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INTRODUCTION

The zinc chlorine baﬁtery system is under development for load=-
leveling and eiectric vehicie applications. This secondary battery con-
sists of a zinc elgctrode anq a Cl, electrode in an aqueous solution of
ZnC12 and KCl. During the chérging process, Zn is deposited on the
cathode and Cl2 evolves on a porous flow-through graphite anode. The

012 containing electrolyte flows into anotheruchamber where it is

chilled and stored in the form of solid chlorine hydrate (Clé°6320).
During the discharge process zinc dissolves and the chlorine gas pro-
duced by heating the hydrate passes through the porous graphite elec-

trode and forms chloride ions yielding aqueous ZnCl2 [1]:

Zn + Clz(gas) = ZnClz(aqueous)

The cycle life, reliability, and éoulombic efficiency of this baﬁ;
tery depends on thevquality of the zinc deposit. The macromorphology of
_the zinc deposit obtained from acidic ZnCl2 solutions has been a subject
of recent studies [1,5,8]. in this laboratory efforts have been concen-
trated on the evaluation of the effect of hydrodynamic flow on the
macromorphology of zinc deposits. The influence of current density, pH,
hydrodynamic conditions, deposition time, electrolyte composition,
ineluding impurities, have been éxamined. For the development of an
understanding of the éomplex phenomena involved in zinc deposition, the

mass transfer conditions near the electrode must be fully characterized.

The present work concerns the determination of limiting currents of

zine deposition from acidiec ZnC12 and ZnS0y, solutions. A rotating disk

electrode has been used for this purpose.
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For simple laminar flow at a rotating disk electrode, the depen-
dence of mass transfer rate on relevant proven variables is expressed in

the dimensionless equation:

Sh = 0.62 Re?/2 sc1/3 [1]
for ' Re < 2.7 x 10°
where Sh = rk/D
" Se = V/D
Re = r2 /v

k = iL/nFCb, mass transfer coefficient, cm/sec

This equation is the dimensionless form of Lévich's rotating disk limit-

ing current equation [13]:

s
H

0.62 n F p/3 172 ,-1/6 c, [2]

kinematic viscosity, cm?/sec

2 = angular velocity, rad/sec
r = disk radius, cm
¢, = bulk concentration of the reacting species, moles/cm3



EXPERIMENTAL

Experimental Setup

The solutions were prepared from Analytical Reagent (AR) grade
ZnClz, Znsou, KCl, and Na280u~manufactured by Mallinckrodt. The rotat-
ing disk electrodes were made of 99.99% ziné. The 1.0 cm diameter zinc

disk was attached to a brass core using silver-epoxy adhesive. The

" brass core was tapped on one end to screw onto the spindle shaft of the

rotating disk assembly. Epoxy resin was cast around this brass core and
zinc disk. The RDE was then machined to cylindrical shape, with a final
outer diameter of 3.5 cm (Figures 1a and 1b). A one-compartment elec-
trolyte cell with a 99.99% zinc circular anode located at the bottom of
the cell was used.in this investigation. This same cell (Figures 2a and
2b) was used in the previous‘investigat;ons by Jaksic and Komnenic. The
reference electrode was a saturated calomel electrode. Ohmic resistance
wés minimized by locating the Luggin capillary as close as possible to
the disk in the plane of the disk,/3-4 cm from its center. The zinc
disk study was carried out ﬁnder potentiostatic control; the circuit
diagram is shown in Figure 3a. Poteﬁtiostat-galvanostét, Princeton
Applied Research Co. (PAR) Model 371, with a PAR Model 178 Electrometer
Probe and PAR Model_175 Universal Programmer were used in the potentios-~
tatic experiments. The rotator was a Pines Insﬁrument ASR-2 rotator.
Cathodic polarization curves were recorded on a Hewlett-Packard Modei

TO01A X-Y recorder (Figure 3b).



Experimental Procedure

a)

b)

e)

d)

The pretreatment of the zinc disk electrode was as follows:

polishing with Waterproof SiC paper, (grit size 400, followed by

600)

polish with 1 micron-size diamond paste

washing with

soap, rinsing with ethyl alcohol and acetone

before the éxperiment, dipping for 1 second in conc HNO3, and then

rinsing with

distilled water

Cathodic polarization of the zinc RDE was carried out in five dif-

ferent solutions:

0.10 M ZnSO

0.05 M ZnCl2

0.10 M ZnCl2

0.50 M ZnCl2

0.05 M ZnSOu

y

+ 1 MKCl
+ 1T MKC1
+ 1T MKC1

+ 1M Na2804

The following six rotational speeds were used in this study: 200, 400,

800, 1200, 1600, 2000 revolutions per minute (rpm). The polarization

curves were obtained by sweeping the potential range, -1.050 V to -2.550

V vs. SCE at scan rates of 10, 100, and 200 mV/s.

