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RESEARCH MEMORANDUM

AN ANALOG STUDY OF THE INFLUENCE OF INTERNAL MODIFICATTONS
TO A WING LEADING EDGE ON ITS TRANSIENT TEMPERATURE
RISE DURING HIGH-SPEED FLIGHT

By Carr B. Neel
SUMMARY

An investigation was made with an electrical heat-flow analog to
determine the effect of internal modifications to a wing leading edge on
the surface-temperature rise and temperature distribution for conditions
of transient aerodynamic heating at high supersonic speeds.

The study showed that when heat-absorbing material is concentrated
in the wing leading-edge region, in the case of wings of large leading-
edge radius, the temperature rise at the leading-edge point is determined
primarily by the specific heat of the material. As the leading-edge radius
is decreased, the thermal conductivity of the heat-absorbing material was
shown to have an increasingly important effect. For cases of wings in
which the skin is of uniform thickness in the leading-edge region, thermal
conduction is of major importance in restricting the leading-edge tempera-
ture rise.

Because of its high specific heat and thermal conductivity, beryllium
appears attractive in heat-sink applications. In an example, beryllium
was shown to be far superior to Inconel-X from the standpoints of leading-
edge-temperature rise, temperature distribution, and weight.

INTRODUCTION

During high-speed flight, the temperature rise of wing leading edges
may become critical because of the high rates of local heat transfer. If
the duration of flight is sufficiently short, the thermal capacity of the
leading-edge material can be used as a heat sink to absorb the incoming
heat and restrict the temperature rise to tolerable limits. The temper-
ature rise depends in part on the mass and distribution of the heat-
absorbing material, its specific heat and thermal conductivity, and the
duration of flight. A comparison of the effectiveness of various heat-
sink materials in limiting the temperature of high-speed body noses is
given in reference 1.
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In order to investigate the influence of modifying the internal
structure of a high-speed wing leading edge on its temperature rise,
calculations were performed on the Ames electrical heat-flow analog to
determine the time-temperature histories and surface-tempersature distri-
butions of the leading-edge region with various internal arrangements
of several metals for a particular flight trajectory. The trajectory
encompassed speeds up to a Mach number of 6.5 and altitudes up to
approximately 130,000 feet.

This report presents the results of the analog calculations and a
brief analysis to indicate the relative importance of thermal conductivity
and thermal capacity in lowering the surface temperature.

EQUATION OF HEAT FLOW AT WING SURFACE

The temperature rise of an element of wing skin is influenced by
convective heat transfer, thermal capacity of the skin, conductive heat
exchange, and radiant heat loss. Consider an element of wing skin with
surface area dx dy and thickness dz which is subject to convective
heating. Neglecting solar and nocturnal irradiation, the following
expressions govern the temperature rise of the element:

Rate of convective heat flow into element = h dx dy<ir - T%)

oT
Rate of heat storage in element = pcp dx dy dz 552
2 2 2
o°r, o°T, O°T,

"Rate of heat removal by conduction = -k

+ +
ox2 Jy? 0z2
Rate of heat loss by radiation = ge dx dy Ty*

When the rate of heat flow into the element is equated to the heat
being removed and stored, the following equation is derived:

v T, o?*r, o°tr, T, .
- Ty) = — dz - k + + dz + o€T 1
( r W> P 3 2 oy2 o2 )R TSV (1)

where

Cp specific heat of wing material, Btu/lb °F

h convective heat-transfer coefficient, Btu/hr £t2 °F .
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k  thermal conductivity of wing material, Btu/hr £t2 °F/ft

T, recovery temperature of boundary layer, °R

T, temperature at surface of element, °R

€ radiative emissivity of the surface, dimensionless

0 density of wing material, 1b/ft3

o  Stefan-Boltzmann constant, 0.173x10 ° Btu/hr £t2 °R*
6 time, hr

In this investigation, it was assumed that spanwise heat flow was
negligible. Hence, in the electrical-analog solutions, equation (1) was
reduced to the two-dimensional case, involving only the coordinate
variables x and z.

DESCRIPTION OF ELECTRICAL HEAT-FLOW ANALOG

The Ames electrical heat-flow analog employs the analogy between
the flow of heat and the flow of electricity. In the analogy, electrical
current flow represents heat flow, voltage represents temperature, elec-
trical resistance represents thermal resistance, and electrical capaci-
tance represents thermal capacitance. When resistances and capacitances
are connected in a circuit representative of the thermal circuit of a
body, and electrical input functions are programmed to simulate the
external heating conditions, the resultant current flows and voltages in
the system are directly analogous to the heat flows and temperatures which
would prevail in the body. The distribution of temperature and absorp-
tion of heat throughout the structure are accurately represented in the
electrical circuit. The electrical analogy is discussed in greater
detail in references 2 to 5.

The analog consists of a resistance-capacitance network for simulat-
ing the thermal circuit of the body under investigation, the input-
function-generating equipment for simulating the external heating
conditions, and the recording system. Each of these components will be
described. ‘

Resistance-Capacitance Network

The resistances of the resistance-capacitance network consist of
potentiometers connected as rheostats, while the capacitances consist of

condensers which can be plugged in to obtain the desired values. The
network is shown in figure 1(a).
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In the application of the analog to the leading-edge problem, the
wing was divided into a number of small segments, and the thermal capacity
of each of the segments and the thermal resistances between segments were
determined. These values were converted into equivalent electrical terms,
and the electrical circuit was set up on the analog. This circuit, then,
represented the capacitive and conductive terms given in equation (1).

Input-Generating Equipment

The input equipment is used for generating the appropriate boundary
conditions and provides, in equivalent electrical terms, the conditions
required to simulate the recovery temperatures in the boundary layer,
the convective heat-transfer coefficients, and the radiant heat loss
from the surface. Since the recovery temperatures and heat-transfer
coefficients over the surface vary with time, a switching system is
employed to provide a stepwise variation of these parameters. The input
equipment is shown in figure 1(b).

