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During the refueling of PWR, the spent fuel assemblies are transferred from the reactor
building to the fuel building through an underwater tube. The heat transfer characteristics
of the spent fuel assembly in the top-corner area of the carrier with poor heat transfer
conditions is important for the safety design. Experiments were carried out and single
phase natural convection and pool boiling heat transfer coefficients of the three fuel rods
in the top-corner area of the carrier under different heat flux was measured and obtained.
The new correlations were presented. The results can provide a reference for evaluating
the thermal safety state and the maximum surface temperature of the fuel assembly
during the transportation process in future engineering applications.
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INTRODUCTION

During a refueling of the light water reactor, the spent fuel assemblies are transferred from the
reactor building to the fuel building through an underwater tube, as shown in Figure 1A. When
the fuel assembly is transferred horizontally through the transfer tube, it is carried and protected
by the perforated carrier and the transport trolley (Guo and Wang, 2013), as shown in Figure 1B.
It is important for the design of a fuel transfer device to consider the hypothetical accidents such as
the mechanical failure and loss of power supply. In this situation, the spent fuel assembly may be
trapped in the transfer tube. Therefore, to avoid the overheating of the assembly, it is necessary to
study the heat transfer of the fuel assembly in the transfer tube to find out that whether the decay
heat of the fuel assembly can be removed only rely on natural convection cooling.

The driving force of natural circulation in the transfer tube comes from the density difference
of hot and cold fluids. The cold water from the pool flows from the lower part of the tube to the
fuel assembly. The water flows into the fuel assembly through the circular holes on both sides of the
carrier. The cooling water is heated in the fuel assembly and then flows out of the assembly through
the top holes of the carrier due to the buoyancy. The water flows back to the pool through the upper
part of the tube.

In the previous analysis, the flow field in the transfer tube can be decomposed into two
directions: longitudinal flow along the transfer tube and crosswise flow in the cross section of the
transfer tube, respectively (Xi-dao et al., 2018). The flow of cooling water in the cross section of
the fuel assembly in the transfer tube is shown in Figure 1B. The natural convection in the cross
section is more complicated compared with the longitudinal flow along the transfer tube. It is a key
factor affecting the cladding temperature of the fuel assembly.

The fuel assembly usually employs an arrangement of 17 x 17. The core of the cooling problem
of the fuel assembly in the transfer channel is the natural convection heat transfer of the horizontal
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FIGURE 1 | Schematic of fuel transfer system. (A) Schematic of fuel transfer system. (B) Schematic of carrier and transport trolley in the transfer tube. The symbol “1”
refers to fuel assembly; the symbol “2” refers to carrier; the symbol “3” refers to transport trolley.

rod bundle. However, the fuel assembly is located in the carrier
in the transfer tube, which is a semi-closed rectangular cavity.
This would result to a weakened heat exchange. Therefore, the
natural convection heat transfer of the fuel assembly in the carrier
is different from the natural convection in an infinite space or
in enclosure.

When the temperature of cooling water is low, the flow in the
tube bundles is single-phase natural convection. The disturbance
and the pre-heating effects of the lower tube will enhance and
weaken the heat transfer ability of the upper tube bundles,
respectively. The natural convective heat transfer characteristics
of the tube bundles are very different from a single rod. There are
some researches focused on the heat transfer of the tube bundle
and the single tube under different conditions, respectively.

Studies of the steady state free convection heat transfer
from horizontal isothermal cylinders with low Rayleigh numbers
were presented, such as Sadeghipour and Asheghi (1994) and
Tokanai et al. (1997). The correlations were presented to calculate
the Nusselt numbers in terms of Rayleigh numbers in these

studies, which are in the condition of infinite space. The
pitch-to-diameter ratio has a significant influence on the heat
transfer behavior.

There are some results of the natural convection of the tube
bundles in enclosure too. Keyhani and Dalton (1996) studied the
natural convection heat transfer in enclosed horizontal 3 x 3, 5
x 5,and 7 x 7 rods with a pitch-to-diameter ratio of 1.35. Each
array was positioned in an isothermal square enclosure with a
width-to-diameter ratio of 20.6. The experimental results show
that the heat transfer behavior is related to the relative size of
the closed boundary and the position of the tube bundles. A
two-dimensional solution for natural convection in an enclosure
with 2 x 2 tube bundles was obtained by Park et al. (2015). The
numerical results show the similar conclusions with Keyhani that
locations of the cylinders affect the heat transfer in the enclosure.

