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Abstract: Stationary battery systems are becoming more prevalent around the world, with both
the quantity and capacity of installations growing at the same time. Large battery installations
and uninterruptible power supply can generate a significant amount of heat during operation;
while this is widely understood, current thermal management methods have not kept up with the
increase of stationary battery installations. Active cooling has long been the default approach of
thermal management for stationary batteries; however, there is no academic research or comparative
studies available for this technology. The present work presents assessment of different active
cooling methods through an experimentally validated computational fluid dynamics simulation.
Following model validation, several cooling system configurations were analyzed, including effects
from implementing either a perforated vent plate or vortex generators. The vent plate was observed
to greatly increase cooling performance while simultaneously promoting temperature uniformity
between batteries. Vortex generators were shown to marginally increase cooling performance, yet,
future research is recommended to study the effects and improvement of the design. The average
battery temperature for the vented model is reduced by approximately 5.2 °C, while the average
temperature differential among the batteries was only 2.7 °C, less than the recommend value (3 °C)
by ASHRAE/IEEE Standards.

Keywords: battery; thermal management; lithium-ion; lead-acid; energy storage

1. Introduction

Stationary batteries generate heat under variety of conditions. Both the discharge
and recharge cycles of operation can generate significant heat and, even when kept at a
small float charge to prevent loss of power, there is a non-negligible amount of heat that is
generated. In comparison to their smaller portable counterparts, stationary batteries do not
have a comparable surface area to passively dissipate heat through natural convection and
can reach unsafe temperatures quickly. Coupled with this fact, stationary battery systems
may often work under volume constraints and be designed in such a manner that many bat-
teries are contained within a small room or enclosure that is not conducive to heat removal.
In the event that heat is not dissipated, high battery temperatures can lead to a reduced
operational lifespan, sudden malfunction, and catastrophic failure. For these reasons, sta-
tionary battery systems often require accompanying thermal management systems to stay
within acceptable operational temperatures. While it is accepted that thermal management
is a necessary component in a stationary battery system, there has been little research into
the development of new thermal management methods or the optimization and analysis
of existing methods. Stationary batteries that operate at high temperatures suffer from a
variety of negative consequences, including major safety problems in some circumstances.
Thermal management that prioritizes safety while balancing expenses between the cooling
system and battery degradation due to thermal impacts is referred to as optimal thermal
management. However, this dynamic changes as stationary battery systems are further
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implemented; high power Li-ion batteries become the dominant technology and power
demands increase. Thus, it is worth investigating potential improvements in thermal
management to ensure safe operation of stationary batteries while potentially lowering
cooling costs.

2. Literature Review

A stationary battery is one that is used for energy storage and is kept in a fixed location.
These batteries are further classified as either standby (i.e., batteries in an uninterruptible
power supply) or cycling (i.e., batteries in a cycling system) (i.e., batteries comprising an
energy storage system) [1]. In both cases, even if there are some differences, the fundamental
principles are the same. Thermal management is an important consideration in the effective
and safe operation of stationary batteries. While the harmful effects of high temperatures
on batteries are widely established, most of the research has concentrated on applications
for electric vehicles [2,3].

Energy storage is necessary in many applications including renewable energy sources,
which are intermittent in their nature. Energy storage systems (ESS) are needed in order
to establish a continuous, reliable and cost-effective power system [4-9]. Due to desir-
able properties, such as rapid discharge, modularity, and flexible scaling, battery energy
storage systems (BESSs), which fall under the electrochemical division, have experienced
tremendous investment and research [10-12].

Stability and continuous uptime are key aspects of system performance in modern
electrical and data systems. The use of an uninterruptible power source to assure system
stability is another application for stationary batteries (UPS). Power outages are expensive,
with the majority of the expenses incurred in the industrial and service sectors in the form
of lost income, materials, and labor disruption [13]. Telecommunications is particularly
sensitive to brief power outages, as a power failure lasting as little as a second can result in
long durations of service disruption as data centers resume [14]. These outages can be costly,
and telecom operators may face contract penalties as a result [13,15]. These are also times
when telecommunications are most wanted for emergency services, posing a public safety
threat. All data centers are required to have a UPS in order to prioritize system uptime
for public safety and minimize unplanned downtime. While a single server’s battery
installation may be tiny, the technology may be scaled up to hundreds of megawatts to run
industrial processes while backup power is brought online [16-18]. Being scalable, modular,
and a well-established technology, stationary batteries have long been the standard method
for establishing a UPS.

2.1. Battery Heat Generation and Effects

Temperature rise is a known side effect of both charging and discharging processes in
batteries, irrespective of the kind of battery. Uncontrolled heat generation can lead to safety
issues and operational failure, as well as a significant reduction in the battery’s operational
expected lifespan or system failure [19-21]. A thermal management system is required to
increase the functional lifetimes of batteries, reduce system maintenance, avoid system
failure, and promote safety when operating at high temperatures.

Elevated temperature operation is a major factor in cell performance problems [22].
Batteries suffer from a variety of negative consequences at temperatures exceeding 50 °C,
such as self-discharge, voltage drop, energy capacity decrease, and malfunction. The
mean operating temperature of the battery is a significant factor in determining battery
aging [23,24]. In general, each 10 °C rise in overall operating temperature above the
recommended operating temperature reduces the lifetime of lead-acid batteries by half [14].
For Li-ion batteries, a 15 °C rise above the rated operating temperature results in a 50%
decrease in lifetime [25,26].

