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Transverse sonic injection into supersonic cross flow is a well-established technique to inject fuel into
a SCRAMJET combustor. A SCRAMJET combustor with a backward facing step acting as a flame-holder
has been used for this study. The jet is placed at various locations downstream of the step, where each
location represents a distinct flow region. Three-dimensional simulations have been performed using
Menter’s SST model in our in-house parallel 3-D RANS unstructured grid CFD solver. In such a SCRAMJET
Keywords: configuration, mixing between air and fuel is augmented by shocks generated by the under-expanded jet
SCRAMJET engine injected into the supersonic cross flow, hence the jet location is expected to be critical. The performance
RANS and mixing of the combustor has been quantified for each of the distinct configurations. The length of the
Transverse sonic injection combustor required for complete mixing has also been estimated for the different cases. It is observed
Supersonic crossflow that the mixing and performance are strongly affected by the location of the jet in the combustor flow-
field. From the results presented in this paper, the optimal location for the jet is somewhat before the
end of the recirculation region behind the backward facing step.
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Air-breathing engines are almost universally used in high speed
aero-propulsion vehicles [1]. The SCRAMJET (supersonic ramjet)
engine is an attractive candidate for very high speed (hypersonic)
application due to its relatively simple design and its promise of
delivering high thrust [2,3]. One of the challenges in the design of
SCRAMIJET engines is to ensure very rapid mixing between the air
and fuel necessitated by the short residence time of the incom-
ing air, which is of the order of several milliseconds for hypersonic
flight conditions. Several methods to inject fuel into the incom-
ing air have been investigated, both experimentally and computa-
tionally for mixing, combustion and ignition [1,4-9]. One of the
methods studied is to inject the fuel in the transverse direction at
sonic speed into the incoming supersonic air flow which results in
a simple and reliable design [10-12].

Mixing of air and fuel in a combustor can be augmented by the
presence of strong streamwise vorticity. The simplified (i.e., invis-
cid) equation for vorticity can be given as:

* Corresponding author.
E-mail address: eswar@iith.ac.in (V. Eswaran).
1 Professor at MAE Department, IIT Hyderabad.

https://doi.org/10.1016/j.ast.2019.105535
1270-9638/© 2019 Elsevier Masson SAS. All rights reserved.

The baroclinic source term on the RHS of the Eqn. (1) shows that
vorticity is generated in a fluid when the pressure and density
gradients are non-parallel. When an under-expanded jet at sonic
speed is injected in the transverse direction to the incoming flow,
it creates a complex flow-field as described in detail by Sharma
et al. [13]. The strong bow shock, created in the upstream region
of the under-expanded jet, interacts with the fuel jet and creates a
strong baroclinic torque. This augments mixing by creating strong
streamwise vorticity in the flow field via the source term of Eqn.
(1). However, this configuration also results in loss of stagnation
pressure which directly leads to loss of thrust, resulting in a less
efficient combustor design [10,14].

It is known that the baroclinic torque and the streamwise vor-
ticity that are generated in the domain due to mixing are not
significantly affected by the chemical kinetics and subsequent heat
release in the flow field through combustion [15-17]. This results
in the decoupling of the essential features of the flow from the
combustion, and suggests that a cold flow analysis of the flow field
could be used, at-least as a first approximation, to optimize the de-
sign of a SCRAMJET engine.

Another challenge in the design of a SCRAMJET combustor is to
hold, sustain and stabilize the flame at very high speeds. Of the
several configurations suggested by the researchers, a combustor
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with injectors placed downstream of a backward facing step is one
of the simplest designs capable of flame holding and stabilization
[18-22]. The step creates a large recirculation zone which, with the
hot gases contained therein, serves as a continuous ignition zone.
The objective of this study is to establish an optimum distance of
the leading fuel injector from the flame holder. There are several
complex flow regions in the downstream of the backward facing
step where the leading jet can be possibly placed in the combustor.

Experimental and numerical studies have been performed to
investigate the role of the location of a transverse sonic jet in a
supersonic crossflow with different configurations [23,14,24], but a
detailed study analyzing the effect of the location of the injector
on the overall performance of the SCRAMJET engine has not been
published in the literature, and so is attempted in this work. A par-
allel three dimensional RANS based unstructured grid CFD solver
has been recently developed in-house by the Sharma et al. [13]
to solve all-speed compressible flow problems. This solver is used
here for the three-dimensional numerical study of the SCRAMJET
configurations, without combustion, to identify the optimal loca-
tion of the leading jet.

In order to establish the optimal location, the jet is placed in
different regions of the flow field downstream of the backward
facing step, which creates distinct cases for study. The combustor
design is then evaluated on the basis of better mixing of air-fuel
and on other bases of performance. To quantify the mixing of fuel
and air, we study the jet spread, penetration, effect of streamwise
vorticity, and mixing efficiency. To quantify the performance of the
SCRAMJET engine, the increase in entropy and stagnation pressure
loss are evaluated and compared between the different cases. Us-
ing the data from the analysis, the combustor length required for
complete mixing is also estimated. More than the mere numerical
distance, emphasis has been laid on identifying the region where
the leading jet should be placed, so as to find the common princi-
ple for different jet-to-free-stream pressure ratios.

2. Numerical method

The details of the in-house parallel three-dimensional unstruc-
tured grid RANS solver are given in this section.

