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H I G H L I G H T S

• A new type of PCG, the PCM-liquid cooling vest (PLV), is developed.

• The PLV is designed and tested using mathematical modeling and human trial.

• The PLV has three operating modes.

• The cooling-storage of the PLV can be finished within 40min.

• The PLV provides effective cooling for users working indoors for at least two hours.
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A B S T R A C T

Personal cooling garments (PCGs) have been developed to reduce heat stress and improve human thermal
comfort in hot environments. In this study, a new type of PCG, a PCM-liquid cooling vest (PLV), is developed to
improve the ease of use of phase change material (PCM) garments. The PLV adopts the scheme of combining
PCM with water pipes buried in the PCM. The PCM in the vest is used to cool the torso and the water pipe buried
in the PCM circulates cold water from a microchiller to freeze the PCM. This PLV is designed and tested using
mathematical modeling and human trial. Based on the simulation results, inorganic PCM with high density and
conductivity, a high flow rate of cold water, and multiple parallel water pipes buried in PCM are recommended.
Adjusting the tightness and wearing the insulation vest are effective methods to enhance the comfort and
prolong the service time of the PLV, respectively. In the human trial, a PLV containing inorganic PCM and with a
total mass of 1.8 kg is fabricated and used. The experimental results show that the fabricated PLV can provide
effective cooling for at least two hours for users working indoors, without sacrificing the overall thermal comfort
in the wearing mode. The cooling-storage can be finished within 40min in the cooling-storage mode or within
60min in the cooling-storage and wearing combined mode.

1. Introduction

Working in hot industrial environments [1], wearing impermeable
protective clothing [2] or exercising [3] generally increase the heat
stress of the human body. Under conditions in which air-conditioning
systems are not effective, the use of personal cooling garments (PCGs) is
an effective way to reduce heat stress and improve the thermal comfort
of the human body by absorbing the excessive heat of a part of the body
or the entire body [2,4,5].

Current PCGs are of primarily three types based on the cooling
technology: air cooling garments (ACGs), liquid cooling garments
(LCGs), and phase change cooling garment (PCCGs) [6]. ACGs dis-
tribute ambient or cooled air throughout the garment to enhance sweat
evaporation and heat convection between the air and the skin [7]. LCGs

circulate cold liquid inside a garment to eliminate the wearer’s heat on
the basis of conductive cooling [8]. PCCGs use the latent heat of PCM
for cooling the body [9–11]. In addition, other types of PCGs have been
designed using water evaporation [12,13], and vacuum desiccant
cooling [14], among other techniques. At present, although various
PCGs have been reported in the literature and patents, few products
satisfy the need of the wearers considering all aspects. ACGs and LCGs
are known to provide efficient cooling for prolonged durations; how-
ever, the user’s movement is restricted owing to the presence of aux-
iliary cooling devices, such as vapor compression systems and pumps,
required for supplying the cooled fluid [15,16]. For example, the
overall cooling system designed by Timothy C. for duty personnel has a
mass of 5.31 kg [15]. Although PCCGs are more portable than ACGs and
LCGs, they have the drawback of having a short period of effectiveness
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[6,17]. PCCGs require cooling-storage in refrigerators or cold water,
which interrupts the cooling process for another cooling-storage time
and makes the use of PCCGs inconvenient. Thus, more design concepts
and research are required in terms of PCGs to make such garments more
comfortable and convenient.

In the design and research of PCGs, human trial, manikin testing and
mathematical modeling are the three main methods to examine the new
concepts, optimize the design parameters, and assess the PCGs’ cooling
performance [18]. The human trial is the most direct and appropriate
way to evaluate a PCGs’ cooling effect; however, it is expensive and
time-consuming because a sufficient number of test samples is needed.
In Guan’s research, human trial was used to explore the optimal design
of a phase change suit for medical use [19]. Twenty-three volunteers
cast thermal comfort votes for several suits with different distribution
PCM packets to evaluate the design of the suit. Manikin testing has
better repeatability and lower cost compared to human trials [20]. Li-
Lina evaluated the cooling performance of three different cooling gar-
ments by using movable sweating thermal manikin ‘Walter’ in a tem-
perature cabin [21]. However, manikins with the thermophysiological
function are often unsatisfactory for validation owing to the technical
limitation of appropriately controlling manikins using thermo-
physiological models [22]. For mathematical modeling, models of the
human body, PCG, and the environment are built to simulate the
thermal interactions between the human body, PCG, and the environ-
ment [23]. With the help of computers, mathematical modeling makes
it easy to determine the various parameter fields of PCGs and the body,
and thereby evaluate the cooling performance of PCGs. In addition, by
modifying settings of the PCG model, optimal design parameters can be
found easily and rapidly. Therefore, mathematical modeling is a valu-
able tool for the design and research of PCGs and has been widely used
in previous studies [24]. For example, M. Mokhtari Yazdi built models
of the torso skin and the PCM cooling vest to simulate heat transfer
between the skin and PCM, with the help of ANSYS software [11].

