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A B S T R A C T

Cooling vests incorporating phase change material (PCM) packets are used to improve comfort of workers in hot
environments. This work aims to investigate by modeling and experimentation the effect of dividing the working
duration into two bouts, where different PCM melting temperatures are used in each bout. An integrated bio-
heat and fabric-PCM model predictions of physiological and subjective votes are validated via active human
subject testing at hot conditions. A parametric study is performed to select, at two conditions (40 °C and 45 °C),
the optimal PCM melting temperatures of the two bouts that would result with similar thermal comfort and
sensation to the optimal single-bout case. The optimal case achieves most reductions in energy use for PCM
regeneration, PCM carried weight and material cost.

The results of the parametric study showed that heat storage is reduced in the second bout due to wearing the
second vest with lower PCM melting temperature, thus thermal comfort and sensation are significantly im-
proved. The optimal case at the 40 °C environment uses a vest with 21 °C PCMs in the first bout and a vest with
21 °C PCMs in the second bout (V21→V21). At 45 °C, the optimal case is V18→V10 with significant PCM weight
reductions from the reference single bout case by a minimum of 47%. Thus, the issue of extra carried weight that
affect metabolism and ease of movement when applying continuous cooling during work have been mitigated by
using the two-bout strategy.

1. Introduction

Outdoor workers in some countries are exposed to very hot en-
vironmental conditions and to the direct sun, while performing their
physically demanding tasks. Consequently, the ability of the active
human body to dissipate heat to the ambient is hindered and heat ac-
cumulation happens subjecting workers to heat stress. In other words,
the rate of body heat gain becomes higher than that of heat loss and the
human's thermoregulatory mechanisms would fail in regulating the
body temperature (Haldane, 1905).

Phase change material (PCM) cooling vests, incorporating salt hy-
drate PCM packets (Bühler et al., 2013; Mondal, 2008), have been
proposed as means to provide body cooling for outdoor workers, ath-
letes, firefighters and others in moderate to extremely hot environments
(Gao et al., 2011; Hamdan et al., 2016; Itani et al., 2016, 2017a, 2017b;
Ouahrani et al., 2017). The cooling vest popularity increased in such
applications since it is portable, does not hinder mobility as long as its
weight is not excessive or require installation cost (Chan et al., 2016,
2017). Chou et al. (2008) found that wearing a cooling vest with PCM

melting temperature of 20 °C has significantly improved whole body
thermal sensation of subjects wearing firefighting protective clothing
and performing cycling for 30 min at 30 °C.

Cooling vests have been used as pre-cooling techniques to improve
the working performance, however, it was found unfeasible to many
applications (Chan et al., 2017). In addition, cooling vests have been
proved to significantly improve working performance while doing
continuous exercise in hot conditions (Bongers et al., 2014). However,
continuous cooling was not favored and had some lack of interest in
situations where ergonomic problems arise due to the added PCM
weight for prolonged work periods and the likely hindrance of move-
ment (Chan et al., 2013; Tyler et al., 2013). Post-exercise cooling was
also used to shorten the recovery period and rest in between working
bouts for long working durations and strenuous work in hot conditions
(Yi et al., 2017). Outdoor construction work is highly intermittent in
nature, thus, applying work-rest programs and dividing the long work
periods and shifts into short bouts, especially in hot conditions, are
effective ways of preventing heat stress and protecting workers.

Researchers have shown that as the environment gets hotter and
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with the increase of the wet bulb globe temperature index, WBGT, the
ability of workers to carry loads decreases as well as their productivity
(Dorman and Havenith, 2009; Snook and Ciriello, 1974; Weng et al.,
2014). Moreover, improving the thermal state and comfort of workers
wearing PCM cooling vests in hot conditions requires the use of low
PCM melting temperatures, such as 10 °C, since higher melting tem-
peratures such as 24 °C and 28 °C were found ineffective at 55 °C (Gao
et al., 2011; House et al., 2012). The recommended work duration for
moderate activity at very hot ambient conditions with WBGT of 32 °C is
about 45–50 min (Bates and Schneider, 2008; ISO, 7243, 1989). During
that period, the amount of heat stored in the human body, S, would be
about 150 W with a 1.49 °C increase in the body temperature, Tb (House
et al., 2012; Itani et al., 2017b). The estimated salt-hydrate PCM weight
required to remove the heat stored after working continuously for
50 min, without considering the effect of the hot ambient condition, is
about 3.8 kg with 18 °C PCM melting temperature and 113 kJ/kg heat
of fusion (All Safe Industries, 2017; Swedish Emergency and Disaster
Equipment AB, 2017). On the other hand, dividing the working dura-
tion into two equally-timed bouts, would decrease the required PCM
weight to at least half of that needed in the single-bout case. Thus, at
hot environmental conditions, the possibility of using intermittent work
periods while wearing light good-fitting PCM cooling vests, might en-
hance the working performance and prevent excessive body heat sto-
rage.

Cooling vests with PCM packets at low melting temperatures would
trigger more heat losses due to the high temperature gradient between
the human skin and the PCM temperature (Gao et al., 2011; House

et al., 2012). However, there would be several disadvantages with using
low melting temperatures: i) discomfort sensation, as reported by House
et al. (2012) when using ice-vests to cool subjects performing stepping
in 40 °C ambient temperature, ii) additional PCM weight due to con-
densation if present, high temperature gradients and lower heat of fu-
sion when using salt-hydrates of low melting temperatures (Marks,
1980, 1983), which increases the metabolic rate of the worker and
incurs higher material cost (Dorman and Havenith, 2009; Snook and
Ciriello, 1974), iii) energy consumption for cooling/solidifying the PCM
during storage at low temperatures, iv) the risk of condensation at the
PCM surface with more use of packets that hinder moisture transport
(Reinertsen et al., 2008; Zhao et al., 2013) and v) the reduction in the
cooling efficiency of the low melting temperature PCMs due to heat
gains from the high temperature gradients between the packets and the
hot environment, as reported by Yazdi et al. (2015). Thus, dividing the
work period into two bouts established a decrease in the carried weight,
while using the same low PCM melting temperature in the two bouts.
However, besides the initial discomfort, there is an energy saving in-
centive to use higher melting temperature PCMs in the first bout. The
research questions that are posed to overcome the problem of deterio-
rated cooling performance of the vest are the following:

i) Would it be possible to prevent discomfort sensation when the body
skin temperature is still close to thermo-neutrality by using the
higher melting temperature PCM (with lower mass) for initial
cooling and then replace the packets with lower melting tempera-
ture ones, when the skin temperature reaches high values, for the

Nomenclature

A area (m2)
Age age of the human subject (years)
BWL body weight loss (g)
C specific heat (J/kg·°C)
d microclimate air gap thickness
e thickness (m)
Exp. experimental results
had heat of adsorption (J/kg)
hc convective heat transfer (W/m2·K)
hf heat transfer coefficient of fabric (kg/m2·kPa·s)
hfg heat of evaporation (J/kg)
hm mass transfer coefficient (kg/m2·kPa·s)
hsf latent heat of fusion (J/kg)
IRTT infrared tympanic thermometer
ISO International Organization for Standardization
j index indicating the PCM packet number
m mass (kg)
ma

•
microclimate air mass flow rate (kg/s)

MET Metabolic Equivalent for Task
n index indicating the total number of PCM packets
P vapor pressure (kPa)
PCM phase change material
r radius (m)
RH relative humidity (%)
Rd dry thermal resistance of the fabric (m2·K/W)
Re evaporative resistance of the fabric (m2·kPa/W)
Rif inner fabric regain
S change in body heat storage (W)
SD standard deviation
Sim. simulation results
t time (s)
T temperature (°C)
TC thermal comfort
TTS torso thermal sensation

TWL thermal work limit (W/m2)
W PCM packet width (m)
w humidity ratio (kgw/kgair)
WBGT wet bulb globe temperature (°C)
All-V18 vest with PCMs of 18 °C melting temperature worn for

50 min
All-V28 vest with PCMs of 28 °C melting temperature worn for

50 min
No-V no vest is worn during the whole working duration
V21→ V21 vest with PCMs of 21 °C melting temperature worn in

first bout for 25 min then vest with PCMs of 21 °C melting
temperature worn in second bout for 25 min

V28 → V18 vest with PCMs of 28 °C melting temperature worn in
first bout for 25 min then vest with PCMs of 18 °C melting
temperature worn in second bout for 25 min

Greek Symbols

α PCM melted fraction
β thermal expansion coefficient of air (K−1)
Δ change
λ condensation rate (kg/m2·s)
ρ density (kg/m3)
Ψ condensation coefficient

Subscripts

a microclimate air
air macroclimate air
b body
cr core
if inner fabric
mean mean
of outer fabric
sk skin layer
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remaining work period?
ii) Would it be possible to sustain good cooling performance by using a

two-bout strategy during which a cooling vest with high melting
temperature PCM is worn first followed by the low melting tem-
perature PCM?