In the heat-input simulation, voltages, representative of recovery
temperatures, were switched in to cause current to flow through resist-
ances, representative of the thermal resistance of the boundary layer,
into various points of the resistance-capacitance network which repre-
sented the wing surface. ZEach of the voltages and resistances was
adjusted to represent average values of the input functions for small
time increments. In the present problem, the time span of the flight
was divided into 20 equal increments of 10 seconds each. A ratio of
analog time to flight time of 1 to 100 was used in the analog solutions.

Radiant heat losses from the surface are simulated by means of
special resistors in which the current flow varies directly with the
fourth power of the applied voltage, thus permitting an electrical repre-
sentation of the radiant heat loss as set forth in equation (1). In all
of the calculations performed on the analog in this investigation, the
value of surface emissivity, €, was taken as 0.8.

Recording System

To record the variations of voltage (which is analogous to tempera-
ture) with time occurring on the analog, a multichannel photographic
oscillograph was used. Cathode followers, with high input impedances,
were employed in the measuring circuits to avoid loading the analog
circuit.
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CONFIGURATIONS STUDIED

The study was concentrated on the leading-edge region of the wing.
A view of the section of wing considered, showing the basic configuration
studied, is given in figure 2. The skin back to the spar was divided
into 15 segments for analysis on the analog. It was assumed that the
leading-edge piece was attached to a wing afterbody. Internal heat
transfer between inner surfaces of the wing was neglected.

The program was divided into three parts. The first encompassed
a study of configurations with a l/8-inch-thick Inconel-X skin with
various filler materials in varying quantities located inside the
leading-edge region to absorb the heat transferred at that point.
Table I lists the configurations investigated.

The second part of the program consisted of a study of a skin com-
posed of Inconel-X, l/8—inch thick, with various conductive liners
attached to the inner side of the skin in the leading-edge region to
conduct heat away from the leading-edge point. These configurations are
shown in table II. 1In all cases involving the internal addition of heat-
absorbing material, the contact resistance between skin and heat absorber
was taken as zero.

The third part was concerned with configurations consisting entirely
of beryllium in the leading-edge region. Beryllium was selected for.
investigation because of its high specific heat and thermal conductivity,
which were shown in reference 1 to be very desirable for heat-sink
materials. Table III describes the configurations studied.

The thermal properties assumed for the various metals considered in
the investigation are given in table IV. The values of thermal conduc-
tivity and specific heat were taken as constant, although they actually
vary somewhat with temperature. The extent of the variation was not
sufficient, however, to cause any large deviations in the results
obtained. :

FLIGHT TRAJECTORY ASSUMED FOR STUDY

The flight trajectory, as defined by Mach number, altitude, and
- angle of attack, is shown in figure 3. This boost-glide trajectory was
used throughout the study.

Values of heat-transfer coefficient and recovery temperature were
computed for the region near the leading edge by treatment of the forward
portion as a swept circular cylinder. The calculations were performed
by means of a method similar to that given in reference 6. Beyond the
cylindrical portion, the wing was treated as a flat plate, with the
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local properties of air being evaluated on the assumption of a gradual
Prandtl-Meyer expansion occurring downstream from the leading-edge
cylinder. Laminar flow was assumed for the entire leading-edge region.
Ideal-gas relationships were used throughout. The stagnation and leading-
edge points were taken as coincident for the entire trajectory. Standard-
atmosphere conditions were assumed for the properties of the ambient air.

To indicate the general order of magnitude of these calculated
values, the heat-transfer coefficient, stagnation temperature, and radia-
tion equilibrium temperature at the leading edge, for the two leading-
edge radii studied, are presented in figure k4.

RESULTS AND DISCUSSION

Leading-Edge Temperature Rise

The leading edge of a wing, being located at or near the aerodynamic
stagnation point, is subject to very high heating rates at supersonic
speeds. Because of the high rate of heating, this point usually is the
most critical from the standpoint of temperature rise. Broadly speaking,
the temperature rise of the leading-edge point under conditions of
transient aerodynamic heating can be restricted in two ways. The first
of these consists of locating materials with high thermal capacity behind
the leading edge to absorb the incoming heat, thereby creating sufficient
delay in the temperature rise to permit traversing the critical flight
regimes, when high heating rates occur, without allowing the surface
temperature to climb to excessively high values. The second method is to
provide sufficient conduction in the skin to draw the heat away from the
leading edge and distribute it in the cooler afterregions. Both of these
methods rely on absorption of the heat, which is governed by a combina-
tion of thermal capacitance (pcp) and thermsl conductivity (k) of the

materials involved. In the following discussion, the relative merits of
each of the methods, and a combination of the two, will be considered.
The importance of capacity and conduction in limiting the leading-edge
temperature will also be discussed.

Inconel-X skin with various filler materials.- The influence of
varying the amount and type of filler material on the temperature rise
of the wing leading-edge point is shown in figure 5. A summary of the
temperature-rise data given in figure 5 is presented in figure 6, which
shows the depression in maximum temperature of the leading-edge point
achieved with the various filler materials as a function of the weight
of material. A study of this figure shows the weight of filler material
for a given temperature depression to be approximately inversely propor-
tional to the specific heat of the material, for the case of the larger
leading-edge radius, indicating a negligible influence of thermal con-
ductivity in reducing the leading-edge temperature. This result is
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reasonable, since thermal capacity would be expected to govern the
leading-edge temperature rise when the heat-absorbing material is
concentrated in the leading-edge region.

As the leading-edge radius was reduced, the heat-flow path from the
leading edge became more restricted, and the effect of thermal conduc-
tivity commenced to influence the temperature rise. This is illustrated
in figure 6 by the data for a leading-edge radius of 0.188 inch. A
comparison between the cases for the copper and beryllium filler materials
shows the temperature depression still to be roughly inversely propor-
tional to the specific heat; however, the increase in weight of copper
filler was proportionately not as great as for beryllium, which has a
lower conductivity.

The data of figure 6 indicate the advantage, from a weight stand-
point, of utilizing a filler material of high specific heat, such as
beryllium, in heat-sink applications. Consider, for example, the wing
with a leading-edge radius of 0.47 inch. For a temperature depression
of 600° R, the weight of beryllium filler required would be 0.4 pound
per foot span, as contrasted with 2.0 pounds for Inconel-X and 2.5 pounds
for copper.

