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ABSTRACT

£7
A numerical model has been developed to calculate the combined

heat and vapour flow, at steady state, through multilayer clothing
systems including heat transfer by radiation and the condensation of
water vapour within the clothing system. The model has been applied
to a comparison of the heat stress and water ac~umulation expected in
rainwear made of completely impermeable material and of a water-vapour—

-
• permeable laminate, when the wearer works -hard enough to promote sweating.

The results indicate significant advantages can be expected from the
permeable rainsuit.

H .
RESUME

On a mis au point ime mod~le mathematique ~ fin de calculer le
taux d’éculeaent combine de chaleur et de vapeur, y compris i.e transfert
thormique par rayonneaent et par condensation • A favers its systemes de
vitements ~ couches multiples dana un regime per manent .

• On a servi de cette moda] e pour fairC une Ctude comparative
des caracteriatiques calculeCs du stress d’echauffement et de l’accumu-
lation d’eau entre lea v~tesmnts de pluie fabriquCs en ti~su impermeable
1 la vapeur et de ceux fabriquCs en tissu permeable 1 1* vapeur .

Lea resultats montrent que lea vtteaents de pluie en tissu
permeable I is vapour of front do grands avantages.
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INTRODUCTION

One of the most important problems in protection a soldier from
the natural environment is the need to get rid of moisture when he is
working hard and sweating. In any environment the accumulation of sweat
within the clothing may be uncomfortable but in a cold Arctic environment
the resulting degradation of the thermal insulation of the clothing may
present a serious hazard.

In order to design and evaluate clothing sys tems intelligen tly,
it is necessary to understand the propagation of heat and vapour through
combinations of layers of different fabrics. In situations where there
is no condensation or absorption of water vapour, the characterization

• of the heat and vapour flow properties of the system is straightforward• since the two types of flow are independent; each layer of fabric or
trapped air will have a thermal resistance and a vapour resistance and
these simply add to give the overall thermal resistance and overall vapour

• resis tance. However, where water condenses or is absorbed, latent heat
is liberated and the flow of heat and vapour become inter—related thus
making the simple picture inadequate .

A long—term project has been initiated to study, in detail,
combined heat and water vapour flow, particularly but not exclusively ,
in Arctic clothing systems. Three principal means of s tudy are to be
employed concurrently : computer simulations of the body and clothing
systems, tests on laboratory models of the body and clothing systems ,
and tests on human subjects wearing the clothing and working under
controlled laboratory conditions •

This paper describes the firs t phase of the development of a
computer model which will facilitate the interpretation of experimental
results and provide a guide to clothing design work • Part I describes
the currently accepted model of heat transfer. This model is then modified
to include heat transfer by radiation and to include the case where water
vapour condenses within the clothing system. At this stage of the study,

• convection is completely ignored and the treatment of radiation is
simplistic so that the model is limited in its applicabili ty. However,
the theory is adequate to treat a limited class of problems and the

• calculations for one of these are presented in Part II. This is a
comparison of two rainsuits, one made of an impermeable materials and the
second of the vapour-permeable but waterproof fabric “Gore—tax” (1).

• - • ~,- - —~~~~~ —— -—- —- • -• • - ~~~~~~~-----~~~~~--~~- — . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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PART I - COMBINED HEAT AND VAPOUR TRANSPORT THROUGH CLOTHING SYSTEMB

1
BASIC ASSUMPTIONS

Researchers hay, traditionally characterized the propagation
of heat through a clothing system by:

(1) Q — ~ CT1 — Ti)

where Q is the heat flow per imit area
is the total. thermal resistance

T. is th. sk in temperature
med Ti is th. outside ambient temperature
and similarly for the water vapour flow :

(2) m ”~~~~(P1 — P0)

where a is th. mass flow per ueit area
Ry is the total vapour resis tance
Ps is the vapour pressure at the sk in

and P1 is the outside ambient vapour pressure

The total loss of heat Qur from the skin surface is then:

• (3) Q~~~~
Q + H m

where H is the enthalpy of vaporization of the water.

