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Abstract

The objective of this work is to develop a 1-D transient heat and mass transfer model of a walking clothed human to predict the
clothing dry heat insulation values and vapor resistances. Developing an integrated model of human and clothing system unde
ventilation requires estimation of the heat and mass transfer film coefficients at the skin to the air layer subject to oscillating nor
Experiments were conducted in an environmental chamber under controlled conditions of 25◦C and 50% relative humidity to measu
the mass transfer coefficient at the skin to the air layer separating the wet skin and the fabric. A 1-D mathematical model is dev
simulate the dynamic thermal behavior of clothing and its interaction with the human thermoregulation system under walking co
A modification of Gagge’s two-node model is used to simulate the human physiological regulatory responses. The human model
to a clothing three-node model of the fabric that takes into consideration the adsorption of water vapor in the fibers during the
ventilation of the fabric by the air motion in from ambient environment and out from the air layer adjacent to the moist skin. When
activity and ambient conditions are specified, the integrated model of human-clothing can predict the thermoregulatory responses
together with the temperature and insulation values of the fabric. The developed model is used to predict the periodic ventilation
in and out of the fabric, the periodic fabric regain, the fabric temperature, the air layer temperature, the heat loss or gain from the
dry and vapor resistances of the clothing. The heat loss from the skin increases with the increase of the frequency of ventilation an
increased metabolic rate of the body. In addition, the dry resistance of the clothing fabrics, predicted by the current model, IS comp
published experimental data. The current model results compare qualitatively well with published data and show significant decre
clothing dry and evaporative insulation values.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords:Periodic fabric ventilation; Dynamic human-clothing model; Heat and mass transfer; Trapped air layer
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1. Introduction

Transport of heat and moisture from the human skin
initiated by gradients of temperature and moisture conc
tration of the air within the fabric, the air space between s
and fabric, and the ambient air. The transport processe
not only of diffusion type but also are enhanced by the v
tilating motion of air through the fabric initiated by the rel
tive motion of the human with respect to the surrounding
vironment. The size of the air spacing between the skin
the fabric is continuously varying in time depending on
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(K. Ghali), jones@ksu.edu (B. Jones).
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doi:10.1016/S1290-0729(03)00026-7
level of activity and the location, thus inducing variable a
flow in and out of the fabric. This induced airflow ventilat
the fabric and contributes to the augmentation of the
of condensation and adsorption in the clothing system
the amount of heat and moisture loss from the body. Du
body motion, air must go in and out and ventilation is o
tained without gross environmental air movement. Harte
al. called this particular aspect in clothing comfort “venti
tion of the microclimate within clothing” [1]. The ventilatio
rate is affected mainly by the walking velocity as describ
by Lotens, who derived empirically the steady ventilat
rate through apertures of clothing assembly as functio
the air permeability of the fabric and the effective wind v
locity [2]. His model was derived from experimental cons
erations of forced convective flow through apertures of o
Elsevier SAS. All rights reserved.
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Nomenclature

A area of the fabric . . . . . . . . . . . . . . . . . . . . . . . . m2

Ccr heat capacity of the human core node . . . J·K−1

Cf fiber specific heat . . . . . . . . . . . . . . . . J·kg−1·K−1

Cv air specific heat at constant volume J·kg−1·K−1

cbl specific heat of blood,= 4.187 . . kJ·kg−1·K−1

Csk heat capacity of the human skin node . . . J·K−1

D the mass diffusivity of water vapor into
air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

e thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f frequency of oscillation . . . . . . . . . . . . . . . . . . Hz
hfg heat of vaporization of water . . . . . . . . . . J·kg−1

had heat of adsorption . . . . . . . . . . . . . . . . . . . . J·kg−1

Hci conduction heat transfer coefficient between
inner node and outer node . . . . . . . W·m−2·K−1

Hco convection heat transfer coefficient between
outer node and air flowing through
fabric . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

hc(skin−air) convection heat transfer coefficient between
the skin and the air layer . . . . . . . . W·m−2·K−1

Hmi diffusion mass transfer coefficient between
inner node and outer node . kg·m−2·kPa−1·s−1

Hmo mass transport coefficient between outer node
and air void in the fabric . . . kg·m−2·kPa−1·s−1

hm(skin−air) mass transfer coefficient between the skin
and the air layer . . . . . . . . . . kg·m−2·kPa−1·s−1

hr radiative heat transfer coefficient . W·m−2·K−1

IT total dry heat resistance of clothing
ensemble . . . . . . . . . . . . . . . . . . . . . . . . m2·K·W−1

Ia−sk evaporative resistance of the trapped air layer
over the skin . . . . . . . . . . . . . . . . . . . m2·kPa·W−1

k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

M metabolic rate production . . . . . . . . . . . . W·m−2

ṁa air mass flow rate through the fabric . . . kg·s−1

mas moisture accumulating on the skin . . . . kg·m−2

mbl blood flow . . . . . . . . . . . . . . . . . . . . . . kg·m−2·s−1

mrsw local sweat rate . . . . . . . . . . . . . . . . . kg·m−2·s−1

Q heat loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Pa air vapor pressure . . . . . . . . . . . . . . . . . . . . . . . kPa
P vapor pressure of water vawpor adsorbed in

inner node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kPa
P∞ water–vapor pressure in the environment
P∞,t total air pressure in the environment

P ∗ saturation pressure . . . . . . . . . . . . . . . . . . . . . . kPa
R total regain in

fabric . . . . . . . . . kg of adsorbed H2O·kg−1 fiber
Rv water vapor gas constant
RET evaporative resistance . . . . . . . . . . . m2·kPa·W−1

RH relative humidity . . . . . . . . . . . . . . . . . . . . . . . . . %
Scr heat storage of the core of the body . . . W·m−2

Ssk heat storage of the skin of the body . . . W·m−2

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . (◦C, K)
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
uad internal energy of water in adsorbed

state . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1 H2O
uf total internal energy of fiber containing

adsorbed H2O . . . . . . . . . . . . J·kg−1 of dry fiber
W mechanical power accomplished . . . . . . W·m−2

w humidity ratio . . . . . . . . kg of water·kg−1 of air
y the instantaneous air spacing thickness . . . . . m

Greek symbols

α air permeability
β ratio of skin node mass to total body mass
ε porosity
ρ mass density of fabric . . . . . . . . . . . . . . . kg·m−3

γ fraction of mass that is in the outer node
σ Stefan Boltzman constant,

= 5.669× 10−8 . . . . . . . . . . . . . . . . W·m−2·K−4

τ period of oscillation . . . . . . . . . . . . . . . . . . . . . . . s

Subscripts

a conditions of air in the spacing layer between
skin and fabric

cr core of the human body
f fabric
i inner node
mb mean body condition
o outer node
L latent
res respiration
S sensible
sk skin of the human body
void local air inside the voids of the fabric
∞ environment ambient conditions
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garments during motion and the air penetration through
outer material. Lotens’ clothing ventilation model, howev
is not based on thermal principles, and has not taken
account any non-equilibrium heat and moisture adsorp
processes that take place in the fabric layers [2].

