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Abstract

The pore size distribution and the fiber diameter on the coupled heat and liquid moisture transfer in porous textiles
are investigated to reveal the mechanisms of the coupling effects. This paper focuses on a theoretical investigation of
the coupling mechanism of heat transfer and liquid moisture diffusion in porous textiles by using an improved
mathematical model. In this model, the pore size distribution is assumed to be a cubic-polynomial distribution, which
is close to the experimental measurements [Text. Res. J. 56 (1) (1986) 35]. The liquid diffusion behavior in porous
textiles can be described as a diffusion equation. The improved diffusion coefficient can be expressed as: Di(g) =

2 f 7o . R . . .
Z ‘If y ;zfj:s]a cos ¢p. For comparison, two types of pore distribution and the fiber diameter in the porous textiles are

discussed. With specification of initial and boundary conditions, the distributions of the temperature, moisture con-
centration, and liquid water content in the porous textiles can be numerically computed. The comparison with the
experimental measurements shows the superiority of this new model in resolving the coupled heat and liquid moisture
transfer in porous textiles. The results illustrate that the heat transfer process is influenced by the pore size distribution

and fiber diameter of the porous textiles.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The pore size distribution and the fiber diameter
present in a fibrous material often have significant im-
pact on the moisture transport processes. Pore size dis-
tribution can influence the rate and magnitude of
spontaneous uptake of liquids in porous textiles and
control the flow pattern of a fluid moving through a
porous material. The fiber diameter can influence the
heat rate of sorption or desorption of water vapor by the
fibers. Due to the much greater porosity range, the fi-
brous porous textiles, which have certain degree of
moisture absorption capability (called hygroscopicity),
have a much wider range in flow resistance than porous
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media made of granular particles. Given the fiber dia-
meter and particle size, one can determine how much
material is required for a porous media. Not so easily
determined is permeability or flow resistance. The flow
of the liquid moisture through the textiles is caused by
fiber-liquid molecular attraction at the surface of the
fiber materials, which is mainly determined by the sur-
face tension and effective capillary pore distribution and
pathways. Evaporation and/or condensation take place,
depending on the temperature and moisture distribu-
tions. The heat transfer process is coupled with the
moisture transfer processes with phase changes such as
moisture sorption/desorption and evaporation/conden-
sation.

Based on the filtration media properties, the Kozeny—
Carman equation was developed to provide a descrip-
tion of fluid flow in the porous media. One form of this
equation is
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Nomenclature

A, cross-sectional flow area (m?)

B permeability of the porous media (m?)

Cy volumetric heat capacity of the fabric (kJ/
m’K)

Cyp volumetric heat capacity of the fiber (kJ/m?
K)

Cyg volumetric heat capacity of the vapor (kJ/
m’K)

Cy volumetric heat capacity of the liquid water
(kJ/m*K)

cr saturated water vapor concentration (kg/m®)

C; water vapor concentration in the fibers of
the fabric (kg/m?)

Ce water vapor concentration in the air filling
the inter-fiber void space (kg/m?)

Cap water vapor concentration of the ambient
air (kg/m?)

Cr water vapor concentration at the fiber sur-
face (kg/m?)

d. effective radius of the pore in fabrics (m)

Dy diffusion coefficient of water vapor in the
fibers of the fabric (m?/s)

D, diffusion coefficient of water vapor in the air
of the fabric (m?/s)

D, diffusion coefficient of liquid water in the
fabric (m?/s)

g acceleration of gravity (m/s?)

he convection mass transfer coefficient (m/s)

hi_g mass transfer coefficient (m/s)

Iy convection heat transfer coefficient (W/m? K)

Ky Kozeny constant

Koix thermal conductivity of the fabric (W/m K)

L thickness of the fabric (m)

m mass flux of liquid moisture through the
capillaries (kg/m?s)

my total number of capillaries in porous textiles

M total mass flow rate of liquid moisture
through the porous textiles (kg/s)

p pressure in the capillary (N/m?)

r radial co-ordinate of a fiber (m)

7 capillary radius in fabrics (m)

R, critical capillary radius in fabrics (m)

R¢ radius of fibers (m)

So shape factor (1/m)

N specific volume of the fibers (1/m)

t real time from change in conditions (s)

T temperature of the fabric (K)

T temperature of the ambient air (K)

/8 water content of the fibers in the fabric
(W = Ct/p)

X x-coordinate

Greek symbols

& porosity of the fabric

& volume fraction of fibers

&g volume fraction of water vapor

g volume fraction of liquid phase

A latent heat of evaporation of water(kJ/kg)

A heat of sorption or desorption of liquid
water by fibers (kJ/kg)

Ay heat of sorption or desorption of vapor by
fibers (kJ/kg)

p density of the fibers (kg/m?)

