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Abstract

During physical activities, sportswear and protective garments are frequently exposed to
perspiration, which aids in regulating body temperature. The excess skin moisture must be swiftly
evacuated from the fabric to prevent discomfort. Therefore, comprehending the drying kinetics of
textile fabrics utilised in defence and sports garments is crucial. Regrettably, the current drying rate
methodologies are unreliable due to non-isothermal conditions and uncontrolled velocities. This
study investigated the droplet drying kinetics during evaporation from a ripstop defence fabric. A
novel method was developed based on a modified Permetest skin model test protocol that adheres
to the ISO 11092 standard. The proposed mathematical model incorporates structural and
geometrical parameters of the sample fabric (average warp and weft diameters, warp and weft
densities, weft and warp crimp, and sample thickness), as well as evaporation parameters (liquid
properties and environmental test conditions). Visualising the droplet drying kinetics revealed three
distinct evaporation phases. It was determined that the raw materials and fabric design structures
significantly influence the evaporation kinetics. Fibres with hydrophilic character exhibit faster
drying rates compared to hydrophobic fibres. In the context of ripstop defence fabrics, incorporating
floats in the delimiting grid results in slower fabric drying.

Keywords: ripstop; evaporation; water vapour; drying kinetics

1. Introduction

Based on potential implications for practical application in defence textiles, the practical
application of advanced garments in defence not only enhances the safety and effectiveness of
military personnel but also addresses broader logistical, environmental, and comfort challenges.
Ongoing research and development in this field are vital to meet the evolving needs of defence
operations. Considering temperature regulation, where textile fabrics with thermoregulating
properties can effectively maintain a comfortable temperature for the wearer, mitigating heat and
cold-induced stress during operations. Moisture management is a challenge to improve comfort and
performance. Textiles with wicking properties exhibit superior moisture management capabilities,
effectively capturing and dissipating sweat and moisture.

Moisture management is a crucial performance criterion in the garment business, determining
fabric comfort levels [1]. Motorsports athletes compete in high-speed races for hours in hot cockpits
reaching 50 °C. Engineers prioritize speed and safety over driver comfort [2]. To ensure comfort,
clothes should maintain the body’s thermal balance throughout various environmental
circumstances and activity levels [3-8]. This function should not interfere with sweat-induced
humidity removal or body temperature regulation. Alternatively, when the sweating rate is
important, the liquid accumulation next to the skin and cooling generated from evaporation could
altered. So, the sweat excess should be evacuated by evaporation to maintain the thermal balance.

Thermal energy that is nominally equal to the latent heat of liquid vaporisation is required to
achieve evaporation [9-12]. A vapour pressure gradient is formed through the boundary layer of
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unsaturated air and incorporated into contact with saturated material. When water evaporates into
the air, humidity levels increase. Heat is necessary to evaporate water from the medium, and a
decrease in the temperature of the medium will result in a temperature difference between the
medium and the environment, which is necessary to maintain the water evaporation process[13-17].

In the case of fabrics composed of cotton fibres as hydrophilic material, a part of the required
heat to maintain water vapour evaporation is produced by liquid sorption through the fibre [18-20].
Thus, the temperature drops at the fabric surface due to the evaporation, which will allow continuous
liquid sorption. As a result, the ability of the textile to dry quickly improves water sorption by
reducing moisture concentration and reducing fabric temperature [21]. The textile fabric is a porous
media comprising interconnected pores with irregular forms and sizes [22-25]. The drying of porous
media is a displacement process in which the liquid phase in the pore space recedes because of
evaporation [22].

Two distinctive periods have been identified in most studies dealing with the drying process,
which refers to the process of evaporating liquid from a porous media [10,11,26-33]. At a constant
speed, the drying takes place, and the liquid evaporates as a free liquid surface [31]. This is known as
the “constant rate period”. As the porous material dries and the moisture content drops below a
certain level, it is known as the “critical moisture content”, which is the average material moisture
content at which the drying rate begins to decline. In the period of rate decline, two sub-periods have
been identified by other researchers [7,16,32]: a linear and non-linear one. Drying mechanisms exhibit
periods of constant rate and rate drop, even when the external drying conditions remain stable. The
critical moisture content is defined as the minimum water concentration that allows capillary rise
through the opened pores to ensure maximum evaporation at the peripheral surface. When the
moisture content is critical, the surface area of the liquid decreases, reducing the water evaporation
rate in the wet, exposed area [32]. The critical moisture content is dependent on the amount of
moisture adsorbed, butitis also dependent on the drying speed and the material structure. In general,
the critical moisture content of a hydrophilic material is higher than that of a hydrophobic textile
material with similar structural parameters [11,23].

