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HATIOHAL ADVTBCHY COtMCTTXE TOR AERONAUTICS 

ADVANCE RESTRICTED RSKfRT 

AH IHVECTIDATIOII OF AIRCRAFT HEATERS 

I . ELEMENTARY BEAT TRANSFER COHSIEERATIONS IN AN AIRPLANE 

By F. C. Martlnelli, M. Trlbus, and L. M. K. Boelter 

INTRODUCTION 

No exact data exist on boat leases from aircraft and aircraft 
personnel during flight. It Is Imperative, however, for the de- 
signer to have knowledge of the nagnltude of these losses and the 
physical factors which control them, In order properly to design 
cabin heaters, seating arrangements, Insulation, and so forth. 

The following report TOB written in an attempt to clarify the 
basic factors of heat transfer applied specifically to aircraft 
heating and to guide the experimenter in planning experiments to 
obtain further data. In the absence of exact teat results, the 
authors !iavo stiidlod the literature and tentatively present equa- 
tions and cliarts for the various thermal resistances encountered 
In aircraft work. These recannendatiens will be changed as more 
la knewn about the various components of the system under consid- 
eration. 

In many oases, from necessity, the actual conditions ore 
excessively idealized: namely, a man Is considered as a vertical 
cylinder in order to establish the conveutive loss from his body. 
The order of magnitude of the quantity involved, however, may be 
determined readily, and vliat is more important, the uffoct cf the 
variables Involved bocomes apparent. Thus, numerloal calculations 
baaed on the data presented will be a first approximation only, 
but they will shew the designer the rolatlve effect of any changes 
which he may propose and will aid the experimenter to determine 
what further data ore necessary. 

This Investigation, oonduoted at the University of California, 
was sponsored by and conducted with financial assistance from the 
Rational Advisory Committee for Aeronautics. 
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SYMBOLS 

the coefficient of absorption (radiant energy), ft-1 

area of heat transfer perpendicular to direction cf 
heat flow, ft6 

area of amallar radiating surface, ft2 

area of larger radiating surface, ft" 

experimental constant (dimensionless) 

unit heat capacity of fluid at constant pressure, 
Btu/lb °f 

thickness of the absorbing material, ft 

diameter, ft 

emissivlty of the hot surface 

emtesivity of the cold surface 

voltage, volts 

unit thermal conductance for convection, Btu/hr ft0 °F 

fox unit thermal conductance at any point z from leading 
edge of flat platu, 3tu/hr ft" °F 

fr  equivalent unit conductance for radiation, Btu/hr ft
e °t 

7       function 

T^     shape modulus, a faotor In tho radiation equation 
which allows for the rolative geometrical position 
of tho radiating surfaces 

?2 emlsalvlty modulus, a factor In the radiation equation 
which allows for the non-Flancklan character of the 
radiating surfaces 

g      gravitational force per unit mass, lb/(lb BecE/ft) 

00     solar Irradiation at any altitude, Btu/hr ft0 
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H 

1 

k 

l 

n 

F 

*o 

4 

«a 

height of plate, ft 

eleotrloal current, «aperes 

thermal conductivity (cf solid for conductance equations 
and of fluid for convection equations, Btu/hr fta(°r/ft) 

length of plate In direction of air flow, ft 

exponent (sees. XI and XVI); number of radiation shields 
(aec. VIII) 

atmospheric pressure at any altitude, lb/ln° 

atmospheric pressure at ground level, lb/lnc 

rate of heat transfer, Btu/hr 

rate of absorption of solar energy by an opaque body, 
Btu/hr 

lab rate of absorption of solar energy by a translucent body, 
Btu/hr 

It     rate of energy transmission through a translucent body, 
Btu/hr 

E electrical resistance, ohms 

H, thermal resistance of skin, °F/Btu/hr 

Hg convectlve thermal resistance of air gap, °F/Btu/hr 

B 3 evaporative thermal resistance of air gap, °F/Btu/hr 

R 4 radiant thermal resistance of air gap, °F/Btu/hr 

H8 thermal resistance of clothing, °F/Btu/hr 

B „ oonvectlve thermal resistance between outer surfaoe of 
clothing and cabin air, °F/Btu/hr 

H T thermal resistance through which the sun's Irradiation 
flow to cabin Interior, °F/Btu/l«' 
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B8 radiant thermal resistance between outer surfaoe of 
clothing and oabln walla, °F/Btu/hr 

B,  thernal resistance through which rospiratory heat loss 
flows, °r/Bt'u/hr 

H,0 thermal resistance through which leakage heat loss flows, 
°F/Btu/hr 

H,, convectlve thermal reel stance between cabin air and oabln 
walls, °F/Btu/hr 

R10 thermal resistance of cabin wall, °F/Btu/hr 

S13 radiant thermal resistance betveen outside of plane and. 
surrounding environment, °F/Btu/hr 

Ri^ ^aT   same definition as B 13 except for bottom and. top 
of plane, respectively 

B14 thermal resistance through whioh heat is transferred by 
irradiation, 9F/Btu/hr 

B1B thermal resistance through whioh heat is transferred by 
friction, °F/Btu/hr 

Eie convectlve thermal resistance between outside of cabin 
wall and outside air, °F/Btu/hr 

tj  akin temperature, °F 

tfl  temperature of inner surface of clothing, °F 

t4 temperature of outer surface of clothing, skin in contact 
with cabin air, °F 

*earth effective earth temperature, °F 

*«ky offsetive aky temperature, °¥ 

*„  temperature of tnnor surface of oabln wall, °T 

tyg temperature of outer surface of oabln wall, °T 

T   akin temperature, °R 

& 
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Tc tompi-rature of Inner surface of clothing, °H 

3f. aoua aa    t4    except in absolute units, °B 

TA hot b;dy tomperature,  °R 

TB cold body  temperature, °B 

T_ transmittance of plezlglas 

Tw temperature of inner B'irface of cabin wall,  °R 

Two temperature cf outer surface of c&blr. wall,  °R 

TB temperature of radiation shield, °E 

Uj„ velocity of fluid, ft/sec 

W rate of fluid flow, lb/to 

x thickness of solid In direction of heat flow;  distance 
along flat plate  (sec.  XVI)  ft 

ct absorptance of surface 

p OOeffleleot of expansion o*" fluid, 0B~1 

7 Wlfht denaiV of fluid, lb/ft3 

7o we*ght deiifllly of fluid at 70° F and 1 atmosphere, lb/ft3 

6 thickness of air cp-Vi ft 

e base of Baperian logarithms 

At tenpcrat'ire difference causing heat flow, °F 

<P angle between normal tc surface and line connecting surface 
and sun 

u absolute viscosity of fluid, lb sec/fta 

u kinematic -.-fscosity cf fluid, fta/a->o 

a Stefan-Boltzaan radiation constant • 0.173 X 10"8, 
Btu/fia fcr °R4 

v \ / 
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temperature of air between skin and clothes, °F 

temperature cf cabin air, °F 

temperaturo of air wlion exhaled, °F 

temperature of air when inhaled, °P 

temperaturo of air outside cabin, °F 

' 

Gr 
K 0 At K3 

f„ H 

Craahof modulus 

Hu = • Kesselt noduluo 

3G00 n C g 
Pr • 1—  Prandtl modulus 

Bo = 

k 

l  7 

n e 
-, Koynolds modulus Tor flat plato 

THsra«L CIRCUITS 

{Temporature not a Function of Time) 

The analysis of the flov of hoat from a body to the surround- 
ing environmont. io simplified by utilizing the circuit concept. 
The thermal circuit may be solved in the same manner as the cor- 
responding electrical circuit. In the steady state the elements 
of the thermal circuits are resistances and lumped unidirectional 
hoot s.iurcts. 

Cortain thermal guontitlos and corrcspending electrical 
quantities for one analogous circuit are Illustrated in table I. 
The table entries aro lim'ted to unid-'roctl ^nal steady state 
variables and elements. Distributed pari«motyrs and theimal 
capacities havo not boon included. 

v\ 
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TA3LE I 

Meclianlaa Eelatlon Equiva- 
lent 

current 

Equiva- 
lent 

voltage 

Equivalent 
res '.stance 

Eleotrioal 
conduction **l 1 amiis K volts I! ohms 

cr 

(Btu/hr) (°F) 
UWhrJ, 

Thema! 
conduction q At X 

kA 

9     1'JL 
'Cft' 

Thermal 
convection 

q = f^'i At 

•-Hfr 
a At 1 

V- 

Thermal* 
radiation a = r^ At i At 1 9 
Flew of 
gases a-wc^fr, - TC) i 

•»•Thermal r 
proportion'i 

eslst ins. 
a to  i/wcp 

•The torn fr is an equivalent conductance for radiation. (See 
sees. TV,  VIII, and XIII for a more detailed description.) 

•»See sec. X for diocuaslon. 

W  weight rate of flow, lb/hr 

Cp  heat capacity at constant pressure, Btu/lb °F 

T— 

V^V 



A 

x       thickness in the direction of flow, ft 

k   thermal conductivity, Btu/hr ftE (°F/ft) 

A   aroa of hoat transfer perpendicular to the direction of 
flow, ft8 

fc  unit conductance for ccnvootlon, Btu/hr ft
3 °F 

fr  equivalent unit conductance for radiation, Btu/hr ft
R °X 

At  temperature difference effective across resistanco, °F 

Tx - T8  change in mixed —in tomperatu.ro of flowing gas, °F 

Inspection of tablo I reveals that, for the circuits under 
consideration (in which the heat flow dojti not depond or. time), 
the raie oi heat transfer is equivalent to the current and the 
temperature drop equivalent to the voltage drop in the particular 
electrical circuit. The ovaluation of the oquivalent thermal 
resistances is usually the moat difficult p-irt of the analysis. 
Methods cf computing these resistances arc presented in the body 
of this report. Those are recommended only until better data 
ore availablo. 

EXAMPLES OF THERMAL CXBCLTTS 

As examples cf tho above technique applied dirootly ••-> tha 
problem of aircraft heating, four thermal circuits aro arranged 
in fig ires 1, 2, 3, and 4. All circuits represent the case cf 
heat transfer independent of time and correspond to: 

Figure 1.- Tho flow of hoat from a clothed mun in the cabin 
of on airplane. 

Figure E.- Tho flow of Iwat from an unclothod portion cf a 
man inside the cabin of on airplane. 

Figure 3.- The flow of hoat from an inanimate ob,1tct Inside 
the cabin of an iirt>l?.ne. 

