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Abstract: This paper presents an experimental measurement of the heat transfer coefficient (HTC)
in a direct, oil-cooled lithium-ion battery at low Reynolds numbers. As demands on the electric
vehicle battery pack increase, the role of thermal management to safeguard the pack becomes more
important. Therefore, it is expected that various means for enhancing the HTC are sought. One way
to increase the HTC is by shifting from air cooling to liquid cooling. The application of direct oil
cooling in batteries has not yet been implemented. This paper explores this by developing the concept
and an experimental steady-state technique to measure the HTC for direct oil cooling on a cylindrical
18650-cell battery at low Reynolds numbers. The experimental measurements are validated against
known empirical correlations in the literature, showing that, despite the complex arrangement of
cylindrical battery cells in packs, the classical correlations can be a useful tool to develop an oil-cooled
battery thermal management system. A simplified correlation was also developed.
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1. Introduction

Progress in battery technology has been a major enabler for the shift towards road
ﬁ';,ejﬁtfé’; transport electrification. Lithium-ion batteries are the most commercially mature energy
storage technology and have become the power source of choice. The global production
of lithium-ion batteries grew from ca. 46 GWh in 2011 to 948 GWh in 2022 [1]. Over a
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https:/ /doi.org/10.3390/en16237725  Li-ion batteries have found mass adoption in electric vehicles (EVs). However, they are not
without drawbacks. Their battery performance is affected by temperature [4,5]. The lithium-
ion cell has a very narrow comfort temperature of 15-35 °C [6]. At temperatures below
25 °C, the cell experiences a loss in energy storage capacity. Conversely, at temperatures
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placed on reducing costs and increasing energy density, the focus is now shifting towards

maximizing lifetime, enhancing power capability, and reducing safety risks associated with
thermal runaway.
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and faster charging rates, and the low thermal capacity became insufficient [11-13]. Later
models, such as Tesla and BMW i3, sought an indirect liquid cooling strategy. In this case,
liquid is passed through channels in an aluminum plate, which is in thermal contact with
battery cells [14]. This technique is an adaptation of liquid-cooled cold plates for industrial
high-power electronic devices [15]. Despite the higher thermal capacity, indirect liquid
cooling is still unable to absorb sustained high heat flux, such as that generated through
fast charging. Moreover, the part of the battery that is in contact with the cooling channel is
naturally cooler than the parts that are not, leading to a temperature gradient within the
cell [16]. This affects the resistance to current flow in its various layers, which, in turn, has
an effect on degradation rates. Furthermore, as the coolant passes through the channels
along the pack, it absorbs heat and warms up. Thus, its effectiveness in cooling subsequent
cells reduces, causing a temperature gradient along the battery pack. This, in turn, causes
adverse voltage distribution and uneven cell aging [17,18], which is reflected in the per-
formance of the pack. While several designs with an increasing number of channels and
serpentine flow patterns have been studied [19], the limitations of this technology persist.

One emerging alternative for enhancing heat transfer in battery thermal management
systems is direct oil cooling. In this type of cooling, the battery is sealed in a compartment,
and a dielectric liquid is injected in direct contact with the battery cells. This decreases the
thermal path between the coolant and the cells, thus enabling a higher ability to extract
heat. The choice of coolant is important, as it is required to have dielectric properties
to avoid dielectric breakdown between cell connections, have non-corrosive and non-
toxic properties, have good chemical stability, and act as a fire retardant. The liquid is
also required to have desirable thermodynamic properties, such as a high specific heat
capacity, high thermal conductivity, and low viscosity, to enable higher flow. A review of
battery immersion cooling and the choice between silicone-based and mineral oils was
provided in [20]. While immersion liquid cooling has not yet been applied to battery
thermal management systems of the EVs that are already on the market, there is great
interest in moving in that direction. A comparison between the temperature profiles of
immersion cooling and cold-plate-based cooling for automotive Li-ion battery modules
was made in [21]. It was shown that, in direct immersion cooling, the axial temperature
gradient across a cell is reduced from 32 °C to 2.7 °C. Conversely, the radial temperature
gradient tends to increase from 0.6 °C to 5 °C. Overall, direct immersion cooling offers
significantly lower maximum and average battery cell temperatures when compared with
cold-plate cooling strategies. However, depending on the flow pattern, the temperature
homogeneity across the pack may deteriorate (despite the fact that the cells would operate
at lower temperatures). Ref. [22] also compares direct cooling strategies to indirect liquid
cooling systems with the aim of identifying shortcomings and offering mitigation strategies.
The authors highlight that direct liquid cooling has some disadvantages, such as the
pumping losses associated with high-viscosity fluids, the high cost of the liquid itself, the
compatibility of the material, and an increase in the battery system due to the added coolant
weight. However, the overall cooling performance is improved, and the technique can add
an added layer of safety to the threat of thermal runaway.

