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Two-Dimensiona! Material Response of a Transpiration-Cooled
System in a Radiative/Convective Environment

Izumi Ishii* and Hirotoshi Kubotaf
University of Tokyo, Tokyo, Japan

The two-dimensional unsteady material response of a transpiration-cooled system in a radiative/convective
heating environment is analyzed numerically with the use of the strongly implicit procedure (SIP). The internal
mass flow rate, internal pressure, and in-depth solid and fluid temperature distributions are obtained for various
matrix porosities and coolant mass injection rates in a CO,/silica transpiration-cooled system. The results for
application on Saturn entry vehicles provide a feasible idea for a thermal protection system in a severe
radiative/convective heating environment. The feasibility of this analysis is tentatively verified by comparison
with the experimental results of a radiation simulation of one-dimensional, relatively low-incident radiative

‘heating.

Nomenclature
C, = gpecific heat .
h, =volumetric convective heat-transfer coefficien
1, =external incident radiative intensity
I, =radiation intensity outward in the matrix

Ir =radiation intensity transmitted inward in the matrix

K = absorption coefficient

k = thermal conductivity

L,,L, =dimension inthe x and y directions

m.;  =reference mass injection rate

m,m’ =index on radiation bands that penetrate the matrix

n,n’ =index on radiation bands absorbed on the exposed
surface

p = pressure

Q = heat flux

R = gas constant

S = scattering coefficient

T = temperature

t =time

u,v = components of superficial velocity

v =superficial velocity vector

X,y =space coordinates

@ =viscous coefficient

B =inertial coefficient

€ =emissivity

0 =reflectivity

U =viscosity

o =density

o = Stefan-Boltzmann constant

1) = porosity

¥, =radiative heat-transfer correction factor due to mass
injection

¥, =convective heat-transfer correction factor due to

mass injection-

Subscripts

b = back face
I = convective
e = external

f = fluid

i =internal
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r =radiative

rerad =reradiative

s =solid

w =wall (surface)

v = yth spectral band of radiation
0 = without mass injection

Introduction

HERE are many practical ficlds of mechanical, chemical,

and aerospace engincering where radiative/convective
heating must be deduced. One application in the aerospace
field, for example, is a probe with an ablative thermal
protection system!? that enters the atmosphere of a giant
outer planet and encounters severe radiative heat loads in
association with convective heat loads. In such an en-
vironment, the ablation-cooled system is a very effective
method of thermal protection, including the effects of
reduction of convective heating by mass injection into the
boundary layer, of heat release by phase change of the surface
material, and of radiation absorption by the ablated gas
species.

Another approach to thermal protection is a transpiration-
cooled system. This system has some deficiencies compared
with the ablation-cooled system, such as auxiliary subsystem
complexity, troublesome maintenance, structural weakness,
etc. However, if it is used appropriately, it is expected that
transpiration cooling will be more effective in the
radiative/convective heating environment than the simple
ablation system. The transpired gas decreases the convective
heating and the porous matrix itself partially reflects the
incident radiative heat flux, while a coolant gas flowing
through the matrix partially absorbs the radiation and
transports it out of the matrix. Heat exchange between the
matrix and the coolant gas is also beneficial.

The  analytical studies for such a transpiration-cooled
system were performed by Kubota for both quasisteady and
unsteady cases under a one-dimensional assumption®* and
for coupling with ablation.’ The advantage of the coupled
transpiration-cooled system over the simple ablation-cooled
system is also discussed in Ref. 5. However, these discussions
are for a one-dimensional case, and a multidimensional
thermal analysis is required for a complete estimation of the
cooling effectiveness.

Many investigations concerning the flow through porous
media reveal that the Darcy law is consistent for such a flow
condition. Curry® predicted the heat and mass transfer in a
two-dimensional porous matrix heated convectively by
solving the modified Darcy equation, an energy equation for
the fluid, and an energy equation for a solid matrix with the
use of the strongly implicit procedure (SIP).” This implicit
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scheme was successfully applied to the solution of a system of
coupled, nonlinear partial differential equations.

The objectives of the present paper are to analyze the two-
dimensional flow characteristics within the porous matrix,
subject to the radiative/convective heat loads with the use of
SIP, by adding the radiative transfer term to the analysis of
Ref. 6 and to estimate the thermal protection effectiveness of
this transpiration-cooled system. Special attention is given to
the radiative transfer within a matrix consisting of a reflecting
solid and the absorbing fluid. It can show how to treat such a
system and provide a feasible idea for a thermal protection
system.