Figure 4.- The flow of heryt froi.i the plant as a unit to the 
external jnvironsaont (hoat balance on pLinu). 

A ' 
J 

v 



Beferrlng to figure 1, a large fraction of the heat loat by 
the hwran body either passes through the akin er Ja given to the 
air which la breamed. The latter q;iantlty nood not be considered 
when the llov through the akin and olothea la calci-lated. 

The rate of heat transfer thrc^ the akin le .lotürained bjr 
the magnitudes cf all the other rucistanooa In the circuit i-jid must 
lie such, chat the skin temperature dons not fall bololf a eerrtalii 
mlnim'im valuo. After passing through tho skin the hoat passes to 
the lnnor surface of the clothing In three parallel paths, that is, 
by conduction and/or convection, by radiation, and by evaporation. 

Practically all of this heat then passes thrcugh the clothing. 
In loose fitting clothing there is usually a cortaln amount of air 
circulation. Seme of tho hnat. nay ho carried directly Into tho 
cabin air by those air cirrants. This leakage Is as yet an In- 
determinate amount and Is ropraaentod by resistances 2a &nd 5a. 

At the outer auri'aco of the clothing thare are three paths 
for the flow of tho heat. Tho bod} may gain by convection fron 
the relatively liarra cabin air, lose heat by radiation to the cabin 
valla, and perhaps gain heat as a result of irradiation by tho sun 
transmitted through tho cabin windows. In thy following sections 
of this papar each resistanco is discussed 1n BOJIQ detail. By 
knowing tho manner of variation of tho resistances an estimate 
oan bu made of the effect of chungee in ths system on tho rato 
of hoat transfer frcm tho body. Two qualitative oxamples will 
bo givon: (Hirfor to fig. 1.) 

1. Contrast tho hoat flow JVon tho portion of a man In 
contact with a oold motal scat to that frcoa a stand- 
ing man, Tho resistance 2 Is reduced considerably; 
I    also is diminished. Resistanco G Is materially 
reduced and in addition tho temperature in the lover 
end of this resistnnco is decreased from the air tem- 
peraturo to that of the oold motal seat. The radia- 
tion resistance 8 is scmovhat lncroas.-d, and the 
irradiation resistance 7 tuce-mea Infinite«. 

2. next consldor tho heat loss from the bare skin of a 
man. In this case rosiatancos 2, 4, and 5 bo- 
ccme zero and a d!r.graa euch as Is shown In figure 
£ results. 

Figure 3 shews tho diagram for an Inanimate objoot In the 
r.abln. S:ich an otiject normally will not bo a source of heat; sc 
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tile sun of the gain oi' hoot by convection and Irradiation must 
Just equal the Ices of heat by radiation to the cclder cabin walla, 
A convenient raeth..d for calculating the equilibrium temperature for 
auch a body 1a discussed and presented In seuti.r XVII. 

figure 4 Illustrates the manner In which heat Is lost from the 
aircraft to the outside air. Heat Is gained by the plane through 
the heater (an exhaust gas type Is ohcwn in the ft.^uro) and from 
the heat losses of the men In the plane. Thi hoat may be lost by 
air loakoge and by passing through the ca'.;in wall, first passing 
through a convactlvo resiatonce on  Uta Inside surface of the vail. 
The heat then flows through the cabin wall and finally by convec- 
tion and radiation to the outside. Iieat may be gained on the out- 
side surface by irradiation frun the sun and by frictional heating 
(the latter at high velocities only). A numerical evolnition of 
such a heat balance is givon in section X7TI. 

I. BESISTAHCE 1 

THE RESISTABCE OF THE HUMAN BODY 

Hardy (reference 1), in his papers on the heat losses from 
human bodies, presents the data for an unclothed man; those ore 
given in figure S. Dr. Hardy's experiments wure performed, on 
naked subjeots placed in a calorimeter. For this reason, some 
of his resulis do no', properly apply to clothed men. However, 
they serve to indicate the trends tn the lnfl"enoo of tempera- 
ture on the bodj mechanism. Hardy (reference 2) makes the follow- 
ing statements: 

"Measurements of thonnal gradients in man indicate u depth 
of 2 to 3 cm Is involved In the thi-rwal gi>adient from tile internal 
tissue to the skin surface. Assuming an average dopth of 2 cm for 
the whole body, the thormal conductivitj 

k •> 0.00049 gram cal/cmB sec (°c/cm) 

k = n.ii3 Btu/hr ft8 (°F/ft) 

"Lefevro (reference 3) in 1911 .irrived at a value of 0.00056 

gram cal/cm" sec —. Comparing this value with other substances 
cm 

shows that from substanoos which have considerable air space, such 

/ 
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as wool, hair, felt, etc., feu materials have hig'er inculatlng 
ability than Living tissue. Leather, for example, has a value of 
0.0004, pape:- 0,0005, cork 0.0007, Tt would thus appear that 
living tissue cojld hardly increase its thermal insulating ability 
if it had no circulation of blood and tliat the hoat transferred 
through the tissue in this environmental range is duo to pive con- 
duction. TWs would account for the constant value of the tissue 
conductance from 82.4° F (28° C)* d;vn. Tho body in this region 
may he compared, to a cylinder cf the sane surface area as a man, 
wrapped with a layor of paper 1 cm thick, the internal tempora- 
tvre of which is maintained at 9G.6° F (37° C)". 

The thermal conductance referred to was obtained by dividins 
the thermal losses through tiie skin by the average temperature 
difference between the skin and the internal tissue. As shown 
in figure 6, this ratio remains constant below a calorlnctsr tem- 
perature of 02.4° F. 

ihe increase in U.e ijieruul cond-'.otanoe aTv;>v.i 82,4'' F (2S0 C) 
Js due to the increased olroulatior. of blood. This offoot nay be 
induced also by muscular activity or chills. In attempting to 
apply these values to calculations it must uo bcrne in mind that 
a criterion o<' comfort is the skin temperature. If the subject 
indulges in ,jreai. m.tuc lar aatlvily, '.e can stinia iauoli ~C"t;r 
heat IOBB vttho'it discomfort than if 'ie remain« quiet. The gov- 
erning factor is not the heat lvjad on the man, but the akin tem- 
perature. 

i 

Tho tomperaS.ui.-u in-iy vary greatly from one portion of the 
bod;» to another. In one experiment ic was found that the tem- 
perature or  t;:e skin en the forehead TPIS f'9.'"c F (32° C) vhile 
the tsrnperatui-e at :.he. feet "as CO.l0 F (2S.7° c) (reference 4). 
The values shown In the figures are averse temperatures. 

If tho skin toRperature drops "teluw Co"  F (30° C), ahivoring 
will •»r.err.ll;' OüCI". In OOnelÄerlng tho deu1<ni of hoatirg equip- 
ment, it will be advisable probably to specify that tho average 
skin tonperature of a nan droosod in specified clothing shall net 
by below a certain temperature, probably 8£° F. 

The heat loss throvghtho man's skin by conduction is, 
therefore, 

q.  = k| (98.G - tj) 

•Calorimeter temperature. 

. 
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where 

A   surface area of the nan (atout 20 ftc) 

i   deyth of conducting layer (about 2 a • 0.066Z ft) 

9,   heat loss, Btu/hr 

t1      skin len.p9rati.-re, °P 

thermal conductivity of living tisane, 0.110 Btu/hr ft£ j£ 

Resistance 1 is, therefore, 

0.566/A 
3tu/hr 

Whenever perspiration is induced at a rate vhlQb exceeds the 
rate or evaporation and/or absorption by elothlagj and a-lditicivd 
resistance duo to the liquid layer on the skin must be added to 
resistance 1. This resistance is equal to the thickness of the 
liquid layer divided by the thermal conductivity am?. ourf&C9 area. 

II. HaSITT/JICE 2 

THE RESIOT/JTra BZTWU3J TEB SKIM AKD THE ClGTÜEXi 

The quantit,, of heat which flews fron tho skin to the cloth- 
ing by means of conduction and convection depends mainly on tho 
thickness . f the air space between the clothes and the skin. 
Fishenden and Saundors (reference 5, p. 115) and Ton Bosch (refer- 
ence 8) discuss the mechanism of heat trans.er by conduction and 
convection anr.ss air spacos. Tut conclusion ie ror;.c'.:od that fcr 
air caps less them 0.10 inch thick, convex.Ion currants an :ieg- 
ligible and the transfer of heat la by p<.;ro conduction across the 
stagnant air layer. Wien tho air fjup is thicker tban 0.10 inch, 
free convection currents fcoooue more effective, until fcr ptpt 
Of abc-t 2 inches the transfer is largely by free ccnvec;icn.* 

Ten Bosch (reference G) illustrates the connective currents 
which will exist in an air gap, as shown in figure 7. Z;u fluid 
velocity is z6ro at the hot surface?, increases vipidly a short 

I 
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distance from the wall, p.nd falls to Eerc at the center cf the air 
Cap. The fluid falls next to the cold surface. Thoca connective 
currents transfer the he.it free one vertical surface to the other. 

Quantitative Data 

1. Caps less t.'ian 0.10 Inch. - The thermal resistance; for 

small air gaps is given by tils conduction oquatlon: 

A 

R„ » —, 
kA' (3tu/hr) 

vhore 

6  air gap thickness, it 

k   thermal conductivity of air, 

(8a) 

hr ft-. X I 

A   area through which heat transfer is taking plaso, ft0 

?..    Gap3 groat er than j iiehna. - Gap3 greater Slan 2 inches 
Generally vlll not ox let batman the skin and clothing of a man, 
hut it is of inherent to know the mechanism of heat transfer across 
sv.ch air gaps. The air gap will be considered vertical, for pur- 
poses of analysis. The relations which are discussed under Resis- 
tance 11 will apply directly, tliat is, the mede of heat transror 
is by free corvoction. Thus from the hot surface to the ambient 
air, if the fJow is laminar:* 

fa=0.30  (t,  -  T3)lAf!-! 
\?o/      ' hr ftE °F 

end from the ambient air to the c?ld Bvjrfaco 

0.30 (T, - tc) 
/4/?V/p 

>% YJ 

(2b) 

(80) 

As a first approximation, the temperature cf the ambient air 
is equal to 

•More precisely, as is discussod under Resistance 11, 

C        I 1    3>   \j    , 

if 

\  v 

/ 
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3    2 

Thus, both (2b) and (Ho) may be written ae 

. / B \i /a 
(2d) 

The to'al resistance across too air (»ap is twice the resistance 
from t-ne surface to ihe ambient air.    Thus 

f0A 
0,125(t »   ,1/4    /PY'3, 

(3e) 

whi-iro 

t1      temperature of hot surface, °F 

ta  temperature of Jold surface, T" 

P   cabin proasuro at aiv altitude, lb/sg. in, 

PQ  cabin prensure at ooa level, lb/a'i in. 

