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)e air-breathing engines, commonly known as Supersonic Combustor Ramjet (SCRAMJET) engines, are one of the most
prominent technologies among researchers due to their high thrust-to-weight ratio. )e researchers are constantly making efforts
for improved performance of the combustor under the required boundary conditions. )e present working computational model
studies a hydrogen-fueled parallel cavity scramjet combustor to recognize the complex flow field characteristics and performance
of the combustor in Ansys 15.0. )e computational model developed is a replica of an experiment conducted in China which
slightly modified the boundary conditions. )e standard two-equation K-ε turbulence model and Reynolds averaged Navier
Stokes (RANS) equation with finite-rate/eddy dissipation species reaction model are used to simulate the problem.)e validation
of the present model is achieved by comparing the results with already available experimental data in conformity with the
literature.)e results of the simulations are in satisfactory accord with the experimental data and images. Furthermore, to achieve
the stated objective, different incoming Mach numbers, namely, 2.25, 2.52, and 2.75, are considered for a more clear under-
standing of variables that affects the characteristics of the flow field. )e temperature, Mach number, density pressure, and H2O
mass fraction contours were studied to facilitate proper understanding.)emaximum temperature rise observed is 2711.467K for
M� 2.25. Additionally, the performance parameters, namely, combustion and mixing efficiencies, are also studied.)emaximum
combustion and mixing efficiencies are 87.47% and 98.15% for M� 2.25 and 2.75, respectively.

1. Introduction

Supersonic combustion ramjet, also known as Scramjet
engines, is nowadays one of the prominent developing
technologies of the hypersonic industry. )e scramjets are a
development of ramjet engines where the combustion
process occurs at supersonic speeds, unlike ramjets where
the combustion occurs at subsonic speeds. In the 21st century
era, the desire for reusable launch vehicles in many space
programs has been seen. )e scramjets have the potential to
sustain at hypersonic speed with a proper carrier vehicle to
take it to hypersonic speed. In several space programs, such
as the X51A, which was successfully tested by NASA, the
flight lasted for 200 secs at incomingMach 5 [1, 2]. Similarly,
the Indian Space Research Organization (ISRO) assessed a

scramjet engine in the year 2016. )e flight lasted for 5 secs
for Mach 6 [3–5].

)e scramjet engines use the physics of any jet pro-
pulsion engine, namely Turbojets, Ramjets, Scramjet, etc. Jet
propulsion works at high velocities. )ese engines exhaust
hot gases resulting from the combustion and create the
required thrust to move forward at high velocities. )e
turbojet engines consist of a compressor, combustor, tur-
bine, and nozzle. Additionally, turbofan engines have a fan
that sucks the air that is to be compressed. However, modern
jet engines such as pulsejet, ramjet, and Scramjet do not have
a compressor and turbine [3]. )e ramjet engine uses a high
forward motion speed to compress the air. But, the efficiency
starts to lower when it reaches hypersonic velocities. )e
scramjet engine is a modification of the ramjet engines with
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the motive to improve its performance at high velocities.)e
Scramjet engines, unlike any other jet engines, have simple
geometry without any moving parts. It allows the air to enter
the inlet at supersonic speed. Since it has no moving parts, it
uses the atmospheric oxygen for the combustion to occur at
supersonic conditions [6–8]. One of the prime challenges in
supersonic technology is the proper designing of the
combustion chamber, which is the most crucial part of the
engine [4–6]. )e combustion process is concluded within
milliseconds due to its supersonic velocity. It is also seen that
there is inadequate burning of fuel and air. Additionally,
very little time is available for atomization, ignition, and
vaporization, and improper combustion occurs, which
causes wastage of fuel. )e complexities of the supersonic
combustor result in intense unsteadiness in the combustor
[7]. )e process of combustion is initiated by the formation
of the subsonic regions that originated from the holders. )e
subsonic regions result in the propagation of acoustic waves
that infect the mixing process [8–10]. )ese pressure waves
induce instabilities in the combustion process. )e rise in
pressure in the combustor induces the formation of a shock
train. Due to which there is a change in the reacting con-
ditions. To overcome the unsteadiness, acoustic vibration
modes can be implemented in the combustor.

1.1. Challenges in the Design of Scramjet Engines. To address
this challenge, proper designing of the combustion
chamber by implementing an appropriate fuel injection/
flame holding approach into the combustor is necessary.
Inside the scramjet combustor, the introduction of dif-
ferent flame holding mechanisms and different ignition
mechanisms has been investigated by researchers in terms
of various fuel injection mechanisms and different cavity
and strut-based flame holders [11–13] are found in the
literature. )e performance of the scramjet engines is
substantially affected by the flame holder and fuel injection
location. In the literature, many studies have been found
that dictate the enhancement of performance of the
Scramjet combustor with different flame holders and fuel
injection mechanisms. Some of the studies are discussed in
this paper.

