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WARMTH PROPERTY OF CLOTHING ASSEMBLY
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ABSTRACT - the present work deals with the theoretical prediction of warmth
parameters of clothing assembly. Theoretical expressions are derived for calculating
both arr flow resistance and thermal resistance of clothing assembly. Three different
cases which represent the most common wearing cases in winter season were selected
for applying the theoretical expressions. The derived relations were found to be farrly
ciose to those observed experimentally. Alse an emprrical relationsiup is fitted to
tne measured thermal resistance data of clothing assembly using stepwise muitiple
regression analysis.The regression analysis relates the thermal resistance of the clothing
assembly to the parametes of weight per unit area, thickness and air resistance,
Thus ewmpirical relationship is shown to predict the thermal resistance of clothing
assemnbly accurately,

NOMENCLATURE

v A velocity through each layer of clothing assembly,m/Sec
t Fabric or clothing assembly thickness, m

H Dynamic viscosity of air, p = 1.855x 107 (N.Sec)/m>

aP={Pa-Pb) Air pressure drop, Nfm z

Pa,Pb Pressure values on both the upper and lower surfazces of the clothing
assembly, Nfm 2

B Permeahtiity ceefficient of single layer,m 2

}}I Permeability coefiicient of clothing assembly, m2
F Rate of air flow, m3/Sec

A Area of iested specimen of clothing assembly, m?2
R Alr resistance of single layer, {N.Sec)/m3

ht Air resistance of clothing assembly, (N.Sec)/m 3

Heat flux density, watt/m?

A oo

Heat [lux. watt
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Ta,Tb Degree of temperature of aic and body respectivelly, C°
Ka Thermal conductivity of air lavers, ka=0.02 watt {(in.C°)
5 Alr spacing between fabric layers, m
Ra Thermal resistance of all the air layers, (m?.C%)/watt
Rt Tozal thermal resistance of clothing assembly, (m 2.C°)/watt
Ro Qutside air film resistance, (mz.C")z'watt
Ko Thermal conductivity of the overall system, watt/(m.c®)
n Number of layers
IINTRODUCTION

One of the most effective properties related to the clothing assembly is
the warmth property [1]. The air flow resistance and thermal resistance are two
tmportant plysical ¢riteria involved 1n warmth of clothing assembly. Different wearing
cases of clothing assembly can be used in winter season to protect the hurnan body
against the atmospheric conditions.The type and arrangement of components of clothing
assembly affect ic a great extent the warmth parameters of the clothing assembly
such as air resistance and thermal resistance. Thermal insulation properties of clothing
assembly are dependent on number of layers contained in clothing assembly, thickness
of each’ layer and thickness of clothing assembly (mcludmg the thickness of air layers),
fibre composition and air permeability of clothing assembly alse the outer conditions
such as degree of temperature, air moisture and wind speed. Because clothing is
basically concerned with minimizing the thermal stresses, warm or cold, i1mposed
on man b}lf the environment, there is good reason to rneasure the thermal insulation
of single layers of clothing materials, 'as well a5 multiple layers assembied more or

less as in clothing during use [2].

Mc Adams [3] found that, at the higher wind speed the air wiil be circulated
in the pares of the fabric causing a greater heat loss which In turn decreases the
value of fabric thermal insulation. This circulation depends upon the pore volume,
shape and orientation Inside the textile structure. Therefore, the fabric of higher
air permeabihity 1s a gpood insulator in the sull aw conditions, while it becomes of
poor insulating vaiue in a wind condition, L.e. In a moving surrounding air.

Previous work [t-8] in the literature on the subject of thermal insulation
has been only concerned with determining warmth parameters of single layers experi-
mentally and thecretically. And very little work has been done on the prediction
of warmth parameters of clothing assembly. The purgose of this paper 1s to fill this
gap and io relate the observed performance of the clothing assembly 1o its components.

2. MATHEMATICAL PREDICTION OF WARMTH PARAMETERS OF CLOTHING
ASSEMBLY
2.1 Air Flow Resistance :

From Darcy's law [9], the mean velocity V, m/Sec, across a porous medium
with a thickness 1, metre, for a viscous [luid whose dynamic viscosity is M (N-Secy{m 2,
under a pressure drop aP. N/m#, 15

V = (B. aP)pt , mfSec D

Where B 1s a permeabiiity coefficient, rnf indicating more or less facility for {lud
to flow through the porous medium.

