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Abstract

A parametric study of combustor inlet configuration for supersonic combustion ramjet (Scramjet) engine has been conducted by solv-
ing two-dimensional full Navier–Stokes equations. The main stream is air of Mach 5 entering through the configured inlet of the com-
bustor and gaseous hydrogen is injected from the configured jet on the side wall. The parameters included are air stream angle and
injection angle. On the effect of air stream angle, strong interaction between main and injecting flows can be observed for smaller angle
causing sharp increase in mixing efficiency on the top of injector. Also high momentum of air stream towards the side wall causes no
recirculation at the upstream of injector and the system becomes unable for flame holding. For the variation of injection angle, results
show that in upstream of injector the mixing is dominated by recirculation and in downstream the mixing is dominated by mass con-
centration of hydrogen. Upstream recirculation is dominant for injecting angle 60� and 90�. Incorporating the various effects, perpen-
dicular injection shows the maximum mixing efficiency and its large upstream recirculation region has a good flame holding capability.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Mixing of fuel with oxidizer and their combustion are
encountered in many engineering applications including
hypersonic propulsion system in space vehicles. Particu-
larly, the fuel injection scheme in hypersonic vehicles incor-
porating Scramjet engines requires special attention for
efficient mixing and stable combustion. Though some of
the researches have been carried out on mixing and com-
bustion of fuel with oxidizer in Scramjet program, still it
faces many unresolved problems. The main problems that
arise in this regard concern mixing of reactants, ignition,
flame holding, and completion of combustion. More inves-
tigations are required to overcome these problems. In fact,
in supersonic combustion, high penetration and mixing of
injectant with main stream is difficult due to their short res-
idence time in combustor as described by Brown et al. [1]
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and Papamoschou et al. [2]. These investigations showed
that good mixing and high penetration of injectant is diffi-
cult for the flow of high Mach number. Therefore, it is nec-
essary to investigate the physical mechanisms that affect the
mixing and combustion in Scramjet engine.

Several investigations have been performed to analyze
the mixing and combustion characteristics, and find out
the means of increasing the mixing efficiency. In these
investigations the authors showed a number of parameters
that can affect on penetration and mixing. In an experi-
ment, Rogers [3] showed the effect of the ratio between
jet dynamic pressure and freestream dynamic pressure on
the penetration and mixing of a sonic hydrogen jet injected
normal to a Mach 4 airstream. In similar flow arrange-
ments, Kraemer et al. [4] found that the relative change
in jet momentum was directly proportional to the relative
size between the flowfield disturbance and the upstream
separation distance. The downstream injectant penetration
height is directly proportional to the upstream separation
distance and thus, the downstream mixing is dependent
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Nomenclature

c sound speed (m/s)
Cp specific heat at constant pressure (J/(kg K))
Dt turbulent diffusion coefficient (m2/s)
E total energy (J/m3)
F flux vector in x-direction
F̂ transformed flux vector in n-direction
G flux vector in y-direction
Ĝ transformed flux vector in g-direction
H enthalpy (J/kg)
J transformation Jacobian
_m mass flux of species (kg/s)
p pressure (Pa)
q energy flux by conduction (W/m2)
R universal gas constant (J/(kg mol K))
T temperature (K)
u horizontal velocity (m/s)
U vector of conservative variables
Û transformed vector of conservative variables
U contravariant velocity in n-direction
v vertical velocity (m/s)
V contravariant velocity in g-direction
W molecular weight of species (gm/mol)
x horizontal cartesian coordinate (m)
Y mass fraction of species
y vertical cartesian coordinate (m)
h injecting angle (degree)
w air inlet angle (degree)

n transformed coordinate in horizontal direction
g transformed coordinate in vertical direction
q mass density (kg/m3)
r normal stress (Pa)
s shear stress (Pa)
l coefficient of dynamic viscosity (kg/(m s))
j thermal conductivity (W/(m K))
d boundary layer thickness (m)
d* kinematic displacement thickness (m)
/ 0 local equivalence ratio of hydrogen and oxygen
U global equivalence ratio of hydrogen and

