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Abstract: Angular injection of hydrogen fuel in a scramjet combustor is explored numerically.
Three-dimensional Navier–Stokes equations with turbulence and combustion models are solved
using commercial computational fluid dynamics software. Both infinitely fast kinetics and single-
step finite rate H2–air kinetics are used to find out the effect of chemical kinetics in the thermo-
chemical behaviour of the flow field. Grid independence of the results is demonstrated and
grid convergence index-based error estimate provided. k-! turbulence model performs better,
in comparison to k–e and shear stress transport models, in predicting the surface pressure. Single-
step finite rate chemistry (SSC) performs extremely well in predicting the flow features in the
combustor. Computed temperature and species mole fraction and wall pressure distributions
with SSC match better with the experimental results compared to fast chemistry calculation and
detailed chemistry calculation of other workers. It has been observed that simple chemistry can
describe H2–air reaction in scramjet combustor reasonably well.
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1 INTRODUCTION

Sustained flight at hypersonic speed in the

atmosphere remains the largest unexplored region

of the possible flight envelope. Development of air-

breathing hypersonic technology has been the sub-

ject of renewed interest since the 1980s because of

tremendous military and commercial opportunities.

The success of efficient design of such a transatmo-

spheric hypersonic vehicle depends largely on the

proper choice of the propulsion system which is

capable of producing large thrust to overcome the

drag experienced by the vehicle. These type of vehi-

cles, according to current proposals, use supersonic

combustion Ramjet (scramjet) propulsion system.

The development of efficient scramjet engine

requires a detailed understanding of the complex

mixing and combustion process inside the combus-

tor. The flowfield inside the scramjet combustor is

fully three-dimensional with strong shock boundary

layer interaction. The diffusive mode of combustion

in which energy is added gradually is preferred over

the premixed mode in the scramjet combustor to min-

imize the intake–combustor interaction. The flowfield

inside the combustor is very complex where fluid

dynamics and chemistry interact very strongly.

Starting from pioneering work of Ferri [1],

enormous amount of flow investigations have been

performed in various countries on different aspects of

scramjet flow field including ignition, flame holding,

fuel injection, and intake combustor interaction. Both

hydrogen and kerosene fuel have been considered.

Although hydrogen has significant features in terms

of ignition and specific impulse, high specific density

and handling issues have rendered hydrocarbon as

an attracted fuel for volume-limited application in

the lower range (M< 8) of scramjet-operating enve-

lope. In a recent review, Curran [2] has identified

two emerging scramjet applications namely (1)
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hydrogen-fuelled engine to access space and (2)

hydrocarbon-fuelled engines for air-launched mis-

siles. Considerable efforts have been focused on dif-

ferent injection schemes like cavity, strut, and pylon

for different geometrical configurations and flow

conditions in the past two decades. Selected methods

that have been used to enhance the mixing process in

the scramjet engines are summarized and reported in

reference [3].

With the advent of powerful computer, robust

numerical algorithm, computational fluid dynamics

(CFD) complements ‘difficult to perform’ experi-

ment and plays a very major role in the develop-

ment of scramjet combustor through analysis of

various thermochemical parameters obtained from

the numerical simulation. Supersonic combustion

with hydrogen fuel has been studied extensively

both experimentally [4–7] and numerically [8–13]

in the literature. These studies mostly measure

and compare the wall properties (surface pressure

and heat flux) and exit profiles for various flow

parameters. Detailed diagnostics of flow distribu-

tion, namely temperature and species mass fraction

across a cross-section inside the combustor, is very

limited. Recently, to validate CFD data, a scramjet

model known as SCHOLAR has been tested at

NASA Langley’s Direct Connect Supersonic Test

facilities [14, 15]. Hydrogen fuel is injected at 30�

angle to Mach 2 airstreams with 1200 K temperature

in a divergent duct. Detailed measurement of tem-

peratures at various cross-sections using coherent

anti-Stokes Raman spectroscopy (CARS) thermom-

eter and wall pressures are used to understand the

progress of mixing and reaction in the combustor.

The notable features of the experiments are: (1)

flow field contains relevant features of high-speed

engine flow path such as supersonic mixing and

combustion with embedded regions of subsonic

and recirculating flow, (2) geometry is simple so

that proper interpretation of data is possible, (3)

experiments have well-defined and well-controlled

inflow and boundary conditions and well-quanti-

fied uncertainties, and (4) adequate measurements

of surface pressure, surface temperature, species

concentration, and temperatures at various cross-

sectional planes enable detail comparisons of flow

variables.