0 density of the liquid water (kg/m?)

Ty effective tortuosity of the fabric for water
vapor diffusion

T effective tortuosity of the fabric for liquid

water diffusion
p the average angle of the capillaries in fabrics
n dynamic viscosity (kg/ms)
o surface tension (N/m)
¢ contact angle

where K| is the Kozeny constant, Sy a shape factor, and ¢
the porosity. B is the permeability of the porous media,
which is determined by the type of porous media and the
pore geometry. Later Jackson and James [1] studied the
permeability of fibrous porous media. Davis and James
[2] used the analytical techniques to find the permeability
of a model of a fibrous porous medium. In his research
the model is an array of thin annular disks periodically
spaced in planes normal to the flow, where the repeating
unit is a square or an equilateral triangle, and the planes
are uniformly spaced in the flow direction. The solution
of Stokes equations for flow through the array is found
by the method of distributed singularities, and the drag
on the disk is estimated by asymptotic technique. From

the drag, the flow resistance or permeability of the array
is found. By matching the thin disks to thin rings, the
array simulates fibrous materials like filters. In order to
investigate the impacts of the arrays of fibers on the
liquid flow in the porous textiles Howells [3] studied the
motion of a Newtonian fluid through a sparse random
array of small fixed rigid objects. Drummond and Tehir
[4] researched the laminar viscous flow through regular
arrays of parallel solid cylinders. Sangani [5] and his
coworkers investigated the slow flow past periodic ar-
rays of cylinders with application to heat transfer.
Furthermore, they [6] studied the transport processes of
the Viscous flow in random arrays in cylinders. The re-
sults show that minimum permeability generally occurs
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for the most uniform pore distribution. The conclusions
are agreement with our investigation. More recently, Li
and Zhu [7,8] developed a mathematical model that
takes into account the coupled heat and moisture
transfer processes with consideration of vapor diffusion,
fiber moisture sorption, condensation/evaporation and
liquid transport by capillary actions. In these researches
clusters of parallel fibers twisted up form pores of linear
distribution in porous textiles. Later they studied a
model [9] of the liquid water transfer coupled with
moisture and heat transfer in porous textiles with con-
sideration of the influence of gravity. Detailed mathe-
matical analysis is carried out to describe the capillary
actions and gravity effects of liquid water. On the basis
of a fractional volume of fluid (VOF) method, the dis-
tributions of the temperature, moisture concentration,
and liquid water content in the porous textiles for the
different degree of hygroscopicity were numerically
computed by this technique.

In this paper, we study the effects of the pore size
distribution and fiber diameter on the coupled heat and
liquid moisture transfer in porous textiles to reveal the
mechanisms of the coupling effects. The liquid transport
in porous textiles can be described as a diffusion equa-
tion, which is mainly determined by the surface tension
and effective capillary pore distribution and pathways.
This equation is incorporated into the energy conser-
vation equation and the mass conservation equations of
water vapor and liquid water transfer, which include
vapor diffusion, evaporation and sorption of moisture
by fibers. A cubic-polynomial pore distribution, which is
close to the experimental measurements [11], is used to
replace the linear assumption [9] of the pore size dis-
tribution in porous textiles. A series of computations
with systematic variation of the pore size distribution
and fiber diameter are carried out to investigate the
interactions between heat transfer and moisture trans-
fer. Meanwhile, experiments were conducted to validate
the model. The predictions of temperature changes
during moisture transients are compared with experi-
mental measurements. The comparison with the exper-
imental measurements shows the superiority of this
new model in resolving the coupled heat and liquid
moisture transfer in porous textiles. The results illustrate
that the heat transfer process is influenced by the pore
size distribution and fiber diameter of the porous
textiles.

