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SUMMA R Y 

A comparison is made of the high- speed aerodynamic characteristics 
of a family of four wing -fuselage configurations of 0° , 35° , 45° , and 
60° sweepback as determined from transonic -bump model tests in the 
Langley high - speed 7- by 10- foot tunnel , sting- supported model tests in 
the Langley 8 - foot high- speed tunnel and in the Langley high - speed 7-
by 10 - foot tunnel, and rocket model tests conducted by the Langley 
Pilotless Aircraft Re search Division . A complementary study of the 
effect of Mach number gradients and str eamline curvature on bump re sults 
is also included. 

It was found that qualitatively the data obtained from the various 
te st facilitie s for the wing -fuselage configurations ,.,rere in essential 
agreement as r egards the relative effects of sweepback and Mach number 
except for drag at zero lift . Quantitatively, important differences 
were pre sent . Lift - curve slopes as determined from bump tests tended 
to be somewhat higher than sting-model data indicated , with consequent 
differ ences occurring in drag due to lift . Fusela ge -alone drag and 
wing -fuselage dra.g as obtained by the bump method were found to be 
unreliable particularly at Mach numbers above 1. 0 , but Wing- alone drag 
data were found to be in surprisingly good agreement with a vailable 
rocket model data throughout the transonic speed range . Aerodynamic ­
center position as determined f rom bump data was generally more rearward 
than sting data indicated , especially for the 600 configuration . Some 
of this effect has been attributed to the effects of Mach number gradi ­
ents and flow curvature over the bump . It was evident , however, t hat 
for configura.tions for which aeroelastic effect s were important the 
relative flexibility of the models used in the various facilities 
accounted for part of the differences in re sults . 



2 NACA RM 150R02 

I N T ROD U C T ION 

As part of a transonic research program recommenQed by an NACA 
Special Subcommittee on Research Problems of Transonic Aircraft Design, 
a series of wing-fuselage configurations has been investigated in the 
Langley high-speed 7- by 10-foot tunnel using the transonic-bump method. 
Publication of these data was expedited despite uncertainties concerning 
the technique, because it was believed that such data would at least 
afford qualitative guidance to the ai rcraft designer. While direct com­
parison of these data with data obtained by other methods is still limited, 
recent investigations of several geometrically similar sting-supported 
models of this series in the Langley 8-foot high-speed tunnel and in the 
Langley high-speed 7- by 10- foot tunnel permit a comparison of the 
results at sUDsonic Mach numbers up to approximately 0.95 and at a 
supersonic Mach number of 1 .2. 

The purpose of this paper is to present a comparison of bump data 
and sting- supported model data for four wing-fuselage configurations of 
the primary transonic series, corresponding to the 00

, 350
, 450

, and 
600 configurations described, respectively, in references 1, 2, 3, 
and 4. Included in the data for the 450 configuration are some drag 
comparisons at zero lift obtained from a rocket model investigation 
conducted by the Langley Pilotless Aircraft Research Division. Some 
effects of aeroelasticity are also discussed inasmuch as such effects 
are important in comparing data obtained from different test facilities. 

The paper also presents the results of a complementary experimental 
investigation conducted in the Langley high-speed 7- by 10-foot tunnel 
t o determine the extent to which bump model results are affected by 
such factors as flow curvature and Mach number gradients. 

S Y M B 0 L S 

CL lift coefficient (Twice semispan lift/qS or ' Total lift/qS) 

CD drag coefficient (Twice semispan drag/qS or Total drag/qS) 

~D 

q 

total dra.g coefficient minus drag coefficient at zero lift 

pitching-moment coefficient , referred to 0. 25c 
(Twice semispan pitching moment/qSc or 
Total pitching moment/qSc) 

effective dynamic pressure over span of model, pounds per 

square foot (~v2) 



- --- ---- -- - --._- - - - - - - -

NACA RM L50H02 

s twice wing a.rea. of semispan model or wing area of full - span 
model 

c mean aerodynamic chor d (M.A.C.) of wing based on relationship 

2 j b/2 
- c2dy (using theoretical tip) 
S 0 

c local wing chord 

b twice span of semispan model or span of full - span model 

y spanwise distance from plane of symmetry 

p air density) s lugs per cubic foot 

V airspeed) feet per second 

M effective Mach number over span of model 

M2 local Mach number 

Ma a verage chordwise local Mach number 

R 

a 

L 

AZ 

Reynolds number of wing based on c 

angle of at tack ) degree s 

total lift loa d on wing) pounds 

angle of sweepback ) relative to c/4 line 

effective sweep angle at any spanwise s t ation) referred 
to c/4 

Subscripts : 

L == 0 a.t zero lift 

m measured value 

3 

_J 
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PA R T I BASIC DATA COMPARISON 

SCOPE 

A compari son is made at several subsonic Mach numbers (0 . 70 , 0 . 80, 
0 . 85 , 0 . 90 , and 0 . 93) and one supersonic Mach number ( approx. 1 . 2) of 
the lift , drag , and pitching-moment characteristics of four wing­
fuselage combinations of 00

, 350 , 450 , and 600 sweepback as determined 
from transonic -bump tests of semispan models and sting- suppor ted wind­
tunnel models . Most of the transonic -bump data used in the comparison 
have been taken from published paper s (references 1 to 6) , although 
additional bump data for the 00 and 450 configurations obtained subse­
quent to the original investigations ar e presented herein f or the firs t 
time . The wind - tunnel data for the 450 configuration as determined in 
the Langley 8 - foot high- speed tunnel were taken from reference 7. More 
complete data than that included her ein for the other sting- supported 
wi nd - tunnel models are being obta.ined. 

For the 450 configuration , a comparison of the drag at zero lift 
is also made with the results of a r ocket model investigation of the 
same configura.tion (refer ence 8) . 

