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2D stands for two-dimensional 

3D stands for three-dimensional 

ANOVA stands for Analysis of Variance 

Cot stands for cotton 

CV stands for coefficient of variances 

Eq stands for equation 

Gr stands for Grashof number, a dimensionless number 

H stands for horizontal 

ISO stands for an independent, non-governmental international organization for 

standardization that develops standards to ensure the quality, safety, and 

efficiency of products, services, and systems 

L stands for the length/thickness 

Pes stands for polyester 

PP stands for polypropylene 

Pr stands for the Prandtl number, a dimensionless number 

Ra stands for the Rayleigh number, a dimensionless number 

SGHP stands for the sweating guarded hotplate apparatus 

T stands for the ambient temperature 

V stands for vertical 

Vs stands for versus - is the abbreviation to compare 

p-value stands for probability value, is the resultant value from a null hypothesis 

significance testing 
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Symbols 

 

 

Symbol Description Unit 

A is the area [m2] 

Dp is the pressure diffusivity  [Pa/s] 

Dp  is the water vapor thermal diffusivity [W/m.Pa] 

DP is the water vapor diffusion permeability/ coefficient [kg/m·Pa·s] 

DPeff is the effective vapor diffusion permeability [kg/m·Pa·s] 

dp  is the amount of pressure per unit volume  [kg/m3] 

HLt is the total heat loss [W] 

L is the heat needed for evaporation of water [J/kg] 

Pa is the testing pressure [Pa] 

Po is the ambient water vapor pressure in the climatic chamber [Pa] 

PPo is the partial pressure of the water vapor in the measuring channel 

of the Permetest skin model 

[Pa] 

Ps is the saturated water vapor pressure of the thermal manikin wet-

skin 

[Pa] 

PPs is the partial pressure of the saturated water vapor above the 

hotplate of the Permetest skin model 

[Pa] 

qet is the heat flow passing through the measuring head of  Permetest 

covered by the tested sample 

[W/m2] 

qetg is the total heat including the boundary layer, the air-gap distance 

rings and the sample from Permetest skin model 

[W/m2] 

qeto is the heat flow from the bared measuring head of Permetest without 

the air-gap distance rings nor sample  

[W/m2] 

Rct is the thermal resistance [m2·K/W] 

Rcteff is the effective thermal resistance including the thermal resistance 

of the air gap and the material 

[m2·K/W] 

Rctf is the thermal resistance of the material [m2·K/W] 

Rctg is the thermal resistance of the air gap [m2·K/W] 

Rctm is the thermal resistance of the boundary layer [m2·K/W] 

Rcto is the thermal resistance of the boundary layer above the measuring 

surface of the Permetest skin model 

[m2·mK/W] 
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Rcts is the surface boundary layer of the thermal manikin [m2·K/W] 

Rctt is the total thermal resistance including the thermal resistance of the 

boundary layer, the air gap and the material 

 

[m2·K/W] 

 

Ret is the water vapor resistance [m2·Pa/W] 

Re̅t  is the arithmetic mean of the actual Ret test results [m2·Pa/W] 

Reteff is the effective evaporative resistance including the evaporative 

resistance of the air gap and the material 

[m2·Pa/W] 

Retf is the evaporative resistance of the material [m2·Pa/W] 

Retg is the evaporative resistance of the air gap [m2·Pa/W] 

Retg* is the evaporative resistance of the air gap when it relates to the 

water vapor diffusion permeability 

[m2·Pa·s/kg] 

Retm is the evaporative resistance of the boundary layer [m2·Pa/W] 

Reto is the evaporative resistance of the boundary layer above the 

measuring surface of the Permetest skin model 

[m2·Pa/W] 

Rets is the evaporative resistance of the wet skin of the thermal manikin [m2·Pa/W] 

Rett is the total evaporative resistance including the evaporative 

resistance of the boundary layer, the air gap and the material 

[m2·Pa/W] 

 

 

Rv is water vapor gas constant which is 4615 [J/kg·K] 

R² is the symbol of the coefficient of determination -- 

Ts is the temperature of the thermal manikin shell [K] 

TPs is the surface temperature of the measuring head of the Permetest 

skin model 

[mK] 

To is the ambient temperature of the climatic chamber for the thermal 

manikin 

[K] 

TPo is the ambient temperature in the measuring channel of the 

Permetest skin model 

[mK] 

V̅  is the arithmetic mean of the calculated test results [mK] 

r is the symbol of coefficient correlation -- 

h is the thickness [m] 

λ is the thermal conductivity of the air [W/m·K] 

g is the acceleration due to the Earth’s gravity which is  9.81 [m/s2] 

β is the thermal expansion coefficient [K] 

a is thermal diffusivity [m2/s] 

ν is the kinematic viscosity [m2/s] 
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Abstract 

 

Sweating thermal manikin is considered the best machine for testing thermal insulation (Rct) and 

evaporative resistance (Ret) of clothing because manikin's human form can be put on the ready-to-

wear garment for testing in a 360-degree environment. It does not like the sweating guarded hot 

plate (SGHP), so-called skin model; the testing material has to be in a two-dimensional format. 

However, the sweating thermal manikin cost is very expensive and not commonly owned by 

research institutes or clothing companies. To solve this issue, a dry thermal manikin (non-sweating, 

more affordable and popular among many research institutes) is used together with the Permetest 

skin model to predict the Ret for the clothing. The research aims to use the Rct result from a dry 

thermal manikin and the correlation of the vertically oriented skin model (Permetest) to develop a 

model equation that can calculate the Ret without using the wet thermal manikin. 

Four popular clothing materials were chosen (cotton, polyester and their blends plus polypropylene 

as counter sample) and sewn into shirts in different sizes equivalent to different air gap sizes. Shirts 

were tested on the dry manikin. Results were analyzed and correlated to the results of the same 

materials and same air gap distances in a vertically oriented skin model (Permetest). Then, by 

choosing the best-fit line for all the resultant data from the experiments as the basic equations to 

develop the final model equation to predict the Ret of the clothing without using the sweating 

thermal manikin. 

Keywords: Sweating thermal manikin, Permetest skin model, Vertical-horizontal orientation, 

Evaporative resistance, Clothing comfort, Air gap size, Correlation coefficient  
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Abstrakt 

 

Potící se tepelný manekýn je považován za nejlepší zařízení pro testování tepelné izolace (Rct) a 

výparného odporu (Ret) oděvů, protože na manekýna ve formě lidské postavy lze snadno obléci 

trojrozměrný konfekční oděv při jeho testování. Tuto možnost neposkytuje tepelný model lidské 

kůže – skin model, neboť zkoušený materiál se zde nachází dvourozměrném formátu. Náklady na 

pořízení tepelného manekýna s možností pocení jsou však velmi vysoké a proto tato zařízení jsou 

jen zřídka instalovány ve výzkumných ústavech nebo oděvních společností. Ke stanovení Ret u 

zkoušených oděvů je v této práci použit suchý tepelný manekýn (cenově dostupnější a oblíbený v 

mnoha výzkumných ústavech) společně s českým tepelným modelem lidské kůže (skin modelem) 

Permetest. Výzkum v této práci si klade za cíl použít výsledek Rct ze suchého tepelného manekýna 

a korelaci vertikálně orientovaného modelu kůže (Permetest) k vytvoření modelové rovnice, která 

umožní vypočet Ret bez použití potícího se tepelného manekýna. 

K experimentům byly vybrány čtyři oblíbené oděvní materiály (bavlna, polyester a jejich směsi 

plus polypropylen) a použity k výrobě do košil v různých velikostech odpovídajících různým 

velikostem vzduchové mezery. Košile byly testovány na suchém manekýnu. Výsledky byly 

analyzovány a korelovány se stejnými materiály a stejnými šířkami vzduchových mezer ve 

vertikálně orientovaném skin modelu.  Poté byly nalezeny nejvhodnější závislosti pro všechna data 

potřebná pro sestavení základních rovnic sloužících k prezentaci finální modelové rovnice 

umožňující cílový výpočet a predikci výparného odporu Ret oblečení bez použití potícího se 

tepelného manekýna. 

Klíčová slova: potící se tepelný manekýn, Permetest skin model, oděvní komfort, výparný odpor, 

tepelný odpor, vertikálně-horizontální orientace vzduchových mezer. 
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大綱簡介 

 

會出汗的人體模型衣物測驗器被認為是測試服裝隔熱性（Rct）和抗蒸發性（Ret）的最佳

機器。因為它的人形模式 , 成衣或其他衣物可以直接放在人體模型上進行 360 度環境的測

試。它不同於出汗防護熱板（SGHP），一種又稱為皮膚模型的測驗器；測試材料必須是

平面形式。然而，人體模型衣物測驗器成本非常昂貴，並不為研究機構或服裝公司所共有。

不出汗的人體模型衣物測驗器（乾的，不出汗）就是用來解決這個問題的另類方法；因它

價格更實惠，深受眾多研究機構歡迎，配合 Permetest 皮膚模型來預測服裝的 Ret。此項研

究意旨在利用乾的人體模型的 Rct 結果和垂直定向皮膚模型 (Permetest) 的相關性來開發一

個模型方程，可以在不使用濕的人體模型的情況下計算 Ret。 

 

測驗過程選擇了四種常用的服裝材料包括棉、滌綸及其混紡，再加上聚丙烯作為對照樣品，

縫製成不同尺寸的襯衫，尺寸的大小相當於不同的氣隙尺寸大小。襯衫在乾的人體模型上

進行了測試。又在垂直定向的皮膚模型中對相同材料和相同氣隙距離的測試結果進行分析

和關聯，並通過選擇所有數據的最佳擬合線作為基本方程來開發最終模型方程來預測服裝

的 Ret . 

 

關鍵詞: 出汗機械人模型, Permetest 皮膚模型, 垂直-水平方向, 蒸發阻力, 服裝舒適度, 氣隙

大小, 相關係數 
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1. Introduction 

 

 
Clothing comfort consists of three main aspects: psychological, thermophysiological, and 

neurophysiological comfort [1-2]. In the thermophysiological comfort, thermal insulation (Rct) and 

evaporative resistance (Ret) are two important parameters that influence the body heat balance 

during various activities. These two parameters are most commonly measured by thermal manikin 

(Figure 1-2) and sweating guarded hot plate so-called skin model (Figure 3).  

 

Thermal manikin [3-5] is an anatomically correct, human-like robot that the whole body is divided 

into segments which are the heat zones, and the heat can be controlled and adjusted using a 

computer program to simulate human body heat to test the heat transfers from the manikin body 

through clothing system to the environment. Using thermal manikin for clothing measurement is 

standardized in ISO 15831: 2004 [6]. Thermal manikins have two major types: dry and wet (built-

in sweating system) thermal manikins. The sweating thermal manikin models have small holes 

embedded in particular segments connected to the water pump inside the manikin to secrete water 

to simulate the human body's sweating glands. Some models of thermal manikins can perform 

simple movements like cycling and walking to simulate activities [7-8]. Thermal manikin (dry/wet) 

is considered the most accurate apparatus to measure heat and mass transfer for the clothing system 

because of the human form. It can measure the radiation, conduction and convection in 360 degrees 

in real life [9]. However, when testing the Ret, even following the international standard of 

procedures, the 4mm thick wet-skin (made of a material containing a microporous structure that 

evaporates the water vapor to simulate human sweating) put on the sweating thermal manikin 

because of the evaporation of the surface temperature is difficult to control, it is always lower than 

the manikin shell temperature [10]. Also, the sweating holes only built-in areas like chest, back, 

some parts of legs and arms, and it takes a long time for water to spread out on the wet-skin. The 

direct contact of wet skin on clothing may moisten and influences the water vapor permeability of 

the clothing, decrease the evaporative resistance [11-12] and lower the accuracy of the repeatability 

and lab-to-lab data comparison. 
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Furthermore, scientists are still debating whether to use heat loss or mass loss method to measure 

(the mass loss method was removed from the newest version of the ASTM standard [13]), the 

condensation on the inside of low permeable clothing is causing over/under-estimation of the 

results and so on [14-15]. Also, the long hours of preparation and observing time for each test and 

the maintenance fee of sweating thermal manikins are relatively more expensive than the dry 

thermal manikin (non-sweating thermal manikins). Dry thermal manikins are often simpler to use, 

more affordable and used in more places worldwide.   

 

 

Figure 1. Sweating thermal manikin-Newton 

 

Figure 2. Newton in wet-suit and walking 

mode 
 

Sweating guarded hotplate (SGHP) - a skin model (Figure 2) is an apparatus with a hotplate 

installed in an enclosed space. Heat is released from the porous hotplate simulating human skin 

and through a permeable membrane to the material put on the hotplate to test for the Rct/Ret by 

sensors installed inside the closed environment. Results will then be collected and shown on the 

computer program connected to the skin model [16-17]. The procedure of testing materials on 

SGHP is standardized in ISO 11092: 2014 [18].  The hotplate skin model has a long history of 

being used to determine Rct/Ret of materials [19], yet; it can only test materials in two-dimensional 

form and on a flat surface in a particular size; also, the flatness, the range of temperature and the 

insulation of the hotplate are still challenging the developers for improvement.  
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Figure 3. Sweating guarded hot plate and software 

Figure 4. Permetest skin model 
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Permetest (Figure 4) is an alternative kind of skin model which is also standardized in ISO 11092. 

However, its portable size and the versatile vertically or horizontally oriented measuring method 

make it stand out among other skin models. Also, its non-destructive measure, fabric or garment 

can be tested without cutting, and the quick testing result only takes a few minutes for preparation 

time. The only disadvantages of the machine are limited in the thickness of garment/fabric layers, 

from 0-16 mm, and the constant monitoring of the water level is needed when testing on Ret of the 

materials. Tables 1 and Table 2 are presenting the comparison of the sweating thermal manikin, 

sweating guarded hotplate and Permetest skin model. 
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Table 1. Properties comparison among the sweating thermal manikin, sweating guarded 

hotplate and Permetest skin model 

 

 

 
 

 

Instrument Sweating Thermal 

Manikin 

Sweating Guarded 

Hotplate 
Permetest Skin Model 

Shape Human form Rectangular form Rectangular form 

Dimension 

(approx.) 

