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Steady State Transpiration Cooling System in
Ni-Cr Open-Cellular Porous Plate
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Abstract—The steady-state temperature for one-dimensiondihe performance of this cooling system is goveimgdeveral

transpiration cooling system has been conductedrarpntally and
numerically to investigate the heat transfer charistics of combined
convection and radiation. The Nickel —Chrome (Nj-Gpen-cellular
porous material having porosity of 0.93 and poresipch (PPI) of
21.5 was examined. The upper surface of porous plas heated by
the heat flux of incoming radiation varying froni77- 16.6 kW/m
whereas air injection velocity fed into the lowerface was varied
from 0.36 - 1.27 m/s, and was then rearranged gsdRés number
(Re). For the report of the results in the presamdy, two efficiencies
including of temperature and conversion efficiemggre presented.
Temperature efficiency indicating how close the meamperature of
a porous heat plate to that of inlet air, andeased rapidly with the
air injection velocity (Re). It was then saturageal had a constant
value at Re higher than 10. The conversion effigyerwhich was
regarded as the ability of porous material in tfamsg energy by
convection after absorbed from heat radiation, ek=s®d with
increasing of the heat flux and air injection vépdn addition, it was
then asymptotic to a constant value at the Re hiten 10. The
numerical predictions also agreed with experimetted very well.

Keywords—Convection, Open-cellulaRadiation, Transpiration
cooling, Reynolds number

|. INTRODUCTION

RANSPIRATION cooling or effusion cooling [1] is the

process of injecting a fluid (Air) into a porous texdal
which can be served as a very efficient coolinghoetfor
protecting solid surfaces that are exposed to higt-flux,
high-temperature from environments such as in rsgec
vehicle combustors, rocket nozzle, gas turbine ddadand
the structure of re-entry aerospace vehicles [1]-[5
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parameters such as radiative properties of poraedianthe
volumetric heat transfer coefficient between thaggzhase and
fluid, fluid velocity and irradiation. Thus, the éwledge of
parameters for the design of transpiration-coole#liats is
classified into two main groups including the phemeoa of
fluid flow and heat transfer process within thequa plate.

There are a number of experimental works [6] —d8H
numerical studies [9] — [12] have been conducted
transpiration cooling system. However, most of fras studies
were mainly intended to determine the effects afveation
mode. There were only a few studies have takenantmunt
the radiative heat transfer in the transpirationling system.
Recently, P.-X. Jiang et al. [13] and K. Kamiutoatt [14]
investigated experimentally and analytically to eext the
validation of numerical model. P.-X. Jianga¢t[13] found that
the numerical results corresponded well with@Rkperimental
data including the surface temperature and heatsfern
coefficients. However, their work still focused the effects of
convective heat transfer. Radiation mode was coeckein the
investigation of K. Kamiuto et al. [14]. They reped that the
agreement between theoretical prediction and exyetal
results was acceptable. Although K. Kamiuto andvooker
considered the radiation mode in the transpirationling
system, the result was more emphasized on thealrbtisis and
the difference between theory and experimentestited.As a
result, the present research aimed to further eaplo
experimentally and analytically the heat transfeemopmena
bycombinining convection and radiation in the tgziretion
cooling system wusing open-cellular porous
Theoretical Analysis

Figure 1 shows the present model of a transpiratamiing
system . The assumptions of the numerical modediariar to
those of K. Kamiuto et al. [14]. However, some nficdiion
was made to improve the accuracy of prediction. fiewing
assumptions were introduced for this analysis: 1) a
open-cellular porous plate of thicknegss placed horizontally;
2) the front surface of porous plate is uniformisadiated by
blackbody radiation at an equivalent temperaiiy €K), while
the back surface is subject to uniform blackbodiyation at an
inlet air temperature; 3) a low-temperature airingcted
through the back surface of porous plate and israsd as a
non-radiating body; 4) the porous medium is grayiarcapable
of emitting, absorbing and anisotropically scattgrthermal
radiation; 5) the porous medium is non-catalytjah@ physical
properties depend on temperature which is diffefiearh the
assumption used in [14]; 7) the heat transfer withe porous
plate is in an one-dimensional steady-state; arile8pehavior
of air flow within a porous plate is under locabamon-thermal
equilibrium condition.
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Fig. 1 The theoretical model and coordinate ohagpiration cooling

system

Under these assumptions, the continuity equation is given
by:

:0,
ox

1)

where g, U
(kg/n?®), air flow velocity (m/s) and coordinate in theoit
direction (m) respectively.

The governing energy equations for the gas andslie
phases (porous plate) may be written as follows:

]—m(Tf -T.).

()
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ox
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WhereC; is the isobaric specific heat capacity (1%, o is
Stefan—Boltzmann constant (=5.67 x1Wm?K™), G is
incident radiation (W/R), gis the porosityh, is the volumetric
heat transfer coefficient between the gas and spfidses
(W/m?C), B is the scaled extinction coefficient i andwis
the scaled albedo. Modeling of last four physicalerties was

summarized in [15]k andks are the thermal conductivity of a
gas and solid phases, afdandTs are temperature of gas and

solid phases, respectively .

