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a b s t r a c t

In this research, a numerical simulation has been conducted to investigate one of the important factors
for the efficient design of a maintenance-free (MF) lead-acid battery lid. Baffles and splashguards on the
battery vent plug and inside the double lid are generally utilized to reduce the electrolyte loss, in the form
of electrolyte droplets, during lifetime of maintenance-free batteries. Gas flow inside the battery cell and
ccepted 17 September 2008
vailable online 10 October 2008
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attery lid
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double lid is initially solved by finite volume method (FVM); then discrete phase model, in a Lagrangian
reference frame, is employed to trace the electrolyte particles formed by bursting gas bubbles on the
electrolyte surface and electrolyte splashing and agitating. In addition, appropriate physical models for
the boundary conditions of the released gases, electrolyte droplets interaction with the lid walls and the
flame arrestor are considered.
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. Introduction

Battery lid designers generally use baffles and splashguards in
he vent plug or the battery lid in order to prevent the spillage of the
lectrolyte droplets due to two mechanisms. The first one is through
ccidental vibrating, splashing and agitating electrolyte in auto-
obile movements, particularly during accelerating, braking and

itting a speed bump [1–5]. The second mechanism is frequently
eferred to as pumping. The latter occurs when the gas evolved in
he battery bubbles around the electrodes. When the bubbles reach
he electrolyte surface, they burst and sprinkle electrolyte droplets
nto the air. These electrolyte droplets may be carried toward the
xhaust passageway by the gas flow [1,2,6,7].

Furthermore, designers consider other functions for these baf-

es including recombination of gases, condensation of vapors and
revention of electrolyte spillage due to battery tilting. Among
hem, so far the authors have studied the battery tilting by mul-
iphase (electrolyte and air) modeling and CFD methods to find a
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ractical tool to predict battery lid performance before prototyping
8]. In the present research, another phenomenon affecting battery
id performance has been studied by a number of physical models to
nd effective methods for designing battery lids [9]. Discrete phase
odel is utilized to trace the electrolyte particles formed by burst-

ng gas bubbles and electrolyte agitating. In addition, appropriate
hysical boundary conditions for the released gases and electrolyte
roplets interaction with the lid walls have been considered. Fluent
oftware (version 6.1.22) is used to accomplish the simulations.

. Model description

.1. Bubble bursting phenomenon

During charging process in the battery, hydrogen and oxygen are
roduced in the form of bubbles. These bubbles rise to and burst
n the surface of the electrolyte to produce both film and jet drops
Fig. 1).

The film drops are generated when the bubble film collapses and
hen the jet drops are produced due to the jet rising from the col-

apsing bubble cavity. The film drops have a size distribution of less
han 0.1 to over 10 �m in diameter [10,11]. The diameter of jet drops
oes not vary in size significantly, only a factor of two or three, and

s about one-tenth of the bubble diameter [12]. The number of film
rops increases with bubble size. Although there is no film drop
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Nomenclature

A area (m2)
C drag coefficient
d diameter (m)
F force (N)
g gravity (m s−2)
Q volumetric flux (m3 s−1)
Re Reynolds number
t time (s)
u, v, V velocity (m s−1)
We Weber number

Greek letters
�,ϕ angle
� dynamic viscosity (Pa s)
� density (kg m−3)
� surface tension (N m−1)

Subscripts and superscripts
D drag
l liquid
n normal
p particle
x x direction
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ig. 1. Schematic representation of the burst of a bubble on the electrolyte surface.

roduction for 0.3-mm bubbles, a 6-mm bubble produces a max-
mum of 1000 film drops [12,13]. In contrast with film drops, the
umber of jet drops decreases with bubble size and never exceeds
0 [13]. Bubbles of less than 0.3 mm diameter produce five or more
et drops, whereas those of 6 mm produce only one [12]. Depending
n their mass and initial velocity, these droplets will fall back into
he electrolyte, flow out with the gas flow toward the vent or evap-
rate. When a jet is produced, the speed of the jet decreases as the
ize of the bursting bubble increases; for example, for 1 mm air bub-
les bursting on water, a maximum jet speed of 6.4 ms−1 has been
alculated and, for the rupture of 6 mm bubbles, the maximum jet
peed reduces to 0.94 ms−1 (these speeds are for jets ejected into
he atmosphere above the liquid [14]).

.2. Droplet trajectory tracing

To predict the trajectory of a droplet, integration of the force
alance on the particle written in a Lagrangian reference frame has
een used. This force balance presents an equation between the
article inertia and the forces acting on the particle, which can be
ritten (for the x direction), as

dup
dt = FD(u − up) + �p−�

�p
gx + Fx (1)
here Fx is an additional acceleration (force per unit particle
ass) term, FD (u − up) is the drag force per unit particle mass

nd ((�p − �)/�p)gx represents the buoyancy force subjected to the
roplets. The drag force is proportional to the droplet velocity rela-

t
o
t
s
o

Fig. 2. Weber numbers of drops before and after strike.

ive to the stream velocity and its proportionality factor is defined
s

D = 18�

�p d2
p

CD Re

24
(2)

n which, u is the fluid phase velocity, up is the particle velocity, � is
he molecular viscosity of the fluid, � is the fluid density, �p is the
article density, and dp is the particle diameter. Re is the relative
eynolds number, which is defined as

e =
�dp

∣
∣up − u

∣
∣

�
(3)

When a droplet reaches a physical boundary (e.g., a wall or inlet
oundary) in the model, a discrete phase boundary condition will
e applied to determine the fate of the trajectory at that bound-
ry i.e. stick (trap), reflection (rebound), slide and so on. The most
mportant parameter characterizing the impingement regimes is
he Weber number:

e = �lv2
nd

�
(4)

hich represents the ratio of the droplet’s kinetic energy (�n: veloc-
ty component normal to the surface, �l: liquid density, d: droplet
iameter) to its surface energy. The typical Weber number in this
imulation is about 3. Based on Fig. 2 from Ref. [15], it can be con-
luded that the dominant phenomenon in this simulation is the
tick of the droplets on the battery lid walls. In the stick regime, the
roplets with low kinetic energy stick to the wall and they would
ot be followed further in this simulation.

