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Abstract

A novel three-dimensional dynamic model is developed from first principles of mass and energy conservation of the

modulated internal airflow in the variable annulus size between the clothing and the skin surface in presence of clothing

apertures. The developed model solves for the flow and heat transfer problem in a finite length cylindrical annulus where

the inner cylinder is oscillating within an outer fixed cylinder of porous fabric boundary. The changing annulus size

induces pressure variations that cause air flow in the angular and the radial directions. In addition, axial airflow is present

due to clothing open aperture to the atmosphere at one end of the annulus (sleeve or neck opening). The axial and angu-

lar flows in the trapped air layer are assumed locally governed by Womersley solution of time-periodic laminar flow in a

plane channel in each direction. The 3-D model predicted the ventilation radial airflow through the fabric, the angular

and axial airflow induced by the motion of the inner cylinder, and the sensible and latent heat losses from the skin due to

ventilation with the presence of an open or closed aperture. Experiments were conducted using tracer gas method to mea-

sure time and space-averaged air ventilation rates induced by inner cylinder periodic motion within a fabric cylindrical

sleeve at spacing amplitude ratio with respect to the mean of 0.8 for both closed and open aperture cases.

The ventilation rates within the annulus predicted by the 3-D model agreed well with experimental data at higher

frequencies. For closed aperture situation at an amplitude ratio of 0.8, the mean percentage errors of the measurements

compared with the predicted values of the model were 52%, 27.5% and 6.7% corresponding to the frequencies of 30

rpm, 40 rpm, and 60 rpm, respectively. Measured ventilation rates for open aperture agreed well with predicted venti-

lation rates at high frequencies giving lower values of total air renewal than the closed aperture results where the mea-

sured reductions in total ventilation rate compared to closed aperture were 8.5% and 14.3% corresponding to the

frequencies of 40 rpm and 60 rpm, respectively. In addition, the model results showed that under walking conditions,

a permeable clothing system with an open aperture reduced the heat loss from the skin by less than 1% when compared

to the closed aperture clothing system. These results are consistent with previously published empirical data on air layer

resistance for open and closed aperture of high air permeable fabric.
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Nomenclature

Af area of the fabric (m2)

C specific heat (J/kgK)

CD dimensionless flow discharge coefficient at

the aperture

D water vapor diffusion coefficient in air (m2/s)

ef fabric thickness (m)

f frequency of oscillation of the fabric bound-

ary (ventilation frequency) in rpm

hfg heat of vaporization of water (J/kg)

had heat of adsorption (J/kg)

Hci conduction heat transfer coefficient between

inner node and outer node (W/m2K)

Hco convection heat transfer coefficient between

outer node and air flowing through fabric

(W/m2K)

hc(skin-air) heat transport coefficient from the skin to

the trapped air layer (W/m2K)

Hmi diffusion mass transfer coefficient between

inner node and outer node (kg/m2kPas)

Hmo mass transport coefficient between outer

node and air void in the fabric (kg/m2kPas)

hm(skin-air) mass transfer coefficient between the skin

and the air layer (kg/m2kPas)

ka thermal conductivity of air (W/mK)

L fabric length in x direction (m)

_max mass flow rate of air in x-direction (kg/m2s)

_may mass flow rate of air in y-direction (kg/m2s)

_mah mass flow rate of air in h-direction (kg/m2s)

Pa 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 (=0.461 kJ/kgK)

RH relative humidity (%)

t time (s)

T temperature (�C)
w humidity ratio (kg of water/kg of air)

Wo Womersley number (W o ¼ ðY =2Þ
ffiffiffiffiffiffiffiffiffiffiffi
x=2m

p
)

x x-coordinate in the parallel direction to the

fabric and skin

Y instantaneous air layer thickness (m)

Ym mean air layer thickness (m)

y y-direction

Greek symbols

e fabric emissivity

U periodic dimensionless flow rate parameter

in x-direction

q mass density of fabric (kg/m3)

x angular frequency (rad/s)

Kx pressure gradient parameter in x-direction

(Pam2/kg)

Kh pressure gradient parameter in h-direction
(Pam2/kg)

a fabric air permeability (cm3/cm2s)

m kinematic air viscosity (m2/s)

s period of the oscillatory motion (s)

r Stefan Boltzman constant = 5.669 · 10�8

W/m2K4

Subscripts

a conditions of air in the spacing between skin

and fabric

i inner node

o outer node

sk conditions at the skin surface

void local air inside the void

1 environment condition
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1. Introduction

For the past two decades, the so-called pumping or

bellows effect has been studied, and its importance on

the heat and mass transfer of the human body has often

been discussed [1–6]. In order to describe the dynamic

behavior, Jones et al. [7,8] described a model of the tran-

sient response of clothing systems, which took into

account the sorption behavior of fibers, but assumed

local thermal equilibrium with the surrounding air. Li

and Holcombe developed a mathematical model in

which a human thermoregulatory model was combined

with a kinetic sorption model of fabrics to study the

transient thermal response of a clothed human [9]. Their
model however neglected ventilation effects between the

air passing through the fiber and the solid fiber. Ghali

et al. [10] studied the effect of ventilation on heat and mass

transport through a fibrous material to predict the trans-

fer coefficients in a cotton fibrous medium. 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. Ghali et al. [11] developed

a model and reported experimental data on sensible

and latent heat transport initiated by sinusoidal motion

of a fabric plane above a sweating isothermal hot plate

placed in a controlled environment. Their transient

model predicted the heat loss from the wet boundary
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and agreed fairly well with the experimentally measured

values.

Previous periodic ventilation models of fibrous media

of Lotens and Ghali et al. considered the impact of nor-

mal airflow [3,11,12]. However, Lotens�s model was

based on empirical equations that restricted its use.

Ghali et al. normal periodic ventilation model is valid

for normal airflow through the fabric, but is not applica-

ble for parts of the body where there is a parallel airflow

to the fabric at the sleeve and neck openings to the envi-

ronment. A two-dimensional model was further devel-

oped by Ghali et al. [13] where parallel airflow to the

fabric was present due to open apertures in clothed arms

(sleeve end) or trunk (neck opening) using a locally fully-

developed Poiseuille model for the flow in the parallel

direction. The reported reduction in sensible and latent

heat loss of the Poiseuille flow model of Ghali et al.

