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Abstract
The rise of intermittent electricity sources has increased the relevance of large scale energy storage
technologies. Semi-solid flow batteries are a promising technology for large-scale energy storage. In
search of a safe system with inexpensive components, a new semi-solid flow battery with an aqueous,
alginate-based electrolyte is studied. The electrolyte contains conducting carbon black particles to im-
prove electronic conduction. The energy efficiency of semi-solid flow batteries is diminished by internal
electric resistance and fluid friction. This thesis aims to contribute to a better understanding of these
two sources of energy loss. To this end, the rheology and electric field are modelled to find the internal
electronic resistance and pumping power under various flow conditions. Furthermore, an experimental
method for measurements of viscosity and conductivity, which are important inputs for the models, is
developed.

In this research, a lattice Boltzmann fluid dynamics model and a finite volume model for the elec-
tric field are developed and validated. The fluid dynamics model simulates the flow of the electrolyte
through the battery. Based on the flow field, the electronic conductivity in the flow channel, which is
a function of shear rate, is determined. The conductivity is an input for the finite volume model that
computes the electric field in the battery. The internal electronic resistance of the electrolyte is derived
from the electric field. Using this approach, the flow of the electrolyte and the electric field in the battery
are simulated for a range of inlet velocities. As the the viscosity and conductivity of the alginate-based
electrolyte have not yet been characterised, a nonaqueous carbon black suspension whose viscosity
and conductivity are known, is used as a replacement. For a flow channel with a length of 22.5mm, a
height of 5mm and a width of 50mm, the internal electronic resistance of the carbon black suspension
is found to have a minimum of 5kΣ at zero fluid velocity. This is orders of magnitude higher than the in-
ternal ionic resistance of the membrane (0.1Σ) and the electrolyte (0.9Σ). Ion transport therefore is not
a limiting factor for the reaction rate in this SSFB. The pumping power increases with velocity as a power
law with an exponent of .1.5ײַ This steep increase should be taken into consideration when deciding on
the inlet velocity of the semi-solid flow battery. Developing a coupled electrochemical-transport model
is recommended to get a more complete description of the electrochemical performance.

Due to their different compositions, the replacement of the aqueous alginate-based electrolyte by a
nonaqueous carbon black suspension in all likelihood causes a significant deviation in the output of the
simulations. The viscosity and conductivity of the aqueous alginate-based electrolyte must therefore
be characterised to get a more reliable estimation for the electronic resistance and pumping power.
The proposed setup for these measurements is a parallel plate rheometer equipped with a dielectro
rheological device. It measures torque and conductance as a function of angular frequency. The
torque-angular frequency data can be converted into a viscosity-shear rate curve using an existing
method. For the conversion of conductance as a function of angular frequency into conductivity as a
function of shear rate, a dedicated algorithm is developed and validated. The error of the algorithm
was found to be well below 5% for all validation cases. This precision is adequate for the purpose of
this study.
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Nomenclature

Abbreviations
ABB Anti bounce back (boundary technique)
BGK Bhatnagar-Gross-Krook (collision operator)
BB Bounce back (boundary technique)
CAES Compressed air energy storage
CES Cryogenic energy storage
CFD Computational fluid dynamics
CV Convective (boundary technique)
DRD Dielectro rheological device
EP Extrapolation (boundary technique)
FMLB Filter matrix lattice Boltzmann
FVM Finite volume method
LBM Lattice Boltzmann method
MRT Multiple relaxation time
NEBB Non-equilibrium bounce back (boundary technique)
SSFB Semi-solid flow battery
RFB Redox Flow Battery

Chemical formulas
Chlorine ion

/ Divalent/trivalent iron ion
Ⱡ Iron alginate

Lithium
/ Divalent/trivalent manganese ion

Ⱡ Manganese alginate
Manganese dioxide
Sodium ion
Phosphate
Titanium
Zinc
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1
Introduction

Over the past decades it has become increasingly apparent that greenhouse gases are responsible for
climate change. The Intergovernmental Panel on Climate Change reported in 2021 that greenhouse
gas caused by human activity is responsible for a 1K to 2K increase in global surface temperature.
This human-induced climate change is affecting weather and climate extremes across the globe [1].
The energy sector is a main contributor to greenhouse gas emissions: approximately 75% of green-
house gas is emitted as a result of energy generation [2]. Driven by economic and population growth,
energy demand has risen over the past decades and is expected to keep rising. To meet the growing
energy demand while reducing greenhouse gas emissions, polluting energy sources must be replaced
with renewable energy sources. Renewable energy sources such as solar photovoltaics and wind have
experienced rapid growth and this growth is likely to continue [3]. Since these technologies are depen-
dent on weather conditions and season there is a demand for carbon free, large-scale energy storage
to balance the grid.

Large-scale energy storage technologies must be affordable, safe and have a long cycle life. Other
relevant criteria are power and energy density, availability of materials and recyclability. There is a
wide variety of carbon free, large-scale energy storage technologies such as pumped hydro stor-
age, compressed air energy storage, hydrogen and batteries. Each technology comes with its own
(dis)advantages and the preferred storage method greatly depends on the required capacity, power
and duration of storage. Flow batteries are a promising large-scale energy storage technology be-
cause their power and capacity are decoupled. Redox flow batteries have received a lot of attention in
the last 30 years. The vanadium redox flow battery is the most established flow battery with over 30
active installations across the globe [4]. However, due to a low energy density and expensive mate-
rials, its costs currently are too high to be competitive [5]. The semi-solid flow battery is a novel flow
battery concept with a higher energy density and thus potentially a lower cost of storage. This research
focuses on a semi-solid flow battery with an aqueous alginate-based electrolyte. This electrolyte was
chosen for its safe, abundant and affordable components [6].Internal resistance and friction diminish
the energy efficiency of semi-solid flow batteries. The goal of this research is to gain a better under-
standing of these two sources of energy loss and to evaluate how they are influenced by the rheology.

