
UNCLASSIFIED

AD NUMBER

AD101604

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Jun 1944.
Other requests shall be referred to
Commanding Officer, Army Medical Research
Lab., Fort Knox, KY.

AUTHORITY

USAMRL ltr, 26 Feb 1970

THIS PAGE IS UNCLASSIFIED



UNCLASSIRIED

grMed ervioe-s ýelcnica, I 11ormation gency,
Reproduced by

O14UMENT SERVICE CENTER
A. N li BUILDINS, DALYTON, 2, OHI

Thsdocument is tL1 plriopýerty of the United iaates Government. At is. rII6th # I
ration of the otatadbllb enewhnslogrrqierv1el

totefollowing addres:Armed Br'ice or1 ~~ g'l
Dowument Service Center, Knott Building.' 'Dayto 2,011iP.

3NOTCE: WHEN GOVERNMENT OR OTHiER DRAWINGS, SpEbiFIcA N OR OT
AIRt7BD FOR ANY PURPOSE OGliER THAN IN CONNECTION WITH A DEFINI'&
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEEY
]NO RESPONSIBLITY, NOR ANY OB3LIGATTiO WiATsoEViiR AND THE PACT THAT
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY 6UPPLW-~
SAM] DRAWINGS, SPECIFICATIONS, OR OYTHER DATA 1S NOT TO BE REGARDED B ~

1 IPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR AN~
PERSON OR CORPORATION, OR CONVEYING ANYT RIGHTS OR PERMISSION TO MAN~~R

TJSIE OR SELL ANY PA2'ENTED INVENTION TRAT MAY IN ANY WAY BE RELATED TET



A&~Y 'M"E'DICAL RESEARCH LAOAO"
~O~T$(OXKENTUOKY

PROJECT NO. I. Cold Weatha, C--, ton

b7o'-1,Test of th e 'Adequaccy aný', xoaJlOf Us":o

2 jurvý I-?44 i.

RELUAROH AND DEVELOPMENI'T DIVISION
OFFOWO THEm SUMGOZON w0wMI.
CEPAR!M4INT C4f THW ARMY



AHMORO;D MLDD.CAL CIISSAIAtCl LABORATORY
Fort Knox, Kentucky

Project Ne. 1-1
727-1 SPMLA 2 Juno 194

1. ~4EQ ?~. 1 Cold Waaithei 9)--t~n: a..i ti-- i.

Tesnt of the Adequacy and Ranges of Use of Winter Combat Clothing.

a. A- Letter Comuanding General, Headquarters Armored
Force, Fort Knox, Kentucky, File 400.112/6 GOHD, dated September 24, 1942.

b. P - To determines (1) The protective value of Arctic
issue clotr reating men exposed to still air at -1i0 to -40 0 OC earA
(2) describe the theormal and subjective experiencem of a large group 9t i"en
dressed in subject clothing at these temperatures.

2. DISCUSSION

a. Considerable attention has been focused upon insulation rq-
quirements in the design of cold weather clothing. The objective has been
to provide sufficieut protection against heat loss to insure the msintenanoe
of temperature within acceptable limits over the desired exposure period.
On the assumption that the normal corafort state of min should, it possible',
be maintained, the insulation required at a given sub-zero temperature,
relative to that provided for comfort in a normal envirornent has been

dictions have been made concerning the probable thermal experience of the
wearer at other exposure temperatures, both with sapect to his maximuox
drop in temperature and his' rate of cooling.

b. The subject Arctic issue assembly represent., to a high degree,
the principal of incorporating maximum insulation into such protective
clothing. For a complete description of its protective capacities, it should
be known at what minimum temperature the clothing will permit prolonged expos-
ure without mipgnificant leas of body hoat or drop in average akin temperature.
The probable thermal experience of the wearer at acy lower temperature should
also be known.

c. Objectives of the present study were to compare the thermal
characteristics of the subject clothing with the performance predicted by
its insulation value and to determine the degree of variability in thermal
and subjective response among subjects dressed in the clothing and exposed
for three (3) hours at sub-zero temperatira

d. Details of test procedures and the resuLlts will be found in the
Appendix.
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3. a NULUb ION~S

a., The permissible exposure tLrie without 5-:eious discorfort for
the average resting men at -26 0C is less than three (3) houre,

b. The subject clothing has an inherent insulation value under
equilibrium conditions of 5.0 clo, which is sufficient, according to
theoretical calculations, to maintain average skin terperature continuously
without change at an ambient temperature of -190C (Uetabolic rate = 70.
Cal/Z!2/hr.).