[13] due to open aperture did not agree well with pub-

lished experimental results of Lotens [3]. Ghali et al.

[13] neglected the fluid inertia associated with the flow

modulation and complete reversal during the flow cycle

in the parallel direction and hence rendered the model

applicability to low Womersley number (W o ¼
ðY =2Þ

ffiffiffiffiffiffiffiffiffiffiffi
x=2m

p
) where x is the ventilation circular fre-

quency, Y is the air layer thickness, and m is the air kine-
matic viscosity. Ghaddar et al. [2] extended the 2-D

model of Ghali et al. [13] of skin-air-layer-fabric system

to any frequency by taking into consideration the inertia

effects of modulated parallel air layer flow. The flow is

assumed to be locally governed by Womersley solution

of time-periodic laminar flow in a plane channel

[2,14,15]. The Ghaddar et al. model has predicted for

parallel flow a lower flow rate in the axial direction when

taking inertia due to airflow reversal into consideration

compared to the Poiseuille flow model [2].

In real application, three-dimensional motion of

trapped air exists between the cylindrical shaped body

parts and the surrounding clothing. Air motion and flow

will also take place in the angular direction and hence re-

duce further the radial flow rate in and out of the fabric

due to gap height asymmetry. The first objective of this

work is to develop from first principles a realistic 3-D

model that can be used to predict air exchange rates

within the internal air layer of a walking human at

any speed in a loose-fitting one-layer ensemble with

the clothing apertures open and closed. The model will

predict the ventilation radial airflow, angular, and axial

airflow induced by the motion of the inner cylinder and

for closed and open aperture clothing. The model will

also predict the skin heat and moisture transport result-

ing from the periodic motion of fabric with respect to

the skin during walking. The second objective of the

work is to experimentally validate the time-periodic

averaged ventilation rates predicted by the developed

3-D theoretical model using trace gas method [6]. The

contribution of this work is in the novel approach to
modeling of the modulated internal air layer flow and

transport process from first principles of mass and en-

ergy conservation while incorporating the Womersley

flow model [2] in the angular and axial directions.
2. Model mathematical formulation

Fig. 1 depicts the schematic of the physical domain of

the air-layer-fabric system where an enclosed air layer

annulus of thickness Y and length L separates the fabric

boundary and the human skin. The physical domain of

the air-layer-fabric system represents a situation where

skin is represented by a cylindrical solid impermeable

surface covered with an outer clothing cylinder with

one tight end (no air flow escapes from the annulus)

and the other end is open to the atmosphere such as

loose clothing openings at the sleeves end or around

the neck. The skin inner boundary is assumed to have

a sinusoidal up and down motion that induces air move-

ment through the fabric. The flow of air is axial through

the clothing openings (sleeves, skirts, neck), normal (ra-

dial) through air spaces within the clothing void spaces,

and angular around the body segments such as arms,

legs, and trunk. The radial airflow will be induced

through the fabric material based on the pressure differ-

ence between the internal air layer pressure and that of

the environment. The air flow in the axial direction x

has a smaller pressure head loss compared with the flow

through the fabric layer, and hence it is expected to re-

sult in a significant flow rate. The air flow in the angular

direction will be governed by pressure differential due to

variation of the internal air gap length Y (h,t) that will
drive the flow in h-direction. The flow will be modeled

as a flow between eccentric cylinders, where the flow in

the narrow gap between the fixed outer cylinder (fabric)

of radius Rf and a slightly smaller, off-set, inner cylinder

(skin) of radius Rs moving up and down in sinusoidal

motion. The eccentricity ec of the cylinders is time

dependent and relates directly to the oscillation fre-

quency x and amplitude DY by

ec ¼ DY sinðxtÞ ð1Þ

Some elementary geometry shows that the width of the

gap width Y between the two circular cylinders can be

approximated by

Y ðh; tÞ ¼ Y m � DY sinðxtÞ cosðhÞ ð2Þ

where Ym represents the mean spacing between the

human segment cylinder and the fabric outer cylinder

(Ym = Rf � Rs). The sinusoidal motion is an approxi-

mate model of the periodic change of air spacing layer

thickness for a walking person. Human gait analysis

show repeated periodic pattern of limbs motion as a

function of walking speed that can be approximated

as a sinusoidal pattern [16]. One end of the air layer
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Fig. 1. Schematic of the physical domain of the fabric-air layer-skin system, the fabric model.
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physical domain at x = 0 is open to ambient air resem-

bling the presence of a clothing open aperture and the

other end at x = L is impermeable to flow (closed).

The fabric thickness is ef. The frequency of the oscillat-

ing motion of the fabric is generally proportional to the

activity level of the walking human. The air spacing

layer beneath the fabric will be formulated as an incom-

pressible layer. The induced flow (during walking) in the

axial direction exhibits periodic motion with complete

reversal for flow from the atmosphere into the domain

through the aperture during the fabric upward motion

and out of the domain to the atmosphere during the fab-

ric downward motion. The flow inertia associated with

high modulation rates of the air cannot be neglected.

In this section, the formulation of the periodic venti-

lation problem in presence of an open aperture addresses

the radial (normal) air flow through the outer fabric

boundary using the three-node fabric model [1,2]; and

the modeling of the internal air layer motion and trans-

port processes while accounting for the flow inertia in

the axial and angular directions due to the periodic mo-

tion and flow reversal during the walking cycle.
2.1. Air flow mass balance

The flow inertia due to periodic oscillation of air in

and out of the open aperture induced by the inner cylin-

der up and down motion will be accounted for by

assuming the flow to be locally a Womersley steady-peri-

odic flow. Similarly, the angular flow in the annulus

exhibits periodic motion toward the direction of increas-

ing gap thickness within the periodic motion. The

radial airflow passing through the fabric layer during

ventilation has also an obvious significant effect on the

heat and mass transport at the fabric and from the skin.