Lead-acid batteries are still the mainstream technology for backup batteries. They
should be stored between 20 and 25 degrees Celsius to avoid dramatic operating lifetime
reduction. Maintaining operational temperatures of 20-25 °C for static batteries in hot envi-
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ronments could be particularly difficult. As a result, there’s been demand in using battery
technologies that are best suited to higher operating temperatures. At temperature close to
35 °C, nickel-cadmium and lithium-based batteries show a reduction in life span, but this
effect is far less significant than with lead-acid batteries [25]. Battery technology, outdoor
environmental temperature, and electricity price play a role in the cost benefit analysis.

If the rate of heat generation in the battery is greater than the rate of cooling, the
increase in temperature causes further rise in current and temperature, culminating in an
unregulated current and temperature rise in a positive feed-back loop. This behavior is
called thermal runaway; it can cause the battery to malfunction or melt [27,28]. While
this phenomena can occur in any battery, big cells in use in static battery systems are
particularly vulnerable to thermal runaway [29]. Li-ion cells possess combustible chemicals
and are prone to thermal runaway, rendering the issue of particular concern to Li-ion
system thermal control.

The minimization of temperature disparities among batteries is another element to
consider in the thermal management of stationary battery systems. Temperature variations
among batteries shorten life of the battery and raise the risk of failure. As per IEEE
guidelines, the temperature difference between static batteries connected in series must not
exceed 3 degrees Celsius [30].

2.2. Battery Thermal Management (BTM)

Although the need of thermal management for static batteries is obvious, there is
presently a scarcity of studies on thermal management approaches for static batteries. The
goals of thermal management systems, according to the IEEE/ASHRAE handbook for
static battery thermal management (BTM), are to enhance performance of the battery while
staying under budgetary restrictions and to guarantee optimum safety [27,28,31,32]. To
achieve this goal, novel cooling methods are now being investigated and developed, includ-
ing passive and free cooling, forced air, liquid cooling, phase change materials, and other
ways [25,33-44]. The great bulk of work in creating innovative battery thermal manage-
ment, on the other hand, are focused on battery packs for electric vehicles [2,45,46]. In spite
of the variety of choices, passive air cooling systems continue to stay the industry norm for
all battery cooling in data centers, and the only alternative discussed in IEEE/ASHRAE
standards is an ambient passive cooling strategy customized to the thermal management
of the room/enclosure instead of the individual batteries [27,28].

2.2.1. Air BTM Systems

Air cooling systems have a lot of advantages that make them the best choice for
battery thermal control. Ventilation systems are well-understood, simple to implement
and manage, and dependable as a technology. When properly implemented, air cooling
systems are effective in heat removal, promoting temperature uniformity between batteries,
and prevention of spot cooling single locations [47]. Spot cooling should be avoided
since a difference in temperature inside a single cell might cause the battery to become
electrically unbalanced and malfunction [27,28,48]. Another advantage of ventilation is
that it eliminates the dangers of battery hydrogen gas evolution because air is mixed or
vented into the surroundings [49]. Air cooling has long been the primary technique of
BTM for static batteries due to its advantages and inexpensive prices [50]. Inexpensive
and enhanced passive cooling systems have been demonstrated to be highly effective in
minimizing the energy consumption required by a refrigeration cycle in studies [33,34,51].
This approach, nevertheless, is reliant on ideal outdoor weather conditions and necessitates
the use of a regulated system. When comparing cooling options for static batteries, air
cooling is often preferred over liquid cooling. Although liquid cooling systems provide
superior cooling, they are more costly, complex, and prone to failure [47,52,53].

Bulk room ventilation is usually the most widely solution to BTM. Direct air cooling
is not recommended because it can cause temperature disparities among batteries or spot
cooling [53]. Spot cooling of an individual battery should be avoided because a difference in
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temperature within a single cell might cause the battery to become electrically unbalanced
and malfunction [27,28,48]. About 50% of lead-acid battery deployments utilize some form
of thermal management method and about 30% monitor system temperature, according to a
2001 survey of utility and telecoms lead-acid battery installations. In southern climates, the
usage of static battery deployments was likewise limited; thermal management problems
are thought to be a major factor behind this tendency [54]. Batteries are frequently housed
in enclosures, which is handy for being centrally located and securely confined. However,
this necessitates for particularly strong thermal management to keep high temperatures to
a minimum [55,56].

Adaptive thermal management of static batteries, while ubiquitous in portable batter-
ies, has the potential to prolong battery life while reducing energy use by only delivering
cooling when it is needed [57-59]. In order to facilitate cooling, these systems rely on
reliable battery state readings with frequent sampling frequencies. Voltage, current, and
battery surface temperature are the three battery states that can be constantly measured
for a sealed cell [12,47,60,61]. This is a concern because the first two factors cannot always
be utilized to predict heat generation because prediction models change as batteries age.
Nevertheless, when properly designed, adaptive cooling can extend life of the battery and
reduce energy consumption in big BTMs. Notwithstanding these benefits, insufficient
information about the use of adaptive cooling in static batteries was discovered during this
literature review.