Radiation and convection have been normally ignored or taken to be
implicit in th. measure ment of the thermal resistance R~ .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~ ~~~~~~~~
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• Also implicit in equations 1 and 2 is the ass*~~ tion that
no evaporation or condensation of water takes place Within the clothing
layers; evaporation occurs only at the skin. In these circumstances,
the quantities Q and a are constants, independen t of position withi n the
clothing.

In this present stud y, the foregoing assumption is relaxed
and condensation is allowed . Heat which is carried as latent heat of
vaporization near to the skin may be liberate d at some point within the
clothing layers whe re the water condenses and then travels to the outer

- • layer by conduction or as radiation. Thus Q and a are no longer constants
and equations 1 and 2 are not valid but must be replaced by diffe rentia l

• equatio ns that describe the heat and vapour flow at each point within
the clothin g layers . These differential equations must be solved
simultaneously , with appropriate boundary conditions , to give the total
heat and vapour propaga tion .

The conditions under which the prop osed model is valid are
s~~~arized below . They differ from the cus toma ry set of conditions
mainly in that condensation is allow ed and that radiation is explici tly

• treated rather than being included in the evaluation of therma l resistance
for each fabric , but the presence of liquid water or ice within the
system requi res the addition of constraint (c) below .

a) The sys tem is in s teady state .
b) Heat is transferred by conduction , radiation or the

diffusion of water vapour : free and forced convection
and the motion of liquid water by wicking are excluded.

c) At any point within the clo thing system the thermal
conductivi ty and vapour perme ability are independent
of temperature , humidity and the presence of liquid
water or of ice .

• d) Each layer of clothing is either perfectl y transmi tting
or perfectly absorbing to thermal radiation .

a) Each clothing layer has uniform thickness and does not
vary in its physi cal properties in any direction
paraUel to the surfa ce of the skin .

f) The width of each layer and the radius of curvature
of any portion are much large r than the thicknes s so
that both the finite exten t and the curvature may be
ignored .

S
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These restrictions are, to a certain extent, unrealistic ,
particularly (b) but the complexity of the full problem including all t
possible heat flow methods would be prohibitive. In addition, Ca) and
Cc) are impossible . If water is accumulating in the clothing system it
cannot truly be in steady state and this accumulation will inevitably
degrade the insulating value of the materials. Nevertheless, these
initial calculations may still be of use for a time sufficiently long
after the onset of sweating to establish approximately steady conditions
but before water build up becomes significant.

BASIC EQUATIONS

Consider within a clothing system a thin slice of clothing,
of unit area and thickness dx, at a distance x from the skin, as
illustrated in Figure 1.

Let T(x) temperature at point x
• P(x) ~ water vapour pressure at point x

kH(x) = thermal conductivity at point x
k,(x) = vapour conductivity at point x
Q(x) rate of flow of heat by conduction per unit area e

m(x) rate of flow of vapour per unit area •

mc(x) = rate of condensation of vapour per unit vol~zse
Qc(

~
c) = rate of libera tion of heat per unit volume due

to the condensation of water.
QR(x) = rate of liberation of heat per unit volume due

to the absorption of thermal radiation.

Th. flow of heat by conduction is given by:

• (4) Q(x) = x)~~~~~
- 

-

•

and the flow of moisture by:

(5) m(x) = ____

Conservation of energy requires that the flow of heat into
• the volume element at x be equal to the flow outward. 

