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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 dynamic
clothing dry heat insulation values and vapor resistances. Developing an integrated model of human and clothing system under periodic
ventilation requires estimation of the heat and mass transfer film coefficients at the skin to the air layer subject to oscillating normal flow.
Experiments were conducted in an environmental chamber under controlled conditionS@faR8 50% relative humidity to measure
the mass transfer coefficient at the skin to the air layer separating the wet skin and the fabric. A 1-D mathematical model is developed to
simulate the dynamic thermal behavior of clothing and its interaction with the human thermoregulation system under walking conditions.
A modification of Gagge’s two-node model is used to simulate the human physiological regulatory responses. The human model is coupled
to a clothing three-node model of the fabric that takes into consideration the adsorption of water vapor in the fibers during the periodic
ventilation of the fabric by the air motion in from ambient environment and out from the air layer adjacent to the moist skin. When physical
activity and ambient conditions are specified, the integrated model of human-clothing can predict the thermoregulatory responses of the body
together with the temperature and insulation values of the fabric. The developed model is used to predict the periodic ventilation flow rate
in and out of the fabric, the periodic fabric regain, the fabric temperature, the air layer temperature, the heat loss or gain from the skin, and
dry and vapor resistances of the clothing. The heat loss from the skin increases with the increase of the frequency of ventilation and with the
increased metabolic rate of the body. In addition, the dry resistance of the clothing fabrics, predicted by the current model, IS compared with
published experimental data. The current model results compare qualitatively well with published data and show significant decrease in the
clothing dry and evaporative insulation values.
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1. Introduction level of activity and the location, thus inducing variable air-
flow in and out of the fabric. This induced airflow ventilates
Transport of heat and moisture from the human skin is the fabric and contributes to the augmentation of the rate
initiated by gradients of temperature and moisture concen-of condensation and adsorption in the clothing system and
tration of the air within the fabric, the air space between skin the amount of heat and moisture loss from the body. During
and fabric, and the ambient air. The transport processes arédody motion, air must go in and out and ventilation is ob-
not only of diffusion type but also are enhanced by the ven- tained without gross environmental air movement. Harter et
tilating motion of air through the fabric initiated by the rela- al. called this particular aspect in clothing comfort “ventila-
tive motion of the human with respect to the surrounding en- tion of the microclimate within clothing” [1]. The ventilation
vironment. The size of the air spacing between the skin andrate is affected mainly by the walking velocity as described
the fabric is continuously varying in time depending on the by Lotens, who derived empirically the steady ventilation
rate through apertures of clothing assembly as function of
T Corre . the air permeability of the fabric and the effective wind ve-
orresponding author.
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Nomenclature

A areaofthefabric........................ 2m P* saturation pressure . ... kPa
Cer heat capacity of the human core node . KT R total regain in
Cy fiber specificheat................ kgtK-1 fabric......... kg of adsorbed4@-kg~? fiber
Cy air specific heat at constant volumekgi1-K 1 R, water vapor gas constant
Chl specific heat of bloods 4.187 .. kdkg 1.-K~1 Rer  evaporative resistance........... 2 gPaW1
Csk heat capacity of the human skin node . ..K 3t RH relative humidity ......................... %
D the mass diffusivity of water vapor into Scr heat storage of the core of the body . .. -2
AN e Coo Ssk heat storage of the skin of the body . .. -2
e thickness ... m T temperature................ooa. °Q, K)
f frequency of oscillation.................. Hz ¢ e ..o $
hig heat of vaporization of water .. ........ kgt Uad internal energy of water in adsorbed
has  heatofadsorption...................:kg~? State ...t k1 H0
Hei conduction heat transfer coefficient between Uy total internal energy of fiber containing
inner node and outer node ... . ... w2kt ‘ adsorbed HO ............ &g1 of dry fiber
Heo convection heat transfer coefficient between 114 mechanical power accomplished.. . ... 2
outer node and air flowing through w humidity ratio . . .. .... kg of watekg 1 of air
fabric........ SR AR o WV;-K_l y the instantaneous air spacing thickness . ... .. m
he(skin—aip convection heat transfer coefficient between
( t)he skin and the air layer . ........ w2.K-1 Greek symbols
Hmi diffusion mass transfer coefficient between o air permeability
inner node and outer node . kg 2-kPa l.s71 B ratio of skin node mass to total body mass
Hmo mass transport coefficient between outer node ¢ porosity
and air void in the fabric... ken2kPal.s™1 o mass density of fabric ............... kg3
hm(skin-ain Mass transfer coefficient between the skin y fraction of mass that is in the outer node
andthe airlayer .......... kap—2-kPal.s1 o Stefan Boltzman constant,
hy radiative heat transfer coefficient . -Wv2.K 1 =5.669x10°8. .. ............. Wm—2.K—*
Iy total dry heat resistance of clothing T period of oscillation ....................... S
ensemble... ... P T, 2r‘t(;W*l Subscripts
1,_sx  evaporative resistance of the trapped air layer N o )
overthe skin ... ............. .. HkPaw-1 a conditions of air in the spacing layer between
k thermal conductivity ............ wh—1.K—-1 skin and fabric
M metabolic rate production ............ W2 cr core of the human body
g air mass flow rate through the fabric ... -&gt f fabric
Mas moisture accumulating on the skin . ... kg2 i inner node
mp bloodflow...................... ko251 mb  mean body condition
msw localsweatrate ................. kg 2st 0 outer node
0 heatloss ... ...ovvii i, w L latent
P, air Vapor pressure .. ..oovv v vinnnen.ns kPa res respiration
P vapor pressure of water vawpor adsorbed in S sensible
iNNernode . .......oooeeeieeieann... kPa sk skin of the human body
Py water—vapor pressure in the environment void local air inside the voids of the fabric
P~ total air pressure in the environment 00 environment ambient conditions