The trend to shift from indirect cooling to direct oil cooling was also seen in other
areas of electric vehicle components, for example, in electrical motor cooling [23-25], which
has also proved to be effective in improving current densities. As we shift in this direction,
battery pack design becomes very multidisciplinary, involving electrical, structural, and
thermos-fluid specialists who can develop accurate modeling [26].

There is currently a gap in knowledge in identifying the heat transfer coefficient when
direct o0il cooling is applied to battery technology. This is a key parameter, as it is critical
for the accuracy of thermal models and battery thermal management systems. This is the
subject of this paper, which aims to experimentally measure the heat transfer coefficient on a
direct, oil-cooled cell and compare the results to classical empirical correlations found in the
literature. This paper is therefore organized in the following manner: Section 2 introduces
the concept of direct liquid cooling in battery packs. This is followed by a description of
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the experimental work undertaken in this research in Section 3. The results are presented
in Section 4, where the experimental measurements are compared to empirical correlations.
Finally, Section 5 draws a conclusion for this study.

2. A Direct, Oil-Cooled Battery Pack
2.1. Conceptual Development

This research investigated the geometry of a battery pack composed of 18650 cylindri-
cal cells. This cell type remains one of the most popular cells. Its manufacturing process
has been optimized for the mass market and has been an important factor in keeping
costs down. However, the packaging of cylindrical cells often results in lower volumetric
efficiency due to the unused volume between the cells. In this paper, we propose that the
flow is injected along the length of the battery cell, thus using the volume between cells, as
shown in Figure 1.

Flow
direction

Flow channel - 65 mm

Figure 1. Schematic of the battery pack with 18650 cells. The flow geometry along the battery cell
length is highlighted and flow direction are highlighted in the document.

2.2. Empirical Correlations

The 18650 cell battery has geometrical proportions of 18 mm in diameter and 65 mm
in length. The viscous nature of the oil being used as the coolant at low-to-moderate flow
rates will result in a large portion of the battery being under developing flow conditions.
This study focuses on this aspect and highlights the importance of having appropriate
empirical correlations that will be used as reference points for this flow condition. The
Seider—Tate equation [27] provides a prediction of the Nusselt number Nu for laminar flow
in pipes (Reynolds number Re < 2300) and fluids with a Prandtl number between Pr > 0.6
and Pr < 5 with developing thermal and fluid boundary layers:

0.14

Nugr = 1.86(PrRe)** D)3 < M ) o
Hw

where y;, is the fluid dynamic viscosity at the bulk fluid temperature and p, is the fluid

0.14
viscosity at the wall temperature. The ratio of dynamic viscosities (;‘—fy) is a corrective

factor that accounts for the change in viscosity at the hot wall surface [27]. Re is the
Reynolds number, defined as follows:
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where p is the fluid density, v is the fluid velocity, and D}, is the hydraulic diameter of the
flow channel (the void between battery cells), defined as

A

D), = ; 3)

where A and p are the flow area and the perimeter, respectively. Likewise, Mills [28] defines
the Nusselt number for laminar flow Re < 2300 and fluids with Prandtl number Pr > 5 with
a developing hydrothermal boundary layer as follows:

0.14 0.0668PrRe ( 2t
Mo ) 3.66+ 1(3 L )

M= <" 14 0.04 (PrRe(Th )0'667 W

w

where L is the length along the battery.
Where Section 2 discussed the concept and empirical correlations, the focus of the
following section is turned to experimental work.