Zn+2 + 2e” =

2Hg + 2 C17 =

Half-cell reactions were:

Zn Eo = -0.763 V (working cathode)

H82012 + 2e” Eo = +0.242 V (reference electrode)
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The viscosity of the solutions was meésured with a CannonQFenske

‘viscosimeter [U4].



RESULTS

Cathodic polarization curves were obtained with the zinc disk at
different rotational speeds, different concentrations of ZnCl2 and Znsou
solutions and using 3 different potential sweep rates. Each cathodic
polarization curve was obtained with a freshly polished electrode sur-
face. Supportihg electrolyte was used to minimize potential variations
in the solution and to keep the concentration of zinc at a low level in
order to prevent largé limiting currents. Zine is highlyAcomplexed in
chloride solutions even at the 0.05 M zinc concentrations used in tbese
experiments [9,14]. The measured limiting current in chloride solution
is actually a net quantity resulting from zinc transport by convective
diffusion to the electrode and from additive or subtractive migrational

contributions of the zinc ionie species.

Rotating Disk Studies in ZnCl2 + KC1 Solutions

Figure 4 shqwsvthe bolarization curves at a scan rate of 10 mV/sec,
in 0.05 M ZnCl, + 1 M KCl solution, pH = 2.48, T = 22°C. At all rota-
tional speeds a well defined 1imiting current plateau was reached within
the potential sweep. The steep rise in the current whiéh appears ét
~about -1.870 V vs. SCE is due to hydrogen evolution. Hydrogen bubbles
could be observed near the electrode surface after this potential was
reacﬁed. This potential is in good agreement with a result reported by
Kim and Jorne in 0.05 M ZnCl, solution [5]. The zinc reaction is diffu-
sion controlled; the current is proportional to the square root of the
rotational sbeed in good agreement with Levich theory [2], as shown in
Figure 5. This can be seen from the plot of the current vs. square root

of the rotational speed under a fixed potential on the limiting current
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plateau, E ='_1.746 V vs. ‘SCE. At higher rotational speeds (1600 and
2000 rpm) accurate limiting current plateaus could not.be obtained.
- Increase in surface area due to surface roughening is the most probable

explanation for this behavior [6].

After sweeping the’potential at 10 mV/sec to just above £he limit-
ing current plateau, evidenced by the bnset of hydrogen evolution, the
electrodes were rémoved, washed, and dried, aﬁd Scanning Electron
Microscopy (SEM) images of the zine deposits ﬁere taken for the various
rotational speeds. At the three lower rotational speeds (Figures 6, 7,
8) the dendritic growth covers ghe entire surface.' The dendrites seen
in theée Figures are whiskery in shape and éxtend normal from the sur-
face into the bulk solution. At the higher rotational speeds the den-
dritic growth was observed only near the disk edge (Figures 9, 10, 11)
and was of layered ahd spiral.form. This behavior is due to thevsecon- }
dary current distribution becoming more nonuniform at higher rotational
-speeds below the limiting current. At the séme fraction of limiting
current, the curfent density near the disk edge is higher at higher
rpms, and the surface near the edge becomes more rough. At limiting
current the current distribution is uniform over the electrode, but a

dendritic zinc deposit with a high surface area has already been formed.

Substantial surface roughening can prevent obtaining a limiting
current plateau because the surface area increases during the measure-
ment, causing a corresponding increase in limiting current [6]. 1In
order to avoid the rapid development of surface roughness during meas-
urement, higher potential scan rates were_used. The results for a high

scan rate of 200 mV/sec is shown in Figure 12 for 0.05 M ZnCl2 + 1M
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KCl. Accurate limiting.current plateaus at the higher rotational speeds
were obtained using these higher scan rates._ The diffusion coefficent

+2

for Zn was calculated from the limiting currents obtained in Figures 5.