Height-170cm, 

Chest-94cm, Waist- 

88cm 

Length-77cm,  

Width-67cm,  

Height-43cm 

Length-54cm,  

Width-23cm,  

Height-13cm 

Weight Unknown 62 kg 7 kg 

Materials Plastic form shell 

and metallic frame 

for body parts and 

joints. Wet-skin for 

Ret test is 4mm thick 

material containing a 

microporous 

structure  

Metal Metal 

Body 

Movements 
Yes No No 

Heat zones 

Control 
Yes No No 

Total heated 

measured area 
1.774 m² 645 cm² 50.265 cm² 

Measuring 

Method 

3D – Ready-to-wear 

garments 

2D – Flat surface of 

textile or garments (cut 

size) 

2D – Flat surface of textile 

or garments (non-

destructive) 

Sample 

Thickness 
From 0 mm up 0 – 50 mm 0 – 16 mm 

Preparation 

Time 
One day One day 15 to 30 minutes 

Measuring 

Time 

1 hour or more 1 hour or more 1 to 5 minutes in each 

measurement in average 
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Table 2. The sweating thermal manikin is in wet-skin (in blue) prepared for water vapor 

resistance tests and sweating guarded hotplate is put inside the climatic chamber before any 

sample testing; and Permetest skin model is in the vertical orientation 

 

 

 
  

ISO Standard 15831 11092 11092 

Price Very Expensive Expensive Affordable 

Climatic 

Chamber 

Needed Needed No 

Orientation 

Versatility 

Possible Impossible Possible 

Rct/Ret 

Measurement 

Yes Yes Yes 

Principle of 

Instrument 

To measure total 

heat loss between 

the manikin shell 

temperature and the 

ambient temperature 

through the air gap 

and the test sample 

garment  

To measure the power 

required to maintain the 

flat hotplate 

measurement area at a 

constant temperature  

To measure the power 

needed to keep the flat 

hotplate measurement area 

at a constant temperature  

Other Problems -Wet skin (4mm 

thick) temperature is 

difficult to control 

when measuring Ret 

-Costly maintenance 

fee 

-A large climatic 

chamber needed 

-Problem when 

measuring samples with 

an air gap, the center 

area will drape 

-Uneven temperature on 

a hotplate 

-Uneven 

smoothness/thickness of 

hotplate 

-Limited water reservoir 

for Ret measure 

-Limited sample height, 

only 16mm 

-Only a small area is 

tested 
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Either sweating thermal manikin or any skin models follows the Fourier's law. Fourier's law is the 

law of heat conduction, and it states that "the heat flux resulting from thermal conduction is 

proportional to the magnitude of the temperature gradient and opposite to it in sign" [20]. When in 

a one-dimensional, steady-state with no heat generated, this observation may be expressed as Eq 

(1): 

 

q́x = -λ(dT/dx) (1) 

 
 
 
 

where q́x is the heat flux [W/m2], dT/dx is the temperature gradient [K/m] and the minus sign 

confirms heat flows from higher to lower temperature. λ is the thermal conductivity of the material 

[W/m·K].  When Fourier's law is combined with the principle of conservation of energy, it becomes 

the essential reference for analyzing thermal conduction problems. Newton's law of cooling*1 Eq 

(2) is a discrete analogue of Fourier's law and Fick's laws of diffusion*2 Eq (3-4) are its 

concentration and pressure analogues [21]. 

 

Q = α·A(Ts -T∞) (2) 

 

 

where Q is the heat flow rate from the body to the ambient fluid area [W], α is the heat transfer 

coefficient [W/m2·K], A is the surface area where the heat transfer takes place [m2], Ts and T∞ are 

the body and ambient temperature respectively [K]. 

 

 

 

m* = - Dc(dc/dx) (3) 

 

m* = - Dp(dp/dx) (4) 

 

https://en.wikipedia.org/wiki/Joseph_Fourier
https://en.wikipedia.org/wiki/Joseph_Fourier
https://www.thermopedia.com/content/1186/
https://en.wikipedia.org/wiki/Joseph_Fourier
https://www.thermopedia.com/content/655/
https://en.wikipedia.org/wiki/Newton%27s_law_of_cooling
https://en.wikipedia.org/wiki/Fick%27s_laws_of_diffusion
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where m* is the amount of substance that will flow through a unit area during a unit time interval 

[mol/m2·s], Dc is the concentration diffusivity [m2/s], Dp is the pressure diffusivity [Pa/s], dc is the 

amount of substance per unit volume [mol/m3], dp is the amount of pressure per unit volume 

[kg/m3], dx is the distance/length [m]. Also, one-dimensional heat transfer through fabric or other 

materials by conduction is governed by Fourier’s Law of thermal conduction as in Eq (1) [22-23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*1Newton's law of cooling states that the rate of heat loss of a body is directly proportional to the 

difference in the temperatures between the body and its surroundings [from Wikipedia]. 

*2Fick's law of diffusion states that the diffusion rate is proportional to both the surface area and 

concentration/ pressure difference and is inversely proportional to the thickness of the membrane 

[from Wikipedia]. 

  

https://en.wikipedia.org/wiki/Newton%27s_law_of_cooling
https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Temperature
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2. Objectives of Research 

 

 

Knowing the relationship/correlation of the dry thermal manikin and the hotplate skin model is 

important when there is a need to test garment systems with difficult access to the sweating thermal 

manikin; the correlation can solve the immediate problem plus saving time and cost of labor.  

 

However, in a standard operation regime, the hotplate skin model serves to determine the Rct/Ret 

of a single-layered fabric placed horizontally and flat on the porous measuring surface, which 

simulates the human skin. When there is a need to test garment systems with vertical gaps using a 

standard skin model, serious problems arise; for example, the testing surface area is usually large. 

The tests involving air gaps are practically impossible because textile material will drape/deform 

around the center area. The effective air gap gets reduced, then the measurement suffers from a big 

error. Moreover, vertical measurements are also impossible in standard skin models. Their large 

size in the vertical direction will cause an uneven distribution of water within the apparatus's porous 

measuring plate. On the contrary, the Permetest skin model (Figure 3) has a small diameter (8 cm) 

testing plate and a slightly curved surface to allow a very secure and close contact with material 

even with an air gap distance of up to 16 mm and still keeps the material flat for testing. The 

portable size of Permetest also gives it the advantage of turning a horizontally (H) oriented test into 

a vertically (V) oriented test in a second. 
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The research aims to develop an equation that can calculate the evaporative resistance (Ret) result 

by using the data obtained from the dry thermal manikin and the correlation of Rct/Ret of the 

vertically oriented Permetest skin model. The research is divided into two major parts: 

 

First part: Analysis of Air Gap Sizes Related to Free Convection and the Water Vapor Transfer in 

Air Gaps in Clothing 

 

Second part: Experiments, Results and Analysis for the Thermal Manikin and the Vertical Skin 

Model; also the Vertical and Horizontal Air Gaps comparison by means of Permetest 

skin model. The procedures are as follow: 

 

1. Materials and Apparatuses 

2. Rct/Ret - Methods 

3. Analysis of the Thermal Manikin and the Permetest Skin Model 

4. Rct/Ret on the H/V Oriented Permetest Skin Model 

5. Analysis of the H/V Oriented Permetest Skin Model 

6. Determination for the Best Fit Equation Models for the Rct/Ret Data from the H/V 

Oriented Permetest Skin Model Results 
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3. Review of the Current State of Problem   

 

 

Literature related to research employing thermal manikin and hotplate skin model, in general; is 

divided into three main groups: 

• Analysis of clothing for fabric mechanical, thermal and comfort properties and protective 

clothing using thermal manikin or hot plate skin model [24-36]; in a single layer or multi-

layers [37-39]; in dry/wet state [40-46] and different atmospheric conditions to evaluate 

human behaviour in protective clothing [47-50]. This group is the largest group of research 

literature using the thermal manikin and the hotplate skin model among the three groups. 

 

• Reports on new development or re-designed on the thermal manikin and the hotplate skin 

model, for examples; invented a higher temperature range of the hotplate for thermal 

conductivity tests, better insulation materials and insulation installation of the apparatus, 

new arrangement of electric wire to stabilized the constant of the heat flow, new material 

for the hotplate to maintain the perfect flatness of the plate and so on for the sweating 

guarded hotplate [51-58]. In thermal manikin development, a new invention of the female 

fabric sweating thermal manikin – Wenda improved breathable manikin for medical 

purposes and inflatable manikin for thermal properties measurement [59-60]. 

 

• Evaluation of sweating guarded hotplate and thermal manikin and comparing these two 

apparatuses [61-65]. Articles in this group are limited, especially comparing the hotplate 

skin model to the thermal manikin; like Matusiak et al. compared thermal resistance results 

of nine different materials between the Alambeta thermal tester model and the thermal 

manikin, and concluded that "Alambeta could be applied to measure the thermal resistance 

of the material applied in clothing in situations when no access to the thermal manikin." 

However, the research is only provided the results from thermal resistance but no 

evaporative resistance results. Satusumoto et al. compared quasi-clothing heat transfer 

between a vertical hotplate and the thermal manikin and concluded that "the vertical hot 

plate was more accurate than the thermal manikin because the manikin could not reproduce 
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the same setup of construction factors like precise air space sizes." The research is 

interesting to use the vertical hotplate skin model for the test. Still, only the schematic is 

shown in the article, which is not enough clearance to understand how this apparatus 

operates in the experiment. Also, there is no mention of any recognized procedure standard 

is applied to the vertical skin model test. More, using space bars between the manikin and 

the clothing to keep the exact air gap distance which is not practical in reality, for gravitation 

and mechanical properties of the fabric are always exist and influence the drape of the 

clothing, which are important factors for thermal resistance measurement.  
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4. Experiments and Results 

 

 

4.1 Analysis of Air Gap Sizes Related to Free Convection and the Water Vapor 

Transfer in Air Gaps in Clothing 
 

 

4.1.1 Air Gap Sizes Related to Free Convection 

 

In thermophysiology, thermal resistance (Rct) when in the steady-state under non-isothermal 

condition, the total thermal resistance (Rctt) is equal to the boundary layer of the body (Rctm) plus 

the thermal resistance of the air gap (Rctg) between the body and the clothing, and the thermal 

resistance of the clothing (Rctf). It can be defined by equation Eq (5) and the unit of Rct is [m².K/W]. 

The air gap resistance (Rctg) is defined in Eq (6), where h [m] is the thickness and λ [W/m.K] is the 

thermal conductivity of the air. 

 

Rctt = Rctm + Rctg + Rctf 

 

(5) 

Rctg = h/λ    (6) 

 

When the effective thermal resistance (Rcteff) is required, total thermal resistance minus the body 

boundary layer is the answer as in Eq (7). 

 

Rcteff = Rctt - Rctm (7) 

 

When evaporative resistance (Ret) in steady-state under isothermal condition (in non-isothermal 

conditions, clothing insulation may dramatically change due to moisture absorbent, therefore; 

isothermal conditions should be used [66-68]), the total evaporative resistance (Rett) is similar to 

Eq (5), the boundary layer of the body (Retm) plus the evaporative resistance of the air gap (Retg) 

and the evaporative resistance of the clothing (Retf). It can be defined by Eq (8), and their unit is 
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m²Pa/W. The air gap evaporative resistance (Retg) is defined in Eq (9) where Dp [W/m.Pa] is the 

water vapor thermal diffusivity [69].  

 

Rett = Retm + Retg + Retf (8) 

 

Retg = h/Dp    (9) 

 

The effective evaporative resistance (Reteff) is the total evaporation resistance minus the body 

boundary layer of the evaporative resistance as in Eq (10). 

 

Reteff = Rett - Retm (10) 

 

When heat is transferred in natural convection, Rayleigh number*3 (Ra) is applied. Rayleigh 

number is a dimensionless number associated with free or natural convection [70-71]. When the 

Rayleigh number is used in fluid mechanics, it characterizes the fluid's flow regime to determine a 

laminar flow or a turbulent flow. Rayleigh number is defined as Eq (11): 

 

Ra = Gr*Pr =[gβ (T1 – T2) L
3/ aν]*Pr (11) 

 

where g is the acceleration due to the Earth’s gravity which is 9.81[m/s²], β is the thermal expansion 

coefficient (equals to 1/T* where T* is the mean absolute temperature [K]), T1 [K] is the measuring 

head temperature, T2 [K] is the ambient temperature, L [m] is the length, a [m²/s] is thermal 

diffusivity, ν [m²/s] is the kinematic viscosity. The equation is the product of the Grashof number*3 

(Gr), the ration relationship between buoyancy and viscosity within a fluid, and the Prandtl 

number*3 (Pr), the ratio relationship between momentum diffusivity and thermal diffusivity [72]. 

The critical value of Rayleigh number (Ra) is 1708 [73-74], where the flow is unstable and this 

transition period will turn laminar flow into turbulent flow [75-76]. However, there is no fluid 

https://www.nuclear-power.net/nuclear-engineering/heat-transfer/thermal-conduction/heat-conduction-equation/thermal-diffusivity/
https://www.nuclear-power.net/nuclear-engineering/heat-transfer/thermal-conduction/heat-conduction-equation/thermal-diffusivity/
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motion when Ra < 1000, and the heat transfer is only by conduction rather than convection [77-

78]. 

In the research experiments, air gap size is from 0 –16mm. g = 9.81, T1 = 32ºC (305K), T2 = 22ºC 

(295K), β = 1/T* = (305+295) / 2K = 300K, L = (0.004 to 0.016 m), a = 19*10-6 [m²/s], ν = 15.7*10-

6 [m²/s] (values of a and ν are checked from Tables, both at 300K), and Pr (Prandtl number) is 0.7. 

By using the Eq (7); results are in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*3Similarity Theory [79-82] is when two physical phenomena, processes or systems are similar if, 

at corresponding moments at corresponding points in space, the variables' values that characterize 

the state of one system are proportional to the corresponding quantities of the second system. For 

any set of similar phenomena, all the corresponding dimensionless characteristics have the same 

numerical values. Rayleigh, Grashof and Prandtl numbers are dimensionless numbers that 

similarity theory can be applied to. 

https://en.wikipedia.org/wiki/Thermal_conduction
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Table 3. Rayleigh number for air gap size 0-16mm, values in red are for reference only 

 

unit in [m] Rayleigh number (Ra) 

0 0 

0.004 49 

0.008 393 

0.010 767 

0.011 1021 

0.012 1326 

0.016 3143 

 

Results show that from 0-10 mm, Ra is under 1000. When Ra = 103, conduction is the dominant 

mechanism for heat transfer, indicating no free convection in these narrow air gaps; then 

convection is slowly introduced when the air gap size started at 11 or 12 mm. 

From Grashof number follows that the uplift driving force (responsible for free convection) is 

driven by differences in the fluid density. Generally, these density differences of the fluid (here is 

air) are mostly created by gas expansion expressed as (T1 – T2)/T*, where 1/T* is the mean absolute 

temperature of the gas (here is the air).  This driving force in the Grashof number can be directly 

expressed as the relative difference(s) of densities of the fluid (humid air in our case). 

In this study, a very specific situation can be observed. At isothermal water vapour transfer required 

at Ret measurements, the only density difference in the studied system is caused by differences in 

the density of saturated water vapour in the simulated skin of the Permetest skin model and the 

density of less saturated water vapour inside the measuring channel of the device.  

A similar driving force is managed when testing Ret on the thermal manikin. The density of the 

proper (dry) air keeps unchanged. Thus, in the correct version of the Grashof or Rayleigh numbers, 

the driving force will be the difference of partial water vapor pressures (very close to the skin and 

outside the skin). However, for this specific case, no critical GR or Ra numbers were found in the 

literature.  Moreover, the mentioned pressure differences (driving force) are small. The low level 

of the possible free convection in this case confirms the following finding:  linear dependences of 
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determined Ret numbers on the air gap size (see Figures 17, 18, 20, 21; page 44, 46, 52, 55) confirm 

that no free convection effect was observed till the air gap width was 12 mm. 

 

4.1.2 Water Vapor Transfer in Air Gaps in Clothing 

 

As already mentioned, heat in narrow gaps inside clothing systems is transferred by pure 

conduction unless the Rayleigh number (Ra) exceeds 1000. Due to relatively low-temperature 

drops in clothing worn under common conditions, heat transfer by radiation is neglected. 