3. Experimental Work
3.1. Heat Flux Measurement: Application in Oil Cooling

The convective heat transfer coefficient (HTC), whose symbol is £, is found as follows:

_ q
h= (Ts : Tmf) ®)

where g is the heat flux, Ts is the surface temperature, and T, is the fluid reference
temperature. T,,r should theoretically be the local fluid temperature immediately above the
test surface. However, it is difficult to measure and is often replaced by an alternative fluid
reference temperature, for example, the fluid inlet temperature.

Several techniques for measuring the heat flux g and the surface temperature T have
been developed and described in the literature [29,30]. Thin-film heat-flux gauges (TFHFGs)
are one such technique. They measure the change in the electrical resistance of a thin
platinum film that is sputtered onto an insulating substrate. The gauges’ electrical resistance
R varies with temperature and can be described using the following linear relationship:

R=R,+a(T—T,) (6)

where R, is a reference resistance of the platinum film, typically at a reference temperature
To. This is typically chosen to be 0 °C. The temperature coefficient of electrical resistance «
is the gradient of the change in the film’s electrical resistance with temperature T. When
measuring the heat flux from a body, the surface temperature of the body is inferred by the
change in electrical resistance and the gauge parameters. The parameters of the TFHFGs
are achieved by an initial calibration process, which typically involves a water bath. The
TFHEFG fabrication process was described in [31]. These gauges were found to have a
very fast response (100 kHz), which makes them fit for transient measurement. Their data
reduction is, however, complex. The basic principles for the data reduction process in a
transient measurement were described in [32].

The application of TFHFGs has become the preferred method for measuring heat
flux in gas turbine blades [33]. Their use in transient tests has been well documented, for
example, by Oldfield [34].

In oil-cooled components, the large thermal capacity of the oil-cooling system makes
transient experiments inadequate. However, Camilleri et al. [35] modified the technique so
that a steady-state measurement of the HTC in direct oil-cooled electrical machine windings
could be made. The authors showed that the gauges are compatible with dielectric oil
coolants, as the gauges were found to experience no degradation over time. In their
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modified steady-state technique, the metal pole piece that simulated the electrical machine
winding was heated to a temperature in which a steady-state condition was reached. The
metal temperature was measured using two k-type thermocouples, while the temperature
across an insulating substrate was used to establish the heat flux, as shown in Figure 2.

E ““““““ ==/ Platinum resistive thin film gauge (< 0.04 micron)
1123 um Copper leads (18 micron)
I Polyimide insulating layer (50 micron)
Adhesive (55 micron)

o e Thermocouple to assess metal temperature
Metal substrate

Figure 2. Schematic of a double-sided thin-film heat flux gauge [27].

The steady-state heat flux § was determined using the one-dimensional Fourier con-
duction equation across the insulating substrate as follows:

‘7 = (i) (Tm - Tout) (7)

where k is the thermal conductivity, x is the thickness between the resistive films, Tj, is
the temperature measured on the inner layer, and T,;; is the temperature measured on the
outer layer.

3.2. The Instrumented Cell

The experimental technique presented here also makes use of steady-state heat transfer
and makes use of the one-dimensional Fourier conduction equation in cylindrical geometry.
Instead of a double-sided thin-film heat-flux gauge, whose sensors are separated by a thin
polyimide insulating layer, a cylindrical geometry representative of the 18650-cell battery
was manufactured out of acrylic—a thermally non-conductive material. A heating element
is used to replicate the battery’s heat loss. Thus, a 10 mm hole was machined at its center,
such that, when fitted with a 5 W stainless-steel heater rod to replicate the heat generation
from within the cell, a temperature gradient across the acrylic dummy cell was established.
The cell was instrumented with T-type thermocouples next to the heating element and on
the surface of the cell, thus allowing us to measure the temperature difference across it.
A schematic of the dummy cell is shown in Figure 3.

—» le— 10mm
|

Acrylic dummy cell

Heating rod

°
65 mm /

L °
Surface mount
A thermocouples

D

f > 1
i«—»:
i 18 mm i

Figure 3. Schematic of the instrumented dummy cell with red dots indicating temperature sensors.