and 12, and is tabulated in Table 1. At the lower potential scan rate,

+2

10 mV/sec, the calculated diffusion coefficient for Zn is lower than

literature values (Table 3), but the experimental result at the higher

2 4iffusion coeffi-

scan_rates is in good agreement with values of zn*
cients reported previously [5,7]. The zinc deposition is shown to be
diffusion controlled and the limiting current is proportibnal to the
square root of the rotational speed for the higher scan rates in Figure
13. Using.ZOO mV/sec scan rate data, the average diffusion coefficient

for Zn*2

at 22°C in 0.05 M ZnCl, + 1 M KCL is D = 0.981 * 0.050 x 107>
cmz/sec; ‘

2

' Numerous experiments in 0.10 M ZnC1° + 1 M KC1 at various rota-

tional speeds and potehtial sweep rates were made iﬁ order to study the
effect of concentration on the diffusion coefficient of Zn*2. Results
are shown in Figure 14. Accurate limiting current plateaus were
obtained only at the potential scan rate of 200 mV/sec. At the higher
rotational speeds, the current becomes independent of the rotational
speed and the zinc electrodeposition reaction is no longer diffusion
controlled (Figure 13). The average diffusion coefficient for Zn+2 in
0.10 M ZnCl, + 1 M KC1 at 22°C is D = 0.892 * 0.067 x 10> cm®/sec.
Experimental data are summarized in Table 1. The experimental results
show that more accurate limiting current plateaus for the higher rota-

tional speeds and scan rates can be obtained at lower zinc concentra-

tions.



In 0.50 M ZnCl, + 1 M KCl solution a limiting current plateau could
only be obtained with 200 and 400 rpm and at the highest scan rate, 200
mV/sec (Figure 15). The average diffusion coefficient obtained was
0.583 x 10'5 cmz/sec. At higher rotational speeds and lower sweep rates

limiting current plateaus were not discernible.

Rotating Disk Studies in Znsog + Na,S0, Solutions

In acidic chloride sblutions}.zinc forms varioﬁs chloride complexeé
in addition to the simple cation: ch1;", ch13', ZnCl,, ZnC1* [9,14].
In order to demonstfape the influence of zinec chloride complexes in the
foregoing limiting current measurements, éxperiments in acidic ZnSOu +
Nazsou solutions wereAalSO’performed.  No reference to sulfate complexes

of zinc were found in the literature [9].

Figure 16 shows the polarizationlcufves at scan rate 200 mV/sec in
0.05 &WZH§Qumf“l"MNaZSOQ, PH = 2.39, T = 22°C. Zinc deposition limit-
ing current plateaus were obtained at various rotétional speeds. The
results are similar to results shown in Figure 12 for the chloride solu-
tion except that the potential; at which hydrogen starts to evolve
predominantly is shifted to mOrevnegative values in the sulfate solution

compared to the chloride solution.

The’plot of cﬁrrent V3. square root of the rotational speed is
shown in Figure 17 at a fixed potential on the limiting current plateau
E = -2.300 V vs. SCE. The zinc deposition reaction is diffusion con-
trolled and the average diffusion coefficient for Zn+2 at 229C in 0.05 M

ZnSO) + 1 M Na,SO, is D = 0.786 * 0.038 x 1072 cn?/sec.
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Several experiments were performed in 0.10 M ZnSO)_l + 1 M'Nazsou, pH
= 2.5, T = 22°9C at various rotational speeds. Figure 18 shows the
polariZation curves at a scan rate of 200 mV/sec. At the higher rpms,

accurate limiting current plateaus could not be obtained, just as in the

chloride system.

From Figure 17, at E = -2.404 V vs. SCE, it can be seen that the
current at‘higher rpms is still proportional to the square root of the
rotational speed, thus the reaction is diffusion controlled. The aver-

+2

age diffusion coefficient for Zn"“ at 22°C in 0.10 M ZnSOu + 1 M'Nazsou

is D = 0.565 ¥ 0.023 x 10'5 cmz/sec. The zinc sulfate experimental data

are summarized in Table 2.
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DISCUSSION

The experimental diffusivity data show slightly higher values of
the zinc:diffusion coefficient in 0.05 M ZnSOu than in 0.05 M ZnCl,, and
show a dependence upon both the rotational speed and sweep rate. The
‘average diffusion coefficient decreases as the concentration of zinc
increases. Experiments with higher zinc concentrations were attempted,
but 1imiting current blateaus could not be obtained. The higher
currents needed.in more coﬁcehtrated soluti§ns caused even more rapid

increase in the surface area of the zinc deposit.

