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Abstract 

This final report describes the results of an 

evaluation of an Energy Research Corporation 

zinc/bromine, flowing electrolyte battery. This work was 

performed at Sandia National Laboratories for the U.S. 

Department of Energy and the Electric Power Research 

Institute. Included in the report is a description of the 

battery, charge/discharge cycle test results, failure 

analysis investigations, and conclusions summarizing what 

was learned from the evaluation. Extensive appendices are 

included with detailed descriptions, data, and failure 

analyses photographs. The battery operated for 163 

charge/discharge cycles with an average electrochemical 

energy efficiency of 54 + 10%. The primary causes of 

failure were electrode de-bonding from flow frame 

assemblies and non-uniform electrolyte flow distribution. 

iv 



INTRODUCTION 

FINAL BATTERY EVALUATION REPORT 

ENERGY RESEARCH CORPORATION 

ZINC/BROMINE BATTERY 

Sandia National Laboratories (SNL) has responsibility for 

the Exploratory Technology Development and Testing (ETD) lead 

center for the Electrochemical Branch of the U. S. Department 

of Energy (DOE). This involves contracting and managing the 

development of advanced, rechargeable battery systems. Also, 

an in-house battery test lab evaluates prototype, contract 

deliverable batteries in order to objectively judge development 

progress and identify key problem areas. Sealed lead-acid, 

zinc/bromine, NASA Redox, and nickel/hydrogen batteries have 

been tested. 

This final report will describe the test results for a 

flowing electrolyte zinc/bromine battery. The battery was 

built by Gould Laboratories under contract to the Division of 

Energy Storage of DOE and the Electric Power Research Institute 

(EPRI). This battery was designed specifically for utility 

load-leveling applications. Testing was performed by SNL at 

the request of EPRI free of charge. SNL had expertise in 

testing flow batteries from Exxon and NASA-Lewis and had all 

necessary equipment for evaluating the Gould unit. Shortly 

after delivering the battery to SNL, Gould sold their 

zinc/bromine technology to Energy Research Corporation (ERC). 

The goals of the tests were to evaluate the ERC 

zinc/bromine technology relative to performance, life, 

maintenance requirements, and failure mechanisms. This data 

was valuable to SNL, ERC, Gould, EPRI, and DOE so that an 

accurate, independent appraisal of the Gould technology could 

be made. The data has been used to direct battery redesign and 

in guiding the development program's emphasis. 



General battery specifications provided by Gould are 

given in Table 1. A photograph of the unit is presented in 

Figure 1. A report is available that describes this 

technology in detail.(l) The battery operations manual 

provided by Gould is reproduced in Appendix A and contains 

other construction details. 

The battery consisted of two electrolyte reservoirs 

which were loosely covered and not sealed, three pumps, 

associated plumbing, and a 20-cell bipolar cell stack. Each 

cell was constructed of a vitreous carbon bipolar plate with 

one side left flat as a zinc substrate and one side 

contacting a felt flow-through bromine electrode along with a 

microporous separator. Approximately 361 of zinc bromide 

electrolyte were contained in each reservoir. Approximately 

101 of bromine complexing agent was also contained in the 

catholyte reservoir. 

The three magnetically-coupled centrifugal pumps were 

equipped with 120-V ac motors and operated at maximum output 

continuously. Electrolyte flow was controlled by throttling 

valves downstream from the pumps. The battery cooling system 

consisted of a coil of titanium tubing immersed in the 

anolyte. Laboratory tap water was used as the cooling 

medium. Tap water was run continuously while the battery was 

operating and maintained the system at about 30°C. An upper 

temperature limit of 35°C was established by Gould due to the 

temperature sensitivity of the electrode-to-frame bond. 

The SNL test lab is described in a previous paper.(2) A 

block diagram in Figure 2 represents the test equipment used 

for the testing. A Hewlett-Packard (HP) 85 served as test 

controller and was interfaced using an HP-IB cable to a HP 

3497A data acquisition and relay device. Table 2 lists data 

items that were measured and stored by the computer system. 

The 3497A controlled two 25-A, 240-V dc relays, one of which 

connected the battery into the electrical circuit and one to 

select either a charge or discharge regime. The battery was 

-2-



Table 1 

ERC/Gould Zinc/Bromine Battery 

At Sandia: Specifications 

SNL Identification # 168 

Energy Rating 6.4 kWh 

capacity Rating 200 Ah 

Number of Cells 20 

Ave. Discharge Volt 30 

Power Ra ting 800 W 

Nominal Electrode Area 1000 Sq. 

Number of Pumps 3 

Number of Valves 7 

Cm. 

Dimensions (lxdxh) 60x26x30.5 
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Table 2 

Data Items Measured by SNL Computer Battery Testing System 

Date 

Time 

Ba ttery Vol tage 

Battery Current 

Battery Temperature 

Six spare channels for cell voltages, pressures, etc. 

Parameters Calculated During Data Collection 

Amp-hours charged and discharged 

Watt-hours charged and discharged 
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charged with two Sorenson power supplies in series. One 

supply was model DCR40-250 while the other was Model 

DCR40-125A. The battery was discharged with two acdc 

Electronics transitorized loads connected in parallel. The 

model used was EL750BR-2-1. 

Data were recorded by the desktop computer in real time 

on 5-1/4-inch floppy discs. Subsequently, all data were 

transferred to 8-inch floppy discs and hard discs for 

archiving purposes. Critical cycle data were placed in a 

flow battery data base and accessed by a HP 9845B desktop 

computer. This system permitted the preparation of data 

lists, graphical data displays, and statistical summaries. 

Starting at cycle 32, at the request of Gould personnel, a 

strip chart recorder was used to monitor battery voltage and 

current. These traces were sent to Gould for analysis. 

A test plan (Appendix B) was prepared prior to beginning 

battery testing. It was based on a similar plan used for 

evaluating Exxon zinc/bromine batteries. A typical cycle 

began with the battery completely discharged, i.e., 0 volts. 

A constant current charge for a specified time period 

initiated a cycle. Following the charge, the battery was 

immediately switched to a constant current discharge which 

was terminated when the battery voltage reached 20 V or 

I volt per cell. At this point, the battery was discharged 

through a 50-ohm, l200-W resistor until it reached 0 volts. 

Cycle coulombic, voltaic, and energy efficiencies were 

calculated based on the total charge and the discharge to the 

20-V cutoff point. 

The test plan included a factorial sequence of 

parametric cycles to evaluate battery performance over a 

range of four factors. Charge rate, discharge rate, maximum 

state-of-charge of zinc loading (charge time), and 

-7-



temperature were chosen as critical factors. Table 3 lists 

the values of the various factors at each of the two levels 

chosen. A baseline cycle type was selected based on 

recommendations made by Gould personnel. Cycle type 9 was 

used as the baseline regime in order to judge variations in 

battery performance. 

-8-



Table 3 

SNL Cycle Description for ERC ZnBr2 Battery 

Cycle Type 
Identification 

Number Cx:cle Descrietion 
Charge Discharge MaXImum (%) Ba ttery (C) 

Current(A) Current(A) State of Charge Tempera ture 

1 25 25 50 20 

2 25 25 75 20 

3 25 25 75 20 

4 25 30 75 20 

5 30 25 50 20 

6 30 25 75 20 

7 30 30 50 20 

8 30 30 75 20 

9(baseline) 25 25 50 30 

10 25 25 70 30 

11 25 30 50 30 

12 25 30 75 30 

13 30 25 50 30 

14 30 25 75 30 

15 30 30 50 30 

16 30 30 75 30 

Note: Current densities (mA/sqcm): 25A=27; 30A=32 
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CYCLE TEST DATA 

Preliminary cycle data have been presented in previous 

publications (3, 4). This section will review battery 

history and observations made during testing. Data will be 

presented that detail performance over the life of this 

unit. 

The battery was delivered and installed by Gould 

personnel on November 10-12, 1981. The system was shipped in 

a Gould van driven to Albuquerque from Chicago by a battery 

technician. All battery components were installed inside a 

fume hood. 

Zinc bromide electrolyte prepared by Gould was filtered 

and pumped into the catholyte and anolyte reservoirs. 

Approximately 36£ was added to the negative (anolyte) side 

while 46£ was added to the positive (catholyte) side. Ten 

liters of polybromide (BCL-3) and 800 ml of bromine were 

added to the catholyte. ZDS-ll (720 m£) was added to the 

anolyte. 

All three electrolyte pumps were then turned on and flow 

rates adjusted according to Gould procedures. These rates 

were determined by measuring electrolyte pressures using a 

portable transducer at one point in each flow system 

(catholyte and anolyte). Pressure readings were then 

correlated, using Gould data, to flow rates. The initial set 

points were 3 gpm for the anolyte and 2 gpm for the 

catholyte. Flow rate adjustments and pressure measurement 

were a source of trouble during life testing, as will be 

described later. 

Following the completion of installation, electrical 

cycle testing commenced. The baseline cycle described above 

was used repeatedly to measure battery performance. The test 

plan required baseline cycle (type 9) testing until stable 

-10-



performance was obtained. After battery operation 

stabilized, the factorial test cycles were run. 

Appendix C contains representative voltage, current, and 

temperature, plots for several cycles throughout the life Of 

the battery. These plots were generated from archived 

computer data files. Similar data for any cycle is available 

if needed. Strip chart recordings of current and voltage 

were sent to Gould and ERC for analysis and retention. 

Figure 3 illustrates coulombic, voltaic, and energy 

efficiencies versus cycle type and cycle number for the life 

of this battery. Efficiency values are exclusively 

electrochemical; losses due to pumps, cooling systems, or any 

other auxiliaries are not included. Table 4 lists important 

cycle life events for the battery. 

Electrolyte flow rates were adjusted as instructed by 

Gould on a weekly basis. This procedure involved some 

spillage of electrolyte and was generally messy. During 

early cycle testing, pressure readings were relatively stable 

and correlated well with visual observations. After cycle 

30, pressure readings began to increase. Correspondingly, 

these pressures (flow rates) became more difficult to adjust 

to nominal values. Flow adjustment was complicated by the 

numerous valves present on the battery system. Visual 

inspection of catholyte flow in the polybromide mixing tube 

indicated decreased flow while pressure increased. Also, the 

adjustment of polybromide flow depended exclusively on visual 

observation in the mixing tube. As the changes noted above 

occurred, polybromide flow rate adjustment became more 

difficult and less repeatable. 

During the first 48 cycles, efficiencies generally 

declined. This trend was reversed at cycle 48. Two major 

changes were made in the system at this point. Flow filters 

in both the catholyte and anolyte pipes had become blocked 

-11-
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Date 

11/12/81 

4/15/82 

4/28/82 

5/20/82 

6/9/82 

7/29/82 

8/30/82 

10/12/82 

2/2/83 

Cycle # 

o 

48 

53 

65 

75 

99 

120 

140 

163 

Table 4 

Cycle Life Events 

Event/Action 

Installation, start-up with Gould 

assistance 

Gould personnel cleaned blocked 

in-line flow filters on both 

catholyte and anolyte flow systems. 

Removed BCL-3 bromine complexer, 

added BCL-2 complexer. Added three 

pressure taps. 

Attempted to seal reservoirs with 

silicone rubber gaskets. 

Repaired minor leaks in plumbing. 

Found that some original pipe sealing 

compound had discolored. 

Attempted to use siphon tube between 

reservoirs. Could not maintain 

siphon for more than a few hours. 

Checked in-line flow filters. No 

blockage. 

Started factorial test regime 

Noted that electrolyte reservoir 

volumes (transfer rate) were harder 

to control that on previous cycles. 

Anolyte reservoir overflowed during 

cycle. 

Terminated cycle test, began 

teardown, and failure analysis with 

ERC and Gould personnel assistance. 
-13-



with pipe thread sealer and an unidentified, black 

substance. Sandia personnel were not aware of these filters 

prior to cycle 48. Gould personnel located and cleaned the 

filters. Also, the polybromide material (BCL-3) was siphoned 

out of the reservoir and a new bromine complexing agent 

(BCL-2) was installed. Three additional pressure taps were 

installed in the system in an attempt to improve flow rate 

adjustment accuracy. 

Performance improved drastically following these two 

changes. No other major revisions were made to the battery 

during cycle life testing. While the efficiencies fluctuated 

somewhat after cycle 48, no clear-cut cause and effect 

relationships have been established. 