2. Governing equations

In this paper we consider a porous textile slab (e.g. a
fabric). The governing equations are expressed in [9].
The mass balance of the vapor is considered in Eq. (1).
The mass balance of liquid phase is considered in Eq.
(3). The energy balance is established in Eq. (2)

0(Cete) o(Crer) -
aé; : + @ ot - hl"gSv(C (T) - Cg)
120 0(Cyty)
Tty Ox {Dg 0x L
or a(Cfo) a(Cfo)
CVE_WIAU Y —wz/hT
0 or
! * _ —- Lo
+ A S, (CH(T) — Cy) o {Kmlx ax} (2)
A(pier) 0(Crer) -
20) 4, ) 4y S1(C (1) - )
_0 o(per) o(pyer)
T ox {Dl(al) Ox +b(a) Ox (3)
g +egter =1 4)

where Dj(¢) and b(g) are determined by the pore size
distribution in porous textiles. Detailed analysis can be
found in the next section. /, is a heat of sorption of
water vapor by fibers, 4 is a heat of sorption of liquid
water by fibers, 4 is the latent heat of evaporation, i is
the mass transfer coefficient, K is the thermal con-
ductivity of the fabric, D; is the liquid diffusivity and
Cy = EfCyf + EgCyg + E€1Cy

m=(1-9%, m=1-242¢
€ e &

@ denotes the proportion of the sorption of water vapor
by fibers. @, denotes the proportion of the sorption of
liquid water by fibers. ¢ is a function of the degree of
saturation of liquid moisture in porous textiles. In this
paper we use that ¢ = (g/¢)"”, (m < 1). The ratio of &/¢
is defined as the degree of saturation of liquid moisture
in porous textiles. Here S| = &,S, = &, {SY, Sy = 2. S/
is the specific volume of the fibers. C*(T) is the satu-
rated vapor concentration and solely determined by
the temperature. Consider that & = 1 — ¢ = const; > 0.
We have ¢ +¢ =1—¢g =e=consty, 1 >¢=>0, 1 >
& = 0.

Sorption and desorption of moisture by the fibers
obey the Fickian law [10],

r 1 r

where D¢(x,¢) is the diffusion coefficient, which has dif-
ferent presentation at different stages of sorption, x is the
coordinate of a fiber in the given fabric and r is the ra-
dial coordinate in a fiber. The boundary condition is
determined by the relative humidity of the air sur-
rounding a fiber at x. In a fabric, D¢ (x, ¢) is a function of
W.(x, 1), which is dependent on the time of sorption and
the location of the fiber.

The initial and boundary conditions are same as [9].
Initially, a porous textile is equilibrated to a given at-
mosphere of temperature and humidity, the temperature
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and moisture content are uniform throughout the slab at
known values.

T(x7 0) =T
Cg(x, 0) = C()

— 10 (6)
a(x,0) = 10

Ci(x,0) = f(Ha, To)

Then, the boundaries of the material are exposed to two
different environments: one is an unsaturated vapor
environment with temperature 7Tj, vapor concentration
Cy, and the other is a saturated liquid environment at the
temperature 7.

At x = 0, the liquid moisture is exposed to the satu-
rated liquid moisture. We have

Cg(O, l) = C*(T), T(O7 f) = Tg, 81(0, l) = &
At x = L, we have the following boundary conditions to

take into account the convective nature of the boundary
air layers:

0(Cyty)
D, 6i 2oy = —Kihe(Cy — Cav)
or .
Kmixa ‘x:L = —hl(T — Tab) — Kzihlﬂg(c (T) — Cab)

m€l = thlﬂg(c*(T) - Cab)
(7)

where A, is the convection mass transfer coefficient (m/s);
hy is the combined heat transfer coefficient (W/m? K),
Ki = &/¢, ks = & /¢e. The mass transfer at x = L includes
two parts: moisture vapor transfer to outer atmosphere,
and the evaporation of the liquid water. k; denotes the
proportion of the mass transfer by vapor transport, k,
denotes the proportion of the evaporation of the liquid
water.

3. Analysis of the mechanisms of capillary action

For the following analysis, we follow the ideas in [9]
and try to establish the governing equation for liquid
phase in porous textiles. The porous textiles are con-
sidered as containing a very large number of yarns wo-
ven out of fibers. A yarn is made up of a cluster of fibers
twisted up. The capillaries, which are interconnected, are
formed by these pores in yarns woven into the porous
textiles. When the liquid moisture permeates through the
porous textiles, the liquid water fills the smallest mil-
lipores first, then fills smaller ones and gradually fills
large pores. Let r. denote the capillary radius. f,(r.)
denotes the accumulated number of capillaries of radius
from 0 to r.. For a continuous distribution of capillary
sizes, the cumulative frequency of occurrence of capil-
lary radii can be related to the capillary radius, in the
most general form it can be rewritten as follows:

Jo(re) = icn’"’: ®)

where ¢,, n =1,2,3,... are constant, which are deter-
mined by the pore distribution of the porous textiles
(Fig. 1).