Scheidegger [10] verified empirically that Darcy's law s valid for the
small values of (V) of a more general law :
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AP = eV dv ? W A2)

where &P-pressure drop, N/m'; and
¢,d-constants depend upon the parameters of fabric construction.
For ught fabrics Equation {2) may be simplified by cancelling out (dv2):

Then, V =ap/c , m{Sec e

where C = p.t/B
Equation (3) can be rewritten as follows :
V = (BaP)/p.t , m{Sce vl 8)

Hence, the effect nf awr gap thickness on air permeability 15 very small
[2], therefore it can be neglicted. Then rate of air flow (F) through multi-layer fabFICS
as shown in Fig. {1) can be calculated as follows :

= A.Bt. aP/(p.x), m3/Sec (5
or

F - ABt. (Pa-Pb) /(u.x), m/Sec ..{6)

. :
where X = 21 - total thickness of n multi-layers of fabrics , m ;

Lt
p-dynamic viscosity of air, (N.Sec)/m’:
Bi-permeability coeflicient of total lavers, m's
A-area of tested specimen of clothing assembly, m i and

Pa,Pb-pressure values on both the upper and lower surfaces of the clothing
assembly, N/mZ.

H the pressure values between each fabric layer and the adjacent one are.

PI,P2P3,. P _ |
AB{Pa-P1) A.R2. (P1-P2) A.B3 (P2-P3) A.Bn (Pn-Pb)
F = = = ER - = -
p-tt H-12 }1.13 P.tn
(Pa-Pb) = (Pa-P1) + (P1-P2) + (P2-P3} +... + {Pn-Pb) A7)

By substituting 1n Equaten {7) from Equations (5,6), yields:

F.X i Pt . F.p.t2 X FHA3 . F.p.an

A.Bt AB AB2 A.B3 A.Bn

or
X v, 2.8, 0 48)
Bt B B2 B3 Bn

Then , Bt = X 9

S
o Bl

By substituting 1 Equation (5) from Equation (9), gives



T. 22 H. Abou-Taleb, N. Abd El-Hady.

faode layers

buman P,
bady

[t ! bt o =
| T

]:— K —_——
|

Flg (] 1A stmphe model for studylng slr Mom Euough
cloamlag 2 whly

gL MaP , m> ] Sec {10)

] t1
P> &
1=l
Hence, air resistance (R) - 1/ (air permeability)
&P (Nfm?) . A (m?)

Terefore , R - , (N.Sec)/m3 RERY]
F (mj,/ Sec)

From Equations (10,11} air resistance of clothing assembly {Rt) can be calcu-
lated as follows :

4 n ti
Rt :}J\. > { T ) , { N.Sec) /m3 f12)

i=1
2.2 Thermal Resistance :

Studying the heat transfer by conduction trom the body te the surrounding
atmosphere through clothing assemblies could be made by considering the model shown
in Fig. (2) [4,7). Assuming that no moisture transier through clothing assembly 3 and
no heat transfer by radiation and convection, due to the small air thickness between
the fabric layers which decrease the amount of heat transfer by convectuion and It
15 negligable.

If the bedy temperature 15 greater than the surrounding atmosphere like

shown 1n winter season of n the cold regions, the heat will flow from the body to

the surrounding atmosphere as shown in Fig. (2), And for the steady state flow,
the rate of heat [low 1s considered to be "constant" . Therelore, the heat flow through
an area (A) is the same for each section of clothing assembly and may be represented
as follows :

Ko, (Th-Ta)

q :Qf{'—'\ = < ..-(13)

QIA = Tb-Tal = aT/Re s
(X /Ko}

where X - the overall thickness of air and fabric layers
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n

X = Z i+ iSi
i=1

=1

If the common temperatures between each fabric layer and the adjacent
air layer are :

Ty, Ty, T2, T2, . . . Tn-l, Tn for the layers I, 2, 3, . . . , n respectively, one obtain:

ka A ( TL-T1)
Q=
S| heat flow
B Kl A ( Tl_Tl ) — E Fahrc lavers
Tl e an L J
Ka A (T)-T2) - |
— ER
52 — P it
K2 A (T2-T2) -
I '
2 s ks
) ITTT 1 It
. Flg. {2} A sapls model for sbidying feat flow chrmugn
Q KaA{Tn--Tn) eloxhing nsembly.
Sn
R Kn A{Tn-Ta}) L (L5
tn
Then, { Tb-Ta) :(Tb-T1)+(TL—:I'1}+('/I'1~T2)+...+('Il'r'-— 1-Tr)+{Tn-Ta) w18