A   area for heat transi'or, fts 

3. Intermediate gap thickness. - The values of =r—r fcr 
 M  RE« 

intermediate gap thlcknoso ere shewn In fl'ure 8 for atmosphoric 
pressure conditions and a (tx - ta) of 30" F. These values were 
obtained from Fishenden and Baunlare (roi'orence 5). For other 
atmospheric prossuroo and other t.-snperature differenced (tx - tE) 
the magnitudes of 1/HgA for yaps less then 0.1 inch will not 

change appreciably; whereas for caps greater thar. 2 inches l/SJl 

may be computed from equation (2o). Interpolation between theso 
magnitudes, using the crrves Bhown in figure l>  as a guide will 
allow prediction of the thermal resist.mco of gaps of intermediate 
widths. 

v • 
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III. KSJSTAHCE 3 

EVAPORATION OF MOISTURii FROM THE SKIM 

The rate of evaporation of moiaturo from the skin will depend 
on the humidity aid tho temperature of tha air in contact with the 
akin and the skin tem^eraturo. It aloo vill d<:pcu4 on the rate of 
porspiratlcn of two subject, or, more exactly, t)ie ccncontr&ticn 
of water vapor on UM akin. Moisture removed from tho skin is not 
neceasarüv evnporatod. Moisture absorbed into the clothing, for 
example, has no cooling effect other than its lowering of tho re- 
sistance of the clothing to heat transfer.  (Sr.e resistance 5.) 

At high altitudes tho air in the oab'.n will he genorally of 
low humidity. This wilL result in tho drying out of the akin 
wherever Lt is exposed to the air, and expsrijnea similar to that 
experienoed by mountain climbers. Under tho clothing, however, 
tho la,'or cf air will quickly became rather humid as there is 
very little circulation of air inside the clothing. DuEois 
(reference 4) has ohown that at low temperatures in air of river- 
age humidity the amount of heat lost by the body through evapora- 
tion from nude subjects is not very great. Tills is due largely 
to the deorease of the vapor pressure of vatcr with temperature 
and to the lowered activity of tho perspiratory organs. The lat- 
ter effect will dopend somewhat on the mental state of the sub- 
ject. The data for nude subjects in a culorlmotar at various 
temperatures is shown in figure 9. These data cannot bo applied 
directly to the problem of clothed porsono but should bo used 
only to Indicate a trond. The fraction of the total heat loss 
due to evaporation in the reßlon below 73.Q° F (calorimeter tam- 
perat;iru) is about 1/10. ThiB, however. is for nude persona. For 
clothed persons it should bo aomowliat loss, because the clothing 
will tond to absorb any perspiration and may oven hocorae negli- 
gible. 

This portion of tho thermal circuit will requiro further re- 
search. For the present, it may be assumed that the heat lost 
through this means is negligible and tho rosistanco 3 is infinito. 

• 
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TV. R38ISTANCE 4 

RADIiMIOK IBOM BON TO CLOTHING 

Thormal energy -s radia':od frani the ekln to the inr.or aurfaoe 
of the clo-hea.    i'ho diaousalon prescntod undur Eoa!Btunco 8 ap- 
pliod directly  t.o th!s «aao,    Tho Mfcrg}  is transferred approxi- 
mately In accordance with the fourth power lav.    However, the 
water vapor In the air in UM sjKiOO between t}:e ski:i and olothes 
will  lake part, in tho radiation process  In Bisse wavelunr.ths. 
Until this fraction haa beer, mcro definitely established, the 
fourth power law will bo utilized without correction (reference 
7).    Thas ehe rato of energy transfer is given by 

0.173 A [(BÖ*""OS)*] *A "*« <4a) 

Since (reference 8, p. 54) the clothes completely enclose 
the tod;', FA = 1. Further, the areas of the body and the clothes 

are practically oc.'iol, so that 

E  i- + i--l 
(4b) 

The omlaaivity of the skin (reference 9) is vury cUas to 
1.00 and the emtssivity of clothing at long wave lengths (corres- 
ponding to a low temperature radiation) is approximately (refer- 
ence 10) 0,85, rr.-iKll nn Cf color. 

Thus F* = 0.95 

Expanding tho equation for    q,   as shewn for resistance    C 
Melds 

fr = 0.173 x lCTa (Tj3 + Ta
B)(T1 + Tc)  F& F^ 

Thus 

(i~) 

• 

,7G X 10E CF 

t, A      (Tj2 + Ta
a)(Tl + Ta)FA Fs    Btu/hr 

\\ 
I 



The quantity 
FA   fg 

17 

io shown plotted in f ifliiro 18 against   T, 

and    Ta.    If   F, JV, = 0.95,    tr    and   H.4   may be readily cnlcilated. 

V. RE3IETAi:0S 5 

THE HBUWUO OF TH2 CL0THIK2 

Scant results of work on the effectiveness of clothing can be 
fo'.ind in the literature. 

The resistance of =he clothing is the sun of tho resistance of 
each layer of cloth and the contact resistances betveei them. Con- 
tact resistances are treated in soctlon II. In table II is given 
the thermal conductivity and the density of various materials. 

Density 

(lb/ft3) 

0.12 
.08 
.M 

17 
6.9 
9.4 
L, a u 

S.06 
9,0 
6.3 

10.6 
Z0.6 
12.0 
15.2 
5.0 
8.3 
20.0 
10.0 
30.0 

29 
94. S 

TABLE II 

Material Conductivity* 

Btu/hr ft°(—j 

Carbon dioxide 0.0088 
Air .014 
Kapok .020 
EaJr felt .021 
Wool .022 
Mineral vool ,0"2 
Balsa wood .023 
Cotton wool .024 
Cork .0^1 
Silk .02S 
Earth (loose) .0"C 
Felt (wool) .030 
Savduss .030 
Charcoal (loose) .030 
Cctton .032 
V? i-d shavings .034 
Barth (pewder) .036 
Lampblack .035 
Qypsum (loose) .045 
Linen »OS 
Asbestos ,088 
Sand .19 

*Soe references 11 and 12. 

-h- 
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It, for the materials listed in the table, the conductivity 
is pt.tted agalnat the donoity, a rough correlation mv be observad. 
This correlation exists because '-he Insulating jal ie of cloth (or 
ether material containing air caps) depends to the first approxi- 
mation not on tha cloth Itself, but en the air spaces in the cloth. 
The beat Insulator would Iiavo an infinite number of air spaoos, 
infinitely small. A line has to;n drawn Mirougli the points In 
flgi'ro 10 and mado to coincide with tho value for pure air. The 
lever line i-epresonts the probable value of the conductivities 
were tho mc-eriale saturated w'th carbon dioxide instead of air. 

The effects of compressing the clothing (when sitting down or 
bending the elbcw, for Instance) are throefold. First, the thermal 
conductivity of the cloth is increased Hince the air gaps are mado 
smaller. Secondly, tho contact resletancje botveen clothes are 
made much smaller, and lastly, the total thickness cf the cloth 
Is decreased. The effect of compression on the thermal conductivity 
of rock wool Is shown in figure 10a (reference 13). 

Tho resistance cf the cloth to hont tranafor will dopend 
greatly on the vapor content of the cloth. In figure 11 tho ef- 
fect of water vapor on the thermal conductivity of rag felt is 
shown (reforenco 14). 

Flying clothes ray be bong In moisture-free containers when 
not in use and then kept dry. Pilots moving from tho hangar« to 
the ships on foggy or rain;- nights will absorb largo quantities 
of water which will not only cool the clothing as tho clothoa dry, 
but will lowor the resistance Of the cloth as well. 

Tho same precautions shoidd to taken concerning tho under- 
clothes. A waterproof garment worn between tho skin and olothlng 
or batmen the underclotkos and bha next layers of clothing might 
prevent porepirnhicn from Beeping through the olothlng and lcwor- 
lng its resistance. TX physiological offoots of BUOB a gamont 
except for short periods may preclude Its use, however. 

Tho heat flow through tho clothing will bo ßiven by 

t - (*B - t4)/fc„ 

R    * S'lmmation el cloth resistance + contact resistances 

A V 
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For approximate calculations it will probably Buffico to de- 

crease the ..hoinial conductivity of the clothing material by a 
tliJrd to account for the contact reatstnncos and use this value 
as the over-all conductivity of the total thickness of clothing. 
(See sample calculations In sec, XVII.) 

VI. RESISTANCE C 

I 

( 

COBVECTIVE RESISTANCE Oil OUTER SURFACE OF CLOTHING 

The convection from the cutsldo of the man"a body la quite 
complex, because of its irreg'jlar geometrical shape. As a first 
approximation, a standing nan may be censiderud as a vertical 
cylinder about 14 Inches in diameter and 6 foot tall. Eoat la 
lost from this "cylinder" by free convection, vhich causos verti- 
cal air currents, and by forced cenvoction which on the average 
la caused by air flow perpendicular to the cylinder axis. It la 
difficult to combine the effect of these two modus of transfer, 
but it is suggested u a preliminary step that both unit conduc- 
tances be computed and the larger of the two chosen for calcula- 
tion. 

Forced Convection 

The data presented by McAdans (reference 8, pp. 21S-2K0) for 
fcrcod flow past right circular cylinders about 3.75 inches diame- 
ter, may be exprossod as: 

E ~&0 
Substituting the values of u, k for air at 50° F yields 

Btu (TL, ?)»•" 

D0-"4   hr ft» °F 

(3a) 

(Gb) 

Vn     air velocity, ft./aec 

1       air density, lb/ft3 

D   cylinder diameter, ft 
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For a diameter of 14 inches (nan) 

f0 = 2.70(1^ 7)° Btu 

hr f t?  °F 
(6o) 

Free Convection 

Aa in the caeo of resistance 11, the free convection from the 
nan may be oxpr ?aaed ass 

0.30 (t.. - T„) i4 /p V=   Btu 
Vo/ hr ft" °F 

(6d) 

This eqi4fttion is a roaaonablo approximation and expro3se3 the 
probable effect of temperature difference and cabin pressure on 
the rate of heat flow by free convection. 

