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Nomenclature

Aspect ratio (= H/L)

concentration [kmole/m?]

diffusivity [m/s”]

Faraday constant, 96,587,000 [Coulomb/ kmolel
gravitational acceleration [m/s?]

electrode height [m]

mass transfer coefficient [m/s]

electric current [A]

reaction rate constant

length between electrodes [m]

total mass flux [kg/ms]

mass flux caused by electric migration [kg/m?s]
mass flux caused by diffusion [kg/m?s]

mass flux caused by convection [kg/m?s]
number of electrons in charge transfer reaction
transference number

thermal diffusivity [m/s°]

volumetric expansion coefficient [m?/K]
dispersion coefficient

viscosity [kg/ms]

kinematic viscosity [m2/s]

density [kg/m’]



SUMMARY

As a promising future energy source, the concern of hydrogen is increased
due to the rising oil prices and environmental pollution. Hydrogen is a
non-petroleum-based, non-toxic, renewable and clean burning energy source.

One of the promising production methods of hydrogen is to use the heat
from an HTGR(High Temperature Gas-cooled Reactor), a next generation
nuclear reactor for a safe and reliable operation as well as for efficient and
economic generation of energy. The knowledge of detailed heat transfer
phenomena in gaseous phase emerges as an important factor for HTGR,
where buoyancy effect plays a significant role. Large and expensive test
facilities are to be constructed to assess the detailed mixed convection
phenomena.

However, using analogy concept, heat transfer system can be transformed
to mass transfer system and vice versa. If a simple mass transfer system
could be devised, and the experimental solution from that system could be
obtained, then this could theoretically lead to a solution for a similar heat
transfer system.

In this study, a copper electroplating system was selected as the mass
transfer system. A copper electroplating system with limiting current
technique has a good advantage to simulate heat transfer system as mass
transfer coefficient, analogous with heat transfer coefficient, can be directly
obtained from the information of the bulk concentration and electric current
between electrodes.

This study simulated the natural convective heat transfer phenomena in
enclosure using copper electroplating system. According to the various change
in Rayleigh number and aspect ratio, mass transfer experiments were
conducted by limiting current technique. In the result of tests, the length
between electrodes has no effect on the mass transfer rate in boundary layer
regime. However, the mass transfer rate was affected by the height of

electrodes and Rayleigh number.

Vi



In addition to, these results were in good agreement with the well-known
heat transfer empirical correlations. This means that the analogy experimental
methodology introduced in this study is very valid and encouraged.

Consequently, analogy experimental methodology is expected to be a useful
tool for heat transfer studies for HTGR as well as the systems with high
buoyancy condition, as the electroplating method not only provides useful
information regarding heat transfer but also has a cost-effective advantage

over any other comparable experimental method.

Vi
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Table 1. Governing equations with incompressible fluid.

Heat Transfer Mass Transfer

Vv =20

(Continuity equation)

D; 9 — —
=2 = —vp F
Py VP + puvVviov +
(Momentum equation)
DT ) DC )
— i\ — =D C
D R Dt v
(Energy equation) (Concentration equation)

Table 2. Dimensionless group transformation.

Heat Transfer Mass Transfer
Prandtl number g = Schmidt number %
hH h,, H
Nusselt number "X < Sherwood number R
ATH? H? A
Rayleigh number gpATH S g =P

Dv p
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¥ 4= 2 AP 3 dsl= Test matrixs e T

Table 4. Test matrix for mass transfer experiments (H=fixed).

B Vi Aspect CuSOy Gr Ra
electrodes between .
ratio (M) number number
(cm) electrodes (cm)
60 0.05
30 0.1
10 0.3 _ 5 3
3 6 05 0.01 2.385 x 10 4666 x 10
3 1
1
60 0.1
15 0.4
6 1: Of 002 3764 x 10° 7416 x 10°
2 3
1 6
60 0.166
20 0.5
10 10 1 005 4217 x 100 8494 x 10"
2 5
1 10
60 0.333
40 0.5
20 1 8 1
20 10 9 0.05 3.374 x 10 6.795 x 10
6 3.333
2 10

35



ool 2" 18 ~ 212 77t A mold s d=3te] Ae
AZIAA EZHE AAE A, FolX

Sherwood<=2] W3}= eI}

¢
O
o

wn
O
off
k1
NPl

1000
] Electrode height = 3 cm (fixed)
CuSO, =0.01 M, Ra=4.666 x 10°
=
» 1004
]
10 . . e L . T 7T T
0.01 0.1 1

Aspect ratio (=H/L)

Fig. 18. Aspect ratio vs. Sh number (H=3 cm, Ra=4.666 x 10°).

36

1 Rayleigh+°l sl =



1000 -
] O Electrode height = 6 cm (fixed)
CuSO,=0.02 M, Ra=7.416 x 10°
O O O O O O
L
1004
10 : Y T R W) 1 o T T T
0.01 0.1 1

Aspect ratio (=HI/L)

Fig. 19. Aspect ratio vs. Sh number (H=6 cm, Ra=7.416 x 10°).
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Fig. 20. Aspect ratio vs. Sh number (H=10 cm, Ra=8.494 x 10").
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Fig. 21. Aspect ratio vs. Sh number (H=20 cm, Ra=6.795 x 10M).
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Table 5. Test matrix for mass transfer experiments (L=fixed).

Length between | CuSOy Height of Aspect Sc Ra

electrodes (cm) (M) | electrodes (cm) ratio | number number
1 0.166 1.728x10°

2 0.333 1.383x10°

3 0.5 4.666x10°

0.01 M 6 1 1956.62 | 3.733x10°
10 1.666 1.728x10"

20 3.333 1.383x10"

30 5 4.666x10"

1 0.166 8.494x10"

2 0.333 6.795x10°

3 0.5 2.293x10”

0.05 M 6 1 2014.25 | 1.835x10"
10 1.666 8.494x10"

20 3.333 6.795x10"

30 5 2.293x10"

1 0.166 1.688x10°

2 0.333 1.350x10”

3 0.5 4557x10°

6 cm (Fixed) 01 M 6 1 2094.35 | 3.645x10"
10 1.666 1.688x10"

20 3.333 1.350x10"

30 5 4557x10"

1 0.166 5.118x10°

2 0.333 4.095%10°

3 0.5 1.382x10"

0.3 M 6 1 2511.73 | 1.106x10"
10 1.666 5.118x10"

20 3.333 4.095x10"

30 5 1.382x10"

1 0.166 8.790x10°

2 0.333 7.032x10°

3 0.5 2.373x10"

0.5 M 6 1 310597 | 1.899x10"
10 1.666 8.790x10"

20 3.333 7.032x10"

30 5 2.373x10"
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Fig. 24. Rayleigh number vs. Sherwood number (CuSOs = 0.01 M).
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Fig. 25. Rayleigh number vs. Sherwood number (CuSO; = 0.05 M).
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Fig. 26. Rayleigh number vs. Sherwood number (CuSOs = 0.1 M).
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Fig. 27. Rayleigh number vs. Sherwood number (CuSOs = 0.3 M).

<CuS0,=05M>

|
L
1000 - ) % 4
] /ﬁ/
100 = -
~ ]
7
10
—— Eq. (28)
Present experiment
10° 10° 10" 10" 10" 10" 10"
RaH

Fig. 28. Rayleigh number vs. Sherwood number (CuSOs = 0.5 M).
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