Traditionally, models of heat and mass transfer thro
clothing layers focused on the simplified diffusion pheno
ena of heat and moisture transfer. These models assu
instantaneous equilibrium between the local relative hum
d

ity of the diffusing moisture and the regain of the fib
and ignored the effect of ventilation on the heat and m
ture exchange between the microclimate of the clothing
the ambient air. Farnworth developed a numerical mo
that took into account the condensation and adsorptio
a multi-layered clothing system by developing linear re
tions to represent the fiber regain equilibrium [3]. Jones
Ogawa developed another model that used actual emp
relation obtained from experiments to calculate the fiber
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gain equilibrium [4]. The latter model also took into accou
the sorption behaviour of fibers. The above-mentioned m
els focused on the diffusion process of heat and water
por transport, and assumed instantaneous equilibrium
tween the local relative humidity of the penetrating air a
the moisture content of the fiber. However, the hypoth
of local thermal equilibrium was shown to be invalid du
ing periods of rapid transient heating or cooling in poro
media as reported by Mincowycs et al. [5]. Their results
1-D porous layer show that in the presence of flow, lo
thermal equilibrium is not valid if the ratio of the Sparro
number to Peclet number is small. In the absence of
cal thermal equilibrium, the solid and the fluid should
treated as two different systems. Gibson conducted a
dimensional numerical modelling and experimental tes
of steady diffusion/convection processes in textiles [6–
The numerical model of Gibson included diffusion and c
vective transport of heat and moisture, as well as liquid
ter wicking through porous textile material. Gibson’s mo
was based on Whitaker’s theory [11] for mass and ene
transport through porous media that assumes local the
dynamic equilibrium between the various phases that c
exist in the porous textile material and ignored the poss
existence of micro-scale pore-level heat and mass tran
coefficients. Under vigorous movement of a relatively t
porous textile material, the air will ventilate the fibers a
the assumption of local thermodynamic equilibrium is
valid. Ghali et al. studied the effect of ventilation on heat a
mass transport through fibrous material by developing a
oretical two-node absorption model, aided by experime
results on moisture regain of ventilated fabric, to predict
transfer coefficients of a cotton fibrous medium [12]. Th
model was further developed and experimentally verifie
predict temporal variations in temperature and moisture c
tent of the air within the fiber in a multi-layer three-no
model [13].

In realistic applications, ventilation of the clothing syste
during the human motion occurs by the periodic motion
air in and out of the air spacing, as the fabric moves outw
or inward towards the skin. Ghali et al. reported origi
experimental data on sensible and latent heat trans
initiated by sinusoidal motion of a fabric plane about a fix
mean air spacing thickness above a sweating isothe
hot plate placed in a controlled environment [14]. Th
developed a transient model that predicted the heat
from the wet boundary and agreed fairly well with t
experimentally measured values. Their transient model
not considered the coupling of the fabric model with
human body model that has variable skin humidity a
temperature conditions based on the level of activity of
human [14]. The coupling of fabric models with hum
thermal models and human thermoregulatory respons
heat and cold adds difficulty to the modeling of he
and mass transport from the body. Previously, Gagg
al. [15] developed a two-node model for describing
thermoregulatory system of the human body. In the mo
-

-

r

t

l

they described the role of clothing in heat and moist
transport as the intrinsic insulation of the clothing and
intrinsic vapor resistance through the clothing, which
considered constant. This is true for steady state condi
when the body-clothing-environment system is isotherm
In order to describe the dynamic behavior, Jones e
described a model of the transient response of cloth
systems, which took into account the sorption beha
of fibers, but assumed local thermal equilibrium with t
surrounding air [16]. They compared the prediction of h
loss by the model with experimental data from therm
manikin dry tests and found reasonable agreement. Rece
Li and Holocombe developed a mathematical mode
which Gagge’s two-node human thermoregulatory mo
was combined with a kinetic sorption model of fabrics
study the transient thermal response of a clothed human
Their model, however, neglected the effect of ventilat
between air passing through the fiber and the solid fi
The periodic ventilation effect, according to Ghali et al. [1
causes a temperature change of about 2.5◦C in the enclosed
air layer temperature during one period of oscillation
the fabric. For decades, the so-called pumping or bell
effect has been studied, and its importance on the hea
mass transfer of the human body has often been discu
[18–29]. The thermal manikin standing or movable has b
used frequently to determine the insulation and evapora
resistance values of ensembles [27–30]. Static insula
databases of clothing insulation values, for a numbe
ensembles, are reported by McCullough et al. ASHR
standard [18]. Hong presented data from a movable the
manikin on the effect of walking on the clothing d
insulation values [19]. However, the database is limited
24 ensembles and large deviations exist when regres
analysis is used to predict the insulation value chan
due to the walking effect. Havenith et al. quantified
effects of body movement, posture and wind through lin
regression equations on the resultant measured clo
dry insulation, using the method of wrapping subjects
plastic foils [27]. The results, together with those fro
human studies, have yielded useful empirical informa
and data on the effect of activity on ensemble insulat
However, few investigations have dealt with the mechani
behind the internal convection in the air layer adjacen
the body. Clothing heat and mass transfer mechanisms
clothed walking human are not easily derived from curr
engineering literature since fluctuating airflow in a chan
with a variable gap width is not a common engineer
application. Berger and Sari developed a dynamic cloth
model where they simulated the heat and mass tran
by renewal of the air confined under garment and coup
them to the heat and mass exchanges between the ex
side of the clothing and the outer environment includ
solar radiation flux exchanges [31]. The model used vari
insulation values of Havenith et al. [27], variable inn
convective coefficients and air velocity that were tak
from experiments on heated manikin. However, the mo
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of Berger and Sari used zero-thickness garment with
calorific capacity and assumed exponential heating in
air layer and fixed skin temperature [31]. These assumpt
neglected the ventilation in the fabric itself and conside
the air void in the fabric at local thermal equilibrium wi
the fabric solid phase.

In this work, experiments are conducted to determ
evaporative and dry film coefficients between skin a
adjacent air layer during ventilation. A mathematical 1-D
the human body, the oscillating trapped air layer gap wi
and the periodically-ventilated fabric will be developed a
built from first principles of mass and energy balances
predict the effect of walking on exchanges of heat a
mass and the reduction of the dynamic dry resistance
ensembles. The developed 1-D mathematical model
Gagge’s two-node human thermoregulatory model [1
combined with Ghali et al. fabric three-node model [13].

