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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   Study proposes a thermal management system with cooling tubes for track slab temperature regulation.

■   Multiphysics model reflects hydraulic-thermal-mechanical mechanisms in Guangzhou's hot climate.

■   Cooling system reduces temperature difference by 70%, from 18.3°C to 6.7°C.

■   Vertical displacement decreases by 40%, from 0.156 mm to 0.099 mm.

■   Cooling tubes' heat transfer capacity reaches 2296 W, powered by renewable solar energy.
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High-speed railways suffer from engineering damage, such as cracks and
fractures,  which are caused by the high internal temperature stress of the
ballastless  track  slabs  in  hot  climates.  To  address  this  issue,  this  study
proposes  a  thermal  management  system  using  cooling  tubes  to  actively
regulate the temperature of the track slab. A multiphysics model of a high-
speed railway in Guangzhou is established to reflect the hydraulic-thermal-
mechanical mechanisms. Moreover, a full-scale experimental platform are
established  to  monitor  the  dynamic  temperature  distribution  of  the  track
slab  in  hot  climates  in  real-time  and  validate  the  numerical  model.  The
study demonstrates that the maximum temperature difference of conven-
tional ballastless track slabs can reach 18.3 °C,  and the uniformity coeffi-
cient (UC)  is  5.75.  However,  the  thermal  management  system  can  effec-
tively  reduce  the  temperature  difference  by  70%  to  6.7  °C,  and  the  UC  to
3.55.  The  corresponding  vertical  displacement  decreases  by  40%  from
0.156 mm to 0.099 mm. The cooling tube’s maximum heat transfer capac-
ity  is 2296 W,  which  is  powered  by  renewable  solar  energy.  Then,  the
factors that affect the system performance have been studied. This study
can  ensure  the  smooth  and  efficient  operation  of  high-speed  railways  in
hot climates.

 INTRODUCTION
Railways and high-speed railways play an important role in the economic

development  of  many  countries.1,2 Specifically,  in  China,  railways  contribute
significantly  to  the  structural  distribution  of  passenger  transportation,
accounting for 31.5% of the total in 2021.3 Given the ambitious national high-
speed railway development plan, which foresees the construction of numer-
ous additional railway lines in the future, the demands for enhanced comfort
and  safety  of  high-speed  railways  are  also  expected  to  rise  concomitantly.
Currently, the primary track types employed in high-speed railways are cate-
gorized into two distinct groups: ballasted track slabs4-6 and ballastless track
slabs.7-9 Given the ballastless track slab's advantages of high stability, supe-
rior  flatness,  and  low  maintenance  requirements,  it  has  progressively
emerged as the primary structural configuration for high-speed railways.10,11

Nevertheless, operational challenges arise when these slabs are deployed in
hot climates.  Specifically,  under  the influence of  elevated ambient  tempera-
tures and intense solar  radiation,  the surface temperature  of  the ballastless
track slab  experiences  a  sharp  increase,  resulting  in  a  significant  tempera-
ture  differential  between  its  upper  and  lower  surfaces.  This  temperature
gradient  subsequently  generates  high-temperature  stress  within  the  track
slab, significantly altering its internal structural characteristics and mechani-

cal  properties.  Manifestations  of  these  changes  include  longitudinal  forces
and deformations along the track's longitudinal axis, as well as the develop-
ment of cracks and fractures. Additionally, the temperature gradient along the
depth direction can trigger  temperature-induced warping deformation,  lead-
ing to interlayer separation (commonly referred to as "seam") within the track
slab.12-15 These  thermal-induced  damages  pose  significant  threats  to  the
durability,  ride  comfort,  and  safety  of  high-speed  railways.  Given  the  global
trend  of  climate  warming,16,17 the thermal  damage  phenomenon  in  ballast-
less  track  slabs  is  expected  to  become  increasingly  severe  in  the  future.
Therefore,  it  is  imperative  to  devise  effective  measures  to  mitigate  the
temperature differential between the track slab surfaces and mitigate railway
issues associated with hot climates.

A  thermal  management  system  is  designed  to  regulate  and  control
temperature or  temperature  gradients  through  heating  or  cooling  mecha-
nisms, tailored to the specific requirements of an object. Currently, its primary
applications  are  in  industrial  domains,  encompassing  power  batteries,18,19

digital  products,  and  the  like.  However,  research  on  thermal  management
pertaining  to  track  slabs  remains  scarce.  Existing  efforts  have  focused  on
passive temperature control  methods.20 For instance,  phase change materi-
als (PCM) have been incorporated into road construction. Jiang et al.21 intro-
duced a passive approach that employs PCM on the surface of track slabs,
developing a novel thermal insulation reflective coating utilizing organic-inor-
ganic  PCM.  This  optimized  PCM  coating  achieves  a  36%  reduction  in  the
surface  temperature  of  the  track  slab,  thereby  mitigating  the  concrete's
temperature  rise  and  the  temperature  gradient  within  the  ballastless  track
slab under high-temperature conditions. To address the thermal arching and
damage issues associated with Type II ballastless tracks in China, Zhang et
al.22 proposed  a  passive  method  involving  a  high  reflective  metal-ceramic
anticorrosive  coating.  Experimental  and  simulation  results  indicate  that  the
temperature gradient of the track slab with a 300 μm metal-ceramic anticor-
rosive coating decreased by 29%. Nevertheless, these passive solutions offer
only  limited  relief  from  the  high  surface  temperature  of  track  slabs,  lacking
the ability to actively and effectively manage the temperature field.

Active  thermal  management  of  track  slabs  represents  an  efficacious
approach to mitigating thermal damage in high-speed railways operating in
hot  climates.  One  such  approach  involves  the  embedding  of  tubes  within
road structures or concrete. Xiang et al.23 introduced a photovoltaic thermal-
ground  source  heat  pump  (PVT-GSHP)  system  tailored  for  solar  roads,
wherein  tubes  are  integrated  into  the  solar  road  and  interconnected  with  a
ground heat exchanger (GHE). This system effectively extracts heat from the
road, thereby reducing the temperature of photovoltaic cells (PVCs) and stor-
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ing the extracted heat in the soil to elevate soil temperatures. This approach
significantly  contributes  to  enhancing  the  efficiency  of  photovoltaic  power
generation  and  optimizing  the  operational  performance  of  ground  source
heat  pumps  (GSHPs).  Furthermore,  researchers  such  as  Zhou  et  al.24 have
explored the incorporation of cooling tubes in concrete to mitigate hydration
heat,  preventing  the  development  of  cracks  in  large  concrete  blocks  during
the  construction  phase.  However,  hydration  heat  originates  internally  and
concentrates at the center of the concrete mass, whereas the heat in ballast-
less track  slabs  primarily  results  from  solar  radiation  absorption,  concen-
trated on the surface. Given the distinct nature of heat generation and loca-
tion in these two applications, the cooling techniques employed differ signifi-
cantly.