Tian et al. [14] investigated the effect of injector position
and ER on a hydrogen-fueled scramjet combustor with
incoming Mach number 2.0 experimentally. From the ex-
perimental results, it was identified that for ER-1.0, back
pressure was developed (due to combustion), which did not
spread to the isolator. However, the backpressure was ob-
served to spread to the isolator for ER-3.0. Also, regarding
the injector location, it was seen that fuel-injected upstream
burnt efficiently than the downstream injectors.

Wang et al. [15] experimented with a cavity flame holder
scramjet combustor with the motive to understand the
behavior of combustion. )e flame appeared to move into
the mainstream, provided the favorable conditions were
available for the spreading. It was observed that the com-
bustion started to spread from the shear layer. Hence, the
appearance of cavity stabilized mode around the cavity is the
appropriate process for heat release.

Liu et al. [16] investigated the cavity holding mechanism
for Mach 4.5 on an optical axisymmetrical scramjet com-
bustor. It was established that for different ER namely 0.65,
1.10, and 1.55, the cavity acted as a flame holder for the
combustor. Also, it was seen that above the cavity, the flame
resided at the shear layer. )e contours of Mach number
show heat addition near the walls that help in achieving
flame stabilization.

Huang and Yan [17] discussed the ram to scram
mechanism on a strut-based combustor by varying the inlet
boundary condition.)e results of the numerical simulation
show that the transition of ram to scram is influenced by the
inlet boundary condition and pressure ratio. At location
x� 25mm, (leading edge of the strut), the first thermal
choking and the subsonic region appear. )e combustor
operates at ramjet mode at a low Mach number, and the
scramjet model appears for high Mach numbers.

Gerlinger and Bruggemann [18] investigated the dif-
ferent injector geometries to understand the mixing per-
formance on planer supersonic jets. )e results of the study
show the generation of strong shock waves due to the strut
geometry in the combustor. Additionally, it was also
identified that the lip height increases with an increase in the
mixing layer thickness, but it does have a significant impact
on the mixing efficiency. )e compressibility effects are seen
on the combustor due to the decay of the normal velocity.

Berglund and Fureby [19] developed a 3D model of the
scramjet combustor to understand the combustion perfor-
mance. )e results show that the LES model show precisely
predicts the flow field variation in the reacting and non-
reacting flow. )us, the LES model provides more precise
results in a 3D model than any other turbulence model.

Kumaran and Babu [20] developed a 3D scramjet model
to understand the impact of chemistry modeling on the
performance of the combustor. In the study, high fuel
consumption and high heat release were observed in the
multistep chemistry kinematics. Due to high heat release, the
combustion efficiency was found high. Also, the staged
injection yielded performance in terms of fuel injection
schemes.

Another challenge is the proper selection of injection
fuel. Hydrocarbon fuels such as hydrogen, kerosene,
methane, ethylene, etc., have immense potential in the future
of Scramjet technology [21–23]. Among the stated hydro-
carbon fuels, hydrogen fuel is the most favorable fuel for
supersonic condition combustion due to certain charac-
teristics such as high energy density and eco-friendly
[13, 24, 25]. It also has combustion-friendly characteristics as
it burns more rapidly, has a lower molecular weight, low
ignition delay [26–28], and a high tendency for flame sta-
bility which is beneficial for efficient mixing that enhances
the process of combustion.

Designing of a dual-mode scramjet combustor was done
to interpret the combustion characteristics for flight and
entrance Mach 4.3–5.4, respectively, in an experiment by
Micka and Driscoll [29]. In the experiment, pure hydrogen
and a blend of hydrogen and ethylene were used as fuel. )e
results indicate the presence of two combustion stabilization
locations upstream for the model to be in ramjet mode.
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Milligan [30] attempted to understand the impact of
different scramjet combustor configurations on the per-
formance of the combustor. )e scramjet combustors used
in the study are namely tapered without step and back
stepped combustor for flight Mach 3.0. )e results of the
study reveal that the tapered combustor showed better
performance. But the backstepped strut reaches the stoi-
chiometric fuel-air ratio.