With the addition of more pressure taps, flow rate 

adjustments became even more messy and accuracy was not 

obviously improved. Flow rates were adjusted following cycle 

48 in order to maintain a balance of volumes in each 

electrolyte reservoir, rather than by pressure readings. 

The factorial test sequence began at cycle number 99. 

Coulombic efficiency began to decline at cycle number 122. 

This corresponded to a cycle type (14) requiring a 

150-mAh/cm 2 zinc loading. All previous cycles had used 

100-mAh/cm 2 zinc loading. After returning to 100-mAh/cm 2 

cycles, coulombic efficiency continued to decline before 

stabilizing. Also after cycle number 122, electrolyte 

transfer from one reservoir to another increased and became 

very hard to control. 

Electrolyte flow management difficulties and generally 

low efficiencies after cycle 150 resulted in a decision by 

Sandia, EPRI, and ERC to terminate cycle testing and begin 

failure analysis. 

The cycle life history is described in more detail in 

the following tables and figures. Table 5 lists cycle 

-14-



number, coulombic efficiency, voltaic efficiency, energy 

efficiency, and cycle types. Approximately five cycles have 

been omitted from all data listings. This was due to data 

acquisition system errors or test equipment failures. 

Because in all cases the data were lost, these five will not 

be included in this report. 

Table 6 is a listing of cycle number versus date, 

end-of-charge voltage (EOC voltage), end-of-discharge 

temperature (EOD voltage), and end-of-discharge temperature 

(EOD temperature). The end-of-discharge values serve to 

verify that the voltage was below 20 V when each discharge 

terminated and that the electrolyte/battery temperature did 

not exceed 30-35°C. The end-of-charge voltage shows a 

correlation of high charge voltage with poor efficiency. 

During cycles with high efficiency, the end-of-charge voltage 

typically was just over 40 V. As performance declined prior 

to cycle 48, and near the end-of-life, charge voltage 

increased to 42-43 V. 

Since the battery failed before the factorial test 

sequence was completed, a factorial data analysis was not 

made. Average efficiencies were calculated for the four 

different cycle regimes used in the tests and are presented 

in Figure 4. These averages along with standard deviation 

values are listed in Table 7. Refer to Table 3 to identify 

the different cycle type identification numbers. No 

differences in efficiencies are evident between cycle types 

11 and 13. These cycle regimes varied charge and discharge 

rate at the same zinc loading. Cycle type 14, however, 

increased zinc loading to 150 mAh/cm 2 and coulombic 

efficiency suffered an irreversible degradation which 

contributed to a lower average efficiency. 

-15-



TABLE 5 

ERC BATTERY FINAL CYCLE DATE 4/30/83 (REVISED) 

Cycle Coulombic Voltaic Energy Cycle 
Number Ef ficiency % Efficiency % Efficiency % Type 

1 85.40 79.30 67.70 9 
2 85.70 74.80 64.10 9 
3 86.97 77.84 67.70 9 
4 85.38 74.42 63.54 9 
5 89.24 71. 73 64.01 9 
6 91.63 74.12 67.91 9 
7 92.44 70.81 65.46 9 
8 91.18 71.91 65.57 9 
9 90.39 72.17 65.23 9 

10 90.36 70.54 63.74 9 
11 89.30 69.20 61.80 9 
12 89.18 70.23 62.64 9 
13 88.31 68.56 60.55 9 
14 90.30 67.90 61.30 9 
15 90.59 67.94 61. 55 9 
16 8c).90 67.80 61.00 9 
17 86.30 66.20 57.20 9 
18 93.62 63.09 ' 59.07 9 
19 88.20 62.10 58.10 9 
20 87.29 64.46 56.27 9 
:21 84.70 64.89 54.96 9 
22 84.11 65.01 54.68 9 
23 83.54 64.45 53.84 9 
24 84.81 64.30 54.53 9 
25 89.20 64.10 57.18 9 
26 82.58 63.77 52.67 9 
27 73.05 59.69 43.61 9 
28 83.21 62.60 52.08 9 
29 85.42 60.86 51.99 9 
30 80.78 64.59 52.17 9 
31 80.90 64.13 51.88 9 
32 80.48 64.21 51.68 9 
33 79.94 64.27 51. 38 9 
34 80.53 63.93 51.49 9 
35 78.81 64.53 50.85 9 
36 74.71 63.60 47.52 9 
37 65.39 63.05 41.23 9 
38 78.40 64.52 50.58 9 
3c) 72.81 62.56 45.55 9 
40 78.01 61.98 48.35 9 
41 50.93 64.87 33.04 9 
42 43.65 64.82 28.29 9 
43 40.48 64.93 26.28 9 
44 37.20 65.45 24.35 9 
45 44.58 72.32 32.25 9 
46 42.38 72.46 30.71 9 
47 42.15 72.39 30.52 9 
48 39.55 72.50 28.67 9 
49 75.40 68.89 51.94 9 
50 8'L96 72.31 59.99 9 
51 90.72 74.20 67.31 9 
52 91.44 76.50 69.95 9 
53 91.48 76.21 69.72 9 
54 90.98 76.82 69.89 9 
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TABLE 5 

ERC BATTERY FINAL CYCLE DATE 4/30/83 (REVISED) 

Cycle Coulombic Voltaic Energy Cycle 
Number Efficiency % Efficiency % Efficiency % Type_ 

55 90.80 76.51 69.47 9 
56 91.41 76.42 69.85 9 
57 90.80 76.00 69.00 9 
58 88.60 74.68 66.16 9 
59 90.21 75.24 67.88 9 
60 90.65 75.04 68.02 9 
61 91.50 75.08 68.70 9 
62 90.63 75.28 68.22 9 
63 91.02 75.23 68.48 9 
64 90.60 75.37 68.29 9 
65 90.94 75.43 68.59 9 
66 90.27 74.56 67.30 9 
67 89.09 75.22 67.01 9 
68 90.47 76.15 68.90 9 
69 91.38 75.23 68.74 9 
70 89.70 74.83 67.12 9 
71 90.99 74.82 68.09 9 
72 91.05 74.73 68.04 9 
73 90.45 73.65 66.61 9 
74 87.17 72.85 63.51 9 
75 84.97 71.17 60.48 9 
76 83.99 69.34 58.25 9 
77 85.07 69.81 59.39 9 
78 84.32 69.66 58.73 9 
79 84.10 70.27 59.10 9 
80 84.86 69.92 59.34 9 
81 85.14 69.48 59.16 9 
82 84.97 69.24 58.84 9 
83 84.54 69.45 58.71 9 
84 84.40 69.02 58.25 9 
85 85.28 68.67 58.56 9 
86 84.37 68.34 57.66 9 
87 84.54 67.74 57.27 9 
88 83.67 68.29 57.14 9 
89 84.97 68.72 58.40 9 
90 83.01 69.22 57.47 9 
91 83.94 69.42 58.27 9 
92 83.68 69.01 57.75 9 
93 84.02 68.46 57.52 9 
94 84.77 68.42 58.00 9 
95 82.37 69.07 56.90 9 
C)6 82.96 68.07 56.47 9 
97 86.31 66.22 57.15 9 
98 85.58 66.18 56.64 11 
99 84.14 65.49 55.11 11 

100 82.98 65.03 53.96 11 
101 83.54 64.69 54.05 11 
102 82.76 64.25 53.18 11 
103 83.52 64.66 54.00 13 
104 82.79 63.27 52.38 11 
105 82.95 64.13 53.20 11 
106 83.65 64.62 54.05 11 
107 83.00 63.83 52.98 11 
108 84.03 65.17 54.76 11 

-17-



TABLE 5 

ERC BATTERY FINAL CYCLE DATE 4/30/83 (REVISED) 

Cycle Cou1ombic Voltaic Energy Cycle 
Number Ef fici ency % Efficiency % Ef ficiency % ~-

109 83.76 65.51 54.87 13 
110 83.70 65.06 54.46 13 
111 84.46 64.56 54.52 13 
112 83.96 64.70 54.33 13 
113 84.00 64.88 54.50 13 
114 86.07 64.34 55.38 13 
115 84.02 64.66 54.33 13 
116 84.27 64.80 54.60 13 
117 82.57 64.65 53.38 13 
118 83.41 66.36 55.35 9 
119 83.33 61).06 55.05 9 
120 78.21 67.23 52.58 14 
121 81.04 65.77 53.30 14 
122 80.04 65.76 52.64 14 
123 78.28 64.89 50.79 14 
124 78.35 64.63 50.64 14 
125 76.69 64.53 49.49 14 
126 76.12 64.73 49.27 14 
127 76.32 64.75 49.42 14 
128 75.27 64.68 48.68 14 
129 73.89 64.11 47.37 14 
130 72.85 65.72 47.88 9 
131 69.03 65.21 45.02 9 
132 72.54 64.85 47.04 9 
133 72.07 65.31 47.06 9 
134 72.64 65.54 47.61 9 
135 67.60 66.43 44.91 9 
136 66.60 67.76 45.13 9 
137 70.40 65.82 46.34 9 
138 62.79 66.25 41.59 9 
139 60.80 67.19 40.85 9 
140 51.23 61.85 31.68 9 
141 52.70 61. 23 32.27 9 
142 61.86 64.99 40.21 9 
143 57.99 64.60 37.46 9 
144 61.22 64.78 39.66 9 
145 57.83 63.09 36.49 9 
146 63.34 68.23 43.21 9 
147 66.52 66.75 44.40 9 
148 65.55 67.03 43.94 9 
149 68.17 66.73 45.49 9 
150 69.73 65.29 45.52 9 
151 70.11 66.36 46.53 9 
152 69.10 66.13 45.70 9 
153 68.65 67.42 46.28 9 
154 66.66 67.16 44.77 9 
155 67.81 66.57 45.14 9 
156 69.11 65.68 45.39 9 
157 68.98 66.70 46.01 9 
158 66.92 63.12 42.24 9 
159 66.59 65.09 43.35 9 
160 67.47 65.25 44.03 9 
161 68.92 65.34 45.03 9 
162 69.59 65.05 45.27 9 
163 69.79 65.68 45.83 9 
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TABLE 6 

ERC BATTERY FINAL CYCLE DATA 4/30/83 (REVISED) 

Cycle EOC EOD EOD (OC) 
Number Date Vo1ta<;1e Voltage Tem:eerature 

1 llrn781 39.93 16.12 25.13 
2 11/12/81 40.64 13.92 29.01 
3 1l/16/81 40.50 16.16 30.54 
4 11/20/81 40.43 18.37 28.93 
5 1l/30/81 40.96 15.70 28.76 
6 12/01/81 41.31 17.47 33.90 
7 1'2/02/81 41.22 12.61 29.79 
8 12/03/81 41.91 17.43 31.20 
9 12/04/81 42.19 18.99 31. 50 

10 12/08/81 42.20 19.97 31.18 
11 12/09/81 41.92 19.04 29.63 
12 12/10/81 41.61 17.43 30.84 
13 12/11/81 41.83 17.91 30.12 
14 12/17/81 42.27 17.91 30.22 
15 12/18/81 42.19 16.21 30.26 
16 12/21/81 42.32 19.83 29.77 
17 12/22/81 42.44 19.60 29.37 
18 01/05/82 42.85 19.39 28.93 
19 01/08/82 42.90 17.98 29.81 
20 01/11/82 42.92 18.76 29.29 
21 01/12/82 42.93 18.58 29.81 
22 01/13/82 42.95 19.76 30.04 
23 01/14/82 42.94 18.83 30.41 
24 01/20/82 42.90 18.22 30.66 
25 01/28/82 42.91 19.97 30.21 
26 02/02/82 42.91 19.59 30.41 
27 02/24/82 43.47 19.93 33.58 
28 03/01/82 43.64 19.53 31.24 
29 03/02/82 43.41 17.22 29.50 
30 03/03/82 43.01 19.99 30.22 
31 03/04/82 43.11 19.44 29.10 
32 03/04/82 43.28 19.17 30.77 
33 03/05/82 43.25 19.84 31. 23 
34 03/08/82 43.06 18.72 32.29 
3') 03/09/82 43.17 19.82 31.97 
36 03/09/82 43.42 19.25 32.01 
37 03/10/82 43.34 19.74 31. 78 
38 03/11/82 42.78 19.87 32.61 
39 03/12/82 43.60 19.63 32.18 
40 03/15/82 43.40 19.46 32.50 
41 03/16/82 43.40 18.08 31.69 
42 03/17/82 43.42 19.57 31.17 
43 03/18/82 43.58 19.67 31.42 
44 03/19/82 43.47 19.87 31.03 
45 03/24/82 41.67 18.31 29.29 
46 03/25/82 41.97 19.85 29.71 
47 04/01/82 41.43 18.78 29.86 
48 04/07/82 41.22 18.90 31.37 
49 04/16/82 41. 73 18.72 27.53 
50 04/22/82 40.78 19.72 28.18 
51 04/23/82 40.36 19.53 28.55 
52 04/26/82 40.29 16.78 28.66 
53 04/28/82 40.42 16.55 28.79 
54 04/29/82 40.26 18.99 29.47 
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TABLE 6 

