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C\'z Pressure, and Wind Velocity. - : SRS
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. Purpesat To provide quanti’catwa information on the influence
{:—3 of environnant.a... factors on t.he tharml stress to man. :
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Y. | 2. DISCUSSION: o o "

One of the limitations -on the usafulnuss of studies of ths physio-
logical responses of man to high temperatures ia the cifficuity of predict-
ing behavior under one set of environmental condivions from infermation ob-
taired under another set of conditions., A rational approach to this problem
is te, first, provide for d means of evaluating total thormal stress to tlo ran
from known conditions of exposure: air ard wall temperavure, moisture content
of alr, wind velocity, metabollc rate of the zun, ete, With this step accompe-
lished one may procead to correlatior of the pnysiologa.cal rasponss of man to
the total thermal stress. The prosent repert is concorrad with the first aspoct
of this approach.

L A P S

Te this ead, rstes of heat evcnunge by evaporation, convection and f
radiation havs bosn estimated at 5 wind veloc....mu in each of 7 difforent en- i
vironments. These measwerspts wore rade on nuda mon, on cloihcd ten standing, S
and oa clothed men walkinge Tae-results are discussod in dotail in the Appendix,

3. CONCLUSIONS: o - | o k

a. Coefficients of tlormal exchange for aude wd clothed mon, stande
ing and \eu.l:cing, have beor estirzated by partdal ca.lorm boy i o serdas of 7
enviropzents and at 5 wind velositlos. )

b. In nude subjocts the wr* a cgofficlent of esvaporation can be
desoribed by tie equalion SAP w 1.4 VW,

S« Swsallng rotes adequate to meagurs the maximis cmz‘f clents of
surface evaparation in‘elothed men probably vers mot vosctwd. Charts prosonte
ing the ccefficicals actually i‘cu::i am shavhie - :

D o Y N .- - s.‘-a.:v ) ‘ -
. s e ::%mmr % - VIS PR
‘ t:;,\T o\,-,z TECHNICAL ’j B 1 o ﬂ@@%ﬂwg @@{.@W t
\”'\}Rn £~ ‘3 E{?VlME R L S L S ‘;‘"?f"#"!‘ ’

s ; :;';.-w - 1 - . e . . .- ‘i

i . e 8 3 N " § . . L o . o F




gt

N O TT1 C E
THIS DOCCUMENT HAS BEEN REPRODUCED FROM
THE BEST COFY FURNISHED US BY THE SPONSOR-
ING AGENCY. ALTHOUGH IT IS RECOGNIZED
THAT CERTAIN PORTIONS ARE \LLEGIBLE, IT
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skin end wall temperatures by accepted principles and subtracted fram € J R.

Utilizing this approach three subjects were studied while standing nude,
standing clothed, and walkirg clothed at 5 wind volocities in cach of 7 en=
vironmental conditions, represenuing 3 moisture contents at 5 air temperatures
(Table 1), It has been possible to make a fairly complote analysis of the
standing nude experimsnts., The data from ths clothed ~xperimonts arc less satis-
factory for reasons discussed more fully below. '

EXPERILENTAL

Test Conditions and Procedures:

Four healthy young maen were ths subjects of the experiment; their physical
characteristics are given in Tabie 2. After preliminary training in the cool,
they were trained and acclimatized to heat by working for 4 hours per day as fol-
lous: 4 days at 120°F, D. B, - 76°F. W. B., then 2 days, at 1{5300 - 86°, 2 days at
9L° = 91°, 1 day at G6° - 92°, and finally 1 day at 120 - 88", During this period
clothing as descrited belew was vorn, am activiiy and environment were at lsast
as severe as durin tha actual test days. Acclimatizatdion, for these studies, has
the advantages that it minimizes changes in storage and permits ono to deal with
wall adjusted subjects, .

At the start of the test mrogram three of ths subjacts wore ussd while ths
fourth was held ia reserve, remaining in the hot roam ac a helper wid recoiving
the sam exposure as the 3 men ir the tost program. On the olaeventh day of the
experiment the man in raeserve replaced one of tho original subjects who vias re-
moved as a rosuly of an upper respiratory infection. With tinls oxception, all
subjects vwere in good condition throughout the study., The subjacts spont 7
hours in tho hot 1vom each test day, but slept in barracks miintained 3t normal
tompurature ss  Tost wata wero collected on only 5 days in oach vicok. Surday was

spenb out of the hob rova and haudsl” was devobed to & Louy warchcs.

A regular secucnce of onvironmantal thangos was folluiad, onoe wind velocity
boing covered each day (Tablo 1). After 2 tosi day in Enviroument 4, the sue-
ceading oxporimontal dsy was “Base Day". Tho celculabued ccofficients of convection,
radiation and evarcrztion for all *Baso Daya® agresd well with each other. a2 ro-
potition of this scus tost day &b poriodic intervals indicated that tin physlolegic-
al mgponse of tho subject to the same ot ol conditions mrained roasonavdly Cun=~
stand throughaut the study. working metazbolis {oll by 104 cver 8 wooks; vactal
teoperatwo s and hoart rates showod little consisbont chawgo.

Tho tests wore carriad cut in tho kot roca in a ghcot motal wind tunned 5}
£t. wido, 74 ft. high arg R £b, long (Ihotes 1 W &), Six 24 inch fans ab the
Gischargo end of iz tuwmnel produce ady £low, the “olecity of shich is changed
by adjusting eithor tho {un spced or the louvra adjus tment (louvres are iccated
Ju-t upstream fiom tho fans) or boths The enlorlig ond of tiv twuwl is jacked
over thoe ontlm section witin 30 indl Jongths of 8 inch zalvanlzed piypo lylg in
tie axis ef the tumnel. This sorven bolh as sn odv straightaner ead bo protect
tie inside of tin tunnel frem air dlsturbances in the hot xoom propor. Adr sovo=
cant was virtudly unifurm acrodo the crosse-section of tho tunnol %o within &
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AFPFPENDIX

Studies of the physiclogical response of men to high environmental temper=

atures require for their most general application a mear: of transfer of data

secured under particular environmental conditions to ot. . laterzediate but
untested conditions, This need would be fulfilled if there vere available
functional relationships capable of describing thermal stress to the man in
terms of the various environmntal factors., Such relationships for limited
ranges of environmental conditions are available for convection (1 a,b,c,d) end
for still more limited ranges in tho case of evaporation (1 d,e). Evaluaiion
of thormal exchange by low temperature radiation appears to be well faurded on
boih wisoratical ard experimental grouw.ds (1f, 2a). The urgeat necd £.» =cuch
descriptive relationships has led to attempts to extrapolate the meager data
now available to conditions out of the rangs of the original experiments by means
of generalizations used in the engineering field (3). .

The ideal procedure for establishing thssoe relationsghips is by means of
complste calorimetry, The technical difficulties and elaborate equipment in-
volved in this approach become almost prohibitive when higher wind velocities
and working subjects are studied. The simpler mathod of partial calorimstry
has been usad at the Plerce Laboratory with considerable success over normal
tamporature rangss (1). This approach is less satisfactory under the more
sevare environmental conditions that have been of major interest in the war
tims study of hagh temporatures. This results largely from the greater diffi-
culty of reaching thermal equilibrium ard the consequent higher rates of storage
(subject to comsiderable error in estimation) at high themal loads. Howaver,
the polontial usefulness and need of aven roughly quantitative descripiions of
convoction and evaporation justifies their study by the available mathod of part-
ial calorimotry. Tho results of such a study am presented in this roport.

