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SUMMARY

A comparison is made of the high-speed aerodynamic characteristics
of a family of four wing-fuselage configurations of OO, 350 h5°, and
60° sweepback as determined from transonic-bump model tests in the
Langley high-speed T7- by 10-foot tunnel, sting-supported model tests in
the Langley 8-foot high-speed tunnel and in the Langley high-speed T7-
by 10-foot tunnel, and rocket model tests conducted by the Langley
Pilotless Aircraft Research Division. A complementary study of the
effect of Mach number gradients and streamline curvature on bump results
is also included.

It was found that qualitatively the data obtained from the various
test facilities for the wing-fuselage configurations were in essential
agreement as regards the relative effects of sweepback and Mach number
except for drag at zero 1lift. Quantitatively, important differences
were present. Lift-curve slopes as determined from bump tests tended
to be somewhat higher than sting-model data indicated, with consequent
differences occurring in drag due to lift. Fuselage-alone drag and
wing-fuselage drag 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 available
rocket model data throughout the transonic speed range. Aerodynamic-
center position as determined from bump data was generally more rearward
than sting data indicated, especially for the 60° 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, that
for configurations for which aeroelastic effects were important the
relative flexibility of the models used in the various facilities
accounted for part of the differences in results.
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As part of a transonic research program recommended 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 aircraft designer. While direct com-
prarison 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 subsonic 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 OO, 350, 450, and
60° configurations described, respectively, in references 1, 2, 3,
and 4. Included in the data for the lt5° 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
to determine the extent to which bump model results are affected by
such factors as flow curvature and Mach number gradients.

SYMBOLS

CL, 1ift coefficient (Twice semispan 1ift/qS or Total 1ift/qS)
Cp drag coefficient (Twice semispan drag/qS or Total drag/qS)
ACp total drag coefficient minus drag coefficient at zero 1ift
Cn pitching-moment coefficient, referred to 0.25¢

(Twice semispan pitching moment/qSE or
Total pitching moment/qS¢)

effective dynamic pressure over span of model, pounds per

square foot (%pV2>
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# S twice wing area of semispan model or wing area of full-span
model :
r ; € mean aerodynamic chord (M.A.C.) of wing based on relationship
2 e 2 ; % -
g\/ﬁ c“dy (using theoretical tip)
0
‘ (& local wing chord
b twice span of semispan model or span of full-span model
y spanwise distance from plane of symmetry
o air density, slugs per cubic fooet
A% alrspeed, feet per second
M effective Mach number over span of model
M; local Mach number
Mg average chordwise local Mach number
R Reynolds number of wing based on ¢
a angle of attack, degrees
- L total 1ift load on wing, pounds
A angle of sweepback, relative to c¢/4 1line
N effecti}i sweep angle at any spanwise station, referred
to c¢

Subscripts:
L =0 gt zero i fE

m measured value
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A comparison is made at several subsonic Mach numbers (0.70, 080,
0.85, 0.90, and 0.93) and one supersonic Mach number (approx. 1.2) et
the 1ift, drag, and pitching-moment characteristics of four wing-
fuselage combinations of OO, 350, M5°, and 60° sweepback as determined
from transonic-bump tests of semispan models and sting-supported wind-
tunnel models. Most of the transonic-bump data used in the comparison
have been taken from published papers (references 1 to 6), although
additional bump data for the 0° and 45° configurations obtained subse-
quent to the original investigations are presented herein for the first
time. The wind-tunnel data for the 45° configuration as determined in
the Langley 8-foot high-speed tunnel were taken from reference Ts More
complete data than that included herein for the other sting-supported
wind-tunnel models are being obtained.

For the 450 configuration, a comparison of the drag at zero lift
is also made with the results of a rocket model investigation of the
same configuration (reference 8).

For the 45° and 60° configurations, static deflection measurements
were made for simulated loading conditions and estimated aeroelsstic
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 exXperimental
data included in this comparison involve two basic methods: (1) the
transonic-bump method employing semispan models 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 essential points of the tech-
niques will 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 - by 10-foot tunnel is described in reference 1. This method of
testing involves the placement of a small model in the high-velocity-flow
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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 = 0° and A = 60° wings have been super -
imposed on this diagram in order to illustrate the extent of the span-
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

TR

M = cM; dy
SL/O a

The results 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 attached 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 16° 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 configuration mounted on the bump is shown in figure 3(c).

A unique arrangement (fig. 4) is used for measurements of the drag
at zero 1ift 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 found to be
more satisfactory for drag determinations than any unsealed arrvangement.

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 = 0° and 45