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In 1941 the clo formula added tremendous impetusa to the science of
cold-wyeather clothing by describing 4ry insulation in precise quantitative RSN
physical teras rather than comparatively vagne qualitative ones. HNo such -
‘parsmeter has teen available for describing the evaporative he=% transfer . {
characteristic of clothing, which is the major factor in beat loss. As = R
result, the clo formuls could not be used in any environmments where the e
man was sveating.

.
e ek vee e av s a—

The stress of a hot environment can be predicted with reasomable - -
accuracy on a nude man, However, there has been mo way of extending the | B
{ prediction to men wearing variours types of clothing. To the Quartermaster- .
Corps this lack of guldance is a serious shortcoming, since one of its ’
missions is to provida suitable clothing for the soldier for all environ-
ments.,

Some o

N

In this paper, a new index is daveloped and ths dry insulation, or
clo, formula is extended to include those cases where suweat evaporation s
important, This supplies the missing factor in the mam-clothing-environ-
mant complex and allows hot-weather clothing systeams to be quantitatively
described. ' .
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ABSTRAC?

From theoretical conajderations a new clothing psrameter, moisture
pemeability index, has been developed. The existing ®"clo® forrula
relating dry clothing insnlstion and ambient terperature to man's heat
loss bas been extended to include evaporstive hest trensfer. This ex-
tensicn indicates s range over which the clothed man may maintsin thermal
equilibrivm. This concept of range applies in all types of eanvirouments
and trus one thesory is applicsble to hot, temperate, and cold environ-
ments. The theory also tndicutes the limitations of sweet eveporation
as a cooling mechanima,

4 rethod is described for measuring moiature peimeubility index.
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MOISTURE PERMPABILITY INDEX -
A NEW INDEX FOR DESCRIBING EVAPORATIVE
HEAT TRANSFER THROUGH FABRI SYSTEMS

1. Introduction

The introduction by Gagge, Burton, and Bazett {3) of the quantitative
concept of therrsl insulation gaw a great impetus to the soisnce of
clothing. Not anly did it establish a quantitative measure, but alaso,
and perhaps more important, it provided a predietion formula for the man-
clothing-environment complex by relating heat loss and skin temperature
to clothing insulstion end to envirommentsl temperature. The forrmula was,
however, limited to dry heat loss; the lack of an evaporative heat loss
factor made it unsuiteble when sweating occurred, such s in hot environ-
ments or in cold environments when the man is exercising.

The thermal balance between man and the envirorment without the
clothing fector hae been discussed in earlier reports (7,9). In these
studies, the effects of temperature, humidity, wind, and radiation vere
related to heat dissipation, skin temperature, and akin hwmidity for the
nude man. Foctors were included for clothing snd cn indicetion given o
how clothing will affect man's thermal balance. But the parameters were
aexpressed by hypothetical symbols which are not readily measured in
numerical terms for specific clothing materials,

It ia, of course, well known that clothing impedes the transfer or
escape of moisture vapor which is formed by the evaporation of sweat st
the skin. Moisture vapor which accumulstes within clothing raises the
local humidity and thus tends to slow down the rate of sweat evaporstion
and the accompanying removal of heat from the skin surface,

Several investigators have attempted to estimate this impedance to
removal of moisture vapor by measuring the resistance to moisture diffu-
sion of textiles in still air. This work culminated in the classical
paper of Whelen et al (6), who established a relationship betwesen fe-ric
structure and the resistance to moisture diffusion. However. th:se in-
vestigators measured the resistance to diffusion through the textile from
one mass of atill air to another. This value mey be quite different from
that for the impedsnce to evaporstion from s moist surface, throuvgh a
textile fabric plsced over it, to an envirormental mass of air which is
generally moving. Under the lstter condition, there is noct only diffusion
of mojsture vapor through the fabric but also mess movement of air through,
over, and even under it which carries off the moisture vapor. Indeed, al-
though the results of moxsture difiusion experiments are perfectly wslid,

“they cannot be readily epplied to the sweating man-clothing-environment

complex, in which not only diffusion of moisture vapor but also its trans-
fer by convection takes plsce.
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Pryslologists who have investigated hest stress in clothed man (L,5)
have invuriably descrided the clothing in qualitstive terms, since there
has been no quantitatiwe figurs (such as the clo wnit of insulation) by
which elothing properties couli ve ovaluated. Belding and Hatch (1) con-
clude that heat stress indices must be made on a no-clothing basia since
»]imitaticns of available knowledge® prevent. the use of a clothing factor.