garments during motion and the air penetration through theity of the diffusing moisture and the regain of the fiber,
outer material. Lotens’ clothing ventilation model, however, and ignored the effect of ventilation on the heat and mois-
is not based on thermal principles, and has not taken intoture exchange between the microclimate of the clothing and
account any non-equilibrium heat and moisture adsorption the ambient air. Farnworth developed a numerical model
processes that take place in the fabric layers [2]. that took into account the condensation and adsorption in
Traditionally, models of heat and mass transfer through a multi-layered clothing system by developing linear rela-
clothing layers focused on the simplified diffusion phenom- tions to represent the fiber regain equilibrium [3]. Jones and
ena of heat and moisture transfer. These models assume@®gawa developed another model that used actual empirical
instantaneous equilibrium between the local relative humid- relation obtained from experiments to calculate the fiber re-
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gain equilibrium [4]. The latter model also took into account they described the role of clothing in heat and moisture
the sorption behaviour of fibers. The above-mentioned mod- transport as the intrinsic insulation of the clothing and the
els focused on the diffusion process of heat and water va-intrinsic vapor resistance through the clothing, which are
por transport, and assumed instantaneous equilibrium be-considered constant. This is true for steady state conditions
tween the local relative humidity of the penetrating air and when the body-clothing-environment system is isothermal.
the moisture content of the fiber. However, the hypothesis In order to describe the dynamic behavior, Jones et al.
of local thermal equilibrium was shown to be invalid dur- described a model of the transient response of clothing
ing periods of rapid transient heating or cooling in porous systems, which took into account the sorption behavior
media as reported by Mincowycs et al. [5]. Their results for of fibers, but assumed local thermal equilibrium with the
1-D porous layer show that in the presence of flow, local surrounding air [16]. They compared the prediction of heat
thermal equilibrium is not valid if the ratio of the Sparrow loss by the model with experimental data from thermal
number to Peclet number is small. In the absence of lo- manikin dry tests and found reasonable agreement. Recently,
cal thermal equilibrium, the solid and the fluid should be Li and Holocombe developed a mathematical model in
treated as two different systems. Gibson conducted a two-which Gagge’s two-node human thermoregulatory model
dimensional numerical modelling and experimental testing was combined with a kinetic sorption model of fabrics to
of steady diffusion/convection processes in textiles [6—10]. study the transientthermal response of a clothed human[17].
The numerical model of Gibson included diffusion and con- Their model, however, neglected the effect of ventilation
vective transport of heat and moisture, as well as liquid wa- between air passing through the fiber and the solid fiber.
ter wicking through porous textile material. Gibson’s model The periodic ventilation effect, according to Ghali et al. [14],
was based on Whitaker’s theory [11] for mass and energy causes a temperature change of about@.m the enclosed
transport through porous media that assumes local thermo-air layer temperature during one period of oscillation of
dynamic equilibrium between the various phases that could the fabric. For decades, the so-called pumping or bellows
exist in the porous textile material and ignored the possible effect has been studied, and its importance on the heat and
existence of micro-scale pore-level heat and mass transfemmass transfer of the human body has often been discussed
coefficients. Under vigorous movement of a relatively thin [18—29]. The thermal manikin standing or movable has been
porous textile material, the air will ventilate the fibers and used frequently to determine the insulation and evaporative
the assumption of local thermodynamic equilibrium is in- resistance values of ensembles [27-30]. Static insulation
valid. Ghali et al. studied the effect of ventilation on heat and databases of clothing insulation values, for a humber of
mass transport through fibrous material by developing a the-ensembles, are reported by McCullough et al. ASHRAE
oretical two-node absorption model, aided by experimental standard [18]. Hong presented data from a movable thermal
results on moisture regain of ventilated fabric, to predict the manikin on the effect of walking on the clothing dry
transfer coefficients of a cotton fibrous medium [12]. Their insulation values [19]. However, the database is limited to
model was further developed and experimentally verified to 24 ensembles and large deviations exist when regression
predict temporal variations in temperature and moisture con-analysis is used to predict the insulation value changes
tent of the air within the fiber in a multi-layer three-node due to the walking effect. Havenith et al. quantified the
model [13]. effects of body movement, posture and wind through linear
In realistic applications, ventilation of the clothing system regression equations on the resultant measured clothing
during the human motion occurs by the periodic motion of dry insulation, using the method of wrapping subjects by
air in and out of the air spacing, as the fabric moves outward plastic foils [27]. The results, together with those from
or inward towards the skin. Ghali et al. reported original human studies, have yielded useful empirical information
experimental data on sensible and latent heat transportand data on the effect of activity on ensemble insulation.
initiated by sinusoidal motion of a fabric plane about a fixed However, few investigations have dealt with the mechanisms
mean air spacing thickness above a sweating isothermalbehind the internal convection in the air layer adjacent to
hot plate placed in a controlled environment [14]. They the body. Clothing heat and mass transfer mechanisms of a
developed a transient model that predicted the heat lossclothed walking human are not easily derived from current
from the wet boundary and agreed fairly well with the engineering literature since fluctuating airflow in a channel
experimentally measured values. Their transient model haswith a variable gap width is not a common engineering
not considered the coupling of the fabric model with the application. Berger and Sari developed a dynamic clothing
human body model that has variable skin humidity and model where they simulated the heat and mass transfers
temperature conditions based on the level of activity of the by renewal of the air confined under garment and coupled
human [14]. The coupling of fabric models with human them to the heat and mass exchanges between the external
thermal models and human thermoregulatory response toside of the clothing and the outer environment including
heat and cold adds difficulty to the modeling of heat solar radiation flux exchanges [31]. The model used variable
and mass transport from the body. Previously, Gagge etinsulation values of Havenith et al. [27], variable inner
al. [15] developed a two-node model for describing the convective coefficients and air velocity that were taken
thermoregulatory system of the human body. In the model, from experiments on heated manikin. However, the model
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of Berger and Sari used zero-thickness garment with no ' ule wrerfeme Crnkcomesedtomawr
calorific capacity and assumed exponential heating in the L9 ]’/ ¢ ]
air layer and fixed skin temperature [31]. These assumptions

neglected the ventilation in the fabric itself and considered

the air void in the fabric at local thermal equilibrium with Metal Ro Fabric
the fabric solid phase. —

In this work, experiments are conducted to determine = £ Upper Frame
evaporative and dry film coefficients between skin and Thermistors —— 0 | AirLayer \
adjacent air layer during ventilation. A mathematical 1-D of . ‘5\ =
the human body, the oscillating trapped air layer gap width, Wet Cotton Sample
and the periodically-ventilated fabric will be developed and Styrofoam Board
built from first principles of mass and energy balances to Experimental setup for measuring h mskin-air
predict the effect of walking on exchanges of heat and @

mass and the reduction of the dynamic dry resistances of
ensembles. The developed 1-D mathematical model uses ™ ™ | [ UpperFrame
Gagge's two-node human thermoregulatory model [15],

combined with Ghali et al. fabric three-node model [13].