IJecapit O.ation 

For i'roo convection 

0.»<t,-Tj>'«(£)"A 

(6e) ' '    i 

and for forced convection 

< 

2.70(1^ 7)°-BGA 
(3f) 

The smaller of the two resistances (larger fc) ia to "no used. 

Since, in general, *:*lB cabin air will he warmer than tho man'a 
clothing, an attempt should bo made to roduce R6 to an small a 

value as possible. This may be dono by i,'ao  use of fana or the 
proper location of air vents. Care should be taken tc avoid exces- 
sive drafta at tho cabin wall to prevent E^ from becoming too 
small, thereby lowering tho cabin air temperature. 

Equations (6c) and (6d) are presented graphically in figures 
12 and 13. 

• 

A 
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VTI. H3SISTAXE 7 

KM3IATI0K HSOK THE SUM THROUGH THE '.,'1ND0W3 

The trinsmlttance of plexiglua has fceon meaaured as a func- 
tion of the wavelength of tho incident on?rt.y. The tj-ananJ ttanoo 
la defined an the ratio of the transmitted enei'^y to the incident 
energy. 

_   trruia.aJt^od radiant onurrsy 
incident, radiant energy 

In the warelengtho i-epresontnd in sunlight, it waa fotwd 
(roiorence 15) that the average transmlttance varied with tlio 
ploxiglaa thickness shoi/n in figure 14. 

For the wavelengths emitted hy bodies at moderate tempera- 
tures, such as the walls of a cabin or panels heated to 400° F, 
tho transmlttance of plexlglaa is BO low aa to render It opaque 
to radiant energy. The conclusion to bo drawn from this phenomenon 
la that ony energy that gets into the piano from sunlight will not 
ha rerad'.atad outward by the man. At night, no mattor how cold 
the objects which hia body can "aoe" may be, he will not radiate 
to thorn through the ploxlglas winJowe. 

Solar irradiation as -i function cf altltudo is known and can 
be used to compete the rate of heat flow through the resistance 
nhovn as 7, If 00 la the Irradiation at the altitude under con- 
sideration (Btu/hr ft") and Tr the transsittanee, A the area, 
the energy reaching the man is 

qt = Tp G0 A cos tp (7a) 

where cp is the angle between the normal to the glass ourfaco and 
the line connecting the nurface and th3 sun. 

JTo numerical value need be assl.Tned to resistance 7, olnce 
the rate of head flo«r ma;- Uo rtad'ly determined from equation (7a). 
Since the heat flow la essentialV in one direction, It lo not 
necessary to Include it in an analysis of the amount of heat necen- 
sary to keop a man comfortable. If he la comfortable when no re- 
ceiving sunlight, it will not :>e a difficult matter to make hiia 
corifortablo when lie is. 

I 
.? 

•VI 
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For numerical values of the Irradiation at variouo alt-itudes, 
oeo section XIV. 

VIII. RESISTANCE 8 

RAPIATIO:; FROM THE MAN TO WALLS 

The total radiation from a perfect or Plancklan radiator ie 
given by the SLufan-Soltzmann equations 

q m a A T ' 

where 

q   heat loas, Btu/hr 

absolute temperature, °K 

(8a) 

area, ftc 

constant, Btu/hr ftc °R*   0.173 x 10" 

The net energy Interchange botvsen two parallel todies la 
then given by (reference 16) 

q - 0.173 A if —- I - ( — 
lAlOO 

y.f-av 
/ vico, J 

(9b) 

If the bodies are not perfect radiators, a correction factor 
(ealsslvlty nodulua) Fg nr'St be innerted. Ii' the bcdios are 
so situated with respect to one another that all the radiation 
from one does not strike the ether, a correction factor (shapo 
modulus) F^ must be Included as a multiplier. The oquation 
then becomes: 

f/ T,\ 4  / T„\4-; 

Bottel (reference 7) has tabulated values of FA and Fg 
for various systena. The multiplier FA fw    is not always separably 
into the two conponontn. Moreover, the moisture and C0„ content 
of the air between sur.'acos A and B will change the not 

I 
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transfer, as vater vapor and C0o en\.er into the radiation procens 
in the longer wavelengths.  (3ee references 7 and 17.) 

For a bod;/ completely enclosed in another and with no ro- 
entrar.; angles 

1 and F„ 1 Ä~~"T *~ 

When Pi1    is very mvoh maaller than Ag, F-p. will he a func- 
tion of Oj only. If Ax In nearly the sane aa Ae, tne energy 
interchange will Le a Bens'tlve function cf both «x and ec. 
This is shewn in jigvre IS. 

where 

ea  emissivity of inner body 

e   emissivity of outer body 

A1  atua of inner body, ft
B 

A„  area of outer body, ftE 

The emissivity of moat clothing will be about 0.95 and is 
usually not suncapticle to change. The upper horizontal line in 
figure 1.5 represent« the case of :sa air. i:. a lnrpe cibir.; th* 
lover oco many men i;s a  sastll e.-CLlOi;. ":.;• "r. avorags 00,10, whore 
A
I/

A
E • C-1-» changing ihe sniasiviW of the walla from 0.8 (tainted 

aluslnum B'.irface) to 0.085 (unpalnted) (re'eronco 6, p. 45) will 
ohan/je the heat loss by abo' t CO percent. For the case of many 
men In n section tho lowering will be even greater. 

The "equivalent unit conductance for radiation" (referenoe lö, 
ch. Xviii) ja defined as follows: 

r«fw * q = fr A(Tft - Tj.)  » 0.173 X lO-" (T,*  - TE')FA FE 

fr = 0.173 X 10_faA
c + TB

8)(TA + TB)7A FE (8d) 

For a man radiating to the cabin walls, TA = T4 and 
Tj. = Tw. In general, Tw will be known, but T4 will not. As 

"7" 

/ 

I 
/ 
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an the equllli-rt jm temperature of an inanlma4-e oLjoot in the same 
position, Thlo problem is treated in .in example in section XVII. 
The resistance for thlo method of heat transfer ia therefore 

fpA £t-.i/hr 

Tho U3e of Endiatlcn Shields 

The radiant energy transfer car. be decreased tremendously by 
the UBu of radiation shields.    Sven a radiation shield of infinite 
thcraal conduct!-/: uy (approximated by a very thin sheet of metal) 
».r.d an emlsslvlty of unity (blackened aluminum) will decrease tho 
energy intorchanße by 60 percent.    This fact is demonstrated as 
fellows: 

Consider two bodies at temperatures   T,    and   T-.    Assume 
that they are placed so t\ja.t their shape modulus is unity and 
further zsz-^z*, that  liiey are both black body radiators (fig. a). 
A rnrtiaticr. shield of unit smissivity and infinite thermal con- 
ductivity Is incerpr-sed (fi^.  b).    Neglecting the effects of con- 
vention to the svirroundlns air, the enars;- transferred from   A 
to L?.j a-iuxu will be 

XA| 

A! 

a. 

T > T A    B 

h 

I - °(V - V> 4  n 4\  Btu 

hr ft' 
(Ce) 

That "Vom the s'.ield to B will be: 

I- ofV-V) 

- 
/ 
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Since there can bo no storage cf energy, the tvo rates must be 
equal.. 

v - V • v - V 
(8f) 

I 

The heat flow from A without the shield Is: 

The heat flow with the 3hiold ta: 

...jy^tsae)] .».*..*, 
The shield, therefore, reduces the heat Iocs by 50 percent. 

(8g) 

(Oh) 

By similar reasoning it can be shown (reference 10, ch. XVIII) 
that the preoence cf    n    radiation shields cf varying enlssivltloH, 
ci> ec  •••••, »i1, eB', e3'     will reduca the radiant heat 
transfer by a factor 

JL     2.-1 
GA       efl (81) 

X   l^i   1    JL.    x ] I. 1 

where 

ex  emiasivlty of one side of ehielt" 1 

Cj1 emisslvlty o>" other side cf shield 

eA  <.mlsslvlty of surface A 

eg  eialseivltv of surface B 

B  number cf shields 

^v 
" 



EC. HESIBTABCE 9 

RESPIRATION 

To complete the heat balance en the nan, it is necessary to 
taice into account the fact t!iat ho warms the air he breathes. This 
heat loss, unless the air is iincomfcrtably cold, will not affect 
his sensation of warmth because it will not affect his s«:ln tempera- 
ture. If the aLr is very cold, UM man will experience difficulty 
in breathing. Leng before this happens, hovevor, other factors 
probably will have acted to make him uncrmfcrtaile. 

It is not proposed, that the energy lost through respiration 
be taken lnu- account In determining whether a man will be comfort- 
able. This resistance is shewn only tc complete the exact circuit 
as it exists. If it is desired to include it in making a total 
heat balance, the heat lost will be giren by: 

q -WC- (Te - Tj) (9a) 

whore 

q. heat lost, Btu/hr 

W weight rate of respiration, pounds of air/hr 

Cp heat, capacity o< the air, Btu/lb °P 

Te tomperat'ire at which the air in rxlialed, °P 

Tj temperature nt which the air is inlaiod, °F 

Ho number need be assigned tc thin resistance, for it rariy be 
treated as a portion of the thermal circuit in which the current 
flow is knovn. 

X. RESISTANCE 10 

AIR LiWCACE 

If the amount cf air that escapes freni the cab'n in V pounds 
per hour, the enthalpy that will be lost iron tho cabin ie 

« = V Cp <\ - To'  Btu/llr (10n) 

TY7 



vhers 

•Cp     specific neat, of air, Btu/lb. °F 

f       femperatare of the cabin air, °F 

T„     temperature of the outside air,  °S 

If there are leaks ia the oat la and the cabin la slightly 
pressurized, the leakage will be c/i^aented by the decrease in ex- 
ternal pressure as the airplane gains «Itltwto.    Suoh leak3 also 
generate drafts w*. loh Increase the heat losses through the sides 
of the airplane, although auch drafts under certain environmental 
condition« nay rrcve beneficial to the nen "0/ helping to vam them. 

If res la tiu-.se 10 is low,  it is evident  from figure 4 that  It 
will function alarst as a dii-ect short circuit.    In ran;' nirplaiies 
the heat lost by air leakage Is  'ar greater tjan the heat trans- 
nlt'.ed through tr.o cabin vallo.    Um the an aunt c*' air loaiajo 
nvflt Le knew, tcfore the necessary capaclt;. 
for an airplane can Le established. 