Mathematical Model and Assumptions

The mathematical model is sketched in Fig. 1. The
dimensions of the porous matrix are L, and L,, respectively.
The coolant fluid enters at the back face x=L, with a
reference mass injection rate m, . and flows toward the front
surface x=0. The incident radiative and convective heats
Q.0 and Q.(y) and the external pressure p,(y) are specified.
The analysis assumes that the solid and fluid temperatures are
not equal and that there is no reversal flow, chemical reaction
within the matrix, or melting of the material.

Governing Equations
A set of governing equations for the two-dimensional,
unsteady heat and mass transfer reduced by Curry® is
rewritten by adding a radiative transfer term to the energy
equations, as follows for the fluid:
Darcy’s continuity

£30)- 2 i
] 1 ap?
_“[ _ 1 ﬂ]:o )
ay LT (aus+Boslvel) ay

energy conservation

3T, u, 0T, v,aT, ] aT
c (_1+_f*f+_fAf)=~<k _f>
7\ Te ax ¢ oy /) ax N ax
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2
3, (3] )+ (T=Tp-vo, ®

perfect-gas law
Pr=psRTy 3

Darcy’s pressure drop

— V= (aps+Bos v, )vs 4)
and for the solid:
energy conservation
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Coo =2 (k —S)+— (k —)
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The matrix material is partially transparent to radiation so
that a part of the incident radiative heat flux penetrates the
matrix to be backscattered in depth and the rest is absorbed at
the surface. The incident radiation is defined as®

0,=Y0,+Y0, ©)
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where the first and the second terms on the right-hand side
represent the radiative heat that penetrates and is absorbed at
the surface, respectively, for the frequency » of m through m’
and n through n’. Thus, the radiative heat flux within the
matrix @, should be evaluated under the influence of the
penetrating incident radiative flux

.
Y o
v=m e,,

The radiative transfer within the matrix is assumed to be one-
dimensional in spite of the two-dimensionality of fluid
mechanics, because the x-wise radiative transfer is dominant
in uniform incident radiative heating. Hence, by the ‘‘two-
flux”’ method .described in the Appendix, it is written, by
neglecting volumetric emission, as

m’

Q=) 0, =Y nlp~Iy) ™

v=m

The radiative term vV Q, in Egs. (2) and (5) is the same for the
solid and the fluid, because it consists of a common absorbed
coefficient and a common scattering coefficient weighted by
porosity on the respective properties [see Egs. (A3) and (A4)
in the Appendix]. From the solution of the Kubelka-Munk
equations (Al) and (A2), it is then expressed in a one-
dimensional form by

do, m dly, dlg, m’
= = Ew( - — ):— Y 7K Iy +1x)

v=m v=m
Ag & Bo\ o
- _2<A_1 )e‘“’Ky;" Q,ev+2(E )e KV;n 2, ®

Boundary and Initial Conditions
The boundary conditions are specified according to the

mathematical model shown in Fig. 1.
At x=0 (front surface):
(Heat flux conducted inside the matrix)
= (incident radiative heating absorbed at the surface)
+ (incident convective heating)

— (reradiative heat flux outward the matrix)

or

aT, -
- ks _55 = \LI E Q’e,, + ¢2 Qc - Qrerad (9)

Q. )

—t—

Qr. ty)

Qregd_(—y )

0 Lx X

FRONT SURFACE BACK FACE
Fig. 1 Mathematical model.
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Table1 Properties of porous silica

Value at
Property 1981 K 300K Dimension Ref.
ks 2.290 0.903 W/m-K 8
Cps 1.294 0.720 kJ/kg-K 8
o5 1.49x 103 1.49 % 103 kg/m? 8
K 0.001 0.001 1/cm 8
S 40 40 1/cm 8
Ne 0.06511 0.06511 8
7 0.17 0.17 8
np 0.8 0.8 8
€ 0.14 0.14 10
Table2 Properties of carbon dioxide
Value at
Property 1981 K 300K Dimension Ref.
kg 0.1458 0.999x 102 W/m-K 11
Cl’f 1.369 0.846 kJ/kg-K 12
Ky 0.1172 0.1172 1/cm 13
Ss 0 0 1/cm 13
e 5.99x107%  1.50x1075 Pa-s 11

where Qg =0¢T?%, and ¢, and ¢, represent how many in-

cident radiative and convective heatings are blocked due to the

transpired gas in an external flow out of the matrix,

f—x? =0 (10)
Dr=p. an

At x=L, (back face):
T,=T;=T,=const (12)

At the back face, the mass flow rate has a constant value of
Mt

Two x-directional boundary conditions for pressure are
necessary because the differential of Darcy’s continuity
equation (1) is of second order. While the pressure is specified
at the front surface, either the pressure or pressure gradient
must be given at the back face. Two kinds of boundary
condition for the back-face pressure are considered, that is,

