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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

SOME DESIGN IMPLICATIONS OF THE EFFECTS
OF AERODYNAMIC HEATING

By Richard R. Heldenfels
SUMMARY

The structural design problems created by aerodynamic heating appear
to be numerous, complex, and very severe. Two of these problems, creep
and thermal buckling, are examined to indicate their effect on the design
of structures for high-speed aircraft; then consideration is given to the
use of insulation as a means of alleviating the effects of aerodynamic
heating. The results show that creep may not be a significant factor,
but thermal buckling may have a substantial effect on the structural
design. The use of insulation has merit under certain conditions but
poses many new design problems. These results are based on limited data
and may change as more information becomes availsable.

INTRODUCTION

Many papers in the recent literature (for example, refs. 1 to 8)
have discussed the various structural effects of aerodynamic heating.
These papers have made it clear that the resulting structural design
problems are numerous, complex, and so severe that the performance capa-
bilities of high-speed aircraft may be greatly restricted. A more opti-
mistic view of the situation, however, indicates that the severity of
most of these problems 1s often overemphasized. The purpose of this
paper is to take a brief look at the effect of two problems, creep and
thermal buckling, on the design of aircraft structures and to give some
consideration to the use of insulation as a means of alleviating the
effects of aerodynamic heating.

The symbols used are defined in appendix A.
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CREEP

The creep of aircraft structures at elevated temperature is often
assumed to be a very important problem. Its importance, however, has
not been established, and before accepting it as a major problem, its
significance in aircraft design should be examined.

Creep is a primary design criterion in much high-temperature machin-
ery, such as heat exchangers and gas turbines, but in this type of equip-
ment the material must withstand the combined design temperatures and
loads for long periods of time. The usual aircraft structure on the other
hand is subjected to a variety of loads that occur under varying temper-
ature conditions.

The relationship between load and time typical of present-day air-
planes is shown in figure 1 where the load ratio n/nL is plotted against
the percentage of total flight time spent above that load ratio. . The
load ratio is the actual load n divided by the design limit load nj.

The solid line is for a fighter-type airplane and the dashed line for a
bomber type. This figure was prepared from existing gust-loads data

(ref. 9) and the generalized maneuver-load curves presented in refer-

ence 10. The time spent at the low load ratios for each type is prima-
rily the result of gusts and that at the higher loads is primarily due

to maneuvers. Note that percent time is plotted on a logarithmic scale
and that most of the total time is spent at low load ratios, about 90 per-
cent of the time for the fighter and 99.9 percent for the bomber.

The foregoing results were from airplanes in flight at speeds below
sonic. It is a matter of conjecture what similar relations will be for
supersonic airplanes, but it seems reasonable to assume that the load-
time relations will not be substantially different from those shown in
figure 1. It is significant, then, that high-speed airplanes will spend
a very small percentage of their lifetime at loads near the design limit
load where creep is most likely to be important. 1In addition, these high
loads will not necessarily occur in conjunction with high temperatures.

The uncertainties that exist in the expected loads and the limited
data available on cyclic and intermittent creep make a detailed analysis
of the effect of creep on structural weight impractical at present, but
some approximate indications can be obtained as follows:

Let all the loads be represented by only two load levels, a low
level representative of most of the flight time (for example, about
0.2 load ratio for 90 percent of the life of the fighter) and then assume,
very conservatively, that the remainder of the life is spent at the design
1imit load. The lower load level then makes an insignificant contribution
to the creep of the structure. The lower load level is more important for
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the bomber than for the fighter because it is a large percentage of the
design load and because the bomber would have a longer expected lifetime,
but still the lower load ratio makes only a small contribution. For
either case, the effect of creep on structural weight can be estimated
very conservatively by fixing a lifetime of 100 hours at temperature and
1limit load combined. Results of such an analysis are shown in figure 2
where the weight required to support a given constant tensile load is
plotted against temperature for three structural materials and for two
design criteria. The solid curves indicate the weight required when the
criterion is the ultimate tensile strength; the dashed lines give the
weight required when creep rupture at limit load is used. The three
materials selected for this analysis, 2024-T3 (24S-T3) aluminum alloy,
RC-130A titanium alloy, and Inconel X, cover the temperature range in
which metals are usable. The stainless steels generally fall between
RC-130A and Inconel X, but nearer RC-130A.