oxygen
u contour level

Superscript

ns number of species

Subscripts
i, j index for species
l laminar case
m mixture
t index for turbulence
v viscosity term
x horizontal direction
y vertical direction
xy reference plane
0 reference value, stagnation condition
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on the relative change in jet momentum. Weidner et al. [5]
conducted a parametric study using staged, perpendicular
fuel injectors. They studied the mixing of hydrogen by
varying the distance between injectors and the fuel split
(percentage of fuel injected per injector). Yokota et al.
[6,7] examined the effects of injection methods, and the
existence of pressure wave in the flow with the injection
on mixing and total pressure loss. By the numerical inves-
tigation of two-dimensional reacting Scramjet engine flow
fields, Drummond et al. [8] found that the insufficient pen-
etration of hydrogen caused by locating the injector 6.0 cm
from the engine minimum crosssection reduced the overall
reaction in the upstream portion of combustor. Ali et al. [9]
studied the mixing mechanisms and investigated mixing
and combustion characteristics for several flow configura-
tions. On the analysis of mixing the author observed that
the backward-facing step in finite flow configuration plays
an important role to enhance mixing and penetration in
both upstream and downstream of injector. Investigation
proved that without diffusion, injectant can spread in the
flow field due to species continuity equations, but does
not mix with main stream.

It can be pointed out that the air-breathing engines are
important for the future hypersonic vehicles and the space
planes. The concept of an airframe integrated Scramjet has
evolved from NASA Langley Research Center [5] for
hypersonic air-breathing engine. An engine module of the
proposed Scramjet program consists of an air inlet, fuel
injection struts and combustor as shown in Fig. 1 with side-
wall removed. Several researchers including above con-
ducted their investigations on many unresolved problems
of Scramjet program, and much research remains to be
done. In this study supersonic mixing and diffusion mech-
anisms of a hydrogen jet in two-dimensional finite air
streams have been analyzed and discussed. Though the
actual flow in a Scramjet combustor is three-dimensional,
this paper investigates the two-dimensional flow to delin-
eate the mechanisms of supersonic mixing for both main
flow inlet and injector configurations. The geometric con-
figuration of the calculation domain and the inlet flow con-
ditions are shown in Fig. 2. The left boundary consists of a
backward-facing step of height 5.0 mm under the inlet port
of air which was found efficient in mixing by Ali et al.
[10,11]. For this study, the air inlet angle ‘w’ is varied from
60�–120�, and the injection angle with side wall is varied
from 30�–150�. The summary of computational runs is
shown in Table 1. It can be pointed out that in eight cases,
Cases 2 and 6 are of same configuration but for easy under-
standing these two cases are discussed separately in two
varied parameters. For all cases the ratio of mass flow rate



Fig. 1. A Scramjet engine module with removed side wall.

Fig. 2. Schematic of the physical model; (a) variation of air stream angle,
(b) variation of injection angle.

Table 1
Summary of computational runs

Varying
parameters

Computational runs (values of
parameters)

Identification

Air stream angle (w) Injection angle (h)

Air stream
angle (w)

60� 90� Case 1
90� 90� Case 2

120� 90� Case 3

Injection
angle (h)

90� 30� Case 4
90� 60� Case 5
90� 90� Case 6
90� 120� Case 7
90� 150� Case 8
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between air stream and injected hydrogen, and total width
of the combustor remain same. The inlet conditions of air
are used as Weidner et al. [5] except Mach number. We
choose the Mach 5.0 for the main flow as the test program
has been conducted over the flight Mach number range [12]
from 3.0 to 7.0.
2. Mathematical modeling

2.1. Governing equations

The flowfield is governed by the two-dimensional full
Navier–Stokes equations with conservation equations of
species. Body forces are neglected. For non-reacting flow,
these equations can be expressed by

oU
ot
þ oF

ox
þ oG

oy
¼ oF v

ox
þ oGy

oy
ð1Þ

where

U ¼

q

qu

qv

E

qi

0
BBBBBBB@

1
CCCCCCCA
; F ¼

qu

qu2 þ p

quv

ðE þ pÞu
qiu

0
BBBBBBB@

1
CCCCCCCA
; G ¼

qv

quv

qv2 þ p

ðE þ pÞv
qiv

0
BBBBBBB@

1
CCCCCCCA
;



M. Ali, A.K.M. Sadrul Islam / International Journal of Heat and Mass Transfer 49 (2006) 3634–3644 3637
F v ¼

0

rx

sxy

rxuþ sxyvþ qx

_mix

0
BBBBBB@

1
CCCCCCA
; Gy ¼

0

sxy

ry

syxuþ ryvþ qy

_miy

0
BBBBBB@

1
CCCCCCA
:

p ¼
Xns

j¼1

qjRjT ¼
Xns

j¼1

qj
R

W j
T ;