This chapter gives an introduction into semi-solid flow batteries in section 1.1. This is followed by
a review of large-scale energy storage technologies in section 1.2. Subsequently, section 1.3 gives an
overview of recent work on similar systems. The research questions and an overview of the project are
discussed in section 1.4.

1.1. Semi-solid Flow Batteries
Flow batteries are devices that convert chemical energy into electricity and vice versa via redox reac-
tions. Their working principle is similar to that of regular batteries, except that flow batteries have a
constant supply of new active material. Electrochemical energy is stored outside the battery in two flu-
ids that are kept in separate tanks. The fluids are electrolytes with active material (i.e. a redox couple).
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When pumped through the battery, the fluids react with each other to release energy (discharging) or
store energy (charging). The half cells are separated by a membrane that functions as salt bridge. The
two fluids contain different redox couples which results in a potential difference between the half cells.
If the two half cells are connected via an external circuit, redox half-reactions occur in the two half cells
and an electronic current flows between them. To balance this electron flow, ions move between the
half cells through the membrane. Depending on the external circuit, the fluids are either charged or
discharged. The storage of the fluids in separate tanks has several advantages compared to regular
batteries, whose reactants are stored inside the half cells:

• Battery power is decoupled from battery capacity: the power depends on the characteristics of
the cell while the capacity depends on the size of the fluid reservoirs. As a consequence, flow
batteries can be tailored to specific applications.

• Storage in tanks is cheaper than storage of reactants in batteries. Decoupling the power and
storage components thus comes with a cost benefit [7][8].

• Flow batteries are inherently safe. Thermal runaway is impossible as reactants are stored in
separate tanks [9].

Two types of flow batteries can be distinguished: Redox flow batteries (RFBs) and semi-solid flow
batteries (SSFBs). In RFBs the redox active ions are dissolved in the electrolyte whereas in SSFBs
these ions are stored in solid particles that are dispersed in the electrolyte. Their differences and
(dis)advadvantages are listed below:

• The energy density of SSFBs is not limited by ion solubility while that of RFBs is. SSFBs therefore
have an energy density 20 to 30 times that of conventional RFBs [10].

• Membranes of SSFBs are much simpler than those of RFBs. A porous separator that that blocks
solid particles and passes ions, suffices for SSFBs. RFBs require a more complex ion-exchange
membrane that blocks the active ions and passes other ions [5][11].

• In RFBs the fluids flow through a porous electrode. The reactions occur at the surface of this
electrode. In SSFBs, the porous electrode is replaced by conducting carbon black particles that
are dispersed in the fluids. These particles form electronic conducting networks to connect the
active material to the current collectors [12].

• While RFB electrolytes are solutions, SSFB electrolytes are suspensions. SSFBs therefore have
a higher viscosity and thus higher pumping losses compared to RFBs [11].

This research focuses on an SSFB with an aqueous alginate-based electrolytes and conducting carbon
black particles. Together with cations (positive ions) the alginates form hydrogels in aqueous solutions.
These hydrogels are the active part of this SSFB. Alginates are especially promising since they are
abundant in nature and non-toxic. The cations are iron and manganese ions, which are similarly abun-
dant in nature. Because of their aqueous nature the electrolytes are non-flammable.

1.2. Review of Large-scale Energy Storage Technologies
This section provides a concise overview of conventional and upcoming carbon free large-scale en-
ergy storage technologies. These technologies are compared qualitively to SSFBs, which helps to
understand the potential of SSFBs as large-scale energy storage method.

• With 93% of the total energy storage capacity in 2020, pumped hydro storage currently is the
most mature form of large-scale energy storage [13]. A pumped hydro storage system consists
of two large water reservoirs at different heights in which energy is stored as gravitational energy.
When there is a low power demand, water is pumped to the upper reservoir, and when there
is high power demand it flows back down, generating electricity via a turbine. Pumped hydro is
suitable for storage periods ranging from hours to years, depending on the size of the reservoirs.
Its advantages include a high round trip efficiency, long lifetime, fast response time and low stor-
age costs. However, since the development costs of pumped hydro storage largely depend on
geographical conditions, its applicability is limited [14].
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• Compressed air energy storage (CAES) stores energy by compressing air in a reservoir. It has
a low energy density and thus requires large reservoirs to store significant amounts of energy.
Because artificial reservoirs are very costly, usually underground caverns are used for the storage
of compressed air. CAES is a very cost-effective energy storage method and is capable of storing
energy for periods of over a year. However, as a consequence of the use of natural reservoirs,
CAES too has geographical limitations [15].

• Cryogenic energy storage (CES) stores energy in liquified gases at cryogenic temperatures
[16]. This emerging storage method is attractive because of its long cycle life, cost effectiveness
and relatively high energy density. Its storage duration ranges from hours to months [17]. Main
drawbacks are a low round trip efficiency and safety concerns related to leakage [18].

• Batteries have a high energy density, an almost instant response time, a long cycle life and a
high efficiency. This makes them very suitable for mobile applications and applications where a
short response time is of importance. For grid scale storage of energy however, the need for rare
materials and high material, processing and maintenance costs pose significant limitations [18].