For the 450 and 600 configurations, static deflection measurements 
were made for simulated loading conditions and estimated aeroelastic 
corrections were evaluated for the lift - curve slope and aerodynamic ­
center position for the bump models and sting- supported models . 

REVIEW OF TEST TECHNIQUES 

The test techniques employed in obtaining most of the experimental 
data included in this comparison involve two basic methods : (1) the 
transonic -bump method employing semispan model s and (2) the conventional 
wind- tunnel method employing full - span sting - supported models . Repre ­
sentative Reynolds numbers for the various testing facilities are given 
in figure 1 . For the most part, only the e ssential points of the tech ­
niques wil l be reviewed in this section, inasmuch as appropriate refer ­
ences will afford sources for details . 

Bump Tests 

Method .- The transonic -bump method as used in the Langley high­
speed 7- by 10 -foot tunne l is described in reference 1 . This method of 
testing involves the placement of a small model in the high-velocity- f l ow 

- 1 
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field generated over a curved surface and is an outgrowth of the NACA 
wing -flow method (reference 9) . Typical contours of local Mach numbers 
in the vicinity of the model location on the bump are plotted in fig ­
ure 2(a) . Outlines of the A = 00 and A = 600 wings have been super ­
imposed on this diagram in order to illustrate the extent of the spa.n­
wise and chordwise gradients in Mach number . In practice, no attempt 
is made to account for the effects of these gradients apart from eval ­
uating the effective test Mach number on the basis of the relationship 

M 
g r b/2 

cMa dy 
8Jo 

The re sults of a complementary investigation conducted primarily 
to study additional effects that Mach number gradients may have on the 
aerodynamic characteristics as determined from bump tests are discussed 
in part II of this paper . 

The model is a.ttached to an electrical strain-gage balance mounted 
inside the bump and is so arranged that the gap between the bottom of 
the fuselage end plate and the bump surface is about 3/64 inch . The 
chamber containing the balance is sealed and vented to an orifice on 
the bump such that the static pressure in the chamber is roughly the 
same as that existing over the bump. A small opening of a size suffi ­
cient to allow an angle-of -attack range of about 160 is cut in the 
vicinity of the wing butt of the model . This opening is covered by the 
fuselage and its end plate . A photograph of a typical wing-fuselage 
model configLITation mounted on the bump is shown in figure 3(c) . 

A unique arrangement (fig . 4) is used for measurements of the drag 
at zero lift in order to minimize leakage and to avoid the use of an 
end plate . In this arrangement, a foam-rubber wiper seal is attached 
to the model and rests against the underside of the cover plate and 
effectively blocks off the small gap (about 1/16 in.) around the root 
of the wing . The seal pressure must be carefully adjusted to avoid 
friction effects, but this method, in general, has been ~ounj to be 
more satisfactory for drag determinations than any unsealed arrangement . 

Models.- A drawing of the four bump models used in this comparison 
is given in figure 5 . Actually, data are being presented for six bump 
models, two sets each for the A = 00 and 45u configurations and one 
set each for A = 350 and 600 configurations . The additional models 
for the 00 and 450 configur ations were constructed for the complementary 
investigation discussed in part II of this paper . These models were 
made of steel and hence were stiffer than the original A = 00 and 450 

models which were made of beryllium copper . The bump data for these 
additional tests have been included in the basic comparison, however, 
because of certain discrepancies in results . 

~-~----- -- ~--- --- ~--
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The fuselage used was made of brass and its ordinates are given in 
table I. It was bent to conform to the bump surface as indicated on 
figure 5. 

The various bump models for which data are presented, as well as 
the references from which the data were taken, are summarized in the 
following table: 

1I. c/ 4 
Designation Construction Source 

(deg) material 

0 Model 1 Beryll ium copper Reference 1 
Model 2 Steel Unpublished 

35 Model 1 Beryllium copper References 2 and 

45 Model 1 Beryllium. copper Reference s 3 and 
Model 2 Steel Unpublished 

60 Model 1 Steel Reference 4 

aSince the publication of references 2 and 3 , drag at zero 
lift with the foam-rubber seal was obtained for this 
model and subsequently published in noted reference. 

a5 

a6 

Corrections .- No jet-boundary corrections have been appl ied to any 
of the bump data. Corrections for fusela.ge base pressure were deter ­
mined and found to be small . They have not been applied to the da.ta. 

Except for the measurements of the drag at zero lift, no tare cor ­
rections for the effect of the fusel age end plate or leakage have been 
applied to other components. Special tests, in which a few models were 
investigat ed at several angles of attack while mounted without end 
plates and with the foam-rubber seal attached, indicated small but 
inconsistent tare effects on lift, pitching moment, and drag due to 
lift. 

Sting Tests 

The sting methods used in the Langley 8-foot high- speed tunnel and 
the Langley high - speed 7- by 10- foot tunnel are basically similar and 
will be considered together in the following discussion. Additional 
details re garding the 8 - foot sting method of testing may be found in 
reference 7. 
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Method.- The tests were conducted in closed-throat, single-return­
type tunnels. In order to minimize interference effects between model 
and support the models were mounted on a sting which is attached to a 
supporting structure downstream of the test sections. A view of the 
models mounted in the tunnels is shown in figure 3. The Langley high­
speed 7- by 10-foot-tunnel tests were run at various angles of attack 
through the Mach number range by employing angle-of-attack couplings, 
whereas the 8-foot high-speed-tunnel tests were conducted by changing 
angle of attack at a constant Mach number. The models are attached to 
internal strain-gage balances. 