E ¼
Xns

j¼1

qjCpjT �
Xns

j¼1

qj
R

W j
T þ q

2
ðu2 þ v2Þ:
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The values of Cp and H are considered as functions of
temperature and determined from the polynomial curve fit-
ting developed by Moss [13]. Temperature is calculated by
Newton–Raphson method. The coefficients of molecular
viscosity l and thermal conductivity j of each species are
determined by Sutherland formulae and those of gas
mixture by Wilke’s formulae available in White [14]. The
effective molecular diffusion coefficient for each species is
determined by the formula given in Reid et al. [15].

2.2. Turbulence model

A zero-equation algebraic turbulence model developed
by Baldwin and Lomax [16] is used to simulate boundary
layer separation, recirculation and shock-expansion
regions near the injector. The model is patterned with mod-
ifications that avoid the necessity for finding the edge of the
boundary layer. This has been very helpful because at the
injection port and adjacent region it is difficult to define
boundary layer thickness. According to the model the eddy
viscosity lt is defined as

lt ¼
ðltÞinner y 6 ycrossover

ðltÞouter y > ycrossover

�
ð2Þ

where y is the normal distance from the wall and ycrossover is
the smallest value of y at which the value of viscosity in the
outer region becomes less than or equal to the value of vis-
cosity in the inner region.
The viscosity in the inner region is given by

ðltÞinner ¼ ql2jxj ð3Þ
The mixing length in the inner region l is expressed as

l ¼ kyb1� expð�yþ=AþÞc ð4Þ
where

yþ ¼ qwusy
lw

¼
ffiffiffiffiffiffiffiffiffiffi
qwsw
p

y

lw

ð5Þ

For two-dimensional flow, the magnitude of the vorticity is
given by

jxj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ou
oy
� ov

ox

� �2
s

ð6Þ

For the outer region,

ðltÞouter ¼ KCCPqF WAKEF KLEBðyÞ ð7Þ
where K is the Clauser constant, CCP an additional con-
stant, and

F WAKE ¼ min ðymaxF maxÞ; ðCwkymaxU 2
dif=F maxÞ

� �
ð8Þ

Here Fmax is the maximum value of the function

F ðyÞ ¼ yjxjb1� expð�yþ=AþÞc ð9Þ
at each y station in the flow domain, and ymax is the y

coordinate at which this maximum occurs. The function
FKLEB(y) is the Klebanoff intermittency factor given by

F KLEBðyÞ ¼ 1þ 5:5
CKLEBy

ymax

� �6
" #�1

ð10Þ

Udif is the difference between the magnitude of the maxi-
mum and minimum total velocity in the profile at a fixed
x station, expressed as

Udif ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p� 	
max
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p� 	
min

ð11Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p
 �

is taken to be zero along all x station.
The outer formulation (Eqs. (8) and (9)) can be used in

wakes as well as in attached and separated boundary layer.
The product ymaxFmax replaces d* ue in the Clauser formu-
lation and the combination ymaxU 2

dif=F max replaces dUdif

in a wake formulation. In effect, the distribution of vortic-
ity is used to determine length scales so that the necessity
for finding the outer edge of the boundary layer is
removed.

The following are the constants used for this model and
are directly taken from Baldwin and Lomax [16]:

Aþ ¼ 26; CCP ¼ 1:6; CKLEB ¼ 0:3; Cwk ¼ 0:25;

k ¼ 0:4; K ¼ 0:0168

The values of the turbulent thermal conductivity of the
mixture jt and turbulent diffusion coefficient of ith species
Dit are obtained from eddy viscosity coefficient lt by
assuming a constant turbulent Prandtl and Lewis number
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equal to 0.91 and 1.0, respectively. They can be expressed
as

ltCp

kt
¼ 0:91 ð12Þ

qDitCp

kt
¼ 1:0 ð13Þ

The final values of l, j and Dim used in the governing equa-
tions are

l ¼ ll þ lt ð14Þ
j ¼ jl þ jt ð15Þ
Dim ¼ Diml þ Dit ð16Þ
2.3. Numerical scheme

The system of governing equations is solved using an
explicit Harten-Yee Non-MUSCL Modified-flux-type
TVD scheme [17]. The two-dimensional, rectangular phys-
ical coordinate system (x,y) is transformed into the compu-
tational coordinate system (n,g) in order to solve the
problem on uniform grids. After applying the transforma-
tion, Eq. (1) can be expressed as

oÛ
ot
þ oF̂

on
þ oĜ

og
¼ oF̂ v

on
þ oĜv

og
ð17Þ

where

Û ¼ J�1U ; F̂ ¼ J�1ðnxF þ nyGÞ;
Ĝ ¼ J�1ðgxF þ gyGÞ; F̂ v ¼ J�1ðnxF v þ nyGvÞ;

Ĝv ¼ J�1ðgxF v þ gyGvÞ.