Droplet drying measurement methods are crucial for understanding the dynamics of droplet
evaporation, which has applications in various fields such as comfort, inkjet printing and
pharmaceuticals. Various methods are used to study droplet drying, including optical, acoustic,
thermal, and mass measurement techniques. These methods provide insights into droplet shape, size,
thickness, temperature and evaporation rates. When selecting a droplet drying measurement method,
it is essential to consider the specific requirements of the study or application. The gravimetric
methods are widely used to study the drying of the textile fabrics. The Moisture Analyser Method
[34] is used to measure the textile drying time. The textile sample is moistened, immersed in
deionised water for 1 min, hung vertically for 5 min, and left to dry freely. The weight of the fabric is
then weighed again to determine the drying time. This method can be used only for absorbable
materials and does not reflect the physical activities and real conditions to be considered: walking
speed, temperature and relative humidity.

The ISO 17616 and Japanese JIS L 1096-1999 standards for moisture drying rate and speed [35,36]
are employed for the determination of drying characteristics after wetting by sweat. The ISO 17617
method expresses the moisture content over time as a drying rate. There are two methods: the vertical
method A and the horizontal method B. Method A is divided into A1l and A2 depending on the
location where the sample is mounted. In the case of Al, after dropping 0.3 mL of water, the mass is
measured at 5-minute intervals until the time reaches 60 minutes or the residual moisture content
falls within 10% of the initial value [36]. The two methods simulated low-intensity activities or normal
manual work without any possibility of controlling the airflow to simulate outdoor activities. The air
velocity can affect the cooling evaporative heat flow and the mobility of water vapour particles [37].

In this study, a new mathematical model considering the fabric structural parameters, liquid
properties and test conditions was developed based on an ISO 11092 modified measurement protocol
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to calculate the dried amount of a droplet. The Permetest skin model was used to study the droplet
drying kinetics deposited at the surface of a textile fabric under controlled environmental conditions.

2. Drying Kinetics Modelling During Evaporation

To predict the water vapour resistance, a new mathematical model was established based on the
measuring standard of the Permetest skin model according to ISO 11092 [38].

The instrument measures the water vapour Resistance (Ret) [m?Pa/W] and the relative water
vapour (RWVP) [%]. The measuring head has a curved meshed surface with a diameter of about 80
mm covered with a semipermeable foil to keep the sample dry. Water vapour passes through the
membrane to simulate transpiration. A sensor system records the cooling evaporative heat flow and
analyses it using a computer. The head is covered with a semipermeable film. The heating power (qo)
is recorded without a sample. Then, the textile is inserted between the head and the channel opening.
Reaching the steady state, the wet head’s heat loss (gs) is registered.

According to ISO 11092 3, at equilibrium, the resistance to evaporation is as follows:

(Psatr—Pvap)A
Ree = % — Reto @
Where:
- Psur The measuring head surface partial pressure of saturated water vapour in test conditions
[Pa],

- Puyp: The water-vapour partial pressure in test conditions [Pa],
- As The area of sample surface [m?],

- H: The heating power of measurement heat [W],

- AH: The heating power correction term [W].

