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Air-fuel mixing in a SCRAMJET engine is augmented by the interaction of the transverse fuel jet with the 
incoming supersonic air. The strong bow shock created by this interaction aids in mixing and increases 
the fuel residence time, but it also leads to loss in performance of the SCRAMJET engine through the loss 
of stagnation pressure, and rise in entropy in the combustor. One of the ways to address this issue is 
to weaken the bow shock by changing the angle of injection of fuel into the combustor. In the present 
study, the effect of variation of the injection angle, measured in the direction of the cross-flow from a 
line perpendicular to it (and the wall), has been numerically studied and analyzed on a 3-D SCRAMJET 
combustor of generic design with dual injectors, using Menter’s SST model for turbulence on an in-
house 3-D unstructured grid RANS solver. The angle for each injector is independently varied between 
0◦ and 45◦ with an increment of 15◦, while the jet positions are kept fixed at locations previously found 
to be optimum for the chosen flow conditions and zero angle (i.e. transverse) injection. It is observed 
that in every case that positive non-zero angles of injection, in the direction of the crossflow, increase 
thermodynamic efficiency, while the negative non-zero angles, opposing the crossflow, augment mixing. 
As mixing is of paramount importance in the SCRAMJET engine, due to high speeds and low residence 
times, we conclude that the best option is to have the angle of fuel jet injection in the direction opposing 
the incoming flow – a recommendation that has not been seen yet in the research literature. The degree 
to which the injection is slanted towards the incoming flow can be decided on the basis of the desired 
rate of the simultaneous penetration of the fuel into the recirculating flame-holder, which increases with 
increasing angle.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

The high thrust required for sustained supersonic and hyper-
sonic flights can be fulfilled by using SCRAMJET (supersonic ram-
jet) engines of relatively simple design with no moving parts [1,2]. 
One of the challenges in the design of the SCRAMJET engines is 
to ensure rapid mixing between the air and the fuel which is ne-
cessitated by the short residence time (which is of the order of 
several milliseconds) of the incoming air. One way to increase the 
residence time in a combustor is to inject the fuel jet in the trans-
verse direction at sonic speed in a supersonic cross-flow, which 
is a configuration that has been studied extensively by the re-
searchers [3–8] and results in a simple and reliable design.

A major design challenge in the SCRAMJET engines is to hold, 
stabilize and sustain flame in the combustor for continuous com-
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bustion. One of the simplest designs capable of flame holding 
and stabilization is to have a combustor with the injectors placed 
downstream of a backward facing step [9–13]. The step creates 
a large recirculation zone which, with the hot gases contained 
therein, serves as a continuous ignition zone.

The study of air-fuel mixing is of critical importance, as good 
air-fuel mixing in the combustor would result in good combustion, 
while bad mixing may not even result in combustion. It has been 
further reported in the literature [14–16] that the mixing of the jet 
and the incoming flow is decoupled from combustion due to the 
very strong baroclinic torque that is produced in the flow field due 
to interaction of the transverse jet with the incoming supersonic 
air. This shock augmented mixing of the air-fuel streams is not 
significantly affected by the heat release due to the combustion in 
the supersonic flow field. Therefore, cold flow analysis of the flow 
field could be used, at least as a first approximation, to optimize 
the design of a SCRAMJET engine based on mixing considerations 
alone.

https://doi.org/10.1016/j.ast.2020.105786
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/aescte
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ast.2020.105786&domain=pdf
mailto:eswar@iith.ac.in
https://doi.org/10.1016/j.ast.2020.105786


2 V. Sharma et al. / Aerospace Science and Technology 100 (2020) 105786

Fig. 1. Isometric view of the domain. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
The overall performance of the SCRAMJET engine depends on a 
wide range of geometrical parameters such as the location and ori-
entation of the injector, the angle of injection and the spacing be-
tween the injectors, etc. By optimizing the aforementioned param-
eters, better performance can be extracted [17,18]. The SCRAMJET 
geometry given by McDaniel et al. [9,10] is used in this study. 
Previous studies of the same configuration by the present authors 
have established the optimal location for one and two injectors for 
strictly lateral fuel jet injections [17,18] and also the effect of the 
isolator length before the inlet of the combustor [17,18]. In this 
paper we study the effect of the variation in the injector angles on 
the performance of the combustor.

Several researchers [19–21] have found that slanting the an-
gle of injection towards the downstream of the crossflow weakens 
the bow shock at the injector, and leads to a lower pressure loss 
near the injector. An experimental study on the effect of the an-
gle of injection with three different injector shapes was conducted 
by Gruber et al. [22]. They concluded that the injector shape does 
not substantially affect the transverse jet flow field but varying 
the angle of injection has dramatic effects. Jeong et al. [23] per-
formed experiments on the variation of the angle of injection with 
combustion in a cavity-based setup. Wang et al. [24] computation-
ally studied the variation of the angle for transverse sonic injection 
in the cavity and reported results similar to the experiments [23]. 
Huang et al. [25] used RANS models to study the effect of the in-
jection angle at different injector-to-free stream pressure ratios on 
a 2D configuration. Zang et al. [26] used a hybrid RANS-LES model 
along with experiments to study the turbulent structures in the 
flow.

