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ANSTRACT

Tompeueratures obtained from an Ordnance Aerophyrics Laboratory
wind-tunnel teat on & Von Karman radome are studied and put into func-
tional form for theoretical analysis of radomea thormal atreseses. [t was
found that the radome wall temperature can be expressaed analytically by
a single function that defines the temperaturesa at all points in the wall
axcapt for a short length near the tip, for which another expreasion is de-
veloped., The aingle function can be further separated by variables into
two functions, one of which describes the spanwige distribution and the
other the wall-thickneas distribution of the temperature. This finding is
highly advantageous mathematically.

The analytical and test results are presented and compared in
Figures 1, 2, and 3 and recorded in two tables, Good agreement between
experiment and analysis was found to exist, with the difference range
generally not in excess of approximately +7 percent while being less than
half this amount in most cases, The derived function overestimates the
maximum temperatures by about 0.5 percent, but this is a conservative
feature insofar as the theoretical prediction of thermal stress is con-
cerned. The range of experimental error in the original data was reported

by the test engineers also to be about £7 percent.
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INTRODUCTION

The current investigation of radome thermal stresses has been conducted by
seoking solutions to & sequence of problems upon which the final solution depends,
The early studies dealt with the nosecap behavior and can be fdentified thiuwugh
the bibliography of Refevence (b), and the general theory for the radome wall
behavior 1s develuped in Reference (b). Auxiliary investigations on normal stress
and moment factors, second-order stiffness functions, and elastic-axis location are
teforoneed alen in (h), Freom these studies, it was learncd that the thoor: is
amenable tuo numerical evaluation of the bending-moment, normal-stress, and shearing-
stress resultants, and the stresses and displacements., All of these quantities
bear directly on the overall solution in the critical respect that the absence
of any one of them prevents the determination of various unknowns, without which

no definite solution for the thermal stresses can be obtained.

After it was learned that the above mentioned problems could be coped with,
the thermoelastic mechanical properties of the radome construction material were
examined in Reference (c¢). Therein it was discovered that these properties can
be treated analytically, or, if such treatmert should prove to be too cumbersome,
they can be handled by certain carefully defined numerical techniques for integra-

tion and differentiation.

We then heard that everyone involved desired to see the theoretical solutiuvns
correlated with OAL¥tests that were carried out on Von Karman radomes, Since the
Von Karman radome is a markedly different structure than any of those for which
theoretical solutions have been evolved, the geometric characteristics were
examined in Referance (d). It is shown in (d) that both principal radii of
curvature vanish at the tip of a Von Karman radome and the major one vanishes at
the base., These characteristics can lead to infinite discontinuities in the
stress and moment formulas if one fails to introduce suitable restrictions in
advance., If such restrictions turn out to be unavailable, the analyst must
provide functional continuity by another means which will be discussed subsequently

when appropriate.

Furthermore, the Von Karman shape possesses aerodynamic characteristics at
all Mach numbers that are absent or negligible in the usual missile cones and

ogives above Mach 2, The effect on the temperature distribution can be observed

* OAL = Ordnance Aerophysics Laboratory, General Dynamics.
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in Figures 2 and 3 hercin near the tip of the test radome. The phenomenon is
caused by a transonic zone* ombedded in the flow ficld between a detached shock
wave and the blunt tip, and it has a suprisingly large effect on the maximum
temperatures in the first inch or so of length measured from the tip of the
radome. o prepare for this contingency, the previous investigation (Reference
(a)) was undertaken. It proved to be tedious, but its conclusion was gratifyingly

fruitful in the excellent correlation that it has led to in this report.

NOMENCLATURE
A,B: Constants
F: Fahrenheit
M: Mach number
R: Radius, inches
T Temperature, 'F or °R
Y Velocity, fps
Z Geometric axis of radome
¢ Half thickness of radome shell wall e=h/2, inches; specific heat
3 Function
h: Wall thickness of radome shell, inches
k: Coefficient of thermal conductivity, Btu/ft~hr=°F
{ Length, inches
i,n Positive integers; 1,2,3,¢c40
p: Pressure, psi or psf
t Time, seconds
v Volume, cubic inches
X: Wall-thickness variable ratio, x=y/c
y: Wall thickness variable, inches
z: Coordinate along Z-axis, inches
v Specific heat ratio, cp/cv (y = 1.4 for air)
v Coordinate angle, degrees or radians

