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1. PROJEQT NC. 1 ~ Cold Waather Operaticns., Sub-Projeci Ne, i~
Teat of the Adequacy and Ranges of Use of Winter Combat Clothing.

a. Autherity - Letter cmandinz (eneral, Headquarters Armored
Force, Fort Knox, Kentucky, File 400.112/ GNOHD, dated September 24, 1942,

se - To determine; . (1) The pretective value of Aretie
lasue clot.hing er resting men expoued to atill edr at -18° to -40°C, &l
(2) describe the thermal and subjectivs experlences of a large group dx nen
dressed in subject clothing at these temperatures.

4
2. DISCUSSIQE

a. Considerable attention has been focused upon insulation re-
quiremnta in the design of cold weather clothing. The objective has been
to previde sufficlent protection apainst heat loss to insure the naintenance
of temperature within acceptable limite over the desired exposure period,
On the assumption that the normal comfort stats of min should, if possible,
be maintained, the insulation required et o given sub-zero temperature,
relative to that provided tor oonfort. in a naml emironment has beon
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dictions have been made concerning tha probable thermal experience of the

- wearer at other exposure temperatures, both with ieapect to his maximusm

drop in temperat.um and his‘rats of cooling,

b, The subject Arctic iseue assembly repreaentn, to a high degroe,
the principal of incorporatingz maximum insulation into such protective
clothing. For a complete description of its protective capacities, it should
be known at what minimun temperature the clothing will permit prolonged expos=~
ure withomt significant loss of body heat or drop In average skin temperature.
The probable thermal experience of the wearer at apy lower temperature should
also be known.

¢. Objectives of the prasent study were to compars the thermal
characteristics of the subject clothing with the performance predicted by
1ts insulation value and to datormine the degres of variability in thermal
and subjective response among subjects drossed in the clothing and expossd
for threa (3) hours at sub~zero temperatura.

d. Detalls of test procedures and the results will be found in the
Appendix.
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Jo  COUNULUSIUNS

a. ‘'the permissible expouure time without <c;10us discomfort for
the average resting men at ~26°C is less than three (3, houre,

" bo 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 »kln tenperature cortxnuously
wlthout change at an ambient tomperature of -19°C (Metabolic rate = 70.
cal/u</hr. ).

€, The apoafent insulation provided by the cloihing was not "
coretant during exposure but increased from 2.8 to 4.4 clo during three
hours at -23° to -29°% air temperature., This resulted in a rate of cooling
for this exposure period approximately six times faster than anticipated by
the standard calculations,

d. ‘he inswlation 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 does it
successfully predict the benavior of men wearing the clothing,

e, ‘Iwo indices are proposed for describing the thermal
behavior of Artic clothing; the cooling constant, k, and the equilibrium
temperature, g,

Lo HECOMMENDATIONS

]

YNo specific recummendations are made, Attention is called to the
practical finding of this study that the thermal experiences of subjects
dressed in Arctic issus clothing are not in accord with the predicted be-
havior and, as a consequence permissible tolerance time was found to be
rnarkedly less than anticipated. The basic reasons for this departure from
anticipated results requires further investigation by clothing designers,

Submitted by:
Steven ¥, Horvath, Captain, SnC
Theodore F. Hatch, Lt,Colonel, {nC

ArPROVED, g mad i 2 otits
WILLARD MACHLE
Colonel, !edical cCorps
Commanding

2 Incls:
#1 Appendix, with eight tables
#2 Figures 1 tc 10, inclusive
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APPENDIX

'X. EXPERIMENTAL AL PROCTMURE

During a study of the subjective responses of a representative
aample of men exposed to low temperature, date on the thermal changes
were obtained in forty-one (41) of the seventy-nine (79) subjects, all
dressed in the subject clothing, fhese men vere troops who had had
several months of military experience beyond their basic¢ troining. The
seventy-nine men were axamined in eight (&) groups of appro:imately ten
men each. Kkach group was under test for three (2) davs, a new group
arriving on successive Monday and thursday mornings. 7Tey were exposed
in the cold room to still sir at an amnient temperature of -23° to -29%
for the same length of tdme cnd at the same time in the morning,

