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Numerical Simulation
of Transpiration Cooling for Sintered
Metal Porous Strut of the Scramjet
Combustion Chamber

YAN-BIN XIONG, YIN-HAI ZHU, and PEI-XUE JIANG

Key Laboratory for Thermal Science and Power Engineering of Ministry of Education, Department of Thermal Engineering,

Tsinghua University, Beijing, China

The strut structure in a scramjet combustion chamber is used to inject fuel into the main stream. The environment surrounding
the strut in the scramjet chamber is supersonic flow at very high temperatures. Thus, the leading edge of the strut is easily
ablated due to aerodynamic heating. This study analyzes the effect of a transpiration cooling scheme using a sintered metal
porous media surface to protect the strut from ablation. Numerical simulations are used to study the transpiration cooling
for different strut structures and coolant conditions. The influences of these parameters on the transpiration cooling of the
strut are analyzed for a main stream Mach number of 2.5 and a total temperature of 1700 K. The surface temperature can
be reduced to a safe temperature with a coolant mass flow rate through the porous media of 27.5 kgl m*-s. The coolant flow
near the leading edge is most important, with less flow needed downstream.

INTRODUCTION

The scramjet is one of the most promising propulsion systems
for hypersonic transport in next-generation high-speed trans-
ports. Since the detention time of the oxidizer stream in the
combustion chamber is several milliseconds, an effective injec-
tion scheme must be designed to provide rapid mixing. In some
scramjet engines, struts have been installed in the combustion
zone to inject the fuel into the main stream to improve mix-
ing. Many studies have focused on the effects of the mixing
and the aerodynamic performance with the strut. Tani et al. [1]
experimentally studied the aerodynamic influence of the strut
between the side walls. Their experimental results showed that
the additional shock waves generated by the strut created a
large separation zone on the side walls, which reduced the total
pressure efficiency and the capture ratio. Boyce et al. [2] com-
pared supersonic combustion experiments in a vitiation-heated
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blow-down tunnel in Japan and a free-piston shock tunnel in
Australia with a strut in the combustion chamber. Their re-
sults showed that the difference between the two facilities is
within the experimental error when the different freestream and
boundary-layer effects are included. Masuya et al. [3] experi-
mentally investigated the ignition and combustion performance
of a scramjet combustor with a fuel injection strut to show that
the plasma igniters could successfully ignite both parallel and
perpendicular fuel jets without a noticeable time delay between
the two sides of the strut. Other studies have considered fuel
mixing and the effects of the strut on the combustion [4-6].
The environment around the strut in the scramjet chamber
has supersonic flow at very high temperatures. Thus, the leading
edge of the strut suffers severe ablation due to aerodynamic
heating. There have been several studies of thermal protection
methods for the strut, especially for the leading edge. Mo-
toyama et al. [7] suggested a spike attached to a hemispherical
body to change the flow structure to reduce the heat flux and
pressure drag by generating a recirculation region around the
stagnation point. Bouchez et al. [8] described the activities of
the French PATH-SOCAR work using fuel-cooled composite
material structures in dual-mode ramjets for thermal protection.
They gave experimental and numerical results for the thermal
protection for scramjet applications using C/SiC materials.
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Sun and Zheng [9] numerically studied the thermal protection
effectiveness of three thermal protection schemes using a
regeneration cooling scheme, a C/SiC thermal protection
material, and gas jet thermal protection. Their results showed
that for high Mach numbers, regeneration cooling and C/SiC
thermal protection cannot protect the leading edge so gas jet
cooling must be used.

Transpiration cooling is one of the most efficient cooling
techniques to protect surfaces from very hot gas streams and is
well recognized as a possible means for cooling rocket com-
bustion walls, gas turbine combustion chambers and blades.
Thus, transpiration cooling is also a plausible solution for ther-
mal protection of the strut. There have been several studies of
transpiration cooling for scramjet engines [10-12].

This paper describes a transpiration cooling scheme using a
sintered metal porous medium to protect the strut from abla-
tion. Numerical simulations are used to study the transpiration
cooling for different strut structures and coolant conditions.