c. The appatent insulation provided by the clothing was not
constant during exposure but increased from 2!P to 4.4 clo during three
hours at -230 to -290Q air temperature. This resulted in a rate of cooling
for' this exposure period approximately six times faster than anticipated by
the standard calculations.

d. The insulation value of the clothing, as expressed by the
standard clo index does not, according to present findings, provide a
complete measure of the thermal properties of the clothing, nor coes it
Puccessfully predict the behavior of men wearing the clothing0

e. Two indices are proposed for describing the thermal
behavior of Artic clothing; the cooling constant, k, and the equilibrium
t &mperature, beo

4. iOXC01UiMAT IONS

No specific recunendations are made. Attention i7 called to the
practical finding of this study that the thermal eyperiences of subjects
dressed in Arctic issue clothing are not in accord with the predicted be-
havior and, as a consequence permissible tolerance time )as found to be
markedly less t!;an antiCipated. The basic reasons for this departure from
anticipated results requires further investigation by clothing designers°

Submitted by:
Steven M. Horvath, Captain, SnC
Theodore F. hatch, Lt. Colonel, SnC

,LA KD ACH.LE
Colonel, ,'edical Corps

Commanding
2 I-ncls:

#1 Appendix, with eight tables
#2 Figures 1 to 10, inclusive
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APPanDIX

I. mmuEFnAL PROCaIURE

During a study of the subjective responses of a representative
rumple of men exposed to low tmrnperature, data on the thermal changes

were obtained in forty-one 0l1) of the seventy-nine M79) subjects, all
dressed in the subject clothing° These men viere troops vwho hal had
several months of military experience beyond their basic tr"ining. The
seventy-nine men were examined in eight k8) groups of :approA-imately ten
men each. Xach group was Under test for three (3) days, a new group
arriving on successive Monday and Thursday mornings. Tlcy were exposed
in the cold room to still air at an amnient temperature of -230 to -2900
for the same length of tine -nd at the same time in the morningr

Tho Arctic clothing worn by the subjeý,t was fitted as carefull)
as possible. The garments worn were:

Underwear, rool 50/50 Socks, Wool, uushion sole (1 pair)
Trousers, rield, pile 6ocks, wool, blki (2 oair)
Trousers, riald, vytton, U0o. Shoe, Yelt (A2-:cn)
Jacket, Yield, pile Xukluk, rith burlap insole
Parka, field, pile Mitten, inscrt,trigger finger M-1943
Parka, Field, Cotton, u.D, Mitten, sh3.ell, trigger finger !!-1943

No measurements were made during the first m•orning exposure, the
men being allowed to sit xiietly for the required three'hours. During the
remaining two (2) days of the test., s:Ln tem+-r.•- r•+- wr . .. ..w.. fi"-
points for four (h) members of each groupo A fifth subject had temperature
measurements rade on tenx points of his body and oxygen constu::ption was
measured for the entire period with a five minute break at the end of each
hour,

Additional data are presented on a group of two (2) men ind on
another group of four (4) men who were repeatedly studied -or periods of
approximately three (3) weeks each at the sanne am'ient temperatures, and
dressed in th,: same clothing. A few additional studies were made at -l8 °U
and --4(0(C

The mean skin temperature was obtained from the five treasured
points according to the following weightiRg scheme; chest 0C30; thigh 0.30;
arm 0.16; calf 0.lS and toe kor foot) 0.06. The standard method was followed
in the calculation of clo values and in addition, a nme procedure was employ-
ed to determine the final insulation value of the clothing from the equili-.
brium skin temperature. This method is discussed below0
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II. RESULTS

1. Therm~al Changes :

The insulation provided by the Arctic clothing was found to be
inadeauate to maintain thermal balance under the conditions of test (restin-
subject, air temperature -230 to -290C no air movement). Over a three (3)
hour period of exposure all subjects lost heat steadily, as indicated by
decreases in both surface and deep body temperatures. Average temperature
response curves are shown in Fig. 1, and the thermal changce experienced by
the forty-one (41) subjects are summarized in Table 1. It will be noted that
the degree of cooling was greatest during the first hour and that, by compari-
son, relatively little change occurred in the third hour. Some of the subjects
oven experienced Increases in rectal or skin temperatures, or both, after two
hours of cooling. As expected, the greatestchange among the recorded skin
temperatures was in the extremities (toe or finger), followed in order by calf,
thigh, arm and chest. It is of interest to note that toe temperatures below
OC sore observed in tan (10) subject exposures.