Inconel-X skin with conductive liners.- Figure 7 shows the effect on
the leading-edge temperature of adding a conductive internal liner to the
skin in the leading-edge region. Several variations of the liner were
studied to obtain an indication of the importance of conduction in
reducing the leading-edge temperature.

Conduction is shown in figure 7 to provide a substantial reduction
in leading-edge temperature. For example, the curves for configurations
24 and 25, which, in effect, represent configuration 1 with a greatly
increased thermal conductance, but with no increase in thermal capacity,
show that the maximum temperature was decreased by over 400° F by increas-
ing the conduction. When the capacitance of the copper liner was included
(configs. 22 and 23), the leading-edge temperature was reduced even
further.

In view of the strong effect of conduction in removing heat from the
leading edge, it is of interest to compare the effectiveness of a liner
with that of a leading-edge filler in reducing the leading-edge tempera-
ture. Points representing copper liners 0.075 inch thick (config. 22)
and 0.125 inch thick (config. 23) have been included in figure 6 to
indicate the relative weight of liner material required for given temper-
ature depressions. It is apparent from these data that, regardless of
the beneficial influence of conduction in restricting the leading-edge
temperature, the liner is not as efficient as the filler from a weight
standpoint, and it is better to concentrate the heat-absorbing material
back of the leading edge, rather than to spread the material out as a
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liner, even for highly conductive metals. The effect of conduction on
the temperature at the leading-edge point will be discussed further in
a later section of this report.

Beryllium skin and filler material.- The leading-edge temperature-
rise data for configurations consisting entirely of beryllium are given
in figure 8. The temperature-rise data for the case of l/8-inch-thick
skin with no filler material show that changing the skin from Inconel-X
(config. 1, fig. 5(a)) to beryllium (config. 27, fig. 8(a)) reduced the
peak temperature from 2180° to 1820° R. Since the heat-absorbing capa-
bilities of Inconel-X and beryllium are nearly equal for the same volume
of metal, this 360O R reduction in temperature can be attributed almost
entirely to the greater conductivity of beryllium, which permits the
incoming heat to be conducted rapidly into the cooler regions.

The data of figure 8 have been summarized in figure 9, which presents.
the maximum temperature reached by the leading edge as a function of the
weight of the leading-edge piece. The results for beryllium are compared
in the figure with those for Inconel-X. The most obvious fact illustrated
in figure 9 is the large saving in weight which could be achieved by sub-
stituting beryllium for Inconel-X. This is due primarily to the much
greater specific heat of beryllium. The data of figure 9 also reveal
that, because of the high conductivity of beryllium, the leading-edge
temperature would not be greatly influenced by a decrease in leading-edge
radius. Thus, through a reduction in the leading-edge radius, a reduction
in the aerodynamic drag of the wing could be achieved, with only a very
small weight penalty.

The outstanding virtues of beryllium as a heat-sink material can be
illustrated by considering its advantages over Inconel-X for a typical
wing leading-edge construction. For example, by changing the leading-
edge materisl from Inconel-X to beryllium, it would be possible to reduce
the maximum leading-edge temperature from 2200° to 1700° R, while reduc-
ing the weight of the leading-edge piece from 5 to l—l/h pounds per foot
span, and at the same time reducing the wing drag by decreasing the
leading-edge radius.?l

The effect of increasing the skin thickness on the temperature-
weight relationship for all-beryllium construction is shown in figure 9.
These data show that, despite the increased conduction of heat from the
leading edge, the resulting configurations were less efficient, requiring

1Although beryllium possesses favorable thermal properties, consider-
ation must also be given to any unfavorable characteristics which might
limit its use, such as brittleness, -and susceptibility to oxidation when
subjected to elevated temperatures for prolonged periods. At the present
time, these limitations are not well established.
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a greater weight of material for a given temperature limit than for the
thinner skin. This further illustrates the desirability of providing
proper distribution of the heat-absorbing material.

Influence of Conduction on Leading-Edge Temperature
for Skins of Uniform Thickness

In the past, it has been common practice to employ skins of uniform
thickness in the leading-edge region of wings. Because of the simplicity
of this type of construction, consideration no doubt will be given to its
use in many future high-speed airplanes in which the leading-edge temper-
ature must be controlled. Therefore, the data which have been taken for
cases involving skins of uniform thickness will be analyzed briefly to
illustrate the influence of conduction in removing heat and limiting the
leading-edge temperature during transient heating.

Maximum temperature at leading edge.- The effect of a variation in
the thermal conductivity of the skin on leading-edge temperature is shown
in figure 10, which presents a plot of the maximum leading-edge tempera-
ture as a function of the conductivity of the skin. For this figure, the
thermal capacity of the skin was constant, while the thermal conductivity
was varied. The values were taken from the data for configurations 1,
2k, 25, 26, and 27, which consisted of 1/8-inch-thick skin with different
conductivities, but constant thermal capacitance.

Figure 10 shows the marked effect of increasing the thermal conduc-
tivity on the maximum temperature reached. As the conductivity was
increased from 12.6 (Inconel-X) to 210 Btu/hr £t2 °F/ft (copper), the
leading-edge temperature was decreased from 2180° to 1720° R, which rep-
resents a 26-percent decrease in temperature rise. The maximum possible
decrease in temperature was 35 percent and is indicated in figure 10 by
the line at 1550° R, which represents the maximum leading-edge temperature
for the case of a perfectly conducting skin.

Heat flow at leading edge.- An analysis of the heat-flow rates at
the leading edge provides further information on the importance of con-
duction in reducing the leading-edge temperature. Figure 11 compares
curves of the calculated convective heat input to the leading-edge point
with curves of the heat removed from the leading edge by conduction for
skins of uniform thickness composed of Inconel-X (config. 1) and beryl.-
lium (config. 27). The conductive-loss curves were determined by sub-
tracting the heat lost by radiation and that absorbed by the leading-edge
skin from the calculated convective heat input.

Figure 11 reveals that a large percentage of the incoming heat to
the leading edge was removed by conduction, even for the case of poorly
conducting Inconel-X. For example, at 84 seconds, and again at 143
seconds, when the peaks occurred in the convective-input curve, the
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conductive loss was about half the total heat input. When the skin
material was changed to beryllium, the conductive loss rose to about two-
thirds the convective input at the times of maximum heating. Thus, it is
evident that conduction can have a strong influence in alleviating the
adverse effects of high heating rates at wing leading edges.