. Simulation description

In order to simplify the simulation and reduce its executing
ime, a single cell has been modeled instead of the whole battery
Figs. 3 and 4). Among different cells, the cell which is located next
o the flame arrestor (and the vent of battery lid) has been selected
ecause of its critical position (Fig. 3). Indeed, droplets can go out

hrough this cell easier than other cells which are far from the vent
f battery lid. Also in this cell, a zone between the free surface of
he electrolyte (electrolyte–air interface) and flame arrestor is con-
idered as the solution domain. Fig. 4 illustrates the different parts
f the solution domain.
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Fig. 5. Solution domain, three-dimensional mesh (about 300,000 computational
cells) generated using unstructured grid.
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ig. 3. Highlighted zone is used in the present simulation as the solution domain.

As shown in Fig. 5, about 300,000 computational cells are gen-
rated for this geometry using unstructured grid. The mesh is
enerated using Gambit software (version 2.2.30). The inlet of
he simulation consists of two sources (Fig. 4). The First source
s the continuous phase (hydrogen and oxygen gases) which
s produced due to charge (and overcharge) reactions. To con-
ider the most critical situation, overcharge reactions are used
t the highest temperature of the battery (50 ◦C). According to
ef. [16] the total gas evolution (hydrogen and oxygen) for 1 A at
0 ◦C is 0.7420 dm3 h−1. By considering 20 A in the most critical
ase for a starter lead-acid battery, the flow rate of continuous
hase becomes 14.841 dm3 h−1 resulting into a gas velocity of:
gas = Qcell/Acell = 5.58 × 10−4 ms−1. This velocity has been used for
he inlet of the continuous phase at the interface of the electrolyte
nd the air in the cell.

The second inlet source at the electrolyte–air interface is discrete
hase droplets. As mentioned earlier, the droplets are produced
hrough different phenomena. To consider all of these phenomena,

random distribution of diameter, velocity vector and injection
osition of these droplets has been applied in the range defined

ased on the source of the droplets. By increasing the number of
roplets (random number), it is expected that the random distri-
ution can properly model these phenomena inside the battery at
nsteady conditions. The diameter range is selected from 10−5 m
o 10−4 m, the magnitude of velocity is between 5 ms−1 and 7 ms−1

t
t
w

ig. 4. Boundary conditions (mentioned in the parenthesis) of the battery model. Gray p
art: flame arrestor as the gas outlet, yellow part: battery case section as a wall, and red p

egend, the reader is referred to the web version of the article.)
Fig. 6. Typical range for the physical parameters of the injected droplets.

nd its direction is limited to a cone (Fig. 6) between 60◦ and the
ight angle [17].

. Results and discussion
In this simulation, a double lid without vent plug is used to inves-
igate the battery lid performance. Fig. 7 shows the flow stream of
he continuous phase (hydrogen and oxygen gases) which interacts
ith the discrete phase (electrolyte droplets). Although the lid does

art: electrolyte–air interface as the gas inlet and also droplets injection face, green
art: lid section as a wall. (For interpretation of the references to color in this figure
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). Gas escapes from the battery through the flame arrestor.
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Fig. 7. Pathlines colored by velocity magnitude (ms−1

ot have any vent plug, some baffles are used at the top of the tube
assage in order to prevent the droplets going upward.

As shown in Fig. 8, the injection distribution is random at the
lectrolyte–air interface to model all forms of droplet injection
hrough different mentioned phenomena. These particles interact
ith continuous phase in each time step.

As shown in Figs. 8 and 9 few percent of all injected droplets can
nter the lid passage and be trapped there. Tracing results show
ust 1.3 percent of the droplets, which are trapped or escaped, stick
o the walls of the lid section. Seventy percent of the droplets are
rapped on the battery case section ceiling and walls (Fig. 4) and
he rest fall back into the electrolyte. Besides, Fig. 8 shows these
roplets are trapped on the first rounded wall of the lid and its
eiling (Fig. 4). These trapped droplets can form bigger electrolyte
rops which should be returned to the cell. To achieve such a crite-
ia, the lid and baffles configuration should facilitate the electrolyte

eturn. Therefore, using extra baffles as splashguards against exit-
ng flow stream does not seem to be necessary. However, it should
e noted that there are other functions for these baffles, i.e. con-
ensation, recombination and returning the condensed or trapped
roplets, which can be an area for future researches.

ig. 8. Particle traces colored by particle diameter (m). Few percent of the droplets
an enter the lid passage.
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ig. 9. Contours of discrete phase concentration (kg m−3). Discrete phase concen-
ration in the lid passage is very low.

. Conclusions

In this paper, one of the important items in the battery lid design
s studied by computational fluid dynamics (CFD). Electrolyte loss
n the battery in the form of droplets can be reduced by using dou-
le lid especially for maintenance-free batteries. As shown in the
resent study, it is not necessary to use an extra number of com-
licated baffles and splashguards in the double lid or vent plug in
rder to prevent the electrolyte loss in the form of droplets. That
s because almost all the droplets return back before entering the
id passage. This simulation can help the designer to study sev-
ral items including lid walls configuration which are necessary
o be considered in design of a battery lid before prototyping. It
s important to note that other items such as battery tilting and
ondensation should be considered in designing the baffles and
plashguards inside the double lid of maintenance-free batteries.
cknowledgments
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