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Abstract — In this paper we present an experimental and a numerical study on a novel battery thermal management system (BTMS)
based on capillary driven evaporative cooling (CDEC). The experimental study was conducted using Cu foam and Novec 7000 to
determine the cooling performance of this system when cooled through a single surface of the battery at three different heating inputs:
10W, 20W and 30W. The system was further expanded to incorporate cooling from the two larger surfaces of the battery using a
numerical model. Results from the experimental study showed that the maximum temperature of battery can be maintained below 50°C
for a heat input of 30W, when the cell is cooled using a single surface. This was further reduced to 40°C when cooled from both surfaces.
Furthermore, these temperatures were achieved through partial wetting of the battery surface due to a capillary rise of about 11% of the
total battery height. This clearly demonstrates the superior cooling capabilities of this novel BTMS. However, the maximum temperature
different recorded in the battery at a heat input of 30W was 5.47°C which was a result of the uneven cooling rates in the wetted and non-
wetted regions of the battery due to partial capillary rise.
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1. Introduction

The necessity to match the performance of electric vehicles (EV) with conventional gasoline and diesel vehicles, has
resulted in an increasing interest in the demand for high energy dense, fast chargeable, and dischargeable Lithium ion (Li-
ion) batterie. Li-ion batteries operate on the principle of intercalation, deintercalation and charge transfer via the electrolyte
[1], [2] generate heat (both reversible and irreversible) [3], [4] that would considerably increase the internal temperature of
the battery leading to catastrophic events such as thermal runaway, if not properly maintained by thermal management [5].
Therefore, thermal management of Li-ion batteries has become more important than ever. Battery thermal management
(BTM) serves the purpose of maintaining the maximum temperature of Li-ion batteries within the optimum limits of 15°C -
35°C [6], [7] and the temperature uniformity within 5°C, to avoid loss of capacity and even thermal runaway.

Recent reviews by Weragoda et al. [8], Roe et al.[9], Zhao et al. [10] and Bernagozzi et al. [11] have shown that passive
cooling techniques such as heat pipe (HP) based BTM, phase change material (PCM) based BTMS, and immersion cooling
have gained the attention of the research community in utilizing for thermal management of EV batteries. These passive
cooling methods have shown promising results in maintaining the battery temperature within its operating limits. However,
the authors have identified several issues that have to be addressed if these techniques are to be commercialized. One of the
key issues identified in HPBTM is their comparatively small thermal contact area between heat pipes and the battery. To
improve this thermal contact area, heat pipes have to either be combined with PCM, thermal grease, or high thermal
conductive metal plates, that would add another layer of thermal resistance and weight to the thermal management system
[8]. Similarly, the addition weight when using complete immersion cooling and PCM also hinders the packs overall energy
density [9], [10].

Therefore, to address these issues of added weight and thermal resistance, we propose a novel battery thermal
management based on capillary driven evaporative cooling (CDEC). This paper outlines the theory behind this mechanism
and a numerical approach investigating the cooling effectiveness of CDEC in a partially wetted battery. The numerical model

HTFF 161-1



is validated using experimental data and the results are presented in terms of temperature profiles to highlight the
effectiveness of cooling using CDEC method.

2. Methodology
2.1. Capillary driven evaporative cooling cycle.
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Fig. 1: Schematic diagram of the CDEC system

Figure 1 represents a schematic diagram of the cycle representing CDEC, where a wick structure made of high
thermal conductive material is directly attached to the surface of the battery. This wick structure provides the required
capillary pressure to raise the working fluid (coolant) through the structure wetting the surface of the battery. The heat
generated by the battery during charging and discharging will be absorbed by the working fluid, raising the temperature
of the liquid while cooling the battery. When the temperature of the working fluid reaches its saturation temperature the
fluid changes its phase absorbing latent heat. The saturation temperature will either be controlled by the operating
pressure of the CDEC system or by means of utilizing working fluid with low saturation temperature such as Novec
7000. Once the working fluid changes its phase the vapourised working fluid will be driven by buoyancy towards the
top cooling unit, where it will condense and be directed back to the coolant reservoir at the bottom of the chamber
completing one cycle of the CDEC process.

