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1. Introduction

The packed bed has been adopted in many engineering
applications such as the pebble fuel of nuclear reactors
[1-3], thermal energy storage (TES) system [4], catalytic
reactors [5], heat exchanger [6], etc.

As the performance of various applications is
determined by the convective heat transfer in the packed
bed, many studies have been performed over the past few
decades [7,8]. Particularly, it is important to investigate
the local heat transfer inside the packed bed, as the heat
transfer distribution in the packed bed is non-uniform
due to the sophisticated flow pattern by the packed bed
structure [9,10]. However, relatively less studies were
performed for the local heat transfer in the packed bed
compared with the studies on the overall heat transfer of
the bed [10,11]. It is because the rigorous analysis for the
heat transfer mechanism in the packed bed is difficult due
to the structure and flow characteristics of the packed bed
[9].

van Antwerpen et al. [12] mentioned that a proper
understanding of the packing structure in the bed is
important to analyze the heat transfer mechanism inside
the packed bed. Hence, a few studies on the local heat
transfer in the packed bed were performed using a single
heating sphere buried in the packed bed [1, 13-15]. Lee
et al. [13,14] carried out the mass transfer experiments
varying the axial and radial locations of single heating
sphere in unheated packed bed for the natural and forced
convective flows. They reported that the local porosity
variation in the packed bed not affected the natural
convection heat transfer. Also, the experimental results
measured at the downstream zone was higher than those
measured at the upstream zone due to the intensified
eddy motion and vortex. Achenbach [15] showed the
similar results for the forced convective flow.
Abdulmohsin and Al-Dahhan [1] explored the local heat
transfer coefficients in the packed bed for the forced
convection by varying the radial locations along the
height of the bed. They presented the heat transfer
coefficients in the central region of the bed was smaller
than those near the wall due to the porosity distribution
in the packed bed.

This study investigated the influence of position on the
heat transfer of single heating sphere buried in the packed
bed varying the sphere diameter and sphere locations for
the natural and forced convection. Mass transfer
experiments were performed using copper sulfate-
sulfuric acid (CuSO4-H,SO4) electroplating system
based on the analogy between heat and mass transfers.
The Sc corresponding to the Pr was 2,014. The sphere
diameter (d) was 0.006 and 0.010 m, which correspond

to Rag of 1.83X107 and 8.48<X107. To change the sphere
position, the r/R and z/H were 0-0.8 and 0.1-0.9,
respectively. In the forced convection experiments, the
superficial velocity (Us) was varied from 0.01 to 0.58 m/s,
which correspond to the Req of 63—5,076.

2. Experiments
2.1 Experimental Method

Heat and mass transfer systems are analogous as their
governing equations are mathematically the same.
Therefore, by the mass transfer experiments, the heat
transfer problems can be solved effectively [16].

In this present work, a copper sulfate-cupric acid
(CuS04-H,S04) electroplating system was adopted as
the mass transfer system. A cathode in this system was
used to simulate the heated surface, as the buoyant force
is induced by the reduction of cupric ions at the cathode
surface and the resulting decrease in the fluid density.
Given that the heat transfer coefficient (hn) can be
calculated from the heat flux and the temperature
difference between the heated wall and the bulk, the mass
transfer coefficient (hn) was calculated from the mass
flux (electric current) and the copper ion concentration
difference at the cathode surface and bulk. This system
provides a simple and relatively inexpensive means of
investigating heat transfer systems [17].

In order to calculate the mass transfer coefficient, we
used the limiting current technique [18]. When the
applied electric potential increases, the current increases
initially and then reaches a plateau. Despite further
increase in the applied potential, the current does not
increase as the reduction process of the cupric ions at the
cathode is much faster than the transfer process of them
from the anode to the cathode. The current at the plateau
is called as the limiting current. At the limiting current
condition, the Cs can be considered as 0 and hy can be
calculated with the limiting current density (lim) and the
Cyp only [19]. Thus, the hy, is defined as:

1-t
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nFC
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b

This technique has been developed by several
researchers and are well-established as an experimental
methodology [20-24].