In this paper, we propose a new type of PCG, the PCM-liquid cooling
vest (PLV), to improve the convenience of cooling-storage for conven-
tional PCM garments. The vest adopts the scheme of combining PCM
with water pipes buried in the PCM. The PCM in the vest is used to cool
the torso and the water pipe buried in the PCM is used to circulate cold
water from a microchiller to freeze the PCM. Based on this design
scheme, when the vest is separated from the microchiller, the PLV
provides freedom of movement to the wearer, similar to the traditional

PCM garments. When the PLV is connected to the microchiller to be
charged by the circulated cold water, the PLV can be set aside or worn
by the wearer to cool his/her body, if needed.

In the development of this new type of PCG, mathematical modeling
and human trial are used for the design and performance evaluation of
the PLV. The mathematical modeling is used to predict the operating
performance of the PLV under different working conditions and to in-
vestigate multiple design parameters. A set of trials is conducted to
validate the simulation results by the mathematical modeling and
evaluate the thermal sensation and comfort of the PLV.

2. PCM-liquid cooling vest

This new type of PCG, as illustrated in Fig. 1, adopts the scheme of
combining the PCM with water pipes buried in the PCM. The PCM in
the vest is used to cool the torso, which has a high cooling capacity
[11,25]. The water pipe buried in the PCM circulates cold water from a
microchiller to freeze the PCM. The PLV has three operating modes:
cooling-storage mode, wearing mode, and cooling-storage and wearing
combined mode. In the cooling-storage mode, the microchiller is con-
nected to the vest and supplies cold water to the vest to freeze the PCM.
In the wearing mode, the vest is separated from the microchiller and
worn by the wearer to cool the body. In the cooling-storage and
wearing combined mode, the vest is worn by the wearer to cool the
body and connected to the microchiller to be charged by the circulated
cold water. Using this design, the PLV draws on the advantages of the
PCCGs corresponding to high portability and avoidance of the inter-
ruption of the cooling process for another cooling-storage time.

The detailed structure of the vest is shown in Fig. 2. The PCM in the
vest is packaged with a thermoplastic polyurethane (TPU) film into 16

Nomenclature

Variables

B blood perfusion rate, kg/(s·m )3

c specific heat, J/kg·°C
f signal, °C
K weighting coefficient
Q heat source, W/m3

q heat transfer rate, W/m2

R dynamic induction, s
S surface area, m2

T temperature, °C
v ambient air velocity, m/s
λ thermal conductivity, W/m·°C
ρ density, kg/m3

τ time, s

Subscripts

a ambient air
b blood

ba basal state
co core (hypothalamus)
e evaporation
es sweating
i segment number
m metabolism
s skin
set set point
t tissue
vc vasoconstriction
vd vasodilation

Acronyms

ACG air cooling garment
PCCG phase change cooling garment
PCM phase change material
PVC polyvinyl chloride
LCG liquid cooling garment
PCG personal cooling garment
PLV PCM-liquid cooling vest
TPU thermoplastic polyurethane

PCM-liquid cooling vest

Connecting
pipe

Micro-chiller

Fig. 1. PCM-liquid cooling vest with the auxiliary microchiller.
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PCM units, which are run through by a polyvinyl chloride (PVC) water
pipe, as shown in Fig. 2(a). The PCM units are attached to a supporter
and covered by a cotton lining on the side in contact with the wearer.
The cross-sectional views of the cooling vest and a PCM unit are shown
in Fig. 2(b) and (c). Moreover, the PLV is equipped with an insulation
vest to insulate the heat transfer of the PLV with the hot environment,
as required. The employed materials, sizes and physical properties of
the components of the PLV are listed in Table 1. The selection of other
design parameters, such as the type of PCM, flow rate and inlet tem-
perature of the cold water under the cooling-storage mode is in-
vestigated using mathematical modeling.