A general air layer mass balance performed on an ele-

ment of height Y, thickness Rf dh, and depth dx is given

by

oðqaY Þ
ot

¼ � _may �
oðY _maxÞ

ox
� oðY _mahÞ

Rf oh
ð3Þ

where _max is the mass flux in the axial direction in kg/

m2s, _mah is the mass flux in the angular direction, and

_may is the radial air flow rate. The boundary conditions

for the air flow are
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_maxðx ¼ 0; hÞ ¼ 0 ð4aÞ

_maxðx ¼ L; hÞ ¼ CD

2qa

jPL � P1j

� �1
2

½P1 � PL� ð4bÞ

_mahðx; h ¼ 0Þ ¼ 0 ð4cÞ

_mahðx; h ¼ pÞ ¼ 0 ð4dÞ

where Eq. (4b) is derived from the pressure drop at the

opening by applying Bernoulli�s equation from P1 in

the far environment (x !�1) to the opening at

x = 0, and CD is the discharge loss coefficient at the

aperture of the domain dependent on discharge area

ratio of the aperture to the air layer thickness Y. The

mass flow rate in h and x directions will be solved in

terms of the driving pressure gradient in each direction,

while the flow rate in radial direction is governed by the

pressure differential across the fabric between the local

air layer pressure and the atmospheric pressure and

depends on the permeability of the fabric material.

2.2. Modeling of the radial air flow normal to the fabric

The analysis of the airflow through the fabric bound-

ary of the physical domain depicted in Fig. 1 is based on

the single lumped fabric layer of three-node adsorption

model described in detail by Ghali et al. [1,11]. In sum-

mary, the three-node model lumps the fabric into an

outer node, inner node, and an air void node. The air

flowing through the fabric void spaces does not spend

sufficient time to be in thermal equilibrium with the fab-

ric inner and outer nodes. The moisture uptake in the

fabric occurs first by the convection effect from the air

in the void node to the yarn surface (outer node), fol-

lowed by sorption/diffusion to the yarn interior (inner

node). The mass and energy balances of the fabric

three-node model are found in detail in Ref. [1] and will

not be repeated here. The modified fabric internal trans-

port coefficients of Ghaddar et al. [2] are used in this

work to extend the applicability of the normal ventila-

tion model to low normal flow rates that will occur near

the openings.

In this study the permeability of the fabric is consid-

ered constant at the standard experimentally measured

value under the pressure difference DPm = 0.1245 kPa

[17]. To get the normal airflow passing through the fab-

ric at other pressure differentials, other than the 0.1245

kPa, the amount of airflow is proportional to the pres-

sure differentials [1]. The normal airflow rate is then rep-

resented by

_may ¼
aqa

DPm

ðP � P1Þ kg=m2 s ð5Þ

where a is the fabric air permeability (a = 4.99 cm3/

cm2s), and, P is the air pressure of the air layer between
the skin and the fabric and P1 is the outside environ-

ment air pressure.

2.3. Modeling of the axial and angular internal air

layer flows

The flow in the x-direction, driven by time-periodic

pressure gradient, will be treated as locally governed

by Womersley time-periodic laminar channel base flow

[14,15,18]. Given oscillatory flow of the air, Womersley

further simplifies the analysis by assuming the channel

to be of sufficient length such that the flow is fully-devel-

oped and the slope oY/(Rfoh) is small to allow quasi-

parallel flow in the angular direction within the annulus.

With these simplifications, the governing momentum

equation for the axial velocity at any position x at fixed

h and the momentum equation for the angular velocity

at any position h at fixed x, respectively become

oux
ot

¼ � 1

qa

oP
ox

þ m
o2ux
oy2

ð6aÞ

ouh
ot

¼ � 1

qaRf

oP
oh

þ m
o2uh
oy2

ð6bÞ

The driving pressure in the air layer is oscillating with

the same frequency of the inner cylinder motion but with

a phase difference of (p/2). At the minimum spacing po-

sition Ymin = Ym � DY and the maximum spacing posi-

tion Ymax = Ym + DY, the pressure in the air layer

equalizes with P1 before the radial flow changes direc-

tion. The driving pressure gradients in the axial and

angular directions are written as follows:

� 1

qa

oP
ox

¼ Kx sin xt þ p
2

� �
¼ Kx cosðxtÞ ð7aÞ

� 1

qaRf

oP
oh

¼ Kh sin xt þ p
2

� �
¼ Kh cosðxtÞ ð7bÞ

where Kx is the pressure gradient amplitude factor

(Pam2kg�1) and Kh is the pressure gradient amplitude

factor in the angular direction (Pam2kg�1). Both ampli-

tude factors, Kx and Kh will be adjusted to satisfy the air

layer mass balance. Assuming a frequency-separable

transient solution, Eq. (6) are written for an oscillating

laminar flow in a channel for x and h directions as

follows:

oux
ot

¼ Kx cosðxtÞ þ m
o2ux
oy2

and ux � Y
2
; t

� �
¼ 0 ð8aÞ

ouh
ot

¼ Kh cosðxtÞ þ m
o2uh
oy2

and uh � Y
2
; h; t

� �
¼ 0

ð8bÞ

The analytical solution of Eqs. (8a) and (8b) exists in lit-

erature for ux(y,t) and similarly uh(x,t) as reported by
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Straatman et al. [18] in dimensionless form for

u0xðy; tÞ ¼ uxðy; tÞ=ðKx=xÞ and u0hðx; tÞ ¼ uhðy; tÞ=ðKh=xÞ.
The dimensionless axial and similarly angular velocities

are expressed as a function of y, t and the physical

parameters x and m [18]. The velocities in both directions

differ only in the amplitude factor of the driving pressure

gradient Kx and Kh. By prescribing a flow condition such

as pressure or volume flow rate in either direction, with

the same ventilation frequency, the value of Kx and/or Kh

can be determined at any given height Y. The mass flow

rate per unit area can be calculated as a function of time

at any local position x by integrating the x-velocity

u0x(y,t) over the height analytically or numerically as:

_m0
axðtÞ ¼ _maxY ¼ qa

YKx

2x
UðtÞ ð9aÞ

where U is the dimensionless flow rate for a unit pressure

gradient parameter given by

UðtÞ ¼
Z 1

�1

u0xðy0; tÞdy0 ð9bÞ

Similarly, the angular mass flow rate at any local angu-

lar position h is found by integrating uh over the layer

spacing Y at that position as:

_m0
ah ¼ _mahðtÞY ¼ qa

YKh

2x
UðtÞ; ðkg=smÞ ð10Þ

The air mass flow rate per unit depth _m0
axðtÞ is related to

the pressure drop in the channel through Eq. (6). The

pressure drop at the opening (x = 0) can be calculated

by applying Bernoulli�s equation from P1 in the far

environment to the opening at x = 0. The flow rate per

unit width in the angular direction has been related to

the angular pressure gradient by combining the standard

lubrication theory in fluid dynamics [19] and the

Womersley flow in a channel. Since the mass flow rate

is modeled as a function of pressure differences indepen-

dently in r, h, and x directions, then the mass balance of

the air layer would result in the following pressure

equation

qa

oY
ot

¼ �cayðP a � P1Þ þ Y qaUðtÞ
2x

oKx

ox
þ qaUðtÞ

2x
oðYKhÞ
Rfoh

ð11Þ

Eqs. (7) and (11) can be solved numerically for Pa, Kx

and Kh at any discrete location within the air layer as

a function of time while satisfying the imposed bound-

ary conditions given in Eqs. (4a)–(4d).

2.4. Water vapor mass balance

Once the pressure and mass flow rates in the air layer

are determined, the water vapor mass balance is per-

formed on the air layer. During the oscillation cycle,

the air from the environment will move through the fab-

ric void into the air layer when the pressure in the air
layer Pa(x,h) is less than that of the environment P1.

The airflow into the air spacing layer coming from the

air void node of the fabric 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 when

Pa(x,h) is less than P1 is given by

oðqaYwaÞ
ot

¼ hmðskin�airÞ½Psk � P a� � _maywvoid �
oðY _maxwaÞ

ox

� oðY _mahwaÞ
Rfoh

þ D
qaðwvoid � waÞ

ef=2
;

P aðx; hÞ < P1 ð12aÞ

When the pressure in the air layer Pa(x,h) is greater than
P1, the airflow through the fabric void out of the air

spacing will carry the same humidity ratio of the internal

air layer. Then the water vapor mass balance for the air

spacing layer when Pa(x,h) is greater than P1 is given by

oðqaYwaÞ
ot

¼ hmðskin�airÞ½Psk � P a� � _maywa �
oðY _maxwaÞ

ox

� oðY _mahwaÞ
Rfoh

þ D
qaðwvoid � waÞ

ef=2
;

P aðx; hÞ > P1 ð12bÞ

where hm(skin-air) is the mass transfer coefficient between

the skin and the air layer. The terms on the right hand

side of Eqs. (12a) and (12b) are explained as follows:

the first term represents the mass transfer from the skin

to the trapped air layer where the mass transfer coeffi-

cient at the skin to the air layer is obtained from pub-

lished experimental values of Ghaddar et al. [12]; the

second term is the convective mass flow coming through

the fabric voids; the third term represents the net flux in

the axial direction; the fourth term is the net flux in the

angular direction and the last term is the water vapor

diffusion term from the air layer to the air in the fabric

void due to the difference in water vapor concentration.

2.5. Energy balance of the air layer

The energy balance for the air–vapor mixture in the

air spacing layer will be performed taking into account

the axial and angular air motions, as well as the radial

motion with its effect on the properties of the air mass

that enters the domain and leaves the domain during

the oscillatory upward and downward motion of the

inner cylindrical boundary. An energy balance of the

air spacing of the fabric expresses the rate of change

of the energy air–vapor mixture of the air-layer in terms

of the external work done by the environment on the

air layer, the evaporative heat transfer from the moist

skin, the dry convective heat transfer from the skin,

the convection of heat to the air layer associated with

_may coming through the fabric boundary, and the heat

diffusion from void air to confined air layer due to gra-

dients in temperature and water-vapor concentrations.
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The energy balance of the air layer when Pa(x,h) is less
than P1 is given by

o

ot
qaY ðCvT a þ wahfgÞ
� 	

þ P1
oY
ot

¼ hmðskin�airÞhfg½P sk � P a� þ hcðskin�airÞ½T sk � T a�

� _may ½CpT void þ wvoidhfg� �
oY ½ _maxðCpT a þ wahfgÞ�

ox

� o½Y _mahðCpT a þ wahfgÞ�
Rfoh

þ Dhfg
qaðwvoid � waÞ

ef=2

þ ka
ðT void � T aÞ

ef=2
;

P aðx; hÞ < P1 ð13aÞ

When Pa(x,h) is greater than P1, the energy balance in

the air spacing layer becomes

o

ot
qaY ðCvT a þ wahfgÞ
� 	

þ P1
oY
ot

¼ hmðskin�airÞhfg½P sk � P a� þ hcðskin�airÞ½T sk � T a�

� _may ½CpT a þ wahfg� �
o½Y _maxðCpT a þ wahfgÞ�

ox

þ o½Y _mahðCpT a þ wahfgÞ�
Rfoh

þ Dhfg
qaðwvoid � waÞ

ef=2

þ ka
ðT void � T aÞ

ef=2
;

P aðx; hÞ > P1 ð13bÞ

where ka is the thermal conductivity of air since the fab-

ric void thickness is very small, conduction of heat from
Fig. 2. The discr
the fabric void air to the trapped air layer is represented

by the law of the wall as shown in the last two terms of

Eqs. (13a) and (13b).
3. Numerical procedure

3.1. Discrete formulation

The control volume methodology is used to divide

the air layer into grids of size Dx, RfDh, and height

Y(h, t) as shown in Fig. 2. Each grid volume contains a

lumped adsorption system of fibrous inner, outer nodes

and air void as the upper boundary. The discrete air

pressure at the volume center and annulus gap size nota-

tions are

Pn
i;j ¼ P aðnDt; ðxi�1;j þ xi;jÞ=2; jRfDhÞ ð14aÞ

Y n
j ¼ Y m þ DY sinðxnDtÞ cosðjDhÞ;
fi ¼ 0 . . .Nx; and j ¼ 0;N hg ð14bÞ

where n is the discrete time step number.

