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SUMMARY

This is mainly a documentary record of drag measur ements on 14
swept wings varying an planform fram deltas to swept untapered wings,
and fram U% to 10% thick, The Reynolds nunber of zho tosts was 7 x 10°
per foot chord at M = 1.0. The results are conpared wigh theory for
Wngs of double wodgo section, and an attenpt is made to chock tho

val 1dity of the supersonic simlarity laws, Threopreliminary concl usions
are drawn,

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

(v) the supersonic sinilarity law allows the drag of 'sinilar’
wings %o be comparcd; and

(¢) therc is some hope that the drag of round-nosc scctvion wings
can be estimated fram theorctical cal cul ations of the drag
of wings of double wedge scction,
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1 Introduction

An earlier report' hasdescribed the development of the R.A.E.
ground- | aunched, mng&et - boost ed model technzque Of measuring drag at
transonic and | ow supersonic speeds rhe present note deals with the
application Of the technique to drag measuremeNts at zero lif't ONn a
nunber of swept tapered and untapered wings. The experimentalresults
are oompared with theoretical estumates of the drag of wings of identical
planform and doubl e wedge section, and the validity of the supersonic
smilarity laws are checked.

2 Test vehicles

Full details of the test vehicles are given in Table i and Fig.1,
and @ typical exanpl e is illustrated in Fap.2.

The test vehicles were built around a solid fuel rocket uf 5 inches
drameter and 65 inches long. |t had an ampulse of about 6400 1b,secs and
a burning time of about 1.8 sees. The weight of the test vehicles after
the rocket had ceased burming vared fram about 90 to 1101 b.  The rocket
case wag enclosed in a body 6595- inches diameter and 73 inches leng,
fimshed at the front end Dy a tangent omve 25+ inches long. At the
rear end the standard body carried {wo stabilising fins, of which details
are given in Fag.1, On this standard body Were nounted, or most tesis
reported hexe, two wings 0f aboul 20 inches exposed. half span. On sone
vehicl es, the body carried three hal f wings and t he stabilising fins
were amitted. Table | gives full detarls Of ail wi ngs tested, i ncl udi ng
sufficient leading dimensions te allow the test vehicles, with the aid
of Fig.1,to be reconstruoted.

Further disoussion of the test vehicles, including typical surface
finish measurements on body and wings, profile accuracy detarls, and the
philosophy behind the vehicle layout. is given in Ref.1.

3 Met hod of test and amalysis

The test vehicleswere | aunched on an existaing open air range?
generally at an el evation of 133° to the horazontal. The vehicles in
general rose t0 an altitude of about 1000 feet, and travelled a distance
of about 15,000 feet. From the record of a reflection Doppler radar set
mounted behind the launchang apron, and the trajectory computed from
kine-theodolites observations, the flight path velocity, flight path
decel eration and inclination of the [light path to the horizontal were
detexmined. Corrections for observed wind were applied o these results,
and the drag conputed. Full details of the canputational nmethods are
given in Ref.1.

4 Presentation of results

Referring to Table |, drag results are presented here for 3 swept
untapered wings with streamwise t1ps (Models 1, 2 and 3) and 2 swept
unbapered Wi ngs with outoff tips® (Models 4 and 5), for 2 delta wings
(Models 6 and 7) 4 cropped delta wings (Mdels 8, 9,16 and I1) and for
3swept tapered wings vith streamwise t1pS which, according t0 the
super soni ¢ similarity laws, are similar (Mocels 12, 13 and 14). On most
O the models the section was RAE.101, 6% thick, hut in some oases both
different seotions and dzfflerent thicknesses were Used. On one wing
{Medel 11) the thickness rati o 1ncreased towards the tips (see Prg.l).

° i.e. out-OfFf at right anglez vo the line of flight. Thi S planform
has at tines been referred to as "pseudo-delta" and "delta with cranked

trailing edge.”
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In Fags.6 - 18, the drag of the modeis 1s presented, Referring
10 Fig.6 as a typical example, in Fig.6a 1s shown both the drag of the
winged vehicle, and the drag of a wingless basic body, both as coeffi-
cients COpy based on the frontal area of the body., In Fig.6b, the

difference between the curves in Fag.6a, 2.2, the profile drag of the
wings slone, togcther with any interference of the wings on the body
and of the body on the wings, 1s expressed 45 the usual coefficient
Cp, besed on exposed wing area, Fig.bb also shows the estimated

friction drag, based on the mean chord of the wing (see Table I) and
F1g.3 (see paragraph 5.2). Subsequently in Figs,20 - 25 the difference
between these two curves, the wave drag coefficient CDy, 1s considered.

