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FOREWORD

This report was prepared by the Research
Divisien of the College of Engineering, New York
University under Comtract AF 33{616)-122. It pre-
sents a method for the calculation of the equilibirum
surface temperature, compartment air temperature and
equipment temperature of bodies in high and low speed
flight and contains examples of the temperatures to be
expected in typical aircraft section.

The contract was initiated under a project
identified by the Research and Developmemnt Order 560-76,
title unclassified, "Study - Design Temperature Hequire- )
ments for Operation of USAF Aircraft and Equipment®, and ¥
was administered by the Environment:l Criteria Branch,
Systems Planning Uffice, Directorate of Air Weapon
Systems, jright Air Development Center, with James G. law

ag Project Engineer,
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ARSTRACT

This report presents a method for the calculation
of the equilibrium skin temperature of serodynamic shapes in
steady flighte. Sraphical methods are presented for the cal=-
culation of squipment temperature and cowpartment air tempera-
ture. The numrical and graphical solutions nre presented
for aircraft flying ot speeds to Mach number 5 and for alti=
tudes from 0 to 100,000 feet in the proposed VSAF Hot and
Cold Atmospheres.

In this report an attempt is made toward simpli-
fication of the empirieal formulne by graphie presentation
of caleulations upon typical aerodynamic shapes. Analysis
is based upon considerstion of a flat plate and the omse of
en isothermal surface and constant free stream velooity,
Methods for applying the graphs to other surfaces are
presented,.

PURLICATTON REVIEW

The publication of this report does not cone
stitute approval by the Air Force of the
findings or the conclusions containedtherein.
It is published only for the exchange and
stimlation of idens.

FOR THE COMMANDER:

AT

H. A+ BOUSHEY
Colonol, MISAF
Niractor of Air Weapon Systems
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NOMENCLATURE

spaad of sound

totsl araa (sxrrféce)

surface area of compartment

surfaze area of eguipment

effective area =» f_?__ffl__
A, +Aq

projected area

specific hest of skin

specific heat of alr at constant pressure

chara:leristic dimension
acceleration due to gravity

nocturnal irradiation from &bove the
surface

nocturnial irradiation from below the
suarface

rocturnal irradiation = 1/2(ea+sb)
solar irradlation

outer surface coefficient of convec-
tive heat transfer

convective (alr film) coefficient of
heat transfer for single horizontal
cylinders P

vonvechbive (alr f1lm) cosfficient of
beat transfer for single horizontal
cylinders = 1/2 hf.

mecshanical eguivalunt ¢f heab

thermal gonduehivily of skin
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thermal conductivity of alr
total distance from leading edge

Mach Number = y

a

Nusselt Number -If-

amtient pressure

c g
Prandtl Number P

k
equipment heat release
heat dissipated by convection
heat dissipated by radiation
recovery factor
universal gas constant
Reyniold!s Number v—;&{
slant length on coﬁle‘
time
arblent temperature
adigbatic surface temperature
compartment alr temperature
aquipment surface temperature

outer equilibrium skin temperature

inner equilibrium skin bemperature
temperature difference
reference temperature
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weight

specific weight of skin material
local distance from leading edge
coefficient of thermal expansion =-i"— s
ratio of specific heats = 1.L
nocturnal absorbtivity

solar sbsorbtivity
€ €,
63*'6}.——<5;<?L

mean emissivity,

emissivity of outer surface
emissivity of hot surface

emissivity of cold surface
Stefan;Boltzmmn constant 17.3 x 10720
density of air

skin thickness

1

absolute viscosity

1/2 vertex angle

subscript denotes local condition
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subscript refers to air film
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INTRODUCTION

As actual and proposed speeds and altitudes of
flight increase, the problem of maintaining a satisfactory
envirenment for airborne equipment becomes increasingly
difficult,

The skin and internal temperatures of an aircraft
travelling through the atmosphere .at a high Mach number may
become excessive unless a sufficient amount of cooling is
supplied, Conversely, in low speed alrcraft operating under
extremely low temperature conditions it ls essential that
artificially produced heat maintain the temperature abcve a
minimum design value (presently -80°F non-operating, -65°F
operating), Calculations of skin and equipment temperatures
are therefore essential to the development of high altitude
aircraft and to the problem of controlling the actual tem-
perature of airborne equipment to a value that will provide
satisfactory life, .

This report is the result of an investigation to
determine by literary search and computations those proper-
ties of the atmosphere which affect the heating and ‘cooling
of a body in motion at various altitudes, - This information
is used to determine stabilized skin temperatures, equipment
temperatures, and typical compartmen: alir temperatures,

This report examines the problem of aercdynamic
heating of typical aerodynamic shapes in steady subsonic
and supersonic flight to determine the value and signifi-
cance of the pertinent parameters with the aim of using
these parameters to calculate the temperatures that can be
expected as a function of altitude and speed, An attempt
is made toward the simplification of empirical formlae by
graphic presentation of calculations., In our analysis we
shall consider two basic shapes, planes and cones, These
are of interest for aircraft for the following reasons,

Generally, much of the body of an aircraft is
cylindrical. Since the body diameter is very large com-
pared to' the boundary layer thickness, conditions on the
surface of this ¢ylinder are similar to those on a flat
plane, except for the effects of the distrubance produced
farther upstream by the nose of the alrcraft,

WADC TR 53-119 : ix




The nose of the aircraft may be conical ox ogival,
In the latter cass the nose may he considered a series of
truncated cones, so procedures used in dealing with cones
are applicable to an ogival nose to a reasonable degree of
accuracy, )

The usual assumptions made in analyzing boundary
layers are applicable here, The system considered is one
in which the temperature over any surface considered is
assumed to be uaiform over the entire surface, The boundary
layer thickness is negligible.comparad to the length of the
surface, It is further assumed that boundary layer conditions
which exist with subsonic velocities are not affected by in-
crease of speed to supersonic values, except for effects on
boundary layer air which are considered in this report.
Also, the system considered is one which has a boundary layer
under zero pressure gradient beginning from some known point
with zero thickness,

With this concept in mind appropriate general
aarodynamic parameters msy be established for the determin-
ation of equilibrium skin temperatures, Although a deter-
mination of the accuracy of temperatures obtalned by methods
presented herein can only be made after checking the results
of an experimental investigation, it is estimated that the
following ma:dmmn errors will resulti from these graphical
methods: 5%: l(Ts TQ) 2 105, (Tq = T!) 2 20%:

[(Te = Tq) "' ®20¢. Accuracy will be discussed in more detail
later in the report,

WADC TR 53-119 x



A METHOD OF PREDICTING SKIN, COMPARTMENT, AND
EQUIPMENT TEMPERATURES FOR AIRCRAFT

Heat Balance Equation

If the initial conditions and the spesified flight
trajectory are known, skin temperature can be evaluated as a
function of time by means of the following differential
equation:

dr
AeTv _&_a = hs At (Te - Ts) +A’c°£(}-‘ +%daas*qe-§r"t(l‘s)h

The equilibrium skin temperature Ty, is the skin tem-
perature which will be reached after a sufficient lapse of time
under steady flight conditions at constant altitude, 1/.
Equation (1) defines the value of Ty, since in the l.imit as
t —» o, d'r, — 0 and Fquation (1) reduces to

a
3o (B, 1) 4 A G Aot 0+ q, ~E T A (1) = 0

or

ha(Te-Ts) + (% & 0( a, ) +E -50’(T )h

- - The thermal balance of a given area of the skin is the
resultant of the following sources of heat flow:

1. Heat galned by the body due to aerodynamic heating,
h_(T
S e 8

2. Heat gained by the body due to solar and atmospheric
irradiation,\o(% G(é e Gs)

3. Heat release of the equipment, 2_9.

A."

