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AND INTERNAL GOULTIG ®OR ALLEVIATION OF STEADY KINELIC IEATING

by

D, d. MeCue

4An airerafl undergoing steady kinelic healing must be cocled to avoid
increcese of structural temperature. The amounl of internal coolant nceded
during a flignt is reduced bui not eliminated by the use of external
insulation. In a theoretical development 1t 15 shown here that under ceriain
conditions, at low allitudes in perticular, this combination requares less
weight than iz ncocssary using coolant only, This sludy is a generalisation

of earlicr work as it iucludcs the effects of radiation and of the variation

of' thermal conductivity of practical insulating meterials,
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1 INTRODUGTION

The kinetic heating of the structlurc of a high speed aircralt may be
reduced by the use of cooling with or vithout external insulation. Both of

these devices involve the addition of weigshi. Schnitt, Brull and W’blko'i have
investigated the veight of insulation and internal cooling required to limit
the temperature of the structure under various flight conditions, optimising

the combination at a fixed wall texpercture. Taylpr2 has dispensed 1th the
latter restriction, but radiaticn and insulation effcecls zre considered
separately. The presenl paper extends Taylor's work to include the radiation
from the surface together wvith the variotion with temperature of ihe thermal
conductivity of the insulation, The cembination of insulation and cooling is
optimiscd to give the minimum veight penalty.

The calculations apply to the steady state cruising condataons over
distances of 2,500 and 5,500 milcs. Thus no allowances are made for the
iransient conditions at the beginning and end of the flight. The aircrart
struciure 1s assumed to be of aluminium alloy whose temperature 1s lamited to
150°C. Fmuissivities of 0+3 and 0'8 are concidered along with heating rotes
Tor Mach numbers between 2°5 and 10°0. The flow 1s assumed to be turbulent
and the representative position is taken as 10 feet from the leading cdge.

11 18 suggested that the estimates give the right order of teotol added veight
and of the division of this total bet.cen cooling and insulation,

2 AERODYNAMTC RELATTONSHIPS

Ao s aacis

For the purpose of heat tramsfer calculations a reprecentative
enthalpy iwo for air with a free strcam liach number M and ambient enthalpy :'L1

3

1.5 given by Monaghan” as

= 1, (1 +0178 w0 .

i
WO

The factor of 0°178 1s dorived fror e¢xpcriments on heat transfer by air in
{urbulent flow. If the enthalpy at ihe surfacce is denoted by e heat flows
from the air to the surfoce according to tho equation

r
i

Q = h(iUO - i") .

In this work @ denotes the asrodynamic heat input per unit area and time, and
18 positive when the flow is towards the surface. (The general heat flux
terms which appear subscquently arc denoted by q.) The heat iransfer
coefficient, h, is a usoful parameter in incompressible flow theory as it is
independent of i . For compressible conditions the same heat flow cquation
may be uscd if tkc calculations are made for a suitable mean boundary layer

3

temperature In this case, however, h depends upon lw' For the present

purpose thore is no advantoge in defining a rate of heating by the difference
of two enthalpy torms multiplied by o funclion of both, Accordingly a direct
relationship is first derived betwecen heat flow, Mach number, distance from
leading edge, wall temperature, ambicnt temperature and density, the latter
two being a funelion of the sltitude. It is assumed that at altitudes above
36,000 feet the ambient temperaturc is -56°5°C. (Taylor? assumes the value

of ﬂ)O°C but for purposes of comparlnv results the discrepancy is slight.)
The den31ty of the air in this region is doubled for every 14,400 foet descent.
Turbulent flow is assumed throughout, hut the regions of p0551ble lominar flow
(i.e¢, Reynolds number loss then 2 > 10°) are shown, where possible, in the
figures. Results for sltitudes above 100,000 feet, where the ambient
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temperature increases by an ancunt not yet established, should be regarded
as approximavions. Fig.1 shows inc heating rate plotted against the square
root of the absolute surface temperature, for fixed values of other para-
meters, and Fig.2 gives the conversion factors for various altitudes and
distances from leading edge. The difference between results from Monaghan
and the linear relationships shown in these graphs is negligible,

3 ALLEVIATION OF HEATING

el Radiation -

Some of the hneat received from the air 1s returned by radiation and an
aircraft surface of high emissivity € is therefore advantageous. The rate of
emission from unit area is given by the equation

4

q = —SO'TW

where T_ is the surface temperature, ¢ the Stefan-Boltzmann constant and

q the heat flux, using the positive-inwards sign convention, The emissivi-
ties of 0*3 and 0°8 used an these calculations are a typical value for
polished metel and an upper limit for durable matt surfaces respectively.

