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Abstract

In walking conditions, the air spacing between the fabric layer of a porous clothing system and the human skin

changes with the walking frequency. This change will cause air penetration in and out of the clothing system depending

on the fabric air permeability. The air passing through the fabric can considerably reduce the heat and moisture transfer

resistance of the clothing system and its suitability for a given thermal environment. In this work, the coupled con-

vection heat and moisture exchange within the clothing system subject to sinusoidal air layer thickness variation about a

fixed mean is experimentally investigated and theoretically modeled to predict the periodic fabric regain, the fabric

temperature and the transient conditions of the air layer located between the fabric and the skin.

Experiments were conducted in environmental chambers under controlled conditions using a sweating hot plate at

35 �C that represents the human skin and a gear motor to generate the oscillating fabric motion. The first set of ex-
periments was done using a dry isothermal hot plate to measure the sensible heat transfer. The second set of experi-

ments was conducted with an isothermal sweating hot plate and the total heat (sensible and latent) transport from the

plate was recorded.

A mathematical model was developed for the heat and mass transport through the air spacing layer and the fiber

clothing system. In the fabric, a three-node adsorption model was used to describe the effect of fabric motion (venti-

lation) on the sensible and latent heat flows from the human skin under different environmental conditions. The fiber

model was linked to the transport model of the oscillating air spacing layer that falls between the fiber and the fixed

boundary (human skin). The transport equations were solved numerically. The sensible and latent heat transport

quantities at the moist solid boundary were calculated. A reasonable agreement was observed between the model

predictions of heat loss or gain from the hot plate and the experimentally measured results. � 2002 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Transient thermal analysis is important in evaluating

the response of clothing systems and its relation to the

human thermal comfort. The purpose of clothing is to

maintain a uniform body temperature under different

temperature environments and to prevent the accumu-

lation of sweat on the human skin by allowing the re-

spired body water to flow to the outside environment

when activity level increases. Thus, heat exchange be-

tween human body and the environment is signifi-

cantly affected by the dynamic response of the clothing

system and the way the clothing layers mediates the

flow of heat and moisture from the human skin to the

environment.

International Journal of Heat and Mass Transfer 45 (2002) 3703–3714
www.elsevier.com/locate/ijhmt

*Corresponding author. Tel.: +11-961-1655-102; fax: +11-

961-1744-642.

E-mail addresses: amro@aub.edu.lb (K. Ghali), farah@

aub.edu.lb (N. Ghaddar), jones@ksu.edu (B. Jones).
1 Tel.: +11-961-1-350000x3594; fax: +11-961-1-744-642.
2 Tel.: +11-785-532-5844; fax: +11-785-532-7810.

0017-9310/02/$ - see front matter � 2002 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310 (02 )00088-1



The heat and mass transport processes from the

human skin to the ambient air are not only of diffusion

type and are enhanced by the ventilating motion of air

through the fabric initiated by the relative motion of the

human with respect to the surrounding environment.

The size of the air spacing between the skin and the

fabric is continuously varying in time depending on ac-

tivity level and location, thus inducing variable airflow in

and out of the fabric. This induced airflow contributes to

the augmentation of the rate of condensation and ad-

sorption in the clothing system and the amount of heat

and moisture loss from the body. During body motion,

air must go in and out and ventilation is obtained

without gross environmental air movement. Harter et al.

[1] called this particular aspect in clothing comfort

‘‘ventilation of the microclimate within clothing’’. The

ventilation rate is affected mainly by the walking velocity

as described by Lotens [2] who derived empirically the

steady ventilation rate through apertures of clothing

assembly as function of the air permeability of the fabric

and the effective wind velocity. His model was derived

from experimental considerations of forced convective

flow through apertures of outer garments during mo-

tion and the air penetration through the outer material.

Lotens’ [2] clothing ventilation model, however, is not

based on thermal principles, and has not taken into ac-

count any non-equilibrium heat and moisture adsorp-

tion processes that take place in the fabric layers.

