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ADVANCE RESTRICTED REPORT

AN INVESTIGATION OF ATIRCRAFT HEATERS
I - ELEMENTARY HEAT TRANSFER CONSIDERATIONS IN AN AIRFPLANE.
By R. C. Martinelli, M. Tribus, and L. M. K. Boelter

INTRODUCTION

No exact data exist on heat losses from airoraft and alroraft
personnel during flight, It 1s imperative, however, for the de-
gigner to have lmowledge of the magnitude of these losses and the
physical factors which centrol thom, in order properly to design
cabin heaters, seating asxrengsments, insulation, and so forth.

The following report was written in an attempt to clarify the
basic factors of heat transfer applied specifically to alrcraft
heating and to guide the experimenter in planning experiments to
obtain further data. In the absence of exact test results, the
authors have studied the literature and tentatlively present equa-
ticns and charts for the various thermal rosistances encountered
in aircraft work, These recommendaticns will be changed as more
18 kncwn about the various components of the system under consid-
eratlion,

In many cases, from necesslty, the actuval conditlons are
exoos8sively ldealilzed: namely, a man 1s considered as a vertical
¢ylinder in order to establish the convectlive loss from his body.
The order of magnitude of the quantity Involved, however, may de
determined readily, and vhat ls more Important, the effect of the
variables lnvolved beccmes apparent, Thus, numerical calculations
based on the data presented will be a first approximation only,
but they will show the designer the relative effect of any changes
wvhich he may propose and will ald the experimenter to determine
what further data are necessary.

This investigatlon, conducted at the University of California,
was sponscred by and conduoted wlith financial assistance from the
Nationnal Advisory Commitiee for Aeromautics.




SYMBOLS
the coefficient of absorption (radiant energy), ft—1!

area of heat transfer perpendicular to direction cf
heat flow, ft°

area of smaller radiating surface, £t
area of lorger radlating surface, £t°
experimental constant (dimensionless)

unit heat capaclity of fluld at constant pressure,
Btu/lb °F

thickm:aas of the absorbing material, f%

dlameter, ft

enlsglvity of the hot surface

emlaslvity of the cold surface

voltage, vclts |

unit thermal conductance for convection, Btu/ur ft° OF

unit thermal conductance at any Boint x from leading
edge of flat platu, Btu/hr £t° OF

equivalent unit conductance for radiation, Btu/hr £t° OF

function

shape modulus, a factor in the radiction equation
vhich allows for the relative gacmetrical position
of the radiating surfeces .

emisslvity modulus, & factor in the radiation equation
which allows for the non-Planckian charecter of the
radlating surfaces

gravitational force per unit mass, 1b/(1b seca/f‘b)

solar irradiation at any altituds, Btu/hr ft°




height of plate, ft
electrical current, amperea

thermal conductivity (of solid for conductance equations
and of fluld for convection eguations, Btu/hr £t2(CF/ft)

length of plate in direction of air flow, ft

exponent (secs, XI and XVI); number of readiation shields
(sec. VIII)

atmospheric pressure at any altitude, 1b/in?
atmospheric pressure at ground level, 1b/in®

rate of heat transfer, Btu/hr

rate of absorptlon of solar energy by an opaque body,

Btu/hr

rate 37 absorption of solar energy by a translucent body,
Btu/hr

rate of energy transmission through a translucent bdbody,
Btu/hr

electrical resistance, ohms

thermal resistance of skin, °F/Btu/hr

convective thermal resistance of air gap, °F/Btu/hr
evaporative thermal resistance of air gap, °F/Btu/hr
radiant thermal resistance of air gap, °F/Btu/hr
thermal resistance of clothing, OF/Btu/hr

oonvective thermal resistance between outer surface of
. clothing and cabin air, °F/Btu/hr

thermal resistance through which the sun's irradiation
flows to oabin interior, OF/Btu/hr



radiant thermal resistance between outer surface of
clothing and cabin walls, °F/Btu/hr

thermal resistance through which respiratory heat loss
flows, °F/Btu/hr

thermal resistance tiarough which leakage heat loss flows,
OF/Btu/hr

convective thermal reeistance between cabin air and cabln
walls, OF/Btu/hr

thermal resistance of cebin wall, °F/Btu/hr

radiant thermal reslstance between outside of plane and
surrounding enviromment, ©F/Btu/hr

Rixm Ryap same definition as R, ; except for bottom and top

of plane, respectively

thermal resistance through which heat 1s transferred by
irradiation, °F/Btu/hr

thermal reslstance through which heat 1s transferred by
friction, OF/Btu/hr

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

skin temperature, OF
temperature of inner surface of clothing, °F

temperature of outer surface of clothling, skin in contact
with cabin air, OF

teapth ©ffective earth temperature, CF

tgyy offective sky temperaturs, oF

tw

tya

temperature of inner surface of cabin wall, °F
temperature of outer surface of cabin wall, OF

skin temperature, °R
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temperature of inner surface of olothing, °R
same 88 t, eoxospt in absolute units, °R

hot bedy temperature, °R

cold body temperature, °R

transmittance of plexiglas

temperature of inner surface of cabin wall, °R
temperature of outer surface of cabin wall, °R
temperature of radiation shield, °R

velocity oi fluid, ft/mec

rate of fluid flow, 1b/hr

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

absorptance of surface

coefficient of expansicn of fluid, °R~?

welght density of fluid, 1b/rt®

velght densily of fluid at 70 F and 1 atmosphore, lb/ft®
thickness of alr gap, &t

base of Naperlean logaritims

temperature difference causing heat flow, °F

angle between normal tc surface and line commecting surface
and sun

ebsolute viscosity of fluld, 1b sec/ft®
kinematic viscosity of fluid, £t®/sec

Stefan-Boltzman rediation oonstant = 0,173 X lO"'a,
Btu/ft? hr OR*

W



temperature of air between skin and clothes, °F
T, ‘temperature of cabin air, °F

T, ‘temperature of alr when exhaled, OF

T, temperature of air when inhaled, °F

T, temperature of alr outside cabin, °F

o
g B At E3
Gr = =———2——, Grashof modulus
v
f, H

Ru = 5 Russelt moduluvs

3600 p Cp, g
Pr = ——k—P—, Prandtl modulus

Um 17
Re = " ; Reynolds modulus for flat plate

THERMAT, CIRCUITS
(Tempereture not a Function of Time)

The analysis of tie flow of heoat from a boedy to the surround-
ing envirommont 1s eimpliriod by utilizing the clrcult concept.
The thermel circult may be solved in the same manner as the cor-
responding electrical circvit., In the steady state the elements
of the thermal circults are resistances and lumped unidirectional
heat sources.

Cortaln thermal quantlities and corresponding slectrical
qrantities for one analogcus circuilt are 1llustrated in table I.
The table enirles are limlted to unldirectinnal steady state
variables and elemants. Distributed parameters and theimal
capaclties have not been included.



TAHLE I

Mechaniam | Relatlon .| Equiva~ | Equiva- Equivalent
lent lent resistance
current | voltage
Eleotrical E
netion 1= B 1 amps E volts R ohms
(Btu/br) | (OF) ( oF )
\Btu/br
Q- bt
Thermal
copduction or q At %
At
Q=3
A
q = fza At
Thermal N
convectlon AL q At ?.cz
1=
(zx)
. G/
Thermal * 1
radiation |2 = TrA At 1 At TA
Flow of . i Thermal resistance
gases 2=WCp(T; - Tp) e proportional to 1/wcp

#The torm f,. .18 an equivalent oonductance for radiation. (Bee
secs, IV, VIII, and XITT for a more detailed description,)

#¥Zee sec, X for dlacusaion.

W  weight rete of flow, 1b/hr

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




x thickness in the direction of flow, ft
k  thermal conduotivity, Btu/hr £t2 (CF/ft)

A area of heat transfer perpendicular to the direction of
flow, Pt2

£, unit conductance for convection, Btu/hr £12 °F
equivalent unit conductance for radiation, Btu/hr f£t% OF
At  temperature differenco effective across resistance, °F

T, - Tg  change in mixod mean temperature of flowing gas, OF

Inspection of tablo I reveals that, for the clrcults umder
consideraticn (in which the heat flow does not depend on time),
the rate of heat transfer 1s equivalent to-the current and the
temperature drop equivalent to the voltage drcp 1n the particuler
electrical circult., The evaluation cf the equlivalent thermal
replstances 1s usually tho most difflcult pnrt of the annlysis.
Mothods of computing these resistances are presented 1n the body
of this report. Those are recammended only until better data
are avallabls.

EXAMPLES OF THERMAL CIRCUITS

As examples of tho above technique applicd diroctly to the
problem of alrcraft hoating, four thermal clrcults are arranged
in figures 1, 2, 3, and 4. All circults represent the case of
heat transfor Indepondent of time and correspond tog

Filgure 1.- The flow of heat from a clothed min in the cabin
of an alrplane.

Flgure 2.~ The flow of heat fraom an unclothed portion of a
man inside the cabin of an alrplane.

Figure 3.~ The flow of heat from an inanimate objJect inside
tho cabln of an asirplone.

Figure 4.~ The flow of hent from the plane as a unit to the
extornal onviromment (heat balance on plone).
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. Referring to figure 1, a large fraction of the heat lost by
the human hody elther passes through the skin or is given to the
alr which 1s breathed. The latter quantity need not be considered
when the flow through the skin and olothes 1s calculated,

The rate of heat transfer through the gkin is determined by
‘the mpgnitudes of all the other resistances in the circéult and must
be such that the skin temperature doss not fall below a certain
minimm value., After passing through the skln the heat passea to
the ipher surface of the clcthing in three parallel paths, that 1s,
by odénduction a.nd/or convection, by radiation, &nd by evaporation.