It should be noted that all the aforementioned studies have 
been done on a simple geometry of a flat plate with a single in-
jector, whereas a working SCRAMJET engine has multiple injectors 
along with a flame holder. In the best knowledge of the present 
authors, the effect of variation of the angle of injection with mul-
tiple injectors and a flame holder has not been systematically stud-
ied in the literature. Therefore the aim of this study is to study a 
range of angles of injection for a two-injector configuration of a 
SCRAMJET engine with a backward facing step flame-holder with 
the aim of optimizing performance.

2. Numerical method

The study is conducted using an in-house parallel three-
dimensional unstructured grid RANS solver developed by the au-
thors [27,18,17]. A low-speed preconditioned form of the Navier-
Stokes equation [28] is used in the solver. The convective term of 
the Navier-Stoke’s equation is modeled using the 2nd order Roe 
scheme [29] which has been preconditioned for low speeds [30]
along with the Venkatkrishnan limiter [31,32]. The Green-Gauss 
cell based method is used to compute the gradients in the govern-
ing equations. In order to march the solution to steady-state, ex-
plicit time-stepping using 4th order Runge-Kutta method [33] has 
been implemented. The SST k-ω two-equation model of Menter 
[34] in its low Reynolds number form is used to model turbu-
lence. Laminar and turbulent Prandtl numbers are taken as 0.71
and 0.9 respectively. In order to track mixing of the injected jet 
with the main air flow, a convection-diffusion equation is solved 
for a passive scalar φ the “mixing fraction” coupled with the sys-
tem of governing equations. The value of the turbulent Schmidt 
number (Sct ) is fixed as 0.9. The value of φ at a point in the flow 
will indicate the amount of mixing of the fuel and air streams, say 
φ = 0.8 indicates a 80% fuel stream and 20% air stream mixture 
(by mass). In practice, the fuel stream would be, say a kerosene-
air mixture, which for convenience we take in this study to have 
the same properties as air. Further details about the governing 
equations and their implementation can be found in Sharma et 
al. [27,18,17].

3. Numerical validation and verification of the solver

The RANS solver is validated for benchmark cases to establish 
its capabilities and accuracy in the following sub-section. These 
validations and grid independence study were done extensively in 
previous papers [18,17] and are briefly summarized here for the 
purpose of readability.

3.1. Transverse dual sonic injection in supersonic cross flow over 
backward facing step

Experimental results obtained using Laser Induced Iodine Fluo-
rescence (LIIF) by McDaniel et al. [9] to study the penetration and 
spread of dual staged transverse sonic jet in a supersonic cross 
flow over a backward facing step have been used as a validation 
test case for our solver. The 3-D isometric view of the compu-
tational domain along with boundary section names is shown in 
Fig. 1. Fig. 2 shows the 2-D views in the planes parallel and nor-
mal to the injectors, with the required dimensions given in Table 1. 
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Fig. 2. Geometry for simulations and its boundary conditions.
Table 1
Domain dimensions.

Parameter Value

Injector diameter (D) 1.93 mm
Leading injector location 0,0,0
L1 56.0D
L2 31.0D
L3 4.94D
L4 6.6D
W 31.0D
H 15.8D
Step location −4.94D

Note a line break has been used in the length of L1 to fit the im-
age.

Meshes were made using the ICEM-CFD software in CGNS for-
mat. Unstructured 3-D meshes with quadrilateral elements at the 
boundary section and hexahedral elements in the inner computa-
tional section have been used. Since SST is a low Reynold’s number 
model, y+ < 1 is required for all the grids near the wall.

3.2. Placement of the two jets

The two jets are located at L3 = 4.94D and L4 = 6.6D , which 
has been determined as the optimal locations in the previous pa-
pers [17,18] for the chosen flow conditions with 0 angle (i.e. nor-
mal to the wall) injection. These locations will be kept fixed in all 
the simulations of the present study, with only the jet injection 
angles, but not the jet positions, being varied.

3.3. Boundary conditions

At the inlet, for a free-stream Mach number (M∞) of 2.05 and 
pressure inlet boundary condition were prescribed, with total pres-
sure (P0) = 274000 Pa, static temperature (Tstatic ) = 163 K and 
total temperature (T0) of 250 K. The wall is assumed as adia-
batic, so U = 0, ∂T

∂n = 0, ∂ P
∂n = 0, ∂ν̃

∂n = 0 are prescribed as boundary 
conditions there. At outflow, P0

P∞ = 1 is prescribed, the remain-
ing quantities were taken from interior values. For all the sections 
Table 2
Boundary conditions for turbulence variables and passive scalar.