The vehicle drag was measured in decelerating flight, in most
cases from about M = 1.4 to ¥ = 0.85. An exception is liodel 8; thas
model was designed specifically t0 cover the transonic region, On
some models however, the vchicle drag measurements cease at gbout
I =1, In some cases this was becausc the wings fluttered off as
trangonic spoeds vere rceached, in othcr cascs the vehicle was of low
drag and flew out of the Doppler beam bhefore 1t had decelerated to
subscnic velocitics,

The Reynolds mumber of the tests was 7 X 106 per foot chord at
i =1.0, and varied linearly with llach number. The mean chord of the
wings 18 given in Teble I, and Fig.5 shows the extreme variations in
Reynolds nurber for all models, Drag measurements by the present
technique are made in decelerating flight;  for the models of this
report average values of the deceleration were L.5g at ¥ = 1.5, and
1g at Il = 0,9, Although there 1s an effect of acceleration on drag,
theory shows that the effects of accelerations of these orders are
negligible,

5 Discussion of results

5.1 fffect of vehaicle layout

The relative merats of 2-winged and J-winged vehicles have been
argued previously . -lost of the tests reported in this paper have been
on 2-winged vehicles. Some results using 3-winged vehicles are included
here and sumarised in Fig.19 and from them the effect of wvehicle layout
can be sgeen; 1n wost cases there 1s an unfavourable interference drag
on the 3-wainged vehicles, and an earlier drag rise, On the swept
untapered wing with cut-off tips, however (llodels L and 5) there is a
favourable interference, the drag from 3-winged vehicles being less
than that from 2-winged vehicles for both RaR,101 and RAE.10L sections,
below a liach Mubor of about 1.45.

5.2 Bkain friction

No darect measurements of either friction drag or transition point
have Dbeen nade, However, if comparisons between dafferent waings, and
comparlsons with theory ore to be attempted, sSome allowance for friction
drag mugt be nade. Previously (Ref.1) from the effect on drag of having
a rough surfacc finish, it had been deduced that for the present Pheno-
glaze finish the transition must be far back on the wing. This 1s con=
firmed i1n the present scrres of tests by the fact that the measured
subsonic drag 1s in évery case less than the fraiction drag that would
be estimated asswung transition ot the nosc of the aerofoil,

-~ 5 -



Most of trese tests have been done on RAR.101 section wings, which
at Cr, = 0 have the maximum thickness and the comencement of the un-
favourable pressure gradient at sbout 30% of the chord. Full scale and
funnel experience suggests that on sections of thas type at & = 0
transition occurs j ust aft of she commencement of «n unfavourable pressure
gradient i.e. aft of 0.3c. Secondly, fmom the measured subsonie drag, -nd
using Royal Aeronautical Socichy Date Sheets corvected for Mach number
according tO Cope? it 1s possable 1O decuoe a Sransituon point. Rejeoting
sane anomalous results, the valued deduced Prom these tests, vary from
about 0.%c to 0.5¢, with a mean wvalue Of 0,39¢, Finally. the Reynolds
Number of transition, using these deduced transition points, waries from
2 x 10° to 4 x 10°, which 15 in the range one would predict.

On thag evidence therefore, it has Teen ascumed that transztion
ococurred on all models at O.4c, and when camparaing results fricfion drag
as shown in Fig.? has been sublracted.

It should be rememhered that these deductions about the probable
position of the transition point are based in the maln on camparisons
at subsonic speeds. Allowance has been made for tne effect of Mach
Number on the friction drag coelfficicnt, but no account has teen taken
of the effect, if any, of lfach Nunber on transition point. Inthis
respect the present prooedure 1z Open to crificiam ard possbly to later
amendment.

5.3 Effect of thickness

Supersonic wing thecry suggests that the wave drag 1z proportional
ta < , and from the present resulis This can he checked 1n two
instances. Model 13b had 3 wings of RAE.101 section 6% thrck, vhilst

-
"Dy
ot Model 14 the 3 wangs were o the ssme sechtion and 166 thick. (——:,3*
for these two wings are conpared in Tig.20b, and considering the )
differences that would be made by small errors in estimating ODf ,

the agreement |1 S considered satisfactory., Az poinbed out 1n Table |
the wings of Model 41 varicd in thicimess fram 0.C4 at the root %o
0.0765 at the tip (sec Fag.h). Werghlang the thickness ratio according
to the local chord, we get