Crank Rod

Rotating Shaft Q/

2. Experimental determination of the masstransfer ~
coefficient * ly(skin—air)” between the skin and the air I Connecting rod Metal Rod
layer e Uope P Fabric o Moter

The film coefficients at the skin are needed for the model
simulation. However, transport coefficients from the skin to

the environment or clothing are reported in literature as a E/Elmimm,
function of an effective wind velocity based on empirical Top View of the Setup
work [21]. Most of the research is focused on estimating (b)

the heat transfer coefficient at the external exposed surface
of clothing subject to elevated air velocities [32,33]. Such
correlation would not be applicable for estimating the film
coefficients in an enclosed air subject to an oscillatory flow. both wooden frames was also covered by aluminum tape.
For this reason, experiments were conducted to measure thdo insure a planar movement of the fabric (no flattering) the
mass transfer coefficient at the skin to the air layer and then,fabric sample was placed between two metallic screens that
using the Lewis relationship, to estimate the heat transfer were made of 12.7 mm open squares.
coefficient as well from the skin to the air layer as well. The movement of the fabric that is attached to the upper
Untreated cotton was chosen as a representative of a mostrame will cause air to move back and forth across the fabric.
common worn fabric to test the behaviour when subject to To reduce the possibility of air escaping through the hinges
periodic motion above the skin. The cotton was obtained or through the lower frame, the hinges were covered with
from Test fabrics Inc. (Middlesex, NJ 08846), and is made plastic wrapping and plastic foam was taped to the outer
of unmercerized cotton duck, style #466 of thickness of rim of the lower frame as shown in Fig. 1. A minimal
1 mm. Fig. 1 shows front and top views of the experimental layer of plastic wrapping was used to minimize possible
setup, which is composed of two square wooden frames, horizontal movement of the air layer between the lower and
hinged to each other. Both frames have an inner open area ofipper frame. In the plane slightly above the fabric frame
0.508 mx 0.508 m and an outer area of 0.554x10.554 m plane, an air circulation fan is placed to provide sufficient
for the upper frame and an area of 0.585«<m.585 m for circulation of air (0.7 rs~1) for maintaining the constant
the lower one. The upper frame is connected to a rotating chamber ambient conditions above the fabric. Before the
shaft. The shaft is connected to a gear motor. When the shaftstart of the experiment, the whole frame was conditioned
rotates, the upper frame moves sinusoidally in a vertical pathfor 16 h inside an environmental chamber, not shown in the
away and towards the lower frame in a stroke of 12.7 mm. figures, at conditions of 258C and 50%RH. Then the frame
The side view of the experimental set up shows the four- was placed above a water saturated cotton sample. This wet
bar linkage mechanism by which the fabric is moved up cotton sample representing the skin was placed on top of an
and down. The hinges (piano hinges) were necessary toinsulating Styrofoam board to create an adiabatic saturated
insure that the upper frame is moving in a horizontal plane boundary condition. The whole setup (fabric oscillating
without tilting. The cotton fabric was taped to the upper frame, wetted cotton sample and Styrofoam board shown in
frame by an aluminum tape, and the exposed surface ofFig. 1) was placed inside the environmental chamber whose

Fig. 1. The front (a) and top (b) views of the experimental setup.
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temperature conditions were set at°Z5 and 50%RH. the skin to the lumped air layéf,(skin-air iS then found
The precision in the set conditions of the climatic chamber from the Lewis relation for air—water vapor mixtures as
temperature wast0.5°C and chamber relative humidity  Z(skin-air) = fm(skin—ain g/ 16.5 [34].
was +2%. The mean air spacing between the fabric and  Much less data is available on dynamic vapor resistance
the adiabatic wet surface was 38.1 mm. The amplitude of or mass transport coefficients than on convective dry insu-
oscillation was 6.35 mm. Experiments are conducted for lation. The most comprehensive data on dynamic clothing
gear motor frequencies are 27, 37 and 54 rpm. dry insulation and water vapor resistances originated from
At the beginning of the experiment, the saturated fabric Havenith et al. [27,28] using tracer gas instead of water va-
sample (skin) was weighed and its weight loss of moisture por. Havenith et al. described the changes in clothing total,
was monitored every half an hour for a total of four hours. intrinsic and surface air layer insulation values [27] and va-
So every half hour the wet fabric sample was quickly por resistance values [28] due to the motion of the wearer
removed and placed inside a plastic bag for weighing using and the wind for three ensembles. The situation of the cur-
a sensitive scale of accuraci0.01 g. The experiment rent work is that of a very light, highly air permeable fab-
started with oscillating the upper fabric and frame at the ric with closed aperture garment. According to Lotens [2],
same frequency and amplitude conditions of the main the total insulation and vapor resistances in this case will
experiment. Measuring of the temperature of the wetted be highly dependent on the air insulation that is described
cotton sample was monitored by a thermistor, while the as a function of the effective wind velocity. Lotens reported
temperature measurement of the air layer was measured bygvaporative resistance in 2-layer clothing at the skin to the
a radiation-shielded thermistor. One thermistor was placed clothing layer for various garments and apertures [2]. The
on the lower surface of the wet cotton sample and abovedata of Lotens are shown in Table 1 for closed aperture
the Styrofoam board, while the other thermistor was placed high air permeable cotton clothing at various walking speeds
in the enclosed air spacing between the oscillating fabric @nd winds [2]. The published experimental data on dynamic
and the wet cotton surface. The accuracy of the temperatureclothing insulation of surface air layer of Havenith et al. [27]
readings was-0.1°C. are also given in Table 1 for a clothing ensemble of cot-
Knowing the amount of water that evaporated from ton/polyester workpants, polo shirt, sweater, socks and run-

the fabric, the temperature of the wet cotton sample, the Ning shoes, and the presentwork range values of the dry con-
temperature of the air |ayer and the skin mass transfervective transport coefficients from the skin to the internal air

coefficient can be estimated as follows: layer. The reported experimental data of Havenith et al. were
based on measurements of dry heat loss where the subject
Mg = hpyskin-ain A(Psk— Pa) (1a) skin was wrapped tightly with a thin, water—vapor imperme-

able, synthetic foil. Danielsson reported internal forced con-
vection coefficients, as given in Table 1, for various parts of
the body for loose fitting ensemble at walking speeds of 0.9,
1.4 and 1.9 ms~1 [21]. The present work convective coeffi-
cients measurements were based on the evaporative heat loss
and the moisture adsorption in the clothing only due to nor-
mal ventilation action of the fabric. The present experimen-
tal findings of convection coefficients are within 8% from
the findings of Danielsson at the walking speed of 0:8th

wherem is the measured mass flux$g?), P, is the vapor
pressure of the air (kPaFs is the vapor pressure at the skin
(kPa) andA is the area of the fabric (f The vapor pressure

at the skin is estimated from the equilibrium vapor pressure
at the skin temperature, which remained at a uniform value
of 210+ 0.7°C. The air layer vapor pressure is estimated
from the temperature of the air layer and the wet bulb
temperature of the air layer. The wet bulb temperature of

the air layer is taken as that of the saturated skin temperaturg -« trunk and the arm parts of the body. The results still

since the set up is similar to an adiabatic saturator for thefa” within a very sound range of real subjects experiments

enclosed_aw. The meas_ured temperature of the wgt Sklneven though the reported data are for a different experimen-
sample did not change since the sample was wet during the,,, setting and clothing ensembles

