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SYSTE¥LATIC \~liD-TUNNEL ~:1EASU?3m5NTS ON LHSSILES-::· 

By 0. Walchner 

INTRODUCTION 

":7in0.-tunnel measuren:ents on projectiles are a 

0144774 

useful complement to firin3 tests. In generul, the firing 
tests are limited to the determination of the drag of 
the shape of the 111issllea other :.>roblems, snell a,_s the 
deter~irl.nation of the center of pressure and of the air­
force components or of the effect of ;?roject5.le oocil­
lation, and so fo~th, ~re not solvable at all by firing 
testa or only with great dii'ficulties. Such studies a1 .. e 
very simple in the wind tunnel. 

~1e Institute for Aerodyna~ic Research nt Gottingen 
hac a s:nall high-speed wind t1.mn3l in which a large 
nuLlher of different nonrotat:tng 1noc'iel <)rojectiles h£,.ve 
already been investigated in the ra...."'le;a of Mflch mnnber·s 
of 1.2 to 3.2. The tunnel operates on tl:e Pl .. andtl 
principle, th&t is, a brief station~ry air stream is 
::~reduced in 8.n evacuatec1 ta!lk by inducticn of' atmospheric 
ail"• T'nis mode of operation has become cor.tl!non practice in 
a nu.mber of' supersonic tunnels at clifferent research centers 
and may be regarded as l::now.a. The jet di:mens1.ons e.re 
110 x 130 millimeters. The size of the r.:odels is limited 
b'~l the condition tha.t the head wave reflected e.t the jet 
boundS.I"J may not return ~.gain to the :nodel i tsolf and 
must not influence the pressure at the projectile base. 
Owing to the low densit~:r in the air stream it does not 
succeed, as a rule, to obtain for these dimensions 
Seynolds numbers high enough to :9ernd t figuring with a 
turbulent boundary layer. 

In the first version of the Gettingen tunnel, suction 
was from the free atmosphere, It was found that the air 
in the Laval nozzles did not expand adiabatically. It 
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was bliese lsber~er vrho f5.rs t recognized the condensa.­
"Clon o:f the water vapor contained in the .'.lir du.l~ing 
the expansion as the cause of this di~turQance. It 
was necessary therefore to calibr&te the nozzlbs for 
the atl!.l.osph~ric moisture occurrin5 in the course of a 
:iea.r. Figu:r•e 1 sho~1s the result of thi.s C'1libration. 
'l1J:1e expansion r_atio_ p/p

0 
is p],otted in loga:"i thr.lic 

scale against tne ~·ach number (p = pressure ~n rtev·~l­
oped jet, p 0 = prQssure of air at rest). The d~ehe1 
curv·J r6pret;ents th3 isentr-opic E:t:;:p9..;.'lsion for air 

1 \~ 
K - 1 2~ } 

+ ·---=- H / 
2 ; 

v;:t th the r:D.tio of tho s.rec ii'ic h~a. ts K = 1,405. 'rhc.r 
e:Kpans:!.on of m0ist Eltmospheric air yi:=.ldud the indi-
co.ted departures from tho iscntror;ic cur·vG of seven 
diffort:mt L£..vs.l llOZZlt;~. canc·3, v.ith incrEH .. sing !'f!OJ..Sture 
eon tent of the :!.n<..~.ucted air, mor•c heat j s continuously 
released at conjensation .:tnd this hee1t innv.t lo~:oz•s !;he 
oxpans:ton in a nnzzle of S!'t.cif:!.c ortfico·- r·e.tio in 
increasing maasur~, the greatest depnrtur~H from the isen­
tl•opic cur·v6 wore observed on sultry summJr days, the 
l6as t on cold vJint0r doys. Luriwieg cht..ck·3d this cxp13ri­
menta.1ly established l'<.·sult by <.m a~-,pr•oxim:ttion. P:r•o­
ceeding fro~ a Laval nczzlo of civen orifice ratio a 
combination of riomentum continuity and t:~ncl'.£:Y e.Juations 
clossl~; confirmed the desGribed departurd from tl:e 
i!entropic curve, when a heat input oorresponding to the 
heat of condensation :i.s introduced in the equ:ab:i.on. 