In this work, only the discrete model equations for

the air mass balance are given to illustrate the method-

ology. At the end boundary x = 0, there will be a flow

direct to or from the environment, _m0. The mass flow

rates in x and h directions are dependent on the pressure

gradient parameters Kx, and Kh, while _may depends on

pressure difference (Pa � P1). The temporal integration
ete system.
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of the air layer mass balance for an internal node (i,j),

assuming air is incompressible, is performed using the

first order Euler Forward scheme. The discrete form of

the air mass balance equation is given by

qa

dY n
j

dt

� �
¼ cay P1 � Pn

i;j

� �
� qa

�
Y n

j

2x
Un

Kn
xði;jÞ � Kn

xði�1;jÞ

Dx
þ
Kn

hði;jÞ � Kn
hði;j�1Þ

RfDh

� �

� qa

Kn
hði;jÞ

2x
Un

Y n
jþ1 � Y n

j

RfDh

� �
ð15aÞ

where cay is a linearized coefficient in the radial direc-

tion, kg/kPasm2 obtained from Eq. (4) as

cay ¼
aqa

DPm

ð15bÞ

Eq. (15a) has three unknowns Pn
i;j, Kx(i,j) and Kh(i,j). The

gradient factors Kx(i,j) and Kh(i,j) are correlated to the

pressure by

Pn
iþ1;j ¼ Pn

i;j þ qaK
n
xði;jÞDx sinðxnDtÞ ð16aÞ

Pn
i;jþ1 ¼ Pn

i;j þ qaK
n
hði;jÞRfDh sinðxnDtÞ ð16bÞ

The above equations are solved at each time step for the

pressure Pn
i;j, K

n
xði;jÞ and Kn

hði;jÞ at every node in the compu-

tational domain. The pressure is used to determine the

airflow in each direction. The pressure and the airflow

rates are then used as direct inputs in the water vapor

mass balance and the energy balance of the air layer con-

trol volume, and of the fabric nodes and void space.

These equations will be integrated numerically using

first-order Euler-Forward scheme in time and control

volume methodology in space.

The solution will start at each time step by assuming

a value of the pressure at node (Nx,Nh) calculating the

pressure at the opening (see Eq. (4b)), solving the pres-

sure equations for Kx and Kh in Eqs. (15a) and (15b)

concurrently with the pressure recurrence formula in

Eq. (16) at all the internal nodes. The solution will pro-

duce new value of PNx,j which will be used again in the

solution of Eqs. (16a), (16b) and (15) until the solution

converges where the percent error in the pressure be-

tween any two iterative steps is less than 10�7%. Once

the pressure distribution is determine at any time step,

the mass flow rates in all directions are calculated and

then the water vapor mass balances and the energy bal-

ances are solved for the values of temperature and

humidity ratio of the air layer, and the fabric inner, out-

er and air void nodes. 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 psychometric formulas of Hyland

and Wexler [20] to predict the saturation water-vapor

pressure and hence the vapor pressure at the specified

relative humidity.
The evaluation of the instantaneous sensible and la-

tent heat loss from the inner cylinder then follows. The

mean steady periodic time and space-averaged values

of the mass flow rates are also calculated. The normal

ventilation rate integrated over one time period of mo-

tion at any axial position is defined by

_maY ¼ 1

s

Z s

0

Z p=2

�p=2
_mayRdhdt; kg=sm2 ð17aÞ

where s is the period of oscillation. The net ventilation

rate inflow or outflow to the microclimate air layer

through the open aperture during one period of motion

is defined by

_mo ¼
1

s

Z s

0

Z p=2

�p=2

_mo dhdt kg=sm2 ð17bÞ

For the parametric analysis, a dimensionless amplitude

parameter is introduced by

f ¼ DY
Y m

¼ DY
Rf � Rs

ð17cÞ

where the maximum change in the annulus spacing is di-

vided by the mean annulus spacing.

3.2. Numerical accuracy and stability

Numerical tests were performed to assure a grid inde-

pendent, stable and accurate solution for a domain of

length L = 50 cm, Rf = 7.56 cm, Rs = 3.75 cm, CD = 1,

Ym = 38.1 mm and DY = 0.635 mm at f = 25 rpm using

different mesh sizes to get a grid independent solution in

axial and angular directions. Runs were performed with

uniform grid sizes of Dx = 0.01 m, 0.005 m, and 0.004 m

and a variable gird size of 0.005 close to opening and

0.01 for inner parts. The variable grid size produced grid

independent results with less number of grid points than

the uniform grid of the axial mass flow rate. In the polar

direction, uniform values of Dh = 6�, 9�, 11.25�, and 18�
degrees were used to test grid independent solution in

that direction. At Dh = 18� and 6�, the relative error is

0.8% at the maximum flow rate while the error for

Dh = 9� and 6� degrees is 0.0539%. The size of the time

step was taken at 0.01 s and 0.001 s over a total integra-

tion period of 3600 s. At low frequencies, the higher time

step of 0.01 was sufficient to produce a stable accurate

solution with the selected grid size.
4. Experimental procedure for estimation of the

ventilation rates

In this section, the developed experimental setup to

measure the time-space averaged radial airflow rates

renewal in the air layer for closed aperture system and

total ventilation rate for open aperture system is
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discussed. Experiments were conducted in a climatic

chamber where temperature and humidity were main-

tained at T1 = 25 ± 0.5 �C and RH = 50 ± 2%, respec-

tively. Untreated cotton was chosen as a representative

of a most common worn fabric to use in the ventilation

tests. The cotton was obtained from Test fabrics Inc.

