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ARTICLE INFO ABSTRACT
Keywords: Personal cooling vests that incorporate phase change material (PCM) have been utilized to improve thermal
Phase change material sensation of people working outdoors in different fields (firefighting, construction, military, police, etc.). In this
Cooling vest modeling study, an integrated fabric-PCM and bio-heat model was validated through human subject testing to determine
Bio-heat modeling the extent to which it could detect thermal and comfort responses when varying the arrangement of a fixed

Core and skin temperatures

Thermal comfort and sensation number of PCM packets in the cooling vest. The modeling approach was utilized for given PCM melting tem-

perature to determine the number of packets needed and their optimal arrangement at moderate (35 °C) and hot
(40 °C) environments for 45, 60 and 90 min working durations. The findings showed that when full coverage of
the torso is not needed, optimal arrangements were those having full back coverage with the remaining packets
on the upper front. Lower front cooling did not show significant improvement in comfort over upper front
cooling. That effect was more evident when lower front PCM packets were used at the 40 °C hot environment. As
the working duration increased, less differences were detected in skin temperatures and comfort between the
optimal and worst cases since a higher PCM coverage area was necessary.
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Nomenclature 2UF-OLF-10B 2 PCM packets placed on UF torso, 0 on LF torso and
10 on back torso

A area (m?) 4UF-OLF-10B 4 PCM packets placed on UF torso, 0 on LF torso and

Age age of the participant (years) 10 on back torso

B back segment of the torso 2UF-2LF-10B 2 PCM packets placed on UF torso, 2 on LF torso and

BWL body weight loss (g) 10 on back torso

Cc specific heat (J/kgK) OUF-4LF-10B 0 PCM packets placed on UF torso, 4 on LF torso and

d gap width (m) 10 on back torso

e thickness (m) 4UF-2LF-8B 4 PCM packets placed on UF torso, 2 on LF torso and 8

ECG electrocardiogram on back torso

Exp. experimental results 4UF-4LF-6B 4 PCM packets placed on UF torso, 4 on LF torso and 6

g gravitational acceleration (m/s?) on back torso

F front segment of the torso 6UF-4LF-4B 6 PCM packets placed on UF torso, 4 on LF torso and 4

haa heat of adsorption (J/kg) on back torso

he convective heat transfer (W/m?>K)

hy heat transfer coefficients (kg/mz-kPa-s) Greek symbols

hg heat of evaporation (J/kg)

h, mass transfer coefficient (kg/m?kPa-s) a fraction of melted PCM

hy latent heat of fusion (J/kg) B volumetric thermal expansion cc™

IRTT infrared tympanic thermometer A change

ISO International Organization for Standardization A condensation rate (kg/m®s)

1 width of PCM packet (m) v kinematic viscosity of air (m?/s)

LF lower front torso segment p density (kg/m®)

m mass (kg) b4 condensation coefficient

i, microclimate air mass flow rate (kg/s)

gy sweat mass flow rate per unit area (kg/m>s) Subscripts

MET Metabolic Equivalent for Task

n number of PCM packets a microclimate air

No vest no vest is worn by the participant air macroclimate air

P vapor pressure (kPa) avg average

PE perceived exertion cr core

PCM phase change material dp dew point

r radius (m) eny environment

Ry dry thermal resistance of the fabric (m>K/W) i body segment index

R, evaporative resistance of the fabric (m*kPa/W) if inner fabric

R fabric regain in inner

Sim simulation results J PCM packet index

t time (s) mean mean

T temperature (°C) of outer fabric

TB back skin temperature (°C) out outer

TF front skin temperature (°C) o,w,avg difference between optimal and worst cases averaged over

TC thermal comfort time

TTS torso thermal sensation ow,end difference between optimal and worst cases at the end of

UF upper front torso segment working period

w humidity ratio (kgy/Kgair) sat saturated

WBGT  wet bulb globe temperature (°C) skin skin layer

1. Introduction

People working outdoors in different fields (firefighting, military,
police, construction, etc.) are subjected to warm or hot conditions that
place them under the risk of heat stress. In addition, global warming
and its effects on the outdoor climate increases the risk of heat stress
[1]. Heat stress can cause productivity loss of workers and measures
would be needed to avoid such occurrences [2]. Wearing a cooling vest
incorporating different phase change material (PCM) is one of the
methods suggested for decreasing heat stress and improving labor en-
durance of outdoor workers [3-6]. Cooling vests fully covered on the
inner side with PCM packets targeted the human trunk region which
was reported to be an influential body region on improving thermal
comfort when locally cooled in warm environment [7-10].

Different working durations exist depending on the task type and
whether it requires light or heavy activity and if it is performed in warm
or hot ambient conditions. For example, a working duration in
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moderate conditions might be as short as 30min with firefighters
wearing protective clothing [11] and could increase to two hours with
moderate activity levels [12]. Previous experimental and modeling
studies showed that cooling vests with full PCM coverage can reduce
local torso skin temperatures and improve human thermal comfort
[13,14]. However, these studies did not take into consideration that a
short working duration might require less PCM coverage area before
complete melting.

The complete PCM packet melting depends on the temperature
difference between the human skin and the PCM, the packet melting
temperature and its heat of fusion, the working duration, and the am-
bient conditions [4,5,15]. Previous studies, that conducted experiments
using PCM cooling vests, did not focus on the amount of PCM needed
for total melting of the packets. House et al. [13] conducted tests on
human subjects who did exercise for 45 min and rested for another
45 min while wearing PCM vests of different melting temperatures at
the hot environment of 40 °C. Their results showed that total melting
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did not happen in the 30 °C PCM packets by end of the 90-min exposure.
In the work of Gao et al. [4], total melting did not happen of the 28 °C
PCM packets after the human subjects cycled for 20 min in ambient
conditions of 20 °C and then walked for 24 min on a treadmill in very
hot condition of 55°C. Gao et al. [14] also performed human subject
experiments, where the participants sat at a workstation in a moderate
environment at 34 °C for 60 min while wearing the vest. The vest was
fully covered with packets having a melting point of 21 °C and a total
PCM weight of 1,785 g. Their results showed that the vest was able to
provide about 3°C temperature drop in torso skin temperature and
improve overall and torso thermal sensations, without complete
melting of the packets.

Hence, for short working durations, depending on the PCM prop-
erties and ambient conditions, fully filling the cooling vest with PCM
packets may not be necessary. Moreover, the advantage brought by the
PCM cooling vest comes at the expense of added weight on the human
body and the hindrance of water vapor transmission, which may affect
the vest performance. In such a situation, it is desirable to reduce the
weight of the vest by using the minimum amount of packets that would
result in complete melting by the end of the work duration, while ef-
fectively cooling the body.

Cotter and Taylor [8] studied local thermo-sensitivities for the dif-
ferent body regions (face, upper and lower limbs and torso; chest, ab-
domen and lower back). They concluded that the torso, after the face,
had higher thermo-sensitivity for sudomotor control and was relatively
more sensitive to cooling than other body parts. The regional sensitivity
to a cold stimulus was examined by Stevens [16] who reported that the
back followed by the chest and abdomen were the most sensitive re-
gions. Moreover, Zhang et al. [7] developed empirical correlations to
predict comfort and sensation based on extensive experiments on 109
human subjects. They reported that when the body was warm, cooling
the chest (upper front, UF) would provide higher comfort than cooling
the pelvis (lower front, LF). Cooling only the back was shown to
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improve overall comfort compared to cooling only the front at en-
vironment temperature of 28 °C using 8 PCM packets [17]. It is of in-
terest to determine the minimum number of packets (or PCM coverage
area) that would be needed to avoid carrying extra weight for a given
activity level at different working durations and at moderate and hot
environmental conditions. Then, when the working conditions do not
require fully filling the vest with PCMs, the question would be about the
best order of placement of the packets on the torso segments; UF, LF,
and back, that would show the highest improvement in thermal com-
fort.