The SCHOLAR experiment has been simulated

extensively using NASA Langley’s VULCAN CFD

code [16]. VULCAN (viscous upwind algorithm for

complex flow analysis) is a cell-centred finite-

volume, structured grid, multi-block code which

solves the calorically perfect gas or of an arbitrary

mixture of thermally perfect gases undergoing non-

equilibrium chemical reactions. The inviscid fluxes

are computed using the MUSCL scheme with either

the approximate Riemann solver of Roe or the low

dissipation flux splitting scheme of Edwards. The vis-

cous fluxes can be evaluated either with or without

cross-derivative contributions. It has a wide array of

space and time integration schemes as well as ther-

modynamic, chemistry, and number of two-equation

turbulence models. A detailed description of

VULCAN code is available in reference [16]. Cutler

et al., [17] and Rodrigues and Cutler [18] have used

k–! turbulence model with various constant values of

Prt and Sct. H2–air reaction mechanism is modelled

using Drumnond’s 9 species 18-reaction mechanism

[19] H2–air kinetics. The computed results were seen

to vary greatly with the specification of Prt and Sct.

Recently, Keistler [20] adopted closure equations [21,

22] for turbulent Schmidt number and turbulent

Prandtl number alongwith k–! turbulence model

[23] to study the same experiment. H2–air chemical

kinetic is modelled through seven species, seven

reaction scheme due to Jachimowski [24] and the

effects of turbulence–chemistry interaction model

were investigated. It has been observed that with

the addition of turbulence–chemistry interaction,

there is a dramatic increase in the turbulent diffusiv-

ity throughout the flame region. With increase in

computer power, large eddy simulations (LESs) are

increasingly being attempted in simulating scramjet

engine model [25]. Ingenito and Bruno [26, 27] have

performed LES computations of the SCHOLAR exper-

iment. The results were reasonable, but the grids used

in all cases were quite coarse, even for a RANS simu-

lation. It is clear that modelling issues in high-speed

turbulent reactive flows need further investigation

since higher order turbulence and chemical reaction

models are computationally prohibitive for practical

engineering application.

In this study, SCHOLAR experiment has been

explored numerically using Fluent [28] commercial

CFD software with standard turbulence model,

simple chemical kinetic scheme, and simple

turbulence–chemistry interaction model to find the

capability of these standard physical and chemical

models to predict the overall features of the mixing

and reaction of high-speed turbulent reacting flow in

a confined duct. Insight into the flow development

process is obtained for parallel injection of hydrogen

fuel into supersonic stream. Three-dimensional

Navier–Stokes equations are solved using commer-

cial CFD software. Effects of various turbulence

models and chemical kinetics on the flow were stud-

ied. Computed thermo-chemical variables are com-

pared with experimental and other numerical

calculations [17].

2 M S R Chandra Murty and D Chakraborty

Proc. IMechE Vol. 000 Part G: J. Aerospace Engineering



XML Template (2011) [21.9.2011–4:19pm] [1–12]
K:/PIG/PIG 414320.3d (PIG) [PREPRINTER stage]

2 DESCRIPTION OF TEST SET-UP AND THE

COMBUSTOR FOR WHICH THE
SIMULATION IS CARRIED OUT

The SCHOLAR experiment has been discussed exten-

sively in the literature. Vitiated air corresponding to

Mach 7 enthalpy is produced in a heater by combus-

tion of Hydrogen with premixed oxygen and air.

Oxygen is replenished so that the vitiated air at com-

bustor entry will have oxygen mass fraction as that of

pure air. The layout and dimensions of heater, injec-

tor nozzle set-up, and combustor model are shown in

Fig. 1. The heater stagnation pressure is 0.765 �

0.008 MPa and stagnation temperature (as estimated

for one-dimensional (1D), inviscid, equilibrium

chemistry analysis) 1827 � 75 K. The total mass flow-

rate of heater is 1.2434 kg/s (air 0.915 kg/s, H2 0.028

4 kg/s, and O2 0.300 kg/s) with 3 per cent uncertainly

in mass flowrate measurement. The high-pressure

vitiated air is accelerated through a water-cooled

Mach 2 nozzle before it enters the combustor entry

test section. The nominal exit conditions of the noz-

zle are estimated from 1D analysis. The static temper-

ature, static pressure, and Mach number at nozzle

exit are 1187 � 60 K, 0.1 � 0.001 5 MPa, and 1.989 �

0.005, respectively. All the uncertainties are due to

mass flowrate measurement error and run-to-run

variations in heater condition. Nozzle exit vitiated

air is assumed to be composed of N2, O2, and H2O

with mass fractions 0.5638, 0.2321, and 0.2041,

respectively.