Consider first the aluminum alloy. The weight required to support
the load on the basis of ultimate tensile strength l%
1limit load is given by the solid line. The weight required to meet the
creep criterion - failure after 100 hours at temperature and limit load -
is given by the dashed line. Since the creep criterion requlres less
weight than the strength criterion throughout the temperature range of
the aluminum alloy, creep is not a design problem for this material.
A similar situation exists for Inconel X for most of the temperature
range, but for temperatures above 1,200°0 F creep requires more weight
than ultimate strength. Creep thus becomes important for Inconel X
structures only in the temperature range where strength is decreasing
rapidly with increasing temperature. For the titanium alloy, creep
becomes a design problem at temperatures above 500° F. Note that above
the temperature where creep becomes important, the weight required by
the creep criterion increases rapidly with temperature, and design effi-
ciency would best be obtained by conversion to a material for which creep
would not be a problem. This particular titanium alloy has poor creep
characteristics; others are better in creep than RC-130A, but they have
less tensile strength. Further development of titanium alloys will prob-
ably improve this situation.

times the design

Since the creep criterion used in this analysis usually required
less weight than the ultimate-strength criterion, it appears that creep
may have little effect on aircraft structural design. In those cases
where creep is a significant factor, conversion to another material will
be desirable in the interest of structural efficiency and the task of
designing for creep will be avoided. The results presented were obtained
with a very conservative estimate of the load-temperature-time experience
of the structure. If something less than 100 hours had been used for
the lifetime, creep would appear to be even less important.
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The importance of creep is also influenced by the type of creep
criterion used, and other factors such as the permanent deformations
due to creep and the effect of creep on ultimate strength should be con-
sidered, but indications are that these will be secondary design consid-
erations. Creep failure was used as a design criterion in this analysis
because of its obvious significance. A prescribed amount of permanent
creep deformation could have been used, but the validity of such a cri-
terion applied to an aircraft structure is extremely doubtful. This
doubt arises from investigations of the creep behavior of aluminum-alloy
structural elements and box beams coupled with the expected load-
temperature-time experiences of aircraft structures. Creep may also
affect the ultimate strength of the structure, but some exploratory tests
on aluminum-alloy plates and box beams indicate that in many cases this
effect will be negligible.

To summarize the remarks on creep, it appears that in general creep
may not be a primary factor in the design of high-speed aircraft because
of the character of the relationships between loads, temperatures, and
time. Some materials are much more susceptible to creep than others;
thus, in some cases a change in materials may be necessary in order to
avoid creep problems.

THERMAL BUCKLING

Thermal buckling promises to be the most serious problem associated
with the transient aspects of aerodynamic heating. Thermal buckling has
an adverse effect on the bending stiffness of beams as shown in refer-
ence 6, thermal stresses less than those required for buckling reduced
the effective stiffness of a cantilever plate as reported in reference T,
and aerodynamic heating and thermal stresses have incited flutter of some
wing structures as described in reference 8. The work of reference 8 is
now reviewed in connection with more recent tests.

Tn a continuation of the research described in reference 8, most
models tested at Mach number 2 in the preflight jet of the Langley
Pilotless Aircraft Research Station at Wallops Island, Va., experienced
no difficulties, but a few came to a sudden and violent end. Failure
was usually preceded by a new type of flutter, called chordwise flutter,
but this flutter did not begin until the aerodynamic heating had taken
effect. Chordwise flutter involves distortion of the airfoil section

into a mode having about l% waves along the chord - a flag-waving action.