Consider a control cell with the thickness of Ax at the
location x and time ¢. There must be a critical radius R,
of capillary that brings water from x to x + Ax against
gravity. All the capillaries with radii smaller than R, are
full of liquid and all the others with radii greater than R,
are empty from x to x + Ax. R, is proportional to ¢. R is
the function of time ¢ and space x. The relationship be-
tween R. and ¢ can be found in [11]. At the location x,
consider the cell with the thickness of Ax. The pressure
drop in capillaries can be expressed as

Fiber Copillary
1
1\
{ Interface
g
+ K
K umax
c Cmuy
\A  —

4=250)m

0 005 0' D015 02 025 03 035 04 045 05
¥C (mm)

(b)

Fig. 1. (a) Schematic diagram of capillaries in porous textiles
() fo(re)/my versus re.
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20 cos 20 cos
Ap:<po—R4+A§)—(po— 2 ¢) )

Here py is the air pressure, Ap is the pressure drop in
capillaries. When Ax — 0, we have

Op _2gcos¢ OR,
x R Ox

(10)

By using Darcy’s Law, the equation can be written as
follows:

:—lﬁ( +p1g) (11)

Here i is the permeability coefficient and it is generally a
function of x and ¢, g is acceleration of gravity and p; is
the density of liquid water.

We have the following equation:

O(pier) _ O(rma)

o Ox

(12)

If Eq. (10)—(12) are compared, we can obtain the fol-
lowing equation:

o(per) _
ar - 2ocos ¢ B o

The pressure drop through a given capillary of radius .
(re < R.) can be written by using the Hagen—Poiseuille’s
Law,

) ey

(14)

For simple fabric structure, /5 is the effective angle of the
fabric, which is the angle between the capillaries and the
surface of the fabric. It is usually around 20°. u. is
the local capillary mean velocity of the water. The total
mass flow rate of liquid water in the porous textile can
be expressed in terms of local velocity and capillary ra-
dius 7, as follows:

Re
M:/ e sin fdA, (15)
0

where A, is cross-sectional flow area and is defined as
follows: 4. == fofp(&) 72/ sin Bdf,. From above equation
we have

Re
M:/ Plucnrzfé(rc)drc (16)
0
y Re 2 £l d
m=%=sinﬁplw (17)
4e Jo ngé(rc)drc

Eq. (17) can be rewritten as follows:

. 20 cos ¢ OR. sin® §
m= - 1( R2 o P1g> 81
0 an+4
~ %il n+4c R,,+2 (18)
n=1 n+zc"

For the specific fabric, ¢,, n =1,2,3... are constant,
which are determined by the pore size distribution of the
fabric.

According to Eq. (12), we have that

% B g 20 cos ¢ OR. n
o o\ R ax ¢

% & sin’ B ZZCI a6 RnH

8'7 Z;Cl n+2C’1Rn+2

_ 0 gocosgsin® f Y Rl OR,
T ox 4y D Ssc Rt Qx

" a8 sin’ ﬂRi Dot it TR ! (19)

8’7 Zn 1 ’HZCHR" !

Taking into account the moisture sorption/desorption
into fibers and evaporation/condensation of the water,
the governing equation for the liquid phase in porous
textiles can be derived.

Analyze the following cases:
I. Uniform pore size distribution

In this case R.(¢g) =d. = const the whole radii of
pore in porous textiles are afC 2L 2”;"5“5 % — 0. Tt leads
to the diffusion coefficient of 11qu1d water into the po-
rous textiles is zero. It is difficult for the liquid moisture
diffusion in the porous textiles. Actually in this case the
surface tension of the liquid flow in porous textiles is
equilibrated in all directions. The liquid flow transport
in porous textiles is determined by gravity and the dif-
ference between the advancing and receding contact
angles.