The diffusion coefficients obtained in this study are compared with
other available.diffusion data in Table 3. Substantial differences
Aexist_between the diffﬁsion coefficients reported for ZnCl2 solutions by
the iﬁterferometric measurements‘and thoSe obtained by electrochemical
measurements. fheéé differences arise from the diffusional quantities
measured by the two experimentai techniques. The interferometric
methods use a free-diffusion, stagnant cell tovmeasﬁre zinc diffusivi-
ties, while the electrochemicalimethods yield effective diffusion coef;
ficients under forced-convection conditions. The formation of zinc-
chloro-complex ionglmay also influence the two types of diffusion coef-
ficients to different degrées in the ZnCl2 solutions. Miller and Rard
[10,15] also present component diffusion coefficients for the ternary

(ZnClz-KCl-HZO) system.

The ZnSOu results are more ambiguous in that they show a large

decrease in the diffusion coefficient ﬁith_increasing concentration.
Surface roughening arguments cannot justify such a 1arge decline in dif-

fusion coefficient. The results by Albright and Miller [11] show a
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similar but smaller dependence on concentration than this work; the
authors suggest that the decline is due to ion-pair formation, which

causes greater structuring in more concentrated solutions.
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SUMMARY

MasS transfer limiting currents in acidic ZnCl2 and ZnSOQ solutiong
were investigated. Cathodic polarization curves were obtained by poten-
tia} scans at various rotational speedé of a zinc disk electrode. Thev
surface roughness of zino during slow potential scan rates (10 mV/sec)
and high rotational speeds (1600,2000 rpm) prevented obtaining limiting
current plateaus. However, at higher scan rates, distinet limiting
current plateaus were‘defined. Frbm the limiting current, the diffusion
coefficient was calculated, D = 0.98 * 0.05 x io‘s cm2/sec (0.05 M ZnCl2
+ 1 MKCl). In 0.10 ZnCl2 + 1 M KC1 at the higher rotational speéds'a
limiting current plateau could not be observed at the higher potential
Ascan rates. Experimentg in acidic ZnSOu solution showed siﬁilar
results. The zincldiffusion coefficient 6btained from these experiments

" was D = 0.78 % 0.04 x 10-3 cm?/sec (0.05 M ZnS0,, + 1 M Na,S0,).
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Table 1. Experimental Data and Results for Deposition of Zine from ZnCl2 + 1 M KC1l Solution

