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Abstract. The increasing use of electric and hybrid cars stimulates the need for improvement of autonomy and safety
of the energy storage systems of these vehicles. In this context, Battery Thermal Management Systems (BTMS) assume a
fundamental role: they seek to guarantee an adequate thermal condition in the battery cells. On the other hand, the growth
of additive manufacturing techniques expands the possibility of investigating different topologies that seek to improve heat
transfer in these systems. In this sense, Triply Periodic Minimal Surfaces (TPMS) can be an option to achieve this once
they offer high surface-area-to-volume ratios and high heat transfer area. Using the software OpenFOAM®, the present
work aimed to numerically study the effects of the use of Schwarz Type-D TPMS-based structures in the tubes of a BTMS
considering a steady-state process of indirect liquid cooling of cylindrical lithium-ion battery cells. Results showed that
the employment of a TPMS geometry offers, in comparison to a baseline system, a reduction in the maximum temperature
of the cell set by more than 2K and a increase of the Nusselt number by a factor of 3.11, but increases the friction factor
in the cooling tubes. This scenario indicates that the application of the studied TPMS system prioritizes a better thermal
operation of the battery cells over a high friction factor.
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1. INTRODUCTION

Electric vehicles can present a series of benefits when compared to vehicles with Internal Combustion Engines, such
as greater energy efficiency of the vehicle and the ability to reduce Greenhouse Gas (GHG) emissions when associated
with power systems with low GHG (International Energy Agency, 2020). Furthermore, electric vehicles gain relevance in
the current development of energy policies in different countries, motivating policies such as the Fit-for-55 package of the
European Union, which encourages the transition to electric and hybrid vehicles (International Energy Agency, 2022).

The results of these policies drove the growth of the electric vehicles industry in regions such as China, Europe and
the US. An example of that is the increase by a factor of 2.42 of the combined sales of plug-in and battery electric cars
on Europe from 2019 to 2020 (International Energy Agency, 2022). Nevertheless, the improvement and development of
electric vehicles, particularly related to batteries, represents a constant challenge for this industry according to Deng et al.
(2018).

In this sense, a Battery Thermal Management System (BTMS) of an electric vehicle is essential to improve both safety
and life cycle of the battery system, specially lithium-ion batteries, which are widely used in the automotive industry
and are very sensitive to temperature changes (Kim et al., 2019). According to Ianniciello et al. (2018), maintaining the
battery operation within a small temperature range through time avoids the reducing of the capacity and autonomy of the
cells.

Several types of BTMS are modeled to evaluate the cooling process during battery discharge. In this context, systems
with liquid and air cooling were compared in the work by Han et al. (2019). The authors found very different typical
values for the ratio between the rate of heat transferred from the battery cells to the fluid and the difference between their
average temperature and the inlet temperature of the fluid: 500 W/K for the first type and 70 W/K for the second type,
indicating a potential better cooling capacity of systems employing liquids.

For battery packs composed by cylindrical cells, different configurations are studied considering variations of flow
pattern and geometric parameters of the BTMS. Applied to this type of battery, systems that have microchannels and
extended surfaces achieve good results in the thermal control of the battery. In the work by Rao et al. (2017), a liquid
cooling system employing water was studied. The parametric analysis showed that larger diameters of the microchannels
result in greater temperature uniformity in the cells and high inlet velocities drastically reduce the maximum temperature
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of the cells.
Furthermore, systems that use coils coupled to metal blocks can meet thermal operation requirements, but with a

limitation on the system’s operating power according to the volumetric flow. In the work of Wang et al. (2020), it was
observed a fast drop in the maximum temperature of the cells and an adequate uniformity of temperatures in parallel flow
arrangement, keeping the maximum temperature difference lower than 4.17°C.

