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Abstract
Effects= of neon—uniform heating in the core and additional forced
circulation during decay heat removal operation are studied with a
sitmplified mixed convection loop, The heat transfer coefficient is
calculated analvtically and measured experimentally, The analvtic solution
obtained from a one—ditmensional heat equation is found to agree well
with the experimental results, The effects of the non—uniform heating and

the forced circulation are discussed,

I . Introduction

During normmal operation of a nuclear reactor, heat transfer phencomena
can be treated as forced convection because the external flow rate is
large enough But, in some situations, natural convection dominates, One
exarmple is decay heat removal[1-3], Natural convection is frequently used
for decay heat remowal The natural circulation operation is so passive
that it can be easily applied to decay heat remowval in various svstems,
But the natural circulation phenomena are still unstable and subtle, so it
can cause instability[4-5], In order to resolve the stability problem. flow
iz often provided externall¥[6]. For the case that the effect of the external
floswe  supply 1= comparable to the effect of the natural convection,

competition of buovancy effect and the external flow is wvery important
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Figure 1, Schematic diagram of heat transfer in a
nuclear reactor

and the heat transfer phenomena can be classified as a “mixed
convection,”

In thizs paper. we consider a simple mixed convection system, [dea of
the target svstem is obtained from heat transfer in the core of a nuclear
reactor during decay heat removal operation(Fig, 1)[78]., [n the core,
generally, the heat generation rate is not uniform and the non-uniform
heating may induce natural convection, There also exists global forced{or
natural) circulation between the core and a heat exchanger, When the
two  effects, the non—uniform heating and the global circulation, are
commparable, the heat transfer should be treated as a mixed convection
phenomenon,

To sirmmulate the heat transfer in the core of a nuclear reactor, we
design a simple model system(Fig, 2), It is composed of a circulation loop
with an inlet through which flow is provided externally and an outlet
through which the provided flow overflows The model system is also
considered as two geometrically symmetric vertical channels whose inlets

and outlets coincide respectively, The non—uniform heating in the core is
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Figure 2 The simplified mixed convection loop

represented  simply with two heaters of different powers, §; and 9p

installed at the centers of the left channel and the right channel('Without

loss of generality, we assume &; > @p. The wvelocity of the fluid

provided at the inlet is denoted by 7 The heights of the both channels
are 2I In both channels, the axial axes are denoted by x and the radial
and azimuthal axes by (v, & For each channel the direction of the axial
axiz x is from the inlet to the outlet, individually,

By considering asyvmptotic cases, a gualitative prediction can be made,
When the buocvancy effect dominates, a circulation loop forms, But, when
the provided flow dominates, the circulation loop disappears and fluid
flosws upwards in both channels, In this paper, formation and deformation
of the local circulation loop and heat transfer are studied analvtically and
experitnentally, The analyvtic and experitnental results are compared with

gach other and the heat transfer characteristics are discussed,

I . Analytic Calculations

For simplicity, we introduce several assumptions, The tmost important



assumption is that the flow in the loop iz one-dimensional except at the
inlet and the outlet Under the one-dimensional flow assumption, the
foverning equations can be simplified by averaging the three—dimensional
enuations with respect to the cross-sectional plane, I & (¢ & plane,

Especially, the continuity egquation can be written with the average axial
velocity 2 except at the inlet and the outlet and implies the average
velocity is constant throughout each channel, so that

2« = wp for the left channel,
wp for the right channel (1)
where, w«; and w=p are constants, MNote that the mass conservation at the

inlet and at the outlet must be satizsfied

For steady soluticns, the momentum equation implies force balance, For
this svstem, the force balance can be replaced by buovancy balance
assuming no pressure drop,. The effect of pressure drop is found so small
compared with the buovancy effect that it can ke ignored for this svstem.
[f we assumme that the coefficient of expansion is constant, the buoyancy

balance can be replaced by the following eguation:
ITL dx= ITR . (2]

Here, T; and Ty are the temperatures in the left and right channels,
Mote that zero horizontal lengths of the channels were assumed,
Moreover, we assume volumelsss heat sources and no heat loss to
surroundings,

