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SYSTEMATIC WIND=TUNNEL HEASURX3ENTS ON ltIS.HLES+:-

By 0s Wlchner

INTRODUCTIONN

Vind.-tunnelmeasurem.en’cson ~rojectiles are a
useful complement to firin,stests. In general, the firing
tests are limited to the determination of the drag of
the shape of the missile. Other I)roblems,such J.Sthe
determination of the center of pressure and of the air-
f’orcecomponents or of the effect of projectile oscil-
lation, and so foi~th,are not solvable at all by firing
tests or only with great difficulties. Such studies are
very simple in the wind tunnel.

8 TileInstitute for Aerodyna~ic Research at G6ttingen
haz a small high-speed wind tunn~l in which a large
nunber of clifferei~tnonrotating mocie1 mrojectiles have

9 already been fnvestigated iilthe r~n~a of Mnch n~xnbers
Of 1.2 tO 3.2. The tunnel operates on the Prandtl
principle, that is, a brief stati.onar~-air stream is
produced tn cm evacuated tank by inducticn of .atimspheric
air. TMs mode of operation has become common practice in
a n~mlberof supersonic tunnels at different research centers
and ma;”be regarded as known, The jet dimensions are
110 x ljO millimeters. The size of the models is limited
by the oonditfon that the head wave reflected at the jet
boundary may not return again to the model itself and
must ilotinfluence the pressure at the projectile bases
Owing to the low density in the air stream it does not
succeed, as a rule, to obtain for these dimensions
Reynolds numbers high enough to permit figuring with a
turbulent boundary layer,

In the first version of the G5ttingen tunnel, suction
was from the free atmosphere- lt ,~~asfound that the air
in the Laval nozzles did not expand adiabatically. It

* +$’Systematische Geschossmessungen im l?indkanal,t’
from Lilienthal-Gesellschaft Report Eo, 1~~, pp 29-37.



was ?iieselsber:erwho f?.rstrecognized the condonsa-
t~-cnof the water vapor contained in the air during
the expansion as the cause of this disturbance. It
WG.Si~ecessarytherefore to calibrate the nozzlbs f’or
the atuosphwic mcisture occurrin~ in the course of a
yf3.aP● Figure 1 shows the resulb of this cqlibratioi~,
the expansion ratio P/P. i.splotted in logarithmic
scale against tileMach number (p = pressure in dQvol-
oped jf3t,p. = pr6ssure of aiv at rest). The dashed
curv’~repre[;entstho ?W6nt~opic mpansion for air



?ioreover,in very moist air tinewater vapor is condensed
intermittently (sb.oc?clike),xileretlm ccnde.nsatioaa
shock is r~flected by the nozzle throu{.hthe de?:eloped
:Cb. At moderate moisture sL@l a s’hockwad avoided by a
mild curvature of tinenozzles in the area of the coixlen-
sation regicn, and the disturbance of the ilow by the
ccr-;lensa,tinnwas already damped out at the ~~czzlEJtip,

,.oimnrove tke testin~ conditions the tunnel WLW
fitte; in l~j~ wtth a silica-gel filter, which,e~.tracted
tke noisture fron the air 51ow. It Pesulted in a practi-
cally perfect adiabatic expansion of air in tho Laval
nozzles, a3 irl~ica.te)fli.nf’i~ure2. I’h systematic.wi~;d-
tunnel stmdies on nonrota+jingmissile models, discussed
hereinafte~’,Wei”eal?.r.adowith dry alro

A missile ey.posedat m~le of attack a in a flow
of speed v is subjected to an air force E’ wl’dntho
normal-forc~ component N at ri.~htan$,lesto tht~missile
axis and the ‘cangen&IrJ-fOroaco:.poncmt k’ al~n~;~~~~
missile ax:s. On decomposlrigthe resultant force P in
flow Ciirecti.onand at ri~ltiangle to it, the d.zza~is
vi = T cos a + N sin a and the lift A = ;Tcos a - T sin a,
Tkc>distance of the center of pi’essurefrom-tho has; is
denotGd by f end.that of tkm center of gravity by s.
The mcment of the air force referred to thtibaso is then
MO = l;f and tho nmmnt r~f’erredto the ctinteraf gravity
is MS = N(f - s). ‘~.efbrces ~.rldrflq~l~ntsare u~ualiY
expressed by their nondimensional cofif’ficients
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$ = denoity, F = projectile cross-sectional area,
= caliber or diameter),