According to Eq (5), radiation heat flow in these conditions should not exceed 10 to a maximum 

of 15% of the total heat flow [83]. Regarding the transfer of water vapor in the narrow gaps inside 

clothing systems, its mechanism should be principally the same; due to the similarity between heat 

and mass transfer. However, in this study, the water vapor transfer is the driving force in the air 

given by the difference of water vapor partial pressures is low. 

Moreover, testing of evaporative resistance (Ret) of clothing by the sweating thermal manikins, as 

well as the Ret tests executed on vertically oriented Permetest skin model in this study, were carried 

out under isothermal conditions, which means that the thermal manikin shell temperature or the 

porous hotplate of the Permetest device was holding on the same temperature as the fabric sample, 

thus creating the air gap characterized by its thickness h [m] and the evaporative resistance Retg 

[m².Pa/W] which is related to power determined by the modified Retg* [m2s.Pa/kg] which is related 

to mass.  

The term DP [kg/m.s.Pa] presents the water vapor diffusion coefficient in the air related to the 

water vapor partial pressure, which in some papers is called water vapor diffusion permeability 

[69]. This term will also be used in the study.  

Due to low driving force (low difference of water vapor partial pressures) and isothermal conditions 

that water vapor transfer in the gaps investigated by the vertical skin model would not be influenced 

by the free convection based on differences of water vapor density. However, contrary to the 

common Ra number, where the limit for free convection initiation is known, nothing similar was 

published to initiate free convection based on differences in water vapor density. At present, there 

is no dedicated EU standard for measuring this quantity, highlighting the fact that more research is 

needed in this field. 
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Hence, for the beginning, let us suppose the water vapor transfer in narrow closed gaps in the 

vertical skin model is based on pure diffusion. In this case, the water vapor diffusion permeability 

DP in these gaps should approximate to the standard values published in the literature - Schirmer, 

R.: Die Diffusionszahl von Wasserdampf-Luft-Gemischen und die Verdampfungsgeschwindigkeit, 

Beiheft VDI-Zeitschrift, Verfahrenstechnik (1938), H. 6, p. 170-177 [84] . 

 

 

DP = 2306.10-5 Po . Pa
-1. Rv

-1(T/273.15)0,81  [kg/m.s.Pa] 

 

Here: 

Rv is water vapor gas constant 4615 [J /kg.K] 

T is the ambient temperature in Kelvins [K] 

Pa and Po mean the testing and the ambient pressure in Pascals (100,000 Pa), respectively. 

According to EN ISO 13788:2012 for standard laboratory conditions used in the study we get:  

 

 

DP = 2,0.10-10 [kg/m.s.Pa] 

 

 

In the next step, the effective water vapor diffusion permeability level will be determined by 

measuring the vertically oriented skin model and compared with the theoretical value.   

Evaporative resistance Retg [m².Pa/W] related to thermal effects of the evaporation, which was 

experimentally determined by a vertical skin model for air gaps varying from 0 to 16 mm, can be 

converted into evaporative resistance Retg* [m².s.Pa/kg] by Eq (12) according to the ISO 11092: 
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Retg* = Ret.L  (12) 

 

 

where L presents the heat for evaporation of water, 2 450 000 [J /kg] at 22°C. Thus, for certain gap 

10 mm created by the studied fabric sample with Ret = 15 [m².Pa/W], the Retg* value will be 

3,675.107 [m².s.Pa/kg]. This evaporative resistance Retg* shall correspond to the gap of the above 

thickness h as in Eq (13):  

 

 

Retg* = h/ DPeff  (13) 

 

 

where the DPeff [kg/m.s.Pa] is the effective vapor diffusion permeability in the studied gap in 

clothing, then the DPeff value can be calculated as:   

            

 

DPeff = h/ Retg* = 0,01 / 3,675 .107 = 2,72.10-10 [kg/m.s.Pa] 

 

 

As expected, the theoretical level of water vapor diffusion permeability in pure diffusion is slightly 

lower than the value of DP = 2,0.10-10 [kg/m.s.Pa]. Then it can be concluded that in water vapor 

transfer in the studied gaps prevails the diffusion, just for the gaps thicker than 12 mm, certain 

effects of free convection can be observed.  

 

  



23 

 

4.2 Materials and Apparatuses 
 

 

Seven materials were prepared for the research, but only four of them (in shade areas) were used 

for the thermal manikin tests due to limited access to the facilities. Materials' properties are 

presented in Table 4 and their photomicrographic images are shown in Figure 5a-g. All materials 

were washed to get rid of the finishing, hang dried and iron-flatted before use. Two apparatuses 

were used: Tore – the thermal manikin and the Permetest skin model (in vertical orientation) and 

their features are presented in Table 5. 
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Table 4. Properties of materials** 

 

 
100% 

Cotton 

80/20% 

Cotton 

/Polyester 

70/30% 

Cotton 

/Polyester 

50/50% 

Cotton 

/Polyester 

35/65% 

Cotton 

/Polyester 

100% 

Polyester 

100% 

Polypropylene 

Structure 

Plain 

Weav

e 

2/2 

Basket 

Weave 

Plain 

Weave 

Plain 

Weave 

Plain 

Weave 

Plain 

Weave 

2/2 

Right Twill 

Thickness 

[mm] 
0.37 0.55 0.58 0.33 0.23 0.43 0.63 

Sq. mass 

[g/m2] 
154 225 226 159 102 156 252 

Fabric 

Density 

Warp/Weft 

[threads/ 

cm] 

26/22 24/14 16/14 26/24 24/28 16/22 32/34 

*4 Air Per-

meability 

[l/m²/s] 

277 234 241 272 523 564 74 

*5 

Absorption 

Rate 

Top/Bottom 

[%/s] 

13/36 21/34 24/43 12/39 8/19 8/20 61/10 

*6 

Porosity[%] 
73 72.8 73.8 66.8 68.8 73.3 55.6 

*7 

Drapability 

[%] 

34 30 32 39 43 43 10 

 

 

 

 

 

 

 

 

 

*4Air permeability is measured by FX 3300 Air Permeability Tester, the image in Appendix 1 

*5Absorption rate is measured by M290 Moisture Management Tester (MMT) 

   image in Appendix 1 

*6Porosity information of seven fabrics – Appendix 2 

*7Drapability information of seven fabrics – Appendix 3 

** Fibre properties – Appendix 4 



25 

 

4.2.1 Method of Calculating Fabric Porosity 

 

Fabric porosity is presented either by percentage (%) or by index, 1 – 0; 1 means 100% porous 

material, 0 means non-porous material. To calculate the porosity of the material; fabric density and 

fibre density are the key values needed to be prepared. The calculation is divided into two parts. 

Part one is fibre volume of a solid material as in Eq (14). Part two is using fabric porosity index 1 

minus fibre volume as in Eq (15). 

 

 

ϕ = [ρfabric  / ρfibre ] (14) 

  

 

P = (1 - ϕ)*100% (15) 

  

 

ρfabric = fabric square mass / h (16) 

 

 

where P (%) is the fabric porosity, ϕ is the fibre volume of solid material, ρfabric [kg/m3] is the fabric 

density, ρfibre [kg/m3] is the fibre density, h [m] is the thickness of the fabric. Eq (16) is showing 

the calculation for fabric density. For example, 70% cotton 30% polyester blend fabric used in the 

experiment, the calculation is as follow: 

 

Using Eq (16), fabric density of the blend = 226 [kg/m2] /0.00058 [m] = 389.7 [kg/m3]. Values of 

fabric square mass and thickness were determined by measurement. 

 

Using Eq (14), fibre volume of the blend = 389.7 [kg/m3] / 1486 [kg/m3] = 0.2622.  

The fibre density is calculated based on the proportion of 100% cotton density and 100% polyester 

density (common fibre density values can be found on internet). 

 

Using Eq (15), the fabric porosity = (1- 0.2622)*100 = 73.8% 

Other fabric weight, thickness and fibre density are in Appendix 2 
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4.2.2 Method of Calculating Fabric Drapability 

 

Estimating fabric drapability has divided into two parts: 

Part 1 is to find out the draped fabric outline and trace it over a lightbox. 

Part 2 is to use the Eq (17) to calculate the percentage of drapability. Higher in percentage, better 

drapability of the fabric. 

 

Part 1 

1. Fabric samples are cut into a circular shape with 300 mm in diameter 

2. An A3 size paper is put on top of the glass screen over the draping device  

3. Trace out the silhouette of the draped shape (the shadow) 

 

Part 2 

1. A planimeter is used to measure the draped area (the shadow area) 

2. Use equation (17) to calculate the percentage of the sample drapability 

 

 

D (%) = [ A - Ap / Am ]* 100% (17) 

 

 

where D is the fabric drapability (%) 

A is the area of circular fabric sample – 70.69*103 [mm2] 

Ap is the area of projection [mm2] – measured by Planimeter 

Am is the area of annulus – 45.24*103 [mm2] 

 

 

 

For example, 70% cotton 30% polyester blend, the area of projection Ap [mm2]  measured by 

Planimeter is 56090 [mm2]. Using Eq (17)  

D (%) = (70.69*103 [mm2]– 56090 [mm2]/ 45.24*103 [mm2])* 100% 

and the drapability of the cotton/polyester blend is 32% 



27 

 

Below is Figure 5 of planimeter device tracing out the draped fabric outline, and the total area of 

the draped fabric area can be read from the measuring roller. 

 

 
 

Figure 5. Image of the planimeter device 
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a. 100% Cotton 

 

 

b. 80% Cotton 20% Polyester 

 

  
 

c. 70% Cotton 30% Polyester 

 

 

d. 50% Cotton 50% Polyester 
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e. 35% Cotton 65% Polyester 

 

f. 100% Polyester 

 

g. 100% Polypropylene 

 

 

 

  

Figure 6a-g. Photomicrographic images of seven materials by Promicra 
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Table 5. Differences between the thermal manikin and the Permetest skin model 

 

 Tore – Non-Sweating Thermal 

Manikin 

Permetest Skin Model 

Shape Human form Rectangular form 

Dimension Height-170cm, Chest-94cm, Waist- 

88cm 

Length-54cm, Width-23cm, 

Height-13cm 

Weight 32kg 7kg 

Materials Plastic form shell, inside supported 

by the metal frame for body parts 

and joints 

Metal 

Total heated 

measured area 

1.774 m² 50.265 cm² 

Measuring Method 3D – Ready-to-wear garments 2D – Flat surface of textile or 

garments (non-destructive) 

Measuring Time 20 minutes of steady-state out  

of 40 minutes total measuring time 

in average 

1 to 5 minutes in each 

measurement in average  

ISO Standard 15831 11092 

 

 

Tore (Figure 7-9) at Lund University, Sweden is a Swedish-made plastic foam thermal manikin 

supported by a metal frame underneath the joint and the body. Tore is a male manikin whose height 

is 170 cm, chest is 94 cm, waist 88 cm with a heated surface area of 1.774 m². The entire figure is 

divided into 17 segments and each segment is evenly embedded with the wire temperature sensors 

to measure the surface temperature, which can be adjusted individually for each segment by a 

computer program to simulate human body heat for heat transfer testing through clothing to the 

environment (Figure 13). The heat input is the heat loss from the manikin [85], and the process is 

directly recorded by the computer program (Sensirion and Picolog samples are shown in Appendix 

5-6) at the adjustable interval of each minute. When testing, Tore will be put inside the climatic 

chamber where different ambient conditions can be achieved. Wet skin will be put on the manikin 

when testing for evaporative resistance. 
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Figure 7. Tore- the dry manikin is in 

standing mode inside the climatic chamber 

 
 

Figure 8. Front view of Tore in prewetted 

suit 

 
 

Figure 9. Back view of Tore in prewetted suit 

  



32 

 

The Permetest skin model (developed by L. Hes, Figure 10-12) was chosen among all other small-

size skin models like the Thermo Labo [86] because of its portability and capability to test materials 

in horizontal and vertical orientations. The apparatus dimensions are 540 x 230 x 130 mm, net 

weight 7 kg [87-88].  

 

Permetest skin model is composed of two parts; on one side is the measuring mechanism with 

digital monitoring panels, control nobs and an electric fan which is responsible for the airflow 

speed 1,0 ± 0,1 [m/s]; on the other side is the wind channel with a sliding opening on the top, and 

the hotplate is installed at the bottom side. It is connected to a set of lifting mechanisms. Permetest 

skin model is a non-destructive device with a small diameter (8 cm) testing hotplate featuring a 

slightly curved surface to allow a very secure and close contact with materials even with air gap 

distance up to 16 mm and still keeps the material flat for testing. A heat power sensor is embedded 

beneath the hotplate and data from this sensor are directly recorded using a computer and the device 

software.  

 

Similar to regular sweating guarded hot plate, the Permetest skin model follows the measuring 

procedure of ISO 11092. The principle is that the heat power at a constant temperature of the 

measuring head is measured with and without fabric sample (Figure 14) when testing on thermal 

resistance Rct. When testing Ret, sample textile /clothing, without being cut into a certain testing 

size like other skin models, is put on the small circular hotplate covered by a thin layer of vapor-

permeable membrane function as the wet skin inside the wind channel for testing. The moistened 

measuring head then measures the evaporation heat (heat power) of distilled water supplied into 

the measuring head. Due to free water on the porous surface of the measuring head, partial water 

vapour pressure here reaches its saturation level. The partial pressure of humid air outside of the 

measuring head, in the measuring channel, is kept mostly at 50% level of the saturated pressure.  

 

The differences in the partial water vapour pressure and temperature of the air in the measuring 

channel of the Permetest instrument against the partial water vapour pressure and temperature of 

the air used at calibration procedure of a hydrophobic PP reference fabrics in the Hohenstein 
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institute are compensated by a special double calibration procedure which belongs to the know-

how of this testing instrument. The whole measuring system consisting of the hotplate, the air 

channel and the axial fans (ventilators) is kept under isothermal conditions (±1°C) when measuring 

evaporation resistance, or the measuring head is held at the temperature 10°C ± 0.1°C higher than 

the air temperature in the laboratory. The required temperature control is provided by a “clever” 

(self–reprogramming) OMRON controller.  
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Figure 10. Permetest skin model in 

vertical orientation 

 
 

Figure 11. Top view of Permetest skin model 

 
 

Figure 12. Front view of Permetest skin mode in 

horizontal orientation 
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Figure 13. Principle of the thermal manikin 

 

 

 

 

 

Figure 14. Principle of Permetest skin model 
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4.3 Rct/Ret – Methods 
 

 

4.3.1 Thermal Manikin – Samples 

 

Four materials which were 100% cotton, 50/50% cotton/polyester, 100% polyester, and 100% 

polypropylene that were chosen and were made into long sleeve shirts in five sizes with 1cm 

overlapping double taped closure center back. Each size was approximately equivalent to a 

different air gap distance of 0, 4, 8, 12, 16 mm. The first shirt was tight-fitted by the molding 

method [89], and other shirt sizes were based on the first shirt plus ease allowance (air gap distance).  

 

 

4.3.1.1 Thermal Manikin Clothing Samples by Molding Method 

 

Using ready-to-wear clothing is not possible to know how much ease allowance (air gap distance) 

the producer/ designer put into the clothing. Even by the traditional standard in the garment industry 

for clothing sizing is still difficult to find out the answer because each company will have their 

variation of the standard of sizing according to their clientele. In such conditions, to know exactly 

how much of the ease allowance (air gap distance) that built-in the clothing for the Rct and Ret tests, 

the better way is to create a simple regular shirt with the materials for testing. In this way, the 

researcher will fully control how much ease allowance he needs for the experiment. The procedures 

are as follow: 

 

1. Observe and analyze the thermal manikin body to determine which parts needed to be 

cautious and think about the solution. For example, Newton (sweating thermal manikin) 

has a few hooks in the back arms and legs for the connection for movement. In this case, 

holes or slits on the sleeves or in the pants needed to be prepared. 