The aim of this report is to supply the required clothing parsmeter,
to indicate its relationship in the man-clcthing-envircnment ccmplex, and
to outline the technique of measurement. The new parameter, which is an
jndex of the perreability of clothing to moisture vapor, will be termed
moisture permesbility index, or simply “permeability index," and denoted
by "L .% It will be shown that it can be included as a second clothing
paremeter (dry thermsl insulstion being the first) in the general squatiom
for heat trsnsfer between the skin and the enviromment.

Such an equation can be used by the envirommental scientist in pre-
dicting ranges of enviromment and metabulic sctivity in which thermml
equilibrium cen be meintained, rather than the single environmental temp-
erature or heat loss given by the older clo formuls of Gagge et al (3).
Tre permeability index can also be used by the clothing technologist as
a figure of merit for clothing or fabrics. In addition, the index &nd

+s development is of use in promoting understanding of the mechanism of
Feet loss from the skin of a man not only when clad in light clothing in
warm environments, but also when clad in thick or heavy clothing in temp-
erate or cold enviromments.

2. Theory :

The formuls relating dry heat loss through elothing fros the skin teo
the environment is
T - T
Hd - .-—I-—.’ a hmtim 1l

rate of dry hest loss per unit area

skin temperature

ambient temperature

insulation, or thermeal resistsnce of the clothing
plus overlying air layer

H;l;!n::n
Tt v

This is the %"clo® formuls of Osgge et al (3) except for omission of
the numerical coefficient used when expressing I in clo units. It can be
seen that for a given hest loss Hg, 8kin temperature T,, and insulation I,
t-ere is one, and only one, value of the ambient temperature T,. Actually,
however, a human can maintain themmal balsnce at higher embient tempers-
tures than specified by this formula since sadditiomsl heat can be dissi-
pated by evaporstion of swest. Thus, there is 2 range of environmental

H L R T
. S
N e e e
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temper .‘tres over which thermel equilibrium can be maintained snd equatiom
1 gives only its lower limit,

If heat transfer occurs by both dry and evaporative means, them

He~Hy ¢ Hy Fquation 2
vheres

H =« total rate of heat transfer per unit area
H, = rate of evaporative heat transfer per unit area

The evaporative heat transfer Hy can be exprnaved by

(Pa ~ Pa)
H. - _é—’ Equatian 3
wheres

Py ” the wvapor pressure of the =kin
P, = the vapor pressure of the air

E & the resistance to eveporative heat transfer per unit

of vapor pressure difference across clothing plus
overiying air layer

Fausticn 2 c2n then bte rewritten (=ubstituting wlusz of Fa from equationm 1
and value of H, from equation 3) as:

T, - T Pa =
n.sIa‘sxPl Equatica b

In this equation H, T., and ps are the man {(or physiological) paranmeters,
Ty and p, are envirommental parameters, and I and E are parameters deter-
mined by the clothing plue overlying s2ir layer.

Equation | applies not only to skin covered by clothing but to any
surface which is supplied with heat and moisture which causes p, to differ
fram pye

The value of E msy be determined by placing the clothing or fabrie
system on an unheated or wetted surface end sllowing it to come into
equilibrium with its surroundings. H in equation ) is then equal to zero
and all other parameters except E can be measured. T, and p, are the
ambient temperature and vapor pressure, T, is the temperatire attained by

the surface, snd p_, is the saturated vapcr pressure at Tae The insulation
I of the clothing system can be determined by conventfional means.

AN eveporative heat transfer characteristic for a textile which 1s S
more definitive than E can be derived as follows by rewriting equation 4:

H -%— [(‘2‘a - Ty) ¢ % (Py - p.ﬂ Equation La L.
3




For a bare, wettad, wnhasated surface 4in 2 rapidly meving air strees
(1.e., 3 wet-bulb thermometer), H oquals zero and equation 4a becomes

LR Y |
%, —’—_—p-'f Bquation 4b

Ty = the temperature of the wet-buldb thermometer

Py = the saturated vapor oressure of water at the wet-buld
temperature

I = the value of T when applied to a wot-bulb thermometer

E' = the value of E when applied to a wet-buldb thericmetas

: The ratio I'/B' 1s a constant (or very nearly so) and was denoted by
: S in an earlier report (9). If the ratio I/E to I'/E' 4is denoted by ig.
the permeability index, equation 4 can bs written in the form

' . B x l [('1‘a - T2) + 4,5 (py - pﬁﬂ Equation §

The parameter S is a constant equal to 2C° per mm Hg vapor pressure
: or 2 .E6F° per ma Hg. S 1s really i conversion factor which eonverts a
.. vapor pressure difference to an effective temperature difference.