In order to increase the contact area, Tete et al. (2022) proposed a geometry that encapsulates the cylindrical cells,
isolating them from the fluid (water), with the tubes presenting a parallel flow scheme. The BTMS was simulated for
different battery discharges: for a discharge interval of 0.5 to 5C, the average temperature of the batteries was maintained
below 30°C. Furthermore, temperatures were higher for inner cells of the array although the maximum temperature
difference is less than 3°C.

With a similar objective, Fan et al. (2022) developed a modular system of cooling cylindrical cells, employing struc-
tures based on Triply Periodic Minimal Surfaces (TPMS) to compose bundles of tubes contained inside a metal block
(composing the thermal exchange interface between fluid and battery). These structures are characterized by a large
surface-area-to-volume ratio, which is beneficial for compact heat transfer systems since the internal components of the
tube increase the heat transfer area from the tube wall to the coolant. The authors constructed different tubes using TPMS-
based on the Schwarz Type-P surface and compared this topology with straight tubes. At the end of a 2C discharge, despite
the pressure drop increasing significantly, the maximum temperature difference for the first system is below 1.5°C while
for the second one is above 2.5°C.

In order to investigate another type of triply periodic minimal surface, Attarzadeh et al. (2021), studied the effect of
different structures based on a Schwarz Type-D TPMS inside a pipe with partially heated wall and steady-state flow. The
best results ensured a Nusselt number above 40 for the entire simulated Reynolds (Re) range (25 to 125) which represents
more than double when compared to the system without the structure. However, the pressure drop in the system with
TPMS presented a behavior proportional to the square of the Reynolds number, which can be a problem when operating
with high Re.

Thus, this work aims to numerically study the effect of structures based on Schwarz Type-D TPMS inside tubes of
a liquid cooling BTMS for a electric car battery composed by by lithium-ion cylindrical cells. For that, steady-state
simulations of the cooling system with and without the TPMS-based structure were done using the chtMultiRegionFoam
solver from the OpenFOAM® software in order to simulate the conjugated heat transfer and flow inside the tubes.

2. TRIPLY PERIODIC MINIMAL SURFACES

Triply Periodic Minimal Surfaces are surfaces that are periodic in the three spatial dimensions, minimize the surface
area in a delimited spatial region and present null local mean curvature (Assis, 2021). These surfaces can be implicitly
described by a γ(x, y, z) surface equation, such as the Schwarz TPMS Type-D equation – defined by Eq. (1) (Rajagopalan
and Robb, 2006). The angular frequency ω of the TPMS is defined by Eq. (2) where l is the periodic length and c is the
surface level parameter delimited by the region within −l/2 ≤ x ≤ l/2, −l/2 ≤ y ≤ l/2 and −l/2 ≤ z ≤ l/2 (Fan
et al., 2022).

γ(x, y, z) = sen(ωx)sen(ωy)sen(ωz) + sen(ωx)cos(ωy)cos(ωz)

+cos(ωx)sen(ωy)cos(ωz) + cos(ωx)cos(ωy)sen(ωz) = c
(1)

ω = 2π/l (2)

The construction of TPMS-based structures is helped by the recent growth of additive manufacturing techniques
(Attarzadeh et al., 2021). In this context, one way to build them is to define two surfaces - γ1(x, y, z) ≤ −c and
γ2(x, y, z) ≤ c - and define a volume within these surfaces (Al-Ketan et al., 2021), thus assigning a thickness to the solid
which is controlled by the level c. An example of a Schwarz Type-D structure constructed by the previous method is
illustrated in Fig. 1.

The application of these structures in heat exchangers and similar systems is specially motivated by the fact that a
TPMS divides the region into two separate sub-regions (Peng et al., 2019). This can intensify the heat transfer process
since the flow is established in a parallel and separated way considering these two sub-regions, thus there is a high
interface area between fluid and heated/cooled walls. Furthermore, the property of high surface-area-to-volume ratio is
an important topological attribute in these applications (Peng et al., 2019) once the the weight and volume of the tube
structures are relevant design issues.

