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PUBLIC SUMMARY
■   A bionic shark-scale structure optimizes composite phase change material (PCM) for electric vehicle battery thermal

management system (BTMS) with axial air cooling.

■   Four cooling modes and pressure drop tests are conducted; validated simulations explore the heat dissipation mech-
anism of bionic structures.

■   Under 2C discharge, this hybrid scheme cuts temperature rise to 49.30% of natural convection and caps peak temper-
ature at 50.90 °C.

■   Multi-dimensional structural optimization achieves the best layout, lowering average battery temperature to 46.11 °C
for BTMS heat sink design.
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To improve  the  heat  dissipation  efficiency  of  electric  vehicle  battery  ther-
mal  management  system  (BTMS),  a  bionic  shark-scale  structure  was
proposed to optimize the thermal performance of flexible composite phase
change  material  (PCM),  with  axial  air  cooling  integrated  to  regulate  the
battery  temperature.  Experiments  were  conducted  under  four  conditions,
i.e.,  natural  convection,  air  cooling,  air  cooling  coupled  with  PCM,  and  air
cooling  coupled  with  bionic  shark-scale  PCM,  to  evaluate  the  thermal
behaviour performance. In addition, pressure drop tests were conducted to
assess  the  drag-reduction  effects  of  the  bionic  structures.  A  numerical
simulation  model  was  also  built  with  the  validation  of  experimental  data,
which was subsequently applied to investigate the heat dissipation mecha-
nisms  and  influences  of  the  bionic  structure  together  with  optimization.
The  results  show  that,  under  a  2C  discharge,  the  temperature  rise  of  the
battery  pack  of  air-cooled  coupled  with  bionic  shark-scale  PCM  is  only
49.30%  of  that  under  natural  convection,  while  the  maximum  surface
temperature  is  controlled  at  50.90  °C,  ensuring  the  safe  operation.  At  an
airflow  velocity  of  1.30  m/s,  the  duct  pressure  drop  of  the  bionic  PCM  is
slight lower than that of the smooth PCM. Subsequently, the bionic shark-
scale  structure  is  further  optimized  in  terms  of  axial  aspect  ratio,  lateral
structure,  rib  row number,  and rib  arrangement.  The optimal  configuration
achieves an average battery pack temperature of 46.11 °C, with a fish scale
aspect ratio of 0.5, a side structure of CR400AF, and 13 rows arranged in a
cross  pattern.  The  present  research  provides  insights  into  the  effective
design of heat sink of BTMS.

 INTRODUCTION
In recent years, the implementation of the dual-carbon policy has rendered

green  and  low-carbon development  to  the  strategic  direction  for  all  nation-
wide  industries.  To  attain  net-zero  carbon  emissions,  the  transformation  of
the energy structure has emerged as a primary task.1 The automotive indus-
try has likewise been in pursuit of practicable technologies to substitute fuel
vehicles, aiming  to  drive  the  industry  towards  zero  emissions.  Electric  vehi-
cles  are  considered  as  a  practicable  technology  to  reduce  the  demand  for
fossil fuels.2

Energy  storage  system  that  can  support  high  driving  range  and  rapid
charging capability is indispensable for electric vehicles.3,4 Battery is the most
widely used and crucial unit for energy storage in renewable energy ecosys-
tems.5 Lithium  batteries  possess  advantages  such  as  high  energy  density,
longer  cycle  life,  and  shorter  time-duration  of  charging,  which  leads  to  their
extensive  utilization  in  electric  vehicles.6 Nevertheless,  during  the  vehicle
operation,  the  battery  undergoes  discharging  and  generates  a  substantial
amount of heat due to electrochemical reactions within it.  The research has
demonstrated  that  if  the  surface  temperature  of  battery  exceeds  50  °C,  its
cycle life and charged capacity would be significantly reduced.7 Consequently,
to  maintain  the  safe  operational  temperature,  an  efficient  battery  thermal
management system (BTMS) is essential to facilitate the dissipation of heat
generated within the battery pack. Mainstream BTMS can be primarily classi-
fied  into  four  main  types:  air-cooled  BTMS,8 liquid-cooled  BTMS,9 heat  pipe
BTMS,10 and phase change material  (PCM)-based BTMS.11 The main limita-
tions  of  air-cooled  and  liquid-cooled  BTMS  lie  in  their  complex  distribution
systems  and  high  operational  energy  consumption.12,13 Heat  pipe  BTMS
generally exhibits poor heat dissipation performance and significant temper-
ature non-uniformity.14 In contrast, PCM-based BTMS can reduce the system
complexity while achieving the good temperature uniformity.15,16 However, the

traditional wrapping method results in the battery pack being heavy, which is
not  only  detrimental  to  heat  dissipation  but  impacts  the  energy  density  of
battery pack. Relying solely on PCM, it is challenging to maintain the battery
temperature  within  a  safe  range  under  extreme  conditions.  In  addition  to
insufficient heat  dissipation,  recent  reviews  have  emphasized  that  inade-
quate  thermal  regulation  can  significantly  increase  the  risk  of  thermal
runaway,  and the rational  structural  design plays a critical  role in enhancing
both heat dissipation and safety of lithium batteries.17

Conventional  PCM-based  BTMS  commonly  depends  on  full  wrapping  of
battery cells, which often results in excessive system mass and non-uniform
heat  dissipation,  particularly  for  intermediate  cells  where  heat  accumulation
is difficult to alleviate. In order to address these limitations, extensive efforts
have been devoted to the material-level  and structural  optimization of PCM.
Wu et al.18 developed a composite PCM based on expanded graphite/paraf-
fin/Fe3O4-modified graphene  oxide,  achieving  a  maximum  battery  tempera-
ture  of  53.47  °C  and  a  temperature  difference  of  3  °C  under  3C  discharge.
Their  results  further  indicated  that,  in  addition  to  PCM  composition,  battery
arrangement and PCM thickness were the critical parameters affecting ther-
mal performances. Safdari et al.19 investigated the influence of PCM package
geometry  and  found  that  although  rectangular  packages  exhibited  the
improved  thermal  performance  under  forced  air  cooling  compared  with
circular  ones,  the  battery  temperature  still  exceeded  60  °C  after  a  2C
charge–discharge cycle. Similarly,  Alipanah and Li20 reported that increasing
PCM thickness within 7.5 to 15 mm delayed the temperature rise, yet exces-
sive thickness introduced the structural vulnerability and limited further ther-
mal enhancement.

Those  studies  collectively  suggested  that  PCM  optimization  alone  was
insufficient  to  ensure  the  safe  operation  under  long-term  and  high-rate
discharge conditions. Experimental investigations further confirmed this limi-
tation.  Choudhari  et  al.21 showed  that  even  with  an  8  mm  PCM  layer,  the
surface  temperature  of 18650 batteries  under  3C  discharge  still  reached
approximately  85  °C,  far  beyond  the  safe  operational  range.  Wu  et  al.22

observed  that  PCM  wrapping  reduced  the  temperature  rise  at  3C  and  5C
discharge by 6 °C and 9.5 °C, respectively, yet overheating persisted without
auxiliary cooling. Only by coupling PCM with fins and forced air cooling at an
air velocity of 4 m/s could make the battery temperature control below 55 °C
under 5C discharge,  indicating that forced convection was indispensable for
sustaining the effective heat dissipation.

In  order  to  further  enhance  the  convective  heat  transfer,  structured  PCM
heat  sinks  were  proposed  to  enlarge  the  heat  transfer  area  and  introduce
additional  airflow  channels.  Weng  et  al.23 combined an  aluminum  honey-
comb radiator  with PCM and air  cooling,  achieving a 17.1% reduction in  the
maximum temperature of cylindrical battery packs at 4C discharge. Lv et al.24

designed a serpentine PCM heat sink coupled with air cooling, which reduced
the  system  mass  by  70%  and  increased  the  energy  density  from  107.8  to
121.6  Wh/kg,  while  lowering  the  maximum  battery  surface  temperature  by
3.6  °C  compared  with  conventional  PCM  wrapping.  However,  such  highly
structured PCM heat sinks inevitably introduce the increased flow resistance
and  might  suffer  from  mechanical  fragility,  thereby  constraining  further
enhancement of convective cooling under practical airflow conditions.

