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Water cooling panels are adopted as a vessel cooling system of a high temperature-engineering
test reactor (HTTR) to cool the reactor core indirectly by natural convection and thermal radiation.
In this study, we carried out experiments on natural convection heat transfer coupled with thermal
radiation in vertical annular space of a double coaxial cylinder in order to investigate heat transfer
characteristics in vertical annular space between the reactor pressure vessel and the cooling panels of
the HTTR. In the present experiments, Rayleigh number based on the width of the vertical space
was set 1o be 6.8 X 10°<Ra<1.8X10° for helium and 4.2X10’<Ra<1.0X 10" for nitrogen.
This report described about the heat transfer coefficient of natural convection in the vertical space
and the effect of thermal radiation on the transferred heat.  As a result, a heat transfer coefficient of
natural convection coupled with thermal radiation was obtained as functions of Rayleigh number,
aspect ratio of the space, temperature and emissivities on the heated and cooled walls. In addition
to the experiments, numerical analyses were performed on the combined phenomena of natural
convection and thermal radiation in the space. The numerical results were in good agreement with

the experimental ones regarding the temperature on the heated and cooled walls.

Keywords: Natural Convection, Thermal Radiation, Emissivity, Heat Transfer,
Vertical Annular Space, Double Coaxial Cylinder, Experiment, Numerical Analysis,
HTTR, Vessel Cooling System
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1. Introduction

In Japan Atomic Energy Research Institute, the High Temperature-engineering Test Reactor
(HTTR) was constructed to develop of High Temperature Gas-cooled Reactor (HTGR) technologies,
to advance the HTGR and to study on advanced high temperature engineering and it went first
critical in November 1998. The HTTR is the helium gas cooled reactor moderated by graphite,
rated at thermal power of 30MW at reactor coolant outlet temperature of 850°C for case of rated
operation or 950°C for case of high temperature test operation. A Vessel Cooling System (VCS)
adopted for the HTTR is an indirect reactor core cooling system using water cooling panels and the
system cools the reactor core indirectly by natural convection of air and thermal radiation. A
Reactor Pressure Vessel (RPV) and a biological shielding concrete are cooled by the cooling panels
during normal operation. The cooling panels also cool the reactor core under a no forced-cooling
condition such as a primary pipe rupture accident. Therefore, it is important to clarify heat
transfer characteristics in space between the RPV and the cooling panels. The RPV surface
temperature rises 400°C in the rated operation. As a few gratings are installed between the RPV
and the cooling panels, the heat transfer characteristics will be complicated in that space. A cross
sectional view of the HTTR and the VCS is shown in Fig. 1.

In the HTTR design, an amount of heat removed by the VCS has been evaluated conservatively
in terms of safety. However, it is necessary to evaluate quantitatively the amount of removed heat
from the results obtained by the power-rise and the safety demonstration tests of the HTTR. Heat
transfer characteristics in the space between the RPV and the cooling panels will be important in
terms of the evaluation of the VCS performance. The RPV heated by the decay heat will be
cooled by natural convection of air and thermal radiation. An amount of heat transported by
thermal radiation increases with the temperature of the RPV and it depends not only on the
geometry of the system but also on the emissivity of the wall surface. On the other hand, the
amount of the heat transferred by natural convection depends on a flow in the vertical enclosure
having one side heated wall and the other side cooled wall. Therefore, it is difficult to estimate
quantitatively the amount of those heat.

We had already reported upon experiments on natural convection coupled with thermal radiation
in a vertical enclosure of a double coaxial cylinder with an air cooling system in a previous report'.
Maximum temperature in the experiments with the air cooling system was set to be lower than the
present experiments with a water cooling system. In this study, we carry out experiments on
natural convection heat transfer coupled with thermal radiation in vertical annular space of a double
coaxial cylinder in order to investigate heat transfer characteristics in a vertical space between the
RPV and the water cooling panels of the HTTR. This report describes a natural convection heat
transfer in the vertical space, the effect of thermal radiation on the transferred heat, and the

relationship between Nusselt number and Rayleigh number in that space. In addition to the
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experiments, numerical analyses are performed on the combined phenomena of natural convection
and thermal radiation in the space. The numerical results are compared with the experimental ones

regarding the temperature on the heated and cooled walls.
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Fig. 1 Cross sectional view of the HTTR and the VCS.
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2. Experiment on Natural Convection Coupled with Thermal Radiation
2.1 Purpose of Experiment

The object of the present experiments is to grasp the basic characteristics of heat transfer under
the condition of natural convection coupled with thermal radiation in the vertical space. Main
purposes of the experiments are listed as follows:

(1) Experiment on heat transfer by thermal radiation without natural convection.
(2) Experiment on heat transfer by natural convection coupled with thermal radiation.
(3) Investigations of relationship between the Nusselt number and the Rayleigh number of natural

convection coupled with thermal radiation in the vertical space.
2.2 Experimental Apparatus

Figures 2 through 4 show schematic drawings of an experimental apparatus simulating the
vertical space between the RPV and the water cooling panels of the HTTR. The experimental
apparatus consists of a heating cylinder including electric heaters, a cooling cylinder and top and
bottom disks. The heating and cooling cylinders are modeled on the RPV and the cooling panels.
Height of heating section and the outer diameter of the heating cylinder are 1000mm and 318.5mm,
respectively. Height of the cooling cylinder and the inner diameter are 1140mm and 900mm,
respectively. Height of the test section is 998mm. The aspect ratio of the test section is 3.4. A
test section is closed by the top and bottom disks. Specification of the experimental apparatus is
described as below:

(1) Test section of experimental apparatus

The test section of the experimental apparatus is composed of the heating cylinder, the cooling
cylinder and the top and bottom disks. The heating cylinder is made of stainless steel and
ceramics, and it contains coiled heater lines. The heating section is divided into four parts. The
central part of the heating section is heated by two main heaters having respectively 10kW capacity.
The upper and lower part of the heating section is heated by two compensation heaters having
respectively 3kW capacity. The surface temperature of the heating cylinder can be heated up to
700°C. The heating cylinder is hanged from the upper section to absorb a thermal expansion of the
cylinder. The cooling cylinder is made of a stainless steel. Water cooling pipes made of copper
are attached on the outside surface of the cooling cylinder, which is cooled by the cooling pipes.
The outer diameter of the cooling pipe is 15.9mm and the number of cooling pipes is 175. The
maximum flow rate of the cooling water is about 15//s.

The test section is closed annular space and it is constructed by installing two disks for the top

and bottom of the cooling cylinder. The top and bottom disks are made of stainless steel and its
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diameter is about 1100mm. The top disk has flanges for taking out thermocouple lines and heater
lines, and it has a pressure gauge and a Pirani gauge. A water cooling pipe is attached on the outer
surface of the top disk. The bottom disk has flanges for taking out thermocouples and has
entrances for vacuum and gases supply. Thermal insulation layers are fixed on the inside and
outside of the top and bottom disks. The pressure in the test section can be set from vacuum to
atmospheric pressure.
(2) Water cooling system

The water cooling system is divided into 5 loops. The cooling cylinder and the upper disk are
cooled using 4 loops and 1 loop, respectively. The system for the cooling cylinder has inlet and
outlet headers for each loop.
(3) Vacuum and gas supply system

The vacuum system consists of a vacuum pump, a pipe and valves assembled in the loop of
vacuum system. This system is used to keep less than 0.1Torr in the test section when the
experiment on radiation heat transfer is done at a vacuum condition. The gas supply system
consists of a gas cylinder, a pipe and valves assembled in the loop of gas supply system. This
system is used when the working fluid in the test section is exchanged.
(4) Power supply system

The power supply system is composed of voltage control and temperature-voltage conversion
devices. The temperature of the heating cylinder is transformed into a voltage signal to draw out
by this system.
(5) Measurement and control system

The temperature of the experimental apparatus is measured by K-type thermocouples, which are
fixed to the walls by SUS bands, and temperature signals through a data logger are recorded by a
personal computer. The pressure in the test section is measured by a mechanical pressure and a
vacuum gauge. The thermocouples are attached to the test section symmetrically to evaluate the
average heat transfer coefficient. Figures 5 through 8 indicate attached positions of the
thermocouples in the experimental apparatus. Measurement positions and collection channel

arrangement are shown in Table 1.

A schematic diagram of the experimental system is shown in Fig. 9.
2.3 Experimental Procedures and Conditions

The experimental procedures are described as follows:
(1) The pressure in the test section is kept lower than 0.1Torr.

(2) The test section is filled with He or N, gas up to the test condition. (This operation is not

necessary for vacuum experiments.)
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(3) While the water is flowed in the cooling pipes of the experimental apparatus, the heating
cylinder is heated up to constant temperature.