2.2. Experimental setup

Figure 2 shows the experimental setup consisting of a closed chamber made of acrylic that is used to maintain the
operating conditions of the system. Two heater cartridges are inserted into an aluminium (Al) metal block (90mm X
70mm x 27mm) to replicate the battery. A copper (Cu) foam is attached to one of the surfaces of the Al metal block
while all other surfaces of the Al block are insulated using insulating tape. The Al block (battery) is placed in such a
way that it is above the pool of working fluid, while 20mm of the Cu foam is below this pool assuring there is sufficient
working fluid to saturate the wick structure during operation. The cooling unit is equipped with two internal heat sinks,
two Peltier elements, an external heat sink and a fan to maintain the chamber temperature around 20°C. The temperature
measuring points (T1 — T4) are used to monitor the variation of temperature along the surface of the battery. K-type
thermocouples with an uncertainty of +0.5°C are connected to a data acquisition unit (DAQ) to record the temperature
variation of the battery at different heat inputs.
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Fig. 2: Experimental setup

2.3. Numerical modelling

A numerical model is developed to analyse the performance of the CDEC system. For this a thermal resistance network
model as shown in Figure 3 is develop using MATLAB Simscape, incorporating the conductive, convective, evaporative
heat transfers and the thermal masses of both the wetted and non-wetted regions of the battery and the wick. The model
incorporates a function block defined using Egs. (3) and (10) that monitors the surface temperature of the battery and switches
from convective heat transfer to evaporative heat transfer in the wetted region.
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Fig. 3: Thermal resistance network model for the CDEC system

The wick structure used in this experiment is a Cu foam of pore density and porosity of 130PPI and 0.76, respectively.
The effective thermal conductivity of the wick structure in both the wetted and non-wetted regions are defined using Egs.
(1) proposed by Bhattacharya et al. [12].

ke = Aeks + (1 — )k) + ——

e
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where, A is a fitting parameter based on experimental data, € is the porosity of the sample, k; is the thermal
conductivity of the fluid phase and k; is the thermal conductivity of the solid phase. The Weiner and the Maxwell equations
also known as Hashim-Shtrikman bounds have been extensively used to develop several other models to determine the
effective thermal conductivity of multiphase structures [13], [14]. Such derived effective thermal conductivity models and
models that characterize the heat transfer through different types of wick structures such as metallic foams and screen mesh
are highlighted in ref. [15]-[21].

The heat conducted through the wick structure is transferred to the atmosphere adjacent to the wick surface through
convective heat transfer. Bhattacharya et al. [22] in their work on buoyancy-induced convection describes how the heat from
metallic foams is dissipated to the surrounding based on different orientation of the foams. For a vertically oriented metallic
foam, the correlation given in Egs. (3) was suggested.

Nu = 38.94Ra??°Dq%23 (2)

Here, the Nusselt number (Nu), Rayleigh number (Ra) and the Darcy number (Da) at a particular vertical length (L)
were defined in terms of the permeability of the wick structure and were given by Egs. (3) - (5) respectively.

_hL

Nu = » 3)
Da = 4)

where, K is the permeability, L represents the length or height (vertical) of the metal foam, g is the acceleration due
to gravity, a, is the effective thermal diffusivity, g the coefficient of thermal expansion of the fluid, vy is the kinematic
viscosity of fluid, T;, is the battery temperature (or block temperature) and T,,,,p iS the ambient temperature to which the
metal foam is exposed to. Egs. (6), defined in terms of the tortuosity = and the hydraulic diameter d can be used to determine
the permeability of the metallic foam structure [23].

K £?

dz ~ 3et(t-1)

(6)

The hydraulic diameter (d) and the tortuosity (7) parameters can be estimated using Egs. (7) — (8) respectively [12].

d=d, \E )
2
1 {1 - <1.18 /“;%) } ®)

where, G is a geometric function that characterizes the structure of the metallic foam. The effective thermal diffusivity
defined by the ratio of effective thermal conductivity (k,) and the product of effective density (p,.) and effective specific
heat capacity (C,.) is given by Egs. (9).

ke ke

de = PeCpe - [spf+ (l—s)ps][scpf+(1—£)cps] ©)

where pr, ps, Cps, Gy represent the density and specific heat capacity at constant pressure of the constituent working
fluid and the solid structure.
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The effective heat transfer coefficient for evaporation of liquid to vapour can be determined using Egs. (10) obtained

from kinetic theory [15].
1
_ 20 M LAY m)
hiy = 2-0 TsatVsyg (ZnRTsat) (1 T 2ngy (10)

where, vrg Teqr, Psqr, R and hy, represent the specific volume change, saturation temperature, saturation pressure,
gas constant and the latent heat of vapourization of the working fluid respectively. The accommodation coefficient (o)
depends on both the structure and the working fluid and characterizes the efficiency of energy transfer at the liquid-vapour
interface. Here, in this study the correlation for evaporative heat transfer coefficient is used to determine the heat transfer
from the surface of the wetted region of the CDEC system assuming that the adjacent region is saturated with the vapour of
the constituent working fluid. The heat transfer due to evaporation (Q.,qp) across the wetted region can be expressed by
Egs. (11), by considering the porosity and the area of the wetted region.

Qevap = hyeA, AT (11)

The heat transfer across the wick structure can be evaluated using Egs. (12) — (14), where the Fourier’s law of
conduction and Newton’s law of cooling given by EQs. (12) — (14) can be used to describe the conductive heat transfer
(Qcona), convective heat transfer (Q .o, ) and the heat capacity (Q) respectively of the constituent components of the CDEC
system.

