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HIGHLIGHTS

« Electrolyte resistance limits the performance of single flow batteries.

+ Sedimentation greatly affects electrolyte resistance, reducing power output.

« A model is provided for the electrolyte separation in a multiphase flow battery.
+ Adjusting conditions reduces sedimentation thickness and electrolyte resistance.
« Experiments validate theory for both transient and steady operations.
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flow conditions and electrolyte properties, with no current predictive model to comprehensively understand
and optimize it. Here, we develop an analytical model for such emulsion electrolytes with a continuous

aqueous-based phase and dispersed reactant-rich phase, which enables electrolyte resistance prediction. We
show that a key mechanism affecting electrolyte conductivity is the formation of a sedimented layer along
the flow channel, revealing the critical effect of non-aqueous phase sedimentation. Experimental validation
using a zinc-bromine single flow battery demonstrates excellent agreement with theoretical results during both
transient and steady operations, allowing extraction of challenging-to-measure parameters, such as the in-situ
size of dispersed phase droplets. This foundational model is essential in minimizing power losses, improving
electrolyte and cell designs, and holds broad applicability across diverse chemistries for single-flow batteries.

1. Introduction

Redox flow batteries are an electrochemical technology envisioned
for large-scale energy storage, meant to bridge the gap between the
growing energy demand and intermittent renewable energy gener-
ation [1-4]. However, high system capital costs, mainly driven by
expensive ion-selective membranes, are a major challenge in redox
flow battery adoption [5,6]. An affordable solution is the develop-
ment of membrane-less single flow battery designs, such as biphasic
flow batteries, which utilize immiscible stratified electrolytes [7-14],
laminar flow batteries [15-19], bicontinuous microemulsion batter-
ies [20], aqueous solution batteries [21-23], as well as multiphase
type electrolyte batteries [24,25], all of which have been previously
investigated. Of particular significance is the multiphase electrolyte
battery design which represents one of the simplest flow battery designs
to date which reduces the battery architecture by eliminating the need
for a second pump and a storage tank, as well as a membrane or a
separator [24,26,27]. These batteries utilize a simple plate electrode,
thus eliminating the need for porous electrodes [28], and relax the
flow rate constraints by not being restricted to low flow rates to
ensure interface stability and no mixing between the phases [19,29,30].
Therefore, this design is a promising direction in battery development
that could meet the need for widespread adoption [31].

These batteries showcase high well-mixed electrolyte conductivity
(~100 mS cm~1) [24], yet, their state of the art suffers from low
coulombic and voltage efficiency which makes them uncompetitive in
terms of power output [19,32]. For membraneless single flow battery
designs, electrolyte resistance is the leading contributor to overall bat-
tery resistance [33-35] which directly impacts the power output [36].
The electrolyte conductivity and the resistance of such battery cell
designs vary drastically depending on the electrolyte chemistry and
battery operating conditions, where conductivity can vary by over an
order of magnitude [24,26,37-39].

In multiphase single flow batteries, a well-mixed suspension of
droplets within a continuous phase enters the battery cell. Since the
droplets’ density differs from the suspension’s density, the droplets
sediment or rise to one of the electrodes. Thus, the droplets coalesce
and form a sedimented layer whose shape is determined by the bat-
tery’s operational conditions and the electrolytes’s electrochemical and
rheological properties. Hypothesis and indirect evidence [24,40] for
this phenomenon has been previously shown, however, no predictive
model has yet to be developed [41]. A clear understanding of the shape
of the sedimented layer is important due to its dominant influence
on the conductivity of the battery. By exploring the fluid flow and
phase separation inside the cell we aim to better unravel the electro-
chemical design criteria for high-performance multiphase single flow
batteries [42].

In this study, we develop a model for the flow and electrolyte dis-
persion in the cell which enables us to determine the resistance based
on the cell geometry, chemistry characteristics, and operational condi-
tions. This model can be used for a variety of electrolyte chemistries
for similar cell architecture and provides an important tool for the
design of better performing batteries, and for avoiding high resistance
operational conditions for existing ones.