These changes in temperiture reflect the loss of body heat and
indicate that the overall insulation afforded by the clothing was insufficient
to offset the high skin-air temperature gradient so that the rate of heat

-transfer to the environment was greater than 'the rate of heat input (metabolism).
The records of total heat exchange in nine (9) subjects are summarized in Table
2. In keepin.g with the temperature changes, the calculated loss of body heat was
markedly greater during the first hour than subsequently, the excessive cooling
being offset to some extent in the second and third hours by the greater
metabolic rate, which incre&.sed an average of 40, from the first to the last
hour. Of the total heat transferred to the environuient, that lost from storage
constituted some 514", 31% and 13/ during the three successive hcurs. It is evi-
dent from these data and from the temperature response curves (Fig. 1) that the
adjustment to;rird a new thermal state was rapid.

TAELZ 1

SU=ARY CF THERMAL CHAOGiS DURING 3 HOURS
EXt OSURE

Am.bient Temperhture -23°to -290C; 41 subjects

Temperature, 0 C, at end of stated exposure time, hours

Temperature 0 - i 2 -..... _3

M-ean Range Riean Range Y{ean Range Mean Range

Rectal 37.54 36.67-38. P7.13 36-19-37o56 36.73 35o45-37.11 36.63 35.67-37.51

Chest 33.6 29o, -36.8 33.5 28.0 -36.7 33.2 28.0 -362 33.0 28.8_-36.7

Lean Skin 32.8 30.7 -34.3 28.4 23.0 -31.2:26.4 :154 -29.6 25°7 20.2

Toe 27.8 20.1 -35.7 16o0 2.0 -28.8 7.6 -2,5 -19.C - -2
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TABLE 2

SUIdfiiY OF TCTAL !HEAT EXCHA,'NGE DUhIWG T[ii•E HCU:iS •XvACUE

Ambient Temperature -230 to -290G; "NIre Subjects

(A"l values in Cal/M:/hr)

_To1ur

HEAT 1 2 3

Mean Mange iMean Range Mean = .ange

~Input (mnetabolisra] 50,6 43.3-61.2 60.6 44A.5-^"50,5 71.C 154.5-96.2

Output - total 111.0 75.0-1.43.3 91.0 64.9-121.9 l 79.5 161.3-99o5

bOutput --by ii
resp. and evap. 17.6 9.2-21.8 194 Il-. 5.5 21.3 12.4-37.3

Output - from
storage* 60.7 X'.2-100.0 i 30.4 8,-63,2 C-43.3I i11 1
rTotal Output -

from storage 64.03l8

*Vixing Coeffic'icnt - 2/3

2. Variabilitir Lmqouo ubnects.

Variability in thermal behavior aý_ng th- -;ujects was :,arked and
appeared to be characteristic of :he irdiviluals since closer .'grceireent waas
obtained in r.'peated tests on a given subject .:i;.n from one cubject to an-
other. The frequency ui.-tributions for mean surface t-mperaturcs and toe
temperatures at the end of the second arid third hours of ox<posure a•re shown
in rigs. 2 awd 3, each subject beiJng rtpresented, in general, by two test
values. In contrast to the :..ide variability exhibited in the.-e histograms,
the results of repeated tests on two subjects revealed a maximum, spread of
only 4.5%u for uhe mean skin temperature and 5.6 0u for thý; toes after equal
periods of exposure. Uwing to this wide range of behavior amo:ng subjects,
it is evident that the evaluation of clothing in tc-i-r.s of the absolute
thermal changes at low tenqperature3 -ay be misleading when based upon
observations on a small ntuuber of _.ubjects.

3. Subjective ftesponses.

The subjective reactions of the 41 resting subects, all '.•ressed
alike, ,nd exposed to approximately the same ju!"ienrt temperature have been
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discussed in detail in another report*. It -;as shovn that among the
group there were significant differunces in time of response to cold ex-
posure and that the subjects could be separated, in this respect, into
three relative categories of susceptible, intermediate and resistant, No
correlation was found, however, between relative resistance and thermal
changes. The group will be considered as a whole, t:ierefore, in the
present discussion of subjective ex,;erienceso

The durntion of exposure up to the time of onset of stinging or pain
in the extremities and the toe temperature at tiat time are summarized in
Table 3. In thirteen subject exposures no p.ain or stinging in the feet
was experienced during the entire period of e::posuru. The records of ex-
pcsure time prior to the onset of shivering and the parallel mean surfacc.
temperatures art also summarized " the table. The data are characterized
by 'a considerable degree of v.riability, as shown in eigures 4 and 5, and
one rust resort to statistical averages in describing the limitations of
the clothir, under test. insofar as the subhective reactions here consider-

ed determint the acceptable period of exposure, the uiistribution as s-,hown
in Table 3 may be expected among a group sub,'ected to an ambient temoerature
of -230 to -290,,