Under those circumstances, the thermal performance of PCM-assisted air-
cooled BTMS becomes fundamentally  limited not  by  latent  heat  capacity  or
heat transfer area, but by aerodynamic penalties imposed by flow resistance.
From  a  broader  perspective,  recent  studies  on  electrochemical  energy
systems  have  shown  that  surface  and  interface  engineering  can  provide
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effective performance enhancement without increasing system complexity.25

Therefore, surface structures capable of reducing the wall  friction and regu-
lating the near-wall flow behavior were of particular interest. Shark skin, char-
acterized  by  regularly  distributed  rib-like  protrusions  and  groove  structures
observed in scanning electron microscope (SEM) images, was widely recog-
nized  for  its  drag-reduction  capability  in  high-density  fluid  environments.26

Water tunnel experiments demonstrated that attaching genuine shark skin to
the surface  of  a  hollow  elliptical  tube  significantly  reduced  the  flow  resis-
tance over a wide velocity range.27 Oeffner and Lauder28 further showed that
flexible membranes fabricated from real shark skin could increase the swim-
ming  velocity  by  an  average  of  12.3%,  whereas  artificial “shark-skin-like”
fabrics  failed  to  produce  similar  effects,  highlighting  the  role  of  authentic
surface  geometry  in  near-wall  flow  regulation.  Recent  studies  have  already
extended  the  drag-reduction  concept  to  BTMS.  Yang  et  al.29 proposed  a
biomimetic shark-skin channel incorporating micro-riblet  structures inspired
by the shark skin and applied it  to an axial  air-cooling system. Experimental
results  demonstrated  that  the  hybrid  system  significantly  reduced  both  the
peak and average temperatures of  the heat source,  while  the bionic surface
effectively  suppressed  flow  separation,  leading  to  a  reduction  in  pressure
drop.  It  was  verified  that  shark-skin-inspired  bionic  structures  provided  a
general  advantage  in  simultaneously  enhancing  the  heat  dissipation  and
reducing the flow resistance across different cooling media, including air and
liquid.  Liu  et  al.30 further  applied  scale-riblet  microstructures  derived  from
shark  skin  to  channel  design  and  proposed  a  bionic  shark-skin  channel
(BSSC). The design integrated a diamond-shaped main channel with perpen-
dicular  sub-channels, where  microstructures  induced  the  localized  turbu-
lence  to  disrupt  the  thermal  boundary  layer  while  reducing  the  fluid-wall
shear  resistance.  Through  multi-objective  optimization  using  the  NSGA-II
algorithm,  the  proposed  structure  achieved  a  23.97%  improvement  in  the
temperature  uniformity  and  a  22.62%  reduction  in  the  pump  power,
compared with  conventional  straight  channels,  demonstrating  an  outstand-
ing drag-reduction-enhanced performance.

Despite the progress in PCM-based and hybrid air-cooled BTMS, two gaps
still remain.  Firstly,  existing  studies  have  mainly  focused  on  PCM  composi-
tion,  thickness,  or conventional  heat-sink geometries,  whereas the synergis-
tic optimization  of  heat  storage,  convective  heat  transfer,  and  airflow  resis-
tance  has  been  insufficiently  addressed.  Secondly,  although  shark-skin-
inspired  drag-reduction  structures  have  shown  promise  in  fluid  channels,
their integration with PCM heat sinks for BTMS has rarely been reported, and
the underlying structural design parameters have not yet been systematically
optimized for BTMS applications. Shark-scale structures are particularly suit-
able  for  PCM-based  BTMS  because  they  cannot  only  enlarge  the  effective
heat  transfer  interface  of  the  PCM  heat  sink  but  also  regulate  near-wall
airflow  and  reduce  flow  resistance,  which  is  critical  for  air-cooled  battery
packs where aerodynamic penalty can offset thermal benefits. In this way, a
bionic  shark-scale  geometry  provides  a  potential  route  to  simultaneously
improve the heat dissipation and lower duct pressure drop without introduc-
ing excessive system complexity. The present study proposes a heat sink of
composite PCM optimized based on bionic structure and coupled with axial
air cooling for BTMS, which can offer better capability of heat dissipation for
battery  pack.  Initially,  the  composite  PCM  of  heat  sink  with  the  structure  of
actual shark scales was used in the battery pack, and experiments and simu-
lations of  natural  convection,  air  cooling,  air-cooled coupled with  composite
PCM, and air-cooled coupled with bionic scale were conducted to investigate
the heat dissipation of battery pack at 25 °C and discharge rates of 1C, 1.5C,
and  2C.  Subsequently,  the  bionic  structure  was  optimized  by  adjusting  the
axial aspect ratio of shark scales, the lateral structure of shark scales, the row
numbers, and the arrangement mode of shark scales, and the optimal struc-
ture of shark scales was finally explored.

 MATERIALS AND METHOD
 Battery packs and measurement apparatus

In  the present  study,  the BYD 4680 lithium batteries  (FC4680P,  manufac-
tured by  Shenzhen  BYD  Lithium  Battery  Co.,  Ltd.)  were  used  as  the  experi-
mental  samples.  The  parameters  of  the  battery  were  summarized  in Table
S1.  The  diagrams  of  the  BTMS  are  presented  in Figure  1,  where Figure  1A
shows the schematic  diagram of  the system, Figure  1B shows the physical

photo  of  the  system.  The  experimental  devices  included  an  electronic  load
(DP3030,  manufactured  by  Shenzhen  Mestech  Electronics  Co.,  Ltd.),  an
Agilent  data  acquisition  instrument  (DAQ970A,  manufactured  by  Keysite
Technology (China) Co., Ltd.), a cooling fan (G12038HA2SL, manufactured by
Delisi  Electric  Co.,  Ltd.),  several  calibrated  T-type  thermocouples,  and  four
lithium  batteries  encapsulated  in  a  rectangular  duct.  The  batteries  were
discharged by means of the electronic load, with the batteries connected in a
4-series-1-parallel  configuration.  Temperature  measurements  were  carried
out using T-type thermocouples and the Agilent data acquisition instrument.
The ambient  temperature was regulated by an air  conditioner  and set  at  25
°C.  The  thermocouples  were  axially  positioned  adjacent  to  the  positive  and
negative electrodes of the battery as well as at the middle of the battery. The
positive electrode of the cylindrical battery would have more pronounced heat
generation. Figure 1C illustrates the front view of the thermocouple arrange-
ment,  and Figure  1D illustrates  the  side  view  of  the  thermocouple  arrange-
ment,  where the thermocouples are exposed cell  surface.  At  three positions
of 135° and 315° on the upper right battery and 315° on the lower left battery,
a  total  of  9  points  of  temperature  measurement  (A1-A9)  were  attached  to
compare  the  impacts  of  varying  positions  of  duct  on  the  heat  dissipation
performance of the battery.

The  composite  PCM  used  for  the  BTMS  was  independently  developed,31

which consisted of 68 wt.% PEG1500, 8 wt.% EG, 4 wt.% BN and 20 wt.% TPE.
The  preparation  process  included  raw material  mixing,  heating  and  melting,
uniform  dispersion,  providing  good  formability  and  flexibility.  Differential
scanning  calorimetry  (Mettler  DSC1,  METTLER-Toledo  International  Trading
(Shanghai)  Co.,  Ltd.)  obtained  its  melting  temperature  as  43.83  °C,  freezing
temperature as 40.74 °C, and latent heat as 99.99 kJ/kg. In addition, the ther-
mal conductivity  of  the  composite  PCM increased  with  temperature,  reach-
ing  1.780  W/(m·K),  1.802  W/(m·K),  and  1.995  W/(m·K)  at  27  °C,  42  °C,  and
57  °C,  respectively.  The  composite  PCM  was  ground  into  powder,  and  the
PCM heat sink was fabricated by pressing the powder in a tablet press at 6
MPa, after which it was attached to the battery. The axial profile of the bionic
structure was obtained from the axial SEM images of shark scales presented
in the study by Zhang et al.27 The curve was fitted into a function using Origin
software, and  the  function  was  then  used  to  draw  the  structure  in  Solid-
Works software. The height of the fish scale was determined to be 1.3 mm.
Figure 1G illustrates the conceptual design of the bionic scale-structured heat
sink, Figure  1H shows the customized pressing mould  fabricated according
to this structure, and Figure 1I presents the PCM heat sink constructed with
the bionic scale pattern.