PHYSICAL MODEL

In some previous experimental studies, the strut height was
the same as the scramjet channel height with the strut pass-
ing completely through the channel [2, 13]. In addition, the strut
height is usually much larger than the strut thickness. The model
has been simplified to reduce the computations by using a two-
dimensional (2D) model or periodic boundary conditions using
a portion of the model with the vertical direction in a three-
dimensional model [14, 15]. Figure la shows the 2D model
of the scramjet combustion chamber used in the present cal-
culations with a strut made of sintered stainless-steel particles
installed in the center of the domain. Simulations comparing
the symmetric 2D model with an entire 2D model showed lit-
tle difference between the surface temperatures and flow fields
predicted by the two models. Therefore, the symmetry bound-
ary condition was used for the simulations. The flow inlet was
60 mm wide and the computational domain extended 100 mm
in front of and behind the strut. The three strut geometries em-
ployed in the simulation are shown in Figure 1b. The external
contours are the same for the three structures with a 10-mm-
thick strut with a 30-degree blunt wedge on the upstream side to
deflect the oncoming flow. The struts were 37.5 mm long. The
leading edge had a 2-mm radius and was 1 mm thick with a body
wall thickness of 2.5 mm for structures 1 and 2 and 2 mm for
structure 3. The internal structures had one rib to strengthen the
strut in the strut cavity in model 2 and three ribs in model 3. The
leading edge of the strut always had the highest temperature on
the strut surface, with the surface temperature decreasing to a
relatively low value along the flow direction. One way to reduce
the leading edge temperature is to increase the cavity pressure
next to the leading cone to increase the leading edge mass flow
rate, which will reduce the temperature. The incoming hot su-
personic stream was set to be air, with methane fuel used for
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Figure 1 Model of the struts in the scramjet combustion chamber.

the coolant. Thus, after the transpiration cooling of the strut, the
methane mixes with the main stream and combusts.

The main stream and coolant fuel inlet boundary conditions
were set to those given by Dessornes and Jourden [16], with
mainstream inlet conditions of Ma = 2.5, Py = 1.0 MPa, and
Ty = 1700 K. These were kept constant for all the simula-
tion structures. The walls were assumed to be insulated with
a no-slip boundary condition. The outlet of the computational
domain was specified as a pressure outlet. The air and methane
were treated as ideal gases, with polynomials used for their ther-
mal conductivities, specific heats, and viscosities. The species
mixing model was based on kinetic theory [17]. The porous
material was assumed to be stainless steel.

The mass flux boundary condition was used for the internal
coolant inlets, with three mass fluxes, 27.5 kg/mz-s, 55 kg/mz-s,
and 68.75 kg/m?-s used at each inlet boundary to achieve mass
flow rates of about 1 kg/s, 2 kg/s, and 2.5 kg/s. These three mass
fluxes are referred to as fluxes I, II, and III in the following.

MATHEMATICAL MODEL AND NUMERICAL METHOD

The simulations used the commercial software FLUENT ver-
sion 12, which uses the Favre-averaged equations to solve the
continuity, momentum, energy, and mass transport equations for
supersonic flow. The Spalart—Allmaras (SA) turbulent model,
which was designed specifically for aeronautics and aerospace
applications involving wall-bounded flows and has been shown

vol. 35 nos. 6-8 2014
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to give fairly good agreement for various supersonic and hy-
personic flow patterns, was used for the turbulent closure. Bar-
dina et al. [18] compared the performance of the k-w model of
Wilcox, the k-¢ model of Launder and Sharma, the k-w SST
model of Menter, and the S-A model of Spalart and Allmaras to
show that for five free shear flows and five boundary-layer flows,
the Spalart-Allmaras and SST model gave the best numerical
predictions. For the 2D mixing layers, wake flows, and flat-plate
boundary-layer simulations, the SA model gave better predic-
tions. For this study, the boundary-layer development on the
strut surface and the flow structure in the wake are most impor-
tant, so the SA model was used for the turbulence. Large-eddy
simulation (LES) results by Génin and Menon [14] showed that
the flow field is unsteady in the wake of the bluff body with vor-
tical structures that contribute to the mixing of the hydrogen jet
with the recirculating fluid. In addition, their simulation results
also indicated that the time-averaged flow features showed rea-
sonable agreement with experimental results. The shock pattern
was found to be rather steady and insensitive to the dynamics
of the recirculating region and of the shear layers. In this study,
the shock pattern should be steady for the constant main stream
inlet and coolant inlet conditions. The unsteady vortices formed
in the strut wake should have little effect on the surface tem-
peratures, especially in front of the strut. Thus, the cases in this
study were calculated assuming steady-state conditions.