Ashjaee et al. (2008) studied the steady two-dimensional free
convection heat transfer from a horizontal, isothermal cylinder
located underneath an adiabatic ceiling using a Mach-Zehnder
interferometer. When the Rayleigh number is 14,500 to 40,000,
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and the ratio of the height of the rod top and the plate to
the diameter (L/D) of the rod ranges from 0.5 to 1.5, the local
Nusselt number at the rod top is the minimum value of the entire
rod surface. Sebastian (Sebastian and Shine, 2015) developed
a two-dimensional model for natural convection heat transfer
of a single rod with a horizontal confinement at the top. The
calculation results are in good agreement with the experimental
results. The results show that the local Nusselt number at the
top of the rod is the minimum value of the entire rod surface
within a certain L/D range. However, the boundary conditions
studied by Ashjaee and Sebastian are oversimplified compared to
the boundary conditions of the fuel assembly in the carrier. The
difference in heat transfer characteristics between single rods and
rod bundles is also very big, and it is difficult to directly use their
results to evaluate safety of fuel assembly.

On the other side, when the temperature reaches the
saturation temperature, the single-phase convection in the fuel
assembly will turn into the pool boiling. There are many
results present to study the different factors affecting boiling,
such as wall materials, surface characteristics, and physical
properties of working fluids. The Rohsenow pool boiling model
is widely used for heat transfer calculation of the flat plate
and the single tube. However, the model error of Rohsenow is
as much as +50% in some conditions due to the complexity
of the boiling (Pioro et al, 2004a,b). Therefore, different
specialized experiments are developed to get better estimates for
different conditions.

The pool boiling of the horizontal bundle is more complicated
than the condition of a single tube. The heat transfer of the upper
parts of the bundles can be enhanced or weaken under different
conditions. Kang studied the 2 x 1 tube bundle to reveal the
buddle effect (Kang, 2015, 2016). Zhang studied the multiple tube
bundles to reveal the nucleate pool boiling (Zhang et al., 2018).
These studies have similar results that the heat transfer of the
upper part is enhanced when the bubbles generated from the
lower parts of the bundles scour the upper parts and thin the
liquid film as well as the bubbles gathered and fallen. Under the
condition of high heat flux, experimental results show that the
upper tube will be coated by the bubbles generated in the lower
part of the tube bundle, which can weaken the heat transfer of the
upper tube (Swain and Das, 2018).

The pool boiling of the fuel bundle in the transfer tube is
different with the bundle in the reboiler or the steam generator.
The carrier influences the inflow and outflow of the fluid. Some
of the fuel elements on the top-corner of the fuel assembly are in
a semi-closed state, and bubbles are likely to accumulate at this
position and affect heat transfer.

The heat transfer of the fuel assembly in the transfer tube
under natural convection is different with the regular horizontal
tube bundle, including the single-phase condition and the
two-phase condition. The natural convection heat transfer of
fuel assembly in the transfer tube is a key factor to effect
the temperature of the spent fuel and the cladding integrity.
However, the heat transfer of the fuel assembly in the carrier
of the fuel transfer tube is not specially studied yet. This paper
present an experiment to study the natural convection heat
transfer on the cross-section which is affected by the carrier.

New correlations are also presented both for single-phase and the
two-phase conditions.

EXPERIMENTAL SETUP

The experiment of full-scale ratio is not realistic due to the
expensiveness and long-period. Therefore, a simplified test
facility is developed based on the similar rules and the theoretical
analysis (Xi-dao et al., 2018).

A set of electrical heating rods is used to simulate the
fuel assembly. The heat flux of the heating rod is uniform.
Considering the heating uniformity of the real fuel element, 1.65
or 2.62 multiply the power density in the test with the mean heat
flux of the fuel element conservatively.

The test facility is shown in Figure 2A. The symbol A in this
figure refers to an electric heating rod with a length of 750mm,
which is used to simulate the fuel assembly near the central
symmetry plane. The symbol B refers to the carrier. The symbol
C refers to the transfer trolley. The symbol D refers to the cooler,
which is used to simulate the heat exchange of at the inlet of the
transfer tube. A mesh resistance element was added between the
heating rod and the cooler to simulate the pressure loss caused
by the transshipment tube and the transfer device out of the
experimental section. The main geometric parameters of the test
facility is listed in Table 1.

According to the previous research results (Guo and Wang,
2013), the maximum temperature of the cladding of the fuel
assembly is located on the top of the fuel rod at the top corner
of the carrier. In order to reduce the interference to the flow field
of the top-corner area of the carrier, thermocouples are only fixed
on the top of 1#, 3#, and 5# heating rod at intervals, as shown in
Figure 2B.