Section name SST boundary condition Scalar (φ) boundary conditions

Inlet I = 5% φ = 0

Adiabatic wall k = 0 ω = 0 φ = 0

Outlet ∂k
∂n = 0 ∂ω

∂n = 0 ∂φ
∂n = 0

Symmetry ∂k
∂n = 0 ∂ω

∂n = 0 ∂φ
∂n = 0

Transverse jet inlet ∂k
∂n = 0 ∂ω

∂n = 0 φ = 1

labeled as symmetry, ∂Q
∂n = 0 is prescribed. Since the injection is 

done at sonic speed, choked flow conditions are prescribed at the 
jet inlets. Inlet jet dynamic pressure ratio (Q ) is given as:

Q = 1

M2∞
P jet

P∞
(1)

where P jet is the injected jet static pressure and P∞ is the free 
stream static pressure. Simulations were performed for Q = 1.05. 
Boundary conditions for the turbulent variables and for the pas-
sive scalar are given in Table 2. For calculating the value of the 
turbulent kinetic energy k and the specific dissipation ω at the in-
let, the value of turbulence intensity (I) is used with the following 
formulae:

k = 1.5I2U 2
inlet (2)

ε = C3/4
μ k3/2l−1 (3)

ω = k

Cμε
(4)

where I is the level of turbulence intensity, Uinlet is the inlet ve-
locity, l is length scale given as l = 0.07L, where L is characteristic 
length of domain. The value of I is taken as 5% for all the simula-
tions.

3.4. Grid independence study

The grid sensitivity study [17,18] was done with three grids of 
size N1 = 3256500, N2 = 399822 and N3 = 48291 using the Grid 
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Fig. 3. Comparison of Pnorm profile at different X/D against LIIF experiments done by McDaniel et al. [10].
Convergence Index (GCI) [35]. The solution was computed on all 3 
grids, and value of jet penetration were compared. The jet penetra-
tion determined by the distance of the passive scalar contours of 
φ = 1% from the bottom wall on the X-Y mid plane of the domain. 
On the finest grid, average order of accuracy pavg was obtained 
around 2.248 and maximum GCI (i.e. the maximum uncertainty in 
the computed jet penetration value) was obtained as 2.047%. On 
the basis of GCI, the 3D grid with 3256500 hexahedral cells was 
chosen [17,18] and also used for the computations in the present 
paper.

3.5. Comparison against experimental data

The results [17,18] on the finest mesh were compared with the 
experiments of McDaniel et al. [10]. Pnorm and Unorm defined by 
Eq. (5) and (6) respectively, have been plotted here and shown in 
Figs. 3 and 4 respectively, for different locations at the mid X-Y 
plane. A good match is obtained. Hence, the solver has been suc-
cessfully validated with the required grid independence study.

Pnorm = P

P∞
(5)

Unorm = Ux

Ux,∞
(6)

3.6. Convergence criteria

In the previous [17,18] and the present computations, mesh 
division for parallel processing were done using METIS for MPI 
based parallel simulations. Explicit time stepping with CFL num-
bers ranging from 0.1 −0.4 are taken for the simulations. At all the 
CFL numbers between 0.1 − 0.4, same steady-state Pnorm profile is 
achieved, showing a good temporal convergence. The solution is 
considered converged once the normalized velocity and pressure 
residuals are below 1e−6 and turbulent variables’ residuals below 
1e−3.

4. Results

In order to better understand the results of the simulations to 
follow, we will briefly review the major features of the flow as 
found in the previous works [17,18].

4.1. Major features of the flow

Key features of the flow-field with two fuel injectors is been 
shown are Fig. 5. The figure consists of two parts. In the first part 
of the figure, the Pnorm isobars are plotted with the Mach number 
contours, whereas in the lower part, the contours of mixing frac-
tion φ with streamlines are shown. The plots are of the mid-X-Y 
plane of the combustor.

It is observed from the figures that the flow from the inlet 
encounters the backward facing step, over which the turbulent 
boundary layer separates and forms a shear layer. As a result, a 
recirculation zone is formed behind the step and the flow expands 
through formation of a Prandtl-Meyer Expansion Fan (PMEF) above 
it. The fuel is injected in the transverse direction at the sonic speed 
into the combustor from the two injectors in the downstream of 
the step, as shown in Fig. 2. It should be noted that both the 
injectors are exactly same in dimensions and mass flow-rate, at 
the sonic conditions. When the air stream encounters the under-
expanded jet from the first injector, a strong bow shock is created, 
with a small upstream separation bubble. A region of strong lat-
eral convection near the first injector is created by the interaction 
of the shock-waves generated by the jet and the PMEFs at the step. 
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Fig. 4. Comparison of Unorm profile at different X/D against experiments done by McDaniel et al. [10].