TheG represents the incident radiation @pddenotes as the

net radiative heat flux in the flow direction. Tkegantities can
be determined from the equation of transfer. Oheeadiation
field is specified, the quantitie€& and gg, can be readily
evaluated. The radiative heat equation of the ptassearch is
solved by thd®; approximation [16] and is written as:

d(';'—:u(l— ) B(G-40T2) =0, (5)

dG -
a+3(1—a’9)l3’% =0, (6)
where § is asymmetric factor of scattering phase function.

The boundary conditions for (2), (3) and (4) areegi as
follows:

Xx=0: Tf:Tm,%:o,G—qu:MTj, (7)
X
oT, T,
X= —=—2=0, G+2q, = 4T; 8
ox  0x e ? ®

Where T,, and T are the ambient temperature (K) and
equivalent blackbody temperature of radiation seu(&)
respectively.

For convenience of calculations, the governing #qoa and
associated boundary equations are transformed
dimensionless forms, and then the dimensionlesatems are
solved numerically using an implicit difference hed. For
solving the equation of transfer with tlg equations, and
calculations of th& andTs, the porous plate is divided into 200
equally spaced increments, whereas the opticakrbis is

into

andx are density of a gas phase or cooled ajfjiged into 400 equally spaced increments. To iobthe

solutions ofT; andTs, G or gr, are first determined based on an
the assumption of temperature profile, and themtfamtities of

G andgr are gained by solving equation of transfer or Rpe
equations at staggered lattice points [16]. OBde obtained,
the finite difference equations féyandTs can be solved readily
by Gaussian elimination. Thereafter, the derivddtams of T;
and T are substituted into the equation of transferharR;
equations and the energy equations to get newicadunf these
quantities; similar calculations are repeated uh#! following

convergence criterion is satisfie’oéQ(”) —Q(”'l)) / Q| <107%.

Here, Q representd;, T, G or (r, andn is time interval of
calculation. After obtaining th&;, Ts andG, two efficiencies,
temperature efficiencyrg) and conversion efficiencyjf) are
evaluated as follows:

[T (T ~Ton ) /2]

= :

T.-T. ®)

N = P; Cpr Uy (Tf,x:xo _Tf,x:O) . (10)
Ore, 1

Il. EXPERIMENTAL APPARATUS ANDPROCEDURE

A. 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. [14jut the
double-tube heat exchanger was installed at thelairto keep
air temperature at 25 — 3G when it reached the back surface of
the porous plate. Therefore, the present trangmiratooling
system consisted of 4 sections including heat exgdra inlet
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air, porous medium, and radiation section. Air frarblower,
that was used as the transpiration gas, was blbvaugh the
heat-exchanger and measured the flow rate usioteameter.
The air was then flowed upward through a staindgss (0.01m
inner diameter and 0.6m high) instead of acrylipepas in

Kamiuto et al. [14]. A porous plate made of Ni-Gl/80 wt%

and Cr/20 wt%) was placed on the top of the stainfgpe. The
physical characteristics of the examined porougeplaere
summarized in table 1. Four 250-W infrared lampeevegigned
above the porous plate to irradiate the heat iht upper
surface of the plate. The amount of radiant energymeasured

using heat flux sensor manufactured by Hukesflweriital

Sensor, model HFP01-05. The intensity of the iefdalamps
was regulated manually from 150 V to 250 V; thusrhdiative

heat flux was varied from 7.7 kW#to 16.6 kW/m.
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Fig. 2 Schematic diagram of the exponential apparat

B. Experimental Procedure

The experimental procedures of the present coaysgem
was also similar to those of Kamiuto et al. [14]teA the
infrared lamps were switched on, it took about 40 minutes
for the porous plate to attain a steady-state etémperatures.
Six type-K thermocouple elements (0.0003m diametene
adhered on the upper and lower surfaces of theugoptate.
Inlet and outlet air temperature were measuredgusipe-K

sheathed thermocouples. The air flow rates werddrom
0.36 m/s to 1.27 m/s.

TABLE |

PHYSICAL CHARACTERISTICS OFA NICKEL-CHROME POROUS MATERIAL

Properties Symbol Quantity
porosity 7] 0.93
pore per inch PPI 21
thicknes Xo 0.01m
extinction coefficier B 2476
optical thickness 4 2.828

I1l.  RESULTS ANDDISCUSSION

A. Effects of Air Flow Velocity on Temperature Profiles

Figure 3 illustrated the theoretical results of teeperature
profiles of the gas and the solid phases insidéNik@ér porous
plate, under the condition of irradiated heat figg = 12.5
kW/m? The measured mean surface temperatures of thepor
plate is indicated by black symbols, while the okdted results
for gas {;) and solid phas€d) are presented using the solid and
dot lines respectively. The temperature of bothspkancrease
along the porous lengthbecause the incident radidtom the
infrared lamps was emitted down to the front swefdeor a
fixed position of the thickness the temperature profiles @f
and T, deceased as the air velocity) (increased owing to the
effects of a higher convective heat transfer [JAgreement
between the predicted and the experimental resatltthe exit
region & = 10 mm) or front surface was satisfactory.

