UNCLASSIFIED

AD NUMBER

ADB804234

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Operational Use; OCT 1942. O her
requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngton, DC. Pre-dates formal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA TR Server website

THISPAGE ISUNCLASSIFIED




Reproduction Quality Notice

This document 1s part of the Air Technical Index
[ATI] collection. The ATI collection is over 50 years
old and was 1imaged from roll film. The collection has
deteriorated over time and is in poor condition. DTIC
has reproduced the best available copy utilizing the
most current imaging technology. ATI documents
that are partially legible have been included in the
DTIC collection due to their historical value.

If you are dissatistied with this document, please feel

free to contact our Directorate of User Services at
[703] 767-9066/9068 or DSN 427-9066/9068.

Do Not Return This Document
To DTIC



g Reproduced by
AIR DOCUMENTS DIVISION

HEADQUARTERS AIR MATERIEL COMMAND
WRIGHT FIELD, DAYTON, OHIO




* u. ""“\_Y'T‘,W. i '
. ¢ o /

gl].S.GOVERNMENT

IS ABSOLVED

[

FROM ANY LITIGATION WHICH MAY

ENSUE FROM THE CONTRACTORS IN- .

FR!N(?ING ON THE FOREIGN PATENT

RIGHTS WHICH MAY BE INVOLVED.










ARR Oct.

o P )

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ATI No. £ 31 |
WARTIME REPORT

ORIGINALLY ISSUED

October 1942 as
Advance Restricted Report

AN INVESTIGATION OF AIRCRAFT HEATERS
I - ELEMENTARY HEAT TRANSFER CONSIDERATIONS IN AN AIRPLANE

By R. C. Martinelli, M. Tribus, and L. M. K. Boelter .

Univergity ?ﬂm 3
?!.‘ K,ﬁ@ k“i'ah :
; k ‘ A h\m““ 3
0

Rl URN

B
ecial Documen:s
?ﬁunm Field reieien

menls Division
M mnght Field, Duyw,

NACA

-

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued tu provide rapid distribution of
advance research resuits to an authorized group requiring them for the war effort. They were pre-

viously held under a security status but ue.%vmﬂxﬂ_ﬂame of these reports were not tech-
nically edited. All have been reproduced without c e in order to expedite general distribution.

942




.

NATTIONAL ADVISCRY COMMITTEE FOR AERORAUTICS

———————

ADVANCE RESTRICTED REFORT

. AN IKVECTICATION OF AIRCRAFT HEATERS
I - ELEMENTARY HEAT TRANSFER CONSIDERATIONS IN AN AIRPLANE

By R, C. Martinelii, M. Tritus, and L. M. K. Boslter

TRTRODUCTION

No exact data exist on hoat lcsses from aircoraft and airoraft
perscnnel during rlight, It ls imperative, however, for the de~
signer to have knowledgo of the magnitude of these losses and the
physioal factors which ccntrol thom, in order properly to design
cabin heaters, seating arrangements, insulation, anl so forth,

The following roport was written in an attempt to clarify the
basic factors of heat transfer applled specifically to alrcrait
heating and to gulde the experimenter in planning experiments to
obtain further data. In the alsenco of exact tust results, the
authors have st:dlcd the literatwre and tentallvely presont equa-
ticns and cliarts for the varisus thermal rosistances oncountered
In aircvrart work, These recommondaticns will be changed as more
is kncown about the varions ccmponents of the system under conside-
oratlion.

In many cases, from necesslty, the actuasl conditions are
excessively idealized: namely, a man is considered ns u vertiocal
cylirder in order to estatlish the convective loss from his body.
The order of magnitude of the quantity involved, howover, may be
determined readily, and viat 1s more important y the uvffect of the
variables involved becamos apparent. Thua, numerical calculations
based on the data presenied will be a first approximation only,
but they will show the dusigner the rclative effect of any changes
vhich he may propose and will aid the experimenter to dotermine
vhat further dnta are noceasary.

This investigation, conducted at the University of California,
was sponscred by and conduocted with financial msgistance from the
Rational Advisory Comaitteo far Aeronautics,




SYMBOLS
the ooefficient of absorpticn (radiant energy), rt-—*

area of heat trunafer perpendicular tc direction cf
heat flow, ft°

area of mmallar radieting surfoce, i
area of larger rcdiating surface, O
experimental constant (dimensionless)

unit heat capacity of fluid at oonstant pressure,
Btu/lv OF

thioknoes of the absording material, ft

dlamoter, ft

eniseivity of the hot nurfaog

emisaivity of the cold surface

voltnge, velts

unit thermal conductance for convscticn, Btu/hr £t° oF

unit thermal conductance at any point X from leading
edge of flat platc, Btu/mr £1° OF

equivolent unit conductance for radintion, Btu/hr £t2

function

shape modulug, a faoter in the radiation equation
which allows for the relative gacmetrical position
of the radinting surfeces

emisgivity modulua, & factor in the radiation equation
vhich allowe for ihe non-Planckian character of the
radiating surfaces

gravitaticnal force per unit mass, 1b/(1lb sec®/ft)

solar irradistion at any altitude, Btu/hr ft°




height of plate, ft
elactrical currcnt, amperes

thermal conductivity (cf solid for oonductance eguations
and of fluid for convection equaticns, Btu/mr 24°(0F/ft)

length of plate in direction of alr flow, 't

exponent (mecs, XTI and XVI); mmbor of radiation shislds
(sec. VIII)

atmospheric pressure at any altitude, 1b/in®

atmospheric pressurs at ground level, 1b/in®

rate of heat tvensfer, Btu/hr

rate of abaorption of sclar energy by an opaque body,
Btu/hr

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

rate 3;‘ energy transmission through a translucent body,
Btu/hr

slectrical resistance, chms

thermal resietance of skin, °F/Btu/hr

convective thermal resistance of air gap, °F/Btu/hr
evaporative thermal recistance of air gap, OF/Btu/hr
radlant thermal resistance of air gap, °F/Btu/hr
thermal resistance of clothing, °F/Btu/nr

oconvective thermal resistance betwesn outer swrface of
clothing end cabin air, °F/Btu/hr

thermal reaistance through which the sun's irradistion
flows to cabin Interior, COF/Btu/hr




Ry radiant thermal resistance hetween outer surface of
clothing and cabin valls, °F/Btu/hr

Ry thermal recistance through which respiratory heat loms
flows, °F/Btu/ne

R, thermal resistance through vhich lsakage heat loss flowvs,
op/Btu/hr

convective thermal resistance between cabin air apd csbin
wvalls, °F/Btu/nr )

R;p thermal resistance of cabin wall, °F/Btu/nr

R, 5 radiant thermal resistance between cutside of plane and
surrounding enviromment, °F/Btu/hr

Riyp Ryzp same definition as R,, except for bottom and top
of plane, respectively

R“ thermal resistance through which heat is transferred by
irradiation, °F/Btu/bhr

R, thermal resistance through which heat is transferred by
friction, °F/Btu/hr

R“ convective thermal resistance between cutside of cabin
vall and cutside air, °F/Btu/hr

t, skin temperature, °F
ty temperature of inner swrface of clothing, °p

t temperature of outer surfaco of clothing, skin in contaoct
with cabin air, OF

teartn offoctive earth temperature, °F

taky offective sky temperatvre, °F

ty tomperature of innor surface of cabin wall, °F
tya temperature of outer surface of cabin vall, OF
T, akin temperaturs, °R




temperature of inner surface of clothing, “R
same as t, except in mbaolute units, °R

hot bedy tomperature, R

cold body temperature, °R

tronsmittance of plexiglas

temperature of inner swrface of cebln wall, °R
temperature cf outer surface of csblr wall, °R
temporature of radiaticn shield, °R

velcelity of fluld, fi/sec

rate of tluid flow, 1b/hx

thicknesa of solid in direction of heat flow; distance
along flat plate (sec. XVI) ft

absorptance of surface

coefficiant of expanslcn of fluid, °R~1

welght denglty of fluid, 1b/re?

weight dengliy of fluid at 70° F and 1 atmosphere, 1h/rs>

thickness of alr gap, £t

tage ct Kaperlan lcgaritimes

temperatrs difference cuusing heat flow, °F

angle tetween ncrmal tc surface and line cormecting surface
and sun

absolute viacosity cf fluid, 1b sec/ft®
kinematic viecosity of flutd, ft%/asc

Stefan-Boltzman radiaticn constant = 0.173 X 10"8,
Btu/tt® by OR4




temperature of air betwoen skin and clothes, OF
temporature cf cabin air, CF
tewporature of air when exhaled, OF
temperature of alr when inhaled, °F
temperature of air cutside cabin, °F

_ @B atEs

5 ?

ve

Grashof modulus

f. ®
B Russelt modulus

3600 p Cy g
——k—P—, Prandtl modulus
Uy 17

= p , Roynolds moduvlus fcr flat plate
1y

TEXRMAL CIRCUITS
(Tempersture not a Function of Time)

The analysis of tho flow of hoat from a body to the surround-
ing envirommont is simpliriod by utilizing thie circuit concopt,
The thermal circuit may be sclved in the same manner as tie eor-
responding electrical circvit. In the stendy state the elements
of the thermal circults aro resistances and lumped unidirectionuzl
hoat sources.

Cortain thermal guantitlos and corresponding electrieal
quantities for one analogrus clrouit wre illustrated in table I.
The table entries arc limited to unidiroctional steady state
variables end elements, Distrituted parmumotors and theimal
capacitios have not boen included,




TARLE I

Meciinniaa Relation Equiva- | Equiva- Equivalent
lent lent resistanco
curront | voltage

Elsctrical by 4 amps T vclta
cenduction 1

(Btu/rr) | (OF)

Thermal
ecnduction

Thermal
convecticn

Thexrmal* 1
radintion L RLR S 'f_zji

Flew of **Thermal resistance
gnseg =WCp (T, - To) 1 proporticnal to l/WCp

*The torn f, 18 an oquivalent conductance for radiation. (Ses
secs, IV, VIII, nnd XIITI for a more detailed dcacription.)