Tho Arctic clothing worn by the subject was fitted us carufully
as possible, The garments worn were:

Underwear, rool 50/50 Sccke, iool, cushion sole (1 pair)
‘ Trousers, rielid, pile Socks, wool, ki (2 vair)
Irousers, risld, uvotton, U.V. Shoe, Felt (Alcan)
Jacket, Field, pile ¥Yukluk, with burlap insole
rarka, rield, pile titten, insert,trigger finger M-1943
Parka, rield, Cotten, v.D, Mitten, shell, trigger finger ¥-1943

No measurements were made during the first morning exposure, the
men being allowed to sit auietly for the required three-hours. During the
re':‘.aininsr two f?) davs of the tegt akin +o'\h¢n~a+ ures were cbtginsd on {ive
points for four (L) nembers of eachhroup° A fifth subject had temperature
measurements rnade on ten poinmts of his body and oxygen consunption 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) nmen uand on
ancther group of four (4) men who were repeatedly studied _or periods of
approxlmately three (3) weeks each at the same ambient temperatures, ando
drossed in the same clothing. A few additlonal studies were made at <187¢
and ~40°C, . |

The mean skin temperature was obtained from the five measured
points according to the following weighting scheme; chest C,30; thigh C.30;
arm U,16; calf C.18 vnd toe (or foot) 0,06, The standard method was followed
in the calculatzon of clo values and in addition, a new procgdure was'employ-
ed to determine the final insulation value of the clothing from the icuili— '
brium skin temperature., This method is discussed below,

-1 -
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II, RESULIS
’ 1. Thermal Changes:

The insulation provided by the Arctic clothing wes found to be
inadesquate to maintain thcrmal balance under the conditions of test (resting
subject, air temperature -23° to -29°C no sir 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 changez experienced by
the forty-one (41) subjects are swmarized 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 oceurred in the third hour. Some of the subjects
oven exparienced increases in rectal or skin temparatures, or both, after two
hours of cooling. As expected, the greatestchanpge among the recorded skin :
tomperatures was in the axtremities (toe or finger), followed in order by calf,
thirh, arm and chest, It is of interest to note tnat toe tewoeratures balow
0°C wore observed in ten (10) subject exposures.

These changes in temperature 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
stransfer 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 keepinz with the temperature changes, the calculated loss of body heat was
rnarkedly greater during the first hour than subsequently, the excessive cocling
being offsat to some extent in the second and third hours by Lne greater
netabolic rate, which increused an average of 407 from the first to the last
hour. Of the total heat transferred Lo the environuent, that lost from storage
constituted same 547, 314 and 137 during the three successxve heurs. It is evie
dent from these data and from the tempersture response curves (Fis. 1) that the
ad justment toward 2 new therxmal state was rapid.

TARLE 1

SUMARY CF THERMAL CHANGSS DURING 3 HOURS
EXFOSURE

Arbient Temperiture =23°to -29°C; L1 subjects .

Temperature, °C, at end of stated exposure time, hours
.Temperature : © - 1 ‘ 2 3
Lean Range Yean Range Mean Range Mean Range
Rectal 3754 | 36.67-38,00] 37.13 | 36,19~37.501 36.73 | 35.45-37.11 36.63 {35.67-37.5]
Chest 33.6 | 29.5 ~36.8 | 33.5 | 20,0 ~36.7 || 33.2 |28.0 -36.2 }33.0 28,8 ~36.7
Lean Skin |32.2 | 30.7 -34.3 | 28.4 | 23,0 -31.2 ||~26.4 S ~25.6 || 25,7 [20.2 ~29.1
Toe 27.6 | 20.1 <35.7 | 16,0 | 2.0 -28.8 || 7.6 |-2,5 -19.0 | 5.2 |-3. <13
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TABLE 2
SUMARY OF TUTAL UEAT EXCHANGE DURING THR»E HCURS RXPCSURE
Ambient Temperature ~-23° to -29°C; iiine Subjects