2.1. Governing equation

The density based finite volume solver uses a low-speed pre-
conditioned form of the Navier-Stokes equation [25] that allows
its use for both the compressible and incompressible flow regimes.
The solver can handle three-dimensional unstructured grids in CFD
General Notification System (CGNS) format. The equation of state
for an ideal gas is used:

p=pRT (2)

where p, T, and P are the density, temperature and pressure of
the fluid, respectively and R is the universal gas constant taken as
287 JKg~ 1K1, The velocity vector is written as:

V:ui—}—vj—i—wf( (3)

The integral form of the governing equation used, with control
volume V and elemental face area dS, is given as:

F%V/Qav+7§[F—c]-ac=v/Hdv (4)

where Q is the primitive variables vector given as:

Q={P,u,v,w,T}T (5)

The magnitude of the face area Sy is Ay and its unit vector is fif.
In the governing equation (4), G is the diffusion vector and F is
the convective vector of the compressible Navier-Stokes equation
which are defined as:

pV . 0
pVu + Pi Txi
F=1pVv +Pj ¢, G=1{1y (6)
oVw + Pk Tz
PVE + PV TijVj+4q

Here E and H are the total energy and total enthalpy per unit
mass.

E=H-2 . H=h+ V72 (7)
0
and q is the heat flux vector:
aoT
q=—k_— (8)
0X;j

where k' is the thermal conductivity of the fluid, and 7 is the vis-
cous stress tensor:
ou;  aU;j

Tij = —Pdij + — 4+ — | + A(divV)§;; 9

ij ij T ML <3Xj o ) ( )Sij (9)
where A is the coefficient of bulk viscosity, determined using
Stoke’s hypothesis [26] and w; is the laminar dynamic viscosity
of the fluid. In equation (4), T is the low speed preconditioning
matrix that helps in getting accurate solutions for both compress-
ible and incompressible flows for a density based algorithm [25]:

® 0 0 O o7
Ou p 0 O pPTu
=\ Ov 0 p O pTU (10)
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1
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In equation (11), U, is the reference velocity and § is a constant
of preconditioning, whose definitions can be found in Weiss et al.
[27]. The vector H in the equation (4) contains source terms for
body forces and energy sources, which have been set as 0 in this
work. The 2nd order Roe scheme [28], preconditioned for low
speeds [27] has been used for modeling the convective vector F
of the governing equation with the Venkatkrishnan limiter [29,30].
The gradients in the diffusion vector G are computed using the
Green-Gauss cell based method.

Explicit time-stepping is used to march the solution to steady-
state using the 4th order Runge Kutta method on the governing
equations. The time step At is computed from the CFL (Courant-
Friedrichs-Lewy) condition. The same time step At is used in each
cell of the domain. The residue e of each variable solved is stored
and is checked for convergence independently:

(11)

P

— L n+1 _ n
e=[2.(Q Q") (12)

cells

Normalization with the initial residual is used to ensure that the
initial residuals for all equations are of O (1), which is quite useful
in judging overall convergence. Further details of the method and
the equations can be found in Sharma et al. [13].
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Fig. 1. Isometric view of the domain.

2.2. Turbulence modeling

The performance of various turbulence models for analyzing
the interaction of transverse sonic jet in supersonic cross-flow has
been evaluated by researchers [31,32,13] in the literature. Based
on these results, for the given flow conditions the SST k-w two-
equation model by Menter [33] can be expected to give good re-
sults. Therefore, the SST k-w two-equation model by Menter [33]
in its low Reynolds number form is used in this study. The model
equations are:

a(pk)  a(pUjk) N
— =Py — k + D 13
T: ox; k — B"pwk + Dy (13)
I(pw) 0d(pUjw) , 2
=y —Pr— D AA 14
at + ox; 14 X k— Bpw*+ Dy + (14)

where Py is the production of turbulent kinetic energy evaluated
as:

ou;
0X;

Py =1 (15)
The rest of the model constants and definitions are as given by
Menter [33]. The value of the laminar Prandtl number is taken as
0.71 and the turbulent Prandtl number (Pr7) is taken as 0.9.

2.3. Passive scalar tracking to determine mixing

A convection-diffusion equation is also solved coupled with the
system of governing equations in order to track mixing of the
injected jet with the main air flow. For a passive scalar ¢, the gov-
erning equation can be given as:
apP a a ]

—_— 4+ — u)— —(prr—o¢ | =S 16

PO 4 o) — o (p " ¢) , (16)
where p is the density of the fluid, u; is the component of the
fluid velocity vector V and Sy is the source term (which is set as
0 here), and T is the diffusivity for the scalar, given as:

=Ty +T; (17)

where I’y is the molecular diffusivity where value is taken equal
to the kinematic viscosity of the fluid, while the turbulent eddy
diffusivity I'; is evaluated as:

Table 1
Domain dimensions.
Parameter Value
Height of step (H) 3.184 mm
Section height (Hq) 6.68H
Section width (W) 9.57H
Step location X =00
Lq 34.0H
Ly 19.0H
Lg 1.0H
t
=t (18)
SCt

where w; is turbulent viscosity obtained from the solver, and the
value of turbulent Schmidt number (Sc;) is taken as 0.9.

The scalar ¢ is the “mixing fraction” that is given the value of
1 in the fuel jet stream and O in the air inlet stream. As the fuel
stream and air stream mix we will get values of ¢ between 0 and
1. The value of ¢ at a point in the flow will indicate the amount of
mixing of the fuel and air streams, with ¢ =1 indicating unmixed
fuel steam and 0 unmixed air stream and, say ¢ = 0.4 indicating a
40% fuel stream and 60% 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 and properties
as air.

