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DRAG 

By Sidney R. - .  

Results  are  presented of t e s t s  conducted a t  ' the  Pilotless 
Aircraft Research  Teet S t a t ion   a t  Wallopti Island, Va. t o  determine 
the  effect of taper on the  zer-lift  drag of wings of constant 
exposed aspect ratio a t  low supersonic  speeds. A t  a constant 
leading-edge sweep of 45O no orderly variation of dxag coefficient 
w i t h  t aper   ra t io  occur8, the  variation  being dependent upon the 
Mach number. Maximum thickness, leading-edge, and trailing-edge 
sweep a r e   a l l  Smportant in  determining  the  drag  coefficient of a 
tapered w i n g .  

A caparison i s  made between the  resul ts  of theoretical  drag 
calculationa of tapered wings  and applicable  eiperfmental values 
derived  herein. 

INTRODUCTION 

The advantages of wings of tapered plan fcmw over straight w i n g s ,  
from structural  considerations, have resulted  in g general  preference 
for tapered w i n g s  in airplane  design. I n  order t o  obtain  ir&mnatTOn 
concerning the drag at  zero l i f t  of these w i n g s  in the  transonic and 
low supersonic speed  range, tests have been conducted a t  the Langley 
Pilotless  Aircraft  Research Division  Test  Station a t  Wallops Island, 
Va. of wings having taper  ratios f'ra 0 t o  lmountsd on rocket-propelled 
t e s t  bodiee. Also included are  similar data for wtapered wings 
obtained in  a previoue investigation. The results are  presented as 
curves of total drag coefficient and  wing drag  coefficient  against 
Mach number, A comparison is made between these resu l t s  and 6- 
theoretical  calculations of the drag coefficiente of w i n g s  of 
similar plan form. 
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SYMBOLS , 

tip chord maeured in f'ree-stre& direction,  inches 

root chord at wing-fuselage juncture, inches 

taper ratio 
. I  

distance frcan 11088 of body t o  Leading edge of root  chord, inches 

t o t a l  wiq span measured from tip to tip nomnal to bady 
center line, inches 

exposed w i n g  span (not  including portion eacloaed by body) 
meaaured n o m 1  t o  body center li,ne, inchee 

exposed area of wing, square feet 

angle of sweepback of leading edge, degrees 

angle of sweepback of line of maximum thickness,  degrees 

vertex angle formed by extending leading and trailing edges, 
degrees 

weight of t e a t  vehicle after propellant ha% been eqended, 
pounds 

acceleration of gravity, 32.2 feet per second per secmd 

drag along flfght path, pounds 

velocity of teat vehicle, feet per second 

sonic.  velocity, feet per second 

absolute acceleration along f l i g h t  path, f e e t  per second 
per second 

time, second8 
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Configurations.- The basic body used for' t h i s  general  Weati- 
" . .  

gation was of a l l  wooden conatmction, 5 inches in: di&t& and :' 

about 5 f ee t  long. It oonsieted of a Sharp nwe'of nearb  c i roular-  
arc profile having a fineness  ratio equal t o  3;5 t o  which a holl& ' , _  

cylindrical  afterbody was attached. Fow . s tab i l iz ing  f ine  were'  . "" 
equally spaced around the re& of the bbdy which had a slight boat 
.tail. These fins were f lat  surfaces tapered in  plan form with 
.rounded leading edges swept hack $So and square'trailfq edges. . The 
wings which were indexed 45O t o  the fins wre fabricated of laminated 
.spruce and b u i l t  integral  w i t h  -the oenter section. 

aircraft   rocket motors enclosed within the hollow fuselages. A t  a 

2200 pounds of thrust  for approx2matel.y 0.87 second. 

811. the test  vehicles were propelled by 3.2>inch-dimeter Mk. 7 

. preignijiion  temperature of 6g0 I?, the  rocket motor provide6  about 
.. 

Four different  tapered wing p k n  form of' equal exposed area 
. . .  . . 