The principle involvaed in tho uso of partial calorimotyy to allocate thermal
flow into its several componants is containod in tho statenont that at oquili-
briun (no increase or decreass in heau content of e body) the rate of thermal
flow outward across tho onvelope of rofcronce is cqual to the rate of thormal flow
invard. Or, in the absance of oquilibrium, that those twe rates diffor by the
rato of change of tho hoat content of the bady. This statomant con be mathomatice
ally expressed (noglecting conduction), a8 ¥ ¢ S+ 5 + R 4 C = O whoro the symbols
roprosent raspactivaly: U, the rate of motabolic hoat rroduction, always positive
in aign; S, the rate of storago (or the rate of gain or loss in heat content of
the body), positiva in sizn vhen the hect contont decrvases, nogative whon heat
ia rozmoved frem the body; and €, the rato of thormal oxchango by convection, and
R by vadiation, both positivo when dolivering heat to tho body wd regative wien
moovirg it. Of thoso vardablog, U can by neaswred in terms of the yate of oxyjoas
consumption. S cen be estizated from tho clanzes In skin tenporature ad rectal
tomparature, unfortunately, with uncertain roliability. Consequently it ia do-
sirebls te deaign tiw exporimont 20 that § 43 minizal. B con boe estizated fiom
tha evaporstive weight lozs of the subject and tho latent haat of varorization.
fiith U, S, and & availablo, C ¢ B can bo calouletod by difforonco. Tho separation
of G from R can be ncconplished cathexmatically by taking sdvantage of tho fact

that R is indapondont of wind wvelocity, or altermatively, 3 can be caloulated froem
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de nen can be deserived by tne

. Estinmtcs of the conwction coefficlent with clothed subjects
gava values 23% and 2% highor than the coofficient fouwrd wita iude

This is consonant, with estimates of the ratio of the surface area of clothed

{0 nude man.

f. The coefficient or radiction for nude subjects was 5.7 Cgl/.n '}L/OG.
This value is in agrecment with a theoretical coefficiont based on enissivities
¢f wall and skin of 1 and a2 radiation arma ccual to 93% of the surfacoe arcae.

o " ge Tho coefficients of radiation found for clothed subjecis viere
much lov..ar than would be predictod from reasonable assumptions as to enmissivity
~of the clothing surface. [No explanation of this discrepancy is offered,

he Movement of the arms and legs vhile walking rosults in an ircrease
This amounts %o approximatoly 150 it/ min. over

in t.he apparant, wind valocity.
the tunnal air flow,
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"inches of the walls. A treadmill on which the subject stood or walked consti-
tuted the central portion of the tunnal floor, The inside surface of the tunnel.
was painted flat black. Dry and wet bulb tc.mperatxmee inside the tunnel were
maintained at the designed conditions plus or minus 1°F, and were uniform later-
ally. Vertically there were, in the hotter situations, gradients of no more
than 3°F. between head and floor levels.

the test days three separate experlments were porforned on each of the .
three subjects in tho sams sequonce. These consisted of the walking clothed ex~
porimonts in the moming, and the standing nudo and standing clothed in {ls after—
noon. Ths subject always faced into the air £low and was accampanied in the tun-
nal by ons observer who remained behind tho subject at all tiues.

The walking tests were performed on the troadmi)l ab 3 wph and a 3% grauc.
This led to metabolic rates of approximately 160 Cal/u“/Hr., "I‘he standing mat-
abolic rates were in the range LO-60 Cal/M“/Hr,

In sach type of exp,erimmt the test pericd was 30 minubes long and was pre-
ceded by an egquilibrating pericd designed to e duce storage during the test pericd.
Beforn the walking experimonts this eauilibiation period consisted of a 60 minute
walk on the hot room track, (2.7 wph carrying a 20 lb. pack) follawed by a 10 min-
ute walk on the troadmill at the test wind velociiy., Boforc the standing exper-
imsals it consisted of a 10 minubo stand cutside the tunnel either clothed or nuds.

During the c¢lothed tests the subjects wore wall laundered two picce herring-

bona twill (h T) fatigue wdforas, light wool socks, underwoar shorts amd field
shoes., To avald sweat loss by drippage tho jacket waa tucked into the tiousers,
-~ the trauser logs woro tucked into the sock tops, ard the ends of the Jacket cuffs
ware tucked into 4 inch wristlets made of sock tops. In the nude oxm rm.nt.a tho
subjocts stood on wooden closs in a shallow troy containing wmineral oil which col-
.ua\.t.od iths m'lpping swaa In tho clothed axpariments a full dry suit was denned
izmodiatoly al the start oi‘ tho test jmriod just after tiv couil..bry.tlon pariod.
wator saltod to 0.1 wes givon in smounus a;-wcz\l watir g sweat loss just beformo each
tost period ""id is the walking oxpordisrts, st Lo aad of the first 15 wminutes of
t.eteutpar : < o » '

Data Collected:

The environmantal «.emlit.*ms imiue W odnd tusinel word detensined during
each tost poried as follawsr (&) et A dre buldb tereraturs, 8 £3, sad 1 4L,
abovo fiem lovel, three tixes yor 9‘35:: Iusied, by calibrated motor driven Fay=
- chresetora; (b) nall Sarmrercis r*e, by rediczower ob the beglaning ani end of both
. e u&Omiﬂg, and aftorpoon tast {c) w‘i caityr of odr flew, ab o polnt waist high,
& £te infront o the 3ﬂb~’zuct, t.*.wif.e o S8 3eried & a Volomotor, and 3 tixss cuca
pordod by het wire ancmemoter. :

'i‘ha follewing daba wors obtsined on cach of wiw subjecis: (a) paatr) tovooa

aturg, by calibny ted olinjcal thow sematers b ih start and end of oach test puricd;

o) skin vaprsratery, ab tho staort, sddepuint ard ont of eich tost joried by Tedie
meter on exvosod siin swrfases ard by therasceuples (undsr clotd .n‘ =); \\,) 2inihs
ine tosreratueg by o tLL:mer ab the eame Mnas; (d)_owiren senwn Wiew
walking tosts for Wi Nosb and last 10 minubos of oach poricd by o open clreuid
gystes, and in the st.m“*" mat—a ror tho entire 30 ninutes by a closed circuit
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ystewy (e) heart rate, 3 times each pericd by palpation of the carotid or radial
arteries; () evororated sweat Joss, delermincd by the differences in weight at
the start and end of & test porlod of the subject plus his ac\,cssorics, which cone-
sisted of clothing in the walking oxperiments; clothing amd tovwel in standing
clothed exporiments; and towsl and drip pen in nude oxperiments; (g) total sweat
lnas, from the evaporated sweat lose plus the increaso in we:L,ht of the accessor=
ies above mentioned,

. Treatront of Datas

Voighted skin and surface temperatures were calculatoed for each of the 3
sots of raad:mg in each period according to tie weirhbting factors shown in Table
3. These factors in general arc based on the swicce area measurcrpnts of ldardy
and Dubois (2b). The necessary readjusiments required by the small nunber of
zoncs raaswred were made by grouping urwcasured zones with those measurcd zones
which in previous studies had boen observed to have similar iemperatures. Cone
sidering the significance to be atbached %o the weighted surlace temperatures,
this is adamittedly a dangsrous expediont. It receives sume justification, haiover,
in that at t.» high temporatures here observed, the maximum range of variation of
skin tempercture from zono to zons is small. Tho emissivity of both skin and cloth-
ing was taken as unity. Tho initial and finsl weighted skin tempsralures wers used
in t.ho calculation of storage and the averags of tho 3 valuss por period was used
in calculation of vapor pressure and temporature gradients.