Traditionally, models of heat and mass transfer

through clothing layers assumed instantaneous equilib-

rium between the local relative humidity of the diffusing

moisture and the regain of the fiber and ignored the

effect of ventilation on the heat and moisture exchange

between the microclimate of the clothing and the am-

bient air. Farnworth [3] developed a numerical model

that took into account the condensation and adsorption

in a multi-layered clothing system by developing linear

relations to represent the fiber regain equilibrium. Jones

et al. [4] developed another model that used actual em-

pirical relation obtained from experiments to calculate

the fiber regain equilibrium. The latter model also took

into account the sorption behavior of fibers. More re-

cently, Li and Holocombe [5] presented a transient

mathematical clothing model that describes the dynamic

Nomenclature

Af area of the fabric (m2)

Cf fiber specific heat (J/kg K)

f frequency of oscillation

hfg heat of vaporization of water (J/kg)

had heat of adsorption (J/kg)

hc heat transport coefficient from the skin to

the trapped air layer (W=m2 K)

Hci conduction heat transfer coefficient between

inner node and outer node (W=m2 K)

Hco convection heat transfer coefficient between

outer node and air flowing through fabric

(W=m2 K)

hm mass transfer coefficient between the skin

and the air layer (kg=m2 kPa s)

Hmi diffusion mass transfer coefficient between

inner node and outer node (kg=m2 kPa s)

Hmo convection mass transfer coefficient outer

node and air flowing through fabric (kg=m2

kPa s)

kair thermal conductivity of air (W/m K)

L fabric length (m)

Pair air vapor pressure (kPa)

Pi vapor pressure of water vapor adsorbed in

inner node (kPa)

Po vapor pressure of water vapor adsorbed in

outer node (kPa)

R total regain in fabric (kg of adsorbed H2O/

kg fiber)

Rv water vapor gas constant

RH relative humidity

t time (s)

T Temperature (�C or K)
tf fabric thickness (m)

uad internal energy of water in adsorbed state

(J/kg H2O)

uf total internal energy of fiber containing ad-

sorbed H2O (J/kg of dry fiber)

W fabric width (m)

w humidity ratio (kg of water/kg of air)

Greek symbols

a fabric air permeability

e fabric emissivity

q mass density of fabric ðkg=m3Þ
c fraction of mass that is in the outer node

r Stefan–Boltzman constant¼5:669�10�8W=
m2K4

Subscripts

air conditions of air in the spacing between skin

and fabric

i inner node

o outer node

skin conditions at the skin surface

void local air inside the void
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heat and moisture transport behavior of clothing and

human body.

The above-mentioned models focused on the dif-

fusion process of heat and water vapor transport and

assumed instantaneous equilibrium between the local

relative humidity of the penetrating air and the moisture

content of the fiber. However, the hypothesis of lo-

cal thermal equilibrium was shown to be invalid during

periods of rapid transient heating or cooling in porous

media as reported by Mincowycz et al. [6]. Their results

for one-dimensionally porous layer show that in pres-

ence of flow, local thermal equilibrium is not valid if the

ratio of the Sparrow number to Peclet number is small.

In absence of local thermal equilibrium, the solid and

fluid should be treated as two different systems. Gibson

conducted a two-dimensional numerical modeling and

experimental testing of steady diffusion/convection pro-

cesses in textiles, where pressure drops and relative hu-

midities across the fabric are compared [7–11]. He used

a dynamic moisture permeation cell for experimental

testing, where concentration differences between top and

bottom of the fabric were imposed by convective airflow

stream above and below the fabric that are parallel to

the fabric surface. The numerical model of Gibson in-

cluded diffusion and convective transport of heat and

moisture as well as liquid water wicking through po-

rous textile material. Gibson’s model was based on

Whitaker’s theory [12] for mass and energy transport

through porous media that assumes local thermody-

namic equilibrium between the three phases: solid, liquid

and gas that could exist in the porous textile material

and ignored the possible existence of microscale pore-

level heat and mass transfer coefficients. Under vigorous

movement of a relatively thin porous textile material, the

air will pass quickly between the fibers and the as-

sumption of local thermodynamic equilibrium is invalid.

Ghali et al. [13] studied the effect of ventilation on

heat and mass transport through fibrous material by de-

veloping a theoretical two-node absorption model, aided

with experimental results on moisture regain of venti-

lated fabric, to predict the transfer coefficients of a cot-

ton fibrous medium. Their model was further developed

and experimentally verified to predict temporal varia-

tions in temperature and moisture content of the air

within the fiber in a multi-layer three-node model [14].