The governing equations for this 2D, steady, and compress-
ible problem are:

Continuity equation:
0 0
—(pu) + —(pv) =0 (D
ax ay
Momentum equation in the x direction:

O (ouie) + 2~ (pvu)
—(puu —(pvu
8xp Byp

=2 (M + )8u+
T dx " ntax

9 du
+— [(ner)a ]+— [(n+m)—} ()

d M+ m,) au ap
ay e ay ax
Momentum equation in the y direction:

a( )+a( )
—(puv) + —(pvv
axp Byp

=22+ 2 a+n]-22
ox e ax ay o ay ax

9 du 9 v
+—[(n+m)a ]+—[(n+m) ] 3)
y dy
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Energy equation:
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0 " n\ oT
ral(mre) ] @

The SA turbulent model defines the turbulent viscosity func-
tion in terms of an eddy viscosity, , and a wall function, fj,
as:

N = pVfu (&)

The convective transport equation for the eddy viscosity is:
apY  d(pVu;
apv | ovu))

= cp (1 — SV
o o, cpi(1 = fr2)pSY

n 1] o () av n v 0V
- — V+9)— Chppp—— ——
o L ox; P 0x; bzpaxj ax;

2
~ lewtu = H o]0 (5) + fapAU?

(6)

Here S is the magnitude of the vorticity and d is the distance
to the closest wall. The subscript b stands for “basic,” w stands
for “wall,” v stands for “viscous,” and ¢ stands for “trip,” which
means the start of transition. Detailed definitions for the model
can be found in Spalart and Allmaras [19].

The Brinkman—Forchheimer extended Darcy equation was
used to model the coolant flow through the porous media as

V(pseu) = —VP + V(p i) — K“ 3ij_|u|u %)

The permeability, K, and the inertia coefficient, F, were given
by Ergun [20]:

d% ¢ 1.75
= - B = (8)
150(1 — ¢)? V15083/2

The solid and fluid temperatures in the porous media are not
actually the same, with many analyses of the solid and fluid
temperature distributions in porous media using various sim-
plifications and boundary conditions for transpiration cooling
[21-24]. Wang and Wang [21] gave a conservative quantitative
criterion for use of the LTE model as

M < 0.223Bi*7 )

where M is the dimensionless coolant mass flow rate, M =
mc,H/ky,, and Bi is the pore Biot number, Bi = hsfassz/ksf.
The criterion is satisfied for all the cases considered here; thus,
thermal equilibrium model was used in this study. The thermal
equilibrium model has been proven to be an effective method

vol. 35 nos. 6-8 2014
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Table 1 Calculated temperatures for the three meshes

Table 2 Comparison theoretical and numerical values of A and T

Coarse mesh Fine mesh Finer mesh Stand-off distance A, mm Stagnation temperature T, K
Cells before adaption 94382 152647 220189 Theoretical 1.630 1700
Cells after adaption 112452 173846 237543 Numerical 1.657 1703.3
Leading edge temperature 1259.6 1256.8 1256.1 Difference 1.66% 0.19%
for transpiration cooling numerical simulation research when ~RESULTS AND DISCUSSION

coupled with the mainstream flows [25, 26]. The energy equation
in the porous media for this model is

ViprepreuTp) = V((hm + 2a)VTy) (10

The effective thermal conductivity for the porous media, \,,
with consideration of the thermal dispersion is defined as [27]

i-’":(l—ﬂH—z"l_g
f

1 —-oB
1 —0)B 1\ B+1 B-1
% &m y_ B+l (11)
(1 —oB)? oB 2 1 —oB
10
1—¢\?° }\f
B =125 o= ~L (12)
€ Ns

The additional thermal conductivity, X4, due to the thermal
dispersion in porous media was [28]

ha = Cppcprd,Uy(1 —g), C = 1.60[Re, - Pry - (1—g)]"8282
(13)

The mesh adaption function in FLUENT was used to refine
the mesh around the shock wave to more accurately catch the
shock wave. Three meshes for strut structure 2 were formed to
get a fine mesh that balanced the accuracy and computational
load. The surface temperatures with coolant mass flux I indicated
that the largest temperature difference occurred at the leading
edge of the strut, with the difference getting smaller along the
surface. The leading edge temperature for the different meshes
is shown in Table 1. The grid near the strut after adaption for
the fine mesh is shown in Figure 2.