ZnCl2 Sweep
Cone? iL k D i Q Rate v Se Re
x10”3 xéo's mv/ x10~2

Expt. M mA/cm2 cm/sec cm“/sec rpm sec cm”~/sec

1 0.05 15.3 1.6 0.419 200 10 0.9969 2380 525
2 0.05 12.9 1.3 0.324 - 200 10 0.9969 3080 525
3 0.05 20.2 2.1 0.376 400 10 0.9969 2650 1050
4 0.05 20.9 2.2 0.399 400 10 0.9969 2500 1050
5 0.05 28.2 2.9 *0.371 800 10 0.9969 2690 2100
6 0.05 26.6 2.8 0.339 800 10 0.9969 2940 2100
T . 0.05 34.6 3.6 0.372 1200 10 0.9969 2680 3150
8 0.05 33.0 3.4 0.347 1200 10 0.9969 2870 3150
9 0.05 41.3 4.3 0.388 1600 10 0.9969 2570 4200
10 0.05 37.9 3.9 0.343 1600 10 0.9969 2910 4200
11 0.05 4.3 4.6 0.367 2000 10 0.9969 2720 5250
12 0.05 41.9 4.3 0.337 2000 10 0.9969 - 2960 5250
13 0.05 25.8 2.7 0.916 200 100 0.9969 1090 525
14 0.05 22.5 2.3 0.746 200 100 0.9969 1340 525
15 0.05 24.2 2.5 0.832 200 100 0.9969 - 1220 © 525
16 0.05 26.8 2.8 0.966 200 200 0.9969 1030 525
17 0.05 28.0 2.9 1,032 200 200 0.9969 970 525
18 0.05 38.2 4.0 0.980 400 200 0.9969 1020 1050
19 0.05 40.8 - 4.3 1.081 400 200 - 0.9969 920 1050
20 0.05 53.5 5.5 0.965 800 200 0.9969 1030 2100
21 0.05 53.5 5.5 " 0.965 800 200 0.9969 1030 2100
22 0.05 65.0 6.7 0.953 1200 200 0.9969 1050 3150
23 0.05 63.7 6.6 0.925 1200 200 0.9969 . 1080 3150
24 0.05 80.3 8.3 1.055 1600 200 0.9969 9o 4200
25 0.05 73.9 T.7 0.932 1600 200 0.9969 1070 4200
26 0.05 85.4 8.8 0.979 2000 200  0.9969 1020 5250
27 0.05 82.8 8.6 0.935 2000 200 0.9969 1070 5250
28 0.10 48.4 2.5 0.846 200 200 1.011 1200 518
29 0.10 53.5 2.8 0.983 200 200 1.011 1030 518
30 0.10 79.0 §.1 1.033 400 200 1.011 980 1036
31 0.10 70.1 3.6 0.878 L4oo 200 1.011 1150 1036
32 0.10 - 98.1 5.1 0.850 800 200 1.011 1190 2072
33 0.10 98.1 5.1 0.850 800 200 1.011 1190 2072
34 0.10 118.5 6.1 0.832 1200 200 1.011 1220 3108
36 0.10 124.8 6.5 0.914 1200 200 1.011 1110 3108
37 0.10 137.6 T.1 0.854 1600 200 1.011 1180 4144
38 0.10 99.1 5.1 0.877 800 100 1.011 1150 2072
39 0.50 191.0 2.0 0.593 200 200 1.080 1820 48s
L 1] 0.50 188.0 1.9 0.580 200 200 1.080 1860 485
41 0.50 188.0 1.9 0.580 200 200 1.080 1860 485
42 0.50 - 265.0 2.7 0.577 400 200 1.080 1870 970
43 0.50 268.0 2.8 0.584 400 200 1.080 1850 970
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FIGURE CAPTIONS
Rotating disc zinc electrode.

RDE electrolysis cell.

Cell for Zn-RDE studies.

Experimental apparatus.

'Circuit for potentiostatic deposition of zinc.

Limiting current plateaus in 0.05 M ZnCl2 + 1 MKCl.

- Dependence of i, on rpm (Levich plot).

SEM micrographs of zinc deposits on RDE in 0.5 M ZnCl2 + 1 M
KC1, above the 1limiting current at rotation speed 200 rpm.
Magnification: (A) 10x, (B) 500x, (C) original RDE surface

before zinc deposition, 500x, (D) 2000x.

SEMImicrographs of zinc deposits on RDE in 0.05 M ZnCl2 + 1M
KCl, above the limiting current at rotation Speed 400 rpm.

Magnification: (A) 10x, (B) 500x, (C) 2000x.

SEM micrographs of zinc deposits on RDE in 0.05 M ZnCl2 + 1M
KCl, above the 1limiting current at rotation speed 800 rpm.

Magnification: (A) 10x, (B) 500x, (C) 2000x.

SEM micrographs of zinc deposits on RDE in 0.05 M ZnCl2 + 1M
KCl, above the limiting current at rotation speed 1200 rpm.

Magnification: (A4) 10x, (B) 500x, (C) 2000x.

SEM micrographs of zinc deposits on RDE in 0.05 M ZnCl2 + 1M
KCl, above the limiting current at rotation speed 1600 rpm.

Magnification: (A) 10x, (B) 500x, (C) 2000x.
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Fig. 11. SEM micrographs of zinc deposits on RDE in 0.05 M ZnCl2 + 1M
KCl, above the limiting current at rotation speed 2000 rpm.

Magnification: (A) 10x, (B) 500x, (C) 2000x.
Fig. 12. Limiting current plateaus in 0.05 M ZnCl2 + 1 MKCl.
Fig. 13. Dependence of i on rpm (Levich plot).
Fig. 14. Limiting current plateaus in 0.10 M ZnCl2 + 1 MKCl.
Fig. 15. Limiting curren§ plateaus in 0.50 M ZnCl, + 1 M KCl1.
Fig. 16. Limiﬁing current plateaus in 0.05 ZnSOu + 1M Nazsou-

Fig. 17. Dependence of i, on rpm (Levich plot).