Without a sample, the semipermeable membrane water vapour resistance (Rew) simulating

human skin is:
(Psat,T—Pyap)A
Reto = Lottt Bl @
The heat required (Q) to maintain a constant temperature on the surface of a plate is:
Q _ H-MH
n A €)

According to the mass conservation principle and continuity conditions, the provided heating
flow by the hot plate is equivalent to the evaporation flow (evaporative cooling flow) [39]. Cooling is
mostly the function of water vapour permeability level. Wicking fabrics must be in thermal contact
with the skin to cause cooling effects. So, we have:

2 =Ly o® (4)
2. Liz0Pmo
Here:
- Lmo: evaporation water latent heat [J/Kg],
- Omo: equilibrium evaporated mass flow [Kg/m?s].
Combining Equations (2)—(4) leads to:
_ (Psat,T_Pvap)
Reto - LH,0%mo (5)

According to Fick’s first law, at equilibrium, the water-vapour mass flow through the water-

vapour permeable membrane is:

AC

Dmo = DO,TMHZO A (6)
Where:
- Dor: The diffusion coefficient of water vapour from semipermeable foil in test temperature
[m?/s],
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- Mmo: molecular weight of water (18.015 10-*Kg/mol),
- AC: concentration gradient [mol/m?],
- X:spatial coordinates of the molar concentration [m].
the concentration gradient (AC)can be determined from the relation [40]:

AC = APvap (7)

RTtest

Here:
- APuwy=Psu,1-Puy: water vapour pressure difference [Pa],
- R:gaz constant (R = 8.315 103J/Kmol.’K),
- Tws: Absolute temperature during the test [°K].

Consequently, the mass flow of water vapour during evaporation from the semi-permeable
membrane is:

DoT P —P,
o = e ®

Where:
- Rmo=R/MH:0: Water vapour specific constant (= 461.5 J/(Kg. K)),
- two: semi-permeable membrane thickness [m].

Replacing the mass flow (@mo) in the Equation (5), we obtain:

__ tho RH,0Ttest
Reto =5 -——— ©)
oT Luyo
By analogy:
__ tpot+tns RHy0Ttest
Ret - - RetO (10)

Drotalr LHy0

The semipermeable membrane water vapour resistance (Rew) corresponds to calibration steps
performed at the beginning of the measuring protocol (without a sample). It is noteworthy that
semipermeable membrane and fabric sample are in series system. Consequently, it is imperative to
consider the following:

thotths _ ths tho (11)
DTotal,T Dsample,T DO,T

Where:
- tys: Fabric thickness [m],
- Drowt: Total diffusion coefficient on the water vapour at test temperature [m?/s],
- Dsamprer: Diffusion coefficient of the water vapour through the sample in test condition
temperature [m?/s].
Hence, the Equation (10) leads to:
Ret _ RHZOTtest( ths + fh_o) _ Reto (12)

LHZO Dsample,T Do

By covering the measuring head with a cellophane film (impermeable to the water vapour)
instead of the semipermeable foil, the deposited droplet on the textile sample and in contact with the
surrounding air is the only origin of the evaporation (Figure 1).

Figure 2 illustrates the evaporative cooling heat flow kinetics with and without samples. Without
a sample, it presents a water vapour-proof nude skin. The dried sample was conditioned under test
conditions for 24 hours before testing.

As depicted in Figure 2, the evaporative cooling heat flow exhibits numerical constancy, with an
average value of approximately 100£0.11 W in the absence of the sample (simulating naked skin) and
97£1.53 W in its presence. The corresponding coefficients of variation are 0.11% and 1.58%,
respectively. The heat flow immediately drops after depositing the sample on the measuring head is
less than 91+2.3 W, commencing with a value of 99.2+1.5 W and subsequently stabilising at 97+1.53
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W from 2.5 minutes. The initial heat flow drop was caused by the exothermal moisture absorption in
the measured fabric.

Figure 1. Permetest apparatus working principle considering the modified protocol.

120
90 g

60

O With sample O Without sample

30

Evaporative cooling heat flow (W)

0 5 10 15 20 25 30

Time (min)

Figure 2. Evaporative cooling heat flow registered by Permetest apparel with and without a sample.

