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FOREWORD

e ACﬁ Is w fe
Thi® ie—one—of_a gseries af rcports\h the general fielc of wool
type fabrics and alternates to comserve wool, with special reference
to thne phycical features by which clothing structures contribute . to
the protection and effectiveness of the coldier., {-'i

This report was prepa~ I by Harris Research Laborztories under
Contract No. DA 19-129 QM 1336, Headquarters (uartermaster Research and
Engineering Ccimand, Quarterncester Research and Engineering Center, U.S.
Army, Natick, Massachusetts. 7The contract, entitled "Investigation of
Properties of Synthetic Fibers in Blends with Wool," was iniclated under
Project lic. 6~93-18-2- ., Developmant of Alternate Fabrics to Conserve
Wool: Task: “Developzent of principles to improve the insulating charac-
teristics &nd "comfort" of textile fabrics ccubinaticns, and wes adminis-
tered under the direction of the Textile, Ci:-thing and Foctwear Division,
Heacquarters Quartermaster Resesrch and Deveiopzent Center with Mr,
Constantin J, Monego acting as projest ieader.

This material {s contractor's Report No. 33, for the quarter ending
Sept. 11, 1959, the third quarter of this contract.
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Contracto:’s Report No. 33

S2TLATION COF SWEATING INTO CLOTHING W.ld
CONSTANT SKIN TWDPLRATUZE

e K* Kk &k F *
STIZAR
.“n izpreved simulation of sweating into clothirng isﬁ;b:ained by weine
caining constant skin temperacure by mesns Of & automs atically regulating
DCWET IUPPLY. Aé in-the o:eviccs poTt, an Impermeable film, which can be
remeved wo cut disturbing. the clething essexbly, permits esteblishzent of
ccure gracuent in ary ciccthing, follcwed by the sweating

& o -
- e l\.

With con. zac skin temperature, there 1s an initial pulse of temperi-

ture vize in the ¢lothing ac the start of -'w-:;ng, followed by cooling to
a2 new 2teady stéte in which the clothiag tempersturces ere higher than in
Lhe ¢ry conditicn.,
The power incresszes at the st.rt of the pericd of sweating, and quickly

cme: comstant at o higher level before the tcmporatures have reached new

Jteidy volues. The new coastanc rate csn be usced to coloulate the ratio
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of combined heat loss through the clothing during swezting to the loss through
dry clothing v;thout sweating, or an equivalent thermal resistance for the
clothing during sweating. The equivezlent resisteuce with sweating is about

50 pexcent of the dry resistance, for wool serge, polyurethane fczm and poly-
ester fiber batt. Differcnces batweca these types of materizl in the ratio

of equivalent resistance to dry resistance are much :xoily than tha difference
caused by sweating in any one matericl. Although these materials are approxi-
mitely similar in decrease of resistance while sweating is going on, they
diffcr considerably in amount of *+ cr retained, with less retained by low
density, low regain materials. This. retair I or cccumulated water is important
with regpect to chill after heavy werk and §weating, since it continues to
evaporate after the man has ceased to sweat,

' ‘-~ The chief suggestion for improvement of clothing arising from this

work is 5 reduce the amount of water accumulating in the clothing, by such

means 25 lower density or use of lower regain fibers.
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A brass cylinder, two inches in diameter, and wind tunnel with air
strecm at 5 wph, were used, all ia the cold box at about =3° C. air tea-
perzture, as in earlier reports,

Su=frce temrersture controller:

4 resistance wire grid on the evaporating curface of the tect cylinder

&£ ot

i_ used as one aru of & Wheatstone bridge, with 2 egensitive relay to detect

cff-bclance., This relay, in which l.tching ferce 1s dependent not merely
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inzezvals of sbout 7 seconds by an- interzogating eizcuit., 1If power com-

...... vals =

tinues to be needed; it goes on again until the ncxt iatervogation, but if

pover Lg not needed, it will scay off, ia ceater positicn, or go to the

N - A
Pcower ieasur - :at:

The pouer supplied to the test celi wes measurced in two different
ways, in different tests. In oae, the "on" silc of the relay was connected
to a timer, so thit the time on could be cuti.ated. This, with voltsge and

current, measurcd power supply. Ian the other mcthed, a watt-hour meter was

modifled with & photoelescric ccunter o ccunt tue rovolutions of the dise,
Jhi: .20 ¢culd be used to cumulste the ~owoer o oly in arblcrary units, and

by calidvration, ia unizs of energy.