II. Linear pore size distribution

In this case f,(r.) = cir., where ¢; = d::‘x,
tionships between the degree of saturation of liquid
moisture and critical radius R, in the fabrics are non-
linear. However, in the most cases it can be considered
quasi-linear. We assume that R.(g) = d°2‘“* &. Eq. (19)

can be rewritten as follows:

% _ g 3¢0 cosqbsin2 P max %

ot ox 20n¢ ox

9g sin’ Bpyd2, & e
40ne? Ox

(20)
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Furthermore, we have

_ 3gcos¢ sin’ Pde maxél

Difan) = 20ne
9gsin® fp,d>,. &
bla) = 22 PP a1

where ¢ is the porosity of the porous textile and d;max 18
the largest effective radius of the capillaries. It is con-
sistent with [9]. We use the radius d. of the most capil-
laries in porous textiles to replace demax, demax = 2dc. Eq.
(21) can be rewritten as follows:

3a cos ¢ sin’ Bd.e
Di(8) = #
9gsin® fp,d2e’
b(a) = Tzll (22)

In [9] we proposed a dimensionless number, named GS
number, GS :%:%, to measure to ratio of
gravity to surface tension. When GS number is large
enough, the gravity prevails in the porous textile. It is
difficult that the porous textile adsorbs liquid water.
When GS is small enough, the surface tension force
prevails in the porous textile. It is easy that the porous
textile adsorbs liquid water.

III. Cubic-polynomial pore size distribution

In this case

3m0 5 my 3 . 2dc .
fp(”c) = @VC *47]37}, 0<r.<2d,, Rc(bl) :T‘S]

Eq. (19) can be expressed as

dg O (acos persin® fd. ter + 1R +2c3R? dg
o ox

ox 2ne %cl + %czRC + %C3R§ o

2 1 1 3 2
&1 SIn ﬂ <zC1 +—62Rc =+ —C3R
) 1 25 3 7 c>

811 C%61 +%02Rc+%C3R§
(23)

3
Here ¢, =0, ¢ = ﬁ, c3 = —%. Furthermore, Eq.

(23) can be rewritten as follows:

de @ [ Socos e sin’ pd. Te — 6 Og
ot  ox 21ne Se —4g Ox
Ssin® f d2&} Te — 6g
2ln & Se—dg
E 50 cos ¢g sin? pd. Te — 6¢g %
T ox 21ne S¢ — 4dg Ox
5sin’ Bd?e? 10562 — 176ze + 722} O
21ne? (5¢ — 481)2 Ox

+pg

+pg

(24)

We have
_50cos dg sin’ pd. Te — 6g
- 21ne 5¢ — dg

D1 (6])

5sin® fd2e} 105¢% — 176¢e + 727

b(sl) = P& 217’[82 (587481)2

Since 0 < ¢ < ¢, Di(¢) =0, b(g) = 0. Similarly, we pro-
pose another dimensionless number, named GS2 num-
ber, to measure the ratio of gravity to surface tension. It
is expressed as follows,
GS2 — ble) L  pigdee 10562 — 176¢¢; + 72¢7

" Di(a) egcosd (5e—4de)(7e — 6z)

When GS2 number is large enough, the gravity prevails
in the porous textile. When GS2 is small enough, the
surface tension force prevails in the porous textile.

4. Numerical solutions and discussion
4.1. Computational results

We implemented numerical simulations for several
porous textile materials made of polyester. The grid
orientation and numerical methodology have been
reported previously [9]. The initial conditions are: Ty =
20 °C, RH = 65%. At the time ¢ = 0 a sudden boundary
condition changes at the surface x =0 to RH=100%
and T = 19.5 °C. The relative humidity and temperature
of the air surrounding the fabric at x = L are 65% and
20 °C, respectively. The mass transfer coefficient /. is
0.137m/s and the heat transfer coefficient A, is 8.1
W/m?K at x = L. In the porous textile the mass transfer
coefficient /;_, equals to 0.137 m/s [16]. The pore size
distributions can be considered as cubic-polynomial
distributions.

Fig. 2 shows the predicted water vapor concentration
distribution during the moisture diffusion into the void
space in the polyester fabrics: (a) d. = 25 um, (b) d. =
250 um. Fig. 2 illustrates that the diffusion of water
vapor into the porous textiles through the void space in
fabrics is a fast process with a transient period of in-
creasing pulse of water vapor concentration, which is
related to the fiber diameter. The transient period with
the large fiber diameter is insignificant comparing with
those with the small one. Also, the peak of water vapor
concentration decreases with fiber diameter for both
pore size distributions of the fabrics. The transient pe-
riod is almost invisible for all polyester fabrics with
different fiber diameter. Comparatively, The transient
periods, however, are slightly significant in polyester
fabrics with small fiber diameter. For both of the pore
size distribution, the smaller the fiber diameter is, the
more significant the transient period is.