So, the (Rew) = 0. Meaningful, there is no evaporation from the Permetest measuring head in this
case and the evaporative cooling heat flow will be maintained at 100 W, as calibrated. Thus, Equation
(12) will be reduced to:

t RH,0XTtest
R . hs 2 (] 3)
e D L
sample,T H>0

The Equation (13) could be written as follows:

b _ 120 _p,, (14)

Dsampler  RH,0XTtest

Considering textile fabrics as porous materials with a total porosity (etotal) and tortuosity (t), the
water vapour effective evaporative diffusion coefficient is:

_ ETotal
Dsample,T - Dair,T p (15)

Dairr is the diffusion coefficient of the water vapour in the air in the test conditions temperature.
By analogy, the Equation (8) leads to the following expression:

(0} _ DsampleTtest Psat,Trest—Prap (16)
Msample,Ttest ths RH,0xTtest

Replacing the expression of the effective evaporation coefficient of the water vapour presented
by Equation (15) and considering the total porosity and tortuosity, Equation (16) can be rewritten as
follows:
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) — Erotal Dair,Tyest PsatTpesy—Prap (1 7)
Msample,Teest T ths RH,0XTtest

Using Equation (2), the expression of water vapour mass flow during droplet evaporation from
the sample leads to:

(0] = Erotal o QXDair,Tyes; (PsatTeest ~Prap) (18)
Msample,Ttest thsXT LH,0XRH,0xTtest

Here, Q[W] represents the evaporative cooling heat flow recorded by the Permetest apparatus
during droplet evaporation. According to equation 18, the droplet’s substantial evaporation flow
from the textile fabric is a function of the sample’s structural parameters (thickness, tortuosity, and
total porosity), the physical characteristics of water vapour under test conditions (diffusion coefficient
through the sample, partial pressure of saturated water vapour at the surface of the measuring unit,
and water vapour partial pressure of the air), and the test environmental conditions (temperature
and relative humidity).

The total porosity of a woven fabric can be expressed as follows39] ]:

m{Diyarpajcm (14968 +Divee e jcm (14356

4tps

(19)

Erotar = 1 —

Where:

- Dyarp and Dy.f: respectively the average diameters of the warp yarns and weft ones [m],
- Wayem and Weyem: respectively the warp density weft density [threads/m],

- 1(%) and em (%): respectively the weft and warp crimp [%],

-t sample thickness [m].

As demonstrated in equation (19), porosity is not directly influenced by fabric design patterns.
Nevertheless, it is correlated with structural compactness, which encompasses factors such as warp
and weft diameters, yarn crimp, and thickness. It is inversely proportional to warp and weft
diameters (Dwarp and Dwett), yarn crimp and warp and weft densities but proportional to thickness.

) ‘—(1-2) (20)

MsampleTrest  4TXtps ths

Where;

- A= @XDair e (Psat,Trest —Poap

) . .
, characterizing the evaporation parameters,
LH,0XRH,0XTtest
e(%)

- B=7[DarpW/em (1 +

geometrical parameters of the sample fabric.

)+D§VeftWe/cm (1 +%)] , describing the structural and

3. Materials and Methods
3.1. Rip-Stop Fabric Pattern Design

Figure 3 depicts two different rip-stop fabric pattern designs. The fabric design was based on the
delimiting grid variation between plain-woven structures. Samples were woven using the rigid
rapier Dornier weaving machine HTV/HTVS/PTV with the Bonas Z]2 jacquard system.

The tested fabrics were woven with the same warp yarn, which contained 100% polyester and
had a yarn number of 25 Nm. Weft yarns of 25 Nm from various materials (100% cotton and 100%
polyester) were used. The warp and weft count were set at 24+2 threads/cm. The woven fabric
thickness has been determined using the ISO 5084:1996 standard [41]. The weight per unit area, warp
and weft densities were determined using the ISO 7211-6:2020 standard [42]. The yarn’s linear
densities have been determined using the ISO 2060:1994 standard [43]. The warp and weft densities
were estimated using the ISO 7211-2:2024 standard [44]. The total porosities of the plain-woven zone
and the delimiting grid one were calculated based on equation 19. Table 1 illustrates the ripstop
defence fabrics’ structural properties.
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Figure 3. Ripstop fabrics design: m plain woven design, m delimiting grid.

Table 1. Used ripstop fabric structural parameters.