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-sections.

3.1. Supersonic turbulent flow over backward facing step

Turbulent supersonic flow of Mach Number (My,) 2.05 is com-
puted over a confined backward facing step and is compared
against the experimental results of McDaniel et al. [19]. Fig. 1
shows the isometric view of the 3-D computational domain. The
X-Y plane view of the domain is shown in Fig. 2. In both figures
the length Lq is shown shortened (as indicated by the line break).
The dimensions of the domain are given in Table 1. As SST is a low
Reynold’s number model, y* < 1 is required for the first grid point
near the wall. The grid is stretched in the wall-normal direction,
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Fig. 2. Geometry for simulations and its boundary conditions.
Table 2 Table 3
Boundary conditions for turbulence variables. Table showing grid convergence index (GCI)
tudy.
Section name SST boundary condition study
Inlet [—5% Parameter Value
Adiabatic Wall k=0w=0 N1, N2, N3 3256500, 399822, 48291
Outlet k_gbe_g 2 2.008
Symmetry % =09 =9 32 2.015
#1 3.7019
#2 3.5936
and is also clustered near the plate’s leading edge. A hyperbolic b3 3.4695
law is used to distribute the nodes in the Y direction so as to have p 1784
more nodes near the wall. Uniform node distribution is used in the 21 3.7458
X and Z directions. e2! 2.92%
At the inlet, pressure inlet boundary conditions have been pre- et 1.48%
scribed, with a total pressure (P;) of 274000 Pa, static temper- 32 10.46%
3 .
ature (Tstqric) = 167 K and a total Temperature (T;) of 250 K. Ger2 534%

The wall is assumed as adiabatic, where U=0, 2L =0, 2£ =0,
% =0 have been prescribed as boundary conditions. At the exit,
outflow boundary condition have been prescribed. Symmetry con-
ditions are prescribed at the Z direction boundaries. For all the
sections labeled as symmetry, ‘;—% =0 has been prescribed, where
Q={p,u,v,w, T}T. The boundary conditions for the various tur-
bulent quantities has been given in Table 2. For calculating the
value of the turbulent kinetic energy k and the turbulent energy
dissipation rate € at the inlet, the value of turbulence intensity (I)
is used in the following formulae:

k=1.512U2,, (19)
e=C)/ K3 (20)

and the specific dissipation rate w is obtained as:

K
= (21)
Cpe

where Uiy, is the inlet velocity, I is the turbulence integral length
scale specified as | = 0.07L, where L is the characteristic length of
domain, and has been taken as the height of the step. The value of
I is taken as 5%(= 0.05). The solution is computed using 4th or-
der Runge Kutta explicit time stepping with CFL numbers ranging
between 0.1 — 0.5. We checked that the same result is obtained
for all the aforementioned CFL numbers, showing a good temporal
convergence. The solution is considered converged once the veloc-
ity and pressure residuals are below 1e~% and turbulent variables’
residuals are below 1e~3.

3.1.1. Grid convergence index

A grid sensitivity study was done with three grids with N1 =
3256500, N, = 399822 and N3 = 48291 grid points respectively,
using the Grid Convergence Index (GCI) [34]. The results obtained
with these grids have been tabulated in Table 3. The parameter
used for GCI is the length of the recirculation zone (L;), that has
been referred to as ¢ in the Table 3. In Table 3, N is the number

of elements in each mesh, r = /%, p is the apparent order
ne

of calculation. As N1 > N2 > N3, 651 represents the approximate
relative error and GCly; is the fine grid convergence index, which
gives the uncertainty in the value of the result on the finest mesh.
On the basis of GCI, the 3-D grid with 3256500 hexahedral cells,
with uncertainity of 1.48% is selected for the further computations.
In order to compare the results with the experiments of McDaniel
et al. [19], the pressure, velocity-X and temperature are normalized
with respect to the free-stream values, as follows:

P
Prorm = P (22)
o0
U
Unorm = 7~ (23)
X,00
T
Tnorm = a (24)
and
Y
Ynorm =3 (25)
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Fig. 3. Comparison of the center-plane Pyorm profile at different X/H against LIFF experiments done by McDaniel et al. [19].
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Fig. 4. Comparison of the center-plane Uporm profile at different X/H against experiments done by McDaniel et al. [19].
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Fig. 5. Comparison of the center-plane Tpor, profile at different X/H against LIFF experiments done by McDaniel et al. [19].

The computed results are then compared against the experi-
mental Laser Induced lodine Fluorescence (LIIF) values of Pporm,
Unorm and Tporm as shown in Fig. 3, 4 and 5 respectively, for dif-
ferent locations at the mid X-Y plane. It can be seen that a good
match is obtained for all the quantities.