2. Results

Below we present the main findings of our theoretical study, which
examined the flow inside the battery cell, describing the phase sep-
aration based on the emulsion characteristics and the flow battery
conditions. The detailed model derivation is presented in the Sup-
plementary Information (SI). Based on the flow field in the cell and
the sedimentation layer evolution, we derive both the steady state
and transient resistance. Finally, we compare the theoretical results to
experimental data obtained for a Zinc-Bromine single flow battery.

2.1. Model for the formation of a sedimentation layer

We derive a theoretical model for flow and sedimentation in a
membrane-less, single-channel flow battery with an emulsion elec-
trolyte flowing in a rectangular slender cell, as depicted in Fig. 1.
The model assumes negligible inertia, and thus requires small reduced
Reynolds numbers. The electrolyte flow is an emulsion with volume
fraction, ¢ <« 1, of a dilute dispersed phase and a continuous phase.

We leverage the low volume fraction and the thin sedimentation
layer (with respect to the channel height) to allow asymptotic domain
perturbations in order to solve the layer’s shape. We define two regions:
the main region 1 of the aqueous phase, and the sedimented layer
region 2 of the suspended phase. Since region 2 is thin and represents
a perturbation on region 1, the leading order velocity (u(lo),u(lo)) and
pressure p(l()) of region 1 results in Poiseuille flow, given by

W = —A”yz(f;l D=0 p0=ap(1- 7). €)
where H and L are the height and length of the cell channel, re-
spectively, Ap is the pressure difference between the outlet and the
inlet, and y, is the dynamic viscosity of the continuous phase. Based
on Eq. (1), and requiring small Stokes number, we can solve for the
pathlines of the droplets entering the channel (see SI Section 1.5),
which are settling at a settling velocity v, = 2gr,(u; + up)(p; +
p2)/ (31y(2u; +3u,)). This allows us to calculate the rate of particles
arriving at the sedimentation layer. We found that the rate of dispersed
polybromide phase sedimentation is constant (~ v,c, see SI Section 1.6),
up to the furthest settling location on the cell wall of all the droplets
entering the cell, given by

H3Ap
x =

=—-—"" 2
s 12Lp, v, 2)

where for x > x, no polybromide droplets sediment on the bottom
region, as shown in Fig. 2a.
Using domain perturbations (see SI Section 1.3), the Navier-Stokes
equations in region 2 yield the following leading order solution
2
Apc Vg 1] Apc py vy

u(O) — y
H3

©0)
s v =0,
2 2 H”g 2

R =(L-x) . ®
and we can obtain the equation governing the thickness of the sedimen-
tation layer §(x, t) by combining Eq. (3) with integral mass conservation

(see SI Section 1.6), yielding
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Fig. 1. Schematic illustration of a single-flow membraneless flow battery system, at the discharging stage, for denser sedimenting phase. The system consists of an electrolyte
storage tank, a pump, and the battery active cell where the redox reactions occur, bordered by top and bottom electrodes.
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Finally, by substituting v, and Eq. (3), as well as rearranging Eq. (4)
we obtain the following evolution equation for 5,

Apcog i 2cgr,(uy + m)p) + py)
B+ 98 A e L AL )
ot 0x 2 Hﬂ; 3uiQuy +3uy)

Eq. (5) represents the main analytical finding of our work. This

PDE allows for the prediction of the growth of the sedimentation layer,
which in turn, enables to determine the battery resistance based on
the conductivity of each phase. We note that for x > x,, this equa-
tion reduces to the Burger’s equation, indicating shockwave-resembling
propagation of the sedimentation layer for sufficiently long channels

(L > x,). For steady state, we obtain a closed-form analytical solution,

given by
’ Lcyyvsx H34p
V 3 ,
5,(x) = H>Ap 12Lp, v, ®)
3
H M o
3”1 IZLMIUS

The transient solution, describing the growth of the sedimentation
layer, may be obtained numerically (see SI Section 2.1). Having ob-
tained 5, we can proceed to solve the first order correction for the flow
field within region 1 (see SI Section 1.4.3).