3. Mathematical modeling

In the mathematical modeling, the selection of multiple design
parameters and operating performance in different working conditions
are investigated for the PLV under the cooling-storage mode and

wearing mode. Considering the performance characteristics of the
PLV—transience, regional cooling and involvement of wearer’s ther-
mophysiological responses—a human model with thermoregulatory
functions and a PLV model, which are built with the help of the finite
element analysis software ANSYS, are included in the mathematical
modeling.

3.1. Human model

The human body consists of several regions with distinct thermal
physical and physiological characteristics. In addition, the PLV adopts
regional cooling for the torso. Therefore, the body is described using
Stolwijk’s 25 parts [26], as illustrated in Fig. 3. The body includes six-
cylinder segments, which represent the head, arm, hand, torso, leg, and
foot. Each segment consists of four tissue layers to represent the core,
muscle, fat, and skin. The central blood system is described as a sepa-
rate part. Based on an average man with a weight of 68 kg and a height
of 176 cm, the size, thermal physical and physiological parameters are
presented in Tables 2–4, according to the calculation methods used in
Refs. [27–30].

In the human body, heat is produced through metabolism and
transferred to the human surface by thermal conduction of the tissue,
heat convection between the tissue and blood, and respiration. We ig-
nore the respiratory heat dissipation owing to its weak effect on the
total heat transfer. The heat transfer process in the human body is de-
scribed using Pennes’ bioheat equation as follows [31].

∂
∂

= ∇ + +ρ c T
τ

λ T Q Qt t
t

t t m b
2

(1)

= −Q Bc T T( )b b b t (2)

where ρt is the density of the tissue, ct and cbare the specific heat of the
tissue and blood, λt is the thermal conductivity of the tissue, and τ is the
time.

In Pennes’ equation, the heat convection between the tissue and
blood is regarded as an isotropic heat source Qb in the tissues. Pennes
assumed that the temperature of the blood perfusing into and flowing
out of the tissues equals that of the central blood system Tb and the
tissue temperature Tt respectively. We assume Tb to be a constant value
of 37 °Â C. The blood perfusion rate B is determined by the thermo-
regulation. Considering that the exercise intensity has a significant in-
fluence on the metabolic rate Qm, the extra heat production due to
exercise is assigned to the basal metabolism of each segment’s muscular
layer, as presented in Table 4, according to Ref. [30].

Water
pipe 

Inlet Outlet PCM unit

(a) BackChest Chest

Lining

Supporter

PCM unit

Water pipe

(b)

(c)

Fig. 2. Detailed structure of the PCM-liquid cooling vest (a) connection of PCM
units with the pipe, (b) cross-section of PLV, (c) cross-section of a PCM unit.

Table 1
Materials, sizes and physical properties of components of the PLV.

Component Material Density (kg/m3) Specific heat (J/kg·°C) Conductance (W/m·°C) Geometry (mm)

Water pipe PVC 1380 1003 0.16 3× 5 (inner× outer diameter)
Lining Cotton 55.6 1280 0.072 1.3 (thickness)
Support garment Porous polyester 50 1340 0.084 2 (thickness)
Insulation Vest Floss 28 1184 0.024 20 (thickness)

Skin 

Fat

Muscle

Core

Fig. 3. Human body construction.
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On the skin surface, heat is rejected through thermal conduction
between the skin and the garment, heat convection and radiation with
the environment, and evaporative heat dissipation. The evapor-
ative heat dissipation qe is calculated according to Eq. (3), in which the
heat dissipation of sweat evaporation qes is determined as per the
thermoregulatory system.

= + −q q T T0.996( )e es s a (3)

where Ts is the temperature of the body surface, and Ta is the ambient
air temperature.

The thermoregulatory functions of the human body include vaso-
motion, which regulates the blood perfusion rate of skin Bs i, ; sweating,
which regulates the heat dissipation of sweat evaporation qes; and
muscle tremor, which increases the metabolic rate Qm in the muscle
tissue. Because the human body will not be in an overcooling state
when a human is wearing PCGs, the muscle tremor is ignored.
According to Yuan’s thermoregulatory model for environments with a
broad temperature range, Bs i, and qes are calculated as Eqs. (4) and (5)
[30].