2.2.2. Alternative Stationary BTM Systems

Liquid battery cooling systems have seen little advancement in their applicability
to static systems, in spite of being a typical way of BTM for electric vehicles. By using
pumped coolant to substantially boost the convective heat transfer coefficient and, hence,
total convective cooling, liquid systems have been shown to be highly successful in cooling.
Liquid convection BTM is by far the most prevalent approach of thermal management
in electric vehicles, where fast discharge and substantial temperature rise are frequent
operating characteristics. It has been effectively used in many electric vehicles to offer
effective cooling [2,45,50]. Notwithstanding its excellent performance, liquid BTM has
disadvantages, such as higher system complexity, maintenance, cost, and the possibility of
leakage [62-64].

Phase change material (PCM) BTM systems, a new competitor, employ the latent heat
during the phase change process of a substance to keep batteries at a fixed temperature [50,65].
Among the most appealing features of PCM systems is their ability to work passively,
requiring no energy input during operation [66]. One of the disadvantages of PCM BTM is
that it adds to the volume of the material. In circumstances of high heat generation, PCM
may be restricted due to the phase change material’s poor thermal diffusivity, which may
limit the heat transfer response time. In the case of continuous cycling and heat generation,
absorbed heat should eventually be dissipated from the PCM, which may necessitate the
use of an additional cooling system [67]. There are issues about several typical PCMs’
thermomechanical characteristics; more research into selection of materials and system
design is ongoing [22,64]. Again, the majority of research has focused on mobile battery
systems as the intended use; more work is needed to determine the practicality of PCM
BTM strategies for high-capacity static batteries. Although active cooling has long been
the default approach of thermal management for stationary batteries; however, there is no
academic research or comparative studies available for this technology.

In particular, the present work contributes to the goal of improving cooling perfor-
mance of a simple air-based, active cooling system in application to stationary batteries by

developing several battery rack designs that could be used to increase cooling efficiency,
investigating performance of each design under several metrics, including resulting
battery temperatures,

e developing an experimentally validated computational fluid dynamics model for an
active air-based battery cooling system,
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e analyzing potential methods for improving air-based cooling system design and derive
conclusions and recommendations that could guide future research and potential
prototype design.

3. Materials and Methodology

Experimental and numerical approaches were utilized in this work. The experimen-
tal portion of research was done to provide validation of the numerical simulation. An
experimental model has been constructed to represent a scaled-down version of a typical
stationary battery rack that has been placed in an enclosure with attached ventilation and
heat generation capabilities. Data collected from experimental trials were used in simula-
tion as either independent driving variables or dependent outcome variables to be used in
comparison with an identical simulation model. For example, measured variables such as
inlet air speed were used as driving variables within the simulation. Battery temperatures
measured from experimentation acted as the basis for comparison between the experi-
mental and simulation models. The numerical simulation portion of research was used
to investigate the performance of various cooling system designs. Using computational
fluid dynamics (CFD) simulation, insight into the details such as temperature and velocity
distributions were obtained.

3.1. Model Design

The models used in both experimentation and simulation were meant to serve as a
representative design of a typical stationary battery system. The default cooling design was
created to reflect this; the experimental version of this model can be seen in Figure 1 with
the assigned numerical values for each battery. The components of the model are sixteen
batteries set on a two-level rack, placed inside an enclosure, with inlet duct and outlet air
vent. Both the enclosure and the racks were of clear acrylic material, allowing the inside of
the enclosure to be easily viewed during data collections trials.

6%

Figure 1. Model of the experimental design. The battery number assignments shown are consistent
through all designs and models within this work. Dimensions are in millimeters.

The full-size model used in simulation is shown in Figure 2. Battery dimension
and rack designs both of which were sourced from an existing stationary battery system
design by C&D Technologies [68]. The resulting model can be seen below in Figure 2 and
henceforth will be referred to as the “default” design.
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Figure 2. Full-scale default design model. All dimensions shown are in meters. Batteries grouping
emulates the configurations typical of a stationary battery system.

Two additional alternative cooling designs were studied which consist of unique
modular pieces that can be implemented onto the default design without changing the
fundamental design. The first alternative was a perforated vent plate shown in Figure 3,
which was attached to the bottom of the rack. The motivation behind the design was that
the small perforations in the plate could create high velocity jets of air, thus, increasing
the effective convective cooling. It was hypothesized that this design could also help in
effectively distributing airflow throughout the entire enclosure, thus, reducing the incidence
of temperature imbalances between batteries [69].

Figure 3. Vent plate attached to the bottom the rack. All perforations are circular and 3 mm in

diameter. Dimensions are in meters.



Batteries 2022, 8, 23

7 of 26

1.15

The second design utilized small vortex generators attached to the rack as shown in
Figure 4. Primary motivation behind this design lies in the ability of vortex generators to
induce vortices and thus promote heat transfer by disrupting flow [70-72]. Disruptions in
the fluid flow boundary layer can enhance convective heat transfer and vortex generators
are used for this purpose to induce swirl flow [71]. A triangular delta wing type of vortex
generator (shown in Figure 5) was selected for use within the model due to its simple
geometry, which accommodates constraints on computational resources in simulation.

2.44

1.04

i

Figure 4. Front (left) and side (right) views of rack with vortex generators attached to bottom and
vertical posts. Dimension shown are in meters.

~ /_&

Figure 5. Triangular delta wing vortex generator mounted to rack within the vortex generator design
model. Dimensions are in centimeters.