•

- -4
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t 0t *) 1QcI*)

/
0(z) — — Q ( x + d x )

m( x )  —~ — ..m(x + d z )

1 •
m~~(z)

04
S k i n  L o y . r  1 L a y e r  2 L a y e r  3 A m b i e n t

Air

Pi~gza’. 1. Schematic representation of heat and vapour flow
into and out of a voizaie element within the clothing
layers .
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Thus:

(6) Q(x) + Qc(x)dX + Qg(x)dx Q(x#dx)

substituting equation (4) for Q in equation 6:

(7) kH(X)~~~q~) + Qc (x)dx + QR(x)dx ..k~ (x+dz)~~~(x+dx)

Divid ing through by dx and noting that for a function f(x) ;

f(x*dx) - f ( )  df(x)
dx

equat ion 7 reduces to:

(8) 
d [~~

cz
~~
I(” )j = Qc(x) - QR (X)

A similar analysis of the vapour flow yields:

(9) d f 4P(x)1
• di Lkv(x)r j = ac(x)

(The diffe rence in sig n between equations 8 and 9 is due to the definition
of Q

~ 
and QR as heat “gem s” but ac as a vapour “loss.” With this

definition Q and a will both normally be positive quantities.)

Equations 8 and 9 are coupled by the relation;

(10) Qc(x ) a H mc (x)

where B is the enthalpy of vapourization of water.

Since it is ass umed that each layer of clothing is either
perfectly absorbing or perfectly transmitt ing, QR(x) will be zero
everywhere except at the boundary between an opaque and a transparent

- • layer. The radiant heat flow will be zero inside an opaque layer and
finite inside one that is transparent. If Xi and X2 are the positions
of the two sides of a transparent layer (or a composite of several
transparent layers) then the heat absorbed at Xl is given by the

• Stefan~Bolt,aann law:

OT”(x2) — aT4 (z1)

and that absorb ed at x~ is th . negative of this (s.s Figure 2).

_ _ _ _

-~~ ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~Z ~~~_LL ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-—-— --
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Thus Qg can be e~~ressed as a series of the form:

(11) QR(x) — 0 (T’(zi) — T” (x 1)H6(x—x 1)-4 (x—x 2)}

where 6 (x) is the Dirac Delta Func tion* .

Calculation of combined heat and vapour flow requires the simul taneous
solutions of equation 8 to 11 with appropriate boundary conditions .

BOUNDARY CONDITIONS

If the total thickness of the clothing system, including the
• outermost still air layer, is D then the temperature and vapour

pressure at x = D are constrained to be those of the ambient air:

• 
(12) T(D) — T i

(13) P(D) P1

For the purposes of calculating radiative heat transfer this outer
boundary is assumed to be a perfect black body at temperature T1.
In other words the “radiative” and “kinetic ” temperatures of the
environment are taken to be equal .

At the skin surface, x = 0, the boundary conditions are less
easily defined. The unique solution of the equations requires two
pieces of information, one of which is a cons traint on the temperature
or heat flow, the other a constraint on the vapour pressure or vapour
flow. The way in which the body regulates skin temperature and wetness
is, of course, complex and variable from one set of ambient conditions
and work load to another but, within a narrow set of conditions , it may
well be sufficien t to specify conditions as was done for the outer
boundary . Since the problems of interest are usually ones involving

- •
~~~ • 

active sweating it seems appropriate to specify:

* Defined by 6 (x) 0 for x ~ 0 and 1a 6(x) f (x) dx f (0) for any
function f (x) and constant a. 4
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O p a q u e  T r a n s p a r e n t  T r a n s p a r e n t  O p a q u e

~ L a y . r 1 L a y e r  L a y . r  L a y e r :

0 T 4 (x 1 ) p

~~T 4

I

I

I I
x=x~ 

x=x 2

Figure 2. Radiative Y~eat transfer across trcznepai ’~nt layers.

I
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(14) T(0) — Ti — 35°C.

The second cânstraint, that on the vapour pressure or flow, may be set
in one of th re. ways:

— (1) a vapour pressure :

(15) P(0) — P.

(ii) a sweat rate: —

(16) m(0) -S io*

(iii) a total heat production rate , which indirectly specifies a
vapour flow rate:

(17) 
~T Q(°) + ~~(°)

The method of solution is essentially the same no matter what form the
boundary conditions take and the differences in the required computer
prograaming are minor. In all cases the skin is ass~~~d to be a perfect
black body.

~

)1E~~ODS OF SOLUTION

The difficul ties encountered in the solution of equations 8 to
11 lie with the quantity m~, the rate of condensation of vapour per
unit volume • An expression for ac is not readily obtainable and even
if it were it would inevitably be of a form that would make the
solution of the equations extremely difficult. It will , in general, be
a function of : the vapour pressure, P(x); the saturation water vapour
pressure P5(z), which is in turn a function of temperature T(x) , and

-
. x directly, since it will vary from material to material. Thus,

(18) m0(x) m
~

(P(x) , T(x) ;x)

