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ARTICLE INFO ABSTRACT
Article history: Textiles play an essential role in human civilization due to their thermal comfort. Textiles
Received 1 November 2022 which regulate heat transfer between the skin and the local environment shape body

Received in revised form 22 December 2022 mjcroclimates without wasting excess energy. Cloth design is important for human
Accepted 24 December 2022 comfort and thermal physiology. The mass and heat transfer from the skin covering play
Available online 31 December 2022 an important role in human thermoregulation and engineering design of textile and
dressing. Heat and moisture transfer due to sweating in a clothing system under sun
radiation is performed in this study. Governing equations of mass, momentum, and
energy balance for the air and water phases through the porous media are solved by
finite element method. Results of temperature, pressure, water vapor concentration,
and relative humidity for various time steps are analyzed. As well influence of relative

Keywords: humidity on drying behavior is studied. Finally based on the comfort temperature for
Porous media, sweat evaporation, skin surface the optimal porosity of medium is obtained. The method of current study
clothed human body, radiant heat, can be used as an algorithm for cloth design for various environmental and material
thermo-physiology properties for specified human comfort standard. Especially, the time domain analyses

show that the optimal configurations perform better for low porosity ratios.

1. Introduction

The study of thermo-physiology and thermal protection of a clothed body requires mass transfer
due to perspired moisture transport in a clothing system [1]. Textiles serve as a thermal barrier as
well as a means of expressing personal identity and aesthetics. Water dissipation in permeable
porous media is a significant cycle in many industries. Numerous actual impacts should be thought
of liquid stream, heat move and transport of taking an interest liquids and gases [2]. These impacts
are unequivocally coupled, and predefined interfaces can be utilized to display these impacts [3]. The
development of science and technology has led to more diverse properties being explored for textiles
in fields such as medical, firefighting, aerospace, and military applications. Examples include bacterial
resistance, flame retardancy, lightness, breathability, and waterproofness. Despite all the different
textile properties, the primary function of textiles, regardless of how human society evolves, has
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always been to adapt thermal comfort to different ambientes. A human's thermal comfort range is
37 °C around, which is a constant temperature for endotherms. Previous research focused on
moisture transmission without taking into account the effects of liquid perspiration or external heat
radiation [4]. The body must sweat when it is subjected to high levels of physical exertion, such as
during athletics, with the goal of cooling the body by perspiration evaporation. As a result, the
garment must be able to transmit a lot of moisture. However, at particularly high levels of activity,
the fabric may not be able to instantly transport all of the perspiration produced to the atmosphere.

To learn about the mechanisms of sweat evaporation, build-up, and dripping in those who are
constantly sweating. The average density of active glands is about 125-200 glands/cm2. The number
of functional pores per cm2 is 213 in forearm, 177 in upper arm, 377 in dorsum of hand, 151 in chest,
30in back, 99 in leg, 284 in thenar eminence, 167 in forehead, 21 in zygomatic arch, and 16 in buccal
[5]. Those gland in a clothed body system act as a source of water which the various distribution of
the sweat gland in several areas make a difference in cloth design [6]. The cloth must hold extra sweat
for eventual drainage, and the fibre should not feel wet to the wearer. As a result, sportswear must
have excellent air, water, and heat transmission, as well as water storage capabilities. It's hard to
design a textile that has both good liquid storage and transmission qualities. As well, based on various
conditions sweat rate is different for an un-acclimatized case the value of one litre per hour is
maximum while the value for a well-acclimatized person is twice or more (with less NaCl content) [7].
To comprehend sweat drainage of the clothed body, the idea of dressed wetness was studied in some
references [8]. The results revealed that as perspiration rate grew, the evaporation rate of the
clothed body increased, and this increase may be explained by parameters (e.g., material
composition, hydrophilicity, and evaporative resistance), which influenced sweat accumulation
ability [9].

For athletic apparel, single layered cotton sewed textures is liked as these have more prominent
versatility and stretch capacity contrasted with woven textures. Be that as it may, the issue is during
significant degree of sweat effort, the texture is wet as it assimilates the perspiration which isn't
immediately sent to the climate. This causes an uneasiness to feel to the wearer [10]. Various
substances can used as a cloth which have several thermal inertias, and sensation of heat or cold.
Adjustments to the preset two-phase flow in cloth and environment medium are necessary when
considering an unsaturated porous material. The changing water saturation inside the porous media
is computed in this approach [11]. This model and instructions are based on the preceding version
and focus on the additional processes needed to implement multiphase flow in porous media, along
with evaporation from of the liquid to gaseous phase. The desired body temperature is 370C. If the
designed cloth allows human body heat production to the environment it would be a good design.
The 14-fold range of metabolisms and thermal sensors help skin in thermal management [12].

