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This is mainly a dooummmry  record of drag measurements on 14
swept wings varying 3.n  planform fran deltas to swept untapered wings,
endf'rcrn l&tolC$thiok. The Reynolds  number of zhe tests was 7 x IO6
per foot chord atM = 1.0. The rcsult;s  are compared wir;h  t&%x-y for
Wings of double wodgo section, ana an attempt is mado to chock tho
validity of the supersonic  similarity la\Ts, Three  preliminary conclusions
arc k-awn.

(a) At supersonic speeds, the wave  drag of a given  vring varies
as tho square of the thickness ratio;

(b) the supersonic similarity law allows the drag of 'similar'
Wings to bc oamparca;  ana

(0) thmc is some hope that the drag of round-noso soczion  vtinf~s
can b2 cstimatca fman thoorctical  calculations of the drag
of tings of double  wedge  section.
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1 Intmductlon

h earlier report' has descriWd  the development  of the R.A.E.
ground-launched, m&et-boosted model  technzque  of ~~+~sLTUV~  arag at
tmnsonic  and low supersonic speds ?lhe  present note deals with the
applloatlon  of the technl.que to drag measurwnents at zero  1l.ft on a
number of swept tapered and untaperecl Kugs. The experlmen~kl results
am canpared  with theoretical estuEltes of the &ag of vings of ldentical
p1anfoxm  and double wedge  section, and the valiciity of the supersonic
SMilarity  laws  are checked.

2 Test ve~oles

Full details of the test vehicles~are givx In Table i an6 Fig.1,
and a typ1ca1  example 1s illustrated  In F1g.2.

The test vehicles were built around  a solid tie1 mokct d 5 inches
dmter and 65 inches  long. It had can impulse  cif about  64C.C lb.seos  Znd
a burning time of about 1.8 sets. The weqht  of the test  vehicles after
the rocket  had ceased burung varxed f'rcol about 90 to 110 lb. The rocket
case WZLS enc.~~osed  in a body 62 inclles  clcmeter and 73 inohes  lcng,
fuushed at the fmnt  end by a tangent ogLve 2% inches  long. At the
rear end the standard body  carrxd tw stabx..lising  fins, of which de'ads
are grven  2.n Flg.1. On this stand&  bcdy  were mounted, L1or  Inost  tests
reported here, two wmgs 0f abouC 20 inches  exposed. half span. On some
vehicles, the bcdy oarried  t&e half wrings  and the stabilising  fins
were  cmittfd. Table I gxves fill  &tads  of all wings tested, including
sufficient le&ng hensions  'CC allow the test vehicles, with the aid
of Fig.1,  to be reconstn~cted.

Further &soussion  of the test vehicles, 3ncludxng  tJ'pica1  surface
finish measurements on body and wings, pmfrle accuracy details,  and the
philosoplqr  behind the vehicle  layout. is given i11 Ref.1.

3 Method of test and 3mlysls

The test  vehicles were  launched on an exxtlng open x~i" range?
general1.y at an elevation of 1%' to Wz horuontal. -L'lii  vehxles 111
generslmse  to an altitude  of about loo0 feet, and travelled  a distance
of about 15,000 feet. Fmn the recoz-d  cr? a refleciaon Doppler radar set
mounted behind the launchzng  apron, and the tra,jectoly ccxnputed from
kine-theodolites  observations, the flight path velocity, flight path
deceleration ana inclination of the fli&t path to the horizontal were
detemined. COTFSO~XXIS  for observed w~.nd  were applied l;n  these results,
and t2-e d2e.g computed. Full details of the 0cmputza~0nal  methods a?x
given in Ref.1.

4 Presentation of results

Referring to Table I, drag results are presented here for 3 swept
untipered wings  With stree~~~ise tips (Mdels  1, 2 ana 3) ad 2 swept
wtapered wings mtlh out-off tip* (MOaels  4 ad 5), for 2 aelta  wings
(Models  6 a.d 7) 4 ompped delta lnngs (Models 8, 9, IO and II) and for
3 swept  tapered wings  with streamvise tl s V&L&L,  s.c~rJ.mg to the
supersonic similazlty  laVS, are sidlor XvImels  12, 13 a& 14). On most?
Of t;he  DlOdels  the section vas R4E.101,  I$ thick, hut in sow eases  both
different seations  and hfferent  thiokner;ses were used. On one vri.ng
&de1 II) the thickness ratio mcreased  towards the  tips (see ~~6.4).

l i.e. out-Off at right angles  fjo  the line of flight. This planfoml
has at times been ~ferred tc as "psWdo-delta"  and "delta wxth cranked
,?ixxiZq  edge."