Models. - A drawing of the sting models together with pertinent 
dimensions is given in figure 6. The wings were constructed of aluminum 
alloy except the A = 350 wing in the Langley 8-foot high-speed tunnel 
and the A = 450 wing in the Langley high-speed 7- by la-foot tunnel 
which were made with a steel insert and bismuth-tin filler. The fuse­
lages were hollow and constructed of aluminum for the Langley high­
speed 7- by 10-foot-tunnel configuration and of steel for the Langley 
8-foot high-speed-tunnel configuration. They were designed by cutting 
off the rear portion of a body of revolution with a fineness ratio of 12 
to form one with a fineness ratio of 10. (See table I.) 

Corrections.- The method of reference 10 was used to correct for 
the effects of the model and its wake on Mach number and dynamic pres­
sure. No corrections due to sting interference, which are believed to 
be small, have been determined or applied to the data. A representa­
tive account of interference effects as well as base-pressure measure­
ments are presented in reference 7 for the 8-foot-tunnel models. Base­
pressure corrections to drag were determined at zero angle of attack 
and have been applied to both the 7- by 10-foot-tunnel data and the 
8-foot tunnel data. The drag at zero lift, therefore, corresponds to 
free-stream static pressure at the base of the fuselage. The correc­
tion to the drag coefficient was of the order of 0.002. 

Effect of Flexibility 

When the angle of sweepback is appreciably increased, the influence 
of wing flexibility on the aerodynamic characteristics becomes increas­
ingly important. It follows, therefore, that comparisons of aerodynamic 
data for swept wings from different test facilities become exceedingly 
difficult because of differences in model construction, methods of 
mounting, and testing techniques. In order to obtain some idea of the 
effect of wing model flexibility on the aerodynamic results, two of the 
7- by 10-foot - tunnel bump and sting wings (A = 450 and 600

) were 
loaded with a simulated elliptical - type loading along the quarter-chord 
line. The angle of attack at several spanwise stations was measured 
while the models were statically loaded. As an example of the results 
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obtained ) a deflection diagram for the A = 60° sting model is shown 
in figure 7. Correction factors for the lift - curve slope (CLa,) and 
the aerodynamic center (OCm/OCL) have been evaluated from such dia­
grams for these wings and are ~re sented in figure 8 . The reason the 
generally weaker sting wings A = 450

) steel insert; A = 600
) aluminum) 

have a smaller correction to La, than the steel bump wings is attri -

buted directly to the method of support. The 7- by 10 -foot-tunnel 
sting wings are mounted about a point 10 percent semi span outboard of 
the fuselage center line) whereas the bump wings are mounted about a 
point inside the bump 25 percent semispan from the fusel~ge center line. 

Inasmuch as the 8 -foot - tunne l models are similar in construction 
and mounting to the 7- by 10 -foot - tunnel models) the same correction 
factors are applicable to the 8- foot - tunnel results. 

RESULTS AND DISCUSSION 

The results of the basic comparison are summarized in the 
following figures : 

Figure 

Basic wing -fuselage force and moment data : 
A = 00 configuration . 
A = 35

0 
configuration 

A = 450 configuration 
A = 600 configuration 

Zero - lift drag variation with Mach number : 
Bump and sting re sult s for -

Wing -fuselage) all configurations 
Fuselage alone . . . . . . . . . . 

Bump ) sting) and rocket results fo r -
A = 450 configuration . . . . . . . 

Basic aerodynamic parameter comparisons : 
CLa, and OCm /eCL against M 

Aerodynamic parameter comparisons with 
corrections applied : 
CLa, and dem / eCL against M 

estimated aeroelastic 

9 
10 
11 
12 

13 
14 

15 

... 16 

... 17 

The existence of nonlinear varia.tions of CL and Cm with a, 
decreases the significance of the comparison of the parameters CLa 

--- --- --- -----------

I 
~ I 
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and dC~CL because of the difficulty in ascertaining slopes. For 
the comparisons presented in this paper the slopes were averaged 
through zero lift over an angle- of- attack range up to an angle at which 
obvious departures from linearity occurred. Accordingly, the slopes 
presented in this comparison paper may not be in exact quantitative 
agreement with those presented in the basic reference reports. 

00 Sweep Configuration 

Lift.- The variation of lift with angle of attack is approximately 
the same for all models (fig. 9(a)) although quantitative differences 
are evident especially at the higher angles of attack. In the lower 
lift range the sting models exhibit a somewhat more rapi~ variation of 
lift - curve slope with Mach number than the bump model, particularly in 
the vicinity of the force break (fig. 16(a)). Also variations in lift 
coefficient, especially in the vicinity of CLmax, are more pronounced 
for the sting models although the actual values of CLmax are in fair 

agreement. It is perhaps to be expected that the agreement in lift is 
generally poorest wherever the lift changes are most rapid. Bump 
model 2 agrees a little better with the sting-mounted data than the 
original model 1 (reference 1) . Some of the factors that are partly 
responsible for the lack of duplication in bump results are discussed 
in part II of this paper. In this regard, however, it should be noted 
that small differences are also evident in the two sets of sting data, 
particularly in regard to the variation of CLa with M (fig. 16). 

Pitching moment.- For the most part the variations of Cm with ct 
(fig. 9 (b)), particularly the rapid variation at high values of CL, are 
in practical agreement for all models up to Mach numbers at which rapid 
rearward movement of aerodynamic center occurs (about M ~ 0.85 in 
fig . 16(b)). As regards aerodynamic - center position, the bump models 
are in good agreement with the 7- by 10-foot-tunnel sting data, whereas 
the 8-foot-tunnel sting results indicate a more forward aerodynamic­
center location at Mach numbers below 0.85. However , above M = 0.85 
the bump results and the 8 - foot-tunnel st ing results are in good agree­
ment throughout the subsonic Mach number range as well as in the upper 
transonic speed range near M = 1 . 2. 