(Middlesex, NJ 08846), and is made of unmercerized

cotton duck, style #466 of thickness of 1 mm.

Fig. 3 shows a schematic of the experimental setup

that consisted of: (i) a PVC solid inner cylinder (arm)

7.8 cm in diameter and 60 cm long; (ii) an outer 60 cm

long cylinder (sleeve) of 13 cm diameter made of a thin

metallic screen of 2 cm open squares where the cotton

fabric is wrapped around and fitted; (iii) a power screw

mechanism for up and down motion that includes, two

power screws, two sliders, two guides, electric DC
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Sleev
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Fig. 3. Experime
motor; relays for reversing motor direction of rotation;

and chain drive; (iv) support platform; and (v) flexible

impermeable plastic membranes. The selection of the

length is based on realistic physical length of a sleeve,

or cloth-covered trunk between the waist and the aper-

ture at neck. The inner cylinder is connected to the slid-

ers of the power screw mechanism where it is subjected

to an up and down motion driven by the gear and chain

mechanism connected to the DC motor. The DC motor

rotational speed is controlled by a variable power supply

to obtain different motion frequencies. The outer sleeve

cylinder is fixed to the platform frame and is capped at

both ends with a flexible impermeable plastic membrane

to prevent air leaks in the axial direction. The periodic

motion is not exactly a sinusoid where the inner cylinder

moves up at constant speed to reach the maximum
e
Flexible seal

er Gas inlet

ntal setup.
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height and then the relay reverses direction to start the

downward motion of the cycle as shown in Fig. 3. The

amplitude of oscillations tested is 21 mm corresponding

to amplitude ratios of f = 0.8. The selection of the

amplitude of oscillation is selected to represent cases

of medium to loose clothing situations. Experiments

are conducted for gear motor frequencies of 30, 40

and 60 rpm. In the plane above the fabric cylinder, a

fan is placed to provide sufficient circulation of air (0.7

m/s) for maintaining the constant chamber ambient con-

ditions around the fabric.

The radial (normal to the fabric) time-space-averaged

ventilation flow rate is measured using tracer gas meth-

od with both ends of the annulus closed. The radial air

flow rate is induced by the inner cylinder motion at fixed

environment temperature in the climatic chamber. The

tracer gas method is used as described by Havenith

et al. [6]. The measurements are done by injecting an inert

gas (N2) at a fixed rate through nozzles placed at holes

drilled in the inner cylinder normal to the surface where

the location of the holes drilled on the side and front

views of the air annulus. The concentration of the oxy-

gen gas is measured in the air gap at different angular

and axial locations using a standard exhaust gas ana-

lyzer (Emissions Systems INC, EMS Model 4001). The

gas analyzer measurements have an accuracy of

±0.05% of volume of O2 of air sample. The concentra-

tion is measured at a radial distance of 4 mm in the

air layer away from the fabric outer cylinder. The nitro-

gen gas is injected by a flow regulator that injects nitro-

gen into the air layer in the range of 0.1–1.5 L/min from

a pressurized nitrogen vessel. The standard air sample

composition by volume is 79% N2 and 21% O2. To ob-

tain the concentration of N2 in the microclimate, the re-

corded concentration of O2 is deducted from the 100 %.

The total volume flow rate renewal can be calculated

from the trace gas mass flux wtr (m
3/s), and the measured

concentrations Ca (m
3 O2/m

3 air) and C1 (m3 O2/m
3 air)

at inner and outer locations, respectively, as:

_ma

qa

½C1 � Ca� þ wtr ¼ 0 ð18Þ

The concentrations measured in the microclimate be-

tween the cylinder and the fabric cylindrical layer by di-

rect sensor readings.

Two sets of experiments were conducted for the case

of closed apertures at both ends of the annulus and the

case of open aperture at one end. The experimental set-

up was placed in the environmental chamber where con-

stant climatic conditions were maintained for a period of

24 h before the start of the experiments. At any selected

frequency of the moving inner cylinder, the motion is

maintained for at least 60 min before a steady injection

of the N2 through the holes of the inner cylinder was

started. Steady conditions of renewal flow rate of the
air in the annulus were reached within 0.5 h from the

onset of injection. The reading of N2 concentrations were

recorded every 10 min for 1 h of the climatic chamber air

outside the fabric sleeve and at three axial positions as

shown in the figure and at five different angular locations

inside the annulus of the air layer for both sets of closed

and open aperture experiments at the three selected fre-

quencies. The experiments were repeated at different N2

injection rates to check the homogeneity of the calculated

N2 concentration inside the annulus and repeatability

of the O2 concentration measurements. A value of 0.5

L/min was selected to conduct the measurements. The

environmental chamber air was refreshed frequently

between experiments to prevent nitrogen concentration

build up in the chamber. The air renewal rate in the

annulus was calculated using Eq. (18).
5. Results and discussion

The ambient conditions for the simulations are taken

for all the runs similar to the experimental conditions of

25 �C and 50% RH and the inner cylinder skin condition

is taken as saturated at 35 �C and 100% relative humid-

ity. First, a comparison is performed between experi-

mental and numerical model predictions of ventilation

rates. Results of the 2-D radial and angular flow are

then presented for close apertures and results of the 3-

D model are discussed when the system has an open

aperture at x = 0. Comparison is made with the limiting

cases of normal 1-D flow [1], 2-D plane flow [2], and to

published empirical results of Lotens [3,21].