WADC TR 53-119 1
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i, Heat lost by the body due to radiation to outer space,
- &g ()"

Adiabatic Surface Temperature, Te

In order to calculate equilibrium surface tempera-
tures, adiabatic surface temperatures are first computed from
the following equation:

2
T =T+ rv
e 2%Jc, (h).
or ‘
-1
T, =T (L+ 20 (%)

If a fluid is brought from a state of motion to a
state of rest by friection, as occurs at the surface of a flat
plate oriented parallel to the air stream, the temperature of
the fluid is raised to a value different from that obtained
by bringing the fluid to rest adisbatically. The ratio of
the temperature rise due to friction to the temperature rise
due to adiabatic compressure is known as the recovery factor,
2/, 3/, /. The value of the recovery factor depends on
whether The flow is laminar or turbulent, For laminar flow,
the recovery factor, r, can be taken as (Pr)l/2 and for 15
turbulent flow, the recovery factor, r, can be taken as (Pr)””,

In this study, the value of the recovery factor, r, is
taken to be 0,87 which ia an average value obtained from exist-
ing information on subdonic and supersonic flow, both laminar
and turbulent, on flat plates and cones, Y , the ratio of
specific heats for alr,"is 1,li. Equation (5) then becomes:

T, = T (1 + 0,174 Mz) (5a)

Equation (5a) is presented in graphical form as
Figure L.

WADC TR 53-11Y e



Temperature for Evaluating Air Properties, T!

6/, 1/ The reference temperaturs T' is obtalned
from Crocco's solution of the boundary layer equations cover-
ing Mach numbers O to 5. It is the temperature at which the
physical properties of the air are evaluated so as to elimi-
nate the effect of small variations in the variables Pr, M
and T_.

8

T - 02T (1 + 0761) 40,58 T, (6)
k)

Since Equation (6) contains the term T, which is
the equilibrium surface temperature that we are eventually
trying to determine, we will substitute in its place the
adisbatic surface temperature T¢ in order to obtain a close
approximation of T', When Tg is substituted for Ty up to &
Mach nunber of 5, these values are olose and therefore this
substitution is acceptable, This is also the condition for
an insulated plate. If qe in Equation (3) is small in com-
parison with the other terms this then approaches the case
of an insulated plate,

Since varying the reference temperature causes the
Nusselt nunmber and the Reynold's number to change in the same
direction, the effects of an improper choice of temperature
are greatly minimized Equation (6) then becomes:

TV = T (1 +0,03192 M + 0,116 r i) (6a)

This simplification is also justified from the results ob-
tained by Hantzsche and Wendt 8/ who have shown in their
experiments on a flat plate the effects of varying fluid
properties resulting from temperature variations in the
boundary leyer. Thelr results indicate that at a Mach num-
ber of 5, the exact unit thermal conductance differs from
one for isothermal flew Dy less than 5% for ratios of surface
to fluid absolute temperatures ranging from 1 to 8§, The
effect of variable properties should even be much less pro-
nounced at low Mach numbers,

Substituting the value of the recovery factor,
» = 0.87 into Equation (6a), we obtalns

WADC TH 53-119Y 3




- (1 +0.133 M) (6p)

Figure 5 shows the plot of Equation (6b), Some
investigators use the adigbatic surface temperature Ty as the
temperature to evaluate the fluid properties and their experi-
mental findings are also in good agreement with data obtained
empirically. In order to illustrate the amount of variation
due to uwsing T, and T' as the reference temperature, an
example is shown in the appendix.

Prandtl's Number, Pr, and Thermal Conductivity, X

Prandtl's number is defined as:
Pr = 3600 8/ °p (7)
k

It can be regarded as the ratio of momentum diffusivity to
thermal diffusivity. A4s the temperature increases, the value
of Prandtl's number decreases as shown in Figure 3,

Figure 3 also shows the variation of thermal conductivity
of ar, k, with temperature,

Reynold'!'s Number, Re

Reynold's number is defined as:

Re = %ﬁ (8)

In this report we will use what we call a modified
Reymnold's number, the Reynold's number without a distance
parameter, which is defined as:

Re . TeI A (8a)
X . (Tl )107

This expression is derived as follows:

Reynold's Number, Re =

z l.ﬂ\.‘g

From the perfect gas law, /J =

WADC TR 53-119 L



‘ ol
Using the viscosity law, # = (_'_I‘_'_)

and Re

Re VP |
x RT'/“OO (T1/T0) 7

ve

RMw gyl
(12!

H17 where a is the speed of sound and is equal to
a (T/T )€, Then: )

Re . Pa_ (T/74)Y2 u

X Rfm (T|)107
(T )07
o]
- aoo(Too).z -—g————T). M
al O
Let a’o) (Tm)_-.z - ¢
a/loo
Therefore,
re b @0 (5
x (p1) LT

In this form Re/x can be presented as a nomograph
a8 shown in Figure 11, By use of thls modification of

WADC TR 53-119 5



Reynold's number a parameler is found which remains constant
with x along a continaous surface,

Bquation (B8a) is a converient way of expressing
the modified Reynold!s rumber as a function of a specific
atmesphere (P & T), speed of aireraft (M), and the referencs
temperature (T!'). The magnitude of this modulus is an indi-
cation of the rate of new fluid arriving in the thermal
boundary layer to carry heat to or from the surface, The
critical Reynold's number is that value of Re at which the
flow characteristics of the fluid change frém laminar to
turbulent conditions, This value will be taken as 5 x- 10S
for purposes of computation in this report, that is, e)SxII.O5
will be considersd as turbulent flcw and Re< 5 x 102 will be
conisidered as laminar flow.

Other investigators have used other values of Be for
transition, These values range from-l x 10° {0 2,5 x L
The value used herein has been found to agree with most experi-
mental results available, It should be noted that many inves-
tigators have used free stream conditions for the evaluation
of Reynold's number and thus have obtained values higher than
those used in this report, '

Heat Transfer Coefficlent, hg

9/ It is row possible to introduce the Nusselt
nunmber, for the flat plate which combines the heat transfer
coefficient, Prandtl number, and the Reynold!s number into an
extremely uqeful parameter defined by:

DX _ 0,33 (Re)*® (Bo)* > (9)

(Nu), = Y 37

and .33

h x

(), =~ 22 - 0,03 (re)*® (Pr) (20)

Equation (9) is applicable only to a laminar boun-
dary layer while Equation (10) is applicable to a turbulent
boundary layer. Equations (9) and (10) can be re-written
28 fol’ows:

.5
(h) = 0,33 = Re pry*33 11)
(x) ( ) (P) (

WADD TR L= 4 ’



.8 .
(h)x = 0,03 %; A (.—R—‘j_) (Pr) 030 ‘ (x2)
x)e© x

Equationa (i) and (le) are presser.ed as uomcgrams in figures
12 and 13.