In realistic applications, ventilation of the clothing

system during the human motion occurs by periodic

motion of air in and out of the air spacing as the fabric

moves outward or inward towards the skin. There are

two objectives of this paper. The first objective is to

present original experimental data on sensible and latent

heat transport initiated by sinusoidal motion of a fabric

plane about a fixed mean air spacing thickness above a

sweating isothermal hot plate placed in a controlled

environment. The second objective is to develop a

mathematical and numerical model to study the effect of

fabric motion (ventilation) on the sensible and latent

heat transport through the fiber clothing system due to a

sinusoidally varying air layer thickness between the fiber

and a wet isothermal skin. The transport in the air

spacing will be coupled to a lumped single layer three-

node model of the fabric developed by Ghali et al.

[14], to predict the periodic fabric regain, the fabric

temperature and the transient conditions of the air space

between the fabric and skin. The results of the mathe-

matical model will be verified by comparison of the ex-

perimentally measured values of heat loss or gain from

the hot plate.

2. Experimental model

Untreated cotton was chosen as a representative of a

most common worn fabric to test behavior when subject

to periodic motion above the skin. The cotton was ob-

tained from Test Fabrics (Middlesex, NJ-08846), and is

made of unmercerized cotton duck, style #466 of thick-

ness of 1 mm.

Fig. 1(a) shows a front view of the experimental

setup, which is composed of two square wooden

frames, hinged to each other. Both frames have an inner

open area of 50:8 cm� 50:8 cm and an outer area of

55:4 cm� 55:4 cm for the upper frame and an area of

58:5 cm� 58:5 cm for the lower frame. The upper frame
is connected to a rotating shaft. The shaft is connected

to a gear motor having a constant frequency of 25 rpm.

When the shaft rotates, the upper frame moves sinu-

soidally in a vertical path away and towards the lower

frame in a stroke of 12.7 mm. The side view of the ex-

perimental setup is shown in Fig. 1(b), where the four-

bar linkage mechanism by which the fabric is moved up

and down can be spotted. The hinges (piano hinges)

were necessary to insure that the upper frame is moving

in a horizontal plane without tilting. The cotton fabric

was tapped to the upper frame by an aluminium tape

and the exposed surface of both wooden frames was also

covered by aluminium tape. To insure a planar move-

ment of the fabric (no flattering) the fabric sample was

placed between two metallic screens that were made of

12.7 mm open squares.

The movement of the fabric that is attached to the

upper frame will cause air to move back and forth across

the fabric. To reduce the possibility of air escaping

through the hinges or through the lower frame, the

hinges were covered with plastic wrapping and plastic

foam was taped to the outer rim of the lower frame as

shown in Fig. 1(a). A minimal layer of plastic wrapping

was used to minimize possible horizontal movement of

the air layer between the lower and upper frames. In the

plane slightly above the fabric frame plane, an air cir-

culation fan is placed to provide sufficient circulation

of air (0.7 m/s) for maintaining the constant chamber
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ambient conditions above the fabric. Before the start of

the experiment, the whole frame was conditioned for

16 h inside an environmental chamber, not shown in

the figures, at conditions of 25 �C and 50% RH. Then

the frame was placed on top of a sweating hot plate. The

precision in the set conditions of the climatic chamber

temperature was �0:5 �C and chamber relative humidity
was �2%.
A Dynatech sweating guarded hot plate apparatus

Model TCB-TX was used in the environmental chamber

for measuring the sensible and latent heat transport

from the skin. The apparatus simulates the function of

human skin and the plate consists of three temperature-

controlled heaters: main, guard and bucking heaters.

The measuring section of the main heater is a 25.4 cm

square plate surrounded by a guard section, which in-

creases the total size of the plate to 50:8 cm� 50:8 cm.
The function of the guard heater is to eliminate lateral

heat flow from the main heater. The third bucking

heater located beneath the main heater eliminates the

heat flow in the axial direction below the main heater.

