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INVESTIGATION OF THE DRAG OF VARIOUS AXIALLY SYMMETRIC NOSE SHAPES OF FINENESS

RATIO 3 FOR MACH NUMBERS FROM 1.24 TO 7.4 _

By ]'_l)'a\lcD _,. PF:ItKf',_, I,f.;LAXt)H. JORCIEN_I.;N, and,_[Mo_ (L _oM_ri.:it

SUMMARY

/)rag m_a._umme,t._ har_ l)_,ll made at =ero a,gle q[ atlach:

l.r a ._,,'_._ <d .fi""'<'._._ mr/,> ;_ ,o.,v ,dml._,_, 7'l.. rood,4,' in-

<'/.,It<! ,'arMu._. thc<_retica[/!/ derh_<'d mf_thnum dra<.l ._'hape,%

Drmi.,'ph+ ri('all!/ blunh',l e,,.<._, aml olh<,r ni<)r+ comm<,. I..qfi/e,_'.

I%'.,'._ur,-d;._tr;batbn mea,_'ur,,me.t._.f<>r a ._erh.._,q/hf'.,i._'],he,'i-

('all g b/uated cortex u>ere (t/.vo abtai.ed. 7'tie .l[(Ich tl#llft#l¢l' atld

l;eynohl,_ numD'r ranges (_[ the te._'! wt.re 1.2_ to 7.uI at¢<l

I ()U I(F' to _ .,'J_., lO' (based ot_ mmhl le.gth) r_._'l.,Vth'_4y.

o.f tb m,ulel,_' te,_trd, the parab.l.Dl ,ff r<'roluthm had the

h'a,_t.for+ <h'a9 bel,)w a Ma('h .'umber q[ 1.5, a.d the the,.',qically

m i, imum drag ._hal)e .[,.' a g_ven le.gth aml diameter ba,._ed

,p<m ,\'t'-u'hm',_, impact theory had the /e:a,s,i_.foredra 9 ah<>ve a

.llach nl,,mb_r <!f t.;7. The them'elica/ x.hapr,s .f ; mi. imum

t.'cx,w_trf draft.{or the au,r;Har!l c_.ldilhm,_" qf 9it_e. lrnfllh <l.d

diamvh r <.' !liVen diameter arid volume derived hit mm ICdrmdn

..d h!t 1h_rt('t_ d. .,,t haw le,_ drag tha. all i)thcr l.,._.,_ib[_

.,.hape,_. havlnft ide',Hical ¢,a/ae,w (!1"the ,_at#te imramc/<r,_'. /Vo

...hi had It. ha.t .foredrag .[.r tll_" eomph4<, .Ihrch .umber

ra_g_, ll'hererer p.._.._'ihlr, lhe(.'('llca/ value._, q( th_' J'.redra(I

IJw+('d upon /Dr ,_um o.f /hi" theater;ca] .d,4.-h'h'li,._ dra W a,,d the

thf()r(tical .,are dra W t,v,'e cah'ulatml ./,)t" c+)mlmri._+m w;th the

t rperlmr.tal re,sult,_'.

77., rr,,_ult,_ .for the s(_rie,_, qf Dem;.wph<w'icall!t blunhd eagles

h.rr ;mp.rtant i.'octical ,_ign_/ica.ce ,_.i.c(, it .la._ f.uml that

flu' (liam+;ter of the hemL_pD,erlcal t_p mall b_' fairl!l large without

mar_('_:dly increa,_'ing the .fm'edrag orcr that qf a ,_harp poitded

cone <![ tD<' .,'ame .ltnene,_+,_ rat;,,. [, fact, .fro' a .fixed .)qnenes,s"

rati. (!{ 3, the .f.redra 9 L_ reduced ,_omewhat b?/ a ,_mall degree

_![ hlunti_g, altllmq/lt .for a .fixed cam< am.lb, hhtntiml ahwtl/,_

Mcr<,a,<-<d th+ dra 9. An empirical e,r/.'_.u.w_'.., applicable ,h,r

.frte-streom.llavh._uti_bv'._"(Irent_'rthan 2, Lv d,,reloped./'ar

calc,latin_.lthe u,<,'edra9 ,./ the _eri_._"o.f h_mi._phrricalll/
h/,nhd v,xi_u.

INTIIOI)UCTiON

The tllliod problL'nas of predi(qillg the drtlg of bodies or

re_g)hi(ioli ail(I (if niinhnizing the drag hy [)rop(,r shlllihig o['

lira bo(i.V ii_','e I)O0ll (he ohjec(._ ol" Illlill(,l'OllS (heoro{h,al

illVCSilgtlliOll_. IViIII rl,Ttti'(I l,o llio [)l'Ob[(,in ot _ lJre(licllng

llic drlig, lhal lnirl of (lie di'll_" Wlill"}i lilts i]lllS fill' i)I'OV()(I

nlosL anieliabll_ io Ilieol'eiicnl c:)lc_llillioii is ill(, wave (h'_tg.

For l)oilile(l bo(ti(,s ()f ri!vohllioli ill Milch nllnib(,rs slittlcioliliy

Ifigh for ,Mio(@-wav(, lilla(_hliloiil_ |lie WllVe (h'li.(7 |lilt).' h(;

('lll(!uhll(.(] I)y (,itht!r I)erlllrl)lllioli 1.h(,ory on" l)3" lh(, Ini'iho(I

of chilra('.l(!risli(!s. For highly |)llllll(!([ llOS(! Sillll)i's lli('l'l' iS

110 Siliil)le lheorelictil lilethod for l)l'ediclilig lhe l)l'(,S_lll'P.

distribuiion lilid dl'iig. Th(!l'efoi'o oxlteriili(,iiltll l'eS)llt_ hi|re

heel| relied ul)oll for this ill[ormf_l.ioll.

The t=h'sl pltl't of the i)l'e,.q,lil. invesl.lgttlloii is li slndy of

lJie pr0SSlli'(_ disli'il)ulion ll.lid (h'llg i)I" it. series ()f heniisl)herJ-

Ctl, lly bllliill'd COll('_. Allhough i( nlighl sc.(,tll (lilil the i.is(, o£

slleh it })hilil ilO_(_ woill(I i'(!s(lll ill it high (lrllg' l)eliilit.v, [)i'e-

]iinilinr.v (+._l.iliiille._ _ hav(_ hidieltl(,(l lhlll, lh(' (li')lg of li 11o_o

shli.l)e co)lsislili_Z (if)1 })l,nii._l)li('rivll.l ,<.4111'fit('(,fnh'ed ilil,o lill

exl)llAi(lin 7 ('(_lli('al _lll'fli(_(' CaD t)(! les_ l]lllll llnil ()f il _lilii" 1)

('OllO of Lh(, .,-;itliiO hqiglh-lo-dhinie/(,r l'l/l.io. Th(, r(,suits (if

preliiniliary cslililiil(_ of l iie vllrililion (if (trill' wit h the rliA.io

of ]i(,lilist)li(_i'i(',ltl ti t) dialn(q(q' Io I)ll_(, (litilll(,((,l' for [hie|tess

ratio 3 liar(! iil(li(!a.l,(!([ Ihlil ii siilliil r(!du(!(i()il in (h'n_ ('ill| I)(_,

r(,alized IlL all _tll)('i'sOlii(_ Xlll('[i llllllll)('l'_. I)(u'hal)_ lilOl'e

iinl)Ot'liinl Ihlin tli(_ r(_dueiion {I1 (li'llg is l,hc hidicllliOli lhlil II

r(da(ively hil'ge heinisphei'ica[ lip Cil.II I)l, us('d willioul hicllr-

rhil4" II, ll,V di'llg illCl'(qi_,O tlt)OV(' ihlil of tl ._hlirli-lio_ed cone of

1110 Sl'/lil(' ['il'i(!li('_; i'llliO. Ill or(l(q' 1o v(,rii'y these [)r(.di('lioils

ail(] t,() l)rovhh, f{lt/lllli('l, liv(_ (tl'_l 7 (llltli I}le I)l'('._(')ii ilivemi_en-

l ioii l,Vil_ lill(l(,i'liikeli.

Th(_ se(!oli(l ])hli_0 of ill(' iliW'_liglllion is it siH(ly ()f niiui-

Hlillrt (h'iig iioso ,_llill)(_s. .Mosl lh('ol'(qiclil al)l)roii(_he._ |lave

t)(!(_ii (lir(_(_l.e(l lowlii'd i.li(_ ln]iliiiiiiziilioli of iho wave drng

oli].v. Volt K.:'tl'lllAn (ref. 1) (h,v(dot)e(I llil iill.egril[ O(lllli.liOli

for the wiI, vP.drag of <_len(ler I)o(li(,s of rovohiiioli ill. lllo(leralc

._[ll('[I iiilillbol'_,. [_silig Ihi,_ (_(lullii()li, lie derivc(l li niininiulii

di'il, g il(),_o _hii,]l(' (COlilillOlily I'ef(q'red Io li_ Ihc K(ii'm(/li ogivo)

for I% 7lYe, it ](qit£,(,li lllill diiilil(q('l'. ,_tibseqll('lll[y> [lilil('k. (l'('f.

_) iiti<l o(]1('1"_ (l'(,£S. ;J lilid 4} ]lilV(! li._('(1 l}l(! [('i.i'lii[lii ili{,('Tt'ii|

eqlitllioli in d(_v(_loish) 7 lililiitlliilli (Irli_' ._h,i[)e._ for olhor

allxi]itiry (!oil(lii.iolls, ,_ilO]l li_, givei) ](;)igl]i _lll(l vo]lllil(_ OF

givell vo]uine tlit(t (liain(qer. Tlir(/utzh lhe/1_,(' of it|0 Kl'ii'llie!Ai

-_T|ii)_;l! I)rlqilliillltr3 (,7[ Jllitlh'_; W(_l( ' il/_l(le I)%" hliIillliili_ t]l(! i'x I i(,i'illleill_lll) ihqt'i'illillOd I'+ _lx'c

f]l';lg Of |tl+' )lp/ilts/)])t,)'Jr_ll JIOS,(! _illt] thp I h0olt,t J!';ll llj f,ssilll'l' th'li_ ()_ ||it,/'l)l)Jc_l] ll£{t)rbo(])'_ il_-

_lllli[ll_ IJla{ th0 l)rP_llrt ' i)Ii 11,' _lirf_ll_t' fl[ lhe (,olii(,:ll l_[Icrbody _,1_54 ill(' _alilO :i_ th:tt for ti

_li_ii' I) COliC o1 I h_, _tiile _1Ol)!,

i HtlDersedes XACA I(ese il'(_li XIl_illOicii_,|llili A52t12_ by |,'.11_%:t14/ \V. I>eikhl_ ;111(I I,(_hiiid II. J()l'g_,IIs(,ll, 1!i,]2, :lll(l t_l(, { I(l",(,:l) l'li _.ligll_ll;ill_llilii '_)21113 t)_', 7iIlll)ii ('. 71)liillICl" _ir_|

I irJi(_ a., Stark, 19D2.
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integral equation as the basis for these derivations, the

apparently uimecessary ','eL simplifying assumption of

zm'o slope of the meridian at the base itas been in]posed.