For boundary conditions, first, temperature is continuous evervwhere,
including at the inlet, at the outlet, and at the heat source positions, And
the first derivative of temperature, &47/dx is also continuous eversywhers
except at the inlet and at the heat source positions, MNote that &77dx is
continuous at the outlet because there is no external constraints on
temperature at the outlet,

From the continuity of &7/dx at the outlet and the buovancy balance



Figure 3 MNormalized overall heat transfer
coefficient{analytic results)

we can find a solution. The details can be found elsewhere[9] The

nortmalized owverall heat transfer ceoefficient Afky with respect to Pe is
shown in Fig 3 where & i1s the overall heat transfer coefficient for

forced circulation limmit, The overall heat transfer coefficient and Pe are

defined as
@i+ g
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where Ty, and T, are the temperature at the outlet and at the inlet,

respectively, And 4 is the flow area and & is heat diffusivity, The heat

transfer characteristics will be discussed in later sections.

Il. Experiments and Results
The test loop is sguare-shaped with a peripheral length of 3600
mmiheight' 800 mm, width: 1000 mm), The inner diameter is 167 mm
Two BOD mm long heaters were eguipped on the left and right side at
the same height(400 mm distant from the bottom), The heater power

inputs  were controlled  within 0~1000 %, Liguid sodium  flow  swas
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Figure 4 MNormalized owerall heat transfer

coefficient{experimental results)

provided through the inlet at the bottom The inlet flow rate was
controlled by electro—magnetic pumps and measured by flow meters, The
inlet temperature was kept constant by pre-heaters and coolers, The
tetrperature profile inside the loop swas monitored swith 10 thermocouples
inside and outside the loop. The thermocouples L1, L2, LH, LL, and L&
were 100 mm, 300 mm, 330 mm, 1210 mm, and 1300 mm distant from
the outlet in the peripheral direction, respectively, For the right side, the
thermocouples, R1, B2 BH, RL, and BE were located at the svymimetric
positions to the left side thermocouples, The measured data were recorded
in a HPF71S workstation through a HF38524A device,

The parameters for the heater power ratio were 1000 %W [/ 250 %W, 1000
W/ 500 W, 1000 W/ 750 W, and 800 W / 400 W. The injection flow
rate was varied from 0000 to 0,050 mf/hr, We considered a steady state
where the measured temperature fluctuations were within 1 K,

The normalized overall heat transfer coefficient is shown in Fig, 4 For
the heat transfer coefficient caleculation, A47T7= Tip— T was used, where

T and Ty are the temperatures measured at the top(LH) and at the

bottom(LL) of the heater in the left channel For kg the results of



uniform heating cases are used,

I¥ . Discussions
In the two results, it can be found that as Pe increases, & decreases

and soon converges to &g Although the two results are different slightly

from the guantitative point of wview, the coincidence of the two results
zeetns remarkable considering the assumptions introduced for the analytic
calculation, The coincidence also supports the walidity of the analstical
approach, The guantitative difference of the two results is thought to be
due to the =zero horizontal length  assumption and  the usage of

AT = Tip— Ty for the heat transfer coefficient determination,

Moreover, the heat transfer characteristics are enhanced by decreasing
Pz, The enhancement of the heat transfer characteristics has been
already reported for the similar svsterns[6] It should be also noted that
the convergence rates are almost the same in spite of the different
heating conditions[3],

Fortunately, because the parameters for the natural circulation operation
for the decay heat removal of liguid metal reactors lies between Pe = 300
and Pe = 300, which was found to be located in the forced circulation
dominant region, we don't have to consider the effects of non—uniform

heating seriouslsy,

¥. Summary
The decay heat removal svstem was simplified and treated as a
one—dimensional loop and competition of the forced circulation and the
buovancy effect induced bw the non-uniform heating was investigated
analytically and experimentally,
The analvtic solution obtained from a one-dimensional heat eqguation
was found to agree well with the experimental results, [t was also found

that, for the forced circulation dominant region, the heat transfer



coefficient converges to  A;. which i governed by Qu/U only, And for

small  Pe, enhancement of the heat transfer characteristice was  also

found,
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