 Experimental setup of pressure drop
The  concept  of  shark-scale-inspired  drag  reduction  has  been  extensively

studied,  and  previous  research  has  established  the  relationship  between
Reynolds  number  ratios  and  the  drag-reduction  efficiency  of  fish  scales
through  the  measurement  of  various  parameters.32 In  the  present  study,  a
pressure difference  sensor  (LFM53,  manufactured  by  Shenzhen  Lifu  Elec-
tronics  Co.,  LTD.,  with  an  accuracy  of  0.10  Pa)  was  placed  at  the  inlet  and
outlet of the duct to reveal the impact sof different situations on the pressure
drop,  include  non-wrapped  PCM,  wrapped  smooth  PCM,  wrapped  PCM  of
bionic scale. The pressure drop measurement system is shown in Figure 1E
and Figure  1F. Figure  1E  presents  the  schematic  diagram  of  the  pressure
drop testing  system,  which  mainly  consists  of  the  battery  pack,  fan,  elec-
tronic  load,  differential  pressure  gauge,  and  air  duct. Figure  1F  shows  the
corresponding physical  photograph of  the experimental  setup.  The differen-
tial pressure gauge was connected to the pressure taps at the inlet and outlet
of the duct to record the pressure drop during the battery discharge.

The measurement points for the pressure drop experiment were located at
the mid-height of the side wall of the duct, positioned 7 cm apart between the
positive and negative electrodes of the battery pack. Holes were drilled on the
side wall  of  the duct  using an electric  drill,  and the gauge pipes of  pressure
difference  sensor  were  inserted  into  these  holes.  During  the  pressure  drop
experiment,  the  change  in  pressure  drop  was  recorded  throughout  a  2C
discharge of the battery pack.

The experimental  uncertainty  of  the  whole  system mainly  come from the
accuracy of the differential  pressure sensor,  wire loss errors,  fan speed, and
PCM  quality  and  thermophysical  properties.  The  measurement  accuracy  of
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the differential pressure sensor is ± 2%, the uncertainty of wire loss is 1%/m,
the uncertainty of the fan speed is ± 2%, and the uncertainty of the platinum
thermal  resistance  is  ±  1%.  The  measurement  accuracy  of  the  electronic
balance  is  ±  1%.  According  to  Equation  (1),  the  total  uncertainty  of  the  inlet
and outlet pressure drop testing system is within 3.32%.
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 HPPC-based characterization of battery resistance
The resistance  of  lithium  batteries  is  generally  categorized  into  polariza-

tion  resistance  and  ohmic  resistance.  Since  the  estimation  of  battery  heat
generation  in  the  subsequent  simulation  is  primarily  determined  by  Joule

heat during  discharging,  the  measurement  of  battery  resistance  is  consid-
ered crucial, as it directly affects the accuracy of the simulation results. In the
present  study,  the  hybrid  pulse  power  characterization  (HPPC)  experiment
was  used  to  conduct  a  constant-rate  pulse  response  on  the  battery  under
different states of charge (SOC), to obtain alterations of voltage and charac-
teristics of  resistance.  The  schematic  diagram  of  voltage  of  HPPC  experi-
ment is shown in Figure S1A, while the experimental system of battery resis-
tance is shown in Figure S1B. The typical HPPC experiment was as follows:
Choosing A battery with a specific SOC was chosen, which was discharged at
a constant 1C rate for 10 s and then rested for 40 s. Subsequently, the battery
was  charged  at  a  constant  0.75C  current  for  10  s  and  rested  for  40  s  to
complete  a  test  cycle.  During  the  charging  and  discharging  processes,  the
step-like increase and decrease of  the battery voltage,  charging ohmic volt-
age ∆Vc1 and discharging ohmic voltage ∆Vdc1, were attributed to the charge-
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Figure 1.  Whole  BTMS:  (A)  Schematic  diagram of  BTMS;  (B)  Physical  photograph of  BTMS;  (C)  Front  view of  thermocouple  arrangement;  (D)  Side  view of  thermocouple
arrangement; (E) Schematic diagram of pressure drop system; (F) Physical photograph of pressure drop system. Schematic diagram of bionic heat sink: (G) Concept of heat
sink of bionic scale structure; (H) Pressing mould; (I) Bionic heat sink of CPCM.
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transfer  reaction  at  the  interface  between  the  electrode  and  the  electrolyte,
which was mainly ohmic resistance. The slow increase and decrease of the
voltage, charging polarization voltage ∆Vc2 and discharging polarization volt-
age ∆Vdc2, were attributed to the ion diffusion in the solid phase of the elec-
trolyte, which was also the reason of the temperature rise and heat genera-
tion  of  the  battery,  named  the  polarization  resistance  [33].  However,  in  the
actual  testing process,  the difference of  the charge-to-discharge rate  of  the
battery would lead to different ∆Vdc1 and ∆Vdc2. Therefore, the HPPC method
in current experiments measured the resistance of the battery under different
discharge states,  to ensure the accuracy of  the experiment and subsequent
simulations.

The calculations of the ohmic resistance and polarization resistance during
charging and discharging are shown in Equations (2-I) - (2-IV), where Rec and
Redc are the ohmic resistances during charging and discharging, and Rpc and
Rpdc are the polarization resistances during charging and discharging, Ic and
Idc are electric current during charging and discharging, respectively. During
the experiment,  the battery SOCs were set to 0,  0.20,  0.40,  0.60,  0.80,  and 1,
respectively, and three tests were carried out under each SOC for the purpose
of accuracy. 

Rec = ΔVc1/Ic (2-I)
 

Rpc = ΔVc2/Ic (2-II)
 

Redc = ΔVdc1/Idc (2-III)
 

Rpdc = ΔVdc2/Idc (2-IV)

 Aspect ratio optimization of bionic shark scales
The structure of  shark scale can reduce the flow resistance and enhance

the  heat  dissipation  effectively.  The  most  prominent  characteristic  of  the
shark  scale  is  regularly  distributed  with  ridged  protrusions  and  parabolic
grooves on its surface,34 as shown in Figure S2. The two-dimensional struc-
ture,  aligned  with  the  incoming  flow  of  shark  scales,  closely  resembles  the
concave  parabolic  rib  used  in  heat  transfer  and  also  functions  as  a  drag-
reduction  rib  in  fluid  mechanics.35 Concave  parabolic  ribs  related  to  drag
reduction is mainly due to diverse of the longitudinal flow and the transverse
flow.

The starting height  difference ∆h (∆h = hpl - hpc)  between the longitudinal
flow and the transverse flow is a crucial factor affecting the transverse flow,
as  illustrated  in Figure  S3.  It  was  concluded  that  the  maximum  possible
difference ∆h between the heights of the two ribs was ∆h = 0.132s, where s
is the lateral rib spacing. Consequently,  as s increases, the ∆h rises accord-
ingly. Due to the effect of enhanced obstruction of the longitudinal ribs on the
transverse flow, the fluctuation of the transverse flow near the surface would
be mitigated, and the associated momentum exchange and resistance would
also  be  decreased.  The  increase  in  the  thickness  of  the  viscous  sub-layer
corresponds  to  a  decrease  in  the  shear  stress  difference  ∆τ between  the
concave parabolic plate and the smooth plate. This reduction would lead to a
decrease  in  the  resistance  of  the  concave  parabolic  rib  test  plate,  and  the
quantitative  relationship35 between  the  height  difference  ∆h and  the  initial
slope of the drag reduction curve is as follows. 