5.1. Experimental validation of the ventilation model

Fig. 4(a) and (b) shows a plot of the experimentally

measured (a) radial mass ventilation rate �_maY of the

closed apertures setting and (b) total ventilation rate

(�_maY þ �_mo) of the open aperture at one end setting as a

function of the frequency of oscillation at an amplitude

ratio of f = 0.8 for a domain length of 0.6 m. The theo-

retically predicted values are also shown on the same

plot. The agreement of the model prediction improves

significantly at higher frequencies. At f = 0.8, the mean

percent error of the measurements compared with the

predicted values of the model were 52%, 27.5% and

6.7% corresponding to the frequencies of 30 rpm, 40

rpm, and 60 rpm, respectively. The large error at the

low frequency of oscillation is due to the lower angular

flow rate that decreases the homogeneity in the nitrogen

concentration and would result in a larger error in the

measured concentration average at the different angular

positions. Good agreement was obtained between the

model prediction and experimental measurements for

open apertures where the mean percent errors of the

measurements compared with the predicted values of
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Fig. 4. (a,b) A plot of the experimentally measured (a) radial

mass ventilation rate �_maY of the closed apertures setting and (b)

total ventilation rate (�_maY þ �_mo) of the open aperture at one end

setting as a function of the frequency of oscillation at an

amplitude ratio of f = 0.8 for a domain length of 0.6 m. The

theoretically predicted values are also shown on the same plot.
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Fig. 5. (a–c) shows the angular variation of (a) the radial

ventilation flux at f = 0.16; (b) the radial ventilation flux at

f = 0.8; and (c) the angular internal flow at f = 0.8 of the air in

the annulus for different times in the motion cycle at f = 25 rpm,

Ym = 38.1 mm, L = 50 cm, Rf = 7.56 cm, Rs = 3.75 cm, and

CD = 1.
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the model were 51%, 11.6% and 13% corresponding to

the frequencies of 25 rpm, 40 rpm, and 60 rpm, respec-

tively. The total air renewal ventilation rates for open

aperture are smaller than the closed aperture renewal

values at the same frequency.

5.2. Closed apertures radial and angular flow system

analysis (no axial flow)

Fig. 5(a)–(c) shows the angular variation of (a) the

radial ventilation flux at f = 0.16; (b) the radial ventila-

tion flux at f = 0.8; and (c) the angular internal flow at

f = 0.8 of the air in the annulus for different times in

the motion cycle at f = 25 rpm, Ym = 38.1 mm, L = 50

cm, Rf = 7.56 cm, Rs = 3.75 cm, and CD = 1. As the

amplitude increases, the ventilation flux in the radial

direction increases. The position of zero radial mass flux

deviates from h = 90�. This deviation increases with the

increase of amplitude ratio. Due to symmetry, the angu-

lar air mass flux is zero at h = 0 and h = 180�. The posi-
tion of the maximum mass flux in the angular direction

changes with time. A vector plot of the radial and angu-
lar air layer mass fluxes is shown in Fig. 6 different times

of the cycle with a step of 0.3 s = 0.125 t/s at f = 0.8 and

f = 25 rpm. The air layer flow is zero when the inner cyl-

inder reaches extreme positions up and down. The pres-

sure within the air layer at those positions is the same as

the ambient pressure. Fig. 7 shows the mean radial ven-

tilation rate per cycle _maY with the amplitude at different

frequencies for the 2-D annulus flow.

Fig. 8 shows the temperature contour plots in the air

layer annulus for n = 0.8 and f = 25 rpm (s = 2.4 s) at
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Fig. 6. Vector plot of the angular and radial air layer mass fluxes during one cycle at n = 0.8 and f = 25 rpm (s = 2.4 s).
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different times of the cycle. The hot and cold regions in

the annulus are a direct effect of low and high radial ven-

tilation rates, respectively. The temperature varies from

31.44 �C to 34.34 �C. The minimum temperature is at

h = 0� and h = 180� where high radial ventilation rates

occur during the motion. The maximum temperatures

in the air layer occur around h = 90� where minimal ra-

dial ventilation exists. When the inner cylinder (arm) is

moving in the downward direction, radial air penetra-

tion comes from the environment through the fabric

air voids causing lower temperatures in that region.

During upward motion of the arm, a gradual heating

of the upper half region occurs due to the hot air adja-
cent to the skin penetrating the fabric void and leaving

the domain with a gradual cooling in the lower side as

the ambient air now penetrates the lower section.

5.3. Open apertures 3-D annular system analysis

Introducing an aperture to the arm will induce air re-

newal in the axial direction through the opening, in

addition to the radial direction renewal. Fig. 9(a)–(c)

presents a plot of (a) the mean ventilation rate at the

opening �_mo vs. the amplitude ratio at different frequen-

cies of motion; (b) the flow rate at the opening vs. time

during one period of oscillation at different amplitude
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Fig. 7. The variation of the radial ventilation rate _maY with the

amplitude ratio at different frequencies of f = 25, 30, and 35

rpm for 2-D flow of the annulus.

t / τ = 0 t / τ = 0.12

t / τ = 0.5t / τ = 0.375

t / τ = 0.75 t / τ = 0
304.6
304.4
304.2
304
303.8
303.6
303.4
303.2
303
302.8
302.6
302.4
302.2
302
301.8
301.6
301.4
301.2
301
300.8

Fig. 8. The temperature contour plots in the air layer annulus for n

N. Ghaddar et al. / International Journal of Heat and Mass Transfer 48 (2005) 3151–3166 3163
ratios, (c) the axial variation of the time and h-space-
averaged radial flow rate at different amplitude ratios

for f = 25 rpm. As the amplitude ratio increases the air

renewal through the opening increases (Fig. 9(a)). Con-

versely, as the frequency increases the ventilation rate

through opening decreases. As the oscillation amplitude

increases, a delay takes place of the time at which the

peak ventilation rates take place during the cycle (Fig.

9(b)). It is clear from Fig. 9(c) that at the opening

(x = 0), the radial ventilation rate approaches zero and

a high gradient of radial flow rate occurs within the first

10% of the opening. For most of the domain interior,

negligible axial flow exists and the radial flow rate is

constant.