3. GEOMETRY

The baseline geometry is based on submodules of six battery cells in series and eight in parallel (6S8P configuration),
used for instance in the work of He et al. (2022). The cells are inside an aluminum metal block. Between sets of cells rows,
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Figure 1: Example of Schwarz Type-D TPMS-based unit structure.

there are three cooling tubes, T1, T2 and T3, which have square inlets and outlets. In order to reduce the computational
cost of the numerical simulations, two symmetry plans are introduced, which have their normal vectors parallel to the y
axis. This is a simplification similar to the one in the work of Fan et al. (2022).

Thus, the geometry is composed of different regions: sixteen battery cells, a metal block and three cooling tubes. In
this work, two configurations will be explored: baseline system, with straight cooling tubes; and a TPMS system, with a
TPMS-based structure placed inside the cooling tubes. Schemes of the xy and yz planes can be found at Fig. 2(a), which
provide the numbering of the battery cells. The geometric parameters are shown in Tab. 1.

(a) Batteries positioning and schematics of the xy and yz planes.

(b) Three-dimensional view.
Figure 2: Schematics of the baseline system.

A three-dimensional view of the baseline geometry is provided in Fig. 2(b). The TPMS system is made of tubes whose
geometries are arrays of a TPMS’ fluid domain unit structure. This structure is constructed from a boolean operation
between a rectangular fluid domain unit from baseline tube and a unit wall structure based on Schwarz Type-D TPMS
(see Section 2 for more details). The periodic length and the surface level parameter of the TPMS-based structure are
respectively 8× 10−3 m and 0.3. This construction process is illustrated at Fig. 3.

4. MATHEMATICAL AND NUMERICAL MODELING

Fluid flow and convection in the cooling tubes and conduction in the metal block and battery cells regions can be
modeled by the generic conservation equation given by Eq. (3) (Versteeg and Malalasekera, 2007). The generic conserved
intensive property φ assumes: 1 for mass conservation; u, v and w for momentum conservation in, respectively, x, y and
z directions; and, for energy conservation, specific enthalpy h for convection modeling and specific internal energy e for
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Table 1: Dimensions of geometry.
Dimension Value
Lx, m 192 ×10−3

Ly , m 32 ×10−3

Lz , m 66 ×10−3

dT , m 8 ×10−3

Lc,o, m 16 ×10−3

LT1,o, m 35 ×10−3

LT1,T2, m 23 ×10−3

LT2,T3, m 23 ×10−3

Figure 3: Construction process of a tube for the TPMS system.

conduction modeling.

∂(ρφ)

∂t
+ ~∇ · (ρφ~V ) = ~∇ · (Γ~∇φ) + Sφ (3)

The diffusion coefficient Γ is the thermal conductivity k when φ assumes e (solid material) or h (fluid material). If φ
assumes u, v or w, then Γ is the dynamic viscosity µ of the fluid. Considering all physical phenomena in steady-state and
thermal viscous dissipation insignificant, then the source terms are detailed in Tab. 2, being P the pressure field and q̇ the
volumetric heat generation which is differentiated for h and e by their respective subscripts.

Table 2: Source terms according to different φ.
Conservation φ Sφ

Mass 1 0
Energy e q̇e

h q̇h

u −∂P
∂x

Momentum v −∂P
∂y

w −∂P
∂z

Moreover, the following hypothesis are considered: the flow inside the tubes is considered to be incompressible and
laminar; the transport and thermophysical properties are taken as constant and uniform (see Tab. 3); the volumetric heat
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generation in the metal block and fluid regions is considered zero; and the thermal contact resistance at regions interfaces
are negligible.

