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Abstract

Thermo-structural design of high speed propulsive systems require heat transfer as an input.
Nonreacting and reacting flow simulations are carried out to predict the heat transfer
characteristics of scramjet combustor using commercial software. The software employs finite
volume method to solve 3-D RANS equations along with SST-k® turbulence model and
infinitely fast chemistry. The flow through a convergent-divergent nozzle is taken as validation
test case and very good match is obtained between computed heat flux and experimental data.
It is observed that minimum 10 micron 1*" grid spacing is required to predict wall heat flux
accurately and grid independence of heat flux data is demonstrated. Heat transfer coefficient
is independent of various isothermal walls and computed heat fluxes are higher at combustion

intense zone behind fuel injection struts.
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Nomenclature

bu= Model coefficient of EDM

= Log-layer constant

= Diameter

= Eddy dissipation model

= Height of the combustor entry, heat transfer
coefficient

= Enthalpy

= Three axes direction

= Species component

= Turbulent kinetic energy

= Mass flow

= Molecular weight, Mach number

= Pressure

= Prandtl number

= Heat flux

= Reynolds Averaged Navier Stokes

= Source term

= Sauter mean diameter

= Shear Stress Transport

= Time

= Temperature

= Velocity

X, Y, Z =Three axes direction

Y = Species mass fraction

Symbol

AF = Net thrust

An = Distance between wall to first grid point

% = Dispersion factor, stoichiometric coefficient,
kinematic viscosity

p = Density

0 = Equivalence ratio

0 = Viscosity

T = Shear stress

0 = Turbulent frequency

n = Efficiency

G = Constant value of k, € and ® terms

Q = Strain rate

Subscript

air = Inflow air

aw = Adiabatic wall

C = Convective, combustion
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CI = Combustor entry
e = Exit

f, ox,p =Fuel or bulk fluid, oxidizer, product
I = Various species

k =X, Y, z directions

1 = Laminar

0 = Stagnation region

t = Turbulent, total

th = Thrust

w = Wall

Introduction

Starting from pioneering work of Ferri [1] in early
1960s, significant progress has been made in scramjet
engine development of hypersonic air-breathing cruise
vehicles for both civil and military applications. Both
hydrogen and hydrocarbon fuels were studied extensively
[2,3] for scramjet engines. Lower hypersonic (M., < 8)
flight regimes and volume limited applications necessitate
hydrocarbon fuels [4] due to their greater density and ease
of handling. Computational Fluid Dynamics (CFD) tools
are employed to model accurately several complex physi-
cal processes during the design phase of the scramjet
engine. To circumvent slow transport and reduced mixing
of liquid fuel with incoming air stream, strut based injec-
tion system are preferred for flight sized hydrocarbon
fuelled scramjet combustor. Computational studies of
strut based scramjet combustor with liquid hydrocarbon
are not reported adequately in open literature. Bouchez
and co-authors [5,6] have used ONERA’s in-house CFD
code MSD-2.2.2 for simulation of strut-based kerosene
fuelled scramjet combustor and reported reasonable match
between computed wall static pressures and experimental
data. Adequate details are not provided for two-phase
reactive calculations. Manna et al. [7] studied the effect of
the combustor inlet Mach number and total pressure on the
combustion process in a strut-based kerosene fuelled
scramjet combustor and concluded that predominant su-
personic flow without thermal choking could be obtained
through higher combustor entry Mach number and distrib-
uted fuel injection. The fuel injection struts caused signifi-
cant flow blockage, made the flow fully three-dimensional
and affected the mixing and combustion pattern in the
scramjet combustor. Manna et al. [8] and Malsur et al. [9]
have estimated the thrust and combustion efficiency pa-
rameters of a flight sized scramjet combustor. Combustor
performance was improved significantly by redistributing
the fuel injection holes, relocating the strut and prescribing
proper drop size distribution. Malsur et al. [10] carried out
end-to-end CFD simulation for a complete hypersonic
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vehicle integrating both external (nonreacting) and inter-
nal (reacting) flow together to calculate the scramjet com-
bustor performance and vehicle net thrust and drag. The
computational analysis provides net forces and moments
of the whole vehicle to carry out the mission analysis.