Experimental Parameters for Single-Phase

Natural Convection

The temperature of inlet of the fuel assembly is controlled as
60, 70, and 80°C, respectively. The heat flux of the heating
rod is controlled as 3900, 4300, 6200, and 6800 W/m?. T-Type
thermocouples and pressure gauges with high precision were
employed. The instruments were calibrated. The overall error
of the temperature measurement is about £1.5°C, and the over
error of the pressure measurement is about £0.14%. The data
acquisition system was Solartron IMP 35951C.

In the test, the power of the heating rod is set to a fixed value,
and then the temperatures of the both sides of the fuel assembly
simulated are adjusted by controlling the cooler. The data are
acquired when the system and all the measurement are stable.

Parameters for Pool Boiling Test

During the pool boiling experiment, the pressure is controlled at
0.1MPa. The inlet subcooled temperatures of the assembly are
controlled under 0.5°C. The range of heat flux on the surface
of the heating rod is 2,400-20,000 W/m?. The heating rod is
made of polished 316L stainless steel with a surface roughness
Ra~0.8 pm. Thermocouples were fixed on top of 1#, 3#, and 5#
heating rods as before.
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FIGURE 2 | 3D model and tube wall temperature measurement of the test facility. (A) 3D model of the Test facility. (B) Schematic diagram of wall temperature
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In order to exclude the influence of the unstable vaporized
core on the wall surface of the heating pipe on the test results,
the surface aging of the heating pipe was carried out before the
formal test. The tests were performed from low heat flux to high
heat flux. The power of the heating rod and the temperature
of each thermocouple were recorded when the condition
is stable.

EXPERIMENTAL RESULTS AND
DISCUSSION

Single Phase Experimental Results

In the data processing, the local Nusselt number Nuy,p, on the top
corner of the fuel rod in the natural convection is calculated from
the following:
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TABLE 1 | The main geometric parameters of the test facility.

Item Unit Test facility
Heating rod OD mm 9.5
Pitch mm 12.6
Heating rod length mm 750
Length of the fuel transfer tube m ~2
Diameter of the fuel transfer tube mm 508
The diameter of the hole in the carrier mm 160
Nutop = ht;pD ( 1)
f

The temperature used to define the physical property parameters
is defined as t, = (tw + ftin)/2, where the f,, is the top wall
temperature of the rod in the top-corner of the carrier, and the tj,
is the temperature of cooling water at the inlet of the carrier. A¢
is the thermal conductivity of water evaluated at the temperature
tm. The characteristic length D employs the hydraulic diameter of
the fuel rod.

A series of experiments were conducted on the test facility to
get the local heat transfer data on the top of the rod at the top-
corner of the carrier. Figure 3A shows a comparison of the heat
transfer coeflicient for the different rod location. For the same
Rayleigh Number (Ra number), the Nuop at the top of the 1 #
rod is the smallest, and the Nu number at the top of the 5 # rod is
the largest.

From the experiment data, it is found that the heat transfer
coefficient is relative with heating power and distance from the
top-corner of the carrier. When the heat flux of fuel rod and water
temperature at the inlet of the carrier are the same, the closer
the rod to the top-corner of the carrier, the smaller the natural
convective heat transfer coefficient.

Pooling Boiling Experimental Results

In the test, the system pressure is atmospheric pressure. The
characteristic temperature is the saturation temperature of the
water at the test pressure. The characteristic length of the pool
boiling is defined as: I, = o/[g(p — pg)]. where o is the surface
tension, with the unit of N - m™!, p, is the density in gaseous
phase, p; is the density in liquid phase. The unit of the density
iskg-m~3.

Figure 3B shows the pool boiling heat transfer coefficients at
the top of 1 #, 3 #, and 5 # rods. The solid black line in the figure
is the single-rod pool boiling heat transfer coefficient calculated
by the Rohsenow correlation (Rohsenow, 1952), which is used to
compare with the fuel assembly test results. Although the bubble
movement is hindered by the carrier, it can be seen that the
boiling heat transfer coefficient at the top of the fuel assembly 1
#,3 #,and 5 # heating rods is still higher than that of a single rod.

With the increase of heat flux density, the rod bundle effect of
boiling heat transfer coeflicient of 1 #, 3 #, and 5 # rods gradually
weakened. Under the condition of heat flux about 2 x 10* W /m?,
the boiling heat transfer coefficient of 1 # rod closest to the top
corner of the carrier is almost equal to that of a single rod.

.5 #  ©O3# O5#

1.0 ! L )

3. 0E+06 5. 0E+06 7. 0E+06
Ra

1.0E+04 -

O1# ©3# O5#

Boiling heat transfer coefficient
/We(Kem?)!
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=}

E+03
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Heat flux / Wenr?

FIGURE 3 | Heat transfer characteristics of fuel assemblies in transfer tube.
(A) The Nusselt number of single-phase natural convection. (B) The pool
boiling heat transfer coefficient.