2. Experimental determination of the mass transfer
coefficient “hm(skin−air)” between the skin and the air
layer

The film coefficients at the skin are needed for the mo
simulation. However, transport coefficients from the skin
the environment or clothing are reported in literature a
function of an effective wind velocity based on empiric
work [21]. Most of the research is focused on estimat
the heat transfer coefficient at the external exposed su
of clothing subject to elevated air velocities [32,33]. Su
correlation would not be applicable for estimating the fi
coefficients in an enclosed air subject to an oscillatory fl
For this reason, experiments were conducted to measur
mass transfer coefficient at the skin to the air layer and t
using the Lewis relationship, to estimate the heat tran
coefficient as well from the skin to the air layer as well.

Untreated cotton was chosen as a representative of a
common worn fabric to test the behaviour when subjec
periodic motion above the skin. The cotton was obtai
from Test fabrics Inc. (Middlesex, NJ 08846), and is ma
of unmercerized cotton duck, style #466 of thickness
1 mm. Fig. 1 shows front and top views of the experimen
setup, which is composed of two square wooden fram
hinged to each other. Both frames have an inner open ar
0.508 m× 0.508 m and an outer area of 0.554 m× 0.554 m
for the upper frame and an area of 0.585 m× 0.585 m for
the lower one. The upper frame is connected to a rota
shaft. The shaft is connected to a gear motor. When the
rotates, the upper frame moves sinusoidally in a vertical p
away and towards the lower frame in a stroke of 12.7 m
The side view of the experimental set up shows the fo
bar linkage mechanism by which the fabric is moved
and down. The hinges (piano hinges) were necessar
insure that the upper frame is moving in a horizontal pl
without tilting. The cotton fabric was taped to the upp
frame by an aluminum tape, and the exposed surfac
e

t

f

t

(a)

(b)

Fig. 1. The front (a) and top (b) views of the experimental setup.

both wooden frames was also covered by aluminum t
To insure a planar movement of the fabric (no flattering)
fabric sample was placed between two metallic screens
were made of 12.7 mm open squares.

The movement of the fabric that is attached to the up
frame will cause air to move back and forth across the fab
To reduce the possibility of air escaping through the hin
or through the lower frame, the hinges were covered w
plastic wrapping and plastic foam was taped to the o
rim of the lower frame as shown in Fig. 1. A minim
layer of plastic wrapping was used to minimize possi
horizontal movement of the air layer between the lower
upper frame. In the plane slightly above the fabric fra
plane, an air circulation fan is placed to provide suffici
circulation of air (0.7 m·s−1) for maintaining the constan
chamber ambient conditions above the fabric. Before
start of the experiment, the whole frame was conditio
for 16 h inside an environmental chamber, not shown in
figures, at conditions of 25◦C and 50%RH. Then the frame
was placed above a water saturated cotton sample. Thi
cotton sample representing the skin was placed on top o
insulating Styrofoam board to create an adiabatic satur
boundary condition. The whole setup (fabric oscillat
frame, wetted cotton sample and Styrofoam board show
Fig. 1) was placed inside the environmental chamber wh
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temperature conditions were set at 25◦C and 50%RH.
The precision in the set conditions of the climatic cham
temperature was±0.5 ◦C and chamber relative humidit
was ±2%. The mean air spacing between the fabric
the adiabatic wet surface was 38.1 mm. The amplitud
oscillation was 6.35 mm. Experiments are conducted
gear motor frequencies are 27, 37 and 54 rpm.

At the beginning of the experiment, the saturated fa
sample (skin) was weighed and its weight loss of mois
was monitored every half an hour for a total of four hou
So every half hour the wet fabric sample was quic
removed and placed inside a plastic bag for weighing u
a sensitive scale of accuracy±0.01 g. The experimen
started with oscillating the upper fabric and frame at
same frequency and amplitude conditions of the m
experiment. Measuring of the temperature of the we
cotton sample was monitored by a thermistor, while
temperature measurement of the air layer was measure
a radiation-shielded thermistor. One thermistor was pla
on the lower surface of the wet cotton sample and ab
the Styrofoam board, while the other thermistor was pla
in the enclosed air spacing between the oscillating fa
and the wet cotton surface. The accuracy of the tempera
readings was±0.1 ◦C.

Knowing the amount of water that evaporated fro
the fabric, the temperature of the wet cotton sample,
temperature of the air layer and the skin mass tran
coefficient can be estimated as follows:

ms = hm(skin−air)A(Psk− Pa) (1a)

wherems is the measured mass flux (g·s−1), Pa is the vapor
pressure of the air (kPa),Psk is the vapor pressure at the sk
(kPa) andA is the area of the fabric (m2). The vapor pressur
at the skin is estimated from the equilibrium vapor press
at the skin temperature, which remained at a uniform va
of 21.0 ± 0.7 ◦C. The air layer vapor pressure is estima
from the temperature of the air layer and the wet b
temperature of the air layer. The wet bulb temperature
the air layer is taken as that of the saturated skin tempera
since the set up is similar to an adiabatic saturator for
enclosed air. The measured temperature of the wet
sample did not change since the sample was wet during
time of the experiment. At 27 rpm, the measured evapora
rate starting from the second hour became steady at a v
of 5 g every half an hour from which the mass trans
coefficient of 8× 10−5 kg·s−1·m−2·kPa−1 was determined
The mass transfer coefficients at the other two ventila
frequencies of 37 and 54 were 8.16 × 10−5 and 9.216×
10−5 kg·s−1·m−2·kPa−1, respectively. A linear correlatio
is derived forhm(skin−air) as a function of frequency for us
in the numerical simulation parametric runs, and is given

hm(skin−air) = (2.777f + 6.635)× 10−5 (1b)

wheref is the frequency (Hz). The correlation parame
is 0.968. The dry convective heat transport coefficient fr
y

e

the skin to the lumped air layerhc(skin−air) is then found
from the Lewis relation for air–water vapor mixtures
hc(skin−air) = hm(skin−air)hfg/16.5 [34].