These two heaters (guard and bucking) thereby force all

of the heat generated in the main heater to flow in the

direction away from the oscillating fabric. The plate

temperature was set to be 35� 0:5 (�C). The mean air
spacing between the fabric and the hot plate was 38.1

mm. The amplitude of oscillation is 6.35 mm. The heat

flow through the sample is equal to the power supplied

to the main heater. The power scanned by the device is

averaged over the desired time interval with a repeat-

ability of �1% and accuracy of �4%.
Two experiments were conducted. The first experi-

ment was performed with a dry plate to measure the

sensible heat flow from the plate caused by the fabric

sinusoidal movement. In this experiment, the oscillating

fabric frame was placed on top of the horizontal plate

and was allowed to reach steady-state conditions by

monitoring the temperature of the plate and the power

needed to keep the plate at constant temperature. When

the plate readings (temperature and power) reached

Fig. 1. (a) Front view of the experimental setup; (b) top view of the experimental setup.
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steady state, the plate was allowed to stay in equilibrium

for 1 h and then time-averaged power readings over

every 5 min were collected for one more hour. The

second set of experiment was conducted but with a

sweating plate to allow the measurement of the total

(latent and sensible) heat flow from the plate. In this

case the guarded hot plate is saturated with water so that

its surface is completely wet. The time-averaged power

readings of the device were collected every 5 min. The

measured quantities of sensible, latent and total heat

loss (time averaged every 5 min) are shown in Fig. 2.

3. Mathematical formulation

The physical domain of interest is shown in Fig. 3,

where an air layer separates the moving clothing system

(cotton fabric sheet) at the upper boundary and the fixed

sweating isothermal plate at the lower boundary (human

skin). The upper boundary has a sinusoidal up and

down motion that induces air movement through the

fabric. The analysis of the airflow through the fabric is

based on a single lumped layer of three-node adsorption

model of the fibrous medium and an air void. The outer

node represents the exposed surface of the yarns, which

is in direct contact with the penetrating air in the void

space between the yarns (the air void node). The inner

node represents the inner portion of the ‘‘solid’’ yarn

(fibers on the interior of the yarn), which is completely

surrounded by the outer node. The outer node ex-

changes heat and moisture transfer with the flowing air

and with the inner node, while the inner node exchanges

heat and moisture by diffusion only with the outer node.

The moisture uptake in the fabric occurs first by the

convection effect at the yarns surface, followed by dif-

fusion to the yarn interior. The fiber model is best rep-

resented by a flow of air around cylinders (yarns) in

cross-flow as shown in Fig. 4. The fabric is represented

by a large number of these three-node modules de-

pending on the fabric effective porosity. The fabric area

is L� W and the fabric thickness is tf . The airflow is

normal to the fabric plane. The air spacing layer beneath

the fabric will be formulated as a lumped compressible

layer with the density function of temperature and

pressure. In the derivation of the mass balances of the

air void node, the air–water vapor mixture is assumed

dilute and the bulk velocity of the mixture is very close

to the velocity of the void air. This assumption allows

simplification of the mass balances by ignoring the effect

of counter transfer of the air.

Fig. 2. Experimentally measured hot plate power during the

experiment.

Fig. 3. The physical domain of interest.

Fig. 4. The fiber model.
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3.1. Modeling of the air mass flow rate through the fabric

The fabric sinusoidal motion can be represented by

the following equation:

y ¼ y0 þ Dy sinð2pftÞ; ð1Þ

where f is the frequency of oscillation (25 rpm), y0 is the
mean air spacing thickness (38.1 mm), and Dy is the
oscillation amplitude (6.35 mm). Conducting a mass

balance for the skin–fabric air layer leads to

� _mma ¼
o

ot
ðqayÞ; ð2Þ

where, _mma is the air mass flow rate and qa is the air
density. Eq. (2) can be expanded to the following:

� _mma ¼ y
o

ot
ðqaÞ þ qa

o

ot
ðyÞ: ð3Þ

Note that the air layer above the fabric is moving and

represents a boundary condition, with constant tem-

perature and humidity. As the fabric moves down, the

airspace between the skin and the fabric moves out

through the fabric and is swept away by the moving air

stream. When the direction of the fabric reverses, the

opposite process occurs. That is, the void created as the

fabric rises is filled with air from the moving air stream

that passes through the fabric.

Every fabric, when there is pressure difference be-

tween the two fabric surfaces, there will be a mass flowing

through the fabric. The amount of the air depends on the

permeability of the fabric material. The permeability is

affected by the type of yarn, tightness of twist in yarns,

yarn count and fabric structure. In this study the

permeability of the fabric is considered constant at

the standard experimentally measured value under the

pressure difference of 0.1245 kPa (a ¼ 4:99 cm3=cm2 s).