Li et al. [31] studied the fuel distribution characteristics
on kerosene-fueled scramjet combustor with a dual cavity to
interpret the effect of ignition pressure for flight and en-
trance Mach numbers 5.5 and 2.5, respectively. )e for-
mation of the shear layer plays an important role in fuel
distribution and engagement. On a further study on the
ignition pressure, it was found that the ignition pressure
rises with an increase in penetration height. Also, the
pressure required in fuel engagement at the cavities increases
with the increase in the mass flux of the fuel.

Manna et al. [32] computationally studied the different
fuel injection methods to understand their impact on the
combustor performance. )e simulations were carried out
using the eddy dissipation model with Lagrangian Particle
tracking model (LPTM) methods. )e computational sim-
ulation results show the presence of minute amount of
kerosene and oxygen at the exit plane and combustor walls.
)e combustor with modified strut location showed more
thrust and combustion efficiency in the case of reacting flow.

Zhong et al. [33] used ethylene as fuel to describe the
scramjet combustor with parallel cavities experimentally. On
studying the contours, the appearance of two bundles of
asymmetric flames near the cavity was observed. Also, it was
identified in the scramjet. Furthermore, at the shear layer
and the recirculation zone, the stabilized flame was observed.
However, high heat release was seen due to the formation of
a recirculation zone in the ramjet mode. )us performance
in the ramjet model can be improved by increasing the rate
of heat release.

Shi et al. [34] studied the mechanism of flame holding for
kerosene-fueled cavity-based scramjet combustor both ex-
perimentally and computationally. )e tandem cavity flame
holder configuration achieves stabilized flame, unlike a single
cavity. For L/D� 9, the tandem cavity exhibits high com-
bustion and mixing efficiency. )us the tandem cavity flame
holder shows better performance than the single cavity.

From the stated literature above, it can be spotted out
that ample work on the use of strut and cavity in the scramjet
combustor to improve the combustor performance has al-
ready been discussed. However, the effect on the complex
flow field of the combustor for different incoming air stream
Mach numbers has barely been discussed. )e objective of
the work is to understand the effect of incoming Mach
number on the complex flow field characteristics on hy-
drogen-fueled parallel cavities scramjet combustor using the
standard K-ε model turbulence model. Furthermore, the
effect on the performance of the combustor is evaluated in
terms of combustion and mixing efficiencies. )e numerical
model modeled in Ansys Fluent is validated with two earlier
feasible experimental studies, which are in conformity with
the literature.

2. Formulation of the Geometry

)e mixing performance of the fuel and air in the scramjet
combustor is greatly influenced by the shear layer formation.
Implementation of cavity flame holders in the combustor is
one of the proven techniques to produce a shear mixing layer
in the combustor. In this paper, the computational model
bears parallel cavities with the motive to create a shear layer
that improves the mixing performance of the combustor.
)e computational geometry is developed in Ansys Fluent
15.0 [35], and the dimensions are taken from an experiment
conducted by Yang et al. [36–39] at the National University
of Defence, China. In the experiment, a nozzle of Mach 2.52
is used to connect the isolator to the combustor. )e
combustor was designed with parallel cavities placed at a
distance of 40mm with a cavity depth of 8mm and an aft
wall angle of 45°. Hydrogen fuel is injected through injectors
at sonic speed with a jet diameter of 2mm. )e detailed
dimensions in 2D and isometric view of the geometry are
given in Figures 1(a) and 1(b).

A 2-dimensional model is selected based on a low
percentage of uncertainty and to reduce the computational
time. )e computational domain for the simulation is of
length 300mm and width of 40mm. Since the geometry is
symmetrical, only the upper wall geometry is designed. )e
meshing operation for the geometry is generated with the
ICEM-CFD. Structuredmeshing operating is selected for the
geometry as it provides better control over the interior
nodes. In the current model, the structured mesh is created
near the injectors and near the walls for rigid prediction of
the generation of shock waves and enhanced mixing.
Eventually, structured meshes with 717900 elements (in-
cluding the mirror images) are selected as the final mesh for
the further stimulations of the 2D geometry, as shown in
Figure 2.