: Practically all of this heat then pasees thrcugh the clothing.
In loose ‘fitting clothing there la usually a certain amount of air
circulation. Scme os the heat may be carried directly inmto the
cabin alr by these air ocurrents. This leakage is as yet an in-
determinate amount and is represented by reslstances 24 and 3a.

At the outer surface of the clothing there are three paths
for the flow of the heat, The body may gain by ccnvection fram
the relatively warm cabin alr, lose heat by radiation to the cabin
walls, and perhaps gain heat as a result of lrradlation by the sun
transmitted through the cabin windows, In tha following sectlons
of this paper each resistance 1s discusged in some detall. By
knowing the mammer of varlaticn of the remistances an estimate
oan be made of the effect of chungus in the system on the rate
of heat transfer fram tho body. Two gqualitative examples will
be given: (Rofer to fig. 1l.)

1, Contrast the heat flow fram the portion of a man in
contact with a cold metal scat to that fram a stand-
ing man, The reslstance 2 1s roduced considerably;
5 also ig diminished. Reslstance 6 18 materially
reduced and in additlop the temperature 1in the lower
end of this realstance is decroased from theo elr tem-
perature to that of the cold metal seat., The radla-
tion resistance 8 18 somevhat increased, and the
Irradletion resistance 7 becomes 1nfinito,

2. Rext consmider the heat loss from the bare skin of a
man, In this case roslstances 2, 4, and 5 DbDe-
came zero and a diagram such as 1s shown in figure
2 results.

Figure 3 shows the disgrem for an inanimate objoot 1n the
cabin, Suoh an obJject normally will not be & source of heat; so
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the sum of the galn of heat by conveotlion and 1rradiation must

Just equal the lcss of heat by radiation to the ocolder cabin walls,
A convenient methcd for calculating the equilibrium temperature for
such a body is discussed and presented in seotlon XVII.

Figure 4 illustrates the manner in whlch heat 1s lost from the
alrcraft to the outside air, Heat 1s gained by the plane through
the heater (an exhaust gas type is shown in the figure) and from
the heat losses of the men in the plane, The heat may be lost by
alr leakage and by passing through the cabin wall, first passing
through a convective reslstance on the Inside suwrface of the wall,
The heat then flows through the cabin wall and finally by convec-
tion and radlation to the cutside. Heat may be gained on the out-
slde swrface by lrradlation from the sun and by friotional heating
(the latter at high velocities only). A numerical evalvation of
such a heat balance 1s glven in section XVII.

I. RESISTANCE 1

THE RESISTANCE OF THE HUMAN BODY

Hardy (reference 1), in his papers on the heat loases from
human bodies, presents the data for an unclothed man; these are
glven in flgure 5. Dr, Hardy's experiments were performed on
naked subJects placed in a calorimeter. For thils reason, same
of his results do not properly apply to clothed men. However,
they serve to Indicate the tremds in the influencs of tempera-
ture on the bod; mechanism, Hardy (reference 2) makes the follow-
ing statements:

"Measurements of thermal gradients in man indicate a depth
of 2 to 3 em 18 Involved In the thermal gradient from the Intermal
tissue to the sgkin surfaoce. Assuming an averege depth of 2 cm for
the whole body, the thermal conductivity

k = 0.00048 gram cal/cn® sec (°C/cm)
k = 0.116 Btu/hr £t% (°F/ft)

"Lefevre (regerence 3) in 1911 arrived at a value of 0,00066
gram cal/cm® sec ;E Comparing this value with other substances

shows that from substances which have considerable sir space, such
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as wool, hair, felt, etc., few materlisls have higher insulating
ability than living tlssue. Leather, for example, has a value of
0.0004, paper 0.0003, cork 0.0007. It would thus appear tiat
living tissus could hardly Increase its thermal insulating abllity
if i1t hed no oiroculmtion of blood and that the heat transferred
through the tiasue In this envirommental range is due to pure con-
duotion. This would account for the constant value of the tlssue
conductance from 82.4° F (28° C)* down, The body in this region
may be campared to a oylinder of the same surface area as a man,
wrapped with a layer of paper 1 cm thick, the internal tempera-
ture of which is maintained at 98.6° F (37° c)".

The thermal. conductance referred to was obtailned by dividing
the thermal losses through the skin by the averago temporature
difference between the skin and the intermal tissue, As shown
in figure 6, this ratio remains constant below & calorimeter tem~
perature of 82.4° 7,

The inorease in the thermal conductance above 82,4° F (28° C)
is due to the Iincreased clroulation of blood, This effsect may be
Induced also by muscular activity or chills, In attempting to
apply these values to caloulatlons it must be borne in mind that
a criterion of comfort 1s the skin tesmperature, If the subJect
indulges in great muscular aoctivity, he can stand a much greater
heat loss withont discomfort than 1f e remnins qulet, 'fhe gov-
erning factor is not the leat luvad on the man, hut the skin tem-
perature.

The temperature imay vary greatly from one portlon of the
body to another., In one experiment it was found that the tem-
perature of the skin on the forshead was 89.6° F (32° C) while
the tewperature at the iFeet wvas 80,1° F (26.7° C) (reference 4),
The values shown in the figures are average tomperatures.

If the skin teamperature drops below 86° F (30° C), shivering
will generally ocour, In considering the design of hoating equip=-
ment, 1t will be advisable probably to specify that the average
al:in temperature of a man dressod in specified clothing shall not
be below a certain temperature, probably 88° F,

The heat loss thro..gh the man's skin by-conduction is,
therefore, . .

A
qQ=kz (98.6 - t,)

D LA W 5 5D 5 WD D D T P O S - S N S R e e G S S G D S SR S S D G G S R A e 0 P G e G T PR SO S S B A S0 A5 BB W0 &l = g0

*Calorimeter temperature.
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vhere _

A surface area of the man (about 20 £t%)

x depth of conducting layer (about 2 cm = 0.0662 ft)

@  heat loss, Btu/hr

t, skin temperature, °F

k thermal conductivity cf living tissue, 0,116 Btu/hr £t2 ;%

Resistance 1 is, therefore,

o
Btu/hr

Whenever persplration ls induced at a rate which exceeds the
rate of evapcration and/or absorption by clothing, and additional
resistance due to the liguld layer on the skin must be added to
resistance 1, This resistance i1s equal to the thickness of the
liquid layer divided by the thermal conductivity and surface ares,

R, = 0,566/A

II. RESISTANCE 2

THE RESISTANCE BETWEEN THE SKIN AND THE CLOTHING

The quantity of heat whick flows from the skin to the clothe
ing by means of conductlion and convectlon depends mainly on the
thickness vf the alr space between the clothes and the skin,
Fishenden and Saunders (reference 5, p. 115) and Ten Bosch (refer-
ence 6) discuss the mechanlsm of heat transfer by conduction ani
convection across alr spaces. The conclusion 1s roached that for
alr gaps less tkhan 0.10 inch thick, convectlon currents are neg-
ligible and the transfer of Jaeat is by pure conductlon across the
stagnant air layer. Wien the air gap 1s thicker than 0.10 inch,
free convection currents beccome more effective, until for gaps
of abcut 2 inches the transfer is largely by free convectlion.*

Ten Bosch (reference 6) 1llustrates the convective currents
wvhich will exist in an alr gsp, as shown In filgure 7. The fluid
velocity 18 zero at the hot surfaca Increases ra2pldly a short

*Radiation across the alr gap 15 discuseed under resistance 4.
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distance from the wall, and falls to zero at the center of the alr
gap. The flnuid falls next to the cold surface. These oconvective
ocurrents -transfer the heat from one vertical surface to the other,

Quantitative Data

l. Gaps less than 0.10 inch. ~ The thermal reslstance for
emall air gaps 18 glven by the conduotion equation:

BB 'E) (Bt h‘!‘) - (25')

where
6 air gap thickness, ft

k thermal conductivity of air, ———-7-w
al OF
hr Tt \——
A area through which heat transfer 1s taking place, ft2

2. Gaps greater than 2 inches. - Gaps greater than 2 inches
generally will not exlst Detween the skin and clothing of a man,
but it 18 of Interest to know the mechaniam of heat transfer across
such alr gaps. The air gap wlll be considered vertical, for pur-
poses of analysis. The relations which are dlascussed under Resls=-
tance 11 will apply directly, that is, the mode of heat transfler
is by free convection. Thus from the hot surface to the ambient
alr, 17 the flow is laminaxr:¥*

v 1/a
fo = 0.30 (t; = "':5)1/4(1) ) s —B%- (2b)
hr £t° ©F

and from the ambient air to the cold surface
/2
fo = 0,30 (T, - ta)ll"'(i%)i (2c)

As a flrst approximation, the temperature of the ambient air
is equal to

*More precisely, as ia dilscusasd under Reslstance 11,
174 ‘1/2
£o = 0.30 (t, -~ T, (.2'.
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t, + 65
T T

Thus, both (2b) and (20) may be written as

0,30 / /a
£o == (tq = ta)t /4 2y

° \Fo/
. P 172
= 0,25 (1-.1 - ta)1/4<§-c> (2d)

The total resistance acrcss the air gap 1s twlce the resistence
from one surface to the ambient air., Thus