Manikin testing and bio-heat modeling integrated with cooling vest
models have been previously employed to predict human subject phy-
siological and psychological responses and validated using published
human subject data (Gao et al., 2012; Hamdan et al., 2016; Itani et al.,
2016). There are many bio-heat models that are capable of predicting
thermal response of clothed humans with associated thermal sensation
and comfort based on skin and core temperatures (Huizenga and Hui,
2001; Salloum et al., 2007; Al-Othmani et al., 2008; Fiala et al., 2012;
Karaki et al., 2013). These models are based on theories of physiology,
thermodynamics and transport processes and were reported to accu-
rately predict core and skin temperatures of the entire human body or a
part of it. The core and skin temperatures as well as their rate of change
were also used by researchers (Al-Assaad et al., 2017; Hatoum et al.,
2017; Itani et al., 2016; Holopainen, 2012) to estimate accurately local
and overall comfort and sensation in transient environments based on
Zhang et al. (2004) empirical correlations. Hence integrated bio-heat
and comfort models of clothed human could be used as tools to perform
testing on different cooling vest scenarios to optimize PCM design.
However, no comparisons have been done between actual human
subject testing and an integrated bio-heat and cooling vest model
(Hamdan et al., 2016; Itani et al., 2017c) to validate physiological and
comfort predictions, while working in bouts in hot environments with
temperature exceeding that of human skin and where productivity is
significantly affected.

One aim of this study includes utilizing an existing integrated bio-
heat (Karaki et al., 2013) and fabric-PCM model (Itani et al., 2017c) in a
new application where a two-bout strategy is implemented. Then,
model validation is done for physiological and comfort predictions via
human subject testing since the environment is hot at 40 °C, moderate
activity is present and transient variation of torso skin temperature
exists due to the two-bout strategy. Another aim comprises utilizing the
integrated model in a parametric study applying the two-bout strategy
and then finding the PCM melting temperatures that would provide
with similar comfort levels to the optimal single-bout case, but at op-
timal lower carried weight, energy use for regeneration and material
cost.

2. Mathematical methodology

This work considers improving cooling effect of active worker
wearing PCM cooling vest in hot environment using a two-bout strategy
where two cooling vests incorporating different PCM packets that
would be worn in two consecutive working bouts. Hence, instead of
continuously subjecting the human torso to one cooling PCM melting
temperature for the whole working period, the human torso is proposed
to be subjected to different PCM cooling temperatures by breaking the
working period into two. The two vests are proposed to have the same
coverage area on the torso. The vest used in the second bout would have
a lower PCM melting temperature than the first one because the
workers, by the end of the first bout, would have noticeable elevations
in skin and core temperatures and discomfort levels (Gao et al., 2011;
House et al., 2012), thus using the lower melting temperature would
provide a faster cooling effect to improve thermal and comfort levels
(House et al., 2012).

To study the effectiveness of the two-bout strategy and its im-
plication on the worker's physiology and thermal state of comfort, three
models are used:

i) A fabric-PCM model;
ii) A bio-heat model for prediction of human transient thermal

response in hot environment;
iii) Thermal sensation and comfort model and correlations based on

core and segmental skin temperatures and their rate of change.

The fabric-PCM model developed by Hamdan et al. (2016) is se-
lected for the current work and has been reported to give accurate
predictions of PCM cooling vest performance in the work of Itani et al.
(2016). In addition, the bio-heat model adopted in this work is that of
Karaki et al. (2013) which was first published by Salloum et al. in 2007
and was based on the multi-branched blood flow model of Avolio
(1980). Karaki et al. (2013) bio-heat model accounted for the hand and
the five digits to improve thermoregulatory responses of the model in
extreme cold and hot environments which is an important feature for
accurate prediction of active worker thermal response in hot climate.
The model accounted also for the effect of the hot ambient conditions
on metabolic rate once the temperature exceeds 39 °C as was previously
done by Weng et al. (2014). With regard to the thermal comfort and
sensation, the model of Zhang et al. (2004) was found as most appro-
priate for integration with the bio-heat model to predict local and
overall sensation and comfort of the human wearing the PCM vest in
two-bout. The main parameters in Zhang et al. empirical model are the
skin and core temperatures and the rate of change of their values for
influential body segments.

The methodology started with the description of the integration of
the bio-heat model of Karaki et al. (2013) and the fabric-PCM model
developed by Hamdan et al. (2016) and Itani et al. (2016; 2017c) to
predict human thermal responses for different working conditions while
wearing PCM cooling vests. In addition, the model developed by Zhang
et al. (2004) would then be used to predict the human thermal comfort
and thermal sensation responses based on predicted core and segmental
temperatures and their rates of change by the integrated bio-heat and
fabric-PCM models. The resulting thermal response, sensation and
comfort of the integrated models were experimentally validated on
human subject in the new application of using two-bout strategy of the
PCM-cooling vest. The experiments were conducted in hot environ-
mental conditions of 40 °C and 40% relative humidity (RH) and mod-
erate activity level for 50 min and data related to human physiology
and subjective votes was collected. This validation of human physio-
logical, and thermal response and subjective votes is important, since
the environment was hot, the activity level was moderate (3 Mets) and
the duration was divided into two bouts where transient variation of
torso skin temperatures exists. Four types of experiments were con-
ducted; the first without a cooling vest, the second with a cooling vest
having 28 °C packets worn for the whole duration (All-V28), the third
with a cooling vest having 18 °C packets worn for the whole duration
(All-V18) and the fourth with a cooling vest having 28 °C packets worn
in the first 25-min bout followed by wearing the vest having 18 °C
packets in the second 25-min bout (V28 → V18). Thus, the reference
cases for assessing the improvement of comfort over the no vest case
and the comparison between the single-bout and two bout cases were
established.

A parametric study was performed where two environmental hot
conditions of 40 °C and 45 °C were considered to find the PCM melting
temperatures recommended for use in each of the two bouts. The se-
lection of the melting temperatures was based on obtaining similar
comfort and sensation levels to those of the optimal single-bout case
using relatively low melting temperatures, while having optimal sav-
ings in energy use for PCM regeneration and in material cost.