This flutter may look like panel flutter, but the complete cross section
is involved rather than individual skin panels.
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From the first few tests in this program, it was concluded that
flutter started after the model skin buckled. However, in other tests
of similar models flutter was obtained without buckling, and the concept
of reduced stiffness resulting from thermal stresses has been used to
explain these results. For example, a model identical to model MW-1 of
reference 8 began to flutter without any evidence of buckling and flut-
tered for about 6 seconds before the rivets flew out and general destruc-
tion began. Model MW-4 of reference 8 and an identical model tested sub-
sequently each fluttered and failed without any indication of buckling.
This latter model had previously survived a test (at low stagnation tem-
perature) in which it did not experience aerodynamic heating.

From the above it is evident that thermal stresses lower than those
required for buckling can induce dangerous aeroelastic effects. This
situation is not so serious as it seems, however, since test results show
that small changes in the stiffness of the wing structure, such as the
addition of a rib or two, prevented flutter without much increase in
weight. (For example, a model similar to model MW-4 of ref. 8 but incor-
porating a single rib midway between tip and root survived the test con-
ditions without difficulty.) Thus, careful design can prevent many fail-
ures of the type discussed above. The use of internal construction that
minimizes thermal stresses may be required in some cases, but there are
a wide variety of flight conditions in which more conventional designs
are satisfactory.

The flight regimes in which multiweb construction may be satisfactory
can be determined from the conditions that produce thermal buckling of
the wing skin. Figure 3 shows some combinations of dimensions of a sim-
plified steel multiweb beam that make the structure subject to thermal
buckling (thermal stress op equal to buckling stress ocy) under sym-

metrical aerodynamic heating conditions. The distance between webs (on
a logarithmic scale) is plotted against Mach number for three altitudes
(sea level, 50,000 feet, and 100,000 feet). For web spacings above a
solid line, thermal buckling of the skin will occur, whereas, below the
solid line, buckling will not occur.

A low level of thermal stress may be required to prevent critical
changes in aeroelastic characteristics or to prevent buckling in the
presence of wing bending loads. Present knowledge does not permit an
estimate of the aeroelastic effects of a given thermal stress distribu-
tion or of the level of thermal stress that may be tolerated, but an
assumption that thermal stresses only 10 percent of those required for
buckling may be permissible appears to be reasonable. The dash-line
curves give the web spacings corresponding to this 10-percent condition.

The web spacings that would be used for an efficient load-carrying
structure would be around 2 to 5 inches; thus such a structure would be
in no danger of buckling due to heating alone, but a low level of thermal
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stress could not be attained in this structure at Mach numbers above 3
without very closely spaced webs.

Figure 3 is based on several approximations (see derivation of equa-
tions in appendix B) and a simplified structure and thus indicates only
the approximate combinations of dimensions and flight conditions that
will produce buckling of one series of beams. Similar charts are easily
prepared for other configurations, but an actual design shouid be checked
by a more exact analysis.

In summarizing the remarks on thermal buckling, the present state
of knowledge indicates that thermal buckling should be prevented. In
many cases thermal stresses well below those required for buckling may
lead to dangerous aeroelastic effects. The proper location of internal
members may prevent such effects without undue weight penalties under
many flight conditions, but special types of internal structure that
minimize thermal stresses will be necessary when severe aerodynamic
heating is encountered.

INSULATION

Having discussed two of the problems resulting from aerodynamic
heating, consideration is now given to one of the ways of alleviating
heating effects, namely, insulating the structure. One of the many prob-
able uses of insulation is to extend the aerodynamic-heating conditions
under which aluminum alloys are useful structural materials. Figure 4
presents results to show the effect of insulation on the temperature
history of a 0.10-inch-thick skin of aluminum alloy.