2 1
RB = ch = (28)
/s /P \/2
0.125(t, - tg) 2 A
where
t, temperature of hot surface, O
ty; temperature of cold surface, °r
P  cabin pressure at any altitude, 1b/sq in,
P, cabin pressure at sea level, 1b/sq in.
A  area for heat transfer, ftZ
3. Intermedlate gap thickness, - The values of ﬁix for

Intermedlate gap thickness are shown in fi e 8 for atmospheric
pressure conditions and a (t, - t,) of 30° F. These values were
obtained from Fishenden and Sa'mders (reference 5). For other
atmospheric pressures and other temperature differences (t; = t,)

the magnitudes of l/RaA for gaps less than 0.1 inch will not
change appreclably; wherocas for gaps greater than 2 inches l/RaA

mey be computed from equaticn (2e). Interpolation between thess
magnitudes, using the cuvrves shown In figure 6 as a gulde will
allow predlction of the thermal resistance of gaps of intermediate
widths. ’
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III. RESISTANCE 3

EVAPORATION OF MOISTURE FROM THE SKIN

The rate of evaporation of molsture from the skin willl depend
on the humidity and -the temperature of the air in'contact with the
gkin and the skin temperature. It also wlll depend on the rate of
perspiration of the subject, or, more exactly, the concentration
of water vapor on the skin, Molsture removed from the skin 1s not
necesparily evaporated., Molsture absorbed into the clothing, for
example, has no cooling effect other than its lowering of the re-
sistanoce of the clothing to heat transfer. (Sece resistance 5,) '

At high altitudes the air in the cabin will be generally of
low humidity., This will result in tle dryling out of the skin
wherever it is exposed to the air, and experiance similar to that
experienced by mountain climbers. Under the oclothing, however,
tho lager of alr will quickly become rather humid as there ls
very little circulation of air inslde tho clothing. DuBois
(reference 4) has shcwn that at low temperatures in air of aver-
age humidity the amount of heat lost by the body throuvgh evapora-
tion from nude subJects 1s not very great. Tals 1s due largely
to the decrease of the vapor pressure of water wlth temperature
aerd to the lowered actlvity of the persplratcry organs. The lat-
ter effect will dopend somewhat on the mental state of the sub-
Jeot. The data for nude subJects in a culorimeter at varilous
temperatures 1s shown in figure 9. These date cammot bo applied
directly to the problem of clothed persons but should be used
only to indiceto a trend. Thke fraction of the total heat less
due to evaporaticn in the region below 73.8° F (calorimeter tem- .
perature) is about l/lO. This, howuvar, 1s lor nude persons., For
clothed persons it should be scmevhat less, because the clothing
willl tond to absorb any perspiration and may even became negli-
glble.

This portion of the thermal oircuit will require further re=-
search, For the present, 1t may be assumed that the heat lost
through this means 1s negligible and the resistance 3 1s infinite.
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IV, RESISTANCE 4

RADTATION FROM SKIN TO CLOTHING

Thermal oenergy 1s radiated from the skin to the lmner surface
of the clothes., The disoussion proeseornted under Reslstance 8 ap-
plied directly to thls case. The encrgy 1s transferred approxi-
mately in eccordance with the fourta power law, However, the
water vapor in the alr in ihe space between the skin and clothes
will take part in the radlation process in some wavelengths,

Until this fraction has been more definitely establlshed, the
fourth power law will be utiliged without correction (reference
7). Thus the rate of energy transfer 1s given by

"' TaN¢ 7 To\¢]
qQ = 0.173 A ._(100) _<100> ] F, Fp (42)

Since (reforence 8, p. 54) the clothes ccmpletely enclose
the body, Fy = 1. Further, the areas of the body and the clothes

are -practically equal, so that

1
FE.= T T (4p)
— 4+ — =1
€1 ©a

The emissivity of the skin (reference 9) 1s very cluss to
1.00 and the emisslvity of clothing at long wavelengths (corres-
ponding to a low temperature radiation) is approximately (refer-
ence 10) 0.95, regardluss cf color.

Thus FE = 0,95

Expanding the equation for q as shown for resistance 6
Yields

_ .
£, = 0.173 x 107° (T,% + T,°)(T, + T,) ¥, Fy (4c)
Thus

= 8 o
R .-l _ 5.78 x 10 F

4 ’
£f.4 (T, + TA)(T, + T,)F, Fp Btu/hr
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’ .

The quantity 7 fF 1s shown plotted in figure 16 egalnst T,
' A“E

and T, If Fy Fp = 0.95, & and R, may be readily caloculated.

Y. RESISTARCE 5

THE RESISTANCE OF THE CLOTHING

Scant results of work on the effectiveness of clothing can be
found 1n the literature,

The resistance of the clothing is the sum of the resistance of
each layer of cloth and tkhe contact resistances between them. Con-
tact resistances are treated in sectlon II. In table ITI is given
the thermal conductivity and the density of various materials,.

TABLE IT

Material Conduoctivity* Density

( Btu/hr £1° (-:-’3 (1bv/£% )
Carbon dioxide 0.0088 0.12
Alr 014 .08
Kapok .020 .88
Halr felt .021 17
Wool .022 6.9
Mineral wool .022 9.4
Balea wood .023 2.2
Cotton wool 024 5.06
Cork 025 9.0
Silk .0286 6.3
Earth (loose) .026 10.6
Felt (wool) .030 20.6
Sawdust .030 12.0
Chercoal (loose) .030 15,2
Cctton ) .032 5.0
Wcod shavings 03¢ 8.8
Barth (powder) .036 20.0
Lampblack .038 10.0
Gypsum (loose) . 0486 30.0
Linen .06
Asbeston .089 29
Sand .19 94.6

5 5 5 D A G s ) = 5 0 S =0 S N AR O P A0 G5 ST U S U 65 S S (I & G 00 TP D BN B O G GD S0 G5 PGP on S S5 G aF G G AP &5 G G 06 A O & g vu W WS W g0

*See references 11 and 12,
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If, for the materlals listed in the table, the conductlivity
ig plctted agalnst the density, a rough correlation may be observed,
This correlation exists because the insulating value of cloth (or
other material containing air gaps) depends to the first approxi-
mation not on the cloth itself, but on the air spaces in the cloth.
The best insulator would have an infinite number of alr spaces,
infinitely small., A line has been drawn through the points in
figure 10 and made to coincids with the value for pure air, The
lowser line represents the probable value of the conductlivitiles
were the meterlals saturated with carbon dloxide Ilnstead of alr.

The effects of compressing the clothing (when sitting down or
bending the elbow, for instance) are threefold., First, the thermal
conductivity of the cloth 1s increazed since the alr gaps are made
smaller, Secondly, the contact resistancvs between clothes are
made much smaller, and lastly, tho total thickness of the claoth
1s decreased., The effect of compression on the thermal conductivity
of rock wool is shown in figure 10a (reference 13),

The reslstance of the cloth to heat transfer will dovend
greatly on the vapor content of the cloth, In figure 11 the ef-
feot of water vapor on the thermal conductivity of rag felt ls
shown (reference 14).

Flying clothes may be hung in molsture-free containers when
not in use and then kept dry. Pllots moving from the hangnrs to
the ships on foggy or ralny nights will absorb large quantities
of water which will not only cool the clothing as the olothes dry,
but will lower the resilstance of the cloth as well,

The same precautions should be taken concerning the under-
clothes, A waterproof gorment worn betweon the skin and clothing
or betwecn ihe underclothes and the noxt layers of clothing might
prevent perspiration from seeping through the clothling and lcower-
ing its reslstance., Tho physiologlcal effects of such a garment
except for short perlcds may preclude its use, however,

The heat flow through the clothing will be given by
q = (ta - t4)/35

R5 = pumatlon of cloth resistance + contact resistances
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For approximate calculations it will probably suffice to de~
crease the theimal conductivity of the clothing material by a
third to account for the contact resistances and use this value

‘as the over-all oonductivity of the total thickness of clothing.

(See sample calculations in sec, XVII.)

VI. RESISTANCE 6

CONVECTIVE RESISTANCE ON OUTER SURFACE OF CLOTHING

The convection from the outside of the man's body 1s quite
camplex, because of 1te lrregular geometricel shape. As a first
approximation, a standing man may be considered as a vertical
oylinder about 14 inches In dlameter and 6 feet tall, Heat 1is
lost from thla "oylinder"” by free convectlon, which causes verti-
cal alr currents, and by forced convection which on the average
is caused by air flow perpendicular to the cylinder axis. It is
difficult to combine the efl'ect of these two modes of transfer,
but 1t is suggested as & preliminary step that both unit conduc-
tances be computed and the larger of the two chosen for caloula-
tion.

Forced Convectlon
The data presented by McAdems (reference 8, pp. 219-220) for

forced flow past right clrcular cylinders about 3.75 inches diame-
ter, may be expressed as:

foD D Um'r)o .58
- 0135
k ( [T (6a)
substituting the values of u, k for alr at 50° F ylelds
(U, 7)°®* Btu
fo = 2.90 (6b)

) "
D0.44 hrfta QF

U, eir velooity, ft/sec

alr density, 1b/ft>

D oylinder diameter, ft




For a diameter of 14 inches (man)

Btu

o 18 or (&)

fo = 2.70(Ty 7)° 56,

Free Convection
As In the case of resistance 11, the free convection fraom the
man may be exprosged as:

14 /P )1 /2 Btu (6d)

fo = 0-30 (bs = W) U \F;) 2 e or

Thls equation ls a rocasonable approxiﬁation and expresses the
probable effect of temperature difference and cablin pressure on
the rate of heat flow by free convection.