Fig. 5. Top: center-plane Pnorm isobars with Mach number contours. Bottom: Mass fraction of scalar with stream lines.
This interaction of the strong bow shock with the fuel jet leads to 
the creation of baroclinic torque, which then results in the forma-
tion of a counter-rotating vortex pair in the streamwise direction 
after the jet inlet. The incoming high speed air resists the upwards 
penetration of the jet. This is termed as the blockage effect, which 
bends and elongates the jet in the streamwise direction, as seen 
in Fig. 5. The bow shock from the second jet is weaker than at 
the leading jet, as can be seen by comparing flow expansions from 
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Fig. 3a and 3c. Multiple injectors increase the mass fraction of fuel 
in the combustor and raise the mixing boundary as seen in Fig. 5. 
Due to absence of any flow accelerating mechanism downstream 
of the injector, the mixing boundary decelerates and then decays. 
In the far-field region the flow reattaches to the surface and again 
renormalizes to Pnorm = 1 through reattachment shocks.

4.2. Methodology

The present aim is to study the effect of the injection angles on 
the flow and performance of the combustor. The injection angle 
is the angle made by the injected jet direction with the verti-
cal Y-direction, towards the X-direction, i.e., the direction of the 
crossflow. The angle of injection is varied for the two injectors, 
in various combinations, to study its effects on the overall perfor-
mance of the SCRAMJET engine. Therefore a completely transverse 
injection (as solved in Sec. 3) will have a 0◦ angle of injection. The 
case with dual transverse sonic injections in the Sec. 3.1 will be 
referred to as the baseline case. As mentioned earlier, the locations 
of the two jets will be kept fixed at L3 = 4.94D and L4 = 6.6D and 
only the jet injection angles will be varied in the study. The angle 
of both the injectors is varied to a maximum of 45◦ , in the step in-
crement of 15◦ . Following the premise with Sharma et al. [17,18], 
in order to quantify mixing, the effect of streamwise vorticity along 
with jet penetration and spread will be evaluated. To evaluate per-
formance, the loss of stagnation pressure and rise in entropy of the 
system has been evaluated using the definitions described in the 
references [17,18] and in the following sub-sections.

4.2.1. Effect of streamwise vorticity
Mixing of air-fuel streams in the SCRAMJET combustor is aug-

mented by strong streamwise vorticity in the flow field. When an 
under-expanded jet at sonic speed is injected in the transverse di-
rection to the incoming flow, it creates a complex flow-field as 
described in detail by Sharma et al. [27]. A transverse sonic jet cre-
ates strong pressure gradients through bow and oblique shocks in 
a high speed compressible flow, resulting in this baroclinic torque, 
which in turn creates streamwise vorticity downstream. In order 
to assess the effect of streamwise vorticity on the mixing and the 
flowfield, the average magnitude of the streamwise vorticity (�(x)) 
is computed in the Y-Z plane of the flow domain which is com-
puted as:

�(x) =
¨

yz

∣∣∣∣∂v

∂z
− ∂ w

∂ y

∣∣∣∣dydz (7)

Higher values of �(x) implies a stronger streamwise vorticity and 
a higher lateral momentum of the jet in the computational do-
main.

4.2.2. Mixing characteristics
The injected jet is tracked in the combustor using the passive 

scalar φ described in Sec. 2. The φ value thereby varies between 0
and 1, where 0 represents pure air stream and 1 represents pure 
fuel-jet stream. Various mixing characteristics like jet penetration 
and spread are plotted, to quantify the extent of mixing of air-fuel 
stream. The jet penetration is obtained by extracting φ = 1% of 
the injected value on the X-Y mid-plane of the domain. Similarly, 
the jet spread is obtained by determining the horizontal distance 
between two φ = 1% contours at Y = D on the Y-Z plane at each 
X location. By measuring the penetration and spread the extent of 
the mixing boundary can be studied.

Fig. 6 shows the 3-D region in the computational domain where 
φ is greater than 1%. This region is known as the volume of mixing, 
which has been computed for all the cases. The volume of mixing, 
Fig. 6. Volume of air-fuel mixing in the computational domain.

along with the data on jet penetration and spread, completes the 
overall quantification of the air-fuel mixing in the computational 
domain.