Drag .- Drag due to lift (fig. 9(c)) is in good agreement for all 
models except in the maximum lift range. The lower drags indicated by 
the 8- foot - tunnel sting model at the higher lift coefficients are a 
re sult of the lower angle of attack required to sustain these lift 
coefficients. 

The variation of CDL=o with Mach number for the A = 00 wing­

fuselage configurations (fig . 13) appears to be in good agreement, but 

- - -----~-~-~ 
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the bump models exhibit a considerably higher value of drag throughout 
the Mach number range than do the sting models. It was the high drag 
obtained with the bump model in the original investigation (reference 3), 
even when a sponge wiper seal was used to avoid leakage and end-plate 
effects , that prompted the construction and investigation of bump 
model 2 . The results of the two bump tests, however, seem to be in 
excellent agreement. Roughness applied to the bump model wings in an 
effort to simulate the type of boundary-layer transition likely to 
occur at a high Reynolds number was of little value for this model and 
the application of roughness resulted in even higher values of drag. 

The high absolute drag obtained with the bump model is attributable, 
in part, to the high drag obtained with the fuselage alone . Fuselage­
alone drag data as obtained by the bump method are compared with fusela~ 
drag data from ' other sources in figure 14. Not only does the fuselage­
alone bump drag appear to be about twice as great as that obtained from 
wind-tunnel and drop tests (reference 11) but the variation with Mach 
number above M = 1.0 appears to be unreliable. For this reason, the 
variation of drag with Mach number at Mach numbers in excess of 1.0 for 
any of the bump wing-fuselage configurations should be used with caution. 
It is believed that the high fuselage drag is largely a result of the gap 
between the fuselage and the bump surface inasmuch as the drag caused by 
the base pressure was found to be small. 

350 Sweep Configuration 

Lift.- In regard to the variation of lift with angle of attack, the 
bump results and the 7- by 10-foot-tunnel sting results are in good 
agreement (fig . 10(a)) and both exhibit higher lift-curve slopes than 
the 8-foot--tunnel sting model (fig. l6(a)). The differences in lift 
behavior exhibited by the two sting models in the lower angle-of-attack 
range are somewhat surprising even when the slight changes in wing sweep 
angle (2.40 ) are considered (fig . 6 ). The reasons for these discrep­
ancies in lift behavior are not known at present. It is evident also 
that while the lift variations at the higher lift coefficients are 
similar for the bump model and the 8-foot-tunnel sting model, the r apid 
changes in lift for the 8 - foot-tunnel sting model are delayed to a 
higher angle of attack, perhaps because of the higher Reynolds number 
of the 8 -foot - tunnel data . 

Pitching moment .- The bump model and the two sting models exhibit 
similar trends in pitching-moment behavior in the lower lift range but 
the lift coefficients at which rapid changes in pitching-moment behavior 
occur are higher for the 8 -foot -tunnel sting model (fig. 10(b)). The 
bump data give an aerodynamic-center position about 5 percent more rear­
ward than the sting models at the lower Mach numbers (fig. l6(b)) and 
indicate a less rapid rearward movement with Mach number than was 

- - - ---- - - ----
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obtained with the 8 - foot - tunnel sting model . At supersonic Mach numbers 
the bump and sting results ar e in fair quantitative agreement . 

Drag . - The drag due to lift (fig . lO(c)) indicates similar trends 
for all models and reflects the differences in lift behavior previously 
noted . The variation of CDL=O with M (fig . 13) for the bump model 

is more rapid below the Mach number for drag rise and less rapid in the 
vicinity of drag rise than that for the sting models . It is of interest 
to note , however, that the drag variation obtained with the bump wing­
fuselage configuration is similar to that obtained for the bump wing 
alone (reference 5) . 

45
0 

Sweep Configuration 

Lift .- The lift characteristics of the two sting models are in 
very good agreement (fig . ll(a)), particularly in regard to the varia­
tion of the mean lift - curve slope with Mach number (fig. 16(a)) . The 
450 configuration is flexible enough to require consideration of aero ­
elastic effects on lift - curve slope . These corrections have been 
estimated for the 7- by lO - foot - tunnel sting model and for bump model 2 
(fig . 8) and have been applied to the da.ta in figure 17(a) . Inasmuch 
as the 7- by lO-foot - tunnel sting data and the 8 - foot - tunnel sting da.ta 
are in good basic agreement , the corrected values given in figure 17(a) 
can be assumed to apply to the 8 - foot - tunnel data also. 

The bump models appear to be in general qualitative agreement with 
the sting results. It will be noted, however, that the bump models give 
somewhat higher lift - curve slopes (fig . 16(a)) and indicate a more linear 
variation of lift with angle of attack in the higher angle -of - attack 
range (fig . ll(a)). 

Pitching moment .- The pitching-moment behavior exhibited by the 
various ffiodels is perplexing (fig. ll(b)) . Even the sting models indi ­
cate some differences, especially in regard to aerodynamic - center posi ­
tion (fig . 16 (b)). The development of an unstable pitching-moment 
variation at a very low value of CL for bump model 1 was regarded 
with suspicion when originally obtained (reference 3) , but check tests 
made at that time produced similar results . Subsequently, bump model 2 
was constructed for the bump -wall comparison discussed later in this 
paper and gave the type of pitching-moment variation shown in fig -
ure ll(b) . It is evident that for bump model 2} the onset of the 
unstable pitching-moment variation has been delayed to higher lift 
coefficients and is in better accord with 8 - foot - tunnel sting data in 
this respe ct . The aerodynamic center is, however , somewhat more rear ­
ward than was obtained for other models (fig . 16(b)) . The pitching­
moment data in reference 12 indicate that, in the Reynolds number range 

--~-~----
J 



L 

12 NACA RM L50H02 

of the bump tests, surface conditions can result in a forward movement 
of the aerodynamic center of several percent; whereas, at the higher 
Reynolds numbers (greater than 1 X 106), roughness has little effect. 
It is interesting to note that the application of roughness to the 
8-foot-tunnel sting model (reference 7) and to the 7- by 10-foot - tunnel 
sting model (unpublished) also had little effect on aerodynamic-center 
position. 