While the overall heat capacity of the dummy cell is lower than that of a real cell,
careful considerations were made to ensure that the experiment was run under steady-state
conditions, thus eliminating this issue. The low thermal conductivity of acrylic allows for a
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temperature gradient across the radial cross-section, and by measuring the power input
to the heating element, the dummy cell acts as a heat gauge. The choice of material for
the heat gauge is important as the accuracy of the experiment hinges on this temperature
difference. The thermal resistance across the radial direction was computed to be over
100-times smaller than the thermal resistance along the axial direction. This allowed us to
reduce the problem to one-dimensional heat transfer, as shown in Figure 4.

Key:

I 'nsulating acrylic

%/ Heated metal substrate
® Thermocouple

Figure 4. Schematic of a simple heat-flux gauge used in the experiments.

3.3. The Flow Test Rig

The dummy cell was assembled in the middle of a set of non-energized battery
geometries, thus recreating the flow channels between the cells, as shown in Figure 5. The
battery stack was mounted inside a flow chamber through which the coolant would flow.
In this investigation, a synthetic coolant, Opticool Fluid [36], was adopted. Such fluids
are highly sensitive to temperature. The fluid properties vary with temperature, as shown
in [35] and recreated in Table 1. These were used to calculate the properties of the flow
and later compare the experimental results with empirical correlations. The coolant was
circulated from a reservoir into the test box and then pumped through a heat exchanger to
reject heat to ambient before being returned to the reservoir. The flow rate was regulated
using a globe valve and measured using a variable area flow meter. The liquid circuit is
shown in Figure 6.

Flow meter Power supply Heat exchanger

Flow direction

Figure 5. Test rig with insert of the battery back and instrumented cell.
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Table 1. Variation in coolant properties with temperature [28].

Fluid Property Equation
Density, p [kg/m?] p = —0.0052T? + 0.266T + 786.76 8)
Dynamic viscosity, p [Pa.s] # = 0.0079 ¢~ 0-02T )
Specific heat capacity, c [J/kgK] ¢ =0.028 T? + 6.9105T + 2044.9 (10)
Thermal conductivity, k [W/mK] k=1e7T? —8¢75T +0.1376 (11)
Prandtl number, Pr Pr = 0.0086T?% — 1.6652T + 115.25 (12)

X

|
@

Hydraulic circuit
-------------- Electrical circuit

Figure 6. Schematic of the test setup with (1) oil reservoir, (2) temperature sensors, (3) test box,
(4) pump, (5) heat exchanger, (6) variable area flow meter, (7) globe valve, and (8) dc power supply.
© 2018 IEEE. Reprinted, with permission, from [36].

During these tests, the oil flow was set and run at a fixed flow rate. The current and
voltage across the heating element were measured and recorded. The heat input P into the
active dummy cell was calculated as the product of the current I and voltage V as follows:

P=1V (13)

The heat input to the cell was set, and the increase in the temperature of the dummy
cell was monitored and recorded. The experiment was repeated for varied flow rates, as
shown in Table 2.

Table 2. Test conditions.

Test No Flow Rate [m3/s] Coolant Inlet Cell Internal Cell Surface
) x10-6 Temp. [°C] Temp. [°C] Temp. [°C]
1 0.196 31.30 52.25 33.27
2 0.371 32.27 53.08 34.67
3 0.576 32.54 52.89 34.97
4 0.818 33.06 53.48 35.48
5 1.062 33.73 545 36.15
6 1.348 33.97 54.14 36.32
7 1.676 32.73 54.38 35.81
8 2.017 33.57 55.78 37.22
9 2.422 34.06 56.23 37.56
10 2.857 33.85 55.84 37.26
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3.4. Flow Calibration

Variable area flow meters were used to measure the flow rate of the oil coolant through
the test piece. Such flow meters are calibrated by the manufacturer for water flow rate at a
temperature of 20 °C. To account for the oil flow through the meter and the variation in
the properties of Opticool Fluid with the temperature, a recalibration process of the flow
meter was performed. The calibration of variable flow meters is classified by weight or by
volume in Standards APTI435 and ISA-RP16.6-1961. In this work, the two procedures were
followed and cross-compared. The calibration setup is shown in Figure 7.