Surface-Temperature Distribution

Transient-temperature distributions.- Distributions of surface tem-
perature in the leading-edge region at 145 seconds, when the temperature
gradients were highest, are presented in figures 12, 13, and 14. These
figures show the distributions for the configurations considered in
figures 5, 7, and 8, respectively.

A review of the temperature-distribution curves shows that the most
uniform distributions were obtained with highly conductive filler materials
concentrated back of the leading edge (see, e.g., the distributions for
configurations 7 and 10, figs. 12(b) and (c)). The data for cases with
highly conductive skins but no filler, such as configuration 25, figure 13,
and configuration 30, figure 14(b), show fairly high temperature differ-
ences in the leading-edge region, in spite of the beneficial influence of
conduction. Thus, it is apparent that conduction alone cannot be relied
upon to promote uniform surface temperatures under conditions of transient
heating, and that concentration of the heat-absorbing material in the
regions of high heating rate is important from the standpoint of uniform
temperature distribution.

Reduction in the leading-edge radius increased the temperature
gradients near the leading edge for configurations with Inconel-X skins
(figs. 12(e) and (f)). When the skin material was changed to beryllium,
for the case of the reduced leading-edge radius, the local temperature
gradients were greatly reduced, because of the higher conductivity
(fig. 14(c)). The resulting thermal gradients for the all-beryllium
cases with reduced leading-edge radius were, in fact, less than those
which existed for all-Inconel-X construction with a larger leading-edge
radius (fig. 12(a)). This emphasizes the desirability of employing:

- materials of high conductivity, as well as high specific heat, in
leading-edge heat-sink applications.

Steady-state temperature distributions.- Temperature distributions
were obtained under steady-state conditions for several configurations in
order to illustrate the differences .in distribution obtained between
transient and steady-state conditions. The data were obtained for the
conditions at 140 seconds, when the Mach number was 6.15 and the altitude
119,000 feet. The temperature distributions are shown in figure 15.

It is apparent from figure 15 that the advantages shown under
transient-heating conditions for configuration 7 (see fig. 12(b)), with
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the filler material concentrated in the leading edge, no longer prevailed
under steady-state conditions. Instead, the configuration possessing
high conductivity in the skin (config. 23) produced a more uniform tem-
perature distribution. The line for configuration 26, with perfect
conduction, represents the minimum temperature to which the leading edge
could be reduced.

CONCLUSIONS

A study of the influence of internal modifications to a wing leading-
edge region on the temperature rise and distribution under conditions of
transient aerodynamic heating has led to the following conclusions:

1. For configurations with heat-sink material concentrated in the
leading-edge region, the relative weight of material required to limit
the leading-edge temperature to a given value is approximately inversely
proportional to the specific heat of the material when the leading-edge
radius is large. In this case, thermal conductivity has very little
effect on the leading-edge temperature. When the leading-edge radius is
small, thermal conductivity, as well as specific heat, becomes important
in influencing temperature rise and temperature distribution.

2. Thermal conductivity plays a major role in limiting leading-edge
temperature when the skin is uniform in thickness. Under certain condi-
tions, conduction can remove two-thirds or more of the incoming heat to
the leading edge.

3. Because of the high specific heat and thermal conductivity of
beryllium, this metal appears very attractive as a heat-sink material.
In a comparison with Inconel-X, it was shown that by substituting beryl-
lium, the maximum leading-edge temperature would be reduced, a severalfold
saving in weight would be achieved, the aerodynamic drag of the wing could
be reduced through a decrease in leading-edge radius, and the resulting
temperature distribution would be more uniform.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Nov. 21, 1957
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TABLE I.- CONFIGURATIONS WITH INCONEL-X SKIN AND VARIOUS
HEAT-ABSORBING MATERTAIS BACK OF LEADING EDGE

Inconel-X
skin
Configu-| pi1ler [Pimension|Dimension| Weight of Data
ration | poterial a, b, filler, figure
number in. in. lb/ft span | numbers
(a) Leading-edge radius = 0.47 in.
1 None 0.125 0 0 5(a),12(a)
ap Inconel-X .25 .65 .21 5(a),12(a)
3 Inconel-X g .65 B | 5(a),12(a)
L Inconel-X .82 1.00 2.12 5(a),12(a)
5 Copper RiYs .65 .91 5(v),12(b)
6 Copper .82 1.00 2.28 5(v),12(b)
7 Copper 1.17 1.35 4.25 5(b) ,12(b)
8 Aluminum .82 1.00 69 - | 5(c),12(c)
9 Aluminum 1.17 1.35 1.16 5(c),12(c)
10 Aluminum 1.52 1.70 1.66 5(c),12(c)
11 Beryllium L7 .65 .19 5(d),12(d)
12 Beryllium .82 1.00 46 5(d),12(4d)
13 Beryllium| 1.17 1.35 .86 5(d),12(a)
(b) Leading-edge radius = 0.188 in
14 None 125 0 0 5(e) ,12(e)
15 Copper .54 .61 46 5(e),12(e)
16 Copper .89 .96 1.22 5(e),12(e)
17 Copper 1.21 1.31 2.27 5(e),12(e
18 Copper 1.56 1.66 3.57 5(e),12(e)
19 Beryllium .89 .96 .25 5(f) ,12(f)
20 Beryllium| 1.21 1.31 46 5(f),12(f)
21 Beryllium| 1.56 1.66 .72 5(f),12(f)

85ee figure 5(a) for details of filler geometry.
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TABLE II.- CONFIGURATIONS WITH INCONEL-X SKIN AND CONDUCTIVE LINERS

125"

= 3.65——— =
t 1
IW |

Conductive liner

41" /,Jncoqel-x
i - skin
Leomng-edg;\;;ﬂagf37ﬁT“‘-1
Thermal Specific
Configu- . Liner conductivity|{heat of |Weight of Data
ration Liner thickness,| of liner, | liner, liner, |[figure
number | Taterial | ¢ = ip, Btu/hr Btu/1b |{1b/ft span|numbers
rt2 OF/ft °F

