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Transient Compressible Flow and Heat Transfer Within a
Heterogeneous Porous System

A. Bouhouch,* M. Prat,} and S. Bories¥
Institut de Mécanique des Fluides de Toulouse, 31400 Toulouse, France

This article presents a model for the study of compressible flow and heat transfer within a heterogeneous
porous system undergoing a depressurization or repressurization process. The model is used to investigate the
flow and the heat transfer phenomena in the external thermal protection system of a hypersonic plane during
the launch and re-entry phases. Simulations are carried out for various system and flow conditions. The low-
pressure effects on the permeability and the porous medium thermal conductivity are taken into account in the

model.

Nomenclature

low-pressure effect coefficient
low-pressure effect coefficient
pore length scale

Knudsen number

apparent permeability
intrinsic permeability
macroscopic length scale

fluid molecular weight
pressure

fluid specific heat

porous medium specific heat
gas constant

RIM

temperature

time

filtration velocity

intrinsic phase average velocity modulus,
e "WUI + U?

spatial coordinate

spatial coordinate

gas molecule mean free path
porosity

porous medium thermal conductivity
dynamic viscosity

kinematic viscosity

fluid density

I. Introduction

HE development of a new technology such as the design

of a Space Shuttle or a hypersonic plane is connected to
a great variety of problems. We focus on the flow and heat
transfer problems within a composite system that can be con-
sidered as a representative example of the main zone of the
external thermal protection system of a hypersonic space ve-
hicle. As can be seen from Fig. 1, this thermal protection is
based on a system of thin ceramic nonporous tiles and two
high-porosity fibrous insulators. The two fibrous insulators
are internal multiscreen insulation (IMI), and semi-rigid in-
sulation (SRI), respectively. Note also the presence of high-
porosity fibrous seals between the tiles. Because of the rapid
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changes in the external pressure, depressurization and re-
pressurization phenomena occur within the space under the
shingle during the launch and re-entry phases. Therefore,
during these phases, there exists a pressure difference be-
tween the internal and the external side of a shingle. This
pressure difference should not lead to excessive loads on the
shingle. Typically, the pressure difference should not exceed
10 mbar for the specific system we have studied. Furthermore,
heat transfer by convection is generated by the flow induced
by the pressure gradients within the space under the shingle.
Therefore, in addition to the load constraint on the shingle,
the system should also be designed to limit the overheating
of the cold structure (which is metallic and nonporous), as-
sociated with the forced convection phenomena. For the spe-
cific system considered in the present study, the maximum
cold structure temperature should not exceed 170°C. Under
these circumstances, the purpose of this article is to present
a model for the analysis of the aforementioned problems and
to provide representative results of numerical simulations based
on this model.
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Fig. 1 Overall picture of the system and schematic section of the
volume under an elementary shingle. The seals, the IMI, and the SRI
are high-porosity fibrous materials. The shingle and the cold structure
are nonporous.
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II. Flow and Heat Transfer Model

The problem definition makes clear that we are faced with
a nonconventional problem in terms of transport phenomena
in porous medium: First, the density of the fluid phase changes
during the pressurization and depressurization processes be-
cause of the pressure and temperature variations. Thus, we
have to consider an unsteady variable density flowfield. Sec-
ond, the temperature variation is very important, at least in
the re-entry case. Third, we have to account for very low
pressures at the end of the launch phase and during most of
the re-entry phase. This fact makes the validity of the con-
tinuum approach on which the model is based questionable.
The model presented in this article is essentially a partially
ad-hoc extension of what is used to describe more conven-
tional situations. No effort was made to derive the present
model by means of rigorous methods such as, e.g., volumetric-
averaging methods. However, we carefully identified the as-
sumptions and restrictions associated with our model. The
objective of this study is to provide a useful tool for analyzing
the problem of interest. A study based on numerical simu-
lations at the microscale and results drawn from an averaging
technique is being undertaken in parallel to define the domain
of validity of the macroscopic model. This study will be the
subject of a forthcoming paper. In essence, the present model
is a combination of Darcy’s law with the ideal gas law, together
with an energy equation based on the local thermal equilib-
rium assumption. Assuming isotropic, homogeneous, and
nondeformable materials, the considered macroscopic equa-
tions are

