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ABSTRACT

Thermochemical exploration of mixing and combustion of parallel hydrogen injection into supersonic
vitiated air stream in a divergent duct is presented. Three-dimensional Navier Stokes equations along with twoequation turbulence models and Eddy dissipation concept (EDC)-based combustion models are solved using
commercial CFD software. Chemical reaction for H 2-air system is modelled by two different simple chemical
kinetic schemes namely; infinitely fast rate kinetics as well as the single-step finite rate kinetics. Grid convergence
of the solution is demonstrated and a grid convergence index-based error estimate has been provided. Insight
into the mixing and combustion of high-speed turbulent reacting flow is obtained through the analysis of
various thermochemical variables. Very good comparisons are obtained for the exit profiles for various fluid
dynamical and chemical variables for the mixing case. For reacting case, the comparison between the experimental
and the numerical values are reasonable. Parametric studies were carried out to study the effect of different
turbulence models and turbulent Schmidt numbers. It is seen that Wilcox k-w turbulence model performed
better than the other two-equation turbulence models in its class. Strong dependence of flow behaviour on
turbulent Schmidt number was observed. The results indicate that simple chemical kinetics is adequate to
describe the H2-air reaction in the scramjet combustor.
Keywords: Numerical simulation, supersonic combustion, hydrogen fuel, turbulent Schmidt number,
scramjet combustor

NOMENCLATURE
Latin letters
A, B
Constants in EDM model
F
Factor of safety
h
Grid spacing order
k
Turbulent kinetic energy
p
Order of numerical scheme
R
Mixing rate
r
Stoichiometric ratio
w
Reaction rate
Y
Mass fraction
Greek Symbols
r
Density
e
Turbulent dissipation rate
c
Fine structure fraction
t
Time scale
g
Length fraction of fine scales
Subscripts
ebu,edm ref. to eddy dissipation model
f
Fuel
o
Oxidiser
p
Product
i
Species index

Superscripts
o
Surrounding fluid
*
Fine structure
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 subject of renewed interest since the 1980s
because of tremendous military and commercial opportunities.
The success of efficient design of such a trans-atmospheric
hypersonic vehicle depends largely on the proper choice
of propulsion system, which is capable of producing large
thrust to overcome the drag experienced by the vehicle.
This type of vehicle, according to current proposals, uses
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 combustor. The diffusive mode of
combustion, in which energy is added gradually, is preferred
over the premixed mode in the scramjet combustor to minimise
the intake-combustor interaction. The flow field inside the
combustor is complex where fluid dynamics and chemistry
interact strongly.
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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, intake
combustor interaction etc. Both hydrogen and kerosene
fuels have been considered. In a recent review, Curran 2
has identified two emerging scramjet applications namely:
(i) hydrogen-fuelled engine to access space, and (ii)
hydrocarbon-fuelled engines for air-launched missiles.
Considerable efforts have been focused on different 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 summarised
and reported by Seiner 3, et al.
With the advent of powerful computers, robust numerical
algorithm, CFD is complementing difficult to perform
experiment and playing a very major role in the development
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. Despite many years of
research, large number of issues related to description of
combustion in supersonic turbulent reactive flows remains
unanswered.
Reduction of losses and increase in momentum are
very important for efficient design of scramjet combustor.
Parallel injection of hydrogen fuel has often been contemplated
in high speed operating envelope of scramjet combustor
to reduce the injection losses and to take advantage of
incremental momentum of the fuel stream. To generate
experimental data on diffusive mixing and reaction of fuel
and air at high temperature typical for flight Mach numbers
above 6, Burrows and Kurkov 4 have conducted mixing
and combustion experiments where sonic hydrogen was
injected in a direction parallel to the main supersonic
stream. The parallel stepped-wall injection of hydrogen
into the combustor produces minimum disturbance to the
free stream flow when the fuel and air pressure are matched.
Hydrogen-nitrogen gas mixture is burned with liquid oxygen
in the heater at high pressure to produce high temperature
gas for the combustor. Mass flow rate of each gas is so
regulated that one gets the desired total temperature of
the vitiated air stream with 21 per cent (by volume) of
oxygen content. For the non-reacting mixing experiments,
the vitiated air does not contain any oxygen. In this
approach, it is possible to study mixing process independent
of combustion under approximately the same conditions
as that for the combustion tests. Detailed measurements
of exit profiles of various thermo-chemical parameters and
the axial distribution of surface pressure provide a good
database for validating CFD codes in a clean confined
duct.
Kim 13 simulated the mixing of vitiated air stream and
hydrogen with and without chemical reaction pertaining
to Burrows and Kurkov experimental conditions and reported
466