3
Case A: Pr_g 13)
ax

ap? ~
Case B: aixf=—2RTb(auf+Bm,ef)m,ef (14)

The boundary condition for case A is the same as one
proposed by Curry,® which sets an impermeable seal on the
injection zone. When this boundary condition is used, Vp,
equals 0 at x=L,; hence, from Eq. (4), (au,
+ Bos Ivfl)szX:O. This leads to au,+ Bm, =0 at the back
face, where the reference mass injection rate m, cannot be
given arbitrarily but is an eigenvalue, because other properties
such as &, 3, and ps are constant for an isothermal (constant
temperature in the matrix) case. The boundary condition for
case B, using the equations of Darcy’s pressure drop and
perfect gas just at the back face, excludes the above limitation
and can give the solutions for the various reference mass
injection rates.

At y=0and L,, symmetric boundaries are assumed in the y
direction,

ot _ons _, 05

ay dy Oy
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Fig.2 Boundary conditions at front surface.

and at =0,

T,=T;=T,, Pr=De. (16)

Results and Discussion

The governing equations are normalized by using ap-
propriate nondimensionalization and solved numerically with
the use of the SIP scheme under the normalized boundary
and initial conditions. The detailed descriptions on the
method of solution are in Ref. 9.

Representative calculations were performed for the CO,
transpiration through a silica (SiO,) porous matrix for ap-
plication to Saturn entry. SiO, and CO, were chosen as a
radiative reflecting porous solid and a radiative absorbing
coolant gas. The two-dimensional calculation can be applied
to a one-dimensional case by making the y coordinate
degenerate. An example is verification of the experimental
result from the radiation simulation of a one-dimensional,
relatively low heating condition.

The thermal and optical properties listed in Tables 1 and 2
were used in these calculations. Since the fluid mechanical
properties of porous silica are not available, the experimental
correlation for porous felt metal'* and sintered metal'® used
were

@=0.734x 10°(100¢) ~"-38cm ~2
£=0.152x 104(100¢) ®22cm !
and
h, =0.00434(C, k7) 033 p 0227 (p v, 1) 03 (G/ B) 14

Case 1

The radiative and convective heatings for this sample
calculation are taken for a 15 deg Saturn entry® at 1=23.7 s
corresponding to the maximum radiative heat loads. The
distributions of the incident convective heat load Q.(») and
the external pressure p, () are specified as illustrated in Fig. 2,
where Q.(0)=545 W/cm? and p,(0)=0.21 N/cm? at the
stagnation point. The incident radiative heating Q,e is
assumed to be independent on the y coordinate and is 263
W/cm? (161.6 W/cm? for the penetrating radiating heating
and 101.4 W/cm? for the surface-absorbed radiating
heating). The initial and the back-face temperatures are fixed
at 300 K. All calculations were carried out for the sample case
of ¥, =y,=1, which means that the incident radiative and
convective heatings are not influenced by the mass injection.
The matrix thickness L, is 1.0 cm.
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Fig. 3 Internal pressure and in-depth solid temperature (m2.; =0.07
g/cm? s, =0.66, y/L=0.0,1=305s).
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Fig. 4 Unsteady internal pressure (m . =0.07 g/em? s, ¢=0.66,
y/L=0.0).

Figure 3 shows profiles of the internal pressure and the in-
depth solid temperature for m;=0.07 g/cm?-s for the
different boundary conditions A and B. As some discrepancy
is seen between them, case B is used for the following
calculation for the reason described in the previous section.
Although it seems that the back-face pressure is exaggeratedly
high, the actual back-face pressure has a reasonable value for
the small external pressure of 0.21 N/cm?. Figure 4 represents
the unsteady characteristics of the internal pressure, which is
almost saturated in 20-30 s.

A typical internal mass flow rate normal to the surface
m,/m is shown in Fig. 5 for m,=0.1 g/cm?-s at t=30s,
which indicates the greater number of coolant mass flows
outward (y/L,—1.0) due to the higher external pressure at the
stagnation point (y/L,=0.0). The corresponding in-depth
solid temperatures are demonstrated in Fig. 6, showing the
highest temperature at the stagnation point. The surface solid
and fluid temperatures with the various mass injection rates
are illustrated in Fig. 7. When cooling effectiveness is defined
as the rate of the decrease in the surface solid temperature per
mass injection rate, it may perhaps have a lower value as the
mass injection rate increases (in spite of the fact that the
surface solid temperature itself decreases), because the rate of
temperature decrease becomes small for the increase of the
mass injection rate. The lower porosity increases the cooling
effectiveness because of the greater pore velocity as shown in
Fig. 8.