4. Insulation vwlue of ulothing.

Metabolic rates w:ere recorded on seven subjects ½uring two tests,
in 4 and 6 tests on t..o subjects -in-, once on a ninth man. ,rom these
neasurements, together with the records of t.:.'erature cli-nge, the insula-
tion value of the clothing was calculated in the standard manzner. The

TABLE 3

UI3TRIBUTION Ut SUBJE•CTIVE RýPOrNSES AND CuINCIDL)ET TJ'.T&TUa

Percent E.xposure time Toe Temp. Exposure time llean Skin Temp.1
of to onset at onset to onset at onset

Group of pain in toe oc of shivering

25 100 min or less 10.0 or higher 91 min or less 22.71 or higher

50 121 rnin or less 7.5 or " 124 min or less 26.9 or

75 150 min or less 5.0 or " 157 rain or less 25.7 or

90 180 min or less 2°5 or 180 nin oi, less 24.7 or

'!Trojcct No. 1. Cold f•eather Uperations, 6ub-Project 1o. !--, Test of tile

Adeouacy a:k i-ngc of Use of vinter Clothing -and Sub-Project No. -l, Study of

the M'.eL!ed of Selection of 1.en for Cold ýfeather operations, 10 April, 1944.
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results are summarized,, :~or the first, second and third hours separately.,
in Table 4. T'he average dlo value for the second and third hours is taken,
in the standard -ctethod, to represents the iniulation of the clothing.
Accordiniglyj, the present clothing is found to have a dlo value of h .0,
equal to a total c~onductance of 1.17 Cal/M2/Hr/oC for still air conditions.
From thi3 we find thlat with a metabolic rate of 70 GaIAL2/Hr- (for 3rd hour
in present tests), the clothing chould maintain thermal balance at an
ambient temperature 430CCbelow the average skrin tanperature, or w',ith an
exposure teirnperature of -260C,, the skin should 'cool toward an. ecquilibriumi
mean ttuperature of 17CI An exaimintion of the actual records, ue:,
indicates that the average equilibrium mean skin temperature, predicted
from the trend of the cooling curves was 25,700 rather than 170 U, as calcu-
lat~ed.

It is of interest to note that the calculated insulation value
incr eased with exposure from an~average of 2.8 clo during the first 'hour to
4.~4 lo, during, the third,, &.aniration of the data revealed a relaition ship
between thi! hourly -,o value and the portion of total heat output contri-
buted from storage during' the hour. The asooclation is zshown in Figure 6.
It is evident from this that the inoulation,. as prezsently determined, iss
subject to considerable variation, dependling- up~on hiow far the Eu`¾Ject is
from thermal equilibriumt at the time for which the calculation is. made,,

TABLE 4

ENSULATION VALUE OF 'CLOTHING

In Clo uni t~s..Cal culated by Standard Vethod

Ambient Ttei:pelrature , -430 to -290U; Nine Sub..;cts

First Hour ~Second Hour Third Hour Average (Second and Third Hour

Mean 2,,8 3.6 4.4 4,0

1.ne 7 - 40412.1 - 5.3 2.9 - 5.,9 2.1 - 5.9

The thcrmal relationships assumed in the rntandard calculations are
ba5-ic arid may be safely applied fo a rUlatively simple the,-m.al system ic
is in balance, or approximately so. They are not general czough in form.,
however,, to describe the behavior of a complex systom such as man and --loth-
ing, during the cooling period before equilibrium is reached. Ln the :7.re~ent
study observations were limited to this cooling period with atten~dant rapid
thermal changes. There are. a number of factors operating (luring this Puriod.
iwhich are not fully' considered in the" standard calculations. Not onl'-,- do
chnanges take place in the heat content of the body but the distribution of
heat wiithin the body is also changing. There are concurrent changes in the-
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heat content of the clothing which are not conýidered in the ccu.lat ions.
Moreover, because of the marked differences in thermal protection of the
extremities as compared with the torso, the relative :.moants of heat
escaping'from the various parts of tho body undergo chantre Uuring the
cooling period. The proper weighting of -kin and rectal terperatures in
order to 'calculate the. loss of heat from storage may also bv subject to
question.