Much less data is available on dynamic vapor resista
or mass transport coefficients than on convective dry in
lation. The most comprehensive data on dynamic cloth
dry insulation and water vapor resistances originated f
Havenith et al. [27,28] using tracer gas instead of water
por. Havenith et al. described the changes in clothing to
intrinsic and surface air layer insulation values [27] and
por resistance values [28] due to the motion of the we
and the wind for three ensembles. The situation of the
rent work is that of a very light, highly air permeable fa
ric with closed aperture garment. According to Lotens
the total insulation and vapor resistances in this case
be highly dependent on the air insulation that is descri
as a function of the effective wind velocity. Lotens repor
evaporative resistance in 2-layer clothing at the skin to
clothing layer for various garments and apertures [2]. T
data of Lotens are shown in Table 1 for closed aper
high air permeable cotton clothing at various walking spe
and winds [2]. The published experimental data on dyna
clothing insulation of surface air layer of Havenith et al. [2
are also given in Table 1 for a clothing ensemble of c
ton/polyester workpants, polo shirt, sweater, socks and
ning shoes, and the present work range values of the dry
vective transport coefficients from the skin to the internal
layer. The reported experimental data of Havenith et al. w
based on measurements of dry heat loss where the su
skin was wrapped tightly with a thin, water–vapor imperm
able, synthetic foil. Danielsson reported internal forced c
vection coefficients, as given in Table 1, for various parts
the body for loose fitting ensemble at walking speeds of
1.4 and 1.9 m·s−1 [21]. The present work convective coef
cients measurements were based on the evaporative hea
and the moisture adsorption in the clothing only due to n
mal ventilation action of the fabric. The present experim
tal findings of convection coefficients are within 8% fro
the findings of Danielsson at the walking speed of 0.9 m·s−1

for the trunk and the arm parts of the body. The results
fall within a very sound range of real subjects experime
even though the reported data are for a different experim
tal setting and clothing ensembles.

3. Mathematical formulation of the system

In walking conditions, the air spacing between the f
ric layer and the human skin changes with the walking
quency. This change will cause air penetration in and ou
the clothing system depending on the fabric air permeab
The air passing through the fabric can considerably red
the heat and moisture transfer resistance of the clothing
tem and its suitability for a given thermal environment. T
purpose of clothing is to maintain a uniform body tempe
ture under different temperature environments and to pre
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ients
skin
Table 1
Mean skin mass transfer coefficients as reported by Lotens [2], external surface air(Ia) insulation values, convective heat and mass transport coeffic
reported by Havenith et al. [27,28], heat convection coefficient from skin to internal air film reported by Danielsson [21], and measured values ofmass
and heat transport coefficients in the present work

Lotens’ data [2] Havenith et al. [27,28], ensemble A

Wind speed Walking speed hm(skin−fabric) Walking speed Wind speed Ia hc(skin−∞) hm(skin−∞)

(m·s−1) (m·s−1) (kg·s−1·m−2·kPa−1) (m·s−1) (m·s−1) (m2·k·W−1) (W·m−2·K) (kg·s−1·m−2·kPa−1)

0.2 0 7.96× 10−5 0.3 0 0.093 10.093 6.943×10−5

0.694 10.69× 10−5 0.7 0.061 16.39 11.0×10−5

1.388 12.79× 10−5 4.0 0.032 31.25 21.9×10−5

0.7 0 9.07× 10−5 0.9 0 0.097 10.31 7.09×10−5

0.694 12.68× 10−5 0.7 0.067 14.925 10.09×10−5

1.388 13.24× 10−5 4.0 0.026 38.26 26.3×10−5

Measured heat transport coefficient from the skin to the air layer as reported by Danielsson [21]

Walking speed (m·s−1) 0.9 1.4 1.9
hc(skin−air) (W·m−2·K−1): [Leg] 13.7 17.4 19.0
hc(skin−air) (W·m−2·K−1): [Trunk] 10.2 13.0 15.1
hc(skin−air) (W·m−2·K−1): [Arm] 11.3 15.0 17.2

Present work data

f (rpm) 27 37 54
hm(skin−air) (kg·s−1·m−2·kPa−1) 8.0× 10−5 8.16× 10−5 9.216× 10−5

hc(skin−air) (W·m−2·K−1) 11.6 11.9 13.265
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the accumulation of sweat on the human skin by allowing
respired body water to flow to the outside environment w
the activity level increases.

The human-clothing-environment system is schem
cally illustrated in Fig. 2(a). The human body is represen
by a two-node model developed by Gagge et al. [15] w
the core as the human inner node and the skin as the hu
outer node. The moving clothing system is represented
the three node-model of Ghali et al. [13,14]. An enclosed
layer separates the upper boundary (fabric) and the hu
skin. The upper boundary has a sinusoidal up and down
tion that induces the air movement through the fabric. T
size of the air spacing between the skin and the fabric is
tinuously varying in time depending on activity level and
cation, thus inducing variable airflow in and out of the fab
The frequency of the oscillating motion of the fabric is a
sumed directly proportional to the activity level of the wa
ing human. The air spacing layer beneath the fabric wil
formulated as a lumped compressible layer with its den
being a function of temperature and pressure.

The analysis of the airflow through the fabric is bas
on a single lumped fabric layer of the three-node adsorp
model of the fibrous medium and an air void as sho
in Fig. 2(b). The fabric outer node represents the expo
surface of the yarns, which is in direct contact with t
penetrating air in the void space between the yarns.
fabric inner node represents the inner portion of the “so
yarn, which is completely surrounded by the fabric ou
node. The moisture uptake in the fabric occurs first
the convection effect at the yarn surface (outer no
followed by sorption/diffusion to the yarn interior (inn
node). Wicking is assumed negligible in the fabric mo
n

(a)

(b)

Fig. 2. Schematic of the human-clothing-environment system (a) and o
fabric model (b).

so that only solid and gas phases are present in the fa
The clothing-fabric area isA and the fabric thickness isef .
The airflow is assumed normal to the fabric plane, wh
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represents the case of a fully clothed human with ti
openings at the neck, wrists and legs.

3.1. Fabric and air layer model

3.1.1. Modeling of the air mass flow rate through the fab
The fabric sinusoidal motion can be represented by

following equation:

y = y0 +*y sin(2πf t) (2)

wherey is the sir spacing thickness,f is the frequency o
oscillation,y0 is the mean air spacing thickness (38.1 m
and*y is the oscillation amplitude (6.35 mm). Conducti
a mass balance for the skin-fabric air layer leads to

−ṁa = ∂

∂t
(ρay) (3a)

where ṁa is the air mass flow rate andρa is density of
air. The negative sign indicates that the airflow direction
opposite to the direction of fabric motion. Eq. (3a) can
expanded to the following:

−ṁa = y
∂

∂t
(ρa)+ ρa

∂

∂t
(y) (3b)

Note that the air layer above the fabric is moving a
represents a boundary condition, with constant tempera
and humidity. As the fabric moves down, the airspa
between the skin and the fabric moves out through the fa
and is swept away by the moving air stream. When
direction of the fabric reverses, the opposite process oc
That is, the void created as the fabric rises is filled with
from the moving air stream that passes through the fabr

When there is pressure difference between the fa
surfaces, there will be a mass flowing through the fab
The amount of the air depends on the permeability of
fabric material. The permeabilityα is affected by the type
of yarn, tightness of twist in yarns, yarn count and fab
structure. In this study, the permeability of the fabric
considered constant at the standard experimentally mea
value under the pressure difference of 0.1245 kPa. To
the airflow passing through the fabric at other press
differentials, the air permeability is assumed to be cons
and the amount of airflow is proportional to the press
differentials. The airflow rate is then represented by