For a fiuav plale, free stresm conditicns of velocily
and pressurs ae usad in the dsbtermication of the referencs
tamperaiiure T!', and based on this value of T' the prepertles
of the fiuid are evaluated, These properties are, thermal
conduetivity, density, and viscosity. Prandbtl's number i3
4lso determined for this reference temperature Tt,

For any other aerodynamic shape, the free stream
conditions of velocity, pressure and temperature are replaced
by the lecal conditicns just outside of the boundary layer at
that point, These properties can be found once the pressurs
distribution around the body in question is known, 13/,

This data can be determined from wind tunnel experiments or
from free flight tests and, in some cases, computed, The
change in these properties for a cone at various speeds can
be found from Figures 7,8,9, and 10, which mske use of the
fact that velocity is constant along the surface of a cone,
For ogives we can assume series of truncated cones or a cone
faired into a nylinder.

In addition, it has been shown in reference 8 that
the local heat transfer coeffic}ent in laminar flow for the
cone must be multiplied by (3)1/2 to account for curvature.
For the case of turbulent flow on a cone, the heat transfer
coefficient as cbtained by Gazley, 16/ appears to be 1,15
times larger +than the local heat transfer coefficient as
obtained by the flat plate equations, This reasoning will
also be applicd to cther bodies of revolutkioun,

It should be noted thet equations (9) through (12)
are the local values of Nusselt nuarber and heal transfer
coefficient at x, The mean value over any continuous flat
gurface for Nusselt number and the hesal transfer coefficient
are glven by the following expressiong:

(), - ¢ (W) (9a)

m kS

(Na), - L7 (Na) (10a)

VADLG PR 5 3-119 IS



k Re | 5 33
(), = 0.66 z{;.s ('-—) (Pr)*™ (11a)

L
& [Re) .33
(h),, = 0.0375 (D)2 N (Pr) (12a)

where L = the total distance from the leading edge to the
point in question.

. The relation between the local and mean heat transfer
coefficient for a cone with laminar flow is shown to be:

It
(), =3B,
and similarly for turbulent flow:

(n), = % (1),

Radi ation Exchange

11/ Another factor affecting surface temperature is
radiation,” A heated body emits radiant energy at a rate and
of a quality dependent on the temperature of the body. This
energy relationship is showm by the following expression:

4q i ;
= ETh (1) (13)

where the emigsivity & , varies with wavelength (or tempera-
ture of radiation), degree of roughness and, if a metal, with
the degree of oxidation, 10/ Table I gives the emissivities
of various surfaces for various emission temperatures,
Although the values in this table apply strictly to normal
radi ation from the surface, they may be used with negligible
error for hemispherical emissivity except in the case of well
pnlished metal surfaces, for which the hemispherlcal emissiv-
ity is 15 o 20 per cent higher than the normal value,
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Values in Table I also hold for sbsorbtivity which
is dependent upon the nature of tha incident radiation anpd
should be evaluated at the colecr temperature of the irradiat-
ing source, For purposes of computaktion, the value of absorb-
tivity due to nocturnal irradiation will be taken as that of
a source whose temperature is 100°F,

The radiation gained from the sun, spece and earth
is shown by the second and third tarms of Equation (3) where,

dq A 7 !
—_— ( G + P i ) :
dt % r* 'A"'L,’ X GS),. w

is the irradiation to the surface from the sun assumed to be
at its zenith and from the earth and surrounding atmosphere
and which is expressed as a function of altitude in Figure 6.
Above 50,000 feet these values are assumed to be constant,
During a night flight the only irradiation factor involved
is that due to the earth and the surrounding atmosphere,

Since all the terms of Equation (3) except those
for solar radiation use total surface area and this term uses
the projected surface area or effective irradiation area to
the sun, the term A,/Ay is introduced, The projected surface
area A,, for a horizontal flat plate (wing) is 1/2 the total
surfack area Ay. For a body of revclution Ay is 1/w times the
the total surfane area, A

Equipment Heat g,

A quantity of heat is dissipated from internal com-
ponents (electronic tubes, resistors, motors, etc,) operating
at a given load, This value of heat, q,, 1s the net heat
released from all such ccmponents and is divided by A+ in order
to be expressed in terms of BTU per square foot of compartment
surface. If such components are artificially cooled the value
of qo will be reduced and in the case where cooling exceeds
heat output of equipment g will have a negative value. N

Method of Solution

All charts nd graphs necessary to achieve solution
«f tbhe specified paramcters are contained in the appendix
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of this report, The following steps are taken for solution
of the parameters to be used in the heat balance equation (3).

Step S Fig. or Table Result
1, Altitude, Speed, Atmosphere Given Alt, M

2, For given altitude and speed
determine ambient pressure
and temperature from atmosphere
to be vsed for solution 1,2 P, T

3. Determine local conditions
adjacent to the boundary
layer ~

For a flat plate local con-
ditions are same as free stres:m v :
( bien@) conditions 1,2 P,T.M

For a cdne in supersonic flow

when the shock wave is detached

use free stream conditions as

an approximation and when the

shock wave is attached use the

following figures to determine o

local conditions 7,8,9,10 P,T,M

L, Determine adiabatic surface
temperature for givgn speed
and local temperature L T

5. Determine reference temperature
for property evaluation for
glven speed and local temperature 5 T

6. Determine Modified Reynold's No, 11 Re/x

7. Multiply value of Re/x as found
" in step 6 by the distance in ft,
from the leading edge to the
section being investigated, If
the value is »5 x 10° turbulent
conditions exst and if the value
is ¢ 5 x 10° laminar conditions ‘ Re
#x18t
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Step ‘ Fig, or Table Result

8. Determine value of thermal
conductivity and Prandtl
number for the determined
value cf TV 3 k, Pr.

9. Knowing k, Pr, x. Re/x
determine value of heat
transfer coefficient for proper -
flow conditionsg 12,13 - by

10, Determine abscrbtivity of
. material for solar and ncc-

turnal irradiaticn Table I . d(‘ A
11, Determine emissivity of
surface Table I és

12, Determine irradiation on sur-
face at the giver altitude.
At night only nocturnal irradi-
ation is present and during the

day both nocturnal and solar 6 aG,, G
irradiation are present, For ﬁ s
symmetrical bodies (}3 1/2(c "Gb)

13, Determine net heat exchanged from
equipment per square foot oi‘ com~ : :‘g
partment surface A

From ths above thirteen steps, the rarious parameters
necessary to sclve Equation (3) have been obtained. We can now
solve Equation (3): i :

Ro(Ty = T,) + (o 0 + fB«:( o)+_.-e,o-(r)-o (3)

Sample Calculation

A example 1s presented to il’lustrate the -application
of tr+ mathod of solution of the various parameters required
for solution of Equatinon (3), The example is for an aluminum
(:LST) flst plate (i.e. wing) with zero angle of attack, flying

WALC TR

\n
N
iR
-t
NO
[



at Mach number 2 at & constant altitude of 140,000 feet in
the 12/ proposed USAF Cold Atmosphere during the day. The
problem is to determine the paramsters necessary to solve

