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The reversibility of the octanoate adsorption was as- 
sessed by stepping the potential from -1 to +1 V vs. SHE 
(positive sweep), and then back from +1 to -1 V (negative 
sweep), and measuring friction and inverse capacitance for 
a 0.1 w/o 'solution of octanoic acid (Fig. 8). Friction and 
capacitance displayed hysteresis between the sweeps, 
though both returned to a value near the original at the end 
of the negative sweep, indicating desorption of the oc- 
tanoate film. 

Conclusion 
Static friction, current, capacitance, and radiotracer 

measurements have all shown the potential-dependent na-  
ture of lubricant-film formation in aqueous solutions of 
octanoic acid neutralized with sodium hydroxide. In a so- 
lution of 1 w/o octanoic acid, the static coefficient of fric- 
tion between mild steel and iron was reduced by more than 
50% on changing the electrode potential from -400 to 
300 mV vs. SHE. This may be due to electrostatic interac- 
tions between negatively charged octanoate species and the 
electrode; at potentials above the pzc of iron (ca. -400 mV 
vs. SHE), the electrode is positively charged, enabling the 
adsorption of a lubricating oetanoate film. At potentials 
below -400 mV vs. SHE, film formation was inhibited, and 
friction consequently increased. 
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Comparison of Heat-Fin Materials and Design of a 
Common-Pressure-Vessel Nickel-Hydrogen Battery 

Junbom Kim* and R. E. White** 
Center for Electrochemical Engineering, Department of Chemical Engineering, Texas A&M University, 

College Station, Texas 77843 

ABSTRACT 

A two-dimensional, axisymmetric, and t ime-dependent thermal model was developed to study the temperature behav- 
ior of the cylindrically shaped common-pressure-vessel nickel-hydrogen cell. A differential-energy-balance equation was 
used as the governing equation. A finite-element software package called PDE/Protran was used to solve this model. 
Different materials such as copper, copper beryllium, silver, and sterling silver were compared as heat-fin materials. The 
heat-fin geometry (thickness and height) and spacing were tested to find a design that yielded an acceptable temperature 
gradient inside a nickel-hydrogen cell. Pulse heat-generation rates were tested and correlated with the t ime-dependent 
heat-generation cases. 

A nickel-hydrogen battery is used extensively as an en- 
ergy storage system in satellite applications due to its dis- 
tinctive characteristics such as long cycle life, high energy 
density, and tolerance to overcharge. I'2 A common-pres- 
sure-vessel nickel-hydrogen battery consists of several cell 
stacks within one common pressure vessel. Recently, this 
system has attracted attention because of its improved 
characteristics compared to the individual-pressure-vessel 
nickel-hydrogen battery such as higher energy density, 
lower manufacturing cost, and longer life expectancy? "~ 
However, common-pressure-vessel design has disadvan- 
tages to overcome such as electrolyte-management and 
thermal-control problems. 3'~ Polyethylene-cell encasement 
is used to solve the electrolyte-management problem. 7 Heat 
is absorbed at the beginning of the charge and released at 
the end of the charge and during discharge. 8-I~ The main 
reaction of hydrogen formation and consumption does not 
cause a thermal-control problem. However, the side reae- 

* Electrochemical Society Student Member. 
* * Electrochemical Soceity Active Member. 

tion produces oxygen, and much heat is released when oxy- 
gen is recombined with hydrogen, n-13 A metal fin is inserted 
between the cells to remove the heat produced inside the 
cell during the cell reaction. An important physical charac- 
teristic in choosing the heat-fin material is the thermal dif- 
fusivity. The materials which have high thermal diffusivity 
values are silver, gold, copper, and aluminum. TM Gold and 
aluminum are excluded from testing as heat-fin materials 
because gold is too expensive and aluminum is not chemi- 
cally stable in the environment of the potassium hydroxide 
electrolyte. Silver, copper, and their alloys such as sterling 
silver and copper beryllium are compared as heat-fin mate- 
rials. 