*#Zec soc, X for diecuasicn,

W  welght rate of flow, 1b/hr

Cp heat capacity at conotant preseure, Btu/lb OF




thicknoss in tho direction of flow, ft
thormal conductivity, Btu/hr £t2 (°F/ft)

area of hoat transfor perpendicular to the diroction of
flow, e

fo unit conductance for convoction, Btu/hr ft2 °r

f. equivalent unit conductance for radiation, Btu/hr fi* OF
At  tempsrature differonce effective ncroes resietanco, °F
T, =T ciange in mixod mean tomperature of flowing gas, op

Inppscticn of tablo I reveals that, for the circuits wndor
consideration (in which tie heat flow doos not depond on time),
tho rate of heat trunafer is oquivalent to the currcnt and the
temperature drop oguivalent to the voltage drcp in the particular
elecirical circuit, Tho ovaluation cf the equivalent thormal
rosletances is usually thc most diff'icult part of the cnnlyasls,
Mothode cf computing theee resistancece are preceonted in the body
of this roport, Those are recommonded only until botter datn
aro availablo,

EXAMPLES CF THERMAL CIRCUITS

As exunploe cf tho above tochnique applled diroctly to the
problem of aircraft hLoating, four thermal circuits are arranged
in figwree 1, 2, 3, and 4. All oircuits repreecnt the case cf
heat transfor indepondesnt of time nnd correspond tog

Figurec 1.= Tho flov of hoat from 2 clothed min in the cabin
of an alrplane,

Figure 2.,- The flow of liont from an unclothed portion of o
man ineide tho cabin of an airplano,

Figuro 3.- Tho flcw of hoat from en ininimato objlect ineide
the cabin of an airplone.

Figure 4.- The flow of hent from the plane as a unit to the
extornal enviromment (hoat balance on plane),




Referring to figure 1, a large fraction of the heat lost by
the huran hedy eitler passcas throvgh the skin cr 1a given te the
air vilch is breatled. The latter quantity noed 1ot be congldercd
when the {lov tlrcugh the skin and clethes 1s calcuvlated.

The rate c' heat transifer threugh tho skin is letermined by
the magnitules cf all the othor resistances in the clreuit and muat
Ve such that the skiu tomperature does not fall bclow a certaln
minimm value, After passing through the skin the lLieat pnasses to
the inner surface cf the cleothing in three parallel paths, that is,
by cenduction and/cr ccnveciien, by radiaticn, and by evaporaticn.

Practically all ef tlhia heat then pasacs thrcugh the clothing,
In loese fitting clothing there la usually s cortain amount eof ailr
circulation. Scme o. the heat, may be carried dircetly inte tlhe
cabin air by these air currents., This leakage ia as yet an in-
determinate ameunt and is represented by resistances 2a and Ja,

At the outer surface of the elothing there ure three paths
for the flew of the heat. The tody may galn by ccnvecticon from
the relatively varm cabin air, lose heat by radiation to the cabin
walla, and perhaps galn heat as a result of irrediation by the sun
transmitted threugh the cabin windows. In ths follewlng secticns
of this paper each resistence ie disecusscd in scae detail., By
knowing the manner of variation of the roalstances an estimete
can be made of the effect of chungus in ths system on the rato
of heat tranafer from tho tody., Two qualitative exemples will
be given: (Refor to fig. 1.)

1, Centranat the heat flow fycm the pertion ¢f a man in
coentact with & cold motal geat te that from a estand-
ing man, The resistance 2 is ruduced considerably;
§ also 1s diminighed, Resistance & 1s materially
reducod and in additioen the tompsrature in the lowver
end ef tuia reaisinnce ia decrcased from thc air tem-
peraturs te that ef the ocld metal ssat., The radis-
tion rosistance 8 1s scmovhat incremscd, and the
irradiaticn resistance 7 tleccmes infinite,

2. Noxt consider tho lcat loss from the bare ekin of a
man, In this caso resiatances 2, 4, and 5 be-
come gero and a dirgram euck as ia shown in figure
2 results,

Figure 3 shcws tho diagram for an inanimate objoet in the
cabin, Such an obJect nurmally will not e o scurce of hoat; sc
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the eum of the gain of heat by convection and irradiation must

Just oqual the lcse of heat by radiaticn to the cclder cabin walle.
A convonlent meth:d for calculating tko equilibriim temperature for
such a body le discusmed and presented in section XVII.

Figure 4 1llustrates tho manner in which heat ie loat froam the
aircraft to the ocutside alr. Heat is gained by the plane through
the heater (an exhaust gne type 18 shown in the figurc) and from
the heat losses of the men in the plane, Tha heat may be lost by
air loakage and by paueeing through the caiin wall, f'irat passing
through & convectivo reaisitance on tho inside eurface of the wall,
The heat then flowa througa the cabin wall and finally by convec=
tion end radiation to the cuteids, [eat may be gained on the out-
eide surface by irradlatlion from the sun and by frictional heating
(the latter at high volocities only). A mumorical evalvation of
such a heat balance le given in section XVII,

I. RESISTANCE 1

THE RESISTANCE OF THE HUMAN BODY

Hardy (reference 1), in hie papore on tho heat loseos from
human bodiee, presents the data for an unclothed man; those are
glven in figurec 5. Dr. Hardy's expecrimente were puriormed on
naked subjoste placed in a calorimeter. For this reason, ecme
of hie resulis do no' properly apply to clcthed men, MHowever,
they eerve to indicato tho trends in the influwence of tenpera=-
ture on the bod; mechanisma, Hardy (roferenco 2) makes the follow-
ing statemcnts:

"Measurcments of thormal gradienta in man indicate a depth
of 2 to 3 em i1s involved in tiie thermal gredient from the internal
tiseue to tho ekin surfacz, Assuming an average depth of 2 cm for
the whole body, the thormaul conductivity

k = 0.00048 grom cal/ce® sec (°C/cm)
X = 0.115 Btu/hr £t% (OF/ft)

"Lefevre (reference 3) in 1911 arrived at a valuo of 0.00086
gron cal/cm® aec c—g Couparing thie value with other eubstances
shows that from eubetancos which have considerable air space, auch




as wool, Lalr, felt, etc., fow materlsls havo higher insulating
ability; than living tissno., Leather, for example, has a velus of
0.0004, paper 0.0003, cork 0,0007, Tt would thus appear tiat
living tisaue could hardly increass its thermal insulating ability
if 1t had no circulaticn of bleod and that the hoat traunslerred
through the tissus in this envirommental range is dus to pixro con-
duction. This would eccovnt for the conctant value of the tissue
conductance from 82,4° F (200 C)}* down. Tho body Iin this eglcn
may be compared to a cylirdsr cf tho same surfuce area ag u man,
wrapped with a layor of paper 1 cu thick, the internal tempera-
ture of which 18 maintained at 98.6° F (37° c)",

Tho thermal conductance referred to was chbtained by dividing
the thermal losses thrcugh tihe skin by the avorage tempuraturs
difference between tho ‘skin and the internal tisauo. As siiown
in figure 6, this ratio remains constant belew a calorimeter tem-
perature cf 82,4° F,

Tne incroase in tie thermal conduolbance ahovs 82.4° F (289 C)
is dAue to the incroased circulation of blood. This effsct moy be
induced also by mvscular activity or chills, In attempting to
apply these values to calculations it must ve berne in mind that
a critorion of comfort is ihe skin tempavaturs, If the sublect
indulgea In great wuscular astivity, he can stand a-auwdh greastcor
heat loss witlhicn. discomfort than if Ne romains quiei, <Tho gove
erning lastor is not the lieat luad on the man, hut the skin tem-
peratuxo,

The temperature may vary greatly firom one porbtion of the
body to ansther, In ono experiment. 1c¢ was found that the tome
porature of the skin cn the forehend wna 89,8° ¥ (42° C) wails
tho temperature at tho. féet was £0,1° F (26,79 €) (reference 4),
The values snown in the figures aro average temperatures,

I the skin tompersture drops tolow £8° ¥ (30° ), shivering
will genernlly occu». In consldering the dapian of hoatirg equipe-
ment, 1t will be advisable probably to specify tkat the aversgoe
skin tempsrature of a man drossod in apecified clothing shall not
bs below a certain temperature, probably 8E° F,

The heat loss through-tho man's skin by conduction is,
therefore,

q =k (98,6 - t,)

*Celorimetor tomperature,




eurface aren of the man (atout 20 ft£)
depth of conducting layer (about 2 em = 0.CE62 ft)
qQ heat loss, Btu/hr

t; skin temporature, °F

: OF
k thermal conductivity of living tisaue, 0.115 Biu/hr ft? T

Reelatance 1 1a, therefore
2 2

Ry = 0,566/A Btu/Lr

Whenever perepiration is induced at a rate which excoeda the
rate cf evaporation und/or abscrption by clothing, and additicnal
resistence due to the liquid layer on the skin must be added to
resistance 1, Thie resistance is egual to the thickness cf th
liquid layer divided by the thermal conductivity and surfece area,

II. RESISTANCE 2

TLF, RESISTANCY BITWIFN TICS SKIN AND THE CLOTIIENG

The quanlity of heat wihich flcows from tlic skin to the clothe
ing by means of conductlon and convectlion depends malnly on the
thickness cf the air space between the clcthea and the skin,
Fisherden and Saunders (referencc 5, p. 115) and Ten Besch (refer-
ence £) discuss the mechaniem of heat transier by conduction and
convection acrcas air spaces, The cencluaion iz reecled thet for
air gaps less than 0.10 inch thlck, convectlon cwrrents ars neg-
ligible and the transfer of lLisat la by pure scnduction across the
stagnant alr layor. Wien tho air gup 1s thicker tian C,10 inch,
free convection currents become more effective, until fer gaps
ol about 2 inches the trunsfer is largely Ly free convecticn.*