(1.389 sq ft) and asgect  ratio (2.15) were investigated. The 
principal dimensions of the vehicles tested,  togethor with those 
fo r  co?npar.able configurations of reference 1, are shown in figure 1. 
Three of these -had a leading-edge sweepback..angle of 4 5 O  and taper 
ra t ios  of 0:38, 0.713 , and 0, respectively, with the NACA 65-009 air- 
f o i l  sections  taken in the free-stream direction. Photographs of 
these test   vehicles are ahom as figure 2. ;The w i n g  plan form of 
the fourth t e s t  vehicle, shrnm a s  flgure 3, hqd a- taper - ra t io  of 0 
with the ESACA 65406 airfoil  sections  taken  in  the  free-stream 
direction. While the test a i r f o i l  differed sl ight ly  fromthe 
NACA 65-006 section, it is f e l t  that the error induced is very amall 
and does not  affect   thwvaliditg of the  results.  For this fourth 
plan fmJ the line bisectiog  the t i p  angle j3 was sweptbaak 45'. 
OccasionaUy th i s  latter configuration w i u .  herein be r e f b e d   t o  
as the arrowhead p l a n d a m  w i n g .  'The. 'win& were  mounted on the Body 
a t  zero incidenoe with the mean quarter-chord  point a t  the desigP 
center of gravity of, % h e  fus-ge. (s ta t ion 34.5) and had neither twist ' ; '  

nor dihedral. . With the  exception of the'.:'  ct/l+ = 0.38 arrangement, 
two succeasful  'flights of'eaGh o l f igwa t ion  were obtained and the . I .  

results averaged in the eva,l~i&i&-Of: the datk. . .  I .  !. . . , .. 
. .  , . .  , ', !. .. . 



Teste.- The t e a t  vehicle8 were launched a t  an apgle of 7 5 O  to 
the  horizontal. . '  Becauee. ;of. the large elevation angle and the  short 
duration of burning of the rocket motor, Ghe'traJectories of the 
vehicles  during their  coasting  flighte ( a f t e r  the propellant was 
expended) were very nearly  etraight. lines. The model  flight veloC- 
ities were measured with a CW Doppler radar set (AN/TPS+) and for 
the  .ct/cr = 0.38 configuratfon a Doppler velocfmeter located  near 
the point of launching. Zhe. Doppler velocimeter $6 shown i n  figure 4 
These units  consist essentially of two parabolic reflectors each with 
a n  antenna, one to tranemit c0ntinuous"vave radio s i p U  of known 
frequency; 'a@ wave length a l o q  'a coqlcal, beam and the  other, t o  
.receive %hem after  they  are reflected'bff the'moving  qehicle. The 
tFa&nitted and maeived algnala &e, then ''beat" together, :and the  
resultant frequency, which is a function of the  velocity of 'the 
vehicle,, i a  recorded photographically. The flight yelocit iea are 
then ascertained frcm them film recirde. I .  

' .. . I .  

The valuee of temperature arid s t a t i c  preasure .ugqd' in. calculating 
, .  

drag cobffLCient8 and Mach number were obtained from radioeoride observa- 
tions ,@d,e a t  'the time :of f ~ i n g :  

' . *  . .  . -  

e ,  

- .  I ,  

. .  . .  

I' . 

. I  
- .  

, .  

. .  . - .  

. .  
.. . 

a .  . .  
I .  . , .  I The variation of velocftg with' fli& time for two identical 

- . .configurations with wings of arr,mhead plan form ie preeented i n  
' f igwe. ,5 .  The'difference i n  the respective velocities of the two 

models may be atkrlbuted to small differences In model weight and 
rocket motor performance. .The amount of scat ter  of the experimental 
points of each curve can be considered negligible. The maximum 
velocity-reached by t h i s  configuration was 1490 feet per second. 
The parts of the respective velocity cwTve8 during which coast ing 
flight w8e attafned  (after the  end of burning) were graphically 

, 
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differentiated  to  obtain  the  deceleration - a. The product of -the 
deceleration and the known mass of the test vehicle gave the forw&d- . 
acting  inertia  force. This product was .equated t o  the sum of *he'" ' , . , 

drag and the known w e i g h t  of the bodx; thus a = d + W. The' values:-.' 
of the drag thus  obtained are presented in  figure 6 for the mOdeh3 
with  the arrowhead planeform wings. As there WBB some difference . 
in  the atmospheric  conditions under which' them models were fired,  
the  drag  curves were reduced t , ~  standard:'sea-level density. The. 1, 
discrepancies between the two curves. are a maximum near M = 1.0 dnd , . 
are   in   the  order of 23 percent, or within  the predicted probable 
accuracy of pounds  of drag  obtained from a ta t i s t ica l   s tud ies  of 
previous t e s t   r e s u l t s  conducted by the Langley Aircraft Loads Division. ,I.., 

. .  

. > .  . . g , .  . .: .. . 
. I .  

c - 

The t o t a l  drag coefficients for the nodsls investigated were .. 
calculated from the  relationsfiip % = w? These values are 

presented"in figure 7. ' A single curve has been faired through the .. 

calculated.  points .for both models of' a given configuration. Examination 
of these  curvee.revea3athe  scatter of the calculate& points from the 
faired curve  i's.greatest in the Mach number range below 1.0, which is 
fn keeping  with the inherent limitations of the test ing technique as 
described. .9n *reference 2. 