In our previous study,25 we proposed an active temperature control method
wherein  cooling  tubes  are  strategically  positioned  near  the  upper  surface
within  the  track  slab.  These  tubes  are  connected  to  a  refrigeration  system,
allowing low-temperature water to circulate and dissipate heat from the track
slab,  thus  reducing  the  surface  temperature.  Our  results  indicate  that  this
approach can reduce the surface temperature difference of the track slab by
up to  approximately  70%  in  hot  regions,  effectively  regulating  the  tempera-
ture field  within  the  track  slab.  However,  our  previous  work  did  not  encom-
pass  the  design  and  integration  of  a  refrigeration  or  power  generation
system. Additionally, the previous two-dimensional modeling approach limits
our ability to comprehensively assess the performance of the active thermal
management  system.  To  address  these  limitations,  we  aim  to  develop  a
three-dimensional  model  that  incorporates  the  refrigeration  and  power
generation  systems,  enabling  a  more  comprehensive  evaluation  of  the
system's performance and optimization of its design.

Hence,  in  this  study,  a  comprehensive  thermal  management  system
encompassing both refrigeration and power generation subsystems is delin-
eated.  Additionally,  a  numerical  hydraulic-thermal-mechanical  coupling
model is formulated for the track slab in Guangzhou, aimed at investigating
the specific attributes of the temperature field, stress field, and pipeline flow
field of  the ballast-less track slab in a hot climate.  Subsequently,  an experi-
mental  platform  for  track  slabs  integrated  with  a  thermal  management
system  is  constructed  to  validate  the  developed  model.  Following  this,  a
detailed analysis is conducted to assess the temperature distribution, defor-
mation  characteristics,  and  operational  performance  of  ballast-less  track
slabs under the influence of a thermal management system in a hot climate.
Concurrently,  the  influential  factors  pertaining  to  thermal  management  are
examined.  This  research  endeavor  aims  to  mitigate  the  deformation  issues
stemming  from  uneven  temperature  distribution  in  ballast-less  track  slabs,
thereby  ensuring  the  unhindered  and  efficient  operation  of  high-speed rail-
ways in hot climates.

 THE BALLASTLESS  TRACK  SLAB  WITH  A  NOVEL  THERMAL  MANAGE-
MENT SYSTEM

A thermal management system of the track slab using cooling tubes can
solve engineering problems such as seams and fractures of high-speed rail-
way structure layer caused by uneven temperature distribution in the ballast-
less  track  slab  under  high-temperature  conditions.25 This section  will  intro-
duce  the  specific  structure,  detailed  principle,  and  operation  scheme  of  the
thermal management system.

 Principle of the thermal management system
High-speed  railway  lines  are  predominantly  located  in  open  fields,  and

instances  of  thermal  damage  to  these  lines  are  frequently  caused  by  the
combined  effects  of  intense  solar  exposure  and  high-temperature  weather
conditions.  To  address  this  issue,  the  proposed  temperature  regulation
system  capitalizes  on  the  abundant  solar  energy  resources  available  along
lines at risk of thermal damage. It harnesses solar power to drive a compres-
sion  refrigeration  module,  employing  water  or  refrigerant  as  the  circulating
medium to cool the ballastless track slab. By utilizing a clean and renewable
energy  source,  this  system  only  necessitates  the  initial  investment  for  the
solar  power  generation  equipment  and  incurs  minimal  maintenance  costs.
Furthermore, it operates without ongoing energy expenses and produces no
carbon  emissions,  thus  contributing  positively  to  environmental  protection.
The  proposed  thermal  management  system  comprises  three  modules:  a

track slab module, a refrigeration module, and a solar power module, as illus-
trated in Figure 1A.

The  refrigeration  module  is  the  cold  source  of  the  thermal  management
system,  as  shown  in Figure  1A.  It  produces  low-temperature  water  for  the
track slab module through a refrigeration unit. The refrigeration unit consists
of  a  compressor,  a  condenser,  a  throttling  device  and  an  evaporator.  The
refrigeration  principle  is  the  reversed  Carnot  cycle.27,28 The  evaporator  is
placed  in  the  cold  storage  tank  as  the  cold  source,  and  the  temperature
controller regulates it to produce the cooling water at a certain temperature.
Then  the  low-temperature  water  is  pumped  to  the  cooling  tube  inside  the
track slab module.

The solar power module is the power source of the thermal management
system,  as  shown  in Figure  1A.  The  power  is  generated  by  a  photovoltaic
panel using renewable solar energy. This module includes a solar controller, a
photovoltaic panel, a storage battery, and an inverter. Solar energy is directly
converted into electricity by the semiconductor interface of  the photovoltaic
panel.29 The inverter  converts  the  direct  current  generated  by  the  photo-
voltaic panel  into alternating current for the use of refrigeration module and
other devices.

The  operational  strategy  of  the  thermal  management  system  for  high-
speed railways is elaborated in detail for hot climatic conditions. When solar
radiation is  intense,  the  solar  power  generation  module  exhibits  high  effi-
ciency  and  generates  substantial  electricity,  converting  solar  energy  into
electrical  energy  to  drive  the  refrigeration  module  or  store  it  in  batteries.
When  the  temperature  sensor  detects  a  high  surface  temperature  of  the
track  slab,  the  refrigeration  module  automatically  activates,  pumping  low-
temperature  water  into  the  cooling  tube.  The  cooling  water  extracts  heat
from the track slab surface, thereby reducing the surface temperature of the
track slab and minimizing the temperature differential. Once the temperature
sensor  senses  that  the  track  slab  has  reached  an  appropriate  surface
temperature, the thermal management system automatically  ceases opera-
tion.

During overcast conditions with low solar radiation intensity, the efficiency
of  the  solar  power  generation  module  diminishes,  resulting  in  insufficient
power  generation.  In  such  cases,  the  stored  energy  in  the  batteries  can  be
combined to drive the refrigeration module. In fact, under low solar radiation
intensity, the surface temperature of the track slab is relatively lower, neces-
sitating  a  smaller  cooling  capacity.  During  nighttime when there  is  no  solar
radiation,  the  photovoltaic  panels  are  unable  to  generate  electricity,  and  the
track slab does not experience thermal damage issues, thus eliminating the
need for temperature regulation.

 Configuration and heat transfer of the track slab with cooling tubes
The track slab module diagram is shown in Figure 1. It consists of multiple

cooling  tubes  buried  near  the  upper  surface  of  the  track  slab,  which  can
actively  control  its  temperature  distribution.  The  tubes  are  made  of  copper
because  of  their  high  thermal  conductivity  (401  W∙m−1∙K−1)  among  metals.
The cooling tubes are arranged under the stirrup with a protective layer thick-
ness of 3~4 cm to reduce the impact of trains running on the railway.

Previous papers25 show that the polyline-buried cooling tube, which follows
the  upper  surface  of  the  track  slab,  has  a  better  cooling  effect  than  the
straight-buried  cooling  tube.  Therefore,  as Figure  1C  shows,  the  polyline-
buried cooling tube is used at  the cross-section with sleepers in this paper.
Besides, the straight-buried cooling tube is used at the cross-section without
sleepers  shown  in Figure  1B.  A  cooling  unit  consists  of  two  polyline-buried
cooling  tubes,  one  straight-buried  cooling  tube,  and  one  returning  tube.  As
Figure  1A  shows,  a  standard  CRTS II  track  slab  is  6.45  m long  and  can  be
buried with five cooling units in parallel through branch joints.

