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(67) Azinc-bromine secondary battery
having a recirculating electrolyte uses
an array of cells in series with a parallel
fluid flow through the several cell
spaces along the confronting elec-
trodes. The intermediate electrodes are
bipolar with their cathode face having a
coherent porous mass of binder-free
charcoal particles of stable dimensions
and configuration lightly pressed into
electrical contact with it and with each
other. Spacer means holds the particles
off from contact with the confronting
anode face. A single electrolyte flows
through each cell with a flow path
divided so that a high speed and
throughput major portion bypasses the
charcoal particles and a minor portion
branches therethrough.
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SPECIFICATION
Zinc-bromine battery with long term stability

The present invention relates to a zinc-bromine secondary battery,

The battery with which the invention is concerned employs an array of cells connected in series by means
of intervening bipolar electrodes and employs a single recirculating electrode conducted by manifolds
between an external storage tank and the several cells of the array. ltis an object of the invention to provide a
cell of the aforesaid kind in which long term system degradation is avoided, self-discharge is limited, the
environmental hazards associated with the use of bromine are minimised and the internal resistance may be
made acceptably low.

Broadly stated the invention provides a secondary battery using the zinc-bromine electrocouple
comprising a multiplicity of electrodes disposed in a linear array and defining therebetween cell spaces
having confronting anode and cathode faces with the electrodes intermediate the ends of the array each
defining an anode face in one cell space and a cathode face in an adjoining cell space with the anode and
cathode faces in electrically conductive relationship so that the intermediate electrodes connect the several
cell spaces in series, a single electrolyte which is partly in the cell spaces and partly in a reservoir and means
for recirculating the electrolyte continuously between the cell spaces and the reservoir so that it flows
longitudinally through the cell spaces, characterised in that the cathode face of each intermediate electrode
has a coherent porous mass of binder-free charcoal particles of stable dimensions and configuration lightly
compressed into electrical contact with it and with each other, spacer means holding said particles off from
contact with the confronting anode face and in that means divides the flow path through each cell space into
a major flow path which bypasses the charcoal particles and in which there is a faster higher throughput
electrolyte flow and a minor flow path in which electrolyte branches off from the major path to flow slowly
through the mass of porous material and rejoin the main flow.

Energy storage is provided by a secondary battery comprising a multiple cell array and circulation of
electrolyte through the cells and around a substantially closed liquid loop circulating system outside the
cells. The electrolyte comprises aqueous zinc-bromide solution per se, or with resistance depressing and/or
plating brightener additives and/or bromine complexing additives to suppress bromine volatility.

Each cell is of a single electrolyte type; that is, no means are provided to split the cell into two electrolyte
compartments with distinctly different electrolyte flow therein. The latter artifact is often employed in the
prior art to prevent parasitic chemical reaction between bromine and zinc. However, a pseudo
two-compartment structure is employed in each cell by creating a low flow pool of electrolyte in a charcoal
containing region at each cathode face by a membrane separating such pool from a high flow rate pool.

Each cell comprises a positive electrode (cathode) with porous surfacing to store molecular bromine and a
negative electrode {anode) which serves as a substrate for zinc deposition. During charging the reactions:

(1 Zn ' "+ 2e = Zn
(n) 2Br-— = Br, +2e

occur, proceeding primarily to the right, with bromine adsorption at the cathode and zinc plating at the
anode. Secondary reactions simultaneously occurring along with (1) and (Il during discharge and/or charge
involve partial electrolysis of additives or of the salt provided (eg. to decrease resistivity) and/or of the
polyethylene glycol or tetra ammonium halides which may have been provided to suppress bromine
volatility, if any, in the electrolyte and to a small extent of the water itself and hydrolysis, including hydrolysis
of bromine. During discharge the main reactions (I) and (Ii) proceed to return zinc and bromine to solution.
Gases formed on battery operation tend to escape. Bromine vapour pressure goes from 100 mm Hg at 0°C to.
about 600 mm at 50°C.

ftis found that the secondary reactions are negligible or sufficiently countered through the system of the
present invention and that they will not prevent repeatable charge and discharge over thousands of cycles.
In some instances, these secondary reactions are promoted and used to maintain system stability. For
instance, active carbon embedded in the electrode (positive electrode side, at least) catalyses the hydrolysis
of molecular bromine and liberates oxygen from the water, to compensate inevitable drift of system pH. The
electrodes are provided and cells are defined by an array of intermediate electrode assemblies with
opposing anode and cathode faces, described further below in this summary.