good match between the experimental and the numerical
results. Although, turbulence field was described by a
multiple time-scale turbulence model14 and 9 species- 24
reaction kinetic mechanism were used to represent H 2-Air
chemical kinetics, no modelling of turbulence-chemistry
interaction was presented. Recently, Keistler 15 adopted
closure equations 16,17 for turbulent Schmidt number and
turbulent Prandtl number along with k-e turbulence model18
to study the same experiment. Effect of two H2-Air chemical
kinetic schemes namely 7 species-7 reaction scheme due
to Jachimowski,19 et al. and 9 species-18 reaction scheme
due to Connaire, 20 et al. and the effect of turbulencechemistry interaction model were investigated. It has been
observed that with the addition of turbulence-chemistry
interaction, there is a dramatic increase in the turbulent
diffusivity throughout the flame region and different chemical
schemes do not alter the mixing and combustion process
significantly. It is clear that modelling issues in highspeed turbulent reactive flows need further investigation
since these turbulence and chemical reaction models are
computationally prohibitive for practical engineering
calculations.
In this study, mixing and combustion experiments of
Burrows and Kurkov 4 have been explored numerically with
standard turbulence model, simple chemical kinetic scheme,
and simple turbulence-chemistry interaction model to find
the capability of these standard engineering tools to predict
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. The experimentally
measured surface pressure and exit profiles of various
fluid dynamical and chemical variables are compared with
numerical values.
2.

TEST SET UP OF THE COMBUSTOR
The schematic of the test combustor of Burrow &
Kurkov experiments is presented in Fig. 1. The first section
is a constant area of dimension 51 mm ´ 89 mm from
facility nozzle exit to combustor entry. The 2-D facility
Test section intermediate
measurement station,
Test section initial
18.3 cm
Test section exit
measurement station,
measurement station,
0 cm
35.6 cm

8.90 cm

0.476 cm total height
0.400 cm open height

10.48 cm
Y

STATIC PRESSURE PORTS
18.3 cm

H2 injection

35.6 cm
X

Figure 1. Schematic of Burrows & Kurkov 4 test combustor.
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nozzle provides Mach 2.44 stream with static temperature
and static pressure of 1270 K and 1 atmosphere respectively.
Gas generator flows were reproducible within ±1 per cent.
At the end of constant area section, sonic hydrogen was
injected in the combustor through an injector of 0.76 mm
thickness at the top of 4 mm step. After the step, the lower
wall was given a divergence angle of 1.78°. So the test
section was expanded linearly for 51 mm ´ 93.8 mm from
the entry to 51 mm ´ 104.8 mm at the exit. The length
of the combustor from the step to the exit was 356 mm.
Hydrogen fuel was heated in a storage heater and total
temperature of hydrogen flowing through the slot could
be varied from 300 K to 800 K. The properties of the
vitiated air and hydrogen stream used for the mixing and
combustion cases are summarised in Table 1.
Table 1. Properties of the vitiated air and hydrogen

Parameters
Mach No.