With c.ch method of measuring power, the interrogaticn period provided

& brief pause in which the instruments coul. "o v.ad, Charts of increcents

2t varices iatezvals, from 7 secouncs, the Laise pericdé, up -cuill be made: a

o VaTILC

pericd of 5 uinutes was found culteble for a szcothed average.
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tnitiution of swesting:

The system of sterting swesting Iato the natural thermal gradient sct
up in diy clothing, Ly removing an ‘mpermesble luyer mzde of polyester £ila,
ss degcribed in Repert 32, was continuel, In mest of these tests, this was
done in the same way a&s in Report 32, by removing one of the endé insulating
blocks, pulling out the film, sand recziacing the bleck. This, however, may
chill the test cell, snd interfere with obzervaticons of power regquirozent
¢lose to the stsrt of sweating.

In orler to obgerve the stert of sweating mecre closely, the end insula-
tion wes revised, 43 shown in Figure 1, to & doughaut like cvlock, fitting
over inzulzation cemented to the eénd of the brazs cell. The polvester Ziim
couid thus be dr.'m out between the doughnut and the center, with minimum
distucbznce of the clothing or exposure cf the end of the cell.

A luyer of vipor zesmesble cegllothune wus uszed between the wet chamcds
and the cuter inyers, just luserior te the polyceter film, and was left in

“

plece to iimit modsture trunsfer to evedorution.

- e
REZCLTE
Tynlizal tompenlioTy 2@USLld:
RPN S, ol % W ogensoame X o o b v o S 3
Tempecaturs wao followel g2 three levil. In the clothing, in theze

cests, inztesd of &l wwo, &3 In Repurs 22, by rosistunce wire grids casrled
cn poiyester fibar fubwilza. The wrrergemart of layers iy dizgrammed in
Flgure 2. The sxme genduel ssguense, oFf o gulck tezjerature rise In the
ciething, followed by & gluwer cocling to & new asteadly etute, 13 seen. The
greatest range of change, nowevir, l& Iin the center of the clothing layers.

2 -



The inzer layer remzins close to the centrolled surface temperaturc. One
reacon that the outer layer response 45 reduced in most of the examples in .

el o eme -~ - - T - o & % >~ -
this repert is that rather large thicknesses were used. .

Tk izl gne.lF §Tic: cEnsamimed iz che preseat cacstaat gearthes
mporature tests —re higher than in the dry fabtrics, not lower &8 thcr

were: uith the constant pewer tests of Reporzt 32,

et

Variation with meterisls:

Fizer o 3 and & show results for 2 and € luyers of wool serge, while

Figure 5 shows 2 layers of pc’ cter foam, and Figures 6 and 7 show poly-
ester Iidber batt, in two demasi ties. Corzespon. =7 numerical data are in
Table 1. A1l follow the gencral pattern just described, but it czn be
ceen that e weel layerss are sicwer ..o reswching thc peak, and show more
reunding of the pexk of temperature &nd sliwver cooling, than the lees abe~
zorbent foum zrd polyester fi‘Bc—.:'. The change with thickness is greuter
Zcr weol fidber also,

TTe 2o Y -
Uater accvoulzsion:

;:cmu-.,:ic: ¢f water was net excmined but
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tihe result found for comscint power comdicicls, thit waber continues to
wecomalate &3 swenting goes ¢n, hes beum vo:il to adiust chservations soxee

.2t lenger oz shorter than 60 miruZesy, o the biils of proporticmulity to
co.2, The @miuute Zecumaiuted, on w 60 minutc basis, ace showm in Tuble 2,
wS Gruns per 23. e meter of evejorating surfuce. The grama per square

moiez of clucaang are smilier, since the clothing suriace incresses with

incresgrag radius,



The weighings involved in determining water lecssec and water cc-:cats
vary in the degree to which they are affected by eveporation losses duzing
the weighing period itself., The initiel dry weights of clothing can be
determinad accurztely, and the initisl weight of the assexbly, because
evaporation is prevented by the impermesble £film., The final weight of the
vhole assembly is also reletively cccurate, eince it is cobtained immediately
after the end of the test period. 7The weights of the impermeable £film and
the water removed on its inner surface a:'_e &150 obtained immedistely, so
the net lozs from the whole assembly can be establiched relatively
accurstely.