Although 1-t thus succe€lde:1 in taking lnto a.ccou..l"lt 
the e1fE:ct of the air r.-.oisture on the Nfach number, the 
pressure a.t the nozzle tip an1 the dyne.mi~ r.;ressure, the 
condonr,ation :made 1 tself n~vert!wles3 c:.istu:rblnely 
notioeable on tho q~ality oi' bho air stil'tHl.rn. :.ra.turs:q.y 
the inv€ s tige.tirJn of models i:n the wind tv ... ~·mel makes hn 
opt~mum parallel jat desirable, ·1t:hich in tul"n r•3quire3 
a. well-defined nozzlG shape for each Hach n-t.il1i.bBl'• :aut, 
since th€; l~s.ch nut!bel• of bhe sa:ma identics.l nozzle varles 
with tr..e moist•.1ro content oi' tho r-.ir, tho pe.rallellsn 0f 
the air strt.E-..m .t~ for this vGry rC;ason evGn onl;r appl~::>.:;d­
:mately reached, when moist 3.tmcspheric a~.l' is expanded, 

• 

• 

• 

• 
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Horeover, :tn very moist air the water vapor is condensed 
intermittently ( shoc){like), '.".'here t:1o ccnde.nsa.tion 
shock :J.s reflected by the nozzle tr...rourh the de--:.~eloped 
SE.:t. At moderate moisture snch a sh()ck wacl avoicl.ed 'iJJ" a 
mild curvs.ture of the nozzles in the area of the conden­
st..t:i.on region, and the disturba;.1.ce of the flow by the 
con.:iGnsa.tion was already darn.peq out at the nozzlEJ tip. 

T.o improve tte testin5 co~ditions the tunnel waa 
fitt8d in 1939 with a Eilic~-gel filter, w!1ich extracted 
the -r:to:l.st".lre fror·t the air :Plow. It resulted in a practi­
C[~lly perfect adiabatic expar..sion of air in the Laval 
no::zl(1S, ao inltcs.te:i in fi[';'t;.r"J J. Trw systematic wir~d­
tunnel st-udies on non.rotat:tng 11issile lnod.t:::ls, discussed 
hereinafte:.•, we'i."e all :r.:ade yfi t:1 dry ail•. 

FORCE D!AGRAl.: o:-r THE i·I!oSI:LE AND ILLUSTRA'l'IOU OI·:r A 

· .a missile c;;xposed. at A.nd:le of atte.ck a in a flow 
of speed u is Eubjecte~ to an nir fore~ P with tho 

-.... normu.l-forct:. co!llponant ii at richt anglea to ·cht'l missile 
a:ds and the tangen~ir...l .. foroe co: ·pon(.;.nt ·ir o.long ti:1e 
lil..iS3i:le ax:!.s. On decomposing tht:~ resultant force .P in 
flow uirection und a·\j ri3i1t anglo to it, the d.rae: is 

" 

W = T cos a + N i!in a and the lift A = :r cos a - ·:::' sin a. 
Tt.G distance of the center of pressure from· tho basD is 
denoted by f and that of the ce!'ltel' of gravit~r by s. 
The mcment of the air force re.forred to th-:; baso is then 
M0 = 1;f and tho n~o:mGnt r :;,forred to the cc-,r.:.ter Df gravity 
is ]~s = N(f - s). Tb.e forces and moments are usually 
~xprcsf'ed by their nondi:mensionul couf'fici~nts 

c n 
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(p = den3ity, F = projectile cross-sectional area, 
D = caliber or diameter)~ 

By d0finitlon the distance of the point of center of 
pressure from ~he base is 

f 0 !llo 
J5= en 

Figure .3 .shows an eXrul1f'le fc,r the meat:tureJrlent of a 
p1odel in the tunnel. TI-le projectile has a lent;th of 
4 calibers, 2.5 of which arE:l tlp and 1.5 c~linaor. 
The Obive merges tancentiully in the cylinder. ~1e force 
an1 n.ument co~.fficients for· Macl.1. nur.~ber l.s-'9 as vJell 
as ~le ,ocition of the canter of ~recsura Rre plotted 
asaillS t the ancJ.€ of attack • 'fil6 tal.!.c;€~t.iP.l force 
coe.f.f'lchmt incl"ease~ e. llttle witi.1 the ant;le of atte.ck, 
and the dl'D.G coefficient :!.ncreas6s evEn :":lo:::e a.t gre9.ter 
angles 1 bec8use a cor.~ponent of the no:r·mal fo::-•co:J entel'·s 
in t;htJ drae;. Lift 1 normal force 1 and moment cooffir.dents 
1ncrGase linearly with t:1.e anJ:lG cf attacl: for small 
angles. The position of the center of pr0seuro proved 
to b~. independent ol.' the ancle r.;f at t8.ck on thif.! !r..OuEll. 
The incrGace of c t; with a a.:nc. tho position c·f' t~w 
centel' of presaul"o indcpend~nt of a is not gel~era.lly 
applicable but f.:l.pplit.~s Sf!t:lC iflc ·9lly to ti1.:i.l:l pro .fee tile• 
sha;)O at I,~= 1.0

1
9. O'th3r proj~Z.ctilus .shov1, f(;~ 

exrunplc, .:1 ct nd3p~;;ndont of. a or at greaten• angles, 
a rolationsnip between f/D and a. But all the 
models with the most variod sh=::..pos investigat::rd. within 
the fremew-ork of the nresent ronort exhibited an 
approximately linear :l.ncrease o.!' en an:i cm

0 
with a 

in the; small angle-of-attu.ck ro.nge. This result is of 
practical importance because of its simplicity, ~s for 
instanc"3 1 for the calculation of the spin nooooscry 
for stabilization. For,by thu gyroscope theory the 
incroa.se of the moment ente.rs :tr1 the condi tio:n for a 
stable flight of spin-stabilized rni.Jsiles. 