To get the airflow passing through the fabric at other

pressure differentials, other than the 0.1245 kPa, the air

permeability is assumed to be constant and the amount

of airflow is proportional to the pressure differentials.

The airflow rate is then represented by

_mma ¼
aqa
DPm

ðP � PenvÞ; ð4Þ

where a is the fabric air permeability, and DPm ¼ 0:1245
kPa from standard tests on fabrics’ air permeability

[ASTM D737-75], P is the air pressure of the air layer
between the skin and the fabric and Penv is the outside
environment air pressure. Substituting the ideal gas re-

lation, qa ¼ P=RaTair, into Eq. (3) gives the mass balance
in the air spacing in terms of the air pressure as

� aP
RaTairDPm

ðP � PenvÞ ¼
y

RaTair

oP
ot

þ P
RaTair

oy
ot

þ yP
Ra

oð1=TairÞ
ot

ð5Þ

from which the pressure P can be determined as a

function of time. Substituting P into Eq. (4) gives the

instantaneous air mass flow rate, which will be used in

the fabric model.

3.2. Modeling of the air spacing layer

During the upward motion of the fabric, the airflow

into the air spacing layer comes from the air void node

of the fabric 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 spacing layer while the fabric is

moving up is given by

oðqaywairÞ
ot

¼ hm½Pskin � Pair	 � _mmawvoid

þ D
qaðwvoid � wairÞ

tf=2
: ð6aÞ

During the downward motion of the fabric, the airflow

through the fabric out of the air spacing will carry the

same humidity ratio of the air spacing. The water vapor

mass balance for the air spacing layer during the

downward motion is given by

oðqaywairÞ
ot

¼ hm½Pskin � Pair	 � _mmawair

þ D
qaðwvoid � wairÞ

tf=2
; ð6bÞ

where hm is the mass transfer coefficient between the skin
and the air layer, Pair is the water vapor pressure in the
air layer, wair is the humidity ratio of the air layer, Pskin is
the vapor pressure at the skin solid boundary, wvoid is the
humidity ratio of the air void and D is the diffusion

coefficient of water vapor into air.

An energy balance for the air–vapor mixture in the

air spacing layer will be performed taking into account

the motion direction of the fabric and its effect on the

properties of the air mass that enters the domain during

upward motion and that leaves the domain during the

downward motion. An energy balance of the air spacing

during upward motion of the fabric is given by:

o

ot
qayðCvTair
�

þ wairhfgÞ
�
þ Penv

oy
ot

¼ hmhfg½Pskin � Pair	

þ hc½Tskin � Tair	 � _mma½CpTvoid þ wvoidhfg	

þ Dhfg
qaðwvoid � wairÞ

tf=2
: ð7aÞ

During the downward motion of the fabric, the energy

balance in the air spacing layer becomes

o

ot
qayðCvTair
�

þ wairhfgÞ
�
þ Penv

oy
ot

¼ hmhfg½Pskin � Pair	 þ hc½Tskin � Tair	

� _mma½CpTair þ wairhfg	 þ Dhfg
qaðwvoid � wairÞ

tf=2
; ð7bÞ
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where hm is the mass transport coefficient from the

skin surface to the lumped air layer and hc is the heat
transport coefficient from the skin to the lumped air

boundary. These coefficients have been determined ex-

perimentally.

3.3. Modeling of the fabric

In the fabric, the three-node adsorption model of

Ghali et al. [13] will be used to describe the heat and

moisture transport through the fabric due to air venti-

lating motion. Effective heat and mass transfer coeffi-

cients, reported by Ghali et al. [13,14], Hco and Hmo for
the outer node of the fabric, and the heat and mass

diffusion coefficients Hci and Hmi for the inner nodes of
the fabric, are used in the model in normalized form as

follows:

H 0
mo ¼ Hmo

Ao
Af

; H 0
co ¼ Hco

Ao
Af

; H 0
mi ¼ Hmi

Ai
Af

;

H 0
ci ¼ Hci

Ai
Af

; ð8Þ

where Af is the overall fabric surface area, Ao is the outer
node exposed surface area to airflow and Ai is the inner
node area in contact with the outer node.