(A1l valves in Cgl/ug/hr)

Hour
HEAT 1 2 3
Xean Range  llean Range j  Mean | Hange
Input (metabolism) 50,6 | 43.3-61.2 60.6 | 44.5-35,5 71.C | 54.5=-96.2
Output - total 111.C 7§o6-lb3a3 G1.0 | 64.9Y=112,9 79e5 | 61.3=99,5

}
Output = by g ,
resp. and evap. 17.6 9,2-21,8 19,4 ‘ 12,1-25.5 i 21.3 !12.4-37.3
| !
Cutput - from ‘ i :
storags* 60,7 | 3C.2-100,0 3004 | 2.8-63.2 5.8 1 U.C=43,3
| !
| |
— % .
% Total Output - }
from storage 54,3 | 4L0.C-6¢.3 ‘ 11,6 i 7e3=57.9 13.3 ‘Neg, -39.¢8
#iixing Coefficicent = 2/3
2. Variabilitr Among subjects,
| Variability in thermal behavior am.ng the cubjects was warked and

appeared to be characteristic of the individuals since closer :greement was
cbtairied in ropeated tests on a iven =ublect tiin from ore cubject to an-
other, ‘lhe frequency cirtributions ler mean surface termperatures and toe
tenmperatures at the end of the second and third hours of exposure are shown
in rigs. 2 and 3, each subject beiny represented, in zeneral, by two test
values. In contrast to the uiide variability exhibited in these histoerams,
the results of repeated tests on two subjects revealed a maximum spread of
only 4.5° for ihe mean skin temperature und 5.6°C for th. toes after equal
periods of exposure, OUwing to this wide range of benhavior among subjects,
t is evident that the evaluation of clothing in tcrms of the absolute
thermal chunges at low temperatures may be misleading when based upeon
observations on a small nueber of subjects,

3. Subjective Hesponses.,

The subjective reactions of the 41 resting subiects, all aressed
alike, und exposed to approximately the same airbient temperature have been
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discussed in detail in another report*. It wsas shown that among the
group there were significant differcrces 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,
correlation was found, however, bhetveen relative resistance and thermal
changes. ‘the group will be considered as a whole, therefore, in the
present discussion of subjective exueriences,

No

The durction of exposure up to the time of onset of stinging or pain
in the extremities and the toe temperature at that time are summarized in
rable 3, 1n thirteen subject e:posures no rain or stinging in the feet
was experienced during the entire period of exposure. ‘lhe reccrds of ex-
pcsure time prior to the onset of shivering and the parallel mean surface
temperatures are also summarized in the table, The data are characterized
by ‘a considerable degree of v.riability, as shown in rigures 4 and 5, and
one must recort to statistical averages in describing the limitations of
the clothings under test, 1lnsofar as the subiective reactions here consider-
ed deternine the accertable period of expesure, the aistribution as shown
in 'l'able 3 may be expected among a group sub ected to an ambient temperature
of =23° to =299,

L1

-

L

in 4 and 6 tests on two subjects snd once on

Insulation velue of Clothing.

tetabolic rates were rccorded on seven subjects “uring two tests,

a

ninth man.

rrom these

measurement s, together with the rescords of tewpernture crarge, the insula-

tion value of the clothing was calculated in the standard manner,

T4BLE 3

The

VDISTRIBUTION Cr SUBJECTIVE RESFONSES AND CUINCIDENUT TE:PEHATURES

i ) i
Percent kxposure time Toe Temp. Exposure time Yean Skin Temp.
of to onset at onset to onset at onset
Group of vain in toe oC¢ of shivering
L -— - - ) o nar———
25 100 min or less 10.C or highen $1 min or less| 23,7° or higher
50 121 min or less 7.5 0or " 124 min or lessi 26.9 or "
75 150 min or less £,0 or M 157 min or less| 25,7 or "
90 18C min or less 2.5 0r v 180 rin or less| 24,7 or M
‘ ———— . —— - o~ —— ——
*Project No. 1. Cold ieather Uperations, Sub-Project No. 1-1, Test of the
isdenuacy aqae range of Use of winter Clothing and Sub-Project No.2-18, Study of