2.1. Integrated two-bout bio-heat and fabric-PCM model

Fig. 1 shows a schematic of (a) the front view of the cooling vest
covering human torso; (b) cooling vest layers that include inner fabric,
microclimate and macroclimate air layers, PCM and outer fabric layer;
and (c) enlarged view of the torso skin segment that is partially covered
with two PCM packets and the corresponding microclimate air regions.
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In the multi-segmental bio-heat model of Karaki et al. (2013), the
human body was divided into 25 segments (head, upper trunk, lower
trunk, upper arms, forearms, palms, fingers, thighs, calves and feet).
Each segment is represented by four nodes; core, skin, artery blood, and
vein blood (Salloum et al., 2007). The upper and lower trunk segments
were each divided into 4 skin nodes; 2 on the front and 2 on the back to
predict the angular variations in the torso microenvironment condi-
tions. Note that the upper torso has a larger surface area (0.402 m2)
than lower torso (0.246 m2). Each skin node has a known surface area
as was shown in Fig. 1(a). In this study, each torso skin node is affected
by the inner fabric, microclimate air adjacent to the PCM and outer
fabric covering that skin node. The heat generated by the human body
dissipated to the environment through radiation, convection, and eva-
poration to maintain the core temperature within a narrow range. In
each segment, energy balances were performed on all nodes while
making use of the circulatory system model that predicts the blood flow
in the arteries and veins and perfusion rates to the core and skin. The
details of the bio-heat model equations can be found in the work of
Karaki et al. (2013) and Salloum et al. (2007) and will not be repeated
here. However, the major input parameters to the bio-heat model are
summarized as follows:

– The metabolic rate of the human corresponding to the type of ac-
tivity level.

– The ambient conditions of temperature, relative humidity, vapor
pressure; surrounding the human.

– The unclothed area of each segment.
– The clothing physical and thermal properties (thickness, density, dry
thermal resistance, evaporative resistance) for the clothed segments
and whether the clothing consists of one or more fabric layers.

– The initial thermal condition of the human body

The integration of the fabric-PCM model with the bio-heat was done
by ensuring continuity of skin temperatures and fluxes at any time

(Hamdan et al., 2016). Fig. 1(b) shows in a side view the cooling vest
layers (back and front inner fabric, microclimate air, PCM packet,
lumped macroclimate air and outer fabric) sandwiched between the
environment and the human skin and core layers. The torso segments
can be partially or totally covered with identical or different types of
PCM packets that affect the microclimate air region and thus the skin of
the human torso, as represented in Fig. 1(c), where no single PCM
packet can overlap over two segments. The average temperature of the
different microclimate temperatures corresponding to the PCM packets
covering one segment, is taken as input to the bio-heat model re-
presenting the ambient condition in finding the segment skin tem-
perature. The fabric-PCM model, for given properties of the cooling vest
fabric (thickness, area, dry and evaporative resistances, regains) and
physical and thermal properties of PCM packets (latent heat of fusion,
dimensions, specific heat, density and melting temperature) predicts
temperatures of fabric and air layers as well as temperatures and melted
fractions of PCM packets.

The environment at hot ambient conditions would result in sub-
stantial heat transfer from the environment to the outer fabric and
macroclimate temperatures and thus the PCM packets would melt at a
faster rate. In addition, if condensation occurs at the relatively cool
PCM surface, heat will be gained by the packet affecting its perfor-
mance. Five energy balances are needed to find the temperatures of the
inner and outer fabric layers and air macro- and micro- climates and
PCM packet during non-melting phase. In addition, the PCM melted
fraction αPCM can be found during the melting phase of the packet. The
energy balance equations were derived as follows:

PCM temperature TPCM during non-melting:

= − + −

+ +

m C dT
dt

h A T T
r

r
h A T T

ψ λ λ h A

( ) ( )

( )

PCM PCM
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c PCM a PCM
if
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c PCM air PCM

a air fg PCM (1)

PCM melted fraction during melting:
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The symbols mPCM, hc, APCM, Ψ, λa and λair represent the mass of the
PCM, the convective heat transfer coefficient, PCM area, condensation
coefficient indicating the presence of condensation if present, and the
micro and macro climate condensation rates, respectively. Moreover,
the symbols rif, rPCM, Ta and hsf represent the inner fabric radius, PCM
radius, microclimate temperature and the PCM latent heat of fusion.
The below equations were used to predict the microclimate air tem-
perature, Ta, and macroclimate air temperature, Tair.

Microclimate air temperature:
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The symbols ra, ρair, ṁa, Tif and Tair represent the microclimate

Fig. 1. Schematics showing (a) front view of cooling vest covering human torso, (b)
cooling vest layers sandwiched between environment and human skin in side view and (c)
a torso segment partially covered with two PCM packets and the corresponding micro-
climate air regions.
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radius, air density, microclimate mass flow rate, inner fabric tempera-
ture and macroclimate air temperature. Since the gap width between
the PCM pack and the underlying clothing layer was small, the air flow
triggered by buoyancy forces was assumed to follow the Poiseuille flow
and the mass flow rate of air was represented by

= −m ρ gβ T T
υ

d Ẇ
12a air

air a 3
(5)

where g is the gravitational acceleration, β is the thermal expansion
coefficient of air, d is the gap width,W is the width of the PCM packet, υ
is the kinematic viscosity of air.

Inner fabric temperature:
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where Rif is fabric regain, ρif is fabric density, eif is the fabric thickness,
Cif is the fabric capacitance, Rd,if is the inner fabric dry thermal re-
sistance, n is an index indicating the total number of PCM packets, and j
is an index indicating the PCM packet number. The symbols hm, hf, and
had, represent the mass transfer coefficient of the fabric, the heat
transfer coefficient of the fabric and the heat of adsorption of the fabric,
respectively. A more detailed description of the model energy balances,

Fig. 2. Flowchart of the integrated two-bout bio-heat and fabric-
PCM model.
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parameters and outer fabric energy and mass balances was provided in
(Itani et al., 2016). The segmental skin temperature, Tsk, is obtained
from the bio-heat, and then Ta, Tair, Tif, TPCM and αPCM can be found
during the PCM melting and non-melting phases. The integration of the
bio-heat model as described in next section is iterative such that heat
flux and temperature at the skin surface is the same for the fabric-PCM
model at each time step.

Since the bio-heat predicts the segmental core and skin tempera-
tures and their rate of change, then transient thermal sensation and
comfort could be easily evaluated using the model of Zhang et al.
(2004). Their model was based on experimental results of 109 human
subjects involving 347 sets of data (skin and core temperatures and
subjective votes) representing steady-state conditions and 3568 re-
presenting transient conditions. In addition, comfort and sensation
scale was from −4 (very uncomfortable or very cold) to +4 (very
comfortable or very hot). The model of Zhang et al. (2004) predicted
the thermal sensation of the different body parts and integrates local
thermal sensation indices in different proportion to form the overall
sensation of the human body as well as the local segmental and overall
body thermal comfort.

2.2. Numerical solution of integrated model

The sequence of operation of the integrated two-bout model is
presented in Fig. 2. Initially, the ambient conditions, human thermal
state and activity level, clothing properties and number and thermo-
physical properties of the PCM packets used in the two bouts were used
as input in the integrated model. In order to find the initial human
thermal state for any unsteady simulation, the model was executed for a
long period (about one hour) to reach a steady state at 25 °C and 50%
RH of a preconditioned space (Itani et al., 2016; Karaki et al., 2013).
Starting from the initial computed conditions, the skin temperatures
and fabric-PCM model parameters (Tif, Ta, Tair, TPCM and αPCM) of the
segments covered with PCM packets were found for the first bout and
then for the second bout, using the first-order explicit scheme and a
time step of 0.02 s. It should be noted that the time needed for re-
moving the vest worn in the first bout and wearing the second vest was
ignored in the model simulations, since it was assumed to take less than
1 min during pre-preparation of vests. The body core and skin tem-
peratures, sweat rate, and thermal comfort and sensation via Zhang
et al.’s (2004) model were found. The local and overall thermal comfort
and sensation are predicted by Zhang's et al.’s model as a function of
segmental skin and core temperatures and their rate of change.