To answer the questions on establishing minimum number of PCM
models and their placement on the torso to improve comfort, it is im-
portant to use a multi-segmental bio-heat model that can accurately
predict human thermal responses as well as comfort and sensation in
transient and non-uniform conditions [6,7,18]. Recently, Itani et al. [6]
utilized an integrated bio-heat and fabric-PCM model to predict optimal
PCM arrangement in the cooling vest recommended for outdoor
workers for a working period of two hours in a moderate environment
[12]. At the ambient condition of 32 °C, it was concluded that placing 8
packets with a melting point of 28 °C on the back segment was the
optimal case. However, in the study [6], the focus was for a fixed
number of PCM packets and for moderate ambient conditions by per-
forming simulations using a model validated with published experi-
mental data. Moreover, previous studies did not recommend the order
of torso segments that should be first covered with PCM packets in case
total torso coverage was not needed. As a matter of fact, physiological
models of the human body are approximate with inherent empirical
relations, accordingly, there is a need to ensure that the model findings
are also observed by humans wearing the vests. This requires validation
of model via testing on active participants in controlled environmental
conditions.

The integrated bio-heat of Karaki et al. [18] and fabric-PCM model
of Itani et al. [6,19] was validated with tests on thermal manikin but
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Fig. 1. Schematics showing (a) a human body with the torso covered with PCM packets (b) a side view of the PCM packet in a cooling vest sandwiched between the
human skin and environment and (c) a top view of the vest with PCM packet covering different segments and the radii of the corresponding layers.
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has not been tested on human subjects wearing the cooling vest. In this
work, the integrated fabric-PCM and bio-heat model will be validated
through human subject testing to determine the extent to which the
model is capable of detecting physiological responses and comfort
sensations when varying the arrangement of a fixed number of PCM
packets in the vest. In addition, the experiments will identify the pla-
cement of PCM packets that provides optimal comfort, through unequal
number of PCM packets placed on the torso segments; UF, LF and back.
Different comfort scales exist in literature including, but not limited to,
the McGinnis scale [20], Predicted Mean Vote [21] and Zhang et al. [7]
comfort scale. Zhang et al. [7] comfort and sensation scale was used in
this study since it can predict local and overall comfort and sensation in
transient and steady state conditions and it can be easily integrated
with the bio-heat model. Finally, the validated model is utilized to find
the minimum number and associated optimal arrangement of PCM
packets needed to achieve best comfort for different typical working
durations at environments of 35 °C and 40 °C while ensuring the com-
plete melting of PCM by the end of the working period.

2. Mathematical modeling

In this study, a versatile integrated multi-segmental bio-heat [18], a
fabric-PCM model [6,19] and a comfort and sensation model [7] were
utilized to predict physiological, thermal and subjective responses of
humans wearing cooling vests with optimal placement of a certain
number of packets on human torso. The focus in this study targeted the
use of unequal PCM coverage on three segments; UF, LF and back, in
accordance with Zhang et al. [7] comfort model. The placement of
packets affects the regional skin temperatures which in turn influences
the thermal comfort of the wearer [8,19]. After validating the model via
human subject testing, the modeling approach was applied to a number
of case studies at different working durations and environmental con-
ditions to find the minimum number of packets for comfort and their
optimal placement on the torso segments.

2.1. Integrated bio-heat and comfort and sensation model

The integrated model constituted of a multi-node segmental tran-
sient bio-heat model of Karaki et al. [18] and a comfort and sensation
model of Zhang et al. [7]. The bio-heat model divided the human body
into 31 segments and its torso into 8 segments (2 upper front, 2 lower
front, 2 upper back and 2 lower back) as shown in the schematic in
Fig. 1(a). The area of the upper torso segments (0.402 m?) was larger
than that of the lower ones (0.246 m?). Each torso segment has a skin
node, thus, the bio-heat model was sensitive to angular variations in the
torso environment. In addition, the model took into consideration the
effect of extremely hot conditions exceeding 39 °C [22] and the effect of
the carried weight [23] on the metabolism by increasing it by a factor
equal to 2.7% for each additional kg in carried weight. Detailed de-
scription of the utilized bio-heat model can be found in previous studies
[18,24]. However, the bio-heat model required the following main
input parameters:

— Initial thermal state of the human.

— Clothed and unclothed segments and the clothing properties (dry
and evaporative resistances, density and thickness).

— Metabolic rate of the human.

— Ambient temperature and relative humidity.

The bio-heat model was integrated with the model of Zhang et al.
[71, which includes empirical correlations and makes use of the core
and skin temperatures and their rate of change to find transient thermal
sensation and comfort. The subjective scales vary from -4 (very cold or
very uncomfortable) to +4 (very hot or very comfortable).
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2.2. Fabric-PCM model

The cooling vest (SWEDE cooling vest) [25] is made up of an
inner and outer fabric layer that are exposed to the human skin and
environment, respectively, as shown in a side view of a part of the
cooling vest in Fig. 1(b). The vest has 20 pockets that can hold 20
PCM packets covering the torso. The fabric-PCM model divided the
vest into four layers; inner fabric layer near the skin, microclimate air
layer behind each PCM packet, macroclimate air layer in front and in
between the packets and the outer fabric layer exposed to the am-
bient. The inner fabric layer was in contact with the skin on one hand
and exposed to the microclimate region behind each PCM packet and
the macroclimate region on the other. The PCM packet was closer to
the inner fabric layer due to the Velcro fasteners and thus, a thin
microclimate region was present. The PCM packet would directly
affect the microclimate air region and would allow vertical buoyancy
motion to happen in the thin microclimate layer [26]. Thus, the inner
fabric, having a specific dry thermal resistance, exchanges heat with
the skin via conduction. In addition, the inner fabric exchanges heat
with the macroclimate and microclimate air, respectively, via con-
vection. The macroclimate air layer in front of the PCM packets and
in between the packets was considered to be lumped for each torso
segment, as shown in Fig. 1(b). The PCM packets, prior to wearing
the vest, would be in a solid state and are affected by the heat gained
from the hot environment and the microclimate air near the skin. In
addition, the fabric-PCM model accounted for the increase in the
resistance brought by the dissimilarity in the areas of the vest layers
[27]. This dissimilarity was due to the cylindrical geometry and is
represented by a ratio of the radii shown in the top view of the PCM
vest in Fig. 1(c).

The model of the fabric-PCM considered mass and energy balances
for each fabric and air layer as well as an energy balance for the PCM
packet and its melted fraction. The different mass balances considered
horizontal water vapor exchange between the skin and inner fabric, and
between the inner fabric and the air layers along with moisture loss by
condensation. The different energy balances considered heat exchange
between the skin and inner fabric and between the inner fabric and air
layers as well as heat loss by condensation. Moreover, an energy bal-
ance was used to predict the PCM temperature during the non-melting
phase and the melted fraction during melting of the PCM packet. During
melting, the PCM temperature is constant and is equal to its melting
temperature. The PCM packets exchanged heat with the micro and
macro climate air layers and would be affected if condensation happens
at the relatively cool surface of the PCM. Condensation causes the re-
lease of latent heat that would decrease the performance of the PCM
packet. The different mass and energy equations for the vest layers and
PCM packet are presented below:

Energy balance of inner fabric layer:

dRif’i

dTy
Py *Ajf i *e[f*Cif*T - Py *Ajf ke kgg*

transient storage term heat due to absorption of water vapor

Tstin,i—Tif,i T i— Taij n
= R A T T D Ay
2 Tskin 2 + 2= hy,in

conductive heat transfer

convective heat transfer from
from skin to inner fabric fer f

inner fabric to microclimate air

n
) * (Aif,i_ ZFI APCMiJ)

Rq,if 1
( 2 + 2 hfin

convective heat transfer from
inner fabric to macroclimate air

Tip,i—Tair,i

@

Mass balance of inner fabric layer:
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Re,if *hfg 1
2 2% hn,in

Pri—P:: n
if i atkj ) sk Zj:l APCMi,j

moisture transfer by diffusion
from skin to inner fabric

Energy balance of outer fabric layer:

dRof, i
dt

Tori

dt

of A H€op #Cop —— Py #Aof *eof Mg

heat due to
absorption of water vapor

transient storage term

_ Tom—Tof i - Tair,i—Tof.i A
= Rdof 1 of i Rd,of + 1 *y‘l of i
2 2% hf.out conyective heat transfer from 2 2 hf in rif

outer fabric to environment -
f convective heat transfer from

macroclimate air to outer fabric

3)
Mass balance of outer fabric layer:

Penv_B)f i

Re,of xhgg + 1
2 2% h,out

moisture transfer by diffusion
from outer fabric to environment

Rof,i

d
Pof KA of K€of *Aof i

transient storage term

Fuir,i—Fyi A
"oif of i

Re,of hpy 1
e L
( 2 + 2% hm,in rif

moisture transfer by convection from
macroclimate air to outer fabric

(€3]

In Egs. (1) through (4), the indices if, of, air, a, skin, env and j in-
dicate the inner fabric, outer fabric, macroclimate air, microclimate air,
skin, environment and an index for the PCM packet number, respec-
tively. The symbols e, p, C, R., R4, hm, hr and hyq, represent the fabric
thickness, density, specific heat, evaporative resistance, dry thermal
resistance, mass transfer coefficient, heat transfer coefficient and heat
of adsorption, respectively. The heat transfer coefficient in the micro
and macro climate air layers was taken from the experimental data on
internal heat transfer coefficients with air gaps between 5 and 10 mm in
the study of Danielsson [28]. The symbols A, r, P, hg, n and i represent
the area, radius, vapor pressure, heat of evaporation, number of
packets, and an index for the body segment, respectively.

The PCM temperature, Tpcy;j, can be predicted during non-melting
using Eq. (5), in which the symbol ¥ considers the effect of condensa-
tion. In addition, a;;, the PCM melted fraction, can be obtained during
melting using Eq. (6), where ¥ is set to unity in the presence of con-
densation, otherwise, ¥ is zero, as shown in Eq. (7). Condensation
would take place on the PCM packet surface only if it is below the
macroclimate air dew point temperature, Tgp qir,i; OF the microclimate
one, Tap,q,ij-

PCM temperature during non-melting phase:

) _ Taij=Teemiy
J

1 rPCM
L) reem
( hc) rif

convective heat transfer from
microclimate air to PCM

Tair,i—Tpcmi j

(&)

convective heat transfer from
PCM to macroclimate air

dTpcmi
dt

Mpcwi j*Cpem * ( *Apcmij + *Apcuij

transient storage term

+ + Wk (Aaij + Aair,i) *hg *Apewi

heat released by condensation of
water vapor on PCM surface

(5)

PCM melted fraction during melting:

moisture transfer by convection from
inner fabric to macroclimate air
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moisture transfer by convection

from inner fabric to microclimate air (2)
dopensi Taij—Tpcmij Tair,i— Tpcmij
Mpeygij*hg * = *Apemij + ——— *Apcwij
e ); (L) s TPCM (L)
he rif he

transient storage term -
convective heat transfer from

PCM to macroclimate air

convective heat transfer from
microclimate air to PCM

+ + W (Aaij + Aair,i) ¥ *Apcwi

heat released by condensation of
water vapor on PCM surface

(6)

1 ifTpemij < Tap,a,ijOr Tup,air,i

wherey = {
0 else @)

The symbols m, h, and h. represent the PCM mass, PCM latent heat
of fusion and the convective heat transfer coefficient, respectively. The
symbols Aq;; and A;,; represent the segmental condensation rates of the
micro and macro climate air, respectively.

The mass flow rate of the microclimate air, 7 j, is obtained using
Eq. (8) with the assumption of Poiseuille flow [26]:
Tair,i—Taij @

Maij = 0488 o0

(8)

The symbols d, 8, g v and [ represent the gap width, the thermal
expansion coefficient of air, the gravitational acceleration, the kine-
matic viscosity of air and the PCM packet width, respectively.

Mass and energy balances are also utilized to find the segmental
microclimate air humidity ratio, w,;j, condensation rate, Aqj; and
temperature, Ty along with the macroclimate air temperature, Tg.;
humidity ratio, wgy,;, and condensation rate, Aqr,;, as follows:

Mass balance of microclimate air:

dwy;
pa[r*d* (Tal)]_ =

- 2
transient storage term

Pif i—Fai j
.
Z 2
moisture transfer by convection
from inner fabric
to microclimate air

. Jai

i

2xhpm,in

. 1
— Fig % (Wair i—Wai j ) % qel

moisture transfer due to

‘P*Aai‘j

moisture transfer due to

microclimate air ventilation watrer vapor condensation (9)
Energy balance of microclimate air:
dTy; Tp,i—Taij Tpemij—Taij
Puir ¥ A Apcui j * Cair * ( ) Tm *Apcmij + ———*Apcuij
J — )& e
he ) rif c
transient storage term - convective heat transfer
convective heat transfer
from inner fabric Jrom PCM to
. . . microclimate air
to microclimate air
+ 1% Cair % (Toir,i—Ti j)
heat transfer by microclimate
air ventilation
- \P*lau *hfg *APCMi,j
- ° %
heat released by condensation
of water vapor (1 0)
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Mass balance of macroclimate air:

o g AWgir, i By i—Fair,i +
air *“air dt Re,if*hfg R
- =
transient storage term 2 2% hm,in
moisture transfer by convection from
macroclimate air to outer fabric
n
. 1
++ Z i j (Wai j—Wair,i) ¥ ——
“ dxl
Jj=1
moisture transfer
due to microclimate
air ventilation
Py i—Fuir,i

(A,-f,l-— Z;Zl APcMi,j)
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at 25°C and 50% relative humidity [5,6,18]. After that, the number of
packets needed for the inputted conditions was found by starting with a
maximum of 20 packets and decreasing that number each time by 2
until the PCM melted fraction was above 85%. Once the number of PCM
packets was found, the comfort level was determined when varying the
placement of the packets on the torso segments; UF, LF and back. Using
the explicit scheme with a time step equivalent to 0.02 s, the equations
were solved over the desired simulation period (working duration)
while looping over all the body segments.

The fabric-PCM model was only integrated to the segments covered
with packets to find the micro and macro climate air temperatures and
humidity content, fabric layers temperatures and regains and PCM
temperatures and melted fractions. The detailed numerical solution of

qj*lair,i

moisture transfer due to
water vapor condensation

*

+
Re,if *hfg 4!
2 2% hyin

Aif,i

the fabric-PCM model can be found in the study of Itani et al. [6]. Then,
the integrated model, through the average microclimate air tempera-

moisture transfer by convection
from inner fabric to macoclimate air

Energy balance of macroclimate air:

dTair,i _
dt

dWﬂir.i) _ Tpemij— Tairi
- 1

Pair *€air >kAair >k(caiﬁl< hfg* dt

he
transient storage term

convective heat transfer

ture and vapor pressure found by the fabric-PCM model, predicted at
each time step the skin temperatures, sweat rate and heat losses. Fi-
nally, Zhang et al.’s model [7] was utilized to find thermal comfort and
sensation and the PCM arrangement that gives optimal comfort with a
PCM melted fraction above 0.85 for effective use of the PCMs.

(1)

n
>, Apcmij + 2?21 i j Cair (Toi j— Tair,i) +
=

heat transfer by microclimate
air ventilation

from CM to
macroclimate air

Tif,i — Tair,i

Rq,if 1
+ *
2 2% he rif

2

P . _Tof i~ Tairi _
'al*(A’f” Z:l’=1APCMl‘}) ’ (Rd'o.f

1
2% he

Tair,i

>kAaf,i - \p*lair,i*hfg >kAair

heat released by condensation

convective heat transfer from
inner fabric to macroclimate air

2.3. Integration of bio-heat and fabric-PCM model

The integration between the models was needed since the cooling
vest performance is affected by the local torso skin temperatures. For
each PCM-covered torso segment, the microclimate air average vapor
pressures and temperatures were obtained from the PCM-fabric model
as shown in Fig. 1 (b). Then, their values were used to predict the skin
vapor pressure and temperature of the torso segment, while main-
taining continuity of fluxes and skin temperatures at any time [5]. The
procedure was followed for all the torso segments to find their corre-
sponding skin temperatures. A mass balance was also performed to find
the segmental vapor pressure of the skin, Py [29], as follows:

