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Abstract

One-dimensional transpiration cooling system in open-celled foam has been conducted experimentally
and numerically to investigate the heat transfer characteristics of combined convection and radiation. The
Alumina—Cordierite (Al-Co) open-cell foam having porosity of 0.875 and pores per inch (PPI) of 20 was
employed. The upper surface of porous plate was heated by the heat flux of incoming radiation (qlm) varying from
0.97 - 16.59 kW/m’ whereas air injection velocity (u‘) fed into the lower surface was varied from 0.364 - 1.274
m/s, and was then rearranged as Reynolds number (Re). For the report of the results in the present study, two
efficiencies including of temperature (nT) and conversion efficiency (1) C) were presented. The n, increased rapidly
with the air injection velocity (Re). It was then saturated and had a constant value at Re higher than 15. For the
result of n. it was decreased slightly with increasing of C and u (Re). The numerical predictions also agreed

with experimental data very well.
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1. Introduction

Transpiration cooling or effusion cooling (1)
is the process of injecting a fluid (Air) into a porous
material which can be served as a very efficient cooling
method for protecting solid surfaces that are exposed
to high-heat-flux, high-temperature from environments
such as in hypersonic vehicle combustors, rocket nozzle,
gas turbine blades, and the structure of re-entry acrospace
vehicles (1-5). The performance of this cooling system
is governed by several parameters such as radiative
properties of porous media, the volumetric heat transfer
coefficient between the solid phase and fluid, fluid velocity
and irradiation. Thus, the knowledge of parameters for
the design of transpiration-cooled devices is classified
into two main groups including the phenomena of fluid
flow and heat transfer process within the porous plate.

So far a number of experimental works (6-8)
and numerical studies (9—12) have been conducted on
transpiration cooling system. However, most of previous
studies were mainly intended to determine the effects
of convection mode. There were only a few studies
have taken into account the radiative heat transfer in
the transpiration cooling system. Recently, Jiang et al.
(13) and Kamiuto et al. (14) investigated experimentally
and analytically to extend the validation of numerical
model. Jiang et al. (13) found that the numerical results
corresponded well with the experimental data including
the surface temperature and heat transfer coefficients.
However, their work still focused on the effects of
convective heat transfer. Radiation mode was concerned
in the investigation of Kamiuto et al. (14). They reported
that the agreement between theoretical prediction and
experimental results was acceptable. Although Kamiuto
and co-worker (14) regarded the radiation mode in the

transpiration cooling system, the theoretical result was
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more emphasized and there exist the difference between
theory and experiment.

Based on the work of Kamiuto et al. (14), the
present research aims to further experiment and analyze
the heat transfer phenomena as combined convection
and radiation in the transpiration cooling system
using open-cellular porous material. Alumina-Cordierite
(Al-Co) having PPI of 20 is adopted owing to this Al-Co
has a higher porosity resulting to a higher efficient of
heat transfer and is widely used as thermal insulation of
industry (15). Obtainable quantities such as temperature
at the surfaces and within the porous plate, for theoretical
results, are presented and comparison with experimental

data is also reported. A tip for design is recommended.

2. Nomenclature

isobaric specific heat capacity (Jekg'sK™")

. normal cell diameter (m)

C
f,

D_

DP equivalent strut diameter (m)

asymmetric factor of scattering phase function

incident radiation (W/m”)

A

volumetric heat transfer coefficient between gas

and solid phases (Wem™ K™

—

thermal conductivity of a gas phase (Wem™*K™")

-

—

thermal conductivity of a solid phase (Wem K"

@

net radiative heat flux in x direction (W/m”)

e}

temperature of a gas phase (°C)

-

radiation blackbody temperature (K)

temperature of a solid phase (°C)

«»

T e
ol

ambient temperature (K)

air flow velocity (m/s)

o

w  dimensionless width of a strut with a square cross
section (m)

x  coordinate in the flow direction (m)



KKU Res. J. 2013; 18(2)

Greek Symbols

B scaled extinction coefficient (m™)

¢  porosity

m, temperature efficiency

n. conversion efficiency
PP

o Stefan—Boltzmann constant (=5.67x10°°

Wem K ™)

density of a gas phase or air (kg/m’)