By definition the distance of the point of center of
pressure from ghe base is

in tlw small angle-of-attack ran~e~ This result is of
practical iw,portanc~hec~use of’its simplicity, .9sfor
i.nstarlce,for the calculation of the spin ncoa~scrg
for ~tabili.zatlon. For,by thtigyroscope theary the
increase of the moment enters il’itinecondition for a
stable flight of spin-stabiliz~d m.j.ssiles.
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With den/da and f/i) for a ~ Go the increase in

the moment Ms~ referred to the center of gravity of

“
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the missile,with a is easily computed, which is of
importance for the calculation of the stability factor.
At a distance s of the center of &avit~ from tliebase

dMs dcn -
=

I 1
(f- ~ “’

z -K..
s) &2F

Actually, the term Cn ‘a &2F
$

the ri@t-hand side oi’this equation,
again when interested in the increase

should be added to

but It disappears
of the moment at a

that 1S, Ut Cn = 0. Besides, f ~OeS not vary per.
ceptibly on the shapes involvsd here at SYMQ1 angles of
attack, so that df/da = O.
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subordinate part on very blunt head shaves. According
to the measurements, the missiles IJos.10 and 11 fitted
‘~ithspkerical cap have substantially lowei”~.ra.

~
co-

efficients, than the flat-nosed uissiles 5 and ,

Figure 8 represents the effect of the an le of
attack on the drag coefficient for shapes 1, E and 9
flta= 0° and a = 6°, The absolute rise in &rag
with the angle of attack was fmnd to be about even on
the different shapes, But the porcenta~e of increase
on the slender missile is much higher t~l~non the blunt
shapes. So in order to proserv~ the bcnefic3-aleffects
of a siender tip on the d-rag,‘morecare must be given
to the pointed than t~ tile b2wt ~.is~il~ , so tll~t ~nly
small penddationu (a~;les of attack) occur in flight.

len~tih of 5 calibers and height of tip of 1,~, 2.5, and
~,5 calibers is sb.ownin fi~ure ~. The data for dc~da,

f/D, and CIV ata=OO ape re~>resented in figures 10
to 12,

A sligb.trelationship between rise of normal-force
coeffici ent and Mach number wit?.1a f1at r.ax~-rmm.at around
?,!= 2 was here also observed (fi~. 10). This rnuimum iS
less on tilelong slender tip IJo.2~.then on the shorter,
fuller tip 1 or 22, Compared with fiomrs ~ it is found
that clcn\da decreases on Poi. ilted. head shapes with
increasing slendernesssof tip as well as on blunt shapes
with increasing flattening or r~undtng, and that a short,
fUll ti-p,sq’, of shape 22, givas the greatest increases
illnormal-force coefficient with the angle of attack.

The center of pressure (fig. 11) lies farther forward
on the short than on the longer tips, s.ndlikel.vise shows
a slight tm.dency toward the base of tb.emissile at
increasing Mach nurioer. But the decrease in f/D becomes
consistently less with increasil~ slenderilessof the tip.
C% shape 24, for example, the applied mom-e~ltis alrea&~
practicall~ independent of ?? and.the same holds for the

d.cmo dcn f
rise in moment coefficient ~ = ~ ~ with a. This

—.
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result is also very pleasin~, for example, when the
curve of precession along the flight path is to be
determined.

AGain the drag coefficients for a = 00 (fig. 12)
eihibit the decrease characteristic of pointed missiles
at increasing Mach numbers At higher speeds the dxie.g
coefficients act approxti.atelyinversely proportional
to the tip length,

Effect of the c~l.indri~l lanF@ ::~+y-~J_Qeed
sh: ~~v~tie-d-yfizon o~ a ~~!Lg by’ the air ~g
~ $Ilverselyproportional to the cross-sectiion~.lloading
(rat?.oOf weight to CI?C$J5seci:ionof’missile) and
directly prq~oz%icnxalto the 6.rqjeoei’ficiant, A sub-
stantial increase in crc,as-sectionallnadinG to reduce
the deceleration o.tthe flying nissile for a.given
calibei*is possible only by lengthening the missile. But
with increasing length of missilo e lfmit is reached
begtnnii~gat which the stabilization by rotation becomes
difficu~to It 1S therefore paz%icularly important to
check the effect of missile le~th on the air forces
and moments in wind-tunnel tests.