Vitiated air
Reacting
Mixing case
case
2.44
2.44

Hydrogen
1.0

Total temp (K)

2276

2380

303

Total pressure (bar)

18.5

17.1

1.85

X H2

0.0

0

1.0

X H 2O

0.322

0.373

0.0

X O2

0.0

0.199

0.0

X N2

0.678

0.428

0.0

Mole fraction composition:

The total pressure and total temperature profiles at
the exit section were measured by a specially designed
water-cooled pitot pressure probe and thermocouple probe.
Water-cooled probes were designed to obtain gas samples
and trapped samples were analysed on a mass spectrometer.
Instrumentation probes used in the test section were
moved incrementally between succeeding runs to obtain
the profiles of the parameters in the exit section. Most
of the exit profile measurements were made within 40 mm
distance from the lower wall. It was observed that the
temperature indicated by thermocouple probes were
reproducible by ±3 per cent whereas the pressure
measurements were generally within ±2 per cent except
in the reaction zone, where measurement varied over a
wide range from run to run. Gas sampling analysis was
accurate within ±2 per cent. The sampling probes were
also used as cooled gas pyrometers to indirectly measure
the stream total temperature. Static pressure was measured
at the entrance of the test section, along the wall downstream
from the hydrogen injection step. Four 151 mm diameter
quartz windows were mounted flush with the inner wall
surface for visual and photographic observations within
the test section. Ignition delays were determined from
the photographs of OH radiation, which originated at
various distances downstream from hydrogen injection.

3.

COMPUTATIONAL METHODOLOGY
Simulations are carried out using a commercial CFD
software Fluent 21. It solves 3-D Navier stokes equation
in a structured, multi-block grid system using a collocated
variable arrangement. To simulate high Mach number
compressible flow (as in the present case), density-based
solver was used along with Roe flux difference splitting
scheme22. Spatial discretisation was achieved by secondorder upwind scheme and first-order implicit Euler scheme
was used for temporal discretisation. Various two-equation
turbulence models namely, k-e, k- w, Menters SST k- w,
models were used to determine their predictive capability
in turbulent reacting flows.
The chemistry of H2-air combustion reaction is represented
on a molar basis by H 2 + 0.50 2 = H2 O. The mixing rate
determined from the Eddy dissipation model (EDM) is
given as.

Y p üï
ìï Y
e
Rk , edm = - Aebu r min íY f , o , Bebu
ý
1 + rk þï
k
rk
îï

(1)

where r, Y f,, Y o and Y p are the density and mass fractions
of fuel, oxidiser, and products, respectively, A ebu and B ebu
are the model constants, and r k is the stoichiometric ratio.
In the single-step finite rate chemistry, the following
reversible reaction involving H2, O2 and H2O is considered.
 2H 2O
2 H 2 + O2 

(2)

With pre-exponential factor (A) of 1.02 ´1019 , power
constant (N) of 0 and activation temperature (E/R) of
8052.
Following Gran23, the mean reaction rate for the species
i (w i) is given by

w& i g 2 c 0
= * (Y i - Y *i )
(3)
r
t
Where c is the fraction of the fine structures where reaction
occurs and superscripts 0 and * refers to the surrounding
fluids and fine structure region. t* is 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. A more
detailed description of the Eddy dissipation concept (EDC)based finite rate combustion model is also available 21.
Chakraborty, 24 et al. has carried out direct numerical
simulation (DNS) of H2-air mixing layer of Erdos experimental
case6 and investigated the effect of fast chemistry, singlestep chemistry and 7 species-7 reaction finite rate chemistry
in the thermo-chemical behaviour of reacting mixing layer.
The computed DNS database was used to evaluate the
existing combustion models 25. 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 compared to DNS data.
Finite rate calculations were performed using Chemkin®
software 26. A coupling code was written to make calls
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between Chemkin and Fluent. At every time step dt, the
current solution field were taken from Fluent solver including
mass fraction of every species, temperature and pressure.
These values were 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.
These values were transferred to Fluent solver. This process
continues for every iteration of Fluent solver.
4.