In summary, there were three distinct full-scale model designs analyzed through
simulation.

e  Default Model: 16 batteries placed on a rack contained within an enclosure with forced
air vented underneath. This model is shown in Figure 2.

e  Vented Model: Same construction as the default model besides the addition of a
perforated plate to the bottom of the rack. This can be seen in Figure 3.
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e  Vortex Generator Model: Same construction as the default model besides the addition
of small vortex generators to the underside and supporting arms of the rack. Attached
vortex generators may be observed in Figure 4.

3.2. Experimental Model

A scaled-down battery testing apparatus was built to serve as a validation method
for the numerical model. The experimental model was intended to represent a typical
rack employed for stationary batteries. The enclosure design served as a simple model
to establish a closed air space in which the effects of different cooling designs could be
observed. While stationary batteries are often stored in specialized cabinets, the enclosure
design was not sourced from a currently existing battery cabinet/cooling system. Rather,
its intended function was to serve as the null condition and a method for defining the limits
of the fluid domain. Two experimental models were constructed, one corresponding to the
default cabinet design and the other corresponding to the vented model design. The design
shown in Figure 6 uses sixteen rechargeable 9V Li-ion batteries connected in four parallel
series, arranged on racks, and placed in an enclosure. The batteries were connected to six
automotive 9006 halogen light bulbs used to create a resistive load allowing for battery
discharge and heat generation to occur when the circuit was connected through a simple
switch. The wiring diagram for the experimental design is presented in Figure 7. Air was
forced through the inlet using a small 40 x 40 mm fan (SoundOriginal, 8541605593) at a
measured average velocity of 1.7 m/s.

e OQOutlet
e DBatteries
e Datalogger

e FanInlet

- LA O -

Figure 6. Data collection trial for the default model. Wires exiting through the backside of the case
can be seen. Holes for wires/thermocouples were sealed with putty.
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Figure 7. Wiring diagram for the batteries connected to a resistive load. Four parallel sets of four
batteries are contained within the enclosure.

Data collection was performed, including inlet air velocity, ambient air temperature,
battery temperature, and circuit current. In each data collection trial, all battery tempera-
tures were monitored until an acceptable level of steady state was reached. Temperatures
were monitored by thermocouples attached to AM16/32B Channel Multiplexer. The dat-
alogger and multiplexer were powered by a Campbell Scientific PS100 external battery.
All thermocouples used were type K, capable of measuring temperatures up to 105 °C.
Battery temperatures were sampled every 30 s by the datalogger; the data were sent and
compiled in an accompanying computer using PC400 Datalogger Support Software. Inlet
air speed and temperature were measured using Extech Anemometer (with accuracy of
£(3% + 1 d) of reading). Battery voltage and internal resistance were measured using Klein
Tools clamp meter; circuit current was continually monitored by the Bayit Ammeter (with
accuracy of £0.01). In simulation, these recorded variables were used to specify air inlet
flow parameters and model the approximate heat generation for all batteries.

The batteries used in the experiments were Duracell Procell 9V alkaline batteries.
These batteries were chosen as they were capable of functioning safely up to 54 °C and
could be bought in bulk for testing. Before being installed into the circuit, each battery was
tested using the Klein CL200 clamp meter to insure uniform voltage for all cells in use. The
instruments used in data collection and the variables quantities measured are summarized
in Table 1 below.

Table 1. Instruments paired with variables measured within the data collection process.

Manufacturer Instrument Quantity Measured
40711 Hot Wire . .

EXTECH Thermo-Anemometer Airflow Velocity
CAMPBELL SCIENTIFIC Cr1000 x Datalogger Battery Temperatures
CAMPBELL SCIENTIFIC AM16/32b Channel Battery Temperatures

Multiplexer

CAMPBELL SCIENTIFIC PS100 External Battery Battery Temperatures

KLEIN TOOLS 600A Clamp Meter CL200 Battery Voltage

DC 5-120 V 100 A Mini o

BAYIT Digital Current Ammeter Circuit Current

OMEGA 5TC-TT-K-30-72 Battery Temperatures
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Air Speed (m/s)

3.3. CFD Simulation

Simulation was performed using Ansys Fluent 19.2 software with an imported model
created using Solidworks 2018 software. For the simulation a steady state was assumed.
As energy storage systems and uninterruptible power supplies are expected to provide
constant power on a time scale of hours, this was expected to be an acceptable assumption.
In operation over long periods of time, it was assumed that batteries reach a steady
state temperature, as heat generation and removal are eventually balanced. Furthermore,
preliminary simulations have not shown the presence of bulk transient effects in the fluid
dynamics, thus, indicating steady state could be used to accurately describe the flow.

The fluid domain and batteries were both modeled with thermal properties, while the
rack and enclosure were treated as adiabatic materials so that only heat removal directly
from the battery surface via forced and natural convection was considered. A tetrahedral
mesh was created for the fluid domain, with localized refinement and inflation layers placed
in order to properly resolve boundary layers. A mesh sensitivity study was performed
for the experimental and full-size model to identify optimal mesh size for accurate results.
Figure 8 below shows the experimental model mesh sensitivity analysis performed by
sampling the inlet air speed profile underneath the rack from the front of the case to the
opposite side. The coarse mesh consists of 2.5 million elements, the medium mesh has
6 million; the fine mesh contains 12 million elements. While no mesh fully diverges, it
can be seen in Figure 8 that the coarse mesh does capture the decline in velocity, just
as the medium or fine mesh. The medium mesh only diverges slightly approaching the
wall. Thus, the medium mesh was used for experimental simulations in order to conserve
computational resources.