The 6 readinzs of dry bulb temporatwres in euch period were avorassd to ;ive
the final value used. The final wet bLuld tomperatwo was simdlarly obtadned. Vapor
pressure was caloulatod from these averaged dry (T,) and wet bulb tewpe tura.s(xwt)
by the farmulas

' ‘Ih." = r‘i°0 Tt = 0.255 (Ta" T‘e,at)

’

This a.gomwim was based on calibration of the psySurcaoters uscd ia Ud s study

apainst dow polat m.aat.rox:eats.

Tho wall temporature h\.rc used was o average of e
6 surfaces wsdo 2ach hot day. Wull tempwalures & “ealeulatd
iy fiom ol hemporatuivs.
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Tho ozlorie couivalent of the oxyren conduwapbi

3
wiys the actual Re Q. wod used W dotermire thy eatoric oculvalensin the sg:c:: Cipe
cu.it. runs, wails tho valus 4.83 Calordes wes used in the staniiy ewpaimunis,

Tha sctusl Snterval bobwesn (ndtial avd fincd wolizhius of ke sybject were
woed in calowlating ovancration and swoad ralss. This dnlerval was leajer tiaa
Lip tunool e::,pccm: by abaut 2 alnulus.

 Snogt 1ous, total ‘..N *«-:a;‘c.;.':,ea, was calewlated fien weipht differcuzes

g TR Y

ard wator intain, corvectlons belsy snde fov walght loss due 0 GROUSS weifa. oF

by

{0y cxeretod ovor O M:zytw\. ad for l"“a of watey from the lunes. Tho oxncess

- r\ - . Wl Iy

LCZ wap detorsincd Uy tio w-'m‘., (S0 -'u.-,j L,.ms/ weur = 118 x 0z(L048n) (830725,
In Lo otending experise:st,.. tho Be Qe Was“toicn 25 04835,
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Surface Aree of Clothed l'ons

The problea of the clothed surfaco area is a difficult one involvinz not
only the actual arca but also the offective aica as determined by the folds. TFrom
maasurements of exposed clothing arcas carried oub on § mon representing difforent
body builds the ratio of cloithwd man surfavs wua Lo nude surlfico arca was cal-
culatoed. The results are stown in Toblo L. These are maximua values since thay
are made on strotchad clothing; it secms not wnrsaconable that the offoctive ratio
would ordinarily fall in the range 1.20 to 1l.35. Tiids series did not include the 2
subjects used in the calorimetry studies. Doccund of this veriction [iom wman o
mn, and even from timo to time, depending on uow the folds harpsn to fall, the co-
efficients for the clothed men have been calculabed on the bosis of the nude sur—
face area. Tids gives the most predicteble area and pormits fulwe correction
should an acceptable factar be found. Thus, the ceeificients for clotined nsn here
calculated should be hiphee than theoe Jrom the auds aon by the ratio of ths tvo
surface areas (1.20 = 1.35 to 1).

Coleulation of Thernal Svchan~as

C ¢+ R was caloulated from tho basic hoat cqualion,

-3 =1,
Where the terms have the followdng significance and origin:

- Tobal lwab e:;chan.go?by svaporation, Cal/il/iire ,
= (kg swoat loss/Hr/i<=(0, excesafir) 375.

I = Heat exchunge by evaporalion in the mespiratory itract, Calfilfina®

<}
» 2 11 ot it 3 = $ - S ag e ) o ~ Y 7,
4 z &' Hy sz ileab 3.~.cmnga by evesoration fivn tinw swizcs of s bogy,
~n Morde 510 :
\I\n oy f:“{‘"
. ? - “ T S JRVR P | LIPS O - P
2 = Vapor prossure of water dn alld, @i sidn, clobilng, & e
\a 5.0 L r 2 wd
sV
: 2
> A ¥ ~ o me et ad am e of auangeabdan 0=t 8 - Ta
SAP = Coerriciant of evapwatien, Cal/lfin/mm s,

7 PR R SRS S Yl R NPT SR B T T T iy A e m e
T THA5 GO0l ot UF GARLZ e GS0uspbotns Iniitated LOLUE s Lo VaRdd EivsiWS
of cxplrad alr and gpdrezoter alv. '

siadidae {oron gireuiy seeino)s

) o= 0.0632 (P - Py) VB, wowe ’
Py & VapOT prassure ¥l z woabilatlics rete, livor/udi.
Sranis r={clocad eireunit ~mton}:
§0 = 0‘10‘:0‘ 3 (?&;)*“l;%u} Mg
'P.&g_; gyirozeisl vapor proasure; daien as Glh salursted
Py 'z BLA e dpy encspt Jor miblert Wapwralines o 10577 wm ateve,
Waero L%.2 za ilg. was taka.
: . VR, ostizatled fron rale of oxymen cénsuzption by 8 corroluticn belwoon
Incls #1 the two used in Wido Labcra%,agy-
SR Y . R s ) - "™ -
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2
: (C + R)* = Total heat exchange by convaction and radiation, Cal/ll /i
definad by (c-:-n)' LS ELEFW 20,

2
Hy = Heat exclango by convection in the respiratory passage, Cal/il /ilr.*

C+R=-(CH+R) =, = = Heat oxchange by convectioy and radiation fyom tho
surfaco of the vody, Cal/il*/kLr.

- T(a,w,..,c,r) = Temperatws of ailr, wall, ctin, clothing, rectum, C.

C + R = Combined coefficiont of coavcction end radiation, Cal/ 2 ’/ Ce
AT
C/AT, R/AT = Coefficients of convection and radiation, Cal/l /Hr/ Ce

U - Letabolic heat production, Cal/*niz/Hr.
‘ 2 2
W = Heat exchange by waber intake, Cal/li /Hr. = kg water/Ur/l x ('1‘,'“ tor-Tr)

$ = Starage, Cal/L’ [Hre = (0.83) (kg) (0.67 & T, 4 0.334T;)
(Time iatorval) ( Surface arua ) .

Whare 0.83 represents the averase specific heat of the body, and 0.67 and
0.33 aro the fractional port.lon., of thy bady taken as comommg ina ;
tamparatures to T, and Tg rospectively (22).

02 goneral principle was followed of nuliing logitiiats corractions cven
though tholr ordar of magnitudo was low in relation to t probabla oivor of the
masumimnts, Taus, the weight lom‘ correction for ¢xcoss LOq was at ho,st only
12 grows A /He. N.oin tho walking oxperiments ranged i"c::\ about § Cal/u</Hr. In
tho huzdd environztnts to aboub 15 fal/u /hr. in ths dry onviromsats. In the
standing o mrir’cuus .IG was irdopo‘.m.rs of cxbient vapor prodsule, ax:a razed {rom

-1 ‘:o + L Calul .w He was ordinarily laas than L Cal/ii/tir, in tho tanding ox=
pavincats st L20YF, increasing in tho x‘..x.;aia_, Sararionts to abowd 2.; Cal/'... /“..
Poliability:

Gmmtirg tho validity of dct.n;,mmuon of Lo Lhermal ¢ 3 X
tha cuostien ardses whether the B axrapizmnualls coesurcd is uguivalent o bhe 3
w*md By t.ua basic ook eguction.