3. Numerical and Combustion Modeling

3.1. Numerical Modeling. )e flow governing equations
plays an important role in the understanding of the internal
flow characteristics of the combustor. )e combustion
phenomenon inside the combustor for reacting flow
problems is greatly affected by the flow variables. )e flow
inside the scramjet combustor is complex and turbulent.
)us, the governing equations selected are defined as tur-
bulent and compressible flow equations. A 2D computa-
tional design of the combustor is modeled to perform all the
simulations using Ansys Fluent 15.0 code. )e governing
equations are defined as Reynolds Averaged Navier-Stokes
equations (RANS) to understand the combustion conduct
for a spectrum of operating conditions and geometries. )e
RANS helps in precisely determining the position of the
shock waves and understanding their characteristics. )e
flow governing equations and the species governing equa-
tion are discussed in the following [40–43]. )e computa-
tional model is estimated with the help of a density-based
solver with a standard K- ε model is used. )e mixing re-
action for hydrogen with air is addressed by using finite-rate/
eddy dissipation (volumetric reaction) with density taken as
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an ideal gas. )e use of finite-rate dissipation evades the
Arrhenius calculations and also reduces the computational
time and cost. An implicit second-order unwinding scheme
is used for spatial discretization.

For any kind of compressible and steady-state flow,
continuity, momentum, and energy equations are discussed.

Continuity equation:

zρ
zt

+
z

zxi

ρui(  � 0 , where i � 1, 2, 3. (1)

Momentum equation:
z

zt
ρui(  +

z

zxi

ρuiuj  � −
zP

zxi

+
z

zxi

τi,j , where i, j � 1, 2, 3.

(2)

Energy equation:
z
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(ρH) +

z

zxi

ρujH  �
z

zxi

τijui − qi , where i, j � 1, 2, 3,

(3)

where qi � heat flux vector qi due to conduction and con-
vection. Also,

qi � −λ
zT

zxi

+ ρΣk−1hkYkuj,k. (4)

)e diffusion velocities uj,k are calculated using Fick’s
law:

Ykuj,k � −Dk,m

z

zxi

Yk. (5)

)e stress tensor can be estimated from the Boussinesq
hypothesis, which gives a relationship between Reynolds
stresses and mean strain tensor, which can be given as
follows:

τij � μl + μt( 
zui

zxj

+
zuj

zxi

−
2
3
δij

zuk

zxk

  −
2
3
ρKδij, (6)

where total viscosity, μ � μl + μt, where l and t represent
laminar and turbulent.

With the help of Sutherland law,

μl � μref
T

Tref
 

3/2
Tref + S

T + S
 , (7)

where T� temperature of μref and Tref and S are known
constants.

)e conduct of the species in the reaction is studied with
the species transport conservation governing equation
which is discussed in the following.

Species conservation governing equation:

z
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Figure 1: (a) Schematic diagram of the scramjet combustor (Yang et al. [36–38]). (b) Isometric view of the combustor.

Figure 2: Generation of the final mesh for the parallel cavity scramjet combustor.
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where ρ� density; ui � velocity components; Yi �mass
fraction of chemical species; and wi � chemical source term
of species i.

)e introduction of turbulence in the compressible flow
equation leads to the induction of two equations, as dis-
cussed in the following.

Turbulent kinetic energy (K):

z
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Turbulent dissipation rate (ϵ):
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Turbulent shear stress: τik � μt ((zui/zxk) + (zuk/zxi)).
)e coefficients used in abovementioned equations are

stated in Table 1.

3.2. Combustion Modeling. To analyze the combustion
process, the paper uses a species transport equation along
with a finite-rate/eddy dissipation reaction equation is used.
)e combustion modeling utilizes the commonly used
single-step kinematic model [44]. )is paper deals in un-
derstanding the flow field characteristics and performance
for different incoming Mach numbers; the single-step ki-
nematic model has been proven to have fewer complications
and show results in less computational time. )e combus-
tion reaction involved is given in the following:

2H2 + O2⟶ 2H2O, (11)

4. Boundary Conditions

)e defining of proper boundary conditions is an important
step to achieve accuracy in any numerical simulation
problem. In this paper, vitiated air enters the combustion
chamber at 1486K total temperature and pressure of
1.6MPa. Dirichlet boundary conditions are applied to the
inlet of the vitiated air and fuel injection. For the wall, no-
slip boundary conditions with zero heat flux are considered.
)e outflow boundary is allotted as a pressure outlet con-
dition. )e details of the values employed in the simulations
are given in Table 2. Mostly, supersonic flow characteristics
are obtained in the flow field. )erefore, for obtaining
stability in the residuals, Courant–Friedrichs–Lewy’s
number is defined as 0.5.

Assumptions are given as follows:

(1) Steady-state compressible flow is considered in this
paper

(2) )e 2-dimensional analysis is considered to save
computational time

(3) )e turbulence in the flow field is address by using
the standard 2-equation K-ε model

(4) Ideal gas laws are assumed

5. Validation and Grid Independence Study

5.1. Validation. For numerical simulation problems, vali-
dation and grid independence study are very important
aspects of the study. )e selection of the appropriate
computational model for better accuracy and reliability of
the computational results for a certain application is very
necessary. )erefore, a comparison of the experimental and
simulation results and close visualization of the obtained
results justify the reliability of the selected computational
code. In this paper, the Ansys Fluent 15.0 is selected as the
computational software to carry out the simulations. )e
present research work is validated from two different ex-
perimental scramjet configurations.