The grid Jacobian J and metric terms are

J�1 ¼ xnyg � xgyn; nx ¼ Jyg; ny ¼ �Jxg; gx ¼ �Jyn;

gy ¼ J n.

For the left hand side of Eq. (17), the explicit Non-
MUSCL TVD scheme can be written as

Ûnþ1
i;j ¼ Û n

i;j � J i;j
Dt
Dn

F̂ n
iþ1=2;j � F̂ n

i�1=2;j

� 	
� J i;j

Dt
Dg

Ĝn
i;jþ1=2 � Ĝn

i;j�1=2

� 	
ð18Þ

The variables F̂ and Ĝ can be described as

F̂ n
iþ1=2;j ¼

1

2
F̂ n

i;j þ F̂ n
iþ1;j þ R̂iþ1=2Ûiþ1=2

� 	
ð19Þ

The R̂iþ1=2 is an eigen vector matrix and Ûiþ1=2 is a vector
with the elements /l

iþ1=2 (l = 1,2,3,4,5). The variables used
in the above equations are

Ûiþ1=2 ¼ Ûl
iþ1=2

n o
¼ r âl
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i
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wðzÞ � Dt

Dn
z2

� �
ð21Þ

wðzÞ ¼
z; jzjP dl

z2 þ d2
l


 �

2dl; jzj < dl

( )
ð22Þ

dl is a function that defines the range of entropy correction,
and should be a function of the contravariant velocity and
the corresponding sound speed for the computations. The
form of the function used here is

dl ¼ d jU j þ jV j þ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

x þ n2
y þ g2

x þ g2
y

q� �
ð23Þ

with a constant d set to 0.15. More details about the
scheme can be found in Yee [18].

The minmod limiter, simplified form of which can be
found in Yee [18], was used to avoid the numerical oscilla-
tions at the discontinuity. Among the various approximate
Riemann solvers [18], we used the Roe’s average which is
the most common one due to its simplicity and ability to
return to the exact solution whenever the variables lie on
a shock or contact discontinuity.

3. Boundary conditions and convergence criterion

A Navier–Stokes analysis imposes that the normal and
tangential velocity components are zero on the walls.
The walls are assumed to be thermally adiabatic, so that
(oT/on)w = 0. For non-catalytic walls, the normal deriva-
tive of species mass fraction also vanishes, and conse-
quently the gradient of total density becomes zero. The
pressure is determined from the equation of state. The tem-
perature, pressure and density at inflow boundary are
assumed steady. At outflow boundary the variables are
determined by first-order extrapolation due to supersonic
character of flow. Throughout the present study, the fol-
lowing convergence criterion has been set on the variation
of density:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPJJ ;KK

J¼1;K¼1
qnew�qold

qold

� 	2

JJ � KK

vuut
6 10�5

where JJ and KK are the total number of nodes in the hor-
izontal and vertical directions, respectively.

4. Results and discussion

4.1. Program verification

To verify the present code, a comparison has been made
with the experimental data published by Weidner et al. [5].
The geometry of the experiment is shown in the inset on
Fig. 3, where helium was injected at sonic condition from
a 0.0559 cm slot into a rectangular duct of 25.4 cm long
and 7.62 cm high. The slot was located 17.8 cm down-
stream of the duct entrance. The flow conditions of helium
at the slot exit were P = 1.24 MPa, T = 217.0 K and



Fig. 5. Comparison among helium mass fraction at 3.81 cm downstream
of injector.
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M = 1.0. At the entrance of the duct, the airstream condi-
tions were P = 0.0663 MPa, T = 108.0 K and M = 2.9.
Using the same geometry and flow conditions we computed
the flowfield with a grid system consisting of 246 · 165
nodes in the horizontal and vertical directions, respectively.
At the exit of the injector 10 nodal points are used.