Fig. 3 shows the distribution of the volume fraction
of the liquid during the liquid water penetration into
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Fig. 2. (a) Distribution of water vapor concentration in the void space for the pore distribution (d. = 25 pm) and (b) distribution of
water vapor concentration in the void space for the pore distribution (d. = 250 um).

polyester fabrics. Comparing with the diffusion of water process of the water diffusion into the fibers takes longer
vapor in the void space, the penetration of the liquid time to reach equilibrium in fabrics with large fiber dia-
water into the fabrics by capillary action is also very fast meter. Compared with the process of the liquid water
for given material properties. The liquid volume fraction diffusion into the porous fabric due to capillary action,
reaches equilibrium very quickly in all the fabrics. the process of the moisture diffusion into fibers is a
As shown in Fig. 3(a), the equilibrium of volume relatively slow process. The liquid water is propelled into
fraction of liquid diffused into the fabrics with the ef- the porous textiles so rapid that the surfaces of the fibers
fective pore radius of d. = 25 um has the same pattern in are covered with the liquid water within 1 s for these
this type of fabrics with the different fiber diameter. fabrics. The process of the water diffusion into fibers
Meanwhile, the transient period for liquid diffusion in across the thickness of the porous textiles almost starts
this fabric is the same for all the type of fabrics with at the same time, but takes about 3.5 min to reach
different fiber diameter. equilibrium for the fabric with fiber diameter of 20 pm,
Similar patterns are observed for the fabrics with and about 0.1 min for the fabric with fiber diameter of 1
the effective pore radius of d. = 250 um, as Fig. 3(b) um. Fig. 4 shows that the distributions of moisture
shows. Comparatively, the liquid water diffusion into this content in the fibers across the thickness of the porous
type of fabric due to capillary action tends to be faster textiles are almost uniform due to the almost uniform
than that into the first type of fabrics, as the diffusion distribution of liquid water in the fabrics. The pore size
coefficient  of  the liquid moisture  Dy(g) = distribution in fabrics does not have significant influence
% % y ;i%gz:zla cos ¢ is larger in this case. For this type on the sorption of moisture by the fibers.
of fabric, it takes shorter time to reach the steady-state Fig. 5 shows the temperature distributions in the
than the first type of fabric. The smaller the effective fabrics during the liquid moisture diffusion process. Fig.
pore radius d. is, the more uniform the pore distribution. 5(a) illustrates that the temperature rises initially in the
The results show that minimum permeability generally inner layers of the fabrics, then decreases gradually and
occurs for the most uniform pore size distribution. reaches equilibrium with the environment. The maxi-
The distributions of the moisture content in the fibers mum temperature rise during the transient period de-

are shown in Fig. 4. From the Fig. 4, we can see that the creases with fiber diameter. For the small fiber diameter
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Fig. 3. (a) Distribution of the liquid volume fraction for the pore distribution (d. = 25 pm) and (b) distribution of the liquid volume

fraction for the pore distribution (d. = 250 um).

the temperature rise with the same fiber diameter is
substantially the highest at the case of the effective pore
radius d, =25 pum. For the large fiber diameter the
temperature rise shows similar pattern for all the fabrics.
It indicates that the fiber diameter and pore size distri-
bution of the fabrics are the factors determining the
coupling effect between heat and moisture transfer pro-
cesses.

The initial rise in temperature is due to the heat re-
leased during moisture sorption by the fibers. The heat
absorbed during the evaporation of liquid water also
affects the temperature. When the time is less than 0.5
min for the fabrics with small fiber diameter, the heat
rate of sorption is significant, so that the temperature
rises rapidly. For the first type of fabrics the differences
in temperature between fibers in the middle and at sur-
faces of the fabric vary from 0.1 to 5.5 °C, depending on
the fiber diameter of the fabrics. For the second type of
fabrics, the temperature differences vary from 0.1 to
2.5 °C. The smaller the fiber diameter of the fabric is,
the more the heat rate of sorption is released, so that the
higher the temperature rise is. When ¢ > 1 min, the
temperature distribution becomes steady and uniform
across the thickness of the fabrics.

4.2. Comparison with experiments

To investigate the effects of the pore size distribution
and fiber diameter on the coupled heat and liquid
moisture transfer in porous textiles, a series of experi-
ments were carried out by using the porous materials
with different pore size distributions and fiber diameters.
The fabric sample, which is initially equilibrated to the
ambient of conditions of 20 °C and 65%RH, is put on a
container filled with water at 19.5 °C. Some filter papers
are put in the container to prevent the fabric from
sinking. An infrared camera is used to measure the
temperature changes at the upper surface of the fabrics
during the transient processes. The improved model was
applied to these fabrics used in the experiment. The
characteristics of the fabrics are shown in Table 1.

