plant has three redundant methods for shutdown
heat removal: 1) the normal heat transport system
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Abstract

Temperature distribution measurements in the mockup apparatus of reactor vessel were performed
to determine the effective thermal conductivity of Al powder porous media where stainless steel tubes
were installed with different geometry. The temperature distributions at four separated sections with
different arrangements of porous media have different slopes according to the geometrical
configuration. From the measured temperature distribution, effective thermal conductivity have been
derived using the least square fitting method.

I. INTRODUCTION reactor vessel and air-side heat transfer to

naturally convection cooling air in the ducts®*

The Advanced Liquid Metal Reactor (ALMR) order to apply this new concept more generally to

including the primary and secondary sodium and verified computer codes.

systems, steam generator system, and condenser;
2) an Auxiliary Cooling System(ACS) which the calculation methods which are used in the
thermo-hydraulic analysis of reactor vessel. The
porous medium formulation requires permeability,

removes heat from the core by natural convection
in the primary and intermediate systems; and 3) a

safety related Reactor Vessel Auxiliary Cooling

System(RVACS) which removes heat passively
from the reactor vessel. The RVACS can dissipate
all of the reactor decay heat through the reactor Level

and containment vessel walls to the ambient air Thermal Insulator __ |
sink by the inherent processes of natural
convection in fluids, heat conduction in solids,
thermal radiation heat transfer, and convective
heat transfer.

self-regulating and depends solely on the reactor
temperature, ie. the heat removal rate is low
during normal operation conditions (0.7MWth), as

performance in the case of ALMR Mod-A"". \
number of experiments and associated analyses Air

Atuminium

The thermal performance of the RVACS is

Air Duct
Outer Vessel — | N

desired, and increases to about 2.5MWth at ])eak
A

Inner Vessel — |

have been performed to evaluate the long-term

natural convection heat transport from the core to
the rather distributed heat sink provided by the

Fig. 1. Schematic diagram of natural heat
removal test facility using aluminium.
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all Liquid Metal Reactors (LMRs), the feasibility
study should be performed through experiments

And the porous medium approach is one of



distributed resistance and distributed heat source,
which are closely related to the geometric
configuration of the problem. Since four different
tube arrangements have been employed in our
experiment, the present experimental data may
provide a good data set for the validation of
computer code based on porous medium approach.

The objectives of this work are to determine
the effective thermal conductivity of various
geometrical porous media and to obtain the
experimental data for the heat transfer processes
by natural convection occurring in the air duct.

II. EXPERIMENTS

A. Experimental Apparatus

A schematic diagram of the experimental
apparatus is shown in Fig. 1. It consists of three
major parts : (1) annular cylindrical vessel (1.8m
in height, 0.175m inside diameter, and 0.56m
outside diameter), (2) three electrical heaters
installed at center and controlled individually
(30kW maximum total power), and (3) air duct
for cooling the vessel wall by natural convection
(0.05m air gap). The annular vessel is filled with
200 mesh aluminium powder and divided into two
vessels, inner vessel and outer vessel. In the outer
vessel, several stainless tubes containing air are
installed for different porosities.

Also the vessel is separated into four sections
using thermal insulator. Four sections have four
different geometrical structures with combinations
of tube sizes(0.0191m and 0.0254m outside
diameter) and arrangements(triangle and rectangle),
respectively. But total inner tube areas of four
sections are same.

For temperature measurement, 184 K-type
thermocouples were installed in the experimental
apparatus. Tests of all thermocouples have been
performed to know the temperature uncertainties at
boiling water before installation. The uncertainties
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Fig. 2. Typical temperature distribution
measured at H=750mm, Q=7.5kW.

of the selected thermocouples did not exceed *
0.2°C. The 152 thermocouples in the vessel were
fixed at measure positions with radial arrangement
at the three heights, H=250, 750, and 1250mm.
However the 32 thermocouples in the air duct
were movable to radial direction.

B. Experimental Procedure

The experiments have been conducted varying
the heater power rates at steady and transient
conditions. It takes more than ten hours to reach
the steady state which was defined with the
variation of saturated temperatures in vessel less
than 1°C/hr.

The heater power rate (Q) was varied from
1.5kW to 9kW with a step of 1.5kW. When a
steady state was reached at each power rate, we
acquired 100 temperature data sets of 184
thermocouples during 3000 seconds with an
interval of 30 seconds. And the temperature
distributions in the air duct were scanned using
32 radially movable thermocouples with a Smm
step. At 10 positions, we obtained air temperature
data during 200 seconds with 10 second interval,
respectively.

HI. RESULTS AND DISCUSSION

A. Mean Temperature

From the measured data, mean temperature
values have been obtained for six heater power
rates. Fig. 2 shows the typical mean temperature
distribution of the present experiment, which was
measured at the H=750mm points in the condition
of Q=7.5kW. Experimental errors have been
estimated from the statistical errors and the
uncertainties  of  thermocouples  given by
manufacturer (+0.5C).

This result shows that temperature is a
function of radius. The distributions at four
sections show similar tendency and the differences
among sections are not significantly discriminative
in Fig. 2. But the distributions at outer vessel
region are different as expected. The differences
will be analysed in the following part of the
present report.