• Hydrogen is an upcoming large-scale energy storage technology with a high energy density
compared to other technologies. Hydrogen in the form of (compressed) gas or post-processed
into methane (synthetic natural gas) stores chemical energy. This makes it suitable for long
term storage and has the additional advantage that the energy can be easily redistributed over
large distances. Its disadvantages include a low volumetric energy density (at room temperature
hydrogen is a gas) and a low round trip efficiency compared to batteries. [19]

SSFBs have high efficiencies similar to those of pumped hydro and CAES. Its storage costs are higher
compared to pumped hydro and CAES, but a major advantage is the lack of geographical limitations.
Flow batteries have a higher round trip efficiency and faster response time than CES on the one hand,
but higher energy storage costs on the other hand [20]. Research by MIT [7] into the levelised cost of
storage shows that costs of both hydrogen and SSFBs decrease with discharge duration. For storage
periods of longer than a day, both SSFBs and hydrogen outperform regular lithium ion batteries and
vanadium redox flow batteries. This is mainly due to high cost of power related components, i.e. the
components related to the conversion of chemical into electrical energy. (Since SSFBs are still in an
early stage of development, the results of this feasibility study by MIT might differ significantly from
reality.) In regular batteries, power and capacity are intertwined while for both SSFBs and hydrogen
power and energy are scaled independently.

In conclusion, the best-suited technology differs per case, as a result of the diverse range of criteria at
play in large-scale energy storage. Given that the SSFB is still in its infancy, it is hard to predict its exact
performance and hence its competitiveness with other technologies. This thesis aims to contribute to
the understanding of SSFBs.

1.3. Recent work on Semi-solid Flow Batteries
In this section relevant recent work on SSFBs is presented. Since the focus of this thesis is the in-
ternal electrical resistance, this literature review concentrates on aspects of the battery that affect the
resistance.

1.3.1. Carbon Black Suspensions
As touched upon in section 1.1, electrolytes of SSFBs contain carbon black particles to enhance their
electronic conductivity. Carbon black particles cluster to form electron conducting networks. Above
a certain carbon black concentration (the percolation threshold), these networks span the entire flow
channel resulting in a steep electronic conductivity increase [21][22].

• In a study of aqueous dispersions of carbon black, the fluid was found to be non-Newtonian. This
means that the the fluid’s viscosity changes with shear rate. This behaviour is attributed to shear
induced changes in size and shape of carbon black microstructures. The study further found out
that, when varying the carbon black concentration, the percolation threshold was at approximately
the same concentration at which the viscosity shows a steep increase [21].
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• Other research into aqueous carbon black suspensions has shown that the pH influences the
viscosity and shear behaviour of the fluid. In basic fluids (i.e. > 7) carbon black suspensions
exhibit shear thinning behaviour. This is explained by an increased hydrophobicity of the car-
bon black and hence an increased tendency to agglomerate. Stronger agglomeration causes a
higher viscosity. Shearing the fluid decreases the agglomeration which results in shear thinning
behaviour. This effect is stronger at higher concentrations [23].

• Research into non-aqueous carbon black suspensions has demonstrated that both conductivity
and viscosity depend on shear rate. Again, the fluid shows shear thinning behaviour. The con-
ductivity is at its lowest at medium shear rates. At zero and low shear rates, the carbon black
networks are sustained, which comes with a high conductivity and viscosity. As the shear rate
increases, the continuous networks are broken up resulting in a sharp drop of conductivity as well
as viscosity. As shear rate increases further, another type of carbon black clusters form resulting
in a slight increase in conductivity. At high shear rates, only very small carbon black clusters re-
main resulting in a high effective density of carbon black chains which enhances the conductivity
further [22].

• Research by Narayanan et al. shows similar agglomerating behaviour in nonaqueous carbon
black suspensions. It additionally demonstrates a shear history dependence. This thixotropic
behaviour, too, is attributed to the formation and breaking down of carbon black microstructures
[12].

1.3.2. Electrolyte Composition
A wide range of materials has been considered for SSFBs. Some relevant compositions are listed
below.

• Non-aqueous SSFBs: Non-aqueous electrolytes generally have higher energy densities than
aqueous electrolytes. Energy density is the product of capacity and voltage. Owing to their
narrow electrochemical window, aqueous electrolytes impose an upper limit of 1.23V on the cell
potential [8][24]. Major drawbacks of non-aqueous electrolytes are their flammability and high
costs [24]. Furthermore, carbon black conductivity in non-aqueous electrolytes at rest typically is
at least one order of magnitude lower than in aqueous electrolytes [5][7][22].
Non-aqueous electrolytes are often combined with lithium-ion battery materials as active particles.
This electrolyte could potentially reach energy densities that are sufficiently high for the use in all
electric vehicles [8].

• Aqueous ( ) ᾤ SSFB: The first aqueous SSFB was demonstrated in 2013 and
was based on the ( ) ᾤ couple as active material. In addition to the experimental
study, a model was set up to simulate the flow and electrochemical behaviour [5]. This study un-
derlines the importance of properly choosing the operating conditions to maximise cell efficiency.
In addition, several parasitic reactions that degrade cell efficiency were identified.

• Ⱡ SSFB with aqueous electrolyte: Manganese dioxide is an inexpensive and abundant
active material. This semi-solid electrolyte has been reported to have significant pumping losses
due to its high viscosity. These pumping losses increase the cost of power. Nevertheless, an
economical feasibility study has demonstrated that, mainly due to its low material costs, this
SSFB is more cost-effective than Li-ion batteries and Vanadium redox flow batteries for storage
periods longer than one day [7].