Trickling of fluid perspiration from the body or release of organic liquids cause moderately limited
qguantities of warmth trade, however openness to rain and different fluids in the climate can cause
high paces of warmth misfortune and gain [13]. Dress is utilized external the skin to broaden the
body's scope of thermoregulatory control and lessen the metabolic expense of thermoregulation
[14]. It lessens reasonable warmth move, while as a rule allowing dissipated dampness (inert warmth)
to get away. Bedclothes are a type of attire utilized for dozing [15]. Gauzes and other clinical covers
may likewise be an uncommon instance of dress, controlling the warmth, dampness, and biotic
exchange over a harmed skin [16]. This idea gives a concise depiction of the body's skin structure and
thermoregulatory framework, trailed by a more itemized depiction of how warmth and dampness
are moved at the skin's external limit, lastly, the solace ramifications of skin temperature and
moistness [17]. Since skin qualities are not equitably disseminated across the outer layer of the whole
body, it is valuable for clothing configuration to have this data introduced by individual body part, at
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every possible opportunity. Since the temperature inclination between the skin surface and the
climate reduces in warm climate, reasonable warmth move becomes lacking to eliminate the body's
metabolic rate [18]. Vanishing of body dampness is an exceptionally proficient warmth evacuation
measure, and accordingly complex physiological components have advanced to support vanishing
under states of warmth stress, and to limit it when not, both to keep away from overcooling and to
limit the measure of water lost by the body [19].

The porous polymers used in these coatings are typically hydrophobic and closed cell. Solar
reflectance greater than 95% requires a thickness of 160 m. Sweat wicking and drying are hindered.
A major personal thermoregulation pathway, moisture management, in hot, humid, and sunny
conditions, is essential to wick sweat away from skin and evaporate it quickly so that heat can be
dissipated, and the body can cool safely [20-30].

It is noted that the mass transfer diffusivity coefficient is orders of magnitude smaller than that
of advection, leading to a longer transient time. This longer period highlights the importance of the
transient shape factor for mass transfer, as compared to that of pressure transient cases. Therefore,
understanding the transient behavior (early time) of the shape factor is necessary for accurate
determination of the diffusive mass transfer, which occurs mostly in the transient period compared
to the pseudo steady-state period [31-35].

This study is focused on the mathematical derivation of a dimensionless porosity for the mass
diffusion process in the presence of advective flow in convection. In contrast to previous
investigations, both advective and diffusive mass transfer processes are considered to derive the
dimensionless porosity effect. The effect of matrix block size distribution is discussed and
heterogeneity due to porosity intensity is incorporated into the present model. The transient (early
time) and pseudo steady-state periods of the matrix—fluid interaction are characterized by prediction
of the dimensionless porosity behavior with time. Results presented in this work can be applied to
the proper implementation of the equivalent mass transfer porosity by the addition of variable
porosity matrix distribution effects and in calibration of dual porosity models. Although textile design
is important for human comfort and thermal physiology few studies are performed on porous media
design of that textiles. In current study the effect of environmental parameter such as relative
humidity and material properties such as porosity of textile media are discussed for the first time.
The novelty of current research is to find an optimal porosity for a given medium. The results will
help sensing applications, such as humidity sensor position or sweat rate sensing with cloth design.

2. Methodology

In this section, descriptions of the physical system along with the assumptions used to develop
our model are introduced. The governing equations of the system are derived and the analytical
solutions for matrix and fluid are presented. The governing equations for mass transfer in a porous
system are derived and the solutions of these equations are utilized to investigate the effect of
different porosity functions on the spread of water droplet. The dimensionless porosity for a
repetitive element of the porous system is obtained using the analytical solutions of the coupled
partial differential equations of the matrix and fluid. This model describes a laminar dry airflow
through a porous medium containing water vapor and liquid water. The geometry and boundary
condition of porous and environment domain are shown in Figure 1. The environmental climate
temperature happens normally across exceptionally wide scope of temperatures and water fume
pressures is 4.7 kPa but here the constant of 200C is considered. As described in introduction the
sun-oriented radiation is also considered here as much as 0.8 kW per square meter of skin surface
and radiation into an ambient surrounding at 20°C. It is assumed that all liquid water captured in the
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porous medium. Values of parameters are presented in Table 1. The porosity (a measure of tight
fitted and loose fitted) is variable here. The dry air flow velocity (u0), for Skin model the sweating
base plate is on 37°C. Sun light radiation value it could be measured by testing rig Honle device
sunlight. Simulation Sun light simulated by 700 W/m?2,