As Fig. 6a shows, the computational and experi-
mental results for the porous textiles with fiber diameter
10 um and d. = 25 pm. Fig. 6b shows the computational
and experimental results for the porous textiles with fi-
ber diameter 20 pm and d. = 25 pm. Fig. 6¢c shows the
computational and experimental results for the porous
textiles with fiber diameter 10 um and d. = 250 um. Fig.
6d shows the computational and experimental results for
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Fig. 4. (a) Distribution of the water content in the fibers of the polyester fabrics for the pore distribution (d. = 25 pm) and (b) dis-
tribution of the water content in the fibers of the polyester fabrics for the pore distribution (d. = 250 pm).

the porous textiles with fiber diameter 20 pm and
d. = 250 pm. Line a is numerical results derived by the
improved mathematical model. Line b is numerical re-
sults obtained by the mathematical model in [9]. There
are good agreements between the numerical solutions
and the experimental measurements. The comparison
with the experimental measurements shows the superi-
ority of this new model in resolving the coupled heat and
liquid moisture transfer in porous textiles.

4.3. Discussions

The theoretical computational results and the ex-
perimental measurements illustrate the impact of heat
transfer process on the moisture transfer processes, in-
cluding moisture transfer by water vapor diffusion, lig-
uid capillary action, and the moisture sorption of the
fibers. As Fig. 3 shows, the water diffusion through the
air filling the inter-fiber void space is a fast process,
which is effected by the liquid diffusion process and the
heat transfer processes, as shown in Figs 3 and 5.
Comparing Fig. 2 with Fig. 5, the water vapor concen-
trations in the fabrics have the same patterns of varia-

tions as the temperature distributions across different
fiber diameter and the pore size distribution, because the
saturated water vapor concentration is a function of
temperature. For all polyester fabrics the transient pe-
riod is almost invisible.

The liquid diffusion is determined by a number of
factors: the surface tension o, contact angle ¢, average
angle f3, viscosity #, volume fraction of liquid water ¢,
the pore size distribution as defined by formula
Dy(g) = % ‘If Si",;ﬁ ;2%22310 cos ¢. When the contact angle
is smaller than 90°, liquid water can diffuse into the
fabric and can be a fast process as shown in Fig. 3.
When the contact angle is greater than 90°, D; is smaller
than and/or equal to 0, indicating that the liquid water
cannot diffuse into the fabric. The heat transfer process
does not affect the liquid diffusion process significantly,
as the liquid volume distributions in Fig. 3 are quite
independent of the temperature distributions in Fig. 5.

The evaporation process is also influenced by the
liquid transport process. When the liquid water cannot
diffuse into the fabric, the liquid water can only evapo-
rate at the lower surface of the fabric. As the liquid
diffuses into the fabric due to capillary action, the
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Table 1
Fabrics used in the experiments and numerical simulation
Fiber Fabric Fiber diameter Pore size
thickness (um) distribution
(mm) (dc) (um)
Polyester 2 1 25
Polyester* 2 10 25
Polyester* 2 20 25
Polyester 2 1 250
Polyester* 2 10 250
Polyester® 2 20 250

#Denotes the experimental observation and numerical sim-
ulation.

evaporation can take place throughout the fabric. The
heat transfer process is affected by the fiber diameter. In
the fabrics with the fiber diameter of 1 um, the large
temperature differences between the middle layers and
surface layers are shown in Fig. 5a.

The process of moisture sorption is largely affected
by the water vapor diffusion, the liquid water diffusion
processes but not by the heat transfer process. When
there is liquid diffusion in the fabric, the moisture
sorption of fibers is mainly determined by the liquid

transport process as shown in Fig. 4, as the fiber surfaces
are covered by liquid water very quickly. All the mois-
ture transport processes, on the other hand, also affect
the heat transfer process. The temperature rise during
the transient period is caused by the balance of heat
released during fiber moisture sorption and the heat
absorbed during the evaporation process.