The permeability index, ix, takes the form of an efficiency factor.
It has 2 theoretical range frowm urity (for the ideally permeable system)
to tzerc (for the cospletely ismpermeable one). It does not includs thick-
ness or insulaticn value and it is also a dimensionless gquantity, so that
it has the same valne regardless of tha system of units used. It is felt,
therefore, that iy i3 a more satisfactory term by which to deseribe mols-
ture permeability than E, which increases with thickness of clothing and
has different mumerical values depending on the system of units used.

. Reat loss from the body when not sweating 1s then given theoretically
by the original formula of Gagge et al (3)

R = 3_1_02 (Tg - 1) Equation 6

e ——m~

I is 4in clo units

i
i . . ‘ " Hq is in kg-cal/mZ/nr
% Tg and T, are in degrees F '

-ard 3,09 is a numerical facter put in to accommodate the ¢lo unit. .
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When gvweating occurs, this original formuls i3 expanded to thé more
general form (from equation S)

Be %’2 [(‘1" -Tg) * 1,8 (pg = p.g Bquetion 7

In using equation 7 for prediction purposes, T, is general teken
st sme standard value (Balding snd Hatch (1) have Selected 950F). The
valus of py reaches s maximum value, about $0%X of the vapor pressure of
water at skin temperature (7), when the skin is wet with swest.

Equations 6 snd 7 thus define, for any givem sicin tampersture and
ambient conditions, s range over which heat loss cam be varied Ny sweating
to compensate for changes in metabolic heat producticn so that thermal
egquilibrium can be maintained.

Altsrnatively, for a given skin tempi::*vre and fixed heat lcas
{constant metabolism) the equations defins m» range of ambient conditions
in which thermal equilioriuwn can be maintained.

At intermediste points within the range, the rate of sweating is less
than the maximum which can be eveporated and in consequence the secreted
sweet is evaporated immediately snd the skin appears dry, It should porhaps
bs pointed out that in most hct environments the amount of sweat which can
be secreted without excessive strain is adequate for cooling, provided it

can be evaporated. Cnly in extrerely Lot dry enviromments, in which ambient

temperatures are wall above skin tempersture, are evaporative requiremsntis
excesgively lLigh and a normal man limited in cooling capacity by insuffi-
cimt swest secretion (9).

). Measurement of permesbility index

The apparetus (Fig. 1) used for measuring permeability index was &
wertical (-inch-diameter cylinder with s wetted surface. It conaisted of
8 copper test section 6 inches long with 3-inch copper guard rings to
prevent end losses. At the top of the cylinder was an annular cup or water
resorvoir of plastic whose outside diameter wss also 6 inches. A fine linen
covering was fitted tightly over the whole cylinder with the end dipping
into the water reservoir. Water from the reservoir wicked up this linen to
the rim of the cup and then down over the cylinder sith a mmall excess drip-
ping off the bottom. The rate of flow of water was only slightly in exceszs
of the amount required tc keep it wet &nd so slow that it came into tompera-
ture ecullibrium -before flowing very far down the cylinder. Since such a
cylinder would tend to wet the insulation or fabric system placed over it,
it vus covared with a single leyer of 300 P.T. cellophane. Thie cellophane,
which was thorcughly washed with distilled water, had sn outer surface which
wag "dry" in the sense that no free water could be blotted from it, However,
the cellophsne trensaferred moisture so readily that repeated teats indicated
it had a vapor pressure indistinguishable from that of distilled water.
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Figure 1. lnistened cylinder showing weter reservoir and linen wick at top.

This cylinder 3assevbly, covered with the febric or the insulation
.w8tem to be studied, was placed in a small wind tunnel in & well-insulated
] room. The room was equipped with wet- and dry-hulb themmometers consisting
¢f tWo copter-constantan thermmocouples, one with s wetted wick placed at
the inlet of a small blower., Since wet-bulb and dry-bulb temperatures did
not reed to be at any specific vslues, but only tc be corstant and known, BAE
the room was used without sir c¢onditioning. The room changed temperature L
by :.88 than 0.2F° per day {this 18 more constant then an eir conditioned R -
roon in which temperature and humidity oscillate about a fixed value). -

K s 4 L

When equilibrium was estsblished, dry-bulb, wet-bulb, and cylinder
temperatures were measured; from these, Tg, pg, T., and p, were cbtained. o
Then i was calculsted using equation 7 atd assuming H to0 be zero. e
L. Typical vermesbility indices
Typical results are given only to indjcate the general magnitude of -'-',‘
tne permesbility index for both the bare cylinder and for a semple fabric. .
Values fo: the bare cylinder are shown in Table I, '.i-j'.
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TAHIR I
PEREABILYTY INTEX FOR BARR CYLINDER

Wiid Speed (f%/min)
S I8 100

It will be seen that the¢ permeadility index decreasss with decressing
wind., Th'a decroasing wind results iz a thicker "stil} air layer® sur-
rounding tbs cylindery this cffera greater impecancu t~ aweporation.
Convection losses from the cylinder are decreased Zn prupariion to evapor-
ation (9) but By is made up of both convection and radiation snd the
latter 1s pot affected by wind. Hence, the ratio of evaporstive to dry
hest loss decreases and the permezbility index ie reduced.