Model Formulation 
The back-to-back-design nickel-hydrogen battery is 

used in this modeling work as shown in Fig. la. One module 
consists of nine layers of cell-stack materials: two diffusion 
screens, two negative electrodes, two separators, two posi- 
tive electrodes, and an absorber. Polyethylene encasement 
is used as the cell container to manage the problem of elec- 

Downloaded 18 Aug 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



J. Electrochem. Sac., Vol. 139, No. 12, December 1992 �9 The Electrochemical Society, Inc. 3493 

~"..\ ( a )  

- " I ~-, " 

" ii \ i _ _ , 
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[ ]  Heat fin [ ]  Separator 
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encasement 

[ ]  Diffusion screen [ ]  Absorber 

Fig. I. Schematic representation of the nickel-hydrogen cell: (a) 
module and cell casing, (b, c} cylindrically shaped cell stack. 

t ro lyte  br idg ing  be tween  c e l l s Y  5 One cell consists of three 
modules  and is enclosed by cell  encasement  in the mode l ing  
work  of this research,  unless o therwise  specified. There  are  
two cells be tween  the meta l  heat  fins as shown in Fig. lb.  
Due  to symmetry,  the  modeled  region is the lef t  half  of 
Fig. lb ,  which  is enclosed by  the dashdot  lines. 

Po tass ium hydrox ide  solut ion of 26% concent ra t ion  is 
used as the electrolyte,  unless o therwise  specified. A 
polypropylene  screen is used as the diffusion layer,  and its 
void  region is assumed to be filled wi th  hydrogen.  The ab-  
sorber,  also cal led the reservoir ,  acts as the electrolyte  sup-  
ply to avoid  local  n icke l -e lec t rode  e lec t ro lyte  deple t ion  due 
to t empera tu re  gradients  or e lect rode expansion.  Graf ted  
polypropylene  is used as the absorber  layer,  and its void  
region is assumed to be  filled wi th  electrolyte.  Asbestos is 
used as the  separa to r  mater ia l .  The void  regions of the  sep-  
a ra to r  and nickel  e lec t rode  are  assumed to be filled wi th  
electrolyte.  The void  region of the p la t inum electrode is 
assumed to be filled wi th  hydrogen.  Four  di f ferent  mate r i -  
als, copper,  copper  beryl l ium,  silver, and s ter l ing s i lver  are 
compared  as heat - f in  mater ia l .  Inconel  718 is used as the 
pressure-vessel  wal l  mater ia l .  

Conduct ion  is r egarded  as the hea t - t r ans fe r  mechan i sm 
inside the cell. A di f ferent ia l  energy ba lance  equa t ion  is 
appl ied  in this conduct ion  hea t - t r ans fe r  system 

3T 
piCp,z "~- = V-  ( ~ Y T )  + (~i [1] 

where  p~, %,~, ~, and q~ are  the density, specific heat,  the rmal  
conduct ivi ty ,  and hea t  genera t ion  rates in region i, respec-  
tively. T and t are t empera tu re  and t ime, respectively.  A 
cyl indr ica l ly  shaped cell  s tack of Johnson  Controls '  11 A-h  
common-pressure -vesse l  n icke l -hydrogen  ba t t e ry  is mod-  
eled in this research  as shown in Fig. lc .  Thus, for the 
ax i symmet r i c  case, a d i f ferent ia l  energy ba lance  equa t ion  
is used as the govern ing  equa t ion  for region i of the system 
as fol lows 

aT {1 a (raT~ a~T1 
p,%,,~=X, r ~  ~ ~ / + ~ + q '  [2] 

where  r and z are  the rad ia l  and axia l  direct ion,  respec-  
tively. 

The effects of modu le  component  mate r ia l  porosi t ies  and 
po tass ium hydrox ide  e lec t ro lyte  concent ra t ions  on the 

Table I. Thermal conductivity values of module 
component structural and filling materials. 

Thermal conductivity 
Material (W/era �9 K) 

Polyethylene encasement, 1~ 3.287 • 10 -3 
Diffusion screen, km 1.384 • 10 -3 
Platinum electrode, 2~ 7.410 • 10 2 
Separator, ~m 1.443 • 10 -3 
Nickel electrode, 1~ 4.256 x 10 -~ 
Absorber, k~ 1.384 x 10 -~ 
26% KOH, ~ 5.723 x i0 3 
30% KOH, k~ 5.665 • 10 -3 
Hydrogen, ~ 1.722 • 10 ~ 

Table II. Thermal conductivity groups fo," two different porosities 
and potassium hydroxide electrolyte concentrations,/.i(~). 