ERC BATTERY FINAL CYCLE DATA 4/30/83 (REVISED) 

Cycle EOC EOD EOD (OC) 

Number Date Vol tage Voltage Temperature 

55 04735782 40.33 18.91 28.58 
56 05/03/82 40.46 19.23 29.35 
57 05/04/82 40.50 19.99 28.00 
58 05/11/82 40.75 17.22 28.79 
59 05/12/82 40.38 18.23 28.05 
60 05/13/82 40.56 15.82 27.79 
61 05/14/82 40.51 16.45 28.34 
62 05/17/82 40.63 18.94 28.81 
63 05/18/82 40.58 17.77 29.24 
64 05/19/82 40.59 19.16 29.32 
65 OS/20/82 40.56 19.43 29.52 
66 OS/24/82 40.62 19.76 29.16 
67 OS/25/82 40.76 19.79 29.25 
68 OS/26/82 40.31 18.20 30.25 
69 OS/27/82 40.63 15.13 29.11 
70 06/01/82 40.63 19.69 28.54 
71 06/02/82 40.71 16.52 28.55 
72 06/03/82 40.62 17.41 28.59 
73 06/04/82 40.78 18.73 28.43 
74 06/07/82 41.14 18.39 30.15 
75 06/08/82 41.35 19.39 29.88 
76 06/14/82 41.60 19.62 30.35 
77 06/15/82 41.66 17.82 30.59 
78 06/16/82 41.71 19.97 30.33 
79 06/17/82 41.37 18.09 30.52 
80 06/18/82 41.60 19.03 30.65 
81 06/21/82 41.63 16.74 30.20 
82 06/22/82 41.87 17.84 30.32 
83 06/23/82 41.91 18.24 30.86 
84 06/24/82 41.77 18.95 30.73 
85 07/01/82 41.71 17.43 30.63 
86 07/02/82 42.07 19.81 30.30 
87 07/06/82 41.93 18.77 30.51 
88 07/07/82 41.91 19.44 30.91 
89 07/09/82 41.61 18.76 29.93 
90 07/14/82 41.82 19.04 31.39 
91 07/15/82 41.50 19.00 31. 75 
92 07/19/82 41.62 19.45 31.38 
93 07/20/82 42.07 18.69 30.53 
94 07/21/82 41.92 18.93 31.12 
95 07/22/82 41.81 18.79 30.98 
96 07/23/82 41.63 18.97 30.95 
97 07/26/82 42.07 19.47 31.92 
98 07/27/82 42.14 19.11 31.67 
99 07/28/82 41.98 19.28 31.56 

100 07/29/82 41.94 19.58 32.49 
101 07/30/82 41.99 19.03 31. 22 
102 08/02/82 42.27 19.49 31. 27 
103 08/03/82 42.05 19.38 31.20 
104 08/04/82 42.21 19.75 30.92 
105 08/06/82 41.97 19.99 31. 24 
106 08/09/82 42.33 18.86 31.41 
107 08/10/82 42.18 19.38 31.46 
108 08/11/82 43.30 19.16 30.41 
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TABLE 6 

ERC BATTERY FINAL CYCLE DATA 4/30/83 (REVISED) 

Cycle EOC EOD EOD (OC) 
Number Date Volta~e Vol ta~e Temperature 

109 08712782 43.22 18.91 30.92 
110 08/13/82 43.33 18.87 30.51 
111 08/16/82 43.43 18.68 32.54 
112 08/17/82 43.48 19.24 31.74 
113 08/18/82 43.56 18.02 32.54 
114 08/19/82 43.58 19.31 30.54 
115 08/20/82 43.41 19.30 30.84 
116 08/23/82 43.31 19.15 32.84 
117 08/24/82 43.31 19.76 32.67 
118 08/25/82 42.23 19.55 30.10 
119 08/26/82 42.19 19.06 30.32 
120 08/30/82 42.30 19.91 31.78 
121 08/31/82 43.34 19.93 30.62 
122 09/01/82 42.72 19.10 32.60 
123 09/02/82 42.87 19.78 32.22 
124 09/07/82 42.67 19.77 32.48 
125 09/08/82 42.80 19.96 31.56 
126 09/09/82 42.70 19.65 31.68 
127 09/13/82 42.84 19.75 31. 36 
128 09/14/82 42.47 19.63 30.99 
129 09/15/82 42.43 19.59 30.67 
130 09/16/82 41.91 19.59 31.40 
131 09/17/82 42.05 19.73 30.74 
132 09/21/82 42.25 19.69 29.11 
133 09/22/82 42.06 19.47 30.19 
134 09/30/82 42.04 19.75 30.37 
135 10/04/82 41.83 19.88 31.25 
136 10/05/82 41.34 19.95 32.52 
137 10/06/82 42.02 19.68 29.71 
138 10/07/82 41.80 19.95 29.99 
139 10/11/82 41.95 19.82 29.92 
140 10/12/82 41.71 19.73 31.48 
141 10/13/82 41. 21 19.98 30.23 
142 10/27/82 41.46 19.45 29.75 
143 10/28/82 41. 33 19.91 29.88 
144 10/29/82 41.62 19.99 31. 33 
145 11/01/82 41. 26 19.65 30.74 
146 12/02/82 41.00 19.60 30.14 
147 12/03/82 41.19 19.98 27.93 
148 12/06/82 41.18 19.94 28.14 
149 12/07/82 41.25 19.75 28.95 
150 12/08/82 41.21 19.91 27.55 
151 12/09/82 41.46 19.70 27.96 
152 12/10/82 41.34 19.78 28.46 
153 12/20/82 41. 31 19.77 29.20 
154 12/21/82 41.38 19.93 29.70 
155 12/22/82 41.40 19.20 30.53 
156 01/04/83 41.64 19.14 29.80 
157 01/10/83 41.13 19.67 30.19 
158 01/11/83 42.64 19.62 30.24 
159 01/12/83 41.83 19.50 29.70 
160 01/13/83 41.70 19.79 29.18 
161 01/14/83 41. 74 19.83 29.39 
162 01/17/83 41.65 19.49 29.59 
163 02/02/83 41.86 19.63 30.70 
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Table 7 

ERC Battery (10#168) Cycle Data Summary 

Mean Mean Mean 
Cycle Number Coulombic Voltaic Energy 
Type of Cycles Efficiency% Efficiency% Efficiency % 

9 133 78+/-13 69+/-4 54+/-11 

(Baseline) 

11 10 83+/-1 65+/-1 54+/-1 

13 10 84+/-1 65+/-1 55+/-1 

14 10 77+/-2 65+/-1 50+/-2 

All 163 79+/-12 68+/-4 54+/-10 
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Figures 5 and 6 respectively are plots of amp-hours and 

watt-hours of charge and discharge versus cycle number. 

These plots represent the cumulative current and energy 

values for all charge-discharge cycles. Energy removed 

during the zinc strip part of a cycle (below 20 V) is not 

included in these plots. 

A plot of cycle number versus cumulative number of 

calendar days on test is included in Figure 7. Testing 

typically occurred Monday through Friday, one cycle per day. 

The battery sat idle on two occasions. Both occurred while 

Sandia staff awaited information or instruction from either 

Gould or ERe personnel when a problem was encountered. 

Numerous electrolyte chemical analyses were performed 

during cycle testing. Electrolyte pH was maintained below a 

value of three except for one occasion. Hydrobromic acid 

(HBr) was added to the electrolyte to lower the pH when 

necessary. Figure 8 is a plot of anolyte and catholyte pH 

versus cycle number while Table 8 is a description of the 

occurrences of the addition of HBr. Acid was generally added 

to the catholyte reservoir while the electrolyte pumps were 

running. Hydrogen ions equilibrate with the anolyte within 

30 minutes. Although the pH reached a value of 5 at one 

point during testing, no solids were observed in the 

electrolyte during this time and no damage occurred. 

Table 9 is a list of the occurrences of the addition of 

electrolyte to the battery during the test. Electrolyte 

replenishment was necessary because of several operational 

problems. Plumbing fittings and connections leaked to 

different degrees during the test. Also, with certain valve 

settings and operating conditions, enough back pressure was 

created inside the battery to cause significant leaks from 

the electrode stack. This condition was not allowed to 
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Table 8 

Hydrobromic Acid (HBr) Addition 

Amount of HBr Added 

Date Cycle # to Catholyte Reservoir ( m t ) 

3/16/82 41 50 

3/26/82 46 75 

5/27/82 69 50 

5/28/82 69 50 

6/4/82 73 50 

6/24/82 84 50 

8/24/82 117 50 

9/1/82 122 50 

9/8/82 125 50* 

* 50 mt added to each reservoir 
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Table 9 

Electrolyte Addition During Cycle Test 

Volume of 

Electrol:tte Added U) 
Date Cycle # Anolyte Cathol:tte* 

11/11/81 0 36 56 

12/16/81 l3 8 6 

2/25/82 27 ? ? 

3/16/82 41 5 5 

4/16/82 49 Removed BCL-3 

Added 1St 

BCL-2/Bq mix: 

4/20/82 50 3.5 3.5 

1/12/83 159 0.5 0.5 

* Includes po1ybromide in initial fill. 
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persist for long periods of time. Electrolyte samples were 

removed periodically and not returned to the battery. Also, 

due to the identification of a superior bromine complexing 

agent by Gould staff, the original polybromide material was 

replaced at cycle 48. Leaks diminished during the later part 

of the cycle life test. However, on at least one occasion a 

small amount of electrolyte overflowed a reservoir and had to 

be replaced by fresh solution. 

Gould personnel requested that the battery be operated 

with an excess of bromine in the catholyte. Samples of 

electrolytewere removed at the end of charge and a titration 

performed in duplicate to analyze for bromine. Figure 9 is a 

plot of results. While the anolyte bromine concentration 

typically was less than 2 g/£ early in life, after cycle 100 

it increased to levels approximately that of the catholyte. 

Bromine catholyte concentrations of about 6 g/£ were 

acceptable and were maintained. Table 10 is a list of the 

amounts of liquid bromine added to the catholyte during the 

cycle tests. Regardless of the quantities of bromine added 

in the early part of testing, bromine concentrations 

exceeding 6 g/£ were not obtained. 

During the last cycle (#163), samples of electrolyte 

were taken every hour starting before the battery began 

charging. Zinc and bromide were analyzed in anolyte, 

catholyte, and polybromide solutions. Viscosity and density 

measurements were made and are tabulated in Appendix D. The 

cycle was type 9, i.e., a 4-hour, 25-A charge started at time 

o and a discharge at 25 A that started after four hours. The 

battery reached the 20-V cutoff point immediately prior to 

hour 7. Figure 10 presents the results of these analyses. 

It must be remembered that these data were obtained during a 

period of relatively poor battery performance. The causes of 
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Figure 9. Electrolyte-Free Bromine Concentration Versus Cycle Number 



Table 10 

Bromine Addition During Cycle Test 

Volume Added 

Date Cycle # to Catholyte (ml) 

1/25/82 24 100 

1/26/82 24 100 

1/28/82 25 100 

1/29/82 25 100 

2/2/82 26 42 

3/2/82 29 470 

3/3/82 30 450 

3/16/82 41 200 

4/16/82 49 Change bromine 

complex 

6/2/82 71 100 

6/4/82 73 200 

9/22/82 133 100 
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this poor performance, discussed in the failure analysis 

section, very likely influenced the results in Figure 10. 

Random fluctuations occurred in the zinc concentration in the 

ano1yte and catho1yte, while a pattern indicated in the 

po1ybromide solution. Bromine levels changed in an expected 

pattern in the ano1yte, but randomly varied in the catho1yte 

and were relatively constant in the po1ybromide. Precision 

of these results is estimated at +5%. 

Following the life cycle tests, the battery was 

disassembled and failure analyses begun. This task is 

described in the next section. 