=
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,
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where Bs ba i, , is the basal blood perfusion rate of segment i, Kvd i, , Kvc i, ,
and Kes i, are weight coefficients of skin vasodilation, skin vasocon-
striction and skin surface sweating of segment i respectively, Ss i, is the
skin surface area of segment i, and v is the ambient air velocity. The

skin temperature signal fs and the core (hypothalamus) temperature
signal fco are calculated as Eqs. (6)–(8).
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= −f t t¯co co co set, (8)

where Ks i, is the weight coefficient of the skin temperature of segment i,
Ri is the skin dynamic inductance, ts i set, , and tco set, are the temperature
set-points of skin in segment i and hypothalamus, and ts̄ i, and tc̄o are the
average temperature of skin in segment i and hypothalamus. The
temperature set-points ts i set, , and tco set, , and weight coefficients Kvd i, ,
Kvd i, , Kes i, and Ks i, for segment i are listed in Table 5.

As described in the above equations, the skin temperatures in the
segments and their changes are used to determine the thermoregulation
activities. In addition, the temperature receptors and effectors of the six
segments have different weights in thermoregulation. These compre-
hensive considerations of thermoregulatory functions of the human
body can enable the performance of the PLVs to be examined in detail
using mathematical modeling.

3.2. PLV model

The geometry of the PLV model is determined by the design scheme
described in Section 2. For modeling the phase change process of PCM,
the most popular methods are the enthalpy method and effective heat
capacity method. In the PLV model, the enthalpy method is used due to
its convenience, extensive usage scope, and adoption in ANSYS Fluent.
The enthalpy method uses a single energy equation to describe the
energy process in liquid and solid domains and at the liquid-solid in-
terface [32]. Therefore, it is appropriate for the situation where there is
no a clearly liquid-solid interface during the phase change process, and
the interface does not need to be tracked. For the PCM in this PLV
model, the energy equation can be expressed as Eq. (9) where the heat
source and the convection are ignored. The temperature, velocity, and

Table 2
Size of the body.

Segment Radius(cm) Length (cm)

Skin Fat Muscle Core

Head 8.28 8.00 7.69 6.41 25.12
Trunk 13.27 13.03 11.60 7.48 64.06
Arms 4.32 4.12 3.95 2.42 52.98
Hands 1.93 1.56 1.54 1.36 19.18
Legs 5.98 5.75 5.55 3.24 74.80
Feet 2.11 1.73 1.66 1.52 21.82

Table 3
Thermal physical parameters of the body.

Tissue Density (kg/m3) Specific heat (J/kg·°C) Conductance (W/m·°C)

Skin 1085 3680 0.44
Fat 920 2300 0.21
Muscle 1085 3800 0.51
Skeleton 1357 1700 0.75
Conn. Tissue 1085 3200 0.47
Blood 1059 3850 0.47

Table 4
Thermal physiological parameters of the body.

Segment Basal Metabolic Rate (W/m )3 Basal blood perfusion rate (kg/(s·m ))3 Distribution coefficient of exercise metabolism

Skin Fat Muscle Core Skin Fat Muscle Core

Head 446.11 218.43 588.03 5480.27 2.2417 0.0307 0.0909 4.7471 0.00
Trunk 2165.95 59.11 475.58 3279.80 0.3012 0.0066 0.0316 5.2276 0.30
Arms 244.65 193.01 446.02 638.49 0.8014 0.0258 0.0181 0.0694 0.08
Hands 19.93 3896.66 510.54 1577.75 2.8369 0.7878 0.4679 0.3301 0.01
Legs 223.54 187.07 416.68 391.73 0.5896 0.0111 0.0163 0.0197 0.60
Feet 44.01 1171.69 529.46 1665.23 1.8390 0.1809 0.5786 0.1394 0.01

Total 86.6W 0.0788 kg/s –

Table 5
Set-point temperature and weighting coefficients of tissues.

Segment Set-point temp. (°C) Weighting coefficient

Skin Fat Muscle Core KS i, Kvd Kvc Kes

Head 35.80 36.13 36.48 37.06 0.15 0.04 0.06 0.24
Trunk 34.67 35.50 36.84 37.12 0.40 0.00 0.12 0.65
Arms 34.20 34.51 35.05 35.61 0.17 0.32 0.19 0.03
Hands 35.33 35.39 35.41 35.47 0.08 0.16 0.16 0.02
Legs 34.46 34.53 35.02 35.46 0.13 0.32 0.31 0.04
Feet 35.30 35.40 35.29 35.46 0.07 0.16 0.16 0.02
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mass transport equations are used to describe the heat and mass
transfer process in and between other components such as pipes, water,
and the lining.