[

Figure 2 Typical of the Mach number contours.

heat transfer engineering

Two key parameters, A and T, from numerical results with-
out transpiration cooling were compared with predictions of
theoretical and empirical equations to check the accuracy of the
simulations. A denotes the detached shock stand-off distance
in front of the body, while T} is the stagnation temperature at
the leading edge of the strut. Ambrosio and Wortman [29] cor-
related experimental results for the stand-off distance for the
wedge-cylinders as

A/R = 0.386 exp(4.67/M?) (14)

where A is the stand-off distance, R is the radius of the wedge-
cylinder, and M is the Mach number. The air temperature of
the first element near the stagnation point was used for the
stagnation temperature. The results in Table 2 show that the
numerical results correspond well with the theoretical values.

The numerical Mach number contours for the three struc-
tures are shown in Figure 3. The Mach 2.5 incoming flow is
deflected at the tip of the strut to form an oblique shock wave.
After impacting the upper walls, the oblique shocks reflect back
downstream toward the chamber centerline.

Figure 4 compares the Mach number contours around the
struts with and without transpiration cooling for the three struc-
tures. The Mach number contours are very concentrated near the
strut surface without transpiration cooling, which means there
are very large velocity gradients. The transpiration from the
surface significantly reduces the velocity gradients for all these
structures.

The temperature contours for the three structures in
Figure 5 show that the strut surface temperatures are lower than
the oncoming stream temperature. The leading edge tempera-
ture at the strut surface without transpiration reached the total
temperature of the oncoming stream. The air kinetic energy is

Ma=2.5

0 259

Figure 3 Mach number contours, with (upper half) and without transpiration
(lower half).

vol. 35 nos. 6-8 2014
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(b) 1 1ib

(c) 3 ribs

Figure 4 Contours of temperature with (upper half) and without transpiration
(lower half).

transformed to molecular thermal motion energy due to the vis-
cous flow and strong shock compression, which makes the strut
leading edge surface temperature the highest in the whole com-
putational domain. However, the strut surface temperature with
transpiration was much lower with the velocity stagnation point

(a) No ribs

moved ahead of the leading edge of the struts, as the transpira-
tion coolant pushed the stagnation point away from the surface.
The strong compression shock ahead of the leading edge of the
strut caused the highest temperature to occur just in front of the
strut leading edge. Downstream, the surface gas velocity was not
zero due to continued injection, which reduced the aerodynamic
heating.

Figure 6 shows the methane mass fraction contours around
the struts. The contours show that as more coolant flowed from
the porous strut surface, the methane layer became thicker as it
moved downstream along the surface, which effectively reduced
the heat transfer. Thus, the continuous methane injection from
the porous wall thickens the boundary layer and isolates the
surface from the hot stream.

The different coolant blowing ratios had some effects on
the contours. As can be seen in Figure 7, the boundary-layer
thickness increases with increasing coolant mass flow rate. The
thicker boundary layers push the stagnation point further
from the leading edge and accumulate more methane coolant
along the downstream surface. Thus, the temperatures along the
strut surface decrease as the blowing ratio increases.

Figure 8 shows the strut surface temperatures along the sur-
face for different mass flow rates and the different structures.
The temperature trends are similar to those in Figure 5 for the
three structures. The temperature is highest at the leading edge

(b) 1 rib

(c) 3 ribs

300 350 400 450 500 550 600 650 700 750 800 850 900 950 100010501100115012001250130013501400145015001650160016501700

Figure 5 Methane mass fraction contours.

heat transfer engineering
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(a) No ribs
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Figure 6 Methane mass fraction contours for different mass fluxes for

structure 2.