Fig. 18. . Limiting current plateaus in 0.10 ZnSOll + 1 M Na,ySO,,.
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Table 1. Experimental Data and Results for Deposition of Zinc from ZnCl2 + 1 M KCl Solution

ZnCl‘2 Sweep :
Cone’s iL k D 9} Rate v Sec Re
) x10~3 xéo‘5 ‘my/ x%o'2
Expt. M mA/cm cm/sec cm©/sec rpm sec cm-/sec
1. 0.05 15.3 - 1.6 0.419 200 10 0.9969 2380 525
2 0.05 12.9 1.3 0.324 - 200 - 10 0.9969 3080 525
3 0.05 20.2 2.1 0.376 400 10 0.9969 - 2650 1050
y 0.05 - 20.9 2.2 0.399 oo 10 0.9969 2500 1050
5 0.05 28.2 - 2.9 0.371 800 10 0.9969 2690 2100
6 0.05 26.6 2.8 0.339 800 10 0.9969 2940 2100
T 0.05 34.6 3.6 0.372 1200 10 0.9969 2680 3150
8 0.05 33.0 3.4 0.347 1200 10 0.9969 2870 3150
9. 0.05 41.3 4.3 0.388 1600 10 0.9969 2570 4200
10 0.05 37.9 3.9 0.343 - 1600 10 0.9969 2910 5200
" 0.05 44.3 4.6 0.367 2000 10. 0.9969 2720 5250
12 0.05 ) 41.9 4.3 0.337 2000 10 0.9969 2960 5250
13 0.05 25.8 2.7 0.916 200 100 0.9969 1090 525
14 0.05 22.5 2.3 0.746 200 100 0.9969 1340 525
15 0.05 24.2 2.5 0.832 200 100 0.9969 1220 525
16 0.05 .26.8 2.8 0.966 200 200 0.9969 1030 525
17 0.05 28.0 2.9 1.032 . 200 200 0.9969 970 - 525
18 0.05 38.2 4.0 0.980 . 400 200 0.9969 - 1020 1050
19 0.05 = 40.8 4.3 1.081 400 200 0.9969 920 . 1050
20 0.05 53.5 5.5 0.965 800 200 0.9969 1030 2100
21 0.05 53.5 5.5 0.965 800 200 0.9969 1030 2100
22 0.05 65.0 6.7 0.953 1200 200 0.9969 1050 3150
23 0.05 63.7 6.6 0.925 1200 - 200 0.9969 1080 3150
24 0.05 80.3 - 8.3 1.055 1600 200 0.9969 Q40 4200
25 0.05 - T3.9 T.7 0.932 1600 200 0.9969 1070 4200
26 0.05% 85.4 8.8 0.979 2000 200 0.9969 1020 5250
27 - 0.05 82.8 8.6 . 0.935 . .2000 200 0.9969 1070 5250
28 0.10 48.4 2.5 - 0.846 200 200 1.011 1200 518
29 0.10 53.5 2.8 - 0.983 200 200 1.011 1030 518
30 0.10 79.0 4.1 1.033 400 200 1.011 980 1036
31 0.10 T0.1 3.6 0.878 400 200 1.011 1150 1036
32 0.10 98.1 5.1 0.850 800 200 1.011 1190 2072
33 0.10 98.1 5.1 0.850 800 200 1.011 1190 2072
34 0.10 118.5 6.1 0.832 1200 200 1.011 1220 3108
36 0.10 124.8 6.5 0.914 1200 200 1.011 1110 3108
37 0.10 137.6 T.1 0.854 1600 - 200 1.011 1180 B1uy
38 0.10 99.1 5.1 0.877 800 100 1.011 1150 2072
39 0.50 191.0 2.0 0.593 200 200 1.080 1820 48s
40 0.50 188.0 1.9 0.580 200 - 200 1.080 1860 485
41 0.50 188.0 1.9 0.580 200 200 1.080 1860 485
42 0.50 265.0 2.7 0.577 400 200 1.080 1870 © 970
43 0.50 268.0 2.8 0.584 400 200 1.080 1850 970