Fajavg

Biin,i,sat
Pskini — skin,i,sa +
’ Re,a

Re,skin e,skin

where Pg; ave Pskinisa Msw,is Re,a and R gin Tepresent the average mi-
croclimate air vapor pressure, the segmental skin saturation pressure,

convective heat transfer
from macroclimate air
to outer fabric

of water vapor

12

3. PCM arrangements and experimental methodology

The integrated model was validated with experimental data of
human subjects performing activity at 3 MET in moderate environ-
mental conditions of 35°C + 0.5°C for an exercise period of 45 min.
The subjects were wearing cooling vests with different placements of 14
PCM packets of 28 °C melting temperature or they were not wearing a
vest. The number of PCM packets needed so that total melting of the
packets did not occur was found using the methodology described in
Section 2.4. According to the preliminary simulations, 12 PCM packets
would be needed to ensure almost complete melting in 45 min. How-
ever, 14 packets were selected by design for the tests to make sure that
total melting does not happen during experiments and hence ac-

+ Hitgy %h fg) /(; + R_] counting for any possible deviation in the model from real situation.
e,a

13) In the following subsections, an explanation is presented for the
selected PCM arrangements for testing on the torso segments; UF, LF
and back and for model validation, followed by the experimental pro-

cedure and recorded measurements.

the segmental sweat rate per unit area, the microclimate air evaporative

resistance, and the skin evaporative resistance. If Py, ; was greater than

Pgkin,isar then Py, ; was set to be equal to P i sar-

2.4. Numerical solution

Fig. 2 presents a flowchart of the numerical methodology sum-
marizing the simulation steps of the integrated fabric-PCM and bio-heat
model to find the necessary number of packets and their arrangement

on the torso.

The model takes as input the initial conditions and properties re-
lated the fabric-PCM and bio-heat models (working conditions, activity
level, clothing type and PCM packets). The initial state of the human for
the different unsteady simulations was found through the execution of
the model for a long time to reach steady state in a preconditioned room

3.1. PCM arrangements in the cooling vest

The cooling vest (SWEDE cooling vest) used in the current study is a
commercially available medium size vest [25]. It was made of polyester
with 20 pockets on its inner layer to hold up to 20 packets of the same
dimensions with maximum of 10 packets on the front and 10 packets on
the back [4,14]. The vest was also equipped with Velcro fasteners to
adjust the size so as to fit the body of the participant.

Each PCM packet had a melting temperature, area, thickness, mass,
density and heat of fusion of 28°C, 80.24 cm? 8.75mm, 87.5 g,
1239 kg/m?, and 159 kJ/kg, respectively [5]. The packets were kept at
20 °C to solidify overnight in an open wooden box in a climatic room.

As mentioned earlier, a total number of 14 PCM packets were used
in the vest for the experiments and validation of the integrated model.
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Set initial conditions and properties of bio-heat
and fabric-PCM models (working conditions,
activity level, clothing type and PCM packets)

v

Input number of PCM packets
starting with a maximum of 20

I

bio-heat model

Loop over time and body segments using |,

v

Loop over torso segments covered with
PCM packets using the fabric-PCM model

'

End time and body segments loop

4 Yes

PCM above 85% melted?

Decrease PCM number
by 2 to keep left and
right torso symmetry

Vary the placement of packets on upper
front, lower front and back torso segments

Output physiological data (temperatures, sweat rate
and heat losses) and thermal comfort and sensation

'

Compare results and select PCM arrangement with optimal comfort
and PCM melted fraction above 85% for minimal vest weight

Fig. 2. Flowchart for the integrated model.

Given that the maximum number of packets that can be held on the
back or the front was 10, the choice of 14 packets still allowed a sig-
nificant variation in coverage area by the PCM between the UF, LF and
back torso segments. Thus, the options of full 100% back/front cov-
erage with partial front/back coverage were possible, in order to
identify the optimal PCM placement on comfort. Back only cooling was
reported to improve overall comfort compared to front only cooling at
environmental temperature of 28 °C [17,19].

Seven different variations of the 14 PCM arrangements in the
cooling vest were tested as presented in Table 1 and are shown in the
schematics of Fig. 3 (a-f). These arrangements were tested experimen-
tally on participants wearing the vest. The commercially available vest
can hold a maximum of 10 PCM packets on the back, 6 on the UF and 4
on the LF torso segment. Thus, the PCM arrangement with 4UF-OLF-
10B represented the case where 4 packets were positioned on the UF
segment, 0 on the LF and the remaining 10 packets were positioned on
the back, as shown in Fig. 3(a). In arrangement 2UF-2LF-10B, the
number of packets on UF was decremented by 2 packets so that 2
packets were placed on UF, 2 on LF and the remaining 10 on the back,
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as shown in Fig. 3(b). Thus, the effect of placing more packets on the UF
or LF torso segments on comfort can be assessed. In arrangement 4UF-
2LF-8B, the number of packets on UF was incremented by 2 while that
at the back was decremented by 2, and so on for the remaining ar-
rangements. Each PCM arrangement experimental test was repeated six
times, along with the no PCM vest case. It should be noted that the
effect of the carried vest weight on the subject metabolism who per-
formed the experiments was minimal, as the weight of the PCM packets
did not exceed 1.3 kg, resulting in estimated 3% increase in metabolic
rate.

3.2. Participants

The approvals of the Institutional Review Boards at American
University of Beirut and Qatar University allowed 6 healthy males to
take part in the study. The sample size used in this study was found
adequate based on the estimation using literature data for measured
means and standard deviations in skin temperatures for paired groups
[4,30]. In addition, the sample size is satisfactory for validating the
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Table 1
PCM arrangements of the different experiments on the UF, LF and back torso
segments.

PCM arrangement PCMon UF PCMonLF PCM on back Total PCM in vest
No vest 0 0 0 0

4UF-0LF-10B 4 0 10 14

2UF-2LF-10B 2 2 10 14

OUF-4LF-10B 0 4 10 14

4UF-2LF-8B 4 2 8 14

4UF-4LF-6B 4 4 6 14

6UF-4LF-4B 6 4 4 14

integrated model predictions as was done with one human subject for
validating a similar bio-heat model in the study of Pokorny et al. [31].
Participants were provided with similar clothing having measured
characteristics provided in Table 2 [32-35]. The intrinsic clothing
thermal insulation shown in Table 2, is defined as the difference be-
tween the total insulation value for the clothing and the air layer

Applied Thermal Engineering 145 (2018) 772-790

thermal resistance around the clothed thermal manikin [32].The spe-
cific heat of the cotton and polyester fabric were taken from previous
experimental collected data [36,37]. Moreover, the subjects had their
own socks and shoes with properties estimated from standard data
bases [38-40]. The participants with the help of a physician filled a
questionnaire for physical activity and went through an ECG test to
make sure they are healthy before selection. They were asked not to
drink either alcohol or coffee for at least 24 h and not to eat or smoke
for at least 2h prior to the experiment. The average age of the parti-
cipants was 21.5 * 1.05years (mean * SD), height was
1.75 = 0.05m and weight was 75.5 * 7.7 kg.

During all the experiments, a nurse was present to watch the par-
ticipants and intervene in case of any adverse event. The participants
were briefed about the experiment and they signed a consent form
before the experiments. Each participant contributed in seven experi-
ments, one without a vest and six with a cooling vest of different PCM
arrangements worn over the t-shirt, and on separate days with at least
one day in between the experiments at a randomized order. The ex-
periments were all performed in the afternoon of the months of

I
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b ]
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Fig. 3. Schematic showing the different PCM placement cases (a) 4UF-OLF-10B, (b) 2UF-2LF-10B, (c) OUF-4LF-10B, (d) 4UF-2LF-8B, (e) 4UF-4LF-6B and (f) 6UF-4LF-

4B.
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Table 2
Clothing characteristics.