The corrections to the aerodynamic-center location attributable to 
aeroelastic effects (figs. 8 and 17(b)) appear to be rather small for 
this configuration and are not an important factor in explaining the 
discrepancies obtained. 

Drag.- Drag due to lift (fig. ll(c)) is in good agreement for the 
two sting models. Bump model 2 is in fair agreement with the sting 
results, but the originally published drag data for bump model 1 indi­
cate definitely lower drags in certain portions of the lift range, 
particularly at the lower Mach numbers. 

The differences observed in the zero-lift drag variation with Mach 
number for the two bump models (fig. 13) are probably a re sult of 
changes in fuselage drag inasmuch as the wing-alone drag for the two 
models is in excellent agreement (compare fig. 15 of reference 6 with 
fig. 21 of this paper). The inconsistencies in these wing-fuselage drag 
data again emphasize the difficulty encountered in measuring the drag of 
half-bodies of revolution by the bump method. 

A comparison of the drag at zero lift utilizing the results of 
rocket model tests of the 450 configuration, reference 8, is presented 
i n figure 15. The abnormally high fuselage-alone drag obtained on the 
bump (fig~ 14) makes a comparison in the transonic range difficult even 
when compared on the basis of wing-fuselage minus fuselage drag. It 
appears that the bump model does not refl ect the peak drag obtained with 
the rocket configuration in the vicinity of M = 0.98. This peak drag 
has been traced to interference effects between the wing and fuselage 
(reference 8). Inasmuch as the fuselage-a.lone drag is considered 
questionable from bump tests, it is not surprising that such interference 
effects are not observed in the bump data . 

600 Sweep Configuration 

Lift. - The lift characteristics are in essential agreement 
(fig.-r2Ta)) although the bump model fails to reveal the nonlinearities 
exhibited by the sting models at the low angles of attack. This fact is 
perhaps responsible for the slightly higher values of lift-curve slope 
obtained for the bump model (fig. 16(a)). The corrections for flexibility 
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do not appre ciably affect the comparison in regard to lift - cur ve slope 
(figs . 8 and 17(a)) . 

Pitching moment. - It is the pitching-moment behavior of the 600 

configuration that exhibits the largest discrepancies encountered in 
this compar ison . The sting models are in fair agreement at the higher 
angles of attack (fig . 12(b)) but exhibit different pitching-moment 
slopes in the lower lift range (fig . 16(b)) . These differences are 
small, however , compared to the extremely rearward aerodynamic - center 
position indicated from bump data . The bump data also indicate unstable 
pitching moments occurring at considerably lower lift coefficients than 
the sting models. This result does not appear to be a sole consequence 
of the low Reynolds number of the bump tests inasmuch as unpublished 
tests of the 7- by 10-foot sting model in the Langley 300 MPH 7- by 
10 -foot tunnel at a Reynolds number of about 500,000 indicated similar 
characteristics to those shown for the 7- by 10- foot sting model 
at M = 0 . 7. 

It is believed that the indicated differences for the sting models 
at the low lift coefficients may not really be present. It was neces ­
sary to fair the 8- foot sting data with considerably fewer pOints than 
were available for the 7- by 10- foot sting data, and wherever nonlinear 
variations occur a great many points are necessary to define the ·char ­
acter of the nonlinearity. Essentially, therefore, the sting data are 
in good agreement and the important feature of the comparison is found 
in the considerably more rearward aerodynamic - center position obtained 
with the bump model . A considerable portion of the discrepancy in 
aerodynamic-center location is attributable to the larger aeroelastic 
effects experienced by the sting model (fig . 8). The estimated effect 
of the wing flexibility on the sting model results was to move the 
aerodynamic - center appreciably rearward as shown in figures 16(b) and 
17 (b) . It will be noted, however) that the flexibility for the bump 
model is rather small and that the aerodynamic center indicated for the 
bump model is still considerably more rearward than for the sting model 
even when the flexibility of both models is considered. 

It is believed that the more rearward aerodynamic - center location 
obtained on the bump model for highly swept wings is also closely 
related to the effect of the bump curvature . For the 600 bump model 
the spanwise variation of sweep angle due to the curvature of flow is 
shown in figure 18 . Thus, the root sections are operated in exces s 
of 600 whereas the tip sections are operated at sweep angles of less 
than 600

. The effect of this sweep variation on the span loading has 
been estimated and it has been determined that, although the effect of 
this sweep variation on lift - curve slope was small, the aerodynamic ­
center position was moved about 5 percent of the mean aerodynamic chord 
rearward . This correction has been noted on figure 17(b) for M = 0 . 7 
and it is seen that mu~h of the discrepancy in the pitching-moment 

- -----,---~-
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slope exi sting between the sting and bump results at this Mach number 
appears to be ac counted for . Although it is realized that these factors 
may not be entirely responsible for all the discrepancies attributed to 
them, the indications are that : (1) highly swept models tested on the 
bump used in this comparison are apt to result in considerably further 
rearward movements of the aerodynamic center than would be anticipated 
and that (2) large differences in aeroelastic effects can appreciably 
modify comparisons of data obtained in different test facilities. 

Drag . - Drag due to lift is in fair agreement (fig. 12(c)) but the 
drag at zero lift (fig . 13) is consider ably higher in absolute magnitude 
for the bump model than that obtained on either of the sting models, 
although the results do exhibit the very small variation with Mach num­
ber that would be expected for this wing. 

