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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO. 1675 

TEMPERA TORE GRADIENTS IN 'l'HE WING OF A HIGH-SPEED 

AIRPLANE .DURING DIVES FROM HIGH ALTITUDES 

By Thorval Tendeland and Bernard A. Schlaff 

SUMMARY 

Flight tests were undertaken to investigate the temperature 
gradients in the wing structure of a typical high-speed fighter 
airplane caused by rapid changes in surface temperatures. The tests 
consisted of measuring the temperatures of the structure throughout 
the wing during dives of the airplane from 35,000 to 5,000 feet, at 
rates of vertical descent up to 225 feet per second. The data are 
presented in the form of tables of the measured temperature s and 
plots of the temperature change of typical parts of the wing struc
ture durine; the dive s . 

The tests showed that temperature gradients which are produced 
in an aircraft structure as a result of sudden changes in surface 
temperature are essentially a transient condition and, therefore , 
are determined mainly by the relative size of adjacent structural 
members, the thermal bond between these member~ and the rate of 
change of surface temperature. Predicted and measured temperature 
differences between a spar cap and the adjacent skin in dives showed 
good agreement, and it is believed that the method used for 
predicting temperature gradients may be applied to other airplanes 
and dive conditions . Computations were made to show the effects 
of increases in (1) the rate of descent, and (2) structural mass 
distribution (thermal capacity) on the temperature distribution for 
dives at higher speeds. It was shown that a structural design 
employing a thin wing skin attached to a heavy spar cap is conducive 
to severe temperature gradients. 

Exploratory calculations were made of the stresses resulting 
from temperature gradients. In spite of the fact the predicti on of 
thermal stresses corresponding to observed temperature gradients is 
difficult and probably inaccurate at the present time because of the 
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lack of information on thernal stresses for typical aircraft 
construction, the calculations indicate that: (1) For airplanes 
similar to the test airplane, operated at approximately the test 
condi tions, thermal stresses will be of minor importance; (2.) the 
increased structural sizes re~uired for higher performance air
planes will alleviate the thermal stress problem; and (3) the 
importance of the thermal stress problem depends upon the specific 
case. 

INTRODUCTION 

With the advent of aircraft capable of flight in the transonic 
and supersonic speed ranges, several new problems are added to the 
field of structural design. One of these problems, which is the 
subject of this investigation, is the determination of the magnitude 
of thermal stresses which occur as a result of temperature gradients 
in the airplane structure. These temperature variations in the 
structure are the result of subjecting the outer surface of the 
airplane to rapidly changing temperature conditions which accompany 
dives from high altitudes, or by changes in the amount of friction 
hea ting produced by large changes in speed_. 

Both an increase in airplane speed and an increase in ambient
air temperature tend to raise the temperature of the boundary-layer 
air. The outer surfaces of the fuselage and the wing can be expected 
to react ~uickly to this change in temperature, since both the 
fusel8~e and the wing represent bodies of limited heat capacities 
wi th large surface areas in intimate contact with the boundary
layer air. In the case of the ribs and spars, however, it is 
obvious that the reaction to a change in boundary-layer temperature 
would be more sluggish, with the result that transient temperature 
gradients in the structure would exist for a short period of time. 
Since these tereperature gradients are of a transient nature, the 
magni tude of the temperature differences will be determined by both 
the rate of change of the boundary-layer temperature and the over-all 
change in temperature of the boundary-layer air. Of the two condi
tions, the rate of change of the boundary-layer temperature can be 
expected to have as great, if not greater, influence on the 
magnitude of the temperature gradients. 

Al though it is readily evident why and how these temperature 
gradients can occur, the problem is to determine the conditions 
under which these gradients will reach sufficient magnitude to 
produce thermal stresses re~uiring consideration in the structural 
design. The purpose of this investigation was to measure the 
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magnitude of the thermal gradients in the wing of a typical high
speed fighter airplane during dive s and to provide a basis for the 
prediction of the gradients to be anticipated in aircraft of higher 
performance. 

Methods for calculating the temperature rise of a surface in 
high-speed flight are presented in references 1 and 2. These 
procedures are not directly applicable to present day aircraft 
structures unless some reasonable assumption can be made for the 
flow of heat into the interior of the structure. 

Correlation between observed or estimated temperature gradients 
and the resultant thermal stresse s is very difficult because of the 
limited test data available on the subject and because of the fact 
that the intricacies of an aircraft structure are not readily 
amenable to the analytic approach . Flight measurements of thermal 
stresses in a wing caused by operation of a thermal ice-prevention 
system are presented in reference 3. The results of reference 3 
have been used in this report to predict the pattern of the thermal 
stresses which would be induced in the wing during a dive. 

The flight tests wer e conducted at the Ames Aeronautical 
Laboratory, Moffett Field, Calif . 

DESCRIPl'ION OF EQUIPMENT 

The airplane used to conduct the tests is shawn in figure 1. 
A sketch of the wing construction is shawn in figure 2. The wing 
is of all-metal stressed-skin construc tion with the main spars 
located at 20 percent and 52 percent of the wing chord. An 
auxiliary spar is located at 75 percent of the wing chord. The 
skin 1 s he/wily reinforced between the two main spars with extruded 
T and H sections on the upper surface and with angle sections on 
the lower surface . Aft of the 52-percent-chord main spar, and on 
the nose section, the skin is stiffened in a chordwise direction 
with corrugated sheets. 

To investigate the temperature l ag of the structure adjacent 
to large masses of cold fuel, an integral fuel tank was built into 
the right wing of the airplane . The fuel tank was bounded by the 
20-percent and the 52-percent spars, the upper and lower surfaces 
of the wing, and by specially installed solid ribs at stations 141 
and 164. 