Results are given in Figs. 3–5. Fig. 3 shows that the
computed pressure along the bottom wall agrees well with
the experiment in both the upstream and downstream of
the injector. Both show a pressure rise in the upstream sep-
arated region and downstream reattachment region. An
over-prediction can be found at the immediate downstream
of the injector where the turbulence is naturally intensified
by the disturbance caused by the injector. Fig. 4 gives the
static pressure distribution along the vertical axis at
3.81 cm downstream of the injector. Qualitatively, the com-
puted pressure profile agrees with the experimental data.
Small variation on the position of recompression shock
and bow shock, and the pressures at these positions can
be observed in the computation. In the experiment, the
Fig. 3. Comparison between experimental and computed pressures along
bottom wall.

Fig. 4. Comparison between experimental and computed pressures at
3.81 cm downstream of injector.
recompression shock occurs at y/h = 0.2 (h is the height
of domain), whereas in computation at 0.16. After recom-
pression, both show a linear increase of pressure. The cal-
culation determines the similar difference in the position of
bow shock as that of recompression shock. In the experi-
ment the position of bow shock is at y/h = 0.63, while in
computation it is 0.59. Beyond the bow shock, the calcula-
tion shows the similar decreasing rate of pressure with
experiment. Fig. 5 shows the comparison between the mass
fraction profiles of injected helium along the same vertical
axis at 3.81 cm downstream of the injector. The computed
curve agrees with the experimental data at all points along
the vertical axis.

The computation shows that the overall computed
results agree with the experiment in spite of the complexi-
ties of injected flow field. The code is therefore considered
to be adequate for application to calculate the mixing flow
fields.

4.2. Effect of inlet air angle

The velocity in upstream of injector, penetration and
diffusion of hydrogen, and mixing efficiencies of different
cases have been analyzed and discussed. Fig. 6 shows the
velocity vector in both upstream and downstream of injec-
tor for the variation of inlet air angle. For Case 1 (w = 60�),
the free air stream strikes the wall near injector with a high
momentum. At the region of striking there is a strong inter-
action between the main flow and the side jet, and the flow
is deflected at an angle more than 60� in the upward direc-
tion. Due to strike of the main flow at upstream region
with high momentum, there is no recirculation in upstream
of injector. Case 3 (w = 120�) shows that the interaction
between the main flow and injecting hydrogen is weak
and there is no upstream recirculation for this case as the
main flow deflects upward after weak interaction with the
side jet. In downstream there is no recirculation in Cases
1–3. Another observation is that for Case 2 (w = 90�) the
injecting jet plume expands towards upstream due to the
backward facing step which increases the thickness of
hydrogen-air mixing layer. Fig. 7 shows the penetration
and mass concentration of hydrogen in the flow field. There
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are various definitions of ‘‘penetration’’ in the literature. In
this paper the term ‘‘penetration’’ is referred to the edge of
mixing region in the vertical direction where the mole frac-
tion of hydrogen is 5%. Different penetration of hydrogen
at both upstream and downstream among the configura-
tions can be found. In Case 1 we see that there is no hydro-
gen in upstream of the injector because a high momentum
main flow strikes the wall near the injector resulting in no
recirculation at that region and then deflects away at an
angle more than 60� with the horizontal direction. We
know that recirculation is an important factor for mixing
of hydrogen with air in upstream region and as there is
no recirculation, no mixing of hydrogen and air in
upstream of the injector occurs. Due to primary and sec-
ondary upstream recirculations, Fig. 7(b) indicates that
there is good mixing between air and hydrogen in upstream
of the injector. Again we know that the flame holding
requires longer residence time of flame in the burning range
and this residence time strongly depends on the geometric
expansion of the recirculation zone [19]. Accordingly Case
2 has a good flame holding capability because it can pro-
duce larger and elongated upstream recirculation where
most of the region contains better proportion of hydrogen
and oxygen. For high inlet air angle in Case 3, expansion of
hydrogen is high in both upstream and downstream as
shown in Fig. 7(c) which causes high concentration of
hydrogen especially in upstream and eventually low flame
holding capability. Due to high expansion of hydrogen,
the flow becomes slower and very small amount of air
reaches to the wall by diffusion making hydrogen mole
fraction 0.9 as shown in Fig. 7(c).