General Remar ks on Data Comparison 

Despite the differences that have been noted in the comparison of 
the separate configurations, a cross- comparison of the data for the 00 , 

350 , 450 , and 600 configurations indicates that the bump model results 
exhibit about the same qualitative effects of sweepback and Mach number 
on the aerodynamic characteristics of the wing family except for drag 
at zero lift . Important quantitative difference in the results are 
evident , however . In general, wherever sudden changes in lift, drag, 
and pitching moment occurred, the blunp model results indicated less rapid 
changes with Mach number and angle of attack than the sting model results. 
(See, for example, figs . 9, 13, 16, and 17.) The bump data generally 
resulted in higher lift- curve slopes than were obtained from sting data, 
and the variation of lift- curve slope with Mach number was less rapid 
than sting data indicated. Drag at zero lift as obtained from the bump 
data for the wing- fuselage combinations and for the fuselage alone does 
not appear to be reliable as regards either the absolute value of drag 
or the rate of drag increase wi th Mach number in the neighborhood of the 
drag rise Mach number. It will be shown subsequently in this paper that 
this result is largely attributable to fuselage drag results. On the 
other hand, drag due to lift was generally in fair agreement for the bump 
and sting models except where discrepancies existed in the angle of attack 
required to support the same lift. The position of the aerodynamic center 
as determined from bump tests appears to be more rearward than sting 
model data indicate, especially at the higher sweep angles, but differ­
ences in the flexibility of the models used make comparisons of aerodynamic­
center position difficult because of aeroelastic effects. 

Although distinguishing trends ar e evident in the data, the results 
of a comparison of only four models do not permit detailed conclusions 
to be drawn regarding the reliability of bump data in general. It 
appears almost essential to examine each model individually because of 
the many factors involved in comparing the results obtained from one 
technique with those of another. 

L __ 
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General Remarks on Test Methods 

In comparing the results obtained with similar models in different 
test facilities, it is usually not possible to control test conditions 
closely enough so that differences in results can be attributed to a 
unique factor. A list of some of the factors that must be considered 
in evaluating the results obtained by various test methods would include 
the following items: 

l. Mach number gradients 
(a) Spanwise 
(b) Chordwise 

2. Flow curvature 

3. Boundary layer at model 

4. Flow leakage about model Reflection-plane technique 

5. End-plate conditions 

6. Flow steadiness 

7. Humidity conditions 

8. Reynolds number of test 

9. Accuracy of model construction 

10 . Flexibility of model 

All of these items are perhaps not of equal importance for all test 
methods, but each test method must be examined for those factors most 
likely to influence the results obtained by that method. Thus, it is 
evident from the Mach number gradients shown in figure 2(a) that 
items 1 and 2 constitute important defects in the bump method of testing, 
at least for the particular bump referred to in this paper. Items 3, 
4, and 5 are important considerations for any method utilizing the 
reflection-plane technique and perhaps assumed more critical roles in 
bump testing because of the presence of items 1 and 2. Items 6, 7, 8, 
9, and 10 are important considerations in any test method. Little is 
known concerning the effects of flow steadiness, item 6. Humidity con~ 
ditions, item 7, are not believed to be an important factor in the com­
parison presented in this paper because of the elevated temperatures at 
which the wind tunnels were operated (reference 7). The low Reynolds 
number of bump tests, item 8, has always been considered one of the 
major deficiencies of this method of testing (fig. 1). Accuracy of 
model construction, item 9, becomes relatively more important in bump 

--~ - ----- - -----
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investigations because the small size of the models requires precision 
workmanship not only in regard to constructing models but in positioning 
them for tests . 

It has not been possible to control test conditions on the bump 
closely enough to permit isolation of the influence of the many factors 
involved . It has been possible, however, to examine the importance of 
Mach number gradients and flow curvature (items 1 and 2) by investigating 
the bump models on a reflection plane in the La.ngley high-speed 7- by 
10-foot tunnel . The test conditions for this arrangement were practi­
cally the same as the bump test conditions except that there was no 
flow curvature and relat ively small Mach number gradients compared to 
the bump. It was not possible, however, to obtain as high Mach numbers 
with this arrangement as was possible with the bump method. 

An investigation to examine the effects of Mach number gradients 
and flow curvature on the bump results is described in the following 
section. 

PART II E F F E C T S 0 F MAC H N U M B E R 

GRADIENTS AND FLOW CURVATURE 

o N BUM PRE S U L T S 

DESCRIPTION OF WALL REFLECTION-PLANE TECHNIQUE 

Models and method.- The two models that were used in the bump-wall 
investigation were the 00 and 450 models shown in figure 5. The wings 
of these models were of steel and were especially constructed for this 
investigation . The models were tested on the bump and on the wall 
plate as wings alone and in combination with the fuselage. Figure 3(d) 
shows one of the models mounted on the reflection plate. The plate was 
fastened to the wall of the Langley high-speed 7- by 10-foot tunnel and 
was located so as to bypass the tunnel boundary layer. The length of 
the plate was such that the boundary layer at the model position was 
approximately the same as that existing at the model location on the 
bump . Every effort was made to make the wall and bump installation 
similar by duplicating details such as mounting. brackets, end-plate, 
and gap conditions . For the wall tests, the fuselage was not curved 
as shown in figure 5. 

Test conditions .- The velocity field in the vicinity of the models 
is shown in figure 2(b) . For the Mach numbers indicated, it is evident 
that the veloc ity gradients are very much less tha.n those occurring on ~ I 

I 
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the bump at similar Mach numbers and are principally chordwise gradients, 
whereas the bump gradients are predominantly spanwise. For Mach numbers 
below M = 0.95, the flow field was essentially free of any velocity gra­
dients. The wall reflection-plane method is essentially the same as the 
bump method. The main tunnel flow remains subsonic for all test Mach 
numbers below M = 1.08 at which value a Mach number of 1.0 is obtained 
on the opposite wall from the plate. By testing these models on the wall 
plate, it was hoped that most of the itemized fact ors would be duplicated 
in the wall and bump tests except items 1 and 2. Actually, it was not 
possible to achieve this end completely. Nevertheless, it was believed 
that by having the same Reynolds number for both tests (see fig. 1), one 
of the principal uncertainties in the data comparison would be eliminated. 