the Yebhod of "Selection of len for Cold iicather Uperations, 10 April, 1944,

iz
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results are summariged, or the first, second and third hours separately,
in Table 4, The average clo value for the second and third hours is taken,
in the standard method, to represent the inculation of the clething.
Accordingly, the preoent clothing is found to have a clo value of 4,0,

equal to a total conductance of 1.17 Cal/M</Hr/OC for still air c0na1t¢ons.
Fron this we find that with a metabolic rate of 7¢ Gal/M 2/pBr- {for 3rd hour
in present tests), the clothing should maintain thermal balance at an
ambient tenmperature 43°C below the average skin tempersture, or with an
exposure temperature of -26°C, the skin should cool toward an equilibrium
mean temperature of 17OCo An examination of the actual records, however,
indicates that the average equilibrium mean skin temperature, predicted
from the trend of the cooling curves was 25,79 rather than 17°¢, as calcu-
lated,

It is of interest to note that the calculated insulation value
increased with exposure from an.average of 2,8 clo during the first hour to
. holh clo during the third, Bxamination of the data revealed a relationchip
between the hourly clo vilue and the portion of total heat output contri-
buted from storage during the hour. The association is shown in Figure &,
It is evident from this that the inculation, as presently determined, is
subject to considerable variation, depending upon how {far the =ubject is
from thermal equilibrium at the time for which *the calculation is made,

TABLE 4
INSULATION VALUE CF CLOTHING

In Clo Unite, Calculated by Stardard Vethod
Ambient Teuperature, —430 to -29°L; Nine Subjeccts

First Hour {Second Hour |{ Third Hour |Average (Second and Third Hour

Mean 2.8 3.6 Lok b4oC

lf&n.ge5-l.7 - Lbolb 2,1 = 503 209 - 509 2,1 - 5.9

The thermal relationships assumed in the standard calculations are
pacic and may be safely applied to a rulatively simple thermal system which
is in balance, or approximately so, They are not general crnough in form,
however, tc describe the behavior of a complex system such as man and cloth-
ing, during the cooling period before equilibrium is reached. In the nregent
study observations were limited to this cooling period with attendant rapid
thermal changes. ‘there are a number of factors operating during this period
which are not fully considered in the standard calculations. Not only do
changes take place in the heat content of the body but the distribution of
heat within the body 1s also changing. ‘Ihere are concurrent changes in theé

v‘jlbﬂftJ? # / “



Heat content of the clothing which are not conzidered in the calculations,
Moreover, because of the marked differences in thermal protection of the
extreritios as compared with the torso, the relative umounts of heat
escaping from the various parts of the body undergo change curing the
"eooling period, The proper woighting of skin and rectal temperatures in
‘order to ‘calculate the loss of heat from storage may also be subject to
‘question.,

In recognition of the uncertainty of calculating thermal changes early
in the exposure reriod, the standard method of determining the clo value
disregards the reczults from the {irst hour. The data prescnted here suggest,
however, that this may not be a sufficient safeguard since the calcniated
change in body heat content is significantly high in the second and even in
the third hour of exposiure, In order to minimize error from this source in
the determination of insulstion value, it would be desiradble to continue
the exposure period until the new equilibrium level for the system—--man and
clothing-~is established, so a8 to climinate the uncertiinties of the ‘hang-
ing state, Because of the intervention of discomfort, this could not be
done a* the exposure terperatnres crployed in the present study, %Tthe data
obtained do, however, permit an approximation of the desired condi*isu in
two weys: First, an estimate of the insulation value, without considering
the uncertain heat debt factor, is obtained from the curve in rig, 6, from
which the clo value for zero change in body heat cecntent is found to be
540, Secordly, from the trind of the ~ean skin temperature curve, it is
possible tc prodiet its asymptnte; that is, the equilibrium level toward
ahich the skin temperature is cooling. ‘the insulation index is obtained
directly from this value and ‘he metabolle rate (taken in the present
calculatien as the third hour value; and again, the heat cett factor does
not appear in the calculation, ‘The clo viluc is given by the following
equation: '