-4r



In figs.6  - 18, the drag  of the models  is presented.  Referrug
to ~$3.6  as a typical  example, in Fig.6a is shown  both the drag  of the
wmged  vehicle,  and the drag of a wingless basic body, both as coeffl-
c1ents Oj-+ based on the frontal  area of the body. In Fig.6b,  the
?iaY'erence between the curves  in Fig.6a,  i.e. the profile drag  of the
wings alone, together  with any interference  of the wings on the body
and of the body on the wings, is expressed  as the usual  coefficient
CQ based on exposed  wing  area. Fig.6b  also shows  the estimated
friction  drag, based on the mean chord of the wing (see Table  I) and
Fig.3  (see paragraph 5.2). Subsequently  in Figs.20  - 25 the difference
between these  two curves,  the ylave drag  coefficient  w, is considered.

The vehicle  drag  was measured  in decelerating  flight,  in most
cases  from about X = 1.4 to :fi = 0.85. An exception  is 1Zlel  8; this
model  was designed  specifically  to cover  the trsnsonx  region.  On
some models however,  the vehicle  drag  measurements  cease  at about
i$I = 1. In some cases  this  was because  the wings  fluttered off as
trsnsonw  speeds  wxc reached,  in other  casts  the vehicle was of low
drag  snd flew out of the Doppler  beam before it had dcceleratcd  to
subsonic  velocities.

The Reynolds number  of the tests  was 7 x j06 per foot chord at
x = 1.0, and varied linearly  ;<ith  ;iach number. The mean  chord of the
wings  is given in Table  I, and Fig.5  shows the extreme  variations in
Reynolds  number  for al.1 models. Drag measurements by the present
technique  are made  in decelerating flight; for the models of this
report  average  values  of the deceleration  were 4.59  at Z = 1.5, and
I& at 21 = 0.9. Although  there  is an effect  of acceleration  on drag,
theory  shows that the effects  of accelerations  of these orders  are
negligible.

5 Discussion of results

5.1 Effect  of vehicle layout

The relative  merits of Z-winged  and j-winged  vehicles  have  been
argued  previously'. :iost of the tests  reported  in this  paper  have  been
on 2-banged vehicles. Some results  using 3-winged  vehicles are included
here and surnnarised in Fig.19 and from them the effect  of vehicle  layout
csnbe seen; in xst cases  there  is an unfavourable  interference  drag
on the j-winged  vehicles,  and an earlier  drag  rise. On the swept
untapered wing with  cut-off  tips, however (:lodels  4 and.  5) there IS a
favourable  interference, the drag from j-winged  vehicles  being less
than  that from 2-winged  vehicles for both F&El.101  and FLU.104 sections,
below a :Iach  Nwbsr of about 1.45.

5.2 Skin  friction

No direct  measureGEnts  of either  friction  drag  or transition  point
have  been made. However, if comparisons  between different  :iings,  and
comparisons  with theory  are to be attempted, some allovrance  for friction
drag must be made. Previously  (Rcf.1) from the effect  on drag  of having
a rough  surface  finish,  it had been deduced  that  for the present  Pheno-
glase  finish  the transition  must  be far back on the wing. This is con-
firmed  in the present series  of tests  by the fact  that the measured
subsonic  drag  is in every case less than  the friction drag that would
be estimated  assuring  transition  st the nose  of the aerofoil.
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Most of t&se tests have been done on HAE.101 section wmgs, >tich
at CL = 0 have  the maxmu thukness  and the cnsnencement  of the un-
famurable. pr.2ss.r~  gmdxnt at obmt 3% of the chord. FuIl sodie and
tunnel  experience suggests that 333 sectmns  of '&z3 type at cz :: 0
tmnsitlon  occurs  just aft of <he mmmencemeut  of a~. uwnfavourable  pressure
gradtint  i.e. aft of 0.30. Semndly,  from the measwcd zubsonlc  drag:, 2nd
usmg  Royal Aeronautical Socmty Data S&ets corrected  for Nach nuder
ac!cording to Cope2  it 1s possible  to duc'uoc  a ",rarL0J.on poinL.  ReJectulg
sane an~ous  msults,  tne vitue 3 de&a+" Pmm these tests, "ry frcun
about 0.30  1;o 0.5c, with a meax vdue  of 0.39~:. Fmally.  tile Pqmoiid::
Numlx2r  of transition, usmg these deduocd transdmn  points, varies frcxn
2 x 106 to 4 x 106, w"nich  IS UI t1-P mge one would predict.