RESULTS AND DISCUSSION 

A compari son of the results obtained by the wall reflection-plane 
method and the bump method is contained in the following figures: 

Wing-alone and wing-fuselage characteristics: 
A = 00 configuration . . . 
A = 450 configuration 

Variation of drag at zero lift with Mach number 

CLa, and 
A = 00 

A = 45
0 

against M: 

Comparison with 8 -foot sting data 

Figure 

19 
20 

21 

22 (a) 
22(b) 

23 

The bump data presented in the preceding figures are the same as 
that pre sented for bump model 2 in figures 9 and 11. 

o o Sweep Configuration 

Lift.- Similar trends in the over-all variation of lift with angle 
of attack are eVident (fig. 19(a)) although bump data consistently 
indicate a somewhat less rapid variation of lift at the angles of 
attack near CLmax . It has been noted previously (fig. 9( a)) that this 

wing appears to be particularly sensitive at the high angles of attack, 
so that differences in results between the bump and wall tests in this 
angle-of-attack range are not too surpr ising. 
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For the wing alone , the lift - curve slopes as determined from wall 
data (fig . 22 (a)) are in excellent agreement with theoretical values 
determined from I'efer ence 13 . It will be noted , however, that the lift ­
curve slopes for both t he wing and wing- fuselage configur ations as 
determined f r om bump data are somewhat higher than the values determined 
from the wal l data . 

Pitching-moment .- The pit ching-moment characteristics are in good 
qualitative agreement , particularly fo r the wing - fuselage configuration 
and especially as regar ds the lift coefficient at which rapid changes 
in lift coefficients occur ( f ig . 19 (b) ) . Bump data appear to give a 
slightly more rearward aer odynamic - center location (fig . 22(a)), 
although estimated theor etical values of aerodynamic center overlap 
both sets of wing- alone data . The theoretical aerodynamic - center loca ­
tions were approximated by appl y ing a correction factor for the effect 
of chordwise loading, as estimated from reference 14, to the values as 
determined from r eference 13 . 

The var iation of dCm~CL with Mach number is in good agreement 
for both the wing- alone and the wing -fuselage configurations . It is of 
interest t hat both test methods indicated about the same change in 
aer odynami c - center position attributabl e to the fuselage despite the 
fact that the fuselage wa s curved for the bump tests . 

Drag . - The drag due to lift (fig . 19 (c)) is in good agreement 
except at the higher val ues of CL where the higher angles of attack 
required for the wall models r esulted in greater drag increments . 

It was in the drag at zero lift that the effects of the Mach number 
gradients and curvature have been expected to be most evident (fig . 21) . 
The combined effect of these factors re sulted in somewhat higher drags 
for the bump resul ts fo r both wing alone and wing - fuselage configurations 
but the rate of drag r ise in the transonic range was only slightly less 
rapid than that obtained on the wall . The wing-alone wall results are 
in good agreement with the dr ag data determined from rocket model tests 
made by the Langley Pilotless Aircraft Research Division of a wing of 
zero sweep , taper ratio 1 , and aspect ratio 3 . 7 mounted on a cylindrical 
fuselage , for which interference effects are small (unpublished) . 

It will be noted also that the effect of the fuselage on the drag 
at zero lift is essentially the same for the bump and wall tests . The 
fuselage -alone dr ag as measured on the wall , is in agreement with the 
bump fuselage data (fig . 14) , except above M = 1 where the wall fuse ­
lage drag increases mor e rapidly because of the increased longitudinal 
velocity gr adient at these Mach numbers (fig . 2(b)) . In any event , 
neither the fuselage -alone nor the wing- fuselage drag is very reliable . 
The wing-fuselage drag indicated f or the sting models (fig . 13) is more 
nearly obtained if the Wing-alone drag (fig . 21) is added to the sting 
or drop - test fuselage drag shown in figure 14. 

_I 
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450 Sweep Configuration 

Lift . - The agreement in lift characteristics for the wing- alone 
data for the bump and wall model is very good both with re spect to lift ­
curve slope (fig . 22(b)) and the lift behavior at the higher angles of 
attack (fig . 20(a)) , although both sets of data give somewhat greater 
values of lift - curve slope than would be determined from theory (refer ­
ence 13) . The results for the wing- fuselage combination also showexcel ­
lent agreement a.s regards lift-curve s lope (fig . 22(b)) although in this 
case differences in lift behavior are evident at the higher angles of 
attack, perhaps indicating that wing - fuselage interference effects a re 
critical. 

Pitching moment .- The pitching-moment behavior for both wing- alone 
and wing - fuselage configu~ations is generally in very good agreement a s 
regards the character of variation of Cm with CL, particularly at 
the higher values of CL ( fig . 20 (b)) ; however , the bump results do 
indicate a more rearward aerodynamic - center position (fig. 22(b)) of 
almost a constant amount throughout the Mach number range as compared 
with either wall data or theory . As for the A = 00 wing, the theo ­
retical values have been apprOXimated by applying chordwise correction 
factors estimated from reference 14 to the aerodynamic-center pOSitions 
determined from reference 13 . 

The fact that the difference in aerOdynamic-center location is 
almost a constant value at all Mach numbers points to the possibility of 
an error in positioning of the models relative to the axes of moments . 
It would take, however, a relative error of about 0.10 inch to account 
for this difference and the models are believed to be located correctly 
to within at least 0 . 01 inch . Some of the differences, therefore , might 
be attributed to the effect of Mach number gradients . The effect of 
fuselage curvature would not appear to be so important in this case 
inasmuch as the same result was obtained for the wing-alone tests . 