Applied Thermal Engineering 145 (2018) 772-790

Clothing Fiber content Thickness (mm) Area Density (g/m?) Intrinsic thermal insulation (m*°C/W) Evaporative resistance (m>Pa/W)
Cooling vest 100% polyester 1.01 = 0.01 824 + 4 0.122 + 0.030 35.0 = 0.05

T-shirt 50% cotton & 50% polyester 0.56 = 0.01 187 = 1 0.042 £ 0.010 2.48 * 0.02

Shorts light cotton 0.91 + 0.05 221.1 = 10 0.014 + 0.008 4.0 = 0.3

Socks ankle-length, mainly cotton 2.87 386.7 0.004 13.6

Shoes thin-soled with some woven fabric and knit  3.50 900 0.004 52

* Average data from Fu [38], McCullough [39] and McCullough[40].

November and December with average ambient temperature of 20 °C
and relative humidity of 60%.

3.3. Experimental procedure

The experimental climatic chamber was set at 35°C = 0.5°C tem-
perature and 50% relative humidity, representing a moderate en-
vironment [41]. The recorded air velocity in the chamber was 0.4 m/s,
found using 731 A anemometer (accuracy of 3%).

Fig. 4 presents brief explanation of the experimental protocol fol-
lowed by each participant in the experiments. After signing the consent
form, the clothed participant was prepared and weighed. The PCM
cooling vest, clothing, towel and equipment were also weighed sepa-
rately. After preparing for the experiment in the lab, the participant
rested for 30 min while seated to reach a steady physiological or
thermo-neutral state [13,42]. At the end of the resting period, the
participant put on the vest and entered the climatic chamber. Then, the
participant cycled on a magnetic upright bike at 3 MET for 45 min while
wearing the PCM vest. During the experiment, refreshments in the form
of drinking water were provided for the participants in 0.5 L water
bottles, however, no participant requested any.

A nurse took readings of the core temperature to ensure terminating
the experiments if it surpassed 38 °C and avoid any ear damage, at the
start and every 15 min throughout the exercise. Recording of subjective
ratings was done on a designated sheet at the start and every 5min
during the experiments. After that, the participant exited the climatic
chamber and was weighed together with their wet clothing and towel
after drying off and then rested for a 10 min recovery period. The
cooling vest, wet clothing and towel were also weighed separately after

the exercise ended.

To ensure that the participant was not subject to risk [43], the ex-
periment was to be stopped when any of the following was applicable:
(1) the core temperature became 38 °C (maximum temperature per-
missible under wet bulb globe temperature (WBGT) index according to
ISO 9886 [44] and ISO 12894 [45]); (2) heart rate became 95% of the
age predicted maximum heart rate (220-Age); or (3) subject wanted to
end the experiments at any time. However, none of the participants in
the current study requested to stop or was stopped by the researchers.

The above experimental procedure was also repeated by all the
participants for the case when not wearing a cooling vest which re-
presented the baseline for the comparison of vest performance.

3.4. Physiological and physical measurements

The weight of each subject, clothing, towel and different equipment
was taken by the means of a bench scale (Quartzell™ Bench Scale
3600SC, Avery Weigh-Tronix — USA, 1g resolution). The local skin
temperature sensors (iButton® DS1922L, Maxim Integrated, CA, USA,
resolution 0.0625 °C) were placed on seven segments on the left body
side; on the upper arm, chest, abdomen, upper back, lower back, calf
and thigh and were recorded every 5min throughout the experiment.
The average accuracy of the temperature sensors was + 0.09 °C when
used at the ambient conditions of 34.9 = 0.1 °C with a maximum de-
viation of 0.4 °C [46]. A surgical tape was used to fix the sensors and
ensure proper contact with the skin as previously done with these types
of sensors [46,47]. The participant wore a wristband pulse oximeter
(CMS-50F, accuracy * 2%) to record their heart rate every 5min
throughout the experiment.

Arrival
on-site

Location: Location: Location:
Research Laboratory Research Laboratory Research
Climatic Chamber Laboratory

- Experiment Briefing
- Consent form signing
- Participant & clothing

- Participant rests
for 30 min
- Beginning of

- Participant exercises
on a magnetic upright
bike at about 3 Mets
for 45 minutes

- 10 min recovery
- Participant &
wet clothing
weighing

f f

weighing core temperature
- Preparation of sensors| and  heart rate
& participant recording
Recording Enter the
starts climatic
chamber

Fig. 4. Experimental procedure.
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An infrared tympanic thermometer, IRTT, with disposable shields
(Braun ThermoScan® 7 IRT6520, Braun, Kronberg, Germany,
accuracy * 0.2 °C) was used to accurately measure core temperature of
the participant, T, and find the change in the core temperature from its
initial state, AT, [48,49]. New generations of IRTTs were found to have
good reliability in a recent study, when disposable shields were used
and regular cleaning was done [50]. Furthermore, IRTTs are more time
efficient, easily used, hygienic and acceptable to subjects or patients
than rectal [50,51]. In this work, the same IRTT was utilized in all the
experiments as a sign for ending the experiment with the assumption
that any possible measurement error was equivalent in all experiments.

The change in mean skin temperature from its initial value, ATgc meqns
was calculated with Ty mean = 0.3Tchest + 0.3Tarm + 0.2Tpigh + 0.2Tieg
[52]. The front and back skin temperatures were calculated by finding
the average of the chest and abdomen and upper and lower back, re-
spectively [14,53,54]. The front and back skin temperatures were re-
corded through measurements on four torso locations to ensure good
representation of the torso regions that are either covered by the packets
or not. In addition, the sensors were placed on the left side of the torso
only assuming a symmetry between the left and right sides of the torso
segments. Body weight loss or sweat production was found from the
weight change of a clothed participant before and after the exercise and
corrected for sweat absorbed in the clothing and towel [55].

3.5. Subjective ratings and statistical analysis

Recording of subjective ratings was done every 5min for overall
thermal comfort, TC and torso thermal sensation, TTS. The reference
scales for the subjective ratings are shown in Table 3 and were used
previously in many studies [14,56-58]. In order to compare Zhang’s
model predictions on a 5-point scale of thermal comfort (very un-
comfortable at -4 to neutral at 0) and sensation (neutral at 0 to very hot
at +4) to the experimental ones on a 6-point scale, a proportional re-
lationship was assumed between the two scales, with a ratio of pro-
portionality of 1.25.

Paired-samples t tests were used to assess and analyze the effect of
wearing a vest on the measured parameters in the study. A value of
p < 0.05 was set for statistical significance [4,59]. In addition, if sig-
nificant effect was found, Cohen’s d post-hoc test was utilized to find
the effect size and get an idea about the magnitude of the cooling vest
effect [60].

4. Results and discussion

In the coming subsections, the experimental human subject results
will be analyzed and compared to those predicted by the integrated
model for its validation. This will be followed by case studied to de-
termine the extent of thermal comfort improvement associated with
optimal PCM arrangements at fixed number of PCM packets and
melting temperature for different durations and ambient conditions.

4.1. Validation of integrated model via human subject testing

4.1.1. Heart rate

The heart rate increased from an initial value at rest of about
68 + 8bpm toreach 126 = 6 bpm at the end of the experiment in the
no vest case, 87 * 4bpm in arrangement 2UF-2LF-10B and
92 + 4bpm in arrangement 4UF-OLF-10B. Only arrangements 4UF-
OLF-10B and 2UF-2LF-10B were significantly different (p < 0.05)
from the no vest one.

4.1.2. Local and mean skin and core temperatures

The experimental and simulation results for the transient variation
of the front and back torso skin temperatures are provided in Fig. 5(a)
and (b), respectively, for the different experiments. In addition,
Fig. 5(c) shows experimental and simulation results of the back skin
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temperature at the end of the experiment, in order to visualize the effect
of PCM coverage on the back skin temperature. The local skin tem-
peratures of the no vest case had an increasing trend reaching their
highest values at the end of the experiment and was also predicted by
the integrated model. On the other hand, the cooling vest cases showed
a drop in the local torso skin temperatures in the first 10 min followed
by an increase in the skin temperatures to reach their final states. Thus,
the model predicted the transient variation of the skin temperatures
when either covered with PCM packets or not. In the no vest case, the
front torso skin temperature reached a maximum value of
36.13°C + 0.24°C, while that of the back torso segment reached
34.89°C + 0.43°C.