By substituting tn Equation (16) from Equations (13,15} yields :

Q.X Q.5 Q. Q.52 Qt2 - Q Sn G.tn Q.Ro
P LT TP DU i S PR R S

Ko.A Ka.A KA Ka.A K2.A Ka.A Kn.A A

9_‘_)—_(_ = Qél_ " Q_'§_2_+ e + _Q__§D ..._Q:H N _Q_Eg_ Fae + _Q_ED . QLE}_O_ {17
Ko.A Ka.A Ka.A Ka.A Ki.A K2.A Kn.A A

Dividing by (Q/A} Equation {17) can be rewitten as follows :

X 5 [ S2 o, 5w 12 K;n Ro 18

X = :_g:_ 31 + r\z_ T, Ro
Ko 1=l Ka 1= Ki

v 2l .
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From Equations {14,19), total thermal resistance of clothing assembly

(R1) can be calculated as follows :
n
Rt -(A. 8TVQ:=Ra+ = uRe {20}

ki
1=4

According to the above assumpuons {Ro) can be neglected and Equation
(20) can be rewritten as follows :

Rt - N1, Ra {20

ki

1=1

where Ra = -15ho... = the thermal resistance of all the air layers of clothing

assemnbly, Ka

This theoretical expression{Eq.2{)has been checked for three common wearing cases
of ciothing assembly. It was found experimentally that :
) = b g
{Ra) for :he [irst case {3 components)= 3%23.3%10 = 70X!0 (m2.& ) watt
<4 st 2.0
(Ra) for the second case (5 components ) = 5X8X 10" = 40X 10 (mz.C ) watt
- 4 °
{(Ra) for the third case (6 components)= 6X6.6X10 % 39.6x18" (m.C Ywart

3. EXPERIMENTAL WORK

3.1 Matenals

Three wearing cases (models) of clothing assembly were selected and described
as follows :

The 1 st wearing case 13 consisted of three components e.g. under wear,
shirt fabric and knitted outer wear;

The 2 nd weznng case 1s consisted of five components e.g. under wear,
shirt fabric and jacket {lining, gasket and suit fabric) 3 and

The 3 rd wearing case 15 consisted of six components e.g. under wear,
shirt fabric, knitted ourer wezr and jacket (lining, gasket and suit fabric).

) Two common types of each component of clothing assembly were chosen
as the following:

- Under wear 15 either Jil (3} or Tricona (Th

- Shirt fabric 1s either pophn of kafr Ei-Dawar (K) or pophin of El-Mahalla El-Kuba(M);
- Knitted outer wear is either half cardigan (H) or double jersey (D}

- Lining fabric 15 either polyester {P) or Viscose (V);

- Gasket fabric 15 either with stick (5) or without Stick (W)

- Suit fabric 1s 56/50 (3W), 70430 (7%) and 100/0 {i0 W) % wool /palyester,
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b {a & b).

Table | : Characteristics of Components of Clothing Assembly
a} Under wear and knitted outer wear

T.25

A few dertads on the components characteristics are given in Table

Under wear

Characteristics Knitted outer wear
T J H D
Thickness at 5 g/cm2,103m  1.07383 0.757 5.175 3.925
Density, g/cm 2 0.2109 0.2404 0.1055 0.1113
Fabric bulk, emd/g w742y 4.1603 9.47%0 2.9817
Porosity, % 26.3 844 51.0 S0.5
Wales fem 12 24 (.83 2.64
Coarses /cm i3 17 4,39 2.8
Yarn count, Ne 30 35 28/2 28/2
Loop length, mm 3.8 "2.4 22 18.6
Structure interlock rib half cardigan double jersey
Mater.al cotton cotton acrylic acryhe
b} Shirt, lining, gasket and suit fabrics
Shirt Lining Gasket Suit fabric
characteristics
iK ] P v W 5 5 W 7 W 10W
Wejght, g./rnz ins 98 75 95 40 185 165 219 285
Thick ness at 0.2075 0.195 0.20 0.l  (0.96% 0413  0.255 0.320 0.716
70 g!cm?- ,103m
Density, gfcm3 0.406 0.379 G.3gs  0.450 0.386 0.358 0.u427 0.373  0.371
Fabric bulk, cm¥g 2.6 2,64 2591 222 2.59 2.79 2.3 2.68 2.69
Porosity, % 73.6 754 7.7 70.8 749 767 68.3 72.0 716
Ends /cm 30 38 25 40 10 23 21 20 17
Picks /em 28 24 15 17 17 26 20 20 20
Warp count, Ne 80/2 2871 33 33 2.5 36 28.7/2 29.5/2 16.7/2
Weflt count, Ne 70/2 30/1 30 30 3 24 32/2 21.2/2 2072
Material cotten cotton polyes. viscose cotton cotton  56/50 3n/70  160/0
warp warp warp
50 50 70430 1anfo
weft weflt weft
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3.2 Testing Methods
3.2.1 Air resistance

