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Abstract: Numerical analysis of the supersonic combustion
and flow structure through a scramjet engine at Mach 7
with alternating wedge fuel injection and with three angle
of attack (a=-3°, a=0°, a=3°) have been studied in the
present research article. The configuration used here is
slight modification of the Rabadan et al. scramjet model.
Steady two dimensional (2D) Reynolds-averaged Navier-
Stokes (RANS) simulation and Shear stress transport (SST)
based on k-w turbulent model is used to predict the shock
structure and combustion phenomenon inside the scramjet
combustor. All the simulations are done by using Ansys
14-Fluent code. The combustion model used here is the
combination of eddy dissipation and finite rate chemistry
models since this model avoids Arrhenius calculations in
which reaction rates are controlled by turbulence. Present
results show that the geometry with negative angle of
attack (a = -3°) have lowest ignition delay and it improves
the performance of scramjet combustor as compared to
geometry with a=0°, a=3°. The combustion phenomena
and efficiency is also found to be stronger and highest in
case of a=-3°.

Keywords: scramjet, hypersonic combustion, k-w SST
model, flame holder, wedge-shaped strut injector
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Introduction

The supersonic combustor ramjet (Scramjet) permits the
course through the combustor to stay supersonic. The
scramjet combustor is the most encouraging air breath-
ing propulsive framework and fitting decision for hyper-
sonic flight (M > 5). Numerous analysts are dealing with
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the advancement of the scramjet engine because of its
applications in the military rockets, minimal effort space
get to, and space tourism in particular. Computational
analysis of scramjet combustor at flight Mach no 7 is
done by Pandey et al. [1]. They found that the shock
relocation inside the combustor improved the burning
and diminished the ignition delay. Maier et al. [2] in
their work revealed that supersonic ignition is a testing,
complex procedure which incorporates numerous phe-
nomena, for example, turbulent mixing in the middle of
air and H,, shock formation and heat discharge which is
influenced by combustor geometry.

In order to accomplish effective burning [3], it is
important to improve and quicken the mixing between
the fuel and the air and also to decrease the pressure
losses in the combustion. Rabadan et al. [4] chipped
away at the three unique angle of attacks (a=-5°,
a=0° a=5°) at flight Mach no.8 for two cases. For
one situation without injector body and a case with a
focal lobed strut injector and found that No impact of
the focal strut injector in upstream course towards the
isolator was discovered. The most minimal ignition post-
ponement was enrolled for a=-5°. He explored [5]
numerically hydrogen-filled scramjet combustor at flight
conditions and found that as the equivalence ratio was
expanded, the ignition got to be more grounded bring-
ing about an upstream uprooting of the shock train
creating distinctive pressure varieties. Nguyen [6] took
a shot at relaminarization in supersonic and hypersonic
flows numerically and his discoveries are in the region
downstream of the extension corner, the pressure and
the wall shear stress are diminished and the boundary
layer is more full and thicker. Aleksandrov et al. [7]
demonstrated that little entrance of fuel into supersonic
stream causes ignition just close to a wall, large losses
of aggregate pressure. Skinner and Stalker [8] found that
at lower pressure, the ignition postpones and heat dis-
charge times will be much more prominent than the
base estimations of 0.5 and 1 ms separately.
Swithenbank [9] took a shot at hypersonic air-breathing
impetus and his discoveries are concoction modification
time for burning can be vast at low temperature and
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pressure. Momtchiloff et al. [10] demonstrated that the
ignition delay length increments quickly at the lower
flight Mach numbers. Oldenborg et al. [11] found that
high Mach number flight additionally brings about short
residence times (millisecond time range) in a hypersonic
combustor which causes poor synthetic ignition produc-
tivity. Radhakrishnan et al. [12] found that the flame
spread delivers a progression of diagonal shock waves
that reignite the center stream, making a slanted explosion
wave whose connection with the along the side growing
limit layer fire offers ascend to a typical explosion wave
that proliferates. Kumaran and Babu [13] researched of the
impact of chemistry models on the numerical expectations
of the supersonic burning of Hydrogen and their discov-
eries are multi-step chemistry predicts higher and more
extensive spread heat discharge than what is anticipated
by single step chemistry. Zakrzewski and Milton [14] did
an examination on supersonic fluid fuel jets injected
into air and demonstrated that supersonic fluid jets
M=1.8 creates from a flat front to an adjusted bow
inside of by most accounts 10 mm M=5.2, the bow
shape is more pointed and hints at a wavering from
additional to less pointed. Kyung Moo Kim et al. [15]
introduced numerical study on supersonic combustion
with cavity based fuel infusion and discovered when the
wall angle of cavity increases, the ignition proficiency is
enhanced, yet total pressure loss increased. Cecere and
Ingenito [16] took a shot at Hydrogen/air supersonic
combustion phenomena for future hypersonic vehicles
and their discoveries are the heat discharged and the
quick hydrogen jet creates 3-D huge structures and
expansive vorticity rates, in this manner improving tur-
bulent mixing. Tchuen [17] found that Real gas impacts
altogether change the stream field behind the shock
wave. Deepu [18] completed recent advances in experi-
mental and numerical analysis of scramjet combustor
flow fields and found that increase in jet to free stream
force flux proportion will bring about the increment of
jet infiltration to free stream for a wide range of jets.
Contingent upon the measure of injected fuel, it is con-
ceivable to change from one combustion mode to
another [19]. Ramp and strut injectors have been studied
previously and it was observed that they enhance the
turbulent mixing in a rectangular unique supersonic
ignition chamber [20]. At the point when the measure
of the injected fuel is small, a lean combustion happens,
expanding the measure of fuel prompts solid ignition.
Lean combustion is described by low heat discharge
and solid ignition by an arrangement of numerous
shocks with a subsequent substantial pressure rise.
Notwithstanding, a lot of fuel can prompt heat gagging
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brought on by the substantial heat discharged in the
combustion chamber. Aso et al. [21] took a shot at
principal investigation of supersonic burning in imma-
culate wind current with utilization of shock passage
and their discoveries are, the increment of injection
pressure produced solid bow shock, bringing about the
pressure loses. The shock generator is a compelling
system to quicken the combustion. The increment of
the injection aggregate pressure raises the entrance of
fuel; therefore, the reaction zone grows to the focal
point of stream field.