In the first type of fabrics the diffusion coefficient of
the liquid moisture is the smallest. It means that the
proportion of liquid water in the first type of fabrics is
the least during the transient period. It is well known
that the heat capacity of liquid water is large. On the
other hand, the heat released during liquid moisture
sorption by the fibers in the fabrics with the small fiber
diameter is more than these fabrics with the large fiber
diameter. In Fig. 5 we can see that the temperature rise
with the fiber diameter of 1 um in the first type of fabrics
is the highest.

As a whole, a dry piece of fabric exhibits three stages
of transport behavior in responding to external humid
transients. The first stage is dominated by two fast
processes: water vapor diffusion and liquid water diffu-
sion in the air filling the inter-fiber void space, which can
reach new steady-states within a fraction of seconds.
During this period, the water vapor diffuses into the
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Fig. 6. Comparison of computed temperature changes at fabric upper surface with experimental measurements.

fabric due to the concentration gradient across the two
surfaces. Meanwhile, the liquid water starts to flow out
of the regions of higher liquid content to the drier re-
gions by the surface tension force. For the porous fab-
rics the capillary distribution is very complicated. The
liquid transport can be a rapid process, which takes
about t ~ L?/D; to fill the porous media, where L is the
thickness of the media. In other words, all the fibers in
the porous textile will be covered with the liquid water
rapidly when one surface of the fabric contacts the liquid
water.

The second stage is featured by the moisture sorption
of fibers, which is a relatively slow process and takes a
few minutes to a few hours to complete. In this period,
the sorption of the water into the fibers takes place as the
water vapor diffuses into the fabric, which increases the
relative humidity at the surfaces of fibers. After liquid
water diffuses into the fabric, the surfaces of the fibers
are saturated due to the film of water on the surfaces of
the fibers, which again will enhance the sorption process.
During these two transient stages, the heat transfer
process is coupled with the four different forms of liquid

transfer processes due to the heat released or absorbed
during the sorption/desorption and evaporation/con-
densation. The sorption/desorption and evaporation/
condensation processes, in turn, are affected by the ef-
ficiency of heat transfer.

Finally, the third stage is reached as a steady-state, in
which all the four forms of moisture transport and the
heat transfer process become steady and the coupling
effects among them become less significant. The distri-
butions of temperature, water vapor concentration, fiber
water content and volumetric fraction of liquid water
become invariant in time. With the evaporation of the
liquid water at the upper surface of the fabrics, the liquid
water is drawn from capillaries to the upper surface.

5. Conclusion

This paper focuses on a theoretical investigation of
the coupling mechanism of heat transfer and liquid
moisture diffusion in porous textiles by using an im-
proved mathematical model. In this model, the pore size
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Table 2
Physical properties of the materials
Parameters Symbol Unit Polyester
Density of fibers [12] p kg/m? 1.38x10°
Radius of fibers Ry m 1.0x107°
Porosity of fabric & 0.88
Diffusion coefficient of vapor in a fiber Dy m?/s 3.9x10°8
Volumetric heat capacity of fabric [13] Cy kJ/m? K 4.184x10°x1.38x
(0.32+W./1.0+ W)
Thermal conductivity of fabric [14] Knix x1073 W/mK 40.4+23.0W,
Heat of sorption of vapor [15] Ay kl/kg 2522.0
Heat of sorption of liquid [15] A kJ/kg 2260.0
Surface tension 14 N/m 29%x1073-33x 1073
Contact angle ¢ 75°
distribution is assumed to be a cubic-polynomial distri- References

bution, which is close to the experimental measurements
[11]. The liquid diffusion behavior in porous textiles
can be described as a diffusion equation. The improved
diffusion coefficient can be expressed as: Dy(g)) =
%%Si‘;” =P gocosd. This equation is incorporated
into the energy conservation equation and the mass
conservation equations of water vapor and liquid water
transfer, which include vapor diffusion, evaporation and
sorption of moisture by fibers. With specification of
initial and boundary conditions, a series of computed
results were derived for polyester fabrics with different
diameter of the fibers and pore size distribution. The
predictions of temperature changes during moisture
transients are compared with experimental measure-
ments, good agreement is observed between the two.
The comparison with the experimental measurements
shows the superiority of this new model in resolving the
coupled heat and liquid moisture transfer in porous
textiles. Analysis of the computational and experimental
results illustrates that the heat transfer process is influ-
enced by the pore size distribution and fiber diameter of
the porous textiles.
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Appendix. Numerical relationships and values of fiber—
fabric properties

In the computations, the values of the material
properties are listed in Table 2. The values with refer-
ences are obtained from literature, and those without
reference are measured values.
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