3f the oat ;.=ater 

No number need be ass'.gr.od tc tl.la resistance, for it nay be 
treated an a portion of the t'iensal circuit in which the current 
flow Is known. 

rr. RESISTANCE 11 

coEVEcrrvE RESXSTAHCS AT TEE H:SIDE SUHFACE 

OF TES CABIN WALL 

fA^ilf^\ 

Heat flows from the cutin air to the cabin wills by convection. 
If there are no drafts, the medo of heut transJ'or is by free con- 
vection. The warra air will i'lcw down the 
cold cabin walls and up the center of the 
caMn. In addition, If thsre is a draft 
down the center oi the catln, heat trans- 
fer l>y foroed crnvection will take place. 
It is difficult to combine the two modes 
of transfer, and, au an approximation, 
both unit conductances should be calcu- 
lated and the larger of tho two used. 

•ft * ffl \) 

i1 

T 

\\ 
v. 
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Free Convection 

It may be shown readily (references 18, 19, and 20) that the 
unit thermal conductance for fr.>e convection depends on the Graaiiof 
modulus and the Prandtl mod.ilus. In general 

Nu • F (Gr, Pr) (Hi) 

Experimentally it is found that Nu = c(Gr X Pr)n, approximately. 
The exponent n is constant for a narrow ranpe of tho variables. 

For vertical places 

f c n 
Ku = -X— ..'• an•:•'.'. modulus 

a ß At H3 
Gr =   p , Graahof modulus 

Pr 
HCpC (5S00) 

-, Prandtl modulus 

0" 

wnere 

fc  unit thermal conductance for free convection, 
3tu/hr ftr °F 

k  thermal conductivity of the gao in contact with tho 

plate, Btu/hr ft* ~ 
ft 

c experimental constant (d imonsionless) 

n experimental exponent,* 1/4 < n < 1/3 

II height of the plate, ft 

C 32.2 ft/socs 

ß coefficient of expansion of £;aa, l/*B 

At difference in temperature between plate and ambient gas, °F 

•»The 1/4 p-iver correopoüdu r.o 10* < Gr Pr < 109 for which the 
flow is viscous. The 1/3 pow-r ?or:'eopoiv!s to 10s < Gr Pr < 101B 

for vhich the flow is turbulent (reference 0, p. 248). 

—T-—T 
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V   kinematic viscosity of gas, ftE/sec 

u  absolute viscosity cf &LB,  lb aco/ft0 

C_  unit hoat capacity of (jin at constant pressure, 3tu/lb °F 

For air, ovali'ating the various physical properties, the 
above expression laay be vrittsn approximately (reforencoa 5, 
p. 107, and 15, p. XII-4) as 

fc = 0.30 6tl/YjLYA.    BWhr «" °F 
\'o-/ (I") 

vhore 

7 density cf gas at the arithmetic mean of the plato tempera- 
ture and the ambient gas temperature at the pressure cf 
the ambient gas 

y0     density of the gas at 70° F and 1 atmosphere 

For cases where the arithmetic average of the plate tempera- 
ture and the amhijnt /»as temperature is close to 70° F, the equa- 
tion may be written as 

ft 0.30 atl/4(£ I1   S,    Btu/lir ft2 °F (lie) 
\*0V 

where 

P  ambient gas pressure at any altitudo, lt/lnD 

P0  atmospheric pressure at soa lovel, lb/in° 

Forced Convection 

Whon a fluid flow alon0 • fist plate of length I    (measured 
in the direction of flow), the flow is termed "viscous" if Reynolds 

U 2 y m ' 
•ami er   is less than SO,000 and "turbulent" (reference 21, 

u g ' 
p. 36ö) If it is greater than 50,000. As a very close approxima- 
tion to mere exac'j analyses (roferonces 22 to 25), Cclburn (refer- 
ence L6) has shown that the average unit conductance for a plate 
I    feet lcng in the viscous region may be i.-xprossed as: 

VI 
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-i/s —£— <*>•*. 0M(5LL1)-Xfn       cm) 
3600 cp um 7        Ue / 

Substituting the properties cf air at 50° F in the above 
expression, yields: 

/% A°-5 

This expression raay he used for values of Eo 

(lie) 

less 

than 50,000; that is, for air at 50° F the product % < 1(3 
ftn/Beo. 

If the Reynolds number is graater than 50,000, Colbum 
(reference 26) gives 

3600 C- ^ y p Jm 
(Pr)^3, 0.036 (SLLT\" 

V u 8 / 

.i/e 
(llf) 

which checks closely the value presented by others (reference 27). 
For air at 50° F this reduces tc- 

f- = 4.?5 f-~^  I (llg) 

This expression Tcr the average unit condi?ctr>.nce over a flat 
plata Z feet long applies for values of 

Re > 50,000, that ia, V^ 1 > 16 fta/soc 

Recapitulation 

1. If free convection controls 

Rii 

0.30 (Ta . tj   ^EJ  A 

(llh) 

\\ I 



2, If   tt,, I < 16    ftD/sec 

1 

,- (^J-\ 
3.  If   % I > l<5    fta/ßec 

31 

(111) 

Hu = ' 

4.3.'i 
^r t \o.e 

o.asy 

(11J) 

whore 

T   caMn air temperature, °F 

tw  cabin vail temperature, ^ 

calln air pressure, It/in 

atmospheric piviss'ire at sea level, lb/in2 

air velocity la cabin due to drafts, ft/eec 

effective cabin length measured In direction o." forced air 
flow, ft 

A   area of heat transfer perpendicular to direction of heat 
flow, ft* 

Plots of these equations are shown In figure 13, 17, and 18. 

The cabin of an airplane 1s not n.  single flat plate; so the 
use of oqiatlons for a flat plate of length 1 is only an approxi- 
mation. Povever, s!i;ce I enters those equations only ao the 1/2 
and thrj 1/6 power, a reasonable estimate of fe will result even 
thcugh the exact magniti'le of the length I may not be 'mown. 
Since Eai Is so large, It usually will be MM major resistance 
determining the rate of ;;cat transfer through the cabin walls. 
Eff-rts to decrease heat losses from the airplane may be aimed 
at fncreasing Rxl (decreasing f0), 
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XII. jiESEE.tffCE 12 

THE RESISTANCE OF THE WALL 

The resistance of t:ie walls of moat military craft of present 
design can j: shown tc bo negligible.    The wall thickness in 3uch 
cra^'t 1s about "\032 Inch.    The thermal conductivity of aluminum 

°F is about 117 Btu/hr it«-   — .    The heat lost through such a wall 
ft 

will be: 

I = — (tw - twa) 

where 

q       heat flew, Btu/hr 

te       thermal conductivity of the aluminum, Btu 

hr ftB(°T/ft) 

area of heat transfer, perpnndlcuiar to heat flow, fts 

thickness of wall in direction of heat flow, ft 

temperature of the inside surface, °F 

two temperat.:irc of the outside surface, °F 

The resistance is: 

[Tor an Elinrinvm wall, 'jnir-nulated) 

„    X    0.C52 
"in " — •  

fc\  12 X 117A 
2.28 X 10"r,/A 

Bti'/hr 

This resistance can be neglected in comparison to the others 
and the Inside tomporature cf the wall assumod to b^ that of the 
outside wall surrace. This will have man:' unfavorable effects be- 
yond the Immediate loM 01 heat through the vails. Tlie surfaces 
which receive the rudiant energy from the men inside the airplane 
will be colder, increasing the radiant loss. The temperature dif- 
ference between the inside cabin walls and the cabin air will be 

TT y 
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greater, resulting in increased free convection and lewsring ro- 
alstanoe 11. Finally, the walls mv bo so cold that it will bo 
Impossible to touch thorn without injury. Equipment fustened to 
the wells nay be rendered useless at high altitudes by the exceo- 
slvely lew temperatures. 

If the cabin walls are insulated, the resistance to heat 
transfer will be that of the insulation alone, since the metal 
lias such a snail resistance. If the thermal conductivity and the 
thickness of the insulation are known, the calculations are treated 
exactly as above. Any air spacos Introduced by uddinß the. insula- 
tion are treated as described under resistance- 2. 

As pointed out in the discuESicn of resistance 5, the resist- 
ance of the men's clothing, the presence of moisture in insulating 
materials may affect the heat transfer tremendously. The liquid 
or ice layer on the inside metal vail will increase the resistance 
of this portion of the circuit. The cabin Insulation should be 
sealed wherever possible since, in normal use, there is a tonioncy 
for moisture to condense in the Insulation and not be removed. 
fhe rate of moisture condensation is appreciable if the windshields 
faß rapidly d'ring flight. Unlike the windshield, however, the 
walls are usually not deircoted nor Is any attenvl made to dry 
them. If tt is desired to maintain them at their maximum effi- 
ciency, therefore, It Is noceesary to take special precautions 
to keep them dry. 

The possibility of saturating the insulation with carbon 
dioxide gas should not to overlooked, fcr it is a much poorer 
thermal conductor than air. 

XIII. RESISTANCE 13 

RADIATION FROM OOT73? SURFACE OF AIEPIANS TC EURROUKDINGC 

In level flight the surfaces cf the airplane on the under side 
see the earthy the upper surfaces see outer space, and the sides 
see toth. But the atmosphere is not perfectly transparent to all 
wavelengths, for it contains water vapor, carbon dioxide, oecne, 
dust, and liquid water (clouds). These constituents absorb and 
radiate in wavelengths in the infrared region which correspond to 
reasonably largo magnitudes of the monochromatic missive poirer 
at the temperatures under consideration. 

7 "7— 
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Several methods are available for the calculation of the ir- 
radiation of a surface by the constituents of the atmosphere. 
Beferenee to the pertinent articles will ba made here. A simple 
method lias been devised fcy Anderson (reference IG, pp. 53-59) 
vhich is based on the oarlier interpretations by lin.sa03er of 
spectroscopic data on water vapor. The prccedure of Anderson 
will account only for tho e'fect of water vapor; dry bulb and 
vet bulb data are n9cossar; as a fraction of alt'tude in order 
to accomplish a numerical aolution. Elsassar (reference 28) has 
recently proposed another graphical technique vhich is based on 
mere recent intei-iprotatlons cf spectroscopic data; also, a cor- 
rection is made for the carton dioxide content cf the atmosphere. 

Hottel and Egbert (reference 17, pp. 'i97-307) present the 
data fcr the emieslvity of water vapor and carbon dioxide en a 
large range of temperaturos dewn to as low as 0° F. In particular, 
the e.fect 05 path length, the effect of superposed water vRpor, 
and carbon dioxide radiation and fornulas to be employed are 
discussed. Brooks (reference 7) presents varies data for the 
transmissivity of water vapor and he also Includes an analysis of 
the data of other investigators. 