NEW CORRELATIONS FOR LOCAL HEAT
TRANSFER COEFFICIENTS

The published correlations were developed using the data for
plates, wires, and outside surfaces of tubes (Pioro et al., 2004b;
Shah, 2017). Since the correlations do not contain the effects of
the semi-closed rectangular cavity and the lower tube heat flux,
the calculated heat transfer coeflicients does not agree with the
present experimental data. Therefore, it is not reasonable to use
the correlation equations available on the literature to predict the
present experimental data.

Single-Phase Heat Transfer Correlations
The Nusselt Number of the top corner of the fuel element in the
natural convection can be expressed with a function of Rayleigh
Number Ra. Through the regression analysis of the experimental
data with the help of a computer program (which uses the least
square method as a regression technique) three correlations were
determined as follows:

Nuy,0p = 0.0176(Ra)*?"” 2.54 x 10° < Ra < 6.03 x 10° (2)
Nus op = 0.0091(Ra)*?7% 2.38 x 10° < Ra < 5.09 x 10° (3)
Nus iop = 0.0099(Ra)*?*% 2.02 x 10° < Ra < 4.28 x 105 (4)
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15 C, n and m can be solved by multiple regression. The coefhicient
A - +10% L7 C, n and mare solved, and the boiling heat transfer coefficient can
R be expressed by the equation of (6)-(8) for the position of 1#, 3#,
30 | PR TN e grls and 5#, respectively:
5 z -7
! z >
:‘? R Tro B -10% P 0.593
S .5 L Py e _ 9 -11
&0 - Biop = 984.5— 55 Pr (6)
@lo O’ 07 L hfglog'5 log(o — pg)] '
P 0.556
L s h 909.9% 1 Pl (7)
L’ - 3top = 2T 0.25 r
2" T Le | g log(o — pg)]
1.5 < : : ' ) P 0.493
1.5 2.0 2.5 3.0 3.5 q —1.1
s sop = 697871 = e I ®)
* hfgpg' [og(p — pg)]
N utop,exp
g Figure 4B plots the error range of the fitted equations of (6) to
(8). As shown in the figure, the errors of the predicted quantities
6000 from these equations are <10%, which means that the precision
5000 T e of the fitting process of these equations was good.
Loy o b
Z 4000 +10% ey Qe
Qe CONCLUSIONS
¥ 3000 . R :
= dIBGE' 10% An experimental heat transfer investigation for the horizontal
52000 e X rod-bundle in a semi-closed rectangular cavity submerged in the
B 1000 ...;@(& Ow o3% O5# cooling water tube was conducted to find the characteristics of
the fuel transfer device under natural circulation conditions. The
0 major conclusions of the present study are as follows:
0 1000 2000 3000 4000 5000 o0b9 In the single-phase natural convection test and the
I gxp/ We(Kem?)! pool-boiling test, the heat transfer coefficient of the 1#
heating rod closest to the top corner of the carrier was
FIGURE 4 | Comparison of calculated data with experimental data. (A) the smallest.
Comparison of calculated heat transfer coefficients with single phase C - . .
experimental data. (B) Comparison of calculated heat transfer coefficients with Wlthm the parameters of th? pool—b9111ng test, the heatmg
pool boiling experimental data. rod in the upper row of the heating rod is affected by the steam

A comparison between the measured Nusselt and the calculated
values by Equation (2) to (4) is shown in Figure 4A. The newly
developed correlation predicts the present experimental data
within £10%.

Pooling Boiling Heat Transfer Correlations
A Pioro -type (Pioro et al., 2004b) correlation is introduced here
to predict local pool boiling heat transfer coefficients.

k
hop = C 1

n
Pr'™ (5)
L | higndloglor — pg)l* }

where hyop is the boiling heat transfer coefficient of the top corner
of the fuel elements with unit of W - m~2 - K~1; g is the heat flux
of the heating rod surface with the unit of W - m~2; k is liquid

heat transfer coefficient with the unit of W - m™! - K7; hig is

the latent heat of vaporization with the unit of J - kg~ !;Pr is the
Prandtl Number;l, is the characteristic length. C, n and m are to
be solved.

hwop> @, Pr and the physical property parameters can be
calculated based on the experiment data, and then the coefficient

generated from the lower heating tube, and the boiling heat
transfer coefficient is higher than that of the single tube pool
boiling heat transfer coefficient. As the heating power increases,
the boiling heat transfer coefficient of the 1 # heating rod is closer
to that of a single rod.

Through the regression analysis of the experimental data, new
empirical correlations suitable for single-phase and pool boiling
heat transfer were developed, which can provide a reference
for evaluating the thermal safety status and maximum surface
temperature of fuel assembly during transfer.
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