This restriction is pointed out, by Ward in reference 5,

wherein lle shows that his more genera| expression for wave

drag reduces to that obtained by yon I(firmfin for the spe('ial

case of a })o(13' having zero slope at, (he))as('. In a lat(,r

paper (ref. 6) Ferrari developed _).minimum drag nose shape

for a given h'nglh and diameter which has a finite slope of

t}le Ill)rid)an at, the })as(:. For the high supersonic Nlach

nutnber raDge, minimum drag shapes based upon Newton's

law of rcsistam'c have been derived l)y Eggers, Itcsnikoff,

and Dennis (v(,f. 71). These shal)eS differ appreciably from

comparable optimum shapes fi)v low supersonic Nla('h

numbers, although the theoretical optimum shapes i. both

instances have blunt noses when the length is fixe(i a.d sharp

noses when the h,ngth is allowed (o vary.

Due (o the basic assumptions in (he derivation of th(,

K_hrm:m integral eq_,ation, it may be expected that tim

shapes result ing fi'om the use of this equal)on arc theoretically

optimum from a minimum drag standl)oin( only for large

fineness ratios and low supm.'sonic Math numbers. It) con-

trast, l!w shapes resulting from the Newtonian theory may

be expected to be optimum only tit high supe)'sonic Math

mmfl)ers. I{owevcr, fi)r low fineness ralio shapes at moder-

ate Math mmfl)ers, it is impossibh, to say q priori which of

(h(: (heoretically opt immn shapes will have the lesser wave

drag, or in fact if (:i[[wr of Abe t twories is capld>le of predicting

the ]east-(lrag protile. One of (he purposes of the pr'esent

investigation is, th('refore, 1o coral)are the experin,_n(al

drags of these t he(wet)tally opt)reran slmpcs and of ot her more

common profih,s for an intermediate fitwness ratio over a

wide Math m, mbev range. To this end n sez'ies of /inencss

ratio 3 models of these theoretically optimum shapes have

been tested in the Math mHnber range from 1,24 to 3.67.

SYMBOLS

A model base tlrea, sq iu.

('_, total drag ('o('t[i('ie)l(, t°tal-(l!_ag
qA

("he fot'edra_ (,o(qIici(,)tt bets(,() ())) It+is(: ttJ't,a,

t(>!al ,h'n_ !)+!s2: ,it'_g

qA

,)

('%,,, for)drag cot,filch,at based on volume t() tI)c !_ l)ow(w,

total drag I))_s(, drng

q I'2:

"0._iv(, ({z'_ig

('+'w w_Ivc (h'a_' ('o(qih'i(,nl, -- - q:l

d h(,misl)lw.'(, (li.me((,v, it).

1) mo(M bast. (li)mwt(.r.i..

K simib)vi(y /)ara)ne((,r, 1,])

L mod('l hq)_'(b in.

.11

/'

]>t

p_

p

pt

p_

q

1'

R

l"

.V

OL

T

0

free-stream .'Math lllllnb(T

pressure ('oefli<'icnt, P.!--P
q

l)itot-l)ressure .'oeflicicnl, p_ 1!
q

colw pressure coefficient, {/_ ; p-
q

local static l)ressltre, l|)/sq ill.

free-slream static l)ressur(', lit/s( I in.

l)itot (olal-head pressure, lb/sq in.

toni, static pressure, ]b/sq in,

fl'(q'-S|l'(_,]lll dVllaIllic, i)i'eSSl|r('_ "1";_/,'.'l[', + l})/sq ill.

mo(M loc,l radius, i..

model base radius, in.

fi'ee-stream Reynohts imml)er based on body h,ngl h

model volume, cu in.

axial distant(, from the nose, in.

angle of attack, (leg

ratio of spc('ifi(_ heals of air, (ak(,t_ as 1.40

circumferential augle of hemisl)hevc measured from

the upstr(,am stagnation point, (leg

('(,he half tingle, d('g

APPARATUS AND TESTS

The experimental investigation was conducted in three

facilities, tlt(' Ames l- by ;)-foot sup))sot, it wind tmm(,Is

No. 1 and No. 2, and tit(, Ames supersonic free-flight win([

tmm(,l. The two I- by 3-fool wind tunnels arc co)tventiomll

lu)me]s which are equipped with flexible top and bottom

plates fi>r wn'ying (he test section N[ach number.

For (he tests in (he supersonic free-flight tunnel (,he ntod(,ls

wet'(, launched front a smooth-bore 2()mn-t gun, and w(,ve

supl)or(,ed in the gun ])y plastie sabots. Separation of (h(,

model from the sabot was achieved by a muzzle constri('tio)l

which r(,tarded the sabot and allowed the model to provc(,,l

h) fi'ee flight throt@l the test section of the wind t.)m(,I.

A move <h,t_lih,<l tit,scrip(toil of this facility is given in vt,fc,v-

(')I('C' _,

I%IOI)EI.S

Sl<el('hvs .f (]w m()dels ((,sic(l, in<.]uding dint(,nsi()tls, sp(,ci-

li(,(l l)aramct('rs, and defining e<lualions, are p)'esenled it)

figure I. For tlt(' s('z'ies of ]l(,nlisph(,vi('a]ly l:,]ttnte(l ('one._

shown i. figure I(a) the )ength-l()-diazne(er ratio (if 3 is

constant, and the <.one angle is decreased )is the ])]u))In(,ss

()'alto of hemispher(: diameter (o base diameter) is i))<q'(,ased.

For the s(,ries in figure l(l)) the base diameter and co)It!

,nglc are v()))slattt, and llt(, lcnglh d(,crcascs wilh itwr_,as(, ill

l)ht.( )wss.
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Note .4.p, 5p, ond 6,,0' ore pressure dmtmbutlon modeL

Models If through 5/, ore free-flight models.

(m)

[--_ =9°28 ' ___.r

t 5.25 1

8 _o I 2.e_

{b}

L
(a) lh_misi}herc-con,_ .',erie.'.,for constant D=3.

(h) lh.misphere-con(, series for constant cone _tngle.

I,'mum.: I.- Model profiles. (Dimensions are ill inches.)

'Phc family of tineness ratio 3 models defined by the cqua-

Iron r--R(X/L)" is shown in figure 1@). For length _m{l

t)ase diameter Sl)e('ificd, the profiles of the hyl)crsoni(B opti-

mum (Ncwtonian) nose and the nose d{wclol}ed I)y Fcrrari

(rd. 6) can both t)e v(,ry eh)sely approximated t}y the above

(,(luatio)l for n- _4/. (See fig. 2.) Since the _4/-l)ower nose is

a reasonable approximatiol_ 1o these theoreti('ally (hwive{l

optimum shapes, it, alone has I){,en to°led and is referred to

throughou! the report as th{, hyp(,rsoni(_ optimum nose.

Fineness ratio 3 models {}f (he minimum drag shapes based

Ill)Oil thc work of yon K4rm4n and sill)sc(lllell|ly l[aaek are

shown in figure l(d). For m]y (we si)eeificd 1}aPanlctei's

such as length and diameter, lcnglh and volume, or diameter

and volume, tImse _rc the theorelieal Ol)limum nose

shapes and for convenien{B(_, have I)ecn (Icsignalcd as the

L-D. L-I', and I)-_" IIaack noses. A similar desigtu)+tion has

/Model Ik_

,' _Model II
,' /_ Model IO

,//',",_ Model I

_Mode ] Desigr, olion

Li n° L-do, e "

[-]5 l_tv?erson,c op). S/4

• 12 j ],,'4 ;fo,,,,e, / I/4 I

(c)

,_ Model 14

,',.-Model 13
"'.". Model 15

Uo_£ T • Speof,ed ]

i no Des,gaot,(r" _ pc[°meters 1 _"

! I_ ] / -f2 H3sck Length, d,o t 0 i
r [8 L-V Hoock L en<jth, ,sol i , _

(d}

(c) I'r,,file d,,fiI,,<l I)y , :h'(/Y) "

/_ _ i -_
(d) tlm_ek minimmn drag noses defined hy r= /_._[¢--c_ sin2_ _ csin'¢,

. ,,,,.,....(,_-%
]"ll;UEI'; I. ('on{inuPd.

been used for lh(; circular-ar(_ iang(,n( ogivc and cone shown

in tigurc l(e). 'Phc L-I' ogivc has the same length and

volume as the L-V Haack model, and the D-V cone has (h('

same (li_mmter and volume as the D-It Itaack mo{M. Also

shown in figure 1((9 is a fincncss-ralio-:{ cllil)soi(I.

Except for the t}rcssurc-dis(ribu(ion models, all tim I.)s(_

shapes were constructed of duralumin. The 30- an(I 50-

pcrcen( hcnfisl)hcrically I)hmted eonc l)r(,sstu'(_-dis(rihu(i()n

models (models 4 l) and 5p) were cast of (in and t}ismuI h, a n(t

the hcmisl)h('rc-cylind('r l)r('ssur(_-,lis(ril)utiI)n model (mod,,l

(ip) was constt'u{'(cd of s(cel.

TESTS

Wind tunnels 1%. 1 and 1%. _. The totnl drag was im, as-

urc(I I)y means of a s(rain-gage I)ahmee located in (h(, mod(,I

support housing. Th(, t)asc l)ressur(_ was {l(_lermin{_(I Ihrough

the us(,_ of a liquid manometer <.otme('te{l (<) tw<) h<)h,s in tlm

supl)orting sting +,( lit(: l)ase of (h(, model. Exl}(,rin)(,ntaI

vahl('S (')f for(,(h'nff w(,re lhen hl,kelt as the (fill'ere)w(' between
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r Model r8

, ,- Model 16
/ l

• ," , -Model 17

L. _ L:5.25 .....
.... l :5.906

M0de,

17
I 17

t8

I],e_ %n,_hL n i D i

/ V I)g ve ! 2.9_

Elhpso J T 3

(,q ()(hcrlm)lih,s.