3.1.2. Physical description of the supersonic flow over a backward facing
step

Although this case has been used merely for the validation of
the solver, it is interesting to review the physical features of the
flow as we will see similar flow structures (plus some more) in
our actual study. The fully developed supersonic turbulent flow
encounters the sharp backward facing step that separates the tur-

bulent boundary layer leading to the formation of a shear layer.
The flow below this shear layer is slower than the fluid above it.
This separated shear layer then curves downwards to subsequently
impinge on the bottom wall, forming a recirculation zone below
the shear layer. The turning of the flow at the step leads to the for-
mation of multiple expansion waves known as the Prandtl Meyer
Expansion Fan (PMEF) as seen in Fig. 6. Fig. 6 also shows the Pporm
isobars to give an overview of the shocks in the flow domain. It
also shows the streamlines in the region near the step marking the
extent of the recirculation and the reattachment stagnation point.
Within this recirculation region, a smaller recirculation with an op-
posite rotational sense can be seen in Fig. 6 at the lower corner
of the step. The Figs. 3a, 4a and 5a show the qualitative features
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Fig. 6. X-Y plane view of flow around the step showing flow field with Pporm isobars mapped alongside velocity streamlines.

Outlet
O
N Jet Inlet
Wall
Fig. 7. Isometric view of the domain.
of the flow in the recirculation zone. The characteristics of a free Table 4
shear layer persist outside this zone. The flow then reattaches itself Domain dimensions.
to the wall at the reattachment stagnation point, passing through a Parameter Value
series of reattachment shocks, as seen in Fig. 6, that.re—normallze Injector Diameter (D) 1.93 mm
the pressure ratio to 1. In the post reattachment region, a bound- . . X
Injector Location 5 =00
ary layer develops at the lower wall surface. X
Ly £ =56.0
o : X _
3.2. Transverse sonic injection in supersonic cross flow over backward Ly p =310
facing step L3 5 =494
w X =310
We now consider another validation case for the solver and the H X158
turbulence model. Experiments using Laser Induced lodine Fluo- Step location X_ 494

rescence (LIIF) were done by McDaniel et al. [18] to study the
penetration and spread of a single transverse sonic jet in a super-
sonic cross flow over a backward facing step. This data is now used
to further validate our solver. A 3-D isometric view of the compu-
tational domain, along with boundary section names, is shown in
Fig. 7. Fig. 8 shows the 2-D views in the planes parallel and normal
to the injectors. The required dimensions are given in Table 4.

Meshes are 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. Fig. 9 shows the mesh distribution
in the computational domain.

In order to optimize the number of cells in the mesh, hyper-
bolic and exponential laws for node distribution have been used at
different sections. Nodes are clustered near the leading edge of the
inlet section. After the simulation, it is checked that y* < 1, as re-

quired, for the grid points nearest to the wall. The grid is stretched
in the wall-normal direction using the hyperbolic law as seen in
Fig. 9a. The grid is clustered selectively at the jet inlet as shown
in Fig. 9b, using the hyperbolic mesh law to capture the impor-
tant flow features. Fig. 9c shows the exponential mesh distribution
used in the Z direction. A symmetry boundary condition is pre-
scribed on the boundary plane in the Z direction. At least 30% of
the nodes in transverse direction are concentrated near the walls
within a distance equal to three times the diameter of the injector.

At the inlet, for a free-stream Mach number (M) of 2.05,
pressure inlet boundary conditions have been prescribed with to-
tal pressure (P¢) = 274000 Pa, static temperature (Tgqric) = 163 K
and total temperature (T;) of 250 K. The walls are assumed as adi-
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‘nE1 g Table 5
E 2 Boundary conditions for turbulence variables and passive scalar.
@ i <
i | Section name SST boundary condition Scalar (¢) boundary
Y conditions
Inlet 1=5% ¢=0
Z
Wall Adiabatic Wall k=0w=0 ¢=0
¢) Meshing in Y-Z plane as seen from the ok ; 3¢
(c) & p Outlet ok —gdo—g % -0
outlet section. Symmetry % -0 % -0 g% -0
Transverse Jet Inlet fk—0de—p p=1

Fig. 9. Mesh distribution.

abatic, so U=0, 3L =0, 32 =0, 22 = 0 have been prescribed
as boundary conditions there. At outflow, PP—[ =1 has been pre-

scribed, with the remaining quantities taken from interior values.
Symmetry boundary conditions are prescribed in the Z direction
planes. For all the sections labeled as symmetry, %—(nl =0 has been
prescribed. Since the injection is done at sonic speed, choked flow
conditions are prescribed at the jet inlet. The inlet jet dynamic

pressure ratio (Q) is given as:

Q _ 1 Pjet
M2, P,

(26)

where Pje is the injected jet static pressure and P, is the free
stream static pressure. Simulations were performed for Q = 0.36
and 0.75 corresponding to the experimental results of McDaniel
et al. [18]. The jet is tracked using a passive scalar as described
in Sec. 2.1. Boundary conditions for the turbulent variables and for
the passive scalar are given in Table 5. Explicit time stepping using
the Runge-Kutta 4th order scheme as described in Sharma et al.
[13] with CFL number ranging between 0.1 — 0.3 are used for the
simulation. The solution is considered converged once the velocity,
pressure and temperature residuals are below 1e~® and turbulent
variables’ residuals are below 1e~3 (see Fig. 10). This convergence
criteria shall be used for all the cases in the paper. The jet penetra-
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Fig. 11. Results from Grid Convergence Index (GCI) study.
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Fig. 12. Comparison of jet penetration and spread against experiments done by McDaniel et al. [18] on the finest grid.

tion and spread is measured using the value of the passive scalar
(¢). The jet penetration is obtained by extracting the contour of
¢ = 1% on the X-Y mid plane of the domain. The jet spread is ob-
tained by extracting the same contour of ¢ = 1% at the Y-Z plane
located at a distance D from the injector.