Sun radiation

Fluid domain

—

Dry airflow s

ry airflow | "
—
—>

tH

sweating water vapor and liquid water

porous medium containing

Fig. 1. Configuration of an evaporation cooling in porous media under
continuous sweating, dry airflow, and radiative heat transfer

Table 1

Values of parameters

Parameter Value Unit Description

p0 1 atm Ambient pressure

TO 293.15 K Ambient temperature

u0 0.1 m/s Freestream velocity

csat 0.95914 mol/m3 Saturation vapor concentration at ambient
temperature

D 2.6e-5 m?/s Air-vapor Diffusivity at 298 K and 1 atm

H 2.454e6 J/kg Latent heat of evaporation

K 1000 1/s Evaporation rate

Sil 0.1 - Irreducible liquid phase saturation

SO 0.5 - Initial water saturation

2.1 Liquid-Gas Flow Through a Solid Matrix

The modelling of two-phase of liquid-gas flow inside a porous medium is different in many
references but here the most common is used. In some models two coupled Single- phase flow in
porous media is considered. In the most common references, the saturation parameters are used as
the total index of phases is equal to one. If we consider a for the moist air (gaseous phase) then the
value of water percentage (liquid phase) is equal to 1- a. It is good to notice that pore space is not
fully saturated with water. The pressure inside the void volumes of the porous media called capillary
pressure is the difference of pressure of gaseous phase and liquid phase (pc = pg - pl). The capillary
between gaseous phase and liquid phase causes the flow motion (driving force). Here the capillary
pressure is considered. As the effect exist through the different approaches the Brinkman Equations
is used. Brinkman principle is used pressure distribution of moist air (pg) and applied as an additional
pressure gradient (diffusion term) in the transport equation by the effective velocity of water as

K
u, = __vag (1)

Hw
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which includes the capillary effects. The subscription ‘w’ symbolized the water and subscription ‘g’
symbolized the moist air. the permeability (k,, ) and viscosity (u,,) of the water. The above equation
is used to calculate the flow field in the porous medium. The role of the porosity (€) is considered
indirectly in the permeability parameter as a fraction of the void space is filled by the air phase. The
fluid stage speed is little contrasted with the wet air speed and to such an extent that Darcy's law is
characterized as far as the gas stage constrain inclination to compute the water speed ul as per. It
isn't important to characterize a second Darcy's law condition, however an extra vehicle condition
for the fluid stage is required. Table 2 -4 contains air properties, liquid water properties, and water
vapor properties respectively.

Table 2
Air properties
Parameter Value Unit Description
Ma 0.028 kg/mol Molecular weight of air
ua 1.81e-5 kg/(m-s) Air viscosity at 200C and latm
ka 0.025 W/(m-K) Air thermal conductivity at 200C and 1atm
Cp,a 1.006e3 J/(kg-K) Air heat capacity at 200C and 1latm
pa 1.205 kg/m?3 Air density at 200C and 1atm
Table 3
Liquid Water properties
Parameter Value Unit Description
Ml 0.018 kg/mol Molecular weight
ul 1.002e-3 kg/(m-s) Viscosity
kl 0.59 W/(m-K) Thermal conductivity
Cp,l 4.182e3 J/(kg-K) Heat capacity
pl 998.2 kg/m?3 Density
Table 4
Water Vapor properties
Parameter Value Unit Description
Cp,v 2.062e3 J/(kg-K) Vapor heat capacity
uv 1.8e-5 kg/(m-s) Vapor viscosity
kv 0.026 W/(m-K) Vapor thermal conductivity