• 

• 

• 
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RESULTS OF SYSTE:·TaTIC T3STS 

Projectil~s of iQentical length with dif~erEnt 
head ~£a'!')e.- Figure 4 represent.3 six id.e3.lizeli models 
(v:i th~utcsnterint; collar an.C:. rotc.ttne banns} or 5 calibers 
in longth each and different head shal:les. l,!o. 1 is an 
ogival-headed missile with· an ogival l'a.dil.ls cf' 
6.5 calibers and e. tip length of 2.5 ce.lib0rs. On Nos. 5 
an:l 6 the oe;i v.::.l radius is th'3 s o.n:e .::.s ":)n 1~0 • 1, but 
the ti.ps v;ere shortan(;d by 0.5D ~:m::l l.CD, re;spt:ctiv0ly, 
givinc t~e flattened front areas a die~etur of 0.36 and 
o.64 cal1b€irs, recpectively, No~ 9 is a cylindor; 
Hos. 10 ancl 11 correi.!po11d to t:.w chu.pes 5 and 6, 
spherical cc.ps with tange:ntie.l entry be:in.'3 f'itted to 
the fl~t surfacos and the cylinder lengths Ehortened 
by the beit:ht of the c&.ps, so that the ovr:;r-a.ll length 
.~mo· .. n1ts to 5 calibers egs.in. ·':'he m":)st i:-:tporta.nt t~fst 
dz.ta of' th:!..s seri€is ur(; represJntad in fi.sures 5 to 8. 

Figure 5 shows the rise ln normal-forcu co­
efficient with the ~nsle of attack dcn/da at a = oo 
plotted d.c;aina t tha 1·~ach number. Ni tl'!. e:.-:csptlon of the 
cylinder, s.ll she-pes f.i VA e. ml3.x5.m.u::n v;:::.lue a. t ::~.rcu.nd 
!it = 2, while at smallE:r -'.llld g:::-'02.tor M aoncwh!lt lm•Tc;;r 
v~h1cs ;,ve1•e o·oserved. The co:;tr•.:.rlson cf tr ... e rise in 
r...<J~na.l-f"JrCEi coefficient wi t..'I-J. th~ an::.;l& of att;::.ck at 
.fix:Jd 1'iaob nu."llbE:.r 'ii:::clos'-' s· :.~. 0.is tine t reJ.e.tion.::thio v·i th 
the slen.lel•ness. rat5.o of the tlr. ~dth incre~:L:1ins­
flatteninc or rounding, rJ.cnf'ia decroc.sus and c..s.su.."'tlcs 

the s:ro:.allest ve.lue a.~ the cylinder. 

In fi[,"Li.re 6 the distc:tnce of the contur of ~re.ssure 

f' _ dcnlo .:~-
from the base of the missile ~ is ~hown for D - do: den 
a = oo 'fue center of pl'essura on 211 sh:...!_-:E.;s trr:.~ele, with 
increa:sinG ~II., toward the baso of t:t.e mj asile. This 
tl;'a.vel is very little on No. 1, but more O!.l the othOI'E:• 
The mea.su:..'ements further show for equal Mach nmnber 
that the air force on the blunt ~hape~ is applied 
farther fol'wa.r'i than on the mol"'e slender ones. 

With dcn/da and f/D for a = oo the increase in 
the moment M5 , referreri to the cent&r of grav:tty of 
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"the missile., with a is easily contputed, which is of 
irr..ool~te.nce for the calculation of t:'le stability factor. 
At-a dist~ce a of the center of gravity fro~ the base 

d.M de - 2·~ 
--.!!. = -111 ( f - a ) .£

2
:u F 

d a do; .. 

Actually, the term c QJ: 9.,2p 
naa2 should be added to 

the :t•ight-hand side o1' this equation, but it disappears 
E..gain when interested iri the increase of the moment at a 
that ie, at en= 0. Besides, f does not vary per­
ceptibly on the shapes involved here at snall angles of 
attack, so that dflda = o. 