]q(w]¢t,: 1. ('mwluded.

-_I -- L-D Hoock, ref 2

---- Ferrori, ref 6

--'-- Hyper. opt., ref. 7

• f X_3/4
..... _:_-.j

5 6 7 8 9 1.0

X

Axial coordinate, _-

Fl_;['](I; 2. (_(_lllll_ll'i"'lHI OJ I IIFl)Jii('_ _)I" llihlilllLllll (Jl'_l_ 111)"4(_> J'Of

_ivq,n h,n_lh and I)_l_(,di:_met(,t.

lh(' measnr(,d t()lal (h'a F _ll(1 Imse ])r(,_sm'_ drag. I{eca, use

of tim Ol)er_tting ('hara('hwisli(,s of tim Immel_, il was nol

])ossihlc Io nminlain a ('onshlnl l{<vnolds numb(,r lhrough()ul,

Ih(, ._[ach mmd)i,r l'It]](_'O of 1.24 1o 3.67; however, at} attempt

w'_s mad. to k(,(,p thl, l{<v,ohls .umber _'(m._a,I for all

models at (,a('h _la('h mmd)(,r. In {lie followillg t_l)]c the

av_,rag_, l{(,ynohis numb_,r (t)as(,d (). rood(,1 h,nglh) and iis

limiL.f varialion fro' all m.(Ms t('stcd at .(.h _[a('h nmnl)er

at(, listed:

M lh'_[()-_ 'rmm(,[ No.

1. 21 2. 12 ; 0 11 1

I. ti 1, 17 ! O. 01 I

'3, I-I:L0. 20

I. 5t .l, 10±0, l0 2

I. 96 ,l. 14:1:0. 12 '2

1.99 2.01 ! O. OI 1

2._11 .I, 00 t O. I0 2

3. 06 -I. 0il [ 0, 19 2

3. 67 3..15 [ 0.07 2

'r}.(, l)ressun,-disl ]'ilmli,)n tests w_.r(, all mad(, in I ulmel No.

'2 al Math numbers of 1.5, '2. 3, aim 3.7 and al, an average

lieyn(dds mHnt).r of abolll 4X 10_. l)ri,ssllre distributions

for th(. helnisl)her_,-con_, l)rCSSUl._, mo(h,]s (me(Ms 41) , 51) , a.d

1;1)) w(,re d(,t(wro.in(,d through the use of a liquid m_momet(,r

s?,-slem connect(,(l h) two rows of orifi('es along the models

a.(I spaced lkiO° apart. The models were rolat(,(I and a

0
0 _ 2 5 4 § 6 7

Moch number, M

["IG'CIII: ;{. |{;lll_I' IIf _IH('h IIIIlIII)('F'_ :lliIl ]{l'>llO]([- llilllliil'l'_ (If

lt'xt-, in llw .\me_ _qll)ersl)nic free ili_ht wiml tram.l,

A_r- otf operohon J

[ r '

i- /] I J
8

hmgitu(limfl pressure distril)ution al each :'I(}° in('r(,m_,nt iu

('iremnfcr0ntial an_h, was ()l)l_ti]_,(l. The r.,sullin_ ])ressm'_,

('(,l'fli('i_'lHS al ('tu'h lonFitudimfl sllilimlw,r(, :_vl'raF('d I.

ot>htii_ I1., valu(,s lW[,s_,nte(l.

Free-flight wind tunnel.- Wilh nn air Ibm lhrough lhe

wi.d Immcl, M_..h m_ml)_,rs varMl fr()m ].2 to 4.9, (h'pm_d-

ing on the model hmnchi]_g velo(4|y. 'l't_i_ ('.n(tiliml is

rcfl,rr_,d to as "air off." l{%nohls nulnh.(,r vari(,.i lim,.rl>

_ith hlach mmfl)(,r from 1.0>(10 6 h)3.3>(I() _', as shown i_l

ligm'e 3. Wilh air flow ('shd>lislu,d in lh,,wi.d tu]m(,l,

rcl'(wr('d h) as "air on," the ('oml)incd v(,lo('iti_,s of lh(' mode]

alul N[a('h numl>(,r 2 'fir stream, wilh the rl'du('cd Sl)(,.d ()t'

s.un(I in tin, h,s( _(,(qio] h l)rovid(,d lesl, Ma(.h numbers from

3,8 to 7.4. In lifts regi(m of testing, llevnohls WUllll)er Was

h('hl al)l)roxim_llely at 4>(10 ° l)v controlling h,sl-s(,('lion

static l)r(,ssurc. In llddition, some mod(,ls win'(, tested a!

al)lW(_xim;_le ]{.('._..his mmd)(,]'s of 3:4 1iF' al .Xlach m[ml)(,r 6.

Drag eo,_,llh'i(,n( was obtained by r(,(..rding tl., lim(,-

dislan(.c history of (he ttighl of tim mod_,l wi{h the aid of a

('hr()nograph _u.l fern' sha,(lov.graph slalim_s al 5-fool inter-

vals along tin, test se('tion. From thes. (labs., d_'c('h'r'dio.

was (.Oml)uted qnd (',).v(,rh'(l to drag ('oeflieicnt. This

rel)orL inch[(h,s only lhc data from mod!']s which ha(I maxi-

mum observed angles of attack of less Ibm 3 °, sin<m ]ar_cr

a.Fl('s measm'at)ly in('r(,as(,d lhe (Ira,.
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ANALYSIS OF DATA

REI)UCTION OF I)ATA

All the eXl)erinwnlaI dattL have b(,(,n r(,(h,:(,(I h) (.oeHM( nt

forn), prod the dala front wind t tt]uwls Nos. 1 and '.2)ha.re bcen

(,orre(q, ed for (he (qr(,(,ts of th(, small nom|niformities in tlw

wind-tmmel lh)w. The fr(,(,-sir(,at|l s(a(i('-pn,ssure vaJ'ia(ions

in the m()(M-fre(, (throe] hay(, h(,(,n al)plit'd as ('orrections to

the (h'ag att(I pr(,ssur(,-(lis(rit)ution (laht I)y simple linear

sup(wl)osition. Corr(,ctions (IttO to I.hu (,ll'c('(s of S|l'tq_Jtl-

angle variation w(,r<, well within the limits of ac('uracy of th('

(la(a and have therefore t)(,en n(,gh,('((,d. No corrections

w(,r(' n(,(.(,ssary for the data ol)lain(,d in file fre(,-[ligid tunn('].

PRECISION

The utwerlah_ty ()f the ('Xl)('rim('ntta] data from ttnm('l,'<

No. I and No. 2 was (ml<_t|h|t('d hy <.ousid(,riug the possibh'

(,rrors in the in(lividual m(,astu'(,nwnts xxhi('h ent(,red inlo

lhe (h,t(,rmimniot| of lh(, str(,am (qmra('t(,risti(% I)r('ssurc dis-

Iributions, and drag. 'l'lw final unw(,rtaitlty in a quantity

',','its [,ttk.(,ll as Ihe ,%(ltlttt'(' foot of |ILL' S, Iltll. of t}l{' S([tlglt'('S of I.h(_

i)ossil)h: errors in lh(, indivhhml m[msm'(,,n(,nls. The

r(,sulting tm(.(,rlainli(,s in th(, lilml quan(ili(.,_ art' as follows:

Qmmtity Uncer(ai))(y

l' :L 0. 004

c_ _(). 15 °

'l'h(_ wu'iation of (he free-slream Math ntmd>(,r over tlt(,

]cnglh of (m('h mo(M t(,._te(l was less (ha)/ ±0.01 f(w all

t(,sI Math numl)(ws. 'l'h(_ tnwertahlty in lhe Nla('h numl)er

•it a given point in flu, st, l'(_llJtl iS ±0.0(I;').

'l'h(+ Inagnitu(h" of the <:ah'uhttc(] tnwertahliy in (he drag

(.oei|i(%nt appear,'+ rather laJ'ge relativ(+ (o (he obscrv(,d

scat t(w of (he data. Drag cocIfi('i('n(s f(w r('l)(,ated (es(s

_eneraIIy agrc(+<l wi(hin A0.002. It is therefore l)elicved

that the (.[ra_m of nlo(h,Is relativ(_ to one ttnol.}ttq' arc sltl_-

(.icnlly at;(_tlratc for cotnlmrative l_U|'l)<)s(_s, although the

al)solutc |nugnitu(h's of the drag (.o(qtlci(,nt._ for th(: models

at. a particular Ma('h numl)(,r may t)(, in error 1)y th(: magui-

1.u(le of the unc(,rtaint,y.