Δτ
τ0

∝
Δh
s
s+ (3-I)

 

s+ =
suτ

ν
(3-II)

 

uτ = (τ0/ρ)
0.5 (3-III)

Where s + denotes the Reynolds number of the concave parabolic surface. v
represents the kinematic viscosity, s is the rib spacing, m, uτ is the wall fric-
tion  velocity  of  the  smooth  plate  under  the  same  flow  conditions, τ0 is  the
shear stress on the concave parabolic plate, and ∆τ is the difference of shear
stress between the concave parabolic plate and the smooth plate. A negative

value  of  ∆τ/τ0 corresponds  to  drag  reduction.  In  addition,  the  relationship
between the dimensionless fluid velocity u+ and the wall friction velocity uτ is
shown  in  Equation  (4),  where  the  average  Nusselt  number Nu of  the  fluid
swept  plate  and  the  Reynolds  number Re are  calculated  with  Equations
(5) & (6). 

u+ = u/uτ (4)
 

Nu= 0.664Re1/2
L Pr1/3 (5)

 

Re= ρu+ l/μ (6)

As  a  consequence,  when uτ decreases  of  drag  reduction,  leading  to  an
increase in u+, and both Re and Nu increase. The physical significance of Nu
is  a  parameter  that  quantifies  the  intensity  of  coefficient  of  the  convective
heat transfer of the fluid.

 Numerical simulation of battery thermal behavior
 Simplified  model  of  battery  heat  generation. A  commercial  software  of

Ansys Fluent  was  used  for  the  modeling,  and  the  heat  and  variable  coeffi-
cient of the convective heat transfer of the battery were realized through an
interpretive  user  defined  function.  To  simplify  the  model,  the  battery  heat
generation was only set  to resistance heating,  and the equation for  calcula-
tion is as follows: 

Q= I2Rpdc (7)

Where Q represents  the  total  battery  heat  generation, I is  the  electric
current, Rpdc is the polarization resistance during battery discharge.

The  total  battery  heat  generation  is  divided  by  the  volume  of  the  battery
core  to  obtain  the  volumetric  heat  source  for  the  core.  The  calculation  is
expressed as follows: 

q= Q/V (8)

Where q represents  the  volume  heat  source  of  the  battery  core, V is  the
core volume of the battery.

 Coefficient  of  convective  heat  transfer. The  natural  convective  heat
transfer on the outer  surface of  the battery was influenced by the tempera-
ture  of  incoming  flow  and  the  coefficient  of  convective  heat  transfer.  The
incoming flow temperature was set at room temperature 25 °C, and the coef-
ficient of convective heat transfer was determined by Equations (9-I)-(9-III). 

hwall = λair

Nu
l

(9-I)
 

Nu= c(Gr ·Pr)n (9-II)
 

Gr=
gl3βΔT

v2
(9-III)

The convective heat transfer of the battery was approximately taken from
the form of a transverse cylinder, and the flow state was turbulence. In Equa-
tion (9-II), c = 0.1，n = 0.33. β is the volume expansion coefficient, λair is the
thermal conductivity of air, the kinematic viscosity v and the Prandtl number
Pr are obtained by consulting the book of Heat Transfer.36 The size l is set to
80 mm, and g represents the gravity acceleration. It should be noted that the
empirical correlation was only used to predict the equivalent convective heat
transfer  coefficient  for  the  bare  battery  surface  under  natural  convection.
Considering the air-cooled cases with smooth or bionic PCM heat sinks, the
local  flow  and  heat  transfer  over  the  structured  PCM  surface  were  directly
resolved  by  the  CFD  model  through  the  governing  equations,  rather  than
being predicted by the empirical cylinder correlation.

 Governing  equations. Since the  model  involved  the  battery  heat  genera-
tion,  PCM phase transition and natural  convection processes,  the governing
equations were as follows:

The continuity equation is shown in Equation (10): 

∂ρ
∂ t

+∇ · (ρV) = 0 (10)
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The momentum equations are shown in Equation (11): 

x :
∂ (ρu)

∂ t
+∇ · (ρVu) = ∇ · (μVu)− ∂P

∂x
(11)

 

y :
∂ (ρv)

∂ t
+∇ · (ρVv) = ∇ · (μVv)− ∂P

∂y
(12)

 

z :
∂ (ρw)

∂ t
+∇ · (ρVw) = ∇ · (μVw)− ∂P

∂z
(13)

The energy equation is shown in Equation (14): 

∂ (ρT)
∂ t

+∇ · (ρVT) = ∇ · ( λ
cp

∇T)− ST

cp

(14)

 Modeling  of  PCM  thermal  behavior. The  thermal  conductivities  of
composite  PCM  in  solid  and  liquid  states  are  presented  in Figure  S4A.  The
heat capacity of PCM during the phase change was realized by the enthalpy
model, and the latent heat was represented by the variety of apparent specific
heat  capacity  with  temperature.  The  apparent  specific  heat  capacity  of  the
material  is  shown  in Figure  S4B.  In  order  to  simplify  the  heat  storage  and
release  processes  and  improved  the  simulation  efficiency,  the  following
assumptions were adopted in the BTMS simulation:

(1)  The  thermal  properties  of  the  battery  remained  unchanged  during
charging or discharging.

(2)  The  effects  of  external  radiation  between  the  batteries  and  their
surroundings were neglected during the experiments.

(3) The  composite  PCM  exhibited  a  good  shaping  effect,  and  its  subse-
quent flows after melting were confined during the experiment and could be
neglected.

(4) The ambient temperature was kept constant at 25 °C.
The thickness of PCM is about 5 mm, and the Reynolds number based on

the air velocity was calculated to be 11236, so turbulent flow model was used
in the simulation process. Both k-eplison and k-omega models were used to
simulate the process in a preliminary study,  and it  was found that k-eplison
model was more suitable, which is similar to the reported air cooling BTMS.37

The energy equation for the PCM was as follows: 

ρ
∂H
∂ t

= λ
∂ 2T
∂x2 (15)

The total specific enthalpy H was the sum of sensible heat and latent heat,
and was expressed as follows: 

H=

Tw
T0

cpdT+Lγ (16)

  
L= 0T< Ts

L= T−Ts
Tl−Ts

Ts < T< Tl

L= 0T> Tl

(17)

Where ρ is the density, λ is the thermal conductivity, H is the total enthalpy,
T0 is  the  temperature  at  which  the  enthalpy  value  is  0  kJ/kg, L is  the  liquid
phase fraction, γ is the latent heat, and Ts and T1 are the freezing and melting
temperatures of the PCM, respectively.

 RESULTS AND DISCUSSION
 Experimental analysis of battery thermal behavior

 Battery  discharge  performance. The  experiment  was  carried  out  to  test
the  battery  under  four  distinct  experimental  configurations  include  natural
convection, air cooling with a flow velocity of 1.3 m/s, air-cooled coupled with
PCM,  and  air-cooled  coupled  with  PCM  of  bionic  scales,  three  distinct
discharge  conditions  include  1C,  1.5C,  and  2C.  And  the  entire  experiments
were replicated twice to ensure the reliability and reproducibility of the results.

Figure  2A-D  presents  the  schematic  diagram  of  temperatures  of  each
measuring point, which are under diverse experimental configurations of the
battery during 2C discharge. The temperature variations for other conditions
of 1C and 1.5C are shown in Figure S5. Table S2 summaries the final temper-

atures of battery after the discharge experiments. The slight difference in the
time required to reach 50 °C between the air-cooled coupled PCM case and
the air-cooled coupled bionic PCM case is mainly caused by the minor exper-
imental fluctuations and the data recording interval. The battery temperature
can reach 50.54 °C under the condition of natural convection of 1C discharge,
while it can reach up to 77.51 °C during the 2C discharge. In the actual opera-
tion, batteries are highly susceptible to failure due to thermal runaway. When
an air-cooled system is  integrated into the battery pack,  its  heat  dissipation
performance is enhanced, and the temperature during 1C discharge eventu-
ally  stabilizes  at  43.36  °C.  However,  the  temperature  still  rises  to  57.17  °C
during  2C  discharge.  Subsequently,  the  self-developed PCM  was  incorpo-
rated into the air-cooled battery pack, resulting in a maximum temperature of
only 52.91 °C during 2C discharge. Finally, when the bionic-structured PCM is
integrated  with  the  air-cooling  system,  the  maximum  temperature  of  the
battery pack during 2C discharge is further reduced to 50.90 °C, nearly reach-
ing the safe operational range of battery.