2.2 Test matrix
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Table I presents the test matrix of natural and forced
convection experiments on the position effect of a single
heating sphere in the packed bed. The Sc corresponding
to Pr was 2,014. The duct diameter (D) was fixed to 0.06
m. The sphere diameter (d) was 0.006 and 0.010 m,
which correspond to Rag of 1.83<107 and 8.48<107. The
ratio of bed height to sphere diameter (H/d) was also
fixed to 10.5 in order to maintain the effect of bed height
(H) in each case of sphere diameter. The /R and z/H
were varied in 0-0.8 and 0.1-0.9, where r is the distance
from the bed centerline and z is the distance from the top
of packed bed. The average porosity in this study was
0.41. For forced convection experiments, the range of
superficial velocity (Us) was from 0.01 to 0.58 m/s
corresponding to the Reg of 63-5,076.

Table I: Test matrix.

Position
Sc d (m) R A Rad Reqd
0.006 0, 0.1, 1.83X107 | 63-3,050
2,014 0.4, 0.5,
0.010 0.8 0.9 8.48>107 | 110-5,076

2.3 Experimental apparatus

Figures 1 and 2 show the schematic circuit of the test
facility for the forced and natural convection
experiments, respectively. In Fig. 1, the flow from a
reservoir passed through a magnetic pump (PM-753PI,
WILO), test section, and then returned back to the
reservoir. Thus, the flow direction is downward. The
flow rate was controlled by control and bypass valves
and measured using an electromagnetic flowmeter
(LF600, Toshiba). A single copper sphere acting as the
heating sphere was buried in the glass beads. The copper
sphere was electrically connected by the copper rod of
0.003 m. Also, a permeable grid was installed on the top
and bottom of the test section.
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Fig. 1. Schematic of the test facility for forced convection
experiment.

For the natural convection experiments, the same test
section with the forced convection experiment was used.
The test section was located in an open-topped acrylic
container (0.30 m x 0.30 m x 0.42 m), as shown in Fig.
2. The support length of test section was 0.155 m.

The electrical potential was applied by a power supply
(K1810, Viipower) and the electric current was measured
using the DAQ (NI-9227 & cDAQ-9179, National
Instruments) system and LabVIEW.

Anode
Fig. 2. Schematic of the test apparatus for natural convection
experiment.

3. Results and discussion

3.1 Natural convection

Figure 3 shows the experimental results for natural
convection heat transfer with regard to the axial and
radial locations of a single heating sphere in the packed
bed. For each sphere diameter, the Nug values measured
at various positions were similar among themselves with
the maximum error of 4%. It means the local heat transfer
for the natural convection in the packed bed is not
affected by the variation of axial and radial locations of
single heating sphere.
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Fig. 3. The measured Nug according to the sphere positions
inside the packed bed for the natural convection.
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3.2 Forced convection

Figure 4 presents the measured Nugs’ according to the
Req and the different sphere positions for forced
convection. For all sphere positions, the Nug increased
gradually with the increase of Rey.

In Figs. 4(a) and (b), the local heat transfer inside the
packed bed was enhanced with the increase of z/H for
various radial positions as the turbulence such as the
eddy motion, vortex and recirculation was intensified by
the porous structure of bed. Also, the results at the top
(z/H=0.1) were same regardless of the variation in the r/R
and smaller than averaged result for all positions. It is
because the top section is the entrance zone of the packed
bed.

Compared with Figs. 4(a) and (b), the variation of heat
transfer according to the Req near wall region was sharper
than the results in the center region of packed bed. This
is due to the increase of the flow rate caused by the
concentrated flow through the high porosity region. The
same trend was observed for the other sphere diameter
(d=0.006 m).