∂
∂

= ∇ρ H
τ

λ TP
P

P P
2

(9)

where ρP is the density of the PCM, λP is the thermal conductivity of the
PCM, and HP is the enthalpy of the PCM.

3.3. Simulation performance

3.3.1. Cooling-storage mode
In the cooling-storage mode, the working performance of the PLV

includes the cooling charging time and the degree of subcooling. The
charging time is defined as the period from the beginning to the end of
the cooling charging. The end of cooling charging is defined as the
instant at which 90% of PCM in the last PCM unit in the water flow
direction is frozen. The charging time reflects how fast cooling can be
stored in the PLV. The degree of subcooling is defined as the tem-
perature difference between the phase transition temperature and the
PCM temperature in the first PCM unit in the water flow direction when
cooling charging is complete. The degree of subcooling reflects the
temperature uniformity of the PCM, which influences the comfort of
PLV in the initial time of the wearing mode. With the existing design
scheme, the cooling charging time and the degree of subcooling are
affected by three design parameters including the type of PCM, and
inlet temperature and velocity of the cold water. The influence of the
type of PCM on the performance of the PLV is due to the distinct dif-
ferences between density and thermal conductivity between organic
and inorganic PCMs. OP27E (paraffin wax) and RE25 (inorganic salts)
are considered to represent organic and inorganic PCMs, respectively.
The physical parameters of OP27E and RE25, and the weight and size of
the PCM units, are listed in Table 6. The phase transition temperature of
OP27E is adjusted to be the same as that of RE25 to exclude the in-
fluence of phase transition temperature on the working performance of
the PLV.

To simplify the PLV model in the cooling-storage mode, the fol-
lowing assumptions are made.

• The insulation vest can isolate the PLV with the environment in heat
exchange.

• The effect of thin TPU film in heat exchange is ignored.

We formulate eight cases under the cooling-storage mode based on
the three design parameters, each of which has two values. The heat
transfer processes of the eight cases are simulated using the PLV model
with the aid of ANSYS. The case information and simulation results are
presented in Table 7.

Table 7 shows that the inorganic PCM reduces the charging time
considerably owing to its high density and thermal conductivity.
However, an inorganic PCM increases the degree of subcooling com-
pared to organic PCM. The low inlet temperature of cold water reduces
the charging time but increases the degree of subcooling. The higher
flow rate of cold water can decrease the charging time and subcooling
simultaneously. Because the three design parameters affect the char-
ging time and the subcooling at different degrees, it is better to use
inorganic PCMs in the case of a high flow rate of cold water. The inlet
temperature of cold water should be determined considering the trade-

off between the charging time and subcooling. As shown in Fig. 2(a), a
water pipe runs along the 16 PCM units serially, which is the main
reason for the subcooling of PCM. To reduce the degree of subcooling,
an improvement measure could be the use of multiple parallel water
pipes. Taking case 6 as an example, the degree of subcooling and
charging time are reduced to 3.9 °Â C and 33min, respectively, when
we consider four parallel pipes in the PLV and each pipe runs through 4
PCM units serially.

3.3.2. Wearing mode
In the wearing mode, the working performance of the PLV (with

RE25) includes the service time and cooling rate of the PLV, and the
skin temperature of the human body. The service time refers to the
period from the beginning of wearing to the end when PCM has melted
completely. The cooling rate of the PLV refers to the heat transfer rate
from the environment and the human body to the PCM. In the wearing
mode, the situation in which the PLV is applied in an indoor office in
summer is considered. The influence of indoor temperature, vest
tightness and the insulation vest on the performance of the PLV is in-
vestigated. The vest tightness is represented by different shapes of the
cross-section of the PCM units, as illustrated in Table 8. The metabolism
rate of the average person working at the office is 116.35W.

To simplify the model in the wearing mode, the following as-
sumptions are made:

• The water pipe is ignored owing to the lack of circulated water for
cooling-storage.

• The TPU film is ignored owing to its thinness.

• The PLV is in direct contact with the body.

• Moisture transfer and perspiration condensation are ignored.

• Radiation heat transfer of the outside surfaces of the wearer and vest
with the environment is ignored.

• PCM flow due to gravity and density difference during the melting
process are ignored.

• Convection heat transfer coefficient is 3.34W/m·°C.