ṁa = αρa

*Pm

(Pa − P∞) (4)

whereα is the fabric air permeability (α = 4.99 cm3·cm−2·
s−1) and*Pm = 0.1245 kPa from standard tests on fabri
air permeability [ASTM D737-75],Pa is the air pressure o
the air layer between the skin and the fabric andP∞ is the
outside environment water vapor pressure. Substituting
ideal gas relation,ρa = Pa/RaTa , into Eq. (3b) gives the
mass balance in the air spacing in terms of the air pres
as
.

d

− αPa

RaTa*Pm

(Pa − P∞) = y

RaTa

∂Pa

∂t
+ Pa

RaTa

∂y

∂t

+ yPa

Ra

∂(1/Ta)

∂t
(5)

from which the pressurePa can be determined as a functio
of time. SubstitutingPa into Eq. (4) gives the instantaneo
air mass flow rate, which will be used in the fabric mode

3.1.2. Modelling of the air-spacing layer
The air trapped between the skin and the fabric is rene

by the pumping action of the fabric boundary through the
voids of the fabric. The renewal is associated with variati
of the dry and humid coefficients at the skin and fabric lev
During the upward motion of the fabric, the airflow into t
air spacing layer comes from the air void node of the fab
and will have the same humidity ratio as the air in the v
space of the fabric. The water vapor mass balance for th
spacing layer while the fabric is moving up is given by

∂(ρaywa)

∂t
= hm(skin−air)[Psk− Pa] − ṁawvoid

+D
ρa(wvoid −wa)

ef /2
(6a)

During the downward motion of the fabric, the airflo
through the fabric out of the air spacing will carry the sa
humidity ratio of the air spacing. Then the water vap
mass balance for the air spacing layer during the downw
motion is given by

∂(ρaywa)

∂t
= hm(skin−air)[Psk− Pa] − ṁawa

+D
ρa(wvoid −wa)

ef /2
(6b)

wherehm(skin−air) is the mass transfer coefficient betwe
the skin and the air layer,Pa is the water vapor pressu
in the air layer,wa is the humidity ratio of the air layer
Psk is the vapor pressure at the skin solid boundary,wvoid
is the humidity ratio of the air void andD is the diffusion
coefficient of water vapor into air. The first term in Eqs. (6
and (6b) represent the mass transfer from the skin to
trapped air layer, the second term is the convective mass
coming through the fabric voids and the last term is the w
vapor diffusion term from the air layer to the air in the fab
void due to difference in water vapor concentration.

The energy balance for the air-vapor mixture in the
spacing layer will be performed taking into account
motion direction of the fabric and its effect on the propert
of the air mass that enters the domain during upward mo
and that leaves the domain during the downward motion
energy balance of the air spacing of the fabric expresse
rate of change of the energy air-vapor mixture of air-laye
terms of the external work done by the environment on
air layer, the evaporative heat transfer from the moist s
the dry convective heat transfer from the skin, the convec
of heat to the air layer associated witḣma coming through
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the upper boundary and the heat diffusion from void ai
confined air layer due to gradients in temperature and wa
vapor concentrations. The energy balance during upw
motion is given by

∂

∂t

[
ρay(CvTa +wahfg)

] +P∞,t

∂y

∂t
= hm(skin−air)hfg[Psk− Pa] + hc(skin−air)[Tsk− Ta]

− ṁa[CpTvoid +wvoidhfg] +Dhfg
ρa(wvoid −wa)

ef /2

+ ka
(Tvoid − Ta)

ef /2
(7a)

During the downward motion of the fabric, the ener
balance in the air spacing layer becomes

∂

∂t

[
ρay(CvTa +wahfg)

] +P∞,t

∂y

∂t
= hm(skin−air)hfg[Psk− Pa] + hc(skin−air)[Tsk− Ta]

− ṁa[CpTa +wahfg] +Dhfg
ρa(wvoid −wa)

ef /2

+ ka
(Tvoid − Ta)

ef /2
(7b)

whereka is the thermal conductivity of air. Since the fabr
void thickness is very small, conduction of heat from
fabric void air to the trapped air layer is represented by
law of wall as shown in the last two terms of Eqs. (7a) a
(7b).

3.1.3. Modeling of the fabric
In the fabric, the three-node adsorption model of Gha

al. will be used to describe the heat and moisture trans
through the fabric due to air ventilating motion [13]. T
effective heat and mass transfer coefficientsHco andHmo for
the outer node of the fabric, and the heat and mass diffu
coefficientsHci andHmi for the inner nodes of the fabric, a
used in the model in normalized form as follows [13]:

H ′
mo= Hmo

Ao

Af

, H ′
co = Hco

Ao

Af

H ′
mi = Hmi

Ai

Af

, H ′
ci = Hci

Ai

Af

(8)

whereAf is the overall fabric surface area,Ao is the outer-
node exposed surface area to air flow andAi is the inner
node area in contact with the outer node. The outer n
convection coefficients are function of the normal airfl
rate across the fabric.

The water vapor mass balance in the air void nod
given in Eqs. (9a) and (9b) during the upward motion a
downward motion of the fabric, respectively as:

∂

∂t
(ρaef wvoidεf )

= −ṁa[w∞ −wvoid] +H ′
mo[Po − Pvoid]

+D
ρa(wa −wvoid)

e /2
+D

ρa(w∞ −wvoid)

e /2
(9a)
f f
∂

∂t
(ρaefwvoidεf )

= ṁa[wa −wvoid] +H ′
mo[Po − Pvoid]

+D
ρa(wa −wvoid)

ef /2
+D

ρa(w∞ −wvoid)

ef /2
(9b)

whereεf is the fiber porosity andef is the fabric thickness
The outer fiber node and the inner fiber node mass bala
are given in Eqs. (10) and (11), respectively:

dRo

dt
= 1

ργ ef

[
H ′

mo(Pvoid − Po)+H ′
mi(Pi − Po)

]
(10)

dRi

dt
= H ′

mi

ρ(1− γ )ef
[Po − Pi] (11)

whereRo is the regain of the outer node andRi is the regain
of the inner node. The parameterγ is the fraction of mass
that is in the outer node and it depends on the fabric type
the fabric porosity and is taken as 0.6 to be consistent
the empirical transport coefficients [12]. The total regainR

in the fiber is given by

R = γRo + (1− γ )Ri (12)

An energy balance for the air-vapor mixture in the air v
node is given in Eqs. (13a) and (13b) during the upw
motion and downward motion of the fabric, respectively a

εf
∂

∂t

[
ρaef (CvTvoid + hfgwvoid)

]
= −ṁa[CpT∞ +w∞hfg] + ṁa[CpTvoid +wvoidhfg]

+H ′
co[To − Tvoid] + ka

Ta − Tvoid

ef /2
+ ka

T∞ − Tvoid

ef /2

+Dhfg
ρa(wa −wvoid)

ef /2
+Dhfg

ρa(w∞ −wvoid)

ef /2
(13a)