22 Copper 0.075 210 0.10 2.86 7,13

23 Copper 125 210 .10 h.72 7,13

2k - Copper 075 210 0 0 7,13

25 Copper 125 210 0 0 7,13

26 Perfectly o 0 0 7,13

: conducting
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TABLE III.- CONFIGURATIONS WITH LEADING-EDGE PIECE COMPOSED
ENTIRELY OF BERYLLIUM

Extent of

leading- edge piece

pt——— (] ———

A

4“
‘ 1
W

/—Beryllium
° =
.Configu- Skin Dimension|Dimension lWeight of Data
. . eading-edge .
ration | thickness, a, b, Sece figure
number t, in. in. in. lb?ft séan numbers
(a) Leading-edge radius = 0.47 in.
27 0.125 0.125 0 1.09 8(a),1k(a)
28 125 A7 .65 1.26 8(a),1k(a)
29 .125 .82 1.00 1.54 8(a),1k4(a)
30 .188 .188 0 1.62 8(v),14(b)
© 31 .188 A7 .65 1.72 8(b),14(v)
32 .188 .82 1.00 1.97 8(b),14(b)
(b) Leading-edge radius = 0.188 in.
33 125 125 0 1.06 8(c),1h4(c)
3k .125 .5k .61 1.10 8(c),1k4(c)
35 .125 .89 .96 1.25 8(c),1k(c)
36 .188 .188 0 1.62 8(4d),14(4d)
37 .188 .5k .61 1.64 8(d),14(a)
38 .188 .89 .96 1.71 8(a),1k(a)
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TABLE IV.-

‘oo CONFEDENMNAT " oot

OF LEADING~-EDGE HEATING

PROPERTIES OF MATERIALS CONSIDERED IN STUDY

Thermal Specific Melting
Material |conductivity, heat, |Density, temperature
Btu/hr Btu/lb [1v/in.3 oR ’
££2 °F/rt o
Aluminum 130 0.22 0.0978 1680
Beryllium 93 .63 .0658 2800
Copper 210 .10 .322 240
Inconel-X 12.6 .13 .300 3030
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£37° sweep angle

9
A
Air-stream
direction
—_—
Wing leading
edge ’
A\/
PLAN VIEW
- 4" >
A
| —
18"
= !
VIEW A-A

Figure 2.- View of segment of wing studied.
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(a) Leading-edge radius = 0.47 in.

Figure b4.- Calculated heat-transfer coefficient, stagnation temperature,
and radiation equilibrium temperature at wing leading edge.
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Heat- transfer coefficient Btu/hr ft2 oF
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(v) Leading-edge radius = 0.188 in.

Figure 4.- Concluded.

CONFIDENTIAL



23

NACA RM A5TK21

‘93ps FuIpesT 9B PIIBIJUIOUOD TBTIDFEW

FUTQIOSqBR-18aY JO SAUNOWE SNOTIBA JOJ awTq YFTm aanjesadudg 98pa-3ulpeaT JO UOTIBTIIBA -°C 9an3T4g

‘Ul L{*0 = snIped o8pa-JurpesT {TBTJIS}BW JSTTTF X-TUOOUI (®B)

suot}ounbijuon

022 002 08I 091 Ob!

23s ‘awly

021 001 08 09 Ot 02

\

W
4

0]

002

00t

009

008

0001

oocl

00¥blI

0089l

008l

000¢

002e

00¥<e

009¢

abpa-buipoa

Ho ‘dinjoiadway

CONFIDENTTAL



NACA RM A57K21

2k

*PINUTAUOY ~*¢ 2JNBTH

‘Ut L{*0 = snipex aFpe~JurpBeT fTBTJI99BW JISTTTI J2ddo)d (a)

29s ‘awy)

022 002 08I 091 OplI O2i OOI- 08 09 Ov O¢

)

=

@ 17
7
L+t )
= 7]
V1]
Nmdlp
xX- _M_”__Moc_ __mN_. /_\\

suol}oinbiyuod

0

002

00t
009
008
000!

00c¢lI

oovI

009l

008l

0022

00be

0092

0002

abpa-buipoan

Ho ‘2injpradway

CONFIDENTIAL




25

1AL

COBF ITENT

NACA RM A5T7K21

*PoNUT4UO) =G 3aInITg

,*UT L{°0 = SnTpeX 28ps-JurpesT (TeTIs}'W JISTTTJ UMuTumTy (@)

0ce 002 08I

suotjoinbiyuon

09I

ol 02l

23s ‘awi)

00l

08 09 Ov O2

= |

0]

00¢

001~

A\

\9

(o}

o\

009

008

000l

00¢!

oobl

009l

VA

0081

000¢

0022

-

00be

0092

Ho ‘aunjosadway abpa-buipoa)

CONFIDENTIAL



NACA RM A57K21

26

*PaINUTIUOY =-*¢ 2anITg

"UT L{°0 = snIpel 98ps-JulpesT {Teltareur .Hw.ﬂﬂ..w umtTTAIsg (P)

€l

suoijoinbijuon

022 002 o8I

29s ‘awly

091 Ovl

O¢! 00l

o8 08 0Ov 02

0]

ANEE N
N
\\\

00¢

010}~

009

008

000l

olord|

oobI

009l

-(

008 |

0002

ooze

10¢] 74

0092

Yo ‘anjosadwa; abpa-buippan

CONFIDENTTIAL




27

fr, -

S CONFIDAN

NACA RM A57K21

*panUIAUO) =-°*¢ 2JINITJ

"UT QQT*0 = snIpel 23pe-JurpesT {TETIS3BW ISTTTJ aaddop (?)

991

suol4pinbiyuor

022 002 o8l

8l

Sl

14

09l

(014

29s ‘awi)

ozl

001 08 0% Ov O¢

\

0

002

00d

/

009

008

000l

002I

00vI

0081

000¢

00ce

0oove

0092

009l .