Although CFD methods are being employed to predict
the overall performance of the scramjet engine in terms of
thrust and combustion efficiency, the use of these methods
in thermo-structural design of combustor walls are rather
limited. Malsur et al. [11] predicted convective heat flux
in a hydrocarbon fuelled scramjet combustor. High tem-
perature inside the combustor due to reaction of fuel with
incoming air stream and external aerodynamic heating by
ambient hypersonic flow are the major source of heat load
for combustor walls. Wall heat flux and resulting surface
temperature are the key inputs for thermo-structural de-
sign of scramjet combustor. Measurements of these pa-
rameters are very difficult due to severe thermal and
oxidising environment of hypersonic flight Mach number.
For example, at M., > 6, the combustion product total
temperature and avera%e wall heat flux would be around
2800 K and 5.0 MW/m” [12]. Wall heat flux and tempera-
ture in a supersonic model combustor is measured by Li
etal. [13] with an integrated water cooled sensor. Kennedy
and Donbar [14] measured heat fluxes at four locations in
a direct-connect gaseous hydrocarbon-fuelled cavity
based scramjet combustor operating at fuel equivalence
ratios of 0.6 to 1.0. Measured heat fluxes are higher (0.6 -
2.0 MW/mz) at reaction zone of the cavity flame holder;
whereas, upstream and downstream regions of the flame
holder experience comparatively lower heat fluxes. Zhang
et al. [15] used a state observer based method to estimate
inner wall temperature from measured pressure and outer
wall surface temperature of a scramjet combustor.

Well resolved CFD tools can easily locate hot spot
(region of extreme heat load) of the scramjet combustor
wall which may be difficult to estimate through theoretical
or experimental studies. In the present work, commercial
CFD software CFX [16] is first validated against experi-
mentally measured heat flux data in supersonic conver-
gent-divergent nozzle [17] and the convective heat flux
(g,,) and heat transfer coefficient (h.) are estimated of a
flight sized kerosene fuelled scramjet combustor.

Computational Methodology

Three-dimensional Reynolds Averaged Navier Stokes
(RANS) equations are solved along with species and tur-
bulence transport equations using commercial CFD code
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CFX[16]. The code is fully implicit finite volume method
with finite element based discretization of geometry The
convective terms are discretized by 2" order spatial
scheme to capture the flow features more accurately. Men-
ter’s shear stress transport, SS7- ke [18] turbulence model
is used along with wall functions in the present simula-
tion.

Governing Equations

The system of governing equations describing the
conservation of mass, momentum, energy and species
transport equations of compressible gas flows are written
as:

Conservation of Mass equation:

aPp

=1.2 1
ot k=1,2,3 M

+7(pu) 0
x

Conservation of Momentum equation:

d(t.)
(puu)+a—‘° ik
z axk

f(pu)+ ik=1,2,3 2)

Conservation of Energy equation:

8qk

—(pm (pu H) = (”f‘jk“a_xk’ j k=123 (3)

Turbulence Transport Equations

k-¢€ Turbulence Model

Turbulent kinetic energy (k) equation:

J J _ 0 [|H Mok
E(Pk)"‘aka(l)ukk)—aka Pr+6k axk +Sk 4

Turbulent eddy dissipation(€ )equation:
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o POt PUOTG PG o [T @

where, p, U, p, H are the density, velocity components,
pressure and total energy respectively and L=, + L, is

the total viscosity; W, I, being the laminar and turbulent

viscosity and Pr is the Prandtl number. The source terms
S, and S of the k and € equation are defined as
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where turbulent shear stress is defined as

au au
ax a .

1

T =K (6)

Laminar viscosity (L) is calculated from Sutherland law

as

32(T +8
_ T Zref 7
Ml_“ref[TrefJ { T+S ] )

where, 7 is the temperature and L ref T, P and S are known

coefficient. The turbulent viscosity |, is calculated as

k

The coefficients involved in the calculation of turbulent
viscoeity (L, ) are taken as

cu=0.09, C, =144, Ce2:1'92’

O = 1.0, o, = 1.3, cc=0.9

The heat flux g, is calculated as g, =— Kﬂ, A is the

ox,
coefficient of thermal conductivity

k- Turbulence Model

In this model, turbulent viscoeity is claculated as func-
tion of k and .