The water vapor mass balance in the air void node is

given in Eqs. (9a) and (9b) during the upward motion

and during the downward motion of the fabric, respec-

tively, as:

o

ot
ðqatfwvoidefÞ

¼ � _mma½watm �wvoid	 þH 0
mo½Po � Pa	 þD

qaðwair �wvoidÞ
tf=2

þD
qaðwatm �wvoidÞ

tf=2
; ð9aÞ

o

ot
ðqatfwvoidefÞ

¼ _mma½wair � wvoid	 þ H 0
mo½Po � Pa	 þ D

qaðwair � wvoidÞ
tf=2

þ D
qaðwatm � wvoidÞ

tf=2
ð9bÞ

where ef is the fiber porosity and tf is the fabric thick-
ness. The outer fiber node and the inner fiber node mass

balances are given in Eqs. (10) and (11), respectively:

dRo
dt

¼ 1

qctf
½H 0
moðPv � PoÞ þ H 0

miðPi � PoÞ	; ð10Þ

dRi
dt

¼ H 0
mi

qð1� cÞtf
½Po � Pi	; ð11Þ

where Ro is the regain of the outer node, Ri is the regain
of the inner node, and H 0

mo and H
0
mi are the mass transfer

coefficients between the outer node and the penetrating

air and the outer node and the inner node, respectively.

The parameter c is the fraction of mass that is in the
outer node and it depends on the fabric type and the

fabric porosity. The total regain R in the fiber is given by

R ¼ cRo þ ð1� cÞRi: ð12Þ

According to the previous model of Ghali et al. [13], the

value of c is equal to 0.6. An energy balance for the air–
vapor mixture in the air void node is given in Eqs. (13a)

and (13b) during the upward motion and during the

downward motion of the fabric, respectively, as

ef
o

ot
½qatfðCvTvoid þ hfgwvoidÞ	

¼ � _mma½CpTatm þ wairhfg	 þ _mma½CpTvoid þ wvoidhfg	

þ H 0
co½To � Tvoid	 þ Ka

Tair � Tvoid
tf=2

þ Ka
Tatm � Tvoid

tf=2

þ Dhfg
qaðwair � wvoidÞ

tf=2
þ Dhfg

qaðwatm � wvoidÞ
tf=2

;

ð13aÞ

ef
o

ot
½qatfðCvTvoid þ hfgwvoidÞ	

¼ _mma½CpTair þ wairhfg	 � _mma½CpTvoid þ wvoidhfg	

þ H 0
co½To � Tvoid	 þ Ka

Tair � Tvoid
tf=2

þ Ka
Tatm � Tvoid

tf=2

þ Dhfg
qaðwair � wvoidÞ

tf=2
þ Dhfg

qaðwatm � wvoidÞ
tf=2

;

ð13bÞ

where H 0
co is the heat transfer coefficients between the

outer node and the penetrating air in the voids and Ka is
the thermal conductivity of air.

The energy balance on the outer nodes gives

qfð1� cÞ Cpf
dTo
dt

�
� had

dRo
dt

�

¼ H 0
co

tf
½Tvoid � To	 �

H 0
ci

tf
½To � Ti	 þ

hr
2tf

ðTskin � ToÞ

þ hr
2tf

ðTatm � ToÞ; ð14Þ

where H 0
ci is the heat diffusion coefficient between the

outer node and the inner node and had is the enthalpy of
the water adsorption state. The density of the adsorbed

phase of water is similar to that of liquid water. The high

density results in the enthalpy and internal energy of the

adsorbed phases being very nearly the same. Therefore,

the internal energy, uad, can be replaced with the enth-
alpy of the adsorbed water. Data on had, as a function of
relative humidity, are obtained from the work of Mor-

ton and Hearle [15]. Also the fabric is exchanging radi-

ation heat with the plate and the chamber. The energy

balance on the inner node gives

qfc Cpf
dTi
dt

�
� had

dRi
dt

�
¼ H 0

ci

tf
½To � Ti	: ð15Þ
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The set of the above-coupled differential equations (6a),

(6b), (7a), (7b), (8), (9a), (9b), (10)–(12), (13a), (13b),

(14), and (15) describes the time-dependent convective

mass and heat transfer from the skin-adjacent air layer

through the fabric induced by the sinusoidal motion of

the fabric. Numerical integration will be performed to

predict during the periodic motion the fabric regain, the

fabric temperature, the air void temperature, air layer

temperature and humidity ratio and the heat loss from

the skin.