—

—

10 20 30 40 50 60 70 80 90 100
Sample Point
——2.5M Elements 6M Elements 12M Elements

Figure 8. Mesh sensitivity analysis performed for the experimental model using a fine, medium, and
coarse mesh containing 12, 6 and 2.5 million elements, respectively. The parameter measured for
analysis is air speed sampled in a line underneath the rack in the direction of inlet flow.

To prevent error attributed to changes in model meshing, the default element sizes
between all models were specified to be the same. The only exceptions to this condition
occurred where mesh refinement was done at the vent plate perforations and near vortex
generator geometry. In order to capture the complex geometry present between different
models, the meshing method used primarily tetrahedral elements for the fluid domain.
Mesh inflation layers were implemented near fluid inlet and outlets as well as at the
interface between batteries and fluid. In effect, the use of inflation layers should lead to
better boundary layer flow simulation and improved heat transfer prediction. The resulting
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mesh used for experimental simulation can be seen below in Figure 9 where a section plane
has been applied to show the internal fluid mesh and batteries.

000 0.050 0.100(m)

0.025 0.075

Figure 9. Mesh domain used in simulation of the experimental model. A section plane operation has
been applied to show in the internal fluid domain and the batteries contained within. In addition, an
enlarged 3D rendering of the mesh surrounding the corner of a single battery can be seen in the top
right corner of the figure.

Governing equations used include the mass, momentum, and energy conservation
equations shown below through Equations (1)-(5). The dissipation function ® in the energy
equation is negligible as it represents the conversion of mechanical energy within the fluid
to heat, a physical process significant in high velocity or viscous flow, which does not apply
in this application.

Mass: 5
% y. —
5 +V-(pV)=0 @D
Momentum (x,y,z directions in order):
opu 2\ 0P
at+V~<puV) = —g—i—V(qu)—irpfx )
0 = aopP

p) = opP
% +V- <pwv) = -, +V(uVw) +pf: )
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Energy:

ap — —
at—i—V-(pV) = —pV-V+V-(kVT) +® +S; (5)

where

k—Thermal Conductivity
t—Time

u—x-velocity
V—uvelocity vector
v—y-velocity
w—z-velocity
pU—Viscosity
p—Pressure
®d—Dissipation Function
S;i—Energy source
T—Temperature
p—density

As the model has instances of flow disruptions, complex geometry, and high velocity,
turbulence will be present within the model. The Reynolds number at the inlet duct for the
experimental model was calculated to be 4100. Because this number lies in the transitional
region between laminar and turbulent flow, laminar flow could not be assumed. For this
reason, a turbulence model was selected to provide accurate prediction. The turbulence
model selected for use in the simulation was the k-w shear stress transport (SST) model.
Through the literature review, this turbulence model was found to be best suited to predict
the fluid behavior and heat transfer [69,72-77].

The SST model combines two equations for turbulence modeling by incorporating
the k-¢ turbulence model for far field simulation and the k-w turbulence model for the
boundary layer in near-wall prediction [72,74]. In a recent study assessing the ability of
different turbulence models to simulate duct flow behavior and heat transfer, the SST model
was found to have less than 1% error in prediction of total heat transfer [75]. Furthermore,
the SST model has been demonstrated experimentally to accurately describe the flow of air
through perforated plates similar to the vent plate used in the alternate system designed in
this research [69]. In summary, the SST model has been demonstrated to have the ability to
accurately simulate flow separation and near wall behavior, while maintaining accurate
prediction of flow in shear free regions, thus, making it the ideal turbulence model to
accurately simulate heat transfer for the model [72,76,77].

A lumped capacitance model was employed, in which a simplifying assumption was
made that temperature within the batteries is spatially uniform; thus, thermal properties of
the battery are spatially uniform. This model has been used successfully in prediction of
battery thermal behavior in other studies [78,79]. The Biot number (Bi), which is the ratio of
the convective heat transfer at a solid body’s boundary to conductive heat transfer within
the body, was used to identify whether the lumped capacitance model was appropriate
(Equation (6)). Here, h represents the convective heat transfer coefficient, L is the character-
istic length (volume divided by surface area) of the battery, and k is the internal thermal

conductivity of the battery.

%h = Bi (6)

Bi < 0.1 is seen as an acceptable threshold for application of lumped capacitance [78,80].
Ultimately, the application of a lumped capacitance model was deemed appropriate for the
experimental simulation and the details are given in the following section.

3.4. Experimental Model Simulation

For an individual 9V battery, L, was found to be approximately 0.005 m. Effective
thermal conductivity values have been reported to range from 2 to 3 W/m-K [81,82].
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Utilizing these values in Equation (1) shows that the lumped capacitance model is expected
to be appropriate up to effective convective heat transfer coefficient values of approximately
40 W /m?2-K. From initial simulations, surface heat transfer coefficients were not seen to
exceed 25 W/m?-K for a range of different input parameters realistic to the airflow seen in
the experimental model. For this reason, it was assumed that a lumped capacitance model
was justified for use in the experimental mode simulation.

