the universal gas con-
i=1

stant.

The Gibbs free energy is required to determine the
equilibrium constants for the combined eddy dissipation
and finite rate chemistry models. It is obtained for a
constant pressure process by

8; A 1 Bi 2 Ci 3 Di 4 Ei 5 G
g -AT-ND) =T =T =T =T +F=GT
(1)

Where, Ai , Bi s Ci , Di , Ei ,F. and Gi are an additional

L
curvefit constants [19].

Combustion Modeling

For combustion, the eddy dissipation combustion
model is used for its simplicity and robust performance in
predicting reactive flows. The eddy dissipation model is
based on the concept that chemical reaction is fast relative
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 pro-
portional to the rate at which turbulent kinetic energy is
dissipated i.e., reaction rate is propotional to €/k, where k
is the turbulent kinetic energy and € is its rate of dissipa-
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tion. The single step chemistry of the combustion reaction
is represented on a molar basis by:

Cle23 + 17750, = 12C0, +11.5 H20 (22)

The mixing rate, determined from the Eddy dissipation
Model (EDM), is given as

—& . Yo Yp
R, =~A,, P min {Yf,r—,Bebu 1+v} (23)
s K

where, Yf, Y, and YP are the mass fractions of fuel,
oxidizer and products respectively, A,p, and B,, are the
model constants and v, is the stiochometric ratio.

Rosin-Rammler Distribution

The different sizes of the liquid kerosene fuel drops are
commonly described in Rosin-Rammler type distribution
[23] and is expressed as,

R=1—-exp (a7 (24)

e

Where, R is the fraction of the total mass contained in
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4.0.The spray parameters for different equivalence ratios
are obtained from Ref. 24 and are tabulated in Table-1. In
the present study, the case corresponding to equivalence
ratiol is considered and simulations are carried out for four
cases of spray parameter values (y) as shown in Table-2.

Results and Discussion

Taking the advantage of the symmetry of the geome-
try, only half of geometry (i.e. Module-2 as shown in
Fig.1a) along width of the combustor is chosen for numeri-
cal simulations to reduce the computational time. The
computational domain along with the facility nozzle and
the combustor is shown in Fig.2. In the simulation, X-axis
is taken along the flow direction (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 intersect point between symmetry and bottom wall
at combustor entry. Each strut contains nine injection
holes on either side. All the injection holes have approxi-
mately the same size with a diameter of 0.5 mm. The
schematic picture of strut-4 (zoomed view) showing the
location of injection holes is also presented in Fig.2.
Liquid kerosene (C,H>3) is injected through 72 injection
points provided in the 4 struts. The inlet condition as
achieved in ground test at facility nozzle entry plane
corresponds to the flight condition of Mach 6.0 at 31 km

Table-1 : Spray Parameters for Different Equivalence Ratio
Equivalence Ratio Injection Velocity Rosin Rammler Parameters
Cases ©) SMD (um) (m/s) de (um) .
e
1 1.0 11.58 48.75 31.3 1.5
2 0.9 16.43 43.64 44.0 1.5
3 0.8 19.78 38.52 53.0 1.5
4 0.7 24.49 33.37 65.6 1.5
5 0.6 31.46 28.21 84.3 1.5

drops of diameter below d - d , is a measure of the fitness
and is equal to d  at which R= (1 - % ) or 0.632. yis the

spray parameter, which is a measure of size dispersion. In
Rosin-Rammler distribution to sprays, it is possible to
describe the drop size distribution in terms of the two
parameters d, and Y. The exponent y provides a measure
of the spread of drop sizes. The higher the value of v, the
more uniform is the spray. If the value of v is infinite, all
the drops in the spray are of same size. Typically, for liquid
kerosene fuel sprays the value of 1y lies in between 1.5 to

Table-2 : Rosin - Rammler d. and y

Equiv. Ratio (¢) =1.0
Cases v SMD /d. do SMD (um)
(Lm)
1 1.5 0.36971 31.31 11.58
2 2.0 0.56418 20.52 11.58
3 3.0 0.73848 15.68 11.58
4 4.0 0.81613 14.90 11.58
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altitude. Kerosene liquid fuel injection with an equiva-

lence ratio (¢) of 1.0 has been considered for numerical
simulations.