Alr resistance values were measured with a Shirley air permeability
Instrument at an air pressure difference of 49 pascals (5 mm of water).

3.2.2 Thermal resistance
Intrinsic  thermal conductivity (K} and thermal resistance (R) values
were measured on a heat transport apparatus described in part {I) of this series.

All tests were carried out on conditioned samples as specilied by ASTM

standard D 1776-74 [11] 1n a standard conditioning room (6552 % relative humidity,
212 C°).

The results of warmth parameters of the individual layers of the
components of clothing assembly are given 1n Table (2).

Tabie 2 : Warmth Parameters of Components of Clothing Assemblies

Type of component Permeability Air Resistance, Thermal Thermal
(Symble) C:::oefIicnent,m2 (N.Sec}fmz' Conductivity, Resistance,
p watt/(m.C%) 10.{mz.C°)/watt
(B) (R} K ®)
T 72326716 265.15 0.17747 5.297
3 9.78026x16 0 L4361 0.15380 49.321
K 46101216 "% 1039.46 0.06558 39.822
M 7.o1s558x10! 624y 0.06656 39.630
H 1 70021X10 T S6.46 0.27367 189.850
D 17230107 62.11 0.23646 166.082
P 5.95531X10 -t 81.72 0.06153 35.562
v 321666X10 ' 12178 6.07297 29.260
W 4.08701X10 1 470,52 0.16885 61.702
5 8.25613X10 "2 ls0.86 G.118557 43.938
5W 2.77386X16 " 258.25 6.08850 b bk
7W 7.50879X10 2 1570.15 0.10275 57.777

-kl
10w 1.29473X10 1099.15 0.12543 61.207
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4. RESUTS AND DISCUSSION

T. 27

The practical application of the previous Equations (12 & 21} cculd be

obtained by using the results of the experimental work. Three different cases which
represent the most common wearing cases were used and the results of warmth

parameters are given in Table 3 (a,b&c).

Table 3 : Warmth Parameters ol Clothing Assembly

(a} The | st wearing case

No. Compenents  Weight, Thickness, Air resistance, Thermal resistance,! 0% {m2c)/ wartt
g/m? ats

g,fcmz,

(N.Sec) /m3)

mm measured (l:alcu4 measured
t

calculated

Eq-(12) Eqi2)  Equ2D)
1 T+K+H 369 6.533 1222I.9 1156.5 385.1 338.0 379.0
2 T+K+D 760 5.350 1253.2 |162.2 3249 334.2 330.0
3 T+M+H 262 6.740 on.2 373,2 3525 357.8 380.8
[ T+M+D 753 5.233 303.6 378.8 3258 334.0 320.6
3 J+K+H 233 5.133 1150.2 1035.0 369.1 349.0 362.1
3 J+K+D 724 5.067 11709 1040.6 326.4 325.2 317.1
7 J+8sH 826 £.267 288 .4 251.6 357.0 348.8 361.7
3 J+M+D 717 5.067 285.1 2573 3273 325.0 312.0

b) The 2 nd wearing case

Weight,
g/im
No Components

Thickness Air resistance, Thermal remstance,lg.(mz.cc watt
at 5ngm? (N.Sec)/m?

