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Effect of solid particle diameter on fluid flow and heat transfer in

porous media by using Lattice Boltzmann method
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(School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)

Abstract: The lattice Boltzmann method is used to study the influence of solid particle diameter on fluid flow
and heat transfer in porous media. The different results of six particle diameters are analyzed, and the immersed
boundary method is used to deal with the curved boundary. The results show that the pore velocity in the porous
medium increases first and then decreases with the increase of particle diameter. When the particle diameter is
small, the contact area between the fluid and the particles is small, and the fluid will flow around. The
temperature of the fluid in the front half of the channel is low, and the heat transfer effect between the fluid and
the particles is poor. With the increase of particle diameter, the flow phenomenon gradually weakens, and the

heat transfer efficiency between the fluid and the particles increases.
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Analytical solution of flow and heat transfer in porous media-free flow channel under

the condition of interface velocity slip considering LTNE effect

Wang Zhaoyu! Han Yuanbo! Zhao Yiyuan? Li Qi'
(1 School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)
(2 Gudneng Ghenfu (Shishi) Power Co., Ltd., Quanzhou 362700, China)

Abstract: The local thermal non-equilibrium method was used to study the fluid flow and heat transfer performance in
parallel plate asymmetric channels partially filled with porous media. The effect of velocity slip at the interface is
considered. The accurate analytical solutions of velocity distribution, temperature distribution and Nusselt number in each
region are obtained. The effects of velocity slip coefficient, Darcy number, Biot number, thermal conductivity ratio and
porous layer filling thickness on velocity, temperature and Nusselt number are analyzed and compared with the results using
local heat balance model. The results show that the velocity discontinuity appears at the interface when the velocity slip
condition is considered. With the increase of velocity slip coefficient or the decrease of Darcy number, the velocity
discontinuity gradually weakens. When the thermal conductivity ratio is lower, there is a critical porous medium filling
thickness to minimize Nusselt number. However, when the thermal conductivity ratio is high, there is a porous medium
filling thickness that can optimize the heat exchange effect. And that fill thickness of the optimal porous medium increase
with the decrease of Darcy number or the increase of Biot number; As the thermal conductivity ratio, Darcy number and
porous layer thickness decrease and the Biot number increases, the degree of local non-thermal balance decreases, and the
local thermal balance method is applicable. The velocity slip coefficient has little influence on the degree of local
non-thermal equilibrium and on the temperature and Nusselt number of each region in the channel.

Key words: porous media; local thermal non-equilibrium; velocity slip; interface
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Abstract

Electrodialysis (ED) is used to extract lithium hydroxide and sulfuric acid from the lithium sulphate
solution, as a part of the recycling process of spent lithium-ion batteries. A multicomponent, two-
dimensional CFD model of Li;SO4 ED was developed using the discretizing finite element method to
solve simultaneously the Nernst-Planck equation, the Navier-Stokes equation, and species
conservation with electrochemical reactions. It is necessary to estimate the fluxes of H* and OH" ions
produced as a result of electrochemical reactions to satisfy the electroneutrality assumption in the
ED device. The present model yields important results regarding velocity distribution, potential
distribution, and species concentration distributions. The excellent agreement between the present
model and experimental data indicates the validity and accuracy of this CFD model. To determine the
effect of Li,SO4 concentration, inlet velocity, and membrane properties on the flux of ions through
IEMs a parametric study is conducted. An increase in Li,SO4 concentration raises the total flux of
lithium ions, thereby resulting in an increase in Li+ concentration in the concentrate channel.
Increasing the inlet velocity from 50 to 100um-s? results in a 37% increase in dilute channel
concentration. Additionally, increasing the water volume fraction of membranes significantly
decreases the transmembrane water flow rate.

Keywords: Electrodialysis; Transport phenomena; Salt-splitting; Multiphysics modeling.