2. Take measurements of the manikin for truing the patterns later on. 

3. Marking by using small stickers along the contour of the torso of the manikin. 

These marks will be the vertical pointers where the front, back, and side seams will be, and 

the horizontal pointers where the chest level, waist and hips. 

4. The first layer is plastic shrinkwrapped around the torso and arms for protection and easy 

unmolding. 
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5. The second layer uses duct tape to reinforce the first layer and make sure the markings are 

correctly transferred to the second layer because the duct tape is usually not see-through. 

6. Connect all the markings using a ruler and marker before cutting along the joined lines and 

unmold. 

7. Separate the front and back three-dimensional unmolded pieces with different color 

markers, symbols or numbers to indicate their correct position and order in the front and 

back moldings.  

8. For pieces with protruded areas, a slit or a cut-through is needed to make all pieces flat and 

ready for conversion to two-dimensional pattern pieces. 

9. Place unmolded pieces on top of the paper and transfer the shapes onto it using curve and 

straight rulers. Please do not cut it until after truing (comparing the measurements from the 

manikin to the drawn pattern outline).  

10. After truing pattern pieces, make sure to add 1 cm seam allowance all around each pattern 

piece for sewing. 

11. Cut and sew and try it on the manikin, any errors, change and improve the pattern pieces. 

The patternmaking procedures are shown in Figure 15a-f. 
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Figure 15a.  Tore – Dry thermal 

manikin 

 
b. The molding method – duct tape was applied on 

top of the plastic shrink wrap, which was tightly 

wrapped around the torso of the manikin for 

protection and easy unmolding 

 

 
c. Unmolded front and back pieces and were 

divided into small segments according to the 

contour lines on the manikin’s torso 
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d. Unmolded arm piece from shoulder to 

wrist and cut into small segments 

 

 
 

f. The finished shirt was completed with bodice 

and sleeves and was closed in the center back 

 
e. The arm piece was converted into two-

dimensional sleeve patterns 
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Figure 16. The grey area is the torso of the thermal manikin and air gap distance is added to the 

radius of the torso that will become the ease allowance of the clothing for the thermal manikin 

 

 

 

Based on the first set of shirt patterns, assuming the torso of the thermal manikin was a circular 

column, ease allowance (air gap distance) would add onto the radius of the circumference of the 

torso which was then become the ease allowance for the front and back patterns of the shirt and so 

on (Figure 16).  

First size sample (0 mm) by tape measure, the chest circumference of the manikin is 940 mm, 

hence; using Eq (18) the radius of the chest is 149.68 mm. Based on the clothing pattern of the first 

sample with 0 mm air gaps, the clothing pattern of other sizes each will have an increase in the 

radius of the manikin body circumference. The increase in the radius is 0; 4, 8, 12, 16 mm. Hence, 

the total increase of the pattern sizes is calculated as Eq (19): 

 

Manikin Body Circumference (MBC) = 2π.r (18) 

Grading Size of Shirt = 2π(r + i) (19) 

 

where: i is the increase of the radius: 0, 4 and 8 mm and so on. The increase of the body 

circumference from each of the samples will be divided equally and distributed to the front and 

back on the pattern pieces as shown in Table 6.  
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Table 6. The total increase in each sample’s circumference and the increase in each sample’s 

front and back pattern pieces 

 

Sample number Radius increase and Total 

increase in Sample’s 

Circumference 

Equal amount increases in the 

Front piece and Backpiece 

Sample 1 r=149.7mm (no increase), 

940mm Chest circumference 

0 

Sample 2 r+4mm=153.7mm,  

(968.3-940) mm 

28.3mm/2=14.1mm 

Sample 3 r+8mm=157.7mm, 

(993.5-940) mm 

53.5mm/2=26.8mm 

Sample 4 r+12mm=161.7mm, 

(1018.7-940) mm 

78.7mm/2=39.4mm 

Sample 5 r+16mm=1mm, 

(1044-940) mm 

104mm/2=52mm 

 

 

 A total of twenty combinations of shirts of four materials with 0, 4, 8, 12, 16 mm built-in air gap 

distance were made. The air gap distance around the torso when the shirt was put on the manikin 

might not be the same as desired because of the gravity and the mechanical properties of the 

materials; for example, on the shoulder areas might have 0 mm air gap distance. All shirts were 

sewn with a fine 100% polyester thread (Polysheen® No. 40) with a fine machine sewing needle 

(Schmetz 70/10). The stitched seams were pressed open under a press cloth with high heat to 

melt/expand the polyester thread to minimize needle holes' size to reduce heat loss. 

 

4.3.2 Thermal Manikin - Climatic Chamber and Experiment Procedures 

 

During the experiment, the thermal manikin was put in the climatic chamber at Lund University 

(dimensions: 2400 height x 2360 width x 3200 length mm). The chamber can be adjusted from 5 

to 60 ºC and the temperature standard deviation (SD) from the set value is less than ±2 ºC. The 

relative humidity in this chamber can be adjusted from 10 to 95%, depending on the temperature 

and the humidity SD from the set value is less than ±5%. Air velocity can be adjusted between 0.1 

and 0.7 [m/s].  Rct tests were in non-isothermal condition, the manikin’s surface temperature was 

set and maintained at 34±2 ºC. The ambient temperature was set and maintained at 22±2ºC 

(checked against the average of three temperature measurements taken at 0.1, 1.1 and 1.7 m above 
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the level of the sole of the manikin’s foot) with 0.145 ± 0.060 [m/s] air velocity aimed at the 

manikin’s back (measured at 1.2 m above floor level). The relative humidity inside the chamber 

was maintained at 50±5%. in a hanging/standing position and followed the standard procedures 

ISO 15831[9]. Ret tests were in isothermal condition, thermal manikin skin temperature remained 

at 34±2 ºC and a pre-wet skin would put onto the manikin (wet-skin temperature is difficult to 

determine); the ambient temperature was 34ºC ± 2, the relative humidity inside the chamber was 

maintained at 50±5%, and wind speed was 0.145 ± 0.060 [m/s].  

 

The experiment for the thermal and evaporative resistance are including two steps: First step for 

the Rct test, the thermal manikin is measured naked in non-isothermal condition; and for the Ret 

test, a pre-wet skin which is a tight-fitting skin (thickness 0.9 mm, 95% cotton, 5% elastane) 

covered the manikin’s entire body except for the hands and feet, is measured under isothermal 

condition (despite the pre wet-skin method not being standardized, it has been presented in a variety 

of publications and was used for sweat simulation [90-92] in heat and mass transfer studies).  

 

The naked manikin or the manikin wearing the pre-wet skin is tested three times to take the mean 

value for later calculations. Second step is explained in the following: Each of the 20 shirt 

combinations was tested three times for the thermal insulation (Rct) and the evaporation resistance 

(Ret). For each test, one shirt would be worn on the thermal manikin (or on top of the pre wet-skin 

in Ret tests) and followed the air gap size and material order. For example, 1st round – 1st test, 0 

mm/cotton, next 0mm/cotton-polyester blended, next 0mm polyester, next 0mm/polypropylene; 

then 1st round – 2nd test, 0 mm/cotton and so on until three tests on 0 mm shirts were completed. 

2nd round – 1st test, 4 mm/cotton and so on. This order allowed shirts to be recovered, relaxed, and 

dried before the next test because each test will take about an hour in average. 
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4.3.3 Thermal Manikin - Rct Results 

 

The heat loss method (using the global calculation method) was used to determine both the total 

thermal resistance Rctt [m²K/W] and the effective thermal resistance Rcteff [m²K/W]. The resulting 

data were 20 minutes taken out from the steady-state time, approximately 40 minutes on average 

(resultant sample in Appendix 7). Eq (20) and (21) are for calculating the Rct results as follow: 

 

Rctt = ( Ts -To / HLt )*A (20) 

 

Rcteff  = Rctt – Rcts = Rctg + Rctf   (21) 

 

  

where Rctt is the total thermal resistance including Rcts, Rctg, Rctf  (all in the unit [m².K/W], which 

are the boundary layer of the thermal manikin, the thermal resistance of the air gap and the material, 

respectively. Ts and To are the temperature [K] of the thermal manikin shell and the ambient 

temperature inside the climatic chamber, respectively. HLt [W] is the total heat loss and A [m²] is 

the surface area involved in the experiment. When the effective thermal resistance Rcteff [m².K/W] 

is needed, total thermal resistance Rctt minus the naked thermal manikin resistance is in Eq (21). 

 

 

Table 7. Effective Rct results from the thermal manikin tests 

 

Arithmetic Mean of Effective Rct [m².K/W] 

  
100% 

Cotton 

CV 

% 

50/50% 

Cotton/Polyester 

CV 

% 

100% 

Polyester 

CV 

% 

100% 

Polypropylene 

CV 

% 

0mm 0.07 2 0.08 4 0.06 2 0.09 10 

4mm 0.1 6 0.09 3 0.08 6 0.11 2 

8mm 0.1 6 0.11 1 0.09 4 0.13 6 

12mm 0.09 29 0.11 3 0.09 6 0.13 8 

16mm 0.12 6 0.12 5 0.11 2 0.14 4 
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Results of the effective Rct from the combinations of four materials and five air gap distances from 

0-16 mm are presented in Table 7. Some interesting observations were that one pair of results 

shared the same mean value from each material and air gap combination. These scenarios may be 

caused by the shirt draping on the thermal manikin, creating a heterogenous (uneven) air gap 

between the manikin and the shirt but somehow having the same mean value because the three 

tests’ original values of each sample were all different. 

 

 

 

Figure 17. Comparison of the Rct results from the thermal manikin tests of four materials  

 

In Figure 17, cotton/polyester blend, 100% polyester, and polypropylene show a similar trend from 

0 to 8 mm air gap distance, and Rct is in a linear relation but then slows down after 12 mm. Only 

100% cotton reacted differently and slightly dropped at 12 mm the rise quickly at 16mm. 
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4.3.4 Thermal Manikin - Ret Results 

 

The resulting data were 20 minutes taken out from the steady-state time, approximately 40 minutes 

on average. Eq (22) and (23) are for calculating the Ret results as follow: 

 

Rett = ( Ps -Po / HLt ) A (22) 

  

Reteff  = Rett – Rets = Retg + Retf (23) 

 

  

where Rett [m²Pa/W] is the total evaporative resistance including Rets, Retg, Retf (all in the unit of 

[m²Pa/W]), which are the wet skin layer of the thermal manikin, the evaporative resistance of the 

air gap and the material, respectively. Ps and Po are the saturated water vapor pressure (Pa) of the 

thermal manikin wet skin and the ambient water vapor pressure in the climatic chamber, 

respectively. When the effective evaporative resistance Reteff [m²Pa/W] is needed, total evaporative 

resistance Rett minus the wet skin evaporative resistance is in Eq (23). 

 

 

Table 8. Effective Ret results from the thermal manikin tests 

 

Arithmetic Mean of Effective Ret [m²Pa/W] 

  

100% 

Cotton 

CV 

% 

50/50% 

Cotton/Polyester 

CV 

% 

100% 

Polyester 

CV 

% 

100% 

Polypropylene 

CV 

% 

0mm 4.9 36 5.87 10 1.73 19 4.63 11 

4mm 4.9 21 6.2 9 4.27 12 8.23 6 

8mm 10.27 11 10 16 6.47 11 10.73 14 

12mm 10.27 27 10.87 5 10.23 10 15.27 17 

16mm 11.83 15 13.03 2 12.13 7 13 9 
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Table 8.  presented the effective Ret results from the combinations of the air gaps and the materials. 

However, this time only cotton has one pair of the same result in 0-4 mm and 8-10 mm. Since Ret 

tests were in isothermal condition, there was no temperature difference, only water vapor pressure 

and it became the cushion layer between the thermal manikin and the shirt. Absorptivity of 

synthetic fibre like polyester and polypropylene are lower than natural fibre cotton, so when in 

narrow air gaps, moisture absorbed by the cotton fibre and stick onto the thermal manikin and 

resulted in similar mean values even though the original Ret resulting data of cotton were different 

from 0 to 16 mm. The cotton properties through the thickness and drapability may also contribute 

to similar results in different air gap distances. 

 

 

  

Figure 18. Comparison of the Ret results from the thermal manikin of four materials 
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Two trends were displayed in Figure 18: cotton – cotton/polyester and polyester – polypropylene 

trends. The first trend steady from 0 to 4 mm, then quickly rise to 8 mm and steady at 12 mm then 

slowly rise to 16 mm; the second trend started to increase steadily from 0 mm until 12 mm then 

slowed down. Polyester and polypropylene are synthetic fibres, absorptivity is relatively lower than 

cotton and may not be influenced by the water vapor moisture so that the trend goes steadily; cotton 

and cotton blends have natural fibres which may have a better absorptivity property that may affect 

the stability of the vapor pressure between the air gaps from 0 to 16 mm and resulting in rising, 

stabilized and increasing this regime. 

 

 

4.3.5 Vertically Oriented Permetest Skin Model – Samples 

 

Like the thermal manikin tests, four materials were used directly without cutting into a particular 

size and shape. Each test area of the material was randomly chosen and marked after the test not to 

be used again on the same day. 

 

 

4.3.6 Vertically Oriented Permetest Skin Model – Climatic Chamber and Experiment 

Procedures 

 

The experiment was carried out in a climatic chamber and the air parameters were set up on 50-

55% of relative humidity, wind speed at 1.0 ± 0.1 [m/s] and ambient temperature at 20-22°C 

maintaining inside the instrument isothermal conditions for Ret tests.  

For the Rct tests, the non-isothermal condition was applied, and the hot plate measuring head would 

increase 10°C more than the ambient temperature. All experiment procedures followed the ISO 

11092 [20]. Air gap distance was applied using foamed polyethylene sheet (with low thermal 

conductivity 0.035 [W/m/K]) serving for preparation of 2.0 / 4.0 and 5.0 mm thickness rings and 

their combinations (Figure19a-c).  