Furthermore,  the  influences  of  the  ducts  on  the  temperature  distribution
across  various  locations  on  the  battery  surface  are  also  examined. Figure
2E&F shows the final temperature and velocity of each point at different posi-
tions of duct. In the experiment of natural convection of 2C discharge, the six
temperature measuring points A1 - A6 attached to the upper right battery all
comply with the rule of the highest temperature at the positive electrode and
the lowest at the negative electrode. The temperatures of the three points A4-
A6, located at 135°, are slightly lower than the three points A1-A3 at 315°. It is
assumed that  the  phenomenon could  be  attributed to  two factors.  Firstly,  it
could  be  due  to  the  lower  vertical  height  of  A4-A6,  so  the  air  temperature
within the duct  is  also lower than that  of  A1-A3,  consequently  leading to the
temperature  slightly  reduced  at  the  A4-A6.  Secondly,  it  might  be  due  to  the
uneven internal heating or heat transfer induced by manufacturing processes
and other  inherent  issues  of  the  battery,  particularly  the  apparent  tempera-
ture difference between A3 and A6. In the air-cooled experiment, the tempera-
ture at A1 is higher than A4, and the temperature difference between A3 and A6

is reduced. Considering the implementation of air cooling, it is assumed that
the observed phenomenon could be attributed to the differences in velocity at
various  positions  within  the  duct.  Therefore,  a  numerical  simulation  for  the
velocity was performed, with the measuring points positioned 5 mm outside
each point. The simulation results indicate that the flow velocity of A1 and A3

is faster than A4 and A6, which might make the temperature of A1 higher than
A4, but the temperature difference between A3 and A6 become smaller.

 Pressure  drop  of  air  duct. As  shark  scales  benefit  to  reduce  the  flow
resistance, so the structure of shark scale is integrated with the surface of the
PCM for the purpose of conducting the experiments of battery discharge. The
maximum  temperature  of  the  battery  pack  is  found  to  be  slightly  lower
compared to that of the smooth PCM. The phenomenon might be attributed
to the factor that the structure of the shark scale reduces the flow resistance
and enhances  the  heat  dissipation  of  the  battery  pack.  Therefore,  the  rele-
vant  experiments  were  carried  out  through  the  pressure  drop  test  device.
During  2C  discharge,  variations  in  the  duct  pressure  drop  were  recorded  in
real time using a pressure difference sensor. Under the condition of air cool-
ing with  a  flow  velocity  of  1.3  m/s,  three  sets  of  experiments  were  estab-
lished, i.e., non-wrapped PCM, wrapped smooth PCM, wrapped PCM of bionic
scale.  Each experiment  was repeated three times,  and the the curves in  the
following figure represent the averaged measurements.

The outcomes of the three sets of experiments are presented in Figure S6,
and the experimental data are summarized in Table S3. It can be seen from
the  experimental  results  that,  the  battery  pack  without  PCM  has  the  most
spacious  duct,  resulting  in  the  lowest  pressure  drop  of  the  air  duct.  After
wrapping the PCM, the pressure drop of the bionic PCM was reduced by 3.1%
compared  with  the  smooth  PCM.  The  decrease  in  the  pressure  drop  of  the
bionic PCM is in line with the relevant research,33-35 and the energy efficiency
could increase by about 4% with the bionic structure.

 Battery internal resistance. In the present study, HPPC tests were carried
out on battery at 1C, 1.5C, and 2C discharge rates for different SOC values of
0, 0.2, 0.4, 0.6, 0.8, and 1.0. Each set of experiments was repeated three times
to obtain the average values. The variations of voltage when SOC equaled 1
are  shown  in Figure  S7.  The  transition  of  the  test  voltage  of  the  battery  is
greater  when  the  SOC  at  full  charge  is  1.0  and  the  SOC  at  low  charge  is  0,
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indicating that the polarization resistance of the battery is greater at both full
charge and  low  charge  states.  This  is  consistent  with  the  battery  tempera-
ture  rise  observed  in  the  experiment.  The  polarization  voltage  of  high-rate
discharge  batteries  is  also  higher  than  that  of  low-rate  batteries,  which
explains why the heating of batteries is more intense at high rates.

 Simulation verification
 Mesh  independence  verification  of  single  battery. Mesh  independence

verification minimizes the computational workload and time while preventing
errors  caused  by  an  excessively  coarse  mesh.  Through  the  experiments  of
battery,  a simulation model for a single battery was developed for the mesh
independence  verification.  The  relevant  parameters  of  materials  of  current
model  are  shown in Table  S4. A  convection boundary  condition was estab-
lished on  the  outer  surface  of  the  battery,  with  the  incoming  flow  tempera-
ture  set  at  25  °C.  The  coefficient  of  the  convective  heat  transfer  was
computed using the UDF program. The time step was set to 1 s based on a
sensitivity  study,  with  a  100 maximum iterations per  step.  The residuals  for
the continuity equation and the velocity equation were set to 10−3, while those
for  the  energy  equation  were  set  to  10−6.  Similar  to  a  previous  study,38 the
number  of  mesh  was  110  000,  260  000,  and  570  000,  respectively.  A  2C
discharge simulation was performed with different numbers of mesh, and the
results of simulation are illustrated in Figure S8A. In consideration of the limi-
tations  of  computational  resources,  a  mesh  size  of  110,000  elements  is
chosen for the subsequent numerical simulations.

Given that  the  calculation  of  wall  shear  stress  is  required  for  the  subse-
quent bionic structural design, and the accuracy of wall shear stress is highly
depended on the mesh size of contact surface, a mesh independence verifi-
cation  of  the  wall  shear  stress  was  also  performed  for  the  battery  coupled
with air cooling and bionic PCM. In accordance with the previous study,38 the
mesh number of battery was set at 110 000,  and the total  mesh number of
model was 940 000, 1 390 000, 1 820 000, and 2 650 000 respectively, where
the bionic rib was thickened twice to make it  denser.  The results of simula-
tion  are  shown in Figure  S8B,  and the  mesh number  of  1  820 000 for  each
battery is selected for the subsequent numerical simulations, while the same
scheme of  mesh is  for  the  four  batteries.  All  the  mesh convergence  results
are listed in Table S5.

 Temperature  verification  of  mathematical  model. Upon  completion  of
mesh  independence  verification,  various  experimental  configurations  were
established  and  corresponding  simulations  were  performed.  The  simulated
temperatures  were  then  validated  against  battery  discharge  experiments.
Figure 3A-D presents the comparison of the temperature curves of the simu-
lated  and  experimental  batteries  at  measuring  points  A1-A3 located  at  the
135° on the upper right battery under 2C discharge. The other data under 1C
and 1.5C are listed in the attached Figure S9.

In  order  to  evaluate  the  reliability  of  the  developed model,  the  normalized
mean  bias  error  (NMBE)  and  the  coefficient  of  variation  of  the  root  mean
square error  (CVRMSE)  are  adopted  to  compare  the  numerical  and  experi-
mental results. Specifically, NMBE is used to measure the systematic devia-
tion of the model, indicating whether the predicted values generally overesti-
mate or underestimate the experimental data. Meanwhile, CVRMSE is applied
to characterize the dispersion and consistency of the discrepancies between
the  predicted  and  measured  values,  thereby  reflecting  the  robustness  and
predictive  accuracy  of  the  model.  The  mathematical  expressions  of  NMBE
and CVRMSE are given in Equations (18) & (19), respectively. 

NMBE(%) =
∑n

l (Texperiment−Tsimulation)

n ·Texperiment

×100% (18)
 

CVRMSE(%) =

√
[∑(Texperiment−Tsimulation)

2
/n]

Texperiment

×100% (19)

As shown in Figure 3E,  the NMBE and CVRMSE calculations indicate that
the values for  the 2C discharge are within the acceptable ranges of  5% and
15%,  respectively,  demonstrating  that  the  simulated  results  align  well  with
experimental data.