Firstly, the results of the present simulations are com-
pared with the combined experimental and numerical work
operated by Yang et al. [37, 39]. )e experiments were
conducted at the National University of Defence Technol-
ogy. )e setup consists of a combustor inlet.

Connected through a nozzle havingM� 2.52, the parallel
cavity configuration was achieved by installing the same
cavity on both walls having a cavity depth of 8mm. )e
qualitative affirmation of the simulated results was done by
comparing the results with the Schlieren and flame lumi-
nosity images of the experiment, as shown in Figure 3(a).
Furthermore, the computational static pressure distribution
along the top wall of the combustor was compared with the
experimental and numerical results obtained from the ex-
periment. )e static pressure distribution along the upper
wall is shown in Figure 3(b).)e computational results show
a satisfactory level of agreement on comparing it with the
numerical and experimental results obtained from the ex-
periment. However, a slight deviation was observed in
predicting the shock waves behavior due to computation
error.)e first two points of the upper cavity wall displayed a
pressure of around 180KPa, and the remaining points
displayed a pressure of around 170KPa, which are rather
underestimated by computational results. )e pressure
contour indicates that the recirculation region exhibits
maximum pressure due to the continuous combustion
phenomenon.

)e other validation is carried out with the DLR scramjet
combustor experimentally tested by Waidmann et al. [45] at
the German Aerospace Laboratory and the simulations of the
complex flow field were carried by Oevermann [46] as shown
in Figure 4. )e combustor consists of a triangular strut from
where the hydrogen fuel was injected. )e cross-stream

Table 1: K-ε coefficients used in the simulation.

Coefficients Ce1
Ce2

Cμ σk σϵ
Values 1.44 1.92 0.09 1.0 1.3

Mathematical Problems in Engineering 5



velocity profiles at x� 125mm and 207mm are presented in
Figures 5(a) and 5(b); the experimental and computational
results are in good accord with each other. However, at

streamwise location x� 207mm downstream, the fuel jet
(hydrogen), due to longer acceleration, achieves higher inner
velocity than the adjacent upper and lower air stream

Table 2: Boundary conditions used in the simulations.

S. no. Variables Air Hydrogen fuel
1 Mach number M 2.25; 2.52; 2.75 1
2 Total pressure Po (KPa) 1600 630
3 Total temperature To (K) 1486 300
4 Turbulent kinetic energy K (m2/s2) 10 2400
5 Turbulent dissipation rate (m2/s3) 650 1e+ 8
Concentration of species
6 Hydrogen mass fraction YH2

0 1
7 Oxygen mass fraction YO2

0.2338 0
8 Nitrogen mass fraction YN2

0.704 0
9 Water mass fraction YH2O 0.0622 0
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Figure 3: (a) Comparisons of the Schlieren images and flame luminosity images with the density and temperature contours obtained from
the simulations. (b) Static wall distribution along the upper wall of the cavities and comparing the experimental and simulation work with
the present simulations.
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velocities which results in a disparity between the experi-
mental and computational results. )e qualitative validation
of the simulation results is done by comparing the shadow
images and the density and pressure contours obtained from

Oevermann [46] simulation, as shown in Figures 5(c)–5(e).
)e flow characteristics and generation of shock waves of the
scramjet combustor for both configurations are in good
agreement with the experimental results.
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Figure 5: Comparison of the experimental and simulation velocity profiles at streamwise locations (a) 125mm and (b) 207mm.
Comparison of the experimental (c) shadow image with the contours of the (d) density and (e) pressure.
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5.2.Grid IndependenceStudy. )e computational simulation
is greatly affected by meshing; the grid independence study
helps to identify the appropriate grid size for the current
simulation to get optimum results. In this paper, three
different grids are considered, namely coarse (130023 ele-
ments), moderate (458535 elements), and fine grid (717900
elements).

)e fine grid was refined by introducing an inflation
layer near the walls. )e higher the grid size, the higher the
computational time. )e grid independence study is
achieved by plotting the static pressure distribution of the
upper wall along the length for all three grids. Figure 6 shows
that there were very minute changes in the wall static
pressure on comparing among the three grids. However, it is
seen from Figure 6 that the numerical simulation pressure is
underestimated at certain points, but overall satisfactory
variation is observed. Furthermore, the solution tends not to
change after 717900 elements.