% See footnote below equation (1) in the text section entitled 'Temperature
Distribution'.
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The following symbols appear as subscripts:

a: Values at outer surface 'a"
c: Values at central surface ''c"
n,i: Numerical indices
o: Free-stream properties; origin or initial (zero)
p: Pressure
s: Values at inner surface 's"
t: Total==-in reference to total temperature; thermal
v Volume

TEMPERATURE DISTRIBUTION

It was shown in Reference (a) that temperatures along the exterior surface

of a blunt radome in the transonic zone* can be represented by

T, =T, - sin®V (A + & sec®y - Ajcos®y)? (1)

where Ta is located along the radome's outer surface by the coordinate angle V,
which is defined and illustrated in References (a), (b), and (d), while two specific
values are shown in the sketch herein at the top of Figure 3. And the temperature
at the tip (¥=0), or leading edge, of the radome is denoted by Tao as indicated

by equation (1).

After the air mass moves beyond the transonic zone, the surface temperature

can be represented by

T T - sinEW(Bo - Bycos®§)? )

a ao
where, in general, the constants Ai and Bi in equations (1) and (2) cannot be
computed directly, but they can be found from experimental data or numerical

analyses, as is illustrated in Figures 1, 2, and 3.

* This terminology is defined in Reference (e), p. 270; i.e., a supersonic free
stream approaches a blunt body and is reduced to a subsonic flow by passing through
a detached shock wave. As the flow continues in the zone between the shock wave
and the blunt nose, its speed increases to again become supersonic. The flow is
called transonic if both subsonic and supersonic regions are present in the fiecld,

3.
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In Figure 1, part of the plotted data was reported in References (f) and (i),
while a computer program for the remainder was described in Reference (h} with
the applicable results listed in Table 4 on Figure 4 in Appendix A of the present
report., The temperatures in Table 4 on Figure 4 were computed as constant, or
average, values in the segmental volumes shown in Figure 4. These averages are
plotted in Figure 1 at the thermal-mass-centers of the volume elements discussed
in Appendix A. A thermal-mass=-center (located by it) differs from the volume=-
element centroid owing to the temperature variant coefficient of thermal con-
ductivity (k) of the wall material, which was Pyroceram 9606 in the test radome.
Necessary formulas for the thermal-mass~-center computations are given in Appendix
A where also the variable k-values are listed in Table 3. The centers were
calculated for interior elements (Figure 4) at it = «0.751; the second row from
the interior, at it = =0,248 to -0.253; the row above the center line, from

X, = +0,247 to +0.253; and the top row of elements was found to lie at approxi-

mately it = +0.90.

The regression equations developed from the analytical and experimental data

for the cross sections shown in Figure 1 have the general form

3
(T)q,:‘yi = Z Tnixn =T + Tyyx+ 'I‘a,ix2 + 'l‘Sixa (3)

n=o

wherein TC = TC(W) is the spanwise function for the temperature distribution
along the central surface of the radome wall, and x=y/c is the wall=-thickness
variable ratio, which is illustrated in the upper right=-hand corner of Figure 1.
The remaining Tni are coefficients that vary with the spanwise (Y-dependent)
location of each cross section of the wall as denoted by the index '"i".

Exemplification of their magnitudes is furnished by the formulas that follow,

(T),_, = 352 + 682x + 388K + 98%° 4)

wz
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(T)yogro37 14 = 239 + 337x + 295x° + 85%° (5)
(T)y_gpoppr = 238 + 335x + 294%° + 84¥° (6)
(T)y_p3°43+59n = 231 + 325% + 284x% + 81x° (7)
(Dy_gs5°04 03 = 226 + 318x + 276 + 78%° (8)
(T yog6°13" = 223 + 312x + 270x° + 76x° )
(T)W=83°27,35" = 182 + 236x + 186x° + 45x° (10)

After finding the surface temperatures by regression analysis of the cross-
sectional distributions discussed above in connection with Figure 1, the constants

