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In order to understand the high temperature heat transfer behavior of ceramic foam
to air-flow, experiment and numerical simulation have been conducted for a tube
fully filled with SiC foam under several air-flow velocities. The tested sample of SiC
foam is characterized by a porosity of 0.88 and 10 pores per inch, which is heated to
1000 °C before the air-flow passes through. The transient temperature variation is
recorded and discussed for several inlet air-flow velocities ( 2.9 m/s, 4.3 m/s and
5.8 m/s). Then, a computational model for the transient process is developed to nu-
merically investigate the coupled radiative and convective heat transfer, and com-
pared with the experimental data. The results show that the heat transfer reaches
steady-state quickly and the time needed is less than 80 second. The transient devia-
tion between the predicted and experimental data is less than 25.0%. Besides, it is
found that there exists an obvious temperature difference between the fluid and
solid phases, the maximum difference occurs at the neighbor region of tube wall
and decreases as the inlet velocity increases at the steady-state.

Key words: foam material, transient coupled heat transfer, high temperature,
local thermal non-equilibrium

Introduction

Foam materials present several promising characteristics which promote the extensive
use in numerous thermal engineering applications. The coupled heat transfer within foam struc-
ture is crucial to the thermal performance of high temperature systems, such as porous burners
[1] and solar receivers [2]. The thermal design, performance analysis and optimization essen-
tially require the detailed and comprehensive knowledge on the heat transfer of foam-fluid sys-
tem at high temperature.

Recently, many researchers have focused on the flow and heat transfer in foams with
the thermal radiation neglected, and the effects of operation parameters are discussed theoreti-
cally and experimentally. For the high temperature conditions, however, thermal radiation may
dominate the heat transfer process. Several simulations have been done to analyze the coupled
radiative and convective heat transfer in such system. The local thermal equilibrium (LTE)
model or the local thermal non-equilibrium (LTNE) model has been employed to characterize
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the heat exchange between the fluid and solid phases. The LTE model is mostly adopted, in
which the two phases hold an identical temperature. Nield and Kuznetsov [3] investigated a
combined conductive-convective-radiative heat transfer process in a channel occupied by a cel-
lular porous medium. The influence of thermal radiation in a heated channel filled with metallic
foam was evaluated by Andreozzi et al. [4] with radiative conductivity model. The coupled heat
transfer inside a porous solar heat exchanger was studied by Rashidi et al. [5]. The coupled heat
transfer problem was solved both semi-analytically and numerically by Dehghan ez al. [6] to an-
alyze the effects of porous medium shape parameter and radiation parameter on the thermal per-
formance. Only a few numerical investigations used the LTNE model, taking the temperature
difference between the two phases into account. Mahmoudi [7] studied the effect of thermal ra-
diation on the temperature difference in a porous material subjected to isoflux boundary condi-
tion under steady-state. Chen et al. [8] discussed the influencing factors affecting the tempera-
ture difference in a transient heat transfer process inside an isothermal circular tube.

On the other hand, due to the extremely complex microstructure, Zhao [9] indicated
that there has been scarcity in reliable experimental data for the open-cell foam in general. Be-
sides, experiments on the flow and heat transfer in foams at high temperature could be very sel-
dom found. Banerjee et al. [10] reported an study on a tube-in-tube heat exchanger filled with
reticulated porous Al,O; at temperature up to 1240 K. The flow and thermal behavior of Ni foam
was tested as the volumetric receiver under concentrated solar radiation by Michailidis et al.
[11].

From the review of literature, it can be seen that the high temperature coupled heat
transfer in foams has not been adequately and comprehensively investigated, and experimental
studies are especially rather limited. In this study, an experimental set-up is built to test the flow
and heat transfer in a tube filled with SiC foam at high temperature. A numerical model is devel-
oped, the simulation is conducted and compared with the experimental data.

Experimental test rig

The experimental apparatus is schematically displayed in fig. 1. Air-flow is steadily
supplied by the screw compressor, and flows into a clam chamber, then through the dehydrator
to eliminate the water, oil and particulate materials. Volumetric flow rate is monitored by a flow
meter with an accuracy of £1.0% rdg. Two valves (A and B) are used to alter the flow direction.
The test section is made of stainless steel with an inner diameter of 50.0 mm, wall thickness of
1.5 mm, and length of 1.0 m. It is positioned inside of an open-ended furnace which can provide
a high temperature environment up to 1100 °C. The foam specimen is inserted and positioned in
the center of test section.