We formulate eight cases in the wearing mode based on the three
influential factors, each of which has two values. The details of the
eight cases are presented in Table 9. The heat transfer processes of the
eight cases are simulated using the human model and PCG model with
the aid of ANSYS. The initial temperature of the human body set in the
human model is derived from the simulation of the human body being

Table 6
Physical parameters of PCM and the weight and size of PCM units.

PCM Density (kg/m3) Specific heat (J/kg·°C) Conductance (W/m·°C) Phase change latent heat (J/kg) Phase change temp. (°C) Mass (kg) Size of PCM units (mm)

OP27E 760–880 2000 0.2 179,000 (180,000) 25–27 (24–26) 1.2 a× b×c=8×8×5
RE25 1400–1500 2700 0.6 180,000 24–26 1.2 a× b×c=6×6×5

Table 7
Case information and simulation results in the cooling-storage mode.

Case no. PCM Inlet temp.
of cold
water (°C)

Velocity of
cold water
(m/s)

Charging
time (min)

Degree of
subcooling
(°C)

OP27E RE25 10 5 0.5 1.5

C1 √ √ √ 72 5.8
C2 √ √ √ 66 3.7
C3 √ √ √ 56 11
C4 √ √ √ 55 5
C5 √ √ √ 51 10.8
C6 √ √ √ 41 5.6
C7 √ √ √ 38 15
C8 √ √ √ 35 10
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steady in the indoor environment without the use of PLV. The simula-
tion results are shown in Table 9, which presents the temperature
variation rate of the skin covered by the PCM units in the initial stage
(T') and the average temperature of that part of the skin in steady stage
(T) for each case. The initial stage refers to the period of five minutes
after the wearer puts on the PLV. The steady stage refers to the period
when the temperature of the skin covered by the PCM units keeps re-
latively steady. For case 1, the temperature variation profiles for seven
regions of the human body is shown in Fig. 4, and the temperature
distribution of the human body and a PCM unit in 40min are shown in
Fig. 5. The skin temperature for the other seven cases has the same
tendency of variation as in case 1.

As shown in Fig. 4, the skin temperature of the cooled part on the
trunk reduces rapidly after the wearer puts on the PLV and then re-
mains stable for a large duration. At the end of the service time
(225min), the skin temperature of the cooled part on the trunk is lower
than the initial value (35.7 °Â C) because the completely melted PCM
still has the cooling capacity at this time. For all other regions of the
human body, the skin temperature reduces slightly when the PLV is
used. This phenomenon is caused by the vasoconstriction in the skin all
over the body after the thermoregulatory center receives the cold signal
from the cooled trunk.

For the three influential factors, the simulation results of the eight
cases (shown in Table 9) indicate that vest tightness exerts the max-
imum influence on the cooling performance of the PLV compared to the
other two factors. The vest tightness affects the heat transfer between
the PLV and the body by changing the contact area. The indoor air
temperature and insulation vest affect the heat transfer between the
PLV and the environment. Therefore, the heat conductivity between the
PLV and the human body is the main medium for cool discharge of the
PCM. Studies show that the temperature of the human body determines
the thermal sensation and comfort [33]. The considerable influence of
the vest tightness on the skin temperature inspires wearers to adjust the
tightness of the vest to increase comfort. In addition, adjustment of the
vest tightness can enable the PLV to be useful under different en-
vironment temperatures and exercise scenarios. The use of the insula-
tion vest and the ambient air temperature affect the service time and
cooling rate of the PLV but they have minimal effect on the human
body. Thus, the insulation vest can be used to prolong the service time
of the PLV, especially when there is a large cool discharge to the en-
vironment due to the large air velocity or heat radiation.

4. Human trial

A set of cooling-storage trials and wearing trials were conducted in a
climate chamber. The temperature, humidity and fresh air rate of the
climate chamber were controlled at 30 °Â C, 45% and 20m /h,3 re-
spectively. The PLV for the human trial contained 1.2 kg of RE25 and
had a total mass of 1.8 kg. The PLV and experimental scenarios are
shown in Fig. 6.