The combustor duct consists of two constant

area isolators that end in a step in the top wall.

Downstream of the step there is another short con-

stant area section followed by 3� divergence on the

top wall up to the exit of the combustor. The length of

the combustor is 1.45 m and the width (0.88 m) is con-

stant throughout the combustor. The height of the

combustor at entry is 38.86 mm while the height at

the exit is 112 mm. The injection nozzle provides

hydrogen fuel at 30� angle. The stagnation pressure,

stagnation temperature, and exit Mach number of the

injection nozzle are 3.44 � 0.07 MPa, 302 � 4 K, and

2.5, respectively. The mass flowrate of H2 is 22.8 g/s

resulting in equivalence ratio 0.99 � 0.04.

The forward section of the combustor is made of

copper while the rearward portion (divergent section)

is made of carbon steel. The wall thickness and

thermal conductivity of the test section allow the

combustor to run without cooling. Wall pressures

are measured at location at the top, bottom, and

side walls while the temperatures are measured at

three locations in the top wall only. To enable the

measurement of temperature field by CARS beam,

few transverse slots are provided in the combustor

(mark 1, 3, 5, 6, 7) at distances 121.8, 274.2, 426.6,

777.0, and 1234.2 mm from the combustor entry.

3 COMPUTATIONAL METHODOLOGY

Simulations are carried out using a commercial CFD

software Fluent [28]. It solves three-dimensional

Fig. 1 Schematic of scholar experiment: (a) nozzle and combustor and (b) exploded view near fuel
injector

Numerical simulation of angular injection of hydrogen fuel 3
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Navier–Stokes equation in a structured, multiblock

grid system using a collocated variable arrangement.

To simulate high-Mach number compressible flow

(as in the present case), a density-based solver is

used alongwith second-order accurate Roe flux differ-

ence splitting scheme [29] for spatial discretization

and first-order implicit Euler scheme for temporal

discretization. Various turbulence models namely,

k–", k–!, and Menter’s shear stress transport (SST)

models, were studied to compare their predictive

capability in turbulent reacting flows.

The chemistry of hydrogen–air combustion reac-

tion is represented on a molar basis by H2 þ 0.5O2 ¼

H2O. The mixing rate determined from the eddy dis-

sipation model (EDM) is given as:

Rk, edm ¼ �Aebu�
"

K
min Yf ,

Yo

rk
, Bebu

Yp

1þ rk

� �
ð1Þ

where �, Yf,, Yo, and Yp are the density and mass frac-

tions of fuel, oxidizer, and products, respectively, Aebu

and Bebu the model constants, and rk the stoichio-

metric ratio.

In the single-step finite rate chemistry (SSC), the

following reversible reaction involving H2, O2, and

H2O is considered.

2H2 þO2 , 2H2O

and the net rate of reaction of H2 (in kg-mol/m3 s) is

given by the expression [30–32]

dCH2

dt
¼ �2 1:102� 1019exp

�8052

T

� �
C 2

H2
CO2
� kbC 2

H2O

� �

ð2Þ

where c is the molar concentration (in g-mol/cm3)

and kb the rate constant of the reverse reaction, is

obtained from the forward rate constant and equilib-

rium constant.

The eddy dissipative concept (EDC) set forth by

Magnussen and Hjertager [33] gives an empirical

expression for the mean reaction rate based on the

assumption that chemical reaction occurs in an iso-

lated region where the dissipation of turbulent energy

is significant. Recently, Gran et al. [34, 35] gave the

formulation for reaction rates for finite rate chemistry

based on the EDC. Following Gran, the mean reaction

rate for the species i (wi) is given by

�_wi

�
¼
�2�

��
Y

0
i �Y

�
i

� 	
ð3Þ

where � is the fraction of the fine structures

where reaction occurs and superscripts ‘0’ and ‘*’

the surrounding fluids and fine structure region; �*

the time scale for the mass transfer between the fine

structures and the surroundings. The fine structure is

considered as a constant pressure homogeneous

reactor where all the properties are time dependent

and no spatial gradient exists. The set of governing

equation for such a reactor is

dh

dt
¼ 0 ð4Þ

dp

dt
¼ 0 ð5Þ

dYi

dt
¼

wi

�
þ �� Y m

i � Y 0
i

� 	
ð6Þ

where the superscript m refers to the fluid entering

the reactor and �r the rate of mixing. The equation [6]

is integrated from t¼ t0 to t¼ t0þ�t. The reactor type

is determined by the choice of �r and �t in equation

(6). Magnussen and Hjertager [33] assumed that the

reactors are stationary with mixing rate �� ¼ 1=��.