_ ¢ [Pk
W =/ (mj ©)
Turbulent kinetic energy (k) equation:
0,0 L0 (p 3K,
al(pk)+axi(pku,.)—axj ( . ax] G-Y, (10)

Specific dissipation rate (®) equation:
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Where, Gy, is turbulence production due to viscous and
[0)

buoyance forces, ¥, = B] pkw,I}= u+& .G, =0 T Gy,
Ok

B .
Y =Bp w” and L =p+ G—’ of the k and ® equations re-

w
spectively. Where [3] =0.09, 0 =5/9,=0.075, and 5, =
G, = 2

SST - ko® Turbulence Model

To retain the robust and accurate formulation of Wil-
cox’s k- ® model in the near wall region, and take advan-
tage of the free stream independence of the k- € model in
the outer part of the boundary layer, Menter [18] blended
both the models through a switching function. k- € model
was transformed into Wilcox’s k- ® formulation and was
multiplied by (/-F;) and added to original k- ® model
multiplied by F;. The blending function F; will be one in
the near wall region and zero away from the surface. In the
second step, the definition of eddy viscosity (L,) was
modified in the following way to account for the transport
of the principal turbulent shear stress (T=—pu’v”)

a]k

v (12)

f_max(aloo;QFz)

where v, (is kinematic viscosity) = [, / p and F, is a
blending function similar to F';, which restricts the limiter
to the wall boundary layer. Q is an invariant measure of
the strain rate. Their formulation is based on the distance
to the nearest surface and on the flow variables.

4
F2:t21nh(z1i’g2 ) (13)

The argument is defined as
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Vk SOOV} 2 (14)
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Where y is the distance to the wall and CD,, the positive
portion of the cross-diffusion terms expressed as

1 0k 0 -20
— 2522 1
coaxj dx.’ 0 } (15
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J
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Where, y is the distance to the nearest wall and v is the
kinematic viscosity

Species Transport Equation

Conservation of Species Mass Fraction (Y):

EDN _a M i]ﬁ
at(pYl)+axk(pukY’)_akaPr-’-cc 8xk 5 (16)

Where the source term S is due to the chemical reaction
rate involvin%1 species component /, and Y; is the mass
fraction of I' species. The chemical reactions can be
described in terms of k elementary reactions involving N~
components that can be written as:

N N

L i 17

> Vil < > Vit (a7
I=A,B,C, ... I1=A,B,C,...

where, v, is the stiochiometric coefficient for species
component / in the elementary reaction k. The rate of
production / consumption, S, for species component / can
be computed as the sum of the rate of progress for all
the elementary reactions in which component / partici-
pates:

K
Q.
S, =M, > G=vi) Wy (18)
k=1

Where, M, ; is molecular weight of species component /
and w, is the elementary reaction rate of progress for

reaction, which can be calculated using combined com-
bustion model.

The liquid kerosene fluid flow (dispersed phase fluid)
is treated along with gaseous phase through Lagrangian
Particle Tracking Method (LPTM). Eddy dissipation com-
bustion model [19] is used for modeling turbulence-chem-
istry interaction in the scramjet combustor. The chemistry
of the air and liquid hydrocarbon (C|,H,3) reaction is
represented on a molar basis by,

C12H23 +17.75 0, + 0.6H20 + 2.64N2) — 12C02

+22.15H,0 + 46.86N, (19)

The mixing rate determined from the EDM combus-
tion model is given as
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_e Y d distance from the wall, « is the von K tant and
W - -4 7 min {Y 2 p _p_} (20) istance from the wall, ¢ is the von Karman constant an
€203 eam ebu” k Frv e Ty C is a log-layer constant depending on wall roughness.