- Bquation (3) for the steady state equilibrium temperature Ty
Step 1 10,000 feet, Mach No, 2, Cold Atmosphere

Step 2  From Pigs. 1& 2, P, = 334 b/ft? 1, = 375 R
Step3 M=2 P=33h/et?  1-375 e

Step b From Fig. L, T =650 “R

Step 5  From Fig, 5, T' = 570 *R

Step 6 From Fig, 11, Re/x = 2,5 x 106

Step 7 for x = 1L ft, Re = 2,5 x 106 Since this value is

greater than 5 x %05 » turbulent conditions exist
Step 8 From Fig, 3, k = ,0158 BTU/hr ft2 (’F/ftj, Pr = ,71
Step 9  From Fig. 13, h, = 65 BIU/hr £1? oF
Step 10  From Table I, oy = 453 0{6 - .2
Step 11  From Table I, Ec = ,30

Step 12 From Pig. 6, Q‘Q = 36 BIU/hr £t°

& " 410 BTU/nr £t

Step I3 No equipment heat dissipation gq . 0

The previous example was for a wing (flat plate)
but it can also be applied to aircraft body (cone) by using
the corrections of charts, Figures 7,8,9, and 10, as shown
in the following example for a 30° cone under the same fly-
ing conditions, . -

Step 1 40,000 feet, Mach No, 2, Cold Atmosphere
Step 2 From Figs, 1 & 2 P, = 33k 1b/f1'-2, T, = 375 *R
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Step 3~ From Flgs. 7,8,9,1C 30° cone shock wave is at-
tached M =1,75 P = 501 1b/ft2 T = 420 *R

Step L FromFig. L T, - 660 °R
Step 5 From Fig, 5 T!' = 600 °R
Step 6 From Fig, 11 Re/x » 3.2 x 106

Step 7 FPor x=1ft Re=3,2x 10‘5 Since this value is
greater than 5 x 10° turbulent conditions exist

Step 8  From Fig. 3, k = .016 BTU/hr £t° (*F/ft) Pr = .695
Step 9  From Fig, 13, hy = 77 BIU/hr £t2 oF
For a cone in tirbulent flow multiply this valuve
by 1.15 or h, = 89 Bm/hrﬁ-.2
Step 10 From Table I, Ofs = ,53 °?$ - .26
Step 11  From Table I, é" =30
Step 12 From Fig. 6, G(" = 36 BTU/nr £t Gs - 110 BTU/hr 1t

- Step 13 No equipment heat dissipation Qg 0

Graphical Solution of Heat Transfer Equation

Up to this point existing information on aerodynamic
heating was reviewed and the parameters involved in the heat
transfer Equation (3) were analyzed and set up in such a way
that they are amenable to simple graphical determination,

It is believed that this type of presentation will reduce the
great amount of work required of those having nesd for this
information, Likewise, it is logical that having presented
the graphical solution for the parameters involved in the
heat transfer Equation (3), the solution of this equation for
the equilibrium skin temperature should also be presented as
a graphical determination,

Rearranging Bquation (3) as follows:

a (.o [("“95’ *”l (15)

& és
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and performing the following substitutions;
A= &

B -%‘:V H

C= [(‘*GF*% A ) ‘%"hsre]

Equation (15) becomes:

atd spr, -ceo (26)

" This form of fourth degree equation can be readily
solved by graphicsal methods, This graph is constructed in
Figure 1l of the appendix,

The manner in which this graph is used to determine
the equilibrium skin temperature T, is as follows:

1, For the "g.iven flight conditions, compute values of B & C,

2, On scale B, mark off the computed value of B (note scale
factors on graph).

3, Draw a straight line from the origin 0-0 to value of B
previously determined in step 2,

. On scale C, mark off the computed value of C (note
scale factors on graph).

I

5. Through this value of C draw a a_trd.ght line parallel
to the line dram in step 3.

6

. Where the straight line from step 5 intersects the
proper R.h curve, drop a line perpendicular to the
temperature sxis and where this perpendicular inter-
sects the temperature axis is. the value of Tg4, the

"~ equilibrium skin temperature.

. Figure 1l in the appendix of this report shows the
actual detall working graph for the solution of the equilib-
rium skin temperature Tg, An example is presented to illus-
trate the use of this figure in the solntion of Bquation (3)
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for the equilibrium skin temperature, Ts‘

Sample Calculation

Using the data obtained from the example for the
wing on page 12 we obtain the following:

B, 65
é_‘ "3
- [(o&cﬂ +%a(,u,) +QE + by r‘]
&

(.26 x 36 + 1/2 x ,53 x L410) + 0 + 65 x 650
3

= 216,7

B=

C = 141,400

Noting the scale factors on Figure 1L, draw a line
from origin 0 -0 to B « 216,7, Then through value of
C = 1,100 draw a line parallel to the line dram from ori-
gin to B, Where this line intersects curve (1) drop a per-
pendicular to the temperature axis and read the value of the
equilibrium skin temperature T, = 650 °R,

Now, having dstemd.ned the equilibrium sidn tenm-
perature T_, we are in a position to compute the value of
the equipn!nt temperature and the compartment alr temperature.

Inside Skin Temperature, Ty

When the walls are poor conductors there exists a
temperature gradient within the wall, If this gradient
exists then the inside skin surface temperature Tgi must be
determined so that it can be used in the determination of
equipment temperature and compartment alr temperature, T,.
The following is the expression for determining the inside
skin equilibrium surface temperature, (T’i)
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k : .
2R Cun) an
[+]

9 _ heat dissipated by equipment, BTU/hr 2 of compart-
Y ment surface

thermal conductivity of skin, BTU/hr 22 (°F/ft)

d' 23
" "

skin thickness, feet
T_ = outside equilibrium skin temperature, °F

inside equilibrium skin temperature, °F

Bquipment Temperature, Tq

To determine the temperature of components buried
within the interior of electronic equipment located within a
compartment is a very complicated matter because of the com-
plex nature of the heat tranafer, .In this analysis, for
reasons of simplification, it is convenient to assess an
average temperature of the equipment by considering it as a
smooth heat generating package separated from the skin by a
considerable blanket of air across which the equipment is
mounted by vibration mounts which offer good thermal insul-
ation to the compartment wall, The heat lost from the equip-
ment by conduction through the vibration mounts will thus be
assumed to be a very small factor,

The following is the equation for a heat balance
on &n assumed piece of equipment, ‘

% = ey * % (18)

In this analysis, the chassis and the components
enclosed are considered at identical temperature and because
of the complex mess of the equipment, it will be treated as
a simple smooth package such as a small boiler tube hundles
in a gox for which data may be obtained from references 17
and 18, '

WADC TR 53~119 16



From McAdams 17/ the heat transfer coefficient:
by convection from single horizontsal cylinders is given by
the following expression: v

352 /b
%E o [TLe LERT % /s (19)
£

£
2
K - 3% Pm
/f ke R° Tf
Equation (19) becomes:
hy = 053 ke @2 @)t (et (20)
‘ ]
D

The coefficient of heat transfer he is for the alr
film to which all the terms with subscript f refer, and the
constant ia the shaps ractor