Ten Bosch (reforence 6) 1llustratcs the comvective cicwents
which will exist in an air gap, as shown in flguwre 7., The fluid
velocity le zero at the lict sweface, increases vapidly a ehcrt

- ————

¥Radiation acrosa the air gap ls dlscussed under reaistance 4.
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dlstance from the wall, end falls te zarc at the centar cf the air
cap. Thoe fluld falls next to the celd surface. Thecs convective
currents transfer the heat from one vertical surface to the othew,

Quantitative Duta

rd
l, Caps less than 0,10 inch. - The thermal resistanco for
emall air gnps 1s given by tke conductlon oquation:

5 °r
Rﬂ s—k?', m (2.1)

vhere

3] air gap thickness, Tt
k  thermal conductivity of air, _._3:3/.?3..‘.‘
hr £t \Fb-/

A area through which lheat transfer is taking place, ft2

2. Gaps greator tian 2 incles, - Gaps grvster tran 2 inches
generally vwill not exlst Leciweun theo skin and clothing of a man,
but 1t 1s cf interest to kmew the mechanism of heat transfer across
such air gaps. The air gap will bo conaidered vertical, for pur-
poses of analyais, The relaticnz which are discussed under Resls-
tance 11 will apply dirsctly, that is, the mode of heat transler
is by free convectien., Thus from the hot surface to the ambilent
air, if the flow ia laminars*

~1/2
£ 0 (s & Ta)lf-z(_?_\ oA (2b)
;! hr ££° OF

end from the ambient alr to the cold surface

\1/2
£ = 0,30 (74~ tc)l"‘(-Pi &

As a first approximation, the temperature of the ambiant
is equal to

*More preciscly, as ls discussnd under Rosistance 11,
1747 y N1 /e
e

7./

[}

o = 0,30 (t, = T




ty + t,

T3= 2

Thus, both (2b) and (2¢) may be written as
0,30 % \:L/:.
e 3 5 \ o/
1/2
- 0.25 (t, - +,_)1"’(§P-> (22)

The total resis*ance acrces tho air pgarp is twicc tke resiatence
from cne surface to ihe ambient air. Thus

= L ‘Ze)

TA
1/2
0.125(t, - )24 (FI,') A
o]

Ry =

vhore

t, temperature of hot surface, °F

t, temperature of cold swrface, °F

E cabin preseure at any eltitude, lb/sq in,

P cabin pressure at sea level, 1b/sq in.

o

A  area for heat transfer, ft°

3. Intermediatc gap thickuess., - The valuves of ﬁiT fer
intermediate gap thicknoss are shewn in figure 8 forr atmosphoric
preesure corditions ard a (%, - t,) of 30° F, These values were
obtained from Fisherden and S::.'mdcr“ (reforence 5), For other
atmcespheric pressures and other temperatwe differencen (1‘.1 - tg)
the magnitudes of l/R.,!I\. for gups lees than 0.1 inch will not
change apprcciably; whercas for gaps greater thar 2 inchesn l/R_A
may be computed from equaticn (2e). Interpolation between tlicas
magnitudes, using tihe cirves shovn in figwre U as a guide will
allow prediction of the thermal resistarnce of gaps cof intermedlate
widths,




ITI. RISISTANCE 3

EVAPORATION OF MOISTUREZ FROM THE SKIN

The rate or evaporation of mcisture from the sicin will deperd
on the hunidity and tho temperature of tlz air in contact with the
skin and the skin tamperature. It also will depond on the rate of
rorgpiraticn off the subject, or, more exacily, the ccncontraticn
of water vapcr cn tho skin, Moisturo removed from the skin i1s not
nocessurily evaporated. Molsture abscrbod inte the clothing, for
examplo, has no cooling effsct cther than lts lowering of tho re-
sistance of the clothing to hoat transfer, (Sce resistanco 5,)

At high altitudes the air in the cabin will be genorally of
low humidity, This will result in tle 21ying out ¢f the skin
whorever Lt 18 exposed to the air, and exparionce similar to that
experienced by mountain climbers., Under the olothing, hevever,
tho layer of air will quickly became rather humid as there is
very little circulation of ailr inslde tho clothing. DuBola
(reference 4) has shcwn that at low temperatures in nir of aver=-
age humidity tho amount of heat lost by the body throvgh evaporas=
tion from nude subjecis is not very great, T:is 1s due largely
to the doocrease of the vapor prossure of water with temporaturec
and to the lowered activity of the perspiratory organs. The lat-
tor offect will depond scmewhat on the montal state of the sub-
Joct, The data for nudo subJjects in a calor tor at various
temporatures is shown in figure 9. These data camrot bo applied
directly to the protlem of clothed persons but should bo used
only to indicate a trond., The fructicn of the total heat loss
due to evaporaticn in the region below 73,8° F (calorimeter tome
porature) is about 1/10. This, however, 18 for nude persons, Fer
olothed peraons it should bo somowhat less, because the clothing
will tond to absorb any porspiration and may ovcn become negli-
giblo.

This portion of the thermal circult will requiro furthor re-
search, For the prosent, it may bo asaumed that the heat lost
through this menns is negligible and tho reosistancs & is infinito,




JIV. RESISTANCE 4

RADIATION IROM SKIN TO CLOTHING

Thermal oncrgy 1s radiated from the skin to the inner surfuco
of the clothes, The discusgion preacnted undor Ros!stunec 8 ap-
plied diroctly to this case., The cncrgy is tranaferred approxi-
matoly in acsordance with the fouwrth pewsr law, However, tho
wnter vapor in tho air in ille spaco betweon tho ekin and clcthes
will take part in tho radlation process 1n some wavelangila,

Until this fracticn has bsen mcro defintisly eatablisined, the
fourth power law will be utilized without corrscticon (ref STencs
7). Thus the rate of energy transfor 1s givon by

= 0.173 A |-<1oo) (100 _f P ¥y (43)

Sinee (reference 8, p. 54) ths clcthes completely snelose
the body, Fp =1. Further, the areas of tho bedy and the clothes

are practically equsl, so that

(4t)

The emlasivity of the askin (roference 9) 1s very clcase to
1,00 and ths emiesivity of clothing at long wavelengths (corres-
rerding to a low temporatwre radiation) 1s approximatoly (refer-
enco 10) 0,95, regardlesa of color,

Thus Fy = 0.95

. Zxpanding tho equaticn for g nas slhicwn for realstance 6
ryislds

8 2 o
Tp = 0,173 x 108 (T,° + T, T, + T,) Fp Fp
Thua

5,78 x 10° °F

ok ’
(Ty® + T"N(Ty + Tp)Fy ¥y Btu/br




:
The quantity = ig shown plotted in figure 15 against T,
ASE

end T, If FA FL = 0,95, £ and R; may be readily calculated,

V. RESISTAKCE S

TRE R¥SISTANCE OF THE CLOTHIRG

Scant resulte of work on the offcctiveness of clothing can be
fourd in the literature.

‘the reosistance of the clothing is tho sum of the resistance of
each leyer of cloth and thie contact reaistancos dbetiween them. Cone
tact resistnnces are trented in soction IT, In table II iz given
the thormal conductivity ani the density of various materials.

TABLE IIX
Material Corduotivity*
O
Btufhr :t,"( —-‘-\
( v \ Yy

Carton dicxide 0.0088
Alr .014
Kapck .020
Kair felt .021
Wool sOR2
Mineral wool .022
Balsa wood 025
Cotton wool .24
Cork . 028
Silk ¢ .026
Earth (loose) .020
Folt (wocl) .030
Sawduat » 050
Charcoal (lccse) 2050
Cctton 052
Wcod shavings 034
Earth (powder) ,036
Lampblack ,036
Gypsuz (looso) 045
Linen 05
Asbestos .089 29
Scnd .19 9.6

*Sce references 1l and 12,
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If, for the materilals listed in the table, tho conductivity
le plcottod against thie density, a rough ccrrolatlcn may be obaerved.
his correlaticn existe bocauss the insulating value of cloth (or
cther materlal containing alr gape) depends to the first approxi-
mation not on the cloth itsolf, but on the alr spaces in tho cloth.
Tho best inmulator would havo en Intinite number cf alr epacoe,
inf'initely small. A line has Yesn diuwn through the points 1In
flgiro 10 and mado to coincids with tho value for purs alr, The
lcver line represents tlie probable value of the conductivitios
woro tho melerilale eatwratod with carbon dioxide instead of air.

The offecte of ccmpressing the clothing (whon sitting down or
bending the elbcw, fcr Inastance) are throefold. First, the thermal
conductivity of the cloth is incremsed since tho alr gaps are mado
smaller. BSecondly, the contact resistancus betweon clothos are
madse much smaller, and laetly, the tctal thickneas cf the cloth
1s decroaeed, The offeot of comprossion on tho thermal conductivity
of rock wool le shown in figure 1Ca (refercnce 13).

Tho rceletance cf tho cloth teo heat tranafer will dovend
greatly on the vapor content cf the cloth, Iu figure 11 the of=
foct of wator vapor on the thermal conduotivity of rag felt is
ehown (reforonce 14).

Flying clothee may be lmny; in molsture-frec contalners when
not 1n use and then kept dry. Pllots moving from tho hangurs to
the shlps on foggy or raimy nighte will absorb large quantitiea
of water which will not only cool the olothing as tho olothes dry,
but will lowor the resistancs ctf the cloth ae woll.

The same precautions shonld Ve taken concorning tlie under=
clothoa, A watorproof gwment wern totween the skin and clcthing
or botwecn ihe undercloilies and the ncxt layers of clothing might
provent perspiraticn from seepling through the clothing and lewor-
ing ite resistance. Tho physlologleal offccts of such a garment
excopt for ehort perleda may preclude its usc, Lowevor,

The hoat flow through tho clothing wlll bo given by
g = (t, - t,)/R,

Rs = ewmmntion of cloth rosistancc + contact rcaistancoe
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For approximate calculations it will provably eufiice to de-
crease the thermal conductivity of the clothing material by a
third to account for the centact reaietances and ues thie value
ae the over-all conductivity of the total thicknese of clothing,
(See pample calculations in sec, XVII.)

