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Wicking and Evaporation of Liquids in Knitted
Fabrics: Analytic Solution of Capillary Rise
Restrained by Gravity and Evaporation
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Abstract—Wicking and evaporation of water in porous knitted
fabrics is investigated by combining experimental and analytical
approaches: The standard wicking model from Lucas and Washburn
is enhanced to account for evaporation and gravity effects. The goal
is to model the effect of gravity and evaporation on wicking using
simple analytical expressions and investigate the influence of fabrics
geometrical parameters, such as porosity and thickness on
evaporation impact on maximum reachable height values. The results
show that fabric properties have a significant influence on
evaporation effect.

In this paper, an experimental study of determining water kinetics
from different knitted fabrics were gravimetrically investigated
permitting the measure of the mass and the height of liquid rising in
fabrics in various atmospheric conditions. From these measurements,
characteristic pore parameters (capillary radius and permeability) can
be determined.

Keywords—Evaporation, ~ experimental  study,
parameters, model, porous knitted fabrics, wicking.
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I. INTRODUCTION

ICKING occurs in the presence of evaporation in many

practical situations of interest [1]. Penetration and
evaporation dynamics of liquids wicking into porous materials
is relevant to various engineering applications such as body
floods adsorption by medical dressings and sanitary pads or
moisture migration in tiles and porous buildings claddings and
surfaces, spreading of stain or sweat in fabrics, coating
processes, ink-jet printing and dye transport in paper and
textiles [2]-[4].

Moisture transfer through textile fabrics is critical factor
affecting physiological comfort especially in sportswear,
underwear, working garment or protective clothing [5], [6].

When the metabolism is very high, people sweat and
perspiration spreads all over the skin, that’s why, clothes
should transfer quickly the sweat outside to make people feel
comfortable and even to prolong sport exercise performance
[2], [7]. In fact, it is important that if the body produces a
sweat, the moisture is transported away from the skin to the
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surface of the garment where it can evaporate quickly [1]. Due
to this, optimization of various processes involving liquid-
fiber contact [8], penetration of liquids into capillaries and
textiles [9], [10], and kinetic sorption of water onto textile
fabric [11], [12] have been studied for many years. Various
investigators [13]-[16] were used the well-known equation of
Lucas and Washburn to describe the phenomenon of dynamics
of capillary penetration and determine the diffusion
coefficient. And many researchers [1], [17] focus on the
influence of the evaporation on the wicking performance and
propose a new evaporation model that allows predicting
optimum geometrical fabric parameters. They are based on the
Darcy’s law to develop new model which describes capillary
rise restrained by gravity and evaporation employing a suction
pressure at the moving liquid interface [18]-[21].

Unsaturated environment

Fig. 1 Porous fabric in contact with liquid at the bottom in
unsaturated environment: (2512) °C and (65+4)% humidity

When a wetting liquid encounters a solid medium, initially
dry, which has a porosity "€" and a permeability "K" (as
shown schematically in Fig. 1), besides of the external wetting
(a rapid rise of the liquid on the external surface), there will be
also an internal wicking. Both processes rely on the capillary
pressure, but in contrast to the wetting process, the internal
menisci that drive the wicking are bound to the pore

radius "R.".
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Fig. 2 Two dimensional sketch of the situation studied in [17]

A. Differential Equation of Capillary Rise in Presence of
Evaporation

To look at the problem in more detail the momentum
balance of a volatile liquid inside a porous medium shall be
presented: In presence of evaporation, [17] gives the
differential equation of capillary progression as:

e WHT) o (1)

2ycosf £ d_y
pQY+K#ydt+ PKWT

R,

where "" is the dynamic viscosity of the liquid, "p" the liquid
density, "g" the gravity, "y" the surface tension of the wetting
liquid and "0" the static contact angle formed between solid
and liquid, "W" the fabric width, "T" the thickness, "H" the
height which is much greater than the width (H>> L) and
je the evaporation flow. "y" is the position of the capillary rise
front in the porous fabric.

Equation (1) can be transformed as:

F=t-b-cy )
where
b=t 2 4)
and _
o= ®

B. Maximum Reachable Height

As pointed out in many researches [1], [17], different cases
are distinguished from this previous equation as regards the
final height of the liquid within the wick.