RESULTS AND DISCUSSION
Similar to the experimental conditions, two different
cases, namely, mixing case and combustion case, have
been simulated. For mixing case, vitiated air stream contained
N2 and H 2O while H2 - O 2 - H2O - N2 system was considered
for the combustion case.
4.1 Computational Grid and Boundary Condition
A two-dimensional structured gird was generated in
the computational domain. 300 grid points were taken in
the axial direction and 130 grid points were taken along
the vertical direction. Typical grid distribution in the domain
is shown in Fig. 2. Grid was stretched exponentially from
the inflow plane to exit plane. In the present case, most
y

x

Figure 2. Grid distribution in the computational domain.

air stream was composed of H 2O, O2 and N2 with mole
fraction of 0.373, 0.199, and 0.428, respectively. Since, the
outflow boundary is supersonic; the flow variables were
obtained by extrapolation from the interior values. No
information could be obtained for the inflow turbulence
for the test conditions. The turbulence intensity and the
ratio of turbulent to laminar viscosity were found from
the sensitivity analysis and were set as (2.5 per cent, 350)
and (2 per cent, 200) for the vitiated air stream and hydrogen
stream respectively. Turbulent Schmidt number and Prandtl
numbers are assumed as 0.7 and 1.0, respectively.
4.2 Simulation of the Mixing Case
Grid convergence of the solution was studied considering
three different girds of sizes 300 ´ 130, 260 ´ 110, and
200 ´ 90. The axial distribution of non-dimensionalised
lower surface pressure is compared in Fig. 3, with three
different grids. The surface pressure was non-dimensionalised
by P nozzle = 0.917´105 Pa. But for the small region near the
entry, the bottom wall surface pressure remains constant.
It can be observed that by changing the grids to nearly
2 times, the results do not change much. The axial distribution
of error estimate of the solution based on grid convergence
index is also presented in the Fig. 3. For steady-state boundaryvalue problem, the main source of numerical error in CFD
is iterative convergence or grid convergence error 27. Grid
convergence or discretisation 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 e= (f 2f 1)/f 1, where f represent any quantity of
interest and the indices 1 and 2 refer to the fine and coarse
grid solutions, respectively.
Roache28 has proposed a grid-convergence index (GCI)
as an error based on uncertainty estimate of the numerical
solution as

BOTTOM WALL PRESSURE ( P/P nozzle )

of the measurements were made in the vicinity of boundary
layer region. Therefore, the boundary layer region was
resolved by integrating conservation equations right up
to the wall without using wall functions. The minimum
grid spacing near the inflow plane was 0.001
mm. To maintain proper wall y+ values (y + »1),
very fine grid was taken near the top wall,
bottom wall, and the injector plane. In the
simulation, X-axis was taken in the longitudinal
direction and Y-axis was taken along the vertical
direction.
Supersonic conditions corresponding to
Mach 2.44, static temperature of 1270 K, and
static pressure of 1 atmosphere was imposed
in the inflow plane. Sonic condition was imposed
for hydrogen jet. Static temperature of the
hydrogen jet was varied from 300 K to 800 K
depending on the mixing and combustion cases.
Static pressure of 1 atmosphere was fixed at
the hydrogen inlet boundary. For mixing case,
the composition of vitiated air stream contained
AXIAL DISTANCE (m)
N 2 and H 2O with mole fraction of 0.678 and Figure 3. Axial distribution of surface pressure and error estimate for two grids
0.322, respectively. For combustion case, vitiated
(Pnozzle=0.917×105 pa).
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1e1
(h2 / h1 ) p - 1

(4)
STATIC TEMPERATURE (K)

