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A REVIEW OF RECENT IRFORMATTION RELATING
TO THE DRAG RISE OF ATRPLANES

By J. W. Wetmore
SUMMARY

The paper provides a limited compilatlion of some of the more recent
and more generally applicable experimental information on the drag of
alrplane components and combinations through the trensonic speed range.
The results presented were selected from the larger body of material
available as the most suitable to acgualint desligners with the status of
the data that are now at hend and to 1llustrate some of the trends that
are Indicated by these data. Results are included from high-speed wind-
tunnel tests, free-fall tests of models dropped from high altitudes,
Tlight tests of rocket-propelied models, and wing-flow tests, and cover
the drag characteristics of variocus wing arrangements, body configuratlons,
and wing-body combinations in the Mach number range from gbout 0.7 to 1.2.
The effect of the drag rise on the range of a Jet-propelled alrplame is
discussed briefly and an indication is glven of the thrust availebles from
turbojet engines in relation to the drag developed by alirplasne configu-
rations at transonic speeds.

From the results presented 1t appears that an airplane configuration
incorporating 45° sweep in the wings and a sufficiently slender fuselage
arranged to avoid unfevorseble interactlon effects should be capable of
crulsing at Mach numbers up to 0.95 and attalning a high speed of at
least Mach number 1.0 with turboJet englnes that are now or prcbably socon
will be avallable.

INTROTUCTION

‘The airplane, of conventlonal design as we know 1t today, has very
nearly attained 1ts limlt in practlical operating speed at about 500 miles
per hour. With the large drag increase attending the formation of shock
waves at these speeds, pushing the airplane to appreciably greater speeds
results In a prohlbitive loss ir efflciency or I./D and the alrplane is
no longer capable of performing its primary function of cerrylng = pay
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load a reasonable dlstance. Consider, for example, the case of a repre-
sentative modern Jet airplane having a wing loading of about 50 pounds
per square foot and operating at an altitude of 30,000 feet.

In figure 1 the upper solid curve shows the variation of drag
coefficient with speed or Mach number (from tests in the Ames 16-foot
high-speed tunnel) and the lower curve, the corresponding varlation in
range (based on assumption of constent specific fuel consumption in
terms of thrust). For an increase in speed of about 100 miles per hour
or in Mach number of 0.15 above the speed at which the drag rise starts,
the range would decrease about 75 percent and would be too small to be
ugeful. The dashed curves show that 1f the drag rise could be delayed
sufficlently, or eliminated, the speed could be Increased 100 miles
per hour with only a 10-percent loss In range or 200 miles per hour with
ebout 20-percent decrease in renge. (This small loss in range results
from the condition of constant altitude assumed here: +the effect of
decreasing L/D, resulting from the decreasing lift coefficlemt with
increa§ing speed, somewhat more than offsets the effect of the increasing
gpeed.

With the development of more concentrated fuele and efficlent power
plants to utilize them, the effect of the drag rise will no doubt be lesa
critical from this standpolnt, but for the present, at least, it seems
clear that further -Increase in the speeds at which airplanes may operate
efficiently will be accompllished by changss in aerodynemlc design requlred
to avold any substantial drag rise up to these speeds.

The purpose of thils peper is to polnt cut briefly the information
relating to drag in the itransonic range which 1s available to gulde
designers in plenning efficient higher sgpeed alrplanes of the Immediate
future and to Indlcate some of the trends in these data. The principal
gources of the informatlon that wlll be presented are the hlgh-speed-
tunnel tests covering the lower end of the transonic range up to Mach
numbers of 0.9 to 0.9%, tests of free-fall models dropped from high
altitudes covering practically the whole transonic range, and tests of
rocket-propelled models deallng with the upper emd of the range from
Mach numbers of 1.0 to 1.2.