Mass of the fluid phase

e%%—V-(pU):O (1)

Momentum (Darcy’s law)

U= —(kin)VP (2)
Energy
(pC,)* i)_tT + (pC,)U-VT = V-(A*VT) 3)
Ideal gas law
P = prT (4)

Combining Eq. (2) with Eq. (1) leads to
3 k
£—p+V-<—p—VP>=O (5)
ot j2

Making use of Eq. (4) we express Eq. (5) as

1P 1 Pk P aT
——==-VA\=—VP| + = —
Toa ¢ <T;.L ) T2 ot ©)

Determining the temperature, pressure, and velocity fields
for the problem under consideration amounts to solving Eqs.
(2), (3), and (6) with appropriate initial and boundary con-
ditions.

At this stage, several remarks are worth being made. First,
the problem essentially takes the form of two coupled equa-
tions, Eqgs. (3) and (6). Equation (6) is a nonlinear diffusion-
type equation with source term. Equation (3) is a diffusion-
convection-type equation. Thermal dispersion is neglected,
i.e., A* is the stagnant thermal conductivity of the porous
medium. Also, reversible work and viscous dissipation are
neglected in the energy equation. Since we deal with high
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porosity materials, ¢ = 0.99, and high temperatures, radiative
heat transfer within the fibrous materials is not negligible.
The radiative heat transfer is taken into account through A*,
which is determined experimentally. The air viscosity as a
function of temperature is determined by means of the Suth-
erland’s expression, u = 1.462 x 10~ [VT/1 + (112/T)]
kgm~'s~!, with T in Kelvin. Perhaps questionably, we make
use of Darcy’s law. As it is well known, Darcy’s law is, in
principle, valid only for very low Reynolds number incom-
pressible steady flows in porous media. Here, we deal with
compressible and transient flows. However, as will be dis-
cussed later, the Mach number and the Reynolds number of
the flow studied herein are indeed very low. This enables us
to have confidence in using Darcy’s law. In fact, under iso-
thermal conditions, our flow model reduces to the classical
model of a slightly compressible flow in a porous medium.!?
Derivation of this classical model has been obtained by Aga-
novic and Mikelic? within the framework of the homogeni-
zation method. In their analysis of compressible flow and heat
transfer in a packed bed, Vafai and Sozen*” used a model
similar to the one presented in our study. One interesting
difference with our model, however, is the use of a two-phase
model for the thermal transfer. This enabled Sozen and Vafai
to explore the validity of the local thermal equilibrium as-
sumption. According to their results, the local thermal equi-
librium assumption may be carried out for the low Reynolds
and Darcy number flows considered in the present study. The
processes studied by Sozen and Vafai* are transient, and this
aspect is discussed in Sozen and Vafai.** However, a central
difficulty in the present problem is the strongly transient char-
acter of the flow. More work is certainly needed to assess the
validity of the present model under strongly transient con-
ditions from a rigorous standpoint.

Let us turn next our attention to the low-pressure problem.
Figure 2 shows the time evolution of the local pressure, and
the equilibrium temperature at the external surface of the
shingle. As can be seen from Fig. 2, low pressures are en-
countered at the end of the launch phase and during most of
the re-entry phase. Clearly, it does not make sense to use a
standard continuum approach when the pressure is almost
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Fig. 2 Evolution of the pressure and the equilibrium temperature at
the external side of a shingle in the launch and the re-entry phase.
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Fig. 3 Pressure diffusivity as a function of pressure and temperature.