2.3. Experimental methodology

In this study, the cooling vest cases tested on six human subjects at
hot environment of 40 °C and 40% RH were used for validating an in-
tegrated two-bout bio-heat and fabric-PCM model. The objective of this
validation was to ensure proper predictions of physiological and sub-
jective data when having a hot environment, moderate activity level (3
Mets) and a working duration that was divided into two bouts with
transient variation of torso skin temperatures. The ambient conditions
of the experiments were equivalent to a WBGT of 32 °C, at which the

recommended duration for moderate work is about 45–50 min (Bates
and Schneider, 2008; ISO, 7243, 1989). In the tested cases, fixed PCM
coverage area over the whole trunk was considered, while varying the
PCM melting temperature in the vest with two available PCM types of
28 °C and 18 °C melting temperatures. Testing first considered the effect
of wearing one cooling vest for the whole duration of 50 min and
second wearing in sequence two cooling vests starting first with the
high PCM melting temperature followed by the lower one during the
same working period, but divided into two 25-min bouts. Human sub-
ject testing was performed to record and assess both the physiological
data and subjective votes on sensation and comfort.

In the coming subsections, descriptions are presented of the parti-
cipants, the different types of PCM packets and cooling vest cases, the
experimental protocol and the measurements taken.

2.4. Participants

The Institutional Review Board at Qatar University approved to
carry out this study on six male subjects, who were students at the
university. The number of participants was based on reported numbers
used in similar previous studies and was found adequate for validating
the predictions of the integrated model (Quinn et al., 2017; Gao et al.,
2011; Reinertsen et al., 2008; Yang et al., 2012; Itani et al., 2017a). The
participants were acclimatized to the environmental conditions since
they have been residents of Qatar for at least six months. The average
age, height and weight of the participants were 22.17±1.07 years
(mean± SD), 1.74±0.06 m and 75.83± 12.1 kg, respectively.

All the subjects wore an ensemble consisting of similar 50% cotton-
50% polyester t-shirts and light cotton shorts that were provided to
them. For each garment piece, the measured clothing characteristics
that include thickness, area density and dry and evaporative resistances
are provided in Table 1 (ASTM F1291, 2015; ASTM F2370, 2016; ISO,
5084:, 1996 and ISO, 3801:, 1977). The cooling vest evaporative re-
sistance and intrinsic insulation were found without the PCM packets.
Participants wore their own socks (mainly cotton) and shoes (thin-soled
with some woven fabric and knit shoes) and their properties were es-
timated from standard data bases (Fu, 1995; McCullough et al., 1985;
McCullough, 1989). The participants were asked not to drink alcohol or
coffee for at least 24 h before the experiment and eat or smoke for a
minimum of two hours before the experiments. The participants arrived
via personal vehicles to the research laboratory. After briefing the
participants about the experiments and signing the consent forms, the
experiments were conducted under the supervision of a registered
nurse. Fig. 3(a) shows one participant at QU doing exercise while
wearing a cooling vest. A total of four experiments; one without a
cooling vest and three with a vest, were done by each of the six parti-
cipants at a randomized order at the same time of the day (afternoon),
with at least two days between the experiments. All the experiments
were conducted in the months May and June, where outdoor ambient
temperature and RH were about 35±1 °C and 45±3%, respectively.

2.5. Description of PCM packets and cooling vest cases

A polyester cooling vest that was commercially designed to hold up

Table 1
Clothing characteristics used in experiments.

Clothing Fiber content Thickness (mm) Area Density (g/m2) Intrinsic insulation (m2 °C/W) Evaporative resistance (m2 Pa/W)

Cooling vest 100% polyester 1.01± 0.01 824.00± 4.00 0.116±0.030 29.50± 0.05
T-shirt 50% cotton, 50% polyester 0.56± 0.01 187.00± 1.00 0.042±0.010 2.48±0.02
Shorts light cotton 0.91± 0.05 221.10± 9.90 0.014±0.008 4.00±0.30
Socksa ankle-length & mainly cotton 2.87 386.70 0.004 13.60
Shoesa thin-soled with some woven fabric and knit 3.50 900.00 0.004 52.00

a Average data collected from Fu (1995); McCullough et al. (1985) and McCullough (1989).
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to 20 equally-sized PCM packets was used in this study. The vest had
Velcro fasteners to ensure good fitting to the torso of the participants.
Two types of PCM packets shown in Fig. 3(b) were used in this study,
having different melting temperatures of 18 °C and 28 °C and other
thermo-physical properties as shown in Table 2 (Swedish Emergency
and Disaster Equipment AB, 2017; All Safe Industries, 2017).

The different experiments of this study consisted of subjects doing
moderate activity for 50 min in a climatic chamber at 40 °C and 40%
RH. The objective was to split the 50-min working period into two bouts
at these environmental conditions, in order to resolve the problems
with low PCM melting temperatures, as discussed in the introduction.
The working duration was divided into two equally-timed 25-min
bouts. In the first 25 min, the participant would have started from rest
and would need a certain time to reach the required metabolic rate
while his subjective votes are still acceptable. After the 25 min have
passed, the participant would have started reaching uncomfortable
sensation levels in the no cooling vest case.

In the two-bout cases, the vest used in the second bout would have a
lower PCM melting temperature than the first one because the workers,
by the end of the first bout, would have noticeable elevations in skin
and core temperatures and discomfort levels (Gao et al., 2011). Con-
sequently, a PCM melting temperature of 28 °C was proposed to be used
in the first working bout and a PCM melting temperature of 18 °C was
proposed to be used in the second working bout. The designation for
using two different melting temperatures for two bouts would be for
example V28 → V18 where “28” would represent a melting tempera-
ture of 28 °C of bout and “18” would be the melting temperature of
18 °C in bout 2.

Comparison of physiological and subjective results between using
one cooling vest versus two with different PCM melting temperatures in
the same working period was done. When performing the comparison,
the cooling vests needed to have the same PCM coverage area, which
was about 1600 cm2 when using 20 packets with 28 °C melting tem-
perature or when using 16 packets of the 18 °C melting temperature.
Typically, the vests used for the whole working duration should have a
higher PCM weight than those used in the two bouts for the same
working period. However, since the packets were not custom-made, a
difference in the weights of the vests existed, especially for those having

packets with 18 °C melting temperature. The weight of the PCM packets
affects the vest cooling duration, while the coverage area affects the
vest cooling rate, which in turn affects the subjective ratings of the
participants, making it the most important factor to control in this
study.

A total of four experiments were performed in this study; one
without a cooling vest and the remaining with cooling vests, as de-
scribed in Table 3. The cooling vest cases consisted of two cases with
one cooling vest used for the whole working duration of 50 min at All-
V28 and All-V18 and one case with two cooling vests used con-
secutively in the same working duration but divided into two equally-
timed 25-min bouts (V28 → V18). The PCM packets were cooled
overnight to have an initial temperature of 16 °C at the start of all the
corresponding experiments, so that all the packets were initially in a
solid state.

2.6. Experimental protocol

Each experiment performed in this study lasted for 100 min and was
conducted at the hot conditions of 40 °C and 40% RH and air speed of
0.2 m/s.

After preparation and then resting at 25 °C and 50% RH for a period
of 45 min to attain a thermo-neutral state, the participant wearing the
PCM cooling vest entered the climatic chamber and performed cycling
for 50 min on a magnetic upright bike at about 3 Mets with a workload

Fig. 3. Pictures showing (a) a participant at QU
doing exercise while wearing a cooling vest and (b)
PCM packets of 28 °C and PCM packets of 18 °C
melting temperatures.

Table 2
Thermo-physical properties of PCM packets (Swedish Emergency and Disaster Equipment
AB, 2017; All Safe Industries, 2017).

