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Nomenclature

concentration [kmolem*]

diffusivity [m/s7]

Faraday constant, 96.387.000 [Coulomb/kmole]
gravitational acceleration [m/s”]

electrode height [m]

mass transfer coefficient [ims]

electric current [A4]

reaction rate constant

length of mass transfer section [m]

total mass flux [kg/m-s]

mass flux caused by electric migration [kg:mi-'s]
mass flux caused by diffusion [kg/n-s]

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

transference number

thermal diffusivity [m?s-]

volumetric expansion coefticient [m?/K]
dispersion coefficient

viscosity [kg/ms)

kinematic viscosity [m-/s]

density [kg/m?)

Vi



SUMMARY

Hydrogen is expected to help address concerns about global climate change
and energy security. The HTGR (High-Temperature Gas-cooled Reactor)
drew attention as one of the most competitive heat source for producing
hydrogen. 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(copper electroplating system) and vice versa. If we
could devise simple mass transfer system and find experimental solution from
that system, then theoretically it is not difficult to find solution for similar
heat transfer system. This study explores the applicability of simple mass
transfer experiments to heat transfer researches using analogy concept.

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.

Therefore, the validity of the analogy experimental method was confirmed
through comparison between the test results obtained by measuring limiting
current and corresponding well-known heat transfer correlations. Three
different forced and natural convection mass transfer systems were
constructed to simulate Poiseuille flow at horizontal geometry and laminar and
turbulent buoyant flows at vertical geometry. It was shown that the close

agreement between results for mass transfer experiment and heat transfer

Vil



correlation is an encouraging indication of the validity of the analogy theory
and the experiment method. It may also be concluded that analogy method
using electroplating system make it possible to predict the unknown heat
transfer correlations. Thus, Analogy methodology is expected to be a useful
tool for heat transfer studies for HTGR development as the electroplating
method not only provide with useful information on heat transfer but also has

cost-effective advantage than any other experiments.

viii
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Table 1. Governing eguations.

Heat Transfer Mass Transfer
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Table. 2. Dimensionless group for analogy.

Heat transfer Mass transfer

v ] v
Prandtl No. r Schmidt No. D
h”lL

hy,L
Nusselt No.  —;— Sherwood No.  —p~
A TH? H* Ap
Rayleigh No. gﬁa_’/_ ‘CJE 0
ul
Reynolds No. V

28 12 ddes 2adge] e Blasius FE5H 4ol 22 FAIRAAA

SAFSHAl LPER TR 2 molEoh

]

- U, C,

U..C,. P —t —==
il C
u [o AN o
Co
{ 1
Solid Wall
L

Fig. 1. Comparison between Temperature & Concentration boundary

layer for Prandtl or Schmidt No.=1.
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Table. 3. Model reactions used in electrochemical mass transfer studies.

Electrochemical reactions El:etr;de i:::::;ntf
Cathodic
1. Cd®t + 2e— Cd Cd(Hg) None
2. Cu'” + 2e— Cu Cu H,S50,
3. Fe(CN)E™ + e—> Fe(CN )~ Ni, Pt NaOH
KOH
4. O, + 2H,0 + 4e >40H"~ Pt Ag NaOH
Na(l
5.0 + 2e— 31" P KI
6. Fe’~ + e— Fe*~ P, Cu H,50,
7. Ag" + e— Ag Ag HQAO,
8. Ce'” + e— Ce’" P, Cu H,50,
Anodic
9. CuCll™ — CuCli™ + e P Ca (1,
10. Fe(CN)}"— Fe(CN)}™ + e Ni, Pt NaOH
KOH
1. Ce*t — Ce'™ + e P H,50,

A0

gRULAYol ol g s WrGRWEoR E 39 FHolE WAL
s+ o a2y 23" FAQ FHoles sHutyoz G
Sahert pobo alv S8, BAA PUAT 2y BA B el Rolzof
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constant)°] o}
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Table 4. Various property values of the material.

p(density)

p (viscosity)