-35-



FAILURE ANALYSIS 

Disassembly Procedures 

Following completion of cycle 163 on February 2, 1983, 

the battery was prepared for disassembly. On February 16, 

1983, it was charged at 25 A for 4 hours according to the 

usual baseline cycle procedure. At the end of charge, the 

battery was placed on open circuit and the pumps turned off. 

The cell stack was isolated from the battery plumbing system 

and moved to a disassembly fume hood. At that point, 

following a recommendation by ERC personnel, electrolyte was 

drained from both sides of the stack and deionized (01) water 

was poured into the stack through pipe fittings. A 

pressurized water feed was not used and, therefore, it was 

not possible to completely fill the stack with water. The 

percentage of the stack filled with water was not 

determined. The battery was left in this condition 

overnight. 

The next day, ERC and Sandia personnel disassembled the 

battery stack. First, the deionized water was drained. 

While both anolyte and catholyte solutions were bromine 

colored as expected, the anolyte solution contained a large 

quantity of black particles. All solutions were saved for 

later analysis. 

The cell stack retainers were unbolted and all assembly 

hardware removed. Individual electrodes and separators were 

removed and inspected one at a time. Each piece was 

numbered, starting from the negative end plate. The 

following general observations were made: 

1. Zinc deposition was nonuniform on almost all 

electrodes. Areas near the top and bottom of most 

electrodes had the poorest zinc deposit. Several 

electrodes had severe zinc dendrite formations. 
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Because of non-uniform electrolyte distribution 

caused by item two below, it is difficult to draw 

conclusions regarding zinc deposition and shunt 

currents from these observations. 

2. The electrodes were loosely held in the flow 

frames. Most electrodes were easily lifted out of 

the frame and few showed signs of being bonded. All 

electrodes were flat. 

3. Copious quantities of a silicone sealer type of 

material were found throughout the stack assembly. 

4. A small quantity of a black coating was found in a 

limited number of anolyte flow channels. The 

channels were not blocked. 

5. The top half of all separators and bromine 

electrodes had a heavy layer of salt crystals 

deposited uniformly on the surfaces. 

6. Several separators showed evidence of penetration by 

zinc dendrites and subsequent localized heating. 

7. Electrolyte flow frames had an orange discoloration 

after removal from the battery. This discoloration 

gradually faded within a month while the frames were 

stored in plastic bags. All other plumbing 

components were in good condition after battery 

disassembly. 

Detailed notes written by Sandia and ERC personnel 

containing observations, measurements, and topics for further 

research are given in Appendices E and F. Photographs of all 

separators and electrodes as they were removed from the stack 

are included in Appendix G. While the electrode debonding is 

not obvious from the photographs, it was easily observed. 

Once the electrodes were removed from the flow frames, they 

deformed over a two-week period so that they could not be 

replaced in the flow frames. 
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All materials were packed in sealed, plastic bags. 

Representative samples were shipped to ERe for analysis and 

the rest were saved at Sandia. 

ERe Results 

Failure analysis activities were divided between Sandia 

and ERe. The results of the ERe investigations are included 

here. 

Samples of electrode material, separator material and 

black anolyte residue from the ERe submodule were tested and 

compared with unused materials (the residue was tested for 

the presence of ZDS-II additive). The results were as 

follows: 

Anolyte Residue 

A black sludge-like material was collected from the 

anolyte flow frames. The material was dissolved and tested 

by atomic absorbtion for the presence of ZDS-Il additive. A 

level of about 5 ppm was detected in the diluted sample, 

which is not inconsistent with the level that is normally in 

the electrolyte. The results suggest no unusual 

concentration of the additive in the residue. 

Separator Material 

The separator material was tested for strength and 

electrical resistivity in electrolyte. Samples were tested 

for strength in a tensile test machine which stretches the 

sample at a constant travel rate and records the force and 

elongation at the break point. 

The tapered area on the tensile samples is 1/4" wide by 

5/8" long. Results were as follows: 
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FORCE AT ELONGATION 
SAMPLE BREAK,lbs. % 

Uncycled-1 6.1 600 
Uncycled-2 7.3 760 
Uncycled-3 6.8 740 

Average 6.7 700 
Cycled-l 6.7 690 
Cycled-2 7.5 660 
Cycled-3 7.7 740 
Average 7.3 700 

The data show that the strength of the cycled material 

is about the same as the uncycled material. 

Resistivity of the material in electrolyte was also 

tested. Resistivity was found to be about 22 cm 2 , which is 

similar to the uncycled DARAMIC, which ranges from 20 to 

25 n cm 2 • Resisti vi ty is measured by determining the voltage 

drop at 10 mA/cm 2 between Ag-AgBr reference electrodes in 

electrolyte with and without the presence of separator. 

Carbon Electrodes 

The strength of the carbon electrodes was measured using 

a three point flexural strength test. Each sample was 

supported at two points and pressure was applied at a third 

point directly in the middle of the two support points. The 

force at break was measured and divided by the cross­

sectional area of the sample to derive the psi flexural 

strength. The results are shown in the following table. 

SAMPLE THICKNESS ,mils BREAK,lbs. STRENGTH, psi 

Cycled-l 37.4 +4 5.1 136.4 
Cycled-2 35.8 +8 4.6 128.5 
Cycled-3 36.5 +5 4.8 131. 5 
Average 36.6 4.8 132.1 

Uncycled-1 35.8 +1 4.1 114.5 
Uncycled-2 35.7 +1 4.5 126.1 
Uncycled-3 35.9 +1 4.2 117.0 
Average 35.7 4.3 119.2 
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The thickness of the cycled electrode material was (on 

the average) about 2.5% greater than the uncycled material 

and exhibited much more variability. This could be due to a 

difference in supplied material, however, an increase in 

thickness was expected based on stability testing conducted 

at ERC. The surprising result is that the cycled material is 

actually about 10% stronger than the uncycled material. This 

could be due to a filling of open pores with electrolyte 

salts or to structural changes which occur as the carbon 

material absorbs Br2 and swells. 

Sandia Results 

Scanning electron microscope (SEM) photographs were made 

of each major battery component. New materials directly 

comparable to the parts removed from the cell stack were 

obtained from ERC. Figure 11 is a series of SEM photographs 

of new and cycled separators at several magnifications. Note 

the surface cracks evident on the used material. Figure 12 

is a series of SEM photographs of a new electrode and used 

anode surfaces. Areas labeled "dark" were locations where 

zinc was deposited on the electrode while "light" areas were 

covered by the plastic grid spacer. The used electrodes had 

been washed and rinsed with deionized water twice before 

being photographed. Zinc crystals are visible in some 

photographs. Figure 13 is composed of SEMs of cathode felt 

material. The used felt shows signs of compression with 

several broken fibers. Figure 14 is a series of SEM 

photographs of a roughened area found on one bromine graphite 

electrode. 

The BET surface area of a new and used separator was 

measured. The results are summarized below: 
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New· 

lOOx SOOx 

lOOOx SOOOx 

Figure lla. SEM of New and Used Separator Material at 
lOOx, 500x, lOOOx, and SOOOx 
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Used 

lOOx SOOx 

lOOOx · SOOOx 

Figure lib . SEM of New and Used Separator Material at 
lOOx , SOOx , lOOOx , and SOOOx 

-42-



New Electrode 

lOOx 500x 

lOOOx 5000x 

Figure l2a. SEM of New, Used, and Zinc-Coated Electrode 
Materials at several magnifications 
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Used-Electrode 21 Zinc Deposits 

33x lOOx 

500x lOOOx 

Figure l2b. SEM of New, Used, and Zinc-Coated Electrode 
Materials at Several Magnifications 
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Used Electrode 21 Zinc Dendrites 

33x 50x/500x . 

lOOx 500x 

Figure l2c. SEM of New, Used, and Zinc-Coated Electrode 
Materials at Several Magnifications 
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Used-Light A.reas of Electrode 

lOOx SOOx 

lOOOx SOOOx 

Figure l2d. SEM of New, Used, and Zinc-Coated Electrode 
Materials at Several Magnifications 
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Used-Dark Areas of Electrode 

lOOx SOOx 

lOOOx SOOOx 

Figure l2e. SEM of New, Used, and Zinc-Coated Electrode 
Materials at Several Magnifications 
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New Felt 

lOOx 500x 

lOOOx 3000x 

Figure 13a. SEM of New and Used Carbon Felt From Battery 168 
at lOOx, 500x, lOOOx, and 3000x 
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Used Felt 

lOOx 500x 

lOOOx 3000x 

Figure 13b. SEM of New and Used Carbon Felt From Battery 168 
at lOOx, 500x, lOOOx , and 3000x 
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Rough Bromine Ele.ctrode 

33x 100x 

500x 1000x 

Figure 14. SEM of Rough Appearing Bromine Electrode 21 at 
33x, 100x, 500x, and 1000x 
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Separator BET Surface Area (m2jg) 
(average of several points) 

New 

47 + 1 

Cycled 

55 + 1 

The slight increase in surface area may be indicative of the 

cracks and fissures noted in the SEM pictures. 

Attempts were made to measure surface area of 

electrodes, but the electrode area was below the limit of the 

analyzer. The lower limit of the surface area analyzer used 

is 0.25 m2jg. This measurement was attempted without prior 

knowledge of the vitreous carbon electrode area. In these 

experiments, both sides of the electrode were exposed. No 

distinction was noted between the zinc and bromine sides. 

Chemical analyses were performed on several samples 

obtained during disassembly. It was not possible to identify 

any material because all samples contained mixtures of many 

species. Table 11 summarizes the data obtained. The used 

electrolyte did not appear to be contaminated with any 

inorganic species. The anolyte wash solution had been 

removed from the stack after sitting overnight, immediately 

before disassembly. It contained a large concentration of 

black particles. This sample was analyzed and found to 

contain a large amount of carbon. The deionized water rinse 

apparently allowed some of the electrode materials to wash 

into solution. 

The black residue found in some anolyte flow channels 

was found to contain the same constituents as the electrolyte 

except that sizable amounts of iron, lead, and aluminum were 

present. The origin of these elements in this sample is 

unknown. 
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Table 11 

Chemical Analysis Results 

Battery Failure Analyses 

SEecies 

Zn Br Fe Pb Na Si Al K C H N 

Sample (PEM) (12pM) (EEM) (I2EM) (PEM) (ppM) wt% wt% wt% 

Anolyte (used) major 2 50 major 2 200 major 

Catholyte (used) major 3 150 major 5 200 major 

Anolyte wash solids 0.51 major 47 1.6 0.2 
wt % 

I 
Anolyte flow channel major 1500 1200 1800 4000 3000 major 

VI black residue "" I 

Frame 3, Electrode 2 major 400 2000 1600 major 2000 major 

white crusty residue 

Frame 4, Electrode 3 major 900 600 800 <100 900 major 

crystalline chunk 

Separator between major 200 <700 400 <200 500 major 

Frames 3 & 4, white 

chalky material 

Precision: within factor of 2. 



A large amount of white crystalline or chalky 

precipitates were found in many places in the cell stack. 

The samples seemed to primarily be electrolyte species 

crystallized with various amounts of iron and lead. The 

source of these two metals is unknown. These crystals may 

have formed during the overnight stand when the cell stack 

was only partially full of water. 

A series of samples not included in Table 11 all had the 

appearance of slightly degraded silicone sealer. Infrared 

analysis of these materials confirmed that they were of that 

class of organic compounds. 

On March 18, 1983, a representative from Gould 

responsible for the original construction of the battery 

visited Sandia and inspected the disassembled components. A 

summary of his findings are included in Table 12. 
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Table 12 

Gould Representative Inspection of Battery 168, 3/18/83 

Kendall, from Gould, visually inspected the battery and noted: 

1. Small dendrites, on most electrodes, penetrating the 
middle of the separators between the two felt pieces. 

2. The screens are melted to the separators, indicating the 
battery got hot. 

3. Placing deionized water in the battery, after electrolyte 
was removed, caused the graphite plates to warp. This 
caused most of the debonding. 

4. The separators were pressed into top of flow frames 1-6, 
restricting the flow channels. 

5. No.3 separator had a short cut in it. 

6. The black residue in the flow frames is dendrite inhibitor 
and carbon particles from zinc electrode. 

7. Frame #6 separator was light grey color, indicating it had 
dried out. 

8. Silicone sealer was used to seal battery stack in many 
places. 

9. Non-uniform zinc deposits due to de bonded electrodes which 
allowed bromine to react with zinc. 

10. End plates appeared to be in good shape, and available for 
reuse. 

11. The white/grey crystals in the battery are electrolyte 
salts. 
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DISCUSSION OF RESULTS 

In general, this battery performance performed according 

to expectations. Its life and efficiency performance were 

comparable to other batteries built by Gould with similar 

designs. Several operational problems were evident and will 

be discussed. 