To balance the thickness of the air gap distance created by the stack of rings and to maintain the 

smooth air current flew inside the wind channel, two types of rings were cut: outer rings were put 
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around the base of the hotplate for counter thickness; inner rings were placed inside the wind 

channel on the hotplate to create the air gap distance. The outer ring was 12 cm in diameter on the 

outer circle and 10 cm on the inner circle, width 2 cm. The inner ring was 8cm in diameter on the 

outer circle and 6cm on the inner circle, width 2 cm. Each material was tested three times under 0, 

4, 8, 12, 16 mm air gap distance in a vertical orientation to simulate the manikin's vertical air gaps.  
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Figure 19a-c. Sizes of outer and inner rings 

 

b. Showing outer rings were stacked on the base of the hotplate 

 

c. Showing inner rings were placed inside the wind channel on the hotplate 
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4.3.7 Vertically Oriented Permetest Skin Model – Rct Results   

 

Each determination of the Rct of a sample consists of two steps: first test without sample, second 

test with air gap distance ring of thickness h covered by a sample.  When the heat flow ԛeto [W/m2] 

reaches the steady-state, the result of the first step is given by the Eq (24), where Rcto [m2.mK/W] 

presents thermal resistance of the boundary layer above the measuring surface of the apparatus:  

 

qeto = (TPs – TPo) / Rcto (24) 

 

 

Here, TPs [mK] means the surface temperature of the measuring head, and TPo [mK] is the ambient 

temperature in the measuring channel of the Permetest skin model. The second step characterizes 

the heat flow passing through the measuring head of the apparatus covered by the tested sample: 

 

qet = (TPs – TPo) / (Rcto + Rct) (25) 

 

 

for the case without the distance ring in Eq (25) or with distance ring in Eq (26) 

 

 

qetg = (TPs – TPo) / (Rcto + Rct + Rctg) 

 

 

 

(26) 

 

which creates the additional air gap resistance Rctg [m
2.mK/W]. Rctg = h/λ, where λ [W/m.K] is the 

thermal conductivity of the air. The required thermal resistance of the sample Rct yields solution of 

Eq (24) and Eq (25). The required total thermal resistance of the sample Rct plus air gap resistance 
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Rctg yields the solution of Eq (24) and Eq (26). When the thermal resistance of the sample Rct is 

deduced from the achieved value, we obtain thermal resistance Rctg of the air gap. 

 

 

Table 9. Effective Rct results from Permetest skin model in the Vertically Oriented position 

 

Arithmetic Mean Values of Effective Rct [m².mK/W] 

Vertically 

Oriented 

Air gap 

100% 

Cotton 

CV 

% 

50/50% 

Cotton/Polyester 

CV 

% 

100% 

Polyester 

CV 

% 

100% 

Polypropylene 

CV 

% 

0mm 8.7 9 11.5 13 7.8 11 12 6 

4mm 65.5 14 46.1 3 54.8 2 54.7 15 

8mm 94.5 3 69 2 74.9 2 89.5 1 

12mm 95.2 2 73.8 5 90.1 3 93 7 

16mm 106.5 11 82.2 17 101.1 5 90.2 5 

 

 

The resulting data in Table 9 show each material rises from 0 mm quickly to 8 mm, then slows 

down at 12 mm. Figure 20 is presenting the visual of the data. 
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 Figure 20. Comparison of the Rct results from Vertically Oriented Permetest of four materials  
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4.3.8 Vertically Oriented Permetest Skin Model – Ret Results   

 

Each determination of the Ret of a sample consists of two steps: first test without sample, second 

test with air gap distance ring of thickness h covered by a sample.  When the heat flow ԛeto reaches 

the steady-state, the result of the first step is given by the Eq (27), where Reto [m
2.Pa/W] presents 

the evaporative resistance of the boundary layer above the measuring surface of the apparatus:  

 

qeto  = (PPs – PPo) / Reto (27) 

 

 

Here, PPs [Pa] means partial pressure of the saturated water vapor above the hotplate, and PPo [Pa] 

is the partial pressure of the water vapor in the measuring tunnel of the testing apparatus. The 

second step characterizes the heat flow passing through the measuring head of the apparatus 

covered by the tested sample: 

 

qet = (PPs – PPo) / (Reto + Ret) (28) 

 

 

for the case without the distance ring in Eq (28) or with distance ring in Eq (29) 

 

 

qetg = (PPs – PPo) / (Reto + Ret + Retg) (29) 

 

 

which creates the additional air gap resistance Retg* [m
2Pa.s/kg]. Retg* = h/DP [kg/m.Pa.s] presents 

the water vapor diffusion coefficient in the air related to the water vapor partial pressure, which 

had been mentioned in section 4.1.2. The required evaporation resistance of the sample Ret yields 
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solution of Eq (27) and Eq (28). The required total evaporative resistance of the sample Ret plus air 

gap resistance Retg* yields solution of v Eq (27) and Eq (29). When the evaporative resistance of 

the sample Ret is deduced from the achieved value, we obtain evaporation resistance Retg* of the 

air gap. 

 

 

Table 10. Effective Ret results from Permetest skin model in the Vertical Oriented position 

 

Arithmetic Mean Values of Ret [m²Pa/W] 

Vertically 

Oriented 

Air gap 

100% 

Cotton 

CV 

% 

50/50% 

 Cotton 

/Polyester 

CV 

% 

100%  

Polyester 

CV 

% 

100%  

Polypropylene 

CV 

% 

0mm 3.4 13 3.6 15 1.5 4 3.2 4 

4mm 8.2 2 6.1 4 7.4 3 5.7 2 

8mm 12.9 2 11.5 4 14.1 3 9.5 2 

12mm 22.5 4 22.2 4 20.7 3 17.3 12 

16mm 25.5 11 26.2 4 24.5 10 18.6 7 
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Figure 21. Comparison of the Ret results from Vertically Oriented Permetest of four materials 

 

 

Similar to effective Rct results, effective Ret results presented in Table 10, showing each material’s 

evaporative resistance rose from 0 mm quickly up to 12 mm then slowed down to 16 mm. When 

comparing Figure 17, 18 to Figure 20, 21; it seems that the results from the Permetest skin model 

are more uniformity than the thermal manikin results, and it may cause by the even air gap distances 

created in Permetest but not the uneven and unpredictable air gap space between the thermal 

manikin and the shirt. 
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4.4 Analysis of Thermal Manikin and Permetest Skin Model (Vertical 

Orientation) 
 

 

 

Results from the thermal manikin and the Permetest skin model were analyzed using three 

statistical methods: correlation coefficient (r), R² and two-way ANOVA with replication. 

4.4.1 Correlation coefficient (r) -- The Thermal Manikin and the Vertically Oriented Permetest 

skin model  

 

 

Table 11. The correlation coefficient (r) of Thermal Manikin Vs. Vertically Oriented skin 

model 

 

Manikin Vs 

Permetest  (r) 

100% Cot 50/50% 

Cot/Pes 

100% Pes 100% PP 

Rct 0.83 0.97 0.96 0.97 

Ret 0.90 0.96 1.00 0.94 

 

Results presented in Table 11 showing all four materials have a very strong and positive trend 

(close to +1) between the thermal manikin and the vertically oriented Permetest skin model in both 

thermal (Rct) and evaporative resistance (Ret).  

 

4.4.2 R² - Regression between the Thermal Manikin and the Vertically Oriented Permetest skin 

model 

 

The R² results in Table 12, each material from thermal and evaporative resistance are showing 

strong correlations between the thermal manikin and the Permetest skin model, which means that 

every changing value of thermal manikin can be highly explained by the value of the Permetest 

skin model or vice versa. 
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Table 12. The correlation determination (R2) of Thermal Manikin Vs. Vertically Oriented skin 

model 

 

Manikin Vs 

Permetest  (R²) 

100% Cot 50/50%  

Cot/Pes 

100% Pes 100% PP 

Rct 0.70 0.94 0.91 0.95 

Ret 0.80 0.91 1 0.88 

 

 

4.4.3 Two-way ANOVA -- The Thermal Manikin and the Vertically Oriented Permetest skin 

model  

 

In both Rct and Ret results from 100% cotton, 50/50% cotton/polyester blend, 100% polyester, 

100% polypropylene showed that the p-value < 0.01 means a significant difference between the 

thermal manikin and the vertically oriented Permetest skin model. The result is logical because the 

thermal manikin and the vertically oriented Permetest skin model are fundamentally different: from 

sizes and shapes to test methods, ISO standard and so on (Table 1-2).  
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4.5 Rct/Ret on Horizontally/Vertically Oriented Permetest Skin Model 
 

To understand the difference between the vertically and the horizontally oriented air gap distance, 

the Permetest skin model was chosen for the task because of its versatility of position orientation, 

portability in size, and the Rct/Ret test relatively in shorter time. 

 

4.5.1 Methods and Experiments – Samples 

 

Seven test materials were chosen and their properties were presented in Table 4. They were woven 

and blended fabric between 100% cotton and 100% polyester, plus one polypropylene for counter 

reference. All test materials were washed, hang-dry, iron flat before used. 

 

4.5.2 Climatic Chamber and Experiment Procedures 

 

Each test material would be tested five times randomly and non-destructively (without cutting into 

size and shape) for Rct/Ret with the combinations of five different air gap distances and the 

vertical/horizontal orientation in the Permetest skin model. Each test area would be marked after 

testing to prevent repetition. The experiment would follow ISO 11920 and the climatic chamber 

set up and apply the air gap distance rings. Please refer to the previous section 4.3.6.  
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Table 13. The arithmetic mean values of 7 materials resulted from Rct/Ret and the combinations 

of Horizontal/ Vertical orientation and air gap distances 

 

100% Cotton 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 10.8 12 9.5 15 2.8 5 2.5 6 

4mm 53.5 8 60.4 4 6.2 3 5.4 2 

8mm 112.8 3 82.1 4 15.9 10 12.4 2 

12mm 147.6 4 130.8 3 22.1 0.4 18 1 

16mm 129.2 8 123.8 10 25.4 5 28.6 10 

20% Polyester 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 13.2 9 13.3 11 4.1 7 3.7 5 

4mm 65.6 6 61.9 2 6.6 2 6.3 2 

8mm 116.4 9 80 5 15.9 8 13.5 2 

12mm 113.3 8 108.7 2 26.6 4 20 11 

16mm 123 7 123.1 10 33 9 30.8 9 
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30% Pes 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 15.4 11 13.6 9 3.8 8 3.6 3 

4mm 68 2 64.5 2 7 6 6 3 

8mm 122.3 5 80.2 8 17.8 9 13.3 2 

12mm 124.8 3 113.9 4 25.5 6 20.9 5 

16mm 131.9 3 132.5 10 26.7 3 26.6 4 

50% Polyester 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 13.4 4 13.1 8 2.9 7 2.7 7 

4mm 74.1 3 62.9 4 6.1 3 5.4 4 

8mm 120.9 5 87.7 4 16.8 8 12.2 2 

12mm 140.8 12 113.5 3 24.5 6 18.3 3 

16mm 117.4 5 123.8 5 25.8 2 25.6 9 
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65% Pes 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 11.6 7 11.3 14 2.2 5 2 10 

4mm 72.4 3 64.5 4 5.7 4 5.2 2 

8mm 131.1 4 91.2 5 15 11 12.2 2 

12mm 147.3 9 129.2 9 24.4 7 19.3 5 

16mm 121 7 120.3 9 25.7 2 23.4 4 

100% Polyester 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 5.8 7 7.4 14 1.7 6 1.3 15 

4mm 68.9 11 56.8 8 5.6 4 4.8 2 

8mm 116.3 3 90.2 2 13.2 2 12.1 2 

12mm 138.2 3 109.4 3 25.6 4 18.3 5 

16mm 143.6 7 131.9 6 25.1 2 25 5 
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100% Polypropylene 

Air gap 

Distance 

Rct [m².mK/W] Ret [m².Pa /W] 

H CV % V CV % H CV % V CV % 

0mm 15.6 11 15.7 5 4.3 5 3.6 6 

4mm 73.6 8 69.8 3 7.5 3 6.5 2 

8mm 138.2 5 95.3 5 16 10 14 2 

12mm 162.6 2 140.3 12 27.4 0.4 20.4 1 

16mm 140.1 5 120.8 3 26.5 5 24.4 10 

 

 

4.5.3 Results 

 

Results from Rct/Ret tests of seven materials in vertically/horizontally oriented air gaps are 

presented in Table 13 above. The resulting data show that there are two common trends:  

• Rct/Ret rises quickly from 0 mm until 12 mm, slowing down or dropping from 12mm air 

gap distance in both horizontal and vertical orientations. Table 14 and 15 are presenting the 

difference between vertically and horizontally oriented air gap results in both Rct and Ret. 

The percentage of difference is calculated by the Eq (30) as follow: 

 

 

( H – V/ H )* 100 (30) 

  

 

Where H and V are horizontal/ vertical air gap results from Rct/Ret. 

 

• Vertically oriented test results are slightly lower than the horizontally oriented test results 

in most cases. Visual comparisons are presenting in Figure 22-23. 
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Table 14. Rct-Difference between Horizontally and Vertically Oriented Air gaps 

 

Rct - Difference between Horizontally and Vertically Oriented Air gaps (%) 

  Cot 20Pes 30Pes 50Pes 65Pes Pes PP 

0mm 12 -0.8 11.7 2.2 2.6 -27.6 -0.6 

4mm -12.9 5.6 5.1 15.1 10.9 17.6 5.2 

8mm 27.2 31.3 34.4 27.5 30.4 22.4 31 

12mm 11.4 4.1 8.7 19.4 12.3 20.8 13.7 

16mm 4.2 -0.1 -0.5 -5.5 0.6 8.1 13.8 

 

 

Table 15. Ret-Difference between Horizontally and Vertically Oriented Air gaps 

 

Ret - Difference between Horizontally and Vertically Oriented Air gaps (%) 

 
Cot 20Pes 30Pes 50Pes 65Pes Pes PP 

0mm 10.7 9.8 5.3 6.9 9.1 23.5 16.3 

4mm 12.9 4.5 14.3 11.5 8.8 14.3 13.3 

8mm 22 15.1 25.3 27.4 18.7 8.3 12.5 

12mm 18.6 24.8 18 25.3 20.9 8.3 25.5 

16mm -12.6 6.7 0.4 0.8 8.9 0.4 7.9 
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Figure 22. Visual comparison of the vertically and horizontally oriented air gaps of Rct 

 

 

 

 
 

Figure 23. Visual comparison of the vertically and horizontally oriented the air gaps of Ret 
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4.6 Analysis of the H/V Oriented Permetest Skin Mode 
 

 

Results from the seven tested materials were analyzed using three statistical methods: correlation 

coefficient (r), R² and two-way ANOVA with replication. 

 

 

4.6.1 The Correlation Coefficient (r) of the Vertically and the Horizontally Oriented Permetest 

Results from Seven Tested Materials 

 

Each material's correlation coefficient r (Table 16 on next page) shows a very strong and positive 

trend from all seven materials; the r is almost +1. 
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Table 16. Correlation coefficient (r) results of Rct/Ret and the combinations of Horizontally/ 

Vertically Oriental air gap distances from 7 materials 

 

100% Cotton 80/20% Cotton/Polyester 

  Rct 
 

  Ret     Rct 
 

  Ret   

  H V   H V   H V   H V 

H 1 
 

H 1   H 1 
 

H 1   

V 0.97 1 V 0.96 1 V 0.94 1 V 0.98 1 

70/30% Cotton/Polyester 50/50% Cotton/Polyester 

  Rct 
 

  Ret     Rct 
 

  Ret   

  H V   H V   H V   H V 

H 1 
 

H 1   H 1 
 

H 1   

V 0.94 1 V 0.98 1 V 0.95 1 V 0.97 1 

35/65% Cotton/Polyester 100% Polyester 

  Rct 
 

  Ret     Rct 
 

  Ret   

  H V   H V   H V   H V 

H 1 
 

H 1   H 1 
 

H 1   

V 0.96 1 V 0.99 1 V 0.99 1 V 1.00 1 

100% Polypropylene 
      

  Rct 
 

  Ret   
      

  H V   H V 
      

H 1 
 

H 1   
      

V 0.97 1 V 0.98 1 
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4.6.2 R² - Regression between the Vertically and the Horizontally Oriented Permetest Results 

from Seven Tested Materials 

 

 

Table 17. Regression results of Rct/Ret and the combinations of Vertically/Horizontally 

Oriented air gap distances from 7 materials 

 

Vertical 

Vs. 