3 
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DISCUSSION 

Temperature Gradients 

The temperatures of representative components of the wing 
structure during the dives are shown in figures 5 to 9. Figure 10 
presents the chordwise distribution of the surface temperature at 
the termination of the three dives. The data for these figures 
were taken from table 1. Curves of stagnation temperature (free
air temperature plus full kinetic temperature rise) have been added 
to figures 5 to 9 for comparative purposes. 

The curves of figures 5 to 9 indicate that, in general, the 
time at which the maximum temperature difference occurred was 
during the pull-<mt from the dives or shortly thereafter. As a 
result of this condition,it is evident that the induced thermal 
stresses would be a maximum when the stresses from aerodynamic 
loads would be large. As might be expected, since temperature 
gradients in the structure are a result of thermal lag, the curves 
show the temperature differences to be a function of two factors: 
namely (1) the rate of descent of the airplane, which is the primary 
factor controlling the rapidity of the temperature changes imposed 
on the airplane surfaces; and (2) the distribution of mass in the 
structure, which results in differences in thermal capacity of 
adjacent parts. 

The influence of the rate of descent on the structural tempera
ture differences is indicated by the observed maximum temperature 
differences between the lower flange of an H section and the skin, 
as shown in figure 6. This f .igure shows that for average rates of 
vertical descent of 73, 150, and 225 feet per second, during which 
an over-all ambient temperature change of approximately 1250 F was 
imposed on the airplane in 6.8, 3.3, and 2.2 minutes, respectively, 
the resulting maximum temperature differences were 200 , 250 , and 
370 F, respectively. From a consideration of the extremes, it is 
evident that tripling the rate of vertical descent almost doubled 
the temperature difference. As shown in figure 4, the kinetic 
heating, as represented by the difference between the ambient-air 
temperature and stagnation temperature, was of minor importance in 
comparison with the change in the ambient-air temperature. The maximum 
kinetic temperature rises were of the order of 350 to 400 F, as 
compared to the 1250 F temperature change resulting from change of 
altitude. 

The effect of mass distribution (variation of thermal capaCity) 
on the temperature gradients can be observed by a study of figures 
5 to 10, which present the following combinations: 
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Layers of paint on the surface of a high-speed airplane or 
missile have been shown to have an appreciable effect on the rate 
a t which the temperature of the surface under the paint approaches 
the tomperature of the boundary- layer air . To investigate this 
effect, a layer of paint approximately 0.046 inch thick was applied 
to the left--:wing surface at station 112 . Tilis heavy coat of paint 
simulates a filler which might be used on future high-speed aircraft 
to obtain surface smoothness . 

The locations of the thermocouples throughout the wing structure 
are shown in figure 3. Selection of the thermocouple locations was 
based on anticipated temperature differences occurring as a result 
of lag in heat flow across the main structural members and as a 
result of differences in masses of adjacent components of the 
structure. The thermocouples used to measure skin temperatures 
were strip-type iron-constantan thermocouples rolled to a thickness 
of approximately 0 . 002 inch. These thermocouples were cemented to 
the skin and then sprayed with a thin layer of paint to obtain a 
smooth surface. In the case of the thick layer of paint on the 
left wing at station 112, a thermocouple was installed on each side 
of the paint layer (fig . 3(e)). For the internal structure of the . 
wing, strip and rivet-type thermocouples were used. The rivet 
thermocouples were imbedded in structural rivets. 

All temperature readings of the structure were recorded with 
two self-balancing potentiometers . Standard NACA instruments were 
used to measure airspeed, free-air temperature, and altitude. 

PRECISION OF MEASUREMENTS 

An exact determination of the over-all accuracy of the tempera
ture mea surements was not possible, due to the effect of lag in the 
thermocouple response when measuring rapidly changing temperatures. 
However, this effect is believed to be small . Of the most intere.st 
are the temperature differences between two or more components of 
the structure as recorded at a given time . The effects of lag in 
determining the temperature differences would be of minor importance, 
since each temperature measurement would lag approximately the same 
amount. Validity of indication of the two types of thermocouples 
was checked by installing both types of thermocouples at approxi
mately the same location on the skin. Both types of thermocouples 
indicated temperatures within 10 F of each other throughout the 
dive tests. The accuracy of the indication of the potentiometers 
was checked during the dive tests by recording a known reference 
temperature. This error was found not to exceed ±2° F. 

5 
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Ambient-air temperatures were evaluated from data taken at 
intervals of level flight during the ascent of the airplane. This 
was necessary because of an appreciable lag in the installation to 
measure free-air temperature during the dives. The corrections to 
the free-air-temperature measurements for kinetic heating were 
evaluated from a flight calibration of the free-air-temperature 
installation. The values presented for ambient-air temperature are 
estimated to be accurate to ±4° F. 

The airspeed measurements were corrected from a flight 
calibration of the airspeed installation. The airspeed data are 
considered accurate to .±1-1/2 percent. 

TEST PROCEDURE AND :RESULTS 

For each dive test, the airplane was climbed to 35,000 feet 
pressure altitude, with readings of ambient-air temperature being 
recorded by the pilot at intervals of 5,000 feet. At 35,000 feet 
the airplane was cruised at an indicated airspeed of about 150 miles 
per hour for 15 minutes to allow the structure to achieve an e~ui
librium temperature. The pilot then started the recording instru
ments and dived the airplane to a pressure altitude of 5,000 feet. 
During each dive, an attempt was made to hold the rate of vertical 
descent approximately constant throughout the dive. 

Time histories of true airspeed, altitude, and free-air 
temperature during four representative dives are shown. in figure 4. 
The free-air-temperature data presented are corrected for kinetic 
heating. 