Consicoy z‘irst. tha e
trated dn Fiz. 9, Ay I

ase ¢f oval ;-:;t.:.o:a Siom o vweb skin in the nubo aan illuse
; 5
s ohviromend will be

51 ';QZ;'\':...G.., \-lo;- L‘;;‘i'e Ca ‘o:”cce 3 AAQ“ ‘ra umuu uQ Aa‘ .-0\3:1

Lo spual W :In\:?u-?-r), Wi s g vervesunls bie ce.@;.“.\,d Suel
Sie! cat.a of Cand A, Sircs i ondy ofhcs cource of hoat Lo Lhv surfuce Oy is 1.,
{taiing S s: Cr) end sinse for a :’:.-:sa.iy cordiion of Leal flew, Lho vile of ascess of
ReT * te the surface must equal Lo rate of heab Siusinotlion, the Jollowlng coudition
.“;G ﬂllfinﬁu, Rs (15_-? Y& (w3) = 6. Biuse E:&(T_a-?g) = O ¢ R, Ababarde oty

¢

@ K, was osbimated fiwe tho veatilalion rato and an atowmd tasperatwe of expiied

ey thuss
s, Lt
-
!.% : \)-Clﬁ'i (?:.-?::-‘») \2. m;o;
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Poxp = St So oame
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iy satisfiod with respect to the surfaco Tp. Sinco vudionelric measurement of
WU CUIIUrGUlle UL WUL Srall aciidly medodevs Wie water film temperature, tie
significant toaporatws far the swfaco of rofurcrco is actually obtalnod,

Throe possible paths of evaporation from clotied men are illugtratoed (Tir,
9,8,C,D)s ILquations of hoat flow for thoso situstions are develoned in an analo-
gous manne . For convenionce, t.hoJ aroe arrancsd ag oquation of temporature dif
forence (See Durton (6)). It can be scoi. that equativas 3 D,C and D all wavo the

same form I (M-E) = Ty= Tae Since thic is cqu:.wlcm Lo Ky (Tg=7,) = & = &, the
roquired condition is fulfilled for thoso J conaitions of cvanos wlion from bhe
clothed man, when T, 1s taken as ¢l temperaturce of r:iference for € J- R.% In cise
a water film of appreciable tniciness is prosent on tho clothing Lz correct sw-
faco temperature is no longer Tg bub the teaporatwre of the water film; this is

ths tamperatury actually measurcd.

The limiting factor in the roliability of the thermal differcrce
C +R=z =~ (-2
is tho estimtion of 5; KL ad ¥ can both be ostinated with comsidarably groater

rrecizion. In calculation of £, use of the same value for tiw latent haat
of vaporization or all skin teczeratures and dismogord of the onergy involwed

in vapor expansion or change in toaperature are approximations wiach appsar Lo bo

+ Tids conclusion is not invalidated by tho fact tho amount o ovoporstion o=
quired for stuady state conditions varies witih thw path of evaporstiion aud with
tho dnsulation of tho varisus layors throwsh wiich the heat must flew. The dll-
forence in ovaporation can bs thouzht of as producing diffcrent woperaluies of
Lo outormest surfaces, Thus, in tho caso of evapoation firom weob unclothed shin
(Fiz. (n,.,.\) tha oquations of heat flow through Wi water Jilm o f1oxm th walued
surface v e onvironzaat ave:

Ty =Tz IgH { sxin towuter £80 )
T0=-7, = 1 (-..mj { Water %o oir )
wnich upon acding givos .
D7 - (I, ) &8 _fa ) ( Ssintoair )
s @ I-+ L,
- -
]
Thaco equations show, first, that T, 4o lower Lhaa the Lrue siadn temperaiune T3 by Il
and gocond, that bosauss of tuls lewor tengperaluse sid the .c.;a..t.:.r.:, irsrease in Un
vato of € & R transfer, o rocessary 3 for couilioriws is hisker than wie & for an
infinively thin water fila (Iy = 0) by tho factier Iy & oy Tho oxbrs evajovation can
bo Lhought of as meoducing the iower Tpe Y
4 sizdlar analysis of av:.pamt.i n {rom clothed mon (Fip.9) indicauss uwsd
oguivalonce of cqunldons 3B, € and U odiains evon Lhough 3 varles wiih Liv path of
ovaporatien, As irdienced by t..‘w coaf{iciants of & &n Llase cquatiens, 4 wllil o
szallect when the cvapos-a tion ogeurs froh bie in witheoud subseguant condensaiicn
i tho clothing (3,5), and largest when it otours inmitially Jras the s::in SNl $OG-
densed and re-cvagoratos 1:«:. tie clothing (C,5). Indtial ovajerciicn fivw the

clothlsg (D,5) rccuives cn £ intercociate betweon theso two situnticrs.
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ainor relastive to other uncortasinties. The same holds with the correction applied
to U flor external work in the walking oxperinent wiich disrogards frictional lossecs.,

A reliablo calculation of storage from the data available and by tho proced=
ure here used appears to be hopoless, Thore i3 every reason to believe thai the ine
ternal heat-distribution varied during theo tast period, making untenable the uso of
any fixed distribution ratio for calculution of storsge. Morcover, the asssumniion
that weighted akin and rectal tomperaturcs are ropresentativo of any prodictablo
mass of tissue remsins questionable. Wwith theso uncortainties success in partial
calorimetry depends largely on tho degreo to wnich negligible chianges in storaze are
inecurred. DBecause of these intrinsic sources ol error, and those incurrcd ia the
tewporature measurenents used for calculation of the coefficionls, useful study of
tho C 4 R exchange has boen restricted to the two 120°F, enviroiizats. In thesu
environments tho large C 4 R exchange reduces the relative importance of theso
sources of eiror.

Tho fackors entering into estirates of coefficients of C % 2 include not only
the thormal difference, C + R, but tnc teuperaturs differsnces TG-TS3 or ¢); WO
fastors entor into the relisbility of the Ta=0(g or ¢)* These ard:la) the accuracy
i

of an individusl measurcment, and (b) tho reliability of the woigiting forzula.

Tho weighting procedure as applied to Ty 1s reasonably reliable inaczuch as
variations in temperature of individusl sreas are smsll., Ia the clothcu wen the
welghting procedure is less reliable as & rasult of greater texporature differencas
between individual aress because of unoven wotting and tho prescnce of folds in the
clothing. UYoreover, while tho emlissivity of sin .y bo taken us unily without
error, n siailar assumption in the case of clotiing is not valid., Tho effect of a
low clothing emissivily on the measureaent of T5, would bo to under estimato Tp-7g,
Loth whero tho clothing temporatwre s sbove axzblent (Ty os calculated would be too
low) and where clothing teiperature is bolow wzbieal (Tg a5 calculated would thoa
Yo too high). If radistioa oxchange only were involved, the tasperatuie erpor would
bo selfw-componsating inaszzuch 65 the error ¢uuld be consideicd as an appareast ro=-
duction ln either eudssivity or radiation ares. iHowevor, a resl ervor is iacurred
with coavection exchango sinse thia cast bo rolated to the true tewpersturo. The
sssumad ezissivity of 1 here used Lo probably not greatly ia error. Ciuldo @aizurcs
zents in this Loboratory gave ¢ vslue betweon 0.3% ona 049 Jor the cuiasivity of dry
HBT. &) 'rieh, quoted by Wulsin (7), mives the value 0.81 as tha ealssivity of WiT
at low o -peraturas (07F). Tac.e valuos suggost a possiblo viwor ia Ty=Tp of 10
to &0 and a corrosponding error in