4.1. Cooling-storage trial

The cooling-storage trial is shown in Fig. 6(b). The PLV is connected
with a microchiller and charged by the cold water from the chiller. The
inlet temperature of the cold water is 5 °Â C and the velocity is 0.5 m/s.
During the cooling-storage period, the PLV is enveloped with the in-
sulation vest to isolate the ambient hot air. The temperature of the PCM
units at four points is measured and recorded by thermometers. The
cooling-storage experiment is consistent with case 7 in Table 7. Fig. 7
shows the measured temperature variation of the PCM and its agree-
ment with the simulation results. The model results match with the
experiment data in general, and there is a deviation of the values ob-
tained from the simulation results in the initial and end stages. In the
cooling-storage trial, the temperature of the PCM first reduces from the
ambient air temperature, then remains at the phase transition tem-
perature, and reduces again after subcooling of a part of the PCM. In the
initial and end stages, the part of the PCM is not in the phase transition
process. The reason of the deviation in the initial and end stages might
be that the measured result at four points cannot well represent the
overall temperature of the PCM as obtained from the simulation when
part of the PCM is not in the phase transition process.

4.2. Wearing trial

The wearing trial is shown in Fig. 6(c). Eight healthy male volun-
teers participated in the experiment. The average age, height, and
weight of the eight volunteers were 24, 176.9 cm, and 71.1 kg, re-
spectively. Before wearing the cooling vest, the volunteers wore short-
sleeved shirts, shorts, and sandals, and read books in the climate
chamber for approximately 1 h. This process aimed to make volunteers

Table 8
Shapes of the cross-section of PCM units.

Tightness Dimension of PCM units (mm)

Loose × × = × ×a b c 6 6 5
Tight × × = × ×a b c 16.9 4 5

Table 9
Case information and simulation results in the wearing mode.

Case no. Indoor temp. (°C) Vest tightness Insulation vest Service time (min) Cooling rate (W) T' (°C) T (°C)

30 34 loose tight without with

C1 √ √ √ 225 15.3 4.5 32.7
C2 √ √ √ 257 13.4 4.7 32.7
C3 √ √ √ 178 19.4 6.6 31.3
C4 √ √ √ 206 16.7 7.0 31.3
C5 √ √ √ 207 16.7 4.6 32.9
C6 √ √ √ 239 14.4 4.6 32.9
C7 √ √ √ 171 20.2 6.8 31.6
C8 √ √ √ 186 18.5 7.0 31.5

Fig. 4. Temperature change profiles for the human body.
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adapt to the hot environment. After the volunteer’s body reached the
thermal steady state, the volunteers put on the cooling vest and the two-
hour wearing experiment commenced. The temperature of the skin at
11 points on the wearers (as Fig. 8) was measured and recorded by
thermometers in real time from 5min before to the end of the wearing
experiment. During this time, volunteers recorded, in questionnaires, in
intervals, the local thermal sensation and comfort of the skin covered by
the PCM units and the overall thermal sensation and comfort. The
thermal sensation scale and comfort scale in the experiment are shown
in Fig. 9 [34–36]. The temperature of the PCM units at the four points
was measured and recorded using thermometers. The wearing experi-
ment was consistent with case 1 presented in Table 9.

The comparison of the measured data with the simulation results is
shown in Figs. 10 and 11, which describe the temperature variation of
the body parts and PCM with time in the wearing mode. According to
Fig. 10, the simulated local temperatures for the trunk and arms agree
well with the experimental data, and the deviation is within 0.5 °Â C

and 0.3 °Â C. Compared with the trunk and arms, the simulated local
temperatures for the head, hands, legs and feet have a slightly larger
deviation from experimental data although the simulated and experi-
mental temperature exhibit the same variation trend. For the head,
hands, legs and feet, the deviation is within 1.1, 1.3, 1.7 and 1.4 °Â C,
respectively. These deviations for the skin temperature are mainly
caused by the errors in the human model and insufficient measurement
points for the skin temperature in the experiment. For example, the

Cooled by 
PCM units 

Side in contact with the skin

(a) (b)

Fig. 5. Temperature distribution. (a) Human body (b) PCM unit.

Micro-chiller

PLCV

(b)(a) (c)

Fig. 6. PLV and experimental scenarios. (a) PLV, (b) cooling-storage trial, (c) wearing trial.

Fig. 7. Comparison of simulation results with measured data for PCM freezing.
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Fig. 8. Skin temperature measurement locations.
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forehead temperature measured at one point in the experiment cannot
well represent the overall head skin temperature in the simulation. For
the PLV, the simulation results of the melting process of the PCM co-
incide with the experimental data except for those at the end of cooling-
discharge, with a maximum error of 1.5 °Â C, as shown in Fig. 11. In the
wearing experiment, the PCM will flow in the PCM units when melting
owing to gravity and the difference in density between the liquid and
solid phases. The temperature at the four measurement points cannot
well represent the overall PCM temperature when the solid and liquid
PCM stratifies vertically. In addition, for simplification of the PLV
model, the stratification is not considered in the simulation. Therefore,
the stratification phenomenon in the experiment and simplification of
the PLV model are the main reasons for the deviation between the si-
mulated and experimental results for the PCM temperature.