PCM packet Parameter (unit) Value

28 °C Length × Width × Thickness (cm) 11.8×6.8×0.875
latent heat of fusion (kJ/kg) 159.0
specific heat capacity (J/kg·K) 3.1
mass (g) 87.5

18 °C Length × Width × Thickness (cm) 15.2×6.7×1.3
latent heat of fusion (kJ/kg) 113.0
specific heat capacity (J/kg·K) 2.2
mass (g) 155
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of 25±4 W (Glass et al., 2007). In the two-bout cases, the participant
performed cycling for 25 min while wearing the first vest and for an-
other 25 min while wearing the second vest with lower PCM melting
temperature. Core temperature readings were taken by a nurse through
the ear at the start and every 10 min throughout exercise, in order to
halt the experiment if core temperature surpassed 38 °C. More frequent
sampling was not recommended by the Institutional Review Board,
since it might increase the risk of ear injury while taking measurements.
Subjective votes were taken at the start and every 5 min throughout
exercise. In the two-bout cases, the first cooling vest was weighed alone
immediately after the first 25-min bout was over. The second vest was
worn directly after removing the first one and it took about half a
minute to be done. After finishing the exercise, the cooling vest used in
the single-bout cases and the second one used in the two-bout cases, the
wet clothing, the participant after toweling off the sweat remaining on
his skin and the wet towel were weighed separately to find the body
weight loss. Finally, the participant rested for 10 min.

A halt to the experiments was put if any of the possible situations
transpired (Yang and Chan, 2015). The first was if the core temperature
exceeded 38 °C (ISO, 7243, 1989), the second was if the participant
wished to halt the exercise at any time during the experiment. Never-
theless, no experiment was stopped in all the tested cases. Similar to the
previously described experimental protocol, the cases without a cooling
vest were conducted.

2.7. Physiological and physical measurements

The weights were taken using a digital bench scale (Quartzell™
Bench Scale 3600SC, Avery Weigh-Tronix – USA, 1 g resolution, and
150 kg capacity). Skin temperatures of seven body segments at 11 lo-
cations (left upper arm, left and right chest, left and right abdomen, left
and right upper back, left and right lower back, left thigh, and left calf)
were measured every 5 min by taping iButton sensors (iButton®
DS1922L, Maxim Integrated, CA, USA, 0.0625 °C resolution) using a
surgical tape on the different segments. The iButton sensors have an
average accuracy of± 0.09 °C when used at the moderate conditions of
34.9±0.1 °C with a maximum deviation of 0.4 °C (Nakayoshi et al.,
2014; van van Marken Lichtenbelt et al., 2006). Moreover, a delay for
correct temperature reading of about 2 min was considered, when the
vests of bouts 1 and 2 were worn, in order to account for the thermal
response time of the iButton sensors. In addition, the heart rate and core
temperature, Tcr, were measured every 5 and 10 min, respectively, via a
wristband pulse oximeter (CMS-50F, accuracy±2%) and an infrared
tympanic thermometer, IRTT, (Braun ThermoScan® 7 IRT6520, Braun,
Kronberg, Germany, accuracy±0.2 °C), respectively. Then, the change
in core temperature from its initial state, ΔTcr, was found. In a recent
study, good reliability of new generations of IRTTs in reflecting core
temperature was found, if disposable shields are used and frequent
cleaning is applied (Haugan et al., 2012). In addition, IRTT is easy to
use and time efficient, more hygienic and acceptable to participants
than rectal and was used in recent studies (Chudecka and Lubkowska,
2016; Haugan et al., 2012). In the current study, the results are used for
validating the integrated bio-heat and fabric-PCM model and the same
IRTT was used for all subjects. Thus, it was assumed that any potential

measurement error was the same for all subjects, while applying all
precautions recommended in taking the readings, as an indication for
stopping the experiment.

The mean skin temperature, Tsk,mean, was evaluated using the for-
mulation Tsk,mean = 0.3Tchest + 0.3Tarm + 0.2Tthigh + 0.2Tleg
(Ramanathan, 1964). Then, the change in mean skin temperature from
its initial state, ΔTsk,mean, was found. The torso skin temperature was
evaluated by taking the average of 8 sensor readings distributed on the
front and back torso, to accurately represent the parts that were either
covered or not by the PCM packets. Body weight loss or sweat pro-
duction was evaluated by the difference in the clothed subject weight
before and after the exercise, after correcting it for any sweat absorbed
in the clothing (Ilmarinen et al., 2004). Finally, the change in body heat
storage, S, was found according to Chou et al. (2008) using the ex-
pression in Eq. (7) as an indication of the cooling performance of the
vests and the estimated PCM weight needed in a specific cooling
duration:

= × ×S ΔT m C
t

b b b
(7)

where mb is the human body mass, Cb is the body specific heat and is
equivalent to 3470 J/kg °C, t is the working period, and ΔTb is the
change in the mean body temperature from the start of the work period
till the end defined as follows:

= × + ×ΔT ΔT ΔT0.8 0.2b cr sk mean, (8)

2.8. Subjective votes and statistical analysis

At the start and every 5 min throughout the experiment, the parti-
cipant reported his subjective votes using the reference scales for
overall thermal comfort, TC, (0 neutral, 1 comfortable, 2 slightly un-
comfortable, 3 uncomfortable, 4 very uncomfortable, 5 extremely un-
comfortable) and torso thermal sensation, TTS, (0 neutral, 1 slightly
warm, 2 warm, 3 hot, 4 very hot, 5 extremely hot) (Reinertsen et al.,
2008). The effect of wearing no vest, one cooling vest and two cooling
vests for the same working duration was examined using paired samples
t-tests, with the statistical significance set at p<0.05.

2.9. Parametric study at hot environments

The validation of the integrated two-bout model was important in
predicting human physiological responses as well as comfort and sen-
sation responses, at hot ambient conditions while doing exertion.
Nevertheless, performing a parametric study at different environmental
conditions to test the proposed two-bout strategy and find the optimal
PCM combination was needed. This combination would provide op-
timal savings in energy use for PCM regeneration and material costs,
while having similar thermal comfort and sensation to the optimal
single-bout case using the very low melting temperature. Thus, the
model was used to find physiological and comfort and sensation re-
sponses, in addition to the PCM weight needed so that almost 90% of it
is melted in each working bout.

In order to mimic outdoor work in hot environments, the case of an
active human performing activity at 3 Mets for a total working duration
of 50 min was considered in the parametric study. Prior to start of ex-
ercise, the human was assumed to have been resting at 0.8 Mets for a
long time to be at thermo-neutral state in a conditioned space at 25 °C
and 50% RH. Two environmental conditions were considered to re-
present typical hot climates found in the Gulf region and that are pre-
vailing for longer periods of the year due to global warming. The first
condition was at 40 °C and 40% RH and the second was at 45 °C and
20% RH; both representing a WBGT index of about 32 °C and resulting
in a 50-min recommended working duration. Four PCM melting tem-
peratures suitable for such hot conditions were considered; 10 °C, 18 °C,
21 °C and 24 °C. The cooling vests had fixed PCM coverage area equal to

Table 3
Different PCM experiments tested on human subjects.

Experiment PCM melting
temperature in
bout 1- bout 2 (°C)

Number of
packets
used

Total PCM
weight
(kg)

PCM
coverage
(cm2)

No vest – 0 0 0
All-V28 28 − 28 20 1.75 1600
All-V18 18 − 18 16 2.48 1632
V28 → V18 28 − 18 20 → 16 1.75 →

2.48
1600 → 1632
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1600 cm2 and PCM initial temperature lower than the melting tem-
perature by 1 °C only, for energy saving purposes. The latent heat of
fusion and density corresponding to the PCM melting temperature of
10 °C, 18 °C, 21 °C and 24 °C were 110 kJ/kg, 113 kJ/kg, 134 kJ/kg and
140 kJ/kg, and 1400 kg/m3, 1169 kg/m3, 1400 kg/m3 and 1400 kg/
m3, respectively, as commercially available (All Safe Industries, 2017;
Swedish Emergency and Disaster Equipment AB, 2017). The clothing
worn consisted of briefs or undershorts, t-shirt, long sleeve shirt, long
trousers, socks, and work shoes of characteristics provided in Table 4 as
obtained from the study of Fu (1995).

In order to find the optimal PCM combination at each environ-
mental condition, the following steps were followed:

1) The reference case was defined as the optimal single-bout 50 min
case with the lowest PCM melting temperature (All-V10).