"o

Cel
a7t -

- . (4] . . s . r

in the 1207F. eavironzant, the coasured Tp would ko nigh W) 30.20‘. inco water

ks & hdgh exdasivity at these texperatuivs, wid sinco the clothiag was b Least

partially wot in all the experizoals, tho eroor oy bo even swallois

2 £y
Wi Sublegta

Yvaporation: N
-

Under norcal circusstanstes, tha exent rejulating scchandsa adfusis suest
cutput to & rate sdeguate to zalatein thorcal equilibrium, A3 the therzal
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otiosa increasos, whother extornal or internal (n ct...bonc), LR sweatinz rate proe
grossively increases until head dissipation by avaporation ccapensates far the heat
gain of tlo body. Viith increasing sweat rates or with dc.creu.,irn avaporativeo car)-
acity of the atmosphere (nigh vapor pressure, low wind velocity) the sweat outwu
eventually bocomis high encugh to complotoly wet the surface of the aubject, 'xen
that condition is reached tho rate of ovaporation vacozas a function of two f:. vops,
wvind velocity and the difference in vapor pressure botween the water on tha s .0

and in the atmosphsre. Howaver, whea the wotting of tho swfaco is not comp’ o
then the rate of gweat outpui, hence swest evupora.tion, is detewmired by ¢ . imposad
thormal stross, and the rate of ovaporalion, per sz, is Irdercndsnt of ev- .ronmoneal
factorss Consequently, if ono is to evaluate tie n ‘luence of wind velacily and
vapor praessum difference on rate of ovaporation, it &s paccsiary (o «.alfing study
to those conditiuns where tho rate of ovaporation iz limited by the capacity of uw
atoosplhore to take up mpiat.ure » Le0., to tho complotely wettod condition.

The failure of wWrd volce "Lty to influence tho rate of evapar ation at low

sweating rates is shown in TFig. 1 in which the eva')orat.ion coafficient is plotted
agalnst wind velocity for Em 2' onvironzents studied, In the first two eavironsantis,
the rate o ovaporation is indeponuent of wind volocity. Tha rato of evanoration
begins to increase vdith wind volocity, with increoasos in dry bulb terjeratwre aicns
{incroased swoat rate) as in onvironuents 3 and 4, or with decrease in tho evapors-
tive capacity of the atmosphere (ircrease in a.:mlc.nt. vapor press \.m) eavirormint 5.
Tinally, with still greater raduction in the ovaporatiw capacity of the alwosplera,
a8 in environzants 6 and 7, the rato of ova.porauio.l incroascs decisivaly with in=~
croasing wind velecity and appears to wach a linmiting valuo.

By limiting congdderation to trnose exiurdisents nlere a iigh degred of vet.
ting is p.osent, data useful for charactorizing the influence of wina volecity on
avaporation can be obtajned. An objective basis for sele\.t.zm is W includae only
theae oxporimonts sharo ovaporation was less than 90X of the total swaab ouwlpui,i.o.,

108 or more of the sweat dripped fiom the man or remainod oa tin sain. Data so
Pmcct,ed are pletted in Fig. 2. Those ccelficients show doasonadly gond crouping
and sugcost an oxpeonential relatienaidp batwaen the coeefliicient of evajora ulQ a.‘-
hind valocity. A 14 naof Lad o the uaua by bite zethoed o leausd s
-

aruation: B/AP = L.L&V -5t fo Tho exponontial "uwu..o-.s:*.:.p hos precedent i 'r.a z‘ir S

inge of Fowoll \L} on the :'agc of cvaparatien f{yem ¢yl indarz, and koo bean supgesied

alto on thoorotical grounds (3). Studies of Lau influanze ol wiand vemcit:; QR GVape
»

orstien from cozplotely wotbud ¢ylinders by fowell (L) fd Toust {cuoted &a (3)) have
frdicoted that the ceofl icient. vardies goproiinalely ag § MoV In contrast, cur e
ulbs Guzgoest thad tho cooffdciont is a Sunsvion ef VIR, The roas 23 for the dif-

fercnce A not claar. ™o yo.;a*til Lies are wmgrested: onae, that L ow oxferi-
:.am.a conplote wotting of the ekin was nobl madntsd e bizher wind velocitles;
two, thel tio hwsan boly, & m.{.. consisting v a ¢ 1
eylimdors, cay siill differ sulficiaily in i85 goomotrivas condigun
for tio difference.

Pad

[
6o Lo stowun

In Fire 3, tho coofficients odlained i this study are comrered wilh Liosa

*‘ra: the two studieg on eylinders mantlened gbovo and wilih an exliygycliabion ulew
¥ tie Fierce laborstory (l\.) The uvalensive Ceviation e; QU Mesuide Do Lhow
g.or.mac fron the }iarco morabay ogquatioan is s-.ct. surprising. Thelr e—qu;a‘-!,f-. G 53

an exlrapolistion by a cu.st.m,.b.m rrocedure and 43 based o o sblll Ay eviror-

ation cooificient. Howeover, tho difforences botuwoss our rosulls on =an wid Liose
of Fwoll and Fourt oa cylm.e*a will reguiro further study asd evestual expiasalica,
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Convection end Radiation: Fig. 10 shows the coefficicnts for C 4 R calculated
from the nude experiments in environments 4 and 6. Thoe points are moderately
well grouped and fall arcund a smooth curve. Since a certain amount of leeway
is possible in fitting a curve to these points, a number of curves considered
equally probable were drawn and analysed, If the assumptions are made that the
convection coefficient is related to an exponcntial function of V ard that the
radiation coefficient is independent of V, the following equation is suggssted:

CtRa (a4 V)
AT

where a corresponds to the radiation coefficient. Differontation of this
expression suggests that plotting of log Q_Z-ﬁﬁ/AV against log V, should give a
straight line having a slope equal to (c-1)7and en intercept equal to log be.

Establishzent of b and ¢ pemit calculation of a. Values of a can be calculatod

for each pair of G + R and V values, ard the results so obtained can be averaged,
Alternatively ¢ + R can be plotted against the appropriate function of V, end a
lire fitted by the method of least squares. T;o_i.g procedure , which fixes both &
end b is illustrated in Fig. 11A for F (V) = V'*?. Treatment of the s:veral
curves in this way lsads to a series of equations whoss limiting values are ex=—
pressed in the two equations:

0 LR mb6.85 +0.23 V02
T ;

and 0.5

C &R =5.65+0,537V
AT

045

The equation describing convection as iunction of V'~ is tentatively
favored for severil reasons. e vVrelationship leads to a more ccceptable valu?
for R/AT. The theoretical value of the coafficient, R ___ = 4.92 x 10 -8(1'1_1*5)

is 6,07 at the spproximabe terperatures of thess e:;pé%if:@nts (37°C and 48°C).

The value of 6,85 is thus too high even if ths effsctive radiation amga wers equal
to tho man surface area. The coefficiont of 5.65 assccliated with \(b'> in relation
to the theoretical value of 6.07 indicates z radiation area of 93.%; this is roason-
ably close to the estimated valus of €%, In addition, the first cquation above
leads tv lower values for G/AT, at very low wind velocities than doss the sscond
equation. Comparison with data available on C/AT ab sugh wind velocities (1d)
favors the higher convection cosfficient given by the Yo rolationcaip.

Another appreach to the separation of C from R is possible Dy calculstion
of R by accepted principles and subtraction of thess valuoes fionm the total € 4 R,
Values for G/AT so calculated are shown i8 E‘i,g. 12, The best lins for those valuos
is described by the equation C/AT ¢ 0.77V"* > . For compariscon tho limws coyres-
ponding to the equations presonted above are drawa on Fig. 12.