The test section and parameters measurement are depicted in fig. 2. Air temperatures at
inlet and outlet are measured away from the foam specimen to avoid the effect of thermal radia-

tion from the high temperature sur-
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Figure 1. Schematic diagram of experimental apparatus (TCq and TC,) are installed at the

Data acquisition system
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front and back center of foam speci-
men to monitor the temperature vari-
ation, while TCg_,, for lateral temper-
ature at x = 0.457, 0.5, 0.543 m. The = B
temperature of tube wall outside the ~ *™ [ *
furnace is measured at equal spacing e
by TC,,;; and TC,,_ ¢, and TC,, and

TC,4 are used to record the wall tem-

perature where the tube is not occu-

pied by foam material. The wall tem- Figure 2. Schematic of the test section

perature at the position where the

outlet air temperature is measured is recorded by TC,y. The junction diameter of TC,, o
(K-type) is 0.5 mm. Temperature distribution at the rear end of foam is obtained using an IR
camera under the help of an infrared window with a transmissivity of 0.9. The pressure drop is
measured using two differential pressure transmitters: one with an uncertainty of £0.08% full
span (F.S.) (F. S. is 0-2.5 kPa), the other £0.0375% F. S. (F. S. is 0-100 kPa). Tube wall outside
the furnace is thermally insulated. The foam specimen is made of SiC with 10 pores per inch
(PPI) and a porosity of 0.88. The mean pore diameter, cell diameter and strut diameter are 2.535
mm, 5.537 mm and 0.913 mm, respectively, which are determined by image analysis using Im-
age Pro-Plus software. Total length of SiC foam is 154 mm in the test.

First, turn on the valve B and turn off the valve A after a volumetric flow rate is ob-
tained. Then, turn on the furnace and heat the foam specimen. Finally, alter the flow direction
when the temperature of foam up to the desired and steady one, and here the heating temperature
is set to 1000 °C. Subsequently, air-stream takes away the heat when passing through the foam
skeleton. Volumetric air-flow rate, inlet and outlet fluid temperatures, and pressure drop have
been measured with online data acquisition system. The pressure drop and temperature mea-
surements start at the time air-flow entering the test section, and are acquired at 1.0 second inter-
val until the steady-state is reached, while 10 second intervals for infrared image of end surface.

TCus

=

IR camera

m -Insulation
i TCy
|

TC Infrared window

Pressure transducer

Numerical model

The test section can be divided to two regions: the clear fluid region at upstream and
downstream (I), and the foam region (II). In the model, the curved segment at the outlet is ne-
glected. Air-flow is assumed to be incompressible. Foam material is considered as a homoge-
neous, absorbing, emitting and isotropic scattering medium. There are two approaches to solve
this kind of problem: one-domain approach and two-domain approach [12]. The former is
adopted here, which considers the porous foam as a pseudo-fluid and the composite region as a
continuum, automatically ensuring the momentum and energy continuity at the interface. The
k-¢ turbulent model is adopted in the fluid region, and the non-Darcy model is used to demon-
strate the flow behavior inside the porous region [13]. The LTNE model is employed, consider-
ing the temperature difference between the two phases. The conservation equations of mass,
momentum, and energy are given, respectively:

2P0 19,0 =0 1)
T
1M+lv[pfﬂJ=—Vp+v(“—CVUj+5F
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where U is air-flow velocity, p and ¢ are, respectively, the density and specific heat, p — the pres-
sure, 7 — the flow time, i1, — the effective dynamic viscosity, F — the momentum source caused
by the insert of foam, A, and A, are effective thermal conductivities, /, — the volumetric heat
transfer coefficient, and S, — the radiative source. Some parameters in the model are determined:

region I: ¢=10,0=0,u, =+l , A =A; + 4,
region II: ¢=088, =Ly, =psp A =0, A =1—-9)A, /3
where p, and A, are the turbulent viscosity and turbulent thermal conductivity, respectively. The

equations of turbulent kinetic energy and the rate of energy dissipation based on the k-¢ turbu-
lent model are:

MW(mkU)w{[uf +“—t]Vk}+Gk pe (5)

ot oy

o(pe) My €

L) 49 (p e) =VKuf +—]Ve} + 2,0 -Copee) (6)
or o, k

where G, is the production of turbulence energy, C, = 1.44, C,=1.92,0,=1.0, and o, = 1.3.
The radiative transfer equation is solved by the P1 radiation model. The transport equation of in-
cident radiation, G, can be expressed:

v —1 VG |-, 40T -G) 7)
3(k, +K,)
Thus, the radiative source term can be computed as S, = -k, (407} —G). Based on
the geometric optics approximation, the radiative properties of foam are determined [14]:

K, =15¢,(1-)d, (8)

K, =151 —¢,)(1-$)/d, )

where ¢, is the foam emissivity, k, and k, are the absorption coefficient and scattering coeffi-
cient, respectively.

So far, many investigations have been done to study the flow and heat transfer charac-
teristics in foam materials, in order to determine the source term, F, and volumetric heat transfer
coefficient, #,. However, still no correlation is able to predict the two main inputs with sufficient
accuracy [15, 16]. Therefore, for the specific foams, a series of tests are necessary. The volumet-
ric heat transfer coefficient can be determined from experiment using a single-blow technique.
The authors have proposed a correlation from experimental data of several foams (Cu, Ni, and
SiC, 0.87 < ¢ <£0.97 and 10-40 PPI), as reported in [17].

Nu, =034¢2 Re 6! Pr1/3 (10)
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Figure 3. Comparison of results predicted from correlations and those from literature;
(a) volumatric heat transfer coefficient, (b) pressure drop

where Nu, =h,d}/A¢, Rey =pud /p; and 20 < Rey <103 From the comparison in fig.
3(a), it is found that most of the experimental data from literature fall within an error of £40%.
The pressure drop across foam material can be described as Forchheimer equation
Ap/L=uu;/ k, + psu®/ k,, where the coefficients k; and k, can be determined by measure-
ment at different velocities and structural parameters. Similarly, the authors have performed
several tests using the foams in [17], and derived a correlation:

Ap 445 055
T a2 g
p p
A comparison is displayed in fig. 3(b), where Hg is Hagen number
[Hg = App¢d}/(Lu?)] and 20 < Rey/p < 2800. The maximum error is about +40%. Therefore,
the momentum source in eq. (2) can be written as F =—445u,U/(¢d?2) —055p f|U|U/ (9%d,).
Thermal properties of foam are assumed to be constant, A, = 80 W/(mK), ¢, = 1244
J/(kgK), and p,=3210 kgm?. The emissivity is €,=0.92. Airis regarded as ideal gas and the vis-
cosity is calculated through Sutherland law. The thermal capacity and conductivity can be de-
scribed:

p o (11)

¢, =193-1071°T¢ —8-1077T7 +114-1073 T2 —449-10"' T +106-103 (12)

Ag=152-10"11T3 -~ 486108772 +102-10~47; —393-10-3 (13)

Air-flow enters the tube at a uniform temperature and velocity. The tube is opened to
ambient at exit cross section (p = 0, with reference pressure 101325 Pa). The tube wall in region
I is subjected to a variable radiative flux from the high temperature furnace which is set to
1000 °C. The emissivities of tube wall and inner surface of furnace are 0.8 and 1.0, respectively.
Due to the heat transport from the tube inside the furnace along axial direction, tube wall in re-
gion [ is set as wall temperature boundary changing with time. The wall temperature is fitted
from TC,,_; or TC,, ;4 in the region outside the furnace, while the temperature is given by TC ,
or TC,; for the region inside the furnace. The initial temperature in foam is chosen as the average
temperature of TC, ;. A 2-D axisymmetric model is built and FLUENT is used to solve the gov-
erning equations. The grid independence is guaranteed when grid number is 250 x 40. Conver-
gence is reached if the residuals are below 107",
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1000