Fig. 2 depicts the resulting flow fields for cases where p, > p,.
However, the model remains applicable for p, < p, without loss of
generality. In region 1, the primary channel exhibits pressure-driven
flow, while the sedimentation layer experiences shear-driven flow to
leading order approximation due to its interface interaction with the
fluid in Region 1, as illustrated in Fig. 2b. The direction of the first-
order correction to the flow in region 1, denoted by u(ll), depends on
the dynamic viscosity ratio yu,/u, and reverses when u,/u; =1, as pre-
sented in Fig. 2d-e. At this ratio, u(ll) vanishes since the sedimentation
layer in that case does not modify the Poiseuille flow in region 1.

Modal stability analysis reveals that the steady state value of § is
stable against small finite disturbances in the developing region where
x < x,, and transitions to a neutrally stable state for x > x, (See SI,
Section 1.7). In the latter case, disturbances neither decay nor amplify,
but are translated by the flow and exit the cell.

2.2. Effect of sedimentation layer on battery resistance
The resistivity of the sedimenting polybromide phase is greater by

an order of magnitude than the continuous aqueous phase (the ratio for
the experimental system being 11.23, Fig. 3c). When the polybromide
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Fig. 2. Droplet sedimentation causing layer buildup and the resulting flow fields presented for heavy particles p, > p,. (a) Trajectories (depicted by pathlines) of sedimenting

droplets for various initial heights, and the sedimentation location of the highest entering droplet, x,,

after which the sedimentation layer thickness, 5(x,7) is independent of x.

We solve §(x,1) by solving the (b) flow field, where region 1 is pressure-driven and region 2 is shear-driven flow based on the interaction at the interface between phases, shown

for Ap/4p* =1, H/L =0.01, v,/v; =0.15, c = 5%, #a/my =2. (c) Breakdown of the flow field components in each region, a leading order 4", &

due to the sedimentation layer in region 1, &, for (d) u,/u, =2 and (e) u,/u, =
phase is a dilute suspension within the well-mixed electrolyte, most
of the current passes through the aqueous phase, and the effective
resistivity of the fluid remains similar to the resistivity of the aqueous
phase (See SI Section 2.2, Eq. (108)). However, the separation of the
two phases creates a configuration of two resistors in series, which
forces all of the electric current to pass through the polybromide
phase. This significantly affects the total resistance, and is the leading
contributor to the Ohmic resistance in such batteries. Since our model
predicts the evolution and final shape of the separated polybromide
phase, we can proceed to calculate the resistance of a Zinc-Bromine
single flow battery.

We denote the resistivity of the continuous and the sedimentation
phases by r| and r,, respectively. Leveraging the slenderness of the con-
figuration, taking an interval of infinitesimal length, dx, and summing
all of the resistances over infinitesimal intervals (as in a parallel circuit)
results in the overall effective resistance of the electrolyte in the cell,

-1
1 dx

R = ’ ’

et <w/0 ((H = 8(x,0)r) + ryd(x, ’))> 7

where w is the width of the cell.

Fig. 3d shows transient sedimentation layer solutions, 5(x, ), where
for each set of two figures in the panel the first one represents 5 build
up due to the polybromide phase entering the cell from an initially clear
cell, and the following panel shows the sedimentation layer vanishing
when the cell is later supplied only by an aqueous phase. Panel 3e
presents experimental data of cell resistance (see Methods for details
of the exprimental setup, Fig. 3a-b) compared to the theoretical results
based on the transient sedimentation layer prediction.

Our theoretical model requires a characteristic droplet diameter, r,
for the resistance prediction. The transient experimental data which
was used to fit r, and its statistical analysis is presented in Fig. 3e with
error bars denoting a single standard deviation. The r, distribution for

=0) =(0)

,” in each region and a correction

1/2, showing direction velocity reversing when the ratio deviates from p,/u, = 1.

0.5% < ¢ < 2% indicates that the change in the average droplet size, 7,
is small for this range of volume fractions.