As shown in Figure 1D, the thermal management system aims to actively
regulate  the  internal  temperature  of  the  track  slab  by  using  convective  and
conductive heat transfer. Water flows inside the cooling tube to facilitate heat
transfer  because  of  its  high  specific  heat  capacity  (4200 J∙kg−1∙K−1)  and
stable cooling effect. In summer, low-temperature water flows in the cooling
tube  and  effectively  removes  the  heat  from  the  upper  surface  of  the  track
slab  through  the  following  processes:  non-isothermal  water  convection,
water-tube wall convection (Equation 1), tube wall conduction, and tube wall-
concrete  conduction  (Equation  2).26 This  way,  the  track  slab  can  withstand
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high ambient temperature and strong solar radiation, and its surface temper-
ature can be lowered actively.
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In the Equation 1, the first term on the left is an unsteady term, which indi-
cates  the  temperature  change  rate  over  time.  The  second,  third  and  fourth
terms are convection terms and represent heat transfer due to fluid motion.
The right-hand side of the equation is the diffusion term and represents heat
transfer due to fluid conduction.
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Figure 1.  Schematic diagram and principle of track slab module of the thermal management system (A) Overall diagram; (B) Diagram of a straight cooling tube; (C) Diagram of
a polyline cooling tube; (D) Heat transfer inside the track slab。
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where  is  time;  x,  y  and  z  are  coordinate  axes;  is  the  material  density,
;  is  the  specific  heat  capacity  of  the  material, ;  is  the

thermal conductivity of the material, .

 MATERIALS AND METHODS
To investigate the temperature field of track slabs, several methodologies

are commonly  employed,  including  analytical  solutions,  numerical  simula-
tions,  and experimental  tests.  When juxtaposed against  analytical  solutions,
numerical simulations exhibit an advantage in comprehensively and precisely
computing  the  three-dimensional  temperature  distribution  within  the  track
slab,  fluid dynamics within the cooling tubes, and soil  temperature patterns.
Furthermore, when compared to experimental testing, numerical simulations
facilitate easier  modifications  of  design  specifications  and  boundary  condi-
tions, thereby enabling an analysis  of  the impact  of  various factors.  Conse-
quently,  this  study  utilizes  the  finite  element  method,  implemented  via
COMSOL software, to construct a numerical model of the CRTS II plate-type
ballastless track slab and investigate its thermal management performances.

To ascertain  the veracity  of  the simulation results,  an experimental  setup
featuring  a  track  slab  equipped  with  a  thermal  management  system  has
been devised. This platform serves to evaluate system performance and vali-
date  the  simulation findings.  The present  section delves into  the  simulation
methodology,  parameter  configuration,  and  model  validation  through  the
experiment.  Additionally,  it  introduces  indexes  for  assessing  temperature
uniformity and energy consumption.

 Three-dimensional coupled hydraulic-thermal-mechanical model
 Physical  and  geometric  model. This paper  employs  COMSOL  Multi-

physics  software  to  simulate  the  interplay  between  the  temperature  field,
stress field, and non-isothermal pipeline flow within the ballastless track slab
of  a  Guangzhou  high-speed  railway.  The  ballastless  track  and  subgrade
model adhere  to  the  specifications  of  the  standard  CRTS  II  type  prefabri-
cated  track  slab,  which  measures  6.45  meters  in  length  and  supports  20
sleepers,  as  illustrated  in Figure  2A.  The  precise  dimensions  align  with  the
cross-section depicted in Figure 2C for the standard CRTS II ballastless track
slab.

Constructed  from  reinforced  concrete,  the  track  slab  has  a  width  of  2.55
meters  and  a  thickness  of  0.2  meters.  The  cement-emulsified  asphalt  (CA)
mortar layer is 2.55 meters wide and 0.03 meters thick. Beneath this, a plain
concrete bearing  layer  spans  3.25  meters  in  width  and 0.3  meters  in  thick-
ness.  To  minimize  discrepancies  between  the  computational  domain  and
actual semi-infinite soil conditions, the simulated ground domain extends to
7 meters in width and 20 meters in depth. The subgrade comprises viscous
loess  positioned  below  the  bearing  layer. Table  1 details  the  calculated
parameters for the track slab, CA mortar layer, bearing layer, and subgrade.

 Parameters and boundary conditions. The solid heat transfer module in
Comsol  software is  used to  simulate  the three-dimensional  heat  transfer  in
the track slab, and the transient heat transfer is governed by Equation (3). 

ρsCp,s

∂Ts

∂ t
+ρsCp,sv ·∇Ts+∇ ·q= Q+Qted (3)

 

q=−ks∇Ts (4)

Ts ρs

kg/m3 Cp,s

J/(kg ·K) v m/s Q W ks
W/(m ·K)

where  is the solid temperature at each physical layer, °C;  is the density
of the solid at each physical layer, ;  is the specific heat capacity of
the solid, ;  is the velocity vector, ;  is the heat source, ; 
is the thermal conductivity of the solid, .

The boundary conditions of the three-dimensional geometric model are set
as follows: both sides of the foundation (AH and FG sections in Figure 2C) are
adiabatic  boundaries.30 The  bottom  of  the  foundation  (HG  section  in
Figure  2c)  is  a  constant  soil  temperature  of  20.0  °C.31 The  surfaces  of  the
foundation  (sections  AB  and  EF  in Figure  2c)  have  a  given  ground  surface
temperature. The upper surface of the track slab (sections BCDE in Figure 2c)
absorbs solar radiation with the radiation absorption rate of 0.6.32 The upper
surface of the track slab also has a convective heat transfer with the air,  as
shown  in  Equation  (6).  According  to  experimental  results  in  the  literature,33

the  convective  heat  transfer  coefficient  on  the  concrete  surface  can  be
calculated from the wind speed. In addition, the track slab will also emit heat
radiation,  and  its  radiation  heat  transfer  can  be  determined  according  to
Stefan-Boltzmann’s  formula,34,35 and  the  effective  radiation  heat  flux  of  the
track  slab  surface  in  the  air  is  calculated  according  to  Equation  (8).  The
ambient  temperature,  ground  surface  temperature,  solar  radiation  intensity,
and wind speed required for boundary conditions are all derived from hourly
data from meteorological databases36 in typical years. 

qsr = aQs (5)

qsr

W/m2 a
Qs W/m2

where  is  the heat flux radiated by the sun to the surface of  a track slab,
;  is the absorption rate of solar radiation on the surface of the track

slab;  is the solar radiation intensity, . 

qch =−λ∂Ts

∂n
= h(Ta−Ts) (6)

 

h= 3.06uw+4.11 (7)

qch

W/m2 Ta h
W/(m2 ·K) uw

m/s

where  is the heat flux of convective heat transfer between track slab and
environment, ;  is  the  air  temperature  at  the  boundary, °C;  is  the
heat transfer coefficient of the track slab surface, ;  is the wind
speed, . 

qrh = εσ
[
(Tsky+273.15)4− (Ts+273.15)4

]
(8)

 

ε =
1

1
εc

+
1
εa

−1
(9)

 

Tsky = Ta−14 (10)

qrh

W/m2 Tsky σ
5.67×10−8W/(m2 ·K4) ε

εc = 0.88
εa = 0.88

where  is the heat flux of radiative heat transfer between the track slab and
the environment, ;  is the sky effective temperature, °C;  is Stefan
Pohl's Hertz constant, ;  is the net blackness coeffi-
cient,  calculated  according  to  Equation  (9),  where  the  concrete  blackness
coefficient  can  be ,  the  atmospheric  blackness  coefficient  is

.
To  study  the  deformation  of  the  track  slab  simultaneously,  the  solid

mechanic’s module in Comsol software is adopted, and its governing equa-
tion is as shown in Equation (11). 