In recognition of the uncertainty of calculating thermal changes early
in the exposure period, the standard method of determining the clo value
disregards the results from the first hour. The data presonted here suggest,
however, that this may not be a sufficient safeguard since the calcuoated
change in body heat content is significantly high in the second and even in
the third hour of exposure. In order to minimize error from this source in
the determination of insulation value, it would be desirable to continue
the exposure period until the new equilibrium level for the system--man and
clothing-is established, so as to eliminate the uncertainties .of the ._hang-
ing state. Because of the intervention of disconafort, this could not be
done at th,? exposure teznperatiires employed in the present study. The datA
obtained do, however, permit an approximation of the desired condihia in
tc!o ways: First, an estimate of the insulation value, w:ithout conridering
the uncertain heat debt factor, is obtained from the curvl,, in eig° 6, from
which the clo value for zero change in body heat cc:tent is found to be
5,0. Secondly, from the tr-nid of tht, -o'.r skin tenperature curve, it is
possible te predict its asytapt-te; that is, the equilibrium level toward
ahich the skin temperature is cooling. The insulation index is obtained
directly from this value and the metabolic rate (taken in the present
calculati6n as the third hour value; and again, the heat debt factor does
not appear in the calculation. The clo vwluc is givn by the following
equation:

5.5,

where 9 - predicted equilibrium temperature, above L4bient

M - metabolic rate during 3rd hour
Ic- clothing insulation
I.- insulation value of air
h 4. A - heat loss by respiration and evaporation

The equilibrium temperature, 0 , ?is obtained fron. the mean sdin
temperature curve by direct calcula~ion, on the assumption ,hat the latter
has the form and characteristics of cooling curves generally. The cooling
equation may be written:

s -Ge e-kt

H
wrhere 9e A. .

ACt

/-6-



and es skin temiperature, in excess of ambient, at time
o,= skin temperature, in excess of wiibient, at zero tL.,.e

Ge skin temperature, in excess o.O. ambient, it e iuiiibrium
k cooling constant
A =surface area
Ct = heat conductance
H = rate of heat input

We may alro write, from the foregoing; equation:

eI X e3 X
G- + - 202

where, n 'Ad 8 are skin te:.perature levels (above armbient) evenly
spaced in i:*-, I.e., t; - tl = t3 - t2. By means of this relationship,
E) was pr,;i,: :teI _inu frrc;a %h, rerul'.ijil' v-ilues ,nd 3rd hour retabolic rates,
the insultion va.lue ," !,h; "lcthirg calculated, as :?hown in Table 5. The
average dlo value cf 5.1 "grees closely ,%th -he value of 5.0 estimn-ated from
Fir. 6. For a metabolic rate of 7% Cal/2/r., thiLs egree of insulation is
theoret.cally zipable of rai:-taining continuous therxnv balaince in a--n envir-
onment c.' -19('C. At -in ambient of -260C, the wearer -.:ould experience a

0,ma.ximu &.:rop in aver-.:,e -,kin temperature of 70 C rather than 15 ', as pre-
dicted fru, t:e star,dand olo v.lue. The a!ticipated ,rop of 70 C agrees with
1 the observed d-cre'..r t cf 7.1°% in three hours. It is evident that the
'elimination of th.e LITctCrtiir] hieat debt factor from the calculation results
in a better estimAte of insulation.

T.ABLE 5

Thw£,•iG~f) •.UIL1B•{UU1, T->I.'E~ATUP..

A'kD IU.,L;Ux,. •N VtLU2E, CALCULATED F">CL 6

Ge-" Clo

Lean 51.0 5.1

Range L3.3.9-55.3 3.7-7.0

"Above ambient

5. Pate of Cooling:

With the assuitption that the insulation vslue of clothing rem.iins
constant i'ith e.Vos;ure, it is possible to calculate the 'nticipated loss
of body heat over a given period of time at -i selected environmental temper-
ature. Thus, with 5.0 dlo and 60 Cal/172/Hr.-1, the calculated rate of heat
loss from storage with an ambient of -26oC, is found to be 12.0 Cal/L 2/Hr.,

* Average for three hours in this study.
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or 36,U Cal/k2 for 3 hours exposure. This, for a 70 kilo moan, is
equilivant to a drop in average body teu~perature of 3,10u, ,,hich,, if
assignied entirely to a change in skirl teriperature, a-ould amount to a

* ~decrement of 3.3U (a=2/3). Any allowan~ce for decrease in rectal. tempera-
ture, would.. of course., rvtiuce- the anticipated lowering of skin te;.:perature,
These predictions are in s)harp contrast tFo the actual thermal experiences

* ~here reported. Thus, the average heat debt at the end of' 3 hours exposure
was 100 ual/M2 or 2,75 times greater than the predicted value. The drop
in averagec skin temperature amounted to 7.1%u while the deep body tempera-