The temperature of the air layer annulus is calculated

at the opening at f = 25 rpm and f = 0.16 and the
5 t / τ = 0.25

t / τ = 0.625

.875 t / τ = 1.0

= 0.8 and f = 25 rpm (s = 2.4 s) at different times of the cycle.
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Fig. 9. (a–c) A plot of (a) the mean ventilation rate at the

opening _mo vs. the amplitude ratio at different frequencies of

motion; (b) the flow rate at the opening vs. time during one

period of oscillation at different amplitude ratios, (c) the axial

variation of the time and h-space-averaged radial flow rate at

different amplitude ratios for f = 25 rpm.
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Fig. 10. (a,b) The 3-D ventilation model predictions and the

planar 2-D model [2] of (a) time-averaged sensible heat loss and

(b) time-averaged latent heat losses in W/m2 as a function of x

at f = 25 rpm and f = 0.16, 0.5 and 0.8.
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temperature is found to vary from 25.34 �C to 32.84 �C.
The maximum air temperature is reached around h = p/2
as expected because the air renewal rate is minimum in

that region. The maximum spatial temperature differ-

ence during the cycle at the opening is around 7.5 K

compared to 3.1 K at the closed end. The presence of

the opening has actually reduced the cooling effect on

the internal air layer and consequently will reduce the

sensible and latent heat losses. Fig. 10(a) and (b) show

the 3-D ventilation model predictions and the planar
2-D model [2] of (a) time-averaged sensible heat loss

and (b) time-averaged latent heat losses in W/m2 as a

function of x at f = 25 rpm and f = 0.16, 0.5 and 0.8.

The heat loss increases as the amplitude is increased.

In addition, the heat losses are higher at the boundary

open to atmosphere because of the big difference be-

tween the temperature and humidity ratio between room

conditions and the skin condition. The time and space-

averaged total heat loss of the 2-D planar ventilation

model [2] of parallel air flow in a channel with an upper

moving fabric boundary and in presence of open aper-

ture for f = 25 rpm was reported as 247.04 W/m2 com-

pared with 180.44 W/m2 for the current 3-D open

aperture model that include the effect of angular motion.

The decrease in heat loss by 27% is due to the angular

flow rate that reduces the radial (normal to the fabric)

ventilation compared to the 2-D normal/axial ventila-

tion model. Table 1 presents the total sensible and latent

heat losses determined at different amplitude ratios and

frequencies. Open aperture clothing ventilation system

induces less heat loss from the closed aperture clothing

ventilation system. At higher frequencies, the effect of

the opening on the heat loss is reduced. The results show



Table 1

The time-space averaged sensible and latent heat losses at various ventilation frequencies of the fabric and the corresponding heat

losses for closed and open aperture systems

Amplitude

ratio n
Frequency f (rpm) Sensible heat loss (W/m2) Latent heat loss (W/m2)

Closed apertures

(2-D flow radial and angular)

Open aperture

(3-D flow)

Closed apertures

(2-D flow radial and angular)

Open aperture

(3-D flow)

0.16 25 29.45 29.14 152.13 151.30

30 36.20 36.02 189.40 189.20

35 42.50 42.13 223.12 222.80

0.5 25 60.58 59.80 317.24 316.20

30 71.650 68.90 371.23 368.55

35 84.86 83.70 445.40 443.80

0.8 25 77.63 77.70 402.15 400.90

30 87.88 86.58 450.60 447.90

35 95.50 94.80 485.60 483.60
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that the presence of the opening has resulted in lower

sensible and latent heat loss than the 2-D model repre-

senting closed apertures system. The percentage drop

in total heat loss due to open aperture is however, less

than 1% at the ventilation frequencies considered of

25, 30, and 35 rpm, respectively. These results are consis-

tent with published experimental data of Lotens

[3,21,22] and Danielsson [4]. Lotens has reported exper-

imental measurements of the internal air layer evapora-

tive resistance at the skin and in the internal air layer as

a function of open or closed apertures and walking

speed for high air permeable clothing ensemble made

of cotton fabric. He noticed that the resistance to vapor

transfer with closed and open apertures are not very dif-

ferent regardless of the outside air velocity. His results

show that vapor resistance from the body at zero walk-

ing speed and 0.2 m/s wind is slightly higher for closed

aperture than for open aperture. However, as walking

speed is increased to 0.694 m/s and 1.388 m/s, the evap-

orative resistance at the skin and in the internal air layer

at the same wind speed of 0.2 m/s, decreased by 1.4%

and 7.6%, respectively. Similar results have been re-

ported by Danielsson [4] on higher heat loss and higher

internal convective coefficients for closed aperture cloth-

ing over various body parts as compared to respective

values for open aperture clothing at walking conditions.

It is clear that for long domains, the presence of the

openings will only have a local effect close to the bound-

ary, while at the same time reducing the air renewal flow

rate by normal ventilation due to reduced pressure dif-

ference through the fabric between the internal layer

and the environment.
6. Conclusions

The coupled convection heat and moisture exchange

within the clothing system subject to sinusoidal air layer
thickness variation about a fixed mean is theoretically

modeled to predict the fabric temperature and the tran-

sient conditions of the air layer located between the

outer fabric and the inner cylindrical skin. The devel-

oped mathematical model is based on Womersley flow

for the axial and angular flow directions and uses a

three-node adsorption ventilation model for the fabric

in the radial airflow direction. The predicted ventilation

flow rates agree well with experimental measurements

of total renewal rates for closed and open aperture.

The agreement improves at higher frequencies of

ventilation.

The developed model of the 3-D internal air layer

flow motion and the resulting flow rates in 3-directions

brings results of heat loss closer to the experimental find-

ings of Lotens [3] that show slight reduction in heat loss

for open aperture of highly permeable clothing.

The current model approach is novel in its consider-

ation of the periodic nature of air motion in the trapped

layer between skin and fabric from first principles that

capture all the physical parameters of the system. The

model provides an effective and fast method of provid-

ing solution at low computational cost. This make the

model attractive for integration with human body ther-

mal models to better predict human response under dy-

namic conditions. The 3-D motion within the air layer

and its interaction with the ambient air through the fab-

ric and the aperture is a complex basic problem. The

introduction of the Womersley flow in the axial and

angular directions has reduced the complexity of the

solution and predicts realistic mass flow rate through

the apertures. In long domains, the effect of the aperture

is localized. In conclusion the model is not computation-

ally expensive since a two independent 1-D models in the

polar and axial directions are used, in additions to a

lumped model in the radial direction. The results pro-

duced captured the physics of the flow and accurately

predicted the heat loss from the body.
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