6. Results and Discussion

)e mixing behavior of the fuel-air mixture and the ve-
locities of both fuel and air are in close association while
studying the characteristics of combustion. )e most es-
sential conditions for efficient combustion are appropriate
burning of fuel and air and complete disassociation of fuel
into the air stream. )e combustion phenomenon is said to
be started when the hydrogen molecules start disassociating
to the oxygen molecules to complete the chemical kine-
matics. At this point, heat release is observed. In the scramjet
combustion phenomenon, the most crucial challenge is
achieving a stable flame. Implementation of flame holder
mechanisms in the combustor helps in generates low eddies,
which helps in flame stability. In this research paper, a two-
dimensional scramjet combustor with parallel cavities is
modeled and investigated computationally using Ansys
FLUENT15.0.)e prime focus of the computational study is
to flow field behavior of the blend in the combustor for
different Mach numbers. Furthermore, we seek to under-
stand the physics behind the formation of shock waves and
the importance of the formation of recirculation regions. To
understand the behavior of shock waves and their effects on
various variables, different inlet air stream Mach numbers
are employed, such as 2.25, 2.52, and 2.75. A section on the
performance parameters is also presented for a more precise
understanding of the variables.

6.1. Characteristics of the Flow Field. As stated earlier, the
supersonic combustor flow field is complex and has very
little time available for the mixing of fuel and air. It is very
necessary to understand the different properties that in-
fluence the performance of the combustor, such as the
formation of the shear layer and recirculation region, in-
teraction of shock waves, formation of reattachment shock
waves, etc. )e air-breathing engines work on the Brayton
cycle, but these engines do not have any moving parts. For
completion of this thermodynamic cycle, the properties are
solely responsible for creating the necessary environment

inside the combustor. Another property that influences the
combustion process in a scramjet is the efficient disassoci-
ation among the species. In the section below, the influence
of different variables on the combustion characteristics are
stated.

6.1.1. Behavior of Shock Waves. )e shock waves are strong
pressure waves that are produced due to evident distur-
bances in a medium that propagates faster than the speed of
sound. In scramjet combustion, the formation of shock
waves inside the combustor is an important episode, as it
compresses the incoming air causing the pressure and
temperature to rise. In this paper, three different incoming
Mach numbers are considered to understand the behavior of
shock waves. For a proper understanding of the behavior of
shock waves, a nomenclature of shock waves behavior is
shown in Figure 7. When the incoming air comes in contact
with the initial injection of fuel, oblique shock waves are
formed.)is shock wave formation helps in the compression
of the fuel. Another shock wave is initiated from the leading
of the cavities, which is a bow shock wave.)is causes shock-
shock waves interaction, which pushes the fuel-air blend into
the parallel cavities. Recirculation regions are regions of high
pressure. )e region is formed when the fuel is first injected
and blends with the incoming air. High-pressure vortices are
created that are observed to be cornered at the parallel
cavities. )e recirculation region plays an important role in
fuel-air mixing. )e formation of a shear layer is observed
after fuel injection that causes the presence of a subsonic
region in the combustor, which is helpful in combustion
sustainment and flame holding. At this point, shock-shear
layer interaction is observed. )e interaction of bow and
oblique shock waves and reattachment shock waves are
observed downstream, which results in high-pressure peaks.
A comparison study is presented among all Mach numbers
through Mach number, and density contours are shown in
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Figures 8(a) and 8(b), respectively. In all the cases, the clear
formation of shock waves is observed. It is observed that the
first shock waves formed when the incoming air comes in
contact with the fuel. )e clear change in the behavior of the
recirculation region and change in shear layer activities in all
the cases are seen in the Mach number contours. )e
contours of the Mach number indicate the Mach number of
the incoming air is initially constant before encountering the
fuel. )e formation of the recirculation region in the parallel
cavities represents the proper mixing of fuel and air.
However, the recirculation region tends to move down-
stream with an increase in Mach number. It is to be noted
that for M� 2.25 and 2.52, stronger combustion is observed
as compared to M� 2.75. )e density contours for all the
Mach numbers show the angle between the bow shock
formed after fuel injection and the trailing edge of the
cavities are decreasing with the increase in the incoming
Mach number. )is reason explains the behavior of the
recirculation regions moving downstream with an increase
in incoming Mach number.