Acceptable values for specific heat capacity for sealed lead-acid batteries range be-
tween 0.7 and 0.9 kJ/kg-K and value of 0.8 was selected to represent the average of this
interval [83,84]. For the heat generation variable, a volumetric-based heat model was used.
In calculating the magnitude of this variable, only heat evolution due to resistive effects
within the battery was accounted for [85,86]. During discharge, there was a cooling effect
due to entropy change in the battery, but this is small compared to the heat generation
due to Ohmic heating during high discharge rates within lead-acid batteries. Another
simplifying assumption pertaining to the battery thermal model was that heat generation
was uniform and constant between all batteries. Input variables used within the validation
simulation can be found compiled in Table 2.

Table 2. Input variables used within experimental model simulation. Variables pertaining to air flow
were measured from experimental model trials.

Variable Value Unit
Battery-Specific Heat Capacity 800 J/kg-K
Battery Conductivity 250 W/m-K
Inlet Air Temperature 22 °C
Inlet Air Velocity 1.7 m/s

3.5. Full-Scale Simulation

As previously described, the design of the full-scale model differs slightly (rack geom-
etry differs, batteries have less space, battery dimensions are altered) in order to remain
similar to the validated experimental model while accurately representing existing battery
installations. Many heat transfer analysis validation studies allow for some deviation
between CFD simulation and the associated experimental validation [87-89]. In this case,
agreement between experimental and full-scale models was thought to be acceptable, as
the overall design of both models remained similar and the rack design was simplified for
the full-scale model. The scale of analysis had changed drastically with the dimensions
of the enclosure exceeding two meters. The batteries modeled within the enclosure had
the geometry, size, and thermal characteristics of lead-acid batteries, such as those used in
the uninterruptible power supplies. This change in battery technology was considered an
allowable change as a lumped capacitance model was used and, while battery temperatures
were used to compare cooling performance, the battery response to temperature change
was not simulated.

Quantities selected for the simulation were meant to be representative of common
operational conditions for a stationary battery system. The selection of boundary conditions
and material properties used in simulation was done with emphasis on being representative
of typical system parameters. Battery-specific heat capacity of flooded lead acid batteries
was reported through literature to be slightly over 1000 ] /kg-K and thus this value was
selected as a reasonable approximation [83]. Inlet air flowrate was set at 400 cfm which
could be easily achieved through an 8" duct fan. This value was chosen after performing
several initial simulations to deduce the approximate amount of inlet air that would lead
to similar temperature regimes as experienced in experiments and thus adhere to the
validation established through the experimental model. Heat generation was calculated
assuming a medium rate of discharge (relative to battery capacity) for a lead acid battery
used in an uninterruptible power system. Assuming resistive heating to be the only source
of heat generation and using the internal resistance given through a stationary battery
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spec sheet, the volumetric heat generation was estimated to be 75 Watts per battery. All
parameters defined in the full-scale simulation are listed in Table 3.

Table 3. Input variables used within full-scale model simulation.

Variable Value Unit
Heat Generation per Battery 75 Watts
Battery-Specific Heat Capacity 1000 J/kg-K
Battery Conductivity 250 W/m-K
Inlet Air Temperature 22 °C
Inlet Air Flowrate 400 cfm

Simulation of different cooling configurations with identical input variables allowed
for efficacy of each design to be assessed by analyzing battery temperatures. Following
this study, individual parameters such as airflow were altered to analyze the effects and to
establish a comparative study for cooling performances.

In addition, variables such as the surface Nusselt number (Nu) were derived to demonstrate
the relationship between fluid motion, heat transfer and resulting battery temperature.

Normally a difficult value to measure, CFD allows Nusselt number (Nu) to easily
be sampled. This was done using the heat flux at each element face on the fluid-solid
boundary g,, calculating the temperature difference between the battery surface (T,) and
fluid temperature, and using the distance x; as the distance from the surface leading edge
to point of analysis. Equation (7) shows how this is done by making a substitution for the
convective coefficient.

IpXp

@)

where

Nu is Nusselt number

q is heat flux

T is temperature and

K is thermal conductivity

4. Simulation Validation
4.1. Simulation Validation

For the validity of the CFD simulation to be established, experimental trials were
performed on default and vented designs to serve as a comparison to simulation output.
The battery temperature profiles can be seen in Figure 10 for the default design and Figure 11
for the vented model. In both cases, batteries were continuously discharged until a steady
state temperature was reached. These temperatures were compared with the simulation
temperature to evaluate the validity of the CFD simulation and to justify its use in the
analysis for the full-size model.

For the experimental default model, the current through each branch was found to
be 1.1 amperes on average, which was used to calculate the resistive heating as 1.17 watts
per battery, according to an internal resistance value measured to be 0.97 ohms. For the
experimental vented design, the average current was measured to be 1.6 amperes with a
measured internal resistance of 0.83 ohms. This difference in current between the two cases
results in different heat generation according to the thermal model and each simulation has
been adjusted to reflect this difference.
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Figure 10. Default model battery temperatures. Batteries near the front of the enclosure have higher
temperatures while batteries opposite the inlet experience lower temperatures.
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Figure 11. Vent model battery temperatures. The two large groupings reflect batteries placed on
either level of the rack. The lower temperatures belong to batteries on the bottom level of the rack
and the elevated temperatures belong to batteries on the top level.

