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Abstract. In this study, numerical methods were employed to investigate the
effect of grid configuration, lug position, and wire angles on the stress-deformed state
of double rectangular and diagonal grids made of Pb-0.7%Sn-0.08%Ca alloy for
VRLA-batteries. The maximum values of stress and displacement were calculated using
SolidWorks and ANSYS programs of finite element analysis. The recommendations
were given to optimize design and prevent deformation and distortion of the double
grids after solidification, which were confirmed in production conditions.
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1. INTRODUCTION

Valve-regulated lead-acid (VRLA) batteries are widely used as a source of
electrical energy in vehicles, backup and standby systems for energy storage,
telecommunications, household appliances etc. [1-7]. Among many lead-based
alloys, ternary Pb—Sn—Ca alloys are used for preparation of VRLA-battery grids
because of availability of the raw materials, low cost, ability to age harden at room
temperature [9-19], corrosion resistance [20-29], and mechanical properties [30-39].
The grid of lead-acid battery supports mechanically and gives shape to the active
material. It also acts as a current carrying collector from the active material.

Grids for VRLA-batteries are manufactured by gravity casting which is
presently the principal manufacturing technique employed in the industry [1-3].
In the casting operation, Pb—Sn—Ca alloy ingots are charged to a melting pot, from
which the molten alloy flows into casting molds under gravity that form the battery
grids of required shape and dimensions upon cooling and solidification. However,
deformation and distortion in grids induced by thermal stresses are often observed
after solidification [40-46].

As is known, one of the main reasons of casting defects is the creation of an
inhomogeneous stress-deformed state throughout the battery grid that determines
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the occurrence of stress concentration zones and deformations with significant
gradients [47—49]. Therefore, numerical modeling of the displacement and stress
distribution through grid wires is an effective, fast, and inexpensive way to optimize
the grid configuration [50-61].

The optimization of grid configuration to allow gravity casting with no
defects contributes to enhance the overall performance of the VRLA-batteries [62].
This is the reason for the study, the purpose of which is improving the double grid
design of VRLA-batteries to investigate and explain the reason of deformation of
as-cast grids after solidification and to avoid the re-occurrence of the similar
defects in the future.

2. EXPERIMENTAL

In this study, double battery grids were gravity cast of Pb—0.7%Sn-0.08%Ca
(in wt.%) alloy in Wirtz casting machines of production line for VRLA-batteries of
BM Company (Austria) at WESTA Corp. (City of Dnipro, Ukraine) [63].

To investigate stress and displacement distribution through double grids,
finite element modeling was performed using an engineering simulation software
(SolidWorks and ANSYS). All calculations were performed on coarse mesh. Figure 1
shows conventional design of the double middle-lug grid consisting of interconnected
vertical and horizontal wires encompassed by a rectangular frame with lugs situated
closer to the midpoint of the frames. The places of rigid fixing and loading are
indicated by arrows (Fig. 1).

Fixing place

——— . Loading place

Fixing place

Fig. 1 — Conventional design of double rectangular middle-lug grid.
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For the numerical simulation, according to the experiments conducted by the
authors [63], the following mechanical characteristics of the Pb—0.7%Sn-0.08%Ca

grid alloy were taken: tensile strength of 30 MPa, yield strength of 8 MPa, Young’s
modulus of 15 GPa, and shear modulus of 49 GPa.

3. RESULTS AND DISCUSSION

SolidWorks software package was used to calculate the stress-deformed state
of the double rectangular battery grid of conventional design at each point of its
volume by the finite-element method. Using the standard program, SolidWorks
created a 3D-model of the grid and calculated maximum values of stress and
displacement as well as their location (Fig. 2).
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Fig. 2 — Maximum values of stress (a) and displacement (b) of double rectangular middle-lug grid.

The zone of maximal stress is located near the lug, with its value equaling
to 1.66 MPa (Fig. 2a). The minimum value of the proportional limit for the
Pb-0.7%Sn-0.08%Ca grid alloy exceeds 10 MPa, and therefore maximum value of
stress is six times less than that of proportional limit. The maximum value of
displacement of 0.06 mm is observed at the junction of single grids into double
grid (Fig. 2b).

Figure 3 presents the simulation results of the stress distribution on the lug
surface. It clearly indicates that the zone of maximal stress (omex = 1.66 MPa as

mentioned above) is located at the junction of the lug with the third grid wire
(Fig. 3a). The highest stress value of 0.099 MPa is found on the lower edge of the
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lug, which is 16.8 times less than the maximum value. The difference between the
maximum and minimum stress values (1.66 MPa and 0.0021 MPa) indicates the
level of nonuniformity of stress distribution through the lug. In all directions across
its surface a reduction in the stress values is observed. These values decrease
towards the middle of the lug along the outer sides (Fig. 3a). In the middle section
of the lug the opposite distribution of stresses is observed (Fig. 3b). The stress
values are higher in the central part of the lug than at its edges.

(a) (b)

Max 1.66 MPa

Max 1.66 MPa

, ~0.099 MP:
0.015 MPa DA MEd
TTT0.025 MPa
0.0078 MPa 69 il
Min 0.0021 MPa 0.054 MPa ‘
[ 0.022 MPa 0.042 MPa

Fig. 3 — Stress distribution through the lug on the outer sides (a) and in the central part (b).

An average level of the stresses taken as a component of compressive stress
is determined to be 0.0352 MPa. The values of bending components defined as half
the difference of the stress values on the outer sides of the lug vary for its vertical
and horizontal sections. The values for vertical sections are 0.042 MPa and
0.008 MPa near the edges and in the center, respectively. The values for horizontal
sections amount to 0.0025 MPa, 0.005 MPa, and 0.022 MPa on the upper edge, in
the central part, and on the lower edge, correspondingly. Analysis of the computation
data shows that the maximum values of bending stresses located near the lug edge
exceed those of compressive stresses by 1.2 times. In other locations dominate
compressive stresses.