The temperatures of the structure as measured during the four 
dives of figure 4 are presented in table I. A different value of 
time must be presented for each temperature because the recording 
instrument selected the thermocouples in rotation. The letters 
preceding the thermocouple numbers in table I correspond to the type 
of thermocouple as designated in figure 3. The discontinuities in 
the numbering system in table I are the result of omitting thermo
couples which failed during the tests and of omitting thermocouples, 
the locations of which were not considered of sufficient importance 
to include in the report. The data. as presented in table I during 
flight 4 include only temperatures as measured for the fuel and the 
structure surrounding the fuel. These data were included because 
this was the only flight for which temperatures were obtained for 
the fuel at the center of the fuel tank. 
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1. Skin and stiffener (fig. 5) 
2. Skin and former (fig. 6) 
3. Across a rib (fig. 7) 
4. Spar cap and spar web (fig. 8) 
5. Fuel and structure of fuel tanks (fig. 9) 
6. Skin and spar cap (fig. 10) 

On the test airplane, the maximum-temperature differences 
occurred betw~een the skin and the spar caps (fjg. 10). The dips in 
the curves at the spar Jocations indicate clearly the thermal lag 
associated with surface areas connected to large ~sses. The curves 
for thermocouples Sl and M2 in figure 8 show that the rates of 
temperature rise of the inner and outer surfaces of the spar cap at 
the 20-percent chord are almost identical, indicating good heat 
transfer from the surfaces. Because of the mass of the spar caps, 
however, the tem~rature lags behind that of the adjacent skin 
by some 300 to 400

, as shown in figure 10. 

The mass distribution causing the second largest temperature 
differences in the wing was that associated with the large masses 
of fuel in the wing. As may be noted from figure 9, the tempera
ture of the fuel during the dive increased only slightly, while 
the temperature of the skin rose rapidly and the temperature of the 
stringer immersed in the fuel assumed an intermediate position. 
Some indication of the effect of the presence of the cold fuel on 
the temperature difference between the skin and the stringer can be 
obtained by a comparison of the data in figure 9 with those for a 
similar structural configuration and dive without the presence of 
fuel (fig. 5(b) ). The temperature difference between the skin and 
the stringer at the end of the dive is seen to be about 100 F without 
fuel and 200 F with fuel. The fuel would have had even greater 
influence on the temperature difference between the skin and the 
stringer tad time been allowed before the dive for the fuel tempera
ture, which was about 200 F at the start of the dive, to approach 
more closely the ambient-air temperature of -600 F. 

A factor which would have a modifying influence on the 
temperature differences as previously discussed, is the insulating 
properties of a relatively thick layer of paint. The magnitude of 
this factor is indicated in figvre 11 by the difference between the 
skin temperature and surface temperature when the surface is coated 
with such a layer of paint. The temperature difference was found 
to be approximately 200 F at the termination of the dive at the 
highest rate of vertical descent. It is of interest to note that 
the insulating action of the paint was sufficient to produce a 

----.- - .-.-. 
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greater temperature drop through the paint than existed between 
the skin and the adjacent stringer. This fact would suggest that, 
for the transient condition, both thermal stresses and undesirable 
high surface temperatures can be alleviated by the use of paint. 

In an attempt to arrive at some means of generalizing the 
foregoing results, a comparison has been made of the experimental 
temperature differences be~.een the spar cap and the adjacent skin 
and the computed differences based upon simplifying assumptions. 
The skin and spar-cap region selected for the comparison was the 
upper surface of the right wing at 20 percent of the wing chord, 
station 76 (fig. 3(a)). A sketch of the skin and spar cap is shown 
in figure 12. The calculation procedure employed was to set up 
e~uations which represented the heat flrn. for the spar cap and the 
adjacent skin for any time increment, and then to solve the e~ua
tions by a step-by-step solution from the start to the end of the 
dive. The e~uations and the assumptions involved in their solution 
are discussed in the appendix of this report. 

The calculated skin and spar-cap temperatures for flights 1, 2, 
and 3 are compared with the observed values in figure 13. At the 
termination of the dives, the calculated tem~eratures are somewhat 
higher than the measured temperatures, but of most interest is the 
temperature difference be~een the skin and the spar cap. The 
calculated temperature differences be~.een the skin and the spar 
cap at the end of the dives ~t , in figure 13, are in good agree
ment with the measured temperature differences, and the method 
provides a means for prediCting the temperature differences to be 
anticipated for arrangements and dives beyond the scope of the 
present tests. 

To obtain an indication of the effects of increases in the rate 
of 'descent and also changes in the mass of the structure on the 
temperature gradients, calculations have been made for three differ
ent size skin and spar-cap combinations for a rate of ~ertical 
descent range from 200 to 1100 feet per second. One of the three 
designs selected corresponded to the test airplane spar-cap and 
skin combination previously analyzed (figs. 12 and 13) and the 
remaining two designs were similar but larger to correspond to the 
probable sizes re~uired for strength at higher diving speeds. For 
rates of vertical descent in which the speed of the airplane would 
be in the transonic and supersonic regions, the airfoil section was 
assumed to be diamond shaped with a wedge angle at the leading edge 
of 80

• The location of the spar cap with respect to the leading edge 
was assumed to be the same as that on the wing of the test airplane. 
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The calculate i temperat~e differences for the ~lree skin and 
spar-cap arrangements are presented in figure 14 for dives from 
35~OOO feet to 5~OOO fe·3t . An examinat ion of figure 14 indicates 
that~at high rates of vertical descent~ ~ skin and spar-cap 
combinatio~ such as that on the test a irplane (curve A) would 
experience an appreciable temperature difference. However, if both 
the skin and the spar cap are increased in n~ss~ a reiuction in 
temperature difference results. T'nis effect is indicl:.itec by curves 
Band C. The reduction in temperature difference is due to the 
increased heat ca~~city of the thicker skin and also to the increased 
cross-sectional area of t!1.8 skin avai lable for heat flo'''' ' Thus, -t-t 
1s seen that the increased struct~al m~ss re~uirei for strength at 
the higher diving speeds tends to compensate for the increase d rate 
of boundary-layer temperature rise resulting from aeroiynamic heating 
and change of altitude. Whether o~ not this compensation will be 
ade~uate to eliminate entirely the problem of thermal stresses 
depends upon the particular airpl ane and the conditions of the dive. 
The method of calculation presented in this report proviies a simple 
means for computing, at least for the single case of a skin and spar
cap co~bination~ the approximate magnitude of the temperature differ
ences to be expected. 

