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SUMMARY

Drag-at-zero-lift obtained on somc simple shapes during experimental
studies of the aerodynamic characteristics of various airborne stores are
compared with results from other sources.

Reasonable agreement is found between the measured drag, corrected for
the effects of skin friction on the cylindrical surface, and integrated
pressure distributions.

The measured variation of forcbody drag is found to agree well with
modified forms of the prediction of Maccoll and Codd in the case of plane-
nosed cylinders and an expression derived by Hoerner in the casc of
hemispherically-nosed cylinders.

Replaces R.A.E. Tech, Note No, Aero. 2875 — A.R.C. 24,85,
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1 INTRODUCTION

In the course of studies of the asrocdynamic characteris*ics of various
airborne stores a considerable amount of information has been cobtained on the
drag at zero incidence of cylandrical bodies wzih plane or spherical noses.
It was thought to be of some general interest to collect these data togsther
and tec comparc thesn with results from other sources,

In all cases the effective base pressure has been made equal to free
stream static pressure.

2 PLANE NOSED CYLIMDERS

The variation of drag with Mach number for cylinders with plane noses is
shawn in Fags.! to 3., BExperimental results quoted were obtained both by
pressure glottlng1‘5 and by force measurementi=0, Two available thecretical
results?,10 are also shown.

In the analysis of fcrce measurements 2t waill be useful to understand
the different types of fluw which occur at subsonic and supersonic speeds.
Pig.4 shows flow pictures and pressure distributions along the cylindrical
surface, obtained from a number of sources for M = 0.9 and 1.6. Although
these data were oblained at various keynolds numbers {they are typical of the
two basic types of flow,

At subsoric speeds the flow separating from ithe edge of the flat front
face forms a large bubble round the cylindrical surface., &t Mach numbers up
to about 0,81 the velocity at the edge 1s subsome! so that separatzon occurs
tangentially (1,84 the separated boundary layer 1s initislly tangential to the
front face) with no change in velocity. At scmewhat higher Mach numbers there
is, theoretically, sonic velocity at lhe edge18 with a Prandtl-veyer expansion
arcund the sharp corner, followed immediately by separation at some angle to
the front face, In either case pressure recovery occurs gradually in a region
of high turbulence resulting from breaking up of the seporated boundary layer
into eddies. As lar as pressure recovery and mean streamlines” are concerned,
the bubble may be sald Lo close after a distance which increases! from about
2.6 body diameters at M = 0,7 to about 3.5 body diameters at M = 0,95, Hever-
theless the velocity fluctuations are sti1ll very large, as may be expected from
the appearance of the shadowgraph picture.

Further increase in Much number leads sventually to a sudden change in
flow pattern to one typacal of supersonic speeds. The separated flow reattaches
close to the nose, at a clearly defined lins, forming @ short bubble followed by
a thin boundary layer. Pressure recovery cccurs through a shock wave emanating
fram the reattachment line,

It 15 now possible to analyse the force meacurements, which are plotted
in collective form in Fige.l. At subsonic speeds ihe dafferences between
results for cylinders of length 2.5 dlametersh, 4o8 drameters® and 10.94
dismeters® (Fig.1)fdrpwaﬁtfibutablg to differences in skin friction drag on
the cylindrical surfate. These dafferences have heen used, along with an
estimate of the lengthof the bubble from Ref.!, to determine the total
contributions from skin {riction. Fig.2 shows the drag corrected far skin
fricticn., The resulting collapse of the data s strzking.
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In Pig.3 the curve through the corrected force data (from Fig.2) is
compared with results from pressure plotting tests and from theory. The
agreement between force and pressure plotting results is seen to be very good,
apart from slight dafferences an the range of Lach numbers from 0,9 to 1.2,
which may have arisen from transonic tumnel interference.

The theoretical result due to Maccoll and Codd® is in fair agreement with
the experamental results. The later theoretical result by Evans and Harlowio,
is too high. It i1s considered that the discrepancy can be attributed te the
ceoarseness of mesh used in caleculations of ref,.i10,

The variation of drag ccefficient with Mach number is very like that of
the stagnation pressure coefficient (which 1s sleco plotted in Fig.3). It has
been shown'»'S that the flow first attains sonic velocity at the sharp edge of
the front face at all free stream Mach numbers above zbout 0.8f. Hence the
pressure at the edge 1s constant at 0.528% of ‘the stagnation pressure {wnich
obviously eccurs at the centre of the front face); and provided that the
pressure distribution between these two points remains constant the drag
ccefficient will be determined. On this basis Haccoll and Codd? estimated the
veriation of drag with Mach number, The  resuli may be cxpressed xn the form

ann -

()
t

where H, 18 stagnation pressure on face of cylinder
Py is free stream static pressure

a4 is free stream kinetic pressure,

and the factor 0,9054 was determined from their theoretical result at M = 1.5,
This curve 25 secn in Fig,3 to follow the trend of the experimental results at
Mach numbers above about 1.2 (a coefficrent of appreximately 0.915 would have
represented the data more exactly),

At low subsonic lMuch numbers the velocitaes over ihe whole face includ~
ing the edge vary with Mach number, Assuming local velocities to be proportional
to the free stream velccity, the drag coefficient s expressible as a functzon of
¥2, 1In fact tac oxpression

G, = 0.758 +0.296 e

gives & very good representation of the dreg at kiach numbers up to 0.9, being
indistinguishable from the mean experimental curve through the force data
(Figs.2 & 3).

3 HEMISPHERICAL NOSED CYLINDERS

The variation of drag with Mach number for cylinders with hemlspherical
noses is shown in Fig.3. EBxporimental resulls nuoted were obtazned by pressure
plotting?,3,11-15, interferomeiryl® and force measucement»6. No theoretical
data are availabie,
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Agreement between results from the various sources is again good, the
small differences being attraibuted to differences in skain frict.on. The full
line represents an estimate of drag of the hemispherical head, chtaincd from
the experimental data after correction for the effects of skin {riction.

Av the upper end of the Mach number range considered here the ex?erl-

mental data are uin reascnable agreement with Hoerrner's empirical formula [ for
kyperscnic speeds,

H, - p -
2~ PN/ o.u)
G = 0051 -
D ( VAN 12

However, at lower supersonic Mach numbers thas formula gives values which are
a litcle high and & further term 1s necessary., The empirical formula

Hrw -p 5 I
¢, - (-—-—-.-—— 1) (0.51 -1z 0‘022*>
4y Be H

is found to be in goocd agreement witlh the corrected experimental data at all
Mach numbers greater than 1.3.

4 CONCLUSIONS

The varxetions with Mach number of forebody drag at zero incidence for
cylinders with plane and hemispherical noses have been analysed.

Measured drag corrected for the effects of skin friciion on the
cylindrical surface, agrees in general with the drag obtained by integrating
rressure distributions,

The varrations of farebody drag are found 1c agree well with modified
forms of the prediction of Maccoll and Codd” for plane noses and of the expres-
sicn due to Hoerncr!/ for hemispherical noses. Thus for plane-rosed cylinders

c 0.758 + 0.296 N2 for 0 < M< 0.9

D

c

p = (058, ~p)/ q for M > 1.2

and fer hemispherical nosed cylinders

Hy = P\ 0.12 0,082
¢, = [———— /6.51 -—tes L= ) for M > 1,3
b ( oy ) \ Mo i
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The measured variation of forebody drag is found to agree well with
modified forms of the prediction of Maccoll and Codd in the case of plane-
nosed c¢ylinders and an expression derived by Heerner in the case of
hemispherically-nosed cylinders,
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