This corresponds to a perfectly stirred reactor with

residence time �*. The steady state is obtained by

taking the limits �t !1. A more detailed descrip-

tion of the EDC-based finite rate combustion model is

available in reference [36].

Chakraborty et al. [37] has carried out direct

numerical simulation (DNS) of H2–air mixing layer

of Erdos experimental case [6] and investigated the

effect of fast chemistry (FC), single-step chemistry,

and seven species seven reaction finite rate chemistry

in the thermochemical behaviour of reacting mixing

layer. The computed DNS database was used to eval-

uate the existing combustion models [36]. It was

shown that finite rate EDC-based combustion model

could predict the overall trend of reaction rate profiles

although the model predicts a thin reaction zone com-

pared to DNS data.

Finite rate calculations are performed with the help

of Chemkin software. A coupling code is written to

make calls between Chemkin and Fluent. At every

time step dt, the current solution field are taken from

Fluent solver including mass fraction of every species,

temperature, and pressure. These values are used as

initial conditions for Chemkin solver. Chemkin solves

the reaction rates for each species and estimates the

mass fractions of all species and temperature and

transfers these values to Fluent solver. This process

continues for every iteration of Fluent solver.

4 RESULTS AND DISCUSSION

The computational domain of the total set-up is

divided into two parts, namely facility nozzle and

combustor with fuel injection system. These flow

fields are simulated sequentially and the solution at

the exit plane of the facility nozzle provides values of

various flow variables at combustor entry plane.
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A number of reacting simulations were carried out in

the combustor by varying grid, turbulence model,

chemical kinetics, and equivalence ratios so that the

effects of each of one these factors can be estimated.

A reference base line solution was first found out

based on k–! turbulence model and EDC-based infi-

nitely fast rate kinetics and equivalence ratio 1.0.

Parametric studies were carried out on this baseline

solution.

Taking advantage of the geometrical symmetry,

only half width of the combustor is simulated. In the

simulation, x-axis is taken along width of the combus-

tor, while y- and z-axes are along the height and length

of the combustor, respectively. The origin is placed at

combustor inflow centre. Simulations were carried

out for two different grids, namely (1) 30 � 65 � 415

(2) 30 � 26 � 250. Grids in the longitudinal and ver-

tical directions have been varied. A typical computa-

tional grid in the combustor is shown in Fig. 2. Injector

geometry is simulated and appropriate hexahedral

grid taken in the injector region. Inflow condition at

the inlet of the hydrogen injector is assumed subsonic

and stagnation pressure of 3.44 MPa and stagnation

temperature 302 K are specified at the inflow plane of

the injector. The nozzle provided H2 to the combustor

chamber at 30� angle. The exit Mach number of the H2

injection nozzle is 2.5.