4.2.3. Stagnation pressure
Stagnation pressure at a point in the flow is given by:

P0 = 1

2
ρV2 + P (8)

where P0 is the stagnation pressure and P is the static pressure. 
A high exit velocity is required to obtain high thrust, and from 
Eq. (8), it can be seen that the amount of kinetic energy that 
can be extracted from the flow is directly related to the stagna-
tion pressure P0 distribution. Therefore, it is important to avoid 
loss in stagnation pressure (P0) since it directly results in loss of 
thrust. SCRAMJET configurations with transverse sonic jets produce 
substantial loss in stagnation pressure, although this is compen-
sated by better mixing achieved by the jet. In order to characterize 
the performance as a function of loss in stagnation pressure, P0

is plotted as the mass flow weighted average in the Y-Z plane at 
different X values, which is given by:

P0(x) =
¨

yz

P0ρu dy dz

/¨

yz

ρu dy dz (9)

and then subsequently normalized as P0,norm by dividing P0(x)
with the P0 value prescribed at the inlet.

4.2.4. Rise in entropy
An irreversible process leads to increase in the entropy of a 

system. The rise in entropy relates to the total amount of energy 
unavailable to do work. Hence a greater rise in entropy results in a 
less efficient system. Entropy increase (	S) in the SCRAMJET com-
bustor rises primarily due to the mixing of the jet and air and 
due to presence of shocks in the system. The change in entropy in 
the computational domain at every cell center c is computed using 
Gibb’s law as:

	Sc = C p ln(Tnorm) − R ln(Pnorm) (10)

where the reference state is taken as the inlet condition. The en-
tropy in the Y-Z plane is then evaluated as a mass flow weighted 
average:

	S(x) =
¨

yz

	Scρu dy dz

/¨

yz

ρu dy dz (11)

In order to study and analyze the effect of varying angle of in-
jection (α) on the overall performance of the SCRAMJET engine, 
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Fig. 7. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case A1c (dashed lines).

Fig. 8. Flow characteristics for Case A1.
a number of simulations have been performed by varying α in 
different combinations. The simulations are broadly classified into 
two cases. In the first case, the α is varied from 0◦ to 45◦ making 
the jets inject the fuel slanted into the streamwise direction of the 
incoming flow. In the second case, the α is varied from 0◦ to −45◦
to make the jets inject the fuel slanted in the direction opposite to 
the flow from the inlet. The results obtained in Sec. 3.1 shall be re-
ferred to as the baseline case. All the results have been compared 
against the baseline case, which helps in obtaining a clear under-
standing their effect on the performance of the SCRAMJET engine. 
With reference to Fig. 1 it should be noted that the origin of the 
X-Y-Z coordinate system is located at the center of the 1st jet and 
X = 6.6D is the position of the 2nd jet in all the figures and cases 
that follow.

4.3. Case A: α variation between 0◦ and 45◦

The angle of injection of the jets in this case is changed from 
the transverse direction into the streamwise direction of the in-
coming cross-flow. In this case, the α of the injectors is varied be-
tween 0◦ and 45◦ . This variation of α results in different combina-
tions of injector angles which are grouped into various sub-cases. 
The section ends with comparison of the flow features between 
the different sub-cases and the baseline case.

4.3.1. Case A1
In Case A1, the angle of injection (α) for the first injector is 

varied, while the α of the second injector is maintained at 0◦ . The 
different configurations studied in this case are listed in Table 3.
Table 3
Case A1.

Section name A1a A1b A1c

Injector 1 15◦ 30◦ 45◦
Injector 2 0◦ 0◦ 0◦

Fig. 7 shows the imposition of the isobars of Case A1c with 
the baseline case, while Figs. 8 and 9 show the comparison of 
the various flow properties for Case A1. A change in the structure 
of the bow shock from the 1st injector can be noted in the fig-
ure, with the changes in α. Even with this change, 1st bow shock 
continues to impinge upon the 2nd bow shock, which also un-
dergoes some changes in the shock structure, although the α of 
the latter remains unchanged. Increasing the α of the first jet de-
creases the transverse momentum while increasing its streamwise 
momentum. An immediate effect of increasing the α for the first 
injector can be clearly seen in the decrease of the peak values of 
�x at the first injector (X ≈ 0) in Fig. 8a. This decrease shows the 
counter-rotating vortices (CRV), that are generated near the injec-
tor and are responsible for mixing, have become weaker than in 
the baseline case. The increase in the streamwise momentum of 
the jet also does not allow the CRV to rise as much as in the base-
line case, so �x remains lower after the first injector, causing a 
lower peak even at the second injector (X ≈ 8). The decrease in 
the transverse momentum further results in an overall decrease 
in the penetration height and spread between the injectors, with 
the high-speed incoming flow bending the streamlines from the 
injectors to align them more in the direction of the streamwise 
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Fig. 9. Mixing characteristics for Case A1.

Fig. 10. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case A2c (dashed lines).
Table 4
Case A1.

Case �norm 	�

Baseline 1 0
A1a -0.905 -9.48%
A1b 0.811 -18.905%
A1c 0.763 -23.638%

flow. However, this effect is neutralized at the second injector 
which has an unchanged α and mass flow. Thus we see negligi-
ble effect in the streamwise vorticity beyond the second injector 
in Fig. 8a. Nevertheless, the entropy, stagnation pressure, penetra-
tion and spread are all affected even beyond the second injector. 
The entropy increase and the stagnation pressure loss is reduced, 
which means an improved thermodynamic performance. However, 
the penetration and spread are also reduced indicating lower mix-
ing efficiency.