The effect of specing a 6-0% khaki poplin away fror the cylinder is
showe in Table I1I. Results are given for both a stationary cylinder,
represunting e stationary man, and a cylinder moved back and forth about
2-1/2 inches at S0 cycles per minute to simulate a walking men.

TARLE IT

PERMEAEILTTY INDEX (AT VARIOUS SPACINGS FROM
THE CYLINDER) OF 6-02 KHAKI POPLIN

(Wind Speed S0 ft/min)

Permeability Index

Covering Diameter Nominal Spacing Moving Stationary
(in) (1n)
6 0 0.51 0.L9
? 1/2 0.51 0.
8 1 0.55 0.47
1 2 0.56 0.47

Teble IY indicates that the permeability index st 50 ft/msn 1s less
for the "clothed® cylinder than for the bare ome (0.63) indicating that
the presence of the pcplin incressed resistance to avaporative heat loss
more than it increased the resistance t0 dry hest loss. The sffect of
moving the cylinder is to increase the permeadility index, which is as
expected since this increases air movement. Increaging the spacing on
the moving cylindex incresses the permeability index, presumabtly decsuse
of incressed air flow between the covering and the cylinder. When the
cylirder is not moving, the effect of spacing sppears negligible at this
low wind speed vhere sir movement in the air space is very alight.
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. Heile the results quoted here sre somevhat limited, it om bLa seen
thet sm increase 1p air movement, whether by wind (Tadle I) or by movement

_of the body (Table II), tends to incrssse the permssbility imdex. Vhea

applisd to hot-mid enviromments, this indicetes that & fan not only
incresses dry heat tranafer btut 3lso incresses evaporative hest trenafer
by am even greater percentsge.

5. Siscussion

In assessing the importance of the permesadility index, two viewpoints
w1l be ussd. The theovetical vievpoint will bo disomssed first, then
the gwractical spplicatioca.

a. Theorstical implicetions

Prow the theoretical wiswpoint, the permeability imdex supplies
the xissing parametsr required for coneidering clothed men‘s tbermal
belaoce. The corcept of thermal insulstiot indicated the requirements to
knep man from being chilled in 2 ¢0ld enviromment, tut it oould give no
cloe as to why heavily-clsd men exsrcising in a ¢old environment couid so
Teslly becoms overheated., With the introduction of the permeability indax,
& TE=ge over which man can maintain thermsl equilibrium has been estab-
lisoed for which the thermal insulation eoncept provides the lowsr limit.
This 12 a shift frow the concept that the purpose of clething se to beep
& P32 as warm ag poesible, to the one in which the purpose of clothing 1s
to k=vp hism in themel eguilibriue.

Poreover, the thermml eauilibzinm concept was gensrally spplied teo
cold environmments, occasionslly to teapsrats ones, and never 0 wam or
hot eovironments. As stated by Belding and Eatch (1) mo qumtitative
parameters could be applied to hot-weather clothing, since thess parwmetors
were not imown. The introduction of permesdility index doss more than
supprly the important missing paranmeter; it allows a2 pair of perameters to
descTSe tho eflect of clothing throvgh a tnified concept whish ie the
sane whather the envirorment is hot, cold, or temperate. WNe longer is it
necessary for heat stress to be studied nsing nude men or thoss clad in
clotiing which is described only by qualitative terms, such as "light.®
It 28 now theoretically possible to study heat stress oa vigorously exer-
cis =g msn in temperste and cold enviromments as well ae in hot envirommeats.