Group I Group II 

Material 30% KOH 26% KOH 

Diffusion screen 1.553 • l0 -~ (0.51) 1.654 • 10 -3 (0.8) 
Platinum electrode 3.988 • 10 ~2 (0.5) 3.357 • 10 -2 (0.56) 
Separator 4.821 • 10 -3 (0.8) 4.353 x 10 -3 (0.68) 
Nickel electrode 2.534 • 10 -~ (0.41) 2.535 • 10 -' (0.41) 
Absorber 4.809 • 10 -3 (0.8) 4.855 x 10 -3 (0.8) 

m a x i m u m  cell t empera tu re  are  invest igated.  The effect ive-  
ness of the heat-f in  geometry  in reduc ing  the t empera tu re  
grad ien t  inside the cell  is tested wi th  a he ight  and thickness  
var ia t ion  using equal  amounts  of heat-f in  mater ia l .  Hea t -  
fin spacing is compared  us ing six and four  modules  be-  
tween hea t  fins. Pulse shape hea t -genera t ion  ra te  is corre-  
la ted  wi th  the t ime-dependen t  hea t -genera t ion  rates  
repor ted  by Johnson  Controls,  Inc. (JCI). 7 Three dif ferent  
cases of mode l ing  are studied: (i) s teady state wi th  cons tant  
hea t -genera t ion  rate; (i t)  unsteady state wi th  pulse heat -  
genera t ion  rate; and ( i i i )  uns teady  state wi th  hea t  genera-  
t ion rates repor ted  by JCI. 

A compute r  package  called P D E / P r o t r a n  16 was used to 
solve Eq. 2 numer ica l ly  by a f in i te-e lement  me thod  for the 
mode led  region shown in Fig. lb.  The left  and r ight  sides of 
the mode led  region are  assumed to be; ad iabat ic  by symme-  
t ry  because  these are the center  lines of repeti t ion.  The 
lower  side of the mode led  region is assumed to be adiabat ic  
because  this is the  center  l ine of the ax i symmet r ic  mode led  
region. The upper  side of the  mode led  region is assumed to 
have  a cons tan t  t empera tu re  of I0~ because  this  side is 
kep t  at  cons tant  t empera tu re  by the rmal  con t ro l J  'I7'1~ 

The the rmal  and physical  proper t ies  such as the rmal  
conduct ivi ty ,  density, and specific hea t  are  averaged for  
each region i using the fo l lowing equat ions  

= )~ (1 - a) + kfE [3] 

Pi = Pm (1 - e) + pfe [4] 

cp, = cp,m (1 - e) + c p.~e [5] 

where e is the porosity value, and subscripts m, f, and i 
represent  the values  of the s t ruc tura l  mater ia l ,  filling mate -  
rial, and  ca lcula ted  va lue  wi th  Eq. 3--5 of region i, respec-  
tively. The the rmal  conduct iv i ty  values of the s t ruc tura l  
and filling mater ia ls  are shown in Table  I. The poros i ty  
values of the diffusion screen, p l a t inum electrode,  separa-  
tor, nickel  electrode,  and absorber  have  been est imated,  z1'19 
Two dif ferent  groups of poros i ty  values  are shown in 
parenthes is  in Table  II. The physical  and the rmal  p roper -  
t ies of each cell region are  shown in Table  III. These values 
are the averaged values  using Eq. 3:-5 wi th  the  group II 
porosi ty  values  of Table  II and 26% potass ium hydroxide  
electrolyte.  

The m a x i m u m  tempera tu re  dif ference a l lowed inside the 
cell to avoid  the wa te r  re locat ion  p rob lem is ca lcula ted  
us ing the equa t ion  suggested by Kim e t  al.  n as fol lows 

AT = 2.94872426 - 0.24737596W + 0.01376840W 2 

+ (0.01016541 - 0.00021840W+ 5.0.4845 • 10-JW~)Tr [6] 
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Table IlL Physical and thermal properties. 

Thermal Specific 
Density_ conductivity heat 

Material p, (g/em 3) ~ (W/era �9 K) %,i (:[/g �9 K) Ref. 

Polyethylene eneasement 9.30 • 10 -~ 3.287 x 10 -3 2.301 7, 20 
Vessel wall 8.193 1.470 • 10 -1 4.393 • 10 -I 7, 20 
Copper beryllium 8.830 2.491 4.184 • 10 -I 20, 21 
Copper 8.920 3.849 3.855 • 10 -~ 20, 21 
Sterling silver 10.408 3.620 2.463 x 10 -1 20, 21 
Silver 10.490 4.028 2.350 • 10 -1 20, 21 
Diffusion screen 1.829 x 10 -1 1.654 x 10 -3 11.828 19, 20, 21, 22 
Platinum electrode 9.586 • t0 -~ 3.357 • 10 2 8.229 19, 20, 21, 23 
Separator 1.635 4.353 • 10 -2 2.511 19, 20, 21, 23, 24 
Nickel electrode 2.226 2.535 • 10 -1 1.560 19, 20, 21, 23 
Absorber 1.181 4.855 • 10 -3 2.946 20, 21, 23 

where AT, W, and Tc are the maximum temperature differ- 
ence allowed, weight percent (w/o) of the potassium hy- 
droxide solution, and the coldest point temperature in the 
nickel-hydrogen battery, respectively. 