Table 4 shows the volume of mixing for different α for Case A1. 
In this table, �norm is the ratio of volume of mixing of the case 
to the volume of mixing of the baseline (BL) case, and 	� is the 
percentage change in the volume of mixing with respect to the 
baseline case. From the table we see that as the angle of injection 
increases, the volume of mixing decreases.

We can conclude that increasing the α of the first injector, 
while keeping the second unchanged, has the effect of giving bet-
ter thermodynamic performance at the cost of mixing efficiency.
Table 5
Case A2.

Section name A2a A2b A3c

Injector 1 0◦ 0◦ 0◦
Injector 2 15◦ 30◦ 45◦

4.3.2. Case A2
For Case A2, the α for the 2nd injection is varied while the 

angle of the leading injector is kept unchanged at 0◦ . The different 
configurations for this case have been listed in Table 5.

Fig. 10 shows the imposition of isobars of Case A2c with the 
baseline case, while Fig. 11 and 12 show the comparison of the 
various flow properties for Case A2. As the α for the first injector 
is unchanged in this case, the bow shock structure for the first jet 
in Fig. 10 is essentially identical in both the cases, while significant 
difference is observed for the second jet. It can be observed from 
the figures, that all the flow properties follow the baseline results 
up to the 2nd jet after which they begin to deviate, in the near-
field of the 2nd injector. As the streamwise momentum of the first 
jet remains unchanged there is no decrease in the shielding ef-
fect provided by the first jet. Increasing the α for the second jet 
results in increasing its streamwise momentum, resulting in the 
lower second peak of �x , showing that the CRVs responsible for 
mixing have weakened in that region. The penetration height and 
spread of the second jet decreases significantly, as seen in Fig. 12. 
Figs. 11b and 11c show that the stagnation pressure loss and the 
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Fig. 11. Flow characteristics for Case A2.

Fig. 12. Mixing characteristics for Case A2.
Table 6
Case A2.

Case �norm 	�

Baseline 1 0
A2a 0.905 -9.435%
A2b 0.758 -24.241%
A2c 0.620 -37.997%

Table 7
Case A3.

Section name A3a A3b A3c

Injector 1 15◦ 30◦ 45◦
Injector 2 15◦ 30◦ 45◦

entropy increase both decrease from the near-field of 2nd injec-
tor, resulting in a thermodynamically more efficient system with 
increasing α. Table 6 shows the volume of mixing decreases with 
increase in α for the second jet.

Again we find that increasing α even in the second jet, with 
the first jet being unchanged, causes an increase in thermodynamic 
performance, but at the cost of decreased mixing.

4.3.3. Case A3
In Case A3, the angle of injection for both injectors is varied by 

the same amount. The different configurations are listed in Table 7.
In Fig. 13, the isobars for Case A3c have been superimposed 

with the baseline case, while the Figs. 14 and 15 shows the com-
parison of the various flow properties for Case A3. The bow-shock 
structures in Fig. 13 show significant difference between Case A3c 
and the baseline case for both the injectors. The streamwise mo-
mentum of both jets increase with increase in α. The reduced peak 
value of �x for the first jet results weaker CRV with increase in α. 
Table 8
Case A3.

Case �norm 	�

Baseline 1 0
A3a 0.830 -16.957%
A3b 0.661 -33.921%
A3c 0.421 -57.883%

As discussed in the earlier cases, weaker CRVs results in lesser jet 
spread and penetration. The reduced shielding effect by the first 
jet in addition to its increased streamwise momentum leads to the 
decrease in the peak value of �x for second injector with increase 
in αs as seen in Fig. 14a. The two peaks of �x in Fig. 14a be-
come quite similar with significant decrease in jet penetration and 
spread, even to the extent of the eradication, as seen in Fig. 15a, 
of the mixing augmentation bump in the penetration at the 2nd 
injector seen in previous cases. The decrease in entropy rise and 
stagnation pressure loss, as seen in Fig. 14b and 14c, makes the 
system with higher α thermodynamically more efficient, but the 
purpose of having multiple injectors to augment mixing is not ful-
filled. These results indicate that such configurations do not lead to 
any meaningful gain in the performance. Table 8 shows the volume 
of mixing for Case A3, which shows that the mixing drastically re-
duces with increase in α.

4.4. Case B: α variation between −45◦ and 0◦

In case B, the effect of slanting the jets in the direction opposite 
to the incoming cross-flow (hence the negative sign) is studied. 
The α for various injectors is varied between 0◦ and −45◦ , re-
sulting in various combinations that are grouped into several sub-
cases. At the end of this section, the flow features between the 
different sub-cases and the baseline case are compared.
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Fig. 13. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case A3c (dashed lines).