Sin(:(: there are no l<nown systelnati('. (,rr<)rs it) the data

front the fi+cc-tlight ttttmel, Ih(+ ac('uraey of the rein(Its is

indicated by the rcl)catal)ility of tit(: data. Exanfination of

lh(,s(_ data shows thai repeat firing's of similar mo(Icls under

ahnost i(lenti<ml (.<)nditions of R(,ynohls mnnl)er and Math

mnnt)er yM(l(+d r(,mdts for whi('h th(, av(,raz(' d(,viation from

the faired curv<+ was I l>er(+('nI and the tnaximtmt deviation

"+vtIS -I p(q'c(qIC

THEORETICAl, CONSII)ERATIONS

WAVE' DRAG

With the excel)lion of som(_ of the very bluntest, lno<h,ls

(tno(lels 11, 12, an(l 18) the wave drag of each mode| wa_

either calculai+'(l l)y 1.heorelMd metho(I._ or was estimat('d

from existing ,_xperim(mIaL results. Values for the wave

drag of (he cone an(l the tangent ogiv(_ wer(: obtained fron|

the exact Taylor-Ma(woll theory 0'(,fs. 9 and 10) and the

method of chara(,((,risti<'s 0'(4. tl), r(,sl)et'.tiv(dy. For the

(hcoretical optimum nos(_ shai)('s (h(, se(:ond-ord('r theory of

\ran "l)yk(: wa,< used. The exac( l)rO('(,(hu'c ('ml)loyed in

using th(' st,(.on(l-or(h'r th<,ory was lluL( giv('n in r(,f(,rvtw<' 12,

iu whi('h lh(' al)l)roximat(' l)otm(lary (.<)n(lilions at the l)ody

Stll+fil('( ` are us('(l in the (.ah'ulation ()f llw l)ct+ttn'l)ation

ve[o('i|i('s, t|lld (he exact l)r('ssltr(' t'e]Ittiot| is ITS('([ to evtihtltt('

the 1>t'(',_st)t'(' <'o(qIM('nls. + The nw(ho(l pr(,s(,nte(l therein is

slri(.tly al)l)li<ml)h' to ,,+harl)-tlos('d I)odie,'+ +)f revolution at

Nla('h numl)ers h,s.,+ than that at whi('h the Math toni, l)(,.-

('()m(,s tangenl I() the tno<h'l v(,r((,x. Sin('(' the theoretical

Ol)(imun| nose shal)('s for whi('h ih(, h,nglh is Iix(,(I (too(Ms

10, 13, anti 14) have infinit(, +I<)l)('s at their vertices (yet

may l)(, (.onsi(h'r('(I shar I) f<)r most l)ra('(i(+al l)urpo:,('s), an

al)l)roximalion to tlt(' sttal)(' Ill lh(' v(,rtex was ma([(' to

trial)It us(, of the theory+ Th(, l)hntt: tip was rcphw(,d I)y 't

short conical ,_(,(.(ion tang(,nt to tilt, ol'i_inaI contour. The

('one an_](,, an(l h(,twe th(, I)Oin(: <)f t)tng('n<Lv, was st,h,('te([ so

that the (.on(, half-vnglc di(I not ex('(,(,(l !)4 percent of the

Xia('h angh'. In (hi' sul)scquent integrations for the wave

drag from Ih(' r(,sulting 1)|'('ssur(' dislri|)uiions, tim data were

l)lott<,(l tts rl ) versu+_ r so lh'ttth(' ('tnrv(,_ ('ouhl h(, smoo(hly

fa.ired through the oriv, in.

A siml)le nwtho(l of (,stimatin_ th(' way(, (I]mg of th(, h(,mi-

sph(,ri('ally I)hmte(l coui(ml nos(,s has l)<,en ,,+(nggt,s((,d. l! has

been prol)ose<I (ha(, the wave drag of th(' h(,misph(,ri<'n[ tip,

which ('ouhl l)c ol)taine<I from cxi,,<ting <'Xl)t'riln('nta] (htf.a, I)t,

a<hh_,l io the I)r(,._surc (Ira_ of th(, (.oni(.al l)ortion of the nose,

l)_ts(,(l upon tlt(> a ssutnl)tion thal (h(' pressure on the cotd(ml

sm'fa('e _'ou]tl l)e the ,,+)_m('as on a [)oit)ted (.one of 11)(' Still((,

S[Ol)C. lh,n('(,, the l)rt'ssur(' (1,'ag <)f tlw (.oni(.al I)(wtion of

(h(: nose <'ouhl l)e obtaint, d ])y cxac( t h(,<)ry.

l'h(_ following eml)iri('al (,xt)ression, I)ase([ upon certain of

the exl)erim<'nta] results, is sugg(,ste(l fi)r (.ah.ulating the wave

(In_g of (he hc,nisph(wi("fl tip for Ma('h mmtb(,rs of 2 and

_t'eal('r:

2/',--I (I)
( 'vn.= 3

wh(,rc I'_ is the pitoL-pressm'e ('<)e[li('i(')t( nl (he tip of (hc

hentisl)her(_ whi<'h may l)e ca]cula(e(I with the aid of "Ray-

h,igh's eqn_ttion. This (_xl)ressi(>n was o[)tait_(+<l front the r('-

stLlt,',; of the pressure-<listril)t_(ion tests, and its <h, riva(ion is

(li_('us._('d in ,nor(' (letail in (he s<,(,tion of t.h(, rel)ort whi(.h is

con('(wned wi(h the 1)r('sSUl'(_-distril)ltti<)u_ ((,st s. When this

exl)ression is used for the wave drag (.ot, lfi('ient of th(' h(_mi-

sphcri(m] portion, the exl)r('ssion for l h(_ wave <Irag coefli('ient

of th(: (,onq)h, te ntod(,l for Ma('h numl)('rs of 2 aud greater

[)(_(,()nt(,s

, / ,']\_/2P_-- 1_1'_)+/'3 +

where 1"_ is the surface l)r('s.';urc (.oeflicien( or l)res,'+ur( ' (Irag

(.oetlh,icnl, (refs. !) or 10) for +, (,on(_ of tmlf apex angh, _ al tlu'

fr(w.-stream Math mmd>er. An alqwoxinml(' expression for

which is ._utticienlly accurate for the drll_ e_;limales is

,+_ tan --_L2 (L/D) _ (,//I))2 t:+,)

FOREI)RAG

\:llhlt'_ of the foreJh'_'t.t,_,have |)t,(,n (mLculut('([ I)5" the a(hlit iun

of the (_st.inu_te(l or th(,oreti('al way(, drag and the t:]teorcti('a[

a In (lh_ alq+li('at i,))_ (_fthis nlcthod a firsl-on'(h'l sohll iq)tLis tle('t'":q:lt i}y c)t)t:tine<t,
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skin-friction drag. _ince the sMn-friction drag for laminar-

boundaryAa.yer flow c.t_tributes so liHle to the foredrag, the

inclusion of the small effeels of body shape and compressi-

bility on 0_e sMn-friction drag was not considered justified.

Therefore, the lamimu'-sMn-fri('tion drag coefficients were cal-

culated by the ]}lasius fo,-mula for fiat-plate incompressibh,

boundt,'y-layer flow (ref. 13). For the cstinmtes of the skin-

frier,ion drag for hu'buhml-l)oundary-htyer tlow, the body

shape effects were neglected, but the effect of compressil>ilitv

was ewduated by means of lhe Jnterpolalion formula of ref-

erence 14 which is based ll])Oll ttlI exten(h,d Frank| and

Voishel amllysis,

RESULTS AND DISCUSSION

IIEI_IiSPHERICALLY BLUNTED (:ONES

Pressure distributions.--The pressure-distribution data

el)Lathed for m_dels 4p, 5p, aml 6t) at N[ach numbers

bct.ween 1.5 and 3.8 arc shown in figure 4. The data are

referred to the free-stream N[_leh numlwr ahead of the

normal shock wave at. the nose of ea('h model. Although

these ]Nlach numbers were approximately the same for each

model, they differed slightly bectutse of the differences in

positions of the models within the test s,etion. For each

of the models, the pressure coefficient at the nose agrees

wilh lhe pilot-l)rCssure <'oefli('ient cah'ulated by ]{ayh,igh's
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equation and shown for comparison by tim dashed lines.

For nlodels 4p and 5p at Maeh nlinll)ers 1.97 and 1.5 (figs. 4

(a) and 4(1))) the rapid expansion of the flow over the

ImmispherMd lip is followed t}y a reeompression over the

forward part of the conical portion of the nose. The

pressllre on the conical surface recovers to, or almost to,

the theoretical value of the pressure coefficient for a sharp-

nosed cone of the same slope. For a Mach numl)er of 3.1,

the expanding flow on the hemisphere does not reach a

lower ]}ressure than the theoretical surfaee pressure for a

_.one of the same shq}c as the conical afterbody, and it. is

found that the pressure is constant over most of thc conical

portion of tit(; nose. Front these data il appears that, the

assumption made in the drag estimates, namely, that tim

pressure over the conical portion of the nose is constant and

equal to the theoretical value for a sharp-nosed cone of the

sam(' slope, is essentially correct for free-stream Mach

numl}ers of 3 and greater. For Maeh numbers less than 3

the average pressure, over the conical see(ion is less than

that assumed in the estimates, and hence the estimated

drag eontril)ution from this 1}art of the nose will be too high.

A more detailed study of the pressure distribution over

the hemispherical portion of this type body is available

from tile data of ligure 4(c). For comparison with these

experimental data, the theoretical hlcompressible distri-

Imtion (only l)art of which is shown for sitnplicity) and the

distribution predicted by Ncwtonian theory (ref. 15) are

shown. It is al)parent that as the Math number is increased

lhe pressure distribution approaches that predicted by

Ncwtonian theory. In spite of this trcnd, it is c,vident

that the distribution would never agree exactly with the

Newtonian becavse the peak pressure eoetticicnt at the nose

would be somewhat less than the Ncwtonian value of 2.

All additional factor which has 1}een neglccte(I in the New-

Ionian theory is the etl'ect of centrifilgal fi}rces which,

all hough negligit)lc for the lower Math numl}ers, would tend

to reduce the theoretical pressure coettleients over the hemi-

sphere in tile high Mach zmml/er range.

The study of the comparisons of the experimental t)ressure

distributions for the hemisplwrc with that, i}ve{licted }}y

Ncwtonian theory (fig. 4(el) indicates that an empirical

exl)ression for the pressure distril)ution, which yiehls reason-

ably aceurate wducs of the wave drag, nmy bc written. The

devchilmmnt of the expression is based upon two exl)eri-

mental results: First, th(. pressure at the tip of the hemi-

sl)hcre is the stagnation pressure and may be eah'ulated

exactly from ihe l{ayleigh equation. Second, at thc high

Xlach numbers the subsequent expansioul of the flow is

similar to that predicted by Ncwtonian theory, and the

local pressurc_ (liifcrs front the Newt(rajah value l}y an

amount which vari{,s al)l)roximatcly as the cosine of the

angle 0. Based upon these observations thc following

empirical expression for the pressure (listril)ution on a

Iwmisllhcrc may ])e written:

l' -:2 ('_}s_-O-- (2--1"t) cos 0 (4)

where Pt is the pitot-pressure eoefticicnt at the stagnat.ion

l)oin{_ on the henfisphcrc. '['he CXl)ressi(m predicts a pres-

sm'e coctticient, that is exact at 0=0 and agrees with the

Newtonian value of P:0 at 0=90 °. It is apparcnt` from

the data of figure 4(c) that, although the resulting pressure

distribution will ('losely approxinmte the experimental dis-

tribution at, high Maeh mmdlers, the prcdieted 1)ressures

near 0:90 ° will be considerably in error for lower Maeh

re(tubers. However, this should not result ill a serious

error in the pressure drag, since tim surface slope is small in

this region, and thus the resulting drag contribution is also

small. A simple cxtn'ession for the wave drag e.oeffieient

of the hemisphere results front this empirical equation for

(,he pressure distribution. T]lus, tiasc(l upon the nmximun_

cross-sect ion areaj

c',),,,= 2PI_A-- (l)

Values computed from this equation are conq)ared in figm'e

5 with cstimates of thc wave drag from tola[ drag mcasm'c-

1.0

.6

.4 _ ..