D(dif fusivity)

t,+ (transference number )

n (valence number of copper ion )
F(Faraday constant)

C, (bulk concentration)

1.103 kg/m*

1.343¢cp = 1.283 X 10 kg/m - s

5.554 X 10" m?/s
0.01103

2

96485 coulomb/mole

0.1 mole

15



o3

i

KN

[o] [s]
T

ol A 2] Poiseuille

EE

Pz

A
T

ZNAF

) 7}

~©

sl

0

<
A

il
T

Poiseuille %

I
[

o} 44 9] Poiseuille

}

gul

1}

o 3] o

3

AL

P
aJ-

D

F % (Uniform stream)©] Fst2 3

f‘;}

i~

I

Poiseuille &% -2 2|%9

=
©

o2 B

z'%k

y}
Q

1Fo

(Boundary layer)o]

B

QreyFuo] wlel s}

=
L

otk o]

b &)

2

Fully developed flow

o] ATHM. White, 1996].

Fig. 4. Poiseuille flow configuration.
16

Developing flow

(Velocity profile)

A)
[e]

=3

A

A
=2

o
=&

L2
I

=4



2ol ALS R FATE-BN FENS Schmidiz 7t 2000003 0.2 14}
o}F i P yelth oW 247

[A. Bejan, 1994]. wtelA Poiseuille w5l gt FdAd AgL £ FA Fol

m:l
o
2
ofp
o
Ak
ol
o
&
Hﬂ
lm!
hu
o
_,d
1=
e
e
)

tds wetsel n FEAAZES WEH el S FuAE ol&stArt

i

ole] gt Aao Ao FAUF SR AAG G AL 53 ZoHE. I Fenech and C. W.

[e)

Tobias, 1960].
d 1/3
N, = 0.978 (RePr—g-:—) (18)

A7) d GEe] Fol F AT Pk Abole] Aol
Aol wel A () PAAFE AR Fihel BEADYBAOEZ peh

o}

2

e
T

A

1.3
Sh, = 0.978 (R{’Sc%) (19)

Reynolds No. — Reynolds No.

Nusselt No. — Sherwood No.
Prandtl No. — Schmidt No.

gl Aol Aol L& 7|Fo 2 HI SherwoodTE ot} o] Aot}

(u '—f

0

1 L
= f Sh dx (20)

upebA 5 Sherwood3ZH-E] ol#fe} o] HiF SherwoodTE T F Ut

I 2] 2

e e dRwA ool AFom AL obv] fFel ddw



oC. W.
(23)

44

st

o
(5]

SherwoodT+ Ut}

beiet.
e

L=

Z)

1
Ry

3

Y
[e]

3

oA LAxe] @

1 L
Tobias and R. G. Hickman, 1965].

1o

Z
=

o

3
O

B
<N

™

o 4 Poiseuille

il

%

Poiseuille 7 Ao 7

——
1o

—
-

o] golg ofmaAFH2 AR UL 1

=}
o2

i

2!

3

of g $4el glm

}

A
fu

o

A

k3|
[3]

<
ol

T

ol
4r

7 o](Entrance

A7
UHE. J. Fenech and

0.7 me]

. 002 me}

..mo

glof 71l

=
=

HEnd effect)

ey

-

ul
E45,s

L

-

i=)
(A

£y

HEl Poiseuille
B

ulc
iS4

1

v

1

gl

@
a8l 0.3 me

¥2
£

Tobias, 1960].

C. W,



Fig. 5. Test facility of forced convection mass transfer.
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Fig. 6-a. Designed electrodes for average & local mass transfer test.



Fig. 6-b. Copper electrodes for average & local mass transfer test.
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Sh,, = 0.67(GrSc)'*  at Gr < 10’ (23)
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Fig. 10. Natural convection facility and electrodes for laminar and turbulent flow.
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Table A-1. Test matrix for average mass transfer of Poiseuille flow.