Efficiency fluctuations occurred several times during 

battery testing. While one of the fluctuations at cycle 48 

has been explained by electrolyte flow blockage and another 

at cycle 125 by dendrite formation during high zinc loadings, 

the reason for the step change at cycle 90 has not been 

discovered. It may have been due to a sudden partial 

electrode to flow frame debonding permitting electrolyte 

cross-mixing. It also may be related to bromine addition to 

the catholyte that was being made just prior to the step 

change. Excellent efficiency performance was obtained 

between cycles 50 and 75 relative to other zinc/bromine 

batteries tested at Sandia. 

The plumbing design required frequent valve adjustment 

to maintain proper electrolyte flow distribution. The 

severity of this difficulty increased as the battery aged. 

It was apparently caused by minor pump output variations, 

flow filter screen blockages, changing stack back pressure, 

and electrode debonding which permitted electrolyte flow 

cross-mixing. Electrolyte reservoirs without adequate seals 

led to fluctuating electrolyte levels because of evaporative 

losses and also contributed to this problem. Minor plumbing 

system leaks contributed to additional maintenance 

requirements. 

A further plumbing problem was the lack of dedicated 

electrolyte flow rate/pressure instrumentation. While a 

portable pressure transducer was supplied with the battery, 

it was 
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awkward and messy to use. Also, the correlation of pressure 

to flow rate appeared unreliable as the battery aged. Valve 

adjustment to obtain repeatable pressure values was 

difficult. Similarly, adjustment of polybromide flow rate 

was based on a visual appearance and difficult to reproduce. 

Finally, .while the battery was rated at 200 Ah, attempts 

to cycle the unit at 150 Ah caused immediate dendrite 

shorting, localized heating, and debonding which led to 

battery failure. Further investigations appear warranted to 

increase uniform flow distribution and zinc plating 

techniques, or anti-dendrite electrolyte additives may be 

necessary to attain high zinc loading capacities. 

Battery failure was most likely due to electrolyte cross 

flow because of de bonded electrodes. This led to non-uniform 

electrolyte flow distribution and zinc deposition and low 

efficiencies. High zinc loading cycles caused zinc dendrite 

shorting and poor efficiency. These design problems appear 

to be the most critical areas for research effort. 
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CONCLUSIONS 

Sandia personnel consider the Gould/ERC battery test a 

success. Performance comparable to other state-of-the-art 

zinc/bromine technology was observed. A great deal was 

learned about the ERe system and about zinc/bromine batteries 

in general. Several recommendations for redesign of the 

battery system will be presented in this section. 

Based on operational problems noted above, it will be 

important to simplify the plumbing system. This will 

alleviate many manual valve adjustment requirements and 

improve system performance by assuring more uniform 

electrolyte flow distribution. Also, improved electrolyte 

pressure and flow rate instrumentation would improve 

understanding of battery operation and data analysis of 

performance problems. 

The electrode to flow frame bond must be revised to 

insure a more durable cell stack and to improve battery 

life. The use of silicone sealer to bond the electrodes to 

flow frames, and to seal the edges of the cell stack may not 

be appropriate for efficient battery production techniques. 

Over many years of operation, silicone sealer may degrade 

under exposure to bromine and lead to decreased system 

performance. Further investigations of methods of sealing 

the cell stack would be desirable. Seepage was noticed 

during the entire Sandia test coming from the bottom of the 

cell stack area. This was only a nuisance in this work, but 

could be a significant problem on large-scale systems. 

Improvement of the electrode-flow frame bond should also 

decrease cell stack sensitivity to thermal excursions. 

Similarly, reservoirs should be redesigned to be 

completely sealed. Plumbing for electrolyte addition and 

removal should still be available. Sealed reservoirs will 

decrease electrolyte and bromine evaporative losses and also 

prevent significant electrolyte cross-flow. 
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In summary, this battery evaluation has identified 

several areas for system design improvements. Nothing was 

discovered which indicated the zinc/bromine technology was 

fundamentally flawed. With continued system optimization 

during the next few years, this battery type has an excellent 

chance of eventual commercial success. 
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I. INTRODUCTION 

The 800W zinc-bromine submodule 

temperature, rechargeable battery system. 

flo~ling electrolyte (Figure 1). 

is a self-contained, ambient 

It is of a bipolar design with 

El ectrochemical energy is stored through the reduction of zi nc ions to 

zinc metal at the negative electrode and oxidation of bromide ions to bromine 

at the positive. The free bromine formed on the positive electrode is stored 

as a liquid chemical complex (polybromide) externally to the subf11odule. A 

microporous separator between electrodes slows the diffusion of bromine from 

the positive to the negative sides, to limit the rate of self discharge. The 

bulk of the electrolyte and the polybromide are stored externally to the 

submodule in storage tanks. 
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II. SYSTEM DESIGN 

The system consists of a submodule, pumps, plumbing and electrolyte 

storage tanks. The submodule is rated at 800W (discharge) based on an average 

discharge voltage of 32V at the design current of 25A. 

A. The Submodul e 

The submodule (Figure 2) comprises a filter-press stack of 20 

electrodes, each a square of 0.09m2 (~lft2) area, mounted in a polypropylene 

frame. The frame, in addition to holding the electrode in position and 

sealing its edges from leakage currents, also provides the important function 

of directing electrolyte flow to and from the electrode surfaces. 

Between each pair of electrodes there is a microporous separator, 

DARAf'olIC, to lifl1it the rate of self-discharge. Since the separator is 

non-rigid, polypropylene spacing ribs are provided on the negative side to 

hold it off the electrode surface. The spacing function on the' positive side 

is provided by the positive substrate, a carbon-felt material having a high 

surface area for minimizing polarization of the bromine electrode. The two 

end plates are fl1ade of polypropylene and provide the multiple functions of 

compressing the cell tightly to prevent leakage, serving as plumbing 

connections for electrolyte flow, and collecting the electrical current frofl1 

the two end electrodes. 

B. Plumbing and Pumps 

El ectrolyte and polybromide ci rculation between the storage tanks and 

the submodule are via schedule 80 polypropylene pipe and magnetically coupled, 

centrifugal pumps of polypropyl ene construction. Pl umb i ng connect ions are 

accomplished with socket welding, except for union connections for the pumps, 

tanks, and submodule to simplify installation and removal. 
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c. El ect ro 1 yte 

The electrolyte solution comprises the active species zinc and bromide, 

potassium chloride supporting electrolyte, and water, the solvent. 

The electrolyte composition and quantity are designed to provide 
adequate quantities of species for the electrode reactions and to minimize the 

internal resistance of the submodule. The design specifications are as 

follows: 

Composition: 
1.33M zinc bromide 

O.67M zinc chloride 

3.00M potassium chloride 

Vol ume: 
32t each on the positive and negative sides 

An additional specification on the electrolyte is a pH of 2-3. 

D. Bromine Storage 

Bromine is generated at the positive electrodes during the charge half 

cycle and consumed during discharge. Control of the bromine concentration in 

the positive electrolyte is accomplished by complexing the bromine in a 
second, liquid, polybromide phase. The polybromide phase is stored 
externally to the submodule. A static mixer (Figure 3) is used to mix the 
electrolyte and polybromide phases to exchange bromine. Polybromide flow to 

the mixer is provided by the polybromide pump. 
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Figure 3 Static Mixer 

(Courtesy Koch Engineering) 
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E. Auxiliaries 

A titanium coil has been incorporated into the negative electrolyte 
tank. When connected up to a col d water 1 i ne it functi ons as a cool i ng coil 

for the submodule. Without the use of a cooling coil the submodule 
temperature will exceed 35C, the present temperature limit for the battery. 
Above this point undue thermal stresses are placed on the 
electrode/electrode-frame bond, which could result in an electrode debond. 

A pressure transducei and its associated power supply are also included 
with the submodule package. It is used for setting the electrolyte flow rate. 
A thermocouple is also included for temperature monitoring. 
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I I I. OPERATION 

A. Components 

Supplied by Gould: 
1 - 800 W submodule 
2 - Electrolyte tanks 
4 - Pumps (3 for submodule; 1 for electrolyte transfer) 
1 - Static mixer 

1 - Cooling coil 
1 - Electrical outlet strip 

1 - Electrolyte filter bed 
8 - Pressure/sample taps 
5 - 1" ball valves 
2 - 1/2" ball valves 
Var - plumbing 

30 gal - Electrolyte 
3 gal Polybromide 
1 - Pressure transducer with power supply 

1 - Thermocouple with electric ice point 
1 - Filtration chamber 

To be supplied by customer: 
- Respirator approved for halogens 

(i.e.: NIOSH No.TC-23C-76 with cartridges 
NIOSH No.TC-23C-82) 

- Gas mask approved for halogens 

(i.e.: Scott chin style gas mask TC-14G-102 with canister 
600252-08 ) 

5 1 b - brorni ne, rgt. grade 
1 gal - Hydrobromic acid, 48% 

- Latex g1 ov es 
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B. Assembly 

Assembly involves connecting the tanks, pumps, and sub~odule together as 

follows: 

1 - Place the submodule in the center of the hood. 

electrical connection should be on the left hand side. 

The negative 

2 - Place the negative electrolyte tank and pump to the left of the 

submodul e. 

3 - Place the positive electrolyte tank, pump, and the polybromide pump 

to the right of the submodule. 

4 - Remove the screw-i n pl U'9S from the subfTIodul e. Some el ectrolyte 

might come out of the bottom ports. This will be from initial 

check-out testing before the submodule was shipped. Any spillage 

should be cleaned up and disposed of as described under safety 

procedures. 

5 - The plumbing can now be connected by referring to Figure 4. The 

plumbing assembly is carried out by connecting part 1 to part 2 etc. 

All unions should be aligned and hand tightened. 00 not over 

tighten as this can deform the o-ring seating. Ball valves should 

be in the closed position when assemblying. 

6 - After all plumbing connections are made, check to see that all 

valves are closed including the safTIple ports. 

7 - The pUfTIpS should be plugged into the outlet st ri p. 

8 - The coi 1 in the negat i ve tank shoul d be connected to a ch ill water 

line of 60F and 10psi supply pressure (the flowrate will not exceed 

0.5 gpm at this supply pressure). 
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800W Submodule Layout 

DESCRIPTION: 

1 SUBMODULE 
2 SUBMODULE STAND 
3 NEG. ELECTROLYTE TANK 
4 POS. ELECTROLYTE TANK 
5 NEG. ELECTROLYTE PUMP 
6 POS. ELECTROLYTE PUMP 
7 POL YBROMIDE PUMP 
8 NEG. TANK OUTLET 

9 PLUMBING 
10 1" BALL VALVE 
11 PLUMBING - NEG. PUMP INLET 
12 NEG. PUMP OUTLET - P ... t!6,Sv,,(. +o..p( " .. ;~.) 
13 1" BALL VALVE 
14 PLUMBING 
15 PLUMBING - SUBMODULE INLET, 

NEG. SIDE 

16 1" BALL VALVE 
17 PLUMBING - SUBMODULE OUTLET, 

NEG. SIDE 

18 NEG. TANK INLET 
19 POS. TANK OUTLET 
20 PLUMBING - POS. PUMP INLET 

21 
22 
23 
24 
25 

1" BALL VALVE 
POS. PUMP INLET 
PLUMBING 
1" BALL VALVE -p,.~~sv"c.. + ... p (o1'i:,) 

26 

PLUMBING - SUBMODULE INLET, 
POS. SIDE 

PLUMBING - SUBMODULE OUTLET, 
POS. SIDE 

27 PLUMBING 
28 STATIC MIXER - (' ..... )sv"'f!.. + .... 1" C c.y,.4f?) 

29 POS. TANK INLET 
30 POS. TANK, POLYBROMIDE OUTLET 
31 PLUMBING - POLYBROMIDE PUMP INLET 

SIDE VIEW 01: POSITIVE 
PUMP INLET FROM TANK 

32 PLUMBING - POL YBROMIDE PUMP OUTLET 

33 PLUMBING 
34 'I,' BALL VALVE 
35 PLUMBING 
36 'I,' BALL VALVE _pressure.. +o...p -Crc.·!f'6 
37 'I,'BALLVALVE _pr"5$vf'e +a.p- 9C.·<+'ii' 
38 POS, TANK INLET 

(0962) 

Figure 4 

800W Submodule Luyout 



C. System Fill 

The polybromide and electrolyte come in two drums. The smaller (5 gal) 

one contai ns the polybromide and some el ectrolyte. The larger (55 gal) drum 

contains electrolyte. 