505 90

Ie =3 —E+7)

- le_
where 6 - predicted equilibrium temperature, above anmbient
¥ - metabolic rate during 3rd hour
Io~ clothing insulation
1.~ insulation value of air
& + A - heat loss by respiration and evaporation

‘the equilibrium temperature, ¢,, is obtained from the nean sikin
temperature curve by direct calcula%ion, on the assumption “‘hat the latter
has the form and characteristics of coocling curves generally., The cooling
equation may be written:

65 ~ Be - e—kt
B¢ ~ 9e
N g - . H
where e = ACt _
-6 =

ol # 4




und 64 = skin temperature, in excess of ambiert, at time

6, = skin temperature, in excess of ambient, at zero tiwe
6e = skin temperature, in excess ol ambient, at ejuilivprium
k = cooling constant

A = surface area

Ct = heat conductance

H = rate of heat input

We may also write, from the {orecoing equation:
61 x 63 x 65
o; + 63 - 207

G =

where, €1, ¢, nd 8; are skin teuperature levels (above ambient) evenly
spaced in -~ ine, i.e., t; - ¥} = t3 - ty. By means of this relationship,

Be was pred:cted anc fras the reculting v4lues rnd 3rd hour retabelic rates,
the insulution vilue .7 th: -lething culculated, as chown in Table 5. The
average clo value cf 5.1 arrees closely +ith :he value of 5.0 estimauted from
Fir. 6. Tor a metabolic rate of 7u Gal/rz/ﬂr., this uegree of insulation is
treoretizally cupable of raintaining continuous therm:l balince in an envir-
onment «.” -19¢C. 4t an ambient of -26°C, the wearer would expericnce a
maximum crop in aver.ze skin temperature of 79C rather than 1500, as pre-~
dicted from tioe stardard clo w.lue. The anticipated urop of 7°C agrees with
‘the observed decrercrt ¢f 7.1°¢ in three hours, It is evident that the
‘eliminution of the uncertain heat debt factor irom the caiculation results
in u better estimute of insulation.

TABLE ¢

FREDICTED BIUILIBIUE T7TEIATURE
ASD LirUL.UION VALUE, CALCULATED FiCh €,

' Ge Clo
[V }Yean 51.0 5.1
i Range L309"5503 3-7“7-0

% Above amoient

5. Rate of Cooling:

with the assunption that the insulation value ol clothing remains
constunt with exposure, it is poszible to calculate the -nticipated loss
of body neat over a gpiven period of time at 2 selected environmental temper-
ature. Thus, with 5.C clo and 6C Cal/V</Hr.*, the calculated rate of heat
loss from storage with an ambient of -26°C, is found to be 12,0 Cal/kZ/Hr.,

* Average for ithree hours in this study.

Sl %/
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or 36,0 Ual/n2 for 3 hours exposure., fthis, for a 70 kilo man, is
equilivant to a drop in average body temperature of 3.1°C, which, if
assigned entirely to a change in skin temperature, would amount to a
decrement of 3.3°C¢ (a=2/3). Any allowance for decrease in rectul tempera-
ture, would, of course, ruiduce the unticipated lowering of skin tenperature,
These predictions are in sharp contrast to the actual thermal experiences
here repcerted. ‘thus, the average heat debt at the end of 3 hours exposure
was 100 val/M< or 2,75 times greater than the predicted value. ‘the drop

in average skin temperature amounted to 7.1° while the deep body tempera-
ture decreased 0.910¢, In other words, there was no relationship bcotireen
the observed rate or amount of thermal change and the values predicted

from the heat transfer capacity «f the clothing, as described by the clo
value, ‘this is not surprising in view of the fact that the apparent insvla-
tion value of Lhe clothing, contrary Lo the assumpiion in the [oregoing
calcplation, wes not constant from nour Lo hours