Qcona = kAtotaiVT (12)
Qconv = hAtota1 AT (13)
Q = mCAT (14)

3. Results and discussion

Figure 4a shows the temperature variation of the points T1-T4 of the battery at three different heat inputs 10W, 20W and
30W. It can be clearly seen that the CDEC system incorporating Novec 7000 as the working fluid is capable of maintaining
the maximum temperature of the cell below 50°C at a heat input of 30W, even when the battery is cooled from a single
surface with a wetted area of 11%. However, the maximum temperature different of the battery at this condition was recorded
to be slightly above the recommended range of 5°C as seen from Figure 4b. This difference in temperature distribution of
the battery surface for this experiment is associated with the uneven cooling in the wetted and the non-wetted regions. The
cooling in the wetted region is dominated by convective and evaporative heat transfer of the working fluid, whilst the cooling
in the non-wetted region is driven by buoyancy flows of the air/vapour mixture. The effects of heat transfer due to thermal
conductivity of the wick structure in the two region does not have a considerable difference since the effective thermal
conductivity of the wick structure is dominated by the thermal conductivity of the solid phase (Cu), as the ratio of thermal
conductivity of solid phase [8] to liquid phase [24] (ks/k;) is in the order of 1000s. On the other hand, Figure 4c¢ shows how
the rate of change of temperature in the two regions (wetted and non-wetted) vary at different heat inputs. It can be clearly
seen that the rate of change of temperature reaches a quasi-steady state after about 800s. This variation is distinctly seen for
the two cases of 20W and 30W, as the temperature of the battery reaches the saturation temperature of the working fluid of
34°C. However, since only about 11% of the battery is wetted by Novec 7000, this quasi-steady state is reached at a slightly
higher temperature when a heat input of 30W is supplied. Nonetheless, the effect of phase change is reflected in both 20W
and 30W.

To determine the cooling effectiveness of the CDEC system when the battery is cooled from both the large surfaces of
the battery (90mm x 70mm), a simple model was developed. The fitting parameters (A, G, and sigma) of the model were
determined by initially modelling a single surface cooling model and parameterising against the experimental data.
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Fig. 5: Simulated vs Experimental temperature profiles for a single ended cooling of the battery using Novec 7000 at a) 10W, b) 20W

and c¢) 30W after parameterizing the model.
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Fig. 6: Simulated temperature profiles for two-sided cooling of the battery using Novec 7000 at a) 10W, b) 20W and c) 30W.
The simulated temperature profiles alongside the experimental data at 10W, 20W and 30W after the parameter
estimation process is shown in Figures 5a — c. These parameters were then used in the expanded model where both
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90mm x 70mm surfaces of the battery were cooled. It is assumed that both surfaces have cooling rates and wetting areas
similar to that of a single surface cooled battery. It can be clearly seen from Figures 6a — ¢ that when the battery is cooled
from both surfaces, the average temperature of the wetted and the non-wetted region can be further reduced to below 40°C,
40°C, even at a heat input of 30W. This clearly demonstrates the effectiveness of cooling when utilizing this novel concept
concept of CDEC.

It should however be noted that this system can be further improved by incoporating a wick structure with higher
pumping pressures either by using a sintered wick structure with comparatively smaller pores and/or improving the
hydrophilicity of the strucuture. The main advantage in utilizing Novec 7000 as the working fluid in this system is its low
boiling point of 34°C at an ambience of 1 bar. However, if other working fluids are to be used, the operating pressure will
have to be controlled to induce saturation around the optimum operating temperature of the battery [25]. The main
disadvantage of using Novec 7000 is it relatively high density and low surface tension property, which hinder the capillary
pumping forces due to effects of gravity. Therefore further research is required to determine appropriate compability working
fluid and methods of improving the hydrophilicity of the wick structure to assure sufficient capillary rise and saturation of
the wick structure.

4. Conclusion

In the paper, the performance of a novel battery thermal management system based on capillary driven evaporative
cooling is investigated using the temperature variation at three different heat inputs. A simple thermal resistance network
model is used to expand the experimental results of a single surface cooling to two-surface cooling to determine the cooling
effectiveness of the system. It was shown that with single surface cooling the maximum temperature of the battery can be
kept below 50°C when a continuous heat of 30W is supplied for a duration of 30 minutes. This temperature can further be
reduced to below 40°C when cooled from the two larger surfaces of the battery. However, it was found that the maximum
temperature difference of the battery was slightly higher than the recommended value of 5°C. Further studies will be
performed to improve the temperature distribution of the battery by effectively saturating the entire with structure. This could
be achieved by reducing the pore size and enhancing the hydrophilicity of the wick structure.
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