Results and Discussion 
Two di f ferent  ce l l -component  ma te r i a l  porosi t ies  and 

po tass ium hydrox ide  e lect rolyte  concent ra t ions  (Table II), 
were  tes ted for the  m a x i m u m  tempera tu re  inside the cell. 
The m a x i m u m  tempera tu re  dif ference be tween  the  two 
groups  is no t  s ignif icant  (less t han  0.95%). Thus, the  est i-  
m a t e d  poros i ty  values  can  be used in ca lcu la t ing  the  t em-  
pe ra tu r e  g rad ien t  inside the  cell  w i thou t  p roduc ing  a 
signif icant  error.  Polyethylene  and nylon are  compared  as 
cell  encasement  mater ia ls ,  and the  m a x i m u m  tempera tu re  
di f ference be tween  these two cases is not  s ignif icant  (less 
t han  0.96%). Group  II poros i ty  values  of Table  II, 26% 
po tass ium hydrox ide  solution,  and po lye thy lene  cell  en-  
casement  are  used in the  mode l ing  of this research.  The 
outs ide  vessel  wa l l  t empera tu re  is assumed to be cons tan t  
at  10~ and the m a x i m u m  tempera tu re  di f ference a l lowed 
inside the  cell  is 6.21~ according  to Eq.  6. 

Steady state with constant heat-generation rate.--The 
hea t  flows of the mode led  region are  represen ted  by the 
vec tor  plots  as shown in Fig. 2. The mode led  region wi thou t  
a hea t  fin is shown in Fig. 2a and wi th  a hea t  fin is shown in 
Fig. 2b. A cons tan t  hea t  gene ra t ion  ra te  of 0.04 W/cm 3 and 
a copper  be ry l l ium heat  fin of 0.03 cm th ickness  and 6 cm 
he ight  a re  used for the  s teady-s ta te  case model ing,  unless 
o therwise  specified. The m a x i m u m  tempera tu re  w i thou t  a 
hea t  fin is 24.38~ on the lower - r igh t  corner  of the  mode led  
region and wi th  a hea t  fin is 13.25~ on the  same region as 
Fig. 2a. The vec tor  size was  modif ied to enhance  the  hea t  
f low magn i tude  as shown in Fig. 2a, b. Actual ly ,  the vec tor  
size in Fig. 2b should be 16 t imes b igger  than  w h a t  is shown 
in the plot  to compare  wi th  the  vec tor  size in Fig. 2a. As 
shown in Fig. 2b, most  of the  hea t  p roduced  inside the  cell 
is d i ss ipa ted  to the outs ide  vessel wa l l  th rough  the  hea t  fin, 
and the  hea t  f low th rough  the o ther  region is not  
significant.  The gap be tween  the  cell  s tack and  vessel  wa l l  
is small  (less t han  3 mm) and also par t ly  occupied by the  
ce l l -encasement  mater ia l .  The t empe ra tu r e  g rad ien t  in this 
reg ion  is not  s ignif icant  (less t h a n  1~ In  these c i rcum-  
stances,  viscous force  overcomes  buoyance  force, and the  
hea t  t ransfer  occurs  by pure  conduct ion.  TM Thus, the hea t  
t ransfer  by convect ion  th rough  the smal l  gap be tween  cell 
s tack and  vessel  wa l l  can  be  neglected.  The hea t  t ransfer  by 
rad ia t ion  is also negl igible  compared  to tha t  of conduct ion  
because  the  t empera tu re  of the  mode led  region is be tween  
10 and 20~ Thus, it is reasonable  to assume tha t  conduc-  
t ion is the only mechan i sm of hea t  t ransfer  in ca lcu la t ing  
the  t empera tu re  behav io r  inside the  cell w i thou t  p roduc ing  
a signif icant  error.  