time of the experiment. At 27 rpm, the measured evaporation
rate starting from the second hour became steady at a value
of 5 g every half an hour from which the mass transfer
coefficient of 8x 10~° kg-s~1-m~2.kPa ! was determined.
The mass transfer coefficients at the other two ventilation
freqéjenmef of 237 andl 54 werel8 x 10—_5 and 9216 x ric layer and the human skin changes with the walking fre-
107> kg-s—"-m~=-kPa ", respectively. A linear correlation  4,ency. This change will cause air penetration in and out of
is derived forfskin-ain @s a function of frequency for use e clothing system depending on the fabric air permeability.
in the numerical simulation parametric runs, and is given by Tha air passing through the fabric can considerably reduce
B (skin—ain = (2.777f + 6.635) x 1075 (1b) the heat gnd mois.tl_Jre transfgr resistance of the clothing sys-
tem and its suitability for a given thermal environment. The
where f is the frequency (Hz). The correlation parameter purpose of clothing is to maintain a uniform body tempera-
is 0.968. The dry convective heat transport coefficient from ture under differenttemperature environments and to prevent

3. Mathematical formulation of the system

In walking conditions, the air spacing between the fab-
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Table 1

Mean skin mass transfer coefficients as reported by Lotens [2], external surfadg)dmsulation values, convective heat and mass transport coefficients
reported by Havenith et al. [27,28], heat convection coefficient from skin to internal air film reported by Danielsson [21], and measured valuasass skin
and heat transport coefficients in the present work

Lotens’ data [2] Havenith et al. [27,28], ensemble A
Wind speed Walking speed I (skin—fabric) Walking speed Wind speed 1, T (skin—oo) T (skin—o0)
(ms™1 (ms1 (kg-s~tm—2.kPal) (ms1 (ms1 (m2kw-1)  (Wm2K)  (kgsIm2kpPal)
0.2 0 796 x 10°° 0.3 0 0.093 193 6943x 10°5
0.694 1069 x 105 0.7 0.061 1639 110x 105
1.388 1279 x 105 4.0 0.032 3125 219x107°
0.7 0 Q07 x 10°° 0.9 0 0.097 181 709% 10°°
0.694 1268 x 10~ 0.7 0.067 14925 1009 x 103
1.388 1324 x 1075 4.0 0.026 386 263x107°

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

Walking speed (ns~1) 0.9 1.4 1.9
I (skin—air) (W‘m_z‘K_l): [Leg] 13.7 17.4 19.0
he(skin-ain (W-m~2.K™1): [Trunk] 10.2 13.0 15.1
he(skin—ain (W-m~2.K=1): [Arm] 11.3 15.0 17.2

Present work data

£ (rpm) 27 37 54
R (skin—ain (kg-s~1-m~2.kPa 1) 8.0x 1073 8.16x 1075 9.216x 10°°
he(skin—ain (W-m~2.K~1) 11.6 11.9 13.265

. . . Ambient AiratT ,P &
the accumulation of sweat on the human skin by allowing the A e e T a W Heat Generated

respired body water to flow to the outside environment when
the activity level increases.

The human-clothing-environment system is schemati- | . . 0. oo
cally illustrated in Fig. 2(a). The human body is represented 2y
by a two-node model developed by Gagge et al. [15] with
the core as the human inner node and the skin as the human
outer node. The moving clothing system is represented by SkinNode#t Ta and Py B
the three node-model of Ghali et al. [13,14]. An enclosed air Human Body Core Node
layer separates the upper boundary (fabric) and the human @
skin. The upper boundary has a sinusoidal up and down mo-
tion that induces the air movement through the fabric. The
size of the air spacing between the skin and the fabric is con- T/

Air in voids of fabric Pyig, Tyoig and Wyeig Respiration: Qpeg

Porous Fabric

f ' f

Air Spacing at T, , P, & w,

hm(skin-

ir) & Bo(skin-air)

Air Flow

tinuously varying in time depending on activity level and lo-
cation, thus inducing variable airflow in and out of the fabric.
The frequency of the oscillating motion of the fabric is as-
sumed directly proportional to the activity level of the walk-
ing human. The air spacing layer beneath the fabric will be
formulated as a lumped compressible layer with its density
being a function of temperature and pressure.

The analysis of the airflow through the fabric is based
on a single lumped fabric layer of the three-node adsorption
model of the fibrous medium and an air void as shown Outor Nodes
in Fig. 2(b). The fabric outer node represents the exposed (b)
surface of the yarns, which is in direct contact with the
penetrating air in the void space between the yarns. TheFig. 2. Schematic of the human-clothing-environment system (a) and of the
fabric inner node represents the inner portion of the “solid” fabric model (b).
yarn, which is completely surrounded by the fabric outer
node. The moisture uptake in the fabric occurs first by
the convection effect at the yarn surface (outer node), so that only solid and gas phases are present in the fabric.
followed by sorption/diffusion to the yarn interior (inner The clothing-fabric area id and the fabric thickness isr.
node). Wicking is assumed negligible in the fabric model The airflow is assumed normal to the fabric plane, which

Inner Nodes
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represents the case of a fully clothed human with tight _&(pa — P = —2 OFs  Fa 3y
openings at the neck, wrists and legs. alaAPp RyTy 9t RT, ot

yPq 9(1/Ty) (5)
3.1. Fabric and air layer model R, 01

from which the pressur&, can be determined as a function
3.1.1. Modeling of the air mass flow rate through the fabric of time. SubstitutingP, into Eq. (4) gives the instantaneous
The fabric sinusoidal motion can be represented by the air mass flow rate, which will be used in the fabric model.
following equation:
) 3.1.2. Modelling of the air-spacing layer

Yy =yo+ Aysin@r f1) (2) The air trapped between the skin and the fabric is renewed
by the pumping action of the fabric boundary through the air
voids of the fabric. The renewal is associated with variations
of the dry and humid coefficients at the skin and fabric levels.
During the upward motion of the fabric, the airflow into the
air spacing layer comes from the air void node of the fabric
(3a) and will have the same humidity ratio as the air in the void

space of the fabric. The water vapor mass balance for the air
where i, is the air mass flow rate ang, is density of ~ SPacing layer while the fabric is moving up is given by
air. The negative sign indicates that the airflow direction is §(p,yw,) )
opposite to the direction of fabric motion. Eq. (3a) can be — 5 — = fmcskin-ain[ Psk = Pa] = 7itatvoid
expanded to the following:

wherey is the sir spacing thicknesg, is the frequency of
oscillation, yg is the mean air spacing thickness (38.1 mm)
and Ay is the oscillation amplitude (6.35 mm). Conducting
a mass balance for the skin-fabric air layer leads to