Figure 7 shows the drae C-:>efficients for a = 0° 
plotted a.ga.:tnst t.he :;:a.ch 1111ri1ber. Ti'lt~Y are of the same 
order of magni~ude at speeds neRr the velocj.ty of sound 
for all shapes with e}:CeDtion of the cylinc"e::r. With 
inct'easing r.Iach m:unber tho drag coo.ff'icients of the 
pc1~1tnrJ. 9ha.pe d0cr8ase, while tlic\se of tlJ.G blunt houris 
increase. IJ.his he.lla.·:icr is attributable to the dif-

= oo 
I 

ferent ratio of' 1::.e ::d ~1rag to s,mtian C.r~~,:;. T:1e coaf'.t'1e1ont 
of the s.uction d.rc..J {.ccro<.:1ses ~lit::!. incFo·.t.~)..ng .~t·.o:h ~'IUil'~'ber 
ar.:i in the extreme coze of very high 2peeds ap_!)roach_;s 
tr.G value zero. F'or .sle:1.del ... :t:L:::sile heD.d.s the l1oad 
c1.ras; ~r<ii'ies 1 .. o.ther littlo wit;.l thrJ ·:tah rrumb.a!" nr..d t!10 
total drsg coefficient will tharefo~e decrenje with the 
:Mac:J. numbe::.~. On yery blunt head shapes, howevG:"', the 
coef.t'ic.ient of the !:lead drae:; must follow the chars.ctGr 
of P:-andtl' s ·dYll!?.rni')• pressur•e forrr,ula fol"' superuonic 
speeds 

: K + 1 
It 1 • 2(K - 1)-

.1/i?-

(6p = pressure rise in thG staGn~tion point over pressure 
is tJ.ndis t~u•be:i i'low). This f'Ol"'!nula ensure~ values -;·,r}lich 
1ncreaee ·.:vi th increasing 1.£ach number and at very high 
e.pee·:ls approa.c!l the limiting value 1. m~ for oir with 
K = 1.1.~05. RtJ.t the coefficient of s.tl.Otion dro.G pl.:t·;F"s a. 

• 
• 

• 

f 
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subordinate part on vary bl1mt head sha:pes. According 
to the :me asu:rements, the missiles l~OS • 10 anC. 11 fitted 
·1lth spherical cap have substc.ntially lowei. .. c.rag co-
a ffic lents, than the fle.t-nosed 1Ji s s ile s 5 al.LC:l. 6. 

Figure 8 re~resents the effect of the angle of 
attack on the drag coefficient for shapes 1, 6, and 9 
at ~ = 0° and a = 6°. The absolute rise in drag 
~ith the angle of attack was found to be about even on 
the different shnpes. But t~e ~orcenta&e of increase 
on the slender m:!.ssile is :·,1uch higher then on the blunt 
shapes. So in order to preserve the beneficial effects 
of a slender ti:? on the dro.g,:~ more care must be given 
to the poi~ted than tD t~o blunt missile, so that dnly 
small pend·.D.ation~ ( a.U(:;~.es of attacl::) occur in l'light. 

Effect of .h.ei~ht of t:!.'l") for equal ovcl"-all ler ... :~th.­
A fur"t:fiertosr-ser.!.es-ofpv~ntwTissffisof t~1.e' same 
lencri;:'-1 of 5 caliiJers and hetght of tip of 1.5, 2.5, and 
3·5 calibers is shown in ficure 9· The data for dcnfda, 
f/D, and cw at a = 0° a:;:>e re:)re sented in fig,n"es 10 
to 12. 

A slight relationshi) between rise of normal-force 
coefficient and Hach numbe:ro v.rith a flat max5.rt~U.~ at around 
1.1 = 2 was here c.lso obser~led (fi[;. lo). This maximum is 
less on the long slender tip No. 2~. then on the shorter, 
fuller tip 1 or 22. Compared ,,"lith fl,zure 5 it :!.s found 
that dcnfda decreases on pointed head shapes with 
increasing slendez•ness of tip as 1.~!ell e.s on iJlu.nt shapes 
with incr9asing flattening or r~:mnd"l:1g, and that a sh.')rt, 
full ti·CJ, say, of shape 22, givGs thG greatest increases 
in normal-force coefficient wi t~1 the angle of attack. 

The center of pressure (fig. 11) lies farther for¥-;ard 
on the short than on the longer tips, and lilcewiE~e shows 
a slisht tendency toward the base of t~e ~ssile at 
increasing Hach numbel"'• But tha decrease in f/D becomes 
consistently less with increasil1G slender:.1ess of the tip. 
en shn9e 24, for example, the aryplied mome~t is already 
:practically independent of F and. the same hoJ.ds for the 

demo den f 
rise in moment coefficient "(fa = a:ct D vli th a. This 
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result is also ve~J pleasing, for exa~le, when the 
curve of precession along the flight path is to be 
c1eterr,tined. 

AGain the drag coefficient~ for a = oo {fig. 12) 
er~ibit the decrease characteristic of pointed missiles 
at increasing Mach ntunber. At higher speeds the Cl.r•e.g 
coefficients act approximately inversely p~oportional 
to the tip length. 