Measurements of convective sxchange with cylinders havo beon satlslactorily
correlated with air movement by msans of dimensionless ratlos over a wide rains
of alr temperatures, cylindar cizes and wind velocitios (5). These corruliiluis
favor ths exponent of 0.6 for V for tlo rangs of wind volocitics iaro studicd.
However, until available data peruit a moio dolinito choice than is now possiblo,
the\/~ V_ relationshir seems more sstisfactory. It is perhaps surprising thast
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the indirect and inexact procedure here euployid leads to such reasonable agree- ' £
mant with the theoretical values for R/AT, and with the empiric results obtained .
on ¢ylinders for C/AT,

The dimensionless ratio procedure doscribed above has been used to extra-
polate the Fierce Laboratory data to higher wind velocities (3). Lines are drawm
in Fig. 13 to represent the original Fiwce Laboratory expression, the revised
form as extrapolated, and the two expruossions cugrested bty the present study. The
deviation of the Pisrce Laboratory data from curs probally derive from the differ-
ent experimsntal conditions enployed. ‘neir air sovement was turbulent, beiig
secured by several fans in a small booth; in our studies the Ilow was linsar.

IS '

The expressions surgested here for thermal exchanges are presented only as
a convenience in correlating the data, and for uss in interpolation, It would o
foolhardy to use these equations to extrapolate beyond the cconditions from which
they vere derived. loreover, .neir application to conditions where air flow is
not linear msy mot be valid,

Clothed Sublects

Evarporation:

Evaporrtion from clothed subjecis may procead according to several dirfferent
raths. In c. t.in situations, it is probable tiawt ab different points on the body
sevoral patti.ns of evaporation are occuring simultaneously. Trree possiltle patns
arg illustrated in Fig. 9, B, C, and D. In an attenpt to define a coerficient of
cvaperation, it is recessary to consider on wnat factors tho coefficient deperds.
whenever evaporation cccurs from the surface of completely wet clothing, as in C
or D, Fig. 9, the controlling varicbles ure the sa.z as those operative in the nuds
experiments, namely, vapor pressure differenze, surface to air, and wind velocity.
The situation changes, however, whern as in B, Fig. 9, evaporatieon occurs {vom the
skin and the water passes throuzh tho clothing as vapor. In this case, the signi-
{ ficant vapor pressure differonce is that frca skin to air, not clothing to air. A
now Jactor 15 inbroduced, tho diffusion resistanco oifercd to the vapor by the cloth= |
ing barrier. And though wind velocity is still an influencing factor, its contrib- ‘
ution is considerably reduccd by the intorposed diffusion resistance.

1 Though there is little ruason to anticipute thal ths rate of ovareration

fiom complately watted clothing would diffor significantly {ron the rate of evspor-
ation from sitin, several factors in tno mo.onl dats mrovend the demonstration of

4 chis probability, After tho initdal warm-up jeciod, Lin subject donnad a fresh dry
uniform end then enterod the wind tumnel flor the 30 rinute exposwe yoriod. Cone

1 ssquontly, even in tho case of tiw nighost sweating ratos, the clothing was dry

duing a portion of tho test pariod. Therefore, in none of thoe clothed exjorisonts

vwas ovaporation confinad exclusivoly te tiw clobtline suirface; a portion of Liie evapor-

ation awst hevo occurred frow tiue sidn through Lhe Slotuing.

Tho increased difficultios in the assiznmnt of a moan temperature to th
surisca of a clothed, as compared to & nude son have bosoa deseribud; theso une
certzinties influence tho mliability of PO since ¥y 16 based on T (ongo P A" ¥ "
and vhe ovagoratica coefficiont, Z/AP),
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An evaluation of the efiective wind velocity on a man walking in a moving
eir stream will be presented later. The data now to be ¢considered have been
plotted against the tumnel wind velocity.

Figures L and 6 indicate the effect «f wind velocity on the coefficient
of evaporation for standinp clothed and walking clothed men in the 7 test environ-
monts, A8 in the case of the nude subjects, the rate of evapceration at low sweul
rates (less severe environments) is virtually independent of wind velocity, but
bocomss progressively more dependent on wind velocity as the enviroumental severity
incroases. In the nude experiments it was found that by resiricting the data to
those situabtions where less than 902 of the sweat was evaporated, maximal cooffi-
cients were approached. Vith the clothed subjects (Figs. 4 ard &) even with a
still more generous allowance for watting (evaporation less than 0%, 203 or more
unevaporated), a progreéssive increase in the coefficient continues to occur as the
sweating rate incrcases and evaporative capacity of the environmont decreases,
This suggests that the allowance for wetting of the clothing is still inadeguate.
To test this possibility, .~ date wers further separated into groups according to
total swoeat output ( Figs. 5 and 7). This analysis shows progressive increase in
the coefficlent of evaporation with higher sweat rates, but there is littls to
sugzest that maximal rates are beingz approached, except perhaps for group 4, Fig.
7, which includes the highost sweat rahaes encountered.

: In & further analysis of group 4, the wind velocity was corrected for the
increased motion of the arms and legs by adding 150 feot/minute (the basis for

this value is pesented in the next section) to all wind velocities, and tie co-
orficients were corrected to a clothed strface arca, using a factor of 1.3. Those
corroctions permit comparison of tho coefficlients for clothod men directly with tha
coafficient s deterninad on nucde subjects (Fig. 8). Sirce most of the points fall
below the values for the nude subjects, incomplote wetting of the clothed surfece
occurred in even the most faverable situation. It is clear then that inicne of the
clothed experimants have maximsl surface cosfficiaents of evaporation been reached.

It is probable that the 208 allowance of unavaporated sweat is nore than

adeguate to ensure complate wetting of skin. Hence, it seswms likely that the

neasurcd rates of evaporation under such condiition can be considered as maximal
cosfficients, not for completely wettod clothing, but for partially wetted clothing
wiera the evoporation oceurs to varying degrees through soveral paths: {a) from
wot skin throaugh the dry clething (b) frou the swiace of wot clothing.

Tho sltuation is obviously a complox one andé is not suscapbiblo to simrle
aralysis, or presentation in a form likely to ba generally ussful, The pivsent-
atlon given in Figs. 5 and 7 may be wieful for soi purpeses. I should be notwd,
howevor, thih tho coaffisients ere celeulatod on Uw gradient from the clothing
surface to alv. Tids is, of course, not the siznificant gradient fa ovaporaticn
fren tho skin through dry clothing., Data are available on the inflwence of fabric
porosity on the ewvaporation coofficicnt (Fourt (3)). ilowover, thoy are of little

‘halp dn the absenco of 2 basis for determining thoe prororiion of ovaroration thab
3 p &

cacurs from tho okin through clothing. lacking sueh information, Lhe most usoful
purpose of tho present data 19 to give groos coafficients o« evaporation for a

- range of rates of sueat production.
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Conragtion and Radiations

The effective wind velocity increase resulting from the arm ard leg motion
of walking has been estimated by direct comparison of the coefficiocnts of evapor-

etion and convection of standing and walking man (Fig. 14). The chart shows C + R
for the 120°F, enviromnments (4 and 6) and E/AP for those experimonts where the AT ,

total sweat oulput was between 14,00 and 2100 gns/hour. The abscissal differences
betweea the curves drawn through the points are given in Table 5 and suggest that
the effective wind velocity for a walking man is increased by 80 to 200 ft/ixdn

chovy the masured air velocity in the tunnel. The intermediate value ot 150 ft/min
is used below (also Fig. 8) to correct the maswred wind velocity in the welking ex-
perimonts. Where this is done the symbol V! is used,where V! = V ¢ 150,

The procedurs used for separating C from R in the clethed experimsnts is
based on the assumption that C/AT is functionally related to wind velocity in tle
sate way in the clothed tests as in the nude ones. To this end, the calculated
values of Q‘Et‘i"'n (a - &) are plotted against / V in Fig. 11 (B) and (C). Lixes
fitted 1o the "points by the method of least squares give the equatlions:

v

BT -
Wialiding clothed, C 4+ R =3.43 +0.66 / V!
g R~ ok 33+ /—

Consider first tl. coefficieats of R. Sirce the walking man has a larger
effective rriiation area than tne standing man, the values 2,66 and 3.43 qualita-
tively bear the correct relationship to each other, Quantitatively their ratio of
0.79 1s sorswhat Lower than would have been oxpected on the basis of estimated radi-
ation area of 80% and $0T for the two conditions.,

Tho absolute values of these radiation coefficients are much lower than anti-
cipated; and no imeasonable :xplanation hus been found for the discrepancy. Due to
the larger surface area of tho cl.thed sibject, it wauld be anticipated that for the
clovhed man R/AT waald be in tho neighborheod of 205 to X% higher than the nude
coefficient unlass vhe clothing emissivily is low; this possgibility appears to be
mulod outb by the dats available on tho wmissivity of HBT.