(4) After the gas and wall temperature in the test section reaches at the steady state, the
experimental data are measured.
The experimental conditions are shown in Table 2. For achieving constant heat flux on the

surface of the heating cylinder, the electric current of the heater is kept at constant. The pressure

in the test section is set at atmospheric pressure (0.1MPa) when it is filled with He or N,.
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Fig. 2 Schematic of the experimental apparatus.
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Pressure
gauge Installation
port for

thermocouples

Fig. 3 Top side figure of the experimental apparatus.
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To vacuum pump

Fig. 4 Bottom side figure of the experimental apparatus.
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Bottom of heating cylinder

(outer surface) TE-HO03D B(30)
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Lower thermal insulation plate

(upside)
TE-HO4F B(39) \ TE-HOSF B(40)
240° 120
Bottom of cooling cylinder o TE-LO1E B(61)

(inner surface)

TE-HO1E B(32)
TE-HO4E B(35) TE-HO3E B(34)
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Bottom of cooling cylinder

(outer surface) TE-WO6K B(79)
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Fig. 6 Attached positions of thermocouples (top and bottom, a).



JAERI-Research 2000-062

Upper thermal insulation plate TE-H04G B(44)

(downside)

TE-HO05G B(45)

TE-HO01G B(41)
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Top disk

(inner surface)
TE-LO3I B(66)

TE-L04I B(67)

TE-L0O5I B(68)
TE-LO6I B(69)

120°

TE-L02I B(65)
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TE-W05J B(87)

TE-W10J B(93)
TE-W11J B(92)
TE-W12J B(91)

Fig. 7 Attached positions of thermocouples (top and bottom, b).
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Fig. 8 Attached positions of thermocouples (cooling pipe).
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3. Experimental Results and Discussion
3.1 Experimental Results

The experimental results for vacuum condition and filling with He or N, of 0.1MPa are shown in
Table 3, Table 4 and Table 5. The measured temperature distributions on the outer surface of the
heating cylinder and on the inner surface of the cooling cylinder are shown in Figs. 10 through 14.
In the experiments, temperature range of the heating cylinder surface is about 295.4°C~561.4°C at
vacuum condition, and about 200.3~509.7°C for He and about 258.0~536.5°C for N, at
atmosphere pressure. It was confirmed that the deviation of the measured temperature caused by
the method of fixing the thermocouples to the walls was very small (cf. Appendix-1). As the
electric power increases, each temperature distribution for vacuum, He and N, is more similar and
approaches a constant temperature distribution along the wall surfaces because of the effect of
thermal radiation.

We suppose that two-dimensional convection is generated mainly in the test section of the
apparatus to evaluate the Nusselt number and the Rayleigh number using the experimental data.
We use the experimental data in a middle zone of the cylinders because of little influence of the

upper and the lower thermal insulation plates. The experimental data are arranged as below:

3.1.1 Equivalent heat transfer coefficient for thermal radiation
(1) Evaluation from experimental results for vacuum condition

As it is difficult to take into account of all factors such as a view-factor, emissivities and so on,
an experimental correlation for estimating the radiative heat flux on the inner surface of the cooling
cylinder is derived from the experimental results for the vacuum condition. The radiative heat
flux g, is

g.=f-(T'-T') (W’ ©)

where f is a coefficient, T is the absolute temperature of the wall surface and the subscripts “1” and
“2” represent the value at the outer surface of the heating cylinder and the inner surface of the

cooling cylinder, respectively. The coefficient f, .., evaluated from the experimental results for

the vacuum condition is as follows (cf. Table 6):

frop = 422X107(TH =T (WimPKY). )

Equation (2) is derived from the power approximation using the method of least squares. The
comparison of the radiative heat flux given by the experimental results and Egs. (1) and (2) for the
vacuum condition is shown in Fig. 15.

(2) Evaluation from thermal radiation theory

In addition to Eq. (2), we adopt another equations based on calculations. The experimental
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coefficient £, ., given by Eq. (2) is function of (1;* —T'), but £, is constant value essentially.

If the present experimental apparatus can be regarded as the infinite double coaxial cylinder, the
radiative heat flux on the inner surface of the cooling cylinder is given by
g,= hx(1,-T,)

A 1 (T =T) (Wim?) (3)

A, | (1 )m
_——t ] — =1
81 82 Afl

where 4, is the equivalent heat transfer coefficient for thermal radiation, A is the area, € is the

emissivity, o is the Stefan-Boltzmann constant.

In the present experimental apparatus, the vertical annular test section is closed by the top and the
bottom disks and it has finite length, and thus the view-factor from the outer surface of the heating
cylinder to the inner surface of the cooling cylinder is not the same as the one of vertical annular
space of the infinite double coaxial cylinder. In this case, the radiative heat flux on the surface of

the cooling cylinder can be obtained as follows:

Al EZ O (7-;4 _ 7;4) (w[[mZ) (4)

q,=——"
A,
'1+E{1—Q+E(i—g
£ £,

where F;

is the view-factor from i-surface to j-surface. The view-factor F, and F,, can be

obtained by the integration of infinitesimal surface in the cylindrical coordination.
The parameters of Egs. (3) and (4) for the present geometry and the material are listed as follows:
A/A,=03815/0.9
F, =04228, E, =0.18
=07, &=05
The comparison of the experimental results of the radiative heat flux with the calculated results
given by Egs. (3) and (4) for the vacuum condition is shown in Fig. 16. The calculated results are
a little smaller than the experimental results and the calculated result by Eq. (3) is closer to the
experimental results than the one by Eq. (4). The difference between the both is supposed to be
caused by the following reasons:

- The radiative heat flux calculated by equations is the average value of the whole inner surface
of the cylinder. However, the experimental one is the value of the middle zone of the
cylinder.