The heat - f in  th ickness  is tes ted for d i f ferent  heat - f in  ma-  
ter ia ls  as shown in Fig. 3. In this  case, the  heat - f in  he igh t  is 
f ixed at 6 cm. The m a x i m u m  tempera tu re  di f ference be-  
tween  copper  be ry l l ium and si lver  is 0.85~ w h e n  the  hea t -  
fin th ickness  is 0.01 cm and 0.32~ when  the heat - f in  th ick-  
ness is 0.06 cm. As the  heat-f in  th ickness  increases,  the  

m a x i m u m  t empera tu r e  drop and the  differences among  the  
heat - f in  mater ia l s  becomes  smal ler  because  the o ther  cell 
components  become the  major  res is tance to hea t  flow. The 
resul ts  of m a x i m u m  tempera tu re  change wi th  var ious  
heat - f in  he ights  are  shown in Fig. 4. In this ease the  heat - f in  
th ickness  is f ixed a t  0.03 cm. The t empera tu re  dif ference 
be tween  copper  bery l l ium and si lver is 0.17~ when  the 
heat-f in  he ight  is 1.0 cm and 0.50~ w h e n  the  heat - f in  
he ight  is 6.0 era. As the  heat-f in  he ight  increases,  the  m a x -  
i m u m  t empera tu re  dif ference be tween  the mater ia l s  be -  
comes la rger  because the  short  fin does not  remove  hea t  
sufficiently. 

The efficient design (height and thickness) of the hea t  fin 
is tes ted for an  equa l  amoun t  of heat - f in  mater ia l ,  and the 
resul ts  are shown in Fig. 5. S ix  d i f ferent  heat - f in  heights  
are chosen, and each fin thickness  is ca lcu la ted  to ob ta in  
equal  amounts  of heat - f in  mater ia l .  The d imensions  of the 
heat - f in  he ight  and thickness  are shown on the abscissa of 

T.T.t].].T.T.tI].T.? 

1 ' L l t l  f ~ t t T t f  

,TT TT TT. 

,TT.TT.TT 

,TT.tT.TT. 

,TT TT.TT. 

. T r . T t .  T T . !  

. t t .  T f . t  I .  ~ 

- . * ,  , 1  t , �9 

. . . . . . . . . .  0 

T . . . . . . . . . . .  

t . . . . . . . . .  . 

(b) 
Fig. 2. Vector plots of the heat flow in the modeled region: (a) 

without heat fin, (b) with heat fin on the left side. 
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Fig. 3. Maximum temperatures for different heat-fin materials and 
thickness. 

Fig. 5. The maximum temperatures are compared, and the 
lowest value occurred when a 4 cm by 0.033 cm heat fin is 
used. However, the maximum temperature difference be- 
tween the 4 cm by 0.033 cm case and the 6 cm by 0.030 cm 
case is not significant (less than 0.51%). According to the 
results of Fig. 5, the doughnut-shaped heat fin, which is 
flat, and has a hole at the center, proved to be as efficient as 
the disk-shaped heat fin to remove the heat produced inside 
the cell when an equal amount of heat-fin material  is used. 

Unsteady state with pulse heat-generation rate.--Pulse 
heat generation rate is used to study the temperature re- 
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Fig.5. The test of the efficient heat-fin dimension {height by thick- 
ness) for equal amounts of heat-fin materlial. 

sponse for unsteady state cases. The pulse heat-generation 
rate is shown as a solid line in Fig. 6, whose units are shown 
on the right-side ordinate. A copper beryllium heat-fin of a 
0.03 cm thickness and 6.33 cm height is used for the un- 
steadY state with the pulse heat generation unless other- 
wise specified. The maximum temperature, minimum tem- 
perature, and the temperature difference between the 
maximum temperature and minimum temperature are 
shown in Fig. 6, whose unit is shown on the left-side ordi- 
nate. The temperature contour plots of Fig. 6 at specific 
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Fig. 7. Temperature contour plots of Fig. 6 at specific times: (o} 1 sin, (b) 6 sin, {c) 12 sin, and (d) 18 sin. 

t imes are shown in Fig. 7, and the unit  of the key number  is 
~ At  the beginning of the positive heat  generation (after 
i s i n ) ,  the maximum temperature  occurs near  the center of 
the three modules in the modeled region as shown in 
Fig. 7a. The temperature  gradient  did not develop much 
and there was not enough time to dissipate the heat  pro-  
duced inside the cell. After  6 min, the temperature  gradient  
became steeper, and the heat  produced inside the cell went  
towards  the heat  fin and then out to the vessel wall  as 
shown in Fig. 7b. When the heat  generation rate  is negative 
(after 18 min) as shown in Fig. 7d, the shape of the contour 
lines appears  similar  to that  of the Fig. 7b but  with the 
gradient  reversed. 