~~~~~~~~ 

. Even the simplest conceivable form of equation 18, namely:

I

- - 
- * Th. inequality is because sweat may acc”a”1 ate at th. skin surface.

fr-- -
~ 

-
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fo for PS P~(19) 1I
~~
(x) t c*(x) {P(x) —P5 (z) } for p~ P8

is a com plicated function of P and T and so straightforward finite
difference methods for the solu tion of differential equations are
ruled out because these would require mc to be a linear function of
P d T .

An ad hoc method of solution is, however, made possib le by the
following observations. Whatever the exac t form of m~~ its general
form will be zero for PC P5 and a rapidly increasing func tio n of P for
P > P5. Physicall y this means that vapour canno t condens e fro m air
that is less than saturated but will condense very quickly from air
that is supersaturated. This lat ter is true as long as nucleation
site s are present and the fibres of a textile fabric cani-be expected
to supply these . The effect of the rapid condensation is to limit P
to not much more than P8. Thus,

(20) PC P5

or P P 8

independently of the exac t form of mc.
S

The method of solution is then as follows :

Firstly, an ini tial guess at the temperature distribution
through the c1~thing system is made by setting 

~~ 
the liberation of

heat due to condensation, and Qg, the liberation of heat due to absorption
of thermal radiation , to zero In equation 8:

(21) d fk (X)~~Z.~~~l od X ( H 
~~ 

j
Integrating twice and applying the boundary conditions,

T(D) — T1 and T(0) — To,

(fl) T( x) — To Q, 
~~~~~ 

dx ’/kij (x’) 
-

where (23) Q0 = CT1 — To)/Rg

with (24) ~~ — 1D dx/k,4(x)

These ar., of course , precisely the results one expects in the absence
of any condensation or radiative heat transfer, with 1~ being th*etotal .2.
ther l resistance •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ à.~~.. ~~~~~~~~~~~~~~
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Secondly , the temperature calculated from equations 22 to 24
is used to calculate the rate of radiative heat absorption Qg(x) ,
according to equation 11, and the saturation vapour pressure P5(x )
From P5 Cx) , the constrain ts of equation 20, and the boundary conditions
on P , an initial estima te of P(x) is made . To calcu late 1(x) , it is
noted that equations 5 and 9 co bine to give:

~~5) 
dj m(x) =-mc (x) 

-

~~~~~~

Since the rate of condensation of water vapour mc (x) is alway s zero or
positive in this stu dy (no evaporation takes place) , !m(x) must be
either zero or negative and further only is non—zero~~here P P5.
Thus the rate of flow of water vapour m(x) is constant in the regions
where P < P5 and monotonically decreasing where P — P5. Where a(x)
is a constant, the curve P(x) is a straight line and where m(x) is not

• constant, the curve follows the saturation vapour—p ressure curve P5(x) .
These observations are sufficient to uniquely define 1(x) for a given
P8 (x) and a given set of boundary conditions .