The present invention preferably provides a construction and arrangement such that zinc bromide
molarity of the electrolyte is 0.5 to 1.5 at full charge and 2 to 4 at deep discharge. This low molarity
throughout cycling limits safety hazards, holds resistivity to an acceptable range and limits zinc attack in a
single cell. This low molarity corresponds to low density {1.06 gm/cc at 0.5 molar, 1.72 gm/cc at 4.0). In
contrast prior art systems range over 4 molar and over 2.0 gm/cc at some stage of cycling.

Itis desirable to the present invention to limit the volume of bromine in circulation outside the cell to a
small per cent of total molecular bromine of the system. At least a substantial majority of molecular bromine
should be in the cell array trapped in electrode assemblies, at all times, with less than about 1/100th (by
weight), preferably less than 1/300th in the external circulating loop. During discharge most of the bromine
released from the cathode storage site is converted to the zinc bromide solution form thereof.
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Each cell has the form of a thin volume defined by confronting anode and cathode electrodes, each
preferably having an aspect ratio (height to width) of more than 2.0, but less than 10.0, and preferably
arranged with an electrical series, hydraulic parallel array of such cells utilising mid-bipolar electrodes and
using end electrodes with external connections. The mid and end electrode edges may be sealed to prevent

5 cell to cell leakage of electrolyte and also to prevent leakage to the exterior of the cell array. A circulating
system for the array comprises intake and outlet manifolds, a circulating loop, a pump and a, preferably
small, storage reservoir, a heat exchanger, vent means, drain means, and electrolyte measuring means. The
drain feature allows quick emptying of the cell array in case of catastrophic electrical or chemical runaway
condition therein.

16 The limited recirculation of the system of the present invention, together with the array construction
thereof and means for assuring uniform flow and reaction conditions, provides uniform temperature
distribution through the device and uniform reactant supply, prevention of zinc dendrites shorting out from
anode to cathode, reduced polarisation and a means of electrolyte measurement and modification
(physically or chemically).

15 The end and mid-electrodes have, eg. minimal thicknesses, on the order of 0.10" to 0.030" {0.25 to 0.076
cms.) respectively and inter-electrode spacing of about .05" (0.12 cms.) for a high power version and spacing
of up to about 0.30" (0.76 cms) for a low power version. They afford low resistances, on the order of
milliohms even in 10-100 cell arrays (for 6 to 110 volt devices). For most practical purposes electrode edge
lengths of 20 by 40 inches (50 by 101 cms.) to as low as 2 by 4 inches {5 by 10 cms.) will be utilised. The

20 electrodes are hot pressed plastic substrates (preferably polyvinyl/chloride-graphite composites) with face
particles of porous carbon bonded to the substrate. The end electrodes have metal screens adhered to their
substrates or encapsulated in such substrates.

The invention will now be further described by way of examplie only with reference to the accmpanying
drawings in which:

25  Figure 1is a schematic view of the basic elements of a battery in a diagrammatically shown system
including a recirculating loop according to a preferred embodiment of the invention;

Figures 2-4 are, respectively, face, and cross-section views of an electrode assembly element of the Figure
1 battery apparatus (including portions of other such assemblies in Figures 3 and 4 and portions of battery
apparatus casing in all such views), the sections of Figures 3 and 4 being taken as shown, respectively, by

30 arrows 3-3 and 4-4 in Figure 2.

Figure 2A is a portion of the face view of Figure 2 overlaid with portions of the items which, in practice,
cover the electrode substrate element face, shown without covering in Figure 2;

Figure 2B is a view similar to Figure 2 defining another and preferred embodiment of a framing portion of
the invention;

36 Figure 5is voltage-time trace for batteries made in accordance with the embodiment of the invention
described in Figures 1-4 above {(with the Figure 2B modification);

Figure 6is a trace of specific gravity of zinc bromide in relation to molarity; and

Figure 7 comprises traces of bromine solubility and zinc bromide ionic resistivity in relation to molarity.

Referring now to Figure 1 there is shown a battery 10 with end electrode assemblies constituting an end

40 anode 12 and cathode 14 and mid-electrodes 16 forming cells (with spacing ported-membrane screen
assemblies 17) in an electrical series, fluid parallel array. An inlet manifold 22 and outlet manifold 24 provide
flow through the cells of electrolyte as indicated by arrows F. An external flow system comprises a pump P,
and storage tank S.T. with gas vent V, a monitoring instrument | and heat exchanger 0. Screens b are affixed
to (or encapsulated within) the end electrode assemblies.

45 Aleak proof casing, preferably of inert plastic (eg. an epoxy encapsulation), is applied to the exterior of the
battery 10 of Figure 2 (but is not shown in such Figure). Tributaries 22T and 24T of manifolds 22 and 24,
respectively pass into the spaces between electrode assemblies 12/14/16 (each such space and the opposing,
slightly spaced, parallel electrodes defining it constituting a cell) to define elongated, low cross-section paths
(to limit electrical current leakage from cell to cell through the conductive electrolyte). The tributaries are

50 very thin compared to the manifolds and are constructed such that cell to cell current leakage of the battery
produces less than 1% degradation of current generating efficiency.