- The heat transferred by thermal radiation from the upper and the lower thermal insulation plates
to the surface of the cylinder is ignored in the calculations.

- The emissivities, & and &, are value based on assuming the oxide nickel surface.

We adopt Eq. (3) as the calculated result of the radiative heat flux and so the coefficient f

evaluated from the thermal radiation theory is given by
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1

1 (1 jA]
—_— __1._

Then the equivalent heat transfer coefficient for thermal radiation is

h o= —— (W/mK). (6)

~(1-1)

.6 = constant  (W/m’K*). (5)

A
.fr.ml[, - A_ ’

3.1.2 Heat transfer coefficient on the cooling cylinder

The heat flux on the cooling cylinder will be obtained as follows:

AT,
Qun = —g L (W/m?). )

in which AT, is the temperature difference between the inner and outer surface of the cooling
cylinder, and R is the thermal resistance, which is evaluated from the heat balance of input heat and
output heat.

The heat transfer coefficient on the cooling cylinder can be written as follows:

hot = TL_T— (W/m?K). 8)

Thus, the heat transfer coefficient by natural convection is given by

h = Qo — 4 zhau_h

2
=TT (W/m’K). 9)

r

3.1.3 Nusselt number and Rayleigh number
The Nusselt number for natural convection coupled with thermal radiation (the total Nusselt

number, Nu,,) and for natural convection (the convective Nusselt number, Nu,) is written by

Nu, (1) = h‘_;("£ (10)
8

Nu (l)= bl (11)

kx

N _ hall 2

U,y (d)——k (12)
4

N (d) = 24 (13)

kg

where [ is the height of the annular test section, d is the width of the annular test section and £, is

the thermal conductivity of the filled gas.
The Nusselt number for the vertical enclosure with an inside-heated and outside-cooled double

coaxial cylinder®® is given by

Nu=0.364{Ra()) fPr)} " (r, /7)) 10°SRa(d)<10° (14)
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in which
fery={1+(05/Pr)"°}""  (Pr=0~o) (15)

where Pr is the Prandtl number, r,

o

is the outer radius and 7, is the inner radius. Eq. (14) is
derived from calculation based on Pr=1, l/(rn - r,.)= 5,10,15, r/r,=1,2.

The Rayleigh number based on the height and the width of the test section is defined by
Pr-gB(T,-T.)I°

g2
prgB(1,-T.)d’

8

Ra(l)= (16)

Ra(d)=

(7)

where g is the gravitational acceleration, B is the thermal expansion coefficient and v, is the

kinematic viscosity of the filled gas.

3.1.4 Thermophysical properties
Polynomial fitting functions dependent on temperature are developed according to database of
thermophysical properties of materials”. Average temperature in the test section is used in the

polynomial fitting functions and it is defined as follows:

T= M (K). (18)

2

Each value according to the above data arrangement is listed in Table 6 through Table 9. In

Tables 8-1 and 8-2, f,,,, is used for the evaluation of g,, and in Tables 9-1 and 9-2, f . is used for

L exp.

the evaluation of gq,.
3.2 Discussion

Figures 17 and 18 show the relationship between the Nusselt number and the Rayleigh number on

the inner surface of the cooling cylinder. Figure 17 is based on the £, and Fig. 18 is based on

Lexp.

the f, ., . The Nusselt number and the Rayleigh number in each figure are based on the height of
the test section. Symbols (O and [J) represent the total Nusselt number Nu,(l) for natural
convection coupled with thermal radiation and symbols (@ and M) represent the convective
Nusselt number Nu(I) for natural convection without thermal radiation. A solid line represents Eq.
(14).

As shown in Fig. 17 and Fig. 18, Nu(/) is in agreement with the one obtained from Eq. (14) and
Nu(l) increases with increasing Ra(l) in the present experiments. Ra(/) decreases with increasing
the gas temperature because the kinematic viscosity of gas increases with the gas temperature, but

the radiative Nusselt number Nu,(l) ( = Nu,(l) — Nu(l) ) increases with decreasing Ra(l) because
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Nu,(l) increases with the gas temperature; therefore it is possible that Nu,(l) decreases with
increasing Ra(l) if Nu/(l) is in quantitative agreement with the conventional correlation about the
Nusselt number such as Eq. (14), It is necessary to analyze the phenomenon of natural convection
coupled with thermal radiation under the high temperature condition to obtain the relationship
between Nu,, and Ra.