VI. RESISTAKCE G

CONVECTIVE RESISTUNCE O OUTER SURFACE OF CLOTHING

The convection fram the cutside of the mun's body le quite
complex, because of its irregular gecmstrical shape. As a flret
approximaticn, a standing man may be ccneidercd ae a vertical
cylinder about 14 inchee in dlmmetor and 5 foet tall, Eeat ig
lost from this "cylindexr" by free convection, which cavsoe verti-
cal air currente, and by fcrced cenvoctlon whioh on the average
13 caused by air rlow perpendicular to the cylinder exis., It ia
difficult to combine the effect of theee two mcdee of transfer,
but it 13 suggeeted as a preliminary etep that both unlt conduc-
tancee be computed and the larger of the two chosen for calcula-
tion.

Forcod Convection

The data presented by McAdame (reference 8, pp. 212-220) for
forced - flow paet right clroular cylinders about 3,75 inchos dleme-
ter, maj be exprosaed ae:

_ = 0.35(]J 4 vkt (ca)

entetituting the values of u, k for air at £0° F ylelds

(Um y)o.50 Ttu

£, = 2.9 —, -
DO--.-I nr 17 QF

alr velcclty, ft/asec
air density, 1b/ft?

cylinder diameter, ft




For a diameter of 14 inches (man)

Btu
G o0 RLiDE, e e el
5 g hr £f OF
Freo Convection

As in the cass of reaistance 11, the free convection from the
man may be oxpr:ssed as:

14 (P \1/z _ Btu

£. = 0.30 (%, - i
o= 00, (e m ) LBy EEAE

(ed)

Thie equation is a roasonatlo approximatien and ¢xpresses tho
probablo effect of temperatizo difference and cablin pressure on
the rateo of heat flow by free ccnvecticn.

Recapitilation
For free convectlon
Rg = e >
1 /4 P 2/2
0.30(t,; - a.) (—P—o/ A

and for forced convection
R, » e (s1)
BLO(0 9] My

The smaller of the two resistancos (larger fc) is to 1o uged,

Sinco, in general, the cabin air will be waimer than the man's
clothing, an attempt should bo mnde to roduce Ry to ag amall a
value as possible. This may be done by tho use of fana or the
propor lecailon of air vents, Caro ehould be taken tc avoid excea-
alve drafts at tho cabin wall to prevent R;, from becoming tco
amall, thereby lowerirg the cabin air temporature.

Equations (6c) and (8d) are presented graphically in figwros
12 ard 13,
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VII. RESISTANCE 7

RADIATION FROM THE SUN THROUGH TEE WIKDOWS

The transmittance of plexiglus has Lcen measured as a funce
ticn of tho wavelength of the incident encrgy. The tranam!ttance
i1s definod as the ravio of the transmitted energy to the incident
energy.
transmltted radfant enuray

incident radiant energy

r =

In the wavelonghhs represented in sunlight, it was found
(reforence 15) that the average trausmittance varied with the
plexiglas thickness shown in figure 14,

For tho wavolengtlis emitted by bodies at mcderate temporu-
tures, such as tho walls of a cabin or panels heatud to 40G° F,
the transmittance of plexiglas is 80 low g to rendor 1t opague
to radlant energy. The ceonclusion to be drawn tfrem this phencmenon
is that any encrgy that gets into the plane frcm sunlight will not
be reradizted outward by the man., A% night, noc mattor hcw cold
the obJjects vhich hils body can “smeo" may be, he will not radiate
to them through the plexigles windeows.

Sclar irradiation as a function cf altitude i1s known and can
te used to compute the rete of heat flow thyough the resistance
ehown as 7, If Gy 1s the irradistion at the altituds under con-
sidoration (Btu/hr f£tZ) and T, the transmittance, A the area,
the energy reaching the man ia

9 =T Gy A co8 @ (7a)

wviere @ 1is the sngle botween the normal to the glasa swrface and
the line connectinug the surface ard ths sun,

No numerical value need be assigned to resistance 7, since
the rate cf head flow may be rcad’ly determincd from cquaticn (7a).
8ince the heat flow iz essentially in one directlon, 1t is not
necessary to include it in an unalysis of the mmcunt of hoat necea-
sary to keop a man comfortatle, If ho la comfertable when no re-
ceiving sunlight, it will not he a difficult matter to makc him
corifortable when o is,




For numerical values of ths irradiation at various sltitudes,
ose esction XIV.

VIII, RESISTANCE 8

RADIATION FROM THE MAN TO WALLS

Tho total radimtion from a perfect cr Planckian radistor is
given by the Slefan-Boltzmann equations

g=cAT* (8a)
wviere
q4  Lkeat less, Btu/hr
T  absolute temperature, °R

A area, e

G conntant, Btu/kr ft° R* 0,173 x 10~°

Ths net energy interchange botween two parallol todiece is
then glver by (refcroncc 16)

- 4 7 o\4
: AN RN ]
s Glis Ak =2 ) (e
e L\100/ 20/ !

(9v)
If the bodles are not perfsct radiators, a correction factor
(emissivity modulua) Fz muot be lnnerted. If the bodios are

80 sltuated with reapsct to one anothsr that all the radiation
from one dees not striks the othsr, a correction factor (shape
medulua) Fp must be included as a multiplier, The equation
then tecomes:

(2 TA\'I TB 4"
o A |{=2) - (==2) [¥, F. o
L= L(lOO) mo)J A'E e

Hottel (reference 7) has tabulated values of Fy and Fy

for varicus systems. Tho multiplier FA Fz in not always soparablo

into the two ccmponentn, Mcroover, the moisture and €O, content
of the air betwsen suriacea A and B will change the not




tranafer, as water vapor and CO, enier into the radiaiion process
in the longer wavolengtha, (Sce rererences 7 and 17,)

Fer a body completely enclosed in ancther and with no re-
entrant anglea

1

FA =1 and FE = 1 A ,1 A%
o e RSy
LaEn s

When A, 13 very mvch aunller than A, Fp will be a func-

ticn of e, only, If Ay in nearly the same a8 Ap, the erecigy

interchangs will Le a sens’tive function of both e, and e,.
This is shcwn in iigure 15,

vhere
emigaivity of irner body
emisaivity of outar body
arca of irner body, 42
aren of outer body, ft°

The emleaivity of mcat clothing will bhe about 0,95 and im
usually not sunceptibvle to change, The upper horizontal line in
figure 15 rvepicoenis the cese of cno man 1n a large cabins the
lewor one mony men in u smell sectlon, = T average case, vhere
Ay/Ag = G.1, changing tho emissivily of ilio wulle 1rom 0.9 (painted
aliminum aurface) to 0.055 (unpainted) (refercnco 8, p. 45) will
chanze the heat loma by a&beout €0 peresnt. Fer tle case of ueny
men in a ascticn the lowering will be cven greator,

The "equivalent unit ccnductance for radiaticn’ (relevence lo,
ch, XVIII) is deflned as follocws:

q = £ A(T, - Tp) = 0.173 x 1075(1,* - Tp*)F, Fp

fr = 0,173 x 1077, " + T°) (T, + TR)F, g - (82)

For a man radiating to the cebin walla, Ty =T, aml
Tp = Ty, In general, T, will be known, but T, will rot. As
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a first approximation it will suffice to asswme T, Iim the sume
an the equilivrium temperature of an inanimate ctjoct in tho pzme
poaition, This problem is treated In an example in scction XVII,
The resistance for tlLis masthod of heat tranafer is thererlcro

R e
BRI Itu?hr

The Use of Radiation Shieclds

The radiant energy treansfor can be decroasod tremendously ty
the uso of radiation shielda, Xven a radiatiocn ehleld of infinite
+hormal conductivity (approximated by a very thin sheet ci metal)
and an exissivity of unity (blackened aliminum) will decremse tho
energy interchange by $0 percent. This fact is demcnstrcted as
follows:

Consider two bodies at temperatures TA and 'I‘B. hspunme

that they are placed so tiiat their shape modulus is unity and
further assume thal Lhey are both black body radiators (fig. a).
A radistion shield of unit emissivity and infinite thormel con-
ductivity is interposed (fiz, b)., Neglecting tle effecta of cone
veciion to the swrrowding air, the energr transferred from A
to Lhe olileld will e

T e

i
|
|
Al
]

a,

Btu
Lr 6

g A
- o(TA Tg )

is

That from the atield to B will te:

4 -t
- dTgt-1,Y




Since there can bu no sterage of enorgy, the two rates must be
equal,

The heat flew from A withent the shleld is:

4 4.
% = O(TA - TB )

The heat flcw with the gshield 1s:

4 a’_T (A + Tp*Y )J 21 oIy = 159 (8n)

2
The shield, therefore, reduces the heat loss by 50 perceni.

By similar reasoning 1% can te shown (reference 16, ch. XVIIT)
that the presence cf n radiatlen shielda of varying emilsasivities,
01, € coseey, 04, €g', e3'.,,... Wwill reduce the radiamnt heat
transfer bty n factor

1 1
-g; + -e_B =il

gl i L

SRc ki iatengnpite BT i T ——-'+....-n

o, e,! ep' e,
where
enmisalvity of one side of siifeld 1
emissivity of other slde ¢f shleld 1
enigsivity of surface A
enlesivity of suvrface B

nunker cf shields




IX, RESISTAICE 9

RESPIRATICH

To complete the heat balance cn the man, it is neceosary to
take into account the fact that he warms the ailr lie breathes. This
Leat lons, unless the alr is vncomfcrtably cold, will not aflect
hig sersation of warmth because it will not affect hig piln tempera-
ture. If the alr is very cold, tie man will experilence difficulty
in Lreathing. Lcng before this haypens, however, otlier factors
probably will have acted to make him uncoufortable.