T  optical thickness

o scaled albedo

3. Theoretical Analysis

3.1 Mathematical Model

The present model of a transpiration cooling
system is shown in Fig. 1. The assumptions of the
numerical model are similar to those of Kamiuto et al.
(14). However, some modification was made to improve
the accurate prediction. The following assumptions
were introduced for this analysis as follows: 1) An
open-cellular porous plate of thickness X, is placed
horizontally; 2) The front surface of porous plate is
uniformly irradiated by blackbody radiation at an
equivalent temperature TR (K), while the back surface
is subject to uniform blackbody radiation at an inlet
air temperature; 3) A low-temperature air is injected
through the back surface of porous plate and is assumed
to be non-radiating; 4) The porous medium is gray and
is capable of emitting, absorbing and anisotropically
scattering thermal radiation; 5) The porous medium
is non-catalytic; 6) The physical properties depend on
temperature differed from Kamiuto’s work (14) that the
physical properties of his work (14) did not depend on
temperature; 7) The heat transfer within the porous plate
is in an one-dimensional steady-state; 8) The behavior
of air flow within porous plate is under local and

non-thermal equilibrium condition.
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Figure 1. The theoretical model and coordinate of a

transpiration cooling system.

Under these assumptions, the continuity

equation is given by:

0 (/’f Uy )
ox

=0. ()

The governing energy equations for the gas

and the solid phases (porous plate) may be written as

follows:
oT b oTr
/o f
pu,Cy ox ﬂﬁa{k,/ o J—hv(Tf—Ts), @)
1 o(, or, oq
—(1-¢)=| k. == |+h (T, -T )-—2=0, 3)
3( ¢)6x($ xj v('/ ") ox
0q " G]
e _4p(1-0) | oT -,
o = 4p(1-0) ( — @)

Four physical properties, i.e., ¢, [3, h and
from Eq. (2) to (4) were summarized by Krittacom (16)

and were briefly recalled as following:
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The G represents the incident radiation and q,,
denotes as the net radiative heat flux in the flow direction.
These quantities can be determined from the equation of
radiative transfer. Once the radiation field is specified,
the quantities G and q, can be readily evaluated. The
radiative heat equation of the present research is solved

by the P approximation (17) and is written as:

dq 4
W+(l—a))ﬂ(G—40'T;)=O, (11)
dGg -

o +3(1-g) Bq, =0. (12)

The boundary conditions for (2), (3), (4), (11)

and (12) are given as follows:

T
x =0: T/. =T, aa—xS:O, G —-2q,, =4GT<:,(13)

or,
T 9y, G+2q,, =407, . (14
ox  Ox

X = Xg:

3.2 Numerical Method

For convenience of calculations, the governing
equations and associated boundary equations are
transformed into dimensionless forms, and then the
dimensionless equations are solved numerically using
an implicit difference method. For solving the equation
of transfer with the P1 equations, and calculations of the

T, and T, the porous plate is divided into 300 equally
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spaced increments, whereas the optical thickness is
divided into 600 equally spaced increments. To obtain
the solutions of Tf and TS, Gor q, are first determined
based on an the assumption of temperature profile, and
then the quantities of G and q, are gained by solving
equation of transfer or the P equations at staggered
lattice points (17). Once G is obtained, the finite difference
equations for T, and T can be solved readily by Gaussian
climination. Thereafter, the derived solutions of Tf and
T are substituted into the equation of transfer or the P
equations and the energy equations to get new solutions
of these quantities; similar calculations are repeated
until the following convergence criterion is satisfied:

|(Q(u> —QU ) /Q(n>

G or q,. and n is time interval of calculation. After
X

<107, Here, Q represents T, T,

obtaining the T p T and G, two efficiencies, temperature
efficiency (T]T) and conversion efficiency (1’]C) are

evaluated as follows:

[T (T~ T, )/2]

_ ) (15)