Solving
@=0 (©)

dt

We have many cases:

- No evaporation occurs (c=0): in this case, the competition
between gravity and capillary forces governs the
maximum reachable height given by Jurin’s Law [22],
[23]:

_a _ 2ycosb 7
Ymax1 b pgR. ( )

- Negligible gravity effects (b=0): in this case, the
competition between capillary effects and evaporation
sets the maximum reachable height which is given by:

Imarz = 2 ®)

- Both gravity and evaporation must be considered which
leads to:

Ymax3:¥+ f?"'% 9
- Finally, no gravity and no evaporation are affecting the
capillary rise, only the viscosity restrict the maximum
reachable height as is also predicted by the Lucas-
Washburn equation [13], [14], [23]- [26].
To relate the liquid mass absorbed to the observed wicking
height the following linear relation is assumed to be hold [17],
[27]:

m=p *T*W*¢p*h (10)

The Lucas-Washburn modified equation gives the mass
gain (m ) versus time instead the height [17], [25], [28]:

2 _ 2 4yLcosf LS
m* = WTep)* = = 1
In this paper, wicking with evaporation at the knitted fabric
lateral surfaces is studied using the analytical model, presented
previously, as a function of knitted fabric properties and the
evaporation rate.

II. EXPERIMENTAL MATERIAL AND METHODS

A. Knits Properties

All knitted fabrics are produced on a STOLL CMS 320 TC
automatic straight knitting machine which has a double fall
electronic jacquard selection on both needle beds and E gauge
equal to 7 at different tightness factor. Table I presents the
characteristics of knitted sample tested: The construction
parameters (the knit structure), the composition and the yarn
properties (kind of spinning and fineness) are varied.

The dimension of the dry sample used in experiments was
25 cm x 30 cm. We used one kind of liquid: distilled water.

- Fabrics relaxation: Full relaxation of the samples was
carried out by wet relaxing and conditioning for 24 hours
in standard atmospheric condition ((20+2) °C and (6514)
% humidity) as per Standard procedure — ISO 139:2005.
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TABLEI
CHARACTERISTICS OF KNITTED FABRICS TESTED
Sample Composition Knit structure Yarn spinning Yarn Fineness Metric count Tightening Thickness (mm) Weight (g/m?) Porosity
1 100% Cotton Jersey Combed 14 1,99 359,5 0,883
80% cotton
2 20% Polyester Jersey Combed 14 2,13 349,1 0,888
3 100% Cotton Rib 1&1 Carded 14 2,85 461,2 0,895
4 100% Cotton jersey Carded 14 2,07 418,7 0,869
5 100% Cotton Jersey Open-end 14 2,03 378,0 0,879

- Fabric Porosity: The porosity "€" is defined by the volume
fraction of empty. This parameter can be expressed as a
function of the weight (mg(g/m?)), the thickness of the
fabric (T(m)), and the density of the fiber (p(g/m?)) [29],
[30]:

mS

e=1-— p_T (12)

To remove all the waxes and the oils attached to greige

fabrics and consequently to increase its hydrophilic properties,

we make a scouring treatment for the sample: the fabric was

traited 1 hour at 100°C with a solution contained 2 mL of

caustic soda, 3 g/L of wetting product and 3g/L of reducing
agent.

B. Experimental Device

The experimental system (see Fig. 3) is composed of a
device assuring the vertical suspension of cloth-surface on the
liquid, a lighting system and video camera to record the
wicking liquid front height versus time. In order to measure
the mass of liquid raised, the fabric is attached to sensitive
electronic balance with the accuracy of 0,001 g which has the
capability of recording the weight of the absorbed water by the
sample “g” versus time “s” [31].

All the experiments were done in a conditioning test-chamber

which allows us to control the temperature and the humidity.

F_
Closed-test B, 1 _1

chamber

Camera Knitted

fabric

Fig. 3 Experimental device

III. RESULTS AND DISCUSSION

A.Determination of Knitted Fabric Parameters (Static
Capillary Radius "R." and Permeability “K”

1. Evaluation of Experimental Results_Height Approach

The experiments are performed in:

- A saturated environment (absence of evaporation):
atmosphere of (25+2)°C and 99% of humidity, in order to
reach the maximum height y... (7) practically in
absence of evaporation.

- An unsaturated environment: atmosphere of (25+2)°C and
(65%4)% humidity.

A comparative study between the two water kinetics allows
us to confirm the presence of the evaporation phenomenon.

The recording of the wicking front is done with a camera
with high resolution. Data acquisition is controlled and
processed using Matlab. Fig. 4 shows a sketch of the
arrangement. By measuring the maximum reachable wicking
height ynaxithat occurs due the equilibrium between the
capillary and gravity forces (7), the static capillary radius can

be calculated for each knitted fabric and presented in Table 11.