It 1s not proposcd that the energy lost through respiration
be taken intc account 1n determining vwhether a man will be comfort-
able, Thls resistance 1s shown only tc cauplete the exact circuit

as it exiata, If 1t is desired to include 1t in making a total
heat balance, the heat loat will be given by:

qQ=WCp (T = Ty) (9n)

vhere
q  heat lost, Btufir

wolght rate of reapiration, pounds of air/hr

heat copacity of the air, Btu/lb OF

towperature ot which the air 1a extnled, °F

temperature at wiilch the air is intaled, g

No nunuber need te asaigned to thLin resintance, for 1t may be

troated as a porticn of the thermal circuit in whicii the current
Tlow ia knovm.

X. RESISTANCE 10

AIR LEAKACE

If the amount cf air that escapes from the cab'n ia W pownds
ver hour, the entiialpy that will be lost from the cabin is

q=WC, (7, -~ 7,) Btu/hr (10a)




at of air, Btu/lt °F
temperature of ths cadbin elr, OF

nperature of the cutslde alr,

e & T

I are ars leaks y cabin and the cabin is slightly
preszurlzed, e leakegzo the dscrease in exe
ternal preasure as tl guins altituds, Such lenks zls
generate drafta wil v e heal losses thro
of the airplane, altuough such drafis under cert
corditions may proeve teneficial to the men by helplng to war

If reafatance 10 1a low, 1t : : o figure 4 that 1t
will function alacst as & direct ! In rany cirplanes
the hoat lcat by alr leakage 1a 7ar greater than the heat trans-
nit'ed through the cebin walla. Thus the amsunt cf air leakuge
nunt te known before the necessary cepacity of the cabin heater
for an alrplane car Le estakbllished,

o number need be nssigned ic tlls resistance, for 1t may be
reated an a portion of the thermal circuit in which the current
flov ia knowm,

XI. RESISTANCE 11

COKVECTIVE RESISTANCE AT THE INSIDE SURFACE
OF THZ CABIN WALL

Heat flowas from the cutin air tc the cabin wnlls by eonvection,
If there are no drafis, the mods of heal transfer le by free con-
voction. The warm alr will flow dowm the
cold cabin walle and up the center of the
cabin., In additicn, if thcre 1z a draft
down the center of the catin, heat tranes-
fer by forced convection will take place,
It 1n dii'flcult to comline the twe mcdes
of transfer, and, as an approximaticn,
both unit conductences should bve calcu-
lated and the larger of tho two used.




Free Convection
It may be ghown readily (references 18, 19, and 20) that the
unit thermnl conductance for froe convec*ion dopends on the Grashof
modulus and the Prandtl modulus., In genoral
Nu e F (Gr, Pr) (11a)

Exporimentally it is found that Nu = ¢(Gr X I’r)n, approxinately.
The exponent n is conetant for a narrcw range of the variables.

For vertlecal plates

fo 0
Nu el Nusgelt modulus

at ®°
LL—, Grashof modulus

vf

u C, g (3600)
—P———- Prandtl modulua

whoere

e unit thermal conductance fer free convecticn,
Btu/hr £t

k thermal conductivity of the gas in contact with the
plate, Btu/hr ft =
ft
experimental constant (dimonsionless)
exporimental exponent,* 1/4 < n <1/3
hoight of the plate, ft
32.2 ft/sec®
coefficient of expansicn of gas, 1/°R
"_“t_l lzf‘f:'fr_we in teuperature betwoen plate and amblent gaa, °r
*Tho 1/4 pover corresperds to 10% < Gr Pr < 10° for which the

flow is viscous. Tie 1/3 power corrempondis to 10° < Gr Pr < 10'®
Ter which the flow is turbulent (reforcnce 3, p. 248).




v  kinematic viscosity of gas, ft2/sec
u ateolute visccaity cf gas, 1b noc/ft""

unlt heat capaclty of gas at constent preesuro, Btu/1bh °F

Cp

For air, ovalvating the varlous physical properties, tho
above exprezssion mny bo written appreximately (reforences §,
p. 107, and 15, p. XII-4) as

; ;i % g
£, = 0.30 At““bl-\,1 , Dtu/hr £+2 °F (11b)
o/

whore

b4 denoity cf gns at the aritlmetic mean of the plante tempera-
ture and the smbient gas tempornture at the pressure cf
theo ambient gns

7o density of tho gas at 70° ¥ and 1 atmosphers

For casss whers the arithmotlc average of the plate temporane
Sure and the ambiont gas tempsraturs is closs to 70° F, ths egua~
tion may be written as

\1 /2

£o = 0.30 At""(i,; TR o/l SrERAOT (11c)
4

whare
P  amblont gao prossuroc at any altitude, 1t/in®

P, atmospheric preesuro at sca lovel, 1t/irg

Fereed Convection

Whon a fluld flews along a flat plate of length 1  (ucaeured
in tho dirsction of flow), the flow 1s termed "viscous” if Roynolde
- U, 7
nunber !: 2 I8 less than £0,000 and "turbulent" (refaronce 21,

P. 365) 1i it le greatsr than 0,000, Aa a very closs approxima-
ticn to moro exact annlymes (referencss 22 to 25), Colbwrn (rofor-
once Z6) has shown that the average wnit conductance for a plate
1 feet lcng in tho visccus reglon may be cxpressed as:




2/ A
(Pr) e c.sf\bn ) (111)
p f ~d

c
3500 Cp Uy 7 [

Subtstituting the propertiss cf air at 50° F in the above
expresaion yilclds:

4 N\ 0.5
= 2.45( -k

(11le)
" \ 2

f

L

This expression may be used fcr values of Re = less

than 50,0003 that is, for air at 50° F the product Up < 16
f12/sec,

If the Reynolds number 1s greater than 50,000, Colbura
(reference 26) glves

2 ol U, 1 A-1/8
e R osa . o 7\ (11r)
\

3600 Cp Uy ¥ wae J

which checks clcsely the value presented bty others (reference 27).
For atr at 50° F this reduces tc

U, 7 \O-®
£y = 4,25 (e (11g)

\;°'=5/

This expression Jor the average unit conduvctrnce over a flat
plate 1 fect long applies for values of

Re > 50,000, that is, U, 1 >16 f£t°/aec
Recapitulaticn

1. If free convecticn contrcls

1

174 ( p\t/e
0.30 (T, - t,) (To-) A

Rz =




2, If Uy 1 <16 ft%f=ec

Tya=

where
T, cabin air temperature, °F
t, cabin wall temperature, °F
catin air pressure, 1b/in®
atmospheric prossure at ses level, 1b/in®

air velocity in cabin due to drafta, ft/ecec

effective cabin length measured in direction o forced air
flow, £t

A area of hea! transfer porpendicwlar to dlrecticn of heat
flow, ft°

Plets of these equations are shown in figure 13, 17, and 18.

The catin of an airplane is not n single flat plate; so the
uge of equaticns for a flat plate of length 1 {s only an apprexi-
maticn, Mowever, sincs 1 enters these equationa only as the 1/2
end the 1/5 power, a reasonable estimate of £, will result even
thcugh the erxact magnitude of the length 1 may nct be mown.
Sirce R,; 18 B2 large, 1t usually will be the major resiatance
dcteruining the rate of licat transfer through the cabin walle.
Efforts to decrease heat lcsses from the airplane may te aimed
at Increasing R,y (decreasing 7).




XII. RESIGSTANCE 12

THE RESISTANCE OF THE WALL

The repsilptance of the walls cf most military craft of present
design can bz shown to be negligibvle, The wall thicimess in such
crat 1a abeout ",032 inch, The thermaal conductivity of aluminwm

is about 117 Btu/hr tt? - . The heat lost through such a wall
ft

will be:

(tv - twa)
where
heat f'lew, Btu/hr
Btu
hr £t7(°r/ft)
aren of heat transfer, perpendicular to heat flow, ft2

thermal conductivity of the aliuminum,

x thickness of wall in direction of heat flow, ft

t, temperature of the inside surface, °F

typ temperaturc of the outside surface, °F
The resintance is:

(Fer an elwminum wvall, uninaulated
2

X 0032 o oagy 1072 °r
kA 12 X 117A Bou/hr

1a

This resistance can be ncglected in comparison to the others
and the inside temperature cf the wall aassumod %o be that of the
outgide wall surface, This will have many unfavoratle effecis te-
yond the immedinte lcsa of heat through the walla. The surfaces
which recoive the rudiant energy frem the men inside the airplane
will te coldar, increasing the radiant loss. The temperature dif-
ference between the insido catin walle and the cabln air will be




greater, resulting in ircreaged free ccnvection and lowering ro-
sistance 11. Finally, the walls majy bo 80 cold that it will be
imponsible to. touch them withovt injury, Fquipment fustened to
the walls may be rendered uscless at high altitudes by the exces~
slvely lcw temperatuvrea,

If the cabin walls are insulated, the resiastance to hesat
transfer will be that of tlhie insulation alono, since the metal
has such a smnll resistanco, If the thermal conductivity und the
thickness of the insulation are known, the calculations are treated
exactly as above, Any air spaces introduced by udding the insula-
tion are treated am descrlbted wder resistanco 2.

As pointed out in the discussicn of resistznce 5, tho resist-
anco of the men's clothing, the presence of mcisturc in insulating
materials may affect the heat transfer tremorndously, The liguid
or ice layor on the inaside mstal wall will increase the resistance
of thls portion of the eircuit, The cabin inswlaticn should be
sealed whorever pcasible since, in normal use, theve 1s a tendency
for moisture to condense in the insulation and not be removed.
fhe rate of molsture condsnsation is apprectatle 1f the windshlelds

Tog rapidly drring flight, Unliko the windshield, kowever, the
walls aro wvsually not defrceted nor is any attenpt made to Ary
them, If it is desired to maintaln them et thoir maximwm effi-
clency, thereficre, 1t is noceesary to take specinl precautions
to keep them dry.