The type of curve obtaine d is illus trate d in Figure 3. It is
made up of a series of straight lines where P(x) < P5 and curves where
p — p5 and so condensation occurs • There are abrupt changes of slope
where the boundaries of each clothing layer, and hence discont inuities

- . in vapour conductivity kv(x) , occur . The rate of f low of water mCx)
is continuous across these boundaries unless P = P5, in which case
condensation occurs, then mc is non—zero and m(x) may be discontinuous .
Such discontinul ties in m(x) can be expected at the inside surface of
an impermeable layer where condensation may occur right at the surface
without conden sation on eithe r side . Once P(x) is known it may be
differentiated according to equation 9 to give mc(x) and hence Q~ (x)
from equation 10. The third step in the solution is to put the
calcula ted values of QcCx) and QR(x) into equation 8 and again integrate
and apply the boundary conditions :

(25) T(x) a To-Q0 
~
‘ 

~~(x’) 
— Lx 

~ (x ’) Lx dx” tQc~~
”) + QR(x”)3

where now

• 

(26) Qo — T,—T1— ~~ 
~~(x) Lx ’ dx” Qc (x”) + QR(x ”)

and Rij is defined as befo re (equation 24) .

-l
0~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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P igza. 3. Ii iuetra tion of the vapour pressure P cmd the ea~~ration •

i*zpour p reaasav P~ as a f t~nction of po sition within a ciothing
syetam. P(x) is a set of straight u n.., whet ’. P C P8 and noA o mdSneatf .on eoazn~ øid ourve. ~~ere P iPe and condensation
do.. ~~7c. p Za~*. 1*. s lop , of the line P8(x) is discontinuous
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~~~~~. ~~~~~~~~~~~ ~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~ 
— - -- V— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - —-~_- •,~_ ,~~~~~~~ __•_ ~-.— -,---- --•--—-----•—-------- ---.•—,‘..- —- 

13

This new estimate of T(x) is now used to recalcula te Qg, P1,
P and m

~ 
and the so lution proceeds iteratively.

In si ry, the method of solution is:

Cl) Ass~~~ no condansatiop
(2) Calculate T from : d 

~ — 0dx (.~~~dx
-

• (3) Calculate Q11(x)
(4) Calculate P(x) from
Ci) P(x) — P5 where condensation occurs .

UI) 
di~ 

1kv ~~C~)J 0 where no condensation occurs .

-
• 

(5) Calculate
d c  dP(x)mc Cx) a 

~~ 1k~
(X) 

~~
(6) Calculate

Qc Cx) — H mc (x)
(7) Calculate a new T(x ) f rom:

A computer program has been written in APL for a Xerox Sigma 9
computer to solve these basic equations with various types of boundary
condi tions and clothing layer sys tems • The program is interactive and
can be operated by an individual researche r, rega rdless of previous

• computer experience, after a few minutes of instruction . The operator
may define a clothing system by choosing layers from a cata logue of
materials whose heat and vapour tra nsport properties are known , define
the boundary conditions, control the progress of the calculation and
display the results in printed or graphic form . The ite rati ve procedure

- - converges rapidly enough to surpass the machine accuracy after about
30 ite ra tion.; normally about 6 ite ra tions - would be required so that
T(x ), for example, is within 0.1°C (R)~ ) of the final solution.