Fig. 3f shows the steady state electrolyte resistance normalized by
the well-mixed electrolyte resistance (see SI Section 2.2) vs. reduced
Reynolds number where the errorbars stand for a single standard devi-
ation of the steady state experimental resistance values. The theoretical
and experimental results show an excellent agreement. The results
demonstrate that for the same reduced Reynolds value, Re,, represent-
ing the ratio of inertial to viscous effects in slender geometries, as the
volume fraction increases so does the effective resistance. Moreover,
the results indicate that for the same suspended phase volume fraction,
the resistance increases with decreasing Re,. This correlates well with
the shape of § for these conditions, supporting the assumed relation
between sedimentation and electrolyte resistance. Additionally, we
present experimental data from a previous single flow emulsion battery
study with a different cell geometry, electrolyte chemistry, and mixing
method [24]. To overcome the lack of transient data to base r, on, we
used 7, from the current experiments to fit the theoretical curve. The
results presented in Fig. 3f show an excellent agreement between the
fitted theoretical model and the experimental data. This demonstrates
that the characteristic r, is insensitive to differences in the investigated
range of volume fractions.

3. Discussion

We identify and address a critical issue that limits the voltage effi-
ciency of emulsion single flow batteries. Despite a substantial variance
in cell resistance observed in prior experimental studies, a detailed
explanation for this phenomenon remained unresolved. In this work,
we derived an evolution equation for the sedimented layer, allowing us
to predict the separation of the phases and the outline of the resulting
fluid—fluid interface. By solving this evolution equation, we are able
to make accurate predictions of electrolyte resistance for various flow
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Fig. 3. The effect of sedimentation layer thickness on the electrolyte resistance. (a) The experimental setup and the battery cell, where the connection between components is
shown in (b) the schematic illustration of the system. (c) The electrolyte resistance is affected by the low conductivity sedimentation layer forming on the bottom electrode (p, > p,).
(d) The sedimentation layer thickness in time and the corresponding (e) theoretical and experimental cell resistance normalized by the resistance of a well-mixed electrolyte. (f)
The summary of the steady state resistance data for various volume fractions, including experimental data by [24] vs. reduced Reynolds number, Re, = (p,u; H?)/(u, L), and the

theoretical resistance for the obtained (g) droplet sizes, F,.

(h) The theoretical curves are represented by a dotted line for 7,, and a colored area representing the range of 7, £0,.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rates and polybromide volume fractions. We verified our results with
experimental data, revealing a notable disparity with the maximum
value exceeding the minimum by a margin exceeding 40% in effective
electrolyte resistance for the same volume fraction, emphasizing the
significant variance with operational conditions. Our results show an
increase in electrolyte resistance both for decreasing aqueous phase
volume fraction and Re,, in agreement with prior findings [24,38].
Additionally, we find that x; = ApHu/(12v, L), the furthest location
of the droplets’ sedimentation, is independent of the volume fraction

of the suspended phase. For sufficiently long battery cells, x;, < L,
the evolution equation becomes an inviscid Burger’s equation for the
region x > x,. In that region, the sedimentation layer front exhibits
propagation behavior similar to that of a shock wave, which eventually
leaves the cell leading to a steady state.

Our results can be used as a method for in-situ particle size estima-
tion based on the transient electrolyte resistance measurements. Our
model provides transient predictions for both well-mixed electrolytes
entering the cell, occurring during discharge, and fully aqueous cell
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washing which demonstrates the sedimentation dynamics during charg-
ing. Additionally, our model provides a characteristic time scale for the
sedimentation layer to reach a steady thickness which can be used to
shorten battery cycling experiments, scaling as t* = \/H Ly, /(v p u;c).
In conclusion, this work enables the rational design of flow battery
cells, a critical factor in minimizing power losses, with applicability
extending to various electrochemical systems.

4. Methods
4.1. Analytical and numerical models

The details of the developed analytical model can be found in the
supplementary information alongside an accompanying Mathematica
code.