(Tao’ Bo’ and Bp) of equation (2} were calculated statistically to obtain

T, = 1319 - (26.34-20,53cos§)°sin° ¥, 61°37'42" = ¢ - 90° (11)

which is shown in Figure 2 along with the plotted data employed in the calculations,
Furthermore, in order to furnish an illustration of the application ol equation (1),
the Ai were computed from the diamond-shaped data points (Figure 2 ) that are

plotted in the first inch of the radome length measured from the tip. Through

the boundary layer along the outer surface of the radome, air-flow and heat-
exchange calculations are carried out by using appropriate Reynold's numbers

with laminar flow followed by a transition to turbulent flow over the region
affected by the transonic zone between the shock wave and the radome surtace.

which produces the circumstances whercin equation (1) is applicable. Two
expressions were used to meet therequirements in the ifirst inch from the tip,

and they are

T, = 1319 - (91.16 = 11.13sec”y = 78.60cos” ¢) sin'¢, 0 - ¢ - 53°41'17" (12)

U
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wvhore eguatfons (1Y o (13), dnclunive, provide analyttcal deacviptbon ol the e

race temperature (T“) along the ontive wpar (JR. 3 inchar) from y=0 to w0’y

To sevure central=surface and nner=suvfave apanwise Jdisteibattona of wall
temperatures (‘1‘C and Ta venpoctively), the valuea caleutated with equat tonn (4) o
(10) togother with the analytical and experimental data vepovted in Refevence (1)
were plotted on Figure 3. For afv tlows of aufficient davatton (the teat time in
the prosent instance {8 four seconds, which in probably move than aulflcient), vne
can anticipate that spanwise diatvibutiona of temperature along the suviaves (n
the radome wall that ave parallel to the exterior snrface can alav be deacribed by
equations similar to (!) and (2). The expectation ia verified by the vepveanion
curves drawn on Figure 3 for the exterioy, central, and interioy surfacea . the

wall of the test radom:, These formulas apply in the Interval 61737%2" -y . va"}

T+ 1319 - (26,34 - 20.53coa" ) ainty (14)
T, 352 = (13,19 = 4,79coa" §) ain®V (15)
T, = 160 - (8.639 - 3.013cos ¢ ) sin"y (16)

and the curve for the last one, equation (16), passes through the two data points
at 1.75 and 24 inches from the tip (Figure 3) where temperatures weve measured
directly in the OAL wind=-tunnel tests. These measurements represent the best

current verification of information that we have on the rvadome tenperatures,

The temperature distribution througn the thicknass of a radome wall is defined
by

n!

T = Z T x" (17)

n=aa¢
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where T @ T(I,N) ta the tompetatare al any point (o the wall 10 0 i the mame
Tor all vvona mecttonn amd the T" ave fubet b o ¢, s h an T“. TU. T“ of
squattonn (1A) to (10), 11 wan leatned Trom the analvtical and sxpeyinental data
i ied and rebotted hevein that the fovegotng voncept (n subatantially vealived
I the teated vadome and n' « 4, Howes, equatton (17) may be wittien an

A R D SV

x + T
A

2u* + zj“ C1N)

where the initial funetion (Te) fa given by equation (15) and the vemalning T“

ave
Ty @ (T, AT, = AT )4 (19)
Ty = (T, = T+ TR (20)
T, = (Tu - 4T+ Jrn)fa Q1)

wherein the three functivona on the rvight«-hand side in each of the abuve tfomulan
are piten by equationa (14), (1%), and (l6) for the outer, central, and fnnev

surface spanwise distvibutions of temperature,

It im a vary real advantage from an analytical viewpeint of themaleitress
analyaii when the temperatuve (T) at any point in the radome wall can be re=
presented by separable tunctions of ¥ and x. Toward this end, the previous results

were oxamined, and a fully satisfactory Junction was derived from them; e.n.,
T = Taf(x) (22)
whevre the ((x) 1a given by

f(x) = 0,257 + 0,358x + 0,3055° + 0,084x" (23)

and ‘I‘a is the outer surface temperature function of equation (14). 1In the forward

part ol the radome where the most serious thevmal coaditions prevail, the ukse of