I

~~~~~ ~~~~~ -~~~~~~ ---- ---- -~~~-~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~ jj
~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ • •~~ -
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PART II - CALCULATIONS FOR G0RE~TEX* AND IMPERMEABLE RAINWEAR I -

INTRODUCTION

A situation in which the details of the heat and water—vapour
transport within the layers of a clothing system greatly affect comfort
is one in which the wearer of a rainsuit works sufficiently hard to
promote sweating. Even if the rainwear is totally impermeable so that
no water vapour can escape (except by forced convection through openings
in the suit) , the diffusion of water vapour from the skin to the impermeable
layer can carry significant quantities of heat and must be included in - 

-• calculations of the thermal properties of the suit. In the case of a
rainsuit made of a material like Gore—tex , which is waterproof but
permeable to water vapour, vapour can escape through it by diffusion
carrying with it a certain amount of heat . The advan tage of Gore—tax
over impermeable materials cannot be assessed by simply considering the
overall vapour resistance of the materials themselves; the condensa tion
of vapour on their surfaces must be considered explicitly .

I
This part of the paper describes calculations of the heat and

vapour transport through both types of suit when worn over li ght combat
clothing. The results provide an estimate of the benefit that may be
obtained f rom a Gore—tex rainsuit in the avoidance of heat s tress and
in keeping the inner clothing free from the accumulation of sweat .

It is intended that these calculations will be useful as a —

guide in se t tin g realistic ambient conditions and work loads in the
physiological evaluation of Gore—tex or similar rainwear.

I

I

* Manufactured by W.L. Gore & Associates, Inc., Elkton, Maryland.

I-. 

-

__________________  ________  _________  
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I

MODEL CLOTHING SYSTEM

The model assumed for the clothing syste m is illus trated in
Figure 4. Next to the skin is an air layer 5 ma thick foll owed by a
light comba t shirt (2) ; another 5—ma air layer; the rainsui t , either
permeable Gore—tex or an impermeable material; and a final air layer ,
2.5 ma thick . The pertinen t properties of these materials are sumsarized
in Table 1. In -many respects, the model is arbit rary but an atte mpt at
realism has been made . The thickness of the inner air layers is typical
of those found in real clothing systems (3) ; that of the outer air
layer corresponds roughly to the thickness required to account for the
obse rve d insulation between a fabric layer and the ambient air at a
wind speed of 1.3 m/s (a walking speed of 3 mph) (4) .  There is considerable
disagreemen t as to the appropriate value of the thermal resistance of
air in the thin layers between the clothing layers. The value adopted
here is the lowest of those compiled in Reference 3, (1 d o/em). This
was chosen since an underestimate of the thermal resis tance of air might
partially compensate for the exclusion of convec tion from the calculations .

• The thermal resistance and vapour resis tance of samples of Gore—tax and
— the combat shirt fabric were measured with apparatus described elsewhere

(5) (6) . A hypothetica l waterproof material Was assume d to have the same
thickness and thermal resistance as Gore—tex but zero vapour permeability .

The calculations were carried out for two types of climatic
conditions • First a situation was envisaged in which it was not raining
but that the atmosphe re was humid as it is j uet before or after a period
of rain. Second it was assumed that it was actually raining so that
the outer surface of the rainsuit was wet . In this case the outer still
air layer was omitted since the rain can be expected to keep this outer
surface at ambient temperature and 1002 relative humidity.

RESULTS

Figure 5 shows the results of calculations of heat flow through
the clothing assembly, under various conditions , as a function of
temperature • Curves A to E are for a dry rainsuit including the outer—
most air layer. Curve P is for the raining situation without the
outermost air layer .

• 
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• Figure 4. The ni del clothing system taken for the i’ainauit calculations .
The co,rbat shirt and rainsuit are opaque . The outerrvet
still air layer is appropriate to a walking speed of 2.3 rn/s .

— The r42 B u t  j B ei.ther totally (“Jper~Pm~IbZ. or the p.i~~abZ.
lcvninate Gore—tex. J
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TABLE t

Material Properties Used in the
Calculations for the Rainsuits

Material Thermal Cond. Vapour Cond. Infrared
kH kv Properties

(w/ m K) (kg/s m pa)

Air .064 l.8X10 -” Transparent
Combat Shirt .076 9.0 Xl0 ” Opaque

• Gore—tex .076 2.0 X10 ” Opaque

Waterproof .076 0 Opaque

I
•

)
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p

Curve £ is the total conductive and radiative heat flow in the