1.4. Thesis goal
To meet the need of cheap and safe large scale energy storage, an aqueous SSFB with an alginate-
based electrolyte suspension has been proposed. Internal electrical resistance and friction diminish
energy efficiency and thus increase the cost of power. This study aims to contribute to a better under-
standing of both internal electrical resistance and friction in SSFBs. Previous studies into carbon black
suspensions have shown that the presence of carbon black particles affects the viscosity as well as the
conductivity the slurry. This is attributed to the formation of carbon black microstructures. Shearing the
fluid reforms the microstructures, resulting in a conductivity and viscosity change [21][22]. Hence, the
rheological and electrical properties are intertwined. This leads to the following research questions:
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1. What is the internal resistance of an SSFB with alginate-based electrolyte and how is it influenced
by the rheology?
This question is split up in the following sub-questions:

(a) What is the flow profile and how does it depend on rheological properties?
(b) How does electronic conductivity relate to shear rate? Which other factors determine the

electronic resistivity? What is the electronic resistivity of the fluid as a function of location
and time?

(c) Which factors determine the internal ionic resistivity?
(d) How are the internal electronic and ionic resistance related to each other and to the total

resistance.

2. What is the required pumping power for an alginate-based SSFB?

1.4.1. Contribution to the Current State of Knowledge
To answer the research questions the following approach was taken:

• A two dimensional fluid dynamics model was developed to simulate the flow of the suspension
through the battery. This fluid dynamics simulation is capable of modeling non-Newtonian fluids.
Based on a direct relation between shear rate and conductivity, the conductivity as a function of
location was derived.

• A finite volume model was set up to model the electric field in the flow channel and compute
the internal resistance. The conductivity field that was obtained with the fluid dynamics model is
an important input for this model.

• Important inputs for these two models are the viscosity and conductivity as a function of shear
rate. An experimental method was developed to determine the viscosity and conductivity with
a rheo-impedance setup. Because these measurements do not directly yield the conductivity, an
algorithm was developed to convert the raw measurement data into a conductivity-shear rate
relation.

Figure 1.1 clarifies how the different components of this research are related to each-other.

In previous studies, many numerical models have been developed to describe the fluid dynamics and
electrochemical processes flow batteries. Themodels developed as part of this thesis differ significantly
from the models presented in this thesis:

• First of all, it should be noted that models of redox flow batteries cannot be straightforwardly
be applied to SSFBs because the electron transport through a sheared carbon black network is
different than that through a porous current collector.

• Li et al. set up a coupled transport and electrochemical model for an SSFB. The electron flow,
reaction kinetics and mass transport are described by a set of equations which is discretised and
solved with a finite volume method. Two flow types are modeled: Newtonian Poiseuille flow and
plug flow. The electronic conductivity of the suspension is taken to be constant [5].

• A coupled computational fluid dynamics and discrete element method was proposed by Heidarian
et al. to simulate slurry electrolytes (i.e. water with carbon black particles). While in most other
studies the electrolyte is described on a macroscpic level, Heidarian et al. model the carbon
particles separately. The interactions and charge transfer between carbon black particles deter-
mine the electronic conductivity of the slurry. A shortcoming of this model is that the electrolyte
is assumed to be a Newtonian fluid [25].

• Most other numerical studies of SSFBs employ a finite element method (using COMSOL Multi-
physics software) to solve a system of differential equations for the fluid dynamics and electro-
chemical behaviour. These models incorporate complex rheolocial behaviour (e.g., power law
fluids), but do not account for a shear rate dependent carbon black conductivity [10][26][27][28].

The models developed in this thesis are capable of simulating a wide range of fluids, including strongly
shear thinning fluids that cannot be described by a power law relation. In addition, they implement a
conductivity that varies with shear rate.
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Figure 1.1: Overview of how the different aspects of this research are related to each other.

1.4.2. Thesis Outline
This thesis is structured as follows: first, the theoretical background for this thesis is presented in
chapter 2. Subsequently the fluid dynamicsmodel and the electric fieldmodel are described in chapter 3
and 4 respectively. Chapter 5 discusses the experimental method for rheo-impedance measurements.
The results are presented and discussed in chapter 6. Finally, chapter 7 presents the conclusions and
gives recommendations for future research.



2
Theory

Rheological and electrical properties of SSFBs are intertwined. The electronic conductivity depends
on the flow behaviour of the electrolyte. Consequently, in order to analyse the internal resistance of
SSFBs and its dependency on rheological properties, the fluid dynamics must be characterised first.
This chapter explains which battery properties play a role in the internal resistance and how they are
related to each other. Furthermore it provides the theoretical framework for a fluid dynamics model and
a model for the internal resistance.

First, the working principle and chemistry of the alginate-based SSFB are explained in section 2.1.
Subsequently section 2.2 provides a theoretical background in fluid dynamics and introduces the com-
putational method. Then, section 2.3 elaborates on the internal resistance and discusses the numer-
ical method to determine the electronic conductivity of carbon black networks. The electrochemical
performance of SSFBs is considered in section 2.4. Finally, section 2.5 discusses the relevant fluid
characteristics.

Figure 2.1: Schematic illustration of an SSFB. The electrolytes are stored in separate tanks and pumped through the battery
where they are (dis)charged.

7
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2.1. Working Principle of Alginate-based Semi-solid Flow Battery
An SSFB consists of two half cells through which an electrolyte suspension flows. The half cells are
separated by a micro filtration membrane. Opposite to the membrane, both half cells are flanked
by current collectors. The electrolyte consists of water, active material, carbon black particles, and
dissolved ions. A schematic representation of the SSFB is given in figure 2.1. The active material is
an alginate hydrogel with redox-active cations. The hydrogel forms bulbs that are too large to pass the
membrane. The two half cells contain different redox-active cations, as a result of which a potential
difference is induced. A positive redox potential means that the reaction occors spontaniously when
connected to an external circuit. In case of a negative potential on the other hand, the reaction must
be driven by an external voltage. In the reaction one of the cations is oxidised releasing an electron,
while the other cation receives an electron. The carbon black particles form a conductive pathway for
electronic current between the hydrogel bulbs and the current collectors. The external circuit connects
the two current collectors. The micro filtration membrane functions as salt bridge. The dissolved ions
can easily pass the membrane to preserve electric neutrality in the half cells.