Noticeable differences were observed in battery temperatures when comparing
Figures 10 and 11. The vented model showed a clear division between battery tempera-
tures for the upper and lower rack levels. All batteries on the lower level had substantially



Batteries 2022, 8, 23

16 of 26

lower temperatures; the proximity to the vent plate and associated jets of air is thought to
be the driving factor behind this trend.

When observing the battery temperature profiles shown in the above figures, there is
a point at which battery temperatures cease to rise and become steady. These temperatures
form the comparison basis for the simulation validation study. The identical simulation
model uses the measured air flow and heat generation variables to drive the CFD simulation.
The fluid flow present in the default design obtained from the CFD analysis can be seen
below in Figure 12. From Figure 12, it is seen the fluid accelerated to the back, and batteries
at the back on the lower rack were cooled better. The temperatures for the experimental
and simulation default and vented models have been compiled in Tables 4 and 5.

Air Velocil
o ty

Figure 12. Volumetric representation of air flowing through the default experimental model
in simulation.

Table 4. Default design experimental and simulation temperature comparison.

Default Experimental

Battery Model Steady State Dlt:;ault Simulaotion AbsoluteoError
Temp °C odel Temp °C Temp °C
P
1 427 455 2.8
2 43.6 42.5 11
3 36.4 38.9 2.5
4 33.1 317 14
5 44.4 452 0.8
6 43.8 44.2 0.4
7 38.3 385 0.2
8 33.8 315 2.3
9 49.2 46.1 3.1
10 46.7 452 1.5
11 429 43.6 0.7
12 40.2 38.2 2.0
13 47.0 455 1.5
14 471 458 13
15 42.3 419 0.4
16 39.1 38.2 0.9

Average 41.9 41.4 14
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Table 5. Vented design experimental and simulation temperature comparison.
Vented Experimental Vented Simulation Absolute Error
Battery Model Steady State Model T °C T °C
Temp °C odel Temp emp
P
1 33.6 36.1 2.4
2 32.9 33.7 0.8
3 33.3 32.4 0.9
4 322 29.7 2.5
5 33.9 37 3.05
6 32.9 33.7 0.8
7 31.8 32.6 0.8
8 31.2 30.8 0.4
9 442 46.6 2.4
10 43.1 46 2.9
11 44.1 45 0.9
12 422 41 12
13 459 49 3.1
14 443 441 0.23
15 45.3 45 1.28
16 43.8 42 1.8
Average 38.4 39.0 1.53

Differences in temperatures between simulation and experiment did not exceed 3.1 °C
(battery 9), with an average difference of 1.4 °C for the default model and a mean error of
1.5 °C for the vented model. Battery 9 is situated on the top rack, front side. From Figure 12,
it is seen that the air was accelerated to the back, and that batteries at the back on the lower
rack were cooled better, while those on the top rack, front side, were less affected by the
cooling air.

To visualize the comparison of these validation temperatures, Figures 13 and 14 show
battery temperatures for the default and vented model, respectively. Both figures show
that the temperature trends for each branch of the circuit followed the same profile seen in
experiment. For example, the large temperature difference between battery on the upper
and lower levels of the vented model was observed within simulation.

55.0
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50.0
M Simulation

13 14 15 16

Figure 13. Comparison of experimental steady state temperatures against the simulation temperatures
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Figure 14. Comparison of experimental steady state temperatures against the simulation temperatures
for the vented design.

Discrepancies between experimental and simulation results may have arisen from a
number of different sources. A source of error is suspected to lie in the fact that the inlet
air flow was undeveloped within the experimental model due to the proximity to the fan
air inlet (i.e., due to system effect). Another source of error may come from the battery
heat generation model used. Only resistive heating was accounted for in describing the
volumetric heat generation per battery. While this is assumed to be the dominant source of
heat generation for lead-acid batteries at high discharge rates, reversible heat generation is
present and does have an effect on total heat generated. Another simplifying assumption
was identical and constant internal resistance for each battery. In reality, internal resistance
can change with battery temperature and state of charge. In summary, CFD simulation
was able to predict battery temperatures reasonably well for both the vented and default
designs. The average absolute difference for both models was less than 2 °C; perhaps more
importantly the overall trends in battery temperature were followed.

4.2. Full-Scale Simulation

Following the validation study, analysis for the full-size design was performed. Battery
temperatures predicted through the full-scale simulation are listed in Table 6. Based on
these temperatures, the vented model provided a reduction in average battery temperature
of nearly 5 °C in comparison to the default model. In addition, no battery exceeded a
temperature of 40 °C within the vented model. Analysis of the resulting battery heating
trends was done by plotting temperatures, as seen in Figure 15.

From Figure 15, it can be observed that large temperature imbalances exist along the
battery series 1-4, 5-8, 9-12, and 13-16 for the default model and vortex generator model.
Temperature differentials for each of the battery series can be seen in Table 7. As stated
within the literature review section, ASHRAE/IEEE standards stipulate that temperature
differentials of more than 3 °C between batteries in series should be avoided. For the
default model, the highest temperature differential of 14.4 °C occurred in battery series
13-16. In comparison, the maximum battery differential seen in the vented model was
4.1 °C. It is worth mentioning, while the vortex generator (VG) model did experience high
temperature differentials for nearly all battery series; this effect was reduced in comparison
to the default model.
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Table 6. Battery simulation temperatures for the full-scale default, vented, and vortex generator
cooling design models.