Recapitulation

For free convectlon

R, = S p (6e)
1/a/ p /8

0.30(tg = 7 —
o - W (F)

and for forced convectlon
R, = 1 (ef)
2.70(T, 7)° %%a

The smaller of the two resistances (larger £.;) is to be used.

Sincé, in general, the cabin alr will be warmer than the man's
clothing, an attempt should be made to reduce Rg to as small a
value as possible. Thils may be done by the use of fans or the
proper location of alr vents. Care should be taken to avold exces-
s8ive drafts at the cabln wall to prevent R;,; from becoming too
emall, thereby lowering the cabin alr temperature.

Equations (6c) and (6d) are presented graphically in figures
12 and 13.
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VII. RESISTANCE 7

" RADIATION FROM THE SUN THROUGH THE WINDOWS

The tranamlttance of plexiglas has been measured as a func-
tion of the wavelength of the incident energy. The tranamittance
i1s defined as the ratio of the tranamitted energy to the incldent
energy.
transmitted radiant energy

inocldent radliant energy

r=

In the wavelengths represented in sunlight, it was found
(reference 15) that the average transmittance varied with the
plexiglas thickness shown in figure 14.

For the wavelengtlis emitted by bodies at moderate tempera-
tures, such as the walls of a cabin or panels heated to 40G° F,
the transmittance of plexiglas is so low as to render it opaque
to radlant energy. The conclusion to be drawn from this phencmenon
is that any energy that gets into the plane from sunlight will not
be reradiated outward by the man. At night, no matter how cold
the obJects which his body can "see" may be, he will not radlate
to them through the plexiglas windows.

Solar irradiation as a functlon of altitude 1s known and can
be used to compute the rate of heat flow through the resistance
shown as 7. If Gg 18 the lrradiation at the altitude under con-
sldoration (Btu/hr ft2) and T, the transmittance, A the area,

the energy reaching the man 1ia
9y = T G, A cos @ (7a)

vhere ¢ 18 the angle between the normal to the glass surfaoce and
the line comnecting the surface and the sun.

No numerical value need be assigned to resistance 7, since
the rate of head flow may be readlly determined from equation (7a).
Since the heat flow 1s essentially in one direction, 1t 1s not
necessary to include 1t in an analysis of the amount of heat neces-
sary to keep a man comfortable, If he 1s comfcrtable when no re-
ceiving sunlight, it will not he a difficult matter -to make him
‘canfortable when he is.
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For numerical values of the irradiation at varlous altitudes,
see sectlion XIV.

VIII. RESISTANCE 8

RADIATION FROM THE MAN TO WALLS

The total radiation from a perfect or Planckian radlator 1s
given by the Stefan-Boltzmann equation:

q=0AaT* (8a)
where
Q@  heat loss, Btu/hr
T  abeclute temperature, °R
A area, £t8
0  constant, Btu/hr £t° °R* 0.173 x 10™°®

The net energy interchange between two parallel bodies 1a
then given by (reference 18)

2\ (2N

- 0.173 A n
4 100/ 00/

(8p)

If the bodles are not perfect radilators, & correctlon factor

(emissivity modulus) Fp must be inserted. If the bodies are
80 sltuated wlth respect to one another that all the radlation
from one does not strike the other, a correction factor (shape
modulus) F, must be included as a multiplier. The equation

then becomes:
= 0,173 A Bc
(=) - (20)

Hottel (reference 7) has tabulated values of I, and Fyp

for various systems, The multliplier Fp Fg is not always separable

Into the two components. Mcreover, the moisture and CO, content
of the alr between surfaces A and B will change the net

|
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transfer, as water va.por and CO, enter into the radiation process
in the longer wavelengths. (See references 7 and 17,)

For a body completely encloded in another end with no ro-
entrant angles

1

.1'_4_.._1 ——l)
e, Ag\ej

= 1 and FE_.

Fa

When A, 18 very mvch smaller than, Az, Fp will be a funo-
tion of e, only. If A, is nearly the same as A,, the energy

interchange will be a sens*tive fmction of both o, and e

This is shown 1in {igure 15, 2

1

vhere

e, emlgsivity of inner body

e emlssivity of outer body

. area of inner body, ft2

area of outer body, 8

The emlssivity of most clctlhilng wlill be about 0.95 and 1s
usually not susceptible to change. The upper horilzontal line in
Tigure 15 represents the case of one man in a large cablin; the
lover cne many men in a smell section. For an average case, where
A /Ay = 0.1, changing the emlssiviiy of the walls fram 0.9 (painted
aluminum surface) to 0.055 (unpalnted) (refercnce 8, p. 45) will
change the heat loss by about 80 percent., For the case of many
men Iin a sectlon the lowering will be even greater.

The "equivalent unit conductance for radiation" (reference 16,
ch, XVIII) is defined as follows:

8 4 4
g = £, A(T, - Tg) = 0.173 x 10" (T,* - T;")F, Fp
£ = 0.173 X 10Ty ? + TR") (T, + Tp)F, Ty (8d)

For a man redlating to the cabin walls, T, =T, and
Ty = Ty. In general, T, will be kmown, but T, will not. As
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a first epproximation it will suffice to assume T, 1s the seme
as the equilibrium temperature of an inanimate obJeoct In the =mame
poaition., This problem 18 treated in an example Iin sectlion XVII.
The resistance for this method of heat transfer 1s therefore

F

R, & ——
8 =~ f.A Btu/hr

The Use of Radlation Shilelds

The radiant energy transfer can be decreased tremendously by
the use of radiation shilslds. Fven a radlation shield of infinlte
thermal conductivity (approximated by a very thin sheet of metal)
and an emissivity of unity (blackened aluminum) will decrease the
energy interchange by 50 percent. This fact 1s demonstreted as
follows:

Conslder two bodles at temperatures TA and TB' Assume

that they are placed so that theilr shape modulus 1s unity and
further assume that they are both black body radiators (fig. a).
A rediation shield of unit emissivity and infinite thormal ocon-
ductivity is interpcsed (flg. b). Neglecting the effectes of con-
vection to the surrounding alr, the energy transferred fram A
to the shield wlll be

T T T T T

A B A S B
>
T TB
A B A 3] B
a. b.
Btu

4 L
4. o(T,y* - 7%

A (8e)

hr £tF

That from the shleld to B will be:

= o(TS'" - TB"')

=lio
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8ince there can be no storage cf enorgy, the two rates must be
equal,

4
Tpé - Tg® = Tgé - Ty

4 4
TA +El.‘:B
0 E—————————

T * 8P
8 > (ef)
The heat flow from A wlthcut the shield is:
4
$=om® -13% : (8g)
The heat flow with the shield im:
- 4 4
q . (TA + Tp )] 1 a
R - > o(ny* - 159 (em)

The shleld, therefore, reduces the heat loss by 50 percent.

By similar reasonipng it can be shown (reference 16, ch, XVIII)
that the presence of n radlatlon shlelds of varylng emissivities,
©15 Op seevey; 04", 03%, €3%..... Will reduce the radlant heat

transfer by a factor

1 1
— =1
®s B (e1)
1 1 1 1 1 1 1 1 1
et Il & St nnit Sl Sl PPIPT Bl i S LR R R
€, ep e, ©3 ©5 @, e, 8g Oy
where
e, emissivity of one side of shield 1

e,' emleslvity ol other side of shield 1
op emissivity of swrface A

ey emlsslvity of surface B

number of shields

B
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IX, RESISTANCE 9

RESPIRATION
To camplete the heat balance on the man, 1t 1s necessary to
take into account the fact that he warms the alr he breathes. Thils
heat loss, unless the alr ls uncomfcrtably cold, will not affect
his sensation of warmth because 1t wlll not affect his sxin tempeora-
ture. If the alr is very cold, the man will experilence difriculty

in breathing. Lcng before thils happens, however, other factors
probably will have acted to make him unccmfortable.

It ie not proposeod that the energy lost through respiration
be taken Into account 1n determining whether a man will be comfort-
able, Thils resistance 1s shown only tc complete the exact cilrcult
as 1t exlsts. If 1t 1a desired to include 1t 1n making a total
heat balance, the heat lost wlll be given by:

g =W Cp (T - T4) (9a)

vhere
@  heat lost, Btu/ur
W  welght rate of resplration, pounds of air/hr
c heat capacity of the air, Btu/lb °F
To ‘Gemperature at which the air is exhaled, °F
Ty ‘temperature at walch the alr is Inhaled, Op

No nmunmber need be asslgned to this resistance, for 1t may be

treated as a portion of the thermal circuit in which the current
flow 1s known.

X. RESISTANCE 10

ATR LEAKAGE

If the amount of alr that escapes from the cab!n is W pounds
per hour, the enthalny that will be lost irom the cabin is

Q=W (T, - T,) Btu/hr (102)
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vhere
Cp 8pecific heat of air, Btu/lb °F
T, temperature of the cabin air, °F

T, temperature of the outside air, p
If there are leaks in the cabin and the cabin is slightly
pressurized, the leakage will be apgmented by the decrease in ex-
ternal pressure as the airplane galns altltude. Such leaka also
generate drafts which lncrease the heat loasses through the sldes
of the alrplane, altaough such drafts under certain envirommental
conditions may prove benefliciml to the men by helplng to warm them.

If resistance 10 1s low, it is evident frém figwre 4 that 1t
wlll function almost as & direct short circuit, In many airplanes
the heat lost by alr leakage 1s far greater than the heat trans-
mltied through the cabin walla, Thus the amount cf air lealmge
must be kncwn before the neceasary capaclty of the cabln heater
for an alrplane caen be estatlished.