It should Ee membered  that these deductions about the prob&le
position 12 W9 transition  _nnmt  am? based m zlx ml-n on ccmptisons
at subsonic  speeds. A.llovrmce has been made  for tne effect of &oh
Number on the frlctzon drag coeffioimt,  but no account has ?xen taken
of the effect, if qy, of103ch  Number on transition point. Id this
respect the present  prooedwx  LS open to cntumn  and poss;bly  to later
smenaiaent.

5.3 Emeot  of tlnckness

for these two vfings are compared in Z%g,.ZOb.  3nd considering the
&ff'enmces  that vould  be made by mall errors in estimstlng Q+ ,
the apement is consrdered  satxfactxxy.  .4r: -+ointed out UT Table  I
the W&S of Model II var~d  xn tic:ness  fmm C.CL+ at the mot to
0.0765 at the tap (six F~g.1~).  We~ghtxng IAe tkakaess  rata0  aocordug
to the local chord, xe get

using tkus value of Y, %v
( >7

forMode II 1s compared  i? Fig.23o

with tit for Mode1  IO (same planrom and seolx on, q4 thick  thm*@out)  _
Again the comparison is veq snt-~sfhctory, wd these  tvro  checks  sq,~st
that the effects ot changes in thrckness CCJI  be esthted by this r&ho<.

5.4 Wfeot  of section  change

In the result:: presented here all wings we= of rcxm?.  nose
syrmnetica.1 seot1on  having, i;?th  one exception,  thz rrtia thickness
at 30 - 31% of the chord, Models 5, of RAE.104  scctlon, had the :“auiIii?l’,
thickness at 42% of the chord. Ccqarison  of the &ags OL" ldodelc :+ XII
5 is made in Flg.lga,  and h-10 rather curious features &manil ccmnent.
,Firstly, as has been noted earlier, :rith this planfom the wing drag
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frcm  2-mnged  vehicles, on mcdels  cf both R&."iti  and FL4E.104  ~eotzon,
is greater than the wing CLrag measure& on 3-waged  vehicles; this is
apparently a m~tud interference effeot. SecmdJ.y,  on both 2 and J-
m.nged vehules,  the markedly different shapes  of curve for P&3.10?  and
RAE.104 sectron  is notable. Sinoe  the Mach num'~r at v,hlch  the drag rise
occurs on the winged vehicles 1s very nearly thst at wtiich  Chs drag rise
occurs on the basio  bdy alone, It 1s not possible  to 8.~~7 any useful
oonclusions  a-txxlt  tk& drag YelOW abou+.JM  = +. iht above aboutM = 1.05
the eocuracy  of drag detemination  1s good. No pbysiezil  ex@anation  1s
offered  for the large hvmp  m the drag curves of Models b ad &b between
Mach numbers of about 1.1 ad 1.35. Tkompson3 has calculated the wave
drag of a wing of double wedge secz=on  and t.his tytype  of planfo?.m.  Ht:
has also shovvn  that, certainly betveenM  = 1.1 arr3  1.5 for a iting  of 60'
leading edge sweep, a good approxzmation  to the dmg oan be ob"tined  by
considering  the wing to consist of an isolated dzxxrd unta>ewd portion
and an icolnted Lwtbcard  delta, the total drag being obtained by Tweighting
these isolated drags according to their areas. Usxng this approximation
and the :*rves of Ref.4, tine dzags  of vhngs of t'ne  same planform 3s
Models 4 and 5 and of double wedge section, but x%th maxum~n thickness
at 30s  aad I&$, have been cstunated,  and are shovfi m Fig.22. It is
ssen that these theoretical ourves avz consistent ix~?;h  theory for other
wing planforms  in putting the wing vi.th the more f'orv~ti maximum thick-
less  position a~ the laxer  drag, untzl  the maximum thic&ss line on the
delta tip becomes  sonic vh~n,  at "supersonic" speeds, the lover drag of
the forebow vn the section mth "sharper nose" (more af't  maxuwm  thick-
ness positron)  outweighs Cl1 other effects.

5.5 ICmlmrison  With theory  and with similarity la-v@

It TKKL~ have been most valuable of from these tests any genemJ.
conclusions oould  have been dravrn  about the &rag m the transoruc  region,
but for several reasons no such genersll  conclusions are possible.

Firstly, the &rag rise Mach number 1s of mterest. In these
e,xpXYiments, hmvwer,  the drag of the boay alone beans to rise at about
M = 0.55, so that inmany vehicles the rue in drag of the wing 1s masked.
This  applies paticbly for the t%h.?Ier,  mOI-0  ~F@J  S-we@  VrhgS.
Consequently no usefil  anslysz3  of th'3 drag x-me Mach number IS possible.