2.1.1. Chemical Composition

Figure 2.2: Schematic representation of an alginate hy-
drogel. The alginate chains (represented by black lines)
are crosslinked by divalent cations (represented by blue
dots).

Alginates are anionic polysacharides that occur in
brown algae. Together with certain multivalent cations
they chelate and form hydrogels [29]. The positively
charged cations attract the anionic alginate chains. In
this manner they can connect multiple alginate chains
to each other. The properties of the gel are mainly
governed by the type and number of cations. Differ-
ent cations have different binding modes with the algi-
nate chains such as the well known ’egg-box’ structure
[30] or the ’3D valent binding structure’ [31]. When
the cations are chosen appropriately hydrogels can
be used as active material in a battery. In this re-
search the cations are iron ( / ) and Manganese
( / ) ions. Each ion binds to two anionic (nega-
tively charged) groups at alginate chains. In case of
the trivalent ions ( and ), a nearby clorine ion ( ) ensures local neutrality by compensating
for the 3rd positive charge. In this early stage of research it is unknown where exactly the chlorine ions
are located. A schematic representation of part of a hydrogel with egg-box structures is shown in figure
2.2.

The reduction and oxidation reactions are given by equations 2.1 and 2.2 respectively.

( ) Ⱡ ⅝ ( ) Ⱡ + (2.1)

( ) Ⱡ + ⅝ ( ) Ⱡ (2.2)

The reactions have standard reduction potentials of 0.77V and 1.54V respectively. The total reaction
is given by equation 2.3.

( ) Ⱡ + ( ) Ⱡ ⅝ ( ) Ⱡ + ( ) Ⱡ (2.3)

The reaction occurring from left to right has a positive overall potential meaning energy is released in
the reaction. This is a discharge reaction. The reaction occurring from right to left, on the other hand,
has a negative overall potential and thus absorbs energy. This is a charge reaction.

2.1.2. Electron Transport
During the reaction, the reductant in one half cell loses and electron and the oxidant in the other half
cell gains one. Electrons are transferred between the half cells to enable the half reactions. The elec-
tronic resistance is the resistance related to the path of the electric current between the locations of
the half reactions. It comprises the charge transfer resistance, carbon black resistance and the resis-
tance of the external circuit. The former two are internal resistances. The charge transfer resistance
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is the resistance related to the electron transfer between the cation and the carbon black network. It
depends on the reaction mechanism, on the local chemical composition of the fluid and on the distance
between the carbon black particles and the reacting cation. The carbon black resistance is the ohmic
resistance of the carbon black network. As pointed out in section 1.3 carbon black particles cluster and
form microstructures. When the carbon black volume fraction is above the percolation threshold, the
carbon black particles form networks that span the entire cell, resulting in a considerable conductivity
increase. The carbon black conductivity depends on many factors including the size and shape of the
microstructures and the composition of the surrounding medium.

Experiments have yielded values of several mS/cm for the electronic conductivity of carbon black
networks in aqueous suspensions at rest [5][7]. A study of non-aqueous carbon black suspensions
has found values that were at least one order of magnitude lower. Additionally it demonstrated a
strong shear rate dependence of carbon black conductivity [12]. This phenomenon is attributed to the
shear rate dependent size and shape of the carbon black miscrostructures. Measurements to eval-
uate the relation between shear rate and conductivity in in aqueous carbon black suspensions have
not been performed yet. Nevertheless, since the electronic conduction in aqueous and non-aqueous
cabon black suspension is based on the same principles, it is expected that shear rate plays a role in
the conductivity of aqueous suspensions too [21][32].

2.1.3. Ion Transport
During operation of the flow battery, ion transfer between the half cells is necessary to conserve charge.
Dissolved chlorine ( ) and sodium ( ) ions fulfill this role in alginate-based SSBFs. The ionic
resistance is the resistance associated with the path of the ions. Ion transport in the electrolyte is
described by the Nernst-Planck equation (equation 2.4).

‏ = ♆‏ Ⱡ ♆‏ + ‏ (2.4)

This equation gives the particle flux ‏ as a function of charge , mobility , concentration , diffusion
coefficient , electric potential local fluid velocity ‏ . is the Faraday constant. The particles are
driven by a potential difference (migration), a concentration gradient (diffusion) and/or the local fluid
velocity (convection):

• Migration is responsible for the transfer of ions between the half cells. During the reaction, a
divalent cation releases an electron and becomes trivalent. To prevent local charge imbalance,
a negative chlorine ion moves close to the trivalent cation. In the other half cell the opposite
happens and a negative chlorine ion is pushed away by the divalent cation. To preserve global
charge neutrality of the half cells, either a positive ion moves from the reduction half cell to the
oxidation half cell or a negative ion moves in opposite direction. When moving between the half
cells ions pass a micro-filtration membrane. All these processes are driven by electric potential
gradients.

• Diffusion is the ionic flux due to a concentration gradient. Because the redox reaction neither
creates nor absorbs dissolved ions, there are no local concentration gradients within the half
cells. The ion transfer between the half cells does however cause a concentration difference
between the half cells. This concentration gradient causes a diffusive force that counteracts the
electrostatic force for migration. This internal resistance results in a decrease of the operating
cell voltage. The loss of potential as a result of the concentration difference (Ύ ) is
given by equation 2.5.

Ύ = ln (2.5)

In this equation represents the temperature, the gas constant, the Faraday constant and
/ the ratio of the concentrations in the two half cells [33]. Usually the concentrations are

sufficiently high such that the relative concentration difference is small and the resulting internal
resistance is negligible.