GCI = Fs

where h is the order of grid spacing, p is the
order of accuracy of numerical scheme and F s
is a factor of safety. Roache 29 has suggested
Fs = 3 for minimal of two grid calculations. For
the present calculation, p = 2 with h 2 /h 1 = 2.2,
GCI is order of 0.3 e. Maximum error between
two simulations is within 4 per cent. This analysis
indicates that the grid is adequate to capture
most of the features of the flow and the solution
in grid independent. Profiles of static temperature
at the exit section of the combustor with three
different grids are shown in Fig. 4. A very good
LATERAL DISTANCE (m)
match of the profiles with three different grids
was observed.
Figure 4. Static temperature profile at combustor exit with three
The qualitative features of the flow field in
different grids.
the combustor are presented in the composite
picture of static pressure and hydrogen mole
fraction distribution in Fig. 5. From the static
pressure contour it is observed that the expansion
wave from the top of injector is hitting the upper
wall at X= 210 mm. The wave from the upper wall
is seen to interact with expansion wave at
X = 103 mm and Y = 57 mm. Hydrogen stream
is seen adhering to the lower wall. The diffusion
STATIC PRESSURE
of hydrogen is limited to Y = 25 mm at the exit
of the combustor.
Various turbulence models namely Spaldings
k-e30, RNG k- e31, Realisable k- e32, Wilcox k-w33,
and Menters k-w34 were used to study the effect
of various turbulence models in the flow. The
exit profile of H 2 mole fraction with various
turbulence models is compared in Fig. 6. Wilcox
MOLE FRACTION OF HYDROGEN
k-w turbulence model outperforms other models
P
X-h2
as it predicts the mole fraction of species closer
Figure 5. Distribution of static pressure and hydrogen mole fraction.
to the experimental value. It is expected as
Wilcox k- w turbulence model predicts the nearwall behaviour better than other models. All other
models overpredict the species diffusion in the
zone of 5 mm to 20 mm in the wall. Further
calculations were carried out with Wilcox k- w
turbulence model. The computed pitot pressure
at the exit of the combustor was compared with
the experimental value in Fig. 7. A very good
agreement between the two was observed.
The computed profiles of H 2, N 2 and H 2 O
volume fractions at the combustor exit have been
compared with the experimental values in Fig.8.
A very good match between the experimental
and computed values is observed. The lateral
diffusion of all the species are well captured in
the simulation although the computed H2 volume
fraction slightly underpredicts and N 2 and H 2 O
LATERAL DISTANCE (m)
volume fraction slightly overpredicts the
experimental values near the lower wall from Figure 6. Comparison of exit profile of H2 with various turbulence models.
MOLE FRACTION OF H 2

static
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LATERAL DISTANCE (m)

Figure 7. Pitot pressure profiles for pure-mixing study.
H 2O
H 2O
N2
N2
H2
H2

MOLE FRACTION OF SPICIES

4.2 Simulation of Reacting Case
Two different chemical kinetics models namely,
infinite fast rate kinetics and single-step finite
rate chemistry were employed to find out the
effect of chemical kinetics in the combustion
characteristics in the flow field. The Mach number
distribution in the combustor between the two
cases has been compared in Fig. 10. Mach number
distribution for the mixing case has also been
plotted in the figure. Comparing the Mach number
distribution between the three cases, it becomes
clear that the reaction is confined near the lower
wall. Most of the combustor width remains
unaffected. For the finite rate chemistry, since
the heat release is delayed, the reduction of
Mach number is less near the inflow plane. Static
temperature distribution in the combustor for
the fast chemistry, finite rate chemistry, and no
reaction case is presented in the Fig. 11. The
reaction pattern is different between the fast
chemistry and finite rate chemistry. Increase in
temperature is seen at x = 14 mm for the fast
chemistry, whereas for the finite rate chemistry,
temperature is seen to increase for x = 225 mm.
As expected, delayed reaction is observed for
finite rate case compared to the fast reaction
case. The backward reaction present in the singlestep finite rate chemistry is endothermic in nature.
The heat absorption by the backward reaction
is causing the delay in ignition. In the fast chemistry
calculation, the heat release is instantaneous;
therefore, the ignition is occurring much earlier
in the upstream region. The water mole fraction
distributions for fast chemistry and finite rate
chemistry are presented in Fig. 12. Significant
water mass fraction is initiated at x = 225 mm
for finite rate chemistry compared to x = 14 mm
for fast rate chemistry. The temperature distribution
and water mass fraction distribution correlate
well. This is due to the assumption of normal
diffusion (unity Lewis number) in the simulation.
Ignition distance for the reacting case is measured
in the experiment form the photographic
measurement of OH radicals, which indicate that

LATERAL DISTANCE (m)

Figure 8. Comparison of computed and experimental volume fractions of H2,
N2 and H2O at the combustor exit.