[ R N Y L e N

m m measured calc+ measurzad calculated
Eq.(12) Eq(2l)  Eqdz2)
J+M+V+S5+5W 725 2.360 1530.4 1736,1 201.5 246.6 226.5
T+M+V+ W+ 10WI096  3.467 2047 .6 2008.2 3305 290.1 296.6
J+K+V+ W+ 10W 1067 3,250 2770.5  2670.0 293.0 281.3 290.6
T+K+V+S+5W 768 2.587 2373.5 2641.0 228.7 235.8 262.0
J+M+P+WSW 920 2.883 1038.0 1005.7 276.3 270.7 237.7
T+M+P+5+10W 261 3.000 2535.0 2658.4 269.7 278.6 2644
J+K+P+S+10W 832 2.733 3650.4 3320.3 270.2 269.9 257.6
T-K+P+W+5W 963 3.217 20144 1910.6 266.7 279.3 277.3
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(c) The 3rd wearing case

weight, Thickness, Air resistance Ther mal resnstance,lﬁ?m?e)fwatt

No components 2 at 5gfcm? (N.Sec)/m?

g/m calculated

mm measur  calcu. measured
~ Eq(12) " Eq2) Eg{22)

I J+M+D+P+ WL 10W 1477 6.950 24Q46.2 203G.2 1984 b62.5 447.7
2 T+M+D+V+S+10W 1318 6.757 2307.3 2760.6 4igh Y3B.k  428.0
3 J+KeD+VaW+5W | 384 6.350 1987.4 1891.2 364.5 430.6 424.5
b T+K+D+P+S5+5W 1185 6.350 26:19.7 2663.0 4l11.0 428.1 4040
5 J1+M+H+P+54+ 5% 1251 7.193 1572.3 1752.5 53.2 442, 7 4338
& T+M+H+V+W+5W 1522 £.0040 i419.6 1223.7 522.2 463,1  482.2
7 J+K+H+¥+5+10W 1398 7.533 3029.6 3416.8 478.0 §53.8  4oh.5
8 T+K+H+P+W+10W 1629 7440 2587.8 28079 497 .9 Lee.0  477.5

The comparison between both calculated and measured values has been

possible. The good agreement shown by Table 3 (a,b,c) supports the validity of the
derived Equations (12) and (21}, Figures (3&%) show bothmeasured and calculated
values for the tested wearing cases. It can be seen that the thecretical relations

obtained in the work discussed in this paper can be therefore considered to agree
lairly close with the obtaimed experimental results.

Figures 5,6 and 7 show the variation of thermal resistance of clothing assembly
with weighl per unit area, thickness and air res:stance respecuively. In general the
thermal resistance increases with weight per unit area, thickness and air resistance.

There 15 a considerable amount of scatter, which may be referred to the interaction
eifect of other clothes parameters. Since, in plotting these figures, no attempt was

made 1o keep the other parameters constant.

To examine the interaction cf thermal resistance of clothing assembly and
its parameters, an equation relating the thermal resistance of clothing assembly
to the variables of weight per unit area, thickness and air resistance was fitted
to the experimental data using stepwise multiple regression analysis [12,13]. Stepwise
muitiple regression analysis can be looked as an extension of straight lhine regression
analysis, involving only one independent variable where there are any number of
independent variables. As with stright lLne regression, the basic approach  for
determining the best esttmate of a stepwise muluple regression equation 1s the least
squares approach, which is the method of fitting a lhne to a set ol data ponts in
such a way that the sum of squares ol error has its smallest value [14]. The results
of the stepwise multiple regression aralysis are

2

RyX10%= 80.280.7.980% 1072 M= 34.147 1. 5.104X 10 &t (22

where M = weight per unit area of clothing assembly {g;"rﬁ‘ ), t = thickness af clothing

assembly at Sgfcmt (mm), Rt = air resistance of clothing assembly {N.Sec.m™ ), Ri=
= thermal resistance of clothing assembly (m* .c” )/watt. The correlation ceefficient
= 0,96. The hitted regression equation was used to prediCt the thermal resistance
per each wearing case of clothing assembly. Figure 4 shows the comparison between
the measured and predicted thermal resistance. As can be seen, the pownts fall on
a straight hine roughly normally distributed with ne bias, indicating that the empirical
Equation 22 provides a good i1 ro the experimentaldata.As such, the empirical relation
can be useful 10 a manufacturer whe can relate the mass and thickness of the fabrics
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5. CONCLUSIONS

From the above analysis the [ollowing cenclusion can be drawn:

The comparison between both calculated and measured valuyes of warmth
parameters was then possible. The good agreement shown bv Table (3) and
Figures (3&4} supporis the vahdity of the derived equations at least within

the range of type and arrangement of components of clothing assembly used
I winter season.

The thermal resistance of clothing assembly is dependent on 1ts weight per
unit area, thickness and air resistance. On the basis of the empirical equation
fitted to the data, a considerable amount of varation in thermal resistance
can be achteved by increasing weight per unit area, thickness and decreasing
the size of the air channels within the components of clothing assembly through
which air flows.
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