Of considerable interest with regard to the curves, shown in 
figure 14, would be comparisons between the predicted values and 
actual test data for the various skin and spar-cap co~binations. 
One possibility for obtaining such test data and also as a 
suggestion for future research would be to heat the surfaces of a 
typical structural arrangement by means of heating pads or lamps. 
The amount of heat applie d to the surfa ce could be varied to obtain 
rates of changes of the surface temperature similar to those 
encountered in flight . Temperature gradients throughout the 
structure could then be readily measured . This test procedure has 
an advantage over the anal ytical approach because it eliminates the 
uncertainty assoc iated with the assumption of a perfect thermal bond 
between the co~ponents of the structure. 

Thermal stresses 

The evaluation of the actual thermal stresses induced in a wing 
structure as a result of temperature gradients is a difficult problem. 
This is partially due to the fact that a wing structure is not a 
rigid body and, conse~uently, some movement be~.een the structural 
components may occur and thus relieve some of the thermal stresses. 
However, an indication of the theTIlll:il stresses induced in the w'ing 
of the test airpl ane was obtained by comparing the temperature 
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gradients found in this investigation with the temperature gradients 
and resultant thermal stresses observed in reference 3. In this 
investigation~ heated air was supplied to the leading edge of the 
wing of a large twin-engine transport airplane and the temperature3 
and stresses of the wing were measured at various positions on the 
chord at two wing stations. As a result of the relatively warm 
leading edge tending to expand~ compression stresses were induced 
in this portion of the wing~ while tension restraining forces were 
generated immediately aft of the leading-edge heated region. 

As may be noted in figure 10~ the skin panels at the leading 
edge and between the two main spars were relatively warm as compared 
to the two main spars. Therefore~ on the basis of the stress pattern 
found in reference 3~ it seems reasonable to conclude that~ consider
ing only the thermal stresses~ the skin panels would be in spanwise 
compression~ while the spars would be in spanwise tension. A first 
approximation of the compression stress in the skin can be made by 
assuming the skin area Ss to be completely restrained from expansion 
by the spar cap and the rest of the wing structure. (See sketch of 
the skin and spar-eap junction in fig. 12.) If it is assumed there 
is no buckling action~ the compression stress in the skin for 
complete restraint fSr can be readily calculated for any observed 
temperature difference between the skin and the spar cap. In tl~ 
actual case, the value of fSr would be reduced by the fact that 
the spar cap would elongate somewhat. For the purpose of this 
report, the ~ssumption was made that the actual stress in the skin 
fs and the spar cap fc would be related to the completely restrained 
skin stress fSr as follows: 

fs 
Yc-Ys 

fSr = 
Yc 

and 

fc = Ys f 
Yc sr 

where Ys and Yc are the thickness of the skin and spar cap~ 
respectively, as shown in figure 12. 
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Based on the foregoing assumptions, the calculated stresses in 
the spar cap and the adjacent skin, at wing station 76 of the test 
airplane, are presented in figure 15. The computed stresses, as 
shown by the data points in figure 15, were calculated from the 
temperature difference between the skin and the spar cap as found 
at the termination of the dive in flight 1. The tension stresses 
are the stresses in the spar cap and the compression stresses are 
the stresses in the skin. The basis for fairing the stress curve 
in figure 15 was the pattern of the thermal stresses which was found 
to occur in the heated wing in reference 3. The chordwise tempera
ture distribution curve upon which the computations are based and 
which is shawn in figure 15 is the same as the curve shawn in 
figure 10 for flight 1, with the exception of the spar-cap tempera
tures. The spar-cap temperatures, which are indicated by the dips 
in the curve, are the average temperatures between the upper and 
lower surfaces of the spar caps. 

As shown in figure 15, the maximum compression stress in the 
skin is seen to be of the order of 6,000 pounds per square inch, 
and occurs at the rear spar cap. For the test airplane , a 
compression stress in the skin of this magnitude is not considered 
critical. In future aircraft, the induced thermal stresses may 
merit careful consideration, depending upon the flight conditions 
and the design of the wing structure. 

CONCLUSIONS 

Based upon a consideration of observed temperature gradients 
which occurred in the wing of a high-speed fighter airplane during 
dives from 35,000 feet to 5,000 feet, it is concluded: 

1. Temperature gradients which are produced in an aircraft 
structure as a result of sudden changes in the surface temperatures 
are essentially a transient condition, and as such are determined 
mainly by the relative size (thermal capacity) of adjacent structural 
members and the rate of change of surface temperature. The thermal 
bond between adjacent structural members would be an influenc ing 
factor. 

2. For airplanes similar to the test airplane and subjected 
to dives of the same order of rate of vertical descent, the tempera
ture gradients and thermal stresses will be appreCiable but of 
secondary importance as compared to stresses due to aerodynamic 
loads. 

11 
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3. For structural arrangements and flight conditions beyond 
the scope of these tests, the seriousness of the thermal stress 
problem will be dependent upon the specific airplane and operational 
conditions . Exploratory calculations indicate that the increased 
structural sizes required at increased diving speeds will greatly 
alleviate the temperature gradient problem. 