Where, Yf, Y, and Y _are the mass fractions of fuel, oxidizer
and products respectively, A, and B, are the model
constants taken to be 4.0 and 0.5 respectively and v is the
stoichiometric ratio. As the combustion in the scramjet
combustor is mostly mixing limited, we used mixing
controlled combustion model based on fast chemistry to
model turbulence chemistry interaction. The model was
tested extensively for number of high speed reacting cases
for hydrogen and hydrocarbon fuels pertaining to scramjet
flow [7-10, 20-25] and it was found that surface pressure
and temperature is higher in the reaction zone because of
instantaneous reaction on mixing. The surface pressure
matches very well (within 5%) in the divergent portion of
the combustor where the maximum thrust is produced.
Since, the predicted temperature is higher in the reaction
zone; the predicted thermal characteristics will be conser-
vative. Although, the finer details of the combustion proc-
ess (kinetic controlled phenomena like ignition, soot
formation etc) could not be predicted in this approach, it
is adequate to predict the performance and heat transfer
characteristics of the combustor for engineering design.

Heat Flux Modelling Near the Wall

Launder and Spalding [26] wall-function approach is
used for prediction of heat flux near wall in the present
work. This approach connects the wall conditions (e.g., the
wall-shear-stress) to the dependent variables at the near-
wall mesh node which is presumed to lie in the fully-tur-
bulent region of the boundary layer.

The logarithmic relation for the near wall velocity is
given by:

U
+ y 1 +
=— =—1 + C
u W x n(y)
where
1
pAnu T )2
y+ = “and u_ = [—w] 2D
u T P

u™ is the near wall velocity, u. is the friction velocity,
p is density, U, is the known tangent velocity to the wall
at a distance of An from the wall, yJr is the dimensionless

The wall heat flux is modelled using thermal law-of-
the-wall function approach of Kader [27]. The heat flux
distribution (g,,) near-wall is calculated as:

pC i,

g, = L7 (T,-T) @2
T

where,

T+:Tl:Pr><y+><e Lri22xm(yH+BIxe "

001 x(Prxy ) . PAny

r andy =

1+5><Pr5><y+

Validation Case : Convergent-Divergent (CD) Nozzle

Back et al. [17] conducted experiments over a wide
range of stagnation pressures (2 - 30 bar) and stagnation
temperatures (600 - 1200 K) to investigate the convective
heat transfer in a water cooled convergent-divergent noz-
zle. Compressed heated air is passed through a long cham-
ber into the nozzle. Thirty two pressure probes and twenty
one thermocouple plugs were employed to measure static
pressure, wall temperature and heat fluxes along the noz-
zle surface. Uncertainty and repeatability of these meas-
urements were reported to be 5% and 2% respectively.
Throat diameter of the nozzle is 0.0458 m with contraction
ratio of 7.75 to 1.0 and expansion ratio of 2.68 to 1.0. The
same geometry is taken as the validation test case for the
present work and is shown in Fig.1.

A 90° sector is considered for the computation. Multi-
block structured grids (0.83 million hexahedral cell) are
made using ICEM-CFD software [28]. The grids are fine
near the nozzle wall (average y* ~ 2) while relatively
coarse grids are provided in the remaining portion of the
nozzle. Consistent to experimental condition, stagnation
pressure of 10.38 bar and stagnation temperature of 824 K
are imposed at the nozzle entry. Isothermal wall (7,, =
467K) and supersonic outflow boundary conditions are
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specified at nozzle walls and at nozzle exit respectively.
Log-normalized maximum residue of 10* and global
mass, momentum, and energy imbalance less than 0.1%
between outlet and inlet planes are considered as the
convergence criteria.

The different grids; namely, 0.55 million (coarse grid)
and 0.83 million (fine grid) are used to carry out grid
sensitivity study. Although the total number of points in
the fine grid are less than a factor of 2 compared to coarse
grid, the grid enrichment is mostly done near the nozzle
wall. Minimum y* for fine and coarse grids is 1 and 3
respectively. The computed heat fluxes for two grids are
compared along with experimental results in Fig.2. A good
comparison between computation and experiment is ob-
tained. The good match of convective heat flux for both
the grids demonstrates the grid independence of the re-
sults.