B. Effective Conductivity Of Outer Vessel

The outer vessel is filled with porous media
and the heat conduction depends on the structure
and the thermal conductivity of each phase. For
the analysis of the macroscopic heat flow through
heterogeneous media, the effective thermal
conductivity <k> = k. is used.

When a temperature gradient exists in a body,



Table 1. Fitted parameter output at H=750mm

P KW Section A Section B Section C Section D

’ k) kz k] kz k| kz k] kz

1.5 0.0258 0.5277 1.542E-8 | 3.1912 1.593E-8 | 3.1653 1.275E-8 | 3.3309
3.0 0.00698 3.3134 | 7.274E-8 | 4.0338 | 8.250E-9 | 3.9500 1.045E-8 | 4.1743
4.5 0.00963 1.5140 0.00221 3.3386 1.088E-8 | 3.9291 8.139E-9 | 4.0178
6.0 0.00900 1.0009 0.00623 1.8879 0.01163 0.4377 0.00177 3.5281
75 0.00937 1.0012 0.00867 1.2481 0.01708 | -1.3088 | 0.00669 2.2965
9.0 0.00972 0.4540 0.00945 0.4805 0.01923 | -3.0734 | 0.00987 0.7969

the energy transferred by conduction is described
as following equation'™:

oT
— kA% o)
where g is the heat-transfer rate, 4 is the cross-

sectional area, and 4T is the temperature gradient
ox

in the direction of the heat flow.

In the present experiment of steady state, we
analysed the temperature data with an assumption
of azimuthal independence. Also we assumed that
the amount of the net heat flow in the
longitudinal direction was negligible with respect
to that in the radial direction ie. g =~ ¢, at
H=750mm. Since k. can be approximated to a
first order function of temperature, we can write a

g =

more simplified form of above equation as
follows:
0 = —k,_,A%, kb T+k, 2

where k; and k; are the appropriate constant
coefficients in a specific temperature region.

From the equation (2), T can be solved
analytically as a function of radial distance r as
follows:

€)

where 10 and To are the values at the outer
surface of wall separating the inner vessel and the
outer vessel, and % is the height of the vessel.

In Fig. 3, the typical temperature distributions

— 4,
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Fig. 3. Temperature distributions in the outer
vessel at H=750 mm, Q=7.5kW.
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in the outer vessel has been plotted for the radial
distance at Q=7.5kW and H=750 mm. This figure
shows that the slope of temperature distribution
varies according to the difference of geometrical
structures among four sections. To quantify this
difference, k; and k, coefficients in the above
equation of T have been obtained using least
square fitting method. In the figure, curves
represent  the fitted temperature. The fitted
parameter output for various heater power rates at
H=750 mm have been obtained and listed in
Table 1.

From the analysis of experiment, we can see
that heat transfer capabilities of four sections are
different according to the geometrical structure of
porous media. Further analysis and generalization
of this phenomena are in progress.

C. Heat Transfer In The Air Duct

The experiments were carried out varying the
total power from 1.5kW to 9.0kW. In the case of
vertical flat plates, it appears that the plate can
be taken to be covered by a turbulent boundary
layer if Raq;>10° and the temperature profile
obeys the 1/7th power-law turbulent distribution as
follows™):

N7~ T 1/7
0= ———=1— 4
T.—T. 7 C))
where
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Fig. 4. Temperature distributions in the air
duct.
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C,H™ * 77 [gB(T,— To) Pr/ A1
In the above equations, Pr represents the Prandtl
number and » the kinematic viscosity.

In the Fig. 4 the experimental temperature
distributions and the temperature profile obtained
from the 1/7th power-law distribution and the
integral method are plotted. Error bars are not
displayed because they are very small compared
to the symbol. From the figure the experimental
data agree well with the solution.

In fig. 5 the Nusselt number was plotted
according to the Grashof number. In the figure
the obtained heat transfer ' data were compared
with  Shin correlation[9] and Siegel one{10].
Present data are slightly higher than Siegel's
correlation which is used for the case of vertical
wall uniform heat flux in air natural convection.
The reason of this result could be explained that
the values of Nu calculated from the present
experimental data contains the natural convection
effect as well as radiation one. As a result, the
correlation was derived as follows:

Nu, = 7.28 Gr>'. 6)

IV. CONCLUSION

The experiments to determine the effective
thermal conductivity of porous media with
different geometry and to obtain the experimental
data for the heat transfer process by natural
convection were carried out. The following
conclusions can be drawn from the test results.

(1) The temperature distributions of four
sections have different slopes. The value of
effective thermal conductivity derived from the
distribution using the least square fitting method
are also different according to the geometrical
arrangement.

(2) The results in the air duct show that it is
possible to remove the heat at maximum heater
power of 3.4 kW/m® by the natural convection

T
& Experimenta! data

16° ——r

1P F Nu,~7.28G,° "% Present correlation E

Nu,=0.0857Gr,2" Siegel correlation

L f
1072 10" 10 10%
Gry

Fig. 5 Comparison of present data and
others for air natural convection.

from the outer wall to the air. And also the
temperature distributions in the air duct agree well
with the 1/7th power-law turbulent temperature
distribution. The obtained heat transfer data have
been compared with the existing correlations.
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