2.2 Liquid Phase and Moisture Evolution

The cooperation of fluids with stringy fibrous materials might include one or a few actual
wonders. Based on the overall sum of fluid included and the method of the fluid texture contact, the
wicking cycles can be isolated into two gatherings: wicking from a limitless fluid supply (drenching,
trans-planar wicking, and longitudinal wicking), and wicking from a limited (restricted) fluid
repository (a solitary drop wicking into a texture). As indicated by fibre—fluid connections, the wicking
cycles can likewise be partitioned into four classes: narrow entrance just; synchronous slender
entrance and imbibition by the filaments (dispersion of the fluid into the inside of the filaments); slim
infiltration and adsorption of a surfactant on filaments; and synchronous slim infiltration, imbibition
by the strands, what's more, adsorption of a surfactant on filaments. When planning tests to re-enact
fluid material connections of a functional cycle, it is fundamental to comprehend the essential cycles
included and their energy.
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One of the major boundaries which directs the fluid strong communications is the calculation of
the strong, including the shape and relative places of the underlying parts in the framework, as
unequivocally reflected in the Laplace pressure law showing that the pressing factor drop is relative
to the trademark curves. Thusly, for similar material, its wetting conduct will be unique, sometimes
definitely, when made into a film, a fibre, a fibre group or a stringy material, as exhibited in this part.

Mass of evaporation is obtained from linear relation of

Mevap = Kevap(Aw Cv,sat - Cv) (2)

which saturation vapor concentration obtained from temperature; water activity is a function of
moisture content on dry basis. By and large, it is a capacity relying upon the water content on dry
premise of the encompassing air and the temperature, yet here an estimated worth of Aw = 0.9 is
utilized due to the moderate variety of water content. One can incorporate the mechanistic
formulations of the transport of Diluted Species interface, which settles for a focus in the extremely
broad fluid flux variables. These equations (convection and diffusion of water vapor, dry air and water
liquid) are utilized to depict the movement of the fluid stage (water) inside the permeable porous
domain. The equation of evolution of moisture content is

d M,y Csat (T) (3)
€ &(apl + (1 - (x)png) + pgug - V (%)
M. Csat (T
s v, (_pg DmV( y P Csat )))
Peg
0
+ u, 'VP1+V'(_DwW(O(Pl+(1
w
- a)png)v¢w) =0
where
Degs is Dvaelf,‘ﬁsgw/3 and evaporation source is W+pgug -Vw, + V- g, The dissipation

rate from the bare skin of the human body can be communicated as the dissipation rate from the
naked skin, area is the skin region accessible for dissipation, the part of the body surface covered by
water (skin wettedness), the mass exchange coefficient from the skin to the climate, soaked fume
tension on the skin and the fume pressure in the climate. Sum of Molar fraction of air Xa and vapor
Xv is 1 while Molar fraction of vapor obtained from ideal gas equation. Here diffusion coefficient of

water is 1e”8 x exp (—2.8 + 2w(qbw)/(spps)). The system to infer the exchange condition for

water fume is like the past segment. Beginning from the protection condition and following the
portrayal, one needs to execute the transition because of convection though the speed field is now
known from the Brinkman condition and should be applied to the fume stage. The second vehicle
instrument is motion because of paired dispersion of water fume and dry air in the vaporous stage.
A typical connection for a viable diffusivity for two parts are in the accompanying table. Some
investigation on manufactured and normal yarn materials in single pullover weaved textures, shows
that some of water can absorb in textile causing the swelling. Such assumption is neglected here. As
per the outcomes, it was reasoned that some samples showed quick wetting, less assimilation,
extremely quick spread capacity of fluid dampness take-up, and higher upsides of aggregate single
direction transportation.
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2.3 Vapour Phase and Evaporation

Evaporative cooling noticed for various textiles. The dry cloth produced a more prominent
temperature drop while the soaked cloth created a more noteworthy temperature drop
subsequently. Generally wet attire can make cooling that is significantly more prominent than cooling
created by water dissipating straightforwardly from the skin. As well, Initial cooling by wet textures
is most noteworthy when a texture contains an insignificant measure of water while cooling is ideal
throughout a more drawn-out timeframe when the texture contains undeniable degrees of water
(soaked). The degree of cooling made by wet attire over the long haul is directed by the complete
water content in the texture. This additionally clarifies why people as often as possible report further
developed solace in hot conditions when wearing single-layered dress that doesn't assimilate a lot of
sweat. The materials that ingest little water, for example, nylon and silk give quick cooling while
cotton gives better cooling later.