.2

0 F

2

Emp,r_coI forrnulc, l_[,w 2f_ ,

-I [tT :: -y
2 3 4 5 6 7 8

Moth number, M

FIGURE 5.--Variation of wave drag coefficient with Mac)_ number for

a hemisphere.

inents (refs. 16 and 17) and with the Cxlierimcntal prcssm'e

drag determined from the pressure distributions of figure

4. For Mach numbers t}ctween 2 and 8 the agreement is

excellent. As wouhl bc expe('ted from tit(' pressure-dis-

tribution results, the wdues from the enq}irical expression

are too large in the lower Mach mnnber range.

From these data it appears that for the estimates of the

wave drag of the hemispherically l}hmted ('ones, the con-

tribution of the hemispherical tip to the total wave drag at

Maeh numbers of 2 and greater may be calculated accurately

wit]l the proposed empu'ical expression.

l_low field.--The recompression of the flow over the Uli-

stream portion of the conical aftertio<ly, which was noted

previously in the discussion of the pressure distributions, is

associated with tlw appearance, a short distance downstream

from the bow wave, of an approximately conical shocl,"

wave in the flow tiehL. The schlieren pictures for model 5

(fig. 6) are typiral for all the henlispherical[y bhmtcd (,ones'

(models 1 t hrot,g]_ 5) throughout the Ma('h umml}er rang{.

These pietures show that the inlensity of the wave decreases

with increasing Math number. At Xla('h number :L06 the

wave is rio longer cvid{,nt within tit(' 1,(rends of the s<.hlieren

find. The de(.rcase in int,qtsity of lhc wave is in aecor{I

with the {.ham£cs found in the 1)ressurc dislributi(m data.
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(a] M 1.2[

(h ,1/ 1.51

\

]*_Ifi I'RE G.

(e) M 1.9(i

Schlim'en pieiurp4 flw 50-peu'cel*_ hmni>l_hpn'ieally hhmtvq

cim(', ullllh.l 5_ at _.arJlnl,_ 3.]a(:h ilUlllhers.

(d) M ;LO(;

(e) M 3.1;7

I:iRure (k ( :om.huh,d.

(See tig,'. 4.1 AI firs! gh_m'e il mighl _q)l)t4tr Ihat this wax'u

_ouhl ]w _ssm'i_lled with a regioll .t St,lmVtlted [lmv on1 the

IH,misl)hericnl lip, with sul)sequenl n'e_ttl_l(.hnlvult a(,i,on_-

imnivd hy n sl.wl,: wnve. l[owever. Ihe sehlim'ell piclures

sh.w no pvidvl.'e of tt.w Selmrulion. Additiomdl3. il is

_l)l)eU'enl from the sehlim'(,n pictur(,s tirol this sh..l_, wa'_e

dm,s m_! extmul frmn the outer thin down to thi, body

suz'l'_ce but a,pl)p_lr_ lo lw ditt'use_l ne.'_r lira _uu'f_tcv. 'l'h_,,_e

ohservation_ h'_td t_, lhe speeuhttiol_ tirol lhe m'igin ,,f the

wave musl he _ssocialed with llw Ir_msonic or mix.,,t t3l)e

of lhnv whivh ocm_rs in the vicinily of the nose of the hods..

TIw me,_lmnism hv _hich the compression wave is I'mm_,d

I1l_13 _:,(' IltllCh 111(' S_llllp lls lhtll _lisvuss,4t in z'el'm'm_,._, 1", for

Ihe lv.o-dinwnsiomd Ibm" nruund n shnrl>nmv, ed douhh'-

wedVe_irf(filst4'lion,xithdetnchl4l hnw wn;l,. It isl,l,lh,ve(I

llmt tlw xv_x-_, z'(,sults from u conh.scenc_..f ,.x,,4_].: COmlWe_-

sim_ v_ux*p'..;relle,'led ['l'oln th(, holly s,url'_tcp. ('l'hp _.xist_,ii_._,

c,f (hv COml)rCssi,m_ region is cml[irm(,_l t:,3 flu' l)n'vs>ul'( ,-

distribution daln.) Th,,se x_nxes uptmrm_tly origilmlv as

eXlmnsi_.n w_tv_,,_l'rmn Ow b.d; sm.l',w.,dm'cnslz'envnfrom

lhI'smilepoinl. A.simlicnle_lin llwsl.a,lvh,llwseeXlmI>i(.n

wnves whMl Irnvel nhmv clmr:wlerisliclin_,sare r_,lh.cl.,d

from Ih(, s.nic line ,_n(l the bow ;;nv(, as COml)r(,s, si(m x,.-_tv(,s

which n.r,, in turn z'eth'eted from Ihe body surf_im,. TI.,

r(,lh4'ti(m ,_1' lilesevqt'celolsfrom lh('b()(]v surfn(.vI)('q'tll'S ill

:4ll('h I1 Illllllll('l' []llll lh('\ ('oa]es('p 1o fOl'lll II ,_]l()('l _. 'tA'I|V(',

The d('l)('nd(,lwv.f this l)h(,umm,.nmn .n ln)lh the fi(4,-

slr(,nln31n('hnun_l)(,r:imlth('im.lilmlioul,)fthe l)odv surface

just dt)xvltslre._ul_ (_(' lhp l)Oml of tnngmwy of the h(,mi-,idwre



INVESTIGATION OF THE I)H, AG OF VAItIfIUS AXIAI.I/t" SYMMETRIC NOSE SIfAPES OF FINENESS RA'['IO 3 ] 239

ores

/ [_ \ _ -- .... [xponsion [ I'_OCh

\ /I t --_ ----Compression_ lir, es

I
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with the afterbody is demonstrated by tile followi.g obser-

vnii(ms. For Ihe henlispheri(.ally I_hmied (,(rues, n(,ilher

lht, sho('k wave nov lhe region of i'('(X)lllpl'eSSlOII O11 thO

hodv surfa('e wits found for Math mmd)ers ahovt, :_.06.

The ([isal)lWaVan('t, of this shock wave and region of com-

I)rt'ssim_ results from lh(' combiualioll of Ihe movcmt,nt of

lilt' bow wave close|' to tilt, body sm fneo and the small up-

stream movt, m(,nt of Ihi' soni(, poiul with increasino Mneh

IlUlUb(q'. 'rht,st_ (,hangcs rcduce the extent t)f the ntixed

Ih)w region so Ilmt ft)r Maeh muubt,vs alloy(, apprt_ximahqy

3 nu)sl (If llte eOml)re,,.;s[tm wavelets reflet'ied from the

so.it' line and bow way(, ure incident upon lh0 body surfat.e

in Ih,, t,xpansimi region between tilt, sonic ])oinl and the

point of tltll_t'iltt3_ of tht! hemisphere with the afterbody and

h(,nce ave (_alw(qed. The importance of thc inclination of

the t)t.ly surfltcc in tlw region of th(, reflections is indicated

I)y the fa,.t thai, "tllhough tlu, 1)rt,ssure-distribution dahl

for m,l,h.l 6p (fig. 4((9) sh,w thnI al the lowest l(,st %hwh

uumt)er IJ,we oxisis _ reffion of recompz'ession just dow.-

slve_nl from lhe juncture of the h,,misphere and cylimlri(.n]

afl_wb.(ly, the tmlg.Jlutle of the reeompt'(>ssion is very small

ltil(I does not r(!sull in a st,eond.try shock wiwe thuI elln be

d(,tech.(I i. the sehliere, l)ictures.

Drag. The vnrialiot/ of drag c<wflit'i0nt with Mneh llltlll-

h.tw _()r Iho ht,nlisl)htu'ieallv I)lunied eolws of finelless ratio 3

(modtqs I thrtmgh 5) 'H'e 1)rest,nl(,d in tigur(, 7. Because of

lhe difft'renet,s in lt'st t,c(,hnique, the dt_ln fi'om I[1(, wind

I,unn(,ls and from lilt, free-tligltt facilily arc presenh,d St,l)lt-

rllte|y. ,<,in(.,_ the models 'car) progt'essive]y from the sharp-

nosed (.(mr! lo the v(,r S hlunl model with the large h(,mi-

sphtui(_nl ti 1) (diD--0.5), the variation of the for(,dr,lg coetfi-

eient with Maeh numl_tu' (fig. 700) ('hnnges progressively

from th(', fumilii_r variatio, fi)r a cone (foredrag coefficient

decr(uls,'s with inereusing %laclL numl)er) to the variation

<qmraetcrislie of tt hemispht, vt, (fig. 5). Variation with

,_[at'h numl)t,r .f th,, total drag eot, ftieicnt (fig. 7(1))) 4 is

* No nttempt has been made h_ join the air-0ff* data and air-oil d_l.a b('CallSe of the dif-

forenpeg ill |_t,y,'lr_ld_ tll:riib('[*, r(,cov('r_." t_'rlIp_'tMurP, _llll| _trl_:tlll LllrDillell('e,

similar for _dl models in that tile drag coeitici(ml contimudly

decreased with increasing Mat'h nunaher.

Tile data from figl).r(, 7(a) are reploitcd iu ligure ,'q lo

show the variation of for(,tlrag with nose t)hmlni,ss lit ton-

st,ant Maeh numbers a,d provide ('oml)aris<ms with lhe

estimated foredrag characteristics. For this series of ti.(,-

hess ratio ::_noses, a small saving in for(,drag ml_y t)e achieved

through Ihe us(, of a ht, misplwrically bhmted eonr in l)la('t'

of a shay l) cone of the same fineness ratio. Perhaps mor_,

imporhuat_ is the fact that It relatively hlr<:e i.crt,l_se in

vohune over that of a shar 1) nosed con(, may I)(, realized

without incurring any in(',r(,nse in foredrag. All additioyml

factor to be ex)tls[del'ed is that the hemispherical nose pro-

rides an ideal housiilg for selu'ch radar gear. These datll

show that with increasing Mach number there is n decrease

in both the dogree of blunting which rcsuils in minimum

fove,h'ag lls well as the m_ximum bhmfing allowable such

that lhe forcdrag is not groal('l' thnn that of tho sharp-nos(,d

(:one. Th('se results _tre in essenibfl llgt'et'mezll u'ilh the

preliminary foredrag t,slimales.

