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Abstract— The discharge performance of the lead acid cell at high and low current densities was observed to verify the
model by comparing the experimental results at room temperature with numerically predicted values. Our model was based
on the macroscopic homogeneous model and considered the diffusion-precipitation reaction in the kinetics of the negative
electrode and the effect of the electrolyte concentration. The change of the electrolyte concentration, porosity variation and
cell voltage behavior during discharge and rest period were examined. The discharge behaviors at room temperature pre-
dicted by this model were good agreement with the experimental results. When the discharge current was high at low tem-
perature, the active material utilization of the positive electrode was very low and the performance of the cell was con-
trolled by the mass transfer resistances between the positive electrode and the reservoir, and between the separator and the
negative electrode.
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Fig. 1. Schematic description of a lead acid cell.
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2. Theoretical Background
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PbO,(s)+HSO; +3H"+2e” — PbSO,(s}+2H,0 (positive electrode) (1)

Pb(s)+HSO, — PbSO,(s)+2e +H' (negative electrode) (2)

Table 1. Governing equations for each regions
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Table 2. Coefficients used in governing equatibns
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Table 3. Boundary equations for each regions
Center of Interface between positive Interface between reservoir Interface between separator Center of
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Table 4. Parameters used in the calculations[6]

Half thickness of plate
Maximum charge state
Maximum specific surface area
Exchange current density

Positive electrode

0.09cm

2,620 C/em®

2.3%10° cm%/cm’

3.19x 1077 A/em*(at 25 °C)
3.19%107° AJem’(at —18°C)

O 1.15
Oy 0.85
1 1.5
&1 1.0
Lead dioxide conductivity 500 S/cm
ex1 1.5
exml 05
Negative electrode
Half thickness of plate 0.07cm
Maximum charge state 3,120 C/em’
Maximum specific surface area 2.3%10* cm’/em’

Exchange current density

4.96x 107° A/em’(at 25 °C)
4.96x 1077 AJem’(at — 18 °C)

Oy 1.55
Oy 0.45
¥4 1.5
4 1.0
Lead conductivity 4.8x10*S/cm
ex4 15
exm4 0.5
Reservoir
Thickness of reservoir 0.07 cm
Separator
Thickness of separator 0.022cm
Porosity 0.60
ex3 1.50
Electrolyte
Reference acid concentration 4.9%107* mol/cm’
Transference number 0.72
Partial molar volume of acid 45 cm’/mol

k=cxexp | 1.1104 + (199.475 — 16097.781c) c

3916.95 —99406.0c -

721860
T

+
T
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Fig. 2. Cell voltage as a function of time for 19.0 mA/cm’ discharge
at 25 °C.
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Fig. 3. Cell voltage as a function of time for 1.7 mA/cm’ discharge
at 25 °C.
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Fig. 4. Predicted profiles of acid concentration for 14.0 mA/cm® dis-

charge at 25 °C.
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Fig. 5. Predicted profiles of acid concentration for 305 mA/cm’® dis-
charge at - 18 °C.
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Fig. 6. Predicted profiles of acid concentration during rest period at
25°C.
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Fig. 7. Predicted profiles of acid concentration during rest period at
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Fig. 8. Predicted profiles of porosity change for 19.0 mA/cm’ discharge
at 25°C.
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Fig. 9. Predicted profiles of porosity change for 305 mA/cm’ discharge
at — 18 °C.
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Fig. 10. Effect of electrode thickness for 19.0 mA/cm’ discharge at 25
°C.
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Fig. 11. Effect of electrode thickness for 305 mA/cm’ discharge at — 18
°C.
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a : active surface area of the electrode [cm’/cm’]
a, 8, : coefficients used in governing equations and boundary con-

ditions

a,, :maximum specific active surface area of the electrode [cm’/cm’]

c : concentration of the binary electrolyte [mol/cm’]

Cref : reference concentration of the binary electrolyte [mol/cm’]

D : diffusion coefficient of the binary electrolyte [cm?/s]

F : Faraday's constant [96,487 C/mol]

i  total applied current density based on projected electrode area
(Alem’]

iy : current density in the solid phase [A/cm’]

i : current density in the conducting liquid phase [A/cm’]

in.s  :exchange current density at c,, for the positive electrode [A/
cm’]

luns  :exchange current density at c,, for the negative electrode
[Alem’]

j : reaction current per unit volume of electrode [A/cm’]

Jim : limiting reaction current for the negative electrode [A/cm’]

L : distance between positive and negative electrode current

collector [cm]
MW,  : molecular weight of species i [g/mol]
: charge density in the electrode [Coulomb/cm’]

Q

Q..  :theoretical maximum capacity [Coulomb/cm’]
R : universal gas constant [8.3143 J/mol-K]

t

: time [sec]
t, : transference number of H" with respect to the solvent velocity
T : absolute temperature [K]
AU, : equilibrium potential at c,, for the positive electrode [V]
v : volume-average velocity [cm/s]
X : distance from the center of the positive electrode [cm]
az2[0jA 2X}
O, O : anodic and cathodic transfer coefficients for the positive
electrode

0.4, O : anodic and cathodic transfer coefficients for the negative
electrode

Y1, ¥4 :exponents for the concentration dependence of the
exchange current density

€ : porosity

€up : porosity of the separator

€rposms: - POTOSIty at fully charged state of the positive electrode

€, : porosity at fully charged state of the negative electrode

€1, &4 : exponents for the charge dependence of the specific active

surface area

n : total local overpotential with respect to the equilibrium poten-
tial [V]

LS : electrolyte conductivity [S/cm]

p: : density of species i [g/cm’]

c : conductivity of the electrode solid phase [S/cm)]

X : potential in the electrode matrix [V]

[N : potential in the solution [V]
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ARMX}

€xX

exm

: exponents on porosity
: empirically determined constant for tortuosity of the solid
matrix
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