The convection cosfficients, O/AT = 0,55 / V. and 0,66 /V' are in good agreo-
zant. Their ratios to tho corresponding valus (0.53) for the nuie subjects is 1.3
and l.2L which is psrfectly comratible wibh ths anticipabod incrcase in surfsce area
of the clothed man.

Hovever, one cannot esceno the fact that the total Q_-}_{B_ iy lowor than cun
be explaired, Tho question ray tharefom bo raised as to whuthor tho satisfactory
valuus found fur C/AT may not be fortuitour and that the not defieit of C + R
should bo distributed botwoon both the convaction mnd radisti»n coelficionts. Sirse
tho posalble error in moasurciont of T, - T from assumitg woo high a value for clotn-
ing emmissivity tends to underestima'e Ta"&‘o’ C &R would be still lowor if tho cor-
ract T~ T, wore used. Thus, though C_\ a3 c:ﬁc’ulatud is low, the full extoni of
tals dofislt may huve bean comsoaled bjf'dividing by a too aall Af.
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From a practical standpoint, conveetion or radiation to clothed men is most
satisfactorily defined in terms of tls effective insulation of the clothing., How-
ever, the earlier statement that all other factors being constant, E can vary ac-
cordingly to the path of evaporation independently of clothing insulation, in-
dicates that difficulty may be expected in en atiempt to msasure clothing insulation
with ﬂ;i‘e d%ta avellable, This &5 further shown by equations (8) B, C and D, Fig. 9,
vhere TS' ‘I‘e is related to the various insulation coefficientis and to X and . In
the simplest situation, (8) B, the clothing insulation I+ Ij , is equal to I *:._f.”
and in this case I,4 I.can be calculabed.. l.hgn, hiowever, evaporation de=- Te— v
viates fram this route as in C and D, 1 's” ¢ is no longer a simple function of
the clothing insulation. Tg— Ta

Recognizing this, but in an effort to cast some Jight on the effect of clolh-
ing wotness on its insulation, I, 'fs- 'fe ( or K:».- i;: {_z_ ) has beon plotted against
sx::e:.\t unevaporated in Fig, 15, Thaeresﬁlt, as would be anticipated, suggoests thab
with increasing wetnass of clothing its conductance increasecs.

Two factors sugrest that the eppaient insulation as plotted in Fig.’lS oy
bo reasonably valid: Firsi, in condition C the value plotted, 1 Ts= Te should
T Trr———

H3, Ve
AR

“aiffer only slightly fromthe true clothing insulation, Ly I,,°TifiS fho coeffi-

cient of E in the denominator of equation C (6) can be expected to be very closc
to one, Second, condition D, Fig. 9, roquires that T, be lower than Tg. —In the
condition here treated whare T, is higher than T , a nogative ratio, -s7 e = ywould

result if condition D dominated, The abscnce of negative values in 167 4@
Fige 15 suggeste that evaporation according to path D is relatively minar.

DISCUSSICE.

The results of the analysis of theo experiments with nude subjects appear
fruitful, The coefficlents of the throe exchange palhs studied, convection, radi-
ation, and ovaporation, are all consistent with cxpectations end with the limited
data available for comrarisen. The data for evapcration has no counterpart; the
only reasomable congarison is with tho data of Fewell and Fourt (4,3). The dir-
forences revealed by this comparison aro porhars not larger bthan would bo antici-
rated, takking into account the scatter of ocur rosults and tho inhereat difference
in the typo of sxperiment. TFurther study is dosiiable on many grounds, but es-

. pecdally ncuded is an answor to tie possiblo criticism that incczplate wotting was

obtainad in our experiments at tho highor wind volocitios,

The indopondent estinration of the mwdiaiion coofficients yellds a satisfye
ing confimmation of earlier work. 4seow inforniziion accwmulates over extended
ran@a of conditions, the adoquacy of iho tlivorsticsl deseripticn of radiation oxe
change ao opplied to nwude mn becosns wore arparont.

Ap with radiation, the deseripiiens haw effured Lor coavection fudl largely

into the category of extonsion of available infowrsation Lo disferent conditions o
alr flow and to more sovoro environmental conditions., It svoms probable that tiw
most useful informtion on convection oxchango ot hizh wind velocitles will arise
from study of linear air flow; this 4o much more fivguont in occwronco et high wind
wolocitios than is turbulsnt flow. -
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"~ For .practical use, the following rounded values are suggested for the co-

~ efficients derived from the nude experiments:

Evaporation = E/AP = 1.47 O°%

0.5
Convection = C/AT = G.5V

Radiation + Convection (120°F.) G & R = 5.7 4 0.5v°°
' AT
In these equations thermal exchange has the units, Cal/nlz/ﬁr/?c or mallg, and -
velocity is expressed as feet/minute,

5

Lines drawn from these equations are shown in Fig., 16. Note that ‘1 exponent
of V is higher in the equation for C/AT than for E/AF, therefore, incrcasing wind
valocity increases themmal stress more rapidly thsn the coolirg possible by evapor-
ation,

The results from the exporimants with the clothed subjects aw perhaps most
useful Insofar as they point out the complexity of the prodblem and the difficuliies
likely to be encountered in applying the wethod of partial calorimetry. Nost of the
uncertainties of the present analysis would be eliminated if a complete heat balance
were availablae. The evaporation coefficients require complete restudy under con-
ditions insuring better control and greater uniformity of wetting. This is a dif-
ficult task, but a very practical amd important one.

The data presented here on the gross coefficlents of evaporation for clothsd
mon are of very limited usefulness, but until better information is available, may
serve to fix ths order of magnitude of evaporation from partially wet clothing.

With respact to the convection and radiation coefficicnis from Lhe c¢lothed
men, two alternatives are offered. The easiest caurse ab the moment is to disregard
tha results on the basis of inadequate dafinition of the swface temporature, or
roasurenent of storage, or both. Cn the oblor hsnd, if we are to accept the eminent-
1y reasonabls values found for C/AT with the clothod subjects we a1o forced inlo tha
recessity of accepting what at prosent appears to bs am unaccoptable valus for clothe
ing omissivity.

1. Coefficients of thormal exchange for nude end clothed men, standing and
walking, havo been estimated by partial calorimstry in a serics of 7 envigonmont
and at 5 wind velocitios., Dry bulb temporaturss ranged from 90°F. to 120°F; vapor
prossures, 13 to 36 mnHg; wind volocitios, 30 to 600 fi/minuto.