*ture aecreased 0.910c. In other v;ords, there -.Ya5 no relationship bc,-t;-,een
the observed rate or amount of thermal chang~e and the valuies predicted
from the heat transfer c;:Ipac ity c:f the clothring, as descr *'bed by the dlo
value. 'this is not surprising in' viewm of the fact that the apparent insula-
tion value of thIe clothing,, contrairy 1to the assumption in the foregoi~ng

c~ic~i~t~nwas n_-.1 con~stant fron horto>or

6., Viscursion

The demonstrated fail-ire of the insulation index to predicet the
coolinf, rate clearly ;row it-- limritlations as a useful criterion of

*clothing -haracteristi-cs with respect to loit tern-eraturc exposures, Of
gtbater practical :lignificaaice., however, is the apparent T7hange in insula-
tion with exposure wahich sugr,7ets that t~ie inhcrerit protective quality of
the ,a~n i o en fully utilized from thI~e start,. Asareut
clothing -a~h.--i should be acceptahle for prolonged exposure is actually
satisfactory for less than 3 hours. A drop in skin temperature of 70 0,
-which wTas experienced in three U3) hc~urs in the pSresenit studies, for
exariple, .-.ould not b)e expected v~ith full utilization of the inherent
inculat-ion. from the start, for a :ratter of eight (2) hours. This difference
in actual perlormnance from~ the prcd-*ctcd,, changes the evaluation of the
clothing from adeqluato to i:nadequ,%to fur thie e~xposure tE~mperature under
considerat ion,

.rin i of tht*. co;!ýiderabli offort triat 'h.as L:one into the develop-
merit of Arctic clothin,; with high ins.ulation value, it is cs-ceniial. that- the
iioted d-Iscrepancies .n Lherzma2 behavior of the subject clothitru., be explain-
ed. it ?*.; necensary to know w-hether or not the apparent fa-Ji~ure of inherent
Insulation to be utilized early in the exposure Is real and the reason there-
'or since 'urther improvement in clothi.nt deini dependent upon this
knowledge. To emphasize the poi,.t, Lt i-ay be stated that greater potential
improvem~ent could be secured by full utilization from the beginrning of ex-
pocure of the insulation now provided thN".n by .the addition of more io'gula-
tion w.ithin practical limits of bulk and -'veliht.

8ieveral possible oxpmlnriat ions of the uipparent change in tl-horral
protection (.urir.,, eXPOSUM r. oe OJ ugg-eited for cornzideration. in the first
place,, the variationi r-ýy not be real., but rather the rusult of limitations
inherent in the method of measurej-ment andý calculation. As pointed out
earlier., owing io the rapid c4ne n thiermal state (Iuritnýý the init~ial three.-

U) hurs of expoi3ure., the Firnple Nequat~ion for heat exchange 4Ioes riot rigidly
apply.

js-,-8-



Skin t'eml.erature rmcasurements and the cilculated mean tenperature may be
in error because of he rapidly changing thermhl gradient. The calculited
heat debt factor is also subject to error. The'mixing coefficient "all
undt.ulbtedly chaiibes with cooling and, moreover, the reusent method of
c.ilcul :tiiin, the body heat chane, does not take into cor~sideration the
ritive hwat cap'acities of the various parts of the bouy, wihich differ
Iirkedl:.. fIrom th. relative surface areas. Another aspect which increases
the complexity of the problem is the fact that the insulation provided
for the extrumities by the Arctic ensen.bie ij very m•uch less than for the
rest of the body. The effect of this has been calculated to reduce the
over"ll inslUation to one half of that provided by the body clothing

. The .;ignificance of this becomes cle.r thien it is recalled that
it is the extra:mities which undergo yreatust ch.nge, both .aith resoect to
surface tvnpe•rturu una rate of heat input auri.g the coolin.; period.
The ch"..;es in torso temperatures (deep boday nd surface) are relatively
minor coTjared Yith thoeoccurring in the arns and legs (Fig. 1).

Insofar as possible actual wvriation in heat con•duictance of the
cltning is concerned, two factors which could alter the heat transfer
cnpacity m";y be rtNtioned: first, the insulation v.lue of clothing is de-
t'-7rii-ed not •y ts ic;c:ess .alone but also by the degree of !n=obliza-

•' t:on of the "ir trapped in tnie g;arments. Any movenrent w!'thin the v.ir
!-yer ,hich is set up by convection, by exchange .ith cutside air or other
me•ns ;,ould decrease th- i: -ulation. The possible order of mc;nlt~de of
.uch ch~nge is 0niicatcd by the following corductance values:

Comla.etcly static layer of air, one inch thick - C.7 'cal1/2/Hr.,
Cne-inch air gap with free interndl convection - 2.C Cal/X /!.r.