4. The order of magnitude of the temperature gradients between 
adjacent components of the structure can be calculated, provided a 
reasonable assumption of the degree of thermal bond between the 
components can be made . In the present analysis,the assumption of 
perfect thermal bond provided good agreement between calculated 
and observed values . 

5. The evaluation of the thermal stresses generated in an 
aircraft structure by the existence of thermal gradients is 
difficult and probably inaccurate at the present time . The 
recommendation i~ made that further data be obtained to enable a 
more complete evaluation of thermal stresses . 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 

APPENDIX 

The method used to determine the skin and spar-cap temperatures 
was to establish a heat balance for a unit spanwise length of the 
spar cap and a unit spanwise length of the skin adjacent to the 
spar cap. The equations determined in this manner were then solved 
simultaneously for short intervals of time in a step-by-step m~nner 
throughout the dive for the skin and spar-cap temperatures. A 
sketch of the skin and spar cap is shown in figure 12 in order to 
assist in interpreting the equations for the heat flow to the skin 
and the spar cap . The equation used for heat flow to the spar cap 
was 

~l) 

and for the skin 
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(A2) 

The symbols and subscripts used in equations (AI) and (A2) 
and the oymbols shown in figure 12 are defined as follows: 

A cross-sectional area cf the skin for heat flow, square feet 

cp specifjc heat, Btu per pound, ~ 

h surface heat-transfer coefficient, Btu per hOerr, square foot, o:F 

k thermal conductivity of aluminum, Btu per hour, square foot, ~ 
per foot 

7, distance for beat flow between skin and spar cap, feet 

S heat-transfer surface area., s'luare feet 

t tenpera ture, o:F 

W we:ight of rmterial, pounds 

T interval of time, bours 

Subscripts 

a refers to air 

c refers to spar cap 

s refers to the skin 

1,2 the beginning and the end of time interval T 

E'll"lations (AI) and (A2) do not take into consideration heat 
transferred by rE,diation , since :it would be small at these surface 
ter.rpera tures and al ti tudeB; al so the heat transferred by convection 
to the a,jr inside the wing was as sumed negligible. TIle e'luation 
used for the determination of the surface heairtransfer coefflcient 
was that given in reference 11 for i.urbulent flow. The use of a 
surface heairtransfer coefficient for turbulent flow was based on 

13 
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the local Reynolds number at the spar-cap location which varied 
from approximately 1,500,000 to 6,000,000 throughout the dives. 

The area of the spar cap Sc used in e~uation (Al) was the 
surface area of a l-foot length of the spar cap. The area of the 
akin Ss used in e~uation (A2) was based on a l-foot length of the 
skin and on a width which was considered as representa tive of that 
portion of the skin which transferred heat to the spar cap, namely, 
between the spar cap and the adjacent stiffener. The distance for 
heat flovT L between the skin and the spar cap in both e~uations 
(Al) and (A2) was taken as the distance between the spar cap and 
the center of the surface area of the skin. Since the spar cap 
received heat from the skin on either side, the total heat 
transferred to the spar cap was assumed twice that transferred 
from the skin on one side of the spar cap. The temperature of the 
air ta in e~uations (Al) and (A2) is the temperature of the air 
in the boundary layer. The boundary-layer temperature was considered 
to be the ambient-air temperature plus the temperature ris~ as occurs 
in the boundary layer due to the dissipation of kinetic energy into 
heat energy. The temperature rise due to the dissipation of kinetic 
energy was assumed to be 0.9 of the full adiabatic temperature rise. 
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Thonoo-
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Tl", Tomp. T1mo Temp. T1mo Tomp . 
(min) (">') (min) (">') (min) (">') 

1.0) -J' 1.", -33 1.07 -29 
1.90 -3' 1.9) 3' 1.95 - 30 
2. J' -Jl 2. 31 -32 2. )8 -30 
2.76 -19 2.8 -"3 2.82 -29 
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Tho".... 
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c!'OUplOIll 
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, · 97 '3 '.96 '9 6.0 '3 
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Tbenoo- 1<27 M28 829 couplee 

""- TemP. T_ Temp . T1»o "mp. 
(eln) (Op) (min) (Op) (ain) (Op) 

1 .2) -" 1.25 -'6 1.27 ....., 
2.12 -'3 2. 1) -" 2.1, -42 

2 ." -38 2.'7 -37 2. 58 -.2, 

2 .98 ...,. 3·0 ..J.1 ) .02 1 

3. '7 -' 3. " 10 3. 50 )l 

3.96 18 4.0 33 ' .02 " ' . 47 37 , ... 50 4.50 ., 
'.95 51 4.97 61 • • 98 71 

' . 9) ., ' . 95 71 ' . 97 79 
6.95 7' 6. 97 80 6. 96 a6 

TABU: 1.- vnc STRt£Ttm: ~ AS loBASURED omIl'C DIVES OJ' THE 
AlRPL\IUS JPHOM 3'~OOO l"'E!:l' TO , CIOO I'U'J' FRlSStItE ALTl'I"IJIB 

Jl'LIGllI'l 

M4 "' H6 B7 >6 89 

1(::' 
Temp. T1»o Temp. t:::) Tomp . ("..."':, Temp. T_ Temp. T_ Top. T1mo 
(">') (min) (">') (">') (">') min) (">') min) (">') (min) 

1.08 - 31 1.11 - J' 1. 12 37 1.28 -5J 1. 13 ...J.o 1.72 ....., 1.13 
1·97 -33 2.0, -35 2.0 - 38 2 . 11 -'9 2.02 ...J.o 2.13 -'5 2.1, 
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4. 32 1 '.," ..., '·35 15 ' . 52 _67 ' · 37 3' ' . 2 3' ' .22 
' .80 15 '.88 9 4.83 28 5.0 72 ' .8, '5 '.65 " ' .67 
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- -- -- - - - - - -- -- - - - 1·'3 76 7·" 
FLIGIll' 1 
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Tol!lP . 
(">') 