(b) 1 1ib

(c) 3 ribs

ch4: 0 0050101502025030350404505055060650.70750808509055 1

(a) Mass flux 1 (upper) vs II (lower)

(b) Mass flux I (upper) vs III (lower)

chd. 0 005 01 015 0.2 025 0.3 035 0.4 045 05 055 06 065 0.7 0.75 0.8 085 09 095 1

Figure 7 Temperature variations along the strut surface.
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Figure 8 Temperature variations for variables mass fluxes.

of the strut and decreases sharply along the surface. For struc-
tures 2 and 3, the downstream surface temperature drops to the
coolant inlet temperature, 300 K, which is not necessary; thus,
some coolant is wasted. The highest temperature for these three
structures is 1257 K for structure 2 for mass flux I, which is
acceptable for the material so the higher mass fluxes are not
needed.

Increasing the coolant inlet mass flux reduces the lead-
ing edge temperature, which is the most critical point for the
strut. However, Figure 8 shows that for a large mass flux, the

vol. 35 nos. 6-8 2014
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Figure 9 Cooling effectiveness along the strut.

temperature decreases little with increasing coolant mass flux,
which means the increased flow rate is not necessary. Figure 9
shows the temperature variation for a nonuniform mass flux for
the different internal cavities. For structure 2, the fore cavity
mass flux was kept at 27.5 kg/m>-s, while the aft cavity mass
flux was reduced by half. For structure 3, the fore cavity mass
flux was also kept at 27.5 kg/m>-s, while the mass fluxes in the
other three cavities were reduced by half. For both structures,
decreasing the aft cavity inlet coolant mass fluxes resulted in
temperature increases on the afterbody outer surfaces, with little
variation of the front surface temperatures. The temperature in-
creases were very small and acceptable for the material, which
means that the nonuniform mass fluxes can provide effective
protection with less coolant. The permeability of the leading
edge could be increased or a hole could be drilled in the leading
edge to further reduce the surface temperatures.

In supersonic transpiration cooling, the cooling effectiveness,
1, is defined as

— 15
T, —T. (15)

where T, is the coolant temperature and 7 is the free stream
recovery temperature, defined as
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Figure 10 Cooling effectiveness variations with variable mass fluxes.

—1
T. = To, <1 +rY . Ma2> (16)

where r is the recovery factor and vy is the specific heat ratio.

The cooling effectiveness along the surface is plotted in
Figure 10. The cooling effectiveness around the leading edge is
very poor and should be improved.

The cooling effectiveness variations for the nonuniform mass
flux cases are shown in Figure 11. These results also show
that increasing the local mass flux at the leading edge provides
effective protection with less coolant usage.

vol. 35 nos. 6-8 2014
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CONCLUSIONS

Numerical simulations were used to study the transpiration

cooling of struts in scramjets made of a sintered metal porous
media. The conclusions are:

. The thermal environment around the strut in the scramjet

combustion chamber is very severe. Active cooling must be
used to protect the strut to provide a long lifetime.

. Injection from the leading edge into the flow stream pushes

the stagnation point away from the surface. A thin film of
low-temperature coolant is established at the leading edge,
which provides effective thermal protection from the oncom-
ing hot stream. Near the downstream strut surface, the air
velocity is not zero due to the flow injection, which reduces
the aerodynamic heating.

. A higher local mass flux at the leading edge with less tran-

spiration cooling downstream provides effective protection
with less coolant flow.

. Additional cooling will be needed to protect the strut leading

edge as the mainstream temperatures become higher.

NOMENCLATURE

particle diameter [m]

heat transfer engineering

F
Ju
K

m
Ma
Py
Pr
T, Ty
u, v

Up

Y.-B. XIONG ET AL.

inertia coefficient

wall function for the SA model

permeability of the porous media [Darcy]

mass flux

Mach number

total pressure [Pa]

Prandt]l number

temperature, total temperature [K]

velocity in the x or y directions [m/s]

absolute pore velocity (Up = (u%, + v,z))l/z) [m/s]

X, y, z coordinate directions [m]

Greek Symbols

A thermal conductivity [W/(m-K)]
v dynamic viscosity [N-s/m?]

n cooling effectiveness

N turbulent viscosity, [N-s/m?]

Y eddy viscosity in the SA model
€ porous media porosity

Y specific heat ratio

[ density [kg/m?]

Subscripts

f fluid

p particle

r recovery factor
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