Equation (20) gives the yalue of the heat transfer
coefficient he for single horizontal cylinders which approxi-
mate the heat transfer coefficient for small rectangular
boxes, flat plates, etc,

The suppression of convection by proximity of the
shell to the component bundle may be neglected if the con-
vection iz handled in the manner suggested in reference 18/
where AT ia the difference between hot and cold surfaces and
convactive transfer is 50% of normal convection to free air,
Equation (20) becomes:

L 02Tk,

Qe M,/
P X AT 21
o ot ®72 (o)¥ (am) | (21)
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As a means of simplification all terms having the
subscript f are evaluated at the temperature Tp which will be
taken as the average between the equipment temperature and
the equilibrium inside skin surface temperature,

The heat transferred by convection is 17/1

Qg = By Ay 4T (22)

or
il . QO LA T LN NS AT

q.. .-
cv _T
D

Here effective area, A,, accounts for the difference in area
of the equipment and inside wall,

In Equation (18) the radiative heat transfer q, is
glven by the following expression:

a - ETA, (TF - 18 (2b)

Substituting Equations (23) and (2L) in Equation (18)
the following expression is obtalned:

D

Equation (25) can be solved by a trial and error
method but this requires a great deal of laborious procedure,
The computations are reduced to & minimum by resorting to
graphs, The first step in the graephical solution to Bqua~
tion (25) is to plot Bquations (23) and (2L). as functions of
Tq @d Tgi. In this way we will have two graphs, one for
convective heat transfer as a function of Ty and Tgy and one
for radistive heat transfer as a function og Tq and Tgi.

By making an estimate of the equipment. temperature
'rq, we can obtain from these graphs the values of qp and qq
Since we know Qg, the total heat dissipated by the equipmen’!
the sum of the computed qr and qq, should equal qe. If they
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do not, the initially assumed valus of Tg was in error,
After a few trials we should be able to obtain a very
close value of equipment temperature Tq which satisfies
Rquation (25). This graph is shown as Figure 15 in the
&ppendix of this report, Examples showing the use of this
graph are also contained in the appendix,

After having determined the equipment temperature
Tq we know the value of the convective heat transfer, qcy.
Sgnce it is this heat transfer that is heating up the com-
partment alr, we can solve for the compartment air tempéra-

ture, Tc.

Compartment. Air Temperature, T,

The compartment alr is heated by the convective
heat from the equipment since radiation from the equipment
passes through the air to the outer skin:

Quy = by 4 8T . (22)

The heat transfer coefficient h, is determined by
Equation (19) where 4T is equal to (Tq~Tg) and T¢ u Tq +Tg

2

” Equation (20) can be solved by graphical means, A graph is

constructed of qcy as a function of T, and Ty, 3ince Tq and
Qoy &re known, the point st which theds two values intersect
on the graph is the value of T, that satisfies Equation (7).
Figure 16 and an illustrative example of its use are con-
tained in the appendix.

Comlusiona

’ The continuously increasing alrplane performance
and the recent achievements in the design of miniaturized
electronic equipment has created the broad problem of aero-
dynamic heating which has come into focus comparatively
recently, This inevitable merging of miniaturized designs
with sonic region enviromments necessitates evaluation of
the combined effects upon not only the aircraft structure
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but also on the mechanical and electronic components,
Becaise of the compléexity of the modern aircraft which may
contain many distinct systems, it becomes self evident that
these systems must operate satisfactorily when exposed to
the ever increasing problems of asrodynamic heating and of
cooling at high altitudes,

In view of the sbove, an attempt has been made
to present a concise simplified graphical solution of the
asrodynamic heating problem as it applies to the solution
of the equilidbrium skin tmperature, equipment temperature
and compartment air temperature, "It is belleved that the
methods presented in this report will ald electronic
designers and applications englneers in determining and
evaluating electronic equipment for any wvalue of air tenm-
‘perature, altitude, and installation environment,

Aside from the internal heat dissipation, the
most important factor in establishing component tempera-
ture is frequently the temperature of the surrounding
surfaces such as the aircraft structura, This one fact
alone allows a test set-up 1o be made where the walls of
the test cell can be maintained at the equilibrium skin.
temperature as determined by the methods of this report
and conditions of altitude can also be similated. The
piece of equipment under question can then be inserted
into this simmlated envirommental aircraft compartment
and its operation and performance studied, From these
tests which simmlate actual compartment environments in
high performance aircraft, specifications for equipment
to be installed in aircraft can be based on the conditions
to be expescted and not on conditions which exist in rela-
tively low performance aircraft of the past, This test
set-up is more realistic and practical than any hypothetical

- analysis presented for determination of equipment temperature,

The example of equipment temperature has been res-
tricted to a single, rather elementary unit in a relatively
uniform environment under ideal conditions, and unfortunately
most practical problems encountered are not nearly this
simple, .The surface temperature of the squipment is dis-
tinetly non-uniform, and it must be considered that the
hottest point on the equipment is the one that determines
its useful life, »

Aside from the thermial environment and its effect
on electronic equipment, there are two main considerations
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pertaining to the influence of elevated temperatures upon

the mechanical performance of high speed aircraft and mis-
siles; that is, the effects upon the structure (strength and
rigidity), md upon fuel and interior equipment. The struoc-
tural design problem involves the salection of materials of
satisfactory elevated tsmperature strength and rigldity,

A secondary and just as important, structural |design problem
is the determination’of thermally induced stresses, Similarly
the graphical sclution of the serodynamic heating problem of
equilibrium skin temperature as presented in this report will
«aid the aircraft md missile designer in evalunating structures,
ordinance and mechanical equipment for any value of alr tem-
perature, altitude ad installation enviromment,

As can be seen in the final examplss of a typical
elage compartment (Figuresl?,18,19 ), st the higher
velocities the difference betwesen component, compartment, and
oquilibrium skin temperatures is negligible, except when 2
equipment heating per wnit area is extremely large (q'/LIISOOO BYU/hr ££°),
Conversely, st these speeds a grext deal of cooling 18 r red
to signitiomtly equipment tempersture, It is
B lower altitudes, again except
’ are of a very high nigritude,
ature is equal to the
As altitndes inoresss dove
from the adisbatic surface
it heat being prodused, as in the
'3 the skin tempersture is

g

£
il
13l
!Ez;
Rl z%
.3;;;

§
i

?
it
1

:
|

’

higher tha e adi®atic sirface tempsrsture, due to this

equipnent heat, At ths high Mash nubers, however, the skin
temperature is lower than the adisbatic surface temperature,
due to heat loss from the skia by radistion,

]
1

. will serve to indicate the ramge of -
teaperatures to be encourtered Ly airoraft and aroraft

equipment flying wp to 100,000 feet at speeds from M = O to
M =5, Three cwrves for siin and equipment temperature for a