ρs

∂ 2u2

∂ t2
= ∇ ·σ+Fv (11)

ρs kg/m3 u2

σ N/m2 Fv N
where  is  the  density  at  each  physical  layer, ;  is  displacement
field;  is stress, ;  is bulk load, .

To  couple  solid  heat  transfer  and  solid  mechanics,  a  multi-physical  field
coupling  module  of  thermal  expansion  should  be  added.  The  governing
equation for this module is shown in Equation (12). 

εth = α(T)(Ts−Tref) (12)

εth α(T)
1/K Ts

Tref

where  is a linear strain caused by temperature changes;  is the linear
expansion coefficient of the material, ;  is the temperature of the physi-
cal  model, °C;  is  the  initial  reference temperature  of  the  physical  model,
°C.

To  simplify  the  calculation,  only  the  structural  layers  above  the  subgrade
(track  slab,  CA  mortar  layer,  and  bearing  layer)  are  set  in  the  calculation
domain  of  the  solid  mechanical  physical  field.  Specifically,  the  bottom
boundary BE is  set  as a fixed constraint;  the side boundary is  supported by
the roller shaft, and the other boundary is free.

The non-isothermal pipe flow module in Comsol software is used to simu-
late the heat transfer of the cooling tube in the thermal management system,
and its governing equations are as follows: Equations (13) to (15). 

∂Aρf

∂ t
+∇g(Aρfuf) = 0 (13)

 

ρf

∂uf

∂ t
=−∇pf−

1
2
fD
ρf

dh

|uf|uf (14)
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ρfACp,f

∂Tf

∂ t
+ρfACp,fufg∇Tf = ∇gAkf∇Tf+

1
2
fD
ρfA
dh

|uf|
3
+Qwall (15)

ρf kg/m3 ufwhere  is the fluid density, ;  is the average cross-sectional veloc-

m/s pf N/m2 Cp,f

J/(kg ·K) Tf kf

W/(m ·K) dh m

ity of fluid, ;  is the fluid pressure, ;  is the specific heat capac-

ity of the fluid, ;  is the temperature of the fluid, °C;  is the ther-

mal  conductivity  of  the  fluid, ;  is  the  hydraulic  diameter, ;

 

The outlet of the cooling tube 

6.45m

25
50

Unit: mm

A B

D

C

E

Figure 2.  Numerical model of a ballastless track slab with the thermal management system (A) Three-dimensional geometric model of the track slab; (B) Diagram of cooling
tube  arrangement;  (C)  The  cross-section  of  the  geometric  model  of  the  track  slab;  (D)  Outlet  water  temperature  and  monitoring  point  temperature  under  different  mesh
schemes; (E) The final grid distribution.
 

Table 1.  Properties of each structure layer

Structure layer Density
(kg·m-3)

Thermal conductivity
(W·m-1·K -1)

Specific heat capacity
(J·kg-1·K -1)

Coefficient of linear
expansion (1·K -1)

Young's modulus
(Pa)

Track slab 2551 2.33 920 10×10−6 35.5×109

CA mortar layer 1800 1.43 1050 10×10−6 24×109

Bearing layer 2300 1.80 970 10×10−6 32×109

Subgrade 1650 1.78 1500 / /
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1
2
fD
ρf

dh

|uf|uf Qwall represents  the  pressure  drop  due  to  viscous  shear;  is  the

heat source term of the tube wall.
The cooling tube is  a  copper  pipe  with  an inner  diameter  of  6  mm and a

wall thickness of 1 mm. As shown in Figure 2B, a cooling unit consists of four
parallel  cooling  tubes,  and  multiple  cooling  units  are  connected  in  parallel.
The  cooling  tube  passing  through  the  sleeper  is  polyline,  and  that  passing
through  the  sleeper  is  straight,  as  shown  in Figure  1. The  boundary  condi-
tions are set as follows: the inlet flow rate of the cooling tube is 0.6 m/s, and
the  inlet  temperature  is  25  °C.  The  outlet  boundary  is  heat  outflow  and  a
standard atmospheric pressure of 101325 Pa. The wall of the cooling tube is
set as a wall layer to simulate the conductive heat transfer.

In  this  paper,  the initial  non-uniform soil  temperature is  calculated by the
30-year’ heat  transfer  simulation  between  the  air  and  the  land.  Then,  the
dynamic temperature field of the high-speed railway track slab and subgrade
is simulated hourly by applying the above boundary conditions. Starting from
August  1,  the  coupling  simulation  of  the  three  physical  fields  of  hydraulic,
thermal,  and  mechanical  is  carried  out  for  the  newly  built  track  slab  with  a
thermal management system. The simulation takes one hour as a step,  the
simulation  time  is  the  whole  month  of  August,  and  the  relative  tolerance  is
set as 0.0001.

 Grid sensitivity analysis. To determine the appropriate mesh, the calcula-
tion accuracy of models with different mesh qualities is investigated for the
steady-state  calculation.37 The  corresponding  grid  number,  the  outlet  water
temperature  of  the  cooling  tube,  the  monitoring  point  temperature  in  the
track slab, and the calculation time are shown in Table 2 and Figure 2D.

Through grid sensitivity analysis,  it  can be found that the normal grid can
achieve  similar  calculation  results  as  the  fine  ones,  and  its  grid  number  is
significantly reduced compared to the fine ones. So, the normal grid not only
reduces  the  calculation  time,  but  also  makes  the  calculation  results  more
accurate. Therefore, an extremely fine grid is used near the cooling tube, and
a normal grid is used for the rest calculation domain. The whole model has
139,113 grids, as shown in Figure 2E.

 Full-scale experiment of the ballastless track slab
To ensure  the  accuracy  of  simulation  results,  we  established  a  test  plat-

form  of  CRTS  II  plate-type  ballastless  track  in  Zhuhai,  where  has  similar
climate  to  Guangzhou.  Real-time  observation  of  track  slab  temperature
changes  was  conducted,  and  the  experimental  findings  were  subsequently
utilized to validate our model.

 Experimental setup. A segment of a standard CRTS II slab, incorporating
two  longitudinal  sleepers,  was  constructed  as  depicted  in Figure  3.  The
structure  was  layered  successively  from  the  bottom  up,  consisting  of  the
subgrade  bearing  layer,  CA  mortar,  and  track  slab.  Six  copper  tubes,  each
with a 6 mm inner diameter, were embedded 3 cm beneath the surface of the
track  slab  to  serve  as  cooling  tubes.  Additionally,  a  connector  for  the  main
tube  was  specially  designed  to  interface  with  the  refrigeration  module.  The
temperature monitoring setup included the TOPRIE1000 temperature acqui-
sition instrument, which was interfaced with 48 T-type thermocouples posi-
tioned in the upper, middle, and lower sections of the track slab. This config-
uration allowed for temperature measurements with an accuracy of ±0.5 °C.

The  refrigeration  module  comprises  a  120  W  compressor,  an  air-cooled
condenser,  a capillary tube serving as a throttling device, and a copper tube
evaporator.  These  components  are  assembled  as  illustrated  in Figure  1B.
The  refrigeration  system  is  charged  with  R134a  refrigerant  to  facilitate  the
cooling cycle.  Meanwhile,  the solar  power module includes a 200 W single-
crystal solar photovoltaic panel, a 200ah storage battery, a solar controller, an

inverter,  and  a  supporting  photovoltaic  bracket.  The  connection  of  these
elements follows the schematic shown in Figure 1A. The integrated setup of
the refrigeration module and solar module is presented in Figure 3A.