6.1.2. Effect of Mach Number on Temperature. )e present
computational work is based on different Mach numbers
such as 2.25, 2.52, and 2.75. )e temperature contours are a
parameter to check the efficiency of the combustion process.
)e interpretation for efficient combustion is that the oc-
currence of a greater amount of oxidation of fuel increases
the static pressure. )e static temperature contours for all
the cases are shown in Figure 9(a). )e contours reveal that
the temperature distribution concentration along the
combustor walls is developed far downstream towards the
end of the combustor, which is not very accurate. For all the
Mach numbers, the process of combustion is started after the
first injection of hydrogen fuel and the combustion is
contained in between the cavities of the combustor. How-
ever, a slight spreading of combustion is observed down-
stream in all the cases. For M-2.52 and 2.75, the
concentration of temperature distribution along the wall is
developed towards the end of the combustion. However, for
M-2.25, the concentration of temperature is observed to be
spread downstream the cavities which are not ideal for better
performance.

Furthermore, at M� 2.25, stronger bow shock waves
interaction is observed at the combustor. )e bow shock
interactions are observed to be weakened with an increase in
Mach numbers. )erefore, the combustion tends to spread

downstream for M� 2.52 and 2.75. It is seen observed from
the contours that the temperature value increases with an
increase in Mach number, but after a certain point, it tends
to decrease. )e highest temperature of 2711.467 K was
observed for M� 2.25 as compared to the remaining Mach
numbers.

6.1.3. Effect of Mach Number on Pressure. )e pressure
contours follow the density contours very closely. )e
contours indicate the generation of shock waves and the
mixing of fuel and air. )e static pressure contours of the
combustor are shown in Figure 9(b). )e contours show a
sudden rise in pressure after injection of fuel irrespective of
Mach number. )e generation of bow shock leads to an
increase in the pressure which is due to the transverse fuel
injection technique. )is results in air compression, which
leads to high-pressure creation. )e shock waves interaction
generates regions of high pressure at the center of the
combustor. )e high-pressure region results in the creation
of immense gradients of pressure that knocks the fuel to-
wards the wall of the combustor. Towards the downstream of
the combustor, reattachment shock waves and their inter-
action with the bow and initial shock waves are visible in the
contours. Figure 9(c) gives a hint of the explanation.

6.1.4. Effect of Mach Number on H2O Mass Fraction. )e
variation mass fraction contours of H2O are represented in
Figure 10 for all Mach numbers. )ese contours show very
closely with the temperature contours. From close obser-
vation of the contours, it is seen that the process of com-
bustion has been started with the injection of the fuel. )e
presence of high concentrations of H2O is seen at the cavities
and starts to fade downstream for all incoming Mach
numbers. )e high presence concentration of H2O repre-
sents that the combustion is taking place. Also, H2O is the
only product obtained from the single-step combustion
reaction. From the contours, it is observed that the H2
penetration is seen to be maximum at the central portion of
the combustor irrespective of the Mach numbers. )e flow
gains its acceleration towards the end of the parallel cavities
for M-2.52 and 2.75. )e maximum penetration H2 into the
airstream was observed for M-2.52 and 2.75, respectively.
Meanwhile, for M-2.25, the fuel penetration was observed
less after the injection of the fuel. )e mass fraction con-
centration of H2O was initially the same at the entry of the
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Figure 7: Mach number contour showing the nomenclature of the shock waves and their interactions.
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combustion and tended to increase in the lateral direction
for any cross-sectional area if taken. )is provides a clear
indication that the combustion efficiency is also increasing
along the length of the combustor.

6.2. Performance Parameters. In the previous section, flow
field characteristics were discussed along with their effects
on various parameters that influence the combustion pro-
cess. )e estimation of the characteristics of any system is

not complete without the overall performance parameters.
)e performance parameters considered in the study are
stated in the section below.

6.2.1. Combustion Efficiency. In this paper, combustion
efficiency is one of the parameters selected for the estimation
of the combustion process. )e combustion efficiency as
described by [47] is defined as follows:
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ηc(x) �
_mH2,jet −  A(x)ρYH2UdA

_mH2,jet

� 1 −
 A(x)ρYH2UdA

_mH2,jet

� 1 −
_mH2,x

_mH2,jet

,

(12)

where ηc(x) is the combustion efficiency, _mH2, x is the mass
flow of hydrogen fuel at the selected cross-section, _mH2, jet is
the mass flow rate of injected hydrogen fuel, A(x) is the
cross-sectional area at different locations x, and ρ, YH2,U are
density, mass fraction of hydrogen, and velocity, respec-
tively. Figure 11 shows the combustion efficiency plot for the
different incoming Mach numbers. It has been identified
from the graph that for all the Mach numbers, there was a
steep increase in combustion efficiency somewhere near the
parallel cavities. However, the combustion efficiency seemed
to be uniform with minute variation downstream due to the
absence of recirculation region and lower heat release. )e
maximum combustion efficiency is 87.74% for M� 2.25.