2) The integrated model was used to simulate the reference case and
find the physiological and comfort responses as well as the PCM
weight needed for the 50 min working duration. In addition, com-
parison was done between the reference case and the no vest (No-V)
case to check improvements in comfort and sensation.

3) The simulation cases corresponding to the different combinations of
the PCM packets were common for the two ambient conditions with
8 two-bout cases at each ambient condition (V24 → V10, V24 →
V18, V24 → V21, V24 → V24, V21 → V10, V21 → V18, V21 →
V21 and V18 → V10).

4) The model was used to perform the simulations of the two-bout
cases and find the PCM weight needed for each 25-min bout, the
thermal comfort and sensation and the reductions in PCM weight
resulting with lower material cost in comparison to the reference
case.

The following constraints are to be met to deduce the optimal PCM
combination:

1) The PCM packets should be about 90% melted during each bout to
find the PCM weight needed.

2) Consequently, the case that resulted with the most savings in energy
use for PCM regeneration and material use with similar comfort
levels to the single-bout case was selected.

In order to check the effect on skin temperature and improvements
in TTS and TC, comparison between No-V and reference case (All-V10)
was done (see in the Results and Discussion section). Moreover, to give
an idea how the different PCM combinations affect the core and mean
skin temperatures variation in first and second bout, the change in
mean body temperature, ΔTb, and change in heat storage, S, are pre-
sented. The changes, S and ΔTb, in bout 1 were found from the start of
work till the end of bout 1 and in bout 2, from the start till the end of
bout 2. In addition, the PCM weight needed in the reference cases and
the two-bout cases (weight of vest worn in bout 1 and in bout 2) are
reported. Thus, the percentage reduction in PCM weight when using
two-bout strategy from the reference single-bout case were calculated.
Lastly, the values of TTS and TC at the end of bouts 1 (t=25 min) and 2
(t=50 min) are shown to select the optimal PCM combination based on
similar comfort levels to the reference single-bout case, minimal PCM

weight, energy use for regeneration and material cost.

3. Results and discussion

In this section, comparison of the physiological data and subjective
votes on sensation and comfort between the different cases and the
results of the integrated model was done. Three reference cases existed;
no vest and one vest with uniform packets of 28 °C and 18 °C melting
temperatures (All-V18 and All-V28). The remaining case considered
two cooling vests in a two-bout working duration (V28 → V18). After
validation, a parametric study was considered to find the PCM melting
temperatures in the two bouts that would provide with similar comfort
levels to the optimal single-bout case, but at optimal decrease in carried
weight, energy use and material cost.

3.1. Validation of integrated two-bout model

3.1.1. Physiological responses of skin and core temperatures, heart rate and
body weight loss

Comparison was done between model and experimental results of
physiological data (torso skin temperature and sweat produced) for a
hot environment (40 °C and 40% RH), moderate activity level (3 Mets)
and a two-bout working duration with transient variation of torso skin
temperature. The simulation and experimental data (mean± SD) of
local torso skin temperature during exercise for 50 min for the different
cases are presented in Fig. 4(a). Initially, the torso temperature was
similar in all the cases, since the participants started from a thermo-
neutral steady-state condition at 25 °C and 50% RH. As it is expected,
the no vest case had the highest temperature values throughout the
50 min continuous exercise reaching a maximum of 36.9 °C, as pre-
dicted by the model. In the presence of the cooling vests, the model was
capable of predicting the drop in torso temperature upon wearing the
vests in the first 5 min of exercise and after 25 min in the two-bout case,
due to the relatively low PCM initial temperature of 16 °C. Good
agreement between the model and experimental results was found for
the transient temperature variation upon wearing the second cooling
vest in V28 → V18.

In the first 25 min, the simulated torso temperature covered with
28 °C packets (cases All-V28 and V28 → V18) had identical trends that
started increasing after the initial drop to reach stable values in about
22 min of exercise. However, in case All-V18, the torso skin tempera-
ture kept on decreasing until reaching stable values in about 25 min due
to the melting of the PCM packets. In the second 25-min bout, the si-
mulated torso temperatures in All-V18 and V28→ V18 reached similar
stable values in the last 10 min of exercise, with 0.66 °C maximum
difference from experimental data. The reason behind this was that the
packets were melting at a constant temperature with identical PCM
coverage area. Similar reductions in local skin temperatures upon
wearing cooling vests incorporating different melting temperatures
were found in previous studies (Gao et al., 2012; House et al., 2012).
Moreover, all vest cases showed an experimental (p<0.02) and si-
mulated significant difference in torso skin temperature from the no
vest case at all times of exercise, except case All-V28. Total melting of
any type of PCM packets used in the different experiments did not
occur.

Table 4
Clothing characteristics used in parametric study (Fu, 1995).

Clothing Fiber content Thickness (mm) Weight (g/m2) Intrinsic insulation (m2 °C/W) Evaporative resistance (m2 Pa/W)

Briefs or t-shirt 100% cotton 1.270 156.2 0.036 4.0
Long sleeve shirt 80% cotton, 20% polyester 1.422 187.2 0.047 5.2
Long trousers 60% cotton, 40% polyester 0.787 190.2 0.026 4.1
Socks 80% cotton, 8% acrylic, 7% nylon, 5% elastic 3.480 572.5 0.070 7.6
Work shoes leather 3.200 900.0 0.075 47.0
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The simulated and experimental (hatched bars) sweat produced or
body weight loss for all the cases are shown in Fig. 4(b). The maximum
body weight loss was in the no vest case with a value of 0.33± 0.03 kg,
and it decreased slightly in cases All-V28 and V28 → V18. Only case
All-V18 decreased significantly (p<0.05) the body weight loss from
the no vest case to 0.26±0.02 kg. Similar results were predicted by the
two-bout model, with 8% maximum difference from mean experimental
data. Typically, the results indicated that covering the torso with
packets of lower melting temperatures led to higher suppression of
sweat production, as previously found at similar activity levels and hot
conditions (Gao et al., 2011; House et al., 2012).

At the hot condition of 40 °C, experimental heart rates in all cases
had similar trends of variation, increasing initially from 83±5 bpm
and reaching highest toward the end of exercise at about 97± 8 bpm,
as shown in Fig. 5(a). No significant difference (p>0.05) at all times of
exercise was found among any of the vest cases, which could be due to
the light load. However, it could also be due to using 18 °C PCM packets
as the lowest melting temperature, which did not show a significant
effect on the heart rate. In a similar study, House et al. (2012) per-
formed experiments on human subjects doing stepping exercise in an
environment at 40 °C and tested 4 cooling vests having PCMs of 0 °C,
10 °C, 20 °C and 30 °C melting temperatures. Their results showed a
significant difference only with the vest filled with PCMs of 0 °C melting
temperature.

Results for the experimental change in mean skin, ΔTsk,mean, core
temperatures, body temperatures from the start of the experiment for
single-bout cases and for every bout of two-bout case (Bout 1
(0–25 min) and Bout 2 (25–50 min)) are presented in Table 5. In ad-
dition, the transient variation of simulated and experimental (mean±
SD) Tcr and Tsk,mean are presented in Fig. 5(b) and (c), respectively.
Initially, the mean skin temperatures, Tsk,mean, and core temperatures,
Tcr, were at similar values in all the cases due to starting from a thermo-

neutral state and were at 33.33±0.52 °C and 37±0.2 °C, respectively.
No significant difference was found in ΔTcr, between any of the cases
over the whole period or over bout 1 or bout 2 periods as can be seen
from Fig. 5(b) and Table 5. These results are similar to the findings of
House et al. (2012) who also reported no significant differences in the
rectal temperature between all the 4 cooling vests they tested.