. d
—Mg = g(pay)

+D Pa(Wyoid — Wq) (62)

, 3 3 er/2

—titg =y —(pa) + Pa-= () (3b) _ o _ ,
ot ot During the downward motion of the fabric, the airflow

Note that the air layer above the fabric is moving and through the fabric out of the air spacing will carry the same
represents a boundary condition, with constant temperaturehumidity ratio of the air spacing. Then the water vapor
and humidity. As the fabric moves down, the airspace mass balance for the air spacing layer during the downward
between the skin and the fabric moves out through the fabric motion is given by
and is swept away by the moving air stream. When the

direction of the fabric reverses, the opposite process occurs.w = Ry (skin—ain [ Psk — Pu] — miqwq

That is, the void created as the fabric rises is filled with air

from the moving air stream that passes through the fabric. + pPa(Wvoid — Wa) (6b)
When there is pressure difference between the fabric er/2

surfaces, there will be a mass flowing through the fabric. where,,(skin_air is the mass transfer coefficient between
The amount of the air depends on the permeability of the the skin and the air layet?, is the water vapor pressure
fabric material. The permeability is affected by the type  in the air layer,w, is the humidity ratio of the air layer,

of yarn, tightness of twist in yarns, yarn count and fabric p, is the vapor pressure at the skin solid boundargig
structure. In this study, the permeability of the fabric is s the humidity ratio of the air void and is the diffusion
considered constant at the standard experimentally measuredoefficient of water vapor into air. The first term in Egs. (6a)
value under the pressure difference of 0.1245 kPa. To getand (6b) represent the mass transfer from the skin to the
the airflow passing through the fabric at other pressure trapped air layer, the second term is the convective mass flow
differentials, the air permeability is assumed to be constant coming through the fabric voids and the last term is the water
and the amount of airflow is proportional to the pressure vapor diffusion term from the air layer to the air in the fabric

differentials. The airflow rate is then represented by void due to difference in water vapor concentration.
) apa The energy balance for the air-vapor mixture in the air
Mg = AP, (Pa = Peo) (4) spacing layer will be performed taking into account the
motion direction of the fabric and its effect on the properties
whereq is the fabric air permeabilitys( = 4.99 cr?-cm—2. of the air mass that enters the domain during upward motion

s™1) andA P, = 0.1245 kPa from standard tests on fabrics’ and that leaves the domain during the downward motion. An
air permeability [ASTM D737-75]P, is the air pressure of  energy balance of the air spacing of the fabric expresses the
the air layer between the skin and the fabric dhd is the rate of change of the energy air-vapor mixture of air-layer in
outside environment water vapor pressure. Substituting theterms of the external work done by the environment on the
ideal gas relationp, = P,/R,T,, into Eq. (3b) gives the  air layer, the evaporative heat transfer from the moist skin,
mass balance in the air spacing in terms of the air pressurethe dry convective heat transfer from the skin, the convection
as of heat to the air layer associated with) coming through



612 N. Ghaddar et al. / International Journal of Thermal Sciences 42 (2003) 605-619

the upper boundary and the heat diffusion from void air to i(paefwvoidgf)
confined air layer due to gradients in temperature and water—97 ) )
vapor concentrations. The energy balance during upward = 7alwa — Wvoidl + Hmol Po — Pyoid]

motion is given by n Dpa(wa — Wyoid) 4 pPe (Woo — Wvoid) (9b)
3 dy er/2 er/2
§[p“y(c" Ta wah )] + Poc.s at wheresf is the fiber porosity aney is the fabric thickness.
= hy(skin—ain higl Psk — Pal + heskin—ain [Tsk — T4 ] The outer fiber node and the inner fiber node mass balances
) 0a(Wyoid — Wa) are given in Egs. (10) and (11), respectively:
— mg[CpTyoid + Wyoidhigl + Dh fg i /2 dR 1
! ? = [Hpo(Puoid— Po) + Hiy(P: = P)]  (10)
(Tvoid — 1) dt pyest ™ m
+ko——5— (7a) '
er/2 dR; H

. . . —=——-"[P,— P] (11)
During the downward motion of the fabric, the energy df  p(1—y)ey

balance in the air spacing layer becomes whereR, is the regain of the outer node aRg s the regain

ad dy of the inner node. The parameteris the fraction of mass
E[PaY(Cv Tu+wah )] + Poo,s m that is in the outer node and it depends on the fabric type and
= R (skin—ain gl Psk — Pal + he(skin-ain [ Tsk — Tal the fabric porosity and is taken as 0.6 to be consistent with

the empirical transport coefficients [12]. The total regRin

Pa(void = Wa) in the fiber is given by

er/2

Tvoid — T, R=yR,+(1—y)Ri (12)
+k, (Tvoid a) (7b) 14 i - - - - -
er/2 An energy balance for the air-vapor mixture in the air void

wherek, is the thermal conductivity of air. Since the fabric Node is given in Egs. (13a) and (13b) during the upward
void thickness is very small, conduction of heat from the motion and downward motion of the fabric, respectively as:
fabric void air to the trapped air layer is represented by the  §

law of wall as shown in the last two terms of Eqgs. (7a) and 8f5['0aef(cv Tyoid + higwvoid)|

(7). = —1ita[Cp Too + Woohtg] + 1i1a[ Cp Tuoid + wnoidhtg]

Ty — Tvoid T — Tyoid

— g [Cp T, + wahfg] + thg

3.1.3. Modeling of the fabric + Heol Ty — Tuoid] + ka > a 5
In the fabric, the three-node adsorption model of Ghali et er/ er/
al. will be used to describe the heat and moisture transport + Dhig Pa(Wa — Wyoid) + Dhg Pa(Woo — Wyoid)
through the fabric due to air ventilating motion [13]. The ef/2 er/2
effective heat and mass transfer coefficidilts and Hyn for (13a)
the outer node of the fabric, and the heat and mass diffusion 3
coefficientsHci and Hmi for the inner nodes of the fabric, are ¢/ 5; [ pae £ (CuTuoid + htguwvoid)]
used in the model in normalized form as follows [13]: =114[Cp Ty + wahigl — 14 CpTyoid + Wyoidhig]
A A Ty — Tvoid Too — Tvoid
H}\o= Hmo— Hly= Heo—2 H. [Ty — Tuoid] + k
mo moAf ) co COAf + CO[ 4] VOId] + a €f/2 a Ef/z
A; A; Pa(Wa — Wyoid) Pa(Woo — Wyoid)
H| = Hmi— H! = Hi— 8 Dhijg——— + Dhfg—————————
mi mlAf’ a CIAf ®) + o ef/z + g ef/2
whereA r is the overall fabric surface area, is the outer- (13b)

node exposed surface area to air flow afdis the inner  The terms that appear in the energy balance includes energy
node area in contact with the outer node. The outer nodegassociated with,, convective energy transport to the fabric
ConVeCtion CoeffiCientS are funCtion Of the nOI’mal airﬂOW outer node by Conduction and moisture adsorption and
rate across the fabric. conduction and mass diffusion terms to both the air layer and