PR v —20ms Results and discussion
=0.88, —&— Yn =

—e— U, =43ms Three sets of experiments are conducted
with different inlet air velocities (2.9, 4.3, and
5.8 m/s). The transient outlet air temperature is
difficult to obtain directly from the correction of
thermocouple temperature, since the accurate
time dependent flow velocity and thermo-
400f physical properties can not be measured. More-
over, temperature variations of TC, s reflect
the variation of outlet air temperature. The av-
erage temperature of TC,.s (7s) is plotted in
fig. 4. It can be seen that the temperature has a
noticeable change when 7 < 50 second, three
processes almost reach the steady-state when
7 < 80 second, and the time needed slightly de-
creases as the inlet velocity increases, nearly 75,
71, and 66 seconds for the three tests, respec-
tively. The temperature 7' sat u;, = 2.9 m/s is
88.5 K higher than that at u;, = 5.8 m/s under the
steady-state condition.
The IR camera is calibrated to give maps of
- p— blackbody equivalent temperature as shown in
Tlel fig. 5. The temperature has a nearly uniform dis-
tribution at 7 =0 second, as the non-uniformity is
less than 3.0%. The temperature of foam de-
creases greatly with the increasing of time at the
central region, due to the higher heat transfer rate
from foam skeleton to air-flow than that from tube wall to air-flow. Besides, the temperature is
lower when inlet velocity increases at the same time, for the reason that the volumetric heat trans-
fer coefficient increases as the velocity increases.

Due to the rapid variation in the flow and temperature fields during the transient pro-
cess and the thermal properties and velocity at outlet can not be precisely estimated, a correction
of the transient outlet air temperature directly from the experimental data can not be performed.
Thus, the comparison is made on the thermocouple temperature at outlet to check the validity of
simulation. The numerical thermocouple temperature at outlet is calculated based on the energy
balance analysis. The heat loss caused by conduction is neglected, as the main factor is the ther-
mal radiation from tube wall. The heat balance equation of the thermocouple can be expressed:

—h— U, =58 mM/s

! 1 L
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Figure 4. Variation of T with time at different
inlet velocities

'
\i

(&) U, =29 mis .
:

;

2273
:

(@) = 43mis i
' '

:

" q

:

(a) u, =5.8mis .1
\ i

i

Figure 5. Blackbody equivalent temperature of
the end surface of foam

T
Vs ‘L—J = Ay (T; —T)) + 06, Ay (T2 ~T?) (14)
T

where A4, is the surface area of thermocouple junction, ¢, — the emissivity of junction surface, T,
— the tube wall temperature which is measured by TC,y, o —the Stefan-Boltzmann constant, and
h — the convective heat transfer coefficient which can be evaluated by:

h=[20+(0A4Re!/2+006Re?3) Pro4 Yk, / D, (15)

where Re; = puD,/u;,e, =06, and D, = 1.0 mm. Thermal properties of junction are p; =
= 8665 kg/m3, ¢; = 486 J/(kgK), and 1; = 25 W/(mK™!). The average temperature of TC, s is
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compared in fig. 6, where the deviation is defined as { =|T'1,num — T 1,exp|/T 1.Exp -100%. The
same variation trends are observed. Since the volumetric heat transfer coefficient becomes
larger at a higher velocity, the thermocouple temperature increases more quickly at a high veloc-
ity. The steep change in the initial time period is due to the thermal inertia of thermocouple, and
the deviation increases with time and then reaches the maximum which are 25.0%, 18.2%, and
12.8% at u;,, = 2.9,4.3,5.8 m/s, respectively. As the time increases, the deviation increases again
after a decrease. The deviations at the steady-state are 6.3%, 13.8%, and 19.8% for the three
tests, respectively. Additionally, a comparison of pressure drop at steady-state is made (see tab.
1). It indicates that the maximum deviation is 8.8%, where the deviation is defined as
¢, = |ApNUM — Appxp|/ Appxp -100%. The previous comparisons demonstrate an acceptable
agreement between the measured and predicted values.