3.000 = 3
4=0.010 m, »/R=0 (Center region)
1 ® z/1{=0.1 (Top)
25004 A zZ/H=0.5 (Middle)
= z/H=0.9 (Bottom) .
A
2,000 - i e
a
z‘f
1,500 4
= :
. ®
A
1,000 L
s
500 4 '
L
O T ! T ® T : T ¥ T X T ¥ 1
0 1,000 2,000 3,000 4,000 5,000 6,000
Red
(a) r/R=0 (Center region)
30005 d=0.010 m, r/R=0.8 (Near wall region)
@ z/H=0.1 (Top section)
25004 £ z/H=0.5 (Middle section)
0 z/H=0.9 (Bottom section) o
2,000 H =
(o]
= 1,500 il
o o
1,000 g o
. >
500 - ©
o
0 T T T T T T 1
0 1,000 2,000 3,000 4,000 5,000 6,000

Re

d

(a) r/R=0.8 (Near wall region)
Fig. 4. Forced convection heat transfer according to the flow
velocity and the different sphere positions for d=0.010 m.

4. Conclusions

The influence of the axial and radial positions on the
heat transfer of single heating sphere in a packed bed for
the natural and forced convective flow regimes was
investigated with the sphere diameter of 0.006 and 0.010
m. We used the CuSO4-H,SO, electroplating system of
mass transfer based on the analogy concept between heat
and mass transfer.

For the natural convection flow, the local heat transfer
in the packed bed was not influenced by the position
variation of the single heating sphere. It is because the
velocity of the natural convective flow is very slow due
to the small buoyant force formed by the heating sphere.

For the forced convection flow, the heat transfer at
various positions was gradually enhanced by the increase
of flow velocity, which varied from laminar to turbulent
flow. Due to the intensified the eddy motion, vortex and
recirculation by the packing structure, the local heat
transfer measured at the downstream zone of the packed
bed was higher than that measured at the upstream zone.
Moreover, the local heat transfer increased near the wall
region compared with the bed center. It was because the
higher porosity near wall caused the increase of the flow
rate.

To develop the local heat transfer correlation for the
forced convection in the packed bed, we will perform the
forced convection experiments varying the flow velocity
and sphere position with the extension of sphere diameter
as the further study.

ACKNOWLEDGEMENT
This study was sponsored by the Ministry of Science

and ICT (MIST) and was supported by nuclear Research
& Development program grant funded by the National

Research  Foundation = (NRF)  (Grant  codes
2020M2D2A1A02065563)
REFERENCES

[1]1R.S. Abdulmohsin and M.H. Al-Dahhan, Characteristics of
convective heat transport in a packed pebble-bed reactor,
Nuclear Engineering and Design, Vol. 284, p. 143-152, 2015.
[2] A. Koster, H.D. Matzner and D.R. Nicholsi, PBMR design
for the future, Nuclear Engineering and Design, Vol. 222, p.
231-245, 2003.

[3]1L. Liu, D. Zhang, L. Li, Y. Yang, C. Wang, S. Qiu and G.H.
Su, Experimental investigation of flow and convective heat
transfer on a high-Prandtl-number fluid through the nuclear
reactor pebble bed core, Applied Thermal Engineering, Vol.
145, p. 48-57,2018.

[4] T. Esence, A. Bruch, S. Molina, B. Stutz and J.F. Fourmigué,
A review on experience feedback and numerical modeling of
packed-bed thermal energy storage systems, Solar Energy, Vol.
153, p. 628-654, 2017.

[5]E.C.V. de Toledo, E.R. Morais, D.N.C. Melo, A.P. Mariano,
J.F.C.A. Meyer and R.M. Filho, Suiting dynamic models of
fixed-bed catalytic reactors for computer-based applications,
Engineering, Vol. 3, p. 778-785, 2011.

[6] P. Smakulski and S. Pietrowicz, A review of the capabilities
of high heat flux removal by porous materials, microchannels



Transactions of the Korean Nuclear Society Virtual spring Meeting
May 13-14, 2021

and spray cooling techniques, Applied Thermal Engineering,
Vol. 104, p. 636-646, 2016.