. .  

€3PV2S 

The various faired  drag curves are  plotted on the same coordinate 
axes in  f igure  8(a).  For caparison, sfmilar curves f o r  t e s t  vehicle8 
with untapered w i n g s  having Oo and 45' sweepback angles, and A, = 2.15 
(reference 1) are  included a8 well as  the  drag-coefficient curve?or a 
wingless body. Corresponding curves of w i n g  drag coefficient  derived 
by taking  the  difference between t h O  C% curve8 of the winged and 
wingless test vehicle8 are preaented in figure 8(b). These values 
include any interference  effects between the wing and fuselage which 
may vary for different wing-fusefage combinations. 

Plan forms 2, 3, and 4 show the  effect  of tapering  a family of 
w i n g s  having a  leading-edge sweep of 450 and exposed aspect  ratio of 
2.19. Examination of the drag-c&fficient  curves for these plan forma 
i n  f igurs 8 reveals that no orderly variation of drag coefficient  with 
taper   ra t io  occurs. Howeyer, if the  variation of other  parameters , 

which are  affected by the method of tapering i s '  considered, the change ' 

in  C, does  not . take' p l a c . ~  ' i n  an unpredickable manner. ' 

. .  . .  
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Several  investigators ,.{refershcek' 3 ,bo -5). h a t b  f o d  that  
when the Mach wave becames payalle1:t'b  the  leading edge,  . l ine of 
maximum thickness, and t r a i l i ng  edge,.drqg r i s e s  taVe"plsce. I These I 

drag r i s e s  should be apparent in.:-khe 'drag-qoefficient cukfre, .and in 
addition should' offer a partial.  explamtion of the  effects of. w i n g  
taper on drag. , . ,  , :  .: ' 

The fact, :that the.,drag+&*ficient curve 'fqr- plan foim 2 
(0 taper   ra t io)  lies between the ,  curves f & the. wtngs of 0.38 ana 
0.713 taper   ra t fo  iB an'.e"ple ob the  effect of parameters  other 
than  leading-edgq swe&p.imd t.ap&r,,-.on .the 133%. The drag4oefffcient 
curve for w i n g  2 ,is very a m u r ,  to,  that' for &any rectanlgular, wing , 

(phn form 1); that  18;' t b '  curve shows a decrease in I drag cbefficient . 
w l  th Mach number above M = 1.1. S h c b  the   l ine of a a x i q m .  thickness 
is very nearly unawept, ''a 'drag 11iae between M = 1.0 'and 1.2 would be . 
expected. From examingtlop of the 'ciu?ve~r f o r  plan, forms .2 and '4, it .I . 

is evident that w i q j  2' 'has gone through a: critjEa3.' drag .rice (Bt~ximtqn , ,  

a t  about M = 1.1); thet  I s ,  it has q higher drag coefficient  .than' ,. , , 

w i n g  4 which has ,gone' through no theoret ical ly   cr i t ical  Mach number ' 

between M ,=  1.0 and'1.B. (Critical Mach. number I s  the Mach .number' 
for  d c h  the Mach line i s  parallel t o  the  leaiiing edge, l ine  of. ' 

maximum thickness or.''trai&ing edge. ) The drag resulting f r o m  the 
swept leading edge should reach a maximum a t  about M = 1.4 and thus 
should be relatively small i n  this range of Mach numbers. For th i s  
reason,  the  drag-ooefflcient  curve for plan farm 2 18 simfLar i n  shape 
t o   t he  curve for 8 rectangular wing. '  ' '  

. .  
3 .  ' 

, , .  . . .. .. . . . . .  . . .  . -. . .  * .  ' .  . 

. . .  

W i n g  plan farm 3 (0.33 taper ratio) has a .Bigher w a g  coefficient 
than wing 2 f o r   a l l  Mach numbers investigated.' The h a p  in. the curve 
between W = 1.0 and: 1.1 may be due to   cr i t ical   t ra i i ing-edge weep 
and a f i n i t e   t i p  ch-d (for which the wing-tip drag will not bd..zero 
a t  low Mach numbers). It is interesting t o  note that  such a hump is 
a l so  evident, i n  the'.CLrag-coefficient  curve far the  wingless body which 
has fins  similar in plan form t o  wing 3. Increasing the Mach number 
for  wing 3 does not  reduce  the drag coefficient as it d i d  for  plan 
form 2 since  the maximum-thicknese  sweep has became c r i t i c a l   a t  M = 1.2. 
Wing plan fm 4 (0.713 taper  ratio) has a lower drag-coefficient 
curve  than  the wings of 0 and 0.38 taper r a t io  and is similar in  shape 
t o  the curve for plan form 6. This would be expected since nejthw 
leading-edge nor maximwtithickness sweep are   cr i t ical .  It appears 
that no drag rise takea place when the  trailing-edge sweep becomes 
c r i t i c a l  (a t  about M = 1.2). 