306 -
F 1O = 12.5 kwi/nfd
Tt } Prediction |PPI =21
Ts } 7=2.828
e T.(0.36 m/s) [
. 305r TS(O 72 mis) s - q
¥ [ | Y s™ Experiment } U= 0.36 m/s
B’ m T5(1.09m/s) 1
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©
= 3041 E
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L L | u, = 1.09 m/g
g ‘ u,= 1.27 mis]
S | f ]
g | :
L I I 4
303 | } } Front |
‘é Back surface ‘ surface |
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Thicknessx (mm)

Fig. 3 Profiles of the gas and solid phase tentpesa within the
Ni-Cr open-cellular plate for the effect of airfloselocity (The
symbols indicate the present experimental data)

B. Effects of Heat Flux on Temperature Profiles

Figure 4 illustrates the theoretical results of tis@perature
profiles of the gas and solid phases inside thENjorous plate
under the condition of air flow velocityu§ of 0.72 m/s. The
temperatures of both phaseg énd Ty gradually increased
along the porous length due to incident radiaticomf the
infrared lamps. For a fixed position of thickness the
temperature profiles of; andTs increased with radiative heat
flux (gres) because porous medium absorbed a higher radiant
energy from the infrared lamps. Agreement betwelea t
predicted results and the experimental data aexieregion
(x= 10 mm) was satisfactory.
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Fig. 4 Profiles of the gas and solid phase tentpegs within the
Ni-Cr open-cellular plate for the effect of heabfl(The symbols Fig. 5 Comparison of predicted and measured temyer efficiency

indicate the present experimental data) of the Ni-Cr open-cellular porous plate

C.The Temperature Efficiency

Figure 5 shows variations in the temperature eficy 7 100 T T M Porons
against Reynols numbeRd). In this studyRe represents the I PPI = 21 T
air flow velocity which is defined by using u D4z, wheregs g oo} roEoe T
is viscosity of a gas phase (B)aandDs is the equivalent strut 50 e mm——mm—— ==
diameter (m) as described in Krittacom [15]. Thpezimental & 8o i;l__;/_o'/g_ﬁf/_% 1
results are shown using symbols, while the numeriesults % . e ° e * = hd
are indicated by using the lines. The figure ilattd that the & 7ot T e L eredicion|
nr increased rapidly witfke and then asymptotic to a constant o G- 16.6 kwird
value for theRe higher than 10. However, at a fix&8, the 1 g 60 | ® Oy =77 kwini , .
decreased with the increase of the incident radiatFor the - . e ]
Re higher than 10, the values gfwere greater than 0.9. This 50 . ‘ .

[o] 5 10 15 20
Reynolds number (Re)
Fig. 6 Comparison of predicted and measured caireefficiency
of the Ni-Cr open-cellular porous plate

indicated that the average temperature of the goptate was
very close to the average heat shield temperanaardet air
temperature. Agreement between theory and experimas
acceptable which indicated the validity of the prés

numerical model. IV. CONCLUSION

D. The Conversion Efficiency The major conclusions that can be drawn from thesgamt
Figure 6 shows variations in the conversion efficies;c  Study are summarized as follows:
againstRe. The results demonstrated that the increased 1) The temperature profiles of gag)(and solid Ts) phase
slightly with Re and was asymptotic to a constant value for thdeceased as air injection velocity)(increased because of the
Re higher than 10 in which thgc values were varied in the effects of a higher convective heat transfer, waethe profiles
range of 75% to 80%. For a fixed value R¥, 7jc increased Of both temperature increased with incident radiatigry)
with incident radiation drcs) because the porous mediaowing to the effects of higher radiant energy.
absorbed energy from a higher heat flux and thensterred 2) The temperature efficiencyy) rapidly increased with air

via convection through the cooled-air flow. Thue ability of  injection velocity but was saturated at a constattie for Re
transferring energy of Ni-Cr open-cellular porousit® by greater than 10.

convection after absorbing heat radiation decreagtu the 3) The conversion efficiencyrg) of a Ni-Cr porous plate

increasing of heat flux. Agreement between theond ajncreased slightly witiRe and was asymptotic to a constant
experiment was acceptable. value atRe = 10.

4) Agreement between the predicted results baseé;on
equations and experimental data was acceptablesbijhehe
validity of theoretical model was confirmed.

5) Incoming radiation from a radiative environmean be
almost completely protected as long as tRe of the
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open-cellular plate was about ten or higher. A®sult, the
transpiration cooling system as used in the pressen-cellular
porous plate should be designed for the Re = 10.
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