Ef~e~_L_of the ~:v:.U.~i~ lsnr:.!v.2~C!.,_u_~_heed 
sha:e__e ~ ... T.ne deceJ.era:G~on or a rrJ:ss1.LS by the o.ir drag 
rs-Iii:versely proportior.£1.1 to the cross-seetionl?.l loacling 
(ratto of weign::i to c:;:ocH-:;,'3 ,secti·J11 of' miS::!lle) and 
dire0tly propor":.;iona.l tc· "vhe 6.rag co~ffiuiant. A sub­
stantial increase ~-n n:r'c,ns-sec tiona.l lnading to reduce 
the deoeleration of the flying nissile for a given 
calibel" is possible onl-y· b:;r lengthening the l!lissile. But 
with increasing length of r•tissilo e. limit is reached 
beginning at which the stabilization by rotation becomes 
difficult" It is therefore particularly Lnportant to 
chec!c the efi'ec t of missile lenc;th on the ail• forces 
and :n.orJ.ents in wind-tunnel tests. 

Figu~e 13 shows four mis~iles of identical tip shape 
and ove1~-all lengths of 4, 5, 6) and 7 calibers measured 
at M = 2o)64. The normal-force coefficients are shown 
plotted against the missile length for a = 3°, 6°, and 9° 
iu figure 14. At small a Ui) to 3° the effect of 
lengthened cylinder on the normal-force coefficient is 
Vel/'!f small. Thus in the range of small a the value 
dcnf'da is largely dependent upon the shape of the head, 
and little affected by the cylinder length. At ·greater 
CTJ the cylinder contributes a perceptibly increasing )ortion 
to the no~nal force with the length. 

The distance of the center of pressere from the 
missile pase at different angles of atta.c~c is re~)resented 
in figure 15. The short miss:J.le. showed a. sligbt travel 
of the center of pressure tm1a.I•d the base vii th increasing 
angle of attack. Wi·th 1-ncroa.sing cylinder length tr..is 
travel is more pronounced because the contr~.butio~ to the 
normal fcrcc increases a.t greater angles, For exan1plo 1 
on the longest missile of this series the center of pressure 

• 

• 

' 
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e.t a = 10° is already by hal.f e. callber farther back 
tha::.1 a.t a = oo 1 and for still lon3er shar·es an even 
more rJronounced travtil with the s.ngle of attack is to 
be e:~ected 1 as conflr~ed by several tests (n0t 
deocrited here) on se~eral 10-caliber long ~issiles. 

9 

In stcbilit;y '9tuclies, the position of the center of 
presnure for ct = oo is gf particular significe.nce. It 
is reproduced in figure lv togather Yii th the center-of­
gra.v!.ty distance s7D plotte1 again.st the ~issile 
len.gth 1/D. ThE. shif·t in tho posi ti.on 0-: the center of 
pressure relative to the tip is very little. Len~thening 
tpe missiJ.s f.ron 4 to 7 cal:l.bors in~re;a.s-:-~s tb.G -:'l.istance 
of the center of pre.:;sul'-'3 .t'ror:i. the ti:t: by c:::bo"...l.t 30 per­
cent. But this dia GB.!."1C0 l"'rom the c.snter o:t' gr·av:f.ty 
is a.ll"eady n:.or0 than tV',i'3e a~ great when homog~ne~:mn 
I!l.aas ·~U.strlbutlon is c:ssu~1t:d for the deter:!:ainaticn of 
the c<"'ntel' of gravi t:r. The mo!"l~r.t "Jf tha :n.or:nul f'"Jrce 
ref-:Jrred to the cent or of gr~?.vi t~,. incr&e.3u[:, thnrc.fv:ro 1 
r.:oro than in proportion to tho length of the: :miesile 
as a l,GsuJ.t of the !11!;\:I'ke'ily grt.1RtGr lt.ver c:rr. .. (::' - s) • 

Lastly, the drag coefficients of thiG s~rl6s are 
plotced agninst; r.-"issile lengt;:".! at ct = oo, 30 1 6C 1 and 90 
:tn f.i[,ure :.(". The increase L1 a.rag coefr'5.cient w~- th the 
le::r..~t:r. is small at s::.:1all a, but greater at e;roater a., 
bec':'l.u~e th(:; coml.lOnont of •.;he n.)r~s.l s.long the flow 
in-3reaees with 'Ghe ler.gth. 

Effect of bow tnil on the drag.- Slender ::1issiles 
e.re frequently fiTiea ·with. e . . b.otmil to reduce the air 
drag, Since lo\"l pressure pl~eva:i.ls at ths base of' the 
missile, the. object is to .lowsr the suctir.m drag by 
reducir~ the area of the base. However, it snotud be 
borne in mind that the air ex.._1a:1ds more or less e.round the 
envelope of the bow ta:I.l, depending upon tble cone anc;le, 
v:hich again acts in the sense of a drag incre!lse. 