No number need be assigned to this resistance, for it may be
treated as a portion of the thermal cirocult in which the ocurrent
flcw 18 known,

XT. RESISTANCE 11

CONVECTIVE RESISTANCE AT THE INSIDE SURFACE
OF THE CABIN WALL

Heat flows from the catin alr tc the cabin walls by convection.
If there are no drafts, the mods of heat transfer is by free con-
vection., The warm air wlll flow down the
cold cabin walls and up the center of the
cabin, In addition, 1f thore is a draft \
down the center of the cabin, heat trans- ( ﬁ \
!
] {

[y

fer by forced convection will take place. ,
It is difficult to combine the two modes Oy
of transfer, and, as an approximation, / ’,1
both unit conductunces should be calct- ) \\:j‘ k_b
lated and the larger of the two used. ’

4/
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Free Convectlion

Tt may be shown readily (references 18, 19, and 20) that the
unit thermal conductance for free convectlon depends on the Grashof
modulus and the Prandtl modulus., In general

Nu = F (Gr, Pr) (11=)

Experimentally it is found that Nu = c(Gr X Pr)n, approximately.
The exponent n 1s constant for a narrov range of the varlables,

Feor vertlcal plates

fo O

Nu T’ Nusselt modulus

At B
Gr = LL—-, Grashof modulus

ve

u C, g (3600)
Pr = —&- m , Prandtl modulus

where

unit thermal conductance for free convection,
Btu/hr £t OF

To

k thermal conductivity of the gas in contact with tho
plate, Btu/hr £t° =
ft
c experimental constant (dimensionless)
n experimental exponent,* 1/4 < n <1/3
H helght of the plate, ft
g 32.2 ft/sec?®
B coefficient of expansicn of gas, 1/°R

At d'fference 1n temperature between plate and amblent gas, Op

*The 1/4 pover corresponds to 10° < Gr Pr < 10° for which the
flow is viscous. The 1/3 power corresponds to 10° < Gr Pr < 10?2
for which the flow is turbulent (reference 8, p. 248).



v kinematlc viscosity of gas, ft2/mec

B absolute viscosity of gas, lh BGO/fta

Cp unit heat capaclty of gas &t constent pressurs, Btu/1b °F
For air, evaluating the various physical properties, the

above expression may be written approximately (references 5,
. 107, and 16, p. XII-4) as

£g = 0,30 At1/4(;z_>1/a, Btu/br £18 °F (11b)
[+}

whore
V4 density cf gas at the arithmetic mean of the plate tempera-
ture and the smblent gas temperature at the pressure cf
the amblent ges
7o Adensity of the gas at 70° F and 1 atmosphere
For cases where the arithmetic average of the plate tempora-~

ture and the ambient gas temperature is close to 70° F¥, the equa-
tion may be written as

7o P\ /2
fq = 0.30 at? (-1;;> , Btu/hr £t? °F (11c)

where
P ambient gas pressure at any altitude, 1b/in?

Po atmospheric pressure at sea level, 1lb/in®

Forced Convectlon

When a fluld flows along a flat plate of length 1 (measured
in the directlon of flow), the flow is termed "viacous" 1f Reynolds
u iy

m

number is lems than 50,000 and "turbulent" (reference 21,

na
D. 368) 11 1t 1s.greater than 50,000, As a very close approxima-
tion to more exact analyses (references Z2 to 25), Colburn (refor=-
ence 26) has shown that the average unit conductance for a plate
1 feet lcng in the viscous region may be expressed as:
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£ / 1 -1/2
c (er)®’® - 0.88 (Um 7) (114)
3600 Cp Up 7 s

Substituting the properties of air at 50° F in the above

expression ylelda:
0.5
£, = z.45<%—’-> (1le)

Up L7
L e
than 50,000; that 1s, for air at 50° F the product Uy < 16
£t2/sec,

less

This expression mey be used for values of Re =

If the Reynolds mumber is greater than 50,000, Colburn
(reference 26) glves

£ 1 A\=17/5
< (Pr)®’® - 0.036 (/Um 7\
3600 Cp Uy 7 \ k8 /

(11£)

which checks closely the value presented by others (reference 27).
For air at 50° F this reduocss 3sc

£, = 4.25 A

\1°%/

This expression or the average unlt conductance over a flet
plate 1 feet long applles for values of

(11g)

Re > 50,000, that is, Uy I >18 ft%/sec

Recapitulaticn
1., If free convecticn controls

1
Rii = p (11n)
/4 1/2
0.30 (T, - t,)" (-13- A

Po



31
2, If Uy 1 <16 £t%/mec

R,,= L (111)
Um 7\0. 5
2.45 (T} A

3. If Uy 1 >16 £t8/sec

1
= (113)

7 \o.8
4.25 -I—O-:a—s-> A

T, cabin air temperature, °F

Rll

where

t, cabin wall temperature, °F

P  cabin air pressure, lb/in®

P, atmospheric pressure at sea level, 1b/in?
U  air velocity in cabin due to drafts, ft/sec

1 effective cabln length measured In dlrection ol forced alr
flow, ft

A area of heat transfer perpendicular to direction of heat
flow, £t

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

The cablin of an alrplane is not a single flat plate; so the
use of equatlons for a flat plate.of length 1 1s only an approxi-
mation, However, since 1 enters these equations only as the 1/2
and the 1/5 power, a reasonable estimate of f, Wwill result even
theugh the exact magnitvde of the length 1 mey not be Imown,
Since Ry;; 18 80 large, it usually will be the major resistance
determining the rate of heat transfer through the cabin walls.
Efferts to decrease heat lcsses from the alrplane may be aimed
at increasing R,; (decreasing f;).
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ZII. RESISTANCE 12

THE RESISTANCE OF THE WALL
The resistance of the walls of moat military craft of present
design can be shown to be negligible. The wall thlckness in such
craft 18 about ".032 inch, The thermal conductivity of aluminum
1s about 117 Btu/hr ft@ x . The heat lost through such a wall
ft

will be:

kA '
Q=T(tw-twa)
where

q  heat flow, Btu/hr
Btu
hr £t2(°F/ft)
A area of heat transfer, perpendicular to heat flow, f£t2

k thermal conductivlity of the aluminum,

x thickness of wall in direotion of heat flow, ft
t, temperature of the inslde surface, op

t temperature of the outside surface, °F

wa

The resistance 1is:

(Fer an aluminum wall, uninsulated)

Ry = o052 5ogy 10758 —2r
kKA 12 x 117A Biu/hr

This reslstance can be neglected in comparilson to the others
and the inside temperature of the wall assumed to be that of the
outslde wall suriace. This will have many unfavorable effects te-
yond the immediate lcsa of heat through the walla. The surfaces
which receive the radiant energy from the men inslde the airplane
will be colder, inoreasing the radiant loss. The temperature dif-
ference between the inside cabin walls and the cebin alr will be
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greater, resulting in inoreased free convectlion andi lowering re~
sistance 11. Finally, the walls may be so cold that it will be
impossible to touch them without injJury. Equlpment fastened to
the walls may be rendered uscleas at high altitudes by the exces-
slvely low temperatures,

If the cabin walls are insulated, the resistance to heat
transfer will be that of the insulation alone, since the metal
hag such & emall resistance, If the thermal conductivity and the
thickness of the Insulatlion are known, the calculations are treated
exactly as above. Any alr spaces Introduced by adding the insula-
tion are treated as described under resistance 2, )

As poilnted out in the discussion of resistance 5, the resist-
ance of the men's clothing, the presence of mcisture in insulating
materlals may affect the heat transfer tremendously, The ligquid
or ice layer on the lnside metal wall will increase the reslstance
of this portion of the oircuit, The cabin lnsulation should be
sealed wherever possible since, in normal use, ‘there 1s a tendency
for molsture to condense in the insulation and not be removed.

The rate of moisture condensation is appreciable if the windshields
fog rapldly drring flight, Unlike the windshleld, however, the
walla are wsually not defrosted nor is any attempt made to 4ry
them, If it is desired to maintain them at thelr maximum eff1i-
clency, thereiore, it is necessary to take special precautions

to keep them dry,

The posslbility of saturating the insulation with carbon
dicxide gas should not be overleoked, fcr it is a much poorer
thermal conductcr than air,

XIII, RESISTANCE 13

RADTATION FROM OUTHFR SURFACE OF ATRPLANE TO SURROUNDINGS

In level flight the surfaces of the alrplane on the under side
see the earth, the upper surfades see outer space, and the sides
see both. But the atmosphere is not perfectly transparent to all
wavelengths, for it conteins water vapor, carbon dicxide, ozone,
dust, and 1liquid water (clouds). These constituents ebsorb and
radiate in wavelengths in the infrared reglon which correspond to
reasonably large magnitudes of the monochromatic emissive power
at the temperatures under consideration,
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Several methods are avallable for the calculation of the ir-
radiation of a surface by the constituents of the atmosphere.
Reference to the pertinent articles will be mads here, A simple
method has been devised by Andersen (reference 16, pp. 53-59)
which is based on the earller interpretations by Elsasser of
spectroscopic data on water vapor, The procedure of Andersen
will account only for the effect of water vapor; dry bulb and
wet buldb data are necessary as a functlon of altitude 1n order
to acoomplish a numerical solution. Elsasser (reference 28) has
recently proposed another graphical technique which i1s besed on
mcre recent interpretatlions of spectroscoplc data; also, a cor-
rection i1s made for the carbon dicxide content of the atmosphsre.