Temperature T is plotted against time in minutes for an instan-
taneous acceleration to a Mach number of 4 at an altitude H of
50,000 feet. The temperature history of the uninsulated skin is shown
by the upper solid line and the effect of 0.1 inch of insulation such as
rock wool or asbestos (thermal conductivity of 0.03 Btu/ft-hr-OF) is
shown by the lower solid line. The temperature of the outer surface of
the insulation is given by the dashed line. The equations used to cal-
culate these curves, and others to be presented illustrating the effect
of insulation, are given in appendix C.

For the flight condition used in figure 4, the aluminum alone would
quickly reach a temperature at which its strength had vanished, whereas
a relatively thin layer of insulation holds the temperature down for sev-
eral minutes. This is a very beneficial result insofar as the structure
is concerned, but this benefit has been obtained by transferring difficult
design problems to the insulation. The temperature of the heated surface
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of the insulation rises very quickly to a value near the equilibrium
temperature Teq (which is assumed equal to the adiabatic wall temper-

ature Tpy) and thereafter changes very slowly. The insulation must thus

withstand high temperatures and large temperature differences which will
require special design techniques for the construction and attachment of
such a protective coating.

The fact that the surface temperature of the insulation closely
approximates the equilibrium temperature permits considerable simplifica-
tion of the relation between the insulation required and the flight con-
dition. By neglecting the specific heat of the insulation and assuming
that the temperature of the outer surface of the insulation is the equi-
librium temperature, a conservative estimate of the required thickness
of insulation can be obtained, as shown in figure 5 (see eq. (C7)). The
required thickness is plotted against surface temperature for 0.10-inch-

-thick skin of aluminum that rises from 0° to 200° F in the times indicated.
Each of the curves is for a particular value of the time required for the
structure to reach 200° F and the thermal conductivity of the insulation

- is assumed to be invariant with temperature. This figure shows that high
equilibrium temperatures and long flight times require very thick layers
of insulation, thicknesses that are impractical for many parts of the

i aircraft such as thin wings or control surfaces.

The situation improves somewhat for heavier structures since the
same curves apply to other thicknesses of aluminum skin. For example,
if the thickness of the skin is doubled, the time during which the insula-
tion is effective will also be doubled or the required insulation thick-
ness will be cut in half. The required thickness is substantially reduced
if the skin is allowed to go to higher temperatures, but for this case
the relationship is not so simple. Higher skin temperatures would neces-
sitate another structural material and lead to considerations of struc-

tural efficiency.

The thicknesses indicated in figure 5 are rather large and somewhat
discouraging; however, another approach to the insulation problem that
can result in lower heat transfer, less thickness, and possibly lighter
weight is the use of radiation shields.

Average heat transfer through two types of insulators is shown. in
figure 6 as a function of the surface equilibrium temperature. The solid
lines are for two thicknesses 1 of the previously discussed bulk insula-~
tion such as rock wool or asbestos. The dashed lines are for a single
radiation shield at two values of emissivity e. The radiation shield
would consist of a thin sheet of metal supported a short distance away from
the outer surface of the structure. The aerodynamic surface of the shield
would be a black-body radiator (high emissivity) to keep surface tempera-

¥ ture low, but the inner surface of the shield and outer surface of the
structure would be very bright (low emissivity) to minimize radiant heat

i CONFIDENTTIAL




8 CONFIDENTIAL NACA RM L55F22

exchange. Some low-conductivity supporting structure, such as a honey-
comb core, would be needed between them, but in this analysis, the heat
transferred by this supporting structure and the air between shield and
structure has been neglected (see appendix C). The emissivity of 0.1 is
about the upper limit for most shiny metals, but the value of 0.02 can
be attained only with special coatings such as gold or silver plate.