6o biscussion

The demonstrated failure of the insulation index to predict the
cooling rate clearly shows ite limitctions as a useful criterion of
clothing characteristics with respect to low temnerature exposures, Of
greater practical rignificance, nowever, is the appare:st change in insula-
tion with exposure which sugrests that the inherent protective quality of
the garrents 1s not being fully utilized from the start. As a result,
clothing which should be acceptable for prolonged exposure is actually
satisfaclory for less than 3 hours, A drop in ckin temperature of 7°C,
which was experienced in three (3) hcurs in the present studies, for
exarple, would not »e expected ~»ith {ull utilization of the inherent
ingulation from the start, for a uatter of eight (&) hours, ‘This differcnce
in actual performance from the predicted, changes the evaluation of the
clotining from adequate to inadequate for the exposure temperature under
consideration,

In vioi of the considerable effort that iias gone inlo the develop-
ment ol Arctic clothing with high inculation value, it is escent.lal that the
noted discrepancies in thermal behavior of the subject clothing, be explain-
ed, [t is5 necessary to know whether cr rot the apparent fuiilure of inherent
insuialion to be utilized early in the cxposure is real and the reason there-
for since further improvement in clothing design is dependent upon this
knowledge., 9o emphasize the point, It ray be stated that greater potential
improveizent could be secured by full utilization from the beginning of ex-
posure of the insulation now provided than by .the addition of more insula-
tion within practical limits of bulk and weight,

Several possible explanations of the apperent change in thermal
protection wurin,; exposure we sugpested for consideration. In the {irst
placez, the variation :ray not be rcal, but rather the result of limitztions
inherent in the method of measurement and calculation. As pointed out
earlier, owing ‘o the rapid changes in thermal state during the initial three
(3) hours of exposure, the simple -equation for heat exchange oes not rigidly
apply.

VQI/W(#/- - 8-




Skin temperature rcasurements and the calculated mean temperature may be
in error because of .he rapidly changing thermxl gradient., The calculated
Meat debt factor is also subject to error. The mixirng coefficient "a"
undeubtedly changes with cooling and, moreover, the rresent method of
caleul :ting the body heat change, does not tuke into considerution the
reiative heat capecities of the various parts of the bedy, which differ
rarkedly from tne reiative surface areas. Another aspect which inereuses
the complexiiy of the problem is the fact that the insulation provided
for the extremities by the irctic ensenble is very puch less than for the
rest of the hody. The eifect of this has been caiculated to reduce the
overull insulation to one half of that provided by the tody clothing
~lonet, The »4gn1fiCunce of this becores cleur when it is recalled that
it is tne extromities which unaergo j;reatest chunge, both .iith respect to
surfdce tempercture wna rate of heat’ input durirg the cooling period,
The chuijes in torso temperatures (deep body wnd surface) are relatively
minor coiy wred ith theseoccurring in the arns and legs (F*h. 1),

Inscfar as possible actual variation in heat conductarnce of the
:lotning is cencerned, two factors which could :ulter the heat transfer
caipacity mey be rnentioned: ?* st, the insulition v.luc of clothing is de-

“trmined net ty its tnickness .lone but ulso by the degree of immobiliza-

on ot the -ir traipped in L“u iarients, any movement «within the zir
l:.yer which i35 set up by couvection, by exchange witn cutside zir or other
means would decrease the i:-ulation. The possible order of ma.nitude of
cuch chnge is inlicated by the fcllowing corductance values:
1
copletely static lasyer of air, one inch thick - C.7 ,J*/‘Q/Hr.,
Crne-inch air gap with free ¢nturn11 convection - 2.C Cal/v</ur.,