zero. However, low-pressure gas flows in porous media have
been studied and it has been shown that a slip phenomenon
at the wall should be taken into account.® According to Klin-
kenberg,” this effect can be taken into account by considering
an apparent permeability that is a function of the ratio of the
mean free path of the gas molecules to the typical size of the
pores. In fact, the correction term can be expressed in terms
of pressure and temperature (see Appendix). Under these
circumstances, as explained in the Appendix, the “diffusion”
coefficient in Eq. (6), i.e., (Pk/Tue), approaches a limit dif-
ferent from zero when the pressure tends to zero. In Fig. 3,
the evolution of (Pk/Tue)lk, as a function of P and T is
plotted. Here, k, is the permeability corresponding to a pure
viscous flow, i.e., when the low-pressure slip effect is negli-
gible.

Influence of the gas pressure on the effective thermal con-
ductivity of porous media has also been reported.® In the case
of sands, Hahne et al. found a very significant reduction of
the effective thermal conductivity when the gas pressure de-
creases. This can be explained in terms of the gas kinetic
theory. Clearly, when the gas pressure tends to zero, con-
ductive heat transfer from one grain to another occurs only
through the point of contact between the grains. This cor-
responds to a Jower limit for the effective thermal conductiv-
ity. In the case of fibrous materials of high porosity, similar
effects are observed. In the present study, values of the ther-
mal conductivity of each material as a function of pressure
are obtained by interpolation from the measured values at
0.01, 0.1, 1, 25, and 1000 mbar. These data have been ob-
tained by Dassaults.”

III. Simulations and Discussion of Results

Equations (3) and (6) are solved by means of a two-di-
mensional finite element method. We use a Galerkin weighted
residual method with rectangular elements. As relatively high
mesh Peclet numbers cannot be avoided during the launch
phase, care must be exercised for the numerical treatment of
Eq. (3). Upwinding of the convective term is obtained through
the Petrov-Galerkin weighted residual formulation developed
by Brooks and Hughes.!® A 45 x 60 node mesh is used.

Figure 4 shows a schematic three-dimensional view of the
tile. Clearly, a detailed determination of what happens in the
system under investigation would require three-dimensional
computations. Note also that the presence of five vent holes
drilled through one of the tile flanks prevents from fully taking
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Table 1 Intrinsic permeability of each component

kcold structure > kn]c’ kscul’ leR’ kIMl)
mZ mZ m2 mj_ mz
0.0 0.0 2.3 x 1071 10~ 2.4 x 107°

Median slice

Vent hole

Fig. 4 Three-dimensional schematic diagram of a tile.

advantage of the apparent symmetries of the domain. How-
ever, we believe that much insight can be gained through two-
dimensional computations, provided that some precautions
are taken in order to take into account the vent holes. In
particular, the crossing area-volume ratios should be re-
spected. In fact, the results presented in what follows are
viewed as accounting for the transfers within the median slice
sketched in Fig. 4. To satisfy the vent hole crossing area-
volume ratio, a slot smaller than the vent hole diameter is
considered for the two-dimensional simulations. For instance,
a 0.4-mm-wide slot corresponds to a 5-mm-diam vent hole.
The values of the permeabilities for each component of the
system are given in Table 1. The thermal properties and the
permeability assigned to the finite elements representing the
vent hole are those of the IMI.

A. Launch Phase

As boundary conditions, the pressure at the entrance of the
seals and the temperature on the external side of the tile are
specified according to the curves depicted in Fig. 2 (i.e.,
P=P, T=T, aty = 0 Vx). Zero flux conditions are
imposed at the remaining boundaries of the domain, including
at the boundary of the cold structure. Initially, the pressure
and the temperature within the space under the shingle are
uniform and respectively equal to the atmospheric pressure
and 21°C.