The drag atM = 1.0 woulil  also bz wxth exanunation. A preliminarry
anslysrs  suggests tlmt in fact it -4.11 be -possz.ble to dram  some general
conclusions~  but the results oontainea in tins report alone are insuffi-
cient to verify then and they are held over for a more exhaustive E%ls&srs
naw to be attempted.

Using this form, 3 recent  note 4 has given a selection  of theoretioal
~s.lculations of the iiave drag 0f swept  wixgs  at zero  lift. ivhile  the
present series of wings have mwa nose seotions,  except m special
cases the theory for such se&ions  1s intractable, and the best that
can be done at present is to ocmpare  the measured drags vrlth  tile t&o-
~3tica.l  drag of wings of the same pLanfo?mati  of a. secttLonforv&lu&
the theory  is traotable,  for instance the double wedge.



Much of the theory that exists, anti  most of the nuineru~CL  evalua-
t1ons, are L’or  wags  of double wedge seoO~on  having  the maxmum  thlclcness
at 50% of the chord (m = 0.5). Resllsmg  that the agreement between
theory for sharp nose  (double wedge) sections  and. expervnent  for round
nose (aerofozl)  sections  I.S  not likely  to be very good anyhow, the question
arues whether the better apeement, If any, obtained  when the comrarlson
IS  made with  theory for wings  havmg  a double wedge seotlon  of the correct
maximum  thukness  posltlon  (for examgle  m = 0.31 for RAE.101 section)
Justtiles  the extra labour involved  z.n  computmg  such extra curves. I n
the comgarlsons  that follow, two theoretuSl.  curves~  are  glen  111  each
mstenoe snsmely  i”or  a wmg  of the correct planform  and havmg  a double
wedge sectmn,  (a) with  the ms.x~~mm~  thukness  at mid chord - m = 0.5
end  (b) with  the maxvnum  thickness at the same place as the aorofoll
with which  com.&rlson  1s  beming  made -
RAE.101).

usmlly  m = 0.3 (cf. m = 0.31 for

it should be understood that these theorstlcal  curves arc? not
presented as estunates  of the &rag  of the wings  tested; estimates of
the drag of WJ.Q,S  of round  nose sectzon  are currently made by a,~lyug
rough emprrice.1  “corrections” to theoretical  curves  for wags  of poly-
gonal section, such as are sham. In some regions the corrzctlons  arc
expected to bo  large,  and the disagreement  betY!een  the txpcr~mtntal
results and the thoretlcal  results added  to P1gs.21  - 25 should not be
mterpreted  as a measure ol’  the uncertainty  of current methods of drag
astlmation.

In Fq.21,  the com~arlson  LS made for untaperod  wings  havmg
stre3mv$lse  tips. The experznental.  curves are for models of FU.101
section,  with the maxmum  thlciaess  of 0.31  of the chord. The the ore t ~a1
curves are for WJ.II~S  0.~”  the same  A ten  Al  and of double wedge section,
with  two vs.lues  of m ; in  this  case It 2 clear that the effect on the
drag of a nmg of double wedge  section  of chengulg  from m = 0.5 to the
prccxe  value a.psrro>rlatc  to the experimental  wing  1s  too small to
JUStI..W&  the computatlondL  labour. NOW although It 1s  not to be ix>ectcd
that the  emrlmcntal  curves  will  oxhlbit  the sharp pegs  shown by the
theoretlcd  curves, It should be noted  that ths rilatlonshlp  bctwcc-n
the  theorctlcal  a n d  exp3rlmental  c-is  1s qualltatlvcly  conslstont  3n
the  3 cases  shown  inFlg.21. That 1s  to say,  com~armg  each  expermlental
curve with  Its  appropriate theoretical  curve, It will  be seen tkt at
given  intervals  o f  A  I',?-1  less  then tnat  corresponding to  the  pea;<  ~fli---

the thsoretlcal  drag curve [ &(A  iv  -I)]F- , the  ratlo  bchvecn  thcoretlcal

and exporlmental  drag  1s  consistent,  6.g. abeI&  a t  the  veluuo  o f  A@;
corrcspondm&  to the $%.k,  1 at about A(A(lM2-l  j = -$.

A (Aw) = -2.
and  about  4 at

The results for two  swept  untapered  wings  with cut-off trps shown
m Flg.22, have already been lntrduced. The CUT~OUS  result for Diode1  4
has already been commented on; It must at this  stage bc assumed reel,  end
certatiy  inkcatcs  that the theoretical  refinement  of moving  tk maxmu~il
thlclness  posltlon  1s  n o t  Justtiled.