Figures 2-4 show one of the mid-electrode assemblies 16 in greater detail within the epoxy encapsulation
covering 18 of the battery. Each such assembly comprises an electrode substrate 26, which is a planar
conductive carbon/plastic composite of low lateral (perpendicular to the plane of the substrate) and low

g5 sheet resistivity. Such substrates have opposing faces usable as anode and cathode faces, which faces may
be of identical form, or different forms as hereinafter described. The anode face is designated 26A and the
cathode face 26C in Figures 3 and 4.

It will be appreciated that while only two mid-electrode assemblies are shown in Figure 1, the batteries 10
will - in practice - comprise at least ten and in many cases substantially over twenty such electrode

60 assemblies 16 in a long array between the end electrodes 12 and 14. It will be appreciated that the electrode
substrate of the end electrode assembly 12 provides anode face usage only and that the electrode substrate
of the end electrode assembly 14 provides only cathode face usage. The electrode substrates are preferably
made of a hot pressed mixture of graphite and bromine resistant plastics, preferably polyvinylidene fluoride
[but less expensive resins can be employed for some applications, eg. acrylonitrile-butadiene-styrene (ABS)

65 or polyvinylchloride (PVC)].
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Each anode face 16A preferably has a surface enhancement ratio (actual surface area to planar projection
area) of at least 3:1, preferably over 5:1. Such enhancement helps assure uniformity of zinc plating on the
anode face during battery charging and good adhesion of the plating. The enhancement may be provided by
diverse means, eg. cross-hatch scoring of a pressed sub- strate or moulding in ridge or hump patterns or

5 embedding particles in the surface (preferably particles of such low conductivity relative to the substrate -- a
fraction of 1/1000th or less -- as to constitute a virtual insulator by comparison). It is also desirable to
similarly enhance the surface of cathode face 26C; but in such case the particles in the surface (if that
approach is used) would be conductive.

The cathode face 26C is covered with unbonded activated charcoal in an amount and depth proportioned

10 to the battery's energy storage specifications. The charcoal is retained within a rectangular curbing frame
26F, overlaid with a polypropylene screen cover 26P which is in turn overlaid with a membrane 26M and a
spacer screen 26S with ribs 26B. The membrane is provided with vent holes 26H at the bottom as shown in
Figure 2A and also at the top. Such hole arrays 26H span the width of membrane 26M at top and bottom.
They allow electrolyte flow to enter from the main cell channel to the zone containing the charcoal and

15 equalise pressure on initial admission of flow to the cell. Thereafter recirculating electrolyte flow favours the
lower flow resistance main cell channel over the essentially static liquid path through the charcoal array. Yet
there is sufficient flow in the charcoal to allow gases, including oxygen which evolves in the charcoal area, to
escape through the electrolyte flow, and eventually to escape via the vent V of storage reservoir S (Figure 1).

A preferred material of the cover 26P is a Pellon brand non-woven fabric, heat bonded (at fibre

20 cross-overs) using polypropylene fibres so constructed to form a non-degrading porous mat. It maintains
chemical inertness, structural integrity and mechanical strength under cell operation conditions and has
attributes of low resistance, light weight and low cost. A preferred material of the membrane 26M is W.R.
Grace Co's Daramic brand microporous polyethylene sheet. A preferred material for surfacing anode face
26A is a silicon dioxide particle layer which serves to anchor the zinc plating and makes the anode surface

25 more wettable. Active carbon (preferably Barnaby-Cheney’s UU or OL grades by Calgon Co. type --} is
pressed into the cathode face 16C to enhance contact between substrate 16B and the charcoal particles.

The electrode substrates are held in holders 16H which are frames, preferably made of PVC or
polyurethane. The carbon particle holding region is defined by a frame 26F which may be in an inner edge of
holder 26H or may comprise separate framing pieces inserted in a rectangular arrangement to define the

30 carbon particle mass (see FP-1 - FP-6 in Figure 2B). In such case an electrode substrate plate 26 is employed
with active surface particles embedded only in region 26" of its cathode face.

