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calculated value was found to be Cnf2 = 0 506 (calculated)
The factor f-J was derived assuming bodies with vanishingly

small blunt noses The case considered here obviously de-
parts from this assumption Reference 1 shows that the
optimum value of CD/'* is a function of Mach number and
fineness ratio

The work previously discussed was all carried out under
the assumption of inviscid flows Reference 5 discusses the
influence of skin friction on the body minimum drag al-
though using several simplifying assumptions The process
used in this note can be used to determine the exact viscid
plus inviscid minimum drag shapes merely by adding an
accurate viscous program to the process of calculating the
individual body drags

References
1 Powers, S A , "Minimum drag bodies of revolution by exact

methods/' NOR-63-156, Northrop Corp , Norair Div (September
1963)2 Powers, S A , "Drag minimization using exact methods,"
NOR-63 162, Northrop Corp Norair Div (September 1963)

3 Sommer, S C and Stark, J A , "The effect of bluntness on
the drag of spherical-tipped truncated cones of fineness ratio 3
at Mach numbers 1 2 to 7 4," NACA RM A52B13 (1952)

4 Miele, A , "Optimum slender bodies of revolution in New-
tonian flow/' Flight Sciences Labs TR 56, Boeing Scientific
Research Labs (April 1962)

5 Miele, A and Cole, J, "A study of optimum slender bodies
in hypersonic flow with a variable friction coefficient," Flight
Sciences Labs TR 66, Boeing Scientific Research Labs (January
1963)

Variation in Buckle Shape in
Cylindrical Shells under External

Pressure and Axial Load

W H HORTON* AND S C DlTRHAMf
Stanford University, Stanford, Calif

THE behavior of cylindrical shells under the combined
action of internal pressure and axial compression has

been studied, both theoretically and experimentally, by many
investigators Prescott,1 analyzing the problem on the
basis of small displacement theory, reached the conclusion
that there should be a parabolic increase of the critical
buckling stress with the dimensionless parameter p = (p/E)
(R/t)2, where p is the internal pressure, E is Young's modulus,
R is the radius of the cylinder, and t is its wall thickness
Flugge2 re-examined the problem and after a comprehensive
study reached the conclusion that internal pressure would
have negligible effect on the buckling load These theoretical
deductions are contradicted by experimental results Thus,
Lo, Crate, and Schwartz3 constructed a large-deflection
theory, using the method of von Karman and Tsien,4 and
showed that under these assumptions buckling load should
increase with increasing values of p up to p = 0 169 and
thereafter remain constant Holmes5 carried out a series
of tests on the behavior of thin-walled cylinders under axial
load and internal pressure The cylinders were made of
aluminum alloy and were 3 ft in diameter and either 6 or 9 ft in
length In his paper Holmes shows the buckle patterns that
he obtained for various ratios of circumferential to longitudi-
nal stress He observes that as this ratio increases there is
a significant change in the aspect ratio of the buckles Fung
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Fig 1 Variation of semiangle of buckle with pressuie/
stress ratio

and Sechler,6 in their paper on the buckling of thin-walled
circular cylinders under compression and internal pressure,
make the same observation These experimenters used
aluminum cylinders 3 5 in in diameter, 11 in in length, and
having a wall thickness of one thousandth of an inch In a
subsequent paper7 the same authors show results obtained
by Suer The same qualitative results are apparent

We have examined the pictorial results given in the fore-
mentioned reports and have found that there is a distinct
connection between the angle of buckle and the parameter
p/&c The results of all these experimenters are plotted in
Fig 1 It is seen from this figure that if we plot the semi-
angle of buckle against the ratio p/<rc we obtain a smooth
curve Complete details of the characteristics of the cylin-
drical shells and the measured semiangles of buckles are given
in Table 1 We should emphasize that the various cylinders
on which these observations were made were widely differ-
ent with regard to the R/t ratio Moreover, some specimens
were made from aluminum with a Young's modulus of 10 X
106 and others from steel with a Young's modulus of 30 X 106

The variation in L/D was, however, not great
The elliptic curve whose equation is given by