PX

6"

ol 15w

Figure 7. Schematic showing flow meter calibration by mass using (1) gate valve, (2) pump, (3) heat
exchanger, (4) thermometer, (5) flow meter, (6) three-way valve, (7) reservoir, (8) collecting beaker,
(9) scales, and (10) video camera [23]. © 2015 IEEE. Reprinted, with permission, from [24].

The flow pump was started with the three-way valve (6), positioned to allow the oil
to recirculate. The valve was shifted to the measuring cylinder. The position of the flow
meter was noted, and the mass and volume of the fluid collected were measured and timed.
A chart of the calibrated scales is shown in Figure 8.

2_5k""""""""""""""'""""""""""""""""""""""7"""""""7""'""""'7
® Flow rate at a coolant temperature of 21.5 °C ; ; :
* Flow rate at a coolant temperature of 38.2 °C
< Flow rate at a coolant temperature of 47.4 °C

-
[¢)]

Flow rate [Ilpm]

—_

0.5

| j j i i
0 20 40 60 80 100 120 140
Flow meter scale [mm]

. 1 1

Figure 8. Calibration chart for flow meter (originally calibrated for a water flow rate range between
0.2 and 2 lpm at 20 °C).
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3.5. Uncertainty Analysis

The standard deviation of the steady-state temperature measurements logged over an
hour at a rate of 1 Hz was 0.18 K, and the random uncertainty of steady-state temperature
measurements, as defined in [37], was estimated at 0.006 K. The systematic uncertainty
of temperature measurement is defined in terms of the uncertainty in the offset u(Tc) of
the thermocouple, the reference temperature accuracy u(Tgrr)—to which the thermocou-
ples are calibrated—and the oven temperature hysteresis u(Toy) during calibration. The
temperature systematic uncertainty u(T)sys was calculated as follows:

U(T)sys = \/[M(TTC)]2 + [(Trr)]? + [u(Tom))® (14)

The temperature systematic uncertainty was calculated as 0.35 K. The overall uncer-
tainty in temperature measurement u(T) is, hence, expressed as a function of the systematic
and random uncertainty T},

u(T) = /T (T) > + [1(Tyaa) P (15)

The overall uncertainty of temperature measurements was calculated at 0.35 K.

As the flow rate curves vary with temperature, the maximum uncertainty in measure-
ment was reported. The uncertainty in measurement of the flow meter u(Q) was calculated
using the following equation:

u(Q) = \/ (V)2 + [u(0)- VI + [1(Qp)] (16)

where u(V) is the uncertainty of the readings from the volume beaker. The reading error
was estimated to be £5 mL. V is the measured volume, set to 900 mL. u(¢) is the uncertainty
in the time measurement ¢. This was calculated using a stopwatch with a reading error of
£1 s (note that the uncertainty time must be measured in minutes to keep units consistent
with the flow rate, measured in L/min). f is the time taken to calibrate each point, and it
was kept to 1 min. The uncertainty in the flow meter u(Qg,) was found to be £0.1 L/min.
The systematic uncertainty of the measured flow rate was computed to 0.1 L/min.

The heating power injected into each pole piece was calculated using the multiplication
of the measured current I and voltage V. The systematic uncertainty for the power injected
in the pole pieces u(P) is defined as follows:

u(P) = /[u(V).1]2 + [u(1).V]? (17)

where u(V) is the uncertainty in the voltage meter, and it was measured at 0.2 V. The
uncertainty in the current meter 1(A) was found to be +0.01 mA. The uncertainty of the
heat input was found to be 4 mW. The uncertainty of the heat transfer coefficient was found
to be between 8 and 15%.