. An 1dea of the problems of keeping siroraft skins
ool at the high Mach numbers is shown by a calculation of
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cooling required for the surfae of this typical compartment
tc be maintained below 150C°R undsr staady flight conditions,
In this section at M = 5, approximately 90,000 BTU/hr of cool-
ing are required per square fcot of surface &rea,  When a value
of this order is multiplied by the tctal. s reraft surface area
the magnitude of cooling is shown to be fantastically large,
The most applicable method of maintaining internal equipment
below reasonable temperature limits at these speeds, even at
high altitudes, is to use a layer of good thermal insulation in
conjunction with an efficient cooling system, For example, a
two inch layer of insulation with a conductivity of .15 BTU/hr
£t2 °F, wouid require that only 250 BTU/hr ££° of cooling be
supplied to maintain internal equipment at approximately 610°R

(150°F) at M=5, 60,000 £+, with the sample section investigated,
Although this does not solve the problem of excessive skin tem-

perature and the asscciated decrease in strength, equipment in
the alrcraft can be held at reasonable temperatures with this
system, . :

Aithough it is possible to show an example of ranges
to be expected of skin and equipment temperature, it is impos-
sible at the present time to make recommendations regarding
equipment temperature specifications; This is due to the wide
range of temperatures to be encountered depending on speeds,
part of aircraft, type, size and shape of components, and .
relationship to other components, It can be stated, however,
that equipment should operate down to temperatures of the
atmosphere encountered in the altitude range of the aircraft,
This is especially important, as can be seen in Figure 17
with low speed aircraft where equipment temperatures are very
close to free alr temperatures,

With increase in aircraft velocities high tempera-
ture difficulties become proncunced, ~ A‘dse of the methods
presented in this report will .serve to offer a rage of tem-
peratures to be encountered by specific equipment systems
operating in specific parts of specific alrcraft, or of the
cooling requirements to maintain temperature below some limit
under such conditions, In general, it is recommended that the
system of using a test chamber of the same size and configu-
ration as ths aireraft compariment and with walls at tempera-
tures determined in this report be used to experimantally .
determire equipment temperatures and to evaluats high tempera-
ture 1ife of equipment., It 1s also recommended that equipment
be designed to operate at as high temperatures as possible in
ot speed alreraft in order to reduce the requirements for
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cooling and the excessive weight imposed by large capacity
cooling systems,

A rough evalustion of accuracy to bs obtained using
the methods of this report has been carried ocut, The wide
ramge of temperatures sncountered prohibits statement of an
expected accuracy for the total method, However, mesn accur-
acy of portions of the system can be estimated as follows:

Te - Sccurate to .2 'S%. This is based on variation
of recovery factor experienced under actual conditions with
the average recovery factor of this report. Under most con-
ditions the value of T, will be \‘Qccurtbe to within this value,

|‘1' - ~ accurate to "\101 ‘The accuracy of this
difference $s es ed from a knowledge of errors generally
associsted with a method of solution of the type presented,

Its - o] ke -rcl-.ecurmto*zos Here
sccuracy is estig!iodqm general accuracy obtainable with
solutions of problems of ncturll convective heating, ‘

. Although the accuracy of the methods of solving for-
temperature differences does not appear good, & review of the
magnituds of these differences compared to the value of
adidatic surface tempersture, T¢, Shows that errors intro-
duced are of smaller magnitude than those in T,, and thus the
S% accuracy in determination of 74 is the lQor faoctor in de-
termining loonruy of the annll nthod of solution,

\
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Appendix I
1, Example Comparing T, and T'

An example comparing the values of heat transfer
coefficient using T' and Ty as the reference temperatures to
evaluate the properties of air is as follows:

P = 100 1n/rt% T = 400 °R M=5
From Figures lj and 5: U
Ty = 240 °R Tt = 1730 *R
Reference Temp;rsture T, = 240 R T = 1730 R
Re/x (Fig. 11) - 1.8x 10° 2,k x 105
k (Fig. 3) .0L83 +0kol
Pr (Pg. 3) bl .£8
(h), (x=10 £t Fig. 13)
X (turbulent) 1.0 k.0

h)_ (xel ft Fig. 12
Mg f’fmm-) g 12) 6.5 6.0

It can be seen from the above example that our

choice of reference temperature T' as defined in this report .

produces results in the determination of the heat trmsfer
coefficient comparsble to the results of some other investi-
gators when using the reference temperature T,. It is
believed t.hlt. use of T' is, however, more ml!iatic and will
offer better' lccurlcy &t the higher speeds.

2. Example of Variation of Recavary Factor

Based on the Apdings of various investigators,
the results of their expeiiments on flat plates and ogives
have showh recovery factor to have values from .82 to ,96.
These values were obtainsd for conditions of subsonic and
supersonic flow both laminar and turbulent, Based on these
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findings for flat plates, cones, and ogives, we have assumed
for purposes of the development of the method presented herein,
that the value -of the recovery factor was equal to the average
of 0,87, Many values of recovery factors have appeared in the
literature and 0,87 was determined as an average from review-
ing the results of the various investigators, Although it is
known that this assumption reduces the accuracy of the results,
its effects are shown %o be small,

M=35 P, = 100 1b/ft T, = 40O R
r .82 .87 .96 r 82 .87 .96
1, |20k0 [21h0 | 2320 T | 1670 | 1728 | 1833

' ’ A .h.sas - N ‘8.’.‘1‘ ’A ‘3038’ - *5.9-‘

Should further accuracy be required, a more exact
value of recovery factor can be used in a second solution for
Te and T', The error will be reduced considerably for lower

values of Mach number, ! dix IT
1, Examples of Methods Presented :

a, The following example will show the use of all the
rigures and charba in this report.

Data
(1) 40,000 feet (Cold Atmosphere Daytime

(2) Mach Number 2.
(3) coméal nose compm'tmnt%)’ thin wall, 'C = 091"

S -
30° 1+

D = 167 8 = 31v

WADC TR 53-119 o7
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Surface

.SQhuo

jroa of compartment, w wrs » ¢ x 8 x 3L =~ 778 in?

{h) Material of compartment aluminum (21481‘)

~ (5) Rlectronic Bquipment

horisontal cylinder 3¢ dilnoter, é" long 2
surface painted black, surface area = 392 £t

(6) Heat diasipatad by elsctronic equipmen

540 BTU/hr 100 BTU/nr f£t2 of compa'tmnt surface,

Phase I - Determination of Heat Transfer Pa.ranotars
Step 1 40,000 feet Mach No, 2, Cold Atmosphere,- dvtim
Step 2 From Flg, 142 P = 33 b/t 1 =375 R,
Step 3 From Figs. 7,8,9, 10 0° Cone Shook wave attached
Me1,75  P= 501 1b/2t2 T = 420.0 R
Step 4 From Fig. 4 T, - 660 R
Step 5 FromPlg, 5 T' = 600 ‘R
Step 6 From Fig, 11 Re/x = 3,2 x :I.O6
Step 7 For x = L = 31" = 2,58 £t Re = 8,26 x
Since this valuve is greater than 5 x 10° turbu-
lent conditions exisat,
Step From Rig. 3 k- 016 BTU/hr £¢° (/1Y)
Pr - [ ]
Step 9 From Fig, 13 (h)_ = 64 BTU/hr £t° of
for a cone in turBulent flow, multiply this value
by 1,15 or (h)_ = 73,6 BTU/nr £t2 °F. In this
particular cas®, we will use the mean heat transfer
coefficient (hz- which is 10 (h)y or 20 x 73,6 «
81,8 BTU/hr 1t (3
Step 10 From Table I 0(‘- .53 0‘3 - 26
Step 11 From Table I &, = .3
Step 12 From Fig. 6 - 36 BYO/hr £t2
G, Lo BTU/hr £%2
8ter 13 Equipment heat dissipation
% | 100 BrU/hr 142
WADC TR 53-119 28
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Phase II ~ Determination of Equilibrium Skin Temperature, T