6.2.2. Mixing Efficiency. )e proper mixing of the species in
a combustion reaction is very essential for obtaining the
desirable heat release. In this paper, ϕ � 1 is used for
evaluating the mixing of fuel and air. )e presence of a high
equivalence ratio (ϕ �1) is highly affected by the mixing of
fuel and air. Mixing efficiency is defined as the ratio of the
hydrogen mass flux that is to be burnt to the total mass flux
of hydrogen injected as described by [48] stated as follows:

ηmix �


A
αρuYH2dA


A
ρuYH2dA

�


A
αρuYH2dA

_mH2, x

; α �

1
ϕ

ϕ > 1

1 ϕ< 1

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

,

(13)

where ϕ is the equivalence ratio.
)e mixing efficiency shows the expected fuel burnt

under stoichiometric conditions along the combustor
length. Figure 11 shows the mixing efficiency for all three
Mach numbers after the fuel injection. In the plot, after the
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Figure 10: Contour plot of H2O mass fraction at different incoming Mach numbers.
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fuel injection mixing efficiency increase monotonously due
to the rapid mixing of the fuel in the air stream for all three
Mach numbers. Furthermore, downstream parallel cavities,
there is again an increase in mixing efficiency, which in-
creases a maximum of about 98% for M-2.75. However, for
M-2.25 and 2.52, the mixing efficiency downstream the
cavities reach around 90% and 95% for Mach 2.25 and 2.52,
respectively. On moving towards the downstream of the
combustor, the mixing efficiency is observed to be stable,
showing mixing efficiency of around 90–100%, which is a
considerable condition for enhancing the engine perfor-
mance. It is visible from the plot that the maximum mixing
efficiency was obtained forM� 2.75. Due to the geometry of
the combustor, 100% mixing of the fuel and air was not
achieved. However, 98.15% mixing efficiency is achieved for
M� 2.75.

7. Conclusions

)e paper investigates the flow field characteristics and
performance parameters for Mach 2.25, 2.52, and 3.0 for a
parallel cavity scramjet combustor computationally using
Ansys Fluent 15.0. )e effect of Mach numbers on various
parameters was also studied. All the simulations are carried
out for two-dimensional compressible RANS equations. )e
results are accorded in the form of pressure, temperature,
H2O mass fractions, mixing efficiency, and combustion
efficiency for the three incoming Mach numbers. )e fol-
lowing conclusion was drawn from the findings:

(i) It was observed from the validations that the models
exhibit fairly in predicting the experimental results,
taking into consideration the computational time
and error. )e wall static pressure variation along
the length shows acceptable outcomes with the
experimental results. Also, the cross-stream velocity
profile of the DLR scramjet combustion at
x� 125mm and 207mm locations shows suitable
agreement with the experimental results. Further-
more, both validations, on comparing the schlieren
images and simulation images, showed good
agreement with each other.

(ii) )e contours of the temperature for different Mach
numbers clearly show the formation of high-tem-
perature regions near the walls. )e interaction of
bow shock waves is observed stronger for M� 2.25
and gets weak as the Mach number increases. At
M� 2.25, the highest temperature of 2711K was
observed.

(iii) )e pressure contour shows similar variations with
the density contours. For all the Mach numbers, the
pressure contours clearly show a rise in pressure
after injection of the fuel. It can also be seen from
the contours that the high-pressure region is formed
at the center of the combustor reason being shock-
shock wave interaction. )e highest pressure rise of
833159.6 Pa was observed for M� 2.52

(iv) )e effect of Mach number on the H2O mass
fractions shows that the combustion process was
initiated with the first injection of the hydrogen fuel.
A consistent combustion process was observed for
all Mach numbers. )e contours show the presence
of high concentrations of H2O.

(v) )e maximum combustion and mixing efficiency
was observed for M-2.25 (87.47%) and M� 2.75
(98.15%), respectively.

8. Future Scope

(i) )e development of 3-dimensional models for a
more detailed study of geometry can be taken into
consideration.

(ii) )e development of a 3D model also paves the way
to use LES modeling. However, the LES modeling
on this model has already been discussed in the
literature. However, the LES modeling can be used
to discover other aspects of the same model.

(iii) An in-depth study on the formation of boundary
and separation inside the flow field of the combustor
has enough scope for future research.
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