The carbon particle mass is held and slightly compressed in the space defined by such framing and the
overlying covers 26P, 26M, 26S with ribs 26R and the substrate 26. No binders are used and the carbon is
amply filled in such space and lightly compressed by the repeating arrangement of items 26C, 26P, 26M, 26S,

35 26C, 26P, 26M, 268, etc., between end electrodes 12 and 14. Such compression arrangement affords reliable
spacing and retention of elements 26, 26P, 26M, 26S, none of which would be rigid per se, but behave as
though rigid in a stacked array between 12 and 14 to help assure uniformity of electrolyte flow between
electrodes and avoidance of electrodes randomly sagging towards each other. The ribs 26R of screens 26S
also help to distribute the upward electrolyte flow. A well W and dome D are provided between adjacent

40 electrode assemblies below and above each electrode substrate 26 through appropriate cutaways of holders
16H to define areas outside of electrode zones - an escaping gas region in dome D and an escaping liquid
region (providing a region for flaked-off particles of zinc coatings) in well W. The dome and wells are
V-shaped for assuring complete capture and their apexes are offset for optimising uniformity of electrolyte
flow from the tributary 22T which feeds well W to the tributary 24T which is the outlet for exiting liquid (and

45 any escaping gases), and additionally offset in a way that allows maximising lengths of such tributaries in
the limited spaces of holder 16H. A sealant 16S, preferably of epoxy, surrounds each electrode substrate 26
to secure it to the holder 16H and assure that there is no leakage around such edges (to avoid chemical
reactions, which would parasitically degrade the main electrochemical reactions of the battery).

The electrodes are constructed of graphite and fluorocarbon binders, a material not easily cemented or

50 glued. Except for solvent welding of two identically materialled components such as PVC or ABS, cementing
or adhering two parts together may be unreliable and cementing two large areas or long length parts with
glues, epoxies, etc. in a manner which will not develop fluid leaks is not practical.

The two major issues which must be addressed in the construction of a module are:

1. Isolation of all edges of electrodes from the electrolyte in order to prevent electrical short circuiting

55 across multiple cells with the probable zinc dendrite growth across electrode edges;

2. Leak prevention between electrode faces to the channels and/or common manifolding of multiple cell
arrays. Such leaks will increase parasitic or intercell electric current losses causing rapid self-discharge and
lower energy storage efficiency of the system. Solid edge casting of electrode encapsulation in one
continuous piece of material as described below positively avoids these problems; and

60 3. Astack of bipolar electrodes is clamped together with sufficient force to hold the array together and
maintain parallel configuration and to suspend the electrodes.

In order to ensure sealing of all edges and isolation of electrolyte channels a multiple step casting is
employed. :

The electrode edges are dipped into a tray type mould for casting of epoxy. Each of the four edges is thus

65 “potied” by suspending the array or stack about 0.5 inches (1.2 cms.) above the bottom of the shown mould.
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Epoxy is poured into the mould up to a predetermined level into the stack.
After curing of each edge, the mould is released and the next edge is “potted” in a similar manner. The
manifolds and channels are mounted before “potting” top and bottom edges. ’
Electrolyte compositions for the ZnBr, system have a range of concentrations and ingredients depending
upon the properties desired. ’ 5
High drain rate (high power density) units employ electrolyte of lowest available resistance resulting in the
regime of low resistivity such as shown in Figure 7. High energy capacity module designs will tend to use

relatively high concentrations of ZnBr, salt to minimise water weight and, in some designs, complexing v
agents for increased capacity and charge retention and a brightener additive for improved zinc plating
quality {lower dendritic growth). 10

Some typical compositions are: 5

(a) for high power cells a 2.0 molar solution of ZnBr,, with an added 200 gm of NH4Cl per litre of total
solution. This results in a low resistance electrolyte at room temperature of about 1 ohm-in or 2-3 chm-cm
specific resistivity. Addition of LiBr to the electrolyte also reduces resistance as is shown in the following 2

table: 15
(Total Volumes = Specific .
100 ml.} Resistivity Gravity ZnBr, KBr
Solution  Composition ohme-in gm/cmg Molarity Molarity 20
gms gms
ZnBr, KBr
50 20 3.2 1.50 2.2 1.7
50 40 2.6 1.61 2.2 3.34 25
50 60 2.1 1.73 2.2 5.0
50 70 1.8 1.75 2.2 5.8
72 40 2.2 1.72 3.3 3.34
{b) 2.5 - 3.0 Molar ZnBr, solution with 100 to 200.gm NH4CI per litre total solution with 15t0 20 gm of 30

polyethylene glycol (PEG) of molecular weight - 4000 or 10 or 15 gm PEG - 6000 per litre provides a general
purpose composition for such applications as vehicle drive and electric utility load levelling. An additive of
10 ce/litre of solution (Isobrite 488 or 484 of Allied-Kelite Co.), may be added as a brightener for zinc plating.

(c) the electrolyte may be optimised for maximum energy density (minimum water weight) for use in high
capacity, low drain rate designs (eg. for powering traction motors), by use of 3.0 -5.0 Molar ZnBr, with50to 35
100 gm NH,ClI per litre of solution. The same additive as in (b) above may be used as a zinc brightener.