For steady-state boundary-value problem, the

main source of numerical error in CFD is iterative

convergence or grid convergence error [38]. Grid con-

vergence or discretization error, which is the error of

the solution of the difference equations compared to

the exact solution of the partial differential equation,

is the major source of numerical error. This error can

be estimated by running the solution in two different

grids (coarse and fine). The simplest of such estimate

is given by the relative difference " ¼ (f2 � f1)/f1 [17],

where f represents any quantity of interest and

the indices 1 and 2 the fine and coarse grid solu-

tions, respectively. Roache [39] has proposed a grid-

convergence index (GCI) as an error based on

uncertainty estimate of the numerical solution as

GCI ¼ Fs
1"1

ðh2=h1Þ
p
� 1

ð7Þ

where h is the order of grid spacing, p the order of

accuracy of numerical scheme and, Fs a factor of

safety. Roache [40] has suggested Fs ¼ 3 for minimal

of two grid calculations. For the present calculation, p

is equal 2 with h2/h1 equal to 4.15, and GCI is of the

order 0.2e. The axial distribution of computed surface

pressure on the top wall is presented in Fig. 3. After

the fuel injection at x ¼ 0.2 m, the flow is getting dis-

turbed significantly due to injection and reactions

resulting in a number of shock reflections between

up to x ¼ 0.8 m. In the divergent portion of the com-

bustor, flow becomes smooth. It can be observed that

by changing the grids to nearly four times, the results

do not change much. The axial distribution of the

computed percentage error estimate is also presented

in the same figure. However, for the injection loca-

tion, maximum error between two simulations is

within 5 per cent. This analysis indicates that the

Fig. 2 Computational grid in the combustor

Numerical simulation of angular injection of hydrogen fuel 5
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baseline grid is adequate to capture most of the fea-

tures of the flow and the solution is grid independent.

Cross-sectional views of Mach number distribu-

tions at various axial planes are shown in Fig. 4.

Significant reduction of Mach number is seen to

occur due to reaction in upper portion of the combus-

tor. Flow remains mostly supersonic throughout the

combustor, indicating the prevalence of supersonic

combustion in the combustor. The cross-sectional

non-uniformity of the flow exists only near the station

3 (x ¼ 0.2 m). To illustrate the point more clearly, the

axial distribution of surface pressure at the centre-line

of top wall, bottom wall, and side walls are plotted in

Fig. 5. Significant difference of surface pressure

between the three walls is observed only up to x ¼

0.4 m, indicating that three-dimensionality of the

flow is existing in the near-field region of injection.

Hydrogen and oxygen mass fraction contours at sym-

metry plane are presented in Fig. 6. Although, small

trace of hydrogen mass fraction is seen up to the end of

the combustor, oxygen is seen to be consumed totally.

To find out the region of premixed and diffusion-

dominated combustion, the distribution of the term

�YH 2
� �YO2

in the symmetry plane is presented in

Fig. 7. Yamashita et al. [41] used this index to deter-

mine the zone of premixed and diffusion combustion

in the mixing layer. The basic idea is that if the dot

product of the gradient of fuel and oxidizer mass frac-

tion is strongly negative, then the zone is dominated

by diffusive combustion since the flame are fed by the

oxidizer and fuel from opposite direction; if the quan-

tity is strongly positive, the zone is affected by pre-

mixed combustion since the fuel and oxidizer is fed

from the same side. From the figure, it is clear that

near the injection and mixing zones, burning is

mostly diffusive in nature and small region of pre-

mixed combustion is seen in the upper portion of

the combustor.

The velocity profile in the symmetry plane at x ¼

1.234 m (station 7) is compared between no reaction

(NR), FC, and SSC in Fig. 8. It can be observed that

velocity profile for NR case is similar to that of FC

calculation, while the velocity profile with SSC is mar-

ginally different. This demonstrates that the effect of

gas dynamics is predominant and the change of

enthalpy due to chemistry is not large compared to

the total enthalpy. The temperature and water mass

fraction profiles at station 7 are compared for the FC

and SSC calculations in Fig. 9. The temperature pro-

file for NR case is also plotted in the figure. Significant

variation of temperature profile is observed because

of reaction. FC calculation shows the maximum tem-

perature because of absence of heat-absorbing reac-

tion path. Water mass fraction profile is similar to that

of temperature profile because of assumption of unity

Lewis number. It is seen that while velocity changes

are effected by gas dynamics, the change in the tem-

perature and water mass fraction is related to the

chemical reactions.

Fig. 4 Cross-sectional view of Mach number distribution of reacting case

Fig. 3 Axial distribution of wall pressure and error esti-
mate for two grids
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4.1 Effect of turbulence model

Three different turbulence models namely k–!, k–",

and SST have been employed to study their effect in

the combustor flow field. The axial distribution of

computed surface pressure with different turbulence

model is presented in Fig. 10. The predicted surface

pressures for all three turbulence models are higher

in the injection zone because of FC assumption. In

the divergent portion of the combustor, k–! performs

extremely well. k–" predicts slightly higher surface

pressure near the exit of the combustor. The perfor-

mance of SST turbulence model is the poorest among

the three. The predicted surface pressure is quite

lower compared to the experimental value.