 Testing  result  and  validation. Firstly,  the  temperature  distribution  of  the
track slab without a thermal management system was monitored under hot
climatic conditions. Under intense solar radiation, the surface temperature of
the track slab experienced a significant  increase,  peaking at  53.2 °C at  1:00
pm. In contrast, the bottom temperature reached its maximum of 37.7 °C five
hours  later,  specifically  at  6:00  pm.  This  observation  indicates  a  five-hour
delay between the peaks of the upper and lower temperatures. Further analy-
sis  revealed  that  the  maximum  temperature  difference  between  the  upper
and lower surfaces of the track slab occurred at 2:00 pm, reaching a value of
18.7 °C.

Then, the temperature distribution of  the track slab equipped with a ther-
mal  management  system  was  closely  monitored  through  field  full-scale
experiments conducted in a hot climate.  The operational  period of  the ther-
mal management system was designated from 10:00 to 16:00, during which
the refrigeration temperature of the compressor was maintained at 15 °C. A
comparative  analysis  was  conducted  by  positioning  one  sleeper  under  the
control of the thermal management system, while the other sleeper remained
without such a system. As depicted in the infrared camera image (Figure 4B),
the  temperatures  recorded  near  the  sleeper  with  thermal  management  and
without  thermal  management  were  33.9  °C  and  47.6  °C,  respectively.  This
comparison provides insights into the effectiveness of the thermal manage-
ment  system  in  regulating  the  temperature  of  the  track  slab.  According  to
Figure  4A,  based  on  the  experimental  data,  the  temperature  differential
between  the  upper  and  lower  surfaces  of  the  track  slab,  in  the  absence  of
thermal  management,  ranges  from  9.7  °C  to  18.7  °C.  Conversely,  when
equipped with a thermal management system, the temperature difference is
significantly  reduced,  ranging  from  1.0  °C  to  7.0  °C.  This  demonstrates  the
efficacy of the thermal management system in minimizing both the surface
temperature and the temperature gradient within the track slab.

Concurrently,  the  experimental  setup  was  utilized  for  model  validation.  A
numerical  model  of  the  experimental  platform  was  constructed,  and  the
recorded meteorological data was utilized as input to simulate the tempera-
ture field of the track slab without a thermal management system. Figure 4C
presents  a  comparative  analysis  of  the  track  slab  surface  temperature
obtained from  both  experimental  and  simulation  methods.  The  experimen-
tally measured upper surface temperature of the track slab ranged between
29.1 °C and 53.2 °C, while the corresponding simulated values spanned from
29.8  °C  to  53.5  °C.  Similarly,  the  experimentally  recorded  lower  surface
temperature  varied  from  31.5  °C  to  37.7  °C,  while  the  simulated  range  was
32.2  °C  to  38.8  °C.  Both  experimental  and  simulation  results  exhibited
comparable  trends. Figure  4D  further  compares  the  temperature
nephograms of the track slab at 1:00 pm, revealing a substantial consistency
between  the  results  of  both  methods.  These  experimental  findings  validate
the accuracy and reliability of the adopted simulation methodology.

 Evaluation indexes
To evaluate the temperature controlling effect of the thermal management

system, several evaluation indexes are defined. Temperature gradient (gradT)
and uniformity coefficient (UC) evaluate the temperature uniformity within the
track  slab.  The  heat  transfer  rate  and  the  total  heat  transfer  indicate  the
energy consumption of the thermal management system.

The temperature gradient  in  the track slab is  the ratio of  the temperature
difference to the distance between two points in the track slab, which can be

 

Table 2.  Grid sensitivity analysis

Mesh scheme Grid number Outlet water temperature Temperature of the monitoring point Time consumption

Extra coarse 39964 30.17°C 50.11°C 1min 4s

Coarser 49154 30.20°C 49.65°C 1min 5s

Coarse 58740 30.09°C 50.41°C 1min 7s

Normal 139113 29.83°C 51.13°C 3min 35s

Fine 808782 29.80°C 51.27°C 32min 5s
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calculated by Equation (16). 

gradT=
ΔT
Δd

(16)

m
where ∆T is the temperature difference between two points in the track slab,
ºC; ∆d is the distance between two points in the track slab, .

UC is the standard deviation of temperatures of typical points in the track
slab, which can be calculated by Equation (17). 

UC=

√
1
n

[(
T1−T

)2
+
(
T2−T

)2
+ · · ·

(
Tn−T

)2
]

(17)

n T1,2,3·····n

T
where  is  the  number  of  sampling  points  in  the  track  slab;  are  the
temperatures of each sampling point, ºC;  is the average temperature in the
track slab domain, ºC.

A  large  gradT  and  a  large  UC  indicate  a  low  uniformity  of  temperature
distribution in the track slab, and vice versa.

The heat transfer rate is the heat transfer capacity of the cooling tube per
meter in length, which is calculated by Equation (18). 

q=
Q
L

(18)

W
m

where Q is the total heat transfer of the cooling tube, ; L is the length of the
cooling tube, .

The  total  heat  transfer  is  the  sum  of  the  heat  transfer  of  all  the  cooling
tubes  in  the  thermal  management  system,  which  is  calculated  by  Equation
(19). It is mathematically equivalent to the integral of the heat transfer rate in
the length. In COMSOL, we can obtain the value from line integrals. 

Q= ∑Qt1+Qt2+Qt3+Qt4+ · · · · · ·Qtn (19)

Qt1 Qt2 Qt3 Qt4 · · · · · ·Qtn

W
where , , , ,  is heat transfer capacity of each cooling tube,

.

 RESULTS AND ANALYSES
To  fully  reflect  the  control  effect  of  the  thermal  management  system  on

the temperature and deformation of the track slab, a coupled hydraulic-ther-
mal-mechanical  ballastless  track  slab  model  with  thermal  management
system  has  been  established.  The  three-dimensional  temperature  field  and
stress  field  of  the  track  slab,  and  internal  hydraulic-thermal  coupling  field
inside  the  tube buried  in  the  track  slab  will  be  simulated and analyzed.  The
three-dimensional  temperature  field  can  reflect  the  temperature  control
effect  of  the  thermal  management  system  on  the  track  slab.  The  three-
dimensional  stress  field  will  reflect  the  stress  distribution  of  the  track  slab,
and show the improvement of temperature control on the mechanical perfor-
mance of the track slab. The hydraulic-thermal coupling field inside the cool-
ing tube buried in the track slab reflects the cooling performance and energy

consumption characteristics of the thermal management system. Therefore,
this  section  will  comprehensively  analyze  the  temperature  regulation  and
deformation control effect of the ballastless track slab with thermal manage-
ment under hot weather.

 Three-dimensional temperature field of the track slab
The three-dimensional temperature field of the track slab without and with

thermal  management  system  is  shown  in Figure  5A  &  B.  The  thermal
management system effectively reduces the overall temperature of the track
slab.