Table  S6 summarizes  the  comparisons  between  the  experimental  and
simulated  data.  The  difference  between  experimental  and  simulated  data
increases with the increase of battery discharge rate, but the maximum aver-
age temperature difference of  each group does not  exceed 2 °C.  The maxi-
mum  temperature  difference  appears  for  natural  convection  battery  at  2C
discharge,  and  the  difference  between  the  experiment  and  simulation  is
8.67%.  However,  during  actual  vehicle  operation,  the  system  would  provide

 

A B C

D E F

Figure 2.  Temperature variations at each measuring point of 2C battery discharge experiments (A) Natural convection; (B) Air cooling; (C) Air-cooled coupled with PCM; (D) Air-
cooled coupled with bionic PCM. Final temperature and velocity of each point at different positions of duct: (E) Natural convection of 2C discharge at A1-A6; (F) Air cooling of 2C
discharge at A1-A6.
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battery  level  protection,  so  generally  there  will  be  no  over  discharge  of  the
battery, which has little impact on the simulation.

 Pressure  drop  verification  of  mathematical  model. The  temperature
verification of the model was followed by a simulation of the pressure differ-
ence between the duct inlet and outlet, which was then compared with exper-
imental  results  for  validation.  The  experiment  measured  the  variation  in
inlet–outlet pressure  difference  during  2C  discharge  under  three  configura-
tions,  i.e.,  air  cooling,  air  cooling  coupled  with  PCM,  and air  cooling  coupled
with  bionic  PCM,  were  measured.  Each  measurement  lasted 1800 s,  with
three  repetitions  for  each  configuration.  The  results  are  compared  with  the
simulation outcomes, and the pressure difference are shown in Figure 4A-C
and summarized in Table S3.

The  observed  fluctuations  in Figure  4A-C are  caused  by  the  minor  varia-
tions in the fan speed, sensor noise, and airflow instabilities, with a maximum
variation of approximately ±0.1 Pa, which is consistent with the sensor accu-
racy.  The averaging data are applied to clearly present the overall  trend,  but
the underlying experimental data contain measurable fluctuations. The pres-
sure difference between the inlet and outlet of the air duct slightly increases
with  the progress of  the experiment.  This  is  because the heat  generated by
battery discharge heats up the air around the battery, increasing the volume
of air and leading to an increase in the pressure difference between the inlet
and  outlet.  The  simulated  data  of  pressure  difference  is  generally  smaller
than the experimental data,  mainly due to the wiring of thermo-couples and
imperfect  sealing  in  the  air  duct  during  the  experiment,  which  makes  the
experimental pressure difference larger. The data from multiple experiments
shows that the pressure difference of bionic PCM is slightly smaller than that
of  smooth  PCM,  which  is  consistent  with  the  simulation  data  results.  The
reduction  in  pressure  drop  provides  an  insight  to  reduce  the  fan  power
consumption in the larger scale application.

The temperature  distribution and flow velocity  distribution of  smooth and
bionic PCM under 2C discharge rate and 1.3 m/s flow velocity are shown in
Figures 4D-G. Comparing Figure 4(D-II) with Figure 4(E-II), it can be seen that
the temperature contour of  the battery becomes light for  bionic PCM, espe-
cially for upper left corner battery, indicating the heat transfer enhancement.
Comparing Figure  4(F-II)  and Figure  4(G-II),  it  is  found  that  the  velocity

streamline  becomes  compact  for  the  bionic  PCM,  which  should  benefit  for
the flow and heat transfer. The phonomenon can be attributed to the reduc-
tion of boundary layer for the bionic PCM.

 Battery heat dissipation optimization
The  preceding  experiment  examined  the  influence  of  duct  configurations

on battery  temperature,  and a  CFD model  was established,  which was then
validated against experimental data. In terms of optimizing the heat dissipa-
tion  of  bionic  structures,  in  addition  to  relying  on  experimental  data,  the
mechanism  of  heat  dissipation  enhancement  would  be  deeply  analyzed.
Meanwhile, in response to the issue of excessive weight in bionic structures,
the  application  of  PCM  in  the  preparation  of  bionic  structures  to  reduce
system  mass  and  improve  energy  density  would  be  explored.  As  a  result,
further  optimized  in  terms  of  axial  aspect  ratio,  lateral  structure,  rib  row
number, and rib arrangement are performed in the present study.

Following the model verification, a 2 × 2 × 2 battery pack was constructed.
By  the  simulation  results,  the  impact  of  the  fish  scale  structure  and  its
arrangement mode on the heat dissipation of the battery pack and the wind
velocity  at  various  positions  within  the  duct  would  be  explored.  The  battery
pack model is shown in Figure 5A & B. Single battery is with the diameter of
46  mm,  and  the  length  of  80  mm.  The  duct  size  is  135  mm×135  mm×
301 mm, with the battery pack positioned at the center of the duct. Given that
the  battery  pack  is  symmetrically  distributed  about  the  axis  of  the  duct,  the
investigations of the temperature and velocity of the battery can be focused
on the battery pack array. The model with an aspect ratio of 0.5 is used as an
illustrative  example,  and  the  distribution  of  measuring  points  on  the  battery
pack is  shown in Figure  5A & B.  On the  surface of  battery,  the  vertical  axial
direction and the right side of the front face are set as 0°.  Temperature and
velocity  measuring points  are  arranged in  the  air  and the  surface of  battery
and its extension line at angles of 0°, 45°, 90°, 135°, and 315° in the clockwise
direction.  Additionally,  in  the  axial  direction  of  the  battery  pack,  a  total  of  6
rows of measuring points are positioned at the surface of batteries.

 Aspect  ratio  optimization. According  to  Bechert's  theory,34 the  optimal
size of concave parabolic ribs for drag reduction under different aspect ratios
can be calculated based on the shear stress of a smooth surface at a given
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Figure 3.  Verification of temperature of simulated model at 2C discharge (A) Natural convection; (B) Air cooling; (C) Air-cooled coupled with PCM; (D) Air-cooled coupled with
bionic PCM. (E) Comparison of NMBE and CVRMSE between simulated and experimental temperatures

ARTICLE    Thermophysics & Energy   

8  　　　The Innovation Energy 3(3): 100182, July 24, 2026 www.the-innovation.org/the-innovation-energy

https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy


wind velocity. Based on the approach, the optimal rib sizes corresponding to
a wind velocity of 0.6 m/s are determined for aspect ratios of 0.5, 0.7, and 1.0.
The calculated parameters are presented in Table S7. According to the calcu-
lated  structural  parameters,  the  optimal  bionic  scale  size  corresponding  to
the wind velocity of 0.6 m/s is drawn, as shown in Figure 5C-E.

The  above  three  battery  packs  with  different  aspect  ratios  are  modeled,
and  heat  dissipation  simulations  are  performed  in  Fluent.  The  simulation
results  are shown in Figure 6. Table S8 shows that  the final  temperature of
the battery pack is lowest as 46.84 °C for the aspect ratio of 0.5, and highest
as  47.08  °C  for  the  aspect  ratio  of  1.0.  As  illustrated  in Figures  6(A-I),  (B-I),
and (C-I), the highest temperature appears at the positive electrode, while the
middle and negative electrodes exhibit the similar values, with the latter being
slightly lower. The axial average temperatures at each point are comparable,
and the maximum temperature difference within the battery pack is approxi-
mately  1.4  °C. Figures  6(A-II),  (B-II),  and  (C-II)  indicate  that,  except  for  the
axial  velocity at  135°,  which increases continuously with the duct depth,  the
axial  velocities at other angular positions decrease. At the positive electrode
of  the  first  battery,  the  wind  velocity  at  135°  is  not  the  highest,  which  is
because the airflow, upon entering the narrow flow channel near the positive
electrode, experiences strong disturbance at angles such as 0° and 90°, lead-
ing to locally increased velocities. As the airflow progressed downstream, the
laminar  sublayer  near  the  channel  wall  thickens  and  the  flow  resistance
increases, causing the airflow to converge toward the wider channel at 135°,
where the velocity continues to rise.

Among  the  three  models,  the  battery  pack  with  an  aspect  ratio  of  0.5
exhibits a higher axial wind velocity at 135° and a lower surface temperature.
Therefore, the configuration with an aspect ratio of 0.5 is chosen for subse-
quent optimization.