Al0tough the rcsulls (fig. 8) show llmt for /his fiiwness

ratio 3 series of models lhero is sore0 Jrag rethwtion wilh

i.ereilse in hhmtness, tile magnitude of the possihl(, drag

rt,dut'l[on whit'h is chilli.able by this m(qhod of t)lunting

d('ereascs rapidly with increasing finent,ss ratio. In fa('i.

there appears to I)e an upper limiI to iho tiu(,twss ratio for

which Ibis l yl)e of blunting will yiehl any drag reduction.

,Some iu(lieations of the magnitude of this limiting fineness

ralio which varios with Ma(.h munl)er have been ohlaihed

by comparing t}m v_u'i_llio, with fin(.u(.ss r_ltio of It.' esli-

mated way(, drag of th(' d/I)=0.075 model wiih Ilmt of n

eont' of the sltnie finiull,ss ratio at _'[lteh liunlbors of 2 lliid ;I.

These results (fig, 0) indi('at(, tiial, tile wltvo drtig of lli(, ('Olle

is loss thau that of this niollerlihqy tihult ntodol foi' lcllgth-

to-dialnc, ter ratios hi excess of approxinlalol.v 5.4 and 5.0

lit _[aeh llltllil)ors of 2 and 2Jr respectively. Th('s(, I'I'SIIIls

also show lhat llio l'ailgO of lloso tlno#l(,ss /'lllios for tvhJeii
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this type of 1)lunting would he advantageous decreases wit h

increasing Mach numbers.

it shouhl also be poinlcd out that the dmrg penalty asso-

ciated with the use of excessive blul_ting increases rapidly

with increasing fineness ratio. At a Ma('h number of about

3.1 l,hc data of the t)rescnL reporl (fig, S) indicate, tim! lhe

fot-e,h'ag cot,Ilicient of a 20-per(,/,nl 1)]unt, ('om_ is about (}.01

greater lhan t lint of the sharp-nosed cone of the same fine-

Bess ratio. This inerenu,n/ rel)resenls approximalely a 12-

percent increase in foredrag and illlly bo compared with lhe

daltt of reference 19, wherein it is shown that the same

degree of t>hmting fay a. fineness ratio 8 body results in an

increment in wave drag coefIicienl of (1.(152},corrcsl)ondin ff

|0 11]1 ill('l'OllSP Jlt l)l'eS._lll'l ' dl'llg of more than 300 pereenl.

The eslimaled xvavc dril_ roMl%'ienls for lhc d/l)--0.3(I

Flb':_74" r ] T 1

%

o._b1,_:,.17,,Io_It
E 1--t 8,3.14xl0e k_j_,_'_

oJ

2 r-r_-,,Wd ':i l ] lJ
-_i-q-x:_.,_,o:__.+'2

0 ._ .2 .3 4 .5

d

_luntress, _r

×[3C'ri :rl,mt
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c_ Wove drag {Drew,-, d_srr rn,,ael,,]

Estlm,3_e
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--Foredrag {eshmoted _ave draq
+ R!UStU5' [ominor skin fricf_on

F,,'Nged symbols
d(m,: tL, ,EP - I.I 7x i( !

[ : .....

-

0 I 2 .5 .4 5

_3 u,f_lne'tS, ,_

Fi(:c_aE 8.--VariaUon of foredrag coefficient with bhmtness for

L

hemisphere-cone series, con_tanl -/_:3.
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aud 0.50 models at, Math munbers of 3.06 and 1.96 are in

very good agreement with the wave drag determined from

the pressure distribution models (see fig. S). Similarly the

agreement between tit(' experimental foredrag and the esti-

nmted foredrag based upon tho estinmtod wave drag plus

hmfinar im'ompressible skin-fri(_lion drag is very good for

Math numbers 1.96, 3.06, and 3.67. For the tests at these

Nla(,h mmd)ers the s('hlieren l)ietures taken during lilt, tests

itldieated that the boundary layer was completely lnnlinar

over each of the models. An int(,restil_g effect of 1)ody shape

upon boundary-layer transition is indicated by the results

of the tests at 5l-- 1.44 and 1.24. Fronl the sehlieren pictures

_md the foredrag data it was evident, that lurbulent bound-

ary-layer flow existo([ on part of the conical afterbodies of

lho diD=0.30 and diD=0.50 bodies for the higher R(,ynoIds

mlmber at .]I=-:1.44 and 1.24. In contrast, the t)oun([ar3-

b_)er fh)w w_ls laminar oww the entire surf_we of the cone

for Ihe identical test (.onditions. I¢. is t)eliov(,d lhat the

ditt'vl'Onee betwoeu the results for the con(' and th(_ bhmt

bodies results largely from the (ql'e(_ts of the differen(_es in

I_o(ly pressure distributions. For the ('one the pressure is

collstallt along the Slll'faee all(] t]lere['ore neutral insofar its

its effect on the boundary-layer flow is earn:el'nod. For |)oth

the bhmt l)odii,s at the low Maeh mmlbers, the pressure

gradient in the streamwise direction is positive just down-

stroanl from lhe point of tangeney of the nose with the

conical section (see fig. 4) and hence reads to thiuken the

boutl(lary lay_w and promote t ransitiol_. Both the sehlieren

pictures and the force n|easurements indicate that for the

high Reynohls numl)ers the boundary layer is tm'bulent over

a lnu('h greater portion of the surfaci; of the blunter of the

two bodies. This result is in agreement with what might be

(,xpceled on the basis of the differences in the pressure distri-

Imtions for the two models. Although the adverse gradients

fro" both the diD=0.30 and diD=0.50 models start at/,ssen-

tially the same longitudinal station along the maiMs, and

initially are of apl)roxinlat.ely equal magnit,ude, the adverse

gradient for the t)hmter nip(M, diD=0.50, extends over

most (if the conical s(,etion of the model; where_ls the gra(li('n!

for the diD--0.30 model is neutral over most of the (_oni('al

section. ITem'e, it tqq)ears reasonable to expect a lower

lieynohls mnnl)er of Iransition for lhe blunter of the two

models.

For the diD=0.30 and d/D-=0.50 models at Maeh numb(q's

of 1.24 and 1.44, equation (2) yMds values of the wave drag

Mane whMl aro two, greater than the lnetlsured foredrags

:it Ihc lower lieyl_ohIs mmfl)el's. This (liserel)ancy is attrib-

/it('(l to the fact that at these Maeh mmd)ers the emf)irieal

,xl)ression includes too large n value for |he wave drag of

the t,,nlispheri('al l)ortion of th('so models. (Sea fig. 50

ITem:e, for the foredrag (,slim_ttes shower in figure S for

Maeh mmd)ers 1.24 and 1.44, tho ]ower values of the wave

drag of th(; ](elnisl)heri('al portion of the maiMs ol)taim'd

from exl)erinwnt (fig. 5) wer_ used. For all other Math

,und)ers Ihe empirical exlIr(,ssiotl (('(1. (2)) was used. The

(,stinlated foredrag rosu]ts ot)ttlined _lre in fair agro(,nlent

u ith the experinli,nt_d (blt+_.

As IIreviously (liseussed, preliminary estimates _md _'xi)('ri-

me,t harp 1)oth shown 11181. fl small saving in foro(h'n,,z may

be achieved through the use of a hemispherically blunted

cone in place of a sharp cone of the same fineness ratio.

Although this type of blunting can be benefi('ial, preliminary

estimates have also indicated that no drag reduction can l)('

achieved by siIni)ly replacing the sharp nose of a given ('one

with a hemispherical tip. In this case the cone angle is not

reduced, since the length of the model is redu('ed instea([.

In order to verify these results, tests have been made at

Math m|mbers 1.44 and 1.!)9 for a series of hemisl)herically

blunted cones, formed by progressively blunting an LID 3

(x)ne. Both the experimental foredrag results and the esti-

mated values of forcdrag are plotted in figure 10. It is evi-

ilent from the figure that there is good agreement between

experiment and theory, and that, as expected, there is no

drag reduction duc to mere blunting of the parent cone.

THEORETICAL MINIMUM DRAG NOSE SHAPES

Comparison of experimental and theoretical foredrag.

Comparisons of the experimental and theoreti('al foredrag

variations with Mach number for the theoreti('al minimuln

drag noses, the LID-----3 cone and the L-V ogive, are shown

in figure 11. The theoretical drag calculations have been

3

,5

t_n

2 i

o_

0

Experiment

o Foredrog

Estimate

__ Wove drag

.... Foredrag (estimated wave drag

+Blosius' laminar skin friction)

--t 1.... .......

? ii _
i i

M: 199
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D

]:I(_(!nE 10.--Variation of foredrag ('oeMcient, with bluntness for hemi-

sphere-cone series, constant cone angle= 18°56 ',
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limited in most ('ns(_s lo a smnlIm' +Nlaeh nunlt)er t'_mge than

Ihnt for which experimental results _are _)v+_il_bh,. For

Math tmml)(,rs less than 1.4 o,' greater than a|)out :{, the

coni(ml tip approximnlions to the Irue body shn])es which

would h,tve heen nevessnry for _q)pli<._ltion of the lm,'iurba-

lion theory to tile minimunt drag shapes were considered

tmr(,,ison,lbl.v lnrge; bent'e, the se('ot)d-<)r(lcr th(,or(qiea[

results "were limited to Maeh nunfi)m's between 1.4 and :_.

lu fact. for the L-I" }[aaek ,rose the theoretical eah:ulations

wm'e limited to Mavh numbm' 2.4, ,s an excessive, nmount

of <_onicnl tip modili('ntion wouhl I)e n(,('essary for the theory

to he al)l)lieable at high(,r Ma(qt numl)ers. Theoretical esti-

males of t lm fore.(Irng hnve 1)(,(m made I,y the addition of

tlal-l)h|t(, skin-friction vnlues (o Ihe+ cOral)Uteri wnw; (Irag,

Ihe skin friction I)(qng vnlculnted for n Reyn(dds munl)m' of

4 ._I(V'. Although some of lhe t,Xl)erime|ltal data wer(,

taken nt. Iowm' l{.esnohls ,mmbers (I)etweetz 2;.<11) _ and

-t <11()"1+ the error i|_t|'o<lu('ed by eM<_uhltion of lhe skin

frivtiou nl one Iteyn(dds nuntl)m' is small and cerl_lhdy well

within Ill(, n<'(qlra('y of the exl)erimentnl resulls. Either

cOlnl)h.((.l.v lanfinnr (,'(4. l:/) or eoml)hqel 5 (U)'bll[OIIt (l'ef.