Application : A Practical Scramjet Combustor

A demonstration mission for autonomous functioning
of scramjet powered cruise hypersonic air-breathing vehi-
cle flight for 20 seconds duration at Mach 6.5 and altitude
32 km is explained in Ref. [29]. Liquid hydrocarbon fuel
is injected through row of struts placed in the combustor
flow path. The development and testing of the scramjet
combustor were restricted to half scale module due to
limitation of the connected pipe mode test facility. High
enthalpy airflow with total temperature of 1650-1750 K
and total enthalpy of 1.55-1.65 MJ/kg from a vitiated air
heater (hydrogen burner with oxygen replenishment) was
accelerated through a contoured convergent-divergent
nozzle to reach Mach ~2.0 at combustor entry.

Total length of the combustor including facility nozzle
is 26 h (h is the combustor entry height). The schematic of
the scramjet combustor is shown in Fig.3. The length of
the initial constant area section (Section I) is /. The sub-
sequent sections (Section II, IIT and I'V) are having lengths
2.3h, 8.1h and 104 and top wall divergence 1°,4° and 7.5°
respectively.

In the simulation, X-axis is taken along the flow direc-
tion (length of combustor), while, Y and Z-axes are chosen
along the height and width of the combustor respectively,
with the origin being placed at the intersect point between
left and bottom wall at combustor entry (Fig.3a). Liquid
hydrocarbon (C|,H,3) is injected through number of 0.5
mm injection holes provided in the struts. The struts are
arranged in such a manner that total amount of fuel is not
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injected at a particular axial location to avoid thermal
choking. Table-1 provides the inflow boundary conditions
at facility nozzle and fuel. Liquid kerosene fuel is injected
transversely into the combustor at an equivalence ratio (¢)
of 0.9 with a Rosin-Rammler (RR) particle distribution of
diameter D = 38.8 um, dispersion spread parameter of 1.5
which is equivalent to 14.34 pum Sauter mean diameter
(SMD) [30]. Liquid kerosene fuel properties are provided
in Table-2. All walls are specified as isothermal/adiabatic
conditions including struts and facility nozzle. Supersonic
outflow boundary condition is applied at the exit of the
combustor.

Multi-block structured grids (hexahedral) are made
using ICEM-CFD software [28]. Very fine grids are em-
ployed near the strut leading and trailing edges and com-

Table-1 : Inflow Boundary Conditions at Facility
Nozzle and Fuel
Parameter Facility Nozzle | Fuel Injector
Entry Entry
Fluid Vitiated air Liquid
Kerosene

Stagnation temp., 1734 300
To (K)
Mach Number 0.15 0.2
Equivalence --- 0.9
ratio, ¢
Total No. of - 104
injections
02 0.24 0.0
H0 0.18 0.0
N2 0.58 0.0
Ci2H23 0.0 1.0

Table-2 : Liquid Kerosene Fuel Property

Parameter Value
Dynamic viscosity, | (Pa s) 0.0015
Thermal conductivity, A (W/m K) 0.14
Molecular weight (kg/kmol) 167
Density, p (kg/m3) 780
Surface tension, ¢ (N/m) 0.028
Kinematic viscosity (mz/sec) 1.923x 10°°
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bustor wall regions, while grids are relatively coarser in
the remaining portion of the domain.

Computation of heat flux requires the resolution of
thermal boundary layer. Grid independence study is car-
ried out by considering different grid sizes from 2.04
million (380 X 53 x 102) to 3.12 million (421 X 73 x 102)
cells. The 1% grid point adjacent to wall An of is varied
from 5 um to 80 wm. Clustering of grid is done in all the
four walls. For An of 5 um, yJr value is less than 1. The
typical grid structure of the domain is also shown in Fig.3.
Comparison of non-dimensional convective heat flux
(qwmax where, G, is maximum heat flux at 1% strut

leading edge) and top wall surface pressure (PW/POCI
where, POCI is the total pressure at combustor entry) along

the flow direction near the mid plane (Z/h = 1.6) for
isothermal (7,, = 600 K) reactive flow simulations is
shown in Figs.4(a) and 4(b) respectively for different
grids. Computed pressures are seen to be invariant with
grid size and computed heat fluxes vary very little for An
< 10 wm demonstrating the grid independence of the
results.

Results and Discussion

Transverse injection of liquid kerosene fuel at an
equivalence ratio (¢) of 0.9 is considered for reacting flow
simulations.