4. Numerical method

The coupled eight mass and heat transport equations

(6a), (6b), (7a), (7b) and (9a), (9b), (10)–(12), (13a),

(13b), (14), and (15) of the outer and inner nodes of the

fabric and the air void are integrated numerically using

first-order Euler–Forward scheme with a time step size

of 0.003 s over a total integration period of 1800 s. The

number of time steps per period of oscillation is more

than 3000 steps in a period of 2.61 s. The saving of the

various parameters was done every 0.3 s of real time.

The vapor pressure of the flowing air in the air spacing

layer or in the fabric voids is related to the air relative

humidity, RH, and temperature and is calculated using

the psychrometric formulas of Hyland and Wexler to

predict the saturation water vapor pressure and the

hence the vapor pressure at the specified relative hu-

midity [16]. The regain of the cotton material has a

definite relation to the relative humidity of the water

vapor through a property curve of regain versus relative

humidity [15]. The graphical relation of R as a function

of relative humidity, RH, has been interpolated with

third order polynomials for 10 relative humidity inter-

vals from zero to 100%. The interpolation functions are

used in the simulation to calculate the inner and outer

nodes’ relative humidities corresponding to the values

obtained of inner and outer regains, respectively. At

every time step, the air mass flow rate is updated and the

total regain, and temperatures of all the nodes are

evaluated. When the solution converges to a steady pe-

riodic solution, the cycle time-averaged (sensible and

latent) total heat loss from the skin is calculated using

the experimentally evaluated heat and mass transfer

coefficients hc and hm in the air spacing layer as

q ¼ LW hc
1

s

Z tþs

t
ðTskin

��
� TairÞdt

�

þ hfghm
1

s

Z
ðPair

�
� PskinÞdt

��
: ð16Þ

The method by which the mass transfer coefficient hm
between the skin and the air layer is measured, is given

in Appendix A, and then from the Lewis relationship the

heat transfer coefficient hc can be estimated. The simu-
lation results will be discussed in the following section in

comparison with experimental data obtained on heat

loss from the hot plate.

5. Results and discussion

The predicted total moisture regain is shown as a

function of time in Fig. 5. The regain increases sharply

Fig. 5. The predicted total moisture regain as a function of time.
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in the initial period of exposure and then increases at a

slower mean rate in an oscillating pattern. When the

thickness of the air layer increases, the air flows from the

outside, and the fabric regain decreases due to the lower

humidity of the outside air. When the thickness of the

air layer decreases, fabric regain increases since the

higher humidity air flows out from the inside air layer.

The temperature variation in time of the fabric inner and

outer nodes is shown in Fig. 6, which also amplifies the

steady periodic solution. The outer node temperature

attains a sinusoidal pattern similar to the forcing mo-

tion, 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 and the air spacing tem-

perature variations are shown in Fig. 7, while the vari-

ation of the air void and the air spacing humidity ratios

are shown in Fig. 8. Since the air spacing is adjacent to

Fig. 6. The temperature variation in time of the fabric inner and outer nodes.

Fig. 7. The air void node and the air spacing temperature variations.
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the isothermal 35 �C surface, its temperature remains

close to that temperature but following also a low am-

plitude sinusoidal variation. However, the air void

temperature oscillates in a sinusoidal pattern at a mean

value of 30 �C and with about 9 �C amplitude of oscil-
lation. The humidity ratio variation in the air void is

significant compared to close to saturation state in the

air spacing layer.

The sensible and latent heat losses are estimated us-

ing Eq. (16). Fig. 9 shows the predicted steady periodic

sensible and latent heat losses from the skin. The heat

loss is mainly latent during the downward stroke of the

fabric motion, and mainly sensible during the upward

stroke. On the same plot, the experimentally measured

time-averaged sensible and latent heat losses are shown.

The average sensible heat loss calculated from the theo-

retical model (2.47 W) and the experimentally measured

value (3.87 W) agree marginally well with a relative error

of 31%. The average latent heat loss calculated from

the theoretical model (15.79 W) and the experimen-

tally measured value (11.35 W) agree marginally well

with a relative error of 28.8%. If we consider the sim-

plification assumptions of the theoretical one-dimen-

sionally model of the present work, the discrepancy with

the experimental data is acceptable. The physics of the

process has been captured correctly with the predicted

results and the model could very much be improved and

then integrated with a general model of the human body

system.