Figure 18 shows four 1-:UssiJ.es, the dr:::.r, coeffici.ents 
of which aro to be corxpared for axial flow. Shapes 1 1 16, 
and 18 re·.:>resent e. series vrith constant cone length of 
lk = 0. 5D and cone angles Ek = 0°, 50~.3 ' 1 and 11 °19', 
while on the series 1, 16, and 21 the cone angle 5°~.3 r is 
ocnstan.t e.nd the cone len3th is o, o. 5, El.i.1CI. 1.0 caliber • 
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In order to be able to p;ain some idea of the 
Ol'd.e:::' of magnitude of the suotion drng ru.1.d r.n evE~ntu;.::..l 
5.mprove:ment by e. bow tail, the ratio of static pressure 
of' u:.1disturbe'i flow to dynamic pressure 

is pJ.ottec'l. e.gains t tll17 Each number. (See fig. 19.). At 
complete vacuum on the 't&se cf the miss-ile the pressure 
!V'&.riation on the base would be equal -p, and on e. base 
c.rea equal to the m:i.ssile CY'oss St.cti0n the plotted 
curve :tn fh,·ure 19 would represent the coE:ff lc ient of 
the ou.otian drath ·.vhioh thea:-0.foro ~dooro;:.;:::eo with :rising 
1,Iech number and at vory hic;h speeds o.ppro1:1.ches ·;.;he value 
zero. Pr'Jssur·'j ~ea3urenrz.'3nts on a nurnbn" of sh-9.pes 
disclosed, howevor, only a prescurs drop of ab0ut one­
third of th~ static press1.u•e of nndil3turbec'l. flow throughout 
the entire speed range above velocity of ecun1. This 
imnlies that t:!::to coefficiont o'E th:3 s1.1.Ction drag. amo"t.mts to 
about one-thir'i of the value pfq only. '11-,.is amount is 
ratlll'ol" s:Jo.Jl at high supE'rsonic spesds e.nd co:.."1G o into 
question rola.tivt:· to the total drag only rrhen hcs.d and 
fr·ict:ton.c~l drag togrJther al"6 of si:m:tle.r order ·Jf' magni­
tude. '.L'b.us at hi~h speeds a decrease in 13.ir dl'Fl[:; by 
means of a bow tail can bo expected only with particu­
larly slender missilu tips, whGrcas it sGrves no 
purpose whatsoevei', to fit a blunt mi~eilr-; 'Nit:t :tt. At 
speC;:idS near th·3 vol0ci ty of sound ev-:~n a lese ~:lE:mdnr 
head shapo may result :tn lower drag v;hen the missilu is 
fittod with such a tail. 

The drag measurements in the vdnd t· •. mnel at a = 0° 
(fig. 20) ~ctually showed at M = 3 no porceptibl~ 
difi'er•E:nco in the missil~s equipped ui th this tail 
compared to the cylindrical for111-e At decres.sing l\<~.a~h 
numb~r, however, a noticG2blG improvGm~nt could be 
obs0r·vsd. Th.G upper part of tZ1is figure shows the d1•ag 
coefficients of the three shapes with equal con0 longth 
and different cone angles plottod agcinst the Mach 
nu~nbor. 'l'he measurements indico.te that shape 18 with 
the gr6atest cone ffilGle has, in spite of the snaller base 

• 

• 
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dian1eter of o.Sn, a greater drag than shape 16 with the 
les.st cone and a base diameter of Oa9D. rrhis is attri­
'butable to the greater expansion of the air r.round the 
bov1 ta-1.1 of sha!.Je 1S. The loYver part of figure 2.0 shows 
the drag coefficients of the series with eq,_w.l Colle 
angle and differant cone leneths, The drag coefficient 
decreases monoton:tc with dec1•ea'sing base area, altLough 
the difference of shapes 16 and 21 is uuch less than that 
between 1 and 16, 

COMPA!USON OF WID'D-TUNlffiL TESTS AND FIPJ.l~G TES~,S 

:Jecause of t:~e lir:1::.~~t1ti e:-::c~l"'it-nca in wind-tunnel 
measurGnents at. high S):.:dJds l"e&ul1:i3 of firing tests we:c'e 
usee. for c om:>£-ri son as :t'ar ao possible. 

In figure 21 the c'tree; coefficlents of a bull•.::t 
measured in the t1.mnel are cot!pare<.". with fir:'.ng tests, 
The agreement is ~.;ery c::;ood, ':'he me.x.imun dlfferance 

rui1ounts to about 1~ pel"Cent. 