Initially, all valves should be closed. The first step in filling the 

system is to transfer 7~ of polybromide into the positive tank. This is done 

by manually pouring the polybromide from its shipping contai ner into the 

positive tank. The electrolyte present with the polybromide should also be 

transferred into the positive tank. 

Next, the electrolyte can be transferred into both the positive and 

negative tanks. This should be done by use of the transfer pump. In pumping 

the electrolyte from the drum to the electrolyte tanks it should first be 

pumped through the filtration chamber before it enters the electrolyte tanks. 

Filling of the electrolyte tanks should be up to the mark on each tank. 

After i niti a 1 pumpi ng of the el ect ro lyte into the submodu 1 e the tank vol umes 

should be readjusted to their appropriate levels. 

D. Operation 

After the tanks are filled, all valves can be opened. This will allow 

the electrolyte to enter the pl umbing system and the submodule. Allow a fe~1 

minutes for the electrolyte to fill the submodule. Valves 10, 13, and 24 

should then be closed. Valve 37 should be closed half-way. The negative and 

positive electrolyte pumps can now be turned on. 

The required electrolyte flowrate on each side should be 2.5gpm. The 

flowrate can be set by using the pressure transducer and fTlonitoring the 

differential pressure across each of the electrolyte pumps. The readout from 
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transducer is in millivolts. By referring to Figure 5 this can be 

equivalent to jifmV. Since 

flowrate of 2.)5gpm is $uN, 
:2,0 61 

The inlet pressure to the electrolyte pumps is 

the required differential millivolt reading for a 
the pump outlet pressure should be ...65"mV. • ~ 

67 ~ 
?-Y~.~ 

The flowrate on the negative side should be set first, by moni~ng the 

negative pump outlet pressure and slowly opening valve 13. 

CAUTION: Negati ve el ectrolyte flow must always be provided to the submodul e 

prior to positive electrolyte flow. 

After the negative flolVrate has been set, the positive flowrate can be 

set. This is done by monitoring the outlet pressure of the positive pump and 

slolVly opening valve 24". 
;'. 

. Once valves 13 and 24 have been set, there should be no need to readjust 

them. Control of electrolyte crossover can be handled by throttling valve 16. 

Finally, the polybrolJlide flowrate can be set. This is done mainly by 

visual inspection of the polybromi.de through the static mixer. The flow 

should be set with the electrolyte pumps on. The polybromide flow should be 

such that the static mixer elements are barely visible. During the discharge 

mode of cycl ing the polybromide flolVrate can be readjusted as necessary. If 

there is either insufficient or excessive polybromide floV! the discharge curve 

14i11 have a steep negative slope. This lVill result in both poor coulombic and 

voltaic efficiencies. 

After all flowrates are adjusted, the electrical connections can be made 

to the appropriately marked terminal s. 

cycling. 

The submodule is now ready for 

The current/voltage program lJlay be set as desired vlith the following 

limitations taken into consideration. 

12 
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L Maximum charge capacity 150Ah 

2. Maximum current 25A - '30 A 
3. Charge sh 0 ul d be commenced only on a completely discharged 

battery (O.OV on open circuit). 

These conditions are necessary to minimize the risk of zinc dendrite shorting. 

E. Daily Start-Up and Shut-Down Procedures 

On a one cycle per day regime, the following procedures should be 

carried out. It is assumed the flowrates have already been set. If they 

haven't, refer to the previous section before continuing. 

Start-Up - First, turn on the negative electrolyte pump. Allow the 

electrolyte to exit the submodule before continuing. Next, turn on 
the positive electrolyte pump. After electrolyte flow has been 

established on the positive side, the polybromide pump' can be turned 

on. If there is o.av on open circuit, cycl ing may COrT'Jl1ence. If the 

open circuit is not a.ov, the submodule should be placed in the 

shortout mode. 

Shut-Dmm - The submodule should either be in an open circuit or 

shortout mode. First, the polybromide pump should be turned off. 

About 5 minutes after the polybromide pump is turned off, the 

positive electrolyte pump can be turned off. The time period before 

turning off the positive pump is necessary to allow residual 

polybromide to be pumped out of the submodule. Finally, the 

negative electrolyte pump can be turned off. If the submodule is 

not completely discharged (i .e., s..5V) , it can be left in the 

shortout mode \~ith the pumps off. 

14 



F. Typi cal Charge-Discharge Program 

A typical charge-discharge program is as follows: 

1. Charge at 25A for 5 hours. The charge voltage wi 11 initially be 

... 40.00V at 27C, but it will decrease slightly during the course of 

the charge due to an increase in temperature. 

2. Open ci rcuit stand ("charge rest") 10 minutes (optional). The open 

circuit voltag~ will be ... 35.6V. 

3. Discharge at 25A until the voltage reaches 20V. The nominal 

discharge voltage will be ... 30.4V. 

4. Shortout ("discharge rest") for 2 hours (required). When the 

submodule voltage reaches 20V it should be placed into shortout with 

the pumps left on. This will allow any residual zinc to be rerroved 

from the negative electrodes. 

Figure 6 is a typical charge-discharge curve for such a cycle. 

15 
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G. Ope rat i ng Pa rameters 

Below are some considerations which apply in selecting submodule 
operating parameters. 

Temperature - The recommended temperature range is 2S-3SC. 

Above 35C thermal stresses are placed on the electrode/electrode­
frame bond. This may cause electrode debonding which will result in 
poor coulombic and voltaic efficiencies and submodule failure. An 
electrode debonding is unrecoverable and requires a teardown of the 
submodule. 

Current - The current can be between 5A and 25A. 

rate of the zinc will exceed the plating rate. 
of zinc dendrite formation is increased. 
dendrite shorting. 

BelOl~ SA the corrosion 

Above 25A the chance 
This could lead to 

Loading - The loading should not exceed 150Ah. Above 150Ah there is an 
increased chance of zinc dendrite formation which would lead to 

dendrite shorting. 

Flowrate - The flowrate on both sides should be set to 2.5 gpm. 
Variations of ±O.5 gpm are allowed. 

The polybromide flowrate should be set as described on page 12. 

17 



IV. MAINTENANCE 

The primary maintenance required is as follows: 

1. Check electrolyte pH on negative side. This should initially be 

done on a daily bas i s at the start of charge. If the pH approaches 

3.0, ,,50 ml of hydrobromic acid (48%) should be added to the 

negative side. 

2. Check electrolyte levels. This should be done with the pumps on. 

If there is a change in the volume of either electrolyte tank the 

flowrates should be checked and adjusted as necessary. If the 

flowrates are correct, then valve 16 should be adjusted. By having 

the valve open, electrolyte crossover will go tOl'/ard the negative 

side. As valve 16 is throttled back, electrolyte crossover is 

shifted toward the positive side. 

18 



V. TROUBLESHOOTING 

PROBLEM 

1. Rapid, random, 
voltage spikes, from 
normal charge voltage 
to lO~/er val ue. 

2. No flow but pump is 
on. 

3. Leaky fitting 

4. Voltage stepping 
during discharge. 

5. Electrolyte crossover 

6. Poor coulombic 
efficiency. 

7. Poor voltaic 
efficiency 

CAUSE 

Dendrite shoring; zinc 
dendrites have grown 
through the separator. 

Pump is decoupled 

Loose fitting or O-ring 
misal igned. 

Debonded electrode or 
blocked flow channel. 

Uneven flow-rates 

Poor bromine kinetics. 

High internal resistance 
due to excessive 
polybromide entering 
submodule. 

19 

CURE 

Place submodule in 
reversal at 5A with 
pumps on until open 
circuit voltage is 
O.OOV. 

Shut pump off until 
motor stops spinning 
then resta rt. 

Ti ghten fi tt i ng. If it 
still leaks then O-ring 
needs replacing. 

Check open circuit 
voltage. If open 
circuit voltage is much 
lower than ~35V e.g. < 
33V and there is -
excessive electrolyte 
crossover an el ectrode 
has debonded. If the 
open circuit voltage 
returns to ~35V then a 
flow channel has become 
blocked. This sometimes 
cures itself and is best 
1 eft alone. 

Check flow-rates and 
adjust accordingly. 
Throttle valve 16. 

Check positive side 
bromine concentration. 
End of charge 
concentration should be 
10-14 gil. If too low 
add broJl1i ne. Increase 
polybromide flow. 

Decrease polybromide 
flow. 



VI. SAFETY PROCEDURES 

1. The submodule should be set up and operated in a rel iabl e fume hood in 

the event of the escape of bromine vapors. 

2. The zinc bromide electrolyte is poisonous if taken internally, and 

externally causes skin burns on exposure. Latex gloves and safety 
glasses should be ~lorn any time electrolyte is being handled or when 

system integrity is to be broken. If accidental contact with the ski n 

occurs, flush well wi·th water. Small quantities (i .e., 1-2~) of 

electrolyte can be flushed down the drain with copious amounts of water. 

3. Bromine is extremely toxic internally and externally. Latex gloves, eye 

protection, and a respirator should be worn when handling it. It should 

only be exposed to the atmosphere within a reliable fume hood. Avoid 

breathing the vapors. It can be neutralized with either a 2M solution 

of sodium thiosulfate or a 25-50% solution of ammonium hydroxide. 

4. Polybromide should be treated like bromine. A good solvent for it is 

isopropyl alcohol. 

20 



APPENDIX A 

DETERMINATION OF BRorHNE CONTENT 

IN ELECTROLYTE 

~~.-b,~~ 
A 1.00 ml sample of the aqueous phase is added to 15 ml of a 15 percent 

by weight potassium iodide solution. The iodine released is titrated with a 

standard O.OlN thiosulfate solution. Titrate slowly until the solution is 

colorless. Perform duplicate determinations. Calculate the bromine content 

3S follOl'is: 

Bromine (g/l) = (ml S20;) (N S20;) (79.909) 
Sample Vol ume (ml) 

21 



DEG C o 1 

APPENDIX B: THER~'OCOUPLE TEMPERATURE TABLE 
TYPE T (Copper-Constantan) Thermocouple 

2 3 4 5 6 7 

Thermoelectric voltage in absolute millivolts 

8 9 

20 0.789 0.830 0.870' 0.911 0.951 0.992 1.032 1.073 1.114 1.155 

30 1.196 1.237 1.279 1.320 1.361 1.403 1.444 1.486 1.528 1.569 

40 1.611 1.653 1.695 1.738 1.780 1.822 1.865 1.907 1.950 1.992 

22 



800W ZINC-BROMINE SUBMODULE 

OPERATIONS MANUAL 

August II, 1981 

PEN AND INK CORRECTIONS: 3/15/82 

p. 11 5th line from bottom: 

Replace "Valve 37 should be closed half-way." with "Valve 37 should be throttled 

from the fully open position until the polybromide droplets in the static mixer 

are well-dispersed in the electrolyte, but still clearly visible as sub­

millimeter diameter droplets. Valve 37 is shut too far if the two-phase flow 

in the mixer appears as a cloudy emul sion." 

p. 12 11th line from bottom: 

Replace "The polybromide flow should be such that the static mixer elements 

are barely visible." with "Set the polybromide flow by throttling valve 34 

approximately 45 0 from the fully open position. Fine adjustment from this 

point should be made such that the polybromide flow through the static mixer 

is approximately 25-35% by volume based on visual observation. 

p. 12 13th line from the top: 

Replace "Control of electrolyte crossover can be handled by throttling valve 

16." with "Control electrolyte crossover via minor adjustments to valve 13. 

For electrolyte crossover pos it ive-to-negative , throttle open valve 13 to 

increase negative side flow and pressure in the battery, as indicated')y a 

negative pump discharge pressure decrease of 1-3 mV. For negative-to-positive 

crossover, throttle valve 13cmsffi to reduce negative side flow and pressure, 

as indicated by a 1-3 mV pump discharge pressure increase. Valve 16 should 

be fully open." 



p. 15 Item 3 

Replace with: 

"3. Discharge at 25A until the voltage decreases to zero volts." 

p. 15 Item 4 

Replace with: 

"4. Shortout (discharge rest) for 30 minutes (required), once the battery 

voltage reaches zero volts in discharge." 