The average heat flow plotted is the average rate at which the insu-
lators transfer heat to the structure while the structure rises from 0°
to 200° F. The conditions considered are similar to those in figure 5,
but by plotting average heat flow, all combinations of time and heat
capacity of the structural material are included. Where two curves cross,
the insulators are exactly equivalent for the conditions considered. At
other points, the lowest curve indicates the best insulator. The curves
show that the radiation shield provides excellent protection at the lower
temperatures but becomes increasingly inefficient as the temperature
increases. The heat flow through the shield can be further reduced by
using several of them; for example, five shields of 0.1 emissivity would
transfer about the same amount of heat as the single shield of 0.02 emis-
sivity, but the added complication of multiple shield arrangements might
prove to be impractical.

An effective radiation shield requires bright surfaces that are
attainable only with metals at moderate temperatures; thus this approach
would probably be limited to temperatures below about 1,5000 F. Above
this temperature, a type of bulk insulation suitable for high-temperature
use would be required. For some applications, such as protection of
occupants, a combination of insulation, radiation shields, and cooling
may provide the most efficient combination.

The results presented indicate that insulation provides a suitable
way to alleviate the effects of aerodynamic heating on the primary struc-
ture under certain flight conditions. This alleviation can be attained,
however, only by creation of many difficult problems associated with the
design, fabrication, and installation of the protective coatings.

CONCLUDING REMARKS

The problems of creep and thermal buckling have been discussed in
an effort to indicate their effects on the design of high-speed aircraft.
The results have shown that creep may not be a significant factor, but
thermal buckling may have a substantial effect on the structural design.
Consideration has also been given to the use of insulation for the allevi-
ation of heating effects; such an approach has merit under certain con-
ditions but poses many new design problems.
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The results presented are based on the limited existing information
on the structural problems of aerodynamic heating. The picture may change
as more research results become available, but the design problems undoubt-
edly will be eased as knowledge increases. It was not intended to convey
the impression that aerodynamic-heating problems are easily overcome but
merely to indicate how careful design can solve some of them.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 2, 1955.
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APPENDIX A
SYMBOLS
A cross-sectional area, sq ft :
b web spacing, ft
c specific heat, Btu/lb—oR
E modulus of elasticity, 1b/sq ft
H altitude, ft
h heat-transfer coefficient, Btu/ft2-sec-°R
k thermal conductivity, Btu/ft-sec-°R
L web depth, ft
1 insulation thickness, ft
M Mach number
N number of radiation shields
n load factor
ny limit load factor
q rate of heat transfer, Btu/ftg-sec
£ temperature, SR
t thickness, ft
W specific weight, lb/cu ft
z distance along web from center line, ft
o coefficient of expansion, ft/ft-OR
hL2
il e
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€ emissivity

" Poisson's ratio

o Stefan-Boltzmann constant, Btu/ftz—sec—ORh'
ap thermal stress, lb/sq ft
buckling stress, 1lb/sq ft
T time, sec

Subscripts:

AW adiabatic wall

eq equilibrium

i insulation

o initial condition

s skin

W web

A bar over a symbol indicates an average value.
The units given above are those required to keep the equations in

appendixes B and C dimensionally correct and do not necessarily apply
to the quantities used in the figures.
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APPENDIX B
THERMAL BUCKLING OF AERODYNAMICALLY HEATED MULTIWEB BEAMS

For the simplified type of multiweb construction shown in figure 3,
the maximum compressive stresses (thermal) occur in the skin when the
wing is subjected to symmetrical aerodynamic heating. The thermal
stresses in the skin are given by

O'T = ECL(T = Ts) (Bl)

where T 1is the average temperature of the cross section; that is,

e

T (B2)
Ag + Ay
and
As = 2b't s
AW = Ltw

The temperature distribution resulting from instantaneous accelera-
tion to a given flight condition can be obtained from the analysis of
reference 11 or 12, but the equations are complex and somewhat difficult
to apply. In appendix I of reference 2, however, equations for the tem-
perature distribution are presented that are a good approximation and
are easy to use since they involve only one parameter in addition to the
usual temperature and time parameters. In this approximate analysis,
it is assumed that the skin temperature is uniform at each instant of
time and given by

ht

cwt
Tg = Taw - (Taw - To)e 2 (B3)