In Flg.23 we have compared the tvro  delta ~mgs. According to the
smilardy  laws the two Models 6 and 7 should have  the  same  drag l/hen
plotted zn  this manner, and the poor agreement 1s  a little disa$?omting.
The effect on the theoretical  curve of varying  the value  of m 1s  large,
and It  seems  111  this  vlstancc that the chengc  1s  worth while.

3 Estimated by mterpolatlon  from the  cwvcs  of Rof.4.
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In Fig.24 the results for the 4 cropped  delta Models 8, 3, 10 and
11 have been collapsed accor3ing  to the similarity laws; here, where  we
have  3 different sectums  and 4 different thicknesses, the collapse IS
quite g00a. Again, the varntlon of m has a profound effeot  on the
drag of the double wedge %%Tn.g, arxl, at least w'hen  the wing  is "suboonic',
better agreement with experiment  LS achieved by considering the double
Nedge  wing hating the szw5  maximum thickness posltion.

Fig.25 is ccanparable 771th Fig.23, in that Models 12 and 1% should,
acJordmg to this method of plotting, have identical drag curves. The
ageemept betireen  the INO rurves  is very satisfactory. On the theoretical
side it x. seen that the two experzxental  results i? Flg.25 bear the sane
qualitative  relationship to the two thcoretlcal  curves,  sz does the
ar;-,erzwntal  result for Model 7 in Fig.23 n%en  it 1s remenbercd  that a
mCl.ue of A M -1J2 of about unity in Fig.23, corresponds, as far as tk
gecaetly  of tibe f?Lo~  about tic mng is oonoe~~~d,  to a value of about 3 in
Pig.25

6 Concluding Remarks

The results presented hen? are a rather randam  selection, and in
themselves  cl0 not Justify  w weeping oonclusions.  Par more  experimental
results and oanpar~sons  vrLth theory are reguiz~J  before any unifying
$oture can he drwn. In ad&tion  It vrould  'ce desirable to have oom-
p&sons  with the theoretical results for -snngs  of the oorreot  section.
Such theoreticsl  results are not avazlable  and the oomparisons  made here
have all been bz&'een expexkents  on wings of "sooth"  profile aerofoil
se&ion,  and theory for vings  of "kinked" profile double  vedge  section,
rind  these lanks  lead to the characteristzw  peaks in the drag wes,
many of which would not occur in the theory for wings of smc&h profile.
%od agreement  in the oanparisons  shown here wuld themfare  not 'be
expected. But fran  these results  three prelimlzl ry condusions  32-e
Offf33.-&.

(a) At supersonic speeds, the ~wave drag of a given wing varies
ac,  the square of the thickness ratio;

(b) the supersonic similarity law allows the drag of 'similar'
wings to P.e compared;  and

(0) there is some hope th3t  the drag of round-nose section tinge
can be estimated frmn  theoretical oaloulations  of the drag
of tin@  of iiouble  weage section.

The next step in this work is to compare thcne Esults with other
;13~L&~dmeasurements  CC the drag of swept wings.
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NOTATION

A = nett aspect ratio

= (tvnce exposea sem~-spal 2

SW

c = mean chod - feet

SW= twice exposed semi-span

cq? = drag ccefflcient  based on SE

CQ = mng friction clrag mefficlent  based on Svl

CD, = mng profile  drag coeffva.ent  based on SW

% = wxng wave drag coef%.c~ent  blsed  on S,

z2 cDo - %f

L = leadug edge of root choni  a.Ft  of bcdy  nose --k&es

M = Ma&Numb.~-

mo = posltmn of manmum Kmckness  aft of nose

sg = body frontal area

= 0.222 square feet

s, = exposed wing area - square  feet

h = taper ratio

= tip chord
root chord

A, =I sweep of leadmg edge

A$ = sweep of half chord  line

A, = sveep  of traxlmg edge

o- =
tan A,
q
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TABLE I.
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VEHICLES +b, Sb, 94 I3b & 14;
HAVE lDENTlCAL BODY, NO FINS 8
3 WINGS INDEXED AT l20?

CHAMFERED LEAOING &
TRAILING EDGES,
TklICKNESS 0.128.

OETAIL  OF STANDARD FIN.

FtG.  I. GA. OF 2 WING TEST VEHICLE (NOtfINAL D IMENSIONS IN  INCHES)



FIG.2. TYPICAL TEST VEHICLE
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