Stepl B =Dy 8158‘.. 272.7
é‘ .
Step 2 CmE%Gﬁ*%dﬂaﬂ)‘%‘%T‘]

€

(Jéx%x%m.ﬂth)+m0+ﬂjx6w

.3
¢ = 180,730

Step 3 Using Figure 1L and computed values of B and C

Step i On Scale B, mark off the computed value of B = 81,8
(note scale factor on graph)

Step 5 Draw a étraight line from the origin 0 -0 to value
of B = 81,8

Step 6 On scale C, mark off the computed value of C = 180,730
(note scale factor on graph)

Step 7 Through this value of C = 180,730 draw a stralght
line parallel to the line dram in Step S

Step 8 Where the straight line from Step 7 intersects the
proper curve (curve 3, note scale factor on graph)
‘drop a line perpendicular to the temperature axis
and whers this perpendicular intersects the tempera-
ture axis is the value of T , the equilibrium skin
temperature = 660 °R &

Phase IIT - Insids Sidn Temperature

8ince the wall of the comparument is very thin, the
inside siin tamperature Tys is the same as ths outside equilib-
rium skin temperature T, Tys = Ty " 660 R

Step 1 g k
=2m 2 (Tgy - Ta)

A T

[

WADC TR 53=119 29
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Step 2

Step 3

k, w 145 BTU/hr £42 (o7/t%)
¢ - 091" = 0075 ft

g -
100 -.0075 (T!i 660)

Phase IV - Equipment Temperature

Stepl  q, = SLO BIU/hr
Step 2 Ag..g‘c‘g'_i.“_.’.‘__-}&
Ac"'Aq 5.792
effactive area A, = ,732 £1?
Step 3 Using Figure 15 and knowing
Jenldev, %
R S v
0, v &
738 h + 3!‘_
AO AO
Step ik P = 1559 stmoagherea
De3"= /it
L L
J_Pf ] JV(.1559)2 . o
D ” ]./l‘ L

WADC TR 53-119 - 30
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Step 5 6, = 9 6‘_- S
& & 8L

- - . 818
EE, —E, &, 18- 81

‘Step 6 Assume value of Tq and compute

q
Step T q,,
Step 8 q,. ‘
—— = 1050
A

Step 9
h + 3’. = 1170 which is greater than 1‘;
Ay A, A,

therefore, assumed value of Tq 1s too large

Step 10  Assume Tq = 940 R

Step 11 Uy 8
A

Step 12 9 gsc
A

Step 1.
?. ? k*f'-’:--t33+655--738

A, "
which is equal to E_o_ - 738
A
= 940 *R °
Tq 9
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Phase V - °°'9m Air Temperature

Stepl T =940 R and v . g3

q
A
Step 2 A‘-2‘°Aq-.732ft
Aoy

Step 3 q. =83 x .732 = 60,7 BTU/hr
Step it :

Jov , 60.7 | 3¢ BTU/br £5°

Lq «392

Step §  Using Figure 16

h’z
P . .55
D

rq = 940 *R
Jev . 255
A
whers T = 940 R ) h\,—p;— -
Jev . 187 D’
A

intersect is the value of Tc

Step 6 T, = 680 °R
‘ Mnother example for a wing sectica 1s as follows,

Data
(1) LO,000 feet, Cold Atmosphere, Daytime
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(2) Mach Number 0,8

(3) Wing compartment, skin-sluminmum (2LST), 091" thick.:
1/2% insulation whose themal conductivity is

(L)

(5)

Phase I ~
Step 1
Step 2

Step 3

Step L

,025 BTU/hr 112 (sp/ft) o Chovd

.2': “anq

Dimensions of Compartment: Length = 16"
Width = 12+
Depth = 7.5%

Surface Area of Compartment = 2 x @—E—mlz—")-- 3 ft2

Electronic Equipment - horizontal cylinder
3n diameter, 6" long, surface painted black
Surface srea = ,392 ft2

Heat dissipated by electronic equipment

= 20 BTU/hr = 6,7 BIU/hr £t2 of compart-
ment surface

Determination of Heat Transfer Parametlers

LO,000 feet Mach No, = 0,8 Cold Atmosphere
Daytime

Fron Fig. 1 & 2 P, = 33k 1o/rt? 1, = 375 R
M =08 P =33l /el T = 375 R
From Fig., L T, = 20 =R
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Step 5 FromFig, 5 T' =l15 °R

Step 6§ From Fig, 11 Re/x =1,2x 1o6

Step 7 Teke x as th§ mid point of the compartment
as measured fyom the leading x = 3,25 ft
Re = 3,9 x Since this value is greater
than 5 x 10 turbulent conditions exist,

Step 8  From Fig. 3 k = ,012 BTU/hr £t2 (eF/ft)
Pr = 0735

Step 9  From Fig, 13 h_ = 19 BTU/hr £t2 op
Step 10 Fronm Table I o, = .53 0/{, -2
Step 11  From Table I € « .3

Step12 FromFig. 6 Gpa= 36 BTU/hr ft22
a, = L10 BTU/hr £t

Step 13 Heat dissipated by equipment = 6,7 BTU/hr £t
of coupartmmt surface. -

Fhase IT - Determination of Equilibrium Skin Temperature, T,

h
Step 1 B-_’.-%-GB.B

Stap 2 c_[bﬁ%;%ﬁ(,&,)+;3+h.r.]
- s
(2636 +3x .53 x 110) + 6,7 + 19 x 120
H 4 | 3

C = 30,797
S8tep 3 Using Fig, 1 and computed values of B and C

WADC TR 53-119 3h



Step L4
Step S
Step 6
Step 7

Step 8

Phase III

Step 1

Step 2

Phase IV
Step 1

On scale B, mark off the computed vslue of B - 63,3
(note scale tactor on graph)

Draw a strs:l.ght line from the oﬂ.gin 0 - 0 to value
of B = 63,3

On scale C, mark oﬁ‘ the computed value of
C = 30,797 (note scale factor on graph)

Through this value of C = 30,797 draw a straight
line parallel to the line drawn 1n Step 5 L

Whers the straight line from Step 7 intersects
the proper curve (curve 3, note aéale factor on
graph) drop a line perpendicular to the tempers
ture axis and where this pesrpendicular intersects
the temperature axis is the value of Tgq, the
equilibrium skin temperature T, = L0 *R