The single-bout cases (No vest, All-V28, and All-V18) showed si-
milar trends of variation in Tsk,mean, Tcr and Tb, with significant initial
rise (0–20 min) and slight change in the remaining period (20–50 min).
There were significant differences in Tsk,mean between No vest
(3.36±0.91 °C) and All-V18 (0.70± 0.45 °C) and between No vest
(3.36±0.91 °C) and V28→V18 (1.78±0.19 °C), as shown in Table 5
and in Fig. 5(c). The change in Tsk,mean during bout 2 of V28→V18 was
−0.28± 0.20 °C, which indicates a slight drop in mean skin tempera-
ture upon wearing the second cooling vest, as shown in Fig. 5(c). This
drop was not significant due to attainment of almost stable states for
core and skin temperatures of the uncooled body segments, at the de-
fined environmental conditions and activity level. The uncooled body
segments constitute 70% of the computed mean skin temperature
(Ramanathan, 1964). In the single bout cases and after about 20 min of
exercise, Tsk,mean reached values that varied slightly over the remaining
30 min of exercise (see Fig. 5(c)).

3.1.2. Thermal comfort and sensation
The simulation and experimental data (mean values± SD) of torso

thermal sensation, TTS and overall thermal comfort, TC, during exercise
for the different cases are shown in Fig. 6(a) and Fig. 6(b), respectively.
An increasing trend was noticed in the no vest case with the poorest TC
and highest TTS values among all the cases throughout exercise,
reaching 3.83±0.70 (close to very uncomfortable) and 3.67± 0.75
(close to very hot) at the end, respectively. The model predictions, at
the hot ambient conditions and moderate activity level, were in good
agreement with the experimental ones with an accuracy of± 0.55 in
TTS and± 0.58 in TC.

It can be noticed from Fig. 6(a) that in all the vest cases and irre-
spective of the PCM melting temperature, TC and TTS had similar va-
lues in the first 15–20 min of exercise, in both simulated and experi-
mental results. This indicated that using packets of lower melting
temperature at early periods of exercise is not necessary for improving
TC and TTS levels. After that and by the end of the first bout, the
participants in All-V28 and V28 → V18 voted for slightly un-
comfortable and a warm sensation with similar model predictions
of± 0.6 as maximum deviation. Thus, there was a need to use the
second cooling vest with lower PCM melting temperature of 18 °C to
alleviate the uncomfortable and hot sensations in the upcoming 25-min
period, especially in case All-V28.

Upon wearing the vest with lower melting temperature in the
second bout, a drop in TC and TTS levels was noticed and detected by
the integrated model as shown in Fig. 6. Thus, experimental and si-
mulated TC and TTS levels toward the end of the 50-min exercise in the
two-bout case were maintained at lower values than those with single
bout reaching slightly uncomfortable and slightly warm, respectively,
with similar values to All-V18. All-V18 had a significant difference
(p< 0.05) in TC and TTS from the No vest case at all times of exercise.
In the two-bout case, there was a significant difference in experimental
and simulation results from the No vest case in the last 10 min of ex-
ercise for TC and in the last 25 min for TTS. Breaking the working
period into two bouts and wearing the vest with 18 °C PCM packets in
bout 2 (V28→V18) caused significant improvement in TTS over the
single-bout All-V28 case, in the last 15 min of bout 2, with improved TC
levels. In addition, V28→V18 had similar improvements in TTS and TC
to All-V18 in bout 2. All-V28 had improved TTS and TC votes over the
No vest case, but did not show significant differences during the whole
exercise period.

The results mentioned above demonstrated an acceptable accuracy
of the integrated model at hot conditions and moderate activity level

Fig. 4. Simulation and experimental data (mean±SD) of (a) local torso skin temperature
during exercise for 50 min and (b) body weight loss after exercise for the different cases.
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with maximum deviation from experimental values of± 0.91 °C,
8%,± 0.6 and±0.6 in torso skin temperature, body weight loss,
thermal sensation and thermal comfort, respectively. The accuracy of
the model was similar to those found by previous studies adopting a

previous version of the bio-heat model and compared to published
experimental data (Hamdan et al., 2016; Karaki et al., 2013; Salloum
et al., 2007) In addition, other recently published models have similar
accuracy in predicting the human thermal responses as in the study of

Fig. 5. Transient variation of the (a) experimental (mean±SD)
heart rate and simulated and experimental (mean± SD) (b) core
temperature and (c) mean skin temperature during 50 min ex-
ercise for the different cases.

Table 5
Change in mean skin, core and body temperatures from the start of the experiment for single-bout cases and for every bout of two-bout case (Bout 1 (0–25 min) and Bout 2 (25–50 min)).

Case ΔTsk,mean (°C) ΔTcr (°C) ΔTb (°C)
Total period (bout 1+ bout 2)

No vest 3.36± 0.91 0.7± 0.3 1.23± 0.32
All-V28 2.29± 0.80 0.5± 0.2 0.86± 0.19
All-V18 0.70± 0.45* 0.5± 0.4 0.54± 0.19*

V28 → V18 1.78± 0.19* 0.4± 0.1 0.68± 0.12*

ΔTsk,mean (°C) ΔTsk,mean (°C) ΔTcr (°C) ΔTcr (°C) ΔTb (°C) ΔTb (°C)
bout 1 bout 2 bout 1 bout 2 bout 1 bout 2
2.06± 0.14* −0.28± 0.20 0.3± 0.1 0.1±0.1 0.66± 0.11* 0.02± 0.10

* Significant statistical differences (p< 0.05) between the vest case and the no vest one.
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Yang et al. (2014), where their model showed accurate predictions of
skin and core temperatures in terms of their tendency and absolute
values (maximum of 0.59 °C, 0.75 °C and 0.2 °C in mean skin, local skin
and core temperatures, respectively). Moreover, the model was able to
detect the transient skin temperature variations and subjective votes
due to wearing the second cooling vest. Applying the two-bout strategy
was effective in improving thermal comfort and sensations due to local
torso cooling, even though no significant change in core temperature
over the whole period was noticed or in mean skin temperature upon
wearing the second cooling vest. The two-bout strategy was able to
attain similar improvements in TC and TTS to the optimal single-bout
case with the lowest melting temperature of 18 °C. Thus, the model can
be utilized to find the PCM melting temperatures that could be used in
the two bouts while providing similar comfort levels to the optimal
single-bout case but at lower carried weight, energy use and material
cost. The effect of the carried weight when performing cycling in the
human subject experimentation was minimal since the subjects were
not performing an activity while carrying their own weight as well as
that of the vest. Nevertheless, any reduction in carried weight in ac-
tivities that involve walking, running, outdoor construction work, etc.,
would contribute to easier movement and lower metabolic cost.

3.2. Results of parametric study

Using the integrated two-bout model, the simulation cases described
previously at each environmental condition (40 °C and 45 °C) were
performed. The change in torso, ΔTtorso, mean skin, ΔTsk,mean, and core
temperatures, ΔTcr, from the start of work for every bout (Bout 1
(0–25 min) and Bout 2 (25–50 min)), at each ambient condition are

presented in Table 6. In addition, the change in mean body tempera-
ture, ΔTb, and change in heat storage, S, are presented in Table 7.
Moreover, the PCM weight needed in the reference cases and the two-
bout cases (weight of vest worn in bout 1 and in bout 2) as well as the
percentage reduction in PCM weight are reported in Table 7, with the
corresponding PCM melted fractions falling in the range of 0.86–0.95.
Lastly, the values of TTS and TC at the end of bouts 1 (t=25 min) and 2
(t =50 min) are shown in Fig. 7(a-b).