Addition of 0.5% or less by weight of syrup, dextrin or liquorice also improves zinc plating quality
measureably in this electrolyte. Addition of 10 to 15 gm of polyethylene glycol (PEG) - 6000 per litre of
solution increases capacity of 10 to 15%.

pH stabilisation or balance of electrolyte is achieved automatically in cells as described herein because of 40

the hydrolysis of Br, in the presence of active carbon. The carbon catalyses the reaction:

() Bry + H,O = HBr + HBrO

and the oxygen is released from the HBrO at a later time thus balancing the loss of H; at the zinc electrode. 45
The hydrogen loss at the zinc or negative electrode is via the reaction:

\d

(V) 2HBr+Zn=H;, + ZnBr,

Hence, the pH reaches a relatively stable range of value of between 2 and 4 during cell operation 50
depending upon temperature, state of charge and electrolyte composition. Unfortunately, the last reaction v
above represents a coulombic loss in efficiency and should be minimised in any event.

The presence of NH,Cl salt tends to lower the pH inthe immediate vicinity of the charcoal thus pushing the
first reaction above to the left because of the increased H+ ion concentrations as a result of the acidic
hydrolysis of NH4CI. This increases charge retention and reduces H; gassing. Many other soluble salts of 55
strong acids and weak bases will function in the same way such as NH;Br. The NH,Cl is convenient because
of its lower cost and weight and availability. Make-up water must be added periodically to account for the
slow decomposition of the electrolyte solvent. However, a platinum type of catalyst may be employed as in
other systems at present to recombine the H, and O, in the tank to water again - thus eliminating the need to
add make-up water, in which case no vent will be necessary. 60

Electrolyte pH control is an important feature of use of active carbon electrodes. Since the pH of ZnBr,
solution is acidic eg., in the range of 2 - 4 during normal cell operation, H, gas is generated at the surface of
the negative electrode.

(V) Brp+ H;O=HBr~+ HBrO 65
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thus regenerating H+ ions which are lost at the negative electrode and with the eventual liberation of O.,.
Hence, there is no need for making other ancillary provisions for pH regulation as there is in other prior art
systems.

pH stabilisation or balance of electrolyte is achieved automatically in these cells because of the hydrolysis
of Br, in the presence of active carbon. The carbon catalyses the reaction:

(V) Bry + H,O=HBr + HBrO

and the oxygen is released from the HBrO at a later time thus balancing the loss of H, at the zinc electrode.
The hydrogen loss at the zinc or (+) electrode is via the reaction:

(VIl) 2HBr +Zn=H, + ZnBr,

Hence, the pH reaches a relatively stable range of value of between 1 and 4 during cell operation
depending upon temperature, state of charge and electrolyte composition. Unfortunately, the last reaction
above represents a coulombic loss in efficiency and should be minimised in any event.

The electrode assemblies are manufactured as follows:

Making the substrates 26

A. Take a plastic container and weigh out the desired amount of Kynar (grade 461 - Pennwalt Corp.), and
place in a mixer with, eg. about 2000 g capacity for such formulations as:

1. For a 50/50 (by weight) mixture: 1000 g Kynar; 1000 g graphite

2. For a 60/40 {by weight) mixture: 800 g Kynar; 1200 g graphite.

3. For a 70/30 mixture: 600 g Kynar: 1400 g graphite.

B. Take a plastic container and weigh out a corresponding amount of graphite (#8484 - Dixon Crucible
Co.). Pour the Kynar and graphite in blender.

C. Mix Kynar/graphite in the mixer and filter through a screen to remove debris.

D.In atray, place an aluminium plate {machine tooled and heat treated) covered by Teflon-coated release
paper and a frame cut to desired electrode size.

E. Sprinkle a light layer on the negative surface (anode) of Celite brand (#5660 - Johns Manville Inc.) inert
particles onto release paper inside the frame.

F. Move the plate to a second tray (to avoid contamination of components). Sprinkle desired
Kynar/graphite mixture, with a flour sifter, over the Celite layer until the frame is filled.

G. Trowel the mixture smooth and compress lightly with a PVC plate. Remove the frame.

H. Move the assembly back to the first tray. Sprinkle the positive surface with activated carbon (UU
Barnaby-Cheney or OL Grade). Scrape excess Celite, graphite, and carbon from the plate edges.

|. Surround the electrode with 0.25" (0.63 cms.) wide silicon rubber strips to prevent graphite flow.

J. Cover the electrode with the following:

1. Teflon release paper;

2. Silicon rubber resilient plunges {prevents electrode porosity);

3. Teflon release paper;

4. A top aluminium plate;

K. With the above electrode set up in upper platens of a 100 ton press, preheat for 2 minutes at 375°F
(190°C) if powder is wet (this allows gases to escape) and then press the electrode at 375°F (190°C) for 5
minutes (50 tons pressure per 250 sq. in. electrode area) (corresponding to a pressure in MKS units of 0.47 M
Pa per square centimetre electrode area). Press the electrode for 8 minutes to room temperature on lower
platens with water flowing.