The web temperature at z = % follows the above relation, and the

temperature distribution in the web is found by solving the equation of

CONFIDENTIAL




NACA RM L55F22 CONFIDENTTIAL 15

heat conduction. The result from appendix I of reference 2 (with the
notation changed to that of this paper) is

27Z o ht
COSs —i—' cw_ts
e =0 (T - M) » o ‘
cos ¥y
%% niz _&%2 ht
0 CoOS — WE
oS (-1) L Lo CWeg |
1-[_ n Do = (B’+)
n=1,3,5 il = e
Ly2

where

hL2
7:
Ukt
The above solution converges if 92 % 2212. In referenceluil M aFlS

shown that the thermal stresses obtained from this temperature distribu-
tion agree well with the exact analysis and that the results for an instan-
taneous acceleration are only slightly conservative when compared with
results for a finite acceleration.

With the above assumptions the uniform thermal stress in the skin
is given by

O'T n —ECL(TS = TW) (BS)

A
b
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and
h nex2 hr
i P

- = . Myz cwt
T N LR

Taw - To Y 72 n=1,3,5 A

n2|(1 -
hyg

The thermal stresses vary with time, but those in the skin have a maximum

at T=T1' when

n°x? hr'
h 1 -

o Ly cwtg
tan y CW‘bs 0 i

1 - e =2 . > (B7)
/£ n=1,3,5 n%fg
7 -
Y

The maximum temperature difference of equation (B6) and the time at which

it occurs have been evaluated as functions of 72 and are plotted in
figure T.

The thermal stresses given by equation (B5) can now be made any
desired fraction of the skin buckling stress. For purposes of this
analysis, it is assumed that the following elastic-buckling formula for
a simply supported plate applies:

5 2
o’cr = e i@— t_s (BS)
12(1 - p?)\ b

The above equation should give satisfactory results in the elastic range,
but if thermal buckling occurs at stress levels in the plastic range
neither equation (B5) nor (B8) is strictly applicable. There is little
known about thermal buckling under such conditions; consequently, for
the approximate analysis of this report it will be assumed that the
elastic analysis applies throughout the stress range since the errors in
equations (B5) and (B8) may compensate one another.
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To obtain the curves in figure 3, heat-transfer coefficients were
determined from reference 13 and the following properties of the steel
multiweb beams were used:

L =4 dml

tsg = 0.125 in.
tw = 0.051 in.

p=0.35

@=17.6x 10-6 in. fin.-R
c = 0.11 Btu/1b-OR

w = 500 1b/cu ft

k = 8.5 Btu/ft-hr-°R
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APPENDIX C

EFFECTS OF INSULATION

Temperature Histories

If an instantaneous acceleration to a given flight condition is
assumed, the temperature of a thin uninsulated metal skin is given by

ht
CWts

Ts = Taw - (Taw - Tole (c1)

If the heat capacity of the insulation is neglected, equation (C1) applies
to the insulated metal skin if the heat-transfer coefficient is replaced
by a value that includes the thermal resistance of the insulation. Thus

ﬁ% =L (c2)

ol |
i

h'r
cwig

Tg' = Tay - (Tpyy - Tode (c3)

Corresponding to the above results, the temperature of the exposed sur-
face of the insulation is given by

Ts' B %% Taw
Ty = (ck)
% hi
14—
k

where Tg' varies with time as given by equation (C3). Equation (Ck)
indicates that when the skin is well insulated (k/Z is small compared
with h) Ty 1s very nearly equal to Ty, a fact that is used in the
next section. Also, according to equation (C4), T4y starts at a tem-

perature above the initial temperature of the system because the heat
capacity of insulation was neglected, but an approximate indication of
initial variation of the surface temperature of the insulation can be
obtained from
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Ey! =gl

where T; 1is given by equat

The curves in figure 4
and the following numerical

For aerodynamic heating,

B =
1o
=

for the aluminum skin,

ts

and for the insulation,

Il

=

L

o~
]

i
I

CONFIDENTTIAL 1y

2hT
ciwil

1 - (T1 - Toe (c5)

ion (Ch).

were calculated by using the above equation
values:

Taw = 1,016° F

-670 F

0.011 Btu/ft2-sec-°R

0.23 Btu/1b-°R

Il

173 1b/cu ft

= 0.10 in.