Fig. 7 Distribution of �YH 2
� �YO2

at injection region

Fig. 6 Hydrogen and oxygen mass fraction contours at the plane of symmetry

Fig. 5 Axial distribution of surface pressure at top wall
bottom wall and side wall

Numerical simulation of angular injection of hydrogen fuel 7
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4.2 Effect of equivalence ratio

Parametric studies are carried out for different equiv-

alence ratios, namely � ¼ 1.0, 0.7, and 0.5. The axial

distributions of computed surface pressure with dif-

ferent equivalence ratios are compared in Fig. 11. The

computed surface pressures for the case without fuel

injection and for the case with fuel injection but NR

(mixing) cases are also plotted in the figure.

Throughout the combustor, the surface pressure for

the reacting case is significantly higher than the non-

reacting case. The difference between non-reacting

and reacting surface pressures is responsible for

getting the thrust in the combustor. The computed

thrust and the combustion efficiency at the exit are

tabulated in Table 1. The thrust of the combustor is

defined as the difference of the outflow and inflow

momentums The axial distribution of combustion

efficiency for different equivalence ratios is presented

in Fig. 12. Following Kim et al. [42], combustion effi-

ciency is defined as

�cðxÞ ¼ 1�

Ð
�uyFdA

ð�uyFdAÞx¼0

ð5Þ

where yF and mF are the mass fraction and mass flow-

rate of hydrogen fuel.

The maximum combustion efficiency for � ¼ 1.0 is

about 95 per cent. Hence, the reaction has almost

gone to completion. For lower equivalence ratios,

the combustion efficiency is still higher. As expected,

computed thrust increases with increase in equiva-

lence ratio.

Fig. 12 Axial distribution of combustion efficiencies
for different equivalence ratios

Fig. 11 Comparison of combustor top wall surface
pressure with different equivalence ratios

Fig. 10 Comparison of combustor top wall surface
pressure with different turbulence models

Fig. 9 Variation of static temperature and water mole
fraction at Plane-7

Fig. 8 Velocity profile at X ¼ 1.234 m (Plane-7)
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4.3 Effect of chemical kinetics

Baseline solution predicted more surface pressure

compared to the experimental pressure in the near-

injection field. Instantaneous heat release caused due

to the infinitely FC assumption in the analysis is

conjectured to be reason of higher surface pressure.

Effect of finite rate chemistry is investigated by car-

rying out simulations with single-step finite rate

chemical kinetics for H2–air system. In the single-

step H2–air finite rate chemistry, the reversible reac-

tion 2H2 þO2 , 2H2O involving H2,O2, and H2O is

considered. Details of chemical kinetics and turbu-

lence–chemistry interaction employed in the study

are explained in section 3. H2O mass fraction contour

at the plane of symmetry is compared with VULCAN

simulation results [18] in Fig. 13. The zone of water

mass fraction contour is more in the present compu-

tation compared to the VULCAN results. It is to be

noted that VULCAN used Drumnond’s 9 species 18-

reaction mechanism [19] for H2–air kinetics without

any modelling of turbulence–chemistry interaction,

whereas in the present computation, an infinitely

FC and SSC with EDC turbulence–chemistry interac-

tion model for finite rate chemistry [33, 34] is used. In

the FC computation, reactions are comparatively fast.

The formation of water mass fraction with the finite

rate chemistry is reduced significantly compared to

the FC. The computed water mass fraction with SSC

matches reasonably well with the 9 species 18 reac-

tion model of VULCAN. This result suggests that a

simpler chemistry may be adequate to explain the

combustion of H2 in the scramjet combustor if

a proper turbulence–chemistry interaction model

is used. Temperature contours at different cross-

sectional planes are compared with experiment and

VULCAN results in Fig. 14. Results for the baseline

configuration are also presented in the figure to see

the effect of chemical kinetics. Although qualitative

features of experimental temperature distribution

have been captured in the numerical simulations,

finer details of the reacting flow field differ between

the experiment and computation. Diffusion is seen to

be more in the experimental condition compared to

the numerical calculation. Whether calculation with

varying turbulent Schmidt number can resolve this

difference is not known. Mole fraction contours of

O2 and N2 at different cross-sections are compared

with experimental results, VULCAN, and FC results

in Figs 15 and 16, respectively. Present computation

with finite rate chemistry compares the experimental

features of the reacting flow field better than the other

numerical simulations.