3]

| F z
= /qzcdy /fc.dy = 0.0489
o}

o

1
18

Coy

usi ng thas val ue of 7 | ( 5 ) Tor Model 11 15 ocmpared in Pig.20a

-
Wt h that for Model 10 (sane planform and sect: on, )% thick throughout) .
Again the conparison is wvery satusfachtory, and these two checks sugeest

that the effects of changes in thicknecs can be estimated by this methoad,

5.4 Effect of section change

In the result:: presented here ali W ngs were Of roune nose
symetrical section havi ng, with one exception, the mesximmm thi ckness
at 30 - 31% of the chord, Model s 5, of RAE.10L seetion, had the majarmm
thi ckness at 42% of the chord. Cawarigon of the drags of llodels 4 and
5is made in ¥Fig.1%., and o rather curious features lemand comment.
Firstly, as has been noted earlier, -Ath this planfom the wing drag

G



fran2-yingedvehi cl es, on models of both RAR,101 and RAE.10kneotwion,

is greater than the wing drag measured on 3-winged vehicles; this is
apparent|y a mutuel interference effsot. Secondly, on both 2 and 3-
winged vehicles, the markedly different shapes of curve for RAE,10t and
RAE. 104 section i s notable. Sinoe the Mach nuaher at which the drag rise
occurs on the wi nged vehicles 1s very nearly that at which the drag rise
occurs on the basic body alone, 1% 1s NOt pogsible to draw any useful
conclusions about the drag telow about M = 1., But above about M = 1.05

t he accurac% of drag detemination 1s good. No physical explanation 1s
offersdforthe | arge hump 1n the drag curves_of Mdels 4a ad Lb between
Mach nunbers of about 4.1amd 1.35. ’J'.‘Z:ompson3 has cal cul ated the wave
drag of a wing of double wedge sectvion and this type of planfomm. He
has al SO shown that, certainly hetween M = 1.1 and 1.5 for a wing of &0
| eadi ng edge sweep, a good approxumation to the dnmy can be obsarned by
congidering the wing to consist of an isolated inboard unbtapered portion
and an isoclated oubbeard delta, the total drag being obtained by weighting
theee i sol ated drags according to their areas. Using this approximation
and the nrves of Ref.4, tine dxrags of wings of the same planfomrm as
Models &and 5 and of doubl e wedge section, but with maximzn thickness

at 30%5and L0, have been cstimated, and are shown 1n Fig.22. It is

scen that thege theoretical curves are consistent sagh theory for other
wing planforms in putting the wing with the nore forward maxi mum thick-
ness position at the lower drag, until the maximum thickness line on the
delta tip beccmes sonic when, at "supersonic" speeds, the |over drag of
the forebody on the section nth "sharper nose" (nmore aft maximum thick-
ness position) outwei ghs all other effects.

5.5 Camparison Wth theory and With simlarity laws

It would have been nost val uable 1f fromthese tests any general
concl usi ons oould have been drawn about the drag in the transonic region,
but for several reasons no such genersl conclusions are possible.

Firstly, the drag rise Mach number 1s of interest. In these
experiments, however, the drag of the body al one begins to rise at about
M= 0.95,50 that in many vehicles the rise in drag of the wing is masked.
This appiies particularly for the thinner, more highly swept wings.
Consequently no useful analysis of the drag rise Mach nunber s possible.

The drag at M = 1.0 would al SO te worth examination. A preliminary
analysis suggests that in fact it v4ll be possible 1O draw SONME general
conclusions, but the results ocontained in +this report alone are insuffi-
cient to verafy then snd they are held over for a nore exhaustive analysas
now to be attenpted.

The gupersonic simzlarity lew for drag may be written

CDW —

— = £ [A VPt » A tan pq A 4 section )
z
At

Using this form 3 recent note4 has gi ven aseles~tion Of theoretiocsl
oaloulations Of the wave drag of swept wings at zero |ift. While the
present series of W ngs have roundnosesections,except in special
cases the theory for such gections us intractable, and the best that
can be done at present is to compare the measured drags with the theo-
retical drag of wings of the szame plenform and of a. section for which
the theory is tractable, for instance the double wedge.



Much of the theory that exists, and most of the numerical evalua=
taons, are lor wings of double wedge ssciion having the maximum thickness
at 504 of the chord (m = 0.5). Realising that the agreement between
theory for sharp nese (double wedge) ssctions and. experament for round
nose (aerofoil) sections is not likely to be very good anyhow, the guestion
arases Whether the better agreement, if any, obtained when the comparison
15 made waith theory for waings havang a double wedge section of the correct
maximum thickness position (for example m = 0.31 for RAE.101 section)
Justifies the extra lsbour involved n computing such oxtra curves. In
the comparisons that follow, two thecretical curvess are given 1n each
mstance namely for a wang of the correct planform and having a double
wedge sactaon, (@) with the maxumum thackness at mid chord »m = 0.5
and (D) wath the maxamum thiciness at the same place as the gsarcfoil
with whg.ch comparison 1s being made = usually m = 0.3 (cf. m = 0.31 for
RAE,401,,

it should be understood that these theorstical curves arg not
presented as estunates of the drag of the wings tested; estimates of
the drag of wings of round nose section are currently made by apyplying
rough emparical "corrections" to theoretical curves for wangs of poly-
gonal section, such as are sham. In some regions the corrccticns arc
expected to bo large, and the disagreesment between the exporimental
results and the thesoretical results added to Figs.21 ~ 25 should not be
mterpreted as a measure of the uncertainty of current methods of drag
gstimatzon.