SYMBOLS
M Mach number
Moy criticel Mach number
Mpr Mach number near. start of drag rise at which drag coefficient has

Increased 0.005 above subcritical value



NACA RM No. L&A28&1 SE— 3

CD drag coefficient based on wing plen aresa

CDF dreg coefficient based on fromtal area

ODEP coefficient of pressure drag (total dreg less skin friction)
based on frontal area

Cy, 1ift coefficient
- PO
P pressure cosfficlent
a
P local static pressure
Po free -stream statlc pressurs
q free-stream dynamlc pressure
T thrust
t/c ratio of wing thickness to chord

c.b/cr wing taper ratio (ratio of tip chord to root chord.)

s wing area
A sweep angle
AM sweep angle of msan line or 50-percent-chord line of wing

L.E. leading edge of wing

F.R. fineness ratio (ratio of body length to meximm diameter)

x/1 ratio of distance measured along exls of body to total body
length

1./D 1ift-drag ratio

WING CONFIGURATTIONS

The wing which 1s, of course, the majJor source of the drag rise of
present airplane configurstions will be consldered first. Flgure 2 indl-
cates the increase in the Mach number of the drag rise that can be cbtalned
with unswept wings by using thinner wing sections. The solid lines
actually represent the Mach nunbers at which the drag coefficlent has
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increased 0.005 above the subcritical valus. The use of thls value
provides a better indication of the trends than the use of the value at
which the drag rise actually begins since the latter value 1s not always
clearly defined.. The start of the drag rise occurs in the region between
the so0lld line and the dashed line which defines the theoretical critical
Mach number of the wing sectlions. The Mach number of the drag rise 1s
shown as a functlon of the thickness-chord ratlo of the wing: in the
left-hand figure for a tapered and cambsered wing at a 11ft coefficlent

of 0.2 as tested in the Ames 16-foot high-speed tunnel; and in the right-
hend figure for a straight, symmetrical wing at zero 1lift from the
results of free-fall tests (reference 1). It is indicated that in both
caseg the Mach number of the drag rise increases by 0.015 to 0.02 or
between 10 and 15 miles per hour for a reduction of 0.0l in thickness

ratio.

The effects of sweepback and aspect ratlo on the Mach number of the
drag rise, defined as before, are lllustrated in figure 3. In this
figure, the Mach number of the drag rise 1ls shown plotted againat the
inverse of the asgpect ratio from the results of high-speed-tunnel tests
of two series of unswept wings of different alrfoll section, and a
gerles of wings of 30° gweep (references 2 and 3), and from the resulte
of free~fall tests of two wings of 45° sweep (referemce k). The indi-
cated values of the drag-rise Mach number at Infinite aspect ratio for
the swept conditlons were estimated Ffrom two-dimensional high-speed-
tumnel data using the simple cosine law for infinite yawed wings. The
results indicate that the beneflts of sweep are increased as the aspect
ratio increases particularly for lerge sweep angles. Conversely, although
decreasing the aspect ratlio provides a substantial Increase 1n the Mach
number of the drag rise for the unswept wings, i1t has little effect when
the wings are swept back 30° and becomes adverse for 45° sweepback. It
mey be noted thet in order to avold & substential drag rise up to or
through sonic veloclty with the wing thicknesses conslidered & sweepback
of at least 45° 18 reguired.

A consldergble smount of data on the drag of wings at the upper end
of the transonic range has been obtalned by the rocket techmlique and
although these results do not deflne the conditions of the drag rlsse,
they, together with the free-fall data, do show the extent of the drag
rise and provide an indication of the wing configurations that will be
required to extend speeds for reasonably effjclent alrplane operation to
Mach numbers sbove 1.0, Filgure 4 shows the variation with thickness
ratio of the drag coefficient of unswept wings at & Mach number of 1.15.
Data from both rocket and free-fall tests (references 1 to 5) are
Included and, although thers is consldersble scatter due to the different
test technlques and different aspsct ratios, which will be discussed
later, the trend is well defined. The large reduction in drag at this
gpeed afforded by decreasing the wing thickness 1s clearly shown. As
an indication of what the drag data at Mach pumber 1.15 shown in this
and subsequent filgures mean in relation to thrust avallable fram present
turbojet power plants or those in immedlate prospect, it 1s estimated
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thet the drag coefficient for & complete single-engine airplane of repre-
sentative dimensions operating at altitudes of 30,000 to 40,000 feet could
not exceed about 0.02. According to this figure then, the thickness

ratio of en unswept wing would have to be something less than % percent

o permit attainment of Mach number 1.15.