The tiree-fold v~riation in cor.uctance from complete 1r:Tobiliz.,tion of the
air JLyer to free convection is greater than the three (3) hour change in
irau•at.ion obscrved in thu present study. It remains to be demonstrated

m.Iethr or riot : n, such change in conductance arising from: ccnvection, does
U.ke place in Arctic clothing curing exposure.

A second factor w;hich may act to alter the heat flow c:ipaCty
of clothing is the transfer of moisture, which is always held in varying
ar•o••nts by fabrics. The evaporation of water from inner garments a•nd sub-
sequent condensation in outer layers of clothing a.ould result in the effective
trausfer of heat from the wearer to the outside. This action would be inde-
yarndent of conductance and not necessarily accompanied by an absolute change
in wciit fl' thc clothing. The weight of water which by evaporation would
account for the excessive heat transfer observed "during the three (3) hour
exposure is of the order of 10 .ms. Compared with the quantity of water
norrzaally hell. by clothing in moisture equilibrium. -ith the laboratory atnmos-
phure, thO:d is :mall, as Uhown by the data in Table 6. The effect of heat

Cl-iinatic Vwsearcn Laboratoiy Report No. 76, TDerma.l InsuiatioE of Cold
.Ve:ther Clothing and Footgear, 15 April 1944.
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transfer by evaporation is shown in Fig. 7. The behavior of well•-dried
clothing in initial thermal equilibrium with the laboratory air did not
differ markedly from that of the clothing in complete equilitrium with
the atmosphere of the laboratory (moisture as well as temprerature) at the
start of exposure. Neither the rate of cooling nor the predicted equili-
brium temperature, ee, was significantly altered. it is of interest,
however, that there was improvement in subjective response which may be
accounted for by the marked reduction in the cooling rate of the toe
when the pre-dried clothing was worn.

TABLE 6

UOISTURE CHANGES IN ARCTIC CWITHING

Ugt. dried clothing 7.43 kg.

Wgt. ulothing in moisture equilibrium
,ith laboratcr-y atmosphere e;.I

"tgt. ,,moitur .! in cloth-ig in laboratory
at. oýphere 0 68

Moisture pickup in aried clothing after 3
hours w.orn in rold room C.22

The influec:ce of initial thermal condition of clothing upon its
protective behavior is further demonstrated by the relative experiences in
clothing in euilibriuum at the outset with the cold room and the laboratory
atmo'-pheres refltectively, as •no'in in ",ig. 7. Owing to the imLnediate heat
drain Lmposed by the cold ciothing, the cooling rate is miarkedly increased
and nore ROt of the 3-hour drop in mean skin temperature is accomplished
in the first 15 minutes. The rate of coolinm of the extremities was similar-
ly 1,-,creased zand there was a corresponding decrease in exposure time to the
onset uf diecomfort in the extremities when the subject dressed in pre-
cooled clothing,

7. Analvsis of cooli.&rates

In view of the failure to predict the actual coolin', rate from the
overall insulation vilue of the c•lothing, i t Li desirable to describe the
rate of change in tem.perature by a simple graphical or mathematical technic.
iteturning to the general equation for cooling curVes (Section 4), the ex-
pon6ntial constant, k, provides such a mathematicn:l index of cooling rate
wriich is rteadily obtained graphically from the observed skin tu.'x;.3ratures.
The cooling: e!uation may be written:

log . - k log, e. t
00e - Ge



-It is evident that this relationship yields a straight line on seinilo-
garithmic grid paper when e3 - ee is plotted (on the logarithunic scale)
against time. The slope of this line is e-!ual to the cooling constant,
k, and ::ay be obtained graphically from the line of best fit drawn through
the plotted points. An illustrative example is shown in Fig. 8. The
straight line relationship was satisfactory in most instances in the present
study, the departures usually occurring at the begl.nning or end of the ex-
posure period.

The frequency iintribution of k values thus obtained is Fhorn in ?'ig.
9. The variability in k was great, exhibiting, ,ore than a ten-fold range.
The median value is found to be 0.58 with one-half of thc values bctween
0.48 and G.8 5 . The test-retesL agreement for a ;iven subject is fair, as
shown in rig. 10, one-half of the pairs of values agreeing with 25%, which
may be cowparcdr with the ten-fold range for the entire group. Un two -

subjects, repeated tests gave k values w,;hich differed from their averages
by a .-.aximum of 355.