3.2.1. Grid independence study

A grid sensitivity study was done with three grids of size
Ni = 3256500, Np = 399822 and N3 = 48291 respectively, using
the Grid Convergence Index (GCI) [34]. Fig. 11 shows the compar-
ison of the penetration for Q = 0.75 using these three grids. On
the finest grid, the estimated order of accuracy pavg was obtained
as 1.612 and the maximum GCI was obtained as 2.44%. Fig. 11b
shows the penetration on the finest grid along with GCI error bars.
Hence, the 3-D grid with 3256500 hexahedral cells is selected for
the further computations. Using this grid, the jet penetration and
spread is compared against the experimental results of McDaniel
[18] as shown in Fig. 12 for Q =0.75 and 0.25, respectively, named
as Q and Q3 in the figure. A good match is seen to be obtained.

4. Results

The results presented in Sec. 3.1 and 3.2 give us some idea of
the flow field that exists in the SCRAMJET engine. It can be seen
that the turbulent supersonic flow over a backward facing step
creates various complex flow regions that substantially differ from
each other.

The results from Sec. 3.2 show that the penetration and spread
of a transverse sonic injection depends on the dynamic pressure

ratio. As seen in Sec. 3.1, especially in Fig. 6, the flow-field near
the bottom wall has:

1. A Recirculation region.
2. A Reattachment Stagnation point.
3. A Reattached region.

For the case simulated, the reattachment point is located at % =
3.13. In order to determine an optimal location for the injector,
it is now placed in or at the three aforementioned locations, each
creating a distinct case of numerical simulation. The computational
domain shown in Fig. 8 is used for the study. The length L3 in
Fig. 8 represents the distance of the center point of the injector
from the step. This length for each of the distinct numerical case
is as follows:

1. Case A - Inside the recirculation region at X/H =2.5.
2. Case B - At the stagnation point X/H = 3.
3. Case C - In the reattachment region at X/H = 8.5.

In order to make comparison more reader friendly, and to make
the injector as the reference point for all further comparisons, the
origin for all the simulations has been shifted to the center of the
injector inlet, the streamwise distance from which is given by x
(in lowercase), and all the dimensions have been normalized with
injector diameter D. Hence, the position of the origin is as follows
for the three cases:

1. Case A-x/D =0 at X/H =2.5.
2. Case B-x/D=0at X/H=3.
3. Case C-x/D=0 at X/H =8.5.
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Fig. 13. Top: Center-plane Pnoqn isobars with Mach number contours. Bottom: Mass fraction of scalar with stream lines.

The number of nodes on L3 and Ls are redistributed for each of the
3 cases in order to keep the total number of cells, constant across
all the cases. The local distribution of nodes around the injector
and for the remaining directions is maintained the same as stated
in Sec. 3.2. The total mesh size for each case is 3256500 hexahedral
cells. The mesh, and the convergence criteria explained in Sec. 3.2
has been used for all the cases.

4.0.1. Overview of the flow field

Fig. 13 shows the key features of the flow field created by in-
jecting a transverse sonic jet in the supersonic cross flow in the
SCRAMJET combustor. The figure consists of two parts. In the first
part, the Pporm isobars with Mach number contours have been
plotted, whereas in the lower part, the contours mixing fraction
of injected scalar with streamlines are shown. The plots are of the
mid-X-Y plane of the combustor domain. From this figure, it can be
observed that the incoming turbulent supersonic boundary layer
encounters the sharp step which causes the boundary layer to sep-
arate and the flow turns downwards which leads to the formation
of a Prandtl Meyer Expansion Fan (PMEF). A strong bow shock is
caused when the airstream encounters the flow from the injector,
with a small upstream separation bubble. The shock waves gener-
ated by the injected jet and the PMEFs at the step, together create
a region of strong convection near the injector. The interaction of
the strong bow shock with the fuel jet leads to the creation of
baroclinic torque, which then leads to the formation of a counter-
rotating vortex pair in the streamwise direction after the jet inlet.
The incoming high speed air also creates a high momentum region
over the jet which blocks the upwards penetration of the jet. This
bends and elongates the jet in the streamwise direction, as seen
in Fig. 13. After the jet passes through the convection dominated
shock enhanced region, the shape of the jet is determined by the
counter-rotating vortex pair. In the absence of any flow accelerat-

ing mechanism, the jet rises and diffuses laterally, while decaying
in the streamwise direction, with the growing size of the counter-
rotating vortices.

Fig. 14 shows the comparison of the Ppory isobars for all 3
cases on the mid X-Y plane of the combustor. It can be observed,
particularly for Case A and B, that the bow shock impinges upon
the PMEF and compresses it, causing a blockage of the incoming
flow. More compression can be observed for the jet placed nearer
to the step.

In Fig. 15 compares the mixture fraction contours, along with
flow streamlines, on the mid X-Y plane of the combustor for the
three cases. The size of the recirculation region increases with the
distance of the injector from the step. In case C, as the injector is
placed in the reattachment region, the jet encounters a boundary
layer which creates an additional separation bubble, absent from
the other cases, upstream to the separation bubble created by the
injected jet.