= Ingide Skin Temperature
b Ky
rapia— S T

k_ = 15 BTU/hr 262 (F/ft) alunimm

‘C - 091" = 0075 £t
k, = .025 BTU/hr £6° (°F/ft) insulation

r' .5" - .0h25 £t

6.7 Jor =190
20075 , ,028
W5 ,ou28
Ty = 501 R

- Equiprent Temperature

q, - 20 BTU/hr

WADC TR 53-119 35




A A
8tep 2 A.zoq-38¢392
. A°4-Aq 3,392

Effective area A‘ = .79k ftz

Step 3 Using Fig. 15 and knowing

2, %
A A A
20, % &
.94 A, A
L
“e Ae

Stephk P = 1559 atmospheres
D=3" =1/ f¢

h\, P
F‘ L4 0558

steps é,| = 9 k 6;":9
€ &,

é = ) 81
E+é,-€e, T1-m

Step 6 Assume vialue of Tq and compute

Jvy &
A, A,
Tq = 530 R

WADC TR 53-119 36
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Step 7
f‘.ji -1
Step 8 EI - 15.6
A
Step 9

h+q_r.-13¢15.8-28.8
4 A

wich is equal to 28 _ o5 g

therefore, assumed value of Tq = 530 *R is correct,

Phase V - Compartment Air Temperature

Step 1  lkmow T, = 530 °R md fov 4.
X A
Step 2 A.-zf"—f..whrtz

Acc- q

Step 3 q,, =13 x .79 = 10,3 BTU/hr

Step b a4y 103, 26.3 BTU/hr £t°

A 392

Step 5 Using Fig, 16

k
I 2
P
T~ %8

Tq ™ 530 °*R

q
¥ . 26,3

4
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. q
whare Tq = 530 *R and =¥ = 26,3 intersect at

L

P

=" 558 is the value of Ty

Step 6 T, =505 R
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Appendix ITI

1.
TABLE 1
|
i Total Normal Mean Emissivity and Absorbtivity
Description Mean Effective é and X
|
| .
\ % & s
' Metals 100°F 1000*F Solar
Aluml mum
‘ Polished oL .08 .10
! Oxidized Al .18
j .
Chromium -08 026 ow
Copper .
‘ Polished Ol .18 26
? Oxidized .18 .18
‘ Oxidized & Corroded ,38
t "
Iron
Polished .06 A3 R 11
Oxidized .Th .18
Mickel ‘
Polished Ooh .10 U0
Oxidized .39 b7
2ine
Polished .02 .ol Jb
Oxidized Jd
AlloE
Aluminmam
3 So o2h .2,-‘
53 S0, Weathered .73 .55
2L ST 052 . .53
2l; ST, Weathered .26 .30
75 ST, Polished .07 .15
75 8T, Anodized .56 .32
75 ST, Unpolished .ol .08
Inconel
Clea and smooth JAl
Dull .21
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TABLE I

Total Normal Mean Emissivity and fbsorbtivity

Description Mean Effective & and o<
S
%8 & Ks
Alloys (Cont'd) 100 °F 1000°F Solar
Magnesium
J .H.Magnesium alloy
(Weathered) .58 .55
M.H. L2 Magnesium alloy .70 Lo
F.S.A. Dowmetal .38 .38
Nickel
Monel, Clean J2 .10 A3
Monel, Oxidized L6
Chromeni ckel .6h
Steel
18-8 Stainless, Polished A2 .27
18-8 Stainless,Unpolished .1l .32
18-8 gtainless,Weathered 62 62
18-3 Stainless, Sand
Blasted 8L Bk
18-8 Stainless, Oxidized .85 .85
Rolled Sheet .66
Rough Sheet 9k 97
Tin
Speculum Metal .08 .13 .39
Miscellaneous Surfaces
Shiny Bakelite, Clean .89
Plexiglass .89
Glass .85
Palnted Surfaces
Aluminum painted with
Black Decoret .89
Bakelite palnted with
Black Decoret 9L
WADC TR 53-119 Iy




TABLE I

Total Normal Mean Emissivity and Absorbtivity

Description Mean Effective% and ©X
Am & s
Painted Surfaces (Conttd) 100°F  1000°F Solar
External air drying enamel
W.P,Fuller, D-70~63442 .85 Bl
Aluminized Lacquer
123k over 75 ST Alclad .65
Clear Lacquer 123l over
75 ST Alclad .53
Pigments 125 °F 750°F Solar
Lampblack paint .96 .97 97
Camphor Soot .98 .99 .99
Acetylene Soot 99 99 .99
Platinum black 91 95 .98
Lampblack N Sl
Flat Black Lacquer .96 .98
Black Lacquer .80 .95
Blue (00203) 87 .86 97
Black (Cu0) .85
Red (Fe203) .96 .70 Th
Green (0u203) .95 67 .13
Yellow (PbO) .Th L .L8
Yellow (PbCrOh) .95 59 .30
White (41,0.) .98 79 .16
" (Y203) 089 066 .26
(zn0) 97 91 .18
(cno0) .96 .78 J5
(l‘-8003) .96 .89 .15
" (ZIOZ) .95 7 oAb
" ,('rho_,_,) .93 .53 Al
" (Mgo0) 97 8L 1l
" (PBCOy) .89 L1 12
White Enamel 92
Dark Glossy Varnish .89
Spirit Varnish B3
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P 66 — —

2. H!-N.!.U.

Example of temperatures attaineq on typical alreray sections
OPerating undep Steady conditions a4 a fixed altitude,

Exempl‘e Temperatur'e C&lculations fop Typical Alrcpart Sections
Flight Conditiong,
ALt, 40,000 feet Mot R n g 2 To = L15 o
USAF pot Atmosphere, Daytime
M- A

~ 36 BYU/hr 142 G, = 110 BYY/pp py2

= .3 & -9 %~ .9
k = .023 Bry/p, 282 (op/py) Pr = 67
Paramsters
Station A B c D E F
rea g 112 4 180 220 2lo 100 2o
Xor[L an Le5S x=17.5 x=32.5  xe50 L6 L=3
qe-ﬂl'u;hr 2000 jo00 3000 200, 000 -~ -
4, ﬁ'z 10 200 200 120 - -
A, 60 180 220 2Lo - -
D, rt 2 kL kL L - -
M 2.7 279 2.7 2,70 3 3
T, & Léo Lég kég Lsy las kg
P, b/g¢? 697 €97 697 697 Ly R
T, *R lo6y 1065 1065 1065 1085 1065
'I‘,P R 925 925 925 928 910 s10

6

6 b, 5x20% 3x10 Ix108

Boorle h cnh g b.5x10

WG 1R 53-119 b2



(61)

1065

Station A B

Ty or ), (28),  (92),

T, R 050 1060

'rq, R 1058 1088 -

T, - 1082 1062

wio m 5319y 18
re S \\ ‘:

D
(72),

1080

! ““.’, |
(88),

1060

1060

b
(200),
1055

1055

K
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9
ADIABATIC SURFACE TEMPERATURE AS A
FUNCTION OF TEMPERATURE AND
6|_MACH NUMBER
M=5
5 Ty TU +.174 M%) /Lé
4 ]
// jM=4
3 //
2.5 /’ M=3
2 y. /
r 4
.
1.5 7
/ / M= |
Mz 0.8
. j000 / .
°u: 9 / ,, M=0
[ ]
a /A’ / 74
//
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Ak,

10000-

T T T T T T TTTT

OF TEMPERATURE AND MACH NUMBER

- REFERENCE TEMPERATURE AS A FUNCTION

5 T'= T(1+.133M9)

4

.5

& 100

0

0y @

I 1.6 2 25 3 a
) T °Rx 1072
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