The effects of sweep end aspect ratioc on the drag at Mach number 1.15
are shown in figure 5 which agaln includes data from both rocket and
free-fall tests (references I and 6). Here the drag cosfficients are
plotted against the inverse of the aspect ratlo for sweep angles
from 0° to 52°. All the wings are of NACA 65-009 section in plemes
normael to the leading edge. The trends Indicated In this figure are
generally simlilar to those of figure 3; that is, the effect of sweep in
decreasing the drag becomes greater with increasing aspect ratlio and the
effect of reducing the aspect ratio, although favoreble with no sweep,
disappears at molderate sweep angles and becomes adverse with greater
sweep. The results shown here do not, of course, glve the complete story,
which would require consideration of structural requirements and space
requirements for fuel storege end so forth. For example, the beneficial
effect indicated for reduced aspect ratio of the unswept wings 1s due
to aspect ratio alone and does not take asccount of the reduction in drag
due to the thimner wing sectlons that could probsbly be used with the
smaller aspect ratios. TFurthermore, the indicated advantage of sweep ls
not entirely realistic since it epplies to constant wing thickmess in
planes normal to the leading edge; whereas for structural reasons the
thickness would probebly have to be increased considersbly with increasing
sweep and the benefits would thereby be reduced. Consider again the value
of drag coefficlent 0.02, representing, as before, the probable limit for
a single~-engine airplane with the Jet engines that wlll be availeble in
the near future: 1t appears that to attain a Mech number of 1.15 within
this limitation the wing would have to be swept at least 45 and probably
more to allow for the drag of fuselage and other elements of the alrplane.

There has been scme interest, for various reasons, In the possiblli-
ties of using forward sweep rather than sweepback. In figure 6 the varia-
tions of drag with Mach number through the transomic renge for a swepbtback
and & sweptforward wing are compared from the results of free-fall tests
(reference 7 and date not yet published). The wings are similer in all
respecte except taper, and 1t is shown that the results are very simllar.
These results may be influenced to some extent by effects on the wings
due to the flow filelds of the bodies used in these tests. In this
connection 1t might be of interest to mentlon that the sweptforward wing
was found to have a conaslderasbly more adverse effect on the drag of the
body, at Mach numbers of 1.0 and sbove, than the sweptback wing. However,
the indication that the directlion of sweep has little effect on either
the Mach number or the extent of the drag rise of the wing alone is
supported by other data from wind-tunnel tests (reference 8) and rocket
tests (reference 9).
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As part of the Ilnvestigation of wing-plan-form effects on drag at high
transonic speeds, rocket tests have been made of several configurations
incorporating variations in taper as well as sweep (references 10 and 11).
Figure 7 shows the drag coefficients at a Mach number of 1.15 in relatlon
to the taper ratio, grouped for approximately constant sweep angles of
either the mean line or the leading edge of the wing. The thickness-
chord ratio in the stream directlon ls approximately constant for each
group. With the mean line unswept, tapering the wing to a pointed
configuration provides & substantisl reduction In dreg over that of the
untapered wing. The second group indicates that with the leading edge
held comstant at 459, tapering the wing tends to be umfavorsble and
this trend appears to continue to the ilnverse-taper condition shown by
the third group. These resulbts apparently indicate simply that sweep
of the leading edge is not the determlning factor for tapered wings.
Perheaps the most Interesting feature of these date is shown by the
fourth group where the result of tapering the wing about a U5° agwept
mean line is indicated. The taper In itself has practically no effect
in this case which suggests that it should be possible to take full
advantage of the benefits of large sweep and thin sections with consilder-
gbly less dlfficulty from structural problems thean in the case of

untapered wings.

Investigation of the effects of airfoll section on the transonic drag
characteristics of finite wings has been limited mainly to determining
the effects of sharp leading edges, with the thought that they might
provide scme beneflt in the trensonlc renge as well as at supersonic
speeds. Figure 8 shows the variation of drag with Mach number from free-
fall tests (reference 12) of a six-percent-thick, unswept wing with a
sharp~edge circular-arc section and one with NACA 65-series section.
Little difference is indicated and such as there is favors the 65-series
eirfoll. Simllar comparisons fram rocket tests with thicker unswept
wings and with swept wings, including double-wedge as well as clrcular-
arc #ections (reference 5) lead to the same conclusions - that wings
with supersonlc-type sections tend to have somewhat poorer drag character-
lstics in the transonic range then wings wilth more conventional high-
speed sectlons.