In pag.21, the comparison is made for untapered wings having
streamwise tips.  The experamental curves are for models of RAZE. 101
section, with the mexamum thickness of 0,31 of the chord. The the oret 1cal
curves are for wings ol the same A tan 431 and of double wedge sectaon,
with two wvalues of m ; in this case it 18 clear that the effect on the
drag of a wang of double wedge section of changing from m = 0.5 to the
precise value appropriate to the experamental wing 1s too small to
Justify the computational labour., Now although it 1s not to be cxpectcd
that the experimental curves wall cxhibit the sharp peaws shown by the
theoretical curves, 1t should be noted that ths relationship between
the theoreticel and experimental curves 5 qualitativcly consistont in
the 3 cases shown in Fig.21, That 1s to say, comparing cach experimsntal
curve with 1ts appropriste theoretical curve, it will be seen thet at

given intervals of A \}Mz-ﬂess then f{hat correspondang to the pgas mn

the theoreticel drag curve [ a(a Iv12-1)] , the ratic botwecn thoeretical
and experimental drag ais consistent, ¢.g, about 1% at the valuo of A 1«12-1
sorrcsponding to the peak, 1 at about A(A\(I\@-‘lj = ~% and about 5 at

A (A 1Paq) = -2

The results Tor two swept untapered wings with cut-off tips shown
i FIg.22, have already been introduced. The curious result for Ljodel 4
has already been commented on; it must at thas stage bc assumed real, end
certainly indicatcs that the theoretical refinement Of moving the maximum
thickness position 1s NOt justafied.

In F1g.23 we have compared the twe delta yings. According to the
simalarity laws the two Models 6 and 7 should have the same drag when
plotted an this manner, and the poor agreement is a little disappointing.
The effect on the theoretical curve of varying the yvalue of m 1s largc,
and 1t seems 1n this anstance that the change 1s worth while.

* Estimated by interpolation from the curves of Rof.b.
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In Fig.24 the results for the 4 oropped delta Mdels 8, 9, 10 and
41 have been col | apsed agcording to the simlarity |aws; here, where we
have 3 different sections and 4 different thicknesses, the collapse 1s
quite good. Again, the wvariation «f mhas a profound effect on che
drag of the double wedge vang, and, at | east when the wing i S "subsonie' ,
better agreement with experiment 1s achieved by considering the double
wedge W ng hat i ng the same maximun t hi ckness position.

Fig.25 is comparable vrith Fig.23, in that Mdels 12 and 13 shoul d,
aczording to this method of plotting, have identical drag curves. The
agreement between the two murves 1S Very satisfactory. On the theoretical
side it 1s seen that the two experimental results in Fig.25 bear the szme
qualitative rel ationship to txﬁe two theoretical curves, as does the
experumental result for Medel 7 in Fig.23 vhen it 18 remembered that a

value of A\sz—J] of about unity in Fig.23, corresponds, as far as the

geametry of the {lowabout the wing i S concerned, to a val ue of about 3 in
Fig.25,

6 Concl udi ng Remarks

The results presented hen? are a rather randam Selection, and in
“hemselves do Not justify any weepi ng oonclusicns., Par more experinental
resul ts and comparisons with theory are reguired before any unifying
oioture can be dravm, |n addation 1t would te desirable to have oom-

arisons with the theoretical results for wings of the aorrect section.
uch theoretical results are not available and the comparisons made here
have al | been between experiments ON W ngs of "amooth" profile aerofoil
section, and theory for wings of "kinked" profile gouble wedge section,
and these kinks | ead to the sharacteristio peaks in the drag eurves,
many of shich would not occur in the theory for wngs of smooth profile.
%ood agreement i N t he oanparisons shown her e would therefare not be
expected.  Bubt from these results t hree preliminary conclusions are
of fered.

(a) At supersonic speeds, the wave drag of a given w ng varies
ag the square of the thickness ratio;

(b)  the supersonic simlari tg law al | ows the drag of !similart
W Ngs to e oompared; an

(c) there is some hope that the drag of round-nose section wings
can be estimated fyom theoretical galoulations of the drag
of wings of double wedge section.

The next step in this work is to conpare these results with ot her
~ublished measurements of the drag of swept w ngs.
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