Tho agreer;:.ent was just as close fol"' a blunt mlssile 
shape w:i.th a c.'l.rag coefficient ow = 0. 07; but less 
satisfactory for very slender s~apes, 

Figure 22 shows the recorded drag coefficients of the 
sfl miss:;.le at a = 0°, 3°, 6°, and 9° plotted s.gainst 
the ~.!ach nU;"'!lber. Tr .. e 1ne.rkecl l"'ise in drag coeffl~lent 
vwi th a on such slender shapes has already been !.)ointed 
out. The dashed ctl.!'Ve l'epreoents the avora6e value of 
tho draG coefficit?nts obtainec1. fran t'l:le ti!:·.e of flieht 
records. The drag coefficients in the firinG tests were 
of the order of Mugni tude of those :measured c~t a = 6° 
1h the tunnel. ~Iowever 1 such e. h~.c;:b.ly devaloped m:J ssile 
certainl;,· does not oscillate so much in its nc.·rc:~l fliGht 
that tl1e axis of the missile a-vera.e;es a 6° depe.rtu.re 
from the tangent to the trajactory. Kutterar {vt~lo had 
made tho tests) pointed out, however, that the scattering 
in his test was fai1•ly C:l"'eat and runountod to about; 
±10 percent (r.he~ed area in fig. 22). ~ris scatt~r is 
t~en to be explained by the oscillation of ~~~sile rather 
than by ina.;}curac:tes in the thne of flir;lJ.t iitensure111ent 
and its interpretat:ton, because the measureiilents were 
mad.e directly behind the muzzle. ThG lovrer limit 
of the sc·atter is therafore the most lil:ely one, 
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and the difference rclc.tivc to the w:f.nd ... tunnel r.,eu~nll'C!I'O:i.lts 
at a = oo and a = }o :ts then r.o doubt less. 

:F'urthermol"'e, in this. comparison 1 the effect; oi' the 
Reynolds nl).mbel' en ·::;he f'J•iction .:l.rag ;nuot also be 
alJ.0wed fur, since it amounts to a perceptible 11ortion 
of' the to-ce:.l :irae; on such slender missiles. In the 't'.rind. 
turu·.Lel the air density at hizh Iviach numb0r.'J ia very 
sms.ll because the air stres.m is produced h;t· exp:1nsion 
of' the s.t1:"1..ospheric air. At M = 3, for instance, the 
Reynolds number referred to the lenGth of a 15 willi­
meter· diameter sS missile mod.el is about h x 10', while 
the natural size sS missile at; the same r.Iach

6
nu.r.1ber 

f'lies with a Reynolrls number of about 2 x 10 • Henoe 
a laminar bounda'l:'y ls.~r,:;:·~- ·1~1d a f:r-.:!..:\·t:ional drag coeffi­
cient of .;.round 0 ,0) :::e1'er:i.'5d to m:J..ssile cross section 
must 'tle f.i.-?:U.red v.ri·i:ih: i·.). v;i!:!.J.-tunnsl tests. ihe 
friction layer on the natural size aS missile is tur-
'bul<:mt, howev:;'!", a::1d the coefficient cf the f!'ic tion 
drae is o..p;;ro.;::ir-~atuJ.~·· 0.05. .So in tb.e o".Jsorvs.nce of 
the natural size Reynolds number the total drag n:easured 
at L: = 3 must be 1~aised. by abcut 10 percent, and then 
thG arreelJ5nt ui th the firincs test will also bo sub­
st~~tially better. 

Naturally, in the previously discussed wind-tunnel 
meas;u·ements, a corrGeponding lnflu0nce of friction 
d.rs.g by tho Re:rnolds numbel"" must be takGH into account. 

'Ihe i..loments measured in the viind tunnel w~l'6 checked 
as closely as possible by l'iring to:~ts. 'inc no:m6ntt~ and 
the position of the center of )r6ssure wGrc moacured for 
a series of systematically lendthenud missiles with 
s.pproxlmat6ly' equal head form. The RJ:;winr.J.etall Bo1•s:tg 
Co.:tpany, DUsseldorf, fired thes0 missiles with vm:'iJUS 
cen tbr-of-e::ravi ty positions from bar:r•<::ls v11. th di.ffe1•ent 
angles of' twist and measured the oocillationa of the 
mj.ss ilea by firing through pasteboard targets (ref Jl'ence 1). 
The stability factors 

(J = 

• 
• 

• 

.. 
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(Iz = mo~ent of inertia about the loncitudinal axis of 
the missile, r 1 = moment of inertia about the tl'ar:.svt:lrSE:l 
ayis posa ine t!irough the centel" of ~ra.vi t;~r, oo = an(3Ular 
vf:locity) v;ere computed with the !!.'oment ineram<~nt 
cH.:" /do: dctermlnt;;cl in the ".':in:i tunnel e.nd co::npm•ci '.Yi th 

~~ . :> 
th.:; oh~,;rved o.;;~illat.ion. Th.\3 stable. l'liL:ht s.t cr = 1.3 
•;.as in cloa(1 ag~ee::.nent \'lith the t;yr0scope thr,c!•y; at 
:;;mc..ll~:;r stc.bility factors the ::.'"'lig.h~ v:s.s unstab2..e (o:JCll-
l~t"i·:::mc {Srea~·.;r th!:L""!. ~ 0 ). 'lh:T.s result :te. 2-.lso 12. 5ood 
r.r~v.f' of ~~he C0l'~ect£l0S.::3 of' t:':le wi!:ld···tt'.:rm"'ll r'.t3qsure"":lents. 
'1'1:..0 object"i.cn i'rE:quG~1t:ly er:co"J.n'ccr2d in b:lll!sti'=:s ·::;hrtt 
rtublt'~ flier.t .J!' mi.sf:iJ.c.s l'OQ.ah•e.d stabill"tj• f . .:.ctor;.; of 
t:.:.e ~)rd.e!' of' mac:nitufl0 of lt' o::> 20\·;ns attl':i.butJ.-~le to t~.1e 
1e.o'.c o1~ a oorr·ect oon.oerti~r:.. ,·:-;.t.' tl~·.:t norodynr.n:i~ lll.C<.n0:.~ts 
il-:vn1. "'Jed. 