Counting the dissipation interaction is finished by adding the mass of water fume that is vanished
as source term in the vehicle condition. Dissipation happens, if the centralization of water fume is
underneath the balance focus, which is dictated by the immersion fixation cast and water movement
aw, with the water action depicts the measure of water that vanishes into air. The vanishing rate
relies upon the material properties and the cycle that causes the dissipation. It should be picked with
the goal that the arrangement isn't influenced if further expanded. This compares to expecting that
fume is in balance with the fluid or, at the end of the day, the time scale for vanishing is a lot more
modest than the littlest time size of the vehicle conditions. This is valid for pore estimates that are
not very huge. The warmth of dissipation is then embedded as source term in the warmth move
condition as per mass sources.

Qevap = Lv Gevap (4)

The conduction, convection, and radiation (long-wave and short-wave) are thermal exchange
mechanisms at skin surface. The thermal management are assisted by moisture diffusing and sweat
evaporating at skin surface.

Q= _[(Cp.v - Cp.a)gw + Cp.lgIC] (5)

With the assumption that moisture molecules will diffuse along the surface of any intervening
fibres, thus predicted the moisture diffusivity in non-hygroscopic nonwoven fabrics as

Deps = DgP + Do(1—Vy — P)(1 — P)/(1 + sV; — P) (6)

Genuinely great consistency of forecast results and test information suggests that utilizing both
porosity and convolution is an adequate methodology in describing dampness dispersion through
non-hygroscopic sinewy materials. Be that as it may, many ordinarily utilized filaments, for example
cotton and fleece, are hygroscopic and the reactions of hygroscopic texture under dampness
inclinations is considerably more mind boggling because of connections among dampness and
strands.
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2.4 Heat Balance
The Heat Balance equation is

DT  9°T N 0°T (7)
Dt~ “\ox2 ayz)

The still-air convective heat transfer coefficients for standing condition is (velocity < 0.1 m/s)

h = 1.21(Tgin — Tp) %43 (8)

and for seated condition is

h = 0-78(Tskin - Ta)0'56 (9)

Based on the similarity between the fluid transport coefficients (Nusselt (h=Nu ksui¢/d) and
Sherwood (hm = Sh Dsui¢/d) numbers) one can calculate the mass transfer coefficients (hm = h
Driid/ksia). As well for the various segment of body (Foot, Lower leg, Thigh, Pelvis region, Head, Hand,
Forearm, Upper arm, Chest, Back, Whole body) some constant reported as a heat transfer coefficient.
Mixture laws, based on the amount of vapour and dry air, is used to characterize the thermodynamic
properties of air with water vapor. Once Moist air is selected as the fluid type, this is done
automatically, and the system of equations may be found in any Heat Transfer textbook. The
concentration ¢ (mol/m3) from the transport equation is provided as an input term for water vapor.
There is an option to define a single fluid type within the porous domain. But it will simplify the model
too much. Implementing a two-phase flow requires defining the fluid type in a way that is appropriate
for both gas and liquid phases. As a reason, the moist air qualities must be manually adjusted. For
the sake of simplicity, all other properties of the material are also defined manually. Capillary rise in
a fibrous material is another issue can happen. Soaking a fibre assembly differs from wetting a single
fibre because the surface areas of the two are vastly different. Instead of dealing with a single
dimension of fibre with specified radius, the study must deal with a medium made up of fibres and
irregular pores with a complex surface structural geometry. But here in the sake of simplicity the
porous media approach is adopted.

2.5 Porous Permability, Conduction and Diffusion

The absolute permeability is defined by the permeability of the porous matrix (i.e. k). When two
phases are present, the saturation affects the permeability of each phase. The accurate value of
permeability can detect after examination of 3D porosity of utilitarian clothing through miniature
tomography framework. The relative permeabilities k1 and kg for the liquid and gaseous phases,
respectively, define this, with k = Kk and kg = kK. Relative permeability curves are frequently
determined empirically or experimentally. The form of relative permeability contours is hugely
affected by the porous material features and the liquids directly, and is often determined practically
or practically. The parameters in this model are defined by the fact that they will be constantly
positive values:
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_ {1 —11s;, s <1/1.1 (10)
e =1 o, s >1/1.1