Plan forms 1 and 2 show the effect of tapering a rectangular 
WiW about i t s  Ykpercent chord line.. The large decrease i n  drag 
coefficient is due t o  leading4dge and trailing-edge sweep. 
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.. . . >:' - . P + q  fomns 5 and 6 show the effect of fully tapering a constant- 
. . . . , . .  .' .. . . chord swep%ck . wing 'about. its %percent  chord line. The drag- 

coefTicient  curve for wing-5 l i e s  very  close  to  the  curve for wing 6, 
the  difference in drag  being  within  the  elrperimental order of accuracy. 
The trailing-edge  sweep of wing 5 is  critical  at M = 1.1. HoweveTt 
8 s  in  the  case of plan form 4,110 large  drag rise. is  evident.  This 
fact may indicate  that'the  trailing  edge has a large  influence  on  the 
drag  Coefficient only at small angles of  trailing-edge  sweep.  Since 
no other  sweep  parameters  are  critical in this  range  of  Mach numbers, 
the curves are sinilar in eh~ps .  As indicated previously, w i n g  5 
does not  have a true NACA 6 m 6  airfoil  section in the free-atream 
direction. However this airfoil corresponds closely to that of plan 
form 6 in the free-streazp direction.  It  is  felt  that  the  sffect of 
airfoil  section  is small. and do& not  affect  the  validity of the 
results. 

. . ... .. 
. ,. . A '  theoretical  cukv'e of drag  coefficient  plotted  against  taper 

. '  . .  . .. , ' . .ratiO'for a family of isolated wings  having a leading-edge  sweepback 
an& of 45' and aspect  ratio of 2.15 is preeented in figure 9 for a 
Mach number of 1.15. The  values  for  thts  ourve  were  determined from : 

the  equations of reference  5.which are vaUd for taper  ratios between 

' a r e  experimental values f r a m  data  contained  herein. She basic  relation- 
ships  are set  up f o r  wings of symmetrical diamond profi le  and give , 

va1ues.of wave drag  coefficient only. Consequently, an average  value 

calculation. The agreement  between  theoretical and experimental valuee 
is good, coneidering  that  the  theoretical results are for a different 
profile  and do not  take into account  Interference  effects  between  the 

. .  0.37 and 1.0 for the abwe conditions. Also indicated on the figure 

. .  'of. friction  drag  coefficient  of 0.006 has been added to the original 

.wing and fuselage. 

CONCLUDING RENARKS 

The  zero-lift  drag  characteristics of several tapered  wings of 
equal eqosed area and aspect  ratio  a8  determined  by  flight  tests of 
rocket-propelled  test  vehicles at low supersonic sgeede have been 
presented. For the  range  of  Mach  numbers  and w i n g  plan farms 
investigated,  the  teat  results lead to  the  following  co~clusions: 

1. A t  a constant  leading-edge  sweepback of 45O no orderly 
variation  of  drag  coefficient  with  taper  ratio OCCUTB, the variation 
being  dependent  upon  the Mach number. 



a 
, . .. 

2. ',M8ximum thicluieys, leadingedge, and trailing-ehge '6weep are, 
all important in 'dkrtermining the drag .c.oef'ficient of a tapered ang. 

. " 

Langley MemarLal Aeronautica1,Laboratory 
I .  

NatiWlAdvi8ory  Camittee for Aeronautice 
Langley Field, Va. 

I .  . .  
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(a) - = 0.713. Ct 

Fig. 2a 

Figure 2.- Test vehicles showing wing plan forms investigated. 
Aeq = 2.15; Sew = 200 Sq in.; ALeE. = 450. 

” 
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(b) - = 0.38. ct 

Figure 2.- Continued. 

Iy 
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Figure 2. - Concluded. 

Fig. 2c 



Figure 3. - The test vehicle with wing of arrowhead plan form. 
Ct “00; A = 2.15; S = mo Sq in.; A = 66.5’. 
Cr exp  exp LE. 

NACA RM No. L7E26 - Fig. 3 
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(a) Rear view. 

. . . . . . . . . . 

( b >  Three-quarter front view. - 
Figure 4. - General  views of Doppler velocimeter. 
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, Figure 7.- Variation of total drag coefficient with Mach number showing 
original test data for all models of each  configuration tested. 
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