The aim of the present work is to investigate
numerically the flow phenomena in scramjet combus-
tors for different design conditions by modifying the
scramjet model which is used by Rabadan et al. The
presence of three angle of attack (a=-3°, a=0°,
a=3°) and its impact on the performance of scramjet
combustor is presented in this paper. The effect of
shocks generated by different geometry on combustion
efficiency is also reported. It is found that modified
scramjet combustors with negative angle of attack
(a=-3°) have improved the combustion efficiency and
decreased the ignition delay.

Mathematical and numerical
modeling

The advantage of employing the complete Navier-Stokes
equations extends not only the investigations that can be
carried out on a wide range of flight conditions and
geometries, but also in the process the location of shock
wave, as well as the physical characteristics of the shock
layer, can be precisely determined. We begin by describ-
ing the two-dimensional forms of the Navier-Stokes equa-
tions below.

Mass conservation (Continuity equation)

op 0 .
§+8_x,-(pu’)_0 1=12 1)

Momentum conservation
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Energy conservation
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Transport equations for the SST
k-w model
The turbulence kinetic energy, k, and the specific dissi-

pation rate, @ are obtained from the following transport
equations:

0 0 ok ~
—_ i)=—|T)r=— —Y,
ox, (pkuy) % ( k 8xj) G — Yy + Sk (4)
wherei=1,2and j=1, 2
.0 0 Jdw

(5)

wherei = 1,2andj = 1, 2

where G represents the generation of turbulent
kinetic energy due to mean velocity gradients G, repre-
sents the generation of w. I', And I, represent the effective
diffusivity of k and w respectively. Y, And Y, represent the
dissipation of k and » due to turbulence. D,, represents the
cross-diffusion term, calculated as described below.
Sk And S, are user-defined source terms.