Structured grids (hexahedral) are made using ICEM-
CFD [25] for the complete computational domain. Since
the geometry is very complex because of the presence of
struts, middle wall and varying cross sectional area, it is
divided into 520 blocks and grid were generated ensuring
better quality (orthogonality, aspect ratio and skewness)
and connectivity between the blocks. Total 2.6 million
(396 x 65 x 101) grids were generated for the entire
computational domain. The typical grid distribution for
computational domain in X-Y plane at Z/h = 1.6 and X-Z
plane at Y/h = 0.5 are shown in Fig.3. The grids are fine
near the leading edge and trailing regions of the struts and
near-wall regions, while relatively coarser grids are pro-
vided in the remaining portion of the nozzle and combus-
tor. Average y* ~ 5 has been obtained for nozzle,
combustor and struts walls. All the flow properties are kept
constant in the entry plane of facility nozzle. No slip and
adiabatic wall conditions are specified for all walls. The
supersonic outflow boundary condition has been applied
at the exit of the combustor. Log-normalized maximum
residue of four order less for various flow variables and
global mass, momentum, and energy imbalance less than
0.1% between outlet and inlet of the computational do-
main have been considered as the convergence criteria.

Numerical simulations carried out to study the flow
characteristics of the combustor are summarized as fol-
lows:

i) Non-reacting Flow Simulation

a) Without fuel injection
b) with fuel injection

ii) Reacting flow simulations : Baseline simulation with
k-€ model and y=1.5

a) Effect of spray parameter
b) Effect of turbulence model

Nonreacting Flow Simulation Results
Without Fuel Injection

The static pressure, Mach number and static tempera-
ture distribution and numerical schliren at mid-height of
combustor entry plane (i.e. Y/h = 0.5) are shown in Fig.4.
Simulations captured all the essential flow futures, i.e.
oblique shocks generated due to middle wall and struts
leading edge, expansion waves due to struts trailing edge
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and base and reflection shock generated due to side wall
of combustor as seen in Fig.4(a). The local subsonic
regions are observed behind the struts and adjacent to the
middle wall regions (Fig.4(b)) where static temperature
has been found to be more (Fig.4(c)). The comparison of
computed top wall pressure distribution with experimental
data in the generator along the combustor length at Z/h =
1.6 is shown in Fig.5. Fairly, good match is obtained
between computation and experimental measured values
except few points. The sudden reduction of wall pressure
at X/h =4.7 found in test, could not be explained from the
simulation results. The cause of reduction of pressure at
X/h = 4.7 in the experimental data, may be due to surface
roughness at the measurement point on the wall, or mis-
behaviour of the pressure transducer in the experiment. At
X/h = 6.4 and 11.6, CFD data are found to be more than
the experimental value, which may be due to multiple
oblique and reflection shocks generated by struts (which
is clearly shown in Fig.4(a). Multi-shock structures due to
middle wall and struts are clearly visible in the schlieren
picture.

Nonreacting Flow with Fuel Injection

To determine the vapourisation and mixing charac-
teristics numerically, liquid fuel is injected through struts
in a non-reacting environment and simulations are carried
out. Rosin-Rammler diameter of d, =3 1.31 wm and spray
parameter Y =1.5 (equivalent to Sauter mean diameter,
SMD =1 1.6 um) with ¢ = 1.0 are considered in the present
study. The static temperature, axial velocity and kerosene
vapour mass fraction distribution contour at four struts
injection locations (X/h=4.9, 6.4, 8.3 and 10.4) and behind
the fourth strut (X/h=11.6) are plotted in Figs.6(i) - (iii)
respectively. Kerosene vapour mass fraction is found more
in combustor core regions, (Fig.6(iii)) because of the more
vaporization of injected fuel due to higher static tempera-
ture as visible in the non-reacting flow (Fig.4(c)).

The computed wall static pressure distribution along
the flow direction for without/with fuel injection is com-
pared in Fig.7. The wall pressure is almost same for both
cases except peak regions (i.e. X/h= 8.3 and 10.4) which
may be due to the injection of liquid kerosene, vapourisa-
tion and mixing with transverse supersonic airstream. The
comparison of average temperature distribution is shown
in Fig.8. Static temperature distribution is almost same for
both cases within the range of 0 < X/h < 4.8, after that it is
lower in case of with fuel injection compared to without
fuel injection case, because, surrounding air medium be-
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comes cooler due to the vaporization of liquid kerosene
and mixing with incoming air.