Hettel and Eghert (reference 17, pp. 297-307) present the
date for the emissivity »f watser vapor and carbon dloxide cn a
large rangs of temperatures dcwn to as low as 0° F. In particular,
the e:ifect of path length, the effect of superposed water vapor,
and carbon dicxide radiation and formulas to be employed are
.discussed, Brooks (reference 7) presents various data for the
tranamleasivity of water vapor and he also includes an analysis of
the data of other Investligatecrs.

A cloud bank may be conaldered as a radiation shleld as a
first approximation. If the temperature of the slde of the cloud
vhich sees tlie airplane 1s known, it may be conceived of as a gray
body and 1t wlll replace ths earth or "outer space" depending on
the location of the clowd bank in respect to the alrplane., The
cooling)which clouds experience is discussed by Elsasser (refer-
ence 29),.

In the illustrative example which follows later 1n this sec-
tion, the absorptlon and radiation of the water vapor and other
constlituents of the atmosphere are omitted. These corrections will
be the subJject of a later contribution, In the 1llustrative ex-
ample, the fourth power radiation law, betveen surfaces was utllized
wlth outer space preswmed to be at absolute zeroc, The numerical
work also was carried through on the presumptlon that the airplane
lost or gained no energy by radiant exchange. These calculations
are presented 1n seotion XVII.
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XIV. RESISTANCE 14

SOLAR IRRADIATION
The solar irradiation on a horizontal plame in Btu/hr fi°

mey be obtained al the station level for certaln localitiles from
the reports ¢  the Weather Bureau, Abbott (reference 30, p. 122)
presents Information on tlhe solar oonstant, that is, the lrradia-
tion at the outer atmosphere. The sclar energy absorbed by an
opaque surface of an a.irp.l.a.ne flying in the upper atmosphere may
be calculated from:

Ggq = @ G, A cos @
where

Go ‘the solar irradlation at the a.ltitude of the airplane,
Btu/hr £t7 :

o absorptance of the surface

L] angle between normal to the surface and line commnecting the
surface and the sun

A  erea of absorbing surface, ft®

(In the absence of irradiation deta, G, may be.taken as the
irradiation at the outer atmosphere.)

If the s'm strikes a transparent or a translucent surface,
- the energ, transmitted is

q =T, G, A cos &
vhere T, 1s transmlttance.
The transmittance depends on the angle of incidence and is

relatively constant for emall angles with respect to the normsl.
Tinally, the absorption of a transparent or translucent body is:

Qp = (L-¢"219 Go A cos @
¥hera

d thickness of the absorbing body, ft
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e coefficient of absorption, ft=1

€ base of Naperian logaritims

XV. RESISTANCE 15

FRICTIONAIL HEATING

The drag of the air on the airplane structure will generate
heat whlch must be dissipated to the air stream and/or inward
through the skin to the interlor of the cabin, depending on the
sign of the temperature gradlent., Of the several references on
this subJect, two will te mentloned which deal with the tempera-
tire of the skin of an alrplane on the assumption that no heat
flows to or from it (references 31 and 32).

For an airplane travell.g at 550 feet per secomd in alr, the
increase in temperature will be approximately 15° F with the ailr
temperature equal to -50° F. This increase will result only if
the surface is insulated and after such time of flight that the
steady state obtalns, Experimental evidence of the increase 1in
tomperatures of wires in a cross and parallel stream 1s presented
by Eckert and Weise (reference 33), Finally, an expression for
the thermal conductance from a gas to the solid boundary includ-
ing the effect of frioctional heating l1s presented by Schirokow
(reference 34),

XVI, RESISTANCE 16

CONVECTION FROM OUTER SURFACZI OF AN AIRPLANE

In tie absence of better data, the hoat loss by convectlon
from the outslde surface of the airplane may he estimated by
calculating the heat loss irom a large flat plate with the same
over-all length as the portion of the alrplane under considera-
tion. Investligations (references 35 and 36) of heat losses from
alrfoll shapes seem to Indlicate thet the heat loss from a streanm-
line body in wvhich separation 1B not serious may be calculated
vith some accuracy ~n the basis of flat plate data.

For a short distance from the leading edge of an airfoil shape,
"viscous" flcw will exist, »Hut for most of the airplane under flight

14
will be greater than 50,000.

ccndltions the Reynclds number
kg
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Thus equation (1lc), presented in the discussion of resist-
ance 11, will apply to the calculation of f,; fram the fuselege,
and vings of the airplane,

Thils equation is:

f z -1-/5
2 pr2/3_ ;.03 (2 7) (16a)
3600 Cp Uy 7 TR

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

0.8 -
£y« 4,25 (m? ~Bte__ a4 700 7 (16b)
° 10-88 hr £t2 O
£, = 4,05 (m? >°'° at -60° F (16¢)
ZO.BB
respectively,

The above equations express the average unit conductance
for 1 feet of flat plate, 1 being meesured in the direction
of alr flow. If the unit conductance at any point (fox) &long
the plate is required, it may be -obtained by the Follow method:

By definition x
d [; fox dx
fo = (16d)

X
h/n dx
o

x
fox =J[; fox dx

but 1f f, = ¢ 2, substituting in the egquation abcve ylelds:

or

X
oxn+1=j fcxdx
(o]
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Differentlating
o(n + 1)x™ = £y

or

fox = foln + 1) (16e)

For the flat plate ln the turbulent reglon n = -0.20

Thus fgp = 0.8 £, (161)

The thermal conductance at any point along the flat plate
1s 0.80 times the average £, up to that poilnt. It should be
noted that f,; I8 extremely nigh at small velues of x, A

Plot of f, against ( S 85) is shown in figure 19, Inspec-

tion of the curve shows that under normal flight conditlons f,
is quite large, thus making R, qulte small. However, since 7Y
decreases with altitude, R,  will increase as altitude is in-
creased.

1 Op
18 % ¢, A Btu/hr
c

(See fig. 19 for f,.)

XVII. TY2ICAL CALCULATIONS
l. A Heat Balance on an 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
walle by radiation will be equal to the heat carried in by the
alr,

fo A(tg- Tg) = 0,173 x 107° (T - 7,%) A 7y Fy

r £ 1
(Tg? - Ty = 2 ) ( > t, - T
v kFA Fg/ \\0.173 x 10-8 (ta - Ta)
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If there are no drafte in the cabin, the temperature of the
obJect will drop until the free comnvection induced by the
temperature difference t, - T, becames great enough to balance
the radiant loss. As shown in section VI, the free convection
ocan be represented by

1/4 1/s
£, = 0.30(t, - T,)  (P/P)

Simultaneous solutions of the above equations substituting
the appropriate values for the alr and wall temperatures will
Jield the minimum temperature which an obJeot will attaln, These
equations have been sclved and are plotted in figures 20, 21, 22,
25, and 24. The dotted llnes represent the minimum temperatures,
for free convection only, at various pressures. The solld lines
are lines of constant cabin air temperature along which the squi-
1librium temperatures are plotted am a function of the ratio

£./Fp Fg-

If there is forced oconvection, a value for f, must be

calculated geparately by means of the equatlions presented in
section VI and divided by the appropriate value for Fyp Fy

(see sec. VIII). This ratlio £,/F, Fi is used to enter the

chart and-the equilibrivm temperature is read dilrectly on the
cabin air temperature ourve,

Example:
A machine gun 1s mounted in a cabiln.,
The cabin wall temperature is -60°.
The cabin air temperature is 70°,
The emissivity of the walls and the gun is 0.95.
The cabin is pressurized at 0,8 atmosphere.

Using figure 20, enter on the line marked Ty = 70° F umtil

1t intersects the line marked 0.8 atmosphere. Opposite this
point read- the temporature at equilibrium, 13° ¥,
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Assume now that the air temperature is 50° F and that an
electric fan is used which blows the air across the machine gun
with a velooclty of 10 feet per second (utilizing the unit conduct-

ance for a standing man as a first approximation).

(sec., VI, fig. 12)

fo = 2.7(U, 7)°-58

y = air density, 1b/ft°
Up = air velocity, ft/sec
£, = 2.7(0.061 x 10)°-°©
£, = 2,04, Btu/hr £t° OF
Te = 485°R = 250 F

By using an electric fan to produce flow across the gun, it
i8 possible to maintaln a higher obJject temperature witn 50° ®
cabin air than with stationary 70° air.

500 air, 10 ft/sec , . .

70° air, O ft/sec . . .

2. Heat Balance
Thickness of clothing .
Alr gap, skin to cloth .
Conductivity of clothing
Area of man . . « « o «
Area of cabin walls . .
Emissivity of clothing .
Emissivity of walls . .
Temperature of walls . .
Temperature of cabln alr

Radiation from plexiglas

on & Man in

. 259 F

.13°F

1 inch
0.1 inch
0.022 Btu/hr £tf

20 £t° (e/2%)

.200 £t3

0.95

0.90

.~60° F

70° F

None



It 1s desired to l:now;
(a) The totel heat loss from the man exclusive of resplration

(b) The temperature of the man's skin in order to determine
whether he will feel cold

(c) The effect of plaoing an electric fan so that a 4 ft/sec
breeze 1s blown over him

(d) The effect of polishing the cabin walls until the emis-
sivity 1s equal to 0,1 (rough plate aluminum)

(e) The result of the combination of (c) and (4) above

The man is standing so that all hls body can radlate to the
walls and also recelve heat by convection from the alr. The oabin
1s to be draft free and all convectlon is free convectlion cnly.
The cebin 1s pressurized at 0.8 atmosphere. There is no solar
radiation into the cabin.