Total Porosity [%]

Weft yarn Warp yarn Mass per unit Thickness

Sample code composition ~ composition area [g/m?] (mm)  Plain zone Del;rg;tlng
Structure 1-C 100% Cott . 217+7 0.59 +£0.05 65+5 78+4
Structure 2-C o f-otton b 1100/: 21556 056£006  66th 822
olyester
Structure 1-P Y 213+2 0.55+0.01 7242 79+3
100% Polyester Nm 25
Structure 2-P 211+3 0.54 +0.01 73+3 84+3

3.2. Experimental Test Protocol

First, the tested sample was deposited at the top of the Permetest measured head covered by a
water vapour impermeable membrane. Then, the heat flow was adjusted to 100 W. Next, a 200 + 2
mg at an experimental test temperature of the distilled water droplet was applied on the top surface
of the textile sample placed on top of the measuring heat. While the droplet evaporated from the
sample, the varied evaporative cooling heat flow was permanently registered and visualized using
the Permetest. Finally, the recorded evaporative heat flux was converted to the droplet evaporated
mass using Equation 20 and considering the evaporation, structural and geometrical parameters.

All tests were carried out under standard conditions in an atmosphere of 20+2 °C and 65+4%
relative humidity relative humidity according to standard ISO 139:2005 [45] and air velocity was
adjusted to 1 m/s. Isothermal conditions inside the instrument during the Ret measurements were
maintained with the precision +0.1° C. The droplet was kept in the testing conditions for 24 hours
before deposing. All fabric samples were conditioned in the same atmosphere 24 hours before testing.

4. Results and Discussion

Figure 4 illustrates the evaporative cooling heat flow kinetics while a droplet evaporates from a
textile fabric using the developed methodology. To determine the droplet evaporation from the
textile sample, a modified test protocol was implemented. A water vapour impermeable membrane
was positioned between the sample and the measuring head to prevent evaporation from the
Permetest water reservoir. Consequently, the sole source of evaporation was the droplet deposited
on the top surface of the tested sample. As the heat flow (Q) was continuously recorded by the
Permetest, the evaporated droplet mass was determined using Equation 20.
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Figure 4. Droplet drying kinetics.

The existence of three different phases was noticed by analysing the Figure 4:

- Phase 1: The drying kinetics is low, with a flattening at the droplet mass change. The slope of the
drop mass reduction is very modest. At this level, drop penetration through the sample
thickness is more significant than drying, and the drop spread diameter is minimal. As a result,
the drop’s surface area exposed to evaporation is reduced as illustrated in Figure 5.

- Phase 2: During this phase, the kinetics of droplet mass decrease exhibit the steepest negative
slope. This phase corresponds to the complete distribution of droplet throughout the textile
surface. This ensures that the droplets are evenly spread at the sample surface, facilitating
evaporation (Figure 5).

- Phase 3: the downward rate of the drying curve slope decreases and tends to zero. This indicates
the quantity of direct water absorbed by the sample, which is difficult to remove without
additional energy.

Spreading Imbibition Evaporation
. » = 5 . e T . .

Figure 5. Spreading, imbibition, and evaporation combination dynamics for a droplet on a textile fabric. .

Figure 5 illustrates the overall dynamics of spreading, imbibition, and evaporation for a liquid
droplet on a porous substrate, such as a textile fabric. Lucas-Washburn formulated the spontaneous
flow of liquid through porous media as being linearly proportional to the square root of the time
elapsed. [46]. During the spreading process, the macropores primarily facilitate the wicking action
and rapidly absorb water. Subsequently, these macropores serve as a reservoir to convey liquid
through the fabric via the interconnected micropores. Subsequently, during evaporation, which is
related to spreading and imbibition dynamics on a porous substrate due to variations in droplet
surface area and primarily influenced by the direct and indirect water proportion, this amount
depends on the fibre type: hydrophilic or hydrophobic. In our case, cotton is easy to wet and difficult
to dry compared to polyester fibre.

Established from Figure 4, the droplet drying kinetics properties are summarised in Table 2.

Table 2. Droplet drying kinetics properties at different evaporation phases.