Add after p. 22 

APPENDIX C 

DETERMINATION OF BROMINE CONTENT IN POLYBROMIDE 

Obtain a 1.0 ml polybromide sample at end of discharge; place in a 200 ml 

volumetric flask with 150 ml of fresh electrolyte. Cap and shake to dissolve 

polybromide completely, then. increase volume to 200 ml with fresh electrolyte 

and mix thoroughly. Titrate this solution for bromine (Appendix A). Calculate 

bromine content as follows: 

Lsr2_1 (gil) in polybromide , 
Vh('::hiosulfate\ (80g Bromine '. 

= {ml thiosulfa(e,J .1ormality " ~ equivalent' (200 ml diluted volume). 

The bromine content should be as follows: 

800 -

950 -

850 gil for bromination level 3 (Q+ Br
3
-) 

+ -1000 gil for bromination level 4 (Q Br4 ). 

If the bromine content is below 800 gil, add bromine in 200 ml increments to 

increase its content to 800 - 1000 gil. 



A P PEN D I X B 

Sandia Battery Test Plan 



Mr. James R. Borta 
Gould Inc. 
Gould Laboratories 
40 Gould Center 
Rolling Meadows, IL 60008 

Dear Jim: 

Sandia National Laboratories 
Albuquerque. New Mexico 87185 

July 7, 1981 

I am preparing a test plan for the Gould 20-cell zinc­
bromine battery to be tested at Sandia. I would appreciate 
your comments and input on the plan. Specifically., I am 
interested in the safety aspects of operating the battery 
under the listed conditions as well as any of the selected 
parameters that exceed battery design limitations. Also, 
if you have any suggestions for other experiments for the 
battery, please feel free to let me know. 

The preliminary plan is presented in Figure 1. This 
experiment is very similar to the one we are running on the 
Exxon 8-cell 500-Wh zinc-bromine battery. It is a four 
factor, two level experiment. The factors are charge and 
discharge rate, maximum state-of-charge (SOC), and battery 
temperature. The nominal battery values used in determining 
the parameters were taken from the EPRI report, Development 
of Zinc-Bromine Batteries for Utility Energy Storage, EPRI 
EM-1717, March 1981, p. 9. I adjusted the appropriate 
values for a 20-cell unit. If these values are not appli­
cable to this battery, please let me know. Also is the 
battery's cap.acity 200 AH or 180 AH (2000 AH/mz x 0.09mz)? 

The battery will be tested under computer control on 
a continuous basis. The end of discharge voltage will be 
1.OV/cell. There will be a two-hour rest period for the 
battery after every discharge. I intend to run ten cycles 
of each type. For the 50°C tests, the battery will either 
be placed in a large oven in our lab, or we will use 
immersion heaters in the electrolyte reservoirs. 



III. 

Mr. James R. Borta -2- July 7,1981 

Upon successful completion of this test plan, I would 
implement a third level into the existing experiment. This 
would be'a lower level, such as a temperature of 5-l0 o C, a 
maximum SOC of 30 percent, and lower charge and discharge 
rates. Also, some electrolyte flow-rate variation might 
be added. I will submit this plan to you for your review 
in advance. 

As I told you on the phone on June 23, we are now 
waiting for the installation of our fume hood. This should 
be the last step before we can begin testing the battery. 
I estimate that the installation should begin during the 
next month. I will keep you informed on its progress. I 
will look forward to hearing from you regarding this test 
plan. 

PCB:2525:jh 

Attachment 

bce: 
2525 R. P. Clark 
2525 J. L. Chamberlin 
2525 D. W. Miller 
2533 A. E. Verardo 
~25 P. C. Butler 

2525 Day File 

Sincerely, 

Paul C. Butler 
Division 2525 



GOULD ZINC-BROMINE 20-CELL BATTERY PRELIMINARY TEST PLAN 

FOUR FACTORS -- TWO LEVEL EXPERIMENT 

Test No. Factor 

A B C D 

1 25 25 50 20 
2 25 25 80 20 
3 25 34 50 20 
4 25 34 80 20 
5 34 25 50 20 
6 34 25 80 20 
7 34 34 50 20 
8 34 34 80 20 
9 25 25 50 50 

10 25 25 80 50 
11 25 34 50 50 
12 25 34 80 50 
13 34 25 50 50 
14 34 25 80 50 
15 34 34 50 50 
16 34 34 80 50 

Factors Nominal Batter~ Values 

A Charge Current, A 200 AH (2000 AH/m 2 @ 0.09m2?) 
B Discharge Current, A 32V Average discharge voltage (1.6V/cell) 
C Maximum State-of-Charge, % 6.4 kWh 
D Battery Temperature, °c 1.0 kW 

20V End of discharge voltage (l.OV/cell) 

FIGURE 1 



Goold Inc., Gould Loborolori •• 
40 Gould Centor 
RolIl"Q Meadows illinOis 60006 
Telephone (312) 640·4400 

Ju ly 30, 1981 

Mr. Paul C. Butler 
Sandia National Laboratories 
Storage Battery Division - 2525 
Albuquerque, NM 87185 

Dear Paul: 

GOULD 

I have reviewed your plan for cycle testing our 800 W zinc-bromine battery. 
Continuous cycling should be no problem. The two-hour rest period at the 
end of discharge must be in a short-out mode. This is necessary to allow 
residual zinc to be removed from the negative electrodes. 

The following operating conditions should not be exceeded: 

Temperature - should be kept between 25-35 C. Above 35 C there are 
excessive thermal stresses placed on the electrode bond which 
could cause electrode debonding. An electrode debonding is 
unrecoverable and requires a tear-down of the submodule. 

Current - should not exceed 30 A. Above 30 A the chance of zinc 
dendrite formation is increased. This could lead to dendrite 
shorting. 

Loading (state-of-charge) - based on a capacity of 200 Ah, the maximum 
L.() G 50 C shoul d not exceed 75% (150 Ah) of the capacity. Above 150 Ah 
/ L:11 there is an increased chance of zinc dendrite formation which 

<. could lead to dendrite shorting. 

In considering a third level of testing involving low temperature, I rec­
commend it be the last type of test. We have not done any low temperature 
cycling, and therefore, I am not sure of the effect it will have on the 
battery. 

I am looking forward to visiting your facility in September and implementing 
the testing program on our 800 W zinc-bromine battery. 

Si ncere ly, 

~BC.~ 
/stm 

-> 



A P PEN D I X C 

Battery Voltage, Current, and Temperature 
Versus Time Plots for Represetnative Cycles 
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TIME AT END OF PLOT: 811116 AT 164914 
START OF PLOT VOLTAGE= 40.099 VOLTS 
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AMP-HOURS REMOVED= 
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-2707.400 WH 
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END OF PLOT CURRENT= -25.115 AMPS 
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Cycle 3 
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Cycle 13 
Gould Zn/Br 2 

BATTERY VOLTRGE (VOLTS) VS TIME (HOURS) 
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START OF PLOT CURRENT- .82IAMPS 
END OF PLOT YOLTAGE= 17.427 VOLTS 
END OF PLOT CURRENT= -25.149 AMPS 

AMP-HOURS REMOYED= 
AMP-HOURS RETURNED= 
WATT-HOURS REMOVED= 
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41213.400 WH 



Cycle 13 

Gould Zn/Br 2 

BATTERY VOL 1AGE (VOLTS) VS HME (HOURS) 
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, , .1 

1 2 4 

TrME (HOURS) 

TEST ON BATTERY 168 STARTED ON 811211 AT 
TIME AT END OF PLOT: 811211 AT 153223 
START OF PLOT VOLTAGE= 42.188 VOLTS 
START OF PLOT CURRENT= 24.433AMPS 
END OF PLOT VOLTAGE= 17.905 VOLTS 
END OF PLOT CURRENT= -25.042 AMPS 

95448 

AMP-HOURS REMOVED= 
AMP-HOURS RETURNED= 
WATT-HOURS REMOYED= 
WATT-HOURS RETURNED= 

, .1 

5 

-65.056AH 
73.664 AH 

-1873.800 WH 
3094.500 WH 
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(VOLTS) VS TIME ( 
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BATTERY VOLTAGE (VOLTS) VS T1HE ( HOURS) 
TEST ON BATTERY lli8 TIt1E AT START or PLOT 92121113 AT 74310 
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Electrolyte Viscosity and Density Measurements 



Time 

0 
1 
2 
3 
4 
5 
6 
7 

Time 

o 
1 
2 
3 
4 
5 
6 
7 

#168 Viscosity Centistoke 25'C 
all values + 0.007 

Anolyte Catholyte Polybromide 

1. 302 1.200 11.950 
1. 182 1. 179 10.655 
1. 125 1. 152 10.079 
1. 116 1. 123 9.307 
1.040 1.095 9.242 
1.094 1. 097 9.869 
1. 179 1. 131 10.947 
1. 255 1.178 11. 048 

#168 Density at 20'C (g/cm3 ) 
all values + 0.0001 

Anolyte 

1.5710 
1. 5253 
1. 4955 
1. 4753 
1. 4480 
1. 5066 
1. 5561 
1. 5768 

Catholyte 

1. 5338 
1.5465 
1.5448 
1. 5361 
1. 5258 
1. 5103 
1. 5122 
1. 5226 

Polybromide 

1. 9662 
1. 9971 
2.0024 
2.0335 
2.0485 
1. 9937 
1. 9720 
1.9641 
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ERe Failure Analysis Notes 



ENERGY RESEARCH CORPORATION 

Zn-Br 2 TEARDOWN ANALYSIS NOTES 

1.0 GENERAL 

The Gould/ERe 20-cell zinc-bromine battery on test at SNL 

was taken apart after more than 160 cycles. Performance of the 

battery toward the end of testing was characterized by low 

coulombic efficiency «70%) and excessive electrolyte cross­

over between anolyte and catholyte flow loops. 

2.0 TEARDOWN PROCEDURE 

The submodule was given a 100 Ah charge at 25 Amps on the 

day prior to the teardown. The unit was drained of electrolyte 

and filled with D.I. water to reduce corrosion of the zinc 

deposit overnight. 

The frames were numbered I through 22, with frames I and 

22 being the negative and positive end frames respectively. 

[Note: The current collecting end plates are made of ruthenized 

titanium, and to prevent corrosion the negative end plate is not 

used as a working zinc electrode. Instead the negative end plate 

and first positive electrode constitute a bromine-bromide cell 

(both electrodes have carbon felt and are separated by Vexar 

screen with no separator) which is used to introduce current at 

the negative end of the stack. This extra cell is the reason 

why the 20-cell stack has 22 frames]. 

The stack was placed on its side and the negative end back­

ing plate was removed. The electrode/frame assemblies and 

separators were then examined sequentially and placed in a 
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separate pile. Observations were made, samples were taken, and 

zinc electrode thicknesses were measured. The following day 

photographs were taken of all the zinc deposits and separator 

wraps, some of the cathodes, and the negative and positive end 

plates. 

3.0 RESULTS AND DISCUSSION 

3.1 CARBON ELECTRODES AND PLATE TO FRAME BONDS 

The carbon electrodes were in excellent condition, with the 

exception of the plate in frame 21. This electrode appeared to 

have become roughened in a section in the upper half of the 

electrode. The roughened area was on the cathode side of the 

plate. All other electrodes had smooth surfaces. 

Plate to frame debonding was seen at the top and bottom of 

every electrode. The debonding was never apparent until the 

frame was removed from the stack at which point the electrode 

would buckle slightly and separate at the top and bottom bonds. 

The bonds at the sides of the electrodes generally held together 

during the first day of inspection. However, on the second day 

many of the side bonds were found to have separated. The initial 

observation was that the debonding in frame 2 (carbon electrode 

1) was the worse bond failure, however this was not quantitatively 

determined. 

None of the carbon electrodes were cracked and no major 

holes were found in the separator material,which indicates that 

the crossflow problem was due entirely to the observed debonding. 
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3.2 ZINC ELECTRODE DEPOSITS 

When taken apart, the stack had a zinc electrode loading of 

100 mAh/cm 2 minus any zinc lost due to corrosion overnight. 

Inspection of the stack components indicated that the water had 

only partially filled the channels, leaving part of the zinc 

plate dry and the rest of the plate submerged in the bromine 

loaded water. 

The upper (dry) section of the plate had a shiny metallic 

appearance while the lower (submerged) area had a duller 

appearance. Thickness measurements were taken about 1" and 

5" in from the left side of the plate at various heights. The 

thickness measurements are diagrammed in the accompanying sheets. 