1(a) Refer to figure 1l:

The resis-ance between t, and t,

1 °F
1/R, + 1/R,’ Btu/hr

This resistance, R, .= R, + R +

R, = 0.566/2C (seo. I)
Ry = 1/1.8A = 0.555/20 (sec. II)
R, = 1/1.15A = 0.870/20 (sec. IV)
Ry = 1/12 x 20 x 0,022 = 3,79/20 (seoc. V)
(8ee sec. IIT concerning R,)
&R, _g= 0.2354 F
Btu/hr

The resistance between t, and the cabin walls (%)

Re = 1/f A (sec. VIII) f,, = 0,173 X 107°(T,® + T,%) x (T 4T,) F, By
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As a first approximation the temperature of the man's Jacket
surface t, can be assumed tc be about that of an inanimate
obJect 1n the same positlon. From figure 20 this temperature
1s about 15° F,

0.173 x 10°2 (4.75° + 4.0%) (4.75 + 4.0) 0.95

£, =
= 0.555 Btu/hr £t2 OF (fig. 16)
oF
R = 0.0903 ——
8 Btu/ar

This value of R, 1s a function of the temperature t,. If
the valus of t, calculated differs by more than a few degrees

from the value (15° F) chosen, a new value for Ry must be calcu~
lated. '

The resistance between +, and the cabin air (T,)

Rg = 1/f¢ A (sec. VI) f4 = 0.3 (T, - £,)17% (p/p 272

= 0.3 x 55*% x 0.8%®

= 0,728 Btu/hr £ OF
OF
Btu/br

Since there is no thaxmel current in R,, the heat flow
through R, plus that through Rg; must equal that through Rg

Rg = 0.0685

q.5 + q.e = q-B
98.6 - t4 70 = t4 t4 - (=60)
+ =
0.2354 0.0686 0.09C3

Using thls temperature to recalculate resistances 6 and 8
Ylields:

Rg = 0,0654 Rg = 0.0872

("
t, = 25.5° F




The temperature drop frcm the body to the outside of the
clothes 1s 98.6 - 25.5 = 72.1° ¥,
1(a) The temperature drop through the skin 1s 72.5

X -0—0-9-2%2- =n 8.9; therefore the temperature -

of the sk:Ln 15 89,59 F.

1(b) The total heat loss 1s %2—5% = 308 Btu/hr,

excluding resplration. This figure compares
favorably with the data given in the Heating
Ventilating and Air Comditioning Guide (1942),
D.48.

. 1(c) Foroed conveotion, 4 ft/sec wind from an electric
fan, .

f, = 2,70 (Uy 7)°®° (sec. VI)
= 2,70 X (4.0 X 0.076 X 0.8)C-68
£, = 1.22 Btu/mr £t° OF

BtL./hr
(27 From the chart (fig. 20) the Jacket temperature, T, = 487° R
27° F) ) ] .
£, = 0.175 X 10~ (4.87% + ¢.0%) (4.87 + 4) 0.95
= 0.577 Btu/hr ££7 °F (f1g. 16)
, .. . .Rgm= 0,0865 il
: ‘Btu/hr
98 - 5, 70 = t, ‘tg - (=€0)
+ - -
0.235 0,041 0.0865
O
t4 = 57.5°F

Using this new temperature, Rg 18 recalculated:
£, = 0,173 x 102 (5.175% + 4.0%) (5.175 + 4.0) 0.95

= 0.846 Btu/hr £t2 °F (fig. 186)




OF
Btu/hr

Ry = 0.0774

ty = 32.4° F '
Recalculating Rg agaln:

£, = 0.173 x 10~% (4.92° + 4.0%) (4.92 + 4.0) 0.95

0.588 Btu/hr £t? OF
Op
Btu/hr

0.0850

Re

t, = 35° F

Substituting t., into the above equations ylelds the same
temperature; hence it is shown that the use of a fan will raise
the outer temperature of the clothes to 35° F, a rise of 10° F.

The skin temperature will now be 91.2° F.

1(d) If the walls of the ocabin are polished until their
emissivity is equal to 0.1, the product FA FE

will be lowered from 0.95 to 0.55., The calculations"
are initiated for the conditions calculated in 1(a)

of this example,
0.95 OF
31_4 = 0_.235, .:RG = 0.0686 RB = 0,0872 X 0.55 = 0.151 Wh—l‘-

+ =
0.235 0.0686 0.151

Using this temperature, 40.7° F, Rg and Ry are recaloulated:

f, = 0,30, [(70 - g0.7)t 74 (P/Po)lfa]

Y4 0.817a

= 0,30 X 29.3
= 0.62¢ Btw/hr £t% OF (fig. 13)

R, = 0.0802
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£ = 0,173 x 1072 (5.0 + 4.0%) (5.0 + 4.0) 0.55
Btu
w 0,352 e (fig. 186)
hr £t° OF

R = 00142

8
t, = 36,6°F
Using this temperature In the recaloulation:

Rg = 0.0835, Rg = 0,144, amd t, = 36,2° F

1(e) If the walls are polished and the fan is used:
R1_4 = 0,235 RB a 0,041
Assuming that the outer temperature of the clothes is 40° F
f. = 0.352 (See calouvlations above.)
R, = 0.142
t, = 46.5° F

Using this temperature to calculate the outer temperature
of the clothes agaln:

Rg = 0.144
o]
Sumariging:
Condition Outer tempera- Skin tem~
- ture of clothes perature
(°m) (°r)
No draft, painted walls 25.5 89.8
4 ft/sec draft, painted walls 35 91,2
No draft, polished walls 36,6 91,2

4 ft/sec draft, polished walls 47.5 92.6
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3. Heat Balance on an Airplane®*

The evaluation of the heat balance on an asirplane flying
in alr at night at various altitudes will be undertaken. The
airspeed is essumed to be 250 miles per hour. The cabin walls
are assumed to be uninsulated 0.0%2 inch thick aluminum,

Cabin length: 50 £t Cabin air temperature, 70° F
(at all altitudes)

Cabin helght: 6 Tt Cabin air pressure, 0.8 atm

Cabin width: 8 ft Earth temperature, 10° F

To shcw the effect of drafts, the cases I1n vhich the motion
cf the cabin air is such as to catse a 5 ft/sec and 10 ft/sec
draft along the cabln wall will be calculated, and the case of
gulescent alr wlll be consldered.

Resistance 10 (sec. X)

No reasonable figures have been advanced for use in calcu-
lating this resistance. Measurements of leakage rates in alrcraft
are necessary before any numerical magnitudes can be assigned.

The heat loss from the airplans will be calculated, neglecting
the loss due to leakage. The resulting magnitudes for heat loss
therefore will be much smaller than the heat which must be sup-
plied by the cabin heater.

Resistance 11 (sec., XI)

() Quiescen: Alr.
(1) Alrplane flying at 12,000 ft

As a Tlrst approximation it can be assumed that
the teuporature of the inside wall of the cabin
is at the same temperaturs as the outslde alr,
This will be only approximatoly true. If in
the final stages of tho calculation & becames
evident that there is a serilous dlscreopancy

* between this assumod temperature and the onse
calculuated, 1t willl be nacessary to repeat the
process using the new temperature. One recal-
culation will uswally suffice.

¥References to roslistances are to fig, 4.
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At 12,000 feet the mean air temperature 1s 16° F (reference
37). From section XI,

£, = 0.50 [(70 - 16* (0.6)*/2]
= 0,727 Btu/hr £t? °F (fig. 13)

The surface area of the alrplane 1s about 2500 £t (excluding
vings).
. Op
Btu/hr
(2) Airplane flying at 24,000 ft
The mean ajr temperature will be =26° F

R,y = 1/(fcA) = 5.5 x 10~*

£,=0.30 [{70+ 26)1"‘ (0.8)*/2]

= 0.843 Btuw/hr £t2 °F (fig. 13)
oF
Btu/hr

(3) At 36,000 ft, the mean air tomperature is -67° F

R,, = 4.76 X 10~*

°r
Btu/hr

-4
Ry, = 4.37 X 10

(b) Draft of 5 ft/sec

Assuming that the cablin walls are sectlonized every
2.37 £t and using the equation presented in sectlon
XI, since U, I <16 ft*/sec

£, = 2.45 [(5 x 0.076 x 0.8)/2.57]°"°

= 0.876

°p
Btu/hr

R,, = 4.52 x 10™%

At 36,000 ft the 5 ft/sec draft will have little effect since
the free convection forces are so great, At thls altitude the
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reslpgtance caloulated from a conalderation of the free convection
alone should be used since it is the emaller of the two calculated.

(c) Draft of 10 ©t/sec

f, = 1.25 Btu/hr £t? OF
R, =3.2%107% —&—
Btu/hr

Reslstance 12 (See sec., XIT.)

°F

- -4 _ 5 -8
Ry, = 0.228 X 10 °/25C0 = 0.912 x 10 Ba/hr

Resistance 13

Conslder the worat posslible case for thls resistance. The
temperature of the surface of the shilp can be shown to differ
8lightly fram that of the amblent alr. Choose the earth emis-
sivity as unity and assume that intervening water vapor and carbon
dloxide have a negliglible effect on the radlant energy interchange.
This 1s not true, but thelr effect is such as to decrease the
radiation loss. The sky temperature 1s postulated to be zero
degree Rankine.

