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concentration [kmole/m?]

diffusivity [m/s”]

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

mass transfer coefficient [m/s]

electric current [A]

reaction rate constant

electrode height [m]

total mass flux [kg/m?s]

Z N SN F Ry 0

~

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]

S 2=z

number of electrons in charge transfer reaction

transference number

3”

Greeks symbols

thermal diffusivity [m/s?]

o
I6] volumetric expansion coefficient [m’/K]
¥ dispersion coefficient

1 viscosity [kg/ms]

v kinematic viscosity [m?/s]
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SUMMARY

Hydrogen economy has drawn public attentions as a promising future
energy source. Hydrogen is a non-petroleum-based, non-toxic, renewable and
clean burning energy source. Hydrogen is the secondary energy, which means
that it is produced by consuming the first energy such as coal, gas, petroleum
etc. This again means that it is clean so long as it is produced by clean
methods.

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 mixed convective heat transfer phenomena in a
vertical cylinder using copper electroplating system. The mixed convection
phenomenon is observed when the forced and natural convections are of

comparable magnitudes in one system. The mixed convection is classified as



laminar and turbulent flows depending on the exchange mechanism and also
as buoyancy aided and buoyancy opposed flows depending on the directions of
forced flows with respect to the buoyance forces.

For a laminar flow, the heat transfer rate of buoyancy aided flow is larger
than the corresponding forced convection heat transfer due to the increased
flow velocity while the heat transfer rate of buoyancy opposed flow is smaller.
However for a turbulent flow, the buoyancy opposed flow shows higher heat
transfer rates than corresponding forced convective flow due to the increased
turbulent production and the buoyancy aided flow shower lower heat transfer
rates due to laminarization.

Mixed convection heat transfer in a vertical cylinder with aiding flow and
opposing flow studied experimentally for Reynolds numbers ranging from 4,000
to 10,000 with a constant Grashof number 6.2X10° and Prandtl number about
2000. The experimental results reproduced the trend of mixed convection heat
transfer phenomena in a turbulent situation and agree well with the study
performed by Y. Parlatan(1996).

The analogy experimental method successfully simulates the mixed
convection heat transfer system and seems to be a useful tool for heat
transfer studies for HTGR as well as the systems with high buoyancy
condition and high Prandtl number fluid, 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.

Xi
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Fig. 5. Effect of buoyancy on the fully developed Nusselt number for laminar
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Fig. 15. Variation of the kinetic energy of turbulence with the heat input.

(Re=2500 opposing flow)
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23S HelTh
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AAass FAg ey, EUF 99 ofdl9 ol Fositt A LR =
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Gr/(Re3Pr9) »6x10 6+ 45 re

5 &2 (Correlations)

51) A HF
FADUAA Y FA g Fol digt Aol o F/R7F ded, 4 AES F

Az wepd 2 AAgETh E3k ZAdT 38 EFdFAAY dde

Table 1. Turbulent forced convection correlations in vertical cylinder.

Reference Correlation Pr Re L/D
Colburn
_ 0.8p,.1/3 0.7-16700 above60
(1933) Nu=0.023Re"°Pr
Dittus—Boelter
Ny — 0.8p,.n 0.7-16700 above60
(1930) u=0.023Re™"Pr above
Sieder and Tate N 08 13 1y 0.4 0.7-16700 10000 b 80
7= above
(19%) u=0.02TRe""Pr ( w)
Nusselt 08 13D 0.055
N L 10-400
(1931) u=0.006R""Pr (L)




Table 1°]4  Dittus-Boelter(1930)¢] a2l A  (p (7)1 n=03°17,

(T.,> TpNA= n=04°.
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A3 dolEl= A (e & 2es FAsth
Jackson and Fewster(1989) 1x10 7¢G7<1x10 8%t 700< Re< 250008 ™

A9 AP EFURFAA 4 @) 3RS A4

P T ®)
2 ()l Algd A F242 Petuckov-Kirillove] Edo] A&t} vt
Reynolds & Al9lstH D. D. Joye (1996)2] &2 o] Ax}e} vk 4 o}
RUA=
D. D. Joye(1996)= <42

Nu [ ! 45(DG7’5 ] 0.31

rlo

o

off

of ¥ AdE Fstol A (9= AAEAL, A

AT 1510 TCGr<1 <10 9+ 4000< Re< 25000141 ¥ Sttt
3 —

NM B 1 3+< 1 ) 1/3
Nt s [( (1+2981Gv/ R > Py ) 0'31) 9.7R"* Py ] 9)

23



e AdE53e 24 5220CWDA At 2 (9 Argd A
722 the Sieder-Tate(1936)2] ] A}-& % I},

Buyukalaca(1993)= 2] ()& °o]&3dto] AR F5o] #3 AFS s, 1
deoly gk Rouai(1987)% ABatAl 2= s st A=

gstel 4 (10)

a

1000< Re< 350002 4x10 6< G#<6 x10 8IHh 22aL 4 (D&
& ANt

Ny _ G (Nyy
N, = 1+2.5x10 Re3'4?5P7’0'8( Nuf) ]

21(10)E= Jin Kang Li(1994)°] oJaiA H=% At}

(10)
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Table 5. Test matrix for forced convection in the vertical cylinder.
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Forced convection in vertical cylinder
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Fig. 24. A joint shape of cathode.

Fig. 23. A kind of cathode.
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Fig. 27. The way how to enter left Fig. 28. The finished test section.
cathodes.

Fig. 29. The anode.
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Fig. 30. The holder. Fig. 31. After inserting an anode
into the holder.
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Fig. 33. A 1 ohm resistance - 5W. Fig. 34. The organized
resistances — 0.1 ohm (50W).
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Fig. 35. The photograph of experimental set—up.
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Table 6. Test matrix for mixed convection in vertical cylinder.

Height of Gr
CuS0O4 | H2SO4 Sc 9 Re B,
electrodes (m) X 10

4000 0.533
5000 0.248
6000 0.133

0.01M 0.89 2282 6.346 7000 0.078
8000 0.049
9000 0.033
10000 0.023
4000 0.525
5000 0.244
6000 0.131

0.05M 0.53 2183 6.354 7000 0.077
8000 0.048
9000 0.032
10000 0.022
4000 0.487
5000 0.226
6000 0.121

0.12M 1.5M 0.40 2128 6.082 7000 0.071
3000 0.045
9000 0.030
10000 0.021
4000 0.498
5000 0.232
6000 0.124

0.15M 0.38 2013 6.277 7000 0.073
3000 0.046
9000 0.031
10000 0.021
4000 0.480
5000 0.223
6000 0.119

0.2M 0.35 1956 6.226 7000 0.070
8000 0.044
9000 0.029
10000 0.020
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- aiding flow with increased Gr in vertical cylinder.
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Table 7. Test matrix for mixed convection

o

omn Table 7= ©] A3 AdFdHALES U

Height of G
CuS0O4 | HsS0Oq4 electrodes Sc % 1;10 Re B,
(m)
0.89 6.699 5.365
0.79 4.685 3.752
0.69 3.122 2.500
0.12M 1.5M 0.59 2128 1.952 4000 1.563
0.49 1.118 0.895
0.39 0.563 0.451
o] Ao AHLgE = RHEASFE 0451004 5.3657H# o), dAG AF A=

A 0.0101 4] <F 4714 2] H 9o
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Mixed convection in vertical cylinder - opposing flow
CuSO, 0.2M H,SO, 1.5M

Re 7000 Gr6.346 X 10° Sc 2128
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Fig. 42. Measured data of mixed convection opposing flow
at Re 7000 in vertical cylinder.
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