Cross-diffusion modification

The SST k — w model is based on both the standard k —
model and the standard k — ¢ model. To blend these two
models together, the standard k — ¢ model has been trans-
formed into equations based on k and w, which leads to
the introduction of a cross-diffusion term. D,, is defined as

D, =2(1 - F1)po,2 ég—zg—z (6)

Model constants

ox1 = 1176,0,1 = 2.0,01, = 1.0,0,,, = 1.168,
oy = 031, f;; = 0.075, f;, = 0.0828

Species transport equation

9 9 9 - ,
a(pyn)+a—)(i(pynUi)=6—)q(—]i)+wn i=1,2 (7)

Combustion modeling

The most common combustion modeling angle of attack
and also one used in this work is the combination of finite
rate-eddy dissipation model. It is based on the assumption
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that chemical reactions are fast relative to the transport
processes of the flow. Single step chemistry model is taken
to find the flow physics phenomenon inside the combustor
at hypersonic condition. The reaction used for the Scramjet
was the hydrogen-water reaction:

2H,+0, = 2H,0

Flow modeling and simulation

The geometry and model used here is same as that of
Rabadan et al. [4] for « = 0° angle of attack. For negative
and positive angle of attack slight modification is done in
the geometry which is completely different than that of
Rabadan et al. [4]. The expansion of preheated air takes
place through a compression ramps which then enters in
to combustion section at M=7. The compression ramp
section has a width of 65 mm and a height of 122 mm at
the entrance. A divergence angle of 8° is provided on the
compression ramp of the combustor which has a total
length of 487 mm. The wedge shaped strut of 86 mm
long, 65 mm width and 7 mm height is placed in the
combustor chamber at a distance of 650 mm from the
inlet. Hydrogen fuel (H,) is injected parallel to the air
stream at M =2 through a row of 7 horizontal and 6
vertical injection ports of the strut each with an area of
5.25 mm” and 1.20 mm? mm respectively in trailing edge.
The total length of the scramjet is 1,550 mm with a con-
stant cross-section width of 65 mm and maximum height
of 71 mm at the exit (Figures 1 and 2).

Hydrogen is injected parallel to the stream and mixed
down-stream by method for strong stream wise vortices
delivered by the geometry of the wedge shaped strut injec-
tor. The boundary conditions for the present case (Air
M=7, Hydrogen M =2) is demonstrated in Table 1 which
is completely different as used by Rabadan et al. [4]. In
the present work, we used different boundary conditions.
For all computational analysis, wall temperatures were
assumed to be Twall =750 K since wall cooling is normal
in a real flight. Hydrogen was injected at the static tem-
perature of TH, =350 K with a Mach number of M =2. To
diminish the computational time as much as could be
expected under the circumstances, yet at the same time
holding every single significant physic of the scramjet
combustor, the computational setup is streamlined as in,
all the grids, displaying and computational investigations
are done in 2D. In the present case all the 2D models and
grids are generated utilizing ICEM-CFD [22] and computa-
tional investigation are finished by utilizing Ansys
14-Fluent code [22] (Figure 3).
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Figure 1: General dimensions of the inlet-combustor configuration with wedge shaped strut injector (all dimensions are in mm).
Angle of attack a=0 is defined with the parallel position of the wedge shaped injector with respect to the incoming free
stream flow [4].

Figure 2: Scramjet Hypersonic test model [4]. (b)

Figure 3: Strut with alternating wedge injector (a) in 3D and (b) 2D.

Table 1: Inflow conditions of the incoming air stream and hydrogen

jet for air Mach number 7 and H, Mach number 2. Gl'id generation

S. No Variables Air Hydrogen  For Strut with wedge-shaped injectors computational grids
1 M 7 , Wwere generated. 2D, unstructured quadrilateral grids are
P T(k) 530 300 generated using ICEM-CFD [22]. Numerical figuring of the
3 P(Pa) 20,000 20,000 stream was initially done on a base framework with
4 U(m/s) 925.25 1318.76 130,542 components individually. After refinement a fra-
> Yoz 0.232 0 mework with 272,136 components for wedge shaped strut
6 Yn2 0.736 0o . . X . .

7 Yioo 0.032 o injector have been taken as final grid for every single
8 Yoz 0 1 consequent computation. Figure 4 shows the mesh gen-

eration in details.
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Figure 4: Grid generation around the strut injector with wedge inlet
2D and 3D.