Upon varying the arrangement of the PCM packets on the UF, LF
and back, a difference was detected between the segmental skin tem-
peratures as the PCM coverage area increases. For example, as the PCM
coverage area increased on the back segment from 40% in arrangement
6UF-4LF-4B to 100% in arrangement 2UF-2LF-10B, the back skin
temperature showed a linear drop and had a difference of
3.21°C * 0.49°C, as shown in Fig. 5(c), while the front showed a drop
of 1.47 °C = 0.44°C. This difference in skin temperatures, as the cov-
erage area increased, was captured by the integrated model to an ac-
ceptable degree of accuracy with maximum deviation throughout the
exercise period of = 0.78°C and * 0.66°C in front and back skin
temperatures, respectively. Moreover, the highest drop in back tem-
perature from the no vest case was with arrangement 4UF-OLF-10B that
showed a 3.87°C + 0.6 °C temperature drop, while the model pre-
dicted accurately a drop of 3.6 °C.

The arrangements with fixed PCM coverage on the back while
varying the coverage on UF and LF segments (OUF-4LF-10B, 2UF-2LF-
10B and 4UF-OLF-10B) showed similar back skin temperatures, how-
ever, lower front skin temperatures were attained as the coverage area
on the UF segment increased (Fig. 5(a)). During the full exercise period,
the front skin temperature corresponding to arrangements 4UF-2LF-8B,
4UF-4LF-6B and 6UF-4LF-4B were significantly lower (p < 0.05) than
the no vest arrangement except for the front skin temperature corre-
sponding to arrangements OUF-4LF-10B, 2UF-2LF-10B and 4UF-OLF-
10B. As for the back skin temperature, arrangements OUF-4LF-10B,
2UF-2LF-10B and 4UF-OLF-10B were the only configurations sig-
nificantly different from the no vest case throughout the exercise
period. The effect size estimated using Cohen’s d [60] was found to
have a value of about 1.6, which indicates a large magnitude of the
cooling vest effect. The two arrangements 4UF-OLF-10B and 6UF-4LF-
4B were the ones that resulted in the lowest back and front skin tem-
peratures, respectively, after 45 min of exercise. It was noted that total
melting of the packets did not occur with 14 PCM packets at moderate
conditions of 35 °C and for a 45 min exercise period.

The experimental change in mean skin temperature, ATg mean, in all
the cases had an increasing trend with time. The maximum AT meqn
corresponded to the no vest arrangement 3.48 + 0.5°C at the end of
the experiment. In all the cooling vest cases, a drop in AT meqn from the
no vest case was found, with a statistically significant difference from
the no vest arrangement (p < 0.05) in the last 15 min of exercise in all
the cases. With respect to the change in the core temperature, similar
trend of variation to the mean skin temperature was found, however, no
significant difference existed in AT, at all times throughout the exercise

Table 3
Reference scales for subjective ratings.
No. scale TC scale TTS scale
0 comfortable Neutral
1 Jjust comfortable slightly warm
2 slightly uncomfortable Warm
3 uncomfortable Hot
4 very uncomfortable very hot
5 extremely uncomfortable extremely hot
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Fig. 5. Experimental (mean values + SD) and simulation results of (a) front local skin temperature, (b) back local skin temperature during 45 min exercise and (c)

back skin temperature at the end of experiment for the different cases.

between the different cases. The above results signified that a detect-
able difference was found between the different PCM arrangements, but
mainly in local torso skin temperatures.

4.1.3. Body weight loss

The body weight loss or sweat production measured (solid fill bar)
at the end of the 45 min exercise of the different experiments (Table 1)
and for the predicted values by the model simulation (hatched bar) are
shown in Fig. 6. The simulation results of the integrated model showed
good agreement with the experimental ones, with about a 14% max-
imum error from the mean experimental values, shown in Fig. 6. In the
presence of a cooling vest, the amount of sweat decreased as compared
to the no vest that was at 0.35 * 0.05kg. Only sweat produced in
arrangements 4UF-OLF-10B, 2UF-2LF-10B, OUF-4LF-10B and 4UF-
2LF-8B was significantly different from the no vest case (p < 0.05).
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Therefore, the back segment, as was previously found in literature, is a
body region that suppresses sweat production when cooled [6,8]. The
results were also in agreement with the conclusions reported Choi et al.
[61], where a reduction was observed in total sweat rate when wearing
a cooling vest while harvesting red pepper for two hours and the drop in
torso and mean skin temperatures improved thermal sensation. Fur-
thermore, Webster et al. [76] reported enhanced thermal state and
some reduction in core temperature rise in athletes running for 30 min
at 37 °C due to 35 min pre-cooling using an ice cooling vest.

4.1.4. Thermal comfort and sensation

The mean experimental subjective ratings and simulation results of
TTS and TC are shown in Fig. 7(a) and (b), respectively. In addition,
Fig. 7(c) shows experimental and simulation results of TC at the end of
exercise period, in order to visualize the effect of PCM coverage as it
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Fig. 6. Mean experimental values and SD (solid fill bars) and predicted values by simulation (hatched bars) of sweat production after exercise.

was varied on the torso segments. The ratings of TTS and TC kept on
increasing in all the cases reaching the highest values of 4.3 = 0.53
(between very and extremely hot) and 4.5 = 0.5 (very uncomfortable),
respectively, in the no vest case. When wearing the vest, the rate of
increase of TTS and TC with time was lower than that of the no vest,
which was also predicted by the simulation model. Variation of the
PCM coverage area on the torso segments have led to a detectable
difference in local skin temperatures and this was reflected in the TTS
and TC experimental and model results. As the PCM coverage area in-
creased from 40% to 100% on the back segment, while decreasing on
the front, TTS linearly improved from 4 * 0 (very hot) to 2 = 0.5
(warm) (Fig. 7(a)) and TC almost linearly improved from 3.67 + 0.6
(uncomfortable) to 1.75 * 0.5 (slightly uncomfortable), as presented
in Fig. 7(b) and (c). This difference in ratings was captured by the
model predictions, where TTS and TC improved from 3.71 (hot) to 2.42
(warm) and from 3.5 (uncomfortable) to 2.15 (slightly uncomfortable)
with maximum deviations from mean experimental data of + 0.7
and * 0.8, respectively. During all the exercise period, TTS and TC
corresponding to arrangements 4UF-OLF-10B, 2UF-2LF-10B, OUF-4LF-
10B, were significantly lower than the no vest case (p < 0.05).
However, it was noticed among those cases that as the PCM cov-
erage area was increased on the UF segments while decreasing it on the
LF and fixing it on the back, TC and TTS were improved. TC corre-
sponding to arrangements 4UF-2LF-8B, 4UF-4LF-6B and 6UF-4LF-4B
was significantly different (p < 0.05) in the last 15min of exercise
from the no vest case but there was no significant difference in TTS.
Thus, as the PCM coverage area increased on the back, improvements in
overall comfort and torso sensation were significant. In addition, pla-
cing more packets on the UF segment showed improved TC over more
coverage on the LF segment, while having full coverage on the back.
The above results were predicted with good accuracy by the in-
tegrated model, having a maximum difference from experimental data
of = 0.78°C, 14% and = 0.8 in local skin temperatures, sweat rate and
thermal comfort and sensation, respectively. The accuracy of the model
was similar to that of previous studies utilizing similar bio-heat models
[33]. The extent of comfort improvement can be evaluated by the dif-
ference between the two arrangements with highest and lowest PCM
coverage area on the back and vice versa on the UF and LF segments.
These two arrangements had no significant difference in sweat rate,
mean skin and core temperatures, however, the model detected a
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difference by 1.66 °C and 3.23°C in local back and front skin tem-
peratures, respectively. This difference in skin temperatures was re-
flected in TTS and TC results with a magnitude of improvement by 1.29
and 1.35, respectively, as the coverage area increased on the back while
the remaining packets covered the UF segment. From the findings of
this study, it can be concluded that after the back and in order to have
highest improvement in comfort, the UF torso segment should be first
covered with PCM packets followed by the LF one. In addition, the
results prove the robustness of the model for use in determining im-
provements in thermal and comfort states of an active human wearing
cooling vest in presence of PCM asymmetry between UF, LF and back
segments.