The three-fold vuriation in coruductance from complete immobpilization of the
air leyer to free convection is greater than the three (3) hour change in
irsulation obscrved in the present study. Tt remains to be demonstrated
whelher or not :ny such change in conductance arising frorm ccrnvection, does
tzke pluce in irctic clothing vuring exposure.

i second facter which may act to alter the heat flow capacity
of clcthing is the transfer of moisturc, which is alwuays held in varying
arounts by fabrice., The evaporution of water from inner garments und sub-

seguent, condensation in outer layers of clothirg would result in the effective

transfer of heat from the wearer to the outside., This action would be inde-
endent of conductance and not recessarily accompanied by an ubsolute change
in welsht of the clothing. Thie weight of water which by evaporaticn would
zccount for the excessive heat transfer observed during the three (3) hour
exposure is of the order of 100 ¢ms. Compared with the ruuntity of water
normully held by clothing in moisture equilibrium with the laboratory atmos-
shere, this is rmall, as schown by the duta in Table 6, The effect of heat

Climatic fiesearch Laboratory eport No. 75, Thermal Insulation of Celd
wenther Clothing and Footgear, 15 April 14944,
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transfer Ly evaporation is shown in Fig. 7. The behavior of well-dried
clothing in initial thermal equilibrium /ith 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 temperature) at the
start of exposure. Neither the rate of cooling nor the predicted equili-
brium temperature, 6,, 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 rute of the toe

when the pre-dried clothing was worn.

TABLE 6

KCISTURE CHANGES IN ARCTIC CLOTHING

Wgt, dried clothing 743 kg,

wiet. Clothing in meisture equilibrium
with laboratcery atmosphere .11

Wgte moicture in clothing in laboratory
atrosphere 0.68

Moisture pickup in uried clothing after 3
hours woern in cold room C,22

L

The influence of initial thermal condition of clothing upon its
protective behavior is further demonstrated by the relative experiences in
clothing in equilibrium at the outset with the cold room and the laboratory
atmorpheres respectively, as znown in Fig, 7. Owing to the irmediate heat |
drain imposed by the celd clothing, the cooling rate is markedly increased
and sore 80% of the 3-hour drop in mean skin temperature is accomplished
jn the first 15 minutes, The rate of coolin; of the extremities was similar-
ly increased und there was a ceorrespording decrease in exposure time to the
onset of discorfort in the extremities when the subject dressed in pre-
cooled clothing,

7. Analvsis of cooling rates

In view of the failure to predict the actual cooline rate from the
overall insulation value of the clothing, it is desirable to describe the
rate of change in terperature by a simple graphical or mathematical tecnnic,
teturning to the general equation for cooling curves (Jection 4), the ex~
ponéntial constant, k, provides such a mathematicul index of cooling rate
wnich is readily obtained graphically from the obscerved skin temneratures,
The cooling equation may be written:

.9(; - bg
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It is evident that this relationship yields a straight line on 9emilo~
garithmic grid paper vhen €5 - 6¢ is plotted (on the logarithmic scale)
against time, The slope of thi:z line is e1ual to the cooling constant,

k, and ;ay be cobtained grapnically from the line of best fit drawn through
the plotted points, an illustrative example is shown in Fig. 8. ‘lhe
straight line relationship was satisfactory in most instances in the present
study, the departures usually occurring at the becinning or end of the ex-
posure period,

The frequency .:istribution of k values thus obtained is rhown in rig.
9. The varicbility in k was great, exhibiting more than a ten=fold range.
The median volue is found to be 0.58 with one-half of thc values between
0.48 and C.85, The test-retest agrecement for a ‘iven subject is fair, as
shown in rig. 1C, one-half of the pairs of values agreeing with 5%, which
nay be corparcd with the ten~fold range for the entire group. tn two -
subjects, repeated tests gave k values which differed from their averages
by a rmaximum of 35%.