Grid convergence test

Grid convergence is the term used to depict minimization
of the lapse and change of results by utilizing progres-
sively smaller grid sizes for figuring. A calculation should
approach the correct answer as the mesh becomes finer;
hence the term grid convergence comes to picture Grid
convergence Test is completed here to analyze the effect
of grid number on the maximum static temperature of the
stream field

As illustrated from Figure 5 a good result is observed
between 272,136 elements and 302,678 elements. Hence
the current analysis is carried out using a minimum grid
size of 272,136 elements.

Boundary conditions

Three sorts of boundaries are connected: inflow, surge
and settled walls and the whole stream field is thought to
Max.Static Temperature
3500 -
3000 -
2500 -
2000 -
1500 -

=== Max.Static Temperature
1000 -

Max.Static Temperature (K)

500 -

0 T T T T T ]
100000 140000 180000 220000 260000 300000 340000

No of elements

Figure 5: Grid Independence Test for the strut with wedge inlet.
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be supersonic. Dirichlet limit conditions are connected
for variables at inflow and Neumann limit conditions
are utilized for all variables at surge. Likewise no slip
condition is applied on fixed walls.

Approximations and idealization

— The flow is considered to be in steady state.

—  The flow is assumed to be two-dimensional.

—  The k-w SST model is taken into consideration.

— The gas is compressible and obeying the ideal gas
laws.

For all simulations, wall temperatures were set to
Twall =750 K.

Results and discussions

Flow field phenomena in Scramjet combustors for differ-
ent geometry (a =-3°, a=0°, a = 3°) are studied numeri-
cally and reported. The formation of shock wave by wedge
strut and its effects on ignition delay of different design of
scramjet and on combustion efficiency are also reported.

Figure 6 demonstrates temperature distribution for
the investigated angles of attack. The heat expansion in
the combustor changes both the static temperature and
the stream speed. In this way, it is reflected in an incre-
ment of aggregate temperature. When hydrogen is
injected through the wedge strut, at that very moment it
starts mixing with the incoming air. After hydrogen is
mixed, pressure and temperature are sufficiently high
for auto ignition, then burning begins.

The power of the vortices depends principally on the
injector’s geometry. The ignition delay is influenced by the
variation of the angle of attack. The ignition delay is esti-
mated from the computations using an absolute tempera-
ture value. The absolute temperature, rather than pressure,
is employed because it is a more sensitive parameter in the
computations. Here we assumed 2,000 K temperature as
the base temperature for ignition delay calculation that
means the geometry which reaches the 2,000 K tempera-
ture earlier have lowest ignition delay and here the ignition
delay is measured in mm. Hence the shortest ignition delay
is found for the arrangement with a = -3° while the longest
ignition delay shows up for a = 3°. The highest temperature
is observed for a negative angle of attack a=-3°
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o=3°

1.49e+02 5.74e+02 9.99e+02 1.42e+03 1.85e+03 2.27e+03

Contours of Static Temperature (K)

approximately Tmax =2,980 K and the sudden increment
in temperature happens approximately 95 mm downstream
of the fuel injection. For the setup with a=0°, a=3° the
ignition delay is roughly 180 mm and 410 mm.

In case of Mach no contour (Figure 7) we can see that
oblique shocks are formed at the tip of the wedge strut for

o

a=3

1.82e+00 2.60e+00 3.38e+ il] 4.16e+00 4.94e+00

Contours of Mach number (a)

5.72e+00
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2.70e+03  2.98e+03

Figure 6: Temperature distribution for differ-
ent angles of attack [a=-3°, a=0°, a=3°]
for M=7.

three angle of attack configuration. Due to these reflected
shock waves from the combustor wall, wall temperature
increases which is then followed by the formation of sub-
sonic recirculation zone at the base of the wedge which
will help in stabilizing the flame during combustion pro-
cess. Figure 7(a) also shows variation of the Mach number

6.50e+00 7.02e+00

Figure 7: (@) Computed Mach number distri-
bution for different angles of attack (a) for
M=7 and (b) enlarged version of contour
plots of Mach number for o= 0°.
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for three different geometries of scramjet combustor at the
different level, at the entrance the air Mach no is 7, at the
base of the wedge strut the hydrogen is injected at Mach
no 2. For a =-3%nd a = 0°, a subsonic area is found at the
compression where the pressure shock always at the top
wall. For all the geometries, in the middle of the chamber
the Mach number values are reduced to below 2 due to
heat release in the combustion process which actually
decelerate the flow. The enlarged version of contour plots
of Mach number for a = 0° is shown in Figure 7(b).