εf
∂

∂t

[
ρaef (CvTvoid + hfgwvoid)

]
= ṁa[CpTa +wahfg] − ṁa[CpTvoid +wvoidhfg]

+H ′
co[To − Tvoid] + ka

Ta − Tvoid

ef /2
+ ka

T∞ − Tvoid

ef /2

+Dhfg
ρa(wa −wvoid)

ef /2
+Dhfg

ρa(w∞ −wvoid)

ef /2
(13b)

The terms that appear in the energy balance includes en
associated witḣma , convective energy transport to the fab
outer node by conduction and moisture adsorption
conduction and mass diffusion terms to both the air layer
environment. The energy balance on the outer nodes giv

ρf (1− γ )

[
Cpf

dTo
dt

− had
dRo

dt

]
= H ′

co

ef
[Tvoid − To]

− H ′
ci

ef
[To − Ti] + hr

2ef
(Tsk− To)+ hr

2ef
(T∞ − To) (14)

wherehad is the enthalpy of the water adsorption state a
hr is the radiative heat transfer coefficient. The density of
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adsorbed phase of water is similar to that of liquid water. T
high density results in the enthalpy and internal energy of
adsorbed phases being very nearly the same. Therefor
internal energy,uad, can be replaced with the enthalpy
the adsorbed water. Since liquid water represents the
of zero enthalpy, then for consistency, the enthalpy of
adsorbed state is the difference (hfg − had). Data onhad, as
a function of relative humidity, is obtained from the wo
of Morton and Hearle [35]. Also the fabric is exchangi
radiation heat with the plate and the chamber. The en
balance on the inner node gives

ρf γ

[
Cpf

dTi
dt

− had
dRi

dt

]
= H ′

ci

ef
[To − Ti] (15)

The set of the above-coupled differential equations (
(15) describes the time-dependent convective mass and
transfer from the skin-adjacent air layer through the fab
induced by the sinusoidal motion of the fabric. The diffus
and transport coefficients, namelyH ′

ci, H
′
mi, H

′
co andH ′

mo
appearing in the equation are obtained from the repo
empirical results of Ghali et al. [13].

3.2. Gagge’s human model description

The heat balance equation between body and surro
ings can be expressed as:

S = M −W − [
Adhc(skin−air)(Tsk− Ta)+Adhr(Tsk− To)

+Adhm(skin−air)hfg(Psk− Pa)
] −Qres (16)

where S is the rate of internal energy storage,M is the
metabolic heat generation rate during exercise and shive
rate,W is the physical work done by the body andQres is
the total rate of heat loss by respiration. The terms betw
parentheses represent the convective heat, radiative hea
evaporative heat losses from the skin. The skin and
clothing are coupled by the air layer. The human bod
represented by Gagge’s two-node model, where two en
balance equations are written for the core node and the
node. There are several ways to write these equations. J
and Ogawa wrote these equations in the following form [4

Ssk = Ad(Qcr−sk−Qsk) + Scr−sk (17a)

Scr = Ad(M −W −Qcr−sk−Qres)− Scr−sk (17b)

where

Scr−sk = (Kmin + cblmbl)(Tcr − Tsk) (17c)

S = Scr + Ssk (17d)

wherembl is the blood flow rate between skin and core a
Kmin is the thermal conductance between core and skin.
model is based on a standard man, with body surface
(Ad) equivalent to the DuBois area (1.8 m2), mass (70.0 kg
and height (1.77 m).

The rate of energy storage is written in terms of the ti
rate of change of the temperature in each node:
e

t

-

d

s

Ssk = Csk

Ad

dTsk

dt
(18a)

Scr = Ccr

Ad

dTcr

dt
(18b)

dTmb

dt
= β

dTsk

dt
+ (1− β)

dTcr

dt
(19)

whereCsk andCcr are the heat capacity of the skin and co
nodes, respectively.Tmb is the mean body temperature a
β is the fractional skin node mass to the total body mass
depends on the blood flow rate between core and skin
The blood flow rate between core and skin is contro
by the cold skin signal and the warm skin signals wh
allow the mass of each node to vary as well, resulting
a shift of internal rate of energy storage from one node
the other. All of the thermal functions in Gagge’s model
controlled directly by the temperature signals except the
mass fraction. The temperature signals are defined e
as worm or cold depending on whether the core and
temperatures are higher or lower than their thermoneu
values, i.e., 33.7 and 36.8◦C. Since the expressions of the
thermal functions are explicitly described in the ASHRA
Handbook of Fundamentals, they will not be repea
here [34].

3.3. The skin surface

The instantaneous sensible heat exchange from the sk
the air layer is expressed in terms of the convection heat
at the skin surface and the radiation exchange betwee
skin and the fabric. The skin temperature is an input bou
ary condition obtained from the thermoregulatory mode
the human body model, while the convective coefficien
evaluated empirically from experimental measurements

For the latent heat transfer, the boundary condition
more complex. If liquid is present on the skin surface th
the skin boundary condition is the saturation pressur
the skin temperaturePsk = P ∗(Tsk). Just because sweatin
occurs does not imply that there will be liquid on the s
surface. The vapor pressure at the skin surface is
determined by a balance between the diffusion of va
through the skin, the sweat secreted and the transpo
moisture away from the skin as reported by Jones et al. [

Psk = [P ∗(Tsk)(Ia−sk)+ PaIsk +mrswhfgIsk]
(Isk+ Ia−sk)

(20)

whereIsk is the evaporative resistance of the skin which
approximately 0.33 m2·kPa·W−1 for a well hydrated person
Ia−sk is the evaporative resistance of the trapped air laye
m2·kPa·W−1 obtained fromhm(air−skin) andmrsw is the local
sweat rate (kg·m−2·s−1) [37]. The value of the skin vapo
pressure is subject to the constraint that the vapor pres
calculated in Eq. (20) cannot exceed the saturation pres
Psk � P ∗(Tsk). Eq. (20) applies even if the sweat rate
zero. Jones [36] included the accumulation of moisture
the skin and the evaporation of that moisture in the bound
condition through a mass balance at the skin surface su
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to the constraint that the accumulated moisture is less
0.035 kg·m−2, based on the maximum sweat layer that c
be sustained over the body, which is about 35 µm [38].