Figure 7 illustrates the transient temperature variation at x = 0.5 m for 7 = 10, 20, 30 second
and inlet velocity of 2.9 m/s. It presents a rapid change in temperature and considerable tempera-
ture difference between the fluid and solid phases. Besides, the temperature difference de-

1000 40
—— U, =29ms
< 800 - 30 —o— U,=4.3m/s
S 2
[ . —a— U, =58m/s
600
400
Line: simulation
Symbol: experiment
200, v . v L L L L
0 20 40 60 80 100
20 40 60 80 100
(a) g (b) *[s]

Figure 6. Comparison of numerical and experimental results at different inlet velocities;
(a) average thermocouple temperature at outlet, (b) deviation between experiment and simulation
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Figure 7. Temperature distribution at x = 0.5 m for 7 = 10, 20, 30 s;
(a) temperature distribution, (b) temperature difference
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Table 1. Comparison of the pressure creases as the flow time increases. The maximum differ-

drop at steady-state

Uin Apexp | APnum
[ms']| [Pa] [Pa]

2.9 1053 971 7.8
4.3 1825 1664 8.8
5.8 3020 2808 7.0

£ (%]

ence are 211.7 K, 169.4 K, and 141.9 K, respectively.

For the steady-state, temperature distributions at cross
sections x = 0.5 m and x == 0.577 m (end surface of foam)
are presented in fig. 8. As can be seen from the figure, the
temperature decreases noticeably with the increasing of in-
let velocity. The temperature difference between the fluid
and solid phases has an obvious reduction when the inlet

velocity increases, as shown in fig. 9. For example, the temperature difference on the axis de-
creases from 85.5 K to 42.4 K as the velocity increases from 2.9 m/s to 5.8 m/s. The maximum
temperature differences which almost occur at the near wall region (around the position
r=0.02 m) for u;,=2.9,4.3,5.8 m/sare 119.7 K, 114.4 K, and 109.8 K, respectively. The solid
temperature near tube wall is higher due to the heated wall, and low velocity near the wall causes
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300 L .
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Figure 8. Comparison of temperature distribution under the steady-state;
(a) x=0.5m, (b) x=0.577 m (end surface)
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Figure 9. Temperature difference between two
phases under the steady-state
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low heat transfer rate, which leads to a large
temperature difference.

Conclusions

An experiment apparatus is built to inves-
tigate the coupled heat transfer in foam mate-
rial at high temperature. A SiC foam is tested
under three different inlet velocities (2.9 m/s,
4.3 m/s, and 5.8 m/s), and the transient temper-
ature data are obtained until the steady-state is
reached.

The time to steady-state is almost less
than 80 second, which slightly decreases as
the inlet velocity increases. The temperature



Xia, X., et al.: Experiment and Numerical Simulation on Transient Heat Transfer from SiC ...
THERMAL SCIENCE: Year 2018, Vol. 22, Suppl. 2, pp. S597-S606 S605

in the center region of end surface of the foam specimen decreases as the inlet velocity increases.
A numerical model is developed to simulate the heat transfer and compared with the experiment.
New correlations of volumetric heat transfer coefficient and pressure drop are proposed and
used in the simulation. A maximum deviation of 25.0 % is found between the predicted and ex-
perimental data during the whole transient process. Besides, it is found that the maximum tem-
perature difference occurs at the near wall region (around the position 7= 0.02 m), and decreases
with the increasing of inlet velocity. Thus, the LTNE model is strongly recommended for the
thermal analysis of such high temperature applications of foam materials.
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Nomenclature
A — surface area, [m’] Greek symbols
- ific heat, [Jkg 'K
E) _ flli):gqle{[(;r, T?n’] ke ] & - 1(?SSltp.)atlon rate of 2thg turbulent
d, - pore diameter, [mm] inetic energy, [m’s ]

£ — foam emissivity, [—]

F — source term of momentum equation P . ) Al

Hg - Hagen number, [-] g - _]unCthI.I Cl‘nISSIVIt}./, [-] 1

h — heat transfer coefficient, [Wm K] Ko  — absorption coefficient, [m ]

h,  — volumetric heat transfer coefficient, Ky — scattering coefficient, [m']

[Wm~ K™ A — thermal conductivity, [Wm 'K ™']

k — turbulent kinetic energy, [m?s ] u — dynamic viscosity, [kgm’ls’l]

L — length, [m] P — density, [kgm™]

Nu, — volumetric Nusselt number, [—] ¢ — porosity, []

p — pressure, [Pa] .

Re — Reynolds number, [—] Subscripts

S, — radiative source term, [Wm] e — effective

T — temperature, [K] f — fluid

U - superficial velocity, [ms ] in  — inlet

u — velocity [ms ] Jj — junction

x, r — co-ordinates in flow region, [m] S — solid

w — wall
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