Horizontal 

R² 

100% 

Cotton 

80/20% 

Cotton/ 

Polyester 

70/30% 

Cotton/ 

Polyester 

50/50% 

Cotton/ 

Polyester 

35/65% 

Cotton/ 

Polyester 

100% 

polyester 

100% 

polypropylene 

Rct 0.94 0.89 0.88 0.89 0.92 0.98 0.95 

Ret 0.92 0.97 0.95 0.93 0.99 1 0.96 

 

The regression from the Rct/Ret test results (Table 17) from seven materials is very strong, and most 

of the R² are over 0.9, which means the vertically oriented Permetest can predict the Rct/Ret results 

for the horizontally oriented Permetest or vice versa. 

 

 

4.6.3 Two-way ANOVA with five repetitions results from Vertically and Horizontally Oriented 

Permetest from Seven Materials 

 

Results from Rct and Ret of all seven materials show that the p-value < 0.01 means there is a 

significant difference between the vertically and the horizontally oriented Permetest skin model. 

The reason is that even the experiments were done by using the same Permetest skin model. 

However, the vertical and horizontal orientation of the apparatus was causing some difference in 

the resulting values. Rct experiments were done under non-isothermal conditions, and the driving 

force was the temperature difference. Hot air rises and cool air falls naturally in the vertical air gap, 

but in the horizontal air gap, the air has to travel through a distance inside the wind channel before 

exiting. Ret experiments were done under isothermal conditions, and saturated vapor pressure is the 

driving force. Water vapor molecules are concentrated at the bottom and rising to the wind 

channel's top in the horizontal air gap. However, when it is in the vertical orientation, the rising 

water vapor molecules may escape through the fan that will cause Ret's lower values. It also leads 
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to the Rct/Ret results that the vertically oriented values always seem lower than the horizontally 

oriented values from the air gap distance 0 - 16mm (Figure 22-23).  

 

 

4.7 Determination for the Best Fit Equation Models for the Rct/Ret Data from 

the H/V Oriented Permetest Skin Model Results 
 

 

The resulting data from thermal resistance (Rct) of seven materials with the combinations of air gap 

distances and vertical/horizontal orientations showed a polynomial equation fitted better than the 

linear equation, R² > 0.95. However, data from evaporative resistance (Ret) of seven materials with 

the combinations of air gap distances and vertical/horizontal orientations showed that data fitted 

better in the linear equation and the R² > 0.98 except 100% polyester R² = 0.90 (Figure 24a-n). 
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Figure 24a-n a. The best-fit model for data 

from the Rct/Ret of seven materials 

 

b. 

 

c. d. 
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g. 

 

h. 

 

i. 

 

j. 

 

k. 

 

l. 
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5. Evaluation of Results 

 

 

 

The thermal manikin is considered the best apparatus for measuring thermal and evaporative 

resistance for the clothing system because the apparatus's human form can detect the radiation, 

conduction, and convection in the 3D environment. However, the expensive cost, the long 

preparation time for the test, and a big climatic chamber are needed for the apparatus, and not many 

companies nor researchers can access it. More, the uncertainty of the wet skin temperature of the 

sweating thermal manikin and error may be caused by wet skin direct contact to clothing; and the 

condensation build-in under the clothing when in the cold ambient can also cause over or 

underestimation of the results and so on lead to an alternative method for the thermophysiological 

measure is needed.  

 

The use of the Permetest skin model in the study is advantageous because of being portable and 

offering the possibility of its versatile use both in a vertical or horizontal orientation. Moreover, it 

is a fast thermophysiological comfort measuring device due to its small measuring head. It enables 

to set up a series of experiments to find out the correlation, R2 and ANOVA between the thermal 

manikin and the Permetest skin model, and based on these results; it makes possible to build up a 

mathematical equation to determine the clothing evaporation resistance Ret derived from thermal 

resistance Rct measured by the dry thermal manikin. 

 

As already mentioned, heat transfer from body skin through an air gap (between the skin and the 

clothing) and clothing to the environment was executed by conduction, convection and radiation. 

At the beginning of this research, it was already proved that under isothermal conditions, there is 

no free convection (see the results for Ret) in narrow air gaps under 12 mm. Same results were 

observed at non-isothermal conditions when determining thermal resistance Rct.  

 

However, besides heat transfer by conduction in relatively narrow air gaps, there is always a certain 

small component of heat transfer by free convection, caused by local turbulences, despite low levels 
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of Rayleigh numbers. Moreover, at the non-isothermal thermal resistance measurements on thermal 

manikins and on the Permetest skin model, there must occur, at least theoretically, a certain level 

of heat flow 𝑞̇𝑟𝑎𝑑[W/m2] transferred by radiation, see the commonly known equation (31)  for heat 

transfer by radiation between two large plates with temperatures T1 and T2 in [K] and internal 

surface emissivity levels ε1, ε2. σ is the radiation constant, 5.670 × 10−8 [W/m2K4]. 

 

 

𝑞̇𝑟𝑎𝑑 =
𝜎(𝑇1

4 −  𝑇2
4)

1
𝜀1

+
1
𝜀2

− 1
 (31) 

 

 

 

When considering the possible effects of heat transfer in gaps by radiation, it should be taken into 

account that the difference between the surface temperature of the manikin body (or the 

temperature of the hotplate of the Permetest) and the temperature of the outside air (or air 

temperature in the Permetest channel) was about 10 °C only. From the above equation follows that 

at these temperature differences, the level of heat transfer by radiation between the studied clothing 

and the outside air at the room temperature, compared with the total heat flow, will be low, less 

than 15%. Regarding the level of radiation heat flow between the walls creating the air gaps in 

manikins or at the Permetest testing, the temperature differences between the air gap walls will be 

even lower, thus reducing even more the heat flow transferred in air gaps by radiation. To simplify 

heat transfer analysis in clothing, heat transfer in clothing by radiation is generally neglected [32], 

which also follows from most published papers dealing with thermal manikins. 

 

When evaluating the achieved results, the experiments showed that a very strong correlation 

between the thermal manikin and the vertically oriented Permetest skin model in Rct/Ret of the 

combinations of four materials (100% cotton, 50/50% cotton/polyester, 100% polyester and 100% 

polypropylene) and five air gap distances (0, 4, 8, 12, 16 mm), the R² of the Rct is range from 0.70 

– 0.95 and Ret is range from 0.80 - 1. Also, their arithmetic means of correlation coefficient in Rct 

and Ret are both over 0.9. With these results, correlation tests between vertically and horizontally 

oriented Permetest skin model were set up with the combinations of seven materials and five air 
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gap distances (0, 4, 8, 12, 16 mm), and the R² of the Rct is range from 0.88 – 0.98, and Ret is range 

from 0.92 - 1; their arithmetic means of correlation coefficient in Rct and Ret are both over 0.9. The 

correlation coefficient and R² showed that the vertically and horizontally oriented Permetest 

experiments have a strong relationship and a strong positive trend. Since a strong relationship 

between thermal manikin and the vertically oriented Permetest skin model and a strong correlation 

between the vertically and horizontally oriented Permetest skin model implying that the 

horizontally oriented Permetest skin model also has a strong relationship with the thermal manikin. 

 

To further develop the relationship between the thermal manikin and the Permetest skin model, the 

best-fit equation for the Rct/Ret must be determined.  

From Section 4.7 Rct data fit better in polynomial so that:  

Rct = a1X² + b1X + c1, when  

0 =  a1X² + b1X + (c1 – Rct), then 

 

X = -b1 + [b1² - 4a1(c1 – Rct)]
½ /2a1 (32) 

  

Here, X is the hypothetical height (h) in millimetre 

From Section 4.7, Ret data fit better in linear so that:  

Ret = a2X + b2, when substitute (32) to X 

 

Ret = a2{-b1 + [b1² - 4a1(c1 – Rct)]
½ /2a1}+ b2 (33) 

 

Ret = 1/2(a2/a1){[b1² - 4a1(c1 – Rct)]½ – b1} + b2 (34) 
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5.1 Validation 
 

First, using the Eq (34), constants from the vertically oriented Permetest equations (Table 22) and 

the actual Rct results from the thermal manikin to calculate the Ret. The results are presented in 

Table 19 and Table 18 is showing the Mean values are regulated without the three outliners (in 

red). 

 

Second, comparing the actual Ret test results to the calculated results and analysis. Table 20 is 

presented the comparing results. Sample shirts were made of four materials which were 100% 

cotton, 50/50% cotton/polyester blend, 100% polyester and 100% polypropylene.  

Values in red are the outliners from the original data in Table 19. Without them the results will 

look as following: 

 

 

Table 18. Ret calculated results without the outliners  

COT 

Test 1 

[m²·Pa/W] 

Test 2 

[m²·Pa/W] 

Test 3 

[m²·Pa/W] 

Mean 

[m²·Pa/W] SD CV % 

12mm (6.84) 10.98 10.73 10.86 0.18 2 

Cot/PES Test 1 Test 2 Test 3 Mean SD CV % 

8mm (16.59) 10.75 10.84 10.80 0.06 1 

12mm 10.92 10.51 (16.59) 10.72 0.29 3 
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Table 19. Ret calculated results by using Eq (34), Rct* results from the thermal manikin (Table 

7) and constants from the Vertically Oriented Permetest skin model 

 

 

* Unit which is used in thermal manikin software Kevin [K] is converted to milli-Kevin [mK] 

before calculation, and the resulting unit is in [m²Pa/W] 

 

COT 

Test 1 

[m²Pa/W] 

Test 2 

[m²Pa/W] 

Test 3 

[m²Pa/W] 

Mean 

[m²Pa/W] SD CV % 

4mm 10.47 9.06 9.79 9.77 0.71 7.2 

8mm 11.23 10.3 10.3 10.61 0.54 5.1 

12mm 6.84 10.98 10.73 9.52 2.32 24.4 

16mm 11.72 11.23 12.3 11.75 0.54 4.6 

Cot/PES Test 1 Test 2 Test 3 Mean SD CV % 

4mm 9.51 9.76 9.26 9.51 0.25 2.6 

8mm 16.59 10.75 10.84 12.73 3.35 26.3 

12mm 10.92 10.51 16.59 12.67 3.40 26.8 

16mm 12.04 11.16 11.32 11.51 0.47 4.1 

PES Test 1 Test 2 Test 3 Mean SD CV % 

4mm 8.15 8.58 8.91 8.55 0.38 4.5 

8mm 9.08 9.49 8.91 9.16 0.30 3.3 

12mm 8.83 9.49 9.74 9.35 0.47 5.0 

16mm 10.38 10.62 10.38 10.46 0.14 1.3 

PP Test 1 Test 2 Test 3 Mean SD CV % 

4mm 5.98 5.68 5.92 5.86 0.16 2.7 

8mm 6.98 6.52 7.32 6.94 0.40 5.8 

12mm 6.92 7.21 8.11 7.41 0.62 8.4 

16mm 7.27 7.94 7.72 7.64 0.34 4.5 
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Table 20. The comparison of the actual Ret values [m2.Pa/W] calculated from the Eq (34) (based 

on the Skin model experiments) and Ret values measured on thermal manikin wearing a pre-

wetted suit 

 

*By the ISO 15634,2004, the comparative precision of total arithmetic mean: Serial model 6.8%, 

Parallel model 5.3% 

 

  Arithmetic Mean *Difference  

COT 
Manikin 

[m2.Pa/W] 

Eq 34 

[m2.Pa/W] 
in (%) Eq 34/Manikin [m2.Pa/W] 

4mm 4.9 9.77 99 4.87 

8mm 10.27 10.61 3 0.34 

12mm 10.27 9.52 7 0.75 

16mm 11.83 11.75 1 0.08 

  Arithmetic Mean Difference  

Cot/PES 
Manikin 

[m2.Pa/W] 

Eq 34 

[m2.Pa/W] 
in (%) Eq 34/Manikin [m2.Pa/W] 

4mm 6.2 9.51 53 3.31 

8mm 10 12.73 27 2.73 

12mm 10.87 12.67 17 1.8 

16mm 13.03 11.51 12 1.52 

  Arithmetic Mean Difference  

PES 
Manikin 

[m2.Pa/W] 

Eq 34 

[m2.Pa/W] 
in (%) Eq 34/Manikin [m2.Pa/W] 

4mm 4.27 8.55 100 4.28 

8mm 6.47 9.16 42 2.69 

12mm 10.23 9.35 9 0.88 

16mm 12.13 10.46 14 1.67 

  Arithmetic Mean Difference  

PP 
Manikin 

[m2.Pa/W] 

Eq 34 

[m2.Pa/W] 
in (%) Eq 34/Manikin [m2.Pa/W] 

4mm 8.23 5.86 29 2.37 

8mm 10.73 6.94 35 3.79 

12mm 15.42 7.41 52 8.01 

16mm 13 7.64 41 5.36 
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The difference is calculated by Eq (35), 

 

( Re̅t – V̅/ Re̅t )* 100 (35) 

 

 

where Re̅t is the arithmetic mean of the actual Ret test results, V̅ is the arithmetic mean of the 

calculated test results. In general, the 4 mm air gap has the largest difference between the actual 

and the calculated values; then, the difference becomes smaller at 8 and 12 mm. In a 16 mm air 

gap, free convection starts to introduce to the air gap. Hence, the value of the difference is difficult 

to predict.  

Reasons for 4 mm has the biggest difference may be caused by the following explanations: 

1- Air gap spacing (Figure 25). When the sample shirt was draped on top of the pre-wetted 

suit, a narrower air gap (smaller shirt size) had a higher possibility to contact the pre-wetted 

suit directly due to the properties of the material; like stiffness, resiliency, moisture 

absorbent, porosity and so on that would cause creasing or wrinkles which would increase 

the contact point/area. Contact points or areas influence spacing between the sample shirt 

and the pre-wetted suit that will decrease the actual evaporative resistance Ret of the shirt. 

On the other hand, a bigger size shirt has a bigger air gap. This air spacing between the pre-

wetted suit and the sample shirt acted like a cushion layer that would prevent the material 

stick to the pre-wetted suit layer to create contact areas. However, from 10 mm to 12mm, 

the air gap spacing is big enough that free convection will start. This phenomenon will 

influence the results on Ret and make it unpredictable. 
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Figure 25. Cross-sections of a small and a big air gap between the thermal manikin wearing  

a pre-wetted suit and a sample shirt 
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2- The air gap thermal conductivity (λ) of 4mm is about 0.025; however, the average λ of 

materials used in the experiment is 0.04, which is higher than the air gap that may cause 

unpredictable outcomes when the air gap is small. Table 21 presented the results of thermal 

conductivity of each material by means of Alambeta device. 

3- Smaller air gap increases the probability of sample shirt contact directly to the thermal 

manikin wearing the pre-wetted suit, which will moisten the sample shirt and wetness will 

decrease the water vapor permeability, hence; decreases the evaporative resistance Ret [16]. 

4- First validation, labor errors may involve.  

 

The above reasons conclude that the Eq (34) may not be suitable for air gap size 4mm or smaller. 

Further validation is needed. 