43

089h 020¢ gLL°lL 00¢ 000¢ t4G°0 6°G 9°flLt oL°0 LE
089 0c0¢ gL L 002 000¢ 7465°0 6°G 9°tlLi oL°0 0¢
hhle - 0lgl giL°l 00¢ 0091 665°0 £°G AR 1]} oL°0 62
thlE 0} {074 gLL°t 00¢ 0091 ghns°*o £°9g 6°L01 oL°0 8c
808¢ 000c gLi-lL 00¢ 0021 8G659°0 9k 2°68 oL*0 L2
8082 0002 gLt 002 00ct 8495°0 9°f 2°68 0L°0 9c
808¢c 000¢ gLL°lL 00¢ 002t 8499°0 9 2° 68 oL*© G2
clgl 0L02 gLL*L 00< 008 0h9°0 L€ €1l oL°0 {4
2lgl 0L61 gLi°t 00¢ 008 489°0 6°¢ rAR YA - 0L°0 €e
2lgl 0961 gLt 002 . 008 0LG°0 g € 6°tL oL°0 ce
9£6 068l glLL*l 00¢ 00k 065°0 g°¢c G°gq oL°0 %4
9¢6 068l gLL®l 00¢ 00h 06S°0 g°c G°gg oL*0 0¢
9¢6 0681 gLL®l 00¢ 00h 065°0 g°¢c G°€g oL°0 6l
89t ogle gLL L. 0oL 002 cLso gl i he oL°0 gl
89h 0961 gLl 00¢ 00c 6956°0 6°1L 6°9¢ oL*o Ll
894 0961 gLL°t 002 00e 695°0 6°1L 6°9¢ oL°0 91
oLt 0Eal cli°l 001 000¢ g82L°0 1°L 8°89 S0°0 1!
OLLh oSl cil*i 00l 000¢ 89.°0 L €1l S0°0 frl
89.L¢ oahl cli°l 002 0091 99.°0 9°9 L°E9 G0°0 €l
89.LE 0LEL cli®l 00l 0091t cLg°o 6°9 ¢°99 S0°0 cl
89.LE ~0ELL cii°i 00l 0091 9€8°0 0°. G°L9 S0°0 Lt
9292 olLnl clLil 00¢ 002t 89L°0 LS 8° 1S S0°0 ol
928¢ YA ] cli*l 001 00ct 8GL°0 LS 8 ha s0°0 6
©ggl olnl cli‘l 00¢ 008 G6L°0 9°h 9t S0°0 8
tggl OiLft cli*l 00t 008 88L°0 g8 6° S S0°0 L
©8gl OLft il 001 008 88L°0 g°h 6°Gh S0°0 9
ch6 oSt cli*l 002 00h. G9.L°0 €€ g LE G0°0 g
2hb oSl ciL°lL 001 004 G9.L°0 €€ 8 LE G0°0 L§
chb 0621 Ll 00l 00t 098°0 9°¢ t*hE G0°0 €
WA ochl clL*l 002 002 GgL°0 fi°e 6°c2 G0°0 4
(WA OLEL. clL*l 00l ' 00e 2G68°0 G2 c e G0°0 l

098 /_uWo TS wdu 098 /_WO 098 /WO Nso\<s A *qdxd

Nno X /AU m..o X muopx
8y oS Qa 9jey U da | qﬁ > ouo)

-doamg :omsN

uoTynios :owmmz Wi+ :och woJaJ ourZ Jo uotrqrsodaq JOJ S31INSsy pue eqeq [ejuswWTJLdXd 2 o1qel



44

Aownwmao -0l uT Q)

€50 €r0 1S°0  95°0  09°0 g2 £agemoasgasjuy " osuz Lt
| | | 1s'0  gL'0 G2 22 aas  "os®en w1 + osuz  Apnas queseaq
166°0° £00°1 G2 Kajemousgasqur C1ouz st
- | gho°1 " G2 £Lajsmousjuajur %1ouz 4}
L00*L  L20°t G2 £ajemoasyasgur ¢ 1ouz ot
I°0 S0 25°0 G'€ Gz ~ Aydeasouerod 03 W € + Souz 8
88°0 28°0 G*92 Agetirded  T0Y W S°€ + Sqoug L
68°0 - G2 a4 03 Wi+ Srouz S
. 85°0 68°0 :86°0 e ce Jay TOAKH L + NHQ:N Apnis quesaag
|4 .
_w.r 0L S0 0 20 L0 S0°0
(W) suoyjeJIqUaOUO0) Hd  (Dy) *dusy poyqay uoT3NTOS 90usaJ9Jay

©1BQ 8aN3BJSITT YITM OUTZ JO SIUITOTIJB0) UOTENJJTQ JO uosTaedmo) °*£ o1qel



Y

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

€, 4 st