7.
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squat fon () overent tmaten the max i temperatuves by lean than oneshalt percent
tompetataten along the central antiace ave obtalned within +3 1o =4 peveent, and
the foney auvtace valuen within about one peecent. At 24 dnchen from the tip,

the extervior smnlfave temparature ia overeat tmated by about sneshalt pereent, and
valuen innide the wall ave fownd to he From approXimately aix to ten percent lesn
than those plotted on Figure T=e,  But, since sl of theae diflfevencen tend

toward connervat bam dn the analvaia of themmal atveasnen, they are vonaldered

avveeptahle,

The computed temperatures aimd other neceanary data arve tabulated to pormit
turther compaviaone as woll an oy future referenve purpvses, Therefore, the test
vadoe coordinateas are tated (o Table 1, amd the temperature data are aunmarised
tn Tahle 2,

DISCUSSION

The reaults of this investigation arve presented in Figuresa 1, 2, and 3 and
Tablea | and 2. In geneval, they are bhased on the experimental and analytical
infomation reported in Refevences () and (1) together with data from the computer
progvam described in Reference (h) which {s tabulated herein on Figure 4 in Table
4 of Appendix A that follows thia discussion, And thowmal properties of the test=
radome matervial (Pyrocaram 9606) are quoted from Reference (g) in Table 3 of

Appendix A on the themal=mass=centey evaluations,
The methods of analysis that were used in sequence are as follows:

(1) The tomperature data plotted on Figures 1-a and l-c were analyzed by
minimigation of the squared-erruor lunctions,

(2) With the outer=surface temperatures (Ta) found in step (1) together
with those cited in Reference (i) (which ave plotted in Figures 1=b and
l=e), the vegressfon cuvrve shown {n Figure 1 was obtained by minimizing
the squared=evrvor function,

(3) The inner-surface temperature equation (TH, Figure 2) was derived from
tha test data plotted on Figures led and l=e ntong with the TS values

from step (1),




I Wl HEBRIND UNIVEIR Y
ALECIE DY PR RC S LABORATONRY
LITL R LT S TY YT Y TS

Table !y Coordinates of Von Kaman Test Radome,

Tip diat, to r. ] ain § cos ¥ Tip dist, to Tip dist. to
outer aurf, ctr, aurf, inner surf,
(in) (ing) (deg-min-gec) (in,) (in,)
0 0 0 0 1 0.1669 0.3338
0,06 0.0868 42«38=42 0,677,454 0,735,567 - )
105 321 46-40453 « 727,545 686,056 .1908 “-m
1742 1924 50219=]2 .769,626 .638,480 .2350 .3338
1820 . 1999 50=37=07 772,942 .634,482 .2617 3410
2825 w2773 53=41w17 805,807 «592,184 + 3765 .4305
« 34 ,3185 54=57=52 .818,797 «574,083 4118 4835
3743 24 55=37=41 825,389 +564,566 L4449 . 5154
45 . 3929 56=52~18 837,449 «546,516 .5183 .5866
5742 WA715 58=29=18 .852,536 0522,674 .6396 . 7050
8 6037 60=-37=54 871,487 490,423 8613 ,9226
«9357 6788 61=37=42 .879,889 .475,186 9951 1,0545
1 .7128 62-02 .883,22 .468,96 1.0586 1.1172
1,3167 8748 63=43-59 .896,738 «442,555 1.3720 1.4273
1.644 1,0315 65-04-03 .906,807 421,545 1.697 1,75
2 1.1924 66~13 .915,08 .403,28 2.0504 2.1008
3 1.6072 68~34 .930,84 +365,42 3.0457 3.0914
4 1.9028 70~12 .940,88 .338,74 4.0423 4.,0847
5 2,3304 71=27 .948,05 .318,13 5.0398 5.0795
7.075 2.9845 73=26-14 .958,51 «285,06 7.1106 7.1463
14,15 4,7730 77=52=50 .977,51 .209,95 14,1762 14,2025
16,3635 5.2345 79=03=45 .981,835 .189,74 16.3872 16,4109
21,225 6.0543 81-39-54 .989,42 « 145,07 21.2431 21.2613
24 6.4184 83-27-35 .993,493 .113,900 24,0142 24,0285
28.3 6.75 90 1 0 28.3 28.3
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Table 2., Computed and Measured Temperatures for 28.3" x 6.75" Von Karman Test Radome.
Tip dist. to
outer surf, o" 0,94" " 1.32"
X T(°F) T(°F) T(°F) T(°F)
thk, ratio Ref. (h)* E 4 Ref. (h)* E 5 Ref, (i) E 6 Ref. (h)* E
+ 1 1319 956 950 951 920
+ 0,90 1,228 916 879
+ .75 973 694 689 669
+ .50 702 493 610 491 475
+ .25 498 499 343 342 341 331 331
0 352 239 3535 238 231
~ .25 210 253 160 172 171 156 167
- ,50 196 133 205 133 129
- W75 167 122 116 116 119 113
-1 160 113 155 112 109
Tip dist. to
outer surf, 1,644" 2" 24"
x T(°F) T(°F) T(°F)
io *x Ref. (i) Eq (9) | Exp.** Ref, (i) Eq_(10)
+ 1 899 880 881 570 648
+ 0.75 653 641 483
+ .50 464 552 457 345 353
+ .25 324 319 254
0 226 320 223 202 182
- .25 163 161 134
- .50 126 182 125 118 105
- .75 109 109 91
-1 106 106 136 105 87 95 87