4.0.2. Effect of streamwise vorticity

One of the mechanisms to augment mixing in a SCRAMJET en-
gine is through shock-induced streamwise vorticity. The transverse
sonic jet creates strong pressure gradients through its interaction
with the bow and oblique shocks and results in creating a strong
baroclinic torque. As seen in Eq. (1), this torque in turn creates
streamwise vorticity in the flow field which serves to enhance mix-
ing. To assess and quantify the creation of streamwise vorticity, the
magnitude of the streamwise vorticity is computed over the Y-Z
plane of the flow domain. This magnitude of the streamwise vor-
ticity (I") is computed as the area integral of the total magnitude:

') = //
yz

v 0w

— dyd
ay yaz

(27)

0z
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Fig. 14. Comparison of the center-plane Py, isobars for Case A, B and C respectively (top to bottom).

across the entire Y-Z plane of the domain at various X locations
downstream of the jet.

The variation of I'(x) for the three cases has been shown in
Fig. 16 and has been compared with the supersonic flow (i.e. with-
out injection) over the backward facing step which is referred to
as the baseline case in the results presented from here onwards. It
is worth mentioning that, due to the absence of bow shocks, the
baseline case has the value of T" as 0. However for the other 3
cases, a steep rise in I'(x) is observed. This rise begins just before
the step and reaches its maximum just over the jet injection point
and monotonically decreases further downstream. This is due to
the strong pressure gradients created due by the presence of the
Mach disk and barrel shocks. A higher peak value of I'(x) is ob-
served when the injector is nearer to the step.

From Fig. 14, it can be seen that the PMEF from the step under-
goes compression by the bow shock formed before the injected jet.
This compression does not allow the jet to expand freely, resulting
in a blockage effect. This interaction between the PMEF and the
bow shock also creates the baroclinic torque which, in turn, creates
streamwise vorticity. Jet location closer to the step results in more
compression, a higher blockage effect, higher baroclinic torque and
more vorticity. In case C, since the injector is situated farthest from
the step, the compression of PMEF is least, which results in a lower
increase in I'(x) as seen in the figure.

These results exhibit a complex dependence of streamwise vor-
ticity on the flow field conditions such as the blockage effect and
the bow shock strength and establish the role of the interaction of

the jet and the streamwise flow in creating vorticity. Also evident
is the influence of the recirculation zone after the step in deter-
mining the flow and mixing downstream of the jet. As the flow
becomes more dominated by diffusion downstream of the injector,
a monotonic decay of I'(x) is observed in Fig. 16, to reach seem-
ingly asymptotic values in the far field around x/D > 15.

4.0.3. Mixing characteristics

As discussed, the mixing fraction ¢ is tracked in order to ob-
serve the mixing between the jet and the incoming flow. The jet
penetration and spread boundaries which have been previously de-
fined in Sec. 3.2 are shown in Fig. 17a and 17b respectively. The
injected jet must penetrate the cross flow to increase mixing. It can
be seen from Fig. 17a that the penetration downstream (x/D < 8)
of the jet is highest for the case with the injector closest to the
step, but further away (x/D > 8) the jet penetration is very sim-
ilar for the three cases considered. The flow near the injector is
characterized by the strong convective forces, which results in the
observed steep rise in penetration height near the injector inlet
as, seen in Fig. 17a. It can also be observed that between x/D =0
and x/D ~ 8, the penetration boundary first increases and then de-
creases which correlates with the strong increase in I'(x) followed
by its steep fall in the same regions.

Fig. 17b shows the spread of the injected jet into the Y-Z plane.
A steep increase in the spread is observed in the region immedi-
ately downstream of the injector, but further away the spreading
stops and the jet width becomes essentially constant. The over-
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Fig. 16. Average magnitude of the streamwise vorticity in the Y-Z plane.

all spread of the jet is almost independent of the distance of the
injector from the step, although case B gives a marginally higher
spread compared to the other cases.

Fig. 17c shows the value of maximum mixing fraction of ¢
present in the jet. It can be presumed that a higher value of ¢pmax
indicates poorer mixing. In the region beyond x/D ~ 8, there is an
almost linear decay in the value of ¢nqx. Once again, there is lit-
tle difference between three cases in this region, except that case
A gives marginally better mixing, followed by case B and C.

Comparing the mixing characteristics from all the three cases,
it can be seen that the mixing region becomes smaller, thicker and

scalar

1
095
09
085
08
075

the rate of mixing decreases as the jet is placed away from the
step, although further downstream the effect of the jet location
is marginal. Fig. 17d shows the division of the flow into various
regimes on the jet penetration graph for Case B. Region from A’ to
A, represents the flow preceding the injector. A sharp rise in the
value of jet penetration between A and B represents the convection
dominated region, which exists till x/D ~ 3. After the location B,
the penetration boundary falls and then begins to rise at point C,
which is located at x/D ~ 8. Beyond C the penetration boundary
rises slowly in the diffusion dominated region till the end of graph
at D.

An important point refers to the presence of scalar in the re-
gion preceding the jet inlet. From Fig. 17, it can be seen that some
of the injected scalar is trapped in the recirculation zone and does
not participate in mixing. This observation is also supported by
Fig. 15. As the scalar represents the fuel stream, this means some
of the fuel is trapped in the recirculation zone which acts as a
flame holder in the actual SCRAMJET combustor for cases A and B.
A small amount of fuel in this recirculation zone can aid in sustain-
ing the flame in such high momentum flow. However, for case C,
no scalar is present in the recirculation zone, because the injector
is placed in the reattachment zone, which is quite far away from
the recirculation zone created by the step. This would mean that if
the jet is located in the reattachment region (case C), the combus-
tor would require an alternate fuel feed to the flame holder.
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Fig. 18. Plot showing decay of ¢mqy after it has been reduced to half of its injected
value.