MOLE FRACTION OF N 2

12 mm to 18 mm lateral distance. To find out
the sensitivity of turbulent Schmidt number on
the species diffusion, simulations were carried
out with different turbulent Schmidt numbers
0.25, 0.5, 0.7, and 1.0. The exit profile of hydrogen
volume fraction with different Schmidt numbers
is compared with experimental data in Fig. 9. It
has been observed that the computed exit profile
with Sct = 0.5 agrees better with the experimental
data. Baurle and Eklund35 also reported the strong
dependence of Sc t on prediction of supersonic
mixing and combustion.

P o /P ref
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LATERAL DISTANCE (m)

Figure 9. Comparison of exit profile of N2 volume fraction with different
Schmidt numbers Sct .
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(a)

(b)

(c)
Figure 10. Mach number distribution in the combustor for the cases: (a) no reaction,
(b) fast chemistry, and (c) finite rate chemistry.

(a)

(b)

(c)

Figure 11. Static temperature distribution in the combustor for the cases:
(a) no reaction, (b) fast chemistry, and (c) finite rate chemistry.

471

DEF SCI J, VOL. 60, NO. 5, SEPTEMBER 2010

(a)

(b)

(c)
Figure 12. Mole fraction of H 2 O: (a) non-reacting, (b) fast chemistry, and
(c) finite rate chemistry.

ignition distance for the present case (local static temperature
1270 K) is about 250 mm from the inflow. Very good match
is observed in ignition distance prediction between the
computed (225 mm) and experimental (250 mm) data. This
can be further improved with detailed multi-step finite rate
calculations.
The axial distributions of combustion efficiency for
different chemical schemes are presented in Fig.13. Following
Kim, 36 et al. combustion efficiency is defined as

ò ruYF dA

(ruYF dA) x = 0

= 1-

mF
(mF ) x = 0

(5)

where Y F and m F are the mass fraction and mass
flow rate of hydrogen fuel, respectively.
The maximum combustion efficiency for
j =1.0 is about 55 per cent. For lower equivalence
ratios, the combustion efficiency is still higher.
The exit profile of H 2 and O 2 mole fraction
obtained from the fast chemistry and finite rate
chemistry has been compared with the experimental
results in Fig. 14. Although overall trend is matching,
both fast chemistry and finite rate chemistry
underpredict the H 2 mole fraction compared to
the experimental results. In the mid of the reaction
zone (y > 0.008 m), predicted mole fraction with
finite rate chemistry is slightly higher than the
fast chemistry prediction. Near the wall (y ; 0.005
m) as the temperature is low, reactions are slow
for single-step finite rate chemistry; hence oxygen
472

COMBUSTION EFFICIENCY

hc ( x) = 1 -

is not getting consumed. This phenomenon is well captured
by finite rate chemistry calculations. In infinite fast chemistry,
oxygen is seen consumed instantaneously. Between Y=0.015
m to 0.25 m, the fast chemistry over predicts O 2- mole
fraction compared to the experimental results. The comparison
of exit profile of H 2 O and N 2 mole fraction between finite
rate chemistry, fast chemistry, and the experimental values
are given in Fig. 15. The computed water mole fraction
peak is shifted towards the bottom wall. Single-step finite
rate chemistry performs marginally better than fast rate
kinetics. Water mass fraction exit profile with different

LATERAL DISTANCE (mm)

Figure 13. Axial distribution of combustion efficiency with different
chemical schemes.
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Figure 16. Variation of water mole fraction at combustor exit with turbulent
Scimidth number.
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