3
S1— Sy

— » S| > Sy
K =3\l —sy

O,SISSH

The variable S;i is the complex liquid phase saturation, unfolding the fact that inside the porous
medium the liquid phase will remain in saturation. Figure 2 presents relative permeability of gas and
liquid.
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Fig. 2. Relative permeability: a) gas, b) liquid
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Specific heats of various fibres are different but in order of J/kgK. It starts from Glass which is 800
J/kgK to Nylon (PAD 66) which is 1430 J/kgK. The other usual fibres are between this range (Rayon or
Viscose, 1260 J/kgK, Wool 1360 J/kgK, Silk 1380 J/kgK, Polyester Terylene 1340 J/kgK, and Asbestos
1050 J/kgK). As well the Thermal conductivity of various fibres are different but in order of 0.1 W/mK.
It starts from Silk bats which is 50 to Polytetrafluoroethylene which is 350. The other usual fibres are
between this range (PVC 160, Cellulose acetate 230, Nylon 250, Polyester 140, Polyethylene 340,
Polypropylene 120, PET 140, Glycerol 290, Cotton cellulose 70, Cotton bats 60, Wool bats 54).
Prediction of effective thermal conductivities in many multiphase systems studied by various method
such as local volume averaging (system swank from the micro to the macro scale), homogenization
of a unit cell in a periodic structure (based on the thermal conductivities base material and void
volume fraction) and thermal resistance networks (based on the similarity between electrical
conduction and thermal conduction). As there any many length scales in such systems (diameter,
length, distance between...) which make difficult a mathematical and analytical solution for the
effective thermal conductivity. Table 5 presents porous matrix properties.

Table 5
Porous Matrix Properties.
Parameter Value Unit Description
€ 0.8 - Porosity
K le-14 m? Permeability
ks 0.21 W/(m-K) Porous matrix thermal
conductivity
Cp,s 1650 J/(kg-K) Porous matrix heat capacity
ps 1528 kg/m?3 Porous matrix density

2.6 Thermal Radiation in Participating Media

In outdoor condition, sometimes the textile heated or cooled down by thermal radiation.
Numerical calculations of thermal radiative heat transfer aids to optimize the design of a textile. The
original thermal radiative heat transfer governing equation is an integro-differential complex
equation. Therefore, here some simplified approach is used to solve the thermal radiative heat
transfer governing equation coupled with the heat conservation of the system. Between the methods
calculating the thermal radiative heat transfer in a gray porous medium shown in Figure 1. Convective
cooling by 20°C happens at the top surface of porous media while the radiation is absorbed and
transferred inside porous media. Because of thin layer of absorber and computational costs, the P1
method for Radiative Heat Transfer is not used. Although P1 method uses one integration over all
wave numbers but there are simpler ways to overcome the problem. The Rosseland approximation
(which is for large optical thickness) is used here which is reasonable for medium temperatures as in
this model. Implementation of the Rosseland approximation is simple and just needed a nonlinear
term in the thermal conductivity at heat conservation of the system. The linearized radiative heat
transfer coefficient is added to the thermal conductivity of the porous media as

160gp (11)

T3

keff = k + 3aR

The mathematical and physical advantage of the above equation (sometimes called the diffusion
method) is it can apply through Fourier's second law of conduction.
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DT oOT oT aT 160¢5TS\ 02T 0°T (12)
— = otu—-tv—-=a +
Dt 0t Ox dy ( 3kag ) dx? = 0y?

The nonlinear coefficient, considered as well, the extinction coefficient (cross section of absorbed
or scattered), and the refractive index. The emissivity of skin surface is 0.95. Without the textile the
skin will reach higher temperature as the effective heat transfer coefficient for radiation is 4.7 W/m?2
in average. Manikin segment radiative coefficients radiative coefficients are foot 4.2-3.9, lower leg
5.4-5.3, thigh 4.6-4.3, pelvis 4.8-4.2, head 3.9-4.1, hand 3.9-4.1, forearm 5.2-4.9, upper arm 4.8-5.2,
chest 3.4-4.5, and back 4.6-4.4 for seated and standing conditions respectively.

3. Results

The mathematical model of the simulations in terms of governing equations of mass, momentum,
and energy balance for the air and water phases through the porous media are presented. The
boundary conditions for temperature are described as well. The grid generation in this study is based
on triangulation method. The check for grid independence is presented in table 6. Solutions
presented in the previous section are in the Laplace domain. The time domain solutions can be found
using numerical inversion methods which has been used extensively in the literature. In the following
subsections, the time domain solutions are evaluated. Then, the effects of the various parameters on
advective—diffusive mass transfer in porous media are investigated.