1-I) skin-frieli(m drng: ]m_ been assumed, nlthough the

s('hii(,r(,rl i)iv(tlves in(li+_||l(,<l Ih_t( for (t,e t(,s(,; _tt M_eh nttm-

Imrs of :+,.0(_ and 3.(i7 bOUl_dln'y-hLver 1,'ansiiion oe('um,(I (m

so_)_e of the models.

A COml))),qsotL of the ('Xl)erimental nnd theoreti('nl forcdrag

l'()u the L/I)=3 ('one h+)s betel) in('luded it) tig_w+; 11, si))<.(_

su(qt n eoml)aris()n indi('ales how well the. sl.:in-frietion (h'ag

ma).v be v_llvuh)led _|))d _)ls() provides )))) i))dir'a)lio)) of I.he

_l,'vu,'_('y of the o(h(w (_xt)evimenl_d results. For the Re3-

uohls nt,mt)m's of this investigation, sehli(,r(,n observations

iu(li('uted lanfiun,'-boundary-h)ye,' [h)w ()n the ('one hi. adl

Nlu<.h numbers. Tim I'ore<h'ng of lhe eone w_ls closely esti-

m_lted t)3' the _ddi(i,)n (,f the ex+_vl Taylo|'-Mn('('oll wave

dru/ nn([ Bh|sius' ini,<mq),'essit)h_ lnminar skhl friction. _

In g('tte|')|], b_oo(I agr('(,Inent. I)et'+v(,(,n the exl)erimeninl nnd

tt,eoreli(,ai fo,'l,drng: fo,' hmtinnr-holmdnr3-Iayer 1low ",vqs

(d)tnined for most of tlw m<)(h,ls at Nl+,vh numl)l,rs of 1.4

rind '2.(}. N(,verlheh,ss, nt Mn<'h mlntl)(u' '2 the t't),'(,(l_'_lg of

th(. L-l) atl_,l L-I" Iln_l<'k shnlmS nre ()x'(_v_slim_lt(,d hv _tl)¢)ul

the tnngnilud_, of tim (heor(,li<'nl hunitmr-sldl_-fri<'li(m (h'ng.

["(u' a Ma<'h numl)er of :_ the foJ'edra_g " ()t' the (:one nn<l tim

f(,re(h'_lg of th(, L-I) 11t|a(.k slml)e are in good ngr('ement with

[h(, (heor 3 for h)min_u'-b(mI_dnry-lny(u' 1low. t{owever, (he

(',)ml)ariso,_s in(lienie flint, l,he boun(htry-l_tyer fl<)w for lhe

L-l" ogive, (he 1)-1'" /l_|_l(:l-: shap(,, lu_d Ihe h3l)e,'sonic

ol)limum slml)e were at hmst. pnrliall 3" turbulent _)t this

_1nch n(m,ber. A_ the m|iximi|n| M_<_h )tumb(,r (.11:: :3.67)

lira eXl)(q'im('nt._d f()redr_tg of I.he L-I" ogive exceeds even tile

_heo)'<,ti<.+l] v+)l_e for vo_))i)h'lely I.Iirb_al(,nt t)ound+lry-l_)3+er

th)w. This snme result is nlso inferred from the('Omlmrison

for lb(' l)-l'model. I( is ))ol <.leg)r wbi('h par( of the th(,ort_ti-

('nl fot'e(h'ng is +it fault, thnl is, tlm wave+ drag or Ill(', sl.:in-

frivlion d)'flg,_, [[owev(q', it, llppetll'S IIIlDS'[ lik('ly that the

Ihe()t'eti('_d-skiu-fri(qio|_ drng is leo s||utll, sin('e eonsi(h,rlfl)le

<)1 :t licit I)l_tte IO Ill{it Of :1 (:<>lie _1_S _l('gh'_'qp_l Sill((' its itlI']laSiIItl _A()tI]<] t_;tV4' ]tl('l(_:lS+'(I t!l_'

f(II4'41111*Z "fly OllIy l I)er+'0tl+

(:onti(let+('e tony be phteed in the wave (h'+|g v+tlue, 1)n|'ti(:)|htrly

for the L-l" ogive. '+

The (laOt also show t+lmt for these tmrtieuh|r 1)od3" slml)es,

tim first-order theory yields nee(,pt|tl)le ",+_dues of wave (h'ng

for Math n(,mlmrs ('lose to 1.4 only. At the higher Mn('h

tmmlmrs, tit(; tirst-or(ler t heor N 3"iehts results which are too

[()x.V.

Although shm(ler-l)od 3' timer N has sometimes been used

to (:al(:ulate the wave (lrng of shapes with fin(mess ,'atios ns

low as these the. wn.v(; drag <'oetticienls <)f 1/9, I/S, and 1/6

for tim L-l), L-i _, and I)-V Haael,: shal)eS (t'(,f. 2), respec-

tively, are too large at +ill M+teh numl)ers ns ('Otnl)nred with

the results in figures 11 (<:), 11 (d), and 11 (e).

Comparison of foredrag of theoretical minimum drag nose

shapes with foredrag of other nose shapes. In or(Ira' to

assess tile theorcli('nl minimutn drag shapes re,' the thl'e.(+

nuxiliat-3_ renditions <>f given length nn(I ([i_l)nel(,r, given

length nnd v()lutn(L ()l' given (li_m_(,ter nnd volunm, other

('<mmmu shat)es wil,h i<hqtli('nl vnlues of these 1)_,'ametet's

ha',,'(_ t)e(ql |(.s[e([ alld eonll)_lrisc, llS of the J'esHhs al'e sh()wl_

il_ figure 12. +4.llhot_gh (he Re3nol({s t_tm_b(,v was )lot ('(m-

slaIit, t.hrough()ut the M+_('h nu(nl)er l'atlge, it w+ls tm(_hange(l

for +Ill (he tests at (!tt('h _|)_¢:}) ntlnllJ(,r. 11(,n+'(,, (]iffer(,n+'os

it( foredrttg betw(,et_ models eom])nred at n given Ma,'h

+t(lllll)Of Ill,IV +lOt ])O /)H/']})(l|l,d lo (li/]'ero))+'es J_) Revnohls

n)tm.I)er.

The fore(Ir+_g (:oetli(:Jen(s of t])e t}moretie_l minimun_ (lr_tg

shapes for a given length and diameter, the L-I) ][nnek nose.

(<)r ]{._{rnl_in ogiw_), a n(l lhe ]13pe('s<)ni(' optimunt nose. (}_

pow('.r tl)ld F(,l')'al'i S]ltl])(, , set' llg. 21) _t'e eonq)nre(I with the

fore<h'ag (_o(_tlleie.)_ts of the i)araboli<, nose in tigu('e 12(n).

It is nolewor(ILv (hat the L-I) 1Tlmel,: nose ix not the h,nsl-

(Irag shape for any M_tch numl)er wilhin the rnnge of the

t(,sts. For t.he mnjor portion ()f the Maeh numl)t,r rnng(,

(ab(+ve M_++eh tnHnl)er 1.5), the hyl)ersoni(_ optimum shape

hns the least foredrag. It is somewhnt surl)risiug that 'In

Ol)( imum shnI)(, based Ul)On New(oninn itulmC( theory sh<)uhl

]mve less <lt'+_g than Ihe L-l) ll_mek nose nt these rclntively

low supersoni(_ M_('h Imntl)et's. I1 is not (.h,nr wh(,th(,r this

_tnotnnl.v resulls from lhe rest ri(.l ion of zet'o slope nt the

tins(, whivh xv_s evidently _)ssum('d iu the de,'iv,_tion of the

L-I) l[anvk nose, or whe(h(,r (his is n result of the low tin(,-

hess ratio of t h(' mo<[els. ']'o i_lv('slignt(' l his h(tter point,

llm ",vnve ({t'ng eoe/livien(s of bo(h (he L-/) l[_,t'l,: )t),+1 the

hy'l)ersoI_ie opt intunt shapes w(,re e_d(,ulnted I)3" se(.ond-or(l(,r

(h(_ory for /inell(,ss t'+l(.ios of :'_, 5, ;_n(I 7 +_t +_M+l<:}l n_m})+,r

of :_. 'I'hes(_ result,_ (tig. 13) show thnt the wnve drag

('<)e{li<_i(m(, of the "I-[aa('l.:" shal)<, is (be h),'ger for /in(,)less

rntios of :_, nn(I 5. l;'or tin(,n(,ss )'ntio 7 'my ditt'(,r(.nee in

w.£ve +l)'_),,_ t)et.vc(,e)> th(_ I,-l) It_)+_el,: _)))(I tl)(_ }Lv/)erso))i('

ol)titnum slmpes is so smnll ns lo bc within the limits of

_ne(,rl_inl 3" of lhe e_ll<,u]l_tJons+ To provide _ better indi-

Ctltic)n of the eomt)innlions of NIneh n,,,nt)(,r an(I fineness

ratio for which the h3personi<* ol)timutn nose lms less wave

"l'he fol-eiIr04z "+I_,lllpR leD()lt(_{l hel-(,itl I*o1" the L-I" ogix({L:_I)=2!)3) life :t|)otlt ]0 p_'l(H'lll

h_wer |h_'.ll those reported in r_}f01r_llee 7 (o.r :_11 L:'D=3 _)_ix o. t_]lll.:_li_h (h(, I'ore0raR re_tllt_ for

t]it! (:Otle and ]lyl)('lSI}lli(! ol)t[llllllll sh:tD('S ([_12s. 11 (a) :111(1 I1 ([I) al(' i,_ aTIeetll('nt. Even

I]lf)ll_h Ih( _ t('slS ]]:l_ e I)('('ll r'{'r'lIll and lhl, i[_tl_t have I)(.i.n (.a)(.flal]y eh(.pk(._l. Tie satisfa('toty

i,x[)l;lll;ttioli Ii:_s, l/s 3('(, I)(,(,ll foIIl/d _of Ih(s _lif_o_olleo
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Model no Designation L/D

o 13 L L) Haock 3.00

u r_ myper. UDT ,.).UU

O II Parabolord 3.00

Model no Designation L/D

o 15 L) V Hoock 3.00

a I 7 U-V Cone 338

Model no Designohon L/D

o _ ,4 L- v MOOCK O.UU

[] 16 L-V Ogwe 2.93

Ol'o t.4 18 2 2 26 30 34 38

Moth nu_;berp _4

(a) Length ;rod dianmter given.