4. Numerical method

The metabolic rate of the body taken a walking per
on a level surface is 115 and 150 W·m−2 corresponding
to walking speeds of 0.9 and 1.34 m·s−1, respectively. The
mean air spacing and amplitude of oscillation is assumed
same as that of the experiment. The numerical integratio
Eqs. (16)–(19) starts from energy balances of the human
node where respiratory heat losses, and regulatory s
responses are calculated, and the skin surface vapor pre
and temperature are found from the skin heat balances
interaction with the core node and the air layer. In the r
the skin boundary conditions are regulated by the hum
metabolic rate and thermoregulatory responses model.
air layer is coupled to the three-node model of the fab
where the coupled eight mass and heat transport Eqs
(7) and (9)–(15) of the outer and inner nodes of the fa
and the air void are integrated numerically using first-or
Euler–Forward scheme with a time step size of 0.005 s,
a total integration period of 3600 s. The periods of oscillat
in this work ranged from 0.8 to 3 s. The presented mode
a lumped model for each of the spacing air layer and
fabric layer which allows simplicity in updating, in time
the dependent variables of temperature and humidity r
at each node. The vapor pressure of the flowing air in
air spacing layer or in the fabric voids is related to the
relative humidity, “RH”, and temperature, and is calculat
using the psychrometric formulas of Hyland and Wexler [
to predict the saturation water–vapor pressure and h
the vapor pressure at the specified relative humidity.
regain of the cotton material has a definite relation to
relative humidity of the water vapor through a prope
curve of regain versus relative humidity [35]. The graphi
relation ofR as a function of relative humidity,RH, has been
interpolated with third order polynomials for 10 relati
humidity intervals from zero to 100%. The interpolati
functions are used in the simulation to calculate the in
and outer nodes’ relative humidities corresponding to
values obtained of inner and outer regains, respectively
every time step, the air mass flow rate is updated and
total regain, and temperatures of all the nodes are evalu
When the solution converges to a steady periodic solut
the cycle time-averaged sensible and latent heat loss from
skin are calculated using the experimentally evaluated
and mass transfer coefficientshc(skin−air) andhm(skin−air) in
the air spacing layer as:

QS = Ad

[
hc(skin−air)

{
1

τ

t+τ∫
(Tsk− Ta)dt

}

t

l
re

,

.

+ hr
1

τ

t+τ∫
t

(Tsk− To)dt

]
(21a)

QL = A

[
hfghm(skin−air)

{
1

τ

t+τ∫
t

(Psk− Pa)dt

}]
(21b)

and the average overall dry resistance of clothing,IT (clo),
is determined by Jones and McCullough as [40]

IT = Ad(Tsk − T∞)C

QS

(22a)

whereC is the unit conversion constant= 6.45 clo·W·m−2·
◦C, and the clo value is a standard unit for compar
clothing insulation. The total evaporative resistance,RET,
provided by the fabric and the air film is given by [40]

RET = Ad(Psk− P∞)

QL

(22b)

Experimental data are available on dry heat resistanc
many clothing ensembles, while evaporative heat resist
model calculations still remain untested with lack of expe
mental data in literature.

5. Results and discussion

The simulations are performed at three different me
bolic rates of 115 and 150 W·m−2. At each metabolic rate
different ventilation frequencies are used for consistency
sensitivity analysis. The initial conditions start from ambi
conditions of 25◦C and 50%RH. Results of the transien
thermal responses of temperature and moisture conte
the human skin, air layer and the porous fabric, and sen
and latent heat loss from the skin are presented at diffe
ventilation frequencies. This is followed by model validati
by comparisons with published data.

Fig. 3(a) presents the predicted human skin tempera
and Fig. 3(b) presents the air spacing layer temperatu
a function of time at the metabolic rate of 115 W·m−2 for
the ventilation frequencies of 25, 45 and 60 rpm. The s
temperature and the air layer temperature decrease a
ventilation frequency increases. The ventilation freque
of a walking human atM = 115 W·m−2 with a speed of
0.89 m·s−1 will normally be about 45–60 rpm. This can b
estimated based on the number of steps the walking hu
makes in one second. However, the same metabolic rate
be produced at different ventilation frequencies depend
on the human weight, the subcutaneous fat layer, and
effort made while walking. The increase of the ventilat
frequency will increase the transport of moisture and hea
the fabric. Fig. 4 presents the predicted total moisture re
of the fabric as function of time atM = 115 W·m−2 for
the ventilation frequencies of 25, 45 and 60 rpm. The reg
increases sharply in the initial period of the start of activ
and then increases at a slower mean rate in an oscilla
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Fig. 3. (a) The predicted human skin temperature as a function of tim
M = 115 W·m−2 for the ventilation frequencies of 25, 45 and 60 rp
(b) The predicted human skin temperature and the air layer temperatu
a function of time at the metabolic rate of 115 W·m−2 for the ventilation
frequencies of 25, 45 and 60 rpm.

Fig. 4. The predicted total moisture regain of the fabric as function of t
atM = 115 W·m−2 for the ventilation frequencies of 25, 45 and 60 rpm

pattern. When ventilation frequency is increased, the fa
regain increases as more moisture gets carried away
the human body surface. The temperature variation in t
(a)

(b)

Fig. 5. (a) The temperature variation in time of the fabric inner and o
nodes atM = 115 W·m−2 at different frequencies, with the steady period
solution amplified. (b) The temperature variation in time of the fabric
void node atM = 115 W·m−2 at different frequencies.

of the fabric inner and outer nodes is shown in Fig. 5(a
M = 115 W·m−2 at different frequencies, with the stea
periodic solution amplified, while Fig. 5(b) shows the a
void node temperature variation. The outer node tempera
attains a sinusoidal pattern similar to the forcing motion,
the inner node is less sensitive to external variations s
heat and mass transfer diffusion to the inner node is a slo
process than the ventilation of the outer node. The air–
node temperature has the largest temperature change d
the oscillation cycle, since it is the mediating node betw
the environment and the air layer adjacent to the human s
Fig. 6(a) shows a plot of the humidity ratio of the air lay
as a function of time, and Fig. 6(b) shows the humidity ra
at the skin where the steady periodic solution is reached
various ventilation frequencies. As the frequency increa
less moisture is present at the surface of the skin.

Figs. 7(a) and 7(b) show the predicted steady perio
sensible and latent heat losses from the skin at theM =
115 W·m−2 at f = 25, 45 and 60 rpm. The sensib
heat loss increases with increased ventilation freque
Since dry environment conditions prevail, the heat tran
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Fig. 6. (a) The humidity ratio of the air layer as a function of time
the various ventilation frequencies atM = 115 W·m−2. (b) The humidity
ratio of the skin as a function of time, for various ventilation frequencie
M = 115 W·m−2.

is dominated by dry convection and radiation more th
moisture evaporation. Increasing the ventilation freque
at fixed metabolic rate causes the skin temperature to
and hence the skin water–vapor pressure drops resultin
dryer skin. This explains the drop in the latent heat l
from the skin with increased ventilation frequency. When
metabolic rate is increased, higher latent and sensible
losses are expected from the body. As the solution rea
the steady periodic state, the time-averaged sensible
loss from the skin atf = 25, 45 and 60 rpm are 147, 16
and 174 W, respectively. The time-averaged latent heat
from the skin atf = 25, 45 and 60 rpm are 24.1, 25.8 a
28.2 W, respectively. Figs. 8(a) and 8(b) present the sen
and latent heat losses atM = 150 W·m−2 for the frequencies
f = 50 and 75 rpm. An increase of metabolic rate fro
115 W·m−2 at 25 rpm to 150 W·m−2 at 35 rpm resulted
in an increase of the latent heat loss by 4.7% due to swea
and an increase of sensible heat loss by 21%.