Figure 8(a) shows the enlarged version of shock waves
interactions by using contour plots of density for a=0°
whereas Figure 8(b) represents the contours of density for
different angle of attack. Here also with H, injection, oblique
shocks are shaped at the tip of the wedge that is later
reflected by the upper and lower walls. At the upper and
lower walls, the boundary layer is influenced by the
reflected sideways shocks. In a few places the reflected
shock waves are avoided by the hydrogen jets. The bound-
ary layer on the wedge surface isolates at the base and a
shear layer is framed. This shear layer is normally unsteady
and is consequently inclined to break-up. Because of the
one-sided divergent channel the upper reflecting shock hits
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the H, filled wake further downstream than the lower shock.
In a few places the reflected shock waves are diverted by the
hydrogen jets. After some separation the stream in the wake
of the wedge is accelerated back to supersonic speed. A little
triangular recirculation locale is framed simply behind the
wedge brought about by low speed.

Figure 9 represents the contour of static pressure for
three angle of attack configuration. Here at the main edge
of the wedge strut injector, a shock is framed. This shock
voyages downstream and is redirected at the top and
base wall. The shock loses its intensity as its ventures
towards the outlet.

Figure 10 represents the wall pressure distribution for
different angle of attack. It is clear from the pressure
distribution that the shock train turns out to be longer
because of the higher number of the reflected shocks
which are produced downstream of the strut injector.
This prompts a further stream increasing speed in the
unique piece of the combustor. The main edge shocks
created upstream of the wedge injector are in charge of
that conduct which comes about because of the high
reflection points and in this way the little separations
between the reflected shocks. This can be seen from

o=-3°

R s——————

a=0°

[ —

T —

o=3°

4.42e-03 4.03e-02 7.62e-02 1.12e-01 1.48e-01 1.84e-01

Contours of Density (kg/m3)
(b)

Figure 8: (a) CFD predicted enlarged version of
shock waves interactions by using contour
plots of density for a=0°

and (b) Density distribution for different angles
of attack [a=-3°, a=0°, a=3°] for M=7.

2.20e-01 2.44e-01
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Figure 9: Pressure distri-
bution for [a=0°] angle
of attack for M=7.
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Length (m) of attack. [M=7].

Mach number contour plots which demonstrate the
highly turbulent mixing region with high degree of vortex
formation. The wedge-shaped injector changes the shock
pattern and the stream properties by the development of
a shock at its driving edge. For all cases, an upstream
displacement of the shock train for a negative angle of
attack is observed. At the point when ignition happens,
the pattern of the wall pressure distribution changes. The
heat expansion at supersonic speed produces pressure
waves that proliferate and compress the stream outside
the flame.

The highest pressure peak at the top wall is found at
approximately X =845 mm, X =940 mm, with a corre-
sponding pressure p =180 kPa. This maximum value is
observed for a =-3°.

Combustion efficiency

The performance of the combustor is measured by com-
bustion efficiency (n.) [20] which is defined as
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where p is the gas density, Yy, is the mass fraction of
hydrogen, mypiy; is the injected hydrogen mass flux, and
u is the velocity component normal to the cross section.
The combustion efficiency is presented in Figure 11. The
plot begins directly after the trailing edge of the substitut-
ing wedge shaped injector (x =732 mm) since no hydrogen
is accessible in upstream course. The ignition of the fuel-air
mixing happens downstream of the trailing edge of the
injector. The combustion efficiency becomes close to the
injection area where hydrogen is quickly mixed because of
the stream wise vorticity. For the present case, the most
astounding combustion efficiency for a stoichiometric con-
dition (g=1) is around 80%. The high equivalence ratio
and the high angle of attacking Mach number, prevents the
total mixing of the fuel and oxidizer [4]. Combustion can’t
happen until miniaturized scale mixing has happened. For
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g=1, a lot of hydrogen is injected and not totally mixed.
Thus, the ignition effectiveness diminishes. The strong vor-
ticity delivered by the wedge formed injector is in charge of
the mixing. As the vortices travel downstream they get to
be frail and their capacity to spread the fuel into the
encompassing stream diminish. This prompts a reduction
in mixing and hence in combustion effectiveness.