Fig. 14. Flow characteristics for Case A3.

Fig. 15. Mixing characteristics for Case A3.
4.4.1. Case B1
In this case, the α of the first injector is varied in the direc-

tion opposite to the incoming cross-flow, while keeping the α of 
the second injector at 0◦ . The different configurations studied in 
this case are listed in Table 9. Fig. 16 shows the imposition of the 
isobars of Case B1c with the baseline case, while Figs. 17 and 18
show the comparison of the various flow properties for Case B1.

As the α of the first jet increases from 0◦ to −45◦ , its bow 
shock bends towards the step, which increases the bow shock im-
pingement on the Prandtl Meyer Expansion Fan (PMEF). The loca-
tion of the reattachment shock and the barrel shock for the second 
Table 9
Case B1.

Section name B1a B1b B1c

Injector 1 −15◦ −30◦ −45◦
Injector 2 0◦ 0◦ 0◦

jet remains the same. So the shock structure for the second jet 
largely remains unchanged. A small change is observed in the re-
gion above the shielding zone created by the first jet, which is due 
to the high momentum of the streamwise flow.
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Fig. 16. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case B1c (dashed lines).

Fig. 17. Flow characteristics for Case B1.

Fig. 18. Mixing characteristics for Case B1.
The first jet in the baseline case is located at the stagnation 
point created by the recirculation region due to the step. As the 
jet is injected in the direction opposite to the incoming flow, it en-
counters the recirculation zone, which results in the jet penetrating 
into it. This increases the penetration and spread of the fuel inside 
the recirculation zone. This penetration of the jet into the recircu-
lation zone increases with increasing magnitude of α as seen in 
Fig. 18, resulting in a wider spread and higher penetration height 
in the immediate upstream of the jet.

Injecting the jet at a negative angle increases its streamwise 
momentum in the direction opposite to the incoming flow. Hence, 
an overall reduction in the streamwise momentum of the flow at 
the region near the first injector takes place. Therefore, a slight in-
crease in � and thereby in the counter rotating vortices (CRV) can 
be observed at the jet inlet in Fig. 17a, which results in a nom-
inal increase in the mixing and thermodynamic characteristics in 
this region. The streamwise momentum of the incoming flow then 
recovers in the region X/D > 3, which is in the downstream of 
the first jet. Therefore, it can be observed from Fig. 17 and 18, 
that the thermodynamic and the mixing characteristics remain the 
same as the baseline case in the region beyond X/D > 3. It maybe 
noted that Fig. 18b shows multiple values of spread for values of 
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Fig. 19. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case B2c (dashed lines).

Fig. 20. Flow characteristics for Case B2.
Table 10
Case B1.

Case �norm 	�

Baseline 1 0
B1a 1.063 6.320%
B1b 1.070 7.035%
B1c 1.084 8.428%

X/D around the first injector. This is because the spread in this 
case occurs both in the recirculation zone as well as above it, in 
the cross-flow. The scalar that is diffused into the recirculation 
zone gets spread throughout its width and is shown by the ver-
tical branch of the plot, while the spread in the crossflow is shown 
in the horizontal branch. Table 10 shows the volume of mixing for 
different α for Case B1. From the table we see that as the angle of 
injection increases, the volume of mixing increases. It should how-
ever be noted that, with increase in α, more fuel is being trapped 
in the recirculation zone, which also acts as a flame-holder. We 
can conclude that increasing the α of the first injector in the direc-
tion opposing the crossflow, while keeping the second unchanged, 
results in better flame-holding, while giving the same thermody-
namic performance as the baseline case (see Fig. 16).

4.4.2. Case B2
For Case B2, the α for the leading injector is maintained at 

0◦ , while the 2nd injection is varied opposite to the direction of 
the incoming high-speed flow. The different configurations for this 
case have been listed in Table 11. Fig. 19 shows the imposition 
Table 11
Case B2.

Section name B2a B2b B3c

Injector 1 0◦ 0◦ 0◦
Injector 2 −15◦ −30◦ −45◦

of isobars of Case B2 with the baseline case, while Fig. 20 and 
21 show the comparison of the various flow properties for Case 
B2. The bow shock structure for the first jet in Fig. 19 is essen-
tially identical to the baseline case, as the α for the first injector is 
unchanged, while significant difference is observed for the second 
jet. It can be observed from the figures, that all the flow properties 
follow the baseline results up to the transition region at X/D ≈ 4, 
after which they begin to deviate. The shielding effect provided by 
the first jet remains unchanged as the streamwise momentum of 
the first jet remains unchanged.