The layers themselves sre weighed quickly, &s they are unwrapped frem
the assexbly, but there are soze losses by evaporation during this process.
Henc: eights of water accumulsted In the clothing are minimum velues,
Sirce the wet cell L3 weighed last, the eveporstion from the skin is probubly
& meximum value. The difference between loss from the system as & whole, and
loss from the skin, is sliways lurger thaa the accumulation in clothing and
5Tid leyers, lesving scze water not acccunted for. In the presentution of
results in Teble 2, these meximun anc mianimum rclaitlons are indicated.

Table 2 shows thutthe evipcssticn from the skin 1s in every case larger
thea the evesoration frowm the system &3 & whole., With two and eight thicke
nesses of wool, the evaporstion froem the skin was pructically the sams in
ezch, but wore esceped frem the system &3 & whole with the thinner ccever.
The tests with low regain systems were with thicker csscmblies than the wool,
so thet greater thickness may scccunt for the lewer evaporatioa from the skin,
but the °  regain and low density &ppesz to te cennectal with the grefter ret

evagocacion fxea the system,



The accumulation of moisture in the ciothing also appears related to
vegein, zuch more being retained by the wocl layers than by the other materials. -
A pcessible additicnal effect, cperating in the sazc direction as the higher

regzin of tho wool, is the grester amcunt ¢l fiber, end greater surface area,

-

involved in wool fabrics as opposcd to small amcunts of polycster Lider in

batt fora, However, the f£irm polyester batt has nearly the saxe weizht &s

the lezser t:ickness of wool, tu -~ing much lags water.
P ]

Cozmpsrison of cvoporaticn and pewer supnly:

The azmcunt cveperated per hour can be exprecsed as the corresponding
pewer in watts, and ccapsred with the power supplli.o, in steady state dry or
wet., The power supply has beean cocrected for cad losses, by the calfbrations
of Zepert 31. The pover Lupply figures are showa for tests made with the on
tize mell.cd of mcasuriag power. Qualiltatively sizilar results were cbtcined
with Che watt hour meter, but lack ¢f calibration steps involving power
iogses in intermediste transformers provents direct ccmparisom.

Comparing the increcse ia power due to swesting with the celeculated
sowcr oz evaporaticn, &s shown In Tablie 2, one sces that the increase in
ovezell power due to swesting 13 irntermediite between the evaporation at the
skin " ovel and the evaporation from the system ez a whole. This indicates,
w5 was Ciscissed ia Re ort 32, thet there Is no clesreut separctlom iato
pazellicl processes of emergy transfer by heot end by moisture, simultszeocusly
but separately. Rather, thers i3 & preogrossive interchange between energy
trensfer by evaporatics, which is grezatest &t the skin, and energy trancfer
&s sensible hest, which is augmentc. within the clothing by the ccndensation

£¢

of weter,



Effect of start of swesting on pewer reaulrement:

The on-off characterilstics of the reguleting system, and verisbiility

end overshocting, prevent as detalled an opprocelh to power measurcscat oo
was hoped fcx, Hcrever, as ucerly &s one can tell frem flve minute averages
of power requiremeat, the power goas at once to a new level, wihen cwoating 4s
started ot constant skin tco jerature, and ccativues ct thiu level for a4 long
time, through the cooling part of the irimslcnt toipusctiure effect anl into
£l . steady tempirature period es fer &s we hove follewed it. The power

epply rate, for {ive minute Intervals, is she . Ia Tigure 6, ia which one
can also see how an excess of power ia one intecval prceduced an upward wave

cf texmpersature in il layess.

Ccabined hesat loss ratis

The power required to muiatein the skin at constant tamperature,
corrected for lesses through the ends iIn orler cvo obtain the power flcowing
rough the sides, iu 3 messuze of the coublzed heat loss rate by all
cechanisns,  The ratis, (power with sweating)/{power dry) gives the incresse

c¢Z heat fioa by &ll mechandsnms, with sweating., This reénges from 1.5 times

- zuch coabined Loss for suesting through weol, to 2.4 for a polyester batt. .
e e -’;1-,,--,~5 &w"—-A 2. ':"“',‘ 'y;
! tent o 23T&CE CUL AL EWSATINT ¢

Since the power beccmes end remuirs ccastunt, while sweating is golug
¢, axd while water 1s aceuomulitiag in the clothing, it is possidbie to cale
culate sn equivaelent reslistarnce Jduring swewting, 4In enalogy to the thermal

reslstance under dry conditions, 7Tals cjuivalent wesistence, Req, 1s:

Req = ("f' To') A

-7 u
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where Ti' and To' are the temperaztures on the two surfeces of the clothing
in the steady conditica, with sweztlag, Wg' is the wetts dissipated through

ti.c sides of the test cylinder wi..le sweating is going on and A 1s the ares.
We Lin concentrite cur atctenticn cn the effcet of gweatir: by comsidering

Vel w aes

the ratio of equivalent resistzuce w.th gweiting to dry v ‘stance. Thails

(&)
.o

récio ¢

g mne =, e
ek v e

< - - ») - > * '..‘1 3 -~
he primes Tefer to stesdy conditions with s::....t....m, &ad the corres-

sy=bols without primcs rafer to the dry condlticn. These texpers-

Jv..;. =T R

-

x Zorences aud the retios of cleothivy resistarce sre showm &t the

“ule
.. i V- - o~ Y - L L. e - P )
beo.cn of Table 2, for tho constemt gkin tamperature serles,

., . -, PR LG - co - - - A . s’
; the saturotisy vapor pressure chinzes nere rapidly then the

€ ik ]
temperatuce, one might expect & shilft between tlha relative affects of vejor
cad direst hest trunsfer, with change of giin tespersture. Tne methed of
test described ia Report 32, in which power was kept constant and ski
terpescicre was allowed ©O resch its oum level, provides dats a4t & range
ists the s$kin texperitures, the tecpere

o ¢iiferences In the ¢lothir;, are the pover dlscip.ced through the sides,

“ LB -~ - - o - . - Sop e a L Cuo . = Y ey 2 e 2 -~ .
one Figure & plets the ratlo of equivelars rezistencs while sweating to dry

o . o var o m PR g :1s ~ o )
- o - ¥ “L“t al.il‘; tm_lb-&-t‘-ec

The dete In Flgure § show consideradle gcatier, and cny troend with
suvriice rtempl..-.cure i3 sm«ll, in this ringe, A troné toward lower eguivelent
reolscanze whlle sweatis o, relative to resittanee while dry, would be expected,

for ircresse in skin tempercture., The facr that any trend is smell in chis

-8 =
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renge of tempersture permits use of the equivel:int resivcance while sweating

o%a = . -4 * > oo d s 5 7 At - % X
or che ratlio of this to dry resistance, &3 & characteristic of & ciothing

]

The scatter of the dats avallable is such as tc guggest (huat all of

the materisls .csted are gimllsr, ia undergoing a SO0 percent lecs of resisten

ce

to encrgy transfer, during sweating., This chuinjes Is lergir than any differences

b.oween the meterisls with respect to the fzcun:t of chainge.

R R ka < ol il
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Rel_ation to ¢lothing Im use:
in the sctzal use of clothing, the dry cendition, zs used in these

tests, correspends well with clothing freshly pul on, and more or less with
Lo ol nisgh exestion &nd swesting.

Thers Wwill e soms izsgencliile pesypiritisa from the cosl doy skin dinte the
clothing, bt the chunges doe to this wre 3o b2bly sumall compered with the
chenses due o witer vegysr frem @ wum, wet skin, The prior effect of im~

<

gensible pevsziration may, hovever, tike 2ome of the peoik off <f the staze

of ‘swesticg.

L=~ s _va oF . gamt. - w-ad et e - . o 11 -
3 redse drovedies heot srodeatlion chive want cin be dizaipazed
g waprpizs ™! o i ks N [ - el b R g o
Ii.m the thermal gruollent, sweotiog will begin I cendleicas will cosres-
oy ra’s ihe i R S - B L T ~ SRS P o %
- te the osweating portion of the teulie. any glven relacively thick

Y | £ v55 s 2 -
te heut Slsalpativg -.te, and continue

s fixed raite; by & cambtinition of vapor

5 {opmgn e . Y e o 3 P 1 o= - o -~ e
&nd clrect thermil trarsfsr, while witer gcowmnl.ses in che clothing, Fou

¥ b L AL e 3 * 8 - . . & e s e S - - v ! - - -
thick clothing azsemblles, this : iz 1zieperncent oI the water content

over & wils Taige.
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Wich lower zctivity after a high level of work and sweating, sweating

" v

frca che skin wili cesse and skin temperature will Z:11l, The water content

of the clothing will then be the critical Zactor. Until the inner layers of

= ' & have become dry, the vapor mechanisa of aneryy tvansfer will be operz-
1 Seem S

tive, adding to tae heat crain.