1. Introduction

Electrodialysis (ED), which works based on the transport of anions and cations through ion exchange
membranes (IEMs) under an applied electrical field, is an appropriate method for desalination of
seawater, reducing the effluents salinity [1-3], and acid and base recovery applications [4,5]. Jung et
al. [6] reported a closed-loop process to recycle spent lithium-ion batteries by employing an ED. In
this recycling process, ED is used to extract LiOH and H,SO, from aqueous solutions of H,SO, that
remain after the recycling process. Due to the growing demand for lithium-ion batteries and the
importance of recycling them to extract valuable metals, the electrodialysis of H.SO. solution is
studied in the present work to investigate the efficiency and optimal control needed for the closed-
loop recycling of spent lithium-ion batteries.

Although, several mathematical models have been proposed to predict the behavior of ED to date
[7-10], the number of models using computational fluid dynamics (CFD) is still limited [11-13]. The



CFD modeling of ED provides more comprehensive information and enables the researchers to
simulate multi-component solutions and co-ion transport through IEMs more straightforwardly than
mathematical methods. In the present study, a multicomponent, two-dimensional CFD model of ED
was developed using the discretizing finite element method to solve simultaneously the Nernst-
Planck equation, the Navier-Stokes equation, and species conservation with electrochemical
reactions. The Nernst-Planck equation was coupled with the electro-neutrality and Faraday’s law
equations to estimate the current and potential distributions as well as ionic concentrations
throughout the ED. It is necessary to estimate the fluxes of H+ and OH- ions produced as a result of
electrochemical reactions in order to satisfy the electroneutrality assumption in the ED device. To
simplify the present model, the effect of gas bubbles produced from electrochemical reactions is
neglected, and also it was assumed that The ED operate at an under-limiting current density
condition, i.e., the applied CD is lower than the limiting current density (LCD) throughout the cell.

2. Model Development

The development of a 2D model to simulate a three-compartment ED cell is described in this section.
In Figure 1, the ED cell consists of cathode, concentrate base channel, CEM, dilute channel, AEM,
concentrate acid channel, and anode from left to right. Solutions of Li,SO,4, LiOH, and H,SO, flow
through the dilute channel, concentrate base chancel, and concentrate acid channel, respectively.
The voltage applied to the cell creates an electric current that flows from anode to cathode. The
present model considers the transport of ions and water through the IEMs within the electrical
potential field.
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Figure 1. Schematic diagram of an electrodialysis process for splitting Li,SO4

2.1.  Governing equations



Assuming steady-state, Navier-Stokes equations are solved to determine the velocity field in the
channels, as follows [13-16]:

=0 (1)
== + %+ (2)

where s solution density, is the velocity vector, is pressure, is dynamic viscosity, and s
body force acting throughout the volume of a body.

To calculate the flux of species , the Nernst-Planck (NP) equation is used [17—19]. lons move through
channels and membranes due to diffusion, migration, and convection fluxes which are the first,
second, and third terms on the right-hand side of the following equation, respectively:

N==D ¢c—FzMc +uc (3)

where superscript refers to the membrane ( ) or channel ( ) parts of the ED cell; is the Faraday's
constant, which is equal to 96485.33 A-ssmol?; s the electrolyte potential; is the velocity of
electrolyte solution;and , , ,and are the concentration, diffusion coefficient, mobility, and
valence of species , respectively.

The mobility of species is calculated using the Nernst-Einstein equation as [20,21]:
=— (4)

Where is the diffusion coefficient of ions in the flow channel; is temperature; and  is the
universal gas constant, 8.314 J. mol1-K?, respectively.

To estimate current density, the Faraday’s law is employed as follow:
= (5)

In an electrolyte solution consisting of species, the flux and concentration of all species (2
unknown) are calculated. CD is evaluated from Eq. (5), while electrolyte potential is computed based
on electroneutrality condition. With the assumption of under-limiting current density circumstances
in the present study, the electroneutrality condition is an appropriate assumption. Eqgs. (6) and (7)
present the electroneutrality condition in the channels and membrane parts.

=0 (6)
+ =0 (7)
where and are the valence and concentration of fixed ions of IEMs, respectively. In the

present model, all ionic species including Li*, SO4%, H*, and OH  are modeled within channels and
IEMs. Therefore, the electroneutrality condition in the channels and IEMs are defined as -
2 4+ - =0and + -2 4+ - = 0, respectively.