Figures 19 and 20 show the ratio of the heat transferred by thermal radiation to the heat
transferred by convection and radiation. Horizontal axis in each figure represents the outer surface

temperature of the heating cylinder. When the wall temperature is about 400°C, the ratio of
thermal radiation becomes 79% for Fig. 19 based on f,,,, and 45% for Fig. 20 based on f, . -

3.2.1 Nusselt number for natural convection heat transfer
A general expression form of the average Nusselt number for laminar flow in a vertical
rectangular enclosure is
Nu=a-Ra’(1/d) (19)
where a, b and c are constants. The constants for laminar flow in air were obtained by Eckert and
Carlson®®, Elder®, Newell and Schmidt” and so on. For the convection-dominated regime (Ra(d)
>10°% in a vertical cavity, studied by Gill®, the average Nusselt number was calculated by Bejan"”
as follows:
Nu=0.364Ra">(1/d)"*. (20)
In the present experiment, the Rayleigh number based on the width of the space depends not only
on the gas temperature but also on the gas species, the aspect ratio I/d is 3.43 and Ra(d) is varied
from 6.8 X 10° to 1.0X 108, Firstly, the average Nusselt number for each gas species is obtained

from Eqgs. (19) and (20). The average Nusselt numbers for laminar flow in He are

Nu,(d)= 0288 Ra(dy>(1/d)** basedon f_, (21)
Nu.(d)= 0.628 Ra(d) *(1/d)"” basedon f, .. (22)

(6.8 X 10°< Ra(d)< 1.8 X 10°)

, and the ones in N, are
Nu.(d)= 0272 Ra(dy > (1/d)"* basedon f,, (23)

Nu.(d) = 0.863 Ra(d)*(1/d)"" basedon f (24)

(42X 10"<Ra(d)<1.0X 10°) .

The average Nusselt numbers in the present experiments are obtained as
Nu.(d)= 0.280 Ra(dy*(1/d)*® basedon f, (25)

Nu.(d) = 0.745 Ra(dy*(1/d)"" basedon f (26)

(6.8 % 10°<Ra(d)<1.0X10°) .
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Figure 21 shows the average Nusselt number for He and N, based on f,,, in the experiments.

Lexp.
The solid and dotted lines in the figure indicate Eqs. (21), (23) and (25). Figure 22 shows the
average Nusselt number for He and N, based on f, . in the experiments. The solid and dotted
lines in the figure indicate Eqs. (22), (24) and (26). According to these equations, the Nusselt

number increases as the Rayleigh number increases in case of the natural convection.

3.2.2 Nusselt number for natural convection heat transfer coupled with thermal radiation
Figure 23 shows the ratio of the heat transferred by only thermal radiation to the heat transferred
by convection and radiation as the function of the difference of the forth power of the heated and

cooled wall surface temperature. Figure 23 is based on f,,, . The ratio of the heat transferred by

thermal radiation can be obtained as follows:
R :i:—_—_—ﬁ,exp. (7‘14—7‘24)

)0. 1235
rexp.
qall qull

=3.204x 10> (1} - T* (27)

Equation (27) is derived from the power approximation using the method of least squares. In
addition to Eq. (27), an analytical equation based on f, . for R, is obtained by supposing that the

wall of the cooling cylinder absorbs all input heat to the test section. The analytical equation for

R, is as below:

_4 A ! ol (L) s e (2)
anl —qall B A2 1 (1 )Al 0-(7‘1 7:_’ )/(Az)_ 'f;cak‘ (7‘1 7; )/ A‘-’-
—_— __1 —_—
& \& A,
=A, 1 o(T'-T)1Q (28)

l+( ! —l)i

where Q is the total heating power to the test section. Then the average Nusselt numbers for
natural convection heat transfer coupled with thermal radiation are as follows:
Nu,(d)= Nu.(d)+ Nu,(d)
= Nu.(d)+ R, Nu,,(d)

Nu.(d)

C Nutg(d) ===

_ 0.288 Ra(d)™(1/d)"™®
- 1-R

r.exp.

based on Eqgs. (21) and (27) (29)

(6.8 X 10°< Ra(d)< 1.8 X 10°)
_0.272Ra(d)”(1/d)"”
B 1-R

r.exp.

based on Eqgs. (23) and (27) (30)

(4.2%10"<Ra(d)<1.0 X 10°)
_ 0.280Ra(d)*(1/d)"”
N 1-R

r.exp.

based on Egs. (25) and (27) (31)

(6.8 X 10°<Ra(d)< 1.0 X 108)
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0.25 -0.28
_0.628 Rf(dl)e (1/d) "~y sed on Egs. (22) and (28) (32)
- r,calc.
(6.8 X 10°< Ra(d)< 1.8 X 10%)
0.25 -0.25
_0.863 Rtll(—dl)i (1/d)"" 4 ased on Eqs. (24) and (28) (33)

r,calc.