The posalbllity of saturating ths insulation with carbon
dicxido gas should not be overluoked, for it is a much poorer
thermal conductcr than air,

XIIY, RESISTANCE 13

RADTATICN TRCM OUTER SURFACE OF AIRPLANE TO SURROUNMDINGS

In level flight the sw-facea cf the alrplane cn tho under sids
see the oarth, ihe upper surfaces see outer space, and the sides
ses toth, But the ctmospherev 1s not perfectly transparcnt to all
wavelengths, for it contains water vapcr, carbon dicxide, ozcne,
duat, ard liquid wnter (clouds), These constituents ahscrb snd
radiate in wavelengthe in the infrarsd regicn which ccrrespond to
reasonatly large magnitudes of the monochromatic emiscive power
at the temperaturea under consideration.




Several methods are avallable for the calculation of the ir-
radiation of a surface ty the constituents of the atmoephere.
Reference to the pertinont artiolea will te made here., A simple
method has been devised by Andersen (reference 16, pp. 53-59)
which 1ia tased on the earliex interpretaticns by Ilsasser of
spectrcacopic data on water vapor., The prccedure of Andersen
will account cnly for the effect of water vapor; dry buldb and
wvet bulb data are necessary as a functicn of altitude in order
to accomplish a numerical sclution. Elsasser (vreference 28) has
recently proposed another graphical technique which is based on
msre rccent interprotations of apectroscopic data; also, a cor-
rection 13 wade for the carbon dicxide content of the atmosphere.

Hattel and Eghert (referonce 17, pp. 297-307) presont the
data fcr the emissiviiy ~f water vepor and carbon dioxide cn a
large rangs of temperatures icwn to as low as 0° F. In particular,
the efect of path length, the effect of superposed water vapor,
and carben dicxide radiation and formulas to be employed are
diacumspsd, Brooks (reference 7) presents variors data for ile

transmissivity cf wator vapor and lie also includes an anzlysis of
the data of other investigatcora,

A clond tank may be considered as a radiaticn mhield na a
firat approximation., If ths temperature of the side of the clcud
vhich seee tlio airplane is known, it may te conceived of as a gray
tody and it will eplace ths earth or "outer space” deperding cn
the location of the cloud bark in respect t- the alrplane, The
cocling which clouds experisnce is disoussed by Elsasser (refer-
ence 29).

In the iliustrative example which: follows later in this sec-
tion, the abacrption and radiaticn of the water vapor and other
constituenta of the atmosphere are cmitted, Thease corrections will
be the subject of a lator contritution, In the illustiative ox-
ample, tho fourth powor radiation law, between swrfaces was utilized
with outer space presumed tc be at abmolute zerc, The rimerical
work alaso wus corried through on the preswmption that the airplane
lost or gnined no energy by radiant cxchange. Those culculationa
are prescnted in section XVII.




XIV. RESISTANCE 14

SOL/R IRRADIATION

The solar irradiaticn on a horizental plane in Btufir £t°
may be obtained at tlie statlon level for uertain localities from
the reports > the Veather Bureau. Atbott (reference 30, p. 122
presents informaticn on tlie solar cerguant, that is, the irradia-
tion at the cuter atmospliore. The solar energy absorbed by an
opaque gurface ef an airpinne flying in the upper atmoaphcrs ma)
te calculated “rome

Qg =a G,y A com O
vhere

Go the solar irradimticen at the altitude of the airplane,
Btu/hr £t*

3 abacerptance ef the swrface

[y eangle beiveen normal te the surface and line connecting the
surface and the sun

A area of abmorbing surface, ©t°

(Tn the absence of irrndiation data ; Go may be taken as the
irradiatlion at the outer atmosphere.)

If the s'n strikea a transparent or o translucent surface,
the energ, transmitted ias

q; = T, G, & cos 2
vhere T, 1s transmittance,
The trannmittance depends on the angle of incidence and im
relatively constant fer emall anrlos with rempect to the normal,
Tinally, the ahscrption of a transparent or translucent body is:

.qab=(l-e'°d)(}cl\cos [}

.wWherc

4 - thickness of the abaserbing body, ft




coofficient of abamorption, ft=1

base of Naperian logarithma

XV. RESISTANCE 15

FRICTICKNAL HEATIRG

The drag cf the alr on the alrplane structure will gencrate
heat whlch must be dimaipated to the alr strean anifor inward
through the skin tc the interlor of the cabin, dopending on the
algn of the temperaluvre gradlent., Of the soveral references on
thip pubJect, two will to mentioned which deul with the tempera-
ture of the skin of an alrplane on the assumption that no heat
flows to or from 1t (references 31 and 32},

For an alrplane traveliig at 550 feet per second in alr, the
incrcame in temperature will be approximately 15° F with the alr
termporature egual to =30° F. This increase will result cnly if
the surface 1s insulated and after much time of flight that the
steady state obtalns., Experimental evidencs of the increase in
tcmperatures of wires in a crcas and parallel atream is presented
by Eckert and Weiss (reference 2Z), Tlnaily, an expression for
the thermal conductance frem a gas to the aclid toundary incluvd-
ing the cffect of frictional heating 1s presented by Schirokow
(rererence 34).

XVT, RESISTANCE 16

CONVECTION ¥FROM OUTER SURFACZ CF AN ATRPLANE

In the abssnce of better data, the hoat loss by convoction
from the outalde surface of the airplane may he estimated by
calculaiing tle heat loss irom a largs flat plate with the same
over-all length as tho porticn of the alrplane wnder considera-
tion, Investigallons (relercncea 35 end 36) of heat lcames from
airfoil shapos secem to indicate that tlie heat loss from a atreame
line body in vhich separation 18 not sericus may be calculated
vith some accuracy ~n the bapis ¢f flat plate dnta,

” Fer a short distance from the leading edge of an airfoll shape,
visoous" flew will exist, »ut for most of the airplane undor flight

]
cenditions the Reyn-lds nmumber U: = ¥ will be greater than 50,000.
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Thus equntion (1lc), preeented in the discussion of resist-
ance 11, will apply to the calculation of f, from the fuselage,
and sings of the eirplane.

This equation is:

T \e1/
fo n/3_= C.038 i 1 7) 1/8

————— D, 1252
SF‘\)OCpUm‘]‘r s ( l’)

For nir temperatures of 70° F and -60° F the equation reduces
to:

0.8 :
£o = 4.25 (%) e = A 70° F (160)
704 g

fo = 4,03 H”;’-)““ at -60° F (26¢)

zO.ﬂE

respectively,

The above equations express the average unit conductance
for 1 feet cf flat plate, 1 bteing mecsuwred in the direction
of alr flow, If the unit conductancs at ary point (f,,) along
the plate is required, it may be obtained by the follcwing method:

v [al
By definition / oxfcx ax

[

J O

X
£ =f £, dx
ot =f fox

but if f, = ¢ xB, pubatituting in the equation abeve ylelds:

o (163)

X
c M+, 1 P e A%
e ‘/O ol ol




Differentiating

c{n + 1)x% = £y

fox = foln + 1) (1Ge)
¥or the flat plate in the turbulent region n = -0.20
Thus fgog = 0.8 £, (16f)
The thermal conductance at any point along the flat plate

i3 0.80 times the averags £, up to that point. Tt chould be
noted that f., I8 extremely high at small values of x. A

v, 7
plot of fc agninst (-z—f:—.ﬁ,—g> is shown in figurec 19. Inspec-

tion of the curve shows that under ncrmal flight conditicna fg
is quite large, thus maiklng Rss quite small. Howover, since 7y
decreases with altitude, R g Will increase ag altltude is In-
creased. 2

e g, 0
%7 1o A Btu/nr

(Sce fig. 19 for f..)

XVII., TL?ICAL CALCULATIOHS
1. A Heat Bulance on an Inanimato Cbject in the Cabin
If the object in consideraticn 1s 1inaulated from the walls
and the floor and has reached equilibriwm, the heat lost to the
walle by radiation will be egual to the heat carrled in by the
air,

feA(tg= 7o) = 0,273 x 210°° (7} - 7,%) a7, Fy

(Tq'i'Tw4)=(:c.>< 1 ) Eam T
¥p g/ \n,173 x 10-® (ts - 7o)
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If there are no drafta in tho cabin, the tempcrature of tho
object will drop urtil the free convection inducdd by the
temperature difference t, - 7, tecomes great enough to dalance
the radiant losas. As shown in eecticn VI, tho fres convection
can be represented by

174 1/2
Ty = 0.30(t, - T,)  (B/2;)

Simultaneous solutions of the ubove equations substituting
the appropriate values lor tho alr and wall temporatures will
yield the minimum temperature which an cbject will ettnin., Theso
equations hiave been eclved and aro plotted in flgurcs 20, 21, 22,
23, and 24. The dotted linee represent the miniuum teuperatures,
for free convection only, at various preesuree. Tho solid linos
are lines of ccnstant cabin air temperature aleng which the equi-
libriwn temperatures are plotted as a function of the ratio
£./Fy Fg.

If thore 1s forced convecticn, & value for f, must te
calculated eeparatoly by meens of the equations presented in
section VI and divided by the uppropriate value for F, Fy
(sce sec. VIII), This ratio fc/EA Fy 13 ueed to enter the

chart and the equilibrium temperature ie read dicectly on the
cabin air temperaturs curve,

Examplo:
A machine gun is mounted in a cabin,
The cabin.wall tenperaturs is -60°.
The cabin air temperature ie 70°,
The cmieelvity of the walls and the gun is 0.95.
Tho cadin ile pressurized at 0.8 atmcephere,

Using figuro 20, enter on the 1lino marked T, = 70° F until

it intereects the line markcd 0.8 atmosphore. Opposite thie
point read tho tomporature at oquilibriwa, 13° F,




Agssume now that the air temperature %s 50° F and that an
electric fan is used which blowa the alr across the muchine gun
with a velocity of 10 feet per second (utilizing the unit conduct-
ance for a standing man as a first approximation).