Reacting Flow Field analysis at Tw = 600 K

Mach number and static temperature (7/7}) distribu-
tion at different axial locations (i.e., X/h = -4.07, 0.0,
3.48, 6.98, 10.46, 13.95, 17.44 and 21.51) are shown in
Figs.5 (a) and (b) respectively. Mach number is found to
decrease while temperature increases adjacent to the strut
regions due to mixing, combustion and heat release of the
fuel. Subsonic zones behind the struts are clearly seen in
Fig.5(a). Local static temperature is increased by 67% at
combustion intense zone due to heat release, (Fig.5(b)). In
combustor downstream, Mach number is increased, while
temperature is reduced due to expansion of supersonic
flow. The mass flow average Mach number, static pressure
ratio, temperature ratio and total pressure loss (AP) at the
entry and exit of the combustor are calculated and pro-
vided in Table-3. Here, total pressure loss for a particular
axial station (AP),) is defined as the difference in total
pressure in between the facility nozzle entry (PON) and

the particular axial location (i.e. AP, = Pom - Py,). Total
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Table-3 : Average Propery Values at Combustor
Entry and Exit

Ps/Poy, | To/To | APy (%)

Combustor 2.2 0.117 0.535 4.3

entry

Combustor 1.79 0.071 1.182 65.5
exit

Parameter M

pressure loss with respect to nozzle entry total pressure
(Py,) is found to be about 4.3% in the facility nozzle while

in the combustor alone it is about 61.2%.

Mass fraction of the species CO, and O, at various
axial locations (X/h = -4.07, 0.0, 3.48, 6.98, 10.46, 13.95,
17.44 and 21.51) are shown in Figs.6a and 6b respectively.
Reaction occurs mostly adjacent to the left wall (seen from
the flow direction) region of combustor, as observed in
Fig.6a. Considerable amount of O, is found to remain
un-burnt (Fig.6b) adjacent to the side wall regions of the
combustor due to unavailability of sufficient fuel in these
regions. Fuel droplets are vaporized completely within the
combustor and no liquid droplet is found at the exit of the
combustor. The combustor performance is presented in
terms of thrust and combustion efficiency. Total thrust
availed by the combustor is calculated from the difference
in momentum between outlet to inlet of the combustor (i.e.
A F =ittty +p, Ao| - [i1giy ticy + PerAcy) ). Combustion
efficiency is defined as the ratio of the burnt fuel to the
total amount of liquid fuel injected from the struts (i.e.,

I’}’lt X yCOZ x 0.31628
Ne=

). Where, m, and m,;, are total

’hclz 1_123 air
amount of reacting hot air flow rate at combustor exit and
vitiated air flow rate at combustor entry respectively and
u, p, A and y are axial velocity, static pressure, cross
sectional area and mass fraction respectively. Subscripts
t, e and CI are total, exit and combustor inlet respectively.
Overall combustor performance in terms of thrust per fuel
flow rate (AFy;) and combustion efficiency are 813.79

(N/kg/sec) and 84.7% respectively.

Computed axial pressure distributions at top wall mid
section (Z/h=1.6) for different isothermal conditions and
adiabatic condition are compared with experimental data
in Fig.7. Static pressure increases due to the reaction of the
fuel at fuel injection regions, then, decreases continuously
due to the expansion of supersonic flow. Overall a good
match is observed except at combustion intense region
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(X/h=6.0-10.0), where, CFD slightly underpredicted the
experimental value. Surface pressures do not change sig-
nificantly for different wall conditions.