If the structure at 150°C reccives heat via a layer of external insulstion
the outer surface i1s at a higher temperature aond radiation is correspondingly
greater. No account is teken of solar radiation in this work.

3.2 Cooling

If the equilibraum temperature of the 2luminium structure in the fore-
going conditions is greater than 150°C thon artificial coolang must be
employed. Attention i1s devoted hore 1o internal cooling. A suitable cir-
culating fluld corries the heat from the structure to a heat exchanger,
where the coolant, water at 15°C, is converted inte steam at 100°C, A
cooling rate of 1 kilowatt is taken to reguire a coolant disposal rate of
3 1b per hour. The weight of coolant fluid per square foot of surface, Wc’

used on a flight is proportional to thc distance D and inversely proporiional
to the Mach number M, The rate of cooling under ideal conditions 1s thus

ANW
C
q = D

where A i1s a coolant efficiency parameter which has the value, at -56°5°C
ambient temperature, of 229 kW mile -1 u-t, (Taylor's value of 225 is
derived from an ambicnt temperature of -50°C.} Only at constant ambient
temperature is it convenicat to use this paramcter, instead of the more
vsual kW hours per lb.

2.3 Insulalaon

In certain flight condations, especially at low eltitude, some of the
additional weight mey be used more effectively cs insulation than as
goolant, The latter must still be used if the structure is not to reach
adiabatic wall temperature, The incidentszl benefit of increased radiation
has been mentioned in para 3,1. The resistance to heat flow of an ideal
ansulator is proportional tuv 1ts thickness, as is its weight. For a material
of thermal resistivity 1000°C per inch for each kilowatt per square foot,
and a specific gravity of C'5 the insulation efficiency
B is 385°C k-1 et 1b=!.  This velue is used by Ta.ylor2 and is assumed to
include the weight of the supporting structure. In the present paper the
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insulation efficiency for o small temperature difference between faces has &
velue of 400 units at 150°C and this officiency is halved for each 400°C
rise in temperature, in accordance with an empirical law derived from the
data of Bishop and Rogers5. For an 1dcal insulation

where T is the structursl temperaturc, 150°C in this case, and ke the weaght

of ansulation per squarc foot of surfacc. In the real insulation, considercd
here, (TW - Tj/B must be replaced by the effective value for finite tempera-

ture daifference wvhich is

FTW = 10 0693 Uy = T 1} KW 1b £t
LA = mmeem ) (XP 00693 b asee - .
i B effective 0893 L 400

This quantity is denoted in subsequent calculations by F. Its differential
coefficicnt with respect to TW, which occurs in ithe minimum weight derivation
is

I, (t -17)
d (‘w s:] JF 1 % s =L o =1
n‘;-:_' P .- A - o — - oy exp Oo 693 [P S~ k‘l‘l'f 1‘b fnt C .
m
dlw — B elfective d"w 400 KO0

,  DERIVATION QF EQUATIONS

The steady state equalion coxpresses the fact that the heat removed by
the coolant 1s equal to the difference between aerodynamic and radiant neat,
thus: -

= meml = Q- soY
1 = -5 = Q-eou’ . (1)

] F
P R (2)
D ‘I

For given flight conditions the silructural temperaturc requirement is
satisfied by using any -quantity of coolant with the gpyuropriate amount of
insulation, beceouse I and Q are funcilons of TW and the latter can be

eliminated from (1) and (2) leaving a single equation relating W, and V..

It 18 the purpose of this work to find the combination of weights satisfying
this single egquation and also giving minimum tolal weight. This is satisfiled
when

BWO + &WI = O,



It can be shown that in practice this condition gives a mirnimum and not a
maximum, but i1n some cases W_ is negatave. In snch instances coolant only
should be used, A small variation of F derived from equation (2) with
-BWC substituted for SWI may be written as

AM . AM -
8F = 3 (Wc oWy + Wy awc) = 3 (WI wc) oW, .