In this case, Combustion efficiency reaches approxi-
mately 84% at a distance 1.2 m and then comes to 82% at
1.55 m and is maximum for a =-3° whereas for a =0°,
a=3° combustion efficiency reaches approximately 72%
and 67%, respectively.

Mixing efficiency

Here hydrogen is transported and mixed by the vortices
as they travel downstream in the center stream. In the
close field of the infusion ports, hydrogen is mixed faster

0.9

0.8 //
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0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 Figure 11: Computed combustion efficiency
Length (m) for different angles of attack [M=7].
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0 y Figure 12: Computed mixing efficiency for
0 0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 different angles of attack. [M=7] for
Length (m) wedge shaped strut injector.
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For o =-3°
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Figure 13: Computed Yy, for a=-3°, for different axial locations at the symmetry plane.

because of the intensity of the vortices. As the vortices The distribution of the hydrogen mass fraction (Yy,)
travel downstream, they get to be feeble and some mea- at different axial locations is showed in Figure 13. The
sure of hydrogen still stays unmixed in their axis of height is normalized with respect to the height of the
rotation. This can be found in Figure 12 where the mixing local cross section. The cross section at five different
effectiveness along the combustor length is plotted. axial locations for a =-3° is presented.
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The distribution of the hydrogen mass fraction (Yy,)
at different axial locations at x=736.20 mm and
X=774.95 mm.

The distribution of the hydrogen mass fraction (Yy,)
at different axial locations at x=813.70 mm and
x = 852.45 mm.

The distribution of the hydrogen mass fraction (Yy»)
at different axial locations at x =929.96 mm.

Conclusions

The different flow phenomena and performance para-
meters such as static wall pressure, temperature, Mach
number, density distribution and mass fraction of H,0
as well as combustion efficiency in scramjet combustors
with different geometric configurations i.e. with three
angle of attack (a =-3°=0°, a =3°) at air Mach no 7
were investigated numerically and reported in this
study. K-w SST turbulence model with the finite rate/
eddy-dissipation reaction model and single-step chem-
istry model are employed to simulate the hypersonic
flow field of the hydrogen fuelled scramjet combustor
with three different types of geometries and the follow-
ing conclusions are drawn at the basis of numerical
results:

1. There is no impact of the wedge formed strut injector
in upstream course towards the isolator was found
as in.

2. The flow properties, shock structure, mixing and
combustion phenomena are exceptionally sensible
to the variation of the angle of attack. Here there is
a displacement of the shock train in the upstream
direction for a negative angle of attack was found.
This shock displacement improved the combustion
phenomena and decreased the ignition delay. This
shock also helps in modifying the shock pattern in
the combustor.

3. Here also, no thermal choking was found like that of
the central lobed strut injector of Ramadan et al. For
this setup, the range increment in the different com-
bustor is adequate to keep away from inlet
instabilities.

4. The most elevated temperature is enlisted for a nega-
tive angle of attack a=-3° approximately
Tmax = 2,980 K. The least ignition delay was enlisted
for (@ = -3°) more or less 95 mm downstream the
hydrogen injection and longest ignition delay was
found for positive angle of attack (« = 3°).The combus-
tion efficiency gives the best execute for a =-3°.
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Nomenclature

Symbol Description/Definition Unit
A cross section area m?
f fuel-air ratio, dimensionless -

k Turbulent kinetic energy m?/s?
m° Mass flow rate kg/s
M Mach number, dimensionless -

P Pressure, Pa

T Temperature K

u Axial velocity m/s
X Axial distance mm
Y Mass fraction, dimensionless -

o Angle of attack degrees
W Specific turbulent dissipation rate 1/s
n Efficiency parameter, dimensionless -

2] Equivalence ratio, dimensionless -
Subscript Description/Definition Unit
comb combustion -

H, hydrogen -

inj injection -

st stoichiometric -
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