The t ime-dependent  heat-generat ion rates of a nickel-  
hydrogen ba t te ry  of Johnson Controls, Inc., at  the begin-  
ning of the life is shown in Fig. 8. The curve is based on a 
55 min charge and 35 min, 40% depth of discharge for a 
low-ear th-orb i t  regimeJ It is assumed that  the heat  is gen- 
erated uniformly, only on the nickel electrode, and this 
assumption has proved reasonable in calculating the tem- 
perature  gradient  inside the cell without  producing 
significant errors as shown in the paper.i t  The magni tude of 
the heat-generat ion rates during the normal  charge is not 
large, and the cell temperature  during this period does not 
deviate much from the ini t ial  temperature  of 10~ The 
temperature  increases rapid ly  during the overcharge, and 
the maximum temperature  occurs at  the end of the over- 
charge. The heat  generation rate  peak during overcharge is 
impor tant  in calculating the maximum temperature  during 
a 9 0 - s i n  cycle. 

The maximum temperature  using the peak of the over- 
charge heat -genera t ion-ra te  regime is different from that  
when using the whole 90-min cycle because of the tempera-  
ture-gradient  history before the overcharge regime. Pulse 
heat-generat ion rates are tested to be used instead of the 
heat-generat ion rates of Fig. 8. The heat-generat ion rates 
of the peak port ion during the overcharge in Fig. 8 are 
averaged and compared with the pulse heat-generat ion 
rates as shown in Fig. 9. The maximum temperature  differ- 
ence of the pulse heat-generat ion rate of 0.196 W/cm 3 for 
380 s is s imilar  to that  of JCI's as shown in Fig. 9. Thus, the 
pulse heat-generat ion rate of 0.196 W/cm 3 for 380 s is used 
in calculating the maximum temperature  difference with 
different heat-fin thicknesses and materials,  and the re- 
sults are shown in Fig. 10. The maximum temperature  dif- 
ference using this pulse heat-generat ion rate is 0.06~ 

smaller than that  when using JCI's. Thus, the corrected 
maximum temperature  difference allowed is shown by line 
b of Fig. 10. As shown in Fig. 10, a 0.03-cm-thick sterling 
silver, copper, or silver, or a 0.04-cm-thick copper beryl-  
l ium heat  fin are al ternatives to reduce the temperature  
gradient  inside the cell to a value lower than the maximum 
temperature  difference allowed to avoid the water  reloca- 
tion problem. Figure 11 shows the results using the same 
method as Fig. 10 except that  four modules are used instead 
of six modules between heat  fins. In this case, the maximum 
temperature  difference of the pulse heat-generat ion rate  of 
0.206 W/cm 3 for 360 s is similar to that  of JCI's, and it is 
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Fig. 8. Heat generation rates of JCI at the beginning of the life 
{55 sin charge and 35 sin, 40% depth of discharge for a low-earth- 
orbit regime). 
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Fig. 9. Correlation of the pulse heat generation rate with JCl's 
when six modules between heat fins are used. 

used in calculating the values of Fig. 11. A O.Ol-cm-thick 
copper beryllium, sterling silver, copper, or silver heat fin is 
sufficient to reduee the temperature gradient inside the eel1 

a 
@.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

b 

E 0.o ~ Copper b e r y l l i u m  
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b : Corrected m a x i m u m  t e m p e r a t u r e  d i f ference  al lowed 
for pulse  heat  input  

Fig. 11. Minimum heat-fin thickness needed for each heat-fin mate- 
rial to keep the temperature gradient inside the cell to a value lower 
than the maximum temperature difference allowed when four mod- 
ules between heat fins are used. 
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Fig. 10. Minimum heat-fin thickness needed for each heat-fin mate- 
rial to keep the temperature gradient inside the cell to a value lower 
than the maximum temperature difference allowed when six mod- 
ules between heat fins are used. 

to a value lower than the maximum temperature difference 
allowed. 

Figure 12 shows the heat-fin-thickness correlation be- 
tween six modules and four modules between heat fins. 
Each line represents the comparison of the heat-fin volume. 
As an example, a 0.04-cm-thick heat fin for a six-module 
case is equivalent to the 0.029-cm-thick heat fin for a four- 
module case. Thus, the results of the Fig. 10 and 11 can be 
summarized in Fig. 12. As shown in Fig. 12, the four-mod- 
ules-between-heat fins array is preferred over the six-mod- 
ules-between-heat-fins array to reduce the heat-fin volume 
by more than 50% when choosing copper beryllium, ster- 
ling silver, copper, or silver as fin material. 