 

 

Table 21. Thermal conductivity of four materials tested by Alambeta device 

 

unit in [W/m·K] Test 1 Test 2 Test 3 Test 4 Test 5 Mean 

100% Cot 0.037 0.037 0.036 0.037 0.04 0.037 

50/50% Cot/Pes 0.041 0.042 0.039 0.038 0.037 0.039 

100% Pes 0.043 0.045 0.045 0.046 0.044 0.045 

!00% PP 0.052 0.047 0.048 0.05 0.05 0.049 
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Table 22. Constants from Polynomial of Rct and Linear of Ret 

Rct [m²·mK/W] = a1X² + b1X + c1 Ret [m²·Pa/W]  = a2X + b2 

Constant a1 b1 c1 a2 b2 

Orientation H V H V H V H V H V 

100% Cotton -

10.48 

-

6.34 

95.96 67.96 -

81.84 

-

52.78 

6.11 6.48 -

3.85 

-

6.06 

80/20% Cotton/ 

Polyester 

- 

9.95 

-

4.13 

86.43 51.41 -

63.54 

-

31.42 

7.78 6.79 -

6.10 

-

5.51 

70/30% Cotton/ 

Polyester 

-

10.20 

-

3.33 

90.18 48.69 -

65.86 

-

28.52 

6.43 6.09 -

3.13 

-

4.19 

50/50%  

Cotton/ 

Polyester 

-

13.94 

-

5.57 

111.08 60.63 -

86.64 

-

40.40 

6.42 5.87 -

4.04 

-

4.77 

35/65% Cotton/ 

Polyester 

-

15.48 

-

8.06 

122.24 76.66 -

99.78 

-

57.96 

6.57 5.69 -

5.11 

-

4.65 

100% Polyester -

10.06 

-

4.86 

94.88 59.30 -

79.36 

-

45.34 

5.44 5.47 -

4.56 

-

5.35 

100% 

Polypropylene 

-

14.37 

-

9.12 

120.03 82.80 -

95.98 

-

59.68 

6.43 5.55 -

2.95 

-

2.87 

 



81 

 

6. Conclusion 

 

 

This Thesis deals with a new method of determination of thermal and evaporation resistance of 

clothing by means of thermal manikins. The so called dry thermal manikins serve for the 

determination of thermal resistance of clothing, whereas the very costly sweating manikins 

measure the clothing evaporation resistance. Due to irregular moisture distribution absorbed in 

clothing, which also reduces thermal resistance and water vapour permeability of the tested 

clothing, the experimental results achievable in these manikins suffer from low reproducibility.  

 

In the study, the mentioned method in which thermal resistance data measured on dry manikins are 

transformed into evaporation resistance of clothing, was theoretically analysed and experimentally 

verified. The transformation procedure is based in comparative measurements of thermal and 

evaporation resistances in special vertical Skin model, which enables to evaluate heat and mass 

transfer in simulated vertical air gaps corresponding to real air gaps in the worn clothing. The 

achieved results then were statistically treated, theoretically analysed and then presented as 

transformation equations, specific to all tested woven fabrics.  

 

The evaporation resistance data determined by these equations then were correlated with data 

achieved by testing of clothing (made of the studied fabrics) on real sweating manikin in the Lund 

University in Sweden. For air gaps in the range of 8 to 14 mm (the mostly occurring gaps) the 

differences did not exceed 15%, which can be accepted as a good result when considering the 

complexity of the measurements. 

It should be emphasized, that no study on similar topic was found in the literature, despite many 

papers published on manikins. The achieved results were presented on a few conferences and in 

several papers. Till now, no negative comments to this new method were observed. Application of 

the presented method may extend the use of cheaper and easy operable dry manikins in many textile 

laboratories in the world, despite certain limitations of this new method. 
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7. Future Scope of Work 

 

• Phrase 2 – Second validate, same materials (only cotton and polyester due to limited access 

time to the manikin lab) with the same setup, procedures and apparatuses. Air gap 

distance/shirt allowance will be 5mm and 10mm. Each shirt will be tested five times for Rct 

and Ret. Results will be used in Eq (34) for the validation and the comparison to the first 

validation and analysis.  

 

• Phrase 3 -- Same setup, procedures, apparatuses and air gap distance/shirt allowance will 

be 0, 4, 8, 12, 16mm. Each shirt will be tested five times for Rct and Ret. Thicker natural 

and synthetic materials will be chosen, for example, denim and broadcloth versus synthetic 

corduroy and satin. Results will be analyzed and compared to the first experiment. 
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12. Appendices 

 

 

Appendix 1- Images of devices 

 
Figure 26. Image of the M290 Moisture Management Tester (MMT) 

 

 

 

 
 

Figure 27. Image of the FX 3300 Air Permeability Tester 
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Appendix 2 – Porosity Information of Seven Fabrics 
 

 

ϕ = [ρfabric / ρfibre ] (14) 

 

 

 

ρfabric = Fabric square mass / h (15) 

 

 

 

P = (1 - ϕ)* 100% (16) 

 

 

where P (%) is the fabric porosity  

ϕ is the fibre volume of solid material 

ρfabric [kg/m2] is the fabric density 

ρfibre [kg/m3] is the fibre density 

h [m] is the thickness of the fabric 

 

 

Table 23. Fibre density – values are found based on open sources on internet 

100% Cotton 100% Polyester 100% Polypropylene 

[kg/m3]       1540 1360 900 

 

The following fibre density is calculated based on the proportion of 100% cotton density and 

100% polyester density 

  

80% Cotton 

20% Polyester 

70% Cotton 

30% Polyester 

50% Cotton 

50% Polyester 

35% Cotton 

65% Polyester 

[kg/m3]       1504 1486 1450 1423 
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Table 24. Fabric square mass and thickness by measurement 

 100% 

Cotton 

100%  

Polyester 

100% 

Polypropylene 

80% 

Cotton 

20% 

Polyester 

70% 

Cotton 

30% 

Polyester 

50% 

Cotton 

50% 

Polyester 

35% 

Cotton 

65% 

Polyester 

Fabric 

weight 

[g/m2] 

154 156 252 225 226 159 102 

h [mm] 0.37 0.43 0.63 0.55 0.58 0.33 0.23 
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Appendix 3 - Drapability Information of Seven Fabrics 

 
 

1. Fabric samples are cut into a circular shape with 300mm in diameter 

2. An A3 size paper is put on top of the glass screen over the draping device as shown in 

Figure 20-21 

3. Trace out the silhouette of the draped shape  

4. A planimeter is used to measure the draped area (Figure 22-23) 

5. Use equation (27) to calculate the percentage of the sample drapability 

 

 

 

D (%) = [ A - Ap / Am ]* 100% (17) 

 

 

 

where D is the fabric drapability (%) 

A is the area of circular fabric sample – 70.69*103 [mm2] 

Ap is the area of projection [mm2] – measured by Planimeter 

Am is the area of annulus – 45.24*103 [mm2] 

 

 

 
Figure 29. Image of the draping shape of the 

sample 
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Figure 28. Schematic diagram of the draping 

test device 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 31. Draped outlines of seven material samples 

Figure30. Image of the planimeter device 
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Table 25. Color code and measured area of each draped-sample shape 

 
100% Cotton 

 

55240 mm2 

 

 
80% Cotton 

20% Polyester 

57060 mm2 

 

 
70% Cotton 

30% Polyester 

56090 mm2 

 

 
50% Cotton 

50% Polyester 

53090 mm2 

 

 
35% Cotton 

65% Polyester 

51280 mm2 

 
100% Polyester 

 

51060 mm2 

 
100% Polypropylene 

 

66060 mm2 
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Appendix 4 – Fibre properties 
 

Table 26. A collection of microscopic, physical, chemical, biological, thermal properties of 

fibres; and the functional group and fibre content 

 

Microscopic 

properties 

Cotton Polyester Polypropylene 

Cross-section and 

Shape 

 

Kidney-shaped cross-

section, flat and twisted 

ribbon-like structure. 

Convolutions are 150-

400 per inch 

Cross-section shapes, length and thickness are 

controlled by spinnerets 

Physical 

properties 

Cotton Polyester Polypropylene 

Length 

Thickness 

20-30 mm 

12-20 µm 

Cross-section shapes, length and thickness are 

controlled by spinnerets 

Luster Low, mercerization 

increases luster 

Can be adjusted by 

chemical finish 

Low 

Tenacity 

Dry/Wet 

(gram/denier) 

 

D 3-5/ W 3.3-6 

 

D/W 5-7 

 

D/W 3.5-5 

Break Elongation  

Dry/Wet (%) 

D 25-35 

W 25-50 

D 19-23 

W 19-23 

D 25-75 

W 25-75 

Resiliency Low - wrinkles easily 90% wrinkles resistant Low 

Moisture Regain  

Dry/ Wet (%) 

8/15-25 0.04 0.1 

Density (kg/m³) 1540 1350 900 

Chemical 

properties 

Cotton Polyester Polypropylene 

Effect of Alkali Highly resistant - high alkali resistance 

- chemically resistant to acid, bases, salts and 

most solvents 

- Outstanding fibre dispersibility  

- biogenic origin 

- industrial biodegradable 

Effect of Acids Easily damaged by 

strong mineral acids Hot 

diluted acids will cause 

disintegration faster than 

cold diluted acids 

Effect of Organic 

Solvents 

Highly resistant 

Biological 

properties 

Cotton Polyester Polypropylene 

Effect of Mildew Affected in dam 

condition No 

Effect of Moth No 

Effect of Sunlight Prolong sunlight weaken 

fibre 

It can withstand 12 

months of exposure 

The chemical 

structure of 
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to sunlight and still 

retain over 67% of its 

strength 

polypropylene causes 

a high degradation 

rate when exposed to 

UV light 

Thermal 

properties 

Cotton Polyester Polypropylene 

Effect of Flame It burns readily and 

quickly and smells like 

burning paper, and 

leaves a small amount of 

fluffy gray ash. 

It will shrink from the 

flame and burn slowly 

with black smoke and 

a sweet chemical 

odor. Its residue is a 

soft, sticky black ash. 

It burns very well and 

smells like charred 

wood, and will 

continue to burn 

slowly, producing 

drips even the flame 

source is removed  

Static Charge No  Yes Yes 

Melting Point and 

Glass Transitional 

Temperature 

Over 150 ºC fibre 

decompose, and glass 

transitional temperature 

is Tg 220 ºC 

-Melting point 250 ºC 

- Tg 75 ºC 

-Soften at 150°C 

-Melting point 165 ºC 

 

Conductivity 

(W/mK) 

0.026-0.065 0.218 0.172 

Functional Group 

Cotton Polyester Polypropylene 

Natural polymer 

Cellulosic 

(C6H10N5)n 

Ester group  

O = C – O 

(C10H8O4)n 

Methyl group  

R– CH3  

(C3H6)n 

Fibre Content 

Cotton Polyester Polypropylene 

Cellulose 90%     

Water  8% Pectin 0.55% 

Wax/Fat 0.4%  

Others 0.2%  

Made from the 

mixture of 

dicarboxylic acid and 

dialcohol 

Made from the 

combination of 

propylene monomers 
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Appendix 5 – Sensirion software samples 
 

 
Figure 32. Sensirion (screenshot) is monitoring heat loss in every heat zone involved in the 

experiment in adjustable time period. Here is every 2 minutes 30 seconds 

 
Figure 33. Sensirion (screenshot) is monitoring temperature changing in every heat zone 

involved in the experiment in adjustable time period. Here is every 2 minutes  
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Appendix 6 – Picolog software sample 
 

 
 

Figure 34. Picolog recording temperature changing of heat zones in every 10 seconds during 

the thermal resistance experiment  
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Appendix 7 – Sensirion and Picolog resultant sample  
 

 
Figure 35. The screenshot is showing part of the results of thermal resistance tests from 

Sensirion and Picolog softwares 
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Appendix 8 - Original Data from Thermal Manikin  
 

(A combination of 3 tests for each material sample, 4 materials and 5 air gap distances) 

 

Thermal Manikin - Thermal Resistance Data 

 

Table 27. Thermal resistance data from the thermal manikin 

 

Thermal 

Resistance (Rct) 

Thermal 

Manikin 

100% Cotton 

[m².K/W] 

50% Cotton  

50% Polyester 

[m².K/W] 

100% 

Polyester 

[m².K/W] 

100% 

Polypropylene 

[m².K/W] 

0mm air gap 

Test 1 
0.075 0.08 0.062 0.081 

Test 2 0.076 0.074 0.063 0.099 

Test 3 0.073 0.076 0.065 0.095 

4mm air gap  

Test 1 
0.102 0.093 0.077 0.109 

Test 2 0.09 0.096 0.082 0.104 

Test 3 0.094 0.09 0.086 0.108 

8mm air gap  

Test 1 
0.111 0.111 0.088 0.126 

Test 2 0.1 0.108 0.093 0.118 

Test 3 0.1 0.109 0.086 0.132 

12mm air gap  

Test 1 
0.061 0.11 0.085 0.125 

Test 2 0.108 0.105 0.093 0.13 

Test 3 0.105 0.111 0.096 0.146 

16mm air gap  

Test 1 
0.117 0.124 0.104 0.131 

Test 2 0.111 0.113 0.107 0.143 

Test 3 0.124 0.115 0.104 0.139 
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Thermal Manikin - Evaporative Resistance Data 

 

Table 28. Evaporation resistance data from the thermal manikin 

 

Evaporative 

Resistance (Ret) 

Thermal 

Manikin 

100% Cotton 

[m².Pa/W] 

50% Cotton  

50% Polyester 

[m².Pa/W] 

100% 

Polyester 

[m².Pa/W] 

100% 

Polypropylene 

[m².Pa/W] 

0mm air gap 

Test 1 
5.5 5.8 2.1 5.2 

Test 2 2.9 6.5 1.6 4.4 

Test 3 6.3 5.3 1.5 4.3 

4mm air gap  

Test 1 
5.1 6.6 4.2 7.7 

Test 2 3.8 6.4 3.8 8.4 

Test 3 5.8 5.6 4.8 8.6 

8mm air gap  

Test 1 
10.7 8.4 5.8 12.5 

Test 2 9 10 7.2 9.7 

Test 3 11.1 11.6 6.4 10 

12mm air gap  

Test 1 
9.3 10.3 9.3 18 

Test 2 8.1 11.2 11.4 13 

Test 3 13.4 11.1 10 14.8 

16mm air gap  

Test 1 
10.4 13.3 12.8 14.3 

Test 2 13.8 12.7 12.5 12.2 

Test 3 11.3 13.1 11.1 12.5 
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Appendix 9 - Original Data from Permetest Skin Model 
(A combination of 3 tests for each material sample, 2 orientations, 4 materials and 5 air gap 

distances) 

 

Permetest Skin Model - Thermal Resistance Data 

 

Table 29. Thermal resistance data from Permetest skin model-1 

 

Thermal 

Resistance (Rct) 

Permetest Skin 

Model 

100% Cotton 
50% Cotton  

50% Polyester 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

0mm air gap 

Test 1 
8 11.3 11.7 9.9 

Test 2 9.6 10.2 12.8 9.8 

Test 3 8.5 9.7 9.9 11.7 

4mm air gap  

Test 1 
54.9 68.1 45.9 48.8 

Test 2 72.3 74.5 44.8 46.7 

Test 3 69.3 70.1 47.5 47.3 

8mm air gap  

Test 1 
97.2 96.8 67.7 83.9 

Test 2 93.2 87.4 69.5 71.5 

Test 3 93 96 69.7 64.9 

12mm air gap  

Test 1 
93.6 112.3 69.6 94 

Test 2 94.9 98.7 77.2 88.9 

Test 3 97 102.9 74.7 85.6 

16mm air gap  

Test 1 
105.5 108.1 67.5 94.2 

Test 2 118.6 106.8 84.3 79.6 

Test 3 95.4 100.2 94.8 95 
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Table 30. Thermal resistance data from Permetest skin model-2 