2.2. Boundary conditions

The boundary conditions (BCs) of the governing equations are shown in Figure 2. As depicted in this
figure, the velocity and normal flux of the outer walls is zero, and isolation boundary condition, i.e.,
zero current density, is assumed at the inlets and outlets of channels. The BCs set at the IEM-solution
and electrode surfaces are explained in detail.

EM-solution interfaces



The continuities of CD and species flux are assumed in the IEM-solution interfaces as:
= -1 (8)

However, due to considerable concentration differences occurring at the IEM-solution interfaces,
there is electrolyte potential variation at these boundaries [17]. This potential difference is estimated
based on the Donnan potential theory. With the assumption of the neglected effect of pressure
difference, the Donnan potential equation is written as [13,14,22]:

where superscripts and refer to the membrane and solution sides of the IEM-solution interface.
Electrode surfaces

At the surfaces of anode and cathode electrodes, the no-flux conditions for Li* and SO4* species and
no-slip BC are imposed. Also, in these boundaries, the constant CD is defined as:

= (11)

where is the normal CD supplied by an external power supply. Although electrochemical
reactions occurring at the cathode and anode surfaces were neglected in previous models,
considering these reactions is a crucial element to obtain converged solution and fulfilling the
electroneutrality condition in the simulation of large-scale EDs operated in practical CDs. The
cathodic and anodic reactions taking place in ED are expressed as:

Cathodicreaction:2 , +2 ~ 5 »,+2 n

o+2 T+2 7 (1

N

Anodic reaction: , -

Considering the number of reactions occurring at the surface of each electrode during the ED process,
the molar fluxes of ionic species in an electrochemical reaction occurring at an electrode-electrolyte
interface can be estimated as [23]:

=1 (12)

where is the number of participating electrons in the electrode reaction and is always a positive
number; and is the stoichiometric coefficients of the species participating in the reaction. It is
noted that stoichiometric coefficients is a positive or negative value for reduced and oxidized
species, respectively, e.g., the amount of  and in the anodic and cathodic reactions are -4 and
+2.

2.3.Computational method and meshing

The COMSOL Multiphysics 5.6 software employed to solve governing equations with their
corresponding BCs. The Tertiary Current Distribution (TCD) interface is used to obtain the species
concentration and electrolyte potential distribution in both channels and IEMs. The laminar Flow
interface is employed to specify the velocity distribution in channels. Fig. 2 illustrates the meshed
geometry of the computational domain and the BCs used in the present study.
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Figure 2. 2D meshed computational domain and BCs for the present model

3. Results

To validate the present model, the calculated concentrations of the Li* and SO, species at the outlet
of dilute and concentrate compartments are compared with the experimental data, as shown in
Table 2. The excellent agreement between the present model and the experimental data indicates
the validity and accuracy of this CFD model. the experimental condition and input parameters are
listed in Table 1.

Table 1 Experimental condition and input parameters

Parameter Value [6]

Temperature, K 298.15

Current, A 34

Inlet flow rate, m3-s? 0.555x10°

Concentrate channel width, m 0.03

Dilute channel width, m 0.03

Channel length, m 0.26

Total cell height, m 0.93

Electrode area, m? 0.24

Cell height wetted by solution, m 0.93

Li* inlet concentration, dilute channel, mol-m 1260

S04 inlet concentration, dilute channel, mol-m™3 554

SO, inlet concentration, acid channel, mol-m 50

Li* inlet concentration, base channel, mol-m 100

CEM type Fumasep FKE-50
Fumasep FAA-3-PK-

AEM type 130




Table 2 Outlet concentrations of Li* and SO47 species

ED Concentration in the channel,
mol-m3 Avg.
Li* Li* S0O,72 S0, error, %
base dilute dilute acid
[Eg]pe”me”ta' 565 | 828 375 297
2 Present model | 549 | 905 381 258
Error, % 2.8 9.1 1.7 13.0 6.6

To further examine the variations in the IEMs and their vicinity, a small-scale ED is modeled. This
model is used to display the distributions of velocity, electrolyte potential, and concentration of
species involved in the electrodialysis of Li>SO,.