• Convection does not play a role in the transfer of ions between the half cells because the local
fluid velocity has no component perpendicular to the membrane.
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The electrolyte and the membrane resistance are the main contributors to the ionic resistance. The
ionic conductivity in aqueous electrolytes ranges between 50 and 400mS/cm, depending on aspects
such as ionic size, concentration, pressure and temperature [5][34][35][36]. The membrane is a mi-
croporous separator which is permeable for solutions (i.e., water with ions) and impermeable for solid
particles. It conducts ions and is an insulator for electronic current. Its ionic conductivity depends on
many factors including electrolyte composition, pH and temperature. The ionic conductivity of a com-
mercially available microporous membrane in an aqueous 1M solution was reported to be in the
range of 4mS/cm to 9mS/cm. Membrane thickness typically ranges from 20µm to several hundred
micrometers [37].

2.2. Fluid Dynamics
A fluid dynamics model is set up to analyse the flow of the electrolyte through the SSFB. There are
various different approaches to fluid dynamics. The conventional fluid dynamics approach uses a
macroscopic description of the fluid and treats it as a continuum. The presence of individual particles
is ignored and macroscopic fluid properties are treated as continuous variables. In this description the
motion of fluids is governed by conservation of mass, momentum and energy.

• Conservation of mass is given by the continuity equation:

+ ♆‏ ( (‏ = 0 (2.6)

In this equation represents density, time and ‏ velocity.

• Conservation of momentum for incompressible fluids is given by the following equation:

‏ + ‏ ♆‏ ‏ = Ⱡ‏♆ + Ύ‏ + ‏ (2.7)

Here represents pressure, dynamic viscosity and ‏ external force. The left side of the equation
describes the total acceleration and is the sum of local acceleration (due to unsteady flow) and
convection. The right side of the equation is the total force exerted and consists of a pressure
term, a viscous drag term and an external forcing term.

• Conservation of energy can be described in terms of total energy or in terms of internal energy.
Total energy is the sum of a kinetic term for bulk motion ( /2) and an internal energy term ( ).
It can be shown that conservation of total energy is equivalent to conservation of internal energy.
The internal energy conservation equation is given below [38]:

( ) + ♆‏ ( ‏ ) = Ⱡ‏♆ ‏ + + + + +

+ + + +
(2.8)

In this equation is the fluid’s internal energy, ‏ is the heat flux and (with , ♇ [ , , ]) are
the components of the stress tensor.

In addition to the conservation equations, an equation of state is needed to close the system. The
equation of state relates local thermodynamic state variables (temperature, pressure, density, internal
energy, entropy) to each other. Due to the convection term in the Navier-Stokes equation the system
of equations is nonlinear and hence hard to solve analytically [38].

An alternative to the continuum fluid dynamics approach is to treat fluids as a collection of particles.
Such descriptions avoid the nonlinear Navier-Stokes equation by calculating the dynamics of each par-
ticle individually. Microscopic particle based descriptions treat individual molecules separately using
Newton’s dynamics whereas mesoscopic particle based descriptions of fluids track collections of par-
ticles via for example kinetic theory. Kinetic theory forms the basis for the Lattice Boltzmann method.
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2.2.1. Kinetic Theory
Kinetic theory is a mesoscopic representation of fluids that tracks collections of molecules via a particle
distribution function [38]. The particle distribution function ( ,‏ ‏ , ) represents the density of particles
with velocity ‏ at position ‏ and time . The particles move with a certain velocity and interact with each
other via collisions. The Boltzmann equation 2.9 governs the the evolution of the distribution function.
It captures both what happens in collisions and in between collisions.

+ ‏ ♆‏ +
‏ ♆‏ ‏ = Σ( ) (2.9)

In this equation is the body force, is the density and Σ( ) is a source term called the collision oper-
ator. In each collision, the collision operator brings the distribution function towards a local equilibrium
while conserving mass, momentum and energy. The particle distribution function is related to macro-
scopic quantities such as velocity and density. As an example, the macroscopic density is the integral
of the particle distribution function over velocity space (equation 2.10).

( ,‏ ) = ( ,‏ ‏ , ) ‏ (2.10)

Via the Chapman-Enskog analysis it can be shown that the macroscopic fluid dynamics equations can
be derived from the Boltzmann equation. This means that kinetic theory is capable of describing the
macroscopic behaviour of fluids [38].

2.2.2. Computational Fluid Dynamics
Generally, fluid dynamics problems are hard to solve analytically, even in case of simple problems. In
many cases numerical solution methods are preferred. Computational fluid dynamics (CFD) solves
fluid dynamics problems numerically with the help of computers. Conventional numerical fluid simu-
lation methods use the macroscopic picture and treat fluids as a continuum governed by discretised
versions of the continuity, Navier-Stokes and energy equation. Since this system of equations is nonlin-
ear, complicated iterative schemes are needed and approximation errors are inevitable. Particle based
fluid simulation methods on the other hand, do not solve the fluid mechanics equations directly but cal-
culate the behaviour of particles that make up the fluid. These particles represent individual molecules
(microscopic picture) or collections of many molecules (mesoscopic picture). A common difficulty in
particle based fluid simulations is bridging the gap between the particle picture and the macroscopic
picture of the fluid. For this reason, microscopic particle based simulations typically are not suitable
for CFD. As mentioned in section 2.2.1 kinetic theory is connected to the macroscopic fluid dynamics
equations and hence capable of describing macroscopic fluid behaviour. Therefore, the lattice Boltz-
mann method, a numerical method which stems from kinetic theory, is suitable for CFD simulations. In
this research the lattice Boltzmann method is used to simulate the flow of the electrolyte through the
SSFB [38].