3.1 Mesh Independence

Using a proper mesh size is important to resolve the steep gradients at the interface boundaries.
Therefore, a customized mesh with boundary layers is used. To get good convergence of the time
dependent behavior, first solve the stationary flow equations only. Iteration or convergence errors
occur due to the difference between a fully converged solution of a finite number of grid points and
a solution that has not fully achieved convergence. As the effect of temperature and mass transfer
on fluid flow is neglected one can use stationary solution of fluid flow and applied for transient
equation of mass and heat balance. This solution will then be used for the time dependent study
step. This approximation neglects the evaporation mass source in the fluid flow computation. No
previous benchmark in field exists on verification of the method. Thickness of the fabric- 3D structure
of the fabric and surface treatments of the fabric is not considered here.

Mesh configuration related to Table 6 is plotted in Figure 3 for case 4. the relative error
defined/computed by L2 norm of temperature in steady state. The influence of the step size (of the
time is 5 seconds) on the transient result is negligible for time step less than 10 seconds. the boundary
layer element types are used for the top of the channel and porous media than for the entire mesh.
a screenshot of the mesh is plotted in figure 3.

Fig. 3. Grid independence related to Table 6 (Mesh 4)
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Table 6
Grid independence for the meshes
Number of cells Relative Error of maximum temperature rise in system
Mesh 1 3224 2.78
Mesh 2 4623 2.07
Mesh 3 5654 1.87
Mesh 4 6089 1.17
Mesh 5 6445 0.66
Mesh 6 7087 0

3.2 Temperature

The temperature (Figure 4) shows significant cooling in the whole domain. As the optical path is
large the radiation effects in porous media banquet at top surrounding surface of porous media and
does not foldaway far through it. A fabricis not only a mesh. The 34.45°Cis used here as an interested
temperature of body. For various segment skin temperature in neutral stable condition the other
values could be obtained. For example, forehead 35.8, cheek 35.2, front neck 35.8, back neck 35.4,
chest 35.1 34.5, back 35.3, abdomen 35.3, upper arm 34.2, lower arm 34.6, hand 34.4, left finger
35.3, thigh 34.3, shin 32.9, calf 32.7, foot 33.3. As well in cold stable condition the average of 26.8°C
is recommended. For various segment skin temperature in cold stable condition the other values
could be obtained. For example, forehead 30.7, cheek 27.7, front neck 33.5, back neck 34.5, chest
30.9, back 32.4, abdomen 28.7, upper arm 24.7, lower arm 27.3, hand 23.1, left finger 21.1, thigh
27.0, shin 26.5, calf 24.3, and foot 21.4. In following Figures 4, there are large areas. If the x-axis and
y-axis have meaning of horizontal (skin direction) and vertical directions. Such figure gives no
suggestions for design of textiles are given yet.

Estimates based on data-assimilating porous models have several difficulties. First, the model
output often does not obey total mass conservation making budget calculations difficult. Second,
there is a lack of temperature profile data over the porous caused by the surface flux fields, indicating
differences between the models and observations.
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(e)
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5 0.77 26.23 42.69 59.15 75.62 92.08 108.54 125 141.47 157.93

Fig. 4. Temperature field through 1000 seconds: a) t= 5, b) t = 100, c)
500, d) t = 1000 and e) Stationary pressure distribution in Pa

3.3 Pressure

The default pressure contour plot is shown on Figure 3-e. The uniform gradient of pressure profile
guarantees the smooth boundary layer flow over the porous medium. Although the various
equations described in the paper are predictions about the movement of water, the following
pressure distribution shows the linear decrease of pressure through skin direction which make it
suitable for the predictions of boundary layer in the actual situation.

3.3.1 Vapor concentration and Influence of Relative Humidity on Drying Behaviour

To measure the optimal design of real textiles under thermos-physiological aspects here the
Vapor concentration and influence of relative humidity on drying behavior is studied. Inside the
porous domain the relative humidity is close to 100% everywhere (Figure 5). Concentration (mol/m3)
through 1000 seconds shows that initial condition at t= 0 changes to the steady state condition soon
and concentration profile developed fast. As well, Inside the porous domain the relative humidity is
close to 100% everywhere (Figure 6). Relative humidity through 1000 seconds shows that initial
condition at t= 0 changes to the steady state condition soon and concentration profile developed
fast.