¥o ‘anjosadway 3bpa-buipoa

CONFIDENTIAL



NACA RM A57K21

28

*pepnTouUo) -°¢ aanItd

*UT QQT'0 = SNIpeI 53ps-JUTpesT {TerJsajew IoTTLJ unTTTAISg (1)

29s “‘awi)

022 002 081 091 OplI 021 OOl 08 09 Ot 02

uys - X-1auoou; G2

\k\‘“!
A
02 | \ /
1/
Vil
Nzl
02 /\\
I \
™~ | )4
NP

0

00¢
oot
009
008
000I
002!
00vI
003!
008 |
0002
0o02e

oove

suot4panbijuon

0092

Yo ‘anjpsadway abpa-buipoa

CONFIDENTIAL




29

NACA RM A5TK21

*aangesadweg UMWTXBW
Jo uotssaadap U0 9F9pd JUTPBST JUTA 3B TBISW JO UOTFTPPE TEUISUT JO SDUSNTIUL -°g danItd

uonds 43/4] ‘|oudjow. 43|y O jybam
o O¢ 02 0o 8 9 6 ¢+ € 2 1 88 9 6 v ¢ e’ i
[ I R T T T T T 1 00!
("ur Lp* = snipod *3°7)
(€2 uot4ounbiyuod) aauy Jaddod G2I* O
(vl Lp" = snipod "3°7)
(22 uo1younbyuod) 1auy 43ddod G0 O .
X =]3uodu| J
‘ul 881°0= snipos abpa-bBuipoa] —— ——— 13ddo) 002
/ \\\N \
‘ut J$'0= snipos  abpa-buipoa w\\ \ wny) k138

7/ \ \\

£ o 00¢
1 Cavd >
/ AL L
Z wnujwn|y Z o0tV
v [~ )z
LA g orT | oA 005
\\ \g\ \\\ L\.\
\J.u..lﬂr\ : =1 009
e \\Q \\

0n od = 008
. 000!

Ho ‘ainyoiadwa; wnwixow Jo uo1ssaidaQ
! ¥ !

CONFIDENTTAL



.noﬁmoh 989po~-8uTpBaT JO JOTISFUT PUNOIE ATWIOJTUN PIINATIFSTP TBIJISEUW IUTEONPUOD
-1esy JO SqpUSWSSUBIJLE SNOTIBA JOJ Swly U3TA aanjersdweq 28pa-3urpes JO UOTFBTIBA -, 2INITJ

29s ‘awi)
022 002 08I 091 Ol 021 00l O8 09 0Obv 02 0

NACA RM A5TK21L

uoIONPU0I
$08j49d yim | uoyoinbiyuod -92 002
92un}idodod - —
u“””u 0J9Z yjm Jauy Jaddod Gz2l' -G2 o0r
et a9uD}150dpd 009
e o 0432 Yyym J4duy Jaddod G0 - b2 \
. : / 008

1504

000l
\\\\\ 002¢i

. | Ee \ 00b!
e 1998 1 e resT |
=7 |/

Yo ‘aunjosadwa) abpa-buippan

secoe lgﬁ 009l
" . . - % Ly

XXX 48ddod :mho ce \ 008 |
i ™ /

XYY I_\ L~ 000¢

eee uj N 0022
uiys

X-auodu|  ger 002

1LY

0092

suorioanbyuod

30

CONFIDENTTAL




31

‘UMTTTAI9q JO ATaaTqUS
pasodwod SUOT3eINITJUOD SNOTJEA JOJ SWIYF UYFTA aanjexsdus) 98ps-JulpesT JO UOT3BTIABA -'Q InITd

‘UT G2T'0 = SSOW{OTY} UTHS {'UT /{°0 = SnIpex o9ps-3urpea] (@)

23s ‘awi)
022 002 08t 091 OplI 021 OO 08 09 Ov 02 0

Soens _ 002
ceces 100
o000 0 mN

T A7 009

008

\\ 000l

00¢lI

/
L /
62
1A \ 00v!
/
|/

ainjosadwa; abpa-buipos)

..O." —
I T e "
ooooo W\ 0091 =@
I e A 008 |
— 0002
m 0022
Z 00tz
S
S suo14panbijuon : 009¢

CONFIDENTIAL



NACA RM A5T7K21

o o o
o5 ¢ ¢ 0609 o0

*
(X ]

. cmuv-mmm

32

*penUTAUC) -*Q SINITJ

‘Ut ggT'0 = SSAWOTUL urys frut L0 = snTpea a8pa-gutpee] (q)

022 002 O8I

091 OplI 02t 00l 08 09 Ob 02

29s ‘awi

0

002

00%

/
~
/

suolyypanbijuo)

7
L~
2€ \\ \\
0t

009

008

| 000I

0ozl

00ovi

009l

008!

0002

002e

oove

0092

abpa-buipoan

Ho ‘aunipniadwa}

CONFIDENTTAL




33

*paNUTUO) -°Q SINITJ

‘UT C2T'0 = SSOWOTYF UTHS ¢'UT @@T'0 = snipex o8pa-Jurpes] (9)

23s ‘awi]
022 002 081 09 Opl 02t 00l 08 09 Ovr O¢ 0

00¢

016} 7

py
/AN

77 000I
\U\\\\ . oocH
\o\\ 0oovl -

\\ i 009l

NN

NACA RM AS5TK21

008l

AR

€e

-000¢

00¢ge

00v2e

suot40anbijuo)

0092

abpa-buipoa

CONFIDENTIAL

Yo ‘24nyp13dway



NACA RM A5TK21

34

*PapPNTOUC) -'Q SJINITH

‘ut ggT°*o0 = SSOUNOTUY UTHS f°UT geT'0 = snrpex 98ps-Furpes] (p)

%3s ‘awy
022 002 08I 091 ObI 021 00l

08 09 Ot o2

0

\ .