The amount of kerosene evaporation along with the
fuel injection is plotted in Fig.9 along the length of the
combustor. Evaporation of kerosene is defined as the ratio
of vapourised kerosene to the total amount of liquid kero-
sene injected from the struts. It is observed that the amount
of liquid kerosene injected from the struts is not com-
pletely evaporated within the next immediate strut. Rate
of evaporation is more at the vicinity of injection for all
the struts. Injected liquid kerosene is seen to be evaporated
at X/h < 18.5 which is well ahead of the exit of the
combustor. The distribution of the mixing efficiency along
the length of the combustor is shown in Fig.9 along with
fuel injection and vapourisation. The mixing efficiency
(M) 1s defined [26] as:

IA“p012H23 Y lagpnudA
n o= FR—.
C12 H23
1
-0 21,
with o0 =< 0 ¢
1 :¢< 1

Where, pg,; and Yc 5 o3 are the density and the mass
fraction of kerosene vapour in the gas mixture, A is the
cross-sectional area and u is the axial velocity. & is the
local equivalence ratio and is defined as:

M
o0 Yennn

=
Il
| —

MC 12 H23 Y02

Where, M523 and M 0, are the molecular weights of
kerosene vapour and oxygen respectively, and YO2 is the

mass fraction of oxygen. Even though, the vaporisation is
complete well before the exit of the combustor, mixing is
not complete within the combustor length. Mixing effi-
ciency increases sharply adjacent to the injection zone and
increases slowly in the last divergent portion of the com-
bustor. Maximum mixing efficiency is achieved to 82% at
the exit of the combustor.

Reacting Flow Simulation Results : Baseline Case

Reacting flow simulations are carried out for equiva-
lence ratio (¢) of 1.0. Mach number, non-dimensionalised
static pressure (P/P,) and static temperature (7/7,) con-
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tour distributions at mid-height of combustor entry plane
(i.e. Y/h=0.5) are shown in Fig.10. Mach number is found
to decrease while static pressure and temperature are found
to increase adjacent to the strut regions, which are due to
mixing, combustion and heat release of the kerosene fuel.
Mach number is almost fully subsonic behind the struts.
In the downstream of the combustor, Mach number is
increased and pressure and temperature are reduced, due
to expansion of supersonic flow at 7.5° divergent section
of combustor. The mass average Mach number, static
pressure (P/P,) and temperature (7/7,) at the exit of the
combustor are 1.79, 0.063 and 1.327 respectively.

Mass average properties i.e. Mach number, static pres-
sure, static temperature and total pressure along the length
of the combustor are plotted in Fig.11. Average Mach
number is found to reduce from 2.2 at combustor entry to
0.68 at X/h = 7.6, due to shock interaction from various
walls of the combustor, mixing and combustion of kero-
sene fuel with vitiated air. In the further downstream of
the combustor, Mach number is found to increase due to
expansion of flow (shown in Fig.11(a)). Significant sub-
sonic flow pockets are found at fuel injection and combus-
tor intense zones (i.e., X/h = 4.65 m to 10.5) of the
combustor. However, the complete cross-section of is not
subsonic unlike a ramjet combustor. The flow is not
choked through normal shock. In the lower end of scramjet
operation (M,, ~ 6.0), we consider the combustion super-
sonic if there exists continuous supersonic region along
the length of the combustor from entrance to exit. Static
pressure and temperature are found to increase at struts
region due to combustion of fuel and heat release as shown
in Figs.11(b) and (c) respectively. Due to shock interac-
tions and heat release, total pressure decreases along the
length of the combustor as shown in Fig.11(d). In the
divergent portion of the combustor total pressure remain
almost constant. Total pressure availed at the exit of the
combustor is 37.3% of the combustor entry value, showing
net decrease of 62.7% in the whole scramjet combustor.

Mass fraction of CO,, O, and kerosene vapour at
various axial locations are shown in Figs.12 (a), (b) and
(c) respectively. Reaction occurs mostly adjacent to the
middle wall region of combustor, as observed in Fig.12(a).
Considerable amount of O, (Fig.12(b)) is found to remain
un-burnt adjacent to the side wall regions of the combus-
tor, which is due to the fact that sufficient amount of fuel
is not available in these regions which also observed in the
non-reacting flow (Fig.6(iii)). Kerosene fuel droplets
completely vaporize within the combustor and no liquid
droplet was found at the exit of the combustor. Small
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amount of un-burnt kerosene fuel vapour has been ob-
served in the core regions adjacent to the middle wall of
the combustor (Fig.12(c)). Combustion efficiency (de-
fined as the ratio of the burnt fuel to the total amount of
liquid fuel injected from the struts) is calculated to 81.0%
at the combustor exit.