With the intention of studying the influence of environmental water content in air or relative
humidity (RH %) on drying performance of textile, some levels of RH are selected. Instead of dry air
based on standard RH of 50% and two near values (lower and higher as compared to standard value).
Influence of RH on drying time for a constant porous and geometry parameter are performed and
plotted in Figure 5. The Figure 7 show that three different RH levels have unimportant variance in
their drying actions of the cloths. Figure 8 presents vapour concentration and streamline of
concentration flux for various inlet conditions after 1000 seconds: a) RH=0, b) RH = 0.1, c) RH= 0.5,
d) t = RH= 1. As shown although the concentration contours change fast to the steady state, but the
mass fluxes are reacted slower. Fabrics in stretched and unstretched condition- e.g., warp/weft could
be compared to real situation (e.g., sportswear) which is not considered here.
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(a) Time=0s

(b) Time=5 s

0.92 0.94 0.96 0.98 1 1.02 1.0

S

(C) Time=100 s

0.99 1 1.01 1.02 1.03 1.04

(d) Time=1000 s

0.99 1 1.01 1.02 1.03 1.04

Fig. 5. Concentration (mol/m3) through 1000 seconds: a) t=0,
b)t=35, c) 100, d) t = 1000
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(b) Time=5s

(c) Time=100 s

0.99 1 1.01 1.02 1.03 1.04

(d) Time=1000 s

0.99 1 1.01 1.02 1.03 1.04

Fig. 6. Relative humidity through 1000 seconds: a) t=0, b) t =5,
) 100, d) t = 1000
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Fig. 7. Relative humidity for various inlet conditions after 1000 seconds: a)
RH=0,b)RH=0.1,c)RH=0.5,d)t=RH=1
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(a) Concentration (mol/m?)

(b) Concentration (mol/m?)

(C) Concentration (mol/m?)

0.5 0.55 0.6 0.65 0.7 0.75 0.8

(d) Concentration (mol/m?)

0.97 0.98 0.99 1
Fig. 8. Vapor concentration and streamline of concentration flux
for various inlet conditions after 1000 seconds: a) RH=0, b) RH =
0.1,c)RH=0.5,d)t=RH=1

312



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 29, Issue 1 (2022) 295-315

3.4 Comfort Temperature As A Function Of Porosity Of Medium

With the intention of studying the influence of porosity of the system over surface temperature
in steady state interval of 0.1-0.9 of porosity are selected for parameter study. In this research the
average surface temperature of 15°C is selected for the human comfort which is correspond to
porosity of 0.375. It is good to mentioned that current complex numerical study performed, can be
applied to textiles by considering the following figure 9. As shown by increase of surface temperature
decrease. Cloth design is (textile structure/design) tight fitted the problem. Sun light radiation could
be tested via Honle device sunlight. A clear structure concerning the investigation program is
obtained from figure 9. As well it will give the idea for test set up, conditions with statistical approach
in porous media.

20fF ]
19.5} J
19+ .
18,5} .
18 .
17.5F .
17+ y
16.5} .
16} .
15.5} .
15} .
145} .
14+ .
13,5} .
13+ .
12,5} .

Surface temperature (Celcius degree)

11.5

10.5 k1 ] 1 1 ] 1 1 ] =
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-
<

Fig. 9. Surface temperature as a function of porosity
4. Conclusions

This is a study, dedicated to a very complex phenomenon. Though the manuscript presents, in
fact, a simulation study on the complex interaction between a textile layer, sweating skin,
environmental air and sun radiation.

The common cloth design methods rarely give us instinctual acumens around the effect of all
related limits in the textile media. Cloth design is important for human comfort and thermal
physiology. The mass and heat transfer from the skin covering play an important role in human
thermoregulation and engineering design of textile and dressing. Heat and moisture transfer due to
sweating in a clothing system under sun radiation is performed in this study. Governing equations of
mass, momentum, and energy balance for the air and water phases through the porous media are
solved by finite element method.
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Results of temperature, pressure, water vapor concentration, and relative humidity for various
time steps are analyzed. As well influence of relative humidity on drying behavior is studied. Finally
based on the comfort temperature for skin surface the optimal porosity of medium is obtained.

For further studies it is good to explore the effects of material, fibers, yarn linear density,
mesostructured, microstructure of the tissue, etc. This study presents design suggestions and
garment improvements. The current method can be used as an algorithm for cloth design for various
environmental (velocity, temperature, relative humidity) and material properties (diffusion, porosity,
water activity) for desired human comfort. The investigation program could be studied with different
fabrics.
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