A cloud ban); may bo considered as a radiation shield as a 
•first approximation. If the temperature cf the side cf the clcud 
vhich sees tho airplane is known, it may be conceived of as a gray 
tody and it wäll replace tiia earth or "ov.ter space" depending on 
the location of the cloud bank In respect to the airplane. The 
coding which clouds experience is discussed by Elsasser (refer- 
ence 29). 

In the Illustrative examplo which follows later in this soc- 
tion, tho absorption and radiat'en cf the water vapor and other 
constituents of the almosphure are omitted. These corrections will 
be the subject of a later contribution. In the illustrative ox- 
ample, the fourth power radiation law, betveen surfaces was utilized 
with outer space presumed to be at absolute zorc. The nraierical 
work also was carried through on the presumption that the airplane 
lost or gained no energy by radiant exchange. Those calculations 
are presented in section XVII. 

A 
w 
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XIV. RESISTANCE 14 

SOL.'J>. JBHAEIATIOE 

The solar Irradiation on a horizontal plans in 3tu/hr ftE 

maj bo obtained at. tie Station lavel for certain localities from 
t'io reports - the Hssther Bureau. Abbott (reference 20, p. 1??.) 
presents in: oroation on t'.ie solar corisoant, that is, the Irradia- 
tion at the outer a'vmoopl ore. The sclar energy absorbed by an 
opaque surface of an airplane flying In the ipper aijnoaphero aa^ 
be calculated (TOBI 

a G0 A ccs $ 

where 

0o the solar irradiation at the altitude of the airplane, 
Btu/hr ftr 

a,       ahsorptance of the surface 

•-I'   angle betveen normal to the surface and line connecting the 
surface and the Bun 

A   area of absorbing surface, ft" 

(In the absence of irradiation data, G0 may be taken aa the 
irradiat!on at the outer atmosphere.) 

If the s"n StrlkM a trans-parent or a translucent s-Jrfacn, 
the energ.  transmitted is 

rr GQ A cos  9 

where Tr is transmittanco. 

The tranamittance depends on the angle of inciflenco and in 
relatively constant for small anplca w'th respect to the normal. 
Vinally, the absorption of a transparent or translucent bod;- is: 

Vb (I - €"a *) A. A <;os * 

.where 

i    •  thickness of the absorbing body, ft 
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a   coefficient of absorption, ft"1 

e   base of Naperion logarithms 

XV. RESISTANCE 15 

FRICTIQNAI, HEATING 

The drag of tho a!r on the airplane structure will generate 
heat which must be dissipated to the air stream and/or inward 
tlirough the stein to the interior of the cabin, depending on the 
sign of the tBBiptjraU'rt! gradient. Of the several references on 
this subject, two will ba mentioned which deul with the tempera- 
ture of the skin of an airplane on the assumption that no hoat 
flows to or from it (references 31 and 32), 

For an airplane travelling at 550 feet per second In air, the 
increase in tomperiture will be approximately 15° F with the air 
temperature equal to —"C° F. This increaoe will rssult only if 
the surface Is Insulated and after such time of flight that the 
steady state obtains. Experimental evidence of the Increase in 
temperatures of wires in a cross and parallel stream is presented 
by Eckert, and Wr'.S'.  (rcfi.xr.co Z~). "Inoiiy, an expression for 
the thermal conductance from a gas to the solid boundary Includ- 
ing tho e:feot of frictional heating is presented by Schlrokow 
(reference 34). 

TVT, RESISTANCE 16 

CONVECTION J-BOM OUTER SURFAC.3 OF AH AIRPLANE 

In the absence of better data, the hoat loss by convoction 
from the outside soriace of the airplane nay he estimated by 
calcula' Ing the heat loss from a lar«ri flat plate with tho same 
over-all length as tho portion of the airplane 'tndur considera- 
tion. Investigations (refaranoaa 55 and 36) of heat leases from 
airfoil shapes seem to indicate that the heat loss from a stream- 
lino body in wh'ch separation is r.ot serlcua may be calculated 
with some accuracy W the basis of flat plate data. 

Frr a short distance from the leading edge of an airfoil shape, 
"vIsco>'s" flew will exist, but for most of tho airplane ;mdnr flight 

LL_ l y 
conditions tho Reyn- Ids number —  will be greater than 50.000. 

U g 
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Thus equation (lie), presented in the discussion of resist- 
ance 11, vill apply to the calculation of f0 from the fuselage, 
and vin^s of the airplane. 

This equation is: 

fp 
3600 Cp Tfo 

-PrE/3= 0.033 f^H'Yl/B 

7 \   U E     J (10a) 

Fcr tiir temperatures of 70° F and -60° F the equation reduces 
to: 

4.25 r-^y kr Y'" Bt-i 

\ln-DBJ hr fta °F 

f. =4.03  (?£ 7   V'a at -60° F 

(lot) 

(16c) 

respectively. 

The above equations sxpreas the iverage unit conductance 
for I    feet cf flat plato, I    being measured in the direction 
of air flow. If thu unit conductance at any point (fCy) along 
the plate is required, it may he obtained by the- following method: 

By definition 
/ „*fex <*x 

JJS.  

J o 

(lSd) 

or 

V Vo '« 
dx 

but. if    fc • c xn,    substituting in the equation abeve yields: 

c rf» +1= y   f0I dx 
/o 

• /   fcx ax 

Jo 
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Differentiating 

e(n + l)xn * f0 

Tcx  - fn(n + 1) (ICe) 

For the flat plate In the turbulent region n = -0.30 

Thus f^ = 0.6 f0 (161) 

The thermsl conductance) at any point along the flat plate 
la 0.80 tlsics the average "0 up to that point. It should be 
noted that fCI 1s extremely high at email values of x.    A 

/XL 7 \ 
plot of    fc    against    /    g-sg J    is shown in figure 19.    Inspec- 

tion of the curve shows that under normal flight conditions    f0 

is quit» large, thus mating   B1B   quite email.    However,  n;nce    y 
decreases with altitude,   R       will increase as altitude is In- 
creased. 

_1_ °F 
18      f „ A    Btu/hr 

(See fig. 19 for    f0.) 

XVII. TiT?IC/VL CALCTUTIOIJf! 

1. A Heat Balance on en Inanimate Object in the Cabin 

If the object in consideration is insulated from the walls 
and the floor and has reached equilibrium, the heat lost to the 
Wfdls b;- x'adiation will bo equal to the heat carried in by the 
air. 

fc A(t4 - Ta)  = 0.173 X 10-8 (T4*  - T„4) A I-'A FJJ 

(V - Tw«) = (Ja-) ( i   )   (t4 . T , 
\*A rE/ V>.173 X IC'8/      4 

'    i 

v A 
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If there are no drafts in tho cabin, the tsmpceature of tho 
object will drop ur.til the fruo convection inAucbd by the 
temperature difference t4 - Ta becomes great enough to balance 
tho radlox.t loos. Ao shown in soction VI, the free convection 
can bo represented by 

f0 = 0.30(t4 - T^) (P/?o) 

h 

Simultaneous solutions of the -above oquations substituting 
the appropriate values ior tho air and wall temperatures will 
yield tho minimum temperature which on object will attain. These 
equations have been sclvcd and. are plotted in figures 20, 21, 22, 
23, and 24. The dotted lines represent the miniaum temperatures, 
for free convection only, at various pressures. Tho solid lines 
are lines of constant cabin air temperature along which thj equi- 
librium temperatures are plotted as a function of the ratio 
tjtk r,. 

If there is forced convection, a value for fc must le 
calculated separately by means of the equations presented ii 
section VI and divided bj the uppropriate value for FA FH 
(see soc. VIII). This ratio fcAA Tm   ia  used to enter the 
chart and the equilibrium temperature is ruad dii-ectly on tho 
cabin air tempcratura curvo. 

Example: 

A machine gun is mounted in a cabin. 

The cabin wall temperature is -60°. 

The cabin air temperature is 70°. 

The emlssivity of tho walls and the gun ie 0.95. 

The cabin is pressurized at 0.0 atmosphere. 

Using figure 20, enter on the lino marked Ta » 70° V until 
it intersects the line marked 0.8 atmosphere. Opposite this 
point read tho tomporaiure at equilibrium, 13° F. 

> s 
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Assume now that the air temperature is 50° F and thrxt an 
electric fan is ueod which blows tin. air ucross tho nuchir.c run 
with a velocity of 10 feet per second (utilizing the urit conduct- 
ance for a standing man as a first approximation). 

fc . 2.7(1^ y)°-
sa  (aoc. VT, flg. 12) 

7 = air density, It/ft3 

Um c air velocity, ft/scc 

f0 = 2.7(0.061 X 10)°'6B 

f    = 2.04, Btu/hr ft8  °F 

T4  = 405° B » 25° F 

Bj using an electric far. to produce flow across the gun, It 
is possible to maintain a higher object temperature with 50° F 
cabin air than with stationary 70° air. 

50° air, 10 ft/sec . • 35° F 

70° air,    0 ft/sec 13° F 

2. Beat Balance on a Kan in a Cabin 

Thickness at clothing 1 inch 

Air gap, skin to cloth o.l Inch 

Conductivity of clothing   0.022 Btu/hr ft? 
m  Wftj 

Area of man 20 ft" 

Area of cabin walls 200 ftB 

Emissivity cf olothing 0.95 

Emissivity of walls 0.90 

Temperature of walls -G0° F 

Temperature of cabin air  70° F 

Radiation from plexiglae windows   None 

* 1 

i 



It is desired to knew: 

(a) The total heat loss from tho nan oxciualvo of respiration 

(b) Tho temperature of the man's akin in order to determine 
whether lie will feel cold 

(c) The effect of placing an electric fan so that a 4 ft/sec 
breeze is blown over hüa 

(d) Tho effect of polishing the cabin walls until the emia- 
sivlty is equal tc 0.1 (rough plate aluminum) 

(e) The result of the combination of (c) and (d) above 

Tha man ia standing so that all his body can radiate to tho 
wills and also receive heat by convoctlon from tho air. The cabin 
is to be draft free and all convection is free convection only. 
Tho cabin is pressurized at 0.6 atmociphere. There is no solar 
radiation into the cabin. 