Table 3: Thermophysical and transport properties.
Domain Region Material Property Value

ρ, kg/m³ 2699.2
Metal block and tubes walls Aluminum Cp, J/(kg·K) 897

k, W/(m·K) 237
ρ, kg/m³ 996.9

Fluid Saturated water (25°C) Cp, J/(kg·K) 4182.6
k, W/(m·K) 0.606
µ, kg/(m·s) 890 ×10−6

Regarding the modeling of heat generation inside the battery cells, it is considered the time-averaged heat genera-
tion from the experimental data of a 21700 NCM811 battery cell extracted from the work of Wang et al. (2021). The
measurements are related to a full 2C discharge and the time-averaged volumetric heat generation calculated is 1675.48
W/m³.

The boundary conditions are displayed by domain region according to Tab. 4. In order to simulate the cooling process
exclusively due to the cooling tubes, the external surfaces of the domain are considered adiabatic. With respect to the
interface walls (the cell-metal block interface and the fluid-cooling tube interface), they are considered as mapped walls
(coupled temperature). Lastly, because the tubes’ inlet velocity u is prescribed for both systems and they have the same
square inlet section, the mass flow in the tubes is the same for both systems (0.536× 10−3 kg/s).

Table 4: Boundary Conditions.
Domain Region Surface Boundary condition

Metal block External surfaces Adiabatic
Battery cells Surfaces with no contact with metal block Adiabatic

Inlet u = 0.0084 v = 0 w = 0, m/s | T = 298, K
Tubes (T1, T2, T3) Outlet P = 0, Pa

Walls No-slip

The hydraulic diameter (D) of the tubes in the baseline system is calculated by Eq. (4) (Incropera, 2007), where V–t is
the tube volume occupied by fluid the and Af is the interface area between tube wall and fluid. For the TPMS system, D
is calculated by Eq. (4) as well (Tang et al., 2023). The surface-area-to-volume ratio, as mentioned in Section 2, is given
by Af/V–.

The hydraulic diameter and geometric parameters of both systems are compared in Tab 5. It is shown the main
geometric benefit of structures based on triply periodic minimal surfaces: the increase of Af , representing a growth of
more than 150 %. In addition, the surface-area-to-volume ratio of the tube increases by more than 225 %, which is a
desirable aspect considering possible volume and mass concerns of the BTMS in an automotive context and the goal of
the cooling system to be more compact.

D =
4V–t
Af

(4)

Table 5: Geometrical parameters comparison.
Parameter Baseline system TPMS system
Af , m² 6.144× 10−3 15.714× 10−3

Af/V–t, 1/m 500 1628
D, m 8.000× 10−3 2.457× 10−3

The version 10 of OpenFOAM® software was used to create the mesh and simulate the fluid flow inside tubes and the
conjugate heat transfer between the different regions present in the overall simulation domain (battery cells, metal block,
fluid region inside tubes). For that reason, snappyHexMesh mesher and chtMultiRegion solver were employed. To access
and extract scalar fields data for postprocessing activities, the version 5.1.0 of Paraview® software was used alongside
Python scripts for data treatment, calculations and plots.
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Furthermore, because of the periodic characteristics of TPMS-based structures used in cooling tubes, flow and heat
transfer properties can be analyzed using the Discrete Time Fourier Series (DTFS). This Fourier analysis originally uses
a frequency domain from a time-based series, but the current analysis evaluates spatial-based quantities, there is, phys-
ical properties along the cooling tube (x axis). Therefore, it is adopted the wavenumber κ (physical unit 1/m) as the
transformed domain of these spatial-based variables, which is an analogy to the frequency.

Lastly, heat transfer and flow average parameters are calculated locally (evaluated at sections with fixed x axis values)
and globally (whole tube domain). Considering the definition of local convection coefficient from Incropera (2007), then
the local average Nusselt number (Nux) is defined by Eq. (5), being Tw the wall temperature (K), Tb the bulk temperature
(K), q” the heat flux (W/(m²K)) at the wall and kf the fluid’s thermal conductivity. For all the tube domain, the global
average Nusselt number (Nu) is calculated using Eq. (6).

