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The extremely complex process of heat exchange between the human body and
the external environment is associated with a whole number of thermophysical
and physiological effects. These problems have been studied in a considerable
number of works which have been reviewed in detail in the mcnograph(l).
Nevertheless certain aspects of heat transfer through clothing have as yet
received insuificient attention. For example, in(z) it is stated that the
relationship betweenlthe thickness of clothing and its thermal resistance is
exponential. Furthermore, it was shown in this study that the thermal resistance
of clothing in the region of the head, hands and feet reaches a certain limit
when the clothing is 23 mm thick, and that further increase of thickness does not
produce a corresponding increase in the thermal resistance. At the same time it
is known that the thermal resistance of a multilayer wall of small curvature is

a linear function of its thickness without extrema.

To explain the findings of(z) as a consequence of physiological redistribu-
tion of heat flows over the surface of the body is not sufficiently convincing
since the body surface temperature changes very little with physiological regu-
lation of heat exchange. At the same time the temperature difference between
the body surface and the environment does not depend significantly on the body
surface temperature, and as & result of this when the temperature of the
environment is constant heat flow from the surface of the body is mainly

determined only by the thermal resistance of clothing.

A more convincing explanation of these discrepancies may be found by anal-

yzing the components of the thermal resistance of clothing.

The thermal resistance of a multilayer suit of heat-resistant clothing may

be considered to consist ¢of three components:

Rcl = R + tRm + IR (1)
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where R , IR and IR are the thermal resistances respectively to heat emission
from the surface of the clothing, of the materials and of the air layers between

the layers of the fabrics.

1 (2)

where @ and a, are the coefficients of heat transfer due to radiatiun and

convection respectively.

To calculate the coefficient of heat transfer by radiation wz shall use

the familiar expressicn

[ T }“ { T Y+
c*s e
o - ec L 100 100 | )
r 0 T _
c*8 e
where ¢ is the blackness of the surface; for clothing ¢ = 0.95;
c, = 5.7 W/m2 + OK% i3 the coefficient of radiation;
T..s .s the temperature of the surface of the clothirg, OK;
T, is the temperature of the environment.

When the difference between the temperature of the surface of the clothirng
and the environmental temperature is small, by simple transformations we gat
from (3)

{1 )3
a_ = 0.215 (-1-9'— (4)

The computational error here compared with formula (3) does not exceed 107
- < oK,
when Tc~s Te < 209K

To calculate the convective heat exchange at the surface of the clothing

3

under conditions of free convection suggests the criterion equation

Nu = C(GrPr)® (5)

where the constants C and n ace determined from Table 1.
-2~
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Table ] ~ Parameters C and n for difference values of GrPr

GrPr | ,45-4-10~3 | 103-5.102 | 5.102-2.107 | 2-167-10!3

Constant
c 0.50 1.18 0.54 0.135
n 0 1/8 1/4 1/3
gdgemA'r
When GrPr = - Pr = 6.3 + 109 - 7.3 - 10!! from Equation (5) we get
v
2 /a8 (£ - t)
a, = 0.135% L’ Pr (6)
v

The heat fiow from the surface of the clothing is defined by the equation

q = (e +a) (e -t) N

and heat flow through the clothing by

qQ = 7= (t -1t) (8)

where t_ is the human body surface temperature, °C;

Rcl is the overall thermal resistance of the suit of clothing.

From Equations (7) and (8) we find

te T te
) + ot 9)
c*S Rcl (ar + ac) e

By solving tne system of Equations (4), (6) and (9) for a body surface
temperature of 31°C we find the thermal resistance of heat emission from the

surface of the clothing with different therma] resistances of clothing and

environmental temperatures. The results of calculation are shown in Table 2.

—3—
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i Table 2 - Thermal resistances to heat emission with different values
of R. and t
cl e
R ., m® . deg/W
Indices ;e el
C § 0.2 0.4 0.6 0.8 0.9 0.93

; ar 3.92 13.92
g a, 4.94 14,06
F - 10

Ra G.133 }J0.125

t 10.5 2.85

c*s

ur 3.09 3.09 3.09 3.09 )

@, - 30 4.42 4.09 3.95 3.92

Ra 0.133 0.139 0.142 0.143

to.s - 16.45 | - 19.38 |~ 20.35 |- 20.65

One may readily see that in calculating the thermal resistance of clothing

E the influence of the curvature of the surface of the clothing can be ignored.
{ Then the overall thermal resistance of the layers of fabric is

XRm E e (10)

where Gm is the total thickness of the fabrics in the suit of clothing;

A_is the effective ocoefficient of thermal conductivity of the suit of
clothing.
From the data in(l) (Table 59, p. 196), Am for different parcels of
clothing varies from 0.046 to 0.065 W/m < deg with a mean value Ay = 0.055 W/m -
deg.

The thermal resistance of the air layers may be estimated from data from
the technique worked out by the Central Scientific Research Institute of the
Clothing Industry (TsNIIShP) and approved by the Ministry of Light Industry of
the USSR.

When determining the thickness of fabries in a suit of clothing required

to ensure a given thermal resistance, the technique recommends the use of

the graph shown in the diagram (Curve 1).




Having determined from the graph the thermal resistance of the clotu...g
for different thicknesses of fabrics in the suit, by using the data calculated
fror Equation (10) and the data in Table 2 we can find the thermal resistance

of the air layers for different thicknesses of fabrics in the suit:

IR, =R - R - sz (11)

The results of calculation are shown in Table 3.

Table 3 - Values of thermal resistances R , Rm and Ra with different
values of Rc1 a

Rcl’ m? . deg/W

Indices
0.2 | 0.4 0.6 0.8 0.9 0.93
§, mm 1.3 4.4 8.8 J16.2 |24 36
g D2+ deg/W| 0.113 | 0.125 | 0.133 | 0.139 | 0.142 | 0.143
a7 57 31 22 17 16 15
gr ™ ¢ deg/W| 0.024 | 0.080 | 0.160 | 0.295 | 0.437 | 0.654
m 2 12 20 27 37 49 71
cg ®° * deg/W | 0.063 | 0.195 | 0.737 | 0.366 | 0.321 | 0.133
“Ta 2 31 49 51 46 36 14

The relations between the components of the thermal resistance of the

clothing are shown in the diagram.
CONCLUSIONS

In the thermal resistance of clothing a substantial part may be played
by any of the components of the thermal resistance depending on the thickness

of the clothing and the magnitude of its overall thermal resistance.

The thermal resistance of the air layers in existing heat-resistant
clothing with a thickness of 1.3 to 24 mm and thermal resistance of C.2 to
0.9 m?, deg/W comes to 31-51% R ;.
The magnitude of the thermal resistance of the air layers chiefly depends

on the thickness of the clothing. As the thickness increases the thermal
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resistance at first increases, reaching a maximum, and then it decreases.
This indicates that the thickness of the air layers in modern clothiag is
unstable and is non-linearly dependent on the thickness ot the fabrics in the
clothing. This results in a non-linear dependence of the thermal resistance

of the clothing.

In present-day clothing .:2 ai1 layers are not used efficiently enough.
With the right approach to design it should be possible to achie.. about
50Z of the required thermal resistance of clothing from the air layers. It
should thus he possible to reduce the amount of materials .sed in present-

day heat re-istant clothing with consequer.: saving in costs.
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The dependence of thermal resistances or the overal: thickness
of fahrics in a suit of clothing:

1 - thermal resistance of clothing; 2 - of air layers;
3 -~ to heat emission from the surface; 4 - of the materials

R, m2 - deg/W §, mm