002

010}~

/[

009

008

000!l

002l

‘suotjoanbiyuon

00blI

003l

008l

000¢

002e

00be

0092

abpa-buipoan

Ho ‘ainjpiadway

CONFIDENTIAL




35

CONPLDENTIAL

8 608 0 o oo

L
.
[ 2
L4

NACA RM A5TK21

*X-Touooul pus umTTTAI9q

1037 909Td 98pa-3uTpesT JO JUIToM UYITM aanjeisdwo) 9Fpo-JUIpesT WNWIXEBW JO UOTYIBIABA =°6 Ehrgoady

unds 4j/q1 ‘Jods o*.xoon a%ad

abpa-buippa| 30 jybiam

ol S 4 €
N
m
N
=11
N e
, 88l° 88!° AV -
oser 88| 0 N
el M g8l LY G
Ggel LY (0]
youi ‘ssau yout ‘snipod \
=391y} . uns  ‘abpa-buipoa
-
( tn{iis

00¢€|

oovli

o
3

o ‘abpa Buipoa| jo 3inyosadwd} wnwixoW

009i

00L1

008I

0061

:

0012
0022
oogz ®
002

00s2

CONFIDENTIAL



*£qToedEO TEBWLISY] JUEBLSUOD PUB SS3UWNOTY] WIOJIIUN JO UTYS B JIOJ 93po
SutpsaT JO aangsisdule) UMWTIXBW UO UTHS JO AJTATIONPUOD TBULISY] UT UOTABIIBA JO 209JJ =-*OT oanSTJg

/40 24 y/mg .>t>:o:vcoo jowJay |

NACA RM A5TK21

Yo ‘abpa buippa) JO 2Inyp1adwid) WNWIXDW

0001008 009 OOt 002 00l 08 09 OF 02 0l
. . - 00¢l
coe E _+_
s e OoOopl
.
csoee mn 00S|
: HW UOI}ONPUOD
i 199419
w 009
e i TS LT
. m ; : , : oLi
".mu NS . .
- i = 08|
seSee tracll
”.... i Oom—
Tt | :
I i , _ 2 0002
Mo-o" B T N :
0012
o022
00€32
00v2

36

CONFIDENTTAL




37

NACA RM A57K21

*SSOUMOTYE WIOJTUM JO UIYS B JOJ SWI3 JO UOTEoUMI © s® 93p9
SuTpesT 18 SSOT 2BSY SATLONPUOD pue 3NdUT €9y SATIOSAUCD JO UOTFBTIBA PI3BINOTE) =*TT 2aMITd

*(Le Btguod) umIiTTAXSg (q)

spuooas ‘awyl

002 09l ozel 08 [0} 4

Z

1/

/
_ /
S\ /

NIE =~

LN |/

\\h U] 9A1409AU
\/ /; indu) 3A|}93AU0Y -

/ /<\

\

0
ov
X
08 &
g
X
@
g
~
=4
”—6
09|
0l x 002

(T *8rJuod) X-Tduodul (B)

spuodas ‘aw)

T 7
//J ssol g_ss._s./\ \ "
N /Y
NG o

N
\
/
V

A 1u/n8 ‘moly j03H

CONFIDENTIAL



*SPUODdS CHT = SWT] fo8pe FUTPBST 3B POIBIFUSOUOD
TeTJ93ew FUTQIOSqB~-383Y JO SQUNOWE SNOTJIBA YFTM SUOTINQTIFSTP aangetadun)-soeJamng -z 24nITJ

*UT L{°0 = sSnTIped 95ps-3utpeoT {TBTIS}BU JISTTIJ X-ToUOOUT (®)

sayoui ‘abpa bBuippa; wosy aopyins Buop DS

NACA RM A57K21

Lo saddn 13m0
®eee’ S v € 4 | o | 2 ¢ v mO
mouom —‘/O._
see 00¢
o, 2 k7
...." Oov
.a.m“ 009
X w
[ (3 m
ooomn. (4]
* < 000l
ooomo / w
u.nC. o002l ©
. ®
] g
eevee oo¥l €
"ouo" N / /.u*\\\‘ g (a
///\\\ 009l B
// m\\ 008 |
\ < 0002
\/
X-1auoou| Gz : 0022
| oot
|
Q SU01404nbiyu0" 0092

CONFIDENTIAL




39

NACA RM AS5TK21

‘panuriuo) -°'gT aMITd
*UT L{°0 = SnIpBI 9Fps~-3urpedT {TBTISBU ISTTTJ xaddop (q)

sayoui ‘abpa Buippa) wos adoyins Buojp aduD4sSIO

Jaddn 13m0
S 14 € e | 0] | 2 € v

002

oot

009

008

0001

oozi

00|

009l

e A
N

uiys
X-|auodu| G2I

008

0002

0022

010} 1

suol4oanbyyuon

0092

3oD}ing

Yo ‘aunjosadway

CONFIDENTIAL



NACA RM A5TK2L1

40

*PANUTRUOD =°ZT SINITH
*UT L4'0 = snrpes 98pe-3urpesT {Tersojeu JISTTTJ umutumTy (@)

sayoui ‘abpa bBuippd| wosy adoyins Buoip asoupysi

13ddn ) 13m07] :
S v e 2 1 0 | é e v S

_.ON._

—002

oot

rnl__mm._.v_

009

008

000l
o
e \ P 1002\

N/
/ i 008 |
: _ / \ 0002

uws x-jouoouj gert Y

0/0) 17

0092

suoiioanbiyuon

" CONFIDENTIAL

Yo ‘ainpiadwa; 39Dy ING




41

NACA RM A5TK21

‘Ul Lf'0 = suTpex s3ps-JurpesT {TeTJIa3BW JOTTTI UMTITTAISg (p)

€l

urys

suo1404nbijuor

*pPSnuUTqUO) -*ZT 2INITH

sayou; ‘abpa oc‘_nom_ wo4} 3dpyins Buoip 3dubysiq

€

Jaddn

4

o)

[

FETR
¢

00¢

oot

008

0001

BZ/A

00¢I

ool

009l

008

0002

0022

o0ove

0092

009

aniosRdwdl 3opying

Yo

. CONFIDENTIAL



NACA RM A5TK21

o8 060 & o060 ¢ o0
e o

L2

*penuUTluUO) -*ZT SINTTH

‘Ut gRT'0 = SNTpeI 98pa-FUTPedT {TeTIdjBU ISTTTI Jaddo) va

sayou; ‘abpa BHuippa) woisy adpyins Buojp asubpysIA

13ddn PET Vo) | i
14 € 2 1 0 ! 2 € v S

00¢

010} 2

009

008

1000l
-~ 00zI

(0le) 4]

/\\&\ 009l
///W_\\\ 008 |

000¢

0022
2

0092

suotjoinbijuor

"CONFIDENTIAL

Ho ‘aunjpsadwa; aoDyANS




43

NACA RM ASTK21

*papnTouo) -*gT 2aM3TH

‘UT QT 0 = snTpel 83pe-JurpeaT {TeIILSYBU JSTTLJ UMITTAIag (3)

sayoul ‘abpa Buippa; woy aopjns Buojp 3dubysIg

iaddn JamoT]
S 14 € é | 0 | [ €

00¢

010}

009

008

0oool

002l

oov!