, a median k value of C.58, it is readily shown that approximately
63% of the total drop in irean skin terperiture from its initial v:.lue to
the ultimate e'-uilibrium level occurs in 1.7 hrs. (1o mrin.) and 83ý6

i is accomplished in three ý3) hours. The marked difference betwdeen this
actual cooling rate and that predicted from the as.u;,ed constant heat trans-
fer capacity of the clothing !ias already been consdo.ered.

The coolinri curves for the extremities follow;ed the same pattern as
for ihe m:•ean skin temperature. For example, k values, determined in the
same nr.anner, ;,'ere obtained for toe trmperature, with the results shown in
'"able 7. me median valucit will be noted, is not greatly different from
that for the mean surfacc temperature.

The .r'Tp-,ical analysis of time-te!;peraturc curves employed here pro-
vides a di-ect ::,ethod of describing in simrple tenrms the thermal behavior
of subjects ureosed in Arctic issue clothing and exposed to low temperatures.
It involves the experimental determination of two indices: the cooling con-
stant, k, and the• lo value calculated from the eouilibr..um tec':perature,

(e. The degree to which one m.ay predict thermal behavior at exposure temp-
eratures other than the one em.ployed in the experimental determination of

Ge and k is indicated in Table 8. A slight increase in the values of k and
dlo with deireasing wnbient tuiperature will be noted, but the differences
are :-ot great. Uf greatest interest is the marked increase in 9 e. This is
a reflection of the greater metabolic rates at the lower teiipcratures,
which increased sufficiently to i.aintain the actual mean skin temperature at
the same level for all three exposure tcmperaturf,!s. With prooer allo'varnce
made for this, it appears possible to predict ýith some succe.. the thermal
experience at any desired exposure te perature from the inc.ices obtained at
another te:-.perature.

-7 / -11-



TA~31,E 7

CXOLING CONSTANT Ai;) I-UILIBRIUR. TI'UPERATUr.n

OF GR•MT TOE

Amblent Tn.perature, -230 to -291u; 41 subjects

_____ _ _ooling In n 'rereIperaturc, o0

Median 0.877 27°6

0.439 to 1,729 18oO to 36.61

Above wmbient

TABLE 8

JH MTAAL cHARV.AT T OATIC O' ATIC ULOTIHING AT
/

21IFF RI .K"2.7 SURE T]F2ýPERATUItES

EXPOSUK{E T2P iR1ATURUE

-17.89C -23,3 0 C -36.6 0 C

V, cooling constant 0o617 0-770 0.880

Ge, above On, 43.2 48,2 59.9

*Net meta" ci rate, Ist hour 34.3 36°2 35.3

'•e•retLoic rate, 3rd hour 38.6 45.2 59.5

k • increase in metabol'ic rate 113 25 6-0

(A o, 1rm G., 5°4 524o8

"•ean Gs,f end 3rd hour., °U 25°8 25-3 250

Predicted Final fs, OC 25.3 24.1 23-3

4 Not metabolic rate =M-(rF$A), Uals./I.A2 /Hr.
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FIG, I

AVERAGE THERMAL CHANGES DURING 3 HOUR EXPOSURE
TO AMBIENT TEMPERATURE OF -235 TO -290 C
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FIG. 2
DISTRIBUTION OF MEAN SKIN TEMPERATURES

:AT END OF 2 ND. AND 3 RD HOURS EXPOSURE
AMBIENT TEMPERATURE - 231 TO -2910C
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j FIG. 3
DISTRIBUTION OF TOE TEMPERATURES

AT END OF 2 ND AND 30 RD HOURS EEXPOSSURE
AMBIENT TEMPERATURE - 230 TO - 29 0 C
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I FIG. '4
DISTRIBUTION OF EXPOSURE TIME TO ONSET OF PAIN

AND COINCIDENT TOE TEMPERATURES
AMBIENT TEMPERATURE -230 TO 2 90 C
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FIG. 5
DISTRIBUTION OF EXPOSURE TIME TO ONSET OF SHIVERING

AND COINCIDENT MEAN SKIN TEMPERAT1URE
AM131ENT TEMPERATURE -230 TO -290 0
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IF IG.6

INFLUENCE OF CHANGE IN BODY HEAT CONTENT
UPON CALCULATED CLOTHING INSULATION
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FIG. 7

ICHANGES IN MEAN SKIN AND TOE TEMPERATURES IN
RELATION TO INITIAL THERMAL CONDITION OF CLOTHING
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h FIG, 81' ,.TYPICAL TIME- TEMPERATURE PLOT,

G- ,Or VS EXPOSURE TIME
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FIG. 9

OISTýIBUTION OF COOLING CONSTANTS(K
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FIG. 10

TEST- RETEST RELATION OF COOLING CONSTANT (K)
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