The local thermal sensation (L-S) and local thermal comfort (L-C) of
the skin covered by the PCM units, and the overall thermal sensation
(O-S) and overall thermal comfort (O-C) of the complete body during
the wearing process is presented in Fig. 12. After the volunteers put on
the cooling vest, the local and overall thermal sensation reduces ra-
pidly. The value of the local comfort reduces gradually owing to the
sudden cool sensation on the trunk but the overall comfort increases at
the same time. During the two hours of the wearing process, the local

sensation, overall sensation, local comfort and overall comfort remain
close to the corresponding levels of slightly cool, neutral, just un-
comfortable and just comfortable, respectively. The comparison of the
overall sensation and comfort before and after the use of the PLV in-
dicates that the regional cooling vest can help maintain the heat bal-
ance of the entire body without sacrificing the overall thermal comfort
although there is a little uneven thermal sensation.
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Fig. 10. Comparison of simulation results with measured data for the human body.

Fig. 11. Comparison of simulation results with measured data for PCM melting.
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5. Conclusion

This paper proposes a new type of PCG, the PCM-liquid cooling vest,
to enhance the convenience of cooling-storage for PCM garments. The
scheme of the PLV combines PCM with water pipes buried in the PCM.
The PCM in the vest is used to cool the torso and the water pipe buried
in the PCM is used to circulate cold water from a microchiller to freeze
the PCM. This method of cooling charge enables PLV storage cooling at
any given time without interrupting the use of PLV for wearers.

To determine some design parameters and analyze the performance
of PLV under different working conditions, mathematical modeling and
a human trial are conducted. Based on the simulation results, the use of
inorganic PCM with high density and conductivity, a high flow rate of
cold water, and multiple parallel water pipes buried in PCM are re-
commended to reduce the charging time and the degree of subcooling
in the cooling-storage mode. In the wearing mode, adjusting the
tightness of the vest by the wearer is an effective way to make the PLV
more comfortable and adaptable to different environments and exercise
scenarios. The insulation vest can effectively isolate the heat transfer
between the PLV and the environment and thus prolong the service
time.

The validation of the mathematical modeling and evaluation of the
PLV in terms of the thermal sensation and comfort are conducted
through the human trial. The experimental verification indicates that
the mathematical modeling can accurately simulate the heat transfer
between the PCGs and the wearer and predict the working performance
of the PLV. The simulated temperature of the PCM in the PLV coincides
with the experimental data except for at the start or end in the cooling-
storage or wearing mode with a maximum error 1.6 °Â C. For the trunk,
which is the part of the human body involved in the heat transfer
process with the PLV, the deviation of simulated temperature from the
experimental data is within 0.5 °Â C. For other parts of the human body,
the deviation is within 0.3 1.1, 1.3, 1.7 and 1.4 °Â C, respectively. The
small deviation for the trunk and the PCM during the phase transition
process indicates that the mathematical modeling can accurately si-
mulate the heat transfer between PCGs and the wearer and predict the
working performance of the PLV. According to the filled questionnaires,
the local sensation, overall sensation, local comfort and overall comfort
remain at the corresponding levels of slightly cool, neutral, just un-
comfortable and just comfortable, respectively. The local and overall
thermal sensation votes indicate that the regional cooling vest can help
maintain the heat balance of the entire body without sacrificing the
overall thermal comfort. The selection of the PCM with a slightly higher
phase transition temperature than that of RE25 may be a measure to
increase the local comfort of the cooled region. But for the regional
cooling, it is hard to have both the neutral and comfort of the cooled
region and the whole body.

According to the human trial, the PLV with a total mass of 1.8 kg
can provide the wearer with effective cooling for at least 2 h, which can
allow the wearer to walk for 7.2 km if the walking speed is approxi-
mately 1m/s. When the cooling-storage and wearing combined mode is
required, the large difference between the charging time (40min) in the
cooling-storage mode and the service time (at least 2 h) in the wearing
mode can guarantee effective cooling-storage within 60min. Owing to
the characteristics of temperature stability around the phase transition
temperature, the person wearing a PLV will experience the same
thermal sensation and comfort in the cooling-storage and wearing
combined mode as in the single wearing mode.
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