No.| Veloeity | o Rescar | Aum Sherwood No-
(cmvs) (mA/en?) | Eq (21) | Eq(9)

- | 0107 | 18.485 8603.6:41 1.650 | 30.060 | 30.470

- | 0144 | 24.718 11504.869 1.915 | 33.117 | 35.343

1 | 0251 | 43.195 | 20105.011 2.134 | 39.890 | 39.394

2 | 029 | 19.866 | 23200.821 2.43 41846 | 14.310

3 | 0406 | 69.855 | 32513.762 2317 | 46.822 | 42.765

4 1 0456 | 78.572 36571.031 2431 | 18.694 | 11034

51 0.738 ]126.900| 59065.000 2.838 | 57.131 | 52.383

6 | 0.88 |151.776| 70643.220 2765 | 60.643 | 51.049

"7 1o 192,414 | 89557.907 3.309 | 65.631 ' 61.077
8 1.224 | 210.546 1 97996.999 3.191 | 67.634 ! 58.898

9 | 2338 [402.082| 187145.877 4.437 83.912 81.843
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Table A-2. Test matrix for local mass transfer

of Poiseuille flow.

- I. Sherwood No.
5| R | aemy [P @) | BO)
44.9082 2094 .49 2.839962 85508.89 64.62996 52.41597
82.79604 200.1.49 3.861616 176693 82.31959 71.2722
22 202.6458 2094 .49 5.025253 385854.2 106.8 92.74895
312.7813 2094.49 6.030303 595561.2 123.4257 111.2987
414.9082 2094 .49 3.23575 41990.97 50.989606 59.72086
92.70694 2094.49 2.929012 86768.87 64.94585 54.05952
44 202.6:158 20094 .49 4.055556 189482 84.2596 74.85167
312.7813 2004 .49 4.712121 292463.1 97.37642 86.96961
I 44,9082 2094 .49 2.684538 27664.64 44.3682 19.54737
V 92.796904 2004.49 2.850168 57165.37 56.51206 52.60433
6.6i 202.6458 2094 .49 3.628694 124835.2 73.31775 66.97326
1 312.7813 2094 .49 4.195286 192681.6 84.73123 77.14306
44.9082 209449 2.067551 26(;72.48 40.2619 38.15091
j 92.79694 2094.49 2.745341 42716.98 51.28184 50.66959
:8.8 202.6458 2094.49 3.210859 93283.43 66.53216 59.26145
312.7813 2094.49 3.767677 143981.8 76.88932 69.53841
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Table A-3. Test matrix for natural convection under laminar condition.

i I 1
! D M
cuso,| P # s L 031 . | AmPere | po
M) rgiem’) | (giems) | (cm¥s) Py P Sc (Grse)? (MA) ) “
21071 X 1078 | x 1075 | ‘ ‘
0.07 | 1.099, 127 5.63 781 772 | 1.27 | 2045 928 838 943
0.10 | 1.103 | 128 5.95 1110 {1103 | 1.77 | 2094 | 1025 1317 [1048
0.13 | 1.107 | 130 5.48 1438 | 1434 | 2.24 | 2147 | 1103 1836 {1135
0.16 | 1.111 | 132 540 { 1766 | 1765 | 2.69 | 2202 | 1169 2339 11188
0.19 | 1.115 | 134 5.32 | 2094 | 2096 | 3.11 | 2262 | 1227 2977 1287
022 11.119] 136 5.24 | 2423 2427 | 3.51 {2325 1279 31495 11321
0.25(1.123) 139 5.16 2753 | 2757 | 3.89 | 2392 | 1326 1063 {1368

Table A-4. The similar test results for several copper anodes.

CuSO, Sh No. (Eq (9)
0.31(GrSc)028

M) Regular U-rod Rod Plate
0.07 ; 928 943 926 a42 950
0.1 1025 1048 1045 1041 1050
0.13 1103 1135 1135 1125 1137
0.16 1169 1138 1184 1208 1190
0.19 1227 1288 1273 1257 1259
0.22 1279 1321 1319 1295 1330
0.25 1326 1368 1343 1330 1346
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