0.20 Btu/1b-°R
20 1b/cu ft

0.01 in.

0.030 Btu/ft-hr-°R

Insulation Required

A simple equation for the required thickness of insulation can be
obtained by neglecting the heat capacity of the insulation and assuming
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that the temperature of the exposed surface of the insulation is the
equilibrium temperature. Then the heat-balance equation

K y dT,
I(Teq - TS) = CW'tS d_T_ (C6)

has the following solution:

kT
T cwtgl
Tg = Teq - (Teq - To)e (c7)
The required thickness is given by
eSS
1= KT log =4 2 (c8)
cwig Teq - Ts

Equation (C8) is accurate if the heat capacity of the insulation is small
compared with the heat capacity of the metal skin, but it is very con-
servative if the heat capacities are of the same order of magnitude.

The curves in figure 5 were calculated by using equation (C8) and
the following numerical values:

TO=OOF
Tg = .200° F
k = 0.030 Btu/ft-hr-°R

0.23 Btu/1b-°R

(@]
Il

173 1b/cu ft

-
Il

. 108 0.

ct
0
Il

Radiation Shield

The heat transferred by radiation between two parallel plane sur-
faces of infinite extent is given by (ref. 14)
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q = _____0' (Tl)+ - Tgh) (09)
i + i o Ak
S

If the metallic skin is protected by N radiation shields that are
gray-body radiators of emissivity e and the inside surface of the
metallic skin has this same emissivity, then the heat transferred to the
structure by radiation is L

S I

The time required for the structure to reach a prescribed temperature
is given by the following equation which was obtained by neglecting the
heat capacity of the radiation shields and assuming that the structure
received heat only by radiation:

T = gig_:_fl.gcwts (c11)
4deTeq5
where
T + T T L + T T
L e LR N R S R VP Wi TS S B -

Average Heat Flow

A convenient way to compare the bulk type of insulation with the
radiation shield is to consider the average rate of heat transfer during
the time T that the skin is rising from the initial temperature T,

to the final temperature Tg. This average rate of heat transfer q 1is

then defined as follows:
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; | ©uitg
qd = ——(Tg - To) (c12)

For the bulk insulation, by using equations (C8) and (C12), the
result is

(c13)

and for the radiation shields, by using equations (Cll) and (C1l2), the
result is

hoTo o (Tg - To)
QN(E = 1)
€

The curves of figure 6 were calculated by using equations (c13)
and (Cl4) and the following numerical values:

q= (C1k)

T =109 F

s 200R4F

k = 0.030 Btu/ft-hr-°R

o = 0.173 x 10-8 Btu/ft2-hr-OR
N=1
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Figure 1.- Load-time relations for fighter- and bomber-type airplanes.
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Figure 2.- Comparison of weight required to support a constant tensile

load for two design criteria.
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Figure 3.- Thermal-buckling boundaries for a steel multiweb beam.

1,000

TEF
500

L I
0 | 2 3
TIME , MIN

Figure 4.- Temperature histories of insulated and uninsulated aluminum at
M = 4 and an altitude of 50,000 feet.
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Figure 5.- Insulation required to limit the temperature of 0.10-inch
aluminum to a rise from 0° to 200° F.
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Figure 6.- Comparison of the average heat flow through two types of
insulators.
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Figure T7.- Chart for determining the time and magnitude

of the temperature

difference that produces maximum thermal stresses in the skin of an

aerodynamically heated multiweb beam.
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