Parthermore, this development points the way to interrelsting envi-
Tormantal faotors (such os tempersture and vapor pressure), physioclogical:
factcss {such se skin terperaturs and skin vapor preasure) and ¢lothing
faczcrs (such as insulation and porweadility inicow) to give s titative
relat:onship for the man-clothing-environeent compla~. Perhape most
Epar.&nt is the develomment of the quantitative concept that there is a
range of envirommants or slternstively a raage in rats of heat loss,
corresponding to different activities, over which man can maintain therwal
.q‘ﬂmo
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Figure 2 ehovws the calculited emvircmmsntal limits for thermal
oquilibriua with a heat 1oss of 100 kg-cal/sw?/hr and an insulation of 2
elo 88 & funotion of permeabtility irdez. It will be seen that, in order
10 aw( slothing which is adsptadle to & wide range of envircoments, the
permeability index must be high, It was a low permeadility index which

caused the vapor berrier uniforms £o0 be 8o exnessively bot for exercising
ngull

~ 30F
g H* 100 kg~cal/m®n¢
= Is=2cho
=
1
& 20}
S
n
@
g . im*!.0
3
2 1 OF . . im‘o.e
>
o .
< -
im.o_z lm'0.4 .
0 ) b - L .
20 40 60 80 100 120

AIR TEMPERATURE — °F

Figure 2. The upper limiis of ambisat conditions for various values of
pormeability index.

Bquation 7 can be used as follows to show that relatively light cloth-

ing provides the gru}nt ranges. This equaticn can be written for two
rates of heat loes, E and B as follous: )

. ' =3.09 [15 - T) + 105 (55 - P2
and " = 3,09 1 - Ta) + 1a5 (05 - P}
vhere ihe superscripts indicate the respective skin conditicns.




I_ Subtracting. I @ -8 =309 (1‘;-‘1'.3+1.S(p£-p.')]

< o 148 = 3.09 a7, + i.SAp; Bquatica 8
It will be ncted that this equation doss not contain any ervironmental
{ paraseters., AT, represeats a range of variation in skin temperstare, and

Apg a Tangs of variation in sifdn vapor pressure (which is controlled Yy :
sweating). .1

Fquation 8 haz been used to plot lines of constant IAH as a functiom .."',:'.:.i“
of skin wvapor pressure and skin tewperature (Fig. 3). These are plotted S
at intervals of 40 clo kg—cal/m?/hr for two permeability indices (0,6 e

e P e e ey -,

‘ . 801id line, and O,4 dashed line). As an 1llustration of the use of this e
: figure, a change in skin conditions from 88SF ard 2.3 sa Bz (point A) ®e 2
K : 93 ard 36 mm Kg (point B) vith 3, , A
- ] so- of 5.6 corresponds to 6 intervals of L
. ’ —— o8 40, or 240 clo kg-calf/e/br. Th's, in L _-4
- ceees at0e a 3 clo uniform, represents a cbm:z AR
- ! oot setesn lmes e in hezt loss of 240/3 or 80 kg-cal/ ; j ‘"‘1
i L sompicnsatin in a 1/2 clo uniform it represents a P
- l - change of 480 kg-onl/e2/nr. These .
- ] » values hold regardless of em irommen- - }
- I ~ tal comditions, except that skin wepor '_-?3
- ! £ precsure mist, of course, be at least S
o } 2 as high as amblent vapor pressure, I
8 ' ¥ They eonfirm the hypothesis that light -
i 5 clothing permits the greatest v - &, - L,.,‘
= | s or that in cold environmrr:s **; .east T
) | z clothing consistent wi'' warath 4is .
i 2 desirable. R
i i . ¥With a permeability index of C.b e
: ~— ~ a similar change in skin canditions P
o i : D SN (from point A to point B) produces an T
.- ‘ R TR aar e JAH of only 4,1 x 40, or 164 clo Lo
- : SKIN TEUPERATURE S "¢ kg-cal/eZ/hr, showing that permeability y
- index should be as high as possible.
a Figure 3. Effect of changes in
() skin vapor pressure and/or skin Since sidn vapor preasure can be .
“" temperature on heat loss at any 1o lower than ambient vapor preasure, ;[
insulating value, 1t will be seen that high hmidities o

produce a limited range in which equi.
1ibrium can be masntained, This also
is 11lustrated by Figure 3.

. b. Practical applicatiome L—

b From the practical viewpoint, thers are scme limitations as thers
were 1p the original dry insulation concept. It should be pointed out that

4
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the concept of permeadility index is based on oquﬂihﬂm conditions and
that in cold environments these may not occur (8). In addition, it has
been shown that dry insulation is not uniform at all points oan a cylinder
exposed to vind (2). Permsubllity index is likewise not expected to be
uniforms. It s customary in such caeses tO use an average or integrated
value, although mecent findings have cast some doubt on the strict walidity

of doing 8o (9).

Revertheless, permeadility index is of considerable practical use, It
10 particularly useful to the textile technologlst and clothing designer as
y a figure of merit cn which to assess his product, Not only does it allos
for ranking of textiles tut, Ly applylng equation 7, the technologlst can
obtain a measure of how much he has improved his produst.

L 2
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