In order to minimise parasitic current losses (coulombic loss) through the common electrolyte via the
manifolds, long electrical path length tributaries are employed connecting the manifolds with each cell. The
ratio of length, ¢, to cross sectional area, a, of the channels (tributaries) is determined by these conditions:

1 - Permissible parasitic losses

2 - Conductivity of electrolyte

3 - Charge - discharge current range of cells.
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Middle cells of a bipolar stack experience the largest loss due to such interconnective current flows. Hence,
calculations are based upon these worst case cells. The mathematical relationship which has been derived to
express this “worst case’’ dissipative current, / N/2, is given as follows:

vy . NE _E[{H _ N N2 5
inz - AL 'W[(T")(T‘z)“;’;‘"”"‘] |

where the variables are:
10 N = Total number of cells per bipolar stack 10
R = Electrical resistance of a channel
E = Open circuit or driving potential of a cell ~ 1.7 volts
¢ = Path length of channels
a = Area of channels
15 p = Specific resistivity of electrolyte ~ 2 chm-inches 15
The resistance of a channel is expressible as

ohms
20 20

o
i
el
=R I
I
N
el ~

The table below presents a set of values for / N/2, or i,, where n = N/2, for various stack sizes for a ZnBr,
system with the above constants.

25 Number of Cells, N n in 25
10 5 14 E/R= 11.9u/¢
16 8 36 E/R= 30.6al/f
20 10 56 E/R= 46.8a/f

30 30 15 120E/R=102 «/f 30
40 20 210E/R =179 o/t

These currents are for each manifold connection. Consequently, in the single electrolyte ZnBr, system the
above values of in must be multiplied by 2, eg. exit and entrance manifold. As an example of the significance
35 ofthese losses in an actual design the following calculations are performed. A typical cell size being 35
fabricated for load levelling applications has an active area of 300 in.2 {1900 sq. cms.) and a nominal current
drain of 20 amps for four hour rating. If a loss of 1% in terms of relative current drain is permitted in the
channel for the middle cells as compared to the normal cell discharge current of 20 amps, then for a 16 cell
array the value of /n = 0.20 amps and we solve for (a/¢) in the table above for the N = 16 expression.
40 40
a/f = 0.20 amps/30.6 inches
= 0.0065 in.

If the channel diameter is 0.20 inch (0.5 cms) giving a cross sectional area of 0.0314 in.2 (0.2 sq.cms.), (a

-

45 typical value in present designs), then the minimum necessary length, ¢, per tributary is 45
~0.0314in.% _ -
t = 'O—GO—G'ET =4.8in. (12.2 CmS.)
50 Various other tributary lengths and areas may be similarly computed via the above relationships for 50

different design criteria of permissible losses, discharge current and stack size, N.

A regenerable vent trap may be provided in reservoir R for entrapment of free bromine traces escaping
from the electrolyte through the O, and H; venting of the reservoir. Data obtained for equilibrium vapour
pressure of Br, in the presence of adsorbed Br, on active carbon surfaces shows that for 0.1 to 0.2 gm of Br,

55 per gram of carbon (activated coconut charcoal) the partial pressure of Br, is significantly less than 10"3 mm. 55
of Hg. This gives a presence of 1 part per million of Br, in a vent trap with active carbon at rated saturation of
0.1to 0.2 gm. of adsorbed Br,. Partial pressures of much less than 0.01 ppm of Brp are maintainable even in
the worst rated conditions for system operation. Experience has indicated that the need for regenerationina
suitably sized vent trap may occur only once every six months or a year for “normal’ system operation. Vent

60 traps are a necessity to practical utilisation of a ZnBr, system. Health hazard, discomfort factor and corrosion gg
risks require a means of preventing significant Br, escape into the atmosphere. A regenerable trap
eliminates the need to add HBr to the system periodically and to replace the activated carbon. The trap may
be located above the electrolyte level in the reservoir R. A temperature sensor for system control may be
located below the liquid levels for direct electrolyte temperature measurement.

85  When the electrolyte temperature rises above a preset value such as 140 to 170 degrees F (60 to 76°C), a 65

.t
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control unit 1 (Figure 1) sensing the cut-off temperature switches off the power to the motor of pump D.
Electrolyte drains backwards through the well W, the pump D into the storage tank S. Another more rapid
approach to draining may be employed in which the pump D is bypassed by a large drain line into the
reservoir and not only is the pump motor switched off when the temperature becomes too high, but a

& solenoid activated or back pressure release valve opens into the drain. Positive displacement pumps could
then be used in such a configuration.