2« In nudo subjecto.tho maximun cosificicat of oveporation can bo descrived

by the squation GAP = 1410+,

3o Sweating rates adoquate to myasurs tihe maximum coofficicats of surface
ovaporation in clothod man probably were not reachod. Charts piesonting tia coofe-
ficlonts actually found are shown.

he Coafficlents of conveotion for nuic con can bo described by tho eoquation
C/m = 0.5 /V . . T

ik s " e . R . ’ y - . -
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B 5. Estimetes of the convection coefficient with clothed subjscts gave

o valuos 23% and 2% higher than tho coefficient found vith nude subjects. This
is consonant with ostimates of the ratio of the surface area of clothed to nude
oM e ’

e

6, The coefficiert of radiation for nude subjects was 5.7 Cal z.:z/f-h~/°C.
- This value is in agreement with a theoretical coefficient based on emissivities
of wall and skin of 1 and a radiation area equal to 93% of the surface area.

7+ The coefficients of radiation Jlcund for clothed subjects wors much
lowsyr than would be predicted from reasonabls assumptions as to cemissivity of
- the clothing surface., No explanation of this discrepancy is offered,

PR

| 8. Movement of the arms and legs whils walking rasulted in an increase X
in the apparent wind velocity. This amounts to approximately 150 ft/min over 1
: the tunnel alir flewi, ,
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TaBLE 1
EIVIRGMERTAL CONDITIONS AND SEQUENCE STUDY

Environment No. and Corresponding
Vet Bulb Tempesature, -4

Dry Vapor Prossurd
Bulv nm Hg.
Temp,
g, 13 25 36
90 (1) 89.6° 4 X
96 12) 71.5° | (5) 82.8° (7) 91.0°
105 {3) 74.,0¥ P X
120 (4) 78,00 | (6) 83,00 | e

VIND VILOCITIZ

Code |Tt/din
’ a a0
v 75
c 150
a 300
e 00
SEQUENCE CF mVInCyin©s

Tho pumber rofors to environmant,
lotter to wind velociiy

Vook® (1 (Accv®)| T W 9 ® 3

Ry 150<63 Havve X Ve | wo o

2 12078 lc 35 aa Id 8¢
3 9591 0 i ia 29 1o sa -

< | 120-78 4¢ 34 Go 7a Sc

5 12073 2o s 3o &o 54

<] 12055 &b i Sh ol iv

] 7 j120-80 | ea |rr {éa |m |2
8 120-88 o ' LG &b Bd

® Stnating 9 Qatober, 1944
R i) Eei’aeclimtizeft.ion. 8o dnta collectian,

~®%¢ B3 = Zase Duy; 120% - 8089, 300 Ftjfuin

A}

Incl. g2
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DASLE 2

PRYSICAL CHARACTERISTICS OF THS

SUBJECIS

rSu:?aci?

Subjeot | Gcioloxien | Age | Helghb |Weighs
' | s !
Yeays Ca. Ve, oA
Mil 1ight 20 185 62.4 1,63
Lon 14gn% 23 17G 65,5 1,76
God* brunatto 20 185 62.5 1,82
el brunotts 22 177 74.4 1,80
{

¢God veoplacoed McG after L1 tost doye.
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TABLE 3

TAQTORS USTD FOR CALCUTATION OF WEBIGKTTD

SKIN AD SURFACE TEMPERATURE

Hardy, Dubois{ Zones Uatentiny Tngtors
Arcas Moasured || ude Cloghed
Saanding Wallzing
Zong | 508 Sizin Surfacd Cin | Surfaco
L ma oy 2a {4)] mTso To fa)
Head | 0,07 Choole 0.07 0.07 0,05 10,140 | 0,120
Traniz! 0,35 Chost ¢.18 0,35t0 |0.19 [0,35b} 0,19
;Bn* 0.17 0,17 0,17
Uppor
Arzg | 0.4 arm 0.14 | 0,148 [0.15 |0.14% | C,15
Hands| 0,05 Palm 0.05 0,085 0.04 {0.05 0,04
Thigh! 0,19 Thigh 0,3% ! 0,19% ]0,40a |9,38% ;0,337
Legs | 0,13 Calf 0.20%¢ 0,35t
Foot | 0.07

= Cbinined by thormocouple; all othor tewperatures by radlomotor,

« Foat and legs grouped with thigh,
Back ond chest grouped,
Yrod grounmsd with cnlf,
Boczuse of iancroascd murdace arca of clothed man, hoad and hand

faclors decreascd by 0,12 to0 0,12, ail othor factors inorassed.

1.90

= Foot growned with check,
« Ioge grouped with tiigh,

1.3
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4BLE 4

RELATION G2 CLOTHED SURFACE AREL TO MAN SURDACS ARZA

o | Typa® Sizo Suvface Area U2 <
) Tt
“a 0 " u o o *"‘3
bl olel el e + « s o 5 e 8170 =i pe 'cd,w‘

I SIBY B 8B 8 18 |8 B gds e |4
rlaldAlw] ol - @ g & © 6 S ol og |d < q
clalal2 28] 22 |8 e S d (» &[S |0 ol
1 |S [D | 183.8] 45,0[34R |5Q-33 |0,675 | 1.0571.932 |2,203| 1.45] 1.52

2 |1 |0 |168,9 O57.5(34R |32-33 10,831 | 1.245(2,12 2,439} 1,841 1,4

3 |2 |L | 183,5 ©OV.3|30R |52«33 1,005 | 1.205 [2.2¢4  |2,577 | 1,75 1,

& |5 |I | 157.5] G0,5.34R |30=33 Q.28 |1.057|1.887 12,19111,50( 1,23

5 I 1T ]173,1] 68,2{34R (32-33 {0Q,030 {2,167 12,007 (2,457 [ 1,70 2,03

6 | (T 1195,0] .0,2(35% (3i-33 [1.026 1:,1602,256 12.650{2,13{ 1,22

? S |H | 161.5] 80.6[34R (34«38 {0,802 [ 0,6.30.87¢ 12,193 [ 1,62 1.23

8 I R | 16,5 85,5/38L 133=35 {1,045 {1,375 2,323 12,703 { 2.9 1,55

9 |¥ 1E }182,9] 101,4 102 [40-33 13,169 |1.428 2,503 13,015 {2.21 |1.53

*S = Saort

I < Iatorscdiato
PR ) §

= B w Hoavy
g‘%&gv-’: : o A - ey A s

" ee 2 5y 5000 Gvea of Bead # bands § feot ¢ clothing = ggﬂ iuio
A | , : LIS Dede
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TOTTADLE 5

>'APPAREKT INCRAASE I WIND VILCCITY WITH VALKING

vind Volosity

Feot/rinute
Pals i Soaing “alting
= Clothsd Clotked | A
T/aP 1400 to 2100 rms/hy
8 kiv] 145 143
? 215 a0 135
6.5 180 40 140
15 620 4z 100
12 529 19 | 210
Y 225 45 1c
ck 2 5
Az
<2 683 W90 | 10
% 260 160 60
13 190 o | 12

e - S+

e e - .
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F16.3

COMPARISON OF RELATIONSHIPS :
DESCRIBING EVAPORATION AS A FUNCTION OF
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View of Front End Showing Straighteners ,
ARMORED MEDICAL RESEARCH LABORATORY
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View of Subjuct. Jetibolisa and Clothing Tecperatures are

Being Msasured.
ARMORED MEDICAL RESEARCH LABORATORY
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View of Subject Marching in Herringtone Teill Unifora,
(bsarver is Determining Keart Mate.
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Lateral View of Tunnel Showing Metlatolic «ppars
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