TrQnaJ.atcd by J. Vanic~ 
E~tio~~l Advi2ory 
C:orc.:-:l~":;te:.:: for .A·.:.r·o:1autics 

1. :>. T~ubert, lfber c'.i.£Js Flugo!'hG.lbm drt::.l;tst~.bili.':llerter 
L:3.11£;ge:::choese, For.3c!::.ungsber1cht lj~J.~ af th-::J z~~:!: • 
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Figure 1. Expansion of dried and undried atmospheric air in Laval 
nozzles against the isentropic curve • 
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' ~: 

Figure 2. Diagram of forces on a nonrotating missile 
in oblique flow. 
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Figure 3. Example of missile test results measured in wind 
tunnel at M = 1.99. 
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Figure 4. Dimensions of a model series 
(model Nos. 11 51 61 91 101 and 11) 
with different head designs and equal 
length. 
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Figure 10. Variation of normal-force 
coefficient slope with Mach number. 
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Figure 13. Dimensions of a model series with identical tip and different lengths. · 
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Figure 18. Dimensions of model series with different bow tails for equal 
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Figura 19. Ratio of static pressure p 
in undisturbed flow to dynamic pressure 
q=~Y~ plotted against Mach number . 

CwfZ.-01 ° ~ 
a4 f 
~ ~""I~ Ek -g:43. f,t-MD 

Q50 
• 18 II' IIi' Q50 

Q3 

~ ~ 
a2 

at 
_,., 

1,0 2,0 3,0 

c,.at-ol• .~ 
a4 f 

~" 
O/rl E~c-5'43' l~c-0 D 
• I~ 5'43' Q5D 
• 21 5'43' 1,00 

Q3 

~ b:::::::-_ 
f-a2 

C!l _,., 
!0 20 3.0 <1,0 

Figs. 19,20 

Figure 20. Drag coefficients for axial 
flow, Models 1, 16, and 18 with equal 
cone length and different cone angles 
(top). Models 1, 10, and 21 with equal 
cone angles. 



Figs. 21,22 

!0 

--
acS 

a<~ 

a2 

Cw 

t 

NACA TM No. 1122 

...ll. - --

---- firing te•t (Rheln•etall) 
- wind tunnel teat (AvA) 

-H 

!0 2,0 

Figure 21. Drag coefficient of 
bullets-comparison of firing 
test and wind-tunnel test. 

o(O 

~ Wind tunnel aea•urea,nt 

~ P1r1nl teet 
------~~~----~------

Figure 22. Drag coefficient of the sS 
missile-comparison of firing test with 
wind-tunnel test. 

NACA-Langley - 7-16-54 - 75 

• 

• 

• 



TITLE:   Systematic Wind-TUnnel Measurements on Missiles 

AUTHORS):'walchner,  O. 
ORIGINATING AGENCY: National Advisory Committee for Aeronautics, Washington, D. C. 
PUBLISHED BY:      (Same) 

&70- 5054 
tEVKION 

(None) 
I    10   AOOICY NO. 

FUBUSMINO AOCNCY NO. 

March '47 Eng. 
PAOCS 

23 
•UUSTtATIOM 

graphs 
ABSTRACT: 

Investigation of models in wind tunnel was conducted for the purpose of developing a 
desirable parallel jet, requiring P well-defined no22le design for each Mach number. 
Nonrotatlng missiles were investigated in the range of Mach numbers from 1.2 to 3.2. 
The wind tunnel operates on the Prandtl principle.   A brief stationary air stream is 
produced In an evacuated tank by induction of atmospheric air.   The air in Laval nozzles 
did not expand adiabatlcally because of condensation of water vapor during expansion. 

DISTRIBUTION: Request copies of this report only from Originating Agency 
DIVISION: Wind Tunnels (17) 
SECTION:    calibration (2) 

ATI SHEET NO.: R.17-2-3 

SUBJECT HEADINGS: Wind tunnels - Supersonic nozzles 
(99117); Wind tunnels, Supersonic - Vacuum operated 
(99131.6) 

Air Doctn-nmt« Olvlilon, Intolligaitc« Ooportmont 
"r Motor IoI Commond 

AIS TECHNICAL INDEX Wright-Pottarten Air Fore» Boio 
Dayton, Ohio 