4.2. Application of the modeling approach to optimize PCM placement at
other working durations and environmental conditions

4.2.1. Description of considered case studies

The integrated model was shown to be capable of detecting the
difference in human thermal responses and subjective ratings under
different arrangements of packets on the torso segments; UF, LF and
back. However, application of the proposed modeling approach was
needed to investigate similar differences at other working durations and
environmental conditions for selected PCM melting temperature. Using
the model, the minimum number of packets (minimum weight) and
their placement in the vest to achieve overall comfort was find, as was
described in Section 2.4. The packets were distributed on the torso
segments; UF, LF and back, and should be almost totally melted at the
end of exercise.

The case studies considered an active human at a metabolic rate of 3
MET in two environments; a moderate environment of 35 °C and 50%
relative humidity and a hot environment of 40 °C and 40% relative
humidity. It was assumed that the human started activity after resting
at 0.8 MET for a long period to reach a steady physiological state in a
preconditioned space at 25°C and 50% relative humidity. Three
working durations of 45, 60 and 90 min were considered at the mod-
erate environment and two working duration of 45 and 60 min were
considered at the hot environment. These durations are common for
different moderate activity tasks (exercising, walking, gardening, etc.)
and have been used in previous studies [42,62,63]. A longer working
duration at the hotter environment was not selected since working
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Fig. 7. Experimental (mean values = SD) and simulation results of (a) torso thermal sensation, (b) thermal comfort during exercise and (c) thermal comfort at end of

exercise.

periods longer than one hour might were reported to cause heat stresses
to the workers [64,65].

At the moderate environment, the human wearing a vest with PCM
packets of 28 °C melting point was used, identical to the commercially
available ones described in Section 3.1. The use of 28 °C packets at the
moderate environment resulted in improvement in comfort and sensa-
tion without fully covering the torso [4,6] and hence PCM coverage
area and arrangement on torso segments could be varied for different
working durations. To have a significant cooling effect at hotter en-
vironments while allowing for variation in PCM arrangement in the
cooling vest (coverage area is not 100%), a lower PCM melting tem-
perature was recommended at 18 °C packets [13]. Hence, at the hotter
environment, the selected PCM packets melting temperature, density
and latent heat of fusion were 18°C, 1169kg/m® and 113kJ/kg,

respectively.

The number of PCM packets needed was first determined such that
the melted fraction was above 85% using the methodology outline in
Section 2.4. At the moderate environment of 35°C, the obtained
number of 28 °C PCM packets for the working duration of 45, 60 and
90 min were 12 (60% of torso covered), 14 (70% of torso covered) and
16 (80% of torso covered) with a predicted corresponding melted
fraction of 0.95, 0.88 and 0.96, respectively. At the hot condition of
45 °C and working durations of 45 and 60 min, the required number of
18 °C PCM packets was 12 (60% of torso covered) and 16 (80% of torso
covered), with a predicted melted fraction of 0.9 and 0.94, respectively.
At both environments, increasing the working duration required addi-
tional PCM packets to achieve the required cooling effect and im-
provement in comfort.
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After finding the necessary packets for each condition, the number
of packets covering the torso segments; UF, LF and back, were varied.
This variation allowed the finding of the PCM arrangement that would
give the best thermal comfort and sensation, keeping in mind that a
maximum of 10, 6 and 4 packets can cover the back, UF and LF, re-
spectively. The minimum number of packets covering the front was 2
and then increased by increments of 2, while decreasing coverage on
the back by 2 to maintain a constant total number of packets, as sum-
marized in Table 4, for the 45 min working duration at both environ-
ments. The same procedure was followed for the remaining working
durations (see Table 4). Thus, the resulting total number of simulations
was 48 which represented the different PCM arrangements on the
segments; UF, LF and back, in addition to the no vest case. The overall
thermal comfort at the end of the work period were computed for all
the different cases. Based on the highest (optimal) and lowest (worst)
improvement in thermal comfort and torso sensation from the no vest
case, the optimal and worst PCM arrangements were identified for each
working duration and environmental condition.

4.2.2. Results of simulation cases

The variation of front and back skin temperatures for the no vest
case and the optimal PCM arrangements for the different working
durations are shown for the moderate environment in Fig. 8(a) and (b),
respectively, and for the hot environment in Fig. 8(c) and (d), respec-
tively. At the moderate environment and working durations of 45, 60
and 90 min, the 28 °C PCM coverage area on the torso was 60%, 70%
and 80%, respectively. The optimal PCM arrangement upon varying the
working duration and the coverage area was the one that considers full
coverage of the back segment (10 PCM packets), and the remaining
packets would only cover the UF segment. Consequently, the worst
arrangements were those with full coverage on the UF and LF and

Table 4
Simulation cases at different environmental conditions and working durations.
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minimum on the back. However, placing 8 packets on the back showed
slightly higher TC and TTS, which implied selecting the full coverage on
the back as the optimal arrangement. The local skin temperatures in the
no vest cases had an increasing trend with time, however, the rate of
increase was reduced in the PCM vest cases. In the first 10 min, sig-
nificant initial effects of the relatively low PCM temperature on skin
temperatures were noticed in the cases were the PCM coverage area
was substantial (6 packets and above) as shown in Fig. 8(b), and more
significantly with the 18 °C packets, as shown in Fig. 8(d). After that,
the skin temperatures increased to reach almost stable values during the
PCM melting period. It can be noticed that at the hot environment,
higher drops in skin temperatures occurred due to higher temperature
differences between the skin and melting point of the PCM packets [5].

In an ascending order of improvement, the predicted TC at the end
of the 60-min work period for the different PCM arrangements at
moderate environment of 35 °C and hot environment of 40 °C are shown
in Fig. 9(a) and (b), respectively. It was evident that for the different
working durations and ambient conditions, the presence of the cooling
vests achieved significant improvements in TC over the no vest case,
which were almost extremely uncomfortable. At both environments,
the results showed that more improvement in TC was attained as the
coverage area on the back increased from 40% to 100% at the moderate
environment and from 60% to 100% at the hot environment. Moreover,
increasing the PCM packets on the UF segments while decreasing them
on the LF segments and fixing the packets on the back (4UF-OLF-10B,
2UF-2LF-10B and OUF-4LF-10B), showed more improvement in TC, as
shown in Fig. 9(a) for the moderate environment and in Fig. 9(b) for the
hot environment (6UF-OLF-10B, 4UF-2LF-10B and 2UF-4LF-10B).
However, that improvement was more noticeable at the hot environ-
ment due to lower PCM melting temperature covering the torso seg-
ments. Therefore, the segment that was most influential on improving

35°C environment

40 °C environment

Case PCM on UF PCM on LF PCM on Back Total PCM in Vest Case PCM on UF PCM on LF PCM on Back Total PCM in Vest
45-min working duration

No vest 0 0 0 0 No vest 0 0 0 0
2UF-OLF-10B 2 0 10 12 2UF-OLF-10B 2 0 10 12
OUF-2LF-10B 0 2 10 12 OUF-2LF-10B 0 2 10 12
4UF-0OLF-8B 4 4 8 12 4UF-OLF-8B 4 4 8 12
2UF-2LF-8B 2 2 8 12 2UF-2LF-8B 2 2 8 12
OUF-4LF-8B 0 4 8 12 OUF-4LF-8B 0 4 8 12
6UF-OLF-6B 6 0 6 12 6UF-OLF-6B 6 0 6 12
4UF-2LF-6B 4 2 6 12 4UF-2LF-6B 4 2 6 12
2UF-4LF-6B 2 4 6 12 2UF-4LF-6B 2 4 6 12
6UF-2LF-4B 6 2 4 12 6UF-2LF-4B 6 2 4 12
4UF-4LF-4B 4 4 4 12 4UF-4LF-4B 4 4 4 12
6UF-4LF-2B 6 4 2 12 6UF-4LF-2B 6 4 2 12
60-min working duration

No vest 0 0 0 0 No vest 0 0 0 0
4UF-0LF-10B 4 0 10 14 6UF-OLF-10B 6 0 10 16
2UF-2LF-10B 2 2 10 14 4UF-2LF-10B 4 2 10 16
OUF-4LF-10B 0 4 10 14 2UF-4LF-10B 2 4 10 16
6UF-OLF-8B 6 0 8 14 6UF-2LF-8B 6 2 8 16
4UF-2LF-8B 4 2 8 14 4UF-4LF-8B 4 4 8 16
2UF-4LF-8B 2 4 8 14 6UF-4LF-6B 6 4 6 16
6UF-2LF-6B 6 2 6 14

4UF-4LF-6B 4 4 6 14

6UF-4LF-4B 6 4 4 14

90-min working duration

No vest 0 0 0 0

6UF-0LF-10B 6 0 10 16

4UF-2LF-10B 4 2 10 16

2UF-4LF-10B 2 4 10 16

6UF-2LF-8B 6 2 8 16

4UF-4LF-8B 4 4 8 16

6UF-4LF-6B 6 4 6 16
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Fig. 8. Plots showing simulation results of (a) front and (b) back skin temperatures at moderate environment and (c) front and (d) back skin temperatures at hot
environment, for the no vest case and optimal PCM arrangements for different working durations.