...loS 

-'5 
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50 
58 
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71 
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80 

Mi7 818 Ml9 B20 H21 A22 .03 

T1mo Tecp . T .... Temp. T1mo Temp . T1»o Tecp . T_ Temp. T_ ~.;~. Tl_ 
~J;l) ' (min) (">') (min) (">') (min) (">') (III.1n) (Op) (III.1n) (">') (ain) (.lllin) 
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811 Ml2 51J 

Tl_ Temp. T1mo Tomp. T .... '(":I,. min) (">') (ain) (">') (IIl1n) 

1.~ -'9 1.77 - 53 1.76 -53 
2 .11 -', 2.18 " 2.' -.. 
2.6 ....,. 2.62 - J 2.6J .-26 
3·0 1 .02 - 13 .03 1 

3. ' 26 3·" 13 3· 'J 29 
3.82 49 3.83 '" 3.8, 53 
4. 23 61 '.25 59 ' .27 66 
4.68 67 '.7 68 . ,12 73 
, . 10 6, , .12 72 ,.1~ 7' 
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' · 90 76 ,.9) 76 '·95 80 

6.75 82 6.77 82 6.78 55 
7 . '7 ... 7.58 ... 7.6 8"7 

H2' "" s26 

T .... ~'1;'). T_ ~~. Tl_ Tomp. 
(11110) (ain) (lIlio) (">') 

1.18 33 1.18 -)8 1.2 ..... 3 
2 .07 - 33 2.08 -37 ' .1 ...100 
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' . 9) -"7 2·95 ...,. 
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FLIGBl' 2 

Th.",.,.. 
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Tlmo Temp . ..... Tom • • T1mo Temp. TI= Temp . Tl.1D11 T .... T1mo Temp. T,_ Temp . T1 .. Temp . Tlmo Temp. T1mo Temp . Tl,., Temp. T .... Temp. 
(min) (Or) (..un) (0,) (min) (07) (min) (0') (IIl1n) (0') (min) (or) (..un) (0') (min) (0') (min) (07) (aIn) (or) (aln) (0,) (a.1n) (0') 
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TABU: 1 .- CONrnruED 

YLIGm' 2 

The",.,... 
813 514 1115 1116 Ml7 s18 

couple. Ml9 S20 M2l A22 A23 ",,. 02, 

Tl "" Temp . T .... "'mp. T .... Temp . Tl". Temp. T ... Temp . T .... Temp. Tl". Temp . Tl .. TeU1p . T l .. Tomp. T1 .. Temp . Tl .. Temp . T,,,. T81q). T,,,. Temp . 
(min) (or ) (min) (or) (min) (or) ("'n) (or) (min) (or) (min) (or) ( .. n) (or) ( I!I.1n) (or) (oJn) (or) (m1n) (or) (min) (or) ("'n) (or) (oJn) (or) 

0 .9' - '3 0 ·97 -"7 0 .98 -"5 1.0 -"4 1 .02 -"1 1.02 -44 L a) -46 1.08 -"4 0 ·70 -42 1.05 - 37 1.07 -"1 0.0] -35 0.05 -"0 

1.35 -"8 1. 37 -"5 1.38 -"5 1. 40 -"2 1. 42 -"1 1.45 - 33 1. 47 - 39 1.52 -29 1.13 -"2 1. 48 - 31 1. ,0 - 32 0 .90 - 36 1.1' _40 

1.78 - 32 1.80 -"0 1.82 -"1 1.83 -"0 1.85 -"0 1.90 - 19 1. 92 -25 1.97 - 15 1. ,s - 32 1. 93 - 19 1.9' -26 1.33 - 35 1.80 -35 

2 . 18 -20 2 .20 - 35 2.22 - 37 2 .23 - 37 2 . 25 - 38 2. 3] ...6 2· 35 ":12 2. 40 - 3 2 .02 18 2· 37 - 10 2 .38 18 1.78 - 34 2.23 -27 

2 .60 - 10 2 .62 -29 2 .63 - 31 2 .65 - 31 2 .67 - 34 2 · n 6 2. 76 1 2 .83 10 2.43 - 7 2 .78 1 2.80 _10 2 .22 - 10 ).10 _10 

2 .98 2 3·0 -21 3 .02 -24 3.03 -24 3.05 -29 3.20 22 3.22 , 6 3.27 28 2.88 5 3. 23 12 3.2, 0 3.08 -20 lI .05 16 

.38 18 3. 40 -.ll 3 . 42 15 3. 43 15 3.45 -22 3.6, 39 3.67 33 3·72 43 3. 32 21 3.67 26 3.68 15 4.03 -2 5·02 37 

3 ·n 31 3.78 0 3.80 - 5 3.82 - 5 3.83 - 14 4 . 15 56 Ii . l 1 ,0 4 . 22 60 3.83 37 4.18 40 4.20 27 , .0 19 6 .0 ,0 

4.18 48 4.20 14 4 .22 7 4 .23 6 4 . 25 -" 4.62 62 4.63 60 4.68 63 4.28 53 4.63 51 4.65 J5 5.98 36 6 . 47 52 
4.60 57 4.62 24 4.63 18 4.65 16 4.67 6 5·12 65 5.13 63 , ,18 64 4.80 62 5. 15 57 5.17 42 6.45 41 7. lq 56 
' , 42 63 ~ .O3 32 5 .05 28 5·07 24 5 .08 15 6 . 10 69 6.12 67 6.11 67 , .78 65 6 . 1) 62 6. U 51 7 . 111 49 8 . 42 ,s 

5.85 65 5. 43 39 5. 45 35 5. 47 32 ' . 48 23 6.57 68 6. ,s 68 6.63 68 6 .25 67 6.60 63 6.62 54 8. 40 53 9 . 42 60 

6 .28 66 5.87 .. 5.88 42 5.90 38 5.92 31 7· 53 68 7. 55 68 7 .60 68 7.22 67 7·57 64 7 . ,s ,s "40 56 - - - -
6 .70 66 6 .30 50 6 .32 46 6. 3] .. 6· 35 27 8 .52 67 8 .53 67 8 . ,s 67 8 .20 68 8 .55 65 8 .57 60 - - - - - - - -

FUCIfI' 2 

Th.,..,... S26 M21 028 529 '31 632 "33 534 635 536 "37 642 "43 couple. 