absence of any sweating or insensible perspiration . It is very close to
a s traig ht line since conduct ive heat loss is linear in temperature
difference (Ti — To ) and radiative heat is nearly linear at these small
temperature differences • For this curve , the slope can be in terp reted
as the reciprocal of a thermal resistance • At any ambient temperature
and a skin temperature of 35°C the body will be in thermal balance at a
heat production rate given by Curve A . If the heat production is less
than this , cold stress will ensue ; if more, heat stress will ensue unless
sweating occurs .

Curve B is a calculat ion for a rainsui t tha t is totally impermeable
and for a subject who is sweat ing fas t enoug h to keep the skin vet i.e.
at 1002 RH • Thus, at any temperature, curve B gives the maximum quantity
of heat that can pass through the clothing system including transfer by
conduction, radiation and evaporation of sweat from the skin. In the
region between Curves A and B thermal balance is possible if the body
regulates the production of sweat appropriately.

Curves C, D, and E are for a subject who is profusely sweating, —

as in Curve I, but for a Gore—tex rainsuit under conditions of , •

respectively, 100, 75 and 502 ambient RH and similarl y define regions of
possible thermal balance. These curves indicate under what conditions
thermal stress will be experienced.

For example, if the ambient temperature is 20°C and it is not
raining, then a subject, wearing an impermeable rainsuit, will suffer
cold stress if his heat output is less than 103 v/rn2 , will be able to
maintain heat balance for putputs from 102 v/rn2 to 171 w/m2 by sweating
and will suffe r heat stress at heat production rates above 17]. v/rn2 .
For a Gore—tex suit this upper bound is extended to 194 w/m2 for 100% RH,
206 v/m2 at 75% Rh and 221 w/mt at 50% RH, improvements of 23, 35 and
50 v/a2 respectivel y . Since a man walking at 1.3 rn/s (3 mph) produces
about 180 v/rn these difference s could be significan t , but this calculation
probably overestima tes ra ther than underest imates the advantage of
Gore—tex . This is because pump ing of air in and out of the suit is
neglected .

In the case where the rainsuit is actually wet the difference
between Gore—tern and impermeable rainwear is only about 1 v/rn2 and
insig nificant (Curve F for both fabrics) . This is not surprising since ,
as the outside surface of the Gore—tex is at 100% RH, in order to
obtain significan t vapour flow the inside surface must be at or near
1002 RH at a higher temperature . As the thermal resistance of the
Gore—te rn is low the temperature drop across it will be low and little
vapour f low will result. 
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In Figure 6 the maximum transmission of water vapour through a

Goxe—tex suit is shown as a function of ambient tempera ture at 100 and
502 ER. Also shown for comparison is the maximum rate of evaporation
of sweat from the body tha t is effective in maintaining thermal balance.
The vapour trans mission can be a significan t fraction of this maximum
effective sweat—rate. Hence , for low sweat rates, there is a definite
advantage to a Gore—suit. There is a furthe r advantage since water will
continue to evaporate from the wet inner clothing afte r the swea tin g has
ceased , and the inner clothin g can dry as wate r vapour con tinues to pass
throug h the Gore —tex. Of course no wate r can escape through the
impermeable rainwear .

CONCLUSION

These calculations give the heat and vapour transport for rather
ideali zed conditions and therefore should not be taken too seriously
with respect to predictions of absolute values of heat stress . However
the predictions of the difference in the heat stress produced by the two
types of suit may be more reliable , since errors in the model will be
the same in both cases and can be expected to partially cancel in the
difference .

The calculations then predict an advantage in avoidance of heat
stress for a Core—tex suit of a few tens of watts per square metre
depending on the ambient temperature and humidity . A measurable heat
stress would probably be about 10 v/rn2 (7) . Therefore this advantage
should be easily observable in physiological experiments.

The difference in water—vapour accumulation should also be easily
observable, being of the order of 100 g/h less for a Gore—tex suit.

In addition, after the wearer has ceased to sweat profusely,
• the inner clothing can be expected to dry because of continued diffusion

of vapour through the Gore—tex suit. This drying rate can again be
expected to be of the order of 100 g/h.

S
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Figure 5. The total conthictive evapora tive and ra dia tive heat lose
through a ra insuit as a fun ction of ambient crvr ten~p erature
for:
A No sweating
B Maximum sweating, inçe~ neabZe euit
C Mzxi,num sweating, Core tex eiSt, 100% Rh
D Maximwn sweating, Croete~ suit, 75% RN
A? Maximum sweating, Core tex suit, 50% RH
F Maximum sweating, either suit totally wet.
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