Figure 4 illustrates the stress distributions in the upper and lower jumpers
connecting single grids into double grid. It can be calculated from Fig. 4a that the
average value of compressive stresses for the upper jumper equals to 0.446 MPa.
The values of bending stresses for vertical sections are determined to be 0.198—
0.495 MPa near ribs and 0.3 MPa in the middle section. The values of bending
stresses for horizontal sections are as follows: 0.295 MPa at the top, 0.058 MPa in
the center, and 0.003 MPa at the bottom.

The calculated average value of compressive stresses for the lower jumper is
defined to be 0.21 MPa (Fig. 4b). The values of bending stresses for vertical
sections amount to 0.1 — 0.12 MPa near ribs and 0.095 MPa in the middle section.
For horizontal sections, the values of bending stresses equal to 0.02 MPa at the top,
0.019 MPa in the center, and 0.04 MPa at the bottom.
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Fig. 4 — Stress state of the upper (a) and lower (b) jumpers connecting single grids into double grid.

Comparative analysis reveals that the values of compressive stresses in the
upper jumper exceed those in the lower jumper by 2.4 times. Bending stresses are
higher in the upper jumper than in the lower jumper except for the horizontal
section at the bottom. The study of stress-deformed state between the lug and the
upper jumper shows that the level of stresses in the upper jumper is an order of
magnitude higher than that in the lug. The values of stresses in the lower jumper
are only several times greater than those in the lug.

Calculated values of displacements in the jumper’s zone are shown in Fig. 5.

0.062 mm —— = 0.062 mm

Max 0.063 mm

Fig. 5 — Calculated values of displacement in the jumper’s zone.

The displacement values for the upper and the lower jumpers are almost the
same, with difference in values not exceeding 5-10 mm. Therefore, the vertical
forces in the jumpers are suggested to be equal. Furthermore, the displacement
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values are only 2.2 % less than the maximum value which amounts to 0.063 mm at
the bottom of the double grid (Fig. 5).

Considering obtained simulation results it was concluded that the measures
should be taken to strengthen the zone of junction between the single grids. It was
proposed to add third jumper to connect single grids into double grid. For a correct
analysis of the influence of this change to the design on the stress-deformed state of
the grids, ANSYS program of finite element method was used. The maximum
values of displacement and stress were investigated using two types of double grids
with different local geometry such as conventional rectangular grid (Fig. 6a) and
diagonal grid (Fig. 6b,c,d). As is known, employing diagonal design which consists
of parallel horizontal wires crossed by a series of skewed wires headed toward the
lugs instead of rectangular one improves current collecting ability of the grid [62].

The calculated maximum values of displacement and stress of the studied
double grid designs are presented in Table 1. The addition of a third jumper at the
junction of rectangular middle-lug single grids (Fig. 6a) decreases maximum value
of displacement by 1.51 times and that of stress by 1.46 times. These values
markedly improve further by directing horizontal wires towards the lug in the
double diagonal designs (Fig. 6b,c,d). It is worth mentioning that the reduction in
the maximum values of displacement and stress is more pronounced for diagonal
grids with the lugs located closer to the midpoint of the frame (Fig. 6¢). Positioning
the lugs nearer to the midpoint of the grid can also improve the current collecting
ability via shortening the current path for most part of the grid [62]. The double
diagonal middle-lug design with additional third jumper offers the greatest
decrease in the maximum values of displacement and stress by 6.43 and 2.84 times,
respectively (Fig. 6d), compared to conventional rectangular middle-lug design
(Table 1).

(a) (b)

A (©) : (d)

Fig. 6 — Configurations of double rectangular middle-lug grid with additional third jumper at the
junction of single grids into double grid (a), double diagonal side-lug grid (b), double diagonal
middle-lug grid (c), and double diagonal middle-lug grid with additional third jumper at the junction
of single grids into double grid (d).
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Table 1
The calculated maximum values of displacement and stress of double grids
Displacement, max Stress, max
Designs of double grids decrease decrease
mm - "| MPa - '
times times
Rectangular middle-lug grid 0.0274 — 1.62 —
_ Rectangular_ mld(_jle-lug _grld W|t_h anmonaI thlrd_ 0.0181 151 111 1.46
jumper at the junction of single grids into double grid
Diagonal side-lug grid 0.00584 4.69 0.99 1.64
Diagonal middle-lug grid 0.00565 4.85 0.67 2.42
_ Diagonal r_mddl_e-lug g(ld W|th_adQ|t|onaI third | 0.00426 6.43 057 284
jumper at the junction of single grids into double grid

4. CONCLUSIONS

Optimal designs of the double rectangular and diagonal grids for VRLA-batteries
were chosen in this work. The grids were gravity cast of the Pb—0.7%Sn-0.08%Ca
grid alloy in Wirtz casting machines of production line for lead-acid batteries. The
necessity of changes made to the grid design was estimated based on stress-deformed
state analysis via numerical modelling.

Calculations carried on the finite element model using SolidWorks and ANSYS
software showed that the maximum value of the stress equaling to 1.66 MPa did
not exceed the maximum permissible value of strength of 10 MPa for the Pb— 0.7%Sn—
0.08%cCa grid alloy. The maximum values of stress and displacement were observed
at the junction of single grids into the double grid. The addition of a third jumper to
this zone decreased maximum values markedly, especially for the double grids with
diagonal geometry and the lug located closer to the midpoint of the frame. The
proposed changes to the design can prevent grid deformation and distortion in the
area near the jumpers, which was confirmed in the industrial conditions of VRLA-
batteries production at WESTA Corp. (City of Dnipro, Ukraine).
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