Sample code Structure 1-C  Structure 1-P  Structure 2-C  Structure 2-P
Phase 1 Period (min) [0, 2.5] [0, 1.4] [0, 2] [0, 0.8]
Slope (g/min) -0.0032 -0.0183 -0.0042 -0.0129

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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R2 0.97 0.92 0.98 0.96

Period (min) ]2.5,13.25] 11.4,7.7] 12,12] 10.8, 7.2]

Phase 2 Slope (g/min) -0.0159 -0.026 -0.0198 -0.0303
R? 0.99 0.99 0.99 0.99

Period (min)  ]13.25, 20.25] 17.7,12.25] 112, 16.2] 17.2, 8.3]

Phase 3 Slope (g/min) -0.0022 -0.0028 -0.0018 -0.0022
R? 0.92 0.95 0.94 0.94

Based on Table 2, which summarizes the three phases of the drying kinetics, the sample made
with 100% polyester weft yarns exhibited the most competitive performance during phase 1. The
drying period interval was limited to 0.8+0.1 minutes, with a negative drying slope of approximately
-0.0129+0.0002 g/min. In contrast, the drying period interval was extended to 1.4+0.2 minutes, with a
negative drying slope of approximately -0.0183+0.0004 g/min, in the case of Structure 2-P and
Structure 1-P, respectively. The total drying times for samples woven with 100% polyester weft yarns
were limited to 8.3 + 0.21 minutes and 12.25 + 0.25 minutes, respectively, for the Structure 2 and
Structure 1. Conversely, the total drying times for samples woven with 100% cotton weft yarns were
prolonged to 20.25 + 2.52 minutes and 16.2 + 1.34 minutes, respectively, for the Structure 1 and
Structure 2.

Polyester fibres are hydrophilic and do not absorb water. Consequently, water vapour particles
are trapped within the scales of pores without absorption. This phenomenon results in rapid water
particle spread and imbibition compared to cotton fibres. The same behaviour was observed during
phases 2 and 3.

Table 2 further indicates that Structure 2 dries faster than Structure 1, regardless of the raw
material used (cotton or polyester). Figure 3 illustrates that the floats in the delimiting grid are more
pronounced in Structure 1 due to its porosity compared to Structure 2. Consequently, greater porosity
of the sample Structure 2 leads to a more breathable structure.

As presented in Table 1, there were no significant changes in the total porosity levels for cotton
and polyester between Structure 1 and Structure 2 in the plain woven design zone. This was because
the lengths of floats remained constant. However, the porosity values varied as the lengths of floats
were changed in the delimiting grid zone.in fact, in Structure 1, the floats were distributed over five
warps and five wefts in both the longitudinal and transversal directions. Conversely, in Structure 2,
the length of floats was limited to two yarns in both directions. Consequently, the porosity values
changed between structures, leading to variations in the thermal contact points with the skin.

5. Conclusions

To conclude, a novel methodology for investigating the kinetics of water droplet drying during
evaporation from a defence textile fabric was introduced. Mathematical modelling was developed
based on a modified Permetest skin method and the water vapour evaporation kinetics of droplet
evaporation from the surface of a textile fabric. A water vapour impermeable membrane was placed
at the top of the Permetest measuring head to ensure that the deposit droplet was the only source of
evaporation from the textile sample. It was observed that the raw materials and fabric design
structures significantly influence the evaporation kinetics. Hydrophilic fibres exhibit faster drying
rates compared to hydrophobic fibres. Furthermore, adding floats in the delimiting grid of ripstop
defence fabrics results in a slower-drying fabric. During droplet evaporation and drying, three
distinct phases were noticeable. During the first one, the drying kinetics are low and the drop
penetration through the sample thickness is more significant than drying. In the second phase, the
drop mass decreases most rapidly, ensuring even distribution throughout the fabric and promoting
evaporation. The slope of the curve decreases and approaches zero during the third phase, indicating
the quantity of direct water absorbed by the sample, which requires more energy to remove,
especially for cotton fibres. Using polyester in textile fabrics reduces drying time from 65% to 95%
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compared to cotton. Adding floats to ripstop fabrics in the deliming grid zone extends drying time
by about 20% when cotton yarns are used, compared to 32% when polyester is added.

In summary, the developed mathematical model was designed to precisely align with the fabric
construction parameters, liquid properties, and test conditions of a droplet evaporation kinetics from
the textile fabric. This model will serve as a crucial tool for optimizing drying processes, thereby
substantially enhancing the comfort of sportswear. In the future, the research framework will
prioritize investigating the impact of varying air velocities on the drying process.
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