BODIES

With the delay and reduction in the drag rise of wings that appear
possible from the foregolng results the drag characteristics of the body
or fuselage of the alrplane may well become the critical factor In
determining the limiting normal operating speed of the airplane. An
investigation of body drag through the transonic range has been under-
teken by the free-fall method (reference 13) and the results to date
are shown in figure 9 In which the drag coefficients, based on frontal
area, of four simple bodies of revolution, varylng in fineness ratio
and in thickness distribution, are compared over the Mach number range

‘i.llllll.l.i
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from 0.85 to 1.08. The drag values shown include the drag of the stebi-
lizing tall surfaces which were ldentical in all cases. The body of
finenese ratio 12 hed a simllar thickness dlstributlon to that of the
fineness-ratio-6 body, with the meximm dismeter at half the body length.
The start of the dreg rise of the fineness~ratio-12 body appears to
occur &t a considerably higher Mach nmumber than for the fineness-ratlo-
6 body although this adventage is more then offset at Mach numbers
below 0.94 by the greater skin-friction drag of the longer body. The
extent of the dreg rise 18 also mmch less - on the order of one~third -
for the slender body so thet at Mach numbers around 1.0 lts drag coeffl-
cient is only about 60 percent of that of the fineness-ratic-6 body.

The other two bodles were formed by combinatlions of the forebody and
afterbody shapes of the fineness-ratlo-6 and P£inzness-ratio-12 bodies.
Of these two bodles, the one wlth the blunter forebody and more slender
afterbody has a lower drag at Mach numbers above 0.92. Although the
drags of both these bodies lie generally between the curves for the
fineness-ratio-6 and 12 bodies, the valuss are somewhat higher at Mach
numbers ebove 1.0 then would be expected for a fineness-ratlo~9 body

of simllar shape to the 6 and 12 bodies. This will be indicated more
clearly in another figure. A further point of Interest in the data In
this figure ls in the simllarity of the drag varlatlon ebove Mach
number 1.0 for the bodles of similar nose shepe: for the two bodies
having the more slender forebody the curves flatten out, whereas with
the blunter nose shape the drag coefficient continues to incresase,
suggesting that the nose shepe becomes the dominant factor in deter-
mining the character of the drag varlation of bodles very shortly after
Mach nuvmber 1.0 has been exceeded.

In figure 10 the drag coefflcients of the four bodies at a Mach
number of 1.08 are plotted to logarithmic scale as a functlon of the
inverse of fineness ratio. The drag velues shown have been reduced to
represent approximately the pressure or wave drag by subtrecting the
measured drag of the stabllizing tall and estimated skin friction fram
the values shown in figure 9. The values for the fineness-ratio-6 and
fineness-ratlio-12 bodles, which may be considered as belonging to the
sams shape family, fall very close to a lins which defines the dreg as
g function of the squaere of the inverse fineness ratlo, or, in effect,
the squere of the thickness ratlo. This result is In accord with the
theory for the wave drag of slender bodles of revolution a.tasupersonic