Increasing α for the second jet results in increasing its stream-
wise momentum in the direction opposing the incoming flow. This 
changes the second bow-shock, resulting in more flow blockage 
in the region between the two jets. This reduces the streamwise 
overall momentum the upstream of the injector, increasing the 
shielding effect, and thereby increasing the fuel residence time in 
the combustor. There is an increase in peak �x , due to the negative 
angle of injection, resulting in stronger CRVs at the second injec-
tor. The flow properties begin to deviate as early as the beginning 
of the transition zone from X/D ≈ 4 as seen in Figs. 20 and 21. 
Table 12 shows the volume of mixing increases slightly with in-
crease in negative α for the second jet. In this case, the volume 
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Fig. 21. Mixing characteristics for Case B2.

Fig. 22. Superposition of the isobars P0,norm of the baseline case (solid lines) and the case B3c (dashed lines).
Table 12
Case B2.

Case �norm 	�

Baseline 1 0
B2a 1.003 0.327%
B2b 1.009 0.943%
B2c 1.011 1.197%

of mixing increases inside the combustor, unlike the Case B1, as 
the injector is situated away from the recirculation zone. There-
fore the amount of fuel available for combustion increases inside 
the combustor, although nominally, resulting in a nominally better 
mixing augmentation than the baseline case. But like in the pre-
vious cases, the increase in air-fuel mixing augmentation comes 
with almost no thermodynamic penalty.

4.4.3. Case B3
In this case, the angles of injection are varied by the same 

amount for both jets in the opposite direction to the incoming 
cross-flow. Table 13 lists the different configurations considered 
in Case B3. Fig. 22 shows the imposition of isobars of Case B3 
with the baseline case, while Fig. 23 and 24 show the compar-
ison of the various flow properties for Case B3. The bow-shock 
structures in Fig. 22 bend towards the step and show significant 
difference between Case B3c and the baseline case for both the 
injectors. The increased peak value of �x for the first jet results 
Table 13
Case B3.

Section name B3a B3b B3c

Injector 1 −15◦ −30◦ −45◦
Injector 2 −15◦ −30◦ −45◦

stronger CRV with increase in negative α. As discussed in the ear-
lier cases, stronger CRVs results in more jet spread and penetration. 
The increased shielding effect by the first jet in addition to the de-
creased streamwise momentum of the incoming flow leads to the 
increase in the peak value of �x for second injector with increase 
in negative α as seen in Fig. 23a. Therefore, mixing is augmented 
at both injectors, while the final entropy rise and stagnation pres-
sure loss as seen in Figs. 23b and 23c remains same. In the region 
around the second injector, the penetration and spread again in-
creases, due to increased shielding effect, as discussed earlier. This 
results in a significant increase in volume of mixing is noted as 
compared to any of the previous cases and the baseline case.

Table 14 shows the volume of mixing for Case B3, which shows 
that the mixing is augmented significantly for all negative α. More 
fuel is trapped in the recirculation zone with increasing negative α, 
making it richer in fuel and increasing the ease of flame-holding. 
It is also seen that the increased mixing comes with almost no 
thermodynamic penalty. These results indicate that such negative 
α configuration result in a significant gain in the performance.
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Fig. 23. Flow characteristics for Case B3.

Fig. 24. Mixing characteristics for Case B3.
Table 14
Case B3.

Case �norm 	�

Baseline 1 0
B3a 1.107 10.731%
B3b 1.112 11.265%
B3c 1.124 12.4%

5. Conclusions

The effect of variation of angle of injections in a multi injector 
SCRAMJET engine has been studied in detail in this paper using the 
low-Re SST model Menter’s SST model on an in-house 3-D unstruc-
tured solver. Two cases have been formed on the basis of direction 
of the angle of injection. Case A varies the injection in the stream-
wise direction of the flow, while Case B varies the injection angle 
in the direction opposing to the incoming flow. Three sub-cases 
have been formed in each case with combinations of the angle of 
injection of the two jets and the results are compared with the 
baseline case.

In Case A, we see that as the angle of injection are increased, 
we get better thermodynamic performance but at the cost of 
severely decreased mixing volumes. In case B, we see that mix-
ing volume is significantly increased, particularly where both jets 
have the same (negative) angles of injection, with almost no ther-
modynamic penalty. Interestingly, the mixing enhancement is only 
slightly affected for −15◦, −30◦ and −45◦ , with more negative an-
gles being better. However, with higher negative α’s there is more 
penetration of the fuel into the recirculation zone, which could 
enhance flame-holding but also cause fuel loss. Therefore the con-
clusion that this study leads us to is that the injection angles of 
both jets be slanted opposing the inflow by as much as 45◦ to get 
better flame-holding and enhanced mixing at no cost to thermo-
dynamic performance. This conclusion is very interesting as there 
has been no suggestion in the research literature, to the best of 
the authors knowledge, that negative angles of injection would be 
advantageous to the SCRAMJET’s performance.
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