Unsteady state with the heat-generation rates reported 
by JCI.--According to the results of Fig. 12, four modules 
between heat fins and a copper beryllium heat fin of 
0.01 cm thickness and 6.33 cm height are used in calculat- 
ing the temperature behavior inside the cell. The heat gen- 
eration rates of Fig. 8 are used during three repeating cy- 
cles, and only the maximum temperature difference inside 
the cell is shown in Fig. 13. The maximum temperature 
difference using copper beryllium is 6.04~ sterling silver 
is 5.92~ copper is 5.89~ and silver is 5.87~ Thus, a 
copper beryllium, sterling silver, copper, or silver heat fin 
of 0.01 cm thickness and 6.33 cm height is enough to keep 
the temperature gradient inside the cell to a value lower 
than the maximum temperature difference allowed 
(6.21~ when the heat-generation rates reported by JCI 
and four modules between heat-fins are used. 

Even though the temperature gradient inside the cell is a 
little higher than the maximum temperature difference al- 
lowed, the nickel-hydrogen cell has self-adjusting protec- 
tion to prevent continuous water loss from the nickel elec- 
trode. As an example, in the case that the nickel electrode 
loses water due to temperature gradients and the potas- 
sium hydroxide electrolyte concentration changes from 
26 % to 27 %, the maximum temperature difference allowed 
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Fig. 12. Correlation of the minimum heat-fin thickness needed at 
each heat-fin material between six and four modules between heat 
f ins .  

changes from 6.21 to 6.72~ according to Eq. 6, and in turn 
this slows down or stops the water loss from the nickel 
electrode. Thus, the nickel-hydrogen cell can functiori 
properly as tong as the maximum temperature difference 
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Fig. 13. Maximum temperature difference inside the cell when 
0.01 cm thick and 6.33 cm high heat fin (copper beryllium, sterling 
silver, copper, or silver) and the heat-generation rates of Fig. 8 (three 
repeating cycles) are used. 

inside the cell does not exceed significantly the maximum 
temperature difference allowed, even though the higher 
potassium hydroxide electrolyte concentration reduces the 
nickel-hydrogen-cell cycle life. 

Conclusion 
The effects of the potassium hydroxide electrolyte con- 

centrations and porosity values of the diffusion screen, 
pla t inum electrode, separator, nickel electrode, and ab- 
sorber on the maximum cell temperature are not 
significant. Polyethylene and nylon are compared as ceil 
encasement material, and there is no significant difference 
in maximum cell temperature. Most of the heat produced 
inside the cell can be dissipated to the outside vessel wall 
through a properly designed heat fin. A doughnut-shaped 
heat fin, which is flat with a hole at the center and made 
with equal amounts of material as a disk-shaped heat fin, 
can be as efficient as the disk-shaped heat-fin in reducing 
the temperature gradient inside the cylindrically shaped 
nickel-hydrogen cell. 

When six modules are used between heat fins, a 0.03-cm- 
thick sterling silver, copper, or silver or a 0.04-cm-thick 
copper beryllium heat fin is a satisfactory alternative to 
reduce the temperature gradient inside the cell to a value 
lower than the maximum temperature difference allowed 
(6.21~ When four modules are used between heat fins, a 
0.01-cm-thick copper beryllium, sterling silver, copper, or 
a silver heat fin is sufficient to reduce the temperature gra- 
dient inside the cell to a value lower than the maximum 
temperature difference allowed. More than a 50% reduc- 
tion in heat-fin material can be achieved by using four 
modules between heat fins compared to six modules betwen 
heat fins. 

Manuscript submitted April 27, 1992; revised 
manuscript  received Aug. 13, 1992. 
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LIST OF SYMBOLS 
cp specific heat, J /g .  K 
cp,~ specific heat  of filling material of porous region i, 

J/g - K 
cp,i specific heat of region i including structural and fill- 

ing material, J /g .  K 
cp,~ specific heat of structural material of porous region i, 

J /g .  K 
c/i heat-generation rates of region i, W/cm 3 
r radial direction 
T temperature, ~ 
Tc the coldest point temperature in the nickel-hydrogen 

battery, ~ 
AT maximum temperature difference allowed in the 

nickel-hydrogen battery, ~ 
t time, s 
W weight percent of potassium hydroxide solution 
z axial direction 

Greek symbols 
e porosity of region i 

thermal conductivity, W/cm �9 K 
thermal conductivity of filling material of porous re- 
gion i, W/cm �9 K 
thermal conductivity of region i including structural 
and filling material, W/cm �9 K 
thermal conductivity of structural material of porous 
region i, W/cm �9 K 

p density, g/cm 3 
p~ density of filling material of porous region i, g/cm ~ 
pi density of region i including structural and filling ma- 

terial, g/cm 3 
Pm density of structural material of porous region i, 

g/cm 3 
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Enhanced-Surface-Area Packed-Bed Electrodes for 
Electrogenerative Oxidation of Sulfur Dioxide 