6. Conclusion

The coupled convection heat and moisture exchange

within the clothing system subject to sinusoidal air layer

thickness variation about a fixed mean is experimen-

tally investigated and theoretically modeled to predict

the periodic fabric regain, the fabric temperature and the

transient conditions of the air layer located between the

fabric and the skin. The developed mathematical model,

for the heat and mass transport through the air spacing

layer and the fiber clothing system, has predicted the

sensible and latent heat transport quantities at the moist

solid boundary. These quantities compared marginally

well with the experimentally measured time-averaged

values. The discrepancy between measured and calcu-

lated heat losses was less than 32%.

The simplicity of the model will allow its integration

into other models of walking humans to predict fabric

response of heat and moisture transport. Future work

will address the effect of oscillation frequency and am-

plitude, air spacing thickness and fabric kind on the

transient heat loss from a moving human body.
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Appendix A

The film coefficients at the skin are needed for the

model simulation. However, no correlation for esti-

mating these coefficients is reported in the literature.

Most of the research is focused in estimating the heat

transfer coefficient at the external exposed surface of

Fig. 8. The variation of the air void and the air spacing hu-

midity ratios.

Fig. 9. The predicted steady periodic sensible and latent heat

losses from the skin. On the same plot, the experimentally mea-

sured time-averaged sensible and latent heat losses are shown.
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clothing subject to elevated air velocities [17]. Such

correlation would not be applicable for estimating the

film coefficients in an enclosed air subject to an oscilla-

tory flow. For this reason, additional experiments were

conducted to measure the mass transfer coefficient at the

skin to the air spacing and then using the Lewis rela-

tionship to estimate the heat transfer coefficient as well

from the skin to the air layer.

The sweating hot plate in the main experiment was

replaced by a water saturated cotton sample (50:8 cm�
50:8 cm). This wet cotton sample representing the skin
was placed on top of an insulating Styrofoam board to

create an adiabatic saturated boundary condition. The

oscillating fabric frame of the previous setup was placed

over the wet adiabatic cotton sample. The whole setup

(fabric oscillating frame, wetted cotton sample and

Styrofoam board shown in Fig. 10) was placed inside the

environmental chamber whose temperature conditions

were set at 25 �C and 50% RH. At the beginning of the
experiment, the saturated fabric sample (skin) was

weighed and its weight loss of moisture was monitored

every half an hour for a total of 4 h. So every half hour

the wet fabric sample was quickly removed and placed

inside a plastic bag for weighing using a sensitive scale of

accuracy �0:01 g. The experiment started with oscillat-
ing the upper fabric and frame at the same frequency

and amplitude conditions of the main experiment.

Temperature measurement of the wetted cotton sample

was monitored by a thermistor, while the temperature

measurement of the air layer was taken by radiation-

shielded thermistor. One thermistor was placed on the

lower surface of the wet cotton sample and above the

Styrofoam board, while the other thermistor was placed

in the enclosed air spacing between the oscillating fabric

and the wet cotton surface. The accuracy of the tem-

perature readings was �0:1 �C.
Knowing the amount of water evaporated from the

fabric, the temperature of the cotton wet sample and the

temperature of the air layer, the skin mass transfer co-

efficient can be estimated as follows:

ms ¼ hmAðPskin � PairÞ; ðA:1Þ
where ms is the measured mass flux, g/s; Pair is the vapor
pressure of the air, kPa; Pskin is the vapor pressure at the
skin, kPa; and A is the area of the fabric cm2. Pskin, is
estimated at the equilibrium vapor pressure at the skin

temperature which remained at a uniform value of 21:0�
0:7 �C. Pair is estimated from the temperature of the air

layer and from the wet bulb temperature of the air layer.

The wet bulb temperature of the air layer is taken as that

of the saturated skin temperature since the setup is sim-

ilar to an adiabatic saturator for the enclosed air. The

measured temperature of the wet skin sample did not

change since the sample was wet during the time of the

experiment. 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 coeffi-

cient (0.00008 kg/s m2 kPa) was experimentally deter-

mined.
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