Te =.2.7(Ug 7)2:%8  (aec. VI, fig. 12)

alr density, 1r/ft®

air velocity, rt/sec
- 2.7(0.061 x 10)°:5¢
o = 2.04, Btu/hr £t® °F
Ty = 485° R = 25° F
By using an elcctric fan to produce flow across the gun, it
is possible to malntain a higher objoct temperature with 500 F
cabin air than with stationary 70° air.

5C% air, 10 ft/ee0 ninl smats Sik 280 °F

TR SIORTU/geC et e Il f el SOLT

2. Heat Balunce on a Man in
Thickneas of clothing . 1 inch
Adr gap, skin to cloth . C.1 inch
Conductivity of clothing 0.022 Btu/hr £t°
Aven of man. L. . ol s . 20 P ey
Area of cabin wallas , . .200 £t°
Emissivity cf clothing . . 0,95
Emissivity of wvalls . . o Q.90
Temperature of walls ., . .=€0° F

Tomperaturo of cabin air . . , . . 70°F

Radiation from plexigles windows . lone




It 1s desired to knew:
{a) The total heat loss from the man excluslvo cf respiration

(b) Tho temperature of the man's skin in crder to detemine
whetlicr he will feel cold

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

(3) The offect of polishing the cabin walla until the emig-
sivity is equal tc 0.1 (rough plato aluminua)

(o) The result of the combination of (c) and (d) =dbove

The man is standing so that all his bedy can radiate to the
walls and also receive heat by convection from tho air. The cabin
is to be draft free and all ccnvection 1s free convecticn only,
The cebin is pressurized at 0.8 atmonphere., There 1s no solar
radiation into the catin.

1(a) Refer to figwre l:

The resistance between t, and t,

1 F
1/R, + 1/R,’ Btu/h-

This resistance, R, .= R:. + Ry +

0.566/20 (pec. I)
1/1.84 = 0.555/20 (sec., II)
1/1.15A = 0.670/20 (sec. IV)

1/12 x 20 ¥ 0.022 = 3,7¢/20 (sec. V)
(See gec, III concerning R,)

sl

Btu/hr

SR, _g= 0.2354

The resistance between ty and the cabin wallas (%)

Ry = 1/f,A (sec, VIII) £, = 0,173 X 107%(T,® + T,%) x (T47,) F, Fg




As a first approximation the temperaturo of the mnn's Jacket
surface t, can be azsumed tc be about that of an inanluate
obJject in the same position. From figure 20 this temperature
ie zbout 15° F,

£, = 0,173 x 10°% (4.75" + 4.0%) (4,75 + 4.0) 0.95

0.853 Btu/ir ftf °F (fig. 16)
CF
Bt/ ar

This value of Rg i3 a function of the temperaturs tg. If
the value of t; calculated differs by more than a few degrees

from the value (15° ) chcsen, o new value for R, nust bo calcu-
lated.

= 0.0203

The rosistance between t; and the cabin air (7,)

Rg = 1/fc A (sec, VI) Ty = 0.3 (T, = 1-.,.)1’4 (P/Pc,)"a

0.3 x 55 x 0,8®

0.728 Btu/hr £ OF

R 0,0686 F

ik i Btu/hr

Since there is no theimal current in R;, the heat flow
through R, plus that through Ry must equal that through Rg
Ue it Qs N Hly
98,6 - t, 70 = t4 ty = (=60)
+
0.235¢ ~ 0.0686 ~  0,09C3

t, = 2L5.71° F

Using this temperature to recalculate reoistances € and 8
Yyielda:

Rg = 0.0654

t, = 25.6° F
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The tamperature drep from the tody to the cutatde of the

clcthn e 92,6 -~ 28. 2l ¥.
pers ~a die sough t ak’ 18 72.5
- g
o - .93 <therefcore the temperature

.4 : og
1(b) The tctal heat lcas la = 308 Btu/hr,

ex:luding respiraticn, Thls figure coamparcs
favcratly with the data given In the Heating
Vertilasing and Alr Cordltioning Gutde (1942),
p.48.

1(c) Forced convecticn, 4 ft/eec winl frem ex electric
fan,

f, = 2.70 (U 7)°°%®  (sec. VI)
= 2,70 % (4.0 % 0,075 X 0,8)°9-56

£, = 1.22 Btu/nr £t OF

o)

b
B w 9,041 Sfee
" Btu/hr

(219 From the chart (fig, 20) the Jacket tomperzture, T, = 487° R
27° ¥)

£, « 0,175 x 1072 (4.87° + 4,0%) (4.87 + 4) 0.95

= 0,577 Btu/hr £t? °F (rig. 16)
oF

R, » 0,0865
. Btu/hr

09 -ty 70 =4; tg- (~£0)

0.055 0,080 0.0865
1, = 57.5°F
Using thia rew terpornture, Ry 18 recalculated;
fo = 0,175 X 107" (5,175% + 4,0%) (5.175 + 4.0) 0,95

= 0.646 Btu/hr 2 OF (fig. 18)



oy

R, = 0.0774
2 Btr/hr

ty = 32,4 F
Recalculating Rg againe
£y = 0.173 X 10~7 (4.92% + 4.0%) (4.92 + 4.0) 0,95

= 0.588 Biu/hr ft° °F
op

R 0.0850
b Btu/hr

t4 =

Substituting t, Into the above cquaticns ylelds the sane
temperature; hence 1t is shown that the use of a fan will raiso
the cuter temporatize of the clothos to 35° F, a riee of 20° F.

The skin temperature will now bs §1,2° F.

1(d) If the walls of the cabin aro polished urtil their
emiselvity is equal to 0.1, the preduct Fy FE

will be lowered fram 0,55 to 0.55. The calculations’
are initiated for the conditions caleulated in 1(a)
of this example,

. = Q.95 CF
Ry 4= 0.235, Rg=0.,0885 Rg = 0,0872 X 0.55 " 0.151 m

98 - ty 70 - Ly t, - (-£0)
& =
0.235 0.0686 0.151

Using this tomperatwre, 40.7° F, Rg and Rg are recalculated:

£, = 0.30  [(70 - 40,7974 (3/p ) /"]
31./4.

= 0.30 X 29, 1/a

X 0.8
0.624 Biu/hr £t2 OF (fig. 13)

0.0802




0,173 x 107% (5.0% + 4.0%) (5.0 + 4.0) 0.55

0,352 —2k = (15 36)
hr £t

R 0.142

(5]

ty=36.8°F

Using this temperature in the recalculatlicn:

Rg = 0.0035, Rg = 0.144, and t, = 36.2°F
1(e) If the walls are polished and ths fan is used:

A
R1 a = 0,235 RG = 0.041

Assuming that the outer tomperaturo of the clothes ia 40° ¥
f. = 0,352 (Sre calculations above,)

R, = 0,142

8
t, = 46.5°F
Using this temporaturs to calculats tho outer tamperaturo
of the clothes again:
Ry = 0,144

t, =47.58°F

Swmarizing:

Condition Ouler teupera- Skin teme
O 2T tuwre of clothea perature
(°F)
No draft, painted walls 26.5 89.8

4 ft/seoc draft, painted walls 9,2
No draft, polighed walls 9l.a
4 ft/sec draft, polished walls 5 ; 92,6




3. Heat Balance on an Airplane*

The evaluation of tho Leat balance on an airplane flying
in air at night at various altitudes will bo undertaken. Tho
alrspeed 18 assumed to be 250 miles per howr, Tho cabin walls
are assumed to bo uninsilated 0.032 inch thick aluminum,

Cabin length: 50 It Cabin alr temperature, 70° F
{at r1l altltudes)

Cabin height: 6 £t Catin air pressurs, 0.8 atm

Cabin width: 8 ft Earth temperature, 10° F

To shcw the effect of drafts, the cases in vhich the motion
cf the cabin air 1s such as to cavse & 5 ft/soc and 10 ft/sec
draft aleng the cabin wall will be calculated, and the cese of
quiescent alr will bo considered.

Resistance 10 (sec. X)

No reasconatle figurcs havo been advanced for uae in calcu-
lating this resistance. Measurements of leakage rates in alrcraft
are nocessary bofore any nmmerical magnitudes can be assigned.

The heat loss from the airplane will bo calculated, neglecting
the loss due to lenkage., Tho resulting magnitudes for heat loea
therefcre will be much smallor tiaan the heat which nust be sup-
plied by the cabin heater,

Reaistance 11 (sec., XI)

{a) Quicscen: Air,

(1) Adrplane flying at 12,000 ft

As a first approximaticn it can bo sssumed that
the teuporature of the inside wall of tho cabin
is at the samo temporaturs as tho outside air,
This will be only approximatoly true, If in
the finnl stages of the caleulaticn it bocomes
evident thai therc is a serious dlscropancy
botween thls asgumed temperature and thoe cne
calculuted, 1t will be nocessary to repeat the
proceas using the now temperature, Ono recal-
culantion will usvally suffice.

*Referencea tc rosistances are to fig. 4.
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At 12,000 feet the mean air temperature is 16° F (raforencs
37). From sectlon XI,

£, = 0.3 [(70 - 16}"* (0.8)27%)
= 0.727 Btufiur 0t °F (fig. 13)

Tha suriace area cf tho airplans 1s about 2500 £t2 (excluding
wings).
Op
B.,u/kn‘

(2) Adrplane flylng at 24,000 ft

Ryq = 1/(feh) = 5.5 x 10°¢

The moan air temperature will be -26° F

. =C.30 [(70 + 26Y* (0.8)*7%]

= 0.040 Btufhr £t OF (fig. 13)

OF
= 4,70 10.4 =
Ry = 4.76 X Tou/ns

(3) At 36,000 ft, the mean alr tomporature is -87° F

To = 0,914
i e X
Ry, = 4,37 X 10 ey
(b) Draft of 5 ft/sec
Assuning that the cabin walls are sectlonized every

2,37 L and valnpg the quntion rregented in section

XI, elnce U, 1 <16 ft"/sec

fo = 2.45 [(& x 0.076 x 0.8)/2,57]°°

0.87C

Om
R 4,82 x 1= =
1 e Btu/hr

At 36,000 £t the § ft/sec draft will hove littleo effact since
the free convection forces are so great, At this aliitudo the,
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rosietance calculated from a conafderation of the froe ccnvection
alcne should be uwecd since it ie the smaller of the two calculated,

(c) Draft of 10 it/eec

£, = 1.25 Btu/hr £t? °F

R,, = 3.2 x 107* . 20
Btu/ar

Rosistahes 12 (See sec. XII.)