Fig. 3(a) and 3(b) show the flow velocity and potential distributions of a lab-scale ED cell. Both
distributions in the ED compartments cannot be easily measured experimentally. Thus, the
simulation results are beneficial in analyzing the ED systems. From Fig. 3(b), one can see that the
current flows from anode to cathode, and the electrolyte potential, almost zero at the cathode
surface, increases along with the ED and reaches more than 0.5V at the anode surface.
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Figure 3. (a) Velocity distribution in channels; (b) electrolyte potential distributions through the

ED



The Li*, SO42, and OH concentrations are presented in Fig. 4. There is a concentration drop at the
dilute interface of IEMs, while a concentration increase is observed at the concentrate side of IEMs.
Because of the electroneutrality assumption and higher concentration of IEMs’ fixed ions than
channels concentrations, the concentration of Li* and SO4% reach their maximum in the CEM and
AEM, respectively. Due to the production of H* and OH" species at the electrode surfaces and the
electroneutrality condition, high Li* and SO4? concentration regions appear at the cathode and anode,
respectively. The hydroxide concentration distribution is shown in Fig. 4(c). Considering
electrochemical reactions, which lead to the production of hydrogen and hydroxide ions at the anode
and cathode surfaces, the concentration of these ions at the electrode surfaces is higher than their
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Figure 4. Concentration distributions in the ED cell: (a) Li* ions; (b) SO4?, (c) OH ions

bulk concentrations at the concentrate channels.

To determine the effect of Li,SO4 concentration, and the fixed ion concentration of membranes on
the ED performance, a parametric study is also conducted. Fig. 5 indicates the variation of Li* flux
through the CEM and outlet LiOH concentration at different inlet concentrations of Li,SO4 solution in
the dilute channel. The Li* flux is shown with negative values owing to the direction of Li* transfer,
from dilute to concentrate base channel. As illustrated in this figure, increasing Li»SO4 concentration
raises the total flux of lithium ions and subsequently increases the Li* concentration at concentrate
channel.
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Figure 5. Average Li* flux through the CEM and outlet LiOH concentration in different inlet
concentrations of Li,SO4 solution

Figure 6 shows that decreasing the inlet velocity results in higher and lower Li* and SO4% species
concentrations at the concentrate and dilute channels, respectively. Lower inlet velocity of solutions
increases the resident time of solutions in the ED’s channels and improves the ED performance.
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Figure 6. Effect of inlet velocity on average Li* and SO4% concentrations.

As indicated in Fig. 7(a), increasing the fixed ion concentration of CEM and AEM improves the
performance of ED by decreasing and increasing concentrations at the dilute and concentrate
compartments, respectively. According to Fig. 7(b), this improvement is caused due to the
enhancement of Li* and SO42 fluxes through CEM and AEM, respectively.
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4. Conclusion

In the present study, a comprehensive CFD model, which considers electrochemical reactions at the
electrode surfaces, is developed to simulate ED process for LSO, solution derived from a recycling
process of spent lithium-ion battery materials. The model results are compared with an experimental
case to assess the accuracy of the presented model. A small ED device is also modeled to
demonstrate the variations of velocity, potential, and concentrations throughout the ED. These
contours show the concentration growth and drop at the concentrate and dilute sides of IEM-
solution interfaces, respectively. In addition, it is shown that the concentration of LiOH and H,SO4
solutions are increased at both cathode and anode electrodes. Finally, from the parametric study
carried out to investigate the effects of various parameters on the performance of ED, it is found that
the lower the Li,SO4 inlet concentration, the lower concentration in the concentrate channels. Also,
doubling the inlet velocities of channels from 50 to 100 um-s? leads to the increment of outlet
concentration of dilute channels by around 37%. The effect of IEM fixed ion concentration is also
investigated, and it is concluded that increasing IEMs concentration enhances ions flux. The present
model can provide guidelines to optimal ED design and operation for recycling valuable materials
from spent lithium-ion batteries.
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