4.0.4. Length of the combustor

The total length required for complete mixing of the jet with
the incoming flow is estimated in this section. A complete mix-
ing is said to have been achieved when the maximum scalar mass
fraction (¢max) in the mixing boundary becomes 0. In Fig. 17c, it
can also be observed that in all the cases beyond x/D & 8, an ab-
sence of any flow accelerating mechanism leads to a linear decay
the ¢max. The data from this region of from Fig. 17c is replotted in
Fig. 18. A linear fit is introduced between the data points as shown
in Fig. 18. The point where the linear fit intercepts the X-axis gives
an estimated length required for complete mixing i.e. ¢ =0, under
the admittedly strong assumption that the decay remains linear for
the entire length. This intercept is the distance from the center of
the injector. In order to obtain total length of the combustor (L),
L3 must be added to the intercept obtained for each case. It can

be observed from the results from Fig. 18 that a longer combus-
tor is required the farther away the jet is placed from the step.
This conclusion seems reasonable, despite the strong assumption
of linearity made to arrive at it.

4.0.5. Jet lift-off

Jet lift-off refers to the separation of the injectant jet from the
lower wall downstream of the injection. The strong convection
field near the injector and the counter-rotating vortices formed
are responsible for the jet lift-off as seen in Fig. 19. The evolu-
tion of streamwise counter-rotating vortices (CRV) formed due to
the baroclinic torque is also shown in Fig. 19. The figure consists
of CRV formed at different locations in the combustor along the
Y-Z plane, represented by contours of streamwise vorticity. These
CRV have been shown along with the mixture fraction of the jet
plume, which is represented by the dash-dot lines with the per-
centage values also marked in the figures. Fig. 19a, 19b and 19c
represent the CRV present at x/D =0, 5, 10 respectively.

As the jet exits the injector at x/D = 0 as shown in Fig. 193,
two CRV L and R, are formed by the baroclinic torque. It can be
seen in the Fig. 19b that at x/D =5 the 10% mixture contour has
grown in size, and the two CRV have lifted off from the surface.
It can also be seen that as the flow moves downstream, both vor-
tices have moved significantly closer to each other as compared to
Fig. 19a. Fig. 19¢ shows that, in the far-field, the jet plume has fur-
ther grown in size, and the CRVs have also lifted off quite high
from the bottom plate.

In Fig. 19¢, we also see another counter-rotating vortex pair be-
low the CRV. This is the horse shoe vortex pair commonly seen
in the boundary layers in both incompressible and compressible
flows. As the jet acts as a bluff body for the incoming cross flow, it
leads to the creation of this horse-shoe vortex pair, which remains
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Fig. 19. Plots comparison of evolution of the streamwise counter-rotating vortices at different x/D planes in the flow field and comparison of jet-liftoff. The dashed lines are

contours of mixture fraction ¢.

attached to the wall surface. As the jet lifts off, the horse-shoe vor-
tices move in to fill in the void in Fig. 19c. The further growth in
size of the jet in the far field shows greater mixing in the far field
due to diffusion, as also evident from Fig. 17c.

In order to compare this lift-off between different configura-
tions, we have determined it by following a single streamtrace
from the center point of the injector on the mid X-Y plane of the
combustor. The lift-off height of the jet from the surface of the
computational domain has been plotted in Fig. 19d, and shows that
the jet lift-off closely follows the penetration boundary in Fig. 17.

Fig. 19d shows that almost parallel jet lift-off heights are
achieved by Case A and B, with Case B somewhat higher than Case
A in the diffusion dominated region. A higher lift-off slope is ob-
tained in Case C in the same far-field region. Since this process is
taking place in a confined domain, a very high lift-off may result
in the mixing layer coming in contact with the upper walls of the
combustor, thereby requiring a larger combustor for Case C.

4.0.6. Stagnation pressure loss

SCRAMJET configurations with transverse sonic jets produce
substantial loss in stagnation pressure due to the interaction of
the strong bow shocks produced by the jet with the incoming
high speed flow. To generate more thrust, a higher exit velocity
is needed. Hence lower stagnation pressure loss between the in-
let and exit is desirable in the combustor. Therefore, even in cold
flow calculations, the loss of stagnation pressure will reflect on the
performance of the SCRAMJET engine. In order to quantify the loss
in stagnation pressure on the basis of location of the jet, we de-
fine Py as the mass-flow-weighted average of stagnation pressure
po in the Y-Z plane:
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Fig. 20. Normalized stagnation Pressure distribution in Y-Z plane.
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subsequently normalized as Ponorm by dividing Po(x) with Pg at
the inlet. In Fig. 20, Pgnorm is plotted in the Y-Z plane for all 3
cases and is compared with the results from the baseline case. A
small loss in Pg norm values is observed even in the baseline case.
With jet injection, a steep decrease in values of Pg norm in the im-
mediate downstream of the injector (x/D > 0) is observed due to
the presence of the bow shocks due to the injection. A higher loss
in Pgnorm Shows presence of stronger shock strength. [In the re-
gion preceding the injector (x/D < 0), the values of Pgporm are
unequal between all three cases due to the presence of the injec-
tor in different flow regimes.] A steady decrease in the value of
Po,norm for all the cases can be attributed to the bow shocks that
are formed in front of the injector, which is absent in the results
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of the baseline case. The loss in Pg orm decreases as the injector is
moved closer to the step. Also, higher loss in Pg norm exhibits pres-
ence of stronger shocks in system. Hence, it can also be concluded
that the strength of the shocks from the injector become stronger
as the jet is moved further from the step. In particular, the case C
shows significant loss of stagnation pressure in comparison to the
other two cases.