- =4/250 2 o
Ryp = 0.228 x 107%/2800 = 0,912 x 10 Btu/hr

R2eistance 13

Ccnsider the worst poasible cass for this reslstance., Tlo
temperunture of the surface of the ship can he shown to differ
8lightly from that of the amblent air, Choose the earth emis-
eivity ae unity and assumo that intervoning water vapor ani carbon
dioxido have a negligitle efiect on the radiant energy interchango.
This 1s not true, but thelir effect Is such us to decrease ths
radintion lcse. The eky temperature iz postulatod to te zero
degroe Rarlkine,

For level “light the top nalf of tho airplaro radiates %o
the aky while the bottom leli radiantes to or receives radintion
energy ITrom the earth, For this case resistance 13 is a combinne
tion resietance ccupcaed of two realstancecs in parallel,

The top half rad!zics cutward to ubsolute zero;

. -0 , 3
Ly = 0173 X 1077 (T,,)
Rys, = 1/(0.173 x 10°° x 7%, x 1250)

The bottom half radiatcs downwardj

fy = 0,173 x 10°° (470° + 1)) (470 + Typ) ¥y Fy
FpFg =1

£y = 0.173 x 107° (T2, + 470%) (T, + 470)




Altitude Temperature fr R 13,
(rt) (°F) (bottom hal®)

12,000 16 0.729 1.10 x 10~°
24,000 -26 .638 1.2%

36,000 -67 .857 1.44

TS R
LA 18,

O
12,000 106 x 10° 4.38 x 1073 L

Btu/hr
24,000 80.9 5.75

36,000 " 6C.1

Resletance 14

Since there le no solar irradiation at night, there will be
no heat flow through this re¢sistance., This resistance ie treated
ae infinite in this calculation,

Resietance 15

At a flying epeod of lese than 300 miles per houwr the frictlonal
hoating of the surface of the alrplane ie negligible. Tho resietance
ie aleo treated ae infinite.

Reelstance 15
The equivalent conductance on the outeide of the ehip is calcu~

lated from the equaticn prceented in section XVI, equation (16c),
or figwe 19.

1‘c = 4.03

/%75”

\ 10-85

250 X 5280

= 367 ft/eec
3500

Um"
174 L0100 206 it /4

y = 0.053 1b/1t® at 12,060 £t (refsrence 57)




y = 0.0355 1b/ft> at 24,000
y = C.02265 1b/rt® at 3€,000

Altitudo

(£t) 4 Rys

s -8 cr
12,000 & Sy ihs 2.05 X 10 Bou/m
24,000 £ 14,4 2578

36,000 10.1 3.98

Eaving evaluatod all the resiastances involved at tho varicuas
altitudes, the validity of tho asmumption that the outsile swriace
temperature is essentinlly the samo as tho ambient air temporature
can be checkod,

Tho thermal cwrrent flow to the peint L, (fig. 4) through
reaistances 12 and 16 xust sxactly balanco the lcases thicugh
resistances R,,. and R (showvn os one resistance, resistunce
13, cn the dlagram; aul\scrgpts t and b refor to top and bottom
respectively).

70 = by

To = %y twn - Yexy  two - Peartn
+ = +
Ri1+ Ryp R

16 Rlat RIS'h




(1) Quiescent Air

Altitude Alr tem-
poratwre

(r+) (°F)

Ryy + Ry

PIG

12,003 16
24,000 -26

36,000 .67

0.00055

LOUC4ATE

008458

(2) 5 ft/esc Alr Veloclty

12,600 16
24,000 -26
35,000 -67

(3) 10 It/cec
12,000 15
24,000

25,000 -€7

r1

r

e ve ]
. 000452

. 000478
Valoeity
00032
00032

000328

C.0C0I%05 ©,.00458 C, 0011

. 5000278

.0000398

. UOOUR0S
«N000278

. 0000393

. 0070206
0000278

. 0000393

. 00375

00774

L0428
. 00575

. 00774

.004Z8
. L0575

.00774

0n12s

. 00144

0014

Since the calculated wall lLemperatures ware wnot the gume no
the azblent air temperatwres, but differed iram then conclderatly
in gome crges, it 1s necussary tc uss these wall tempesatures in

rocalculaiing the various resisgtancsa,

Beaistanoes 1€ ard 12

will rot change since they are ‘ndeperdent of the aszirmod wall

temperature.
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A tabulation of the recalcwlated resistances foilowss

Altitvde Alr teu- ty
erature ‘ o
(£t) r (o¢) Bar+Rie  Rie Rizx PR (cr)

Ap befor® . . o « o ¢ o o o o eI A
-25 0.0005L€ C.0N00278 C.00E5L N,00124

=67 .000448 0000328 .00879 00133
Draft to prodrce a § ft/sec wind

1€ AD DefOre . « + o o s o s 0 0 0 0
=26 .000452  .0000278 ,00%549 ,OclEl
«57 . 0004358 0060358 00827 00138

Draft to rrcduce a 10 ft/sac wird

12,000 16 An before . o « o o o o ¢ & SO OR e 0)
24,000 =26 .00052 0000278 00546 .00124 -19,75

35,000 =67 . 00032 .0000398 ,00581 ,00136 =iZ.6

Since these new temperatiues agre% very closely with tha
previously calcuvlaied ones, 1t i nct neccasary te rocalculaie
thenm,

I¢ tho net radlant enersv exchango for the rurrcundinge is
sot ogual to gerc: that im, aseuc R,, te be inTiuite, “he
resultant calculated wall tcmperatures will be not very different

from those calculated previously, as shown on page 53.
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Alili- Cabin air Calculated wmll temperai. re Ircsor Introduced
tude wvelocity Neglaciing Inclwdirg in heat lcns
radiation redistion threugn walls
{it) (ft/sec) (°F) (°F) (porcent)

12,000 0 18,7 4.2
12,000 5 1£.0 : 3.8
12,000

24,000

24,000

24,000 10 -19,75

36,000 5 -£2,0

35,000 £ = -55.¢

36,000 10 52 -F1,7

The errors skown should b8 cven lcss since tlia radiation offects
calculated wers the muxfmwm that conld occuwr under the given
circungtances, The radlant energy fiom the bottom of the ali-
Pléne must pass through a layer of watsr vapor, curbon dloxide,
czone, am sc forch, vhich acta, to a ceriain degres, as a
radiation ehisld, Iwrther, the top half doss not radlate to
abaclute zore, but to an olfective temperature scmewhat higher,
These two sfreecta will merve to bring even closer together ths
two mote of calenlated Lemporatures.

"ae tLctal heat load cn tihe afrplare undsr the nlne cases
discusesd above ig the svm of the lenkege losasce und the lcsaos
through the aldes cf the skiyp., This total will represent the
heat ruq-irement cn any cabin heater vsed tc waintain the alr
teaperature at 709 F at these three altiiudes, Below are
tabulated the heat lcascs through the cabin walls for the
alrplane discussed in the example. Datn on leukags raten
must bo availavle beforo tae lcak:ge lces carn Lo calcvlated.
Preliminary estimates show bhis hoat lcse mny bte ag large ard
in scme airplance larger than the leass through the celin walls,




T.OSSES TEROUGH THE CABIN VALLS

Altitude Cabin air Ry, + R,,) (Ta - tya) 4 = (7T, - v.m:)/(R1 e
v O -

velocity

(rt)  (it/ee0) \ToTm/)  (or) __(Bta/nr)
12,000 (4] 0.000ES0 54,5 95,8 )

5 . 000452 119,100

2,000 . 000520 S 165,500
24,000 . 000516 2 179,200
24,000 $ .000452 i 203,500
24,000 . 000320 280,000
36,000 . (00448 281,000
36,000 ! 000428 G 207,000
38,000 10 .000320 2 383,000

It sliould be nocted that tiie cabin in the atove example wan
ccngldersd pressurized ai 0.8 almopphere. If ihs cabin pressure
had been takon equal tc that oi the ou.side aiy, ilhe hent loascs

hrough the eabin walla would have bean lewer than those shown
in the table. This lowe: heat lcss followas from the decreaae

of the f, at the inaide swrface cf the cabin wall due to the
lower cabin pressuce.

I+ ma, bto possible tlat a comiinatlion of this phien~mencr,
and the lowered leakage lcenes at lew atmospheric nrusgures In
scme cases may reault in 2 decrsaned teial heab lowd et hi @
altitudes iu unpreasurized caoblna,

CCHCLUSTCN
The forsgoing discuasion, prementaticon of conductunces,

and mumerical illustrations are rot to be congtrued as oiher
than a "first contribtution” wihich must be constently avgnented




and improved. Many readerz will no doubt have avall=ble moro
adequate datn relative to some of the resiatances and the
requirementg., The authors trust that test flighta will yield
confirmation, rejection, and augmentaticn of the various state-
nents, In time a revislon and an amplificatien cf this material
will be urdertiaken,

Rocormerded experiments include:

1. Teat data in flight on temporatuvrcs throughout the
aircrafy, rates of Leat tranafer through the’
fuselage and air leakuge rates.

Measvrements of the emissivity, transmizeivivy, and
cenductivity ci’ the various matorials used in air-
crafi,

Cenfirmation of the valuen of the various reslstances
presented in this dlacveaion by mengurcments of the
tempuratures of clething, walls, alr, ard so foth,
in alrplancs during Tl'ght,

Grateful acknovledguent is duo Mesars., J. T. Gler, W, I, Parks,
Y. Pcppendick, E. B. Weinborg, R. Cochrano, and E. H. Merrin for
their contributions to this raport.

Univeraity of California,
Berkeley, Calif.
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