* Reference (h) data are shown herein on Figure 4 in Table 4 of Appendix A,

%% These measured temperatures are reported in Reference (i) for OAL wind-tunnel
test No., 6053 at four seconds,

10,
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(4) The central-surface tempzratures (Tc) computed in step (1) were analyzed
by minimizing the squared-error function to find the regression formula
that is shown in Figure 3.

(5) The single function T = Taf(x) of equations (22) and (23) was developed
by statistical analysis of all of the temperatures secured from steps

(1) to (4), inclusive, and is shown in Figures 1 to 4, inclusive.

It was found generally that the regression formulas, equations (4) to (190),
(14) to (16), and (18) to (22), inclusive, are in good agreement with the analytical
values from References (f) and (h) and the test data from Reference (i) which were

reported to have computational and experimental-error ranges within %7 percent.

The computed wall interior temperatures from Reference (i) appear to be high.
The inner-surface values at 1.12 and 2,10 inches from the tip are 46 and 28 per=-
cent above the measured temperature of 106°F at 1.75 inches from the tip, and they
are 38 and 30 percent higher than the regression values at the 1,12 and 2.10 inch
locations (Table 2, where the outer-surface tip distances are given as 1, 2, and
1.644 inches for the above mentioned inner-surface points)., At 24 inches from the
tip, the analytical value is about 9 percent above the measured temperatum of 87°F
(Table 2). Such higher values can result from the use of coefficients of thermal

conductivity (Table 3) that vary insufficiently with the Pyroceram wall temperature.

Overall, it is observed that the general equations derived in Reference (a),
such as equations (1) and (2) in the present text, provide an excellent means for
correlation and functional representation of the temperature distributions when
employed with empirical coefficients obtained from numerical flow calculations that
include the exchange of heat from air to wall through the boundary layer and heat

conduction in the wall toward the base of the radome,
CONCLUSIONS

It is concluded that the temperature functions duriving from this investigation
are suitable for evaluatioas of radome thermal strews¢s., Furthermore, they provide
the only means now available to us for the correlation of ogive and Ven Karman
radome thermal-stress analyses in addition to being used 1in correlating test

results and theory,

11 .
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10,
4 » 28,3 - -
b" - -a
S 3
6.75"
themomuples/
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APPENDIX A, Thermal-Mass Centers of Volume Segments.

The computer program of Reference (h) was set up for numerical analysis of the
transfer of heat from air to wall and along the wall toward the radome base for the
finite volume segments that are identified in Figure 4. The temperatures listed in
Table 4 that resulted from the computer program were obtained as constants within
their respective volume elements. There is one point in each finite increment of
volume where the constant, or volume average, temperature equals the true wall value

at the same point, and it is the thermal-mass-center of the element of volume. A

few of these were evaluated to ascertain their effect on the temperature distribution,

The thermal-mass center can be located with the ratio it’ where x = y/c is
defined by the sketch in the upper right-hand corner of Figure l. The values of ;t

can be computed from the following equations:

2
v = mv& " rRdydR (24)

kve=on krRdydR (25)

ykrRdydR (26)

where W1 and Wa are the values of the coordinate angle at the beginning and end,
respectively, of the volume element; R and R, are the radial coordinates of

the lower and upper surfaces (Figure 4), respectively, of the volume element; v

is the volume in cubic inches; k is the temperature-dependent coefficient of thermal

conductivity (Table 3); and r is the cross-sectional radius measured vertically from

15,
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Table 3. Variations with Temperature of Thermal
Properties of Pyroceram 9600

k (o]
-] P -]
Btu/ft=-hr="F Btu/1lb-"F

2.661 0.210
2.492 .215
2,322 0223
2,105 .234

1,911 244
1.790 «253
1.742 .262
1.717 2717

Over the above temperature range, the unit weight remains constant at
162 .3 pef.

k = coefficient of thermal conductivity.
cp = specific heat at constant pressure.