The water vapor mass balance in the air void node is environment. The energy balance on the outer nodes gives
given in Egs. (9a) and (9b) during the upward motion and

; ; ; . dr, drR H/
downward motion of the fabric, respectively as: pr(l— y)[cpfd_to _ hadd—to} _ e(;_o[Tvoid - T,
a P
—(pae f Wyoidé f) H hy h
or = T, = T+ 5~ (T T) + 5~ (Too = To) (14)
= —1t4[Woo — Wyoid] + Hmol Po — Puoid] ef s er
Pa(Wg — Wyoid) Pa(Weo — Wyoid) wherehgq is the enthalpy of the water adsorption state and

+D ez D er/2 (98) 1, is the radiative heat transfer coefficient. The density of the
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adsorbed phase of water is similar to that of liquid water. The g, — Csk dTsk (18a)
high density results in the enthalpy and internal energy of the Ag di
adsorbed phases being very nearly the same. Therefore, th%Cr _ Cer dTer (18b)
internal energyuag, can be replaced with the enthalpy of Ag O
the adsorbed water. Since liquid water represents the stategr,, dTsk dTer
of zero enthalpy, then for consistency, the enthalpy of the —5,~ =85~ + 1 =A (19)

adsorbed state is the differendgg(— /aq). Data onkag, as
a function of relative humidity, is obtained from the work

whereCsk andCer are the heat capacity of the skin and core
nodes, respectivelfliyp is the mean body temperature and

of Morton and Hearle [35]. Also the fabric is exchanging
radiation heat with the plate and the chamber. The energy
balance on the inner node gives

B is the fractional skin node mass to the total body mass and
depends on the blood flow rate between core and skin [4].
The blood flow rate between core and skin is controlled
dT7; dR; H; by the cold skin signal and the warm skin signals which
pfy[cpfﬁ — fad= } e allow the mass of each node to vary as well, resulting in
) ] ) a shift of internal rate of energy storage from one node to
The set of the above-coupled differential equations (6)— the other. All of the thermal functions in Gagge’s model are
(15) describes the time-dependent convective mass and heglqnirolled directly by the temperature signals except the skin
transfer from the skin-adjacent air layer through the fabric \,o<s fraction. The temperature signals are defined either
induced by the sinusoidal motion of the fabric. The diffusion ;¢ worm or cold depending on whether the core and skin
and transport coefficients, namelyf;, Hpy, H¢, and Hp, temperatures are higher or lower than their thermoneutral
appearing in the equation are obtained from the reported, 5 es; j.e., 33.7 and 362€. Since the expressions of these
empirical results of Ghali et al. [13]. thermal functions are explicitly described in the ASHRAE
Handbook of Fundamentals, they will not be repeated
here [34].

[To - Tl] (15)

3.2. Gagge’'s human model description

The heat balance equation between body and surround-33 3. The skin surface
ings can be expressed as:

The instantaneous sensible heat exchange from the skin to
the air layer is expressed in terms of the convection heat loss
at the skin surface and the radiation exchange between the

where S is the rate of internal energy storag¥, is the skin and the fabric. The skin temperature is an input bound-

metabolic heat generation rate during exercise and shlvenng?hrg Eiﬁ:&ogoodbtar:qn; dde]lcrc\)/\r/rl]qitl2etrtlzeg)nn?/rggtlij\:zuc);yefrgggilt ?;
rate, W is the physical work done by the body aes is evaluated em ir);call from experimental measurements
the total rate of heat loss by respiration. The terms between For the Iatlznt he{;\t transtr the boundar conditioﬁ is
parentheses represent the convective heat, radiative heat and R ' Yy
; . . more complex. If liquid is present on the skin surface then
evaporative heat losses from the skin. The skin and the . L .
) : . _the skin boundary condition is the saturation pressure at
clothing are coupled by the air layer. The human body is ; N .
) the skin temperatur@sx = P*(Tsk). Just because sweating
represented by Gagge’s two-node model, where two energy . . e -
) . -~ occurs does not imply that there will be liquid on the skin
balance equations are written for the core node and the skin . ;
. . surface. The vapor pressure at the skin surface is then
node. There are several ways to write these equations. Jone

. . ; - aetermined by a balance between the diffusion of vapor
and Ogawa wrote these equations in the following form [4]: through the skin, the sweat secreted and the transport of

S=M-W — [Adhc(skin—air)(Tsk— T.) + Aghy (Tsk— To)
+ Adhm(skin-ain hig(Psk — Pa)] — Ores (16)

Sek= Ag(Ocr—sk— Osk) + Ser—sk (17a) moisture away from the skin as reported by Jones et al. [36].
Scr = Ag(M — W — Qcr—sk— Ores) — Scr—sk (17b) Pe= [P*(Ts(La—sk) + Palsk+ mrswhiglsil (20)
(Isk+ 1g—sk)
where . . . . S
whereIsk is the evaporative resistance of the skin which is

Ser—sk= (Kmin + cbimpl) (Ter — Tsk) (17c) approximately 0.33 fikPaW 1 for a well hydrated person,

_ I,_sk is the evaporative resistance of the trapped air layer in
S= Scr + Ssk (17d)

m2.kPaW~1 obtained fronh,, (air—skin) @ndmsy is the local
wheremy, is the blood flow rate between skin and core and sweat rate (kgn—2-s~1) [37]. The value of the skin vapor
Kmin is the thermal conductance between core and skin. Thepressure is subject to the constraint that the vapor pressure
model is based on a standard man, with body surface areecalculated in Eq. (20) cannot exceed the saturation pressure,

(Ag) equivalent to the DuBois area (1.&)mmass (70.0 kg)
and height (1.77 m).