(4.2 %10’ <Ra(d)< 1.0 X 10°%)

0.25 -0.25
_07% R?(dz)e ()"~ pasedon Egs. (26) and (28) (34)
T I\ cale.

(6.8 X10°<Ra(d)<1.0X10%) .

Figure 24 shows the average Nusselt number coupled with thermal radiation for He and N, based
onf,, andR,,, inthe experiments. The solid and dotted lines in the figure indicate Eqgs. (29),

(30) and (31). Figure 25 shows the average Nusselt number coupled with thermal radiation for He
and N, based on f ., andR,.,. in the experiments. The solid and dotted lines in the figure

indicate Egs. (32), (33) and (34). According to these equations, the Nusselt number decreases as

the Rayleigh number increases in case of the natural convection coupled with thermal radiation.

Comparison of Egs. (31) and (34) with the correlation suggested in Ref. (1) is shown in
Appendix-2.
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Fig. 10 Temperature distributions on wall surfaces for the experiments of 6.5A-heat input.
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Fig. 11 Temperature distributions on wall surfaces for the experiments of 8A-heat input.
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Fig. 12 Temperature distributions on wall surfaces for the experiments of 10A-heat input.
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Fig. 13 Temperature distributions on wall surfaces for the experiments of 12A-heat input.
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Fig. 14 Temperature distributions on wall surfaces for the experiments of 14A-heat input.
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Fig. 15 Comparison of the radiative heat flux based on the experiments with
the one based on Egs. (1) and (2) for the vacuum condition.
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Fig. 16 Comparison of the radiative heat flux based on the experiments with
the one based on Egs. (3) and (4) for the vacuum condition.
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Fig. 17 Comparison of the Nusselt number based on the experiments using Eq. (2)
with the one based on Eq. (14).
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Fig. 18 Comparison of the Nusselt number based on the experiments using Eq. (5)
with the one based on Eq. (14).
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Fig. 19 Ratio of the heat transferred by thermal radiation to the heat transferred
by convection and radiation using Eq. (2).
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Fig. 20 Ratio of the heat transferred by thermal radiation to the the heat transferred
by convection and radiation using Eq. (5).
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Fig. 23 Ratio of the heat transferred by thermal radiation to the heat transferred by convection
and radiation shown as the function of the defference of the forth power
of the heated and cooled wall surface temperature.
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4. Numerical Analysis

In addition to the experiments, we carry out numerical analyses by modeling of the experimental
apparatus.

In the present numerical analysis, the CFD code FLUENT/UNS is used. FLUENT/UNS solves
the governing differential equations for the conservation of mass, momentum and scalars such as
energy, turbulence and chemical species in integral form. A control-volume based technique is

used.
4.1 Basic Equations
The basic equations for the laminar flow under steady state conditions are summarized as

follows:

Mass conservation

d
_a}'i' ( pu; ) =0 (35)
Momentum conservation
8 _ ap aT.‘j
'ER(PU,-“,' ) = ox, + ax, + pgi 36)
with
_p 0w w2 ow
K _#(axj * ax,) 3uaxk % @7
Energy conservation
0 0 ,dT ou,
a—L(puih)_a_qua_)g+ 1ij’é;j-+Qh (38)

In above equations, x is the axial coordinate, p is the density, u is the velocity, p is the static
pressure, T, is the stress tensor given by Eq. (37), i is the viscosity, & is the delta function, g is the
gravitational acceleration, h is the enthalpy, k is the thermal conductivity, T is the absolute

temperature and Q, is the source term.

4.2 Thermal Radiation Model

The thermal radiation is considered only for the surface to surface radiation. The Fluent code
has some models for thermal radiation. The discrete transfer radiation model (DTRM) of these is
used in this analysis. The main assumption of the DTRM is that the radiation leaving the surface
element in a certain range of solid angles can be approximated by a single ray. The DTRM has the

following limitations: (1) The DTRM assumes that all surfaces are diffuse. This means that the
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reflection of incident radiation at the surface is isotropic with respect to solid angle. (2) The effect

of scattering is not included.