The electrolyte flow rates for a bipolar array of 17 electrodes with plate areas of 200 sq. in. (1290 sg. cms.)
is between 1 and 2 gallons/minute (4.5 to 9 litres/minute) and a pressure head of 0.5to 1.0 psi (3.44t0 6.9K
Pa). Slower flow rates may be employed.

10 Batteries made as described above were repeatedly cycled 25 times or more through constant charging
current at 8 amperes and constant current discharge at 6, 8, 10 or 12 amperes (Amp). No degradation of the
voltage-time characteristics of the discharge cycles was noted over the course of such repeated cycling. The
voltage-time characteristics are shown in Figure 5 where voltage (volts) at the terminals (screens S in Figure
1) is plotted against time (hours) of discharge cycle. Electrolye pH, temperature and pressure drops were

15 continuously measured and found to remain in normal circuits. The test batteries were one kilowatt hour
systems comprising 12 cells with 140 sq. in. (904 cm?) electrode faces, an electrolyte (zinc bromide solution)
flow rate of 1.0 gallons (4.5 litres) per minute, specific gravity of electrolyte of 1.45 at end of charge and 1.54
at end of discharge, pH of 3.0 at end of charge and 4.0 at end of discharge and gas evolution rate of 10-20
millilitres per minute through filter F (Figure 1).

20
CLAIMS

1. Asecondary battery 10 using the zinc bromine electrocouple comprising a multiplicity of electrodes
12, 14, 16 disposed in a linear array and defining therebetween cell spaces having confronting anode and

95 cathode faces 16A and 16C with the electrodes intermediate the ends of the array each defining an anode
face 16A in one cell space and a cathode face 16C in an adjoining cell space with the anode and cathode faces
16A, 16C in electrically conductive relationship so that the intermediate electrodes connect the several cell
spaces in series, a single electrolyte which is partly in the cell spaces and partly in a reservoir ST and means
P for recirculating the electrolyte continuously between the cell spaces and the reservoir ST so that it flows

30 longitudinally through the cell spaces, characterised in that the cathode face of each intermediate electrode
16C has a coherent porous mass of binder-free charcoal particles of stable dimensions and configuration
lightly compressed into electrical contact with it and with each other, spacer means 26S, 268 holding said
particles off from contact with the confronting anode face 16A and in that means 26M, 26P, 26H divides the
flow path through each cell space into a major flow path which bypass the charcoal particles and in which

35 there is a faster higher throughput electrolyte flow and a minor flow path in which electrolyte branches off
from the major path to flow slowly through the mass of porous material and rejoin the main flow.

2. Abattery according to claim 1, wherein an electrode housing 16H of essentially non-conductive
material surrounds each intermediate electrode 16, the said electrode housings 16H nesting together in face
to face contact to locate the electrodes 26 with internal passages 22T, 24T provided in the housings for

40 introducing electrolyte into and withdrawing electrolyte from the cell spaces said passages 22T, 24T being
elongated and thin to provide a high resistance electrical path to the cell space, thereby minimising cell to
cell current leakage, means fluid-tightly sealing the edge of each electrode to its housing.

3. Abattery according to claim 2, wherein the electrodes 26 are generally rectangular with an aspect ratio
in the range of from 2 to 10 and the inlet and outlet passages 22T, 24T lead to a respective one of a pair of

45 opposed electrode edges by means of inlet and outlet formations W, D respectively that are generally
V-shaped when viewed from a face and diverge from the passage 22T, 24T to the electrode edge.

4. Abattery according to claim 2 or 3, wherein flow paths 22, 24 in the electrode housings leading to or
from the inlet and outlet passages 22T, 24T and communicate with one another to define common
electrolyte inlet and outlet manifolds for the cell spaces.

50 5. Abatteryaccording to any of claims 2-4, wherein each intermediate electrode 16 comprises a planar
substrate 26 of inert sheet material presenting anodic and cathodic faces and having an electrical resistance
perpendicular to the sheet of not more than about 0.01 ohm/sq. inch and a sheet or bulk resistivity of not
more than 10 chm/cm, means on at least said anode face of said substrate providing a surface enhancement
of at least three times.

55 6. A battery according to claim 5, wherein the surface enhancement is provided by particles of essentially
non-conductive material embedded in the anode surface of said substrate.

7. Abattery according to claim 5 or 6, wherein a continuous sheath of an inert encapsulating material
seals the edges of the electrode substrate 26 to the housing 16H.