speeds and in fact the complete relation CDFP = 10.7 Fjii defined

by this line 1is almost exectly the same as that derlved theoretically by
Iighthill for slender parabolic bodies (reference 14). The fact that
the data for the two flneness-ratioc-9 bodies with meximum diemster
Torward and aft of the mldlength of the body lle sbove thils line indi-
cates that these departures from the shape famlly represented by the
fineness-ratio-6 and 12 bodies are both unfavorablie.
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In connection with a study of the sources of the drag rise of bodles
in the trensonic range, pressure-dlstribution measurements on a body of
revolutlon have been obtalned by the wing-~flow method over the renge of
Mach number from 0.85 to 1.05 (reference 15). Somes of these results are
shown 1n figure 11. The body was of parasbolic shape 1n longlitudinal
gsection with a fineness ratio of 6 end was sting supported as indicated
in the sketch In the left-hand flgure. The pressure-orifice locations
ere alsoc shown in the sketch. The pressure dilstributions silong the
body are shown for four Mach numbers from 0.92 to 1.05 in the left-hand
figure and the veriation of pressure-~drag cocefficient with Mach number
determined from these data 1s plotted in the right-hand figure. The
pressure distribution for Mach number 0.92 is typical of the results
obtained at lower Mach numbers and gave no apprecigble pressure drag.
With 1ncreasing Mach number,the suctlon peak moves back of the meximm
diemeter of the body and the pressure drag rlses accordingly. The
greatest rearward movement of the suction peak in relstlon to change of
Mach number occurs between Mach number 0.96 and 1.00 and the drag rise
1s also most abrupt over thils reange. At Mach mumbers fram 1.00 to 1.05,
the chenge 1n pressure distribution and In drag coefficlent ls relatively
small. Although the pressures over the forebody increase somewhat as the
Mach number increases and thereby contribute to the drag rise, the greater
part of the effect up to Mach number 1.0 arlses from the growth and rear-
ward movement of the suction on the afterbody. As an indication that
the pressure measurements and thelr interpretation in terms of the drag
rise are probably not greatly influenced by the low Reynolds number of
these tests, the drag curve fram the free-fall tests of a fineness-
ratio-6 body of generally similar shape is given by the dashed line in
the right-hand figure. The Reynolds number of these tests was some
twenty times that of the wing-flow teats but the shapes of the curves
are remarksebly similar.

WIRG~-BODY INTERACTION

A final interpretetion of the results of investigations of alrplane
components requires, of course, some understanding of the effects of
combining these components in the complete airplans conflguration.
Figures 12 and 13 indicate scme of the tendencles that have been observed
in the effects of wing-fuselage interaction on the dreg rise. Figure 12
shows the variation of drag coefficient with Mach number through the
beglnning of the drag rise for three unswept wings of varying thickness
from tests in the Ames 16-foot high-speed tunnel. The solid lines apply
to the wings alone, and the dashed llnes to the combinations of wing and
fuselage. For these cases, the Mach number of the drag rise and the rate
of increase in the drag coefficlent beyond the start of the drag rise
appear to be practically unaffected by the addition of the fuselage. A
similar sbsence of effects of adding a fuselage to the wing was noted in
the resulte of hlgh-speed-turnel testes of an slrplane configuration
incorporating a 35° sweptback wing.



NACA RM No. L8283 SN 9

A considerably different result wes indlcabed from free-fell tests
of wing-body configurations incorporating wings of greater sweepback
(reference 16). Figure 13 campares the dreg-coefficient variation with
Mach mumber for two combinations of identicel L45° swept wings end
fineness-ratlo-12 bodies, differ only in the positlion of the wings on
the body. With the wing located 1/8 of the body length back of ite
meximum dlemeter, the drag rise apparently dld not occur until the Mach
nmuber was &t least 0.05 greater than for the arrangement with the wing
a gimilear distence forward of the maximum dlameter, and the drag through-
out the Mach number range covered was merkedly less. Fraom the simmlte-
neous measurements of total drasg and wing drag obtalned in these tests 1t
wag evident that the greater part of the difference shown here arose from
the effect of the wing position on the body drag: With the wing in the
rearward positlon, the presence of the wing spparently reduced the drag
of the body apprecisbly below the values obtalned with & similar body
wlthout wings, whereass with the wing in the forward posltion, the body
dreg was Iincreased. It appears from these results that consldersble
attentlon should be glven to the arrangement of the wing on the fuselage,
at least when large sweep angles are used, to avold the possibility of
rather large unfavorsble interaction effects.