2.2.3. Lattice Boltzmann Method
The lattice Boltzmann method (LBM) has its origin in kinetic theory and cellular automata and describes
fluids via a particle distribution function. While kinetic theory uses a continuous distribution function,
LBM reduces the degrees of freedom by discretising time, coordinate space and velocity space. Ve-
locity space is discretised by defining a small set of velocity vectors { ‏ } and corresponding weights
{ }. Particles are restricted to this velocity set, meaning they cannot move in any other direction.
The discrete particle distribution function ( ,‏ ) represents the density of particles at position ‏ that
have velocity ‏ at time t. A discretised form of the Boltzmann equation, the lattice Boltzmann equation
(equation 2.11), governs the evolution of the discrete particle distribution function.

( ‏ + ‏ Ύ , + Ύ ) = ( ,‏ ) + Σ ( ,‏ ) (2.11)

In this equation Σ ( ,‏ ) is the discretised collision operator. The distribution function is related to
macroscopic variables like density and velocity through its moments:

( ,‏ ) = ( ,‏ ) , ‏ ( ,‏ ) =
♯ ‏ ( ,‏ )

( ,‏ ) (2.12)
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In LBM the pressure is proportional to the density as given in equation 2.13. The proportionality constant
is the speed of sound ( ) squared.

= (2.13)

Velocity Sets
The velocity set characterises the discretisation of ve-
locity space. It is specified by 2 numbers labeled D and
Q. The former gives the number of spatial dimensions
and the latter the amount of velocity directions. As an
example, the D2Q9 velocity set is a commonly used set
for lattice Boltzmann models in two dimensions. It has
9 velocities (illustrated in figure 2.3) with corresponding
weights given by: = , , , , = and , , , = .

Figure 2.3: D2Q9 velocity set.
The particles are restricted to
these 9 velocities.

Algorithm
LBM uses an iterative algorithm that updates the particle distribution function every iteration until it
has reached an equilibrium. Each iteration consists of 2 steps: collision and streaming. Each time
step the particles collide, meaning that particles at time t and coordinate ‏ are redistributed among the
velocities ‏ (i.e. the particles stay at location ‏ and get a different direction). Mass, momentum and
energy are conserved in collisions. In between collisions, particles stream with velocity ‏ from lattice
point ‏ towards the neighbouring lattice point located at ‏ + ‏ Ύ . Collision and streaming are depicted
in figure 2.4 for the 2 9 velocity set.

Figure 2.4: Particles collide and are redistributed over the velocities. After collision the particles stream from their lattice point to
neighbouring lattice points. Collision and streaming occur at each lattice point. Left: Initial distribution. Center: Distribution after
collision. Right: Distribution after streaming step.

Collision Operators
Collisions are modeled by applying a collision operator. It brings the distribution function towards a
local equilibrium and conserves mass, momentum and energy. There are multiple collision operators,
each with its own (dis)advantages. The preferred choice of operator depends on the details of the
simulation.

• The simplest operator is the Bhatnagar-Gross-Krook (BGK) operator:

Σ ( ) = Ⱡ Ⱡ Ύ (2.14)
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This operator brings the distribution function towards a local equilibrium on a timescale defined
by relaxation time . The relaxation time has a lower an upper bound for stability and accuracy
reasons and is directly related to kinematic viscosity via equation 2.15. (The kinematic viscosity
is the dynamic viscosity divided by the density .)

= Ⱡ Ύ
2 (2.15)

Therefore, the BGK poses limitations on the viscosity: high viscosities result in reduced accuracy
and low viscosities lead to instabilities.

• Themultiple-relaxation-time (MRT) operator is a matrix with multiple different relaxation times.
Owing to the fact that it has much more free parameters to tune, a wider viscosity range can be
used. This comes at the cost of increased computational time [38].

• Alternatively, the filter matrix lattice Boltzmann method (FMLB) can be used. Unlike the BGK
and MRT schemes, it uses a nonlinear collision operator. Like the MRT collision operator, the
FMLB method allows for a wide viscosity range, but comes at the cost of increased computational
time [39].

Chapter 3 explains how LBM is implemented for a fluid dynamics model of the SSFB.

2.2.4. Pumping Power
During charging and discharging, the electrolyte suspensions are pumped through the battery half cells.
Friction at the walls causes loss of energy. To compensate for wall friction the flow is driven by a pump.
The energy loss as a result of friction limits the overall energy efficiency of the battery. Hence, for an
efficient flow battery, the power lost in pumping must be minimized. The pumping power depends on
fluid properties (viscosity and density), on flow velocity and on the geometry of the channel.

Figure 2.5: Schematic illustration of flow through a two dimensional rectangular channel with height . The inlet velocity
is uniform. The flow is driven by a pressure gradient ( ) and slowed down by wall friction. These two forces compensate
each other.

The pump applies a pressure difference between the in- and outlet ( Ⱡ ), which compensates for
the friction force such that the net force acting on the fluid is zero. In case of a two dimensional parallel
plate flow as depicted in figure 2.5, both forces act in x-direction such that:

= ( Ⱡ ) Ⱡ = 0 (2.16)

The wall friction can be calculated from the CFD simulation output in two different ways, which should
yield the same result.