Present simulation deals with convective heat flux
only. As pointed out by Hoffmann et al. [31] convective
heat flux contribute maximum (~85%) to the total heat
flux in liquid rocket motors. In the present case of scramjet
combustion chamber, since the flow field is convection
dominated, convective heat flux will contribute even more
(~90%) to the total heat flux (Convective heat flux is 1.6
MW/m? out of total heat flux 1.8 MW/mz). Convective
heat flux distributions at bottom, left, right and top walls
are shown in Figs.8(a) to 8(d) respectively. Higher heat
flux zones are observed behind the struts (Fig.8(a)) and
towards the top and bottom left wall corners. Right wall is
shown comparatively lower heat flux values than left wall.
Top and bottom walls look almost similar distribution of
heat flux except last divergent section. The unequal distri-
bution of the heat flux in the wall is due to the reaction
pattern which is caused due to combustor geometry asym-
metry (constant area at the beginning and expansion sec-
tion towards the exit), introduction of significant three
dimensionality due to fuel injection struts and asymmetry
of fuel injection. Axial distributions of wall heat flux at
various generators for all the four walls are compared in
Fig.9. High heat flux values are obtained adjacent to the
intense reaction zone (in the middle of the combustor).
Leading edge of the left wall experiences very high heat
flux. Top, bottom and left side walls are showing almost
similar values of heat flux, whereas, right side wall has
shown comparatively less value as the right side wall has
faced less combustion zone compared to the other walls.
Computed heat fluxes are used for thermo-structural
analysis of scramjet combustor. Table-4 shows the com-
parison of average convective heat flux (g,,/ quax) values

on the four walls for nonreacting and reacting flow for 7,,,
= 600 K condition. Average heat flux values for the
reacting flow are more than double than that of nonreact-
ing flow.

Table-4 : Average Convective Heat Flux Values
(gw/ qwm) on Combustor Walls for Reacting
and Nonreacting Flows

Bottom | Top | Left | Right
Nonreacting Flow 0.01 0.089 | 0.073 | 0.075
Reacting Flow 0.213 | 0.217 | 0.213 | 0.156

VOL.70, No.2

Effect of Wall Temperature on Combustor Walls

During scramjet operation, combustor wall tempera-
ture increases and causes the reduction of convective heat
flux and the combustor wall temperature is not known a
priori. Reacting flow simulation with isothermal wall tem-
perature of 7, =900 K is carried out to determine the effect
of wall temperature on heat transfer characteristics.
Fig.10(a) shows the comparison of local heat flux distri-
bution (at Z/h=1.6) for top wall for two isothermal wall.
Local heat transfer coefficient (k. = ¢q,,/(T,,,-T,,)) distribu-
tion (7,,, and T,, are the adiabatic and isothermal wall
temperatures respectively) along the axial length
(Fig.10(b)) is shown to scale with the difference of the
adiabatic wall temperature (7,,,) and the wall temperature
(T,,)- Hence, for getting the heat transfer characteristics of
the scramjet combustor, it is not required to carry out
computations with different wall temperature. One simu-
lation for adiabatic condition and one isothermal condition
are sufficient. Heat flux for any other wall temperatures,
can be obtained from heat transfer coefficient. The con-
stancy of heat transfer coefficients with different wall
temperatures and requirement of one adiabatic and wall
isothermal temperature in getting the heat flux values have
been discussed in great detail with number of validation
cases in Ref.[31]. Computed heat fluxes provide input for
thermo structural design of the scramjet combustor.

Conclusions

Heat transfer characteristics of a flight worthy scramjet
combustor with liquid hydrocarbon fuel are numerically
explored. Three dimensional RANS equations alongwith
SST-kw turbulence model and species transport equations
are solved using commercial CFD software. Infinitely fast
rate kinetics and Lagrangian particle tracking method is
used for combustion of fuel. Validation exercise for non-
reacting flow in a convergent-divergent nozzle reveals a
very good match of computed convective heat flux rate
with experimental data. Grid independence of the scramjet
combustor simulation is demonstrated with different grids
and different spacing of first grid point. It is found that
although the surface pressure distributions remain invari-
ant with different grid spacing but minimum spacing of 10
micron adjacent to the wall is necessary for accurate
prediction of wall heat flux. For flight sized scramjet
combustor, simulation captures all the pertinent features
of reacting flow in the combustor. Regions behind the fuel
injection struts experience higher heat flux compared to
other zones in the combustor. It is observed that although
the heat flux varies with different wall temperature, heat
transfer coefficient distribution remains almost invariant.
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The computed heat flux provides important input for
thermo-structural design of scramjet combustor.
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Fig.5 Distribution of (a) Mach Number (b) Static Temperature
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at Different Axial Locations Fig.6 Various Species Mass Fraction Distributions at

Different Axial Locations (a) CO2 (b) O2
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