Fig. 9 shows the predicted overall (a) dry insulation a
(b) evaporative resistance values of the clothing system
the M = 115 W·m−2 at f = 25, 45 and 60 rpm. Fig. 1
shows the predicted overall (a) dry insulation and (b) ev
orative resistance values of the clothing system at theM =
150 W·m−2 atf = 50 and 75 rpm. In the present model, t
time-averaged dry insulation values from Eq. (22a) avera
t

t

(a)

(b)

Fig. 7. (a) The predicted steady periodic sensible heat loss as a fun
of time from the skin forM = 115 W·m−2 at f = 25, 45 and 60 rpm
(b) The predicted latent heat loss as a function of time from the skin
M = 115 W·m−2 atf = 25, 45 and 60 rpm.

Table 2
Time-averaged mean of the steady periodic dry insulation and evapo
resistance values of the cotton-clothed walking human system cu
model

Metabolic rate (W·m−2) f (rpm) IT (clo) RET (m2·kPa·W−1)

115 25 0.97 0.0076
45 0.725 0.0095
60 0.645 0.0138

150 50 0.68 0.0085
75 0.55 0.0067

evaporative resistance values from Eq. (22b) atM = 115
and 150 W·m−2 are given in Table 2 at different ventilatio
frequencies. Both the dry insulation and evaporative re
tance values decrease with increased ventilation frequ
that corresponds to faster walking. Limited transient exp
imental data on walking clothed human are available
take into consideration the specific mechanism of ven
tion with a light single layer of clothing. The current da
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bases on standardized insulation measurements of sep
garments or whole ensembles have been supplemented
results from movable thermal manikins. The theories still
behind [19,27–30]. However, the presented results of in
lation and evaporative resistance values will be compa
qualitatively with published data Hong [19], Havenith et
[27–29]. Published data of Hong on 24 different kinds
ensembles reports the dynamic insulation values at diffe

(a)

(b)

Fig. 8. (a) The predicted steady periodic sensible heat loss as a funct
time from the skin forM = 150 W·m−2 at f = 50 and 75 rpm. (b) The
predicted steady periodic latent heat loss as a function of time from the
for M = 150 W·m−2 at f = 50 and 75 rpm.
te
h
walking speeds of selected indoor clothing ensembles
ing a movable thermal manikin [19]. Hong used the selec
data to develop regression equations to predict the chan
the insulation value due to body motion. Two of the repor
experiments consider the case of a walking human (act
level is 2 Met= 115 W·m−2) wearing a long-sleeve swe
suit ensemble #17 (50% cotton, 50% polyester with fab

(a)

(b)

Fig. 9. (a) The predicted steady periodic dry insulation values as a fun
of time from the skin forM = 115 W·m−2 at f = 25, 45 and 60 rpm
(b) The predicted steady periodic evaporative resistance values as a fu
of time from the skin forM = 115 W·m−2 at f = 25, 45 and 60 rpm.
et al.

Table 3
Mean total dry insulation data(IT ) reported by Hong [19] and mean total insulation [27] and mean evaporative resistance [28] reported by Havenith

Data of Hong [19] Data of Havenith et al. [27,29], ensemble A

Ensemble number Walking speed IT (clo) Walking speed External wind IT (clo) RET (m2·kPa·W−1)
(step·min−1) (m·s−1) (m·s−1) Ref. [27] Ref. [28]

4 0 1.45 0.3 0 1.05± 0.1 0.0316±0.001
17 0 1.68 0.7 0.91± 0.08 0.02107±0.001

4.0 0.71± 0.06 0.00958±0014
4 90 1.09 0.9 0 1.01± 0.07 0.02826±0.001

17 90 1.05 0.7 0.85± 0.05 0.0204±0.001
4.0 0.57± 0.03 0.00838±0.0007
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Fig. 10. (a) The predicted steady periodic dry insulation values as a fun
of time from the skin forM = 150 W·m−2 at f = 50 and 75 rpm. (b) The
predicted steady periodic evaporative resistance values as a function o
from the skin forM = 150 W·m−2 atf = 50 and 75 rpm.

thickness of 3.9 mm) and the other wearing long sleeve tu
neck cotton sweater and cotton jeans #4. The environm
tal conditions of the experiments were at 22◦C, RH = 50%.
The measured standing and dynamic insulation values o
semble 4 and 17 are presented in Table 2 showing a dro
the dynamic insulation from standing insulation values
25 and 37%, respectively. For a clothing ensemble of
ton/polyester workpants, polo shirt, sweater, socks and
ning shoes, Havenith et al. published extensive data on m
total insulation values [27] and mean evaporative resista
values [28] for walking clothed human. Their data are giv
in Table 3 for walking speeds of 0.3 and 0.9 m·s−1. The cal-
culated dry total insulation values in the present work
very close to the published data range on dynamic cloth
insulation under walking conditions [19,27]. Evaporative
sistances data in the present work fall slightly below the d
of Havenith et al. [28,29], but are of the same order. Eva
rative resistance comparisons and validations of results
water vapor resistance measurements often involve inte
tation problems due to the lack of standardized measu
techniques and the strong dependence of the transport o
-

-

-

-

por through the fabric material on fabric properties. Wh
the current presented model has limitations, it does cap
the complex mechanism of heat and moisture transport
to walking from applying the first principles of conservati
of mass and heat on the combined human-clothing sys
The limitations of the model can be relaxed by consider
other factors that include the effect of the unexposed are
the body and the 2-D convection inside the trapped air la

6. Conclusion

A thermal model of a walking clothed human w
developed in this work by combining the human two-no
model of Gagge’s [15] and the three-node model of G
et al. [12,13]. The model predicts the transient therm
responses of the human and clothing giving temperatu
sensible and latent heat losses. The model also predict
dynamic average insulation values of the clothing system

The model results were physically sound and consis
with reported experimental data. The body heat loss to
environment and the fabric regain increase with increa
ventilation frequency at fixed metabolic rate.

The model is built from first principles of mass and e
ergy conservation, and hence represents a powerful too
accurately predicting dynamic response of clothing syste
Improvements can be added to the human model, by co
ering exposed surfaces, finding the relation between the
tilation frequencies and effective wind/walking speeds,
taining actual ventilation coefficients for the different pa
of the body, and accounting for the losses associated wit
openings in the clothing systems that may bring in additio
convection.
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