8 = 41 665 [1 17 + 1 8 X 103(p/<rc ) -
025 X 106(p/<7c)2]1/2deg

appears to be a good approximation to the relationship be-
tween the buckle semiangle 0 and the pressure/stress ratio

Table 1 Listing of J (p/a) (t/R) X 103vs buckle semiangle

- - -B X 103 Semiangle
Z a JK

Source

0 321
1 026
0 311
0 541
0 900
0 705
0 903
1 4
1 77

61°
81° 30'
60° 57'
64° 32'
76° 30'
73° 30'
78° 30'
88° 30'
90°

Fung and Sechler (Suer), Fig
Fung and Sechler (Suer), Fig
Fung and Sechler, Fig 6
Fung and Sechler, Fig 7
Fung and Sechler Fig 9
Holmes, Spec 6 (top)
Holmes, Spec 6 (bottom)
Holmes, Spec 5
Holmes Spec 3

19a
19b
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Experimental Measurement of Pilot
Pressure in the Boundary Layer on a
Model in a Hypersonic Gun Tunnel

A J CABLE*
The War Office, Royal Armament Research and

Development Establishment, Foi t Halstead, England

RECENT interest in hypersonic boundary layers has led
to the development of instrumentation to measure the

pitot pressure in the boundary layer on a model in the (Royal
Armament Research and Development Establishment) no 3
Hypersonic Gun Ttfnnel,1 which, at its present stage of de-
velopment, is capable of simulating both full scale Mach num-
bers and Reynolds numbers foi quite large vehicles The
flow duration in this tunnel is of the older of 40 msec

The model chosen foi exploratory testing was a flat plate
with a hemicylindrical leading edge (-J-in radius) that had
previously been pressure plotted The model with the small
pitot tube for boundary-layei measurements is shown in Fig 1
The pitot was constructed of flattened hypodermic tubing
measuring 0 022 in X 0 018 in externally and 0 Oil in X
0 009 in internally Ihe tube was brazed to a body contain-
ing a Statham type PM 222 TC transducer The body could
be moved inside the model to position the pitot tube in the
boundary layei from a point 0 1 in from the surface of the
model to flush with the suiface

The model was tested at a Mach number of 8 4, and the
Reynolds number at the pitot position was 6 2 X 106 based on
freestream conditions and its distance from the leading edge
Foi some of the tests, an externally mounted pitot tube was
also used to measuie the pitot pressure in the region between
the bow shock wave and the limit of movement of the in-
ternally mounted pitot tube The boundary layer was

Fig 1 Model showing boundary-layer pitot
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Fig 2 Pitot ti averse close to model surface

traversed at 0 01-in intervals by the internal pitot and at
approximately J-in intervals with the external pitot

Figure 2 shows the distribution of pitot pressure in the
region between the surface and 0 1 in from the surface for
the model at zero and 5° incidence Also indicated are the
surface pressures measured in previous tests In each case
the surface pitot pressure is close to the surface static pressure
It can be seen that the measurements are repeatable except
for the legion around 0 04 in from the surface at zero in-
cidence On examining schlieren photographs (Fig 3), it was
noticed that the shock wave caused by the small pitot tube
ended abruptly at about this height This indicated the
position of the sonic line in the boundary layer, and it is
consideied that the nonrepeatability of measurements in
this region was caused by the flow being choked locally by the
presence of the pitot tube Since the position cannot be meas
ured to a gi eater accuracy than ±0 005 in from the photo
graphs, the sonic line is shown hatched in Fig 2 A similai
effect occurs at incidence but at a lowei height

The pitot piessure distribution in the flow between the
model suiface and bow shock wave (Fig 4) shows that there
is a region where the pitot pressure does not vary with height
above the surface (0 1-0 4 in at zero incidence) On exam-
ining schlieren photographs (e g , Fig 3), it can be seen that this
region conesponds to a light region with ill-defined edges
This has been interpreted as the entiopy layer in previous
tests,2 and a similar interpretation is plausible in this case
The extent of the region measured from the schlieren photo-

Fig 3 Schlieren photograph of model at M = 8 4