Nt T, -T,

- P; Cpr s (TM:Xﬂ _Tf,x=0) ' (16)
qu,f

The physical meaning of ’I’]T is the indicating
how close the mean temperature of a porous heat plate
to that of inlet air and T]C is regarded as the ability of
porous material in transferring energy by convection

after absorbed from heat radiation,

4. Experimental Apparatus and

Procedure

4.1 Experimental Apparatus
Figure 2 shows a schematic diagram of the
present experimental apparatus. The experimental set-up

was constructed similar to that of Kamiuto et al. (14),
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but the double-tube heat exchanger was installed at the
air inlet to keep air temperature at 25 — 30 °C when it
reached the back surface of the porous plate. Therefore,
the present transpiration cooling system consisted of
4 sections including heat exchanger, inlet air, porous
medium, and radiation section. Air from a blower that
was used as the transpiration gas was blown through
the heat-exchanger and measured the flow rate using a
rotameter. The air was then flowed upward through a
stainless pipe (0.01 m inner diameter and 0.6 m high)

instead of acrylic pipe as in Kamiuto et al. (14). A porous
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plate made of Alumina-Cordierite (Al-Co) was placed on
the top of'the stainless pipe. The physical characteristics
of the examined porous plate were summarized in table
1. Four 250-W infrared lamps were aligned above the
porous plate to irradiate the heat into the upper surface
of'the plate. The amount of radiant energy was measured
using heat flux sensor manufactured by Hukesflux
Thermal Sensor, model HFPO1-05. The intensity of
the infrared lamps was regulated manually from 50 V
to 250 V; thus the radiative heat flux was varied from

0.97 to 16.59 kW/m”.

Intiared Radiation
_LD lamp= Section
$140 mm
1c0 mm_ . Cm’ering} Porous
¢100 mm 4+ * Section
Porons
l:l plate
® K-Type thermocouples 600 mm e— Stainless Inlet-air
pipe Section
Water Rotameter
Heat '
Blower Valve 1 exchanger ﬁ | I 1 -

1‘ Walel
\ )

I

coulant

Counter-flow heat exchanger section

Figure 2. Schematic diagram of the experimental apparatus.

Table 1.

Coefficients Quantities
Porosity d) 0.875
Pores per inches PPI 20
Thickness X 0.0103 m
Extinction coefficient ﬁ 365.89 m”
Optical thickness T 3.77

Physical characteristics of a Alumina-Cordierite (Al-Co) open-cellular porous material
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4.2 Experimental Procedure

The procedure of the experimental operation
of the present cooling system is also similar to those
of Kamiuto et al. (14). After the infrared lamps are
switched on, it takes about 40 - 60 minutes to attain a
steady-state of the temperatures of the porous plate. Six
type-K thermocouple elements of 0.0003 m in diameter
are adhered on the upper and lower surfaces of the
porous plate by dividing as three for each surface. Inlet
and outlet air temperature are measured using type-K
sheathed thermocouple. The air velocity is varied from

0.364 - 1.274 m/s.

5. Results and Discussion

5.1 Effects of Air Flow Velocity (uf) on
Temperature Profile

Figure 3 presented the theoretical results of the
temperature profiles of the solid (TS) and the gas phases
(T‘) inside the Al-Co porous plate, under the condition
of irradiated heat flux q  =12.48 kW/m’. As seen first
in Fig. 3 (a), the measured mean surface temperatures of
the front and back porous plate are indicated by symbols,
while the calculated results for the solid phase (TS) is
presented using the lines. The trend of T increased
along the porous length because the incident radiation
from the infrared lamps was emitted down to the front
surface. For a fixed position of the thickness (x), the
temperature profiles of T, deceased as the air velocity
(u) increased owing to the effects of a higher convective
heat transfer (10). Agreement between the prediction
calculated by basing on the P equation in the radiative
transfer equation (RTE) and the experimental results at
the back (x = 0 mm) and the front surface (x = 10 mm)
were satisfactory. In Fig. 3 (b), the temperature profiles
of Tf showed the trend similar to TS case; it increased

along the porous length and deceased with u increasing.
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For comparison of T and T ; it was obviously found that
TS was higher than Tf because the solid porous phase
received the radiation heat flux directly and then, next
step, the energy absorbed by porous material was