T .... Temp. T"", Temp . T .... Temp . T .... TeClp. T"", Temp. Time Temp. Time Teap . T"'" _ po T"", Temp. T ... (c;") Time Temp. T , ,,,, Temp. T"", T_p. 
(mi n) (or ) (min) (Op) (oJ n) (Op ) (min) (Op) (oJn) (or) ("'n) (.,.) ("'n) (Op ) ("'n) ( .,.) (oJ n) (OP) (min) (oJn) (OP) (min) (.,.) (min) (OP) 

0 .01 -46 0 .9' -"5 0 .97 -"8 0.98 -"8 1. 15 -2B 1.18 - 34 1.17 - 30 1.20 - 32 1.22 - 38 1.2) - 39 1.25 - 38 1.03 - '3 1.12 -52 

0 .93 .... 6 1.38 -"5 1.40 -"5 1. 42 -"2 1. 55 - 31 1. ,s ...., 1. 57 -28 1.60 -24 1.62 -24 1. 63 - 30 1.65 - 33 1.43 -1.52 -"7 

1.37 - 39 1.83 - 38 1.85 - 35 1.87 -28 1. 98 - 34 2.02 - 19 2 .0 -24 2 .03 - 19 2 .05 - 16 2 .01 -22 2.08 -25 1.81 -25 1.9' -36 

1.82 -28 2 .25 -29 2 . 28 -25 2 . )0 - 17 2.38 - 33 2 . 42 - 13 2. 40 -20 2. 43 -13 2 . 4, - 7 2.41 - 13 2. 48 - 16 2 . 21 - 13 2. 35 -24 

2 . 25 - 16 2 .70 -20 2 · 72 - 15 2 .73 ...6 2 .80 - 32 2.83 - 5 2.82 _14 2.65 -" 2.87 5 2.88 .... 2 . 90 -8 2.68 -2 2. n _14 

3 .12 10 ) . 13 - 10 3.15 - 3 3.18 10 3.18 - 30 3.22 7 3.20 -8 ) . 23 8 3·25 20 3.27 8 3.28 2 ).01 11 3." 4 

4 .01 43 3. ,s 3 3.60 13 3.62 26 3. ,s -2B 3.62 17 3.60 0 3.63 17 3.65 31 3.67 20 3.68 , 4 3. 47 28 3. 55 11 

5.0) 56 4.08 17 4 . 10 28 4.12 41. 3. 97 -25 4.0 28 3.98 6 4.02 31 4.03 46 4 .05 33 1t ,07 26 J.85 40 3·93 2, 

6.02 61 k." 31 4.57 42 • • ,s 53 4.38 -22 ". 42 J7 4 . 40 15 4 . 4, 40 4 . 11 , 55 1a . 41 45 ' . 48 40 4.27 56 4·35 42 

6. <8 6J 5.05 '2 , ·07 50 ' .08 58 >.80 -'9 • • 83 39 ' .82 17 >.85 '2 4.87 59 ' .88 51 4. 90 49 4.68 61 4. n 52 
7 .45 63 6.03 53 6.05 ,s 6.07 64 5.62 -9 5.65 43 5. 6) 2' 5.67 47 5.68 63 5.70 ,s 5.72 ~ , . 10 03 5.1 51 
8 . 43 64 6 .50 56 6.52 61 ~ . 53 65 6.05 -6 6.05 45 6.07 26 6 .10 48 6. 12 64 6.13 60 6 .15 59 , . ,0 65 5.58 60 

9 .43 64 1 .41 60 7.48 62 7.50 66 6.48 -" 6. 52 46 6 .5 28 6 .53 49 6.55 65 6. 57 61 6 . ,s 60 5·93 67 6 .02 62 

- - -- 8, '5 62 8. 47 64 8 . 48 67 6 .90 0 6.93 47 6.92 30 6.9' 50 6.97 65 6. 98 63 7.0 62 6.78 69 6.87 65 

rLI<lIlT 2 FUGIlI' 3 

Tho.,.,.. 
S" SI 02 " ) .4 "' M6 S7 1-6 89 610 SI1 couples 

TIme Temp . T .... Temp. "'". Temp. T"", Temp . T"", Temp. T"", To"". T"", Temp. T", Tomp . Time Toop . Tl .. Temp . T'". Teop . Tl .. Temp. 
(min) (Op) (o1n) (or ) (Mn) (Op) (min) ( Op ) (mi n ) (or) (min) (.,. ) (el n) (or) (min) (.,.) (mi n) (or) (mi n) (or) (min) ("F) (min) (or) 

1.08 - 54 0 .82 -24 0.83 -24 0 .85 -23 0.87 -23 0 .0 1 - 30 0 .02 - 30 0 .18 -"7 0 . 03 - 34 0 .53 - 37 0 .55 - 38 0 . '1 -1. 48 -46 1.68 -23 1 . 70 -2J 1.72 -23 1.73 -24 0 .9' - )0 0 ·90 - JO 1.01 - 38 0 .92 - 33 1.35 - J2 1.J7 - 30 1.38 - 30 