 Lateral  structure  optimization. Although  the  optimal  aspect  ratio  of  the
shark-scale rib has been determined,  the lateral  profile  of  the original  struc-
ture  remains relatively  simple  and triangular.  The sharp-edged profile  might
induce  the  local  flow  separation  and  additional  transverse  momentum  loss

when the  airflow  passes  through  the  confined  duct.  Therefore,  further  opti-
mization  of  the  lateral  rib  profile  is  required.  In  the  present  study,  the  core
bionic  concept  still  originates  from  the  shark-scale  riblet  structures,  which
regulate the near-wall  flow and viscous sublayer.  The nose profiles of  high-
speed train are not used as a direct analogy to train drag reduction under the
open-air high-Reynolds-number conditions. Instead, they are introduced only
as  the  representative  streamlined  geometries  with  smooth  curvature  and
gradual cross-sectional variation. Such geometric features can help guide the
local airflow around the rib surface, weaken the abrupt flow disturbance, and
improve  the  compatibility  between  the  rib  structure  and  duct-confined
airflow.  Sun  et  al.39 reported  that  different  streamlined  train  nose  profiles,
such  as  the  double-arch  wide-flat  shape,  single-arch  ellipsoid  shape,  and
spindle shape  with  a  front  cowcatcher,  can  affect  the  aerodynamic  resis-
tance by regulating the boundary-layer development and lateral flow distribu-
tion.

According to the geometric rationale, lateral profiles of Fuxing bullet train of
CR400AF, Fuxing bullet train of CR400BF and French TGV train were chosen
to optimize the cross-sectional  shape of  the shark-scale  ribs.  Based on the
aspect  ratio  of  0.5,  the  lateral  structure  of  fish  scale  was  optimized  and
designed. The relevant structures are shown in Figure 7A-C.

The  above  three  battery  packs  with  different  lateral  structures  were
modeled,  and  heat  dissipation  simulations  were  performed  in  Fluent.  The
simulation results are shown in Figure 7D-F. It can be seen from Figure 7D-F
and Table  S9 that  the  axial  temperature  distribution  and  wind  velocity  are
similar to those in previous section. The final temperature of the battery pack
with the lateral structure of CR400AF is the lowest at 46.24 °C, while that of
the CR400BF  is  the  highest  at  46.94  °C.  The  maximum  temperature  differ-
ences of the CR400AF and TGV battery packs are about 1.2 °C, whereas that
of  the  CR400BF  is  1.4  °C.  So,  the  axial  velocities  at  135°  are  comparable
among the models. In conclusion, the CR400AF battery pack exhibits a lower
surface  temperature  and  a  smaller  maximum  temperature  difference  of
about  1.2  °C.  Therefore,  the  model  of  streamlined structures  of  CR400AF is

 

A B C

D

E

F

G

I

I

II

II

I

I

II

II

Figure 4.  Verification of pressure drop of simulated model at 2C discharge (A) Air cooling; (B) Air-cooled coupled with PCM; (C) Air-cooled coupled with bionic PCM. Contours
of temperature distributions with 2C discharge: (D) Air-cooled coupled with PCM; (E) Air-cooled coupled with bionic PCM. (I: 720 s; II: 1440 s). Contours of velocity distributions
with 2C discharge in 1440 s: (F) Air-cooled coupled with PCM; (G) Air-cooled coupled with bionic PCM. (I: xz-direction; II: yz-direction)
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chosen for subsequent optimization.
 Row number optimization. The existing models are all  PCM coupled 12-

row  ribs  for  numerical  simulation  of  heat  dissipation.  The  influences  of
increasing or  decreasing the number of  rib  rows on heat  dissipation remain
unclear. In the present study, models with 11 and 13 rib rows are designed as

comparison groups in order to examine the effect of rib row number on the
heat dissipation of battery performance and to identify the optimal configura-
tion. By establishing the above three battery packs with different row number,
the  heat  dissipation  simulations  are  performed  with  Fluent.  The  simulation
results are shown in Figure 8A-C. It can be seen from Figure 8A-C and Table
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Figure 5.  Schematic diagram of measurement points (A) Front view; (B) Side view. Rib optimization with different aspect ratios: (C) Aspect ratio of 0.5; (D) Aspect ratio of 0.7;
(E) Aspect ratio of 1.0. (I: Full view; II: Front view; III: Battery covered with ribs.)
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S10 that the axial temperature distribution, wind velocity are similar to those
in previous two sections. In summary,  the final  temperature is the lowest of
the  battery  pack  with  13-row ribs,  which  is  46.18  °C,  and  the  highest  is  the
battery pack with 11-row ribs, which is 46.77 °C. The maximum temperature
difference of the battery pack of 11-row is about 1.4 °C, while that of 13-row
is 1.3 °C. The axial velocity of the 135° is similar. To sum up, the temperature

of the battery pack of the 13-row ribs is lower,  and the maximum tempera-
ture difference  is  about  1.3  °C.  Therefore,  the  model  of  streamlined  struc-
tures of 13-row ribs is chosen for subsequent optimization.

 Arrangement  mode  optimization. The existing models  are  PCM coupled
13-row ribs, with the fish scales are arranged in a sequential row for numeri-
cal simulation of heat dissipation. As for the influence of the rib arrangement
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Figure 6.  Simulation results of batteries with different aspect ratios (A) Aspect ratio of 1.0; (B) Aspect ratio of 0.5; (C) Aspect ratio of 1.0. (I: Battery final temperature; II: Wind
velocity)
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on  the  heat  dissipation  is  unclear.  The  model  of  13  rows  cross  of  ribs  is
designed as a comparison group to explore the influence of the rib arrange-
ment on the heat dissipation of the battery. Two battery packs with different
rib  arrangements  are  established,  and  their  heat  dissipation  performances
are simulated with Fluent. The simulation results are shown in Figure 8D & E.
It can be seen from Figure 8D & E and Table S11 that the axial temperature
distribution,  wind velocity are similar to those in previous section. The lower
final  temperature  of  the  battery  pack  is  with  13-row  cross  ribs,  being
46.11 °C,  and the higher  is  the battery pack with 13-row straight  ribs,  being
46.18  °C.  The  maximum  temperature  difference  of  the  battery  pack  of

straight is about 1.3 °C, whereas that of cross is 1.2 °C. The axial velocity at
135° is  close to each other.  The lower temperature of  the battery pack with
cross  ribs  is  due  to  the  cross-row  structure  inducing  lateral  eddy  currents
through lateral  displacement,  enhancing lateral  thermal  diffusion,  essentially
utilizing lateral forces. In all, the temperature of the battery pack of the 13-row
cross ribs is lower, and the maximum temperature difference is about 1.2 °C.
Therefore, the model of 13-row cross ribs is the optimal model obtained by

Through  multiple  simulation  optimization,  the  optimal  suitable  structure
and  arrangement  is  obtained,  with  a  fish  scale  aspect  ratio  of  0.5,  a  side
structure  of  CR400AF,  and 13 rows arranged in  a  cross pattern,  as  listed in
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Figure 7.  Rib  lateral  structure  optimization (A)  CR400AF;  (B)  CR400BF;  (C)  TGV  train.  Those  train  photos  are  from  Internet.  (I:  Fuxing  bullet  train;  II:  Structure  optimization.)
Simulation results of batteries with different lateral structures: (D) Lateral structure of CR400AF; (E) Lateral structure of CR400BF; (F) Lateral structure of TGV. (I:  Battery final
temperature; II: Wind velocity)
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Table S12. The average surface temperature of each point in the battery pack
can be controlled at 46.11 °C, and the maximum temperature difference can
be controlled at 1.2 °C.

 Practical application and limitations
The  proposed  bionic  PCM–air-cooled BTMS demonstrates  strong  poten-

tial  for  practical  electric  vehicle  applications,  particularly  under  moderate
airflow  conditions  where  traditional  air  cooling  or  PCM  wrapping  alone  is
insufficient.  By  combining  the  flexible  composite  PCM  with  bio-inspired
surface  structure,  the  system  achieves  effective  thermal  regulation  while
maintaining  relatively  low  flow  resistance.  In  addition,  the  bionic  PCM  heat
sink  can  be  fabricated  using  conventional  compression  molding  techniques
at  the  laboratory  scale,  with  the  main  additional  manufacturing requirement
being  a  customized  mold  containing  the  shark-scale  structure.  Since  the
characteristic  dimensions  of  the  bionic  geometry  is  at  the  millimeter  scale,
the proposed structure might be compatible with the scalable manufacturing
processes such as mold pressing and hot embossing.