4.0.7. Entropy

An irreversible process leads to change in entropy of a system.
Also, the rise in entropy represents the total amount of energy un-
available to do work. Hence a greater rise in entropy results in a
less efficient system. Entropy increase (AS) 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:

AS. = Cp In(Tnorm) — RIN(Prorm) (29)

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:

AS(x)://ASC,oudydz///pudydz (30)
yz yz

Fig. 21 shows the average entropy change for all three cases is
compared with the baseline case.

It is observed from the figure that AS of the system increases
very significantly as the injector is moved further away from the
step. This rise in AS can be attributed to presence of stronger
shocks in the system. At first, the AS exhibits a sharp rise around
the injector. The reason of this sudden rise can be traced to com-
bination of presence of strong shocks and streamwise vorticity. As
no or very weak shock structures are present in the region of de-
cay of the mixing region (beyond x/D =~ 8), AS keeps increasing
only due to the mixing and the graph becomes almost linear. The
rise in AS for the baseline case is quite linear, as compared to the
3 cases due to absence of shocks and no mixing, as AS being pri-
marily due to friction losses. This suggests that Case A is the most
thermodynamic efficient followed by case B and C.

5. Conclusion

In order to optimize mixing and performance of a SCRAMJET
engine, an optimal location is sought for placing the transverse
sonic fuel jet in the incoming supersonic cross flow in the com-
bustor, with a backward facing step acting as a flame holder. The

study involves no combustion, as it has been suggested by previ-
ous work [15-17] that supersonic flow and combustion are quite
decoupled in this situation, implying that even cold-flow optimiza-
tion would be a good first approximation to the actual combustor
problem. The results for the baseline case show that the flow field
can be divided into three distinct flow regions downstream of the
step, namely the recirculation created by the step, the reattach-
ment stagnation point after the recirculation and a reattached re-
gion. A single jet is then placed in each of these three flow regions
in separate simulations forming 3 cases for the study.

It is observed that the flow features are clearly influenced by
the location of the jet. In order to quantify this influence and its
effect on performance, various parameters were studied, for which
results have been presented. First, the mixing for the three cases
is quantified by calculating the effect of streamwise vorticity and
mixing characteristics. In order to study mixing, a passive scalar
injected along with the jet is tracked. It is observed that as the jet
is placed nearer to the step, it results in higher spread and pene-
tration of the injected jet, which leads to better mixing. By placing
the jet nearer to the step, a higher average magnitude of stream-
wise vorticity is also observed. This leads to creating stronger con-
vection forces around the injector, which in turn creates a higher
blockage effect. The stronger convection aids in better mixing and
in achieving higher penetration height. Using the mixing charac-
teristics, the combustor length required for complete mixing is
estimated. From the results, it can be seen that as the jet is moved
away from the step, it leads to a requirement for a longer com-
bustor length. It is also observed that as the jet location is moved
nearer to the step, inside the recirculation region, the amount of
fuel that gets trapped in the recirculation zone increases. This ef-
fectively increases the amount of fuel used for flame-holding, per-
haps resulting in higher fuel losses.

In order to quantify the performance for all three cases, the
stagnation pressure loss and rise in entropy of the system has been
calculated. The loss in stagnation pressure increases with increase
in distance of the injector from the step. This would lead to less
exit velocity at the outlet, leading to loss of thrust and resulting in
poor performance. Higher entropy rise leads to more unavailable
work which results in a poorer performance.

We find in every criterion for mixing and performance, the Case
C is the worst and Case A is the best, with Case B being interme-
diate. It can be safely concluded that placing the injector in the
reattached region of the flow can be ruled out in an optimum
design even if a separate fuel feed for the flame-holding can be
designed. Further, from the analysis it can be concluded that the
closer the injector is placed to the step, the better combustor de-
sign will be. But the injector placed too near to the step also traps
too much fuel in the recirculation zone, which in turn decreases
overall fuel efficiency. Small amounts of fuel in the recirculation
region aids in flame holding, but large amounts will decrease the
amount of fuel available for combustion.

Hence, the best location for the injector-without compromising
on the combustor design, efficiency and losing only small amounts
of fuel in the flame holder is-close to Case B. Therefore, the authors
would recommend the stagnation point as the furthest optimal lo-
cation for the injector. Whether the jet should be placed exactly
at the stagnation point or somewhat ahead of it cannot be de-
termined in a cold-flow study. It would require determination of
whether the small amounts of fuel entering in the recirculation
region is sufficient for flame holding. If not, the jet needs to be
placed somewhat upstream of the stagnation point. As, in practice,
the stagnation point would vary depending on the speed of inlet
air, it would be safest to place the jet somewhat upstream of the
design stagnation point. As the flow is supersonic, any jets down-
stream of the first one would not affect these conclusions. So, even
when a series of jets are employed in the combustor, the authors
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would recommend placing the first jet at or before the stagnation
point.
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