Figura 13 shows four missiles of identical ttp shape
and o-~er-alz lengths of 4., 5, 6Z and 7 calibers measured
at It!= .2*64. The normal-force coefficients are shown
plotted against the missile length for a = 3°, 6°, and 9°
in figure 140 At small a up to 3° the effect ot
lengthened cyllnder on the normal-force coefficient is
Vexg small. Thus in the range of small a the va].ue
dc#da is largely dependent Upoilthe shape of the head,
and little affected by the cylinder length, At ‘greater
a the cylinder contributes a perceptibly increasing portion
to the normal force With the length,

The distance of the center of pressure from the
missile base at different angles of attac!~ is re;~resented
in figure 15. The short missile showed a slight travel
of the center gf pressure toward the base with increasing
an@O of attack. ??lthfncroasing cylinder length tkis
travel is more pronounced because the oontr?.butionto the
normal fcrce increases at greater angles. I?orexaxplo$
on the longest missile cf this series the center of pressure
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at (-L = 10° is already by half a caliber fsrther back
tha;l at a ~ Oo, and for still lon~er sha~’esan even
more pronounced trav~l with the &ngle of attack is to
be expected, as confirr~edby several tests (not
deocrik6d here) cn sereral 10-caliber long rcfsslles.

Effect of bow tail on the drag,- Slend~r ~iissiles
are f~quently fi7EE=&~th e..loovf%il to reduce the air
drag, Since low pressure prevails at ths base of’ the
missile, the. object is to lower the suction drag by
reducing the area of the base. However, it ShOdd be
borne in mind that the air expands more or less around the
envelope of the bow tail, depe-nding upon tb.e cone anQeO
which again acts in the sense of a drag increase~

Figure 18 shows four missi].es, the draG coefficients
of ~~h~ch ~~ to be co~ared for axial flow. Shapes Z$ 16$
and 18 represent a series with constant cone len@h of
lk = O-5D and cone an~les ~k = 0°, 5°4.3?$ and 11°191s
while on the series 1, 16, and 21 the cone angle ~“~.~~ is
c cns tan% and the cone length is C, O.~$ s@. 1-0 caliber-
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In order to be able to gain some idea of the
or?ie~ cf magnitude of the su@tion drag and cn eventw~l
improvement by a bow tall, the ratio of static Dressure
of u.adisturbedflow to dynamic pressure

The drag measurements in the wind t-unnelat a = 0°
(fig. 20) actually showed at M = 3 no i)orceptf~~~
difi~renco in the mis~ilss equipped vith this tail
compared to the cylindrical forw At decreasinflY.ach
number, however, a noticeable improv~ment could be
obscmved. me upper part of this figure shows the drag
coel’f’ici.entsof the three shapes witk equal cono l~n~th
and different con6 anglas plotted against the Mach
numbGr~ The measurements indicate that shape 18 with
the greatest cone ai@e has, in spite of the smaller base
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diameter of 0.8D, a greater drag than shape 16 with the
least cone and a base diameter of 009D, This is attri-
butable to the greater expansion of the air mound the
bow ta+.1of sha,~e18. The lower part of fip;ure20 shows
the drag coefficients of the series with eq’.l~lcoue
angle and differ3nt cane lenGth,s, The drag coefficient
decreases monotoillcwith decreasing base area, altl’.ough
the difference of shanes 16 and 21 is ~nl.chless than.that
betwe3n 1 and 16, -

COMPARISON OF WIED=TUNITEL

13ecause of the Ihn?.ttid experience in wind-tunnel
rneasurenen.ts at higjh sp{:ods rosulzs of firing tests were
used for comparison as l’ar ac posnible,

In f’igcu’e 21 the ~.r.sg coefficj,entsof a bull~~t
measured in the tunnel are cor.:pa~ed with fi.r5.n~ tests,
The a~reenientis ver~~~ood, The me.x.imumdif,fer3nce

amounts to about 1* percent.