The temperature  distribution  of  the  track  slab  and  its  dynamic  tempera-
ture  variation  over  time  in  August  are  analyzed  in  this  section. Figure  5C
shows the temperature changes of the upper and lower surfaces of the track
slab  with  and  without  the  thermal  management  system.  The  thermal
management system significantly reduces the upper surface temperature of
the track slab but has little effect on the lower surface. Specifically, the upper
and lower  surface  temperatures  of  the  track  slab  without  thermal  manage-
ment varies greatly, and the temperature of the upper surface (25.5 ~54.7 °C)
is much higher than that of the lower surface (28.4 ~41.1 °C). With the ther-
mal management system, the temperature of the upper surface (25.1 ~39.0
°C)  is  much  smaller  than  before,  and  the  temperature  range  of  the  lower
surface is 27.0 ~35.8 °C. This is because the cooling tube is placed closer to
the upper surface of the track slab, which has a stronger cooling effect on the
upper surface to reduce the surface temperature. Figure 5D shows the corre-
sponding temperature difference between the top and lower surfaces of the
track  slab.  Thermal  management  greatly  reduces  the  surface  temperature
difference of the track slab. In particular,  the surface temperature difference
of the track slabs without thermal management ranges in -6.4 °C ~ 18.3 °C,
and that with thermal management ranges in -5.4 °C and 6.7 °C.

Y-Z  cross-section  temperature  nephograms  of  the  track  slab  with  and
without  the  thermal  management  system  at  2:00  pm  on  August  20,  as
shown in Figure 5E & F. The central temperature at the upper surface of the
track  slab  without  the  thermal  management  system  is  as  high  as  54.7  °C,
and  the  central  temperature  at  the  lower  surface  is  about  36.4  °C.  The
temperature difference between them is 18.3 °C, and the temperature gradi-
ent  along  the  depth  direction  is  0.915  °C/cm.  At  noon,  due  to  the  higher
ambient temperature and stronger solar radiation, the upper surface temper-
ature of the track slab is higher than the lower surface temperature, and the
temperature  difference  reaches  the  daily  maximum.38-41 In  contrast,  the
central  temperatures  of  the  upper  and  lower  surface  of  the  track  slab  with
thermal management system are controlled at  39.0 °C and 32.3 °C respec-
tively. The temperature difference between them decreases by nearly 65% to
6.7  °C,  and  the  temperature  gradient  along  the  depth  decreases  to  0.335
°C/cm. Therefore, thermal management technology by adding cooling tubes
can  significantly  reduce  the  temperature  gradient  along  the  depth  and

 

Refrigeration module TOPRIE 1000
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Figure 3.  Experimental setup (A) Thermal management system overview; (B) Cooling tube arrangement
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temperature  difference  between  the  upper  and  lower  surfaces  of  the  track
slab.

Figure  5G  &  H  shows  the  comparison  of  X-Z  cross-section  temperature
nephograms  of  the  track  slab  with  and  without  the  thermal  management
system. Along the length, the temperature is lower near the cooling tube. This
has two effects: first, the surface temperature of the track slab with thermal
management is  lower  than  that  of  the  track  slab  without  thermal  manage-
ment.  Second,  the  temperature  gradient  in  the  depth  direction  of  the  track
slab  with  thermal  management  is  smaller  than  that  without  thermal
management.

In the three-dimensional field of the track slab, points are selected every 4
cm in the x, y and z axis, and a total of 50,800 points are uniformly selected to
calculate the  UC  of  the  track  slab  by  equation  (17).  The  thermal  manage-
ment  system  can  reduce  the  temperature  unevenness  of  the  track  slab.
Specifically, the average temperatures in the track slab with and without ther-
mal  management  are  36.3  °C  and  43.9  °C  respectively.  The  corresponding
UC of the track slab with and without thermal management is 3.55 and 5.75
respectively.

Without thermal management, a ballastless track slab has a large temper-
ature difference between its upper and lower surfaces in a hot climate, lead-

ing to a large temperature gradient along its depth. This makes the tempera-
ture distribution of the track slab uneven. The thermal management system
can  lower  the  surface  temperature  of  the  track  slab  effectively,  and  thus
reduce both  the  surface  temperature  difference  and  the  temperature  gradi-
ent along its depth. This makes the temperature distribution of the track slab
more uniform along its depth.

 Three-dimensional displacement field of the track slab
Thermal  damages  in  ballastless  track  slabs  are  attributed  to  excessive

temperature  gradients  and  displacement  along  the  depth  direction.  This
section  delves  into  the  displacement  characteristics  of  the  track  slab  along
the depth direction (the z-axis). Figure 6A & B presents a comparative analy-
sis  of  the  three-dimensional  deformation  of  the  track  slab  along the  z-axis,
both without and with the implementation of a thermal management system.
Notably,  the  incorporation  of  the  thermal  management  system  significantly
reduces the overall vertical displacement of the track slab.

Figure  6C  depicts  the  deformation  in  the  depth  direction  on  the  upper
surface  of  the  track  slab,  comparing  scenarios  with  and  without  thermal
management  during  the  month  of  August.  In  the  absence  of  thermal
management, the deformation in the depth direction is substantial, spanning
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Figure 4.  Testing result and validation (A) Temperature differences between upper and lower surfaces of track slab; (B)Thermal imaging on the surface of the track slab; (C)
Comparison of dynamic track slab surface temperature between experiment and simulation; (D) Comparison of track slab temperature nephogram at 13:00 between experiment
and simulation
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a range from 0.068 mm to 0.156 mm. Conversely, with the implementation of
thermal  management,  this  deformation  is  notably  diminished,  ranging  from
0.044 mm to 0.099 mm. A comparative analysis reveals that the depth-wise
deformation  of  the  track  slab  with  thermal  management  is  reduced  by
approximately 40%  compared  to  its  counterpart  without  thermal  manage-
ment.  This  significant  reduction  underscores  the  effectiveness  of  thermal
management in minimizing track slab deformation along the depth direction,
thereby mitigating the potential for warping.

In this study, the track slab without a thermal management system attains
its  peak  vertical  displacement  at  17:00  on  August  30. Figure  6D presents  a
comparative analysis of the Y-Z cross-sectional contour nephogram, depict-
ing  the  depth-wise  deformation  of  the  track  slab  both  with  and  without  a
thermal management system at this specific time. As evident from Figure 6D,
the absence of  a  thermal  management  system results  in  an  upward defor-
mation of 0.156 mm at the central upper surface of the track slab, indicating
the influence of temperature stress. Conversely, the introduction of a thermal
management  system  mitigates  this  deformation,  reducing  it  to  0.099  mm.
This observation underscores the efficacy of thermal management systems
in  mitigating  temperature-induced  deformations  in  track  slabs.  In  hot
climates,  the  track  slab  has  a  large  displacement  along  the  depth  direction

due to the temperature stress caused by the high temperature gradient of the
track  slab.  The  thermal  management  system  can  effectively  lower  this
displacement and solve the deformation problem of the ballastless track slab
railway in hot summer.

 Temperature fields inside the cooling tubes
In this  section,  the  temperature  field  within  the  cooling  tubes  is  investi-

gated,  and the  thermal  performance of  the  thermal  management  system is
assessed  by  considering  the  inlet  and  outlet  water  temperatures,  the  heat
transfer rate, as well as the total heat transfer.

Figure 7A illustrates the inlet and outlet water temperatures of the cooling
tube recorded during a one-month simulation. The inlet water temperature is
maintained  at  a  constant  25  °C  to  facilitate  heat  dissipation  from  the  track
slab. Consequently, the outlet water temperature elevates to a range of 25.1
°C  to  27.4  °C,  representing  an  average  increase  of  approximately  0.7  °C
compared  to  the  inlet  temperature.  Specifically,  at  the  494-hour  mark,  as
depicted  in Figure  7B,  the  outlet  water  temperature  attains  its  maximum
value of 27.4 °C.