Figure 5 shows a representative pressure field within the
volume under the shingle. As can be seen from Fig. 5, the
pressure gradients are high within the seals and the SRI that
act as pressure barriers. In the IMI region, the pressure is
quasiuniform and the flow is essentially parallel to the external
edge of the tile. The temperature field at the same time is
depicted in Fig. 6. A fin effect associated with the relatively
greater thermal diffusivity of the tile is clearly evidenced along
the tile flanks. The evolution of the maximum pressure dif-
ference between the internal and external sides of the tile as
a function of time is shown in Fig. 7. The pressure difference,
defined as Max (P, crnal side — Peoxternal side) » 1S Maximum at about
100 s after takeoff. This corresponds to a slope change in the
pressure curve depicted in Fig. 2.

In order to identify the most important features of the
model and of the system under investigation, a sensitivity
analysis has been carried out. In terms of the model, the
influence of the source term in Eq. (6), the convective term
in Eq. (3), the permeability, and the thermal conductivity
low-pressure corrections has been investigated. In terms of
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Fig. S Example of the pressure field within the under shingle volume in launch phase (time = 176 s, external pressure = 1 Pa, minimum internal
pressure = 408 Pa, pressure increment = 15 Pa).
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Fig. 6 Example of the temperature field within the under shingle volume in launch phase (time = 176 s, external temperature = 82°C, minimum
internal temperature = 21°C, temperature increment = 25°C).

the system, the effect of the vent holes and the seal perme-
ability has been studied. Results are summarized in Table 2.
As can be seen from Table 2, vent holes are useful to limit
the pressure load on the shingle. The role of the vent hole is
exemplified in Fig. 8, which shows the mass flow rates at
various locations as a function of time. In the absence of vent
holes, emptying of the IMI region occurs through the SRI,
which are low permeability regions. The seal permeability is
also a sensitive parameter. This is consistent with the structure
of the flow shown in Fig. 5, since the high-pressure gradients
are located in the seals. In terms of the model, the influence
J of the low-pressure effects is not negligible. Here, the low-

88 176 pressure effects contribute to reduce the load on the shingle

Time (s) since the low-pressure slip effect tends to reduce the apparent

Fig. 7 Pressure load on the tile as a function of time. permeability. One can also see that the source term in Eq.
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(6) associated with the temperature variations may be ne-
glected. In terms of the system, the maximum pressure dif-
ference is about twice the 10 mbar technically required max-
imum constraint in the most favorable case. However, a 20-
mbar pressure load can still be considered as reasonable, the
10-mbar constraint indicating only an order of magnitude of
the acceptable pressure constraint.

Table 2 Sensitivity analysis, launch phase

Maximum pressure
difference, mbar
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B. Re-Entry Phase

With reference to the re-entry phase, the main issue is to
evaluate the influence of the forced convection associated with
the progressive repressurization of the volume under the shin-
gle on the warming up of the cold structure. The boundary
conditions expressed in terms of the local pressure and the
equilibrium temperature at the surface of a tile are shown in
Fig. 2 (i.e., P = P;, T = Tpaty = 0 Vx). They correspond
to the re-entry trajectory that is critical regarding the cold
structure overheating problem. Zero flux conditions are im-
posed at the remaining boundaries of the computational do-

Full model, base configuration 18.3 main. Initially, the temperature distribution within the system
kgat = Keea/2.3 32.04 corresponds to the steady conductive process obtained for
No vent hole , . 27.29 T = 130°C on the external side of the tile, and T = 45°C on
I;I,O(;‘;w'pressure correction on'k and A* 2091 the cold structure. This is the temperature distribution ob-
T neglected in Eq. (6) 18.9 tained when the space vehicle is warmed up by the solar
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Fig. 8 Time evolution of the mass flow rates at various locations
within the under shingle volume during the launch phase.
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radiation. Also, at the initial stage, the pressure is zero within
the domain of interest.