Computed surface pressure for SSC is compared

with baseline results, experimental data, and the

VULCAN results [18] in Fig. 17. In the figure, it is

clearly seen that in the injection and reaction zone

prediction methodologies differ from each other

and also with the experimental results, whereas in

the divergent section of the combustor (x> 0.8 m),

where majority of thrust is produced, all the

Fig. 13 Comparison of H2O mass fraction with
VULCAN code at plane of symmetry

Fig. 14 Comparison of temperature distribution at
various cross-sections between experiment,
VULCAN, SSC, and fast-rate kinetics

Table 1. Computed thrust and maximum combustion

efficiency

Equivalence ratio Thrust (N)
Combustion efficiency
(%) at the exit

1.0 465.08 95.15
0.7 424.38 96.35
0.5 393.60 96.70

Numerical simulation of angular injection of hydrogen fuel 9
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methodologies match with the experimental results.

In the injection and reaction zones, FC calculation

shows the highest surface pressure. As expected,

instantaneous heat release assumed in the analysis

makes the surface pressure maximum. SSC performs

very well in predicting the surface pressure through-

out the combustor. In the near-injection field,

the computed results of SSC match with the experi-

mental results better. The computation also captures

various shock reflections found in the experimental

results. Computed pressure distribution in the sym-

metry plane presented in Fig. 18 shows intense shock

reflections in the downstream of the injection point.

As one proceeds downstream, due to increase in

combustor area, the flow undergoes expansion and

shock reflections disappear. The location of shock

reflection points is slightly different from the experi-

mental value. Pressure levels with finite rate chemis-

try are significantly lower compared to the FC results.

Introduction of backward reaction (which is endo-

thermic) reduces the net heat release and thus the

pressure rise. In the zone between 0.6 to 0.8 m, the

SSC predicts lesser pressure compared to the experi-

mental values. One can observe the presence of two

strong shock reflections in VULCAN result in the

region between 0.5 to 0.6 m. These strong shocks

were not observed in experimental results and

Fig. 17 Surface pressure comparison between experi-
mental data, finite rate chemistry, FC, and
VULCAN result

Fig. 18 Pressure distribution in symmetry plane along axial direction

Fig. 15 Comparison of O2 mole fraction distribution at
various cross-sections between experiment,
VULCAN, SSC, and fast-rate kinetics

Fig. 16 Comparison of N2 mole fraction distribution at
various cross-sections between experiment,
VULCAN, SSC, and fast-rate kinetics

10 M S R Chandra Murty and D Chakraborty

Proc. IMechE Vol. 000 Part G: J. Aerospace Engineering



XML Template (2011) [21.9.2011–4:20pm] [1–12]
K:/PIG/PIG 414320.3d (PIG) [PREPRINTER stage]

present computations and the reasons for their

occurrence are not very clear. In the downstream

region of combustor (X> 0.6), VULCAN results show

higher pressure values compared to the experiment,

whereas the present computations (both FC and

finite rate chemistry) match better with the experi-

mental result due to a better grid distribution

employed in the present simulation. The computed

results indicate that single-step finite rate chemical

kinetics with simple turbulence–chemistry interac-

tion model is adequate to describe H2–air reaction

in the scramjet combustor.

5 CONCLUSIONS

The flow field of scramjet combustor with angular

injection of hydrogen fuel is simulated numerically.

Three-dimensional Navier–Stokes equations are

solved in multiblock structured grid using commer-

cial CFD software. Different turbulence models are

used to find their predictive capability of turbulent

reacting flows. H2–air chemical reaction is modelled

by employing two different chemical kinetics, namely

infinitely fast rate kinetics and SSC and thermochem-

ical behaviour of the flow field between the two are

compared. EDC-based finite rate combustion model

is employed to describe turbulence chemistry inter-

action. Grid independence of the solution is estab-

lished and an error estimate in terms of grid

convergence index has been provided. Simulation

captures all the essential features of the flow field.

k–! turbulence model performs the best among the

turbulence model tested. It has been observed that FC

predicts more intensive and instantaneous reactions

resulting in more surface pressure. SSC with EDC-

based turbulence–chemistry interaction model per-

forms extremely well in predicting the overall

mixing and combustion process in the combustor.

Computed temperature, species mole fraction distri-

bution, and wall pressures with SSC match better

with experimental results than the infinitely fast

kinetics and detailed chemistry calculation of other

researchers. The results indicate that simple chemical

kinetics with EDC-based turbulence–chemistry inter-

action model is adequate to describe the H2–air reac-

tion in the scramjet combustor.

� Authors 2011
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