2. Evaluation of Experimental Results Mass Approach

According to 11 mass measurements can be used to
calculate pore structure parameters like the permeability of the
knitted fabric. Fig. 5 shows the squared wicking mass gain
plotted versus time.

REC“ results for different
samples and their correlation coefficients are determined and
presented in Table III.

A comparison of the results showed that there is a small
deviation in the permeability values between the
measurements made with different knitted fabrics. But it’s
clear that there is a significant effect of the knits structure
(Sample 3, Rib 1&1) on the permeability of the fabrics. An
increase of the thickness causes an augmentation of the
permeability value.

From the slope of the m2(t) curves, "

B. Impact of Evaporation on Wicking

Fig. 6 describes the evolution of experimental data of water
mass absorbed by jersey cotton fabric (sample 4) as a function
of time in saturated and in unsaturated atmosphere, thus the
effect of evaporation is fairly important and clearly visible.
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Fig. 4 Wicking of distilled water into jersey knitted fabric in saturated environment (sample 4)

TABLE II
MAXIMUM HEIGHTS AND STATIC CAPILLARY RADIUS (R¢) FOR ALL KNITTED FABRICS
Sample 1 2 3 4 5
YVmaxt (M) 0,1219 0,1203 0,1367 0,1461 0,1256
R, (107*m) 1,2151 1,2313 1,0836 1,0138 1,1793
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Fig. 5 Squared mass over time of different knitted fabrics

Fig. 6 Wicking height Evolution of sample 4 (jersey cotton fabric) in
saturated and unsaturated atmospheres

TABLE III
PERMEABILITY VALUES CALCULATED FROM MASS MEASUREMENTS
Sample 1 2 3 4 5
Slope 0,1495 0,1440 0,0434 0,1043 0,22

R-square 0,999 0,999 0,996 0,998 0,999
K
T (mm) 2,36 1,97 0,33 1,55 337

c

K (mm?) 0,287 0,243 0,035 0,157 0,397

Using theoretical model, described previously, we can
investigate the influence of evaporation phenomenon on
wicking behavior of water in porous fabrics, especially, the
maximum reachable height and predict the deviations from
unaffected capillary rise confirming the experimental results.
Moreover, simple and efficient way to study the impact of
fabric properties is to vary the capillary radius "R." which has
direct impact on both permeability "K" [20] and capillary
pressure [32].

As can be seen from Fig. 7, evaporation has here a strong
influence on the height reached by the liquid. The evaporation
effect is dominant in limiting the rise for lower capillary
radius: Micropores intervene at short instants (absence of

gravity), whereas both gravity effects and evaporation limit
the rise for a greater pore size, macropores intervene at long
moments (presence of gravity). As a consequence, there is a
maximum in the impregnation height when both limiting
effects, i.e. evaporation and gravity, are comparable (see Fig.
7). As can be seen also, the fabric would be fully saturated in
the absence of evaporation for capillary radius lower than
about 45 pm.

C. Effect of Thickness on Evaporation Impact

Fig. 8 shows that the influence of evaporation becomes
negligible for a sufficiently thick porous fabric: In fact, the

term “c” containing the evaporation flux (5) varies as “T'”,
where “T” is the thickness of the fabric.
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It’s shown that porous fabric, having thickness equal to
2*#10" m or more, would be fully saturated for capillary radius
lower than about 45 um.
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Fig. 7 Evolution of final maximum impregnation height as a function

of capillary radius
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Fig. 8 Effect of thickness on wicking in presence of evaporation

D.Effect of Porosity on Evaporation Impact

As can be seen from Fig. 9, the influence of evaporation on
capillary rise becomes more important when the porosity of
the fabric decrease, in this case the equilibrium reached height
reduce. Notice that in the right hand side of (2) the term “c”
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containing the evaporation flux (5) varies as “g™ .
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Fig. 9 Effect of porosity on wicking in presence of evaporation

IV. CONCLUSION

In this study, the water sorption onto knitted fabrics was
gravimetrically investigated at different conditions (saturated
and unsaturated atmosphere) in order to study the role of
evaporation for capillary rise. Moreover, from the
experimental measurements, characteristic pore parameters
"R." and "K" can be determined.

This experimental procedure and an analytical model,
which is proposed to study the water sorption onto knitted
fabrics, demonstrated that gravity and evaporation phenomena
have a strong influence on wicking behavior, especially, the
maximum reachable height. Finally, it is noted that the fabric
properties, porosity and thickness, have an important impact
on the evaporation effect on the capillary rise. In fact, the
influence of evaporation becomes negligible for a sufficiently
thick and porous fabric.
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