4.2.1 The DTRM equations
The equation of thermal radiation for the change of radiant intensity dl, along a path ds when the
DTRM is used, can be written as

dr
ds

4
+al = ac;rT (39

where a is the gas absorption coefficient, / is the total hemispherical intensity, T is the gas local
temperature and o is the Stefan-Boltzmann constant. The DTRM integrates Eq. (39) along a series
of rays emanating from boundary faces in each discrete control volume. If a is constant along the
ray, then I(s) can be estimated as
I(s) =£Z—4(l—exp [-as])+ I,exp[-as] (40)

where I, is the radiant intensity at the start of the incremental path, which is determined by the
appropriate boundary condition. The energy source in the fluid due to radiation is then computed
by summing the change in intensity along the path of each ray that is traced through the fluid
control volume.

The ray tracing technique used in the DTRM can provide a prediction of radiation heat transfer
between surfaces without explicit view-factor calculations. The accuracy of the models is limited

mainly by the number of rays traced and the computational grid.

4.2.2 Boundary condition treatment for the DTRM at walls

The boundary condition treatment for the DTRM at walls is as follows: The radiation intensity

approaching a point on a wall surface is integrated to yield the incident radiation heat flux, g, , as
Gua = | 7R (41)

where Q is the hemispherical solid angle and [~ is the intensity of the incoming ray. The net
radiation heat flux from the surface, g, is then computed as a sum of the reflected portion of g,
and the emissive power of the surface:

Grs = (1= €, )70 + £.0T; 42)
where T, is the surface temperature of the point P on the surface and ¢, is the wall emissivity,
which is inputted as a boundary condition. FLUENT/UNS incorporates the radiation heat flux Eq.
(42) in the prediction of the wall surface temperature. Equation (42) also provides the surface

boundary condition for the radiation intensity /o of a ray emanating from the point P, as
Iy=qu/m. (43)
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4.3 Analytical model and boundary conditions

Figure 26 shows the analytical model and the boundary conditions in this analysis. The
analytical model has two-dimension and symmetrical axis. The model consists of the heating
cylinder, the test section and the cooling cylinder.

The top and bottom ends are adiabatic walls and heat from the heating cylinder to the test section
is given as volumetric heat source that is input data for each analysis in the model. The cooling
pipes attached on the outer surface of the cooling cylinder is not modeled. Instead of it, a heat

transfer coefficient on the surface, h, is given as

k
hy = A Nu (44)

where k is the thermal conductivity of water, d, is the inner diameter of the cooling pipes
(=13.8mm) and Nu is the Nusselt number, which is equal to 4.36, supposed to developed laminar
flow in a tube.

The flow regime of He and N, gases in the test section is supposed to the laminar flow for all
analytical cases.

About grid size of the model, a constant bunching law is adopted for the fluid region and an ends
bunching law is adopted for the solid region. The constant bunching law provides equal spacing
of the nodes along a subedge. The ends bunching law provides symmetrical node placement with
regard to the middle of the subedge. The node spacing is tight at the ends of the subedge, and
becomes wider towards the middle of the subedge. The number of grids measures 60 grids in the
x-direction and 63 grids in the y-direction. Figure 27 shows the grids of the model.

Polynomial fitting functions dependent on temperature are used for thermophysical properties of
materials®”. The emissivities on the heated and cooled walls are constant ( £,=0.7,€,=0.5).

The numerical analyses are conducted for all the experimental conditions of He and N,. The

analytical conditions are shown in Table 10.

4.4 Numerical results and discussion

Figures 28 and 29 compare the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with He or N, and the heat input of 12A, respectively. A
good agreement between the numerical and experimental results has been found. The cause of the
difference between the numerical and experimental results may be the heat leak from the top and
bottom disks, a measurement error of the heater power and the simplification of the analytical
model. See Appendix-3 about the other calculated temperature on the heated and cooled wall
surfaces.

Figures 30 and 31 show the contours of static temperature and the velocity vectors colored by the



JAERI-Research  2000-062

velocity magnitude for filling with He in the analytical model. These figures have the same
parameters as Fig. 28. Figures 32 and 33 show the contours of static temperature and the velocity
vectors colored by the velocity magnitude for filling with N, in the analytical model. These
figures have the same parameters as Fig. 29. According to the figures, flow patterns of He and N,
are not same and the maximum temperature of N, is higher than the one of He, because of the

difference of their thermophysical properties.
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Fig. 26 Analytical model and baoundary conditions.
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Fig. 28 Comparison of the calculated temperature on the heated and cooled wall surfaces

with the experimental results for filling with He and the heat input of 12A.
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Fig. 29 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with N, and the heat input of 12A.
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Fig. 30 Contours of static temperature for filling with He and the heat input of 12A.
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Fig. 31 Velocity vectors colored by velocity magnitude for filling with He and the heat input of 12A.
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5. Conclusions