The performance of different cases is evaluated by calcu-
lating mixing efficiency. Mathematically, the mixing effi-
ciency is defined by

gm ¼
R

AðfHq~ud~AÞ=/0

_mH=U

where

A arbitrary section plane
fH local mass fraction of hydrogen
q total density
~u velocity vector
d~A small area normal to velocity vector
_mH total mass flux of hydrogen

/ 0 local equivalence ratio =
0:25 /0 < 0:25
/0 /0 P 0:25

�
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Physically mixing efficiency indicates the ratio of hydro-
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gen mass flow rate capable of burning to its total mass flow
rate at the exit of side jet. In the flow field where large
amount of hydrogen is present with negligible amount of
oxygen, the calculation of mixing efficiency is avoided by
dividing the large value of / 0. On the other hand, where
a very small amount of hydrogen is present, an error in cal-
culation of mixing efficiency can be occurred by the small
value of / 0. This error has been eliminated by setting the
minimum value of / 0 = 0.25 which corresponds to the
lower flammability limit. It can be mentioned that Yokota
et al. [6,7] used similar expression for calculating mixing
efficiency in the flow field. In this investigation, the global
equivalence ratio for all cases is U = 2. The mixing effi-
ciency along the combustor length is shown in Fig. 8, which
shows that mixing efficiency increases sharply at injector
position of respective cases. Generally in upstream region
the increasing rate of mixing is moderate and in down-
stream it is very slow. The reason is that in upstream
hydrogen mixes with air by both recirculation and diffu-
sion, and in downstream mixing is occurring only by diffu-
sion. In recirculation hydrogen has much time to mix with
air, whereas in downstream the flow is supersonic and has
little time for diffusion. Individually Case 1 has the highest
increment of mixing efficiency at injector position due to
large gradient of mass concentration and the mixing effi-
ciency up to 0.03 m from left boundary is zero. Because
of high momentum of air stream, there is no hydrogen in
upstream of the injector which makes the mixing efficiency
zero. Case 3 has no increment of mixing efficiency in down-
stream of injector which indicates that the unnecessary
increasing of combustor length in far downstream will only
increase the material cost for construction. In downstream,
the increasing rate of mixing is slower for all cases caused
by the supersonic nature of flow. However, among the
Fig. 8. Mixing efficiency along the length of physical model (Cases 1–3).
cases investigated, Case 1 has the maximum increasing rate
of mixing in downstream due to high expansion of
hydrogen.

4.3. Effects of injection angle

Fig. 9(a)–(e) show the velocity vector in both upstream
and downstream of injector. A pair of recirculation
regions formed at the upstream of the injector, one of
which is large and the other is small in size. In Case 4 the
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Fig. 9. Velocity vector near injector; (a) Case 4, (b) Case 5, (c) Case 6,
(d) Case 7, and (e) Case 8.
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Fig. 10. Mole fraction contour of Hydrogen, u(0.05, 1.0); u is contour
level, (a) Case 4, (b) Case 5, (c) Case 6, (d) Case 7, and (e) Case 8.
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recirculations are weak, which can be understood by the
vector length in recirculation region. The increase of injec-
tion angle makes the recirculations stronger which can be
found in Cases 5 and 6. For further increase of injecting
angle, i.e., in Cases 7 and 8 they are not significant. The
large primary clockwise recirculation is caused by the back-
ward facing step and the secondary small counter-clock-
wise recirculation close to injector is caused by the
primary recirculation and the suction of injection. The pri-
mary recirculation increases the boundary layer thickness
and the injection into a thick boundary layer causes greater
penetration resulting in higher mixing. Due to interaction
between main flow and side jet, the velocity of main flow
decreases and the air enters the upstream recirculation.
On the other hand, by diffusion and convection due to
injection, the injected hydrogen enters the recirculation
and mixes well with air. So upstream recirculations play
a vital role on mixing and consequently Cases 6 and 7 show
better mixing. In downstream there is no strong recircula-
tion in any case. Case 6 shows a very small recirculation
just downstream of the injector caused by the suction of
the injection and bending of the side jet. This recirculation
and convection due to injection cause better mixing in
Case 6.