. ~ o o! . » ooy e e PR S 4
Surecestions for dmnrovenent of clothine:

£ gusgestion for improvement of clorhing for ccld eaviromments
ar: from this woerk is to reduce the ~ccuzulation of woter inm the clothing.
This zay be ascomplighed in severzl ways., UWith o given material, an Iizper-
zcoble merbrane with spaced holes to parait voser ocscape through enly part of
Jhe aree may reduce the accuzmulatica of water more than it reduces the escape
oL "rat.r vapor, as s. zested in Repor: 13 of this series.
C.e can ealso reduce the accumilation of water by using macerial of
lower regain, 1£€ thickncoss can be kep: at the same level. One . can prodably

zain by csing structures such o vatts or foaus, which have lower density and

szface cres for & giviea thickness than convantional
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. febrics. ERowever, tho othir voquivczents ¢l uce and garment design are

o e e on Caseam oL aas

sroived in che substituzicn of ba:zts or fowms for woven fabries.
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TARLE 1

COMPARISON OF MATIRIALS AMD TEIDERATURES

Polyester Poly:. ter
. Yool Wocl 2olyurecthane Fiber fter
Materisl: 8c 8 CLonze Toam Piim Batt Light 3att

Radiel thici...csg, e D.50 2,07 2.3 2.54
Dersity, g/em3 0.21  0.23 0.027 0.036

Teupersture in center

Dry, steady, °C. 13.0 1%:2 12.3 il.3
Pesk,*C. 26.9 20.8 19.2 17.0
Finzl, .ceady, °C. 20.54 17.2 5.8 15.0

Peak zise, °C. 8.9 7.6 S 5
Time to peak, min, 2.0 745 2.0 2.

2.1-‘7

v.012

L 4L

16.%

14.0

4.8
1.5
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I NN - From APV MRS ~ey yes poiew g -y '
E '..Pv?\..'.‘..vj ‘«....J CVV-A.--.-AALJ. 23 BERVN :uu.m'\, CES.:.- -oad ‘
Py e g e romrnee e AL . 2N - —
CALCULATED YK PROPORTICN TO T, ¢ &0 L ¥

P R et -n-'n AT e r~e ~ e )
P“.;-VJ. AZ BASE IS T:iE EVADULTING SURPRCE

Polyester DPolyc:cte

‘ Wool Wool Jolyursthene fiter Fiber
Yatexilals: Serze Scrra Todm Firm Bats Light Betc

Ruddal thicknc:,, caa 0.50 2.07 2.22 2.54 2.547

L.t.,.. th € ..Jn._..:....g, win, 76 43 Va 60 60
Bry z2teria;_
winer layers, /=2 30 2870 270 34 120
suier layers, g/al 550 2530 3i0 5.0 160

Dvoseration from skin,
]

=2 265 2638 =76 140 194

e - L men  Fen o
alve -~ lu-u—t ChL -<Ca

systea, 3lz2 69 56 75 59 102

-
e e he am n
..l.—u\..u.-—--.-v;u, =<

inner loyers, g/m~ 59 130 ' 10
cuzer loyuss, g/me 43 71 21 19

[ S0 o
-

v o -

icner layecs, %

[
o
Y O
~n
&L

= 1 4 qra -

€
-~
U CEYT .....J\_-u, /o

Peser acodvelent _F evaporation
&3 Jkin watts/m 178 X
1¥. . o, . -em watts/m 46

-

o O
(=]
(<]

94 w31
)

O

[N

Posses -.,ﬁ.y to gides (stonly comditions)

cry, v.ttsfml 155 65 46
saalting, wetts/m2 23 137 11
irevesse, watts/m g0 b4 65

ey 1.51 2eus 2.54

ciotning
25.9

28.3

[N 3N
o
L[]

€ L

;:v/;fy; % 59 &5 26
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of sweatiny by pulling ea inmpormeable {ilm out through the 'hole
in the douganut" et tue rigng, witaout disturbing the clothing
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Sequence of layers on side of
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control
F; Film of vepor pevaciile cellophane
F, Removabie impeoraicacle polyestor film
Gl ¢, GS Inner, niddic, aad outer fennerature measuring

Lrids oa polyaester fabric
Clotliing lzyevs.,
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ToapllLiure sequence, with two lcyers of wool serge, radial

thickness 0.50 aom,
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Teoperature sequence With & layers ol wool serge, radial thickness
2.07 cm.
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