 

Thermal 

Resistance (Rct) 

Permetest Skin 

Model 

100% Polyester 100% Polypropylene 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

0mm air gap 

Test 1 
7.1 8 12.9 11.9 

Test 2 8.8 8.7 11.8 13.7 

Test 3 7.6 7.8 11.4 13 

4mm air gap  

Test 1 
54 69.3 45.5 61.6 

Test 2 56.1 58.1 57.5 58 

Test 3 54.4 59.2 61.2 59.5 

8mm air gap  

Test 1 
75.2 82 88.7 86.6 

Test 2 76 85.6 90.5 89.2 

Test 3 73.5 83.9 89.3 91 

12mm air gap  

Test 1 
89.9 96.4 88.9 91.4 

Test 2 87.3 101.9 89.5 106.5 

Test 3 93.1 100.5 100.7 101.8 

16mm air gap  

Test 1 
105.9 107.3 94.5 94.9 

Test 2 96.2 106.6 90.3 92.2 

Test 3 101.1 104.6 85.8 91.4 
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Permetest Skin Model - Evaporative Resistance Data 

 

Table 31. Evaporation resistance data from Permetest skin model-1 

 

Evaporative 

Resistance (Ret) 

Permetest Skin 

Model 

100% Cotton 
50% Cotton  

50% Polyester 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

0mm air gap 

Test 1 
3.4 3.8 4.2 2.8 

Test 2 2.9 2.7 3.6 2.7 

Test 3 3.8 2.9 3.1 2.9 

4mm air gap  

Test 1 
8.2 8.8 5.8 4.9 

Test 2 8.4 8.9 6.3 5.3 

Test 3 8 8.6 6.2 5.7 

8mm air gap  

Test 1 
12.9 13 11.7 11.7 

Test 2 12.7 13 11.7 11.1 

Test 3 13.1 15.7 11 11.1 

12mm air gap  

Test 1 
23.4 21.6 22.3 20.8 

Test 2 22.1 22.6 22.9 21.5 

Test 3 21.9 32.1 21.3 25.8 

16mm air gap  

Test 1 
25.1 28.1 26.3 19.9 

Test 2 28.5 23.1 25.8 29.9 

Test 3 22.9 33.7 28 36.4 
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Table 32. Evaporation resistance data from Permetest skin model-2 

 

Evaporative 

Resistance (Ret) 

Permetest Skin 

Model 

100% Polyester 100% Polypropylene 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

0mm air gap 

Test 1 
4.2 2.8 1.5 1.4 

Test 2 3.6 2.7 1.6 1.5 

Test 3 3.1 2.9 1.5 1.5 

4mm air gap  

Test 1 
5.8 4.9 7.2 5.7 

Test 2 6.3 5.3 7.4 7.6 

Test 3 6.2 5.7 7.6 7.5 

8mm air gap  

Test 1 
11.7 11.7 14.5 17.8 

Test 2 11.7 11.1 13.9 17.7 

Test 3 11 11.1 13.8 15.8 

12mm air gap  

Test 1 
22.3 20.8 20.2 20.8 

Test 2 22.9 21.5 20.7 20.3 

Test 3 21.3 25.8 21.3 20.5 

16mm air gap  

Test 1 
26.3 19.9 23.1 26.2 

Test 2 25.8 29.9 27.4 23.4 

Test 3 28 36.4 22.9 21 
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Appendix 10 - Original Data from the Vertical/Horizontal Permetest Skin 

Model 
(A combination of 5 tests for each material sample, 7 materials, 5 air gap distances and 2 

orientations)   

 

Permetest Skin Model - Thermal Resistance Data 

 

Table 33. Thermal resistance data from Permetest skin model of seven fabrics 

 

Thermal 

Resistance (Rct) 

Permetest Skin 

Model 

100% Cotton 80% Cotton 20% Polyester 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

Vertical 

Orientation 

[m².mK/W] 

Horizontal 

Orientation 

[m².mK/W] 

0mm air gap  

Test 1 
8.3 9.6 15.1 12.5 

Test 2 10.2 9.6 13.6 15.3 

Test 3 9 10.7 11.8 12.7 

Test 4 8.1 12.6 14.4 12.7 

Test 5 11.6 11.6 11.8 12.7 

4mm air gap  

Test 1 
59.3 52.1 62.6 69.8 

Test 2 57.1 46.7 63.1 64.6 

Test 3 60.3 56.4 63.1 65.4 

Test 4 61.6 55.2 59.9 69.1 

Test 5 63.8 56.9 60.9 59.2 

8mm air gap 

Test 1 
82.9 111.8 78.7 130.1 

Test 2 79.4 113 80.1 102.2 

Test 3 86.7 108.5 85.7 122.6 

Test 4 81.6 114.6 81.2 118.2 

Test 5 80.2 116.1 74.2 109 

12mm air gap 

Test 1 
129.6 144.3 107.5 122.9 

Test 2 131.7 143.5 108.8 122.9 

Test 3 137 156.5 110.9 109.5 

Test 4 127.2 143.4 105.9 102.9 

Test 5 128.3 150.1 110.2 108.3 
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16mm air gap  

Test 1 
126.5 140 127.3 130.9 

Test 2 106.5 134.6 131.5 127.2 

Test 3 135.3 124.4 127.4 117.5 

Test 4 135.9 132.9 129.2 111.1 

Test 5 114.8 114.1 100.3 128.5 

Thermal 

Resistance (Rct) 

Permetest Skin 

Model 

70% Cotton 30% Polyester 50% Cotton 50% Polyester 

Vertical 

Orientation 

(m².mK/W) 

Horizontal 

Orientation 

(m².mK/W) 

Vertical 

Orientation 

(m².mK/W) 

Horizontal 

Orientation 

(m².mK/W) 

0mm air gap  

Test 1 
12.5 16.7 12 13.4 

Test 2 15.4 16.5 12 13.8 

Test 3 12.4 16.3 14.5 14 

Test 4 13.9 12.6 13.4 12.9 

Test 5 13.6 14.7 13.8 12.8 

4mm air gap  

Test 1 
64.9 66.5 65.3 76.1 

Test 2 65.4 69.4 62.5 74.5 

Test 3 65.3 67.1 59.5 71.1 

Test 4 62.7 69.8 62.3 73.5 

Test 5 64.2 66.9 65.1 75.4 

8mm air gap 

Test 1 
77.1 122.4 91.8 127 

Test 2 76.1 111.5 82.2 123.8 

Test 3 91.3 126.6 89.9 114 

Test 4 75.6 122.8 88.5 115.7 

Test 5 81.1 128.2 86 124.2 

12mm air gap 

Test 1 
108.7 122.4 109.7 113.3 

Test 2 113.8 125.9 110 136.8 

Test 3 120.3 131 115.8 150.3 

Test 4 110.7 120.4 117 154.8 

Test 5 116 124.2 114.8 148.8 

16mm air gap  

Test 1 
133.1 129.3 125.7 119.4 

Test 2 123.9 127.7 120.1 121.6 

Test 3 149.1 137.4 116.5 122.7 

Test 4 114.2 131 130.9 108.6 

Test 5 142.1 134.1 125.7 114.7 
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Thermal 

Resistance (Rct) 

Permetest Skin 

Model 

35% Cotton 65% Polyester 100% Polyester 100% Polypropylene 

Vertical 

Orientation 

(m².mK/W) 

Horizontal 

Orientation 

(m².mK/W) 

Vertical 

Orientation 

(m².mK/W) 

Horizontal 

Orientation 

(m².mK/W) 

Vertical 

Orientation 

(m².mK/W) 

Horizontal 

Orientatio

n 
(m².mK/W) 

0mm air gap  

Test 1 
9.3 12 8.8 5.6 15.2 14.5 

Test 2 13.3 10.3 7.4 5.5 16.3 16.5 

Test 3 11 12.2 6.4 6.6 16.7 13.4 

Test 4 12.5 11.3 7.2 5.8 15.2 17.7 

Test 5 10.7 12.1 5.9 5.7 15 16 

4mm air gap  

Test 1 
64.9 76.5 55.6 69.6 69.2 64.9 

Test 2 61.1 70.4 55.9 56.4 72 73.8 

Test 3 66.8 71.6 55.1 74.2 71.1 77.8 

Test 4 66.2 72.6 52.7 74.4 66.2 78.2 

Test 5 63.4 71.1 64.9 70.1 70.7 79 

8mm air gap 

Test 1 
98.6 137.8 89.4 112.3 97.3 132.5 

Test 2 92.2 124.5 91.9 116.8 98.5 146.8 

Test 3 89.7 129.1 91 114.1 100.1 131.8 

Test 4 89.3 134.9 88.1 119.1 88.4 144.1 

Test 5 86.3 129.1 90.6 119.1 92.3 135.9 

12mm air gap 

Test 1 
114.8 157 105.1 136.2 148.9 167 

Test 2 130.2 127.3 107.1 142.9 111.4 164 

Test 3 140.5 153.2 110.5 140.7 142 157.1 

Test 4 121.2 156.8 109.2 132 149.2 161.3 

Test 5 139.6 142.3 115.2 139.1 149.9 163.9 

16mm air gap  

Test 1 
106.4 120 130 140.2 115.7 141.9 

Test 2 126.5 115 121.1 161 125.1 128.4 

Test 3 111.3 121.2 141 141.2 123.3 139.7 

Test 4 133.6 135.2 137.2 141.7 122.1 149.5 

Test 5 123.8 113.4 130.3 134 117.6 140.8 
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Permetest Skin Model - Evaporative Resistance Data 

 

Table 34. Evaporative resistance data from Permetest skin model of seven fabrics 

 

Evaporative 

Resistance (Ret) 

Permetest Skin 

Model 

100% Cotton 80% Cotton 20% Polyester 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

0mm air gap  

Test 1 
2.5 2.9 3.5 3.9 

Test 2 2.7 2.8 3.8 4.2 

Test 3 2.5 2.7 3.9 4.5 

Test 4 2.5 2.7 3.6 3.9 

Test 5 2.3 2.8 3.9 4.1 

4mm air gap  

Test 1 
5.4 6 6.1 6.6 

Test 2 5.7 6 6.3 6.4 

Test 3 5.3 6.2 6.2 6.7 

Test 4 5.4 6.3 6.4 6.6 

Test 5 5.3 6.6 6.2 6.7 

8mm air gap 

Test 1 
12.5 16.7 13.4 15.5 

Test 2 12.6 16.1 13.7 15.2 

Test 3 12.2 16 13.8 17.7 

Test 4 12.1 15.9 12.9 14.5 

Test 5 12.5 15 13.5 16.4 

12mm air gap 

Test 1 
18.1 23.8 23.5 26.9 

Test 2 17.4 20.7 19.7 27.2 

Test 3 17.9 23.8 19.7 24.8 

Test 4 18.5 19.7 19.4 27 

Test 5 18.1 22.4 18 27 

16mm air gap  

Test 1 
32.9 27.3 30 30.8 

Test 2 31.9 24.9 33.3 29.4 

Test 3 24.8 23.9 34.4 34.2 

Test 4 27.9 24.4 28.1 36.9 

Test 5 25.7 26 28.2 33.5 
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Evaporative 

Resistance (Ret) 

Permetest Skin 

Model 

70% Cotton 30% Polyester 50% Cotton 50% Polyester 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

0mm air gap  

Test 1 
3.7 3.4 2.8 2.7 

Test 2 3.6 4 3 3 

Test 3 3.6 4.1 2.7 2.8 

Test 4 3.5 4 2.6 2.8 

Test 5 3.4 3.5 2.6 3 

4mm air gap  

Test 1 
6.1 6.7 5.6 6.4 

Test 2 6 6.8 5.4 6.4 

Test 3 6.1 7.6 5.4 6.1 

Test 4 6.2 7.2 5.6 5.9 

Test 5 5.7 6.9 5.3 5.9 

8mm air gap 

Test 1 
13.7 19.3 12.3 15.8 

Test 2 13.3 17.8 12.2 18.4 

Test 3 13.1 16.3 11.9 15.1 

Test 4 13.2 16 12.3 17.2 

Test 5 13.1 19.3 12.2 17.6 

12mm air gap 

Test 1 
22.1 27.1 18.9 26.4 

Test 2 21 27.3 18.4 23 

Test 3 21.7 24.1 18.4 23.4 

Test 4 19.5 23.8 17.8 24 

Test 5 20 25.4 17.8 25.7 

16mm air gap  

Test 1 
26.4 26.7 23.8 25.7 

Test 2 27.7 26.7 25.8 25.2 

Test 3 26.6 27.1 29.3 25.7 

Test 4 25.1 27.4 23.6 26.3 

Test 5 27.1 25.3 25.7 26 
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Evaporative 

Resistance (Ret) 

Permetest Skin 

Model 

35% Cotton 65% Polyester 100% Polyester 100% Polypropylene 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

Vertical 

Orientation 

[m².Pa/W] 

Horizontal 

Orientation 

[m².Pa/W] 

0mm air gap  

Test 1 
2 2 1.5 1.6 3.7 4.4 

Test 2 2.2 2.1 1.2 1.8 3.8 4.2 

Test 3 1.7 2.1 1.1 1.8 3.7 4.1 

Test 4 1.9 2.2 1.4 1.6 3.4 4.3 

Test 5 2.1 2.3 1.2 1.7 3.4 4.6 

4mm air gap  

Test 1 
5.3 5.6 4.6 5.5 6.6 7.6 

Test 2 5.1 5.8 4.9 5.4 6.5 7.8 

Test 3 5.2 6.1 4.8 5.7 6.4 7.2 

Test 4 5.2 5.5 4.7 5.5 6.4 7.4 

Test 5 5.2 5.7 4.9 5.8 6.3 7.3 

8mm air gap 

Test 1 
11.7 13.9 12.1 13.1 13.9 14.6 

Test 2 12.4 15.7 12.2 13.6 13.7 15.8 

Test 3 12.2 15.2 12.3 13.2 14.5 14.4 

Test 4 12.5 12.9 11.9 12.8 14 16.8 

Test 5 12.3 17.1 12.1 13.2 14 18.3 

12mm air gap 

Test 1 
19.8 23.6 18.6 24.5 20.5 27.3 

Test 2 20.5 22 18.5 26.5 20.5 27.3 

Test 3 18.2 25.8 17.2 26.4 20 27.6 

Test 4 19.4 25.1 17.7 25.8 20.4 27.2 

Test 5 18.5 25.4 19.6 24.9 20.4 27.4 

16mm air gap  

Test 1 
23.8 25.9 24.4 25.6 22.6 24.6 

Test 2 24.6 25.3 24.9 24.7 23.4 26 

Test 3 22.5 25.7 25.1 25.2 23.7 26.4 

Test 4 22.4 26.6 27 24.7 28.8 28.2 

Test 5 23.5 24.9 23.5 25.3 23.4 27.3 

 

 

 