For level “light the top half of the airplane radintes to
the sky while the bottom half radlates to or receives radiatlion
energy trom the earth. For thls case reslistance 13 is a combinn-
tion resistance ccmpcsed of twe reslstances in parallel.

The top half radlates cutward Lo absolute zero;
3

-8
£, = 0.173 X 107° (T3.)
RmT = 1/(0.173 x 107 % x 73 x 1250)

The bottom half radiates downward;

£y = 0.173 x 107° (470° + T5.) (470 + Typ) Fy Fp
FA FIE = l
£. = 0.173 x 107® (T2, + ¢70%) (T, + 470)
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Altitude  Temperature £ Rlab
(ft) (°F) (bottom half)
) -3 Op
.72 1.10 X 10
12,000 16 0.729 0 X Sou/br
24,000 -26 _ .638 1.25
36,000 ~67 .557 1.44
T3 R
i) %
12,000 16 106 x 10° 4,38 X 1073 ¥
Btu/hr
24,000 -26 80.9 5.75
36,000 -67 60.1 7.74

Reslstance 14

Since there 1s no solar lrradlation at night, there will be
no heat flow thrcugh this resilstance. Thils resistance ls treated
as Infinlte in this calculation.

Replstance 15

At a flying apeed of less than 370 miles per hour the frictional
heating of the surface of the alrplane is nogliglible., The reslstance
1s also treated as infinite,

Reslislance 15

The equlvalent conductance on the outside of the ship 1s calou-
lated from the equation presentod in sectlon XVI, equation (160),

or figure 19,
Um y 0,8
fO s 4,03 -Z_O—.B—E

250 x 5260
a me—— n 367 £t c
Un 3600 [ee

1274 - 501742 2,68 £2/*

y = 0.053 1b/£t® at 12,000 £t (reference 37)
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y = 0.0355 1b/ft® at 24,000
y = 0.02265 1b/£t° at 36,000

Altitude Up 7

(ft) 7'o.ms fc ' R:.e
. Op
7.3 19.75 L06 X 1008 ———
12,000 0 9 2,06 X Soa/n
24,000 4.90 14.4 2.78
36,000 3,12 10.1  3.98

Having evaluated all the resletances lnvolved at the various
altitudes, the validity of the assumption that the outside swrilace
temperature is eassentlally the same as the ambient air temperature
can be checked,

The thermal current flow to the pcint twa (fig. 4) through

reslstsnces 12 and 16 must exactly balance the losses through
resistances R,, and R, (shown as one resistance, reslstance
13, cn the diagram; subsoripts t and b refer tc top and bottom,

respectively).

70 = Ty . To = btwa 1"wa'1"skw_'_1"1.rf'.1"tea.rl:h
Ri1+ Ryg Rie Ryag R

13b



NO LEARAGE
-.(:I-.) aﬁi_éscent Air _
Altituae Alr tem- tom
(t) pel("é‘;;“"’ Ry, + Rys  Bye By Ry  (OF)
12,000 16 0.06055 0.0001206 0,00438 0.00l1 15.65
24,000 -26 .000476  .0000278 .00575 .00l25 -22.3
36,000 -67 .0004%8  ,0000398 ,00774 ,00144 -55.8

(2) 5 ft/sec Air Veloolty

12,c00 18 LUD452 © ,0000208 ,00438 001l -16.1
24,000 -26 .00C452  ,NO00278 ,CO575 ,00125 ~-21.8
36,000 -€7 000438 ,0000398 .00774 .00144 -55.6

(3) 10 Pt/sec Alr Velccity

12,000 15 . 20032 .00N0206 ,00438 .01l 17
24,000 -26 .00032 .0000278 .00575 ,00Ll25 ~13.65
36,000 ~-67 .0C032 .0000393 .00774 .00144 -F2.2

Since the calculated wall temperatures were not the same as
the ambient alr temperatures, but differed irom them conelderably
in some omses, 1t 1a necessary to use these wall temperatures in
recalculating the various resistances. Reslstances 16 and 12
will not change since they are indeperdent of the assiumed wall
temperature.
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A tahulation of the recalculated resistances follows:

Altlitude Alr ten-

rature Ywa
(£t) Pe(oF) Riy + Ria  Rie Riat Raap (°F)
12 ,000 ls AB .before L ] * a L] Ll L ] L] . L L] [ ] L ] L] 15'7
24,000 -28 0.000516 0.0000278 0.00551 0.00124 =22.5
36,000 =57 .000448 ,0000398 ,C0679 .00138 ~56
Draft to produce a 5 ft/sec wind
12,000 16 AB before « ¢« ¢« o+ o+ ¢ o o ¢ s o s o 16.1
24,000 -26 .000452 ,0000278 ,00549 ,0012% -21.8
36,000 =67 .000438 ,0000398 ,00897 ,00138 55,9
Draft to produce & 10 ft/sec wind
12 ,wo 16 AB -befm ] L] [ [ ] [ ] L] a L] . ® L ] L L] 17-0
24,000 -26 .00032 -. 0000278 .00546 ,00124 =19,75
35,000 -67 .00032 .0000398 ,00581 ,00136 -52.6

Since these new temperatures agres very closely with the
proviously calculated ones, 1t is nct necnssary tc recalculate

them.

If the net radient energy exchange ior the surroundings ias
set equal to gero; Shat is, assume R1a to be infiulte, the
resultant calculated wall temperatures will be not very dlfferent
from those calculated previously, as shown on page 53.
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Alti- Cabin alr Calculated wall temgg:ature frror introduced

tude veloclty RNegleciing Including in heat loss
, . radlation radiation through walls
(7t) (ft/sec) =~ (OF) '~ (°F) - (percent )
12,000 o 1lg.2 15,7 4.2
12,000 5 1e.0 16.1 5.8
12,000 10 18.5 17.0° 4.7
24,000 0 -20.9 -22.5 2.6
24,000 5 -20,.4 -21.8 1.5
24,000 10 -18.4 -19.75 1.5
36,000 0 ~56.9 -E2,0 3.3
56,000 S -55.9 -55.% o3
36,000 10 -52.6 -51.7 .7

The errors shown ahould be cven lcse since tha radlatlon offects
calculated were the maximum that could occur under the given
circunatancos, The radiant energy firom the bottom of the air-
plane must pass through a layer or water vapor, carbon dioxide,
ozone, and so forth, vhich acts, to n certaln degree, as a
radiation shield. ¥urthor, the top half does not radiate to
absclute zero, but to an eifective temperature somewhat higher.
These two efrects wlll servu to bring even clcmer together the
two sets of celculated temperatures,

The total heat: load on the airplane unmder the nine cases
discussed above is the sim cf the leakage losses and the losses
through the sldea of the shlp. This total willl represent the
heat req-irement on any cabin heater used tc maintain the ailr
temperature at 70° F at these three altitudes. Below are
tabulated the heat loasses through the cabin walls for the
airplane discussed in ihe example. Data on leakage rates
must be available beforo tho loakage loss can be calcuvlated.
Preliminary estimates show this heat loss may be as large and
in scme eirplanes larger than the loas through the cebin walls,
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LOSSES THROUGH THE CABIN WALLS

Altltude Cabin alr R;u + R (Ta - t'wa) q e (Ta. - ti-m)/(R:_l"' Rm)
velocity op
' zn/hr

(ft)  (ft/sec) \F (°F) (Btu/hr)
12,000 0 0.000550 54.3 98,800
12,000 o ».000452 53.9 119,100
12,000 19 .000320 53.0 165,506
24,000 0 .000516 52.5 179,200
24,000 o . 00045C2 91,8 203,500
24,000 10 000320 89.75 280,000
36,000 0 .000448 126,0 261,000
36,000 5 .000438 125.9 287,000
36,700 10 . 000320 122.6 383,000

It alionld b ncted thalt the cabin in the above example was
congldered pressurized at 0,8 atmosphere. 1I the cairin pressure
had been takon equal tc that ot the owu.slde air, the heat losses
thrcugh the cabin walls would have been lcwer than thosa shown
in the itable. Thla lower heat lcss i‘ollows from the decrease
of the f, at the Inslde surface cf the cabin wall due to the
lower cabin preasure.

It me; Pe possible that a combination of this phenomenon,
and tho lowered leakage losges at low atmospheric prossures in
scme capes may result in a decreaned total heat load at high
altitudes in unprsasurized cabins,

CORCLUSTON

The foregoing dlscuvaslion, presentation of conductunces,
and numerical illustrations are not to be construed as obther
than a "first contributlon" which must be constantly augmented
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’

and Improved. Many readers will no doubt have avallable more
adequate date relative to scme of the resistances and the
requirements, The authors trust that test flights will yield
confirmation; rejection, and augmentation of the various state-

ments, In time & reviaslon and an amplification of thils material
will be undertaken,

Recommended experiments include:

l, Test data In flight on temperatures throughout the
aircraft, rates of Leat tranafer tirough the-
fuselage and ailr leakage rates. ’

2. Measurements of tne emlssivity, transmissivity, and
conductivity of the varlous materlals used in alr-
craft.

3. Confirmation of the values of the various reslstances
presented in this disctssjon by measurements cof the
temperatures of clothlng, walls, alr, and so forth,
in alrplanes during flight.

Gratefl acknowledguent is due Messrs. J. T. Gler, W. H, Parks,
H. Poppendlek, E. B. Weinverg, R, Cochrare, and E. H. Morrin for
thelr contributions to this raspors.

Universlty of California,
Berkeley, Calilf.
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