Zinc deposit thickness was the highest on electrode I, the 

carbon electrode nearest the negative end plate. All the sub­

sequent plates which were measured had deposits from 2.7 to 6.2 

mils less thick than the first plate, with the thinnest deposits 

occurring in the center of the stack. 

The outer perimeter of the electrode surface is not plated 

with zinc because the anode side of the electrode extends 1/4" 

in all directions beyond the working cathode area. The unplated 

area of the electrode varied from plate to plate, as can be 

seen In the photographs. The area in the bottom-center of the 

electrode almost always had an unplated region. This may be 

due to the proximity of this region to the leaking plate-frame 

bond. Small unplated areas were seen on electrode 8, possibly 

due to dead spots in the electrode flow. 
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Small dentrites « 1/32" high) were observed on electrodes 

3, 18 and 20. Major zinc growth was seen on plate 19 (frame 20), 

with dendrites extending to the separator layer. In all cases 

where zinc had penetrated the separator, the separator had been 

deformed and roughened by the penetration. 

A glossy black sludge-like material was found in some of 

the anolyte flow channels. Generally the material was found 

near areas which had incomplete zinc plates or evidence of zinc 

shorting. 

3.3 SEPARATOR MATERIAL 

The separator used in the submodule was DARAMIC, with the 

outer perimeter filled with silicone to effect flow channel 

gasket seals. The thickness of the unused film is typically 

25 ± 1 mil. Thickness of the separator from the submodule 

(between frames 18 and 19) was 24.5 mils, indicating that the 

material had not swelled. 

The only physical imperfections seen in the separator were 

across from zinc dendrite growths, where zinc penetrating had 

distorted the smooth separator face. No macroscopic thru-holes 

were observed at shorting points, however, some zinc metal was 

found in the separator. 

The uncycled separator material is light blue, with the 

sealing perimeter a darker blue color. The cycled separator 

films all had a uniformly dark appearance, with very little 

difference between the working cell area and the sealing 

perimeter. 
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A Vexar polypropylene screen is used to keep the carbon 

felt away from the separator and this screen had become fused 

to the separator. 

Like the zinc electrodes, the separator also showed 

evidence of the partial fill during overnight stand. The 

submerged section of the separator was clean, however, the 

dry area exhibited yellowish incrustation from the salts in 

the evaporating electrolyte. A white, chalklike residue was 

found in some of the separators. 

The separators showed a uniform impression of the sealing 

ridges around the flow channels, indicating that uniform 

compression was applied to the stack. The presence of a 

material which looked like congealed polybromide in the flow 

frame outside the channels suggested that the channels may 

not have sealed entirely. 

3.4 CARBON FELT CATHODE SUBSTRATE 

The carbon felt showed no visible signs of degradation. 

The area above the liquid level was filled with salts from the 

dried electrolyte and the submerged area looked normal. A 

small amount of polybromide was found ln most of the plates, 

however, the felts on both end plates contained considerably 

more polybromide than the inner electrodes. 

The felt is bonded to the bipolar plate with silicone 

cement along the right and left edges (except at the electrolyte 

inlets) and spots of cement on the plate itself. The edge bonds 

had no strength and could be easily peeled apart, while the 

spot bonds were still very adherent. 
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3.5 ELECTRODE FRAMES 

The polypropylene injection molded frames exhibited some 

discoloration, with the areas near the lower catholyte flow 

channels showing the darkest red-orange color. No cracking or 

warping was observed. 

No flow blockages were observed in any of the flow channels, 

although the black deposit referred to earlier may have impeded 

flow in the anolyte flow area immediately below the electrode. 

A gelled, orange colored material was found in frame 1 

(bromine/bromide cell negative end plate) outside the flow 

channel area. The material is either silicone impreganted 

with bromine, or gelled polybromide oil. A thin film of a 

silicone-like material was found on many of the frames around 

the catholyte inlet manifold. 

3.6 ANODE SPACERS 

Very little discoloration and no physical degradation 

was observed in these components. 

3.7 RUTHENIZED TITANIUM END PLATES 

No degradation of the end plates was apparent on visual 

inspection. 

3.8 ELECTROLYTE 

The electrolyte was not inspected by this observer, 

however, the water used to fill the stack during the over­

night stand was. The water from the cathode side had various 

appearances depending on when it came out of the stack. Some 

liquid was a clear red color, some a cloudy orange due to 
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emmulsified polybromide and some contained large drops of dark 

red polybromide oil. The water from the anolyte side was clear 

yellow with dark particles suspended in it, giving it a greyish 

appearance. 

3.9 SAMPLES TAKEN 

The following samples were taken for evaluation: 

• Frame 1, Negative End Plate: Gelled orange material 

• Frame 3, Electrode 2: Black sludgelike material 

• Frame 3, Electrode 2: White crusty residue 

• Separator between Frames 3 and 4: White chaulky material 

• Frame 4, Electrode 3: Chunk of crystaline material 

• Frame 6, Electrode 5: Silicone-like material from flow and 
locating hole. 
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4.0 SUMMARY AND CONCLUSIONS 
I 

Separator debonding was probably the major cause of failure 

of the submodule. Certainly the electrolyte crossover problem 

was due entirely to debonding as no cracks in electrodes or 

major holes in separators were found. 

Zinc dendrite growths were observed, but only in a few 

of the plates. Uneven plating and unplated spots were also 

observed, suggesting flow irregularities. Because the extent 

of self-discharge during overnight stand cannot be quantitatively 

determined, the measured deposit thicknesses cannot be related 

to loading level. Many of the unplated areas observed may have 

had zinc plates prior to the overnight stand, particularly those 

below the observed liquid level. This may explain the unplated 

area observed in the bottom center of most of the plates, however, 

self-discharge stripping of zinc would be expected to be uniform 

along any horizontal dimension (due to a uniform concentration of 

settled polybromide or dissolved bromine). The reduced plating 

in the center suggests either a flow irregularity or self-

discharge due to proximity to the leaking electrode-frame bond. 

The observed black sludgelike material generally seemed to 

be associated with either zinc shorting or unplated areas (Note: 

Many of the observed unplated areas could have been mossy or dendritic 

deposits which may have self-discharged faster). This suggests 

that the material is either zinc, or a product of the interaction 

of zinc shorts with the separator material. The carbon 

electrode material could also be a source, however, only one 

electrode exhibited any degradation. The dark particles 
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suspended in the anode side water could also be related to 

this material. 

The one carbon electrode that had an area of roughened 

surface could represent a manufacturing defect, since the 

remaining 19 plates had uniformly smooth surfaces. In general 

the plates looked good, although the observed buckling suggests 

that some dimensional expansion had occurred. 

No degradation was observed in the titanium end plates or 

carbon felt substrates. The discoloration seen in the poly­

propylene components (frames and spacers) was typical of poly­

propylene exposed to this chemical environment. 

The presence of encrusted material beyond the flow channels 

in the frames suggests that the channels did not seal completely. 

There was not a lot of material in these areas and the leakage 

did not seem severe. 

The separator material did not appear to swell, increase 

in linear dimension, or warp. The material had darkened with 

usage and had roughened in areas of zinc penetration. While 

the darkening is not necessarily an ongoing degradation process, 

the irreversible roughening due to zinc penetration is certainly 

a problem. 
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ERe/GOULD BATTERY TEARDOWN #168 

The battery was charged for 4 hours at 25A, the anolyte and 
catholyte removed, and D.l. water was placed in the battery 
and left overnight. 

After the battery was taken apart, all pieces were visually 
inspected and some of the electrodes were measured with a 
micrometer for thickness. A piece of plastic was placed over 
the electrodes, adding 3.5 mil. The plastic thickness was 
subtracted from all measurements. Fig. 1, 2, 3, 4, 10, 11, 
12, 17, 18, 20. 

Electrode #1 
One measurement in area without zinc deposit, the thickness 
was 0.0365 inch. 
Four measurements in areas with zinc deposit, the thickness 
was from 0.0475 to 0.0495 inch. 
Standard deviation was 0.0008, mean is 0.04BO. 
This electrode had definite debonding top and bottom. 

Electrode #2 
One measurement in area without zinc deposit, the thickness 
was 0.0365 inch. 
Six measurements in areas with zinc deposit, the thickness 
was from 0.0395 to 0.0435 inch. 
Standard deviation was 0.0013, mean is 0.0421. 
The separator had zinc penetration in some areas and a 
plaster-like residue at the top, near flow channel. 

Electrode #3 
One measurement in area without zinc deposit, the thickness 
is 0.0345 inch. 
Six measurements in areas with zinc deposit, the thickness 
is from 0.0385 to 0.0425 inch. 
Standard deviation is 0.0015, mean is 0.0408. 
Dendrites on lower half of electrode, separator has zinc 
penetration at bottom. 

Electrode #4 
One measurement in area without zinc deposit, the thickness 
is 0.0345 inch. 
Six measurements in areas with zinc deposit, the thickness 
is from 0.0385 to 0.0425 inch. 
Standard deviation is 0.0014, mean is 0.0415. 

Electrode #B 
At least 6 flow dead spots, shown by lack of zinc plating. 
Right side of electrode had no zinc--about 2 inches from 
edge. 



ERe/Gould Battery Teardown ~168, page 2 

Electrode ~9 
The electrode had full zinc deposit--best in stack. 

Electrode ~10 
six measurements in areas with 
is from 0.0395 to 0.0430 inch. 
0.0014, mean is 0.0413. 

Electrode ~ll 

zinc deposit, the thickness 
Standard deviation is 

Eight measurements in areas with zinc deposit, the 
thickness is from 0.0385 to 0.0435 inch. 
Standard deviation is 0.0015, mean is 0.0409. 

Electrode ~12 
Eight measurements in areas with zinc deposits, the 
thickness is from 0.0405 to 0.0425 inch. 
Standard deviation is 0.0007, mean is 0.0419. 

Electrode ~17 
Seven measurements in areas with zinc deposits, the 
thickness is from 0.0405 to 0.0425 inch. Standard 
deviation is 0.0007, mean is 0.0418. 
Zinc dendrites on lower right of electrode. 

Electrode ~18 
Eight measurements in areas with zinc deposit, the 
thickness is from 0.0425 to 0.0485 inch. 
Standard deviation is 0.0017, mean is 0.0445. 

Electrode ~19 
This electrode had a large amount of dendrites, more black 
sludge in the flow frame than usual, and clear evidence of 
zinc shorting. 

Electrode ~20 
Six measurements in areas with zinc deposit, the thickness 
is from 0.0405 to 0.0455 inch. 
Standard deviation is 0.0014, mean is 0.0432. 
Bromine electrode, under felt, is rough in the upper half. 
A few dendrites in upper corner. 

Frame ~22 
More polybromide in felt of bromine electrode than seen in 
the middle of the stack. 

Silicon-type substance is always around lower catholyte exit 
and black sludge is always around lower anolyte exit--near 
each end of flow channel. 
All plates had reduction of zinc plating in lower center. 
All electrodes had debonding top and bottom when pulled 
apart--some debonded on sides after handling. 
All separators and bromine electrodes had white residue on 
top half. 
One thickness measurement was made on separator ~19. 
Thickness is 0.0245 inch. 
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Photographs of Failed Battery Components 



Frame 1 



Frame 1 
~eg~tive End Electrode Bromine- Bromide Cell 



Frame 2 
First Carbon Electrode 





Frame 2 
.. S_ePCl,l;"ator 





Frame 3 



Frame 4 
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Frame 6 







Frame 8 



Frame 8 



Frame 8 





Frame 9 



Frame 10 



Frame 10 



Frame 11 



Frame 11 



Frame 11 



Frame 12 



Frame 12 



Frame 13 



Frame 13 



Frame 14 



Frame 14 



"'rame 15 



Frame 15 



Frame 16 



Frame 16 



Frame 17 



Frame 17 



Frame 18 
Zinc Electrode 



Frame 18 
Zinc Electrode 
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Frame 18 









Frame 20 
Zinc Electrode 



Frame 20 
Zinc Electrode Detail 



Frame 20 
Zinc Electrode Detail 



Frame 20 
Zinc Electrode Detail 





Frame 21 
Zinc Electrode 



Frame 

Mh :: ;+ Z in;n#Jictro_<lr _Detail 



Frame 21 
Separator 



Frame 21 
Carbon Electrode - cathode side 



Frame 22 
Positive End Plate 
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