Subjecting equaticon (1) to a variation, and substituting the above value
of &W ,
¢

AN _ 3 em oF
D SWG = SQ—L.SO' TW 5.L"_.r =

Hence, in the limit,

ar/aT
W o~ = e (3)
Leo Ti - dg/ar_

This is the awdliary equation which enables optimum values of Wc and WI
to be found,

5 METHCD OF CALCULATION

Four values of Tw are assumed, 150°C (where insulation thickness is

zero), 4O0°C (softening point of glass fibre), 600°C (an estimated limit
for synthetic resins), and 4000°C which is an estimate of the maximum
allowable temperature for use of insulation based on silica or asbestos
fibres,

Having assumed Tw the necessary degree of freedom is restored by

making Q the other unknown., It is evident from Fig.2 that the acrodynamic
heating is very sensitive to changes in altitudec, and therefore a wide
renge of heating rates obtoined from cquations (1), (2) and (3) can be
accommodated in the practically relevant oltitude range. From Fig.2 it

is seen that dQ/dTW is proportional %o @ regardless of altitude and so the

auxiliery equation (3) can be expressed in terms of @, This means that
cubic equations in Wé, WI and @ must be solved, and there is found to be

only one positive root for each. On plotting Mach number against altitude
for fixed surfoce temperature Tw’ interpolation 1is necessary to obtain

lines of constant Wc and WI. This gives a complete picture of the require~

monts and limitations of the use of coolant and insulation, Calculations
for two values of flight distance provide diagrams Figs.3-5. If tho
distance from the leading edge 1s other than 10 feet, the change in acro=-
dynamic heating rate may be found from Fig.Z.

6 DISCUSSION OF RESULTS

The salient features of these caleulations can be summarised without
detailed reference to the values of the various parameters. Altitude is
predominant in determining the order of magnitude of kinetic heating, the
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latter being halved for an increase in height of betwcen 17,000 and 18,000 feet,
Distance from the leading edge has little influence and to halve the heating
rate ilhis distance must be increased by a factor of over 30, which 15 1n most
cases well outsade the region of ainvesligation.

A study of egquation (3) reveals that as Q decreases with inoreasing
temperature the right hand side expression is positive and so WC 1s always

greater than WI. Two extreme casen are aoteworthy. At low altitude we find

that the optimum condation requires the insulation weight to be nearly equal
to the coolunt weight, Taylor2 refers to this effect which 1s 1adependent
of the magnitude of radiation. At high altitude the oplaimum weight of
insulation may be predicted as an essentially negative quantity, and so the

other extreme occurs vhen WI = 0 and consequently Tw = TS. Botween thesc

extremes lie all cases of practicel interest in steadg state problems. A
direct comparison of the results with those of Taylor® is ordly enlightening
in the case of zoro insulation, where the effcet of emissivities O, 0*3 and
0°8 can be seen. The relative importance of differcnt radiation intensities
becomes obscured in other cases becuuse the behaviour of the insulating
materials 1s not ideal,

7 CONCLUSION

Steady fillght conditions and structural temperature requirements can be
related to the necessary welght penalty per saquare foot of aircraft surface.
The lawg of heat flow give one relation between the amounis of coolant and
insulation. An equation which holds for optinmum conditions only can be used,
in addition, to determinc each part of the weight penalty. When this calcu-
lation results in the appearance of uegative insulation weight coolant only
should be used, and in regions beyond the limit of surface temperature of
insulation this ilcmperature must be assured in the calculation. The
equation for optimum conditions mey only be used between these extremes.

The results show that the sltitude ls the most important factor in deter-
mining the usefulncss of insulation, At high altitude coolant only is needed
whereas at low altitude the weights of coolant and ainsulation are approxi-
mately equal. 1t must be noted that in no optimum conditions deoes the
insulant weight exceed the coolant weight, but in transient heating, not
considered hcre, the insulation assumes a greater relative importance,

enthalpy of air corresponding to adiabatic wall temperaturc

i1 cnthalpy of air under ambient conditions
- enthalpy of air at wall
M free stream Mach number
Q heat flow into aircraft skin per unit'area and time (kW ft—2)
h heat transfer cocflicicnt Q/(lwo - iw)
£ cmissivity

o Stefan-Boltzmann constant (kW fthz OK_A)
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W weight of insulation per unit area (1b ft-z)
F heat flux through unit surface densaiiy of insulation
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