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

Psk < P*(TsK). Eq. (20) applies even if the sweat rate is
zero. Jones [36] included the accumulation of moisture on
the skin and the evaporation of that moisture in the boundary
condition through a mass balance at the skin surface subject
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to the constraint that the accumulated moisture is less than Y :| (213)
21a

1
0.035 kgm~—2, based on the maximum sweat layer that can +he— / (Tsk—T,) dr
be sustained over the body, which is about 35 um [38]. '

t+1
_ 1
OL=A |:hfghnz(skimair) { ; / (Psk— Pa) dt,:| (21b)

4. Numerical method ;

and the average overall dry resistance of clothikg(clo),

The metabolic rate of the body taken a walking person s determined by Jones and McCullough as [40]
on a level surface is 115 and 150-W2 corresponding
_ Ag (T — Too)C

to walking speeds of 0.9 and 1.34sn?, respectively. The [ -
mean air spacing and amplitude of oscillation is assumed the Os
same as that of the experiment. The numerical integration of \yhere is the unit conversion constaat6.45 cloW-m—2-

Egs. (16)—(19) starts from energy balances of the human corec - and the clo value is a standard unit for comparing
node where respiratory heat losses, and regulatory S'gna|clothing insulation. The total evaporative resistanger,

responses are calculated, and the skin surface vapor pressugﬂ'ovided by the fabric and the air film is given by [40]
and temperature are found from the skin heat balances an Ay(P P
d\'sk— oo

interaction with the core node and the air layer. In the runs gpr — —4- 5%~ 7 (22b)

the skin boundary conditions are regulated by the human oL

metabolic rate and thermoregulatory responses model. The Experimental data are available on dry heat resistance of
air layer is coupled to the three-node model of the fabric many clothing ensembles, while evaporative heat resistance
where the coupled eight mass and heat transport Egs. (6)model calculations still remain untested with lack of experi-
(7) and (9)—(15) of the outer and inner nodes of the fabric mental data in literature.

and the air void are integrated numerically using first-order

Euler—Forward scheme with a time step size of 0.005 s, over

atotal integration period of 3600 s. The periods of oscillation 5, Results and discussion

in this work ranged from 0.8 to 3 s. The presented model is

a lumped model for each of the spacing air layer and the  The simulations are performed at three different meta-
fabric layer which allows simplicity in updating, in time,  bolic rates of 115 and 150 Wi—2. At each metabolic rate,
the dependent variables of temperature and humidity ratio different ventilation frequencies are used for consistency and
at each node. The vapor pressure of the flowing air in the sensitivity analysis. The initial conditions start from ambient
air spacing layer or in the fabric voids is related to the air conditions of 25C and 50%RH. Results of the transient
relative humidity, RH", and temperature, and is calculated thermal responses of temperature and moisture content of
using the psychrometric formulas of Hyland and Wexler [39] the human skin, air layer and the porous fabric, and sensible
to predict the saturation water—vapor pressure and henceand latent heat loss from the skin are presented at different
the vapor pressure at the specified relative humidity. The ventilation frequencies. This is followed by model validation
regain of the cotton material has a definite relation to the by comparisons with published data.

relative humidity of the water vapor through a property Fig. 3(a) presents the predicted human skin temperature
curve of regain versus relative humidity [35]. The graphical and Fig. 3(b) presents the air spacing layer temperature as
relation ofR as a function of relative humiditRH, has been  a function of time at the metabolic rate of 11572 for
interpolated with third order polynomials for 10 relative the ventilation frequencies of 25, 45 and 60 rpm. The skin
humidity intervals from zero to 100%. The interpolation temperature and the air layer temperature decrease as the
functions are used in the simulation to calculate the inner ventilation frequency increases. The ventilation frequency
and outer nodes’ relative humidities corresponding to the of a walking human at/ = 115 W-m~2 with a speed of
values obtained of inner and outer regains, respectively. At 0.89 ms~! will normally be about 45-60 rpm. This can be
every time step, the air mass flow rate is updated and theestimated based on the number of steps the walking human
total regain, and temperatures of all the nodes are evaluatedmakes in one second. However, the same metabolic rate may
When the solution converges to a steady periodic solution, be produced at different ventilation frequencies depending
the cycle time-averaged sensible and latent heat loss from theon the human weight, the subcutaneous fat layer, and the
skin are calculated using the experimentally evaluated heateffort made while walking. The increase of the ventilation

(22a)

and mass transfer coefficienttSskin—airy @Nd /A, (skin—air i frequency will increase the transport of moisture and heat to
the air spacing layer as: the fabric. Fig. 4 presents the predicted total moisture regain
of the fabric as function of time a¥ = 115 W-m~2 for

1+t , the ventilation frequencies of 25, 45 and 60 rpm. The regain

Os = Ag| he(skin-ain 1 / (Tsk— T,) dt increases sharply in the initial period of the start of activity,
T / and then increases at a slower mean rate in an oscillating
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Fig. 3. (a) The predicted human skin temperature as a function of time at Fig. 5. (a) The temperature variation in time of the fabric inner and outer
M =115 Wm~2 for the ventilation frequencies of 25, 45 and 60 rpm. nodes af = 115 W.m—2 at different frequencies, with the steady periodic
(b) The predicted human skin temperature and the air layer temperature assolution amplified. (b) The temperature variation in time of the fabric air
a function of time at the metabolic rate of 115W/2 for the ventilation void node atM = 115 W-m~2 at different frequencies.

frequencies of 25, 45 and 60 rpm.

0.068 of the fabric inner and outer nodes is shown in Fig. 5(a) at
0.067 L e f= 25 rpil . =45 rpm; =60 rpm M = 115 W:m~2 at different frequencies, with the steady
periodic solution amplified, while Fig. 5(b) shows the air—
0.066 — ] void node temperature variation. The outer node temperature
0.065 attains a sinusoidal pattern similar to the forcing motion, but
= the inner node is less sensitive to external variations since
" heat and mass transfer diffusion to the inner node is a slower
process than the ventilation of the outer node. The air—void
node temperature has the largest temperature change during
the oscillation cycle, since it is the mediating node between
the environmentand the air layer adjacent to the human skin.
Fig. 6(a) shows a plot of the humidity ratio of the air layer
0.060 "= '5(‘,0‘ ‘ '10'00' ST ‘20'00' ‘ '25‘00‘ Rvoves '35‘00 as a function of time, and Fig. 6(b) shows the humidity ratio
at the skin where the steady periodic solution is reached for
various ventilation frequencies. As the frequency increases,
Fig. 4. The predicted total moisture regain of the fabric as function of time |ess moisture is present at the surface of the skin.
at M =115 W-m~2 for the ventilation frequencies of 25, 45 and 60 rpm. Figs. 7(a) and 7(b) show the predicted steady periodic
sensible and latent heat losses from the skin atMhe-
pattern. When ventilation frequency is increased, the fabric 115 Wm=2 at f = 25, 45 and 60 rpm. The sensible
regain increases as more moisture gets carried away fromheat loss increases with increased ventilation frequency.
the human body surface. The temperature variation in time Since dry environment conditions prevail, the heat transfer
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is dominated by dry convection and radiation more than

mOI_Sture evapor_atlon. Increasing the_ventllatlon frequency Fig. 7. (a) The predicted steady periodic sensible heat loss as a function
at fixed metabolic rate causes the skin temperature to dropg time from the skin forM = 115 Wm~2 at f = 25, 45 and 60 rpm.
and hence the skin water—vapor pressure drops resulting in(b) The predicted latent heat loss as a function of time from the skin for
dryer skin. This explains the drop in the latent heat loss M =115Wm~2at f =25, 45 and 60 rpm.