Similarly, the global average friction factor (f ) is given by Eq. (7), being um the mean u velocity (m/s). The quantities
Tb and um are evaluated at cross sections of the tube with surface area Ac which has normal vector parallel to x. Finally,
the local average of the magnitude of the velocity field (||~V ||x) is calculated using Eq. (8).

Nux =
D

kf

[
1

Ac

∫
Ac

(
q”

Tw − Tb

)
dA

]
(5)

Nu =
D

kf

[
1

V–t

∫
V–t

(
q”

Tw − Tb

)
dV–
]

(6)

f =
1

V–t

∫
V–t

(
−∂P
∂x

D

ρu2m/2

)
dV– (7)

||~V ||x =
1

Ac

∫
Ac

||~V ||dA (8)

5. MESH QUALITY STUDY

For the mesh quality study, the methodology defined in the work by Celik et al. (2008) was used. Field values were
extracted from five probes within the multiregion domain for each one of the systems simulated (baseline and TPMS) as it
follows: temperature in cell 1; temperature in cell 16; and temperature, u and P in tube T1. Three meshes with different
number of cells were analyzed separately for each system. Regarding the baseline system, the following meshes were
considered: mesh A (1,933,480 cells), mesh B (559,192 cells) and mesh C (199,808 cells). For the TPMS system, the
following meshes were considered: mesh A (4,687,662 cells), mesh B (2,382,486 cells) and mesh C (467,619 cells).

For both the baseline and the TPMS systems, the Grid Convergence Indexes (GCI) were below 1.0 % in relation to
the temperature probes for the two comparisons (meshes B and C, and meshes A and B), being considered a satisfactory
result. However, the GCI values for pressure and velocity probes, for both systems, were considered high in the analysis
between meshes B and C: 8.19 % for u and 7.48 % for P .

Therefore, meshes A (more refined) were chosen for the post-processing analysis for both systems, because they pre-
sented lower values of uncertainty associated with the discretization of the domain. For these meshes, the GCI associated
with pressure was below 5 %, while the GCI associated with velocity was 6.10 %.

6. RESULTS AND DISCUSSION

A comparison of general parameters of the baseline and TPMS-based systems is displayed in the Tab. 6. Given that the
same inlet mass flow was considered for both systems, it was observed that the Reynolds number is lower in TPMS-based
tubes since there is a reduction of 69.29 % of the hydraulic diameter.

The increase of interface area between the metal block and fluid due to the TPMS-based structures ultimately inten-
sifies heat transfer. This is examplified comparing the two local average Nusselt numbers: the system with tubes with
TPMS structures presents, on average, values 3.11 higher than the baseline system.

Although there is an increase in heat transfer, the global average friction factor in the tubes of the TPMS system is
21.37 times larger than the one found in the baseline system. This behavior is explained from the characterization that the
flow has in tubes filled by structures based on TPMS: the augmentation of fluid-wall interface leads to more friction and
there is more stagnation regions due to the presence of internal walls opposing to the flow.

Regarding the distribution of temperatures in the battery cells, the maximum temperature of the cell array is reduced
by 2.05 K, but the maximum temperature difference in the array showed a low reduction (less than 2 %). This shows that
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Table 6: Parameters of interest for baseline and TPMS systems.
Item Baseline System TPMS System
Re, 75.0 23.1
NuD2 6.76 21.05
fD2 0.82 17.52

Tmax,b, K 304.02 301.97
∆Tmax,b, K 2.056 2.024

the presence of TPMS-based structures influences the reduction of the maximum temperature of a battery cell, however,
given the common configuration of the compared systems, it does not significantly improve the uniformity of temperatures
in the battery cell, a factor potentially linked to the layout and number of tubes in the BTMS.