1.92 - 32 2 .55 -20 2 .57 -20 2.,s -20 2.60 -2l 1.82 -29 I.n -28 1. 93 -25 1.78 -28 2 . 13 -25 2 .1, -22 2 .17 -20 

2 · 32 -2l 3. '5 -'3 3·47 -'4 3.48 - 17 3·50 -,S 2.68 -26 2.63 -22 2 .80 13 2 .65 -20 2 .53 -22 2 ·55 -20 2 . '7 - 17 

2·13 - 11 4 . 33 -6 4. 35 ..." 4.37 - 11 4 .3 12 3. ,s -22 3.53 - 15 3·70 , 3. 55 -'3 2 · 93 - 19 2 .9' 1 2·97 _14 

3·12 1 5.53 12 5.55 8 5·57 0 5. ,s 0 4 . 41 - 16 4 . 42 -9 ' . ,s 12 4.4J -" 3·33 - 16 3·3' 14 3·)7 _11 

3.52 20 6.02 20 6 .03 17 6.05 4 6.07 6 5.67 - 5 5.62 6 5.78 29 5.63 12 3.63 - 13 3.75 -9 3·n ...6 

3.90 48 6 . 48 28 6.50 24 6.52 11 6. 53 12 6.15 0 6 .10 11 6.27 39 6.12 20 4. 13 -8 4 . 15 _4 4 . 17 0 

4. 32 64 7 .00 39 7 ·02 34 7 .03 ,8 7.0, 20 6.62 6 6 .57 17 6.73 49 6. ,s 27 4 . ,2 -2 4. '3 3 4.55 8 

' . 73 65 7. ,s 54 7 .60 <8 7.62 2, 7.63 29 7·13 13 7.08 25 7.27 63 7 ·10 38 ' .iX> 3 >. 92 10 ' · 93 " 
, .15 65 8 .12 65 8. 13 60 8.15 ) 4 8.17 38 7 ·72 22 7.67 36 7.83 80 7 .68 50 5.70 13 5·72 20 , ·73 25 

, .55 67 8 .63 74 8 .65 69 8.67 42 8.68 48 8 .25 31 8.20 47 8 ·37 59 8 .22 62 6 . 10 20 6 . 12 28 6 .13 33 
5. 91' 68 9 .13 81 9·15 n 9. 17 51 9.1 I 8 .73 40 8 .72 " I 8 .88 94 8.73 b9 16·90 350.92 43 6 .93 51 

6.83 68 9.68 8, 9 .70 82 9. 72 59 9·73 63 9· 21 48 9·22 64 9.38 98 9·23 n 7·73 56 7·75 68 7·n 76 

-- - - - - -- - - - - - - - - - - - - 9.82 57 9· n 70 - - - - - - - - 9.00 n 9 .02 85 9.03 91 

L~ __ 
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TAS12 I COHCLlJDED .-
li'LIGm' 3 

The",.,... 
Ml2. 813 814 Ml5 Ml6 ooupleo Ml7 818 Ml9 S20 M2l A22 A2) ",,4 

Time Temp . T'.., Temp . t.::::) Temp . Time Temp. T'", Temp . T"", Temp . Time TelDp . T' .. Temp . Time Temp . T'"" Temp. T"'" Temp. T'me Temp. T, .. To!,. 
(min) ("7) (min) ("7) ("F) (min) ("F) (min) ( "F) (min) ("F) (min) ("7) (min) ("F) (min) ("F) (IIIln) ("F) (min) ("F) (min) ("7) (m.1n) ("F) 
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Figure 1.- H1gh-£peed fighter airplane used for thermal stress dive tests. 

~ » 
~ 
~ o . 
f-' 
0'\ 
--.l 
\Jl 

f-' 
\0 



.. 



, 

I NACA TN No. 1675 

! 
/ 

/ 

L ---- - "-- --"- ---- ----

21 

I 

I 
, 

I 

I 

I 

I 

I 

I 



SEcr/ONA~ 

12.3+56 
ItI,I",!.!.! 

SCALE"-I#CHES 

~ I//EW B-B 

~ ~---STA. 76/ 

SECT"oy F-F 

-20 % O'TORO f 
~--t-+f~ L) ~£'CT/G'V £-E 

Sa::T/ON L>O 

hI= /#TER/VAL STRUCTU,I?E 
s= S,X'/# 
A' AIR 

~ 

(a) Thermocouples I to 23 at station 76 in right wing. 

Figure 3.- Thermocouple locations in the wing. 
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(b) Thermocouples 24 to 26 at station 126 in right wing. 

Figure 3.- Continued. 
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(c) Thermocouples 27 to 29 at station 7/.2 in right wing. 

Figure 3, - Continued. 
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(d) Thermocouples 30 to 34 at integral fuel tank station 153 in right wing. 

Figure 3.- Continued. 
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(e) Thermocouples 35 to 37 at station 112 in left wing. 

Figure 3.- Continued. 
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(f) Thermocouples 42 to 44 at station 71.4 in right wing. 

Figure 3. Concluded. 
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(a) Flight I, average rate of vertical descent 225 fflsec 

Figure 4.- Time histories of airspeed, altitude and ambient- air temperature dur
ing the dives from 35,000 feet to 5,000 fee t pressure altitude. 
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Figure 4.- Continued. 
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(C) Flight 3, overage rate of vertical descent 73 ft I sec 

Figure 4.- Continued. 
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(d) Flight 4, average rate of vertical descent 138 ft I sec 

Figure 4. - Concluded. 
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Figure 5. - Temperature difference between a typical skin- stiffener combination. 
Station 76 right wing. 
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Figure 5. - Continued. 
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Figure 5. - Concluded. 
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Figure 6. - Continued. 
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Figure 12.- Sketch of the skin and spar-cap to il/ustrate 
the method of calculating the skin and spar- cap 
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