1. Rewriting equation 2.16 gives a direct relation between the pressure difference and the friction
force:

= ( Ⱡ ) = (2.17)
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�W�K�L�F�N�H�Q�L�Q�J�� �7�R�S �U�R�Z�� �7�K�H �[���Y�H�O�R�F�L�W�\ �D�V �D �I�X�Q�F�W�L�R�Q �R�I �\���O�R�F�D�W�L�R�Q �D�W �W�K�H �L�Q�O�H�W�� �K�D�O�I�Z�D�\ �D�Q�G �D�W �W�K�H �R�X�W�O�H�W �R�I �W�K�H �F�K�D�Q�Q�H�O �D�U�H �S�O�R�W�W�H�G
�D�O�R�Q�J �Z�L�W�K �W�K�H �D�Q�D�O�\�W�L�F�D�O �V�R�O�X�W�L�R�Q�� �%�R�W�W�R�P �U�R�Z�� �7�K�H �H�U�U�R�U �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �D�Q�D�O�\�W�L�F�D�O �V�R�O�X�W�L�R�Q �D�V �D �I�X�Q�F�W�L�R�Q �R�I �\���O�R�F�D�W�L�R�Q �D�U�H
�S�O�R�W�W�H�G �K�D�O�I�Z�D�\ �W�K�H �F�K�D�Q�Q�H�O �D�Q�G �D�W �W�K�H �R�X�W�O�H�W��

���D�� �0�5�7 �P�R�G�H�O�� �6�K�H�D�U �W�K�L�Q�Q�L�Q�J �I�O�X�L�G ���g �Æ �º���¼�� ���E�� �0�5�7 �P�R�G�H�O�� �6�K�H�D�U �W�K�L�F�N�H�Q�L�Q�J �I�O�X�L�G ���g �Æ �¼��

���F�� �)�0�/�% �P�R�G�H�O�� �6�K�H�D�U �W�K�L�Q�Q�L�Q�J �I�O�X�L�G ���g �Æ �º���¼�� ���G�� �)�0�/�% �P�R�G�H�O�� �6�K�H�D�U �W�K�L�F�N�H�Q�L�Q�J �I�O�X�L�G ���g �Æ �¼��

�)�L�J�X�U�H �������� �.�L�Q�H�P�D�W�L�F �Y�L�V�F�R�V�L�W�\ �R�E�W�D�L�Q�H�G �Z�L�W�K �0�5�7 ���W�R�S �U�R�Z�� �D�Q�G �)�0�/�% ���E�R�W�W�R�P �U�R�Z�� �P�R�G�H�O �I�R�U �V�K�H�D�U �W�K�L�Q�Q�L�Q�J ���O�H�I�W�� �D�Q�G �V�K�H�D�U
�W�K�L�F�N�H�Q�L�Q�J ���U�L�J�K�W�� �I�O�X�L�G�V�� �)�R�U �W�K�H �V�K�H�D�U �W�K�L�Q�Q�L�Q�J �I�O�X�L�G �W�K�H�U�H �L�V �D �F�O�H�D�U �G�L�V�F�U�H�S�D�Q�F�\ �E�H�W�Z�H�H�Q �W�K�H �W�Z�R �P�H�W�K�R�G�V��
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(a) MRT model. Kinematic
viscosity profile.

(b) MRT model. Viscosity error. (c) FMLB model. Kinematic
viscosity profile.

(d) FMLB model. Viscosity error.

Figure 6.5: Kinematic viscosity profile and relative viscosity error of shear thinning fluids obtained with MRT (a and b) and FMLB
(c and d) model. For both models the relative viscosity error is higher than the relative velocity error.

Figure 6.4 shows the kinematic viscosity of the power law fluids as a function of position. From these
figures it is clear that the flow does not change significantly at the outlet. This means that the outflow
boundary condition is functioning properly. When taking a closer look at the kinematic viscosity of
the shear thinning fluids, a difference between the MRT and FMLB result of the shear thinning fluid
is observed. This is more obvious when plotting the kinematic viscosity profiles and relative viscosity
errors (figure 6.5). The kinematic viscosity obtained with the FMLB model corresponds better to the
analytical solution than that of the MRT model. For both models the relative viscosity error is much
higher than the relative velocity error. For shear thinning fluids like these, viscosity at low shear rates
depends strongly on the shear rate. As a result, small inaccuracies in velocity (and hence shear rate)
result in large viscosity inaccuracies.

6.1.4. Wall Friction
Chapter 2.2.4 introduces two methods to calculate the wall friction. One method computes the wall
friction from the pressure drop over the flow channel ( , equation 2.17). The other method uses
the shear stress at the walls ( , equation 2.18). These methods should give the same result.
The results of the friction force calculations and their relative error (equation 6.3) for the six benchmarks
are presented in table 6.2.

=
Ⱡ

( + )
100% (6.3)

Table 6.2: Force calculation

= 0.2 = 1 = 2

MRT
( ) 0.0198 9.72 Õ 10 0.005 31

( ) 0.0201 9.26 Õ 10 0.005 04
(%) 1.5 4.9 5.3

FMLB
( ) 0.0199 8.05 Õ 10 0.005 34

( ) 0.0201 8.83 Õ 10 0.004 57
(%) 1.2 9.8 17

For Newtonian and shear thickening fluids the relative error (marked in red) is large (> 4%). This can
be explained when looking at the pressure in the flow channel:

• In figure 6.6 the average pressure along the channel length of a shear thickening fluid is plotted
for various grids. From this figure it is clear that the pressure at the inlet ( 2mm) is not
grid-independent, while the pressure in the rest of the channel is. This indicates non-physical
behaviour in the inlet region.

• Additionally, the density profiles along the length of the channel were plotted for all six benchmark
studies (figure 6.7). Both the average density and the density at the walls are given. The calcula-
tion of is based on the average density. In the inlet region the average density is much
lower than the wall density. This density gradient in y-direction results in a nonzero y-velocity
. In reality the flow has no y-component. The region of the channel with nonzero density gra-

dient in y-direction thus does not describe the physical situation. When comparing wall density
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