Comparison of computed and experimental top wall
pressure distributions is shown in Fig.13. Early rise of
pressure in the range of 1.1 < X/h < 7.6 is observed in
computed values compared to the experimental results.
Computed upstream interaction is more than the experi-
mental results. From the third stage of struts (X/h =7.9) to
the downstream, good agreement of the top wall surface
pressure is obtained between the computed and experi-
ment values. To find the cause of the difference of the
pressure values in the upstream region (1.1< X/h < 7.6),
number of numerical simulations are carried out with
different grids, different spray parameters and different
turbulence models.

Effect of Computational Grid

A new grid of size 527 x 77 x 101 (total 4.1 million)
was generated and the simulations are carried out using k-
€ turbulence model. Increase of grids are mostly provided
adjacent to fuel injection struts and near wall regions
where flow fields are expected to change more compared
to the other regions. Top wall pressure distribution at
Z/h=1.6 for two different grids are shown in Fig.14. Al-
most the same combustor wall pressure with two different
grids, demonstrate the grid independence of the results.

Effect of Spray Parameter

Additional numerical simulations are carried out with
different values of spray parameters (y=2.0, 3.0 and 4.0)
to find its effect on wall pressure (details of SMD, Rosin-
Rammler distribution is given in Table-2). Fuel flow rate
was maintained constant in these simulations. Comparison
of computed top wall pressure distribution for four spray
parameters (i.e. Y= 1.5, 2.0, 3.0, 4.0) along with experi-
mental measured data is shown in Fig.15. It is observed
that spray parameter values do not have significant effect
on wall pressure.

Effect of Turbulence Models

Three different turbulence models [i.e., k-€ (Case-A),
k- (Case-B) and SST-kw (Case-C)] were studied to assess
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their predictive capabilities for upstream interaction of the
supersonic reactive flow. The qualitative features of the
flow field is depicted through the static pressure distribu-
tions in the plane passing through Y/h = 0.5 in Fig.16.
Upstream interaction (early rise of pressure) is found
[Fig.16(a)] to be more in k-¢ turbulence model (Case-A)
compared to the other two turbulence models. Flow sepa-
ration zones is also larger in k-€ turbulence adjacent to the
side walls due to the interaction of shocks with boundary
layer. Comparison of computed top wall pressure distri-
bution for three turbulence models at Z/h = 1.6 along with
experimental data is shown in Fig.17. Although the turbu-
lence models show different upstream interaction ( differ-
ent wall pressures in 0.7 < X/h < 8.1), they predict the
same value in the divergent portion of the combustor
which produces the maximum thrust for the combustor.
SST-kw turbulence model (Case-C), has shown better
match of top wall pressure distribution with experimental
data compared to the other two cases. Comparison of the
combustor performance for the three turbulence models in
terms of thrust per unit fuel flow rate, combustion effi-
ciency and pressure recovery is provided in Table-3.
Since, there is very little divergence in the region where
upstream interaction is occurring, the contribution of the
increased pressure to thrust is marginal. Maximum devia-
tions for all the parameters are less than 5 %.

Conclusions

To alleviate intermittent / non ignition of kerosene fuel
of a flightworthy scramjet combustor at a reduced Mach
number and altitude conditions, new wide based fuel
injection struts are designed. The new scramjet combustor
is numerically explored by performing three dimensional
non-reacting and reacting flow simulation using commer-
cial CFD software, CFX-11 to obtain better insight of
mixing and combustion process. Three different two equa-
tion turbulence models were studied to assess their capa-
bilities in predicting turbulent reacting flows. Single step
chemical reaction with Lagrangian Particle Tracking

Table-3 : Comparison of Net Combustor
Performance at Exit
Case Thrust Combustion | Pressure
(kef sec Efficiency Recovery
/’kg) (%) (%)
A 781.1 79.0 37.1
B 790.5 80.4 36.3
C 765.7 78.2 38.2
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Method is used for combustion of kerosene fuel. Grid
independence of the results are demonstrated by perform-
ing simulations with two different grids and comparing the
results. For non-reacting flow, computed top wall pres-
sures match experimental results extremely well. Al-
though, liquid fuel completely vapourises within the
combustor, 82% of kerosene vapour mixes with air
stoichiometrically. In case of reacting flow, although top
wall pressure matches extremely well in the divergence
portion of the combustor, k-€ and k- turbulence models
predict significant upstream interaction compared to the
experimental results. SST-k-m turbulence model predicts
the upstream interaction much lower compared to other
two models and matches with experimental data in the
upstream interaction zone reasonably well. The computed
performance parameters with different turbulence models
do not vary appreciably with different turbulence models.
Variations of spray parameters do not affect the combustor
wall pressure significantly.
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