Jongwook Lee* and Stanley H. Langer** 
Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706 

ABSTRACT 

Enhanced-surface-area  packed-bed (ESAP) electrodes were designed and tested as anodes for aqueous SOs oxidation 
in electrogenerative SOs/O2 cells. They were prepared  by at taching high-area carbon particles,  with deposited pla t inum 
electrocatalyst,  to larger  graphite  particles.  The performance of ESAP electrodes was studied with various SO2 concentra-  
tions (0.01 to 0.gM) in 3M I-I2SO4 at  ca. 25~ and atmospheric pressure. The enhanced pla t inum area on the large-surface-  
area carbon led to significantly higher SO2 oxidation rates. At all SO2 concentrations, ESAP electrodes provided much 
higher current densities with higher cell voltages than did graphite  sheet electrodes. The use of highly dispersed pla t inum 
(44 % dispersion) without  a significantly increased pressure-drop across the packed-bed is a maj or advantage of ESAP-type  
electrodes in special situations. The use of ESAP catalytic electrodes in our cell configuration did result in a slight bulk 
conductivity decrease, relative to a graphite  sheet or particle, packed-bed electrode. 

In earl ier  work involving the development of techniques 
for l iquid-phase electrogenerative SOs/Q cells,~.2 graphi te-  
sheet-supported p la t inum anodes were used ini t ial ly be- 
cause of their  high conductivity, relat ively inert  character,  
and macroporosi ty for electrolyte flow, all requirements for 
l iquid-phase packed-bed operation. The anodic oxidation 
of sulfur dioxide (SOs) in these cells can be involved 
in several electrochemical processes associated with the 
t reatment  of effluent waste gases, and possibly related to 
some energy conversion cycles. 3-~ The l iquid-phase electro- 
generative SOs oxidat ion which is considered further here 
has the potent ial  advantage of being interfaced with var i-  
ous types of SO2 preconcentrat ion processes3 TM 

However, the relat ively small surface area of the com- 
mercial  support  available to us (Table II) has l imited cata-  
lyst dispersion in our hybrid electrogenerative l iquid-  
phase SO2/O2 cells. An increase in effective surface area of 
the packed-bed electrodes is needed to enhance perfor-  
mance. I~ At the same time, it  is undesirable to have a pres- 
sure-drop increase for electrolyte flow through the packed-  
bed from any addit ional  surface area (e.g., act ivated-  
carbon bed). ~ While there have been other investigations 
into more efficient packed-bed electrodes for obtaining 
higher current densities, ~4'~ these increases often are asso- 
ciated with surface-area increase and/or  facil i tat ion of the 
mass- t ransfer  processes. 

The approach adopted here for increasing the effective 
surface area of packed-bed electrodes for electrogenerative 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

processing is to fabricate them with p la t inum electrocata-  
lysts supported on large-surface-area carbon-black mi-  
croporous structures and at tached to relat ively large 
graphite  part icles so that  a bulk macroporous structure is 
maintained (Fig. la). The use of such a structure was sug- 
gested in earl ier  work by McIntyre and Phillips, TM who fab- 
r icated this type of electrode for use in t r ickle-bed reactors 
for hydrogen peroxide product ion? 7 They used an inert  
polymer b inder  for carbon at tachment  as other workers 
such as Landi. TM This general approach with operation in 
the electrogenerative mode allows adapt ion of large-sur-  
face-area carbon blacks widely used in gas-diffusion-elec- 
trode fabricat ion ~9 to packed-bed-elect rode applicat ion 
and to realization of f low-through-porous-electrode opera-  
tion. 2~ Heretofore, the large pressure-drop for electrolyte 
flow-through microporous beds and high contact resis- 
tance between small part icles has l imited the use of such 
catalysts. The at tachment  of the finer carbon-black-sup-  
ported pla t inum electrocatalyst  to larger graphite  part icles 
allows macroporosi ty to be compatible with enhanced ac- 
tive surface, with some limitations. The contact resistance 
of the packed beds also decreases in comparison with acti-  
vated-carbon (or carbon-black) packed beds. Because of 
the larger bulk graphi te-par t ic le  networks, commercially 
available active catalytic materials of different types also 
can be incorporated into the structure. 

Despite their apparent advantages, applications of this 
type of electrocatalyst structure have been rare in the liter- 
ature. Here, the results of applying these ESAP electrodes 
for electrogenerative oxidation of S02 are reported to illus- 
trate their utility and potential applications. Mathematical 
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