TC was the back, as was previously reported in literature [6,8]. Fol-
lowing the back, the UF and then the LF segment was found to be more
influential on comfort improvement at both studied ambient conditions.

The predicted TTS and TC of the no vest at the end of the different
working durations, worst and optimal PCM arrangements are shown in
Fig. 10(a) and (b), respectively. For the different working durations and
ambient conditions, the presence of the cooling vests achieved sig-
nificant improvements in TTS and TC above the no vest condition. At
the moderate environment, when 60% of the torso is covered with PCM,
the worst arrangement reduced the improvement in TTS and TC by
about 24% and 18%, respectively, and by 17% and 13% when the torso
was 80% covered. However, at the hot environment, when 60% (or
80%) of the torso is covered with PCM packets, the worst arrangement
reduced the improvement in TTS and TC by about 11% and 23% (or 6%
and 16%), respectively. Therefore, the variation in PCM arrangement
on torso segments (UF, LF and back) showed higher differences in TTS
and TC between the worst and optimal arrangements with lower cov-
erage areas, in both environments.

Table 5 summarizes the differences in local skin temperatures, TTS
and TC for the optimal arrangements and for the worst arrangements
for comfort at different working durations and conditions. In assessing
the differences between the optimal and worst cases, the detected time-
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averaged difference in front and back skin temperatures (ATF, ,, o, and
ATB,,w,avg) Was 1.94°C and 2.51 °C, respectively, for a 45-min working
duration. These differences in front and back skin temperatures at the
end of the working period (ATF,,, enq and ATB,,,, .ng) Were 1.82°C and
2.78 °C, respectively. Regarding the detected time-averaged difference
in TTS and TC (ATTS,,w,avg and ATC, , qvg) between optimal and worst
cases, the results were 0.81 and 0.7, respectively, for a 45 min working
duration. At the end of the 45 min, the difference in TTS and TC
(ATTS,,w,ena and ATC,, cna) between optimal and worst cases were 0.6
and 0.4, respectively. As the working duration increased from 45 to
90 min at the moderate environment, these difference were less pro-
minent due to the higher PCM coverage area needed at longer dura-
tions. Thus, as the coverage area increased from 60% to 80%, the dif-
ference in local skin temperatures, TTS and TC between optimal and
worst cases reduced. Moving to the hot environment, the 18 °C melting
point PCM coverage area on the torso was 60% and 80% for the 45 and
60 min working durations, respectively. Similar to the moderate en-
vironment, the optimal arrangements upon varying the working dura-
tion at the hot environment were those considering full coverage of the
back and the remaining packets on the UF segment. In addition, at the
45 min working duration, ATF,,, .nq and ATB,, nq Were higher than
those at the moderate environment, since a lower PCM melting
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Fig. 9. Plots showing simulation results of TC for the 60 min working duration at (a) moderate environment of 35 °C and (b) hot environment of 40 °C in ascending

order of improvement.

temperature was used. As the working duration and the PCM coverage
area increased, the difference in local skin temperatures, TTS and TC
between optimal and worst cases decreased.

The findings of the simulated cases agree with the experimental
ones, which showed that with a limited number of PCM packets, placing
more packets on the back segment, followed by the UF and then LF
segments, is an effective approach when body cooling is needed, while
asymmetry exists between front and back. The integrated model was
capable of detecting the difference in comfort and sensation of an active
human, upon varying the PCM arrangement on the UF, LF and back
segments. It was also found that increasing the PCM packets on the UF
segment while decreasing them on the LF segment and fixing the
packets on the back showed larger improvements in TC. However, that
improvement was more noticeable at the hotter environment due to
lower PCM melting temperature covering the torso segments. In pre-
vious studies on the relative importance of different body regions for
thermal comfort of humans [9,10], local cooling of the abdomen (LF)
did not show significant improvement in thermal comfort, while local
cooling of the upper and lower back segments did. This explains why, in
the current study, the improvement in TC was more noticeable when
the lower melting temperature packets were placed on the UF and not
on the LF in the hot environment. Zhang et al. [7] found that when the
body was warm, cooling the UF segment would provide higher comfort
than cooling the LF segment. In addition, Itani et al. [19] reported that
locating the PCM packets on the back led to a better thermal sensation.
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5. Conclusion

This study assessed the importance of PCM arrangement in a cooling
vest on improving comfort and thermal responses of active human at
different working durations and climates. Experiments were done on six
male subjects, which included cycling on a bike at 3 MET for 45 min at
a moderate environment of 35°C and 50% relative humidity. The ex-
perimental findings were used to validate an integrated bio-heat and
fabric-PCM model which proved its capability in detecting a difference
in thermal responses and comfort sensations upon varying the PCM
arrangement of a fixed number of packets on the torso segments; UF, LF
and back. Application of the modeling approach was done for specific
PCM melting temperatures at different working duration and environ-
mental conditions, to find the needed number of packets and the op-
timal arrangement on the torso segments.

The findings of the study showed that local cooling of the torso
when full coverage is not needed and with a limited number of PCM
packets, placing more packets on the back, followed by the UF and then
LF, would show the optimal improvement in thermal comfort. Cooling
the LF segment did not show significant improvement in comfort over
cooling the UF segment, which was more evident when cooling with
lower PCM packets at the hot environment. Smaller differences in skin
temperatures and comfort between the optimal and worst cases were
detected as the working duration increased, since higher PCM coverage
area was needed. The findings of the study could be extended to
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Fig. 10. Plots showing simulation results of (a) TTS and (b) TC for no vest, worst and optimal PCM arrangements at different working conditions.

Table 5
Optimal and worst cases at different working conditions with main differences in skin temperatures, comfort and sensation averaged over the entire working period
and the values at the end.

Environment Moderate at 35 °C Hot at 40 °C
Working duration 45 min 60 min 90 min 45 min 60 min
Optimal case 2UF-0LF-10B 4UF-OLF-10B 6UF-OLF-10B 2UF-0LF-10B 6UF-OLF-10B
Worst case 6UF-4LF-2B 6UF-4LF-4B 6UF-4LF-6B 6UF-4LF-2B 6UF-4LF-6B
Time-averaged difference — ATF,y, s (°C) 1.94 1.91 1.55 3.49 2.18
End-value difference — ATF,,, eng (°C) 1.82 1.78 1.51 3.28 1.99
Time-averaged difference — ATB,,,,qys (°C) 2.51 2.44 1.89 4.09 2.36
End-value difference — ATB,,,,,eng (°C) 2.78 2.76 2.22 5.28 2.98
Time-averaged difference — ATTS,, ,,, ay, (°C) 0.81 0.79 0.63 0.51 0.31
End-value difference — ATTS,,, eng (°C) 0.60 0.59 0.48 0.30 0.18
Time-averaged difference — ATC,,y,avs (°C) 0.70 0.68 0.54 0.64 0.49
End-value difference — ATC,y, eng (°C) 0.40 0.39 0.32 0.60 0.46

consider individual differences such as gender and age, however, ad- Appendix A. Supplementary material

justments to the bioheat model would be needed as well as further

experiments to validate the model. Supplementary data to this article can be found online at https://

doi.org/10.1016/j.applthermaleng.2018.09.057.
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