[7]1 D.S. Wen and Y.L. Ding, Heat transfer of gas flow through
a packed bed, Chemical Engineering Science, Vol. 61, p. 3532-
3542, 2006.

[8] A. Singhal, S. Cloete, S. Radl, R. Quinta-Ferreira and S.
Amini, Heat transfer to a gas from densely packed beds of
monodisperse spherical particles, Chemical Engineering
Journal, Vol. 314, p. 27-37, 2017.

[9TR.S. Abdulmohsin and M.H. Al-Dahhan, Pressure Drop and
Fluid Flow Characteristics in a Packed Pebble Bed Reactor,
NUCLEAR TECHNOLOGY, Vol. 198, p. 17-25, 2017.

[10] L. Chen, W. Lee and J. Lee, Analysis of the thermal field
and heat transfer characteristics of pebble beds packed in a
face-centered cubic structure, Applied Thermal Engineering,
Vol. 121, p. 473-483, 2017.

[11] R. Stainsby, M. Worsley, F. Dawson, J. Baker, A. Grief,
P. Coddington and A. Dennier, Development of local heat
transfer models for the safety assessment of high temperature
gas-cooled reactor cores. Part II: prismatic modular reactors.
Journal of Engineering for Gas Turbines and Power, Vol. 132,
2010b, (012907-1-8)

[12] W. van Antwerpena, C.G. du Toit and P.G. Rousseaua, A
review of correlations to model the packing structure and
effective thermal conductivity in packed beds of mono-sized
spherical particles, Nuclear Engineering and Design, Vol. 240,
p. 1803-1818, 2010.

[13] D.Y. Lee, M.S. Chae and B.J. Chung, Natural convective
heat transfer of heated packed beds, International
Communications in Heat and Mass Transfer, Vol. 88, p. 54-62,
2017.

[14] D.Y. Lee and B.J. Chung, Variations of forced convection
heat transfer of packed beds according to the heated sphere
position and bed height, International Communications in Heat
and Mass Transfer, Vol. 103, p. 64-71, 2019.

[15] E. Achenbach, Heat and Flow Characteristics of Packed
Beds, Experimental Thermal and Fluid Science, Vol. 10, p. 17-
27,1995.

[16] A. Bejan, Convection Heat Transfer, fourth ed. Wiley &
Sons, New Jersey, 2003.

[17] J. Krysa, A.A. Wragg, D.M. Thomas and M.A. Patrick,
Free convection mass transfer in open upward-facing
cylindrical cavities, Chemical Engineering Journal, Vol. 79, p.
179-186, 2002.

[18] S.H. Ko, D.W. Moon and B.J. Chung, Applications of
electroplating method for heat transfer studies using analogy
concept, Nuclear Engineering and Technology, Vol. 38, p. 251-
258, 2006.

[19] C.R. Wike, C.W. Tobias and M. Eisenberg, Free
convection mass transfer at vertical plates, Chemical
Engineering Progress, Vol. 49, p. 663-674, 1953.

[20]J.R. Selman and C.W. Tobias, Mass-transfer measurement
by the limiting-current technique, Advance in Chemical
Engineering, Vol 10, p. 211-318, 1978.

[21] C.W. Tobias and R.G. Hickman, Ionic mass transport by
combined free and forced convection, International Journal of
Research in Physical Chemistry Chemical Physics, Vol. 229, p.
145-166, 1965.

[22] E. J. Fenech and C. W. Tobias, Mass transfer by free
convection at horizontal electrodes, Electrochimica Acta, Vol.
2, p. 311-325, 1960.

[23] S.H. Ko, D.H. Moon and B.J. Chung, Applications of
electroplating method for heat transfer studies using analogy
concept, Nuclear Engineering and Technology, Vol. 38, p. 251-
258, 2006.

[24] H.K. Park and B.J. Chung, Mass Transfer Experiments for
the Heat Load during In-Vessel Retention of Core Melt,
Nuclear Engineering and Technology, Vol. 48, p. 906-914,
2016.