We carried out the experiments and the numerical analyses on natural convection heat transfer
coupled with thermal radiation in order to investigate heat transfer characteristics in vertical annular
space of a double coaxial cylinder and the effect of the thermal radiation on the transferred heat.
The following conclusions were obtained:

(1) The Nusselt number for natural convection without the effect of the thermal radiation was in
agreement with the previous reported Nusselt number.
(2) The correlation about the Nusselt number coupled with thermal radiation in the vertical annular

enclosure was proposed as the following relationship:
Nu (d)

Nuy(d) = 1-R

(6.8 %X 10°<Ra(d)<1.0X10°) .

We gave the following equations for the present experimental conditions:

Nu.(d) = 0.280 Ra(d)y*(1/d)"”

. 4 4
R.., = Joen CET’ ), =3.204x 102 (T} - T3*)
all

0.1235

We suggested the following equations as the general form for the vertical annular enclosure:

Nu,(d) = 0.745 Ra(dY > (1 /d) """

R = o (- 1) (L )= A o) 0.
: .1_ + (_1. - IJ_A_’
e & A

(3) The ratio of the heat transferred by thermal radiation to the heat transferred by natural
convection coupled with thermal radiation was 79% based on f,, and 45% based

on f. . when the heated wall surface temperature was about 400°C.

(4) The numerical results were in good agreement with the experimental ones regarding the heated
and cooled wall surface temperature.

(5) We carried out the numerical analyses under the same condition as the present experiments.
However, in order to obtain the correct relationship between the Nusselt number and the
Rayleigh number including the effect of thermal radiation under the high temperature condition,
it is necessary to carry out the numerical analyses changed parameters such as the emissivities in

future studies.
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Appendix-1: Thermal conduction analysis of thermocouple

We carry out a numerical analysis in order to confirm that the deviation of the measured
temperature caused by the method of fixing the thermocouples to the walls is small. The
thermocouples are fixed to the walls by SUS bands.

In this numerical analysis, the CFD code FLUENT/UNS is used and only the energy equation Eq.
(38) is solved. A thermocouple on the inner surface of the cooling cylinder is modeled for the
analysis because the measurement error of the thermocouple may be a great influence on the
experimental data arrangement.

(1) Analytical model and boundary conditions

Figure A-1 shows the analytical model and the boundary conditions in this analysis. The
analytical model has two-dimension. The model consists of a SUS band, a thermocouple and a
part of the cooling cylinder. The outer surface of the SUS-band is heated by constant heat flux,
which is adjusted so that the temperature of the point 2 in Fig. A-1 is in agreement with the
experimental value. The bottom surface of the cooling cylinder is a fixed temperature, which is in
agreement with the experimental value. Thermal resistance between the SUS band, the
thermocouple and the cooling cylinder is considered.

(2) Results and discussion

The numerical analysis is conducted for the experimental condition of 14A-heat input filled with
He. The calculated temperature is 402.15K at the point 1, 401.75K at the point 2 (experimental
value) and 401.35K at the point 3 in Fig. A-1. The temperature difference between the point 2 and

the other points is 0.4K and it is very small.

Appendix-2: Comparison of crrelations

Comparison of Egs. (31) and (34) with the correlation suggested in Ref. (1) is shown in Fig. A-2.

The correlation is given by

0.225 Ra(d)°>(11d)°%
1-5442x10° (17 -1

Nu,,(d) = (5.6 X 10°< Ra(d)<1.04 X 10°) . (Al)

Appendix-3: Calculated temperature in other conditions

Figures A-3 through A-10 compare the calculated temperature on the heated and cooled wall
surfaces with the experimental results for filling with He or N, and the different heat input (6.5A,
8A, 10A, 14A), respectively.
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Fig. A-1 Analytical model and boundary conditions.
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Fig. A-3 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with He and the heat input of 6.5A.
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Fig. A-4 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with N, and the heat input of 6.5A.
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Fig. A-5 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with He and the heat input of 8A.
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Fig. A-6 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with N, and the heat input of 8A.
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Fig. A-7 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with He and the heat input of 10A.
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Fig. A-8 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with N_ and the heat input of 10A.
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Fig. A-9 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with He and the heat input of 14A.
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Fig. A-10 Comparison of the calculated temperature on the heated and cooled wall surfaces
with the experimental results for filling with N, and the heat input of 14A.
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Study on Natural Convection Heat Transfer in Vertical Annular Space of a Double Coaxial Cylinder