CONCIUDING REMARKS

A samevwhat more dlrect indication of the advances 1n ailrplans
operating speeds that mey be expected from some of the changes In slr-
plene configuration that have been discussed is provided in figure 1h.
This figure shows the varlatlion of drag coefficlent with Mach number
for three simple body-wing-tail configurations incorporating fineness-
ratio-12 bodles varying in wing sweep and thickness (reference 16 and
data not yet published) compared with that for the representative modern
Jet fighter discussed earlier. The curve designated T/eq represents
the probeble thrust capebllities that can be expected of a turbolet
engine 1n the immedlate future in terms of & representatlve wing area
and dynamic pressure for comparison with the drag coefficlents. The
speed of the conventionsl sirplane, with unswept wings, 13 percent thick,
1s limited by the Intersection of the thrust and drag curves to a Mach
number of 0.80 wilth the highest speed for reasonebly efficlent crulsing
probebly not greater than 0.70 in Mach number. It was found that the
drags of models of three projected high-speed alrplanes with wings of
around 35° sweep and 10- to 12 -percent thickness fell generally between
the two drag curves for the 35° confilguratlions shown hers. It appears
therefore thet maximm speeds up to Mach number of 0.9 to 0.95 and
reasonable range up to Mech numbers of almost 0.9 can be reallzed with
the moderate sweep and thickness that are being incorporated in a number
of new high-speed Joet alrplanes now in deslign, constructlion, or prototype
stages. The 45° swept-wing arrangement shown on the right attained the
highest Mach mumber before the dreg rilse and gave the most gradusl drag
rise of any wing-body-tail cambination for which free-fall test date are
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avellable. From these results 1t appears that with wings having sweep
angles of 45° and sufficiently slender bodles, arranged to avoid unfavor-
able interection effects, alrplanes crulsing at Mach numbers up to 0.95
end with top speed around Mach number 1.0 are gqulte posalble, with turbojet
englnes that are or probably soon will be avallsable.

Langley Memorial Aercnauticel Leboratory
Natlional Advisory Camlttee for Aeronsutilcs

Langley Fleld, Va.
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Figure 1.- Effect of drag rise on range of representative modern
turbojet airplane.
WIND TUNNEL FREE FALL
NACA 65-2XX ,A=9 ,C=0.2 NACA 65-0XX, A=7.6,C=0

< -
1.0 — '
9 - MDR
M DR o
8- _ \\\\\ fMCr
‘7 - T 1
06 .08 10 2 t /C .06 .08 Rle} A2
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Figure 3.- Effects of aspect ratio and sweep of wings on the Mach
number of the drag rise; a = 0°.
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Figure 4.~ Variation of drag coefficient of unswept wings with thickness

ratio. M = 1.15; Cy, = 0.
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Figure 5 - Variation of wing drag coefficlent with aspect ratio and
sweepback. M = 1.15; Cy, = 0.
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Figure 6.- Comparison of drag of sweptforward and swepiback wings
through the transonic range. Cyp = 0; % = 0,12,
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Figure 7.- Effects of various combinations of taper and sweep on the
drag of wings at Mach number 1.15. CL = 0.
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Figure 8.- Comparison of drag of wings with sharp-leading~edge and
conventional NACA airfoil sections through the transonic range.
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Figure 9.~ Effects of fineness ratio and thickness distribution on
the drag of bodies of revolution at transonic speeds.
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Figure 10.~ Logarithmic plot of variation of pressure drag with inverse
of flneness ratlo for four bodies of revolution.



18 NACA RM No. 184284

FREE FALL "
Co /
P F t
il WING FLOW
'I
—ﬁ—“’-
] I i L] | | 4 —l9 To !I
: a4 . : : . : L A
0o 2 4,6 8 10 8 M

Figure 11.- Pressure distributions from wing-flow tests through the
speed of sound on a finepess-ratlo-8 body of revoluticn, and com-
parison of the corresponding pressure drag with the total drag
measured in free~fall tests of 4 similar body.
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Figure 12,- Comparison of initial drag rise of wing alone and wing-
fuselage combination for three wings of different thickness ratlo.
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Figure 13.- Effect on drag of wing-body-tail combma.tion through
transonic range due to fore-and-aft position of 45° swept wing.
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Figure 14.- Comparison of drag rise of three wing-body-tail
combinations varylng in wing sweep and thickness and of
representstive, modern turbojet airplane. Thrust avallable
from turbojet engine at 30,000 to 40,000 feet altitude shown
in form corresponding to drag coefficient for comparison.