4. Test Results and Discussion
4.1. Analysis

The steady-state temperatures for the battery surface and a reference input temperature
were measured. The heat conducted across the cylinder Q is defined as follows:

2rtLk
Q = M(W‘)(Tm - Tout) (18)

Tin
where L is the length of the acrylic cell, k is the conductivity of the acrylic, 7;, and 7, are
the inner and outer radii of the gauge, and T}, and T,y are the respective temperatures at
the inner and outer radii.
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Likewise, the heat transfer Q from the acrylic cell to the fluid is defined as follows:

Q = h27Lrout (Tout = T ) (19)

where & is the HTC. As with Equation (5), the reference temperature T, is the fluid
temperature immediately above the surface. However, it was replaced by an alternative
reference fluid temperature to mitigate the difficulty in measuring the temperature directly
above the surface. Often, the inlet temperature at the test section is used. This convention
was also adopted here. By equating Equations (18) and (19), the acrylic cylinder, whose
thermal properties are known, can be used as a gauge of heat flux, from which the HTC
could be calculated as follows:

k(Tiy — Tour)

routln( Uut) (Tout - Tref)

The non-dimensional Nusselt number Nu was defined, thus allowing us to compare
the experimental measurements with existing correlations defined earlier:

h= (20)

D,

Nu = .

(21)

where all the symbols maintain the same definitions described earlier.

4.2. Comparison of Empirical and Experimental Results

A plot superimposing the experimental results for 3 < Re < 45 onto the empirical
results of Nu vs. Re is shown in Figure 9.

400 r 12

350 —_L
L I 10

300 i
AT ml 0.0668 Pr Re (&)

el intiibiiad) V7 2V SN

D -, 0667
I+004—(PrRe —Lh) 8
250 e

1.4 p——

0.14
Nug_y = 1.86(Pr Re )*33(Dy, )03 (%)
W

100

50 == Mills equation [23]

Seider-Tate equation [22]

o] Experiment

0 Lo
0 10 20 30 40 50 60 70 80 90 100

Figure 9. Variation in the HTC and Nu with Re. A comparison between empirical correlations, CFD
simulations, and experimental measurements.

It can be seen that the measured HTC varies between 150 and 350 W/m? K, depending
on the Reynolds number. The measured values are within 15% of the HTC values produced
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by the equation from Mills for a fluid with Pr > 5 and when corrected to the developing flow.
The actual correlation of the experimental measurements was found to be the following:

0.14 0.0668PrRe (%)
> 66 + a— (22)

_ o
Nupy>5 =1+ ( 1+ 0.04 (PrRe(%) )

Hw

A simpler quadratic correlation relating the Nusselt number to the Reynolds number
can also be drawn as follows:

Nitexp = 0.0013Re? + 0.1791Re + 5.698 (23)

Conversely, the Seider-Tate equation, which is designed for fluids with 0.6 < Pr <5,
produced a significant underestimation of the HTC. The authors attribute this discrepancy
to the Prandtl number of the fluid, shown in Figure 10. The large value makes the Seider—
Tate equation inadequate. The result shown here, therefore, also highlights the importance
of adequately assessing the properties of the fluid and the flow and ensures that any
empirical correlations used fit within the regime for which they were designed.

90;

80

.....

70| e

60 — e
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50

40

Prandtl Number, Pr

30

20

10

0
20 25 30 35 40 45 50 55

Temperature, T [°C]

Figure 10. Variation in the Prandtl number Pr with temperature T for the coolant.

5. Conclusions

This paper focused on the heat transfer coefficient (HTC) from an 18650-cell battery
in direct oil cooling. As the demands on the battery pack continue to increase, thermal
management becomes a critical aspect for ensuring optimal battery operation, long life, and
safety. Techniques for enhancing heat transfer from the battery pack are, therefore, necessary.
It is expected that the industry will shift away from current air-cooling techniques and into
liquid cooling. Direct liquid cooling offers a significant reduction in the thermal resistance
path and is, therefore, very effective. This paper first presented a conceptual design in
which direct oil cooling can be effectively integrated into the design of a battery pack made
with 18650 cells. The paper also provided a method for measuring the HTC in a direct,
oil-cooled battery pack and experimental measurements for Re < 100. The experimental
results were compared to classical empirical correlations. The HTC values measured here
confirm that classical empirical equations are reliable, but careful considerations need to be
taken when choosing the correct correlations and ensuring that they fit within the regime
for which they were designed.
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