from the skin with increased ventilation frequency. When the

metabolic rate is increased, higher latent and sensible heatraple 2

losses are expected from the body. As the solution reachesTime-averaged mean of the steady periodic dry insulation and evaporative
the steady periodic state, the time-averaged sensible heatesistance values of the cotton-clothed walking human system current
loss from the skin aff = 25, 45 and 60 rpm are 147, 168 M°d

and 174 W, respectively. The time-averaged latent heat lossMetabolic rate Wm—2)  f (pm)  Ir (clo)  Ret (m?-kPaw~?)

from the skin atf = 25, 45 and 60 rpm are 24.1, 25.8 and 115 25 097 0.0076
28.2 W, respectively. Figs. 8(a) and 8(b) present the sensible 45 Q725 0.0095
and latent heat losses/t = 150 W-m~2 for the frequencies 60 0645 0.0138

. . 150 50 068 0.0085
f =50 and 75 rpm. An increase of metabolic rate from 75 055 0.0067

115 Wm~—2 at 25 rpm to 150 Wm~2 at 35 rpm resulted
in an increase of the latent heat loss by 4.7% due to sweating
and an increase of sensible heat loss by 21%. evaporative resistance values from Eq. (22bjat= 115

Fig. 9 shows the predicted overall (a) dry insulation and and 150 Wm~2 are given in Table 2 at different ventilation
(b) evaporative resistance values of the clothing system atfrequencies. Both the dry insulation and evaporative resis-
the M = 115 Wm~2 at f = 25, 45 and 60 rpm. Fig. 10 tance values decrease with increased ventilation frequency
shows the predicted overall (a) dry insulation and (b) evap- that corresponds to faster walking. Limited transient exper-
orative resistance values of the clothing system atMhe: imental data on walking clothed human are available that
150 Wm~2 at f = 50 and 75 rpm. In the present model, the take into consideration the specific mechanism of ventila-
time-averaged dry insulation values from Eq. (22a) averagedtion with a light single layer of clothing. The current data



N. Ghaddar et al. / International Journal of Thermal Sciences 42 (2003) 605-619

617

bases on standardized insulation measurements of separatwalking speeds of selected indoor clothing ensembles us-
garments or whole ensembles have been supplemented witling a movable thermal manikin [19]. Hong used the selected
results from movable thermal manikins. The theories still lag data to develop regression equations to predict the change in
behind [19,27-30]. However, the presented results of insu- the insulation value due to body motion. Two of the reported
lation and evaporative resistance values will be comparedexperiments consider the case of a walking human (activity
qualitatively with published data Hong [19], Havenith et al. level is 2 Met= 115 Wm~2) wearing a long-sleeve sweat
[27-29]. Published data of Hong on 24 different kinds of suit ensemble #17 (50% cotton, 50% polyester with fabric
ensembles reports the dynamic insulation values at different

250 +—

M =150 Wm ™

2
g
o
190
r f=50mpm, ... f=75rpm
170 | 1 | | |
3582 3587 3592 3597 3602
Time(s)
CY
35.0
M=150Wm™
S
S

20.0 | | | | | |
600 1100 1600 2100 2600 3100
Time(s)
(b)

It (clo)

R, (m” KPa W)

12

L LA I

0.8

TTTTTT

0.7

0.5

0.6 L+
V3

<o
i

w
Q
=
(=]

Time (s)

@

3605

0.015

0.013

0.011 —

0.007 —

0.005

f=25rpm

3580

3585 3590

Time (s)

(b)

Fig. 8. (a) The predicted steady periodic sensible heat loss as a function of Fig. 9. (a) The predicted steady periodic dry insulation values as a function
time from the skin forM = 150 Wm~2 at f = 50 and 75 rpm. (b) The
predicted steady periodic latent heat loss as a function of time from the skin (b) The predicted steady periodic evaporative resistance values as a function
of time from the skin for = 115 W-m—2 at 7 = 25, 45 and 60 rpm.

for M =150 Wm~2 at f = 50 and 75 rpm.

Table 3

of time from the skin forM = 115 Wm~2 at f = 25, 45 and 60 rpm.

Mean total dry insulation daté/7) reported by Hong [19] and mean total insulation [27] and mean evaporative resistance [28] reported by Havenith et al.

Data of Hong [19]

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

Ensemble number Walking speed I7 (clo) Walking speed External wind I7 (clo) ReT (m2~kPaW—1)
(stepmin—1) (ms™ (ms™1 Ref. [27] Ref. [28]
4 0 1.45 0.3 0 D5+01 0.0316+0.001
17 0 1.68 074 0.91+0.08 002107+ 0.001
4.0 0.71+ 0.06 000958+ 0014
4 90 1.09 0.9 0 D1+0.07 002826+ 0.001
17 90 1.05 o7 0.85+ 0.05 00204+ 0.001
4.0 0.57+0.03 000838+ 0.0007
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0.800

M=150 Wm por through the fabric material on fabric properties. While
the current presented model has limitations, it does capture
the complex mechanism of heat and moisture transport due
to walking from applying the first principles of conservation
of mass and heat on the combined human-clothing system.
The limitations of the model can be relaxed by considering
other factors that include the effect of the unexposed areas of
the body and the 2-D convection inside the trapped air layer.

0.750
0.700

0.650
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6. Conclusion

3580 3585 3590 3595 3600 .
A thermal model of a walking clothed human was

developed in this work by combining the human two-node
model of Gagge’s [15] and the three-node model of Ghali
0.010 et al. [12,13]. The model predicts the transient thermal
responses of the human and clothing giving temperatures,
sensible and latent heat losses. The model also predicts the
dynamic average insulation values of the clothing system.

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

The model is built from first principles of mass and en-
ergy conservation, and hence represents a powerful tool for
accurately predicting dynamic response of clothing systems.
Improvements can be added to the human model, by consid-
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Rer (m2kPaw )
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0.006

3580 3585 3590 3595 3600 ering exposed surfaces, finding the relation between the ven-
Time(s) tilation frequencies and effective wind/walking speeds, ob-
(b) taining actual ventilation coefficients for the different parts

of the body, and accounting for the losses associated with the

Fig. 10. (a) The predicted steady periodic dry insulation values as a function openings in the clothing systems that may bring in additional
of time from the skin forM = 150 W.m~< at f =50 and 75 rpm. (b) The convection

predicted steady periodic evaporative resistance values as a function of time

from the skin forM = 150 Wm~2 at f =50 and 75 rpm.
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