Increasing the incident radiative heating o, while keeping
the incident convective heating constant, may raise the levels
of the in-depth solid temperatures and also of the surface
solid temperatures. These effects are demonstrated in Figs. 9

DISTANCE FROM SURFACE x/ L«

Fig. 5 Internal mass flow rate normal to surface (7. =0.1
g/cm? s, 6=0.66,7=30s).
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Fig. 6 Solid temperature within porous matrix (¢ = 0.66, £ =30s).
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Fig. 7 Variation of surface temperature with mass injection rate
(6=0.66,y/L=0.0,2=30s).

SURFACE TEMPERATURE T., K

and 10. In Fig. 9, the nondimensional in-depth solid tem-
perature (T, — 7,)/ (T, — T,) is shown to be higher for greater
incident radiative heating. This means that the penetrating
radiative heat load also raises the matrix temperature. The
solid line in Fig. 10 represents the surface solid temperature,
while the dashed line shows the radiation equilibrium tem-

_ perature that can be estimated when the left-hand side of Eq.

(9) is equal to zero. The difference of both curves is con-
sidered to be the advantage of mass transpiration. The surface
solid temperature with mass transpiration increases but
gradually saturates as the radiative heating increases. This is
the desirable characteristic for a thermal protection system in
an environment of severe radiation.
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Fig. 8 Effect of porosity (m, s =0.1 g/ em? -s, Q,e =263 W/cm?,
Q. =54.5W/em?, y/L=0.0,¢t=30s).
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Fig. 9 Effect of incident radiative heating on in-depth temperature
distribution (M, =0.1 g/em®-s, ¢=0.66, Q. =545 W/cm?,
y/L=0,0,1=305).

Case 2

A radiation simulator RADON IV!% with infrared lamps
provides one-dimensional, relatively low-incident radiative
heating at Q, =5.17 W/ cm? under the conditions of Q,=0
W/cm? and p, =10 N/cm?. Since this heating condition is
one-dimensional and of a factor of 50 less than that for case 1,
it can hardly validate the model. However, the two-
dimensional analysis can be applied to a one-dimensional case
by omitting a y coordinate; and low-temperature thermal and
optical properties can give qualitative information about the
matrix temperature, even though the spectral radiative
properties are not exactly correct. The numerical calculation
was performed for the heating condition of this radiation
simulator and the results were compared with the ex-
perimental data. The in-depth temperature distributions and
the surface temperatures with the mass injection rate agree
fairly well (see Fig. 11). In spite of several limitations in the
experimental condition, the agreement tentatively confirms
the feasibility of this analysis.

Conclusions

The two-dimensional unsteady material response of a
transpiration-cooled system in a radiative/convective heating
environment was analyzed numerically with the use of the
strongly implicit procedure. The internal mass flow rate,
pressure, and in-depth solid and fluid temperature
distributions were obtained for various porosities and coolant
mass injection rates in a CO,/silica transpiration-cooled
system. The effects of in-depth radiative transfer on such a
system were discussed.

The major conclusions are as follows:

1) Increasing the incident radiative heating, while keeping
the incident convective heating constant, raises the levels of

MATERIAL RESPONSE OF TRANSPIRATION-COOLED SYSTEM 835

W
Q
o
o

2000

SOLID SURFACE TEMPERATURE Ts,, , K

EQUILIBRIUM
1000 - WITH TRANSPIRATION
( PRESENT }
L { 1 !
0 200 400 600 800 1000

INCIDENT RADIATIVE HEATING  Qr, , W/cm?

Fig. 10 Effect of incident radiative heating on solid surface tem-
perature, same conditions as Fig. 9.
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Fig. 11 Comparison of analytical results with experimental data
{matrix thickness 1.0 cm, ¢ =0.37, ¢=200s).

the in-depth solid temperatures due to the increase of the
penetrating radiative heat load.

2) The cooling effectiveness is expected to be better for
lower mass injection rates and lower porosities.

3) This transpiration-cooled system seems to be feasible for
a thermal protection system in a severe radiative environment.

4) The comparison with the experimental data of a one-
dimensional, relatively low-incident radiative heating con-
dition tentatively confirms the feasibility of this analysis.

Appendix
When the radiative emission inside the matrix is negligibly
small compared to the radiant fluxes transmitted inward and
backscattered outward, the one-dimensional radiation
transfer can be described by the Kubelka-Munk ‘‘two-flux”’
equations!” as

al;
dx” =—(S+K)Ir, +Slg, (AD)
dl,

dxy = (S+K)]RV_SITV (AZ)

where K and S are absorption and scattering coefficients,
respectively, and are defined by

K=K+ (1~ $)K, (A3)

S=¢S,+ (I—-¢) S (A4)
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