Drag .- The drag due to lift agrees well in the low lift range but 
differences are evident at the higher value of CL (fig. 20(c)). How­
ever , it is especially difficult to measure accurate values of drag at 
the higher values of CL because of flow unsteadiness. Therefore , some 
of the drag differences shown may well be within experimental accura.cy . 

The drag at zero lift for the 450 configuration (fig . 21) shows 
similar trends to those observed for the 00 configuration and the notable 
effect of sweepback in diminishing the rate of drag rise is reflected in 
both sets of data . The drag determined for the wall tests is slightly 
lower at the lower Mach numbers but the rate of drag ri se for the 450 

configuration is in excellent a.greement for both models, indicating 
little effect of Mach number gradient or curvature. The agreement 
between the wing -alone results and the rocket data is noteworthy, 

------- ---- - ----------
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particularly in view of the differences in Reynolds number. The rocket 
drag data used in this comparison are unpublished and differ from those 
presented in reference 8 (and used in fig. 15), in that a fuselage 
having a cylindrical section at the wing root was used instead of the 
fuselage described by table I . 

Comparison with St ing Data 

A comparison at several subsonic Mach numbers of the bump, wall, 
and 8-foot sting data is presented in figure 23 for the 0° and 450 wing­
fuselage configurations. 

For the 00 configuration, the lift characteristics, particularly at 
high angles of attack, are somewhat different for all three methods. 
For the 45° configuration, however, the agreement in lift between 8-foot 
sting results and wall results is very good. The pitching-moment char­
acteristics exhibited by the wall model appear to agree with the 8-foot 
st ing results for the 45° configuration, particularly as regards (1) 
the lift coefficient at which the moment curve breaks unstable and (2) 
the aerodynamic -center position and its change with Mach number. The 
wall data for the 0° configuration, on the other hand, are in no better 
agreement with the 8 -foot sting results than the bump data. 

The drag due to lift does not show any extreme differences 
(fig. 23(c)) and, as far as the drag at zero lift is concerned, neither 
the bump nor wall data for wing-fuselage drag can be considered 
reliable because of the extremely high drag obtained with the fuselage 
alone (fig. 14). 

CO N C L U S ION S 

Based on a study of the aerodynamic characteristics of a family of 
four wing-fuselage configurations of 0°, 35°, 45°, and 60° sweepback as 
determined from bump model tests, sting-supported wind-tunnel model 
tests, and a few rocket model tests, the following conclusions are 
indicated: 

1. Qualitatively, the bump model results and the sting model 
results indicated about the same relative effects of sweepback and Mach 
number on the aerodynamic characteristics of the wing-fuselage family 
except for drag at zero lift. Quantitatively, significant differences 
in results were evident. In general, wherever sudden changes in lift, 
drag, and pitching moment occurred, the bump model results indicated 
less r apid changes with Mach number and angle of attack than the stin~ 
model r esul ts . 

--- .---- ------
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2. Lift-curve slopes as determined from bump model tests were 
generally a little higher) and the variation with Mach number somewhat 
less pronounced) than were obtained from sting-model tests. 

3. Drag due to lift was generally in fair agreement for the bump 
and sting models) but discrepancies were evident whenever differences 
occurred in the angle of attack required to support the same lift. 

4. Drag at zero lift as determined by bump tests for either the 
fuselage alone or for the wing-fuselage combinations) is considered to 
be unreliable because of exhibited discrepancies with the results of 
sting model tests and rocket model tests) particularly at Mach numbers 
above 1. However) wing-alone drag as determined from bump models 
appeared to agree well with available rocket model data throughout the 
transonic range. 

5. Aerodynamic-center position as determined from bump data was 
generally more rearward than was found from sting model results) 
particularly for the 600 sweep configuration. 

6. A study of the effect of Mach number gradient and bump curvature 
on the bump results indicated that the principal effect of these factors 
on the wings investigated was to move the aerodynamic-center position 
somewhat more rearward. No consistent effect of these variables was 
noticed on other aerodynamic parameters. 

7. It was important in comparing the results obtained in the 
different test facilities to consider the relative flexibility of the 
model installations because the aeroelastic effect s exhibited were 
sufficiently different in some cases to affect the comparison) partic­
ularly in regard to aerodynamic-center position. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base) Va. 

-------~------ -~----~-
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TABLE 10- TRANSONIC FlISELAGE ORDINATES 

~asic fineness ratio 12; actual fineness ratio 10 
achieved by cutting off the rear one-sixth of 
the bo~ 

r--------- l 
5 7 

/ 

Ordinates 

x/z r/z x/Z r/z 

0 0 0 0 
0005 000231 oL500 00L143 
.0075 .00298 .5000 .OL167 
.0125 .ooL28 05500 .OL13O 
.0250 .00722 .6000 00L02L 
00500 .01205 06500 .038L2 
.0750 .01613 07000 .03562 
01000 .01971 .7500 .03128 
.1500 . 02593 .8000 .02526 
.2000 .03090 .8338 .02000 
02500 .03L65 08500 .01852 
.3000 .037L1 09000 .01125 
.3500 .03933 .9500 .00L39 
.4000 .04063 1 0 0000 0 

L. E. radius z 0.ooo5 l 

- ______ ~ ____ __ __ - - - - ____ - ___ -I 
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Figure 3.- Phot ographs of a wi ng - fuselage model mounted i n four 
different test facilities. 
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Figure 4.- A view of a wing model mounted on the transonic bump 
showing the foam- rubber wiper seal. 
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Wing area 
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Mean aerodynamic chord 
Root chord, cr 
TIp chord,ct 
Airfoil section parallel 
to free stream. 
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