Figure 7C presents the daily  total  heat transfer of  the cooling tube during
the  operation  of  the  thermal  management  system.  Under  conditions  where
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Figure 5.  Three-dimensional  temperature  field (A)  Three-dimensional  temperature  field  without  thermal  management;  (B)  Three-dimensional  temperature  field  with  thermal
management; (C) Dynamic temperature of top and lower surfaces of track slabs; (D) Comparison of temperature difference between top and lower surfaces of track slab; (E)&(F)
Y-Z cross-section temperature nephogram of track slab without and with thermal management; (G)&(H) X-Z temperature nephogram of part track slab without and with ther-
mal management.
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the circulating flow rate and inlet  temperature in the cooling tube are main-
tained  at  0.6  m/s  and  25  °C  respectively,  the  average  total  heat  transfer  is
observed to be 750 W, with a maximum value of 2296 W. Notably, on August
20,  the  heat  transfer  rate  of  the  cooling  tube  peaks.  Accordingly, Figure  7D
illustrates the hourly dynamic heat transfer rate and total heat transfer of the
cooling tube specifically on that day. When solar radiation is intense, the ther-
mal  management  system  assumes  an  important  role  in  controlling  the
temperature of the track slab. Specifically, at 14:00 on that day, both the heat
transfer rate and total heat transfer of the cooling tube attains their respec-
tive maxima of 41.72 W/m and 2296 W.

 DISCUSSION
In Result Section, a comprehensive analysis has been conducted to exam-

ine the impact of the thermal management system on a high-speed railway
track slab, encompassing temperature control,  stress mitigation, heat trans-
fer inside the cooling tube. Notably, the operation condition and tube design
within  this  system  also  significantly  influence  the  thermal  regulation  of  the
track slab. Therefore, the thermal management system should be optimized
from the aspects  of  operation conditions and the tube designs.  To address
this,  the  section  compares  the  effects  of  temperature  gradients,  vertical

deformations,  and  heat  exchange  on  the  track  slabs  by  adjusting  various
parameters  such  as  cooling  temperatures,  fluid  velocities,  tube  diameters,
and cooling  tube  interconnections.  This  approach  aims  to  achieve  an  opti-
mal design and ultimately enhance the overall thermal management efficacy.

 The optimization of operating conditions
The  operating  parameters  encompass  the  cooling  temperature  and  the

flow velocity.  Based on the model of track slab integrated thermal manage-
ment outlined in section 3.1, the optimal cooling temperature is studied. The
optimization  is  conducted  by  systematically  adjusting  the  inlet  temperature
of the cooling tube in increments of 5 °C, ranging from 15 °C to 30 °C, while
maintaining a constant state for all other boundary conditions.

Figure 8A shows how the inlet temperature of the cooling tube affects the
surface  temperature  difference,  vertical  displacement,  UC,  and  total  heat
transfer of the track slab. As expected, the lower the inlet temperature of the
cooling  tube,  the  greater  the  heat  transfer  temperature  difference  with  the
track slab, which leads to a smaller temperature difference on the track slab
surface, a smaller vertical displacement, but a larger total heat transfer. When
the inlet  water temperature rises from 15 °C to 30 °C,  the surface tempera-
ture  difference  increases  from  4.4  °C  to  8.1  °C;  the  vertical  displacement
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Figure 6.  Three-dimensional displacement field (A) Vertical displacement of a three-dimensional track slab without thermal management system; (B) Vertical displacement of
a three-dimensional track slab with thermal management system; (C) Dynamic vertical displacement comparison of track slab surface; (D) Comparison of vertical displacement
nephogram of the cross section of the track slab
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increases from 0.072 mm to 0.111 mm; and the total heat transfer decreases
from 1904 W to 3057 W. The uniformity of the temperature inside the track
slab  first  improves  and  then  deteriorates  as  we  increase  the  inlet  water
temperature.  The  optimal  inlet  water  temperature  should  be  25  °C  which
gives us a minimum UC value of 3.55 for the track slab. This means that the
cooling  temperatures  should  not  be  too  high  or  too  low  because  they  will
either  fail  to  cool  down  the  surface  of  the  track  slab  or  create  an  uneven
temperature distribution inside it.

Figure  8B  shows  the  effect  of  different  flow  velocities  on  the  surface
temperature  difference,  vertical  displacement,  UC,  and  total  heat  transfer  of
the track slab. To find the optimal flow velocity, the flow velocity of the cool-
ing  tube  is  increased  from  0.2  m/s  to  0.8  m/s  with  a  step  size  of  0.2  m/s
while  keeping  other  boundary  conditions  unchanged.  As  expected,  a  higher
flow  velocity  of  the  cooling  tube  means  a  higher  convective  heat  transfer
coefficient  inside  the  tube,  which  leads  to  a  smaller  surface  temperature
difference and a smaller  vertical  displacement of  the track slab but  a larger
total heat transfer. When the flow velocity changes from 0.2 m/s to 0.8 m/s,
the surface temperature difference decreases from 7.4 °C to 6.6 °C; the verti-
cal displacement decreases from 0.100 mm to 0.098 mm; and the total heat
transfer  increases from 2058 W to 2328 W. The uniformity  of  the tempera-
ture  inside  the  track  slab  improves  as  we  increase  the  flow  velocity  until  it

reaches a minimum UC value of 3.55 for both 0.6 m/s and 0.8 m/s circula-
tion  velocities.  However,  compared  with  the  heat  transfer  (2328 W)  at  the
flow velocity of 0.8 m/s, the heat transfer (2296 W) at the flow velocity of 0.6
m/s  is  smaller.  To  maintain  track  slab  uniformity  and  promote  energy
conservation, the optimal flow velocity is determined to be 0.6 m/s.

In summary,  it  is  investigated  the  influence  of  different  operating  condi-
tions  of  the  cooling  tube  on  the  performance  of  the  thermal  management
system.  This  was achieved by varying the inlet  water  temperature  and flow
velocity. Among these two operating parameters, the inlet water temperature
demonstrates the most significant impact on the system's performance. The
results  indicate  that  an  optimal  inlet  water  temperature  of  25°C  yields  the
best  thermal  management  effect.  Additionally,  it  was  found that  an  optimal
flow velocity of 0.6 m/s contributes to effective thermal management. These
findings  provide  valuable  insights  for  optimizing  the  operation  of  thermal
management systems.

 The optimization of cooling tube designs
In  addition  to  the  operating  conditions  discussed  in  previous  section,  the

design of the cooling tube, specifically its diameter and connection configu-
ration, also  significantly  impacts  the  performance  of  the  thermal  manage-
ment system. To ascertain the optimal design for the cooling tube,  a three-
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Figure 7.  Temperature fields of non-isothermal pipe flow (A) Dynamic inlet and outlet water temperature of the cooling tube; (B) Temperature field of the cooling tube at 14:00
on August 20; (C) Dynamic heat transfer rate and total heat transfer of cooling tube; (D) The heat transfer rate and total heat transfer of the cooling tube on August 20
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dimensional  coupled  hydraulic-thermal-mechanical  numerical  model  is
established for the ballastless track slab, incorporating various tube designs.
This  model  utilizes  the  methodology  outlined  in  Materials  and  Methods
Section. The effects of these different tube designs on key performance indi-
cators, such as surface temperature difference, vertical displacement, unifor-
mity  coefficient  (UC),  and  total  heat  transfer  of  the  track  slab,  are  then
comprehensively compared and analyzed.