/7/ _w\\\

009!

oos8 |

0002

002¢

oove

0092

suoijoinbijuon

aopyIng

ainpsadway

Yo

CONFIDENTIAL



NACA RM A57K21

°§ « DQNETDENTIAT,

4L

*SPUODdS C{T = SWI3 {UOTISI S8pS-JUTPBST JO JOTJISJUT PUNOIB ATWIOITUN PIFNATIFSTP

TBIJI928W SUTLONPUCD~1BSY JO SQUSWSTUBIIB SNOTJIBA JOJ SUOTINQTIASTP aanysiadwal-s08Img -*£T 2JIn3TJd

uolONPUOd
$03j48d ypm | uoypinbyuo)d -gz

380un4190dD?d
043Z yim J3uy J3ddod GZI -G2

30uDp}190dDd
043Z Yi{Im J3uy J43ddod G20 -2

18ddod  GJO'} — ce
> . Go'e
- _
X-13U0du| G2

WA 4

suo1404nbijuod

sayoui ‘abpa bHuippa; woisy aoopjins Huojo a0upysig

Jaddn 13m0
v € 2 | 0] | 4 € 14

002

010}~

\
\

PANIAN

m
N
N

009

008

000l

002l

\ .
N
B\ 17

SN\
N\
N\

oob!

0091

0081

000¢

0022

oove

0092

Yo ‘unjosadwa; 3opjung

CONFIDENTTAL




[N *SPUODSS CHT = dwrgd fumrTTAISq
Jo ATaaTqus pasodwod SUOTEBINITJUOD SNOTJIBA JOJ SUOTINQTIFSTP aanjeradweq-o0BJang -+ aJam3TJ
"UT C2T°0 = SSaw{oTy3} UTNS {*UT E.o = sniped 28pa-JuTpsa] (B)
sayouy ‘abpa bBuipoal wosy 3dpyins BHBuolp 3oUDYSI
Jaddn 1mo7
S 14 € 2 | 0] | 2 € v ]
(o]

[ XX ]
- 002
[ ] [ ]
® o o
(XX N X J AUO¢
[ X XXX ]
. 008
oo . wn
L X ] [ J c
.m 008 w
‘ene o
B i Lo
. 'Y ~ / \ \ ®
oonn.Uwo /.///// \\\\\\ 00zi m
eoee ///l\ \\ ..Nv

: //// 6c A —oow! £

oo H N, \\ No-
coe 832 0091
e o o 008
(A XXX ) NN _
ceces 0002

—

Ql

& 0022

g}

<

M oove

3 suotipanbiyuo) 0092

=

CONFIDENTIAL



NACA RM ASTK21

46

‘UT gQT*'0 = SSaUNDTY} UTHS ¢'UT J{'0 = snTpex a8pa-Jurpse (q)

T!_.Oo._

/ :mw.
- Lo

suo1}panbijuon

*PONUTRUOD =-*HT 2aIn3TJ

sayou; ‘abpa Ouippa| wosy aopyins bBuoip 3dupysig

J3ddn 1m0

14 € 2 | 0o l 4 €

002

oot

Ji

g =

28
[

009

008

000l

00¢i

A\
N

£/)

i

(0]

00vI

009l

008 |
00072
00ce

010} 7

009¢

3304105

Ho ‘am;madu_m

CONFIDENTTAL




b7

*paNUTRUO) -*HT SINITI
*UT C2T°0 = SSaW(dTY3} UTHS {'UT @QT'0 = sSnIpel a8ps-Julpes] (@)

sayour ‘abpa Buipoa; woyy asppns Buoip 3ouDYSIO

Jaddn 13m0
S v € 2 | 0 ] 2 € v S
- 0]
002
(00}
009
008
0001
I_/ —_
. \\\\ 002!

oovl

N \A
A\NIY/74

NACA RM AS5TK21

NI/
Z

0002

oo02e

suoijoanbiyuo) oove

0092

CONFIDENTIAL

Yo ‘ainjosadwad; aooying



NACA RM A5TK21

*UT QRT*0 = SSaUNOTY3 UTS {°UT QQT*'0 = SnIpel mmvwnwn..n@qu A@v

*PIPNTOUO) - T 2JINITA

sayour ‘abpa DBuipoa; wos 39pyins Buolp adubysIg

€

13ddn
2

| 0

13m0

[4

€

002

oot

009

008

—~000I

002l

oot

suot4panbiyuor

8¢

9¢

S-u\\ 4\,

009l

0081

000¢

0022

oove

0092

Yo ‘aunjpiadwa} 3004iNS

"CONFIDENTIAL




k9

"SPUODSs OfT 3B FUTYISTIXS SUOTFTPUOD Japum SUOT1BINIT JUOD TBJISAIS JOJ
UoTdax 23pa-JuTpBET JUTA JO 90BJIns punoge aanywiradweg Jo SUOTINQTIISTP 9383S-Ap8aqg -*¢T aanS1g
saydul ‘abpa bBuippa| wosy adoyns Buojo 3%unysiqg

J3ddn 13m0
S v ¢ 2 | 0] { . € v S

2 GoiFpoimriag

NACA RM A5TK21

uol}INpUOd
$99443d  yym | uonpinBuc) .92

002

010} 2

009

008

000l

002I

uIys '
X-[3u0du] G2I FI._t._ —

oovlI

Yo ‘anjosadwa; as0jing

009l

yavi

008 |

0002

uiys \l\uv|\.\\\\\\\\

1,L6
X-13uoduj ggy

suotpinbijuon

ooz2

™)

oove

0092

CONFIDENTIAL

NACA - Langtey Field, Va.



' OMFIDENIAL: 1

CONFIDENTIAL



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52