8. A battery according to claim 5, 6 or 7, wherein the planar substrate 26 is located in the housing 16H at

60 an intermediate plane as viewed from the edge thereof, portions of the housing to the anode face of the
substrate defining a void and portions of the housing to the cathode face of the substrate defining retaining
side and end wall means 26F for the mass of charcoal particles, the remaining face of the charcoal particle
mass being retained by fluid-impermeable screen cover means 26M, 26P the screen membrane means being
ported 26H to define a flow inlet and a flow outlet of the minor flow path.

65 9. Abattery according to claim 8, wherein a spacer element in each cell comprises a base plate 26Sin
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face to face contact with the screen and cover means 26M, 26P and ribs projecting therefrom that extend into
the void of the confronting electrode to contact the anode face 26A thereof, the array of electrodes being
compressed to restrain the charcoal particles from movement and to maintain them in contact with one
another and with the cathode face 26C of the substrate.

10. A battery according to any preceding claim, wherein the electrode contains 0.5 to 1.6 molar zinc
bromide at full charge and 2 to 4 molar zinc bromide at deep discharge and that during discharge bromine on
the charcoal particles is converted to dissolved zinc bromide with less than about 1% by weight of the
molecular bromine present in the cell being in the circulating electrolyte.

11. A metal-bromide secondary battery comprising: (a) means defining an array of bipolar electrode
assemblies physically spaced from each other and arranged parallel to each other; (b} each such bipolar
electrode assembly having an electrode substrate of planar form with an aspect ratio of less than two, an
area of at least 200 sq. in., an anode face and a cathode face, the electrode substrate comprising an inert
material of electrical resistance perpendicular to the sheet of less than 0.01 ohm/sq.in. and sheet or bulk
resistivity less than 10 ohm/cm; (c) each such electrode assembly comprising discrete charcoal particles
arranged and held at the cathode face without binders, the particles being in electrical contact with each
other and at least a portion thereof being in contact with the cathode face; (d) means providing a surface
enhancement of the anode face of at least 3 times; (e) means for circulating an electrolyte of aqueous
metal-bromide solution between bipolar electrode assemblies comprising inlet and outlet manifolds
spanning the array and having elongated tributaries of each such manifold extending therefrom to an
electrolyte flow space between each pair of opposing bipolar electrode substrates, the tributaries providing a
high resistance electrical path from each manifold to the electrolyte flow space between the confronting
electrode assemblies, the tributaries terminating in respective inlet and outlet through arrangements below
and above the confronting anode and cathode faces; (f) means for recirculating the electrolyte from the
outlet manifold external to the batteries and then through the inlet manifold and constructed and arranged
for complete drainage of electrolyte from the battery automatically upon selected abnormal occurrences; (g)
means for establishing a continuous, but relatively small, flow of electrolyte at the cathode face compared to
an order of magnitude larger than such flow of electrolyte between the membrane and anode face in each
electrolyte flow space between confronting electrode assemblies; (h) means defining end electrodes, one
with a cathode face and one with an anode face, configured similarly to the intermediate electrode
assemblies bracketing the bipolar electrode assembly array and further defining external circuit connections
mounted to said end electrodes; (i) means for flowing recirculating electrolyte between the end electrodes
and the respective nearest bipolar electrode assemblies from inlet to outlet manifolds in the same manner as
between bipolar electrode assemblies; (j) means encapsulating the edges of the substrates of the electrode
assemblies but allowing flow through said manifolds and tributaries to define an enclosed, leakproof
battery; and (k) means forming spaces between the anode faces and charcoal-overlaying membranes of
opposing electrode assemblies, the said apparatus (a) - (k) being constructed and arranged such that under
charging conditions, the recirculation of an aqueous metal-bromide solution electrolyte produces a build-up
of metal plating out of the metal on the anode faces of the electrodes and increased storage of halogen at the
charcoal particles of the cathode faces; that under discharging conditions, produces a reduction of plating at
anode faces by reionisation of the metal and redissolving in the electrolyte and a reduction of halogen
storage by reionising and redissolving in the electrolyte; that the unbound charcoal induces hydrolysis of
bromine to HBr and HBrO to an extent automatically compensating for the tendency of the electrolyte to
become increasingly basic due to hydrogen evolution and thereby provide intrinsic pH control; such that
dendrite shorting and excess chemical bromine-zinc reactions are prevented by provision of a liquid well and
a gas dome and uniform spreading of liquid; and that the stack of electrode assemblies and membranes and
spacers is under a controlled compression to maintain rigid electrode form and determined spacing of
electrodes.

12. A secondary battery using the zinc bromine electrocouple substantially as hereinbefore described
with reference to and as illustrated in the accompanying drawings.

Printed for Her Majesty’s Stationery Office, by Croydon Printing Company Limited, Croydon, Surrey, 1984.
Published by The Patent Office, 25 Southampton Buiidings, London, WC2A 1AY, from which copies may be obtained.
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