transferred to the air supplied into system (18).
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Figure 3. Profiles of T and Tf within the Al-Co

open-cellular plate for the effect of u

5.2 Effects of Heat Flux on Temperature
Profile

Figure 4 showed the theoretical results of the
temperature profile of the solid (TS) and the gas phases
(T1) inside the Al-Co porous plate, under the condition
of air flow velocity (uf) 0f0.848 m/s. As seen first in Fig.
4 (a), the trend of Ts increased along the porous length
due to incident radiation from the infrared lamps. For

a fixed position of thickness x, the temperature profiles
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of T increased with radiative heat flux (qu,f) owing to
porous medium absorbed a higher radiant energy from
the infrared lamps. Agreement between the prediction
based on the P model of RTE and the experimental
results at the back (x = 0 mm) and the front surface (x =
10 mm) were satisfactory. In Fig. 4 (b), the temperature
profiles of Tf expressed the trend similar to TS case; it
increased along the porous length gradually and
increased with Qo For comparison of TS and T p it was
obviously found that T was higher than T, which was

described by the same reason of Fig. 3 (b).
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Figure 4. Profiles of T and Tf within the Al-Co

open-cellular plate for the effect of d.,

5.3 The Temperature Efficiency (Y]T)
Figure 5 shows variations in the temperature

efficiency n, against Reynols number (Re). In this study,
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Re represents the air flow velocity which is defined by
using pfuf DS/ w o where Mf is viscosity of a gas phase
(Paes), and D is the equivalent strut diameter (m) as
described in Krittacom (15). The experimental results
are shown using symbols, while the numerical results
are indicated by using the lines. The figure depicted that
the n, increased rapidly with Re and then asymptotic
to a constant value for the Re higher than 15. However,
ata fixed Re, the 1] _decreased with the increase of the
incident radiation due to a higher difference of an average
temperature of porous plate and air temperature fed to
system was obtained. For the Re higher than 15, the
values of M, were greater than 95 percentage. This
indicated that the average temperature of the porous plate
was very close to the average heat shield temperature
and inlet air temperature. Agreement between theory and
experiment was acceptable which indicated the validity

of the present numerical model.
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Figure 5. Temperature efficiency (T]T) of the Al-Co

open-cellular porous plate

5.4 The Conversion Efficiency (T]C)

Figure 6 shows variations in the conversion
efficiency n. against Re. The results demonstrated
that the n. increased slightly with Re in which the
T]Cvalues were varied in the range of 40% to 60%. But
the value of N, was asymptotic to a constant value

for the Re higher than 15. For a fixed value of Re, n.



198

increased with incident radiation (qm) because the porous
media absorbed energy from a higher heat flux and then
transferred via convection through the cooled-air
flow. Thus, the ability of transferring energy of Al-Co
open-cellular porous plate by convection after absorbing
heat radiation decreased with the increasing of heat

flux. Agreement between theory and experiment was

acceptable.
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Figure 6. Conversion efficiency (Y]C) of the Al-Co

open-cellular porous plate

6. Conclusion

The major conclusions that can be drawn from
the present study are summarized as follows:

1) The temperature profiles of gas (Tf) and
solid (Ts) phase deceased as air injection velocity (u‘)
increased because of the effects of a higher convective
heat transfer, whereas the profiles of both temperature
increased with incident radiation (qu,f) owing to the
effects of higher radiant energy.

2) The temperature efficiency (1] T) increased
rapidly with Re and then asymptotic to a constant value
for the Re higher than 15 but the T]T decreased with the
increase of the G

3) The conversion efficiency (1) C) ofa Al-Co
open-celled foam increased slightly with Re and and then

asymptotic to a constant value for the Re higher than 15
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as well as the value of N, was governed by heat flux
(q)-

4) Agreement between the predicted results
based on P1 equations and experimental data was
acceptable, thereby the validity of theoretical model
was confirmed.

Suggestions and a Designed Tip

Incoming radiation from a radiative
environment can be almost completely protected as
long as the Re of the open-cellular plate was about 15
or higher. As a result, the transpiration cooling system
as used in the present open-cellular porous plate should

be designed for the Re = 15.
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