1(a) Refer to figure 1: 

The resistance between ta and t4 

This resistance, R, 1        5      l/Ra + l/R4' Btu/lir 

Ra  = 0.566/20      (oec. I) 

Rs = 1/1.8A » 0.5S5/20  (sec. II) 

R4 • 1/1.15A = 0.670/20  (sec. IV) 

BB » 1/12 X 20 X 0.022 = 3.79/20  (sec. V) 
(See aec. Ill concerning R3) 

°F .'.R,   .= 0.2354 — 
1-0 Btu/hr 

Tho resistance between   t4    and the cabin vails    (tw) 

R8 = 1/fjA (aec.  VIII)  fr - 0.173 X 10-°(T4
8 + Tw

r) x (T4-HTW) FA Fg 

/ 
/     • 
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Aa a first approximation the temperaturo of the nan's Jacket 
surface    t4    can be assigned, to be about tliat of an inanimate 
object in tha same position.    From figure 20 this temperature 
is about 1PC F. 

fr *-- 0.173 X 10*a  (4.75u   + 4.0n)   (4.7P + 4.0) 0.95 

. 0.E53     Btu/hr ftE °F      (fig.  16) 
Of 

H. = 0.0903     S— B Bt-Vhr 

This value of   Ha   is a function of the temperatures    t4.    If 
the value of    t4    calculated differs by more than a few defjreoo 
from the value (15° F) chosen, B new value for    Ha  must bo calcu- 
lated. 

The resistance between   t;    and the cabin air    (fa) 

HB - l/fc A (sec. VI) f0 = 0.3 (Ta - t..)lAl (r/P0)l/a 

0.3 X E5l/>   X 0.8l/a 

0.728    Stu/hr ftE   °F 

°F Re = 0.0686 
Btu/hr 

Since there is no tharnal current in   B7,    the heat flow 
through   Bs   plus that through   H9   must equal that throujjh   HB 

98.6 - t,;      70 
+ 

Is      •        la 

- t«      t4 -  (-60) 

0.2354 O.0G8R 0.0903 

t.  = 21,.7° F 4 

Using this temperature to recalculate resistances B and 0 
yields: 

Re  = 0.0054 PB • 0.0872 

t4 . 25.5° F 

V 
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The temperature trap  from the body to the lutai&e of the 
clothes 18 96.S - 25.S • 72.I3 T. 

1(a) The temperature drop through the akin la 73.5 

0 0233 
X -v g3- «CO; therefore the temperature 

of the akla la 69.5C ?. 

1(h) The tctal heat lcaa la      "11. « 3Ca Dtu/hr, 

excluding resylxutlan.    This fig-tre c-3ajar*.a 
'avorabl? with the data glT^n In the Heat leg. 
Ventila';Tu' and Air Conditioning Guide (1942), 
P.4Ö. 

l(o) Forced convection, 4 ft/eec    wind fr-rn an electric 
.4,-1. 

f0 - 2.70 (T^ r)
c (aec. VI) 

• 2.70 X (4.0 X 0.075 X O.G)c'56 

fc . 1.22 Btc/fcr ft0 °¥ 
CF 

Btu/hr 

Fi-ora tho chart (fig. 20) the Jacket tonpertturo,    T4 » 437° F 
(27° F) 

f    . 0.175 X 10"E  (4.878 + 4.l>°)   (4.Q7 + 4)  0.95 

• 0.577 Btu/hr ft0 °F (fig.  16) 

°F 

no - t.: 

0.1.3:- 

Btu/hr 

70 - »4      t4 -   (-60) 

0.041 0.0Ü6E 

t4 , 07.5° F 

USITV» tlilo row tonporatur«,    RB   la recalculated: 

fr = 0.173 X  10"c (8.176" + 4.0°)   (5.175 + 4.0) 0.95 

- 0.E46    Btu/hr ft0 °F (fig.  18) 

\l 
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Btv/hr 

t4 = 32.4° F 

Recalculating Fa again; 

fr • 0.173 X 10"
C (4.92° + 4.0n) (4.93 + 4.0) 0.95 

= 0.5BO    Btu/hr ft8 °F 

°F 0.0G50 

3r.° F 

Btu/hr 

Substituting • .; Into the above equations yields the osuno 
temperature; hence it Is shown that the use of a fan will raioo 
the outer temperature of the clothes to 35° F, a rise of 10° F. 

The skin temperature will now ba 91.2° F. 

1(d) If the walls of the oabin aro polished until their 
emissivity is equal to 0.1, the product F« F«, 

will be lowered from O.SS to 0.55. The calsulationa 
are initiated for the conditions calculated in 1(a) 
of this example. 

R. , m  0.235, R- • O.OSSS H„ ~ 0.0B72 x ^rH = 0.151 EgjL i-*     »  s s        0-5r.       Btu/hr 

93 - t. 70 (-60) 

0.235 0.0S86 0.151 

Using this tomperature, 40.7© F,   Rs   and   RB   are recalculated: 

f0 = 0.30      [(70 - 40.7)l/4 (p/P(,J
l/r] 

» 0.30 X 29.3l/4  X 0.8l/a 

= 0.624    Bou/hr fte °F    (fig.   13) 

r 

• i 

0.0802 

7 T i 
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f 
1 

0.352 Btu 

fr • 0.173 X 10""  (5.08 •>- 4.0 )   (5.0 4 4.0)  0.55 

hr tta °F 
(fig.   16) 

Using this t'auporatura In the recalculation: 

E8 • 0.033b,    EB = 0.144,    and    t4 = J6.20 I 

1(e) If tho valla are polished and the fin Is used: 

R . • 0.235 H > 0.041 1—4 0 

Assuming that tho outer temperature of the clothes la 40° F 

f_ = 0.3H2 (s»;o calculation« at>ovf>.) 

\  = 0.142 

\ = 45.5° r 

UBing thiB temporatura to calculate the outer tampcraturo 
of the clothes again: 

Summarizing: 

Cor4dltion 

No draft, painted walla 

4 ft/aao draft, paintad walls 

No draft, polished walls 

4 ft/sec draft, polished walls 

Outer tempera- 
ture of clothes 

(CF) 

Skin tem- 
perature 

(°F) 
25. r. 89.a 

35 91.2 

36.6 91.2 

47.S 92.6 

Ä 
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3. Heat Balance on an Airplane* 

The evaluation of the heat balance on an airplane flying 
in air at night at various altitudes will be undertaken. Tho 
aii'opnel is assumed to be 350 milts per hour. Tlie cabin vails 
are assumed to bo unlns.iated 0.032 Inch thick aluminum. 

Cabin length: 50 ft 

Cabin height:  6 ft 

Cabin width:   6 ft 

Cabin air temperature, 70° F 
(at all altitudes) 

Cabin air pressure, 0.8 atm 

Earth temperature, 10° F 

\\ 

To shew the effect of drafts, the cases in vhieh the notion 
of the cabin air is such as to cai.se a 5 ft/soc and 10 ft/sec 
draft along the cabin wall will be calculated, and the case of 
quiescent air will Do considered. 

Resistance 10 (soc. X!) 

No reasonable figures have been advanced for use in calcu- 
lating this resistance. Measurements of leakage ra&cs in aircraft 
ore necessary before an;.' numerical magnitudes cm be assigned. 
Tho heat loss from the airplane will be c.ilculutod, neglecting 
the loss due to leakage. Tho resulting magnitudes for heat loss 
therefore will be rauch smaller than the heat which must be sup- 
plied by the cat in heater. 

Res'stanoo 11 (sec. XI) 

(a) Quiescent Air. 

(1) Airplane flying at 12,000 ft 

As a first approximation it can be assumed that 
tho temperature of the Inside wall of the c-ibin 
is at the same temperature as the outside air. 
This will be only approximately true. If In 
the final, stages of the calculation it becomes 
evident that there is a serious discrepancy 
between this assumed temperature and the one 
calculated, it will be nocessary to repeat the 
process usln£* the now temperature. One recal- 
culation will uevally surflco. 

•References tc rosintonces are to fig. 4. 

1 
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At 12,000 feet the mean air temperature is ie° F (reference 
37). From section XL, 

t0 = o.so    [(vo - isp*  (cc)l/B3 

> 0.727    Btu/ür ft8 °F    («£. 13) 

The surface area of the airplane 13 about 2f:00 fta (exclr^lnß 
vinßs). 

(C) Airplane fiylnf at 24,000 ft 

The nasan air temperature will be    -26° F 

fq.0.S0      [(70 + ZG)^*   (0.3)l/c] 

= 0.H43   Btu/hr fte °3T (fig.  is) 

(3) At 33,000 ft, the mean air t-aaperaturo la -C7° F 

0.314 
Op 

R,. - 4.37 x 10-*   , 11 Btu/hr 

(fc) Tiraft of 5 ft/sec 

Assuming that the cabin vails are sectlonlzed every 
ü.37 ft and usliyj the equation presented In section 
XI, since    U,j I < IG    fts/sec 

P0 = £.45     [(~ X 0.0?o X U.äJ/H.37]0"3 

= Q.ß7G 

Ru  - 4.62 X IC" 
Ow 

Btu/hr 

At 3G,000 ft the 5 ft/sec draft will have little effect since 
the free convection forces .ire so great.    At this altitude the. 

V 
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resistance calculated from a oona1de»atlon of the fraa convection 
alone should be used since It Is the smaller of t'.ie two calolitod. 

(o) Draft of 10 rt/seo 

f   = 1.25   Btu/hr ftE °F 

3.2 X 10" 
Btu/hr 

Keslstr&co 12 (Soo aee.  XIT.) 

0.22a X 10"4/2£C0 • 0.912 X 10" 
Stu/hr 

H aln'mce iö 

Consider the wor3t possible caee for thl3 resistance.    Tlio 
temperature of the surface of the ship can bt ai'owr. to differ 
slightly from that of the ambient air.    Choooo the earth emis- 
sivlty as unity and assume that intervening water vapor and carbon 
dloxido have a negligible yfi'ecL on the radiant energy interchange. 
This is not true, but their effect Js such JB to decrease tho 
radiation IOSB.    The sky tcmperaturo io postulated to he soro 
degree Hankine, 

For level  light the top half of tho airplane radiates to 
the sky while the bottom lioli' radiates to or receives radiation 
onergy fram tlie narth.    For Ulis case resistance 13 is a combina- 
tion resistance caapcaod of tvo resistances In parallel. 