Default Model Temp  Vented Model Temp Vortex Generator
Battery

(@) °O) Model Temp (°C)
1 415 27 38.5
2 36.6 26.3 35.7
3 30.9 25.8 31.7
4 28.7 254 27.3
5 40.5 26.9 40.4
6 36 26.8 35.6
7 30.9 25.6 29.9
8 28 254 27.6
9 44.6 35.1 38.7
10 34 329 33.6
11 32.2 31 30.1
12 31.2 32.7 28
13 444 34.7 40.7
14 34.1 33.5 33.3
15 31 30.8 29.7
16 30 32.7 28.3
Average: 347 29.5 33.1
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Figure 15. Battery temperature profiles plotted according to assigned number. The pattern for
numerical labeling shown in the top right corner repeats for the other side of the case with 9-12 on
the lower level of the rack and 13-16 on the top level.

Table 7. Temperature differentials across battery series for each of the three models.

Default Model Vented Model Vortex Generator
Battery Series Temperature Temperature Temperature

Differentials (°C) Differentials (°C) Differentials (°C)
1-4 12.8 1.6 11.2
5-8 12.5 1.5 12.8
9-12 13.4 4.1 10.7
13-16 14.4 3.9 12.4
Average: 13.2 2.7 11.7

Visualizations of air flow through each of the designs can be seen in Figures 16-22,
where air velocity is plotted. Inspecting these flow profiles yields insight into the physical
processes behind the temperature profiles previously given in the Tables. The default
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model is displayed in Figure 16 and shows that most of the inlet air flow is not effectively
and uniformly distributed in the enclosure. This gives explanation to the trend of high
battery temperature differentials experienced for cells in series, which can be seen visually
in Figure 17.

Velocity
25

t19

00
[ms*1]

Figure 16. Air flow profile for the default model. Notice that batteries opposite the inlet receive the

majority of air flow.

Figure 18. Air flow profile for the vented cooling design. An improved distribution of air can be seen
in comparison to the profile shown in Figure 15.
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Figure 20. Air flow profile for the vortex generator design.

Figure 21. Vortex generator attached to the bottom of the rack. The boundary layer disruption and
wake can be seen trailing the feature.
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Figure 22. Vortex generator model battery temperatures resulting from simulation.

The vented model flow profile is seen in Figure 18; the resulting battery temperatures
can be seen in Figure 19. Air flow distribution was improved in this design with jets
of air present on each side of the battery. Additionally, these air jets have high velocity
increasing the convective cooling at fluid /solid interfaces. The average battery temperature
for the vented model is reduced by approximately 5.2 °C, with the greatest reduction in
temperature occurring for batteries close to the inlet. The improved distribution of air is
responsible for the reduction in overall temperature and the promotion of temperature
uniformity among batteries as shown in Figure 19.

The model employing vortex generators, shown in Figure 20, experienced a decrease in
temperature for nearly each battery in comparison to the default model. The most dramatic
temperature reductions were for batteries 9 and 13 on the top rack, with each battery
experiencing approximately 5 °C decrease in temperature. The battery temperatures are
shown in Figure 22. The disruption of flow caused by Vortex Generators was believed to
have improved the air flow distribution within the enclosure. This can be seen in Figure 21,
where the flow disruption of a vortex generator mounted to the bottom of the rack is shown.

Using Ansys software and the process outlined in Section 3.5, an average Nusselt
number (Nu) at the fluid-solid boundary for each of the batteries was derived. Nu increases
with heat transfer via convection; thus, it is expected that higher Nu values will result in
increased cooling and lower temperatures. All values derived from Nu are averages over
the side walls of individual batteries. The derived average surface Nu values have been
plotted with temperature in Figure 23.

50
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e}
35 @ o
e
30 oK™ ° _
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25 Geap
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10 20 30 40 50 60 70 80

Temperature °C

Nusselt Number

® Vent Model @ Default Model VG Model

Figure 23. Battery temperature plotted as a function of the average local Nusselt number.
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Figure 23 shows that there was a clear relationship between Nu and the resulting
temperature. As convection is the only method of cooling in simulation, this is an expected
result. Average Nu values between the default and vortex generator models were calculated
to be 33 and 37, respectively. This result suggests that the vortex generators resulted in the
intended effect to increase mixing and cooling within the battery case.

5. Conclusions

The research investigated potential methods for improving cooling efficiency for sta-
tionary batteries. From the simulation, it can be concluded that both vortex generator and
vented models showed enhanced cooling performances. Use of components to evenly
distribute airflow and disrupt flow show promise as effective methods for lowering battery
temperatures without increasing inlet air flow or lowering inlet air temperature. By ana-
lyzing the cooling performance for the vented design, it is clear that components meant to
increase air mixing will yield beneficial results in cooling and in increasing temperature
uniformity. Not only is the average battery temperature for the vented model drastically re-
duced, the magnitude of temperature differentials also decreased. Combined, these effects
will extend battery cycle life and reduce costs associated with replacing faulty batteries.
The energy used in cooling the batteries was also reduced. Future work could focus on
investigating the combined performance of vortex generator and vented models.
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