(b) Diameter and volume given.

(e) Length and volume given.

FI_;URE 12.-- Comparison of foredrag of }taaek models _ith other

models having the same two specified |)_tI'll, Innt(ws.

drag than the L-D Haack nos0, the resuhs of all of I hc

available second-order solutions fi>r these shapes have l)cen

l)lotLed in figm'e 14. The plot is made in terms of the

hypersonic similarity parameter, K=M/(L/I)), and in(li-

catcs that for values of I( it_ excess of about 0.4 (w 0.5 the

hypersonic oplimum shape hits the h)wer wave (h'ag.

The foredrag of the theoretical minimum drag shapo for a

given diameter aud volume (1)-1 _ ][aack model 15) is corn-

])ared in figure 120)) with lhe fovedrag of a cone (l)-1" ('one,

model 17) having identical values of diameter aim v(4ume.

Except for Maeh numbers below about 1.4, the forodrag of

the cone is of the ordor of 20 l)eroont h)wer lhau that, o[" tho

theoretical optimum shape. Again, this result may bc duo

either to the h)w tinoness ratio of the bodios leMod or tho

failure of the slender-bo(ly theory 1o t)rodi('t tim corro(:(,

minimutn drag sh'q)o fl)r all l)<)ssihh_ shapes r.ther than /he

El(; urn,; 13. "(ari:diozi of _a'¢e drag eoet|Ment with finezmss ratio for

the iheoretieal minimum drag nose shapes of specified length and
diameter at Math munl)er 3.

l I I I I I

Second-order )heocy, ref. 12

-- o L-i? HOOCk (or Ki_tm&n og,ve) -

o Hypersonlc ophmum

----t ---

_ _ "

l 1 [

/J
.J

I
5 6 7 .8 9 _o

, M

S_"n_ la nt_,, porumete,, ,_": L_

q, with the :4m-
FIGUI_,E l,l.--Variation of _ave (h'a_ ]_ar'azlmter, ('_)v p

larity i)arameler for the th(,or(,tical nzhlimUlll drag nos. shai)(,s of

sl)ecified length and diameter.

corroot minimum drag shape for bodies with z(,ro slope _lt

the t)aso. In any evetH, it vouhl bo ex])c('l('.l thai the (h'a/

differ(m('o would l)e much toss for highor fineness ralio noses.

'l'ht_ fovedrag of the theorolica| minimum drag shape for a

/iron length aml volume (L-l" |[aa('k, model 14) is ('ont-

pared in figure 12(c) with the foredrag of a ('ir('ubu'-aro ./ivo

(L-I" ogivc, model 16) having identical values of length aim

vohnmo. Since t,he base areas .f those noses (lifter. the fro,(,_

<ls'a_ t'oeHMents are based on (volume) :';:_ instead of base

area in order (}tat a dir(,(.t COml)'U'ison of (he fore(h'ags m.y

I)e ('onvoni(,atly mado. Over the ('omplete Math numl)or

range Ih(: forodrag co(filM(m( of the L-i" IIaa('k nmd(,1 is

l)e(weou ,'4 and 16 p('roent, h)wor than the forodrag coeflid(,),t

of the L-I" ogive. For both modols th. variation of froc-

drag cooffi(.ion( wi(h Ma('h number is similar.



INVESTIGATION OF THE ])RAG OF VARIOUS AXIALLY

Foredrag of nose shapes defined by r=R(X/L)% In ref-

('rmme 7 foredrag results of fineness ratio 3 models fro' n-- 1,

_{, _6, and _ are presented for the Math number range of

2.7a to 5.00 and for length Reynolds numbers 1)etwet'n

2Xl() _ and 3Xll) t ]n the present investigation similar

models have been tested at, Maeh numbers fi'om 1.24 (o

3.67 and Reynolds numbers between 2 X 10 _ and 4 X 10 _ in

order to extend the Ma('h number range of available drag

data. The foredrag results of this investigatim_ are pre-

sented in figure 15 and are compnr(,[t wiLh part of the results

of referen('e 7, replotied for the overlapping Ma('h number

6_e=2dSxlO 6 I R_=4()OxlO 6

,_e= 2.73 x t06

! ,_e =4.14 × I06 @ : 3.45 X 106
I

i ![P6':_.O! xl'.] 6', i_:? 7)( 10 6

24 - ! '

.20- ]

_ J2 .....

t_ .......

01,0 L4 1,8 2.2 2.6 3.0 .5.4 3.8 4.2

Moch number, M

l:t(nmE 15. -\rariati.n of foredrag coefliei(mt with Math mmd)er for

L C')"the family of /)--,3 nose shapes defilmd by r=R L "

range of both investigatioI_s. In gem,ral, (here is good

agreement I)etwecn the data front both sources, although

there are small differences whMl m_ly 1)e attributed to vari-

ations in Reynohls mmfl)er. Both the hypersonic el)l imam

nose (n--!/0 and the conical nose (_ 1) show a simihn' (h'-

cr(,ase in foredrag eoel_'u%nt wilh hwrense in Ma('h number

ovt,r th(; complete Madi number range. The hyp(,rsoni,

oplimunt nose, however, Ires much (he lower foredrag (about

24 ])er('ent lower at Math numl)er 1.24 and 15 t)(,rvent lower

•_(. M_leh number 3.67). In (.ontrast with the clef'tease in

lhe foredrag e,oetIicient with in(.re_lsing Ma('h numlwr for

(he hylwrsonie opt,imum and coni('nl noses, the fort,drag c,o-

elli(dents for the I)aralmlic and _-l)ower noses in(.r(,ase with

in(.reasing Mavh numlmr in |he lower tmrt of flu, Ma('h

I1 [llilbel" 1'|111 g('.

COMPARISON OF FOREI)RAG OF ALL THE FORCE MOI)EI,S

In ligur(: 16 _ (:Oral)arisen of tim variation of for(,(h'ag

(.oettieient with Math number for all ihe force models tested

is shown. In general, it is seen that for the mor, bhml

noses (models 5, 12, and 18) the foredrag e.oeltiei('nt in('re,ses

with increase in Maeh numl)er, while for the other noses the

fore(h'ag ('oefli('i('nt dem'(,ases with in(,r(,as(_ in Maeh ))innl)er

SYMMETRIC NOSE SHAPES OF FINENESS RATIO 3 ]245

over most of th(' rang(,. It is of interest to note that the

ellipsoid (model 181, air]rough showing a large in('rease in

foredrag eoeffi('ient with increase in Math number 1o Ma(:h

number 2, h,s constant fore(h'ag (.oeHi('ient for h[a('h num-

t)ers al)ove 2. There is no minimum drag nose for the ('om-

t)lete Mach numt)er range, although the ]lypersoni(' Ol)!imunt

nose (model 10) has the least drag for Maeh numl)ers above

1.5. Beh)w M(wh number 1.5 the paraboloid (model 11)

has the lowest drag, slightly less than the drag of the L-D

}[aack nose (nlodel 13). Of sl)e('ial note is the observation

(hal inany of the nose shapes have less drag than the cone

0nodel 1), particularly at the lower Mad) numbers.

CONCLUSIONS

l)rag measurements at zero angle of attack have been

made for various hemispherically blunted cones, flleore(ical

l_Iillillllllll drag nose shapes and other ]llOre eO]lllllOll profiles

of fineness ratio 3. An analysis of the results for a Nfaeh

number range of 1.24 to 7.4 and for Reynolds numbers be-

tween 1.0XI0 8 and 7.5X10 " has let1 to the following

eonehlsions:

I. No model had the least foredrag for the ('Oml)leh, Ma('h

nunlbev range.

2. Of the models tested the paral)oloid of revolution had

the least foredrag I)elow a Maeh number of 1.5, and the

hypersonic optimum shal)e ha(l the least foredrag al)ove a

Math number of 1.5.

3. The theoretical stml)es for minimum l)ressure drag

derived by yon Kfinmln and by Haa('k for given length and

diameter or given diameter and volume do not [).ave less drag

than all other l)ossible shapes having identical wdues of the

sam(; paramel ers.

4. For the hemispherically I)hmted (:ones of low fineness

ratios (of the order of 3);

a. Small reduelions in foredrag may be achieved by

hemispherical blunting (hemist)herc diameter ap-

l)roximately 15 percent of t)nse diameter) if the

fineness ratio is held constant and, hence, the cone

angle, redu('ed with in(,reased t)luntit_g. If the cone

angle is held (.onstant and the fin(mess catio redact,d,

hemisl)heri(_al I)lunling r(,sul(s in increased foredrng.

b. A rela(ively large hemisl)herical lip diameter (as

large as 30 perceltt of the base (liame(er at Mat'h

numl)ers of 1.24 and 1.441 tnay |)e used wifltout

increasing the drag above t]mt of a sharp-nosed ('one

of the same fineness ratio.

e. l,'or large sph(,rical l)lunlnesses (nose (lianlelers of tlm

ord(,r of 50 I)er('('nt of (lie base diameh,r) drag

penalti(,s were moderate at .Xhwh numl)ers h,ss than

1.5 but t)eenme sever(, with increasing Maeh numbe).

d. Fro" Mn('h nunil)e)'s of '2 and gl'e_iter (he w_xq, drag

may l)e ac('.uralely estimale(l l).v the additio)_ of the

wave drag of the h('misl)heri('nl tip calculalv(l from

;m eml)irical ('xl)ression and the wave (h'_g (4 (he

(.oni('al portion front Taylor-Matt'ell theory.

AMI.:S AI,ilI()N.kI"I'ICA[, ],_\I_;()I(AT()RY,

_'ATH')NAL AI)VIS()RY ('*()MMITTIH4 Felt AFRONAVTI('S)

,_IoHq,:TT Ftl':l,I), ('_I,IF., Aufl, 28, 19:]2.
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