The toi> half rad!aJ„e3 outward to absolute zero; 

f. 0.173 X IO"8 (TL) 

IS„ = 1/(0.173 X 10" 8X TJJa X 1250) 

Thu bottom half radiates downward; 

• 8 

»A»! 

fr = 0.173 X 10"8 (47CT  + T£a)   (470 + Tva) FA FE 

1 

fr = 0.173 x IO"8 (T£j. + 470s)   (TW2 + 470) 

V- 
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Altitude       Temperature fr % 
(ft) <°F) 

16 

(bottom hal") 

0.729 12,000 1.10 X io"3 
Op 

Btu/Iir 
24,000 -2C .638 1.25 

36,000 -67 .557 1.44 
ip3 

Vl 
°F 12,000 16 10G X 106 4.38 X 10~3 

Btu/hr 
24,000 -23 00.9 5.75 

36,000 -67 6C.1 7.74 

Resistance 14 

Since there la no solar Irradiation at night, there will be 
no heat flow through this rcaletanoe. This resistance la treated 
as Infinite In this calculation. 

Roplabance 15 

At a flying speed of lens than 300 miles per hour the frictlonal 
heating of the surface of the airplane is negligible. The rosistance 
la also treated as infinite. 

Roslstunce 13 
/ 

The equivalent conductance on the outside cf the ship is calcu- 
lated from tho equation presented in section XVI, equation (16c), 
or figure 19. 

,    . 4.03 fÜ* 

U,„ 

.0 ^ 

!50 X 52Q0 

jo.ssy 

367 ft/sec 
3500 

I*'«. 50»'«. 2.66    ft1'4 

7 = 0.053 lb/ft3 at 12,000 ft    (rof3icnce 37) 

r       y 

/   . 



5C 

Altitude 
(ft) 

12,000 

24,000 

36,000 

y = 0.035S lb/ft3 at 24,000 

7 = C.02265 lb/ft3  at 36,000 

3s_L 

7.30 

4.90 

3.12 

"16 

IS. 78 

14.4 

10.1 

2.OS X 10" 

2.78 

3.98 

°F 
Btu/hr 

Having evaluated all the resistances Involved at the varicua 
altitudes, the validity of the assumption that the outside surface 
temperature Is essentially the same as the ambient air temperature 
can be chucked. 

The tiieraal current flow to the point t   (flg. i)   ihrovßh 
resistances 12 and 16 must exactly balance the loaaai through 
resistances Blst and K.-j, (shewn as one resistance, resistance 
13, on the diagram; subscripts t and b refor to top and bottom, 
respectively). f 

70 - *_- •n ~ tvn ^vc  " ^lcy  *WQ " tenrth 
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TO LEAKAGE 

(1) ft.ii<jace;it A ir 

Altitude 

(ft) 

Air tem- 
perature 

B1I + ''is 

12,000 IS 0.00055 C.OCPOEOS 0.00438 0.0011      18.68 

1:4,000 -Ü£ .0OC47P ,jO0J278    .00375     .00125 -?2.3 

36,000 -67 .ooct.'.a .0000398    .00774    .00144 -88.6 

(?) S ft/eao Air Velocity 

12,000 16 ,%04i;2 

»4,000 -36 .OOC452 

35,000 -G7 .000438 

(3) 10 it/aec '-ir VJlooit/ 

12,000 13 .0003a 

24,000 -26 .00032 

35,000 -67 .0003«'; 

.OOOL-20'3 .00438 .00.11 -16.1 

.0000278 .00575 .00135 -21.0 

.Ü000393 .00774 .00144 -.'»£.G 

,0000806 .00433 ..i0H     17 

.0000278 .00575 ,00128 -13.65 

• 000039a .00774 .00114 -52.2 

Sinoe the calculated wall Lemve'"at!jj'ea m* "°t tha s.-.ane na 
the amfclont air te.Ttperatu^ea, but differed ±rain tiiea co-irldcrfitljr 
in EJOEM 0!iee3, it is necessary lo iiso thcao wall talli;*! •tlll'rn In 
recalculating the various rcjolstaiT-sa.    XMl>tan0M 16 iiA 12 
will not chance since thty are Jndrpo; dent of ;ho assifioft '.•all 
teaperature. 

,; «u 
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A tabulation of the recalculated resistances fellows: 

Altitude Mr i-en- t. . 

12,000 16       As jeiore       IS'7 

24,000 -32        0.000516    C.0000278 0.00631 r\00124    -22.: 

36,000 -17 .00044S      .0000398    .C0679    .00130    -56 

Draft to prodi'co a 5 ft/aec wind 

IS,000 16       An before       16.1 

34,000 -36 .000452      .0000278    .00P4P    .0C'12i    »21,6 

3f.,000 -67 .000438       .0000380    .J06fi7     .00138    -55.3 

Draft, to produce a 10 ft/nee wind 

12,000           16       Ao before  2-7.0 

24,000          -26 .00052         .C000273    ,006*6     .00124 -19.75 

3:1,000          -e-» ,00032         ,0000398    .00581     ,00136 -1,2.6 

Since these r.ew temperatures agrea very closely with the 
pi-oviously calev.lm.od siiea, it in net DMsmf) tc roealculitc 
then. 

If the nef. radiant energy exuhanga Tor the u.-rrciodingc is 
set oqiial to aero; that ia, aaaune   8U   to be infinite, the 
resultant calculated wall tcaiperatuv-'S liU 3e not ver? different 
from those calculated previously, as shown on y.ißß 53. 
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Alti- Cabin air 
velocity 

(ft/a-o) 

Cilculatcd vail tempera-'.- •re 3KFCV introduced 
tude 

f-t) 

Xogloetlns 
radiation 

Inoluiiag 
radiation 

lr. heat lens 
thro !gn vails 

(percert) 

12,00o 0 18." 13.7 4.2 

12,000 s ICO 1F.1 3.3 

12,00-- 10 u.a 17.0 4.V 

24,000 0 -20.3 -aa.r 2.f> 

24,000 17 -2C.4 -21.8 l.S 

24,000 10 -10.4 -19.75 1.8 

36,000 0 -5t'.. 0 -52.0 75.5 

33,000 r -5r.9 -55.': .3 

36,000 10 -52 .S -.e'1.7 .7 

The «rrofß shovn should oe evan 1. as since 11:.- radiation ?ffc-cta 
calcinated m the 'aazlmica that oo'ild ocrjr under the givon 
circui.istanccB,    Tho radi/int energy fVcm th<*  bo+tam of the nii*- 
rlone must paaa through a layor of watar vapor, d.vroon dioxide, 
ozone, and ac forth, «blah acts, to n certain Couvse, as a 
radiation shield.    Purthar, tiio  top ):alf doas not radla'.e to 
nbsc-lute zero, hut to an effective: temperature scmewJiat higher. 
These two affoota will  Mrva to bring even clcst.r together the 
two BvJto of culc.tatod fcaajwratures. 

11» '.ctal heat load en tiio airplane vjxler the nine casea 
diaatased above is the s.73 of  -lie Leaka^ti loaoca and the ICBSMB 
through the 3liieB ci' the ship.    Tide to':ul will represent -aha 
heat. reO,' irement on any cablr heater feed tc maintain the air 
teijpeiiature at 70° F at those thrue alt It ales,    Bolow are 
tabulated the heat lOMMM through '..Ue cabin walls for the 
airplane discussed In the osaai>lo.    Data on liulrafc,'} i-ateo 
n«Bf.  bo available before the loalciga less car. bo Cdlci'lated. 
i'rel imlnary estimates oh v this haat less any bo as large nxA 
In sciat  airplanna larger than the loss through the oabls -..'alls. 

_—r 
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LOSSES TETOUGI' THE CABIN Y7A1LS 

Altitude CaMn air H„ + R      (Tft . t„B) q. = (Ta -  t^J/fr      + I?1C) 
velocity.   /     Oj  ^ 

(ft) [ft/mo] U;/W (°F) (Btu/lir) 

12,000 0 0.000550 F4.3 98,800 

12,000 5 .000452 53.9 119,100 

12,000 10 .000320 53.0 165,500 

24,000 0 .000516 92.5 179,200 

24,000 s .00041-2 91.8 303,500 

24,000 10 .00002c 09.75 200,000 

36,000 0 .(,00449 126.0 2ei,000 

36,000 5 .0004S8 125.9 207,000 

36,'••OO 10 .000320 122.C 3(33,000 

It ahe-'ld bo netod  that tlM cabin in the above example wan 
considered pi-eaBunzed ai. 0.6 atmoepheru.    II  tha oa'iii prnsaure 
had been taken equal bo that of the ou aide air, tha heat IOBBüS 
through  «ihe caMr will» would have baas lewor tha;-. t,;ioB.^ shown 
l/i    he tabla.    ThlB lave? heat leas  'ollcva  Trom the decrease 
of the    fc   at, the  Inside nvfaoa of the cabin wall due to the 
lower «ahin preasura. 

I* inn,,   be posalble tltat a combination of this phon'meaor., 
arid the lowered lü.iUarje loanes at  low atmospheric pressuraa In 
acaa cases may ren-i] •  l.r. a decre.ned total heat Load at hi,,;i 
ult't'idoa In unpreasuriSSB cubina. 

CCIICLTBICM 

The lOregolnp dlao ,io:on, pv.jue'.itat Ion of coniucttiiices. 
and njnerical illustrationc are not to be Construed as c Jier 
than a "first contribution" which must br constantly nufjuonted 

• 
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and Improved.    Many readerc will no doutt have available) racro 
adequate data relative to BOKO of tiio realatancoa and the 
requirements.    The authors tivist that teat flights will yield 
confirmation, rejection, and augmentation of the various otate- 
lacnts.    In time a rar is'.on and an amplification cf thla Material 
will   be undertaken. 

HocciBaier.ded experiments Include: 

1. Test data In flight on temporstur'-.s throughout the 
aircraft, rate* cf heat teaaafar through tho 
fuselage and air loitlfln ratoc. 

2. Meaoiire-iientB of the enlsßivity, tranaaiasivity, and 
conductivity ci' the various riatarials ua^d In air- 
craft, 

.'3. Confirmation of t^ie val->oa or tho various realEta-ceo 
presented in this d-'mussfon f.,v umrawita cf the 
temperatures of clothing, walls, a'r, tir-d no f7>.-th, 
In airplays '7ur'ng flight. 

Graceful aoJcnovlod^oent 1B duo Messra. 
K. Poppend!ök, JS. B. V'oin-iorg, E. Cochr:ir.3, 
their contributions to this report. 

J. T. GHar, W. S, Parks, 
and E. K. Morrln for 

Uhiveroit.v of California, 
Berkeley, Calif. 
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NACA THERMAL   CIRCUIT   FOR   A CLOTHED   MAN Figs. 1,2 
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NACA       THERMAL    CIRCUIT   FOR   AN   INANIMATE   OBJECT Figs. 3A 
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