The above tabulated data were obtained from Reference (g).
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the longitudinal axis of the vadome (aluo ave Referenced (b)) and (4)).  And with the

forepgolng relations, it was tound that

hl NtL
El, (1): + 0,903 Bl. (8): + 0,498
El, (9): + 253 El1,(158): + Y
El.(lb): - .248 El.(:‘l): - ‘2“‘
sl.(61): - 746 Elo(b8): = 751

where "El, (No,)" refers to the numbered elements of volume ahown in Figure 4,
Changes in the above values are slight, and the computed temperatures ware plotted
at +0,90, *0,25, and =0,75,

18.
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APPENDIX B. Revised Thermal-=Mass Center Calculations.

The method of finding the thermal-mass center to locate the position of a
constant temperature that is calculated as an average value in a volume segment
is revised. The revision is compared with the method of Appendix A that was
employed in the temperature-distribution investigation in the text; and
it was found that the difference between the two methods affected the results to
a negligible extent.* There may be other cases, however, where the difference
becomes significant., Therefore, the new method is recommended for use in future

studies that are similar to the present investigation,

In the text, the experimental and theoretical temperature data were plotted
at the thermal-mass=-centers of the volume segments of the test radome wall,
These mass=-center locations were based on the heat variant coeffic’ent of thermal

conductivity (k) given in Appendix A.

Upon further consideration of the problem, we observed that this method lieads
to location of a volume-average value of k, which does not necessarily coincide
with the position of the volume-average temperature. Calculation of the mass=-
center position of the average temperature is discussed in subsequent parts of

the present appendix.

The computer program of Reference (h) was set up for numerical analysis of
the transfer of heat from air to wall and through the wall interior toward the
radome base for the volume elements that are identified in Figure 4, The
temperatures listed in Table 4 that resulted from the computer program were
obtained as constants within their respective volume elements. There is one
point in each finite increment of volume where the constant, or volume-average,
value equals the true wall temperature at the same point, and it is the
thermal-mass-center of the element of volume., A few of these were evaluated

to ascertain their effect on the temperature distribution.

The thermal-mass~center can be located with the ratio it, where x=y/c is
defined in the nomenclature listing. The values of §t are computed with the

following equations:

% The effect amounted to less than 0.1 percent.

1.9.
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v o+ dn. rRdydR (27)

*‘ l\

\*' A
vT w e TrRdydR (28)

i R

v, Re
vigydy * In RyTrdydR (29)

“w R

where *x and v. are the values uf the coordinate angio at the beginning and end,
respectively, of the volume element; R‘ and R. are the radial coordinates of the
lower and upper surfaces (rfigurve 4), reapectivaely, of the volume element; v is
the volume in cubice inchea; T equals the temperature at any point in the sougment
of volume; and r is the crosu=-sectional radius measured vertically from the
longitudinal axis of the radome, With the foregning - tong and temperature

data from the text, it was found that

X X
El. (1): + 0,900 El., (8): + 0,895
El. (9): + 254 El.(15): + 252
El.(16): - v242 El,(21): = 0246
Eln(()l): - O7“8 El.(bS): - 0751

whete "El. (No.)" refervs to the numbered elements of volume shown in Figure 4.

The preceding numerical values of ;t were used to check tha results that are
veportaed herein, and it was learned that they produce a negligible effect (less
than 0,1 percent). Nevartheless, equations (1) to (3), inclusive, are the
correct ones to use for plotting the volume=average temperatires; and future
cases may come up wherein it is essential to use them in preference to equations
(24), (29), and (26) of Appendix A, We recommend their adoption, therefore, for

the purpose at hand,

20,
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