Fig. 10(a)–(e) show the penetration and mass concentra-
tion of hydrogen in the flow field. In this figure u indicates
the contour level of hydrogen mole fraction. The value of
the minimum contour level is 0.05 and that of the maxi-
mum contour level is 1.0. The increment of adjacent higher
contour level is 0.05. It can be pointed out that the penetra-
tion and mixing of hydrogen in a numerical simulation can
occur by means of (i) turbulence and convection due to
recirculation, (ii) molecular diffusion, and (iii) numerical
diffusion. It can be pointed out that numerical diffusion
for mixing is an over prediction in such kind of investiga-
tion. Therefore, conducting a grid refinement study, Ali
et al. [9] showed that mixing by numerical diffusion was
not occurring in present flow field. The backward facing
step associated with upstream recirculation brings the
injected hydrogen up to the left boundary in all cases.
The hydrogen penetration height at different downstream
locations can be compared from Fig. 10(a)–(e). For exam-
ple, at 10 cm from left boundary the penetration height is
up to 2 cm in Case 4, whereas, it is 2.5 cm for Case 5 and
above 3 cm for Cases 6 and 7. The penetration height of
the hydrogen is higher in Cases 6 and 7 (above 3 cm) indi-
cating more uniform distribution of hydrogen and conse-
quently higher mixing efficiency. For all cases, i.e., Cases
4–8 the mole fraction contours of hydrogen are concen-
trated in a narrow region on the top of the injector, as
shown in Fig. 10(a)–(e), which might become a high heat
release zone in the reacting flowfield. The flame holding
requires longer residence time of flame which depends on
the geometric expansion of the recirculation zone. Also
the equivalence ratio of fuel and oxidizer in mixture is an
important factor for burning because among the mixtures,
the stoichiometric mixture strength is good for combustion.
Therefore, longer recirculation zone containing stoichiom-
etric mixture strength results in a longer residence time and
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Fig. 11. Mixing efficiency along the length of physical model (Cases 4–8).
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leads to a more stable flame. Accordingly Cases 6 (h = 90�)
and 7 (h = 120�) have good flame holding capability,
because they can produce larger and elongated upstream
recirculation where stoichiometric mixture area is larger.
Again in cases having h = 30� and 150� upstream region
contains lower mass concentration of hydrogen which is
not good for flame holding. In downstream hydrogen
distribution is seemed to be better in Cases 6 and 7 as
mentioned earlier because of higher expansion of side jet.

The performance of different cases is evaluated by calcu-
lating mixing efficiency. Fig. 11 shows that mixing effi-
ciency increases sharply at injector position caused by
high mass concentration of hydrogen. In general, the
increasing of mixing is moderate in upstream region and
in downstream it is very slow. Individually, Case 6
(h = 90�) and Case 7 (h = 120�) have the highest value of
mixing efficiency (28%) at injector position due to strong
upstream recirculation. In downstream the increasing rate
of mixing along the length of physical model for Case 6
(h = 90�) is higher than Case 7 (h = 120�), whereas, for
Case 8 (h = 150�) it remains almost constant which indi-
cates that very long combustor might increase the construc-
tion cost for Case 8 provided the other parameters are
identical. Among the cases considered in this investigation
two competing phenomena about the mixing can be
observed: (i) in upstream mixing is dominated by recircula-
tion and (ii) in downstream it is dominated by hydrogen
mass concentration. Due to larger recirculation in
upstream of injector hydrogen mixes well with oxygen in
Cases 6–8 indicating higher mixing efficiency. In down-
stream Cases 4 and 5 show higher increasing rate of mixing
due to higher mass concentration of hydrogen. However,
mixing efficiency increased by recirculation in Cases 6–8
can not be recovered in Cases 4 and 5 by increasing rate
of mixing efficiency dominated by hydrogen mass concen-
tration in downstream. Finally, we can see that Case 6
shows the maximum mixing efficiency (31.5%) at the right
end of calculation domain.

5. Conclusions

The present paper gives some information on mixing of
fuel with oxidizer and flame holding capability of the com-
bustion flow field due to variation of air stream angle and
injection angle. It is found that the air stream of smaller
angle shows higher mixing efficiency but has no recircula-
tion in upstream of injector, which is much important for
flame holding capability. On the other hand, higher angle
of air stream causes higher expansion of the side jet and
the upstream of injector is seemed to be stagnant. For
the variation of injection angle, two competing phenomena
were observed: (i) in upstream of injector mixing efficiency
was dominated by convection due to recirculation and (ii)
in downstream mixing efficiency was dominated by mass
concentration of hydrogen. Incorporating all the effects
the configuration of injection angle 90� has the maximum
mixing efficiency and its upstream recirculation region with
good proportion of hydrogen and oxygen might act as a
good flame holder in Scramjet combustor.
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