To identify the optimal tube diameter for enhanced thermal performance, a
comprehensive  analysis  of  the  influence  of  varying  tube  diameters  was
conducted. Figure 8C presents the results pertaining to the surface tempera-
ture  difference,  vertical  displacement,  uniformity  coefficient  (UC),  and  total
heat transfer of the corresponding track slab. The study encompassed tube
diameters  of  4  mm,  6  mm,  8  mm,  and  10  mm,  while  all  other  boundary
conditions remained constant.

With a constant fluid flow velocity, an increase in tube diameter leads to a
larger  volume  flow  rate  during  liquid  circulation,  effectively  enhancing  the
convective  heat  transfer  coefficient  within  the  tube.  As  the  tube  diameters
increase, the track slab surface temperature difference and UC decrease, and
the  corresponding  vertical  displacement  exhibits  a  linear  decline.  However,
the total  heat  transfer  shows an upward trend.  Specifically,  for  tube diame-
ters of 4 mm, 6 mm, 8 mm, and 10 mm, the surface temperature differences

are 7.0 °C, 6.7 °C, 6.7 °C, and 6.6 °C, respectively. The corresponding vertical
displacements are 0.101 mm, 0.098 mm, 0.098 mm, and 0.097 mm, respec-
tively. The UC values are 3.76, 3.55, 3.66, and 3.69, and the total heat transfer
values are 2144 W, 2296 W, 2364 W, and 2429 W, respectively. Given that the
cooling tube should be installed as close as possible to the upper surface of
the track slab,  the diameter of  the cooling tube should not exceed a certain
limit.  Taking  into  account  the  temperature  uniformity  of  the  track  slab  and
practical  considerations,  a  cooling  tube  with  an  inner  diameter  of  6  mm  is
recommended.

To ascertain the optimal tube layout for the track slab module, two distinct
tube connections were designed and their respective impacts were compar-
atively  evaluated,  as  depicted  in Figure  8D.  In  the  first  configuration,  four
cooling tubes were interconnected in parallel, wherein two polyline tubes and
two straight  tubes constituted a  cooling  unit,  with  one of  the  straight  tubes
serving as the return tube. Conversely, in the second configuration, two cool-
ing tubes were arranged in parallel, comprising a polyline tube and a straight
tube  that  jointly  formed a  cooling  unit,  with  the  straight  tube  designated  as
the return tube.

The connection of  the cooling tubes significantly influence the efficacy of
the  thermal  management  system.  Specifically,  when  comparing  the  two
configurations, the second configuration results in a higher surface tempera-
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Figure 8.  Influence of operation conditions and tube designs on the thermal management performance (A)  Influence of  inlet  water temperature;  (B)  Influence of  circulation
velocity; (C) Influence of cooling tube diameter; (D) Two connection configurations of cooling tubes
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ture  difference  (6.7  °C  vs  7.0  °C)  and  an  increased  vertical  displacement
(0.098 mm vs 0.100 mm) of the track slab. However, it also exhibits a lower
uniformity  coefficient  (UC)  value  (3.55  vs  3.70)  and  a  reduced  total  heat
transfer  (2296 W  vs  1960  W).  It  means  the  first  configuration  incorporates
fewer return tubes, a higher number of cooling tubes, and maintains a larger
heat transfer temperature difference. Therefore, in practical applications, it is
advisable to adopt the first four-way parallel cooling tube configuration.

 CONCLUSION
A novel  thermal  management  system,  featuring  cooling  tubes  embedded

within the ballastless track slab, is introduced to mitigate the risk of thermal
damage in hot climates. To facilitate an in-depth analysis,  a comprehensive
hydraulic-thermal-mechanical coupling model of the track slab is formulated.
Additionally, an experimental platform is constructed to verify the accuracy of
the numerical model. Subsequent investigations focus on the examination of
the temperature  field,  stress  field,  and  pipeline  flow  field  within  the  ballast-
less  track  slab,  both  with  and  without  the  implementation  of  the  proposed
thermal  management  system,  under  hot  climate  conditions.  Ultimately,  the
study delves into optimizing the operational conditions and the design of the
cooling  tubes  to  enhance  the  thermal  management  efficacy  of  ballastless
track  slabs.  The  principal  findings  of  this  research  are  summarized  as
follows:

(1) In hot climates, the ballastless track slab exhibits non-uniform temper-
ature  and  stress  distributions,  with  a  maximum  temperature  difference  of
18.3  °C  between  its  upper  and  lower  surfaces  (temperature  gradient:  0.915
°C/cm,  UC value:  5.75).  This  results  in  a  maximum vertical  displacement  of
0.156 mm due to temperature stress.

(2) A thermal management system incorporating embedded cooling tubes
in the track slab is proposed to enhance temperature uniformity.  Compared
to  a  slab  without  cooling  tubes,  the  proposed  system  reduces  the  upper
surface  temperature  and  the  surface  temperature  difference  to  below  7  °C
(temperature gradient: 0.335 °C/cm, UC value: 3.55).

(3)  The  proposed  thermal  management  system  also  mitigates  vertical
displacement of  the  track  slab  surface,  decreasing  the  maximum  displace-
ment  by  40%  from  0.156  mm  to  0.099  mm,  thereby  preventing  thermal
damage.

(4) Simulation results indicate that during thermal management, the outlet
water  temperature  of  the  cooling  tubes  increases  by  an  average  of  0.7  °C,
with a maximum heat transfer of 2296 W. Solar power generation is utilized
as the  power  supply,  fulfilling  both  field  power  needs  and  cooling  require-
ments through optimal design.

(5)  To  determine  the  optimal  thermal  management  configuration,  the
effects of various operating conditions (inlet water temperature, flow velocity)
and cooling tube designs (diameter, layout) were analyzed. The optimal inlet
temperature was found to be 25 °C with a flow velocity of 0.6 m/s. A cooling
tube with an inner diameter of 6 mm, arranged in a four-way parallel scheme,
is recommended.

The research is expected to eliminate the deformation problem caused by
the  temperature  maldistribution  of  ballastless  track  slabs  and  ensure  the
smooth and effective operation of high-speed railways in hot climates.

 Nomenclature
Cp J/(kg ·K) specific heat, 
dh m hydraulic diameter, 
Fv N bulk load, 
E power generation efficiency

mL length of the cooling tube, 
WP power, 

WQ heat source, 
T temperature, °C
ρ kg/m3 density,

1a absorption rate, 
h convective heat transfer coefficient, W/(m2·K)
k W/(m ·K) thermal conductivity, 

N/m2p pressure, 
m/su speed, 

m/sv velocity vector, 

 Abbreviations
CA cement emulsified asphalt
COMSOL COMSOL Multiphysics
COP coefficient of performance
GHE ground heat exchanger
GSHP ground source heat pump
PCM phase change materials
PVC photovoltaic cell
PVT photovoltaic-thermal
UC uniformity coefficient

 Subscripts
a atmospheric
c concrete
ch convective heat transfer
ext external
f fluid
grad gradient
h heat
rh radiative heat transfer
ref reference
s solid
sky sky
sr solar radiation
w wind
wall tube wall
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