The behavior of Nux at each section taken by intervals of 2 × 10−3 m along the x axis in tube T2 is illustrated in
Fig. 4. The expected behavior for a laminar flow is observed for the baseline system: high values near the entrance region
of the tube due to the large temperature difference between wall and fluid (beginning of the development of the thermal
boundary layer), but a reduction along the axis with an asymptotic approximation.

Figure 4: Local average Nusselt number evaluated in sections along the x axis for tube T2.

On the other hand, even though the TPMS-based system tube presents the same behavior in the inlet region there is an
increase in the local average Nusselt number starting from x = 8 × 10−3 m. This point marks the beginning of the first
TPMS-based unit structure. In addition, a slight growth of Nux along the x axis was observed, pointing out that greater
values of Nux could be obtained if the channel could be extended in the x-direction, fact that was not observed in the
baseline system. The previously described behavior can be explained due to the fact that the flow periodically recovers
momentum along the x axis in the tubes of the TPMS system. The advection effects in the convective heat transfer process
are intensified due to the maintenance of higher velocities along the tubes.

Figure 5 shows the phenomenon described above, in which the local average of the magnitude of velocity field is
observed in sections taken by intervals of 2 × 10−3 m along the x axis in tube T2. Whereas in the tubes of the baseline
system, the average velocity reaches an asymptotic value of 0.0115 m/s, the average velocity in the tube of the TPMS-
based system varies periodically between 0.017 and 0.020 m/s in most part of the tube. Furthermore, there is an increase
in ||~V ||x from x = 8× 10−3 m, coinciding with the increase in the Nusselt number (Fig. 4).

This relation between local average Nusselt number and ||~V ||x along the x axis in the TPMS system is illustrated in
more detail in Fig. 6. It is observed that, in the interval selected for the analysis, most of the intervals in which Nux
grows, ||~V ||x also increases with the exception of the point x = 64× 10−3m .

Even though the periodic behavior of the mean velocity is directly related with the improvement in the convective heat
transfer process, the spatial Fourier analysis, as illustrated in Fig. 7 and Fig. 8, does not show direct spatial correspondence
with the wavenumber used in the construction of the TPMS-system.

While the ||~V ||x DTFS magnitude shows significant periodic increases in mean velocity for wavenumbers with values
of κ = 125 1/m and κ = 250 1/m (corresponding to wavelengths of, respectively, x = 8 × 10−3 m and x = 4 × 10−3

m), there is no direct correspondence for the local average Nusselt number. This behavior shows that the availability of a
flow with periodic properties does not impact the heat transfer process with the same relevance.
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Figure 5: Local average of the magnitude of velocity field evaluated in sections along the x axis for tube T2.

Figure 6: Local average Nusselt number and local average of the magnitude of velocity field over selected x axis range
for TPMS-based geometry for tube T2.

Figure 7: Spatial Fourier analysis of local average Nusselt number in T2 tube of TPMS system.

7. CONCLUSION

This work numerically investigated a liquid cooling BTMS based on Schwarz’s Type-D TPMS. The analysis showed
that the TPMS-based system enhances the battery cell cooling process compared to an empty tube BTMS (baseline
system). The increase in surface area available for heat transfer between fluid and solid domains justifies this heat transfer
enhancement. However, the global average friction factor associated with the TPMS-based BTMS is significantly higher
than the baseline system.

Besides this, the TPMS system provides a better thermal operation to the battery cells, characterizing the use of a
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Figure 8: Spatial Fourier analysis of the local average of the magnitude of velocity field in T2 tube of the TPMS system.

TPMS system as a choice for better cooling capacity, but with a higher friction factor. Thus, numerical simulations
for different operation points (mass flow and inlet temperature, for instance) can provide alternatives to reduce the high
friction factor observed in the TPMS-based system.

For future works, other TPMS-based structures could be explored, such as Schwarz’s types P and G, which can
improve the cooling process of the BTMS. Lastly, modifications in the arrangement of TPMS structures inside the tubes
and different flow orientations could be studied in order to explore the topological benefits of TPMS structures.
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