From an economic perspective, the material consumption is similar to that
of conventional PCM wrapping, and the additional cost mainly arises from the
initial mold fabrication. However, the practical manufacturing and application
of the bionic PCM heat sink still  require further evaluation. In the large-scale
production,  the  consistency  of  rib  morphology,  mold  precision,  demolding
reliability, and possible rib deformation during production should be carefully
considered. In addition, the long-term shape retention of the bionic ribs under
repeated melting–solidification cycles, mechanical pressure, vehicle vibration,
and aging has not yet been verified. The thermal contact resistance between
the  PCM  heat  sink  and  battery  surface  might  also  change  during  the  long-
term operation.  Therefore,  although  the  proposed  structure  shows  prelimi-
nary  manufacturing  feasibility,  further  thermal  cycling  tests,  mechanical

durability tests, and large-scale battery pack integration studies are required
before the practical application in electric vehicle battery systems.

Nevertheless,  several  other  limitations  remain  in  the  present  study.  The
internal flow and natural convection of the melted PCM to improve the phase-
change heat  transfer  model  should  be  considered.  The practical  application
requires a trade-off between the thermal regulation performance and system-
level  energy  density  as  the  PCM  layer  increases  the  weight  of  BTMS.  The
proposed  system  has  only  been  verified  at  the  laboratory  scale,  and  long-
term durability, vibration resistance, thermal cycling stability, airflow sensitiv-
ity, and large-scale battery pack integration have not yet been investigated. In
addition,  the  optimization  strategy  adopted  in  current  work  is  sequential
rather  than  fully  multi-objective.  Although  this  approach  can  reveal  the
effects of individual geometric parameters, it might become inefficient when
more design variables and operational conditions are considered.

 CONCLUSIONS
 Summary

In the present study, the bionic shark-scale-inspired composite PCM heat
sinks  integrated  with  axial  air  cooling  are  systematically  investigated  for
lithium-ion  BTMS.  Rather  than  merely  improving  cooling  performance,  the
role  of  bio-inspired  surface  structures  in  simultaneously  regulating  heat
transfer and flow resistance in hybrid PCM–air-cooled BTMS is clarified. The
main conclusions are summarized as follows:

(1) A  synergistic  regulation  of  heat  transfer  enhancement  and  flow resis-
tance  mitigation  is  achieved  through  the  introduction  of  the  bionic  shark-
scale  PCM  surface.  Under  a  2C  discharge  condition,  the  maximum  battery
surface  temperature  is  maintained  at  50.90  °C,  corresponding  to  a  49.30%
reduction in temperature rise compared with natural convection. Meanwhile,
at an airflow velocity of 1.30 m/s, the duct pressure drop is reduced by 3.10%

 

A

B

C

D

E

Figure 8.  Simulation results of batteries with different row numbers (A) 11--row ribs; (B) 12--row ribs; (C) 13--row ribs. (I: Battery final temperature; II: Wind velocity). Simula-
tion results of batteries with different 13-row rib arrangements: (D) Straight ribs; (E) Cross ribs. (I: Battery final temperature; II: Wind velocity)
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relative to the smooth PCM configuration.
(2)  Systematic  parametric  optimization  demonstrates  that  the

thermal–hydraulic  performance  of  the  bionic  PCM  surface  is  controlled  by
the  coupled  design  of  rib  aspect  ratio  and  lateral  geometry.  When  the  rib
aspect ratio is set to approximately 0.5, effective matching between rib height
and  the  local  viscous  sublayer  thickness  is  achieved,  which  enhances  the
convective  heat  transfer  without  inducing  a  proportional  increase  in  flow
resistance.  In  addition,  streamlined  lateral  rib  profiles  promote  stable  axial
airflow  and  suppress  transverse  momentum  dissipation,  whereas  less
streamlined geometries generate stronger lateral disturbances. As a result of
this  combined  geometric  optimization,  the  CR400AF-inspired lateral  struc-
ture achieved the lowest average battery pack temperature of 46.24 °C.

(3) Thermal performance is further improved through coordinated surface
topology  optimization  rather  than  single-parameter  adjustment.  Increasing
the rib row number to 13 and adopting a cross-arranged configuration redis-
tribute the airflow more uniformly along the battery surface, thereby reducing
local  thermal  accumulation.  As  a  result,  the  lowest  average  battery  pack
temperature of 46.11 °C is obtained, accompanied by a maximum tempera-
ture difference of approximately 1.2 °C.

 Future pespective
In  future  work,  machine  learning  and  AI-assisted  optimization  methods

could  be  introduced  to  complement  CFD-based  simulations.  For  example,
CFD results can be used to train surrogate models, such as response surface
models,  Gaussian  process  regressions,  random  forests,  or  neural  networks,
to rapidly  predict  the  maximum  temperature,  temperature  difference,  pres-
sure  drop,  and  system  weight  under  different  bionic  geometric  parameters.
These  surrogate  models  can  then  be  coupled  with  genetic  algorithms,
Bayesian optimizations, or multi-objective optimization methods to search a
wider design space with lower computational cost.

Furthermore,  it  is  indispensable  to  extend  the  present  design  to  more
demanding  operational  scenarios,  including  higher  discharge  rates  and
elevated  ambient  temperatures,  to  further  evaluate  the  durability,  reliability,
and  safety  margins.  The  optimization  framework  should  also  be  expanded
toward  multi-objective  design  by  incorporating  the  thermal  performance,
pressure  drop,  system  weight,  manufacturability,  and  thermo-economic
considerations.  In  addition,  the  proposed  bionic  PCM  structure  should  be
further  explored  in  conjunction  with  liquid  cooling  or  heat  pipe-assisted
configurations for high-power battery modules.

 Nomenclature
A1-A9 Points for temperature measurement

C Battery discharge rate

c Coefficient of Nu calculation

cp Specific heat capacity (W·(m2·K))

Gr Grashof number

g Gravity acceleration (m/s2)

H Total enthalpy (kJ)

hwall Battery natural convection coefficient (W/(m2·K))

I Electric current (A)

Ic Electric current during charging (A)

Idc Electric current during discharging (A)

l Battery length (mm)

L Liquid phase fraction

M Measurement accuracy

m Mass (kg)

n Coefficient of Nu calculation

Nu Nusselt number

Pr Prandtl number

P Pressure (Pa)

ΔP Pressure difference (Pa)

Q Battery heat (W)

Re Reynolds number

Rec Ohmic resistances during charging (Ω)

Redc Ohmic resistances during discharging (Ω)

Rpc Polarization resistances during charging (Ω)

Rpdc Polarization resistance during discharge (Ω)

ST Internal heat source (W)

s Rib spacing (m)

s + Reynolds number of concave parabolic surface

T0 Temperature with zero enthalpy (°C)

Ts Freezing temperature of PCM (°C)

T1 Melting temperature of PCM (°C)

t Time (s)

uτ Wall friction velocity of smooth plate (m/s)

u+ Dimensionless fluid velocity

V Core volume of battery (m3)

Δh Height  difference  between  longitudinal  flow  and
transverse flow (m)

ΔVc1 Charging ohmic voltage (V)

ΔVc2 Charging polarization voltage (V)

ΔVdc1 Discharging ohmic voltage (V)

ΔVdc2 Discharging polarization voltage (V)

u,v,w Velocity (m/s)

Greek symbols

β Volume expansion coefficient

γ Latent heat (kJ/kg)

λ Thermal conductivity (W/(m2·K))

λair Thermal conductivity of air (W/(m2·K))

μ Dynamic viscosity (N·s/m2)

v Kinematic viscosity (m2/s)

ρ Density (kg/m3)

τ0 Shear stress on concave parabolic plate (Pa)

Δτ Shear  stress  difference  between  concave  parabolic
plate and smooth plate (Pa)

Abbreviation

BTMS Battery thermal management system

DSC Differential scanning calorimeter

HPPC Hybrid pulse power characterization experiment

PCM Phase change materials

SEM Scanning electron microscope

SOC States of charge

UDF User defined function
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