Witk a median k value of (.58, it is readily chown that approximately
63% of the total drop in mean skin temperpture from its initial vi.lue to
the ultimate e;juilibrium level occurs in § = 1.7 hrs. (10C min.) and 833%

'is accomplished in three (3) hours., The marked difference between this
- actual cooling rate and that predicted from the assumed constant heat trans-

fer capacity of the clothing has already been consirtered,

The coolin; curves for the exiremities followed {he same pattern as

for the wean skin temperature, for example, k vslues, determined in the

same ranner, were obtained for toe t-mperature, with the results shown in
fable 7. ‘he redian value,it will be noted, is not rreatly different from
that for the mean surface ttrpcrature.

The -raphical analysis of time-tenperature curves employed here pro-
vides a direct ncthed of describing in simple terms the thermal behavior
of subjects urecssed in Arctic issue clothing and exposed to low temperatures,
It involves the experimental determination of two indices: the cooling con-
stant, k, und the clo value calculated from the eouilibrium terperature,
®e. The degree to which one ray predict thermal behavior at exposure temp-
eratures other than the one employed in the experimental determination of
Bg and k is indicated in Table 8. A slight increase in the values of k and
clo with decreasing arbient tmperature will be noted, but the differerces
are sot great., Uf greatest interest is the marked increase in ®e. 'This is
a rellecticn of the greater metabolic rates at the lower teuperatures,
which increased sufficiently to wnaintain the actual mean skin temperature at
the same level for all threc exposure temperatures, with prover allowance
~ade for this, it appears pessible to predict with some =zucce.. the thermal
experience at any desired exposure te peraturce from the incices obtained at
another tenperature,
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TABLE 7
OLOLING CONSTANT AN FCUILIBRIUR TEMPERATURE
QOF GREAT TOE

Ambient Temperature, ~23° to -29°;; 41 subjects

' 58,* Equilibrium

[ 3 : o
k, Cooling tonstant Tenperature, ©C

Median 0,877 27,6

"y

Hange 0,439 to 1,729 18.0 to 36.6°

¥ Above ambient
TABLE 8

THERMAL CHARACTERISTICS O ARCTIC CLOTHING AT
) s .

DIFFRERINT ZXPCSURE TIMPERATUHES

INDEL EXPOSURE TENPERATURE
~17.8%¢c | -23,39 ~36.6°C
iz, cooling constant C.617 0.770 0,3€0
Ba, above zmbient, °C 43,2 5L8,2 59,9
#Net metatoilic rate, lst hour 34.3 26,2 35,3
#Net metubolic rate, 3rd hour 28,6 L5.2 59.5
| P ir1¢rease in metabolle rate 13 25 68
| Clo, fram 6, 5ol 502 L8
Yean 85, «nd 3rd hour, OC 25,8 25.3 25,0
Predicted rinal 8, °C 25.3 24,1 23,3

% Not metabolic rate = M-(EsA), Cals./me/Hr.
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AVERAGE THERMAL CHANGES DURING 3 HOUR EXPOSURE
TO AMBIENT TEMPERATURE OF -23 TO -29°C '
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FIG. 2
'DISTRIBUTION OF MEAN SKIN TEMPERATURES
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FIG. 3

DISTRIBUTION OF TOE TEMPERATURES
AT END OF 2 ND AND 3RD HOURS EXPOSURE

AMBIENT TEMPERATURE -23° TO-25°C ,
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FIG. 4

DISTRIBUTION OF EXPOSURE TIME TO ONSET OF PAIN
AND COINGIDENT TOE TEMPERATURES L
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FIG. §

DISTRIBUTION OF EXPOSURE TIME TO ONSET OF SHIVERING
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FIG. 6

INFLUENGE OF CHANGE IN BODY HEAT GONTENT s
UPON CALCULATED GLOTHING INSULATION -
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CHANGES IN MEAN SKIN AND TOE TEMPERATURES IN
RELATION TO INITIAL THERMAL CONDITION OF CLOTHING
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DISTRIBUTION OF GOOLING GONSTANTS (K)
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FIG. 10

TEST - RETEST RELATION OF GOOLING CONSTANT (K)
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