At the hot environment of 40 °C and 40% RH, the No-V case re-
sulted with ΔTtorso, TTS and TC of 3.03 °C, 3.12 (hot) and 3.33 (un-
comfortable), respectively, at the end of the working period. The re-
ference single-bout case (All-V10) with PCM weight of 3.59 kg had an
increasing trend in mean skin and core temperatures (over the total
50 min exercise period) and similarly in heat storage due to the positive
ΔTb, (see Tables 6, 7). The changes in Tsk,mean, Tcr and, consequently Tb,
in the second bout were not as significant as those of bout 1 for the
different vest cases. This difference between bouts was due to the at-
tainment of almost stable states for core and skin temperatures of the
uncooled body segments, at the defined environmental conditions and
activity level, which is reflected in cases V24→V24 and V21→V21.
The uncooled body segments constitute 70% of the computed mean
skin temperature (Ramanathan, 1964). However, the vests worn in the
two bouts caused drops in torso skin temperature that varied depending
on the PCM melting temperature used in the cooling vests. The results
of ΔTtorso indicated that cooling vests with lower PCM melting tem-
peratures caused higher drops in Ttorso. For example, case V21→V21
had ΔTtorso of −2.77 °C and −0.22 °C in bouts 1 and 2, respectively,
while V24→V24 had ΔTtorso of −1.41 °C and −0.02 °C in bouts 1 and
2, respectively.

Fig. 6. Simulation and experimental data (mean
values± SD) of (a) torso thermal sensation and (b)
thermal comfort for the different cases during ex-
ercise.
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Results of the total body heat storage, S, showed more significant
drops from the No-V case as the PCM melting temperature gets lower,
with maximum reductions attained by All-V10 and V18 → V10 of
about 121 W and 90 W, respectively, at the hot environment of 40 °C.
Regarding the two-bout cases, it was found that ΔTb and consequently S
in bout 1 had positive values, while in bout 2, the vest cases using 10 °C,
18 °C and 21 °C PCM packets had negative S values indicating a de-
crease in mean skin and core temperatures. These negative values show
how the uncooled segments did not have a significant contribution to
the heat stored in bout 2, due to reaching an almost steady thermal
state. The PCM weights of the two-bout vests were significantly reduced
by a minimum of 43% and a maximum of 76% from the 3.59 kg re-
ference single-bout vest (Table 7).

Similarly, at the hot environment of 45 °C and 20% RH, the No-V
case resulted with ΔTtorso, TTS and TC of 3.31 °C, 3.54 (hot) and 3.84
(uncomfortable), respectively, at the end of the working period. The
reference single-bout case (All-V10) with PCM weight of 3.82 kg had an
increasing trend in skin and core temperatures and similarly in heat
storage over the total working period, as shown in Table 4. Higher PCM
weight was needed than those at the lower ambient condition, due to
the use of lower PCM melting temperature to compensate the effect of
the hotter environment. At the hotter environment of 45 °C, the drops
in Ttorso were lower than those at 40 °C, due to the higher heat gained
and thus stored by the human body at the hotter environment. The
higher heat gained is reflected by the higher ΔTcr, ΔTb and S values at
the 45 °C environment, as shown in Tables 6, 7.

Simulation results for TTS and TC at the end of bouts 1 and 2 are
presented in Fig. 7(a) and Fig. 7(b), respectively, for the 40 °C and 45 °C
environmental conditions. The reference All-V10 case had increasing
trend in TTS and TC over time, reaching 1.58 (slightly warm) and 1.85
(comfortable), respectively, at the end of the 50-min working duration.
Thus, All-V10 was able to establish comfort, since it reduced TTS and
TC by 1.54 and 1.48, respectively, from the No-V case. The two-bout
cases showed a drop in TTS and TC in the second bout due to the use of
the lower melting temperature packets, which is an advantageous effect
when working in very hot conditions. At the 45 °C environment, the
reference All-V10 case was able to reduce TTS and TC from the No-V
case by 1.95 and 1.87 to reach 1.59 (slightly warm) and 1.97 (slightly
uncomfortable), respectively, at the end of the 50-min working dura-
tion.

Moreover, the results at the 40 °C environment showed that when
using high PCM melting temperature in bout 1 (24 °C) followed by
using lower PCM melting temperatures in bout 2 (10 °C, 18 °C or 21 °C),
there was a drop in Ttorso and Tsk,mean and improvement in TC. These
drops and improvements were more noticeable as the temperature
differences between the PCM packets used in bouts 1 and 2 increased.
When using a lower PCM melting temperature in bout 1 (21 °C) fol-
lowed by using PCM melting temperatures of 10 °C or 18 °C in bout 2,
the drop in Ttorso and Tsk,mean and improvement in TC were less no-
ticeable at the 40 °C environment. This led to the selection of case V21-
V21 at the 40 °C environment, when comparing its TC to those of the
reference single-bout All-V10 case. A PCM with melting temperature of
21 °C would consume lower energy for regeneration than the 10 °C or
18 °C packets. In addition, the weight reduction from the reference
single-bout case would be 69% corresponding to the vests worn in bouts
1 and 2 (V21 → V21), which is a significant reduction leading to lower
material use and carried weight. At the 45 °C environment, using PCM
melting temperature of 24 °C or 21 °C in bout 1 followed by using lower
PCM melting temperatures in bout 2, there was a drop in Ttorso and
Tsk,mean and improvement in TC. These drops and improvements were,
as in the 40 °C environment, more noticeable as the temperature dif-
ferences between the PCM packets used in bouts 1 and 2 increased. Case
V21-V10 at the 45 °C environment showed more noticeable improve-
ments than case V21-V10 at the 40 °C environment. When comparing
the TC results to those of the reference All-V10 case in bouts 1 and 2, at
the 45 °C environment, case V18 → V10 was selected, and theTa
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corresponding weight reduction from the reference case was 61% in
bout 1% and 47% in bout 2.

The parametric study, as well as the experimental findings, showed
that applying the two-bout strategy would enhance the subjective votes
of moderately active workers in very hot conditions. Wearing cooling
vests in the second bout of lower PCM melting temperatures than the
first bout would allow maintaining acceptable levels of comfort and
sensation till the end of the total working duration. Having a validated
integrated model allowed optimizing the weight of the vests used in the
two bouts. Thus, the problems of extra carried weight that affects the
metabolism and hindrance of movement when applying continuous
cooling during work, especially work that involves walking or outdoor
construction work, (Chan et al., 2013; House et al., 2012; Tyler et al.,
2013) could be diminished by applying the two-bout strategy. All the
stated enhancements result in improved work settings that enhance the
productivity of workers and reduce time-consuming errors at the very
hot environments and put forward the possibility of extending the
limited continuous working durations. On the other hand, some cost
due to using an additional vest would be present when applying the
two-bout strategy and the use of different types of PCM packets. In
addition, the PCM packets and vests that would be used in the second
bout should be readily available in a regenerated state so that changing
the vest is not a time-consuming process.

4. Conclusions

The aim of this study was to investigate by modeling and experi-
mentation the effect of dividing the working duration into two bouts at
very hot ambient conditions. In the two bouts, cooling vests with dif-
ferent PCM melting temperatures were used with a lower one used in
the second bout. The main conclusions were the following:

1) The integrated two-bout bio-heat and fabric-PCM model was vali-
dated using experiments on active human subjects doing exercise in
a hot environment at 40 °C for a duration of 50 min. The model

showed maximum deviation from experimental values by±0.91 °C,
8%,± 0.6 and±0.6 in torso skin temperature, body weight loss,
thermal sensation, and comfort, respectively.

2) The experimental results showed that the two-bout strategy was able
to attain similar improvements in TC and TTS to the optimal single-
bout case with the lowest melting temperature of 10 °C.

3) After utilizing the model in a parametric study, optimal two-bout
cases at the 40 °C and 45 °C ambient conditions were selected by
finding the PCM melting temperatures that would result with similar
comfort and sensation levels to the single-bout reference cases, but
at lower PCM weight, material cost and energy use.

4) The optimal cases at the 40 °C and 45 °C environments were V21 →
V21 and V18 → V10, respectively, and showed significant reduc-
tions in PCM weight from the reference single-bout cases by a
minimum of 47%. Thus, the issue of extra carried weight, that af-
fects ease of movement when applying continuous cooling during
certain types of activities, could be reduced by applying the two-
bout strategy.
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