‘E% agree~:entwas just as close for a blunt mjssile
shape with a drag coefticigrt Cw = 9~O”~;but less
satisfactor:rfor very slender slmqesc

I’igure22 shows the recorded drag coefi’icientisof the
sS missile at a = 0°, 3°, SO$ and 9° plotted against
tineKach nu.ber. Pke marked rise in drag coafftoi.ent
with a on such slender shapes has already been ~oirlted
O-ut. The dasked curve I>epreoentstlieav.era~evaluo of
the dra& coefficients obtained fron the ti?r.eof fli~iit
records. The dra~ coefficients in the firinG tests were
ot the order of mtignituckof thos~ measured cLt a = 6°
ih the tunnel. ~?owever,such a highly developed mjssile
certainl~ does not oscillate so much in its ncrr.alf’li@t
tilatthe axis of the illi3Silea~erages a Lo departure
from the tan~en.tto the trajectory. Kutterar (who had
made the tests) pointed out, how3ver, that the scattering
in his test was fairly Crest and amounted to atmut
*10 nercent (chaded aren.in fig. 2.2), Tbi.sscatter is
then’to be explained by the oscillation of missile rather
than by inaccuraci~s in the time of fliGht jmasursiLlent
and its interpret at ion, because the measureiilentswere

I’II~C?Le directly behind the muzzle● The lower limit
of ths scatter is therefore the in.ostlikely one,



and the difference rglc.ttvcto the wirx%tunnel r.mus~~owoilts
ata=Oo anda= 3° is then no doubt lCSS*

Further?nore, in this comparison, the efi’ectof the
~e~nol~s n~l~lbel’ cn the friction drag must also ?3e
allowed for, since it mounts to a perceptible portion
of the total Wag on such slendar mfssi.los, In thfiwind
tunil,elthe alr density at hi~h I(iachnumbsr$jis bery
small because the air stres.mis produced hy expmsi.on
of the at,~.os”phericair. At ~y= ~, for instance, the
ReJ-olds number referred to the length of a 15

T
illi-

meter diameter SS missile model is about ~1.X 10 , while
the natural size SS missile at tb.Gsaw-e~~~achnumber
flies with a Reynolds number 0? about 2 x 1069 Honoe
a laminar bouada’ryiayfi”:-wliia frictional drag coeff’i,-

,-z.,c~”er~a~dt,.)m~~~ile cross sectionci~r~tOf .iroundC,LJ,}AfJA

~us~ be f~L:~.red ~~i’~h~ j-.). ~ii~~.l-tunn~ltests. ille
friction layer on the natural Size 3S missile is tur-
bu12nt, E.owev?v,and the coefficient cf the fuictim
d~.aGiS Zp:jroxiriatcl.y0,05. So in !j~.eo’~servanceof
the natural size Reynolds number the total drag measured
at 1;= ~ must be i’sisedky a-rxut10 percent, and then
th~ a:ree~~lent with the firin~ test will also btisub-
stazniiallybettors

Naturally, in the pr~viously discussed wind-tunnel
~L~a~il.~’@l.?@nt~, a corresponding Lnfluonce of friction
drag by th~ Reynolds numben must bs takoj~into acco’~nto

‘1%6 i:~onl~n”ksnl~~surs”d i12 th~ ViindtU1311~lWGI’Gchecked
as closely as pOSSib~G by l’irin~ttiatn. The Tlomentsand
the posttim of the center of :messure vwrc zntiasured for
a series of systematically len~thenud missiles v:ith
s.pproximat~ly’ equal head form. MQ ~~i~etai~. Eo~’s%
Co,npany, ilkseldorf, fired thos~ missiles with v.ari.Jus
center-of-.gravity’ positions from barrels wtth diffe~%nt
angles oi’ tw’ist and measured the oucillatiow of the
missiles by firing through pasteboard tarscts (ref~l’ence l).
Tho stability factors

?

.
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