4.2. Electrolyte preparation and measurement

Zinc bromide salt (ZnBr,, 98% purity) and Zinc chloride (ZnCl,,
98% purity) purity was procured from Alfa Aesar, MA, USA. Bromine
(Br,) was purchased Emsure, Merck, Germany. Sodium Dodecyl Sulfate
(SDS, 92.5-100.5%) was procured from Sigma-Aldrich, Israel. The com-
plexing agent 1-butyl-3-methylpyridinium bromide (3-MBPy) supplied
by ICL group Ltd, Israel. All of the aqueous solutions were prepared in
the Milli-Q (18.2 MQ cm) water and materials in the experiment were
used directly without further purification.

To prepare the electrolyte, 0.5 M ZnBr, salt 1.5 M ZnCl, was
dissolved in DI water, then 0.5M 3-MBPy and 10 mM SDS were added.
Following that, 0.5 M Br, was added to the same well-mixed solution.
The resulting solution was fully mixed at ambient temperature for 12 h
at 250 rpm in an orbital shaker incubator (TOU-50 N, MRC, Israel).
Afterwards, the solution was allowed to rest for 4-5 h to attain a
clear phase separation of the aqueous phase (bromine-poor) and the
polybromide phase (bromine-rich). Yellow-colored aqueous phase and
dark red-colored polybromide phase were observed to have settled at
the bottom of the tank.

The electrochemical impedance spectroscopy (GEIS) experiments
were performed at room temperature using a Potentiostat/Galvanostat
in two-electrode configuration (Gamry reference 3000, USA). This
study was carried out using galvanostatic mode with frequency ranges
from 4000 KHz to 1000 KHz at zero DC current. The high frequency
intercept of real axis on the Nyquist plot was used to calculate the
electrolyte resistivity at different flow rates and volume fractions.

Rheometric investigation of aqueous phase was performed using
MRC 102 rheometer (Anton Paar, Austria) with double-gap cylindri-
cal geometry (DG 26.7, titanium) and the RheoCompassTM software.
The shear stress was measured over ten logarithmically-spanned shear
rate values in the range 500 to 50 1/s and the averaged viscosity is
presented and behaves as Newtonian fluids. All of the electrolyte and
battery characterizations were carried out at room temperature.

4.3. Cell design and manufacturing

The cell comprises of three parts, including endplates, electrodes,
and gaskets, which were fabricated using a fast prototype CNC milling
machine (Roland DGA corporation, MDX 540, USA) and a laser sys-
tem (VLS 3.6 W, Universal laser system, USA). The 3 mm thick cur-
rent collectors, zinc electrodes (anode), and bromine electrode (cath-
ode) were milled with impervious graphite and iso-molded graphite
(GraphiteStore.com, Inc., USA), respectively, whereas end plates were
constructed using PVDF material, both 15 mm thick. Next, a 2 mm thick
Viton rubber gasket acted as a flow channel, and other PTFE (Gore® GR
sheet Gasketing, 1.5 mm and Leader Gasket, Cipperlon 2130) gaskets
were manufactured using a laser system to seal layers of the battery.
The battery was assembled using twelve, stainless-steel bolts, wrapped

Journal of Power Sources 610 (2024) 234687

with plastic heat shrink tube to prevent internal short-circuiting and
corrosion with the electrolyte.

The complete custom-made experimental flow setup with battery
component, tank, pump, and mixer has been developed for the battery
testing. The experimental cell width is 18 mm, the height is 2 mm, and
the electrode length is 72 mm. Additional information can be found in
the supplementary information (See SI Section 3). The electrolyte was
stored in a 200 ml capacity cylinder, whereas the aqueous phase of
the electrolyte was taken out from the reservoir’s top side and pumped
into one side of the mixer using a peristaltic pumpl (Masteflex, Cole-
Parmer, USA). Polybromide phase was taken out from the reservoir’s
bottom and driven into the mixer’s other side using a peristaltic pump
2.

The mixer compartment was made of PVDF material with a 44 cm?
volume capacity and mixed well both phases in a magnetic stirrer
with a cross magnetic bar. Outlet of mixer delivered the well mixed
electrolyte to the inlet of battery and outlet of the battery was sent
back to the reservoir.
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