Figure 9 shows a typical pressure field. The flow and pres-
sure fields present the same basic structure as for the launch
phase, i.e., high-pressure gradients within the seals and the
SRI, and quasiuniform pressure within the IMI. Temperature
fields at various times are shown in Fig. 10. The fin effect
observed during the launch phase is only observed at the
beginning of the re-entry phase. This can be explained in
terms of thermal diffusivity since the discrepancies between
the thermal diffusivities of each component tend to decrease
with the temperature as can be seen from Fig. 11. The cold
structure maximum temperature evolution as a function of
time is shown in Fig. 12. The maximum cold structure tem-
perature obtained is 118°C, well below the required 170°C
technical constraint. However, it is worth noting that heat
conduction through the shingle anchoring clips is not taken
into account in the simulations, our main objective being to
evaluate the influence of the convective heat transfer.

A sensitivity analysis similar to the one presented for the
launch phase has been carried out for the re-entry phase.
Results are summarized in Table 3. Based on Table 3, the
influence of the forced convection heat transfer is quite weak.
From Fig. 2, which shows the time evolution of the boundary
conditions, one can see that the external pressure increases
significantly towards the end of the re-entry phase. This sec-
tion of the re-entry phase corresponds to low external tem-
peratures (Fig. 2). The effect of forced convection heat trans-
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Fig. 9 Example of the pressure field within the under shingle volume i

e-entry phase (time = 421 s, external pressure
internal pressure = 44 Pa, pressure increment = 0.5 Pa).
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Table 3 Sensitivity analysis, re-entry phase

Total energy Cold structure

Maximum pressure transferred to the maximum
difference, cold structure, temperature,
mbar k] °C
Full model, base configuration —4.46 146.5 117.8
Koeai = Koo X 2.3 -2.11 146.7 118.0
No vent hole —14.67 147.2 118.1
No low-pressure correction on —4.93 361.8 228.9
k and A*
Heat transfer by convection —4.47 146.4 117.6
neglected '
time = 2585 s time =421 s 2
_ External temperature =21 °C External temperature = 434 °C
Minimum internal temperature = 79 °C Minimum internal temperature = 45 °C 8)
Temperature increment = 100 °C Temperature increment = 100 °C <
. 5
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Fig. 10 Temperature fields within the under shingle volume at two
stages of the re-entry phase.
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fer would be different if significant pressures were encountered
earlier during the re-entry phase. Low-pressure effects are
very important owing to the significant reduction of the ther-
mal conductivity in the pressure regime. In terms of the pres-
sure load, the maximum pressure differences defined as
MaX(Piyernat side — Pexternal side) A7€ 1€8s than in the launch phase
and below the 10 mbar required constraint, except for the no
vent hole case.

Fig. 12 Cold structure maximum temperature vs time.

IV. Conclusions and Model Validity

The compressible flow model used herein is based on Dar-
cy’s law that is, in principle, only valid for steady incom-
pressible flows at very low Reynolds number. In the present
study, however, we deal with variable density transient flows.
A pore level Reynolds number can be estimated as Re =
(VVk,/v). The maximum Reynolds number is observed within
the vent hole during the launch phase. As can be seen from
Fig. 13, the maximum Reynolds number is always smalier
than 2.2. The Mach number can be estimated as Ma = (V/
¢), in which ¢ denotes the sound speed, ¢ = VyrT, with
v = 1.4 for an ideal gas, and r = 287 J/kg K for air. T is the
air temperature. This leads to Mach numbers no greater than
0.01. Therefore, in terms of Mach and Reynolds numbers,
the results are consistent with Darcy’s law. Regarding the
issue of transient flow, to estimate the transient character of
the flow, one can compare the two following time scales:

1) 1, = (d?p/p), where the quantity 7, is the time scale
associated with a transient viscous flow at the pore level. As
k, = d?, 1, can be expressed in terms of permeability as ¢, =
(koplp).

2) t, = (L?pe/Pk,) where the quantity 7, is the pressure
diffusion time scale. Then, (¢./t)) = (k3/L)P*u=2(VerT).
With / = 0.1 m, (¢./t,) is in the range 0.1-1.

As the two aforementioned time scales might be of the same
order of magnitude, it should be concluded that transient
effects might be significant. Further study is certainly needed
to assess the relevance of Darcy’s law under these circum-
stances. Nevertheless, except perhaps for very particular cir-
cumstances associated with strongly transient flows, the model
presented in this article allows us to compute the flow and
the heat transfer within a heterogeneous porous system that
undergoes depressurization or repressurization phenomena
under nonisothermal conditions. In terms of the specific sys-
tem that has been studied, the simulations have shown 1) the
significant influence of the seal permeability on the shingle
pressure load, 2) the influence of the vent holes that contrib-
ute markedly to reduce the pressure load on the shingle, 3)
the negligible effect of the forced convection heat transfer,
and 4) the strong influence of the low-pressure etfect on the
thermal transfer owing to the significant reduction of the ther-
mal conductivity with the low pressures.



150 BOUHOUCH, PRAT, AND BORIES:

22

Reynolds number

o T
0 88 176

Time (s)

Fig. 13 Maximum Reynolds number as a function of time during the
launch phase.

These results have been obtained by means of two-dimen-
sional simulations. More accurate results would probably be
obtained with three-dimensional computations. However, on
the basis of the pressure and temperature fields obtained with
the two-dimensional simulations, it appears that three-di-
mensional simulations are not required to determine the shin-
gle pressure load and to assess the influence of the heat trans-
fer by convection that were our main objectives.

Appendix: Low-Pressure Flow in Gas

In this Appendix, modeling of gas flow at low pressure is
presented. What follows borrows heavily from Kaviany.!! At
low pressure, the mean free path of gas molecules is no longer
much smaller than the pore size. Under these circumstances,
flow behavior deviates from pure viscous flow behavior and
a greater flow rate than that expected for purely viscous flow
is generally observed. This deviation is associated with a mo-
lecular slip effect at the fluid solid interface. A useful param-
eter to characterize this phenomenon is the Knudsen number
that is

Kn = (8/d) (A1)
Thus, viscous flows correspond to Kn << 1. é is given as
8 = (k,T/2°*7R2P) (A2)
where k, is the Boltzmann constant, &, = 1.381 x 1023 (Jc/
K). R,, is the collision cross section radius, R, = 3.61/2 A
for air.

In terms of the mass flow rate, a semiempirical relation for
accounting for the Knudsen effect is given by Weber!' as

y - kP dp 4( Kn ), 14dP
P @ RT d&x 3 1+ Kn) " RT dx
Kn 1 dP
-2t p, = A3
1+ Kn *RT dx (A3)

where D, and D, are determined by means of the kinetic
theory. k, corresponds to the purely viscous case.
D, is given as (Ref. 11, p. 341)

D, = C,VRT (A4)
where C, depends on the matrix structure and is determined

experimentally. In the absence of available data for fibrous
materials, we assumed that C,, = 7 X 10-7 m, which is the
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sole value quoted by Kaviany,'! and corresponds in fact to a
fritted glass filter.
In the case of a tube flow D, is given as

Dslip = (Wram/s) (AS)

where r is the tube radius, and #,, is the mean molecular speed
of the gas given as

i, = V(8RT/m) (A6)

Here again, in the absence of representative data for fibrous
materials, we have made use of Eq. (A5).

At this stage, we are in a position to, at least qualitatively,
evaluate the low-pressure effect on the apparent permeability.
From Eq. (A3) we deduce that

4 Kn Kn 1
‘- {"v * [5 (1 T Kn> #“Pur ¥ T K “Dk} ;}

(A7)

Thus, for given P and T, Kn is determined by means of Eqgs.
(A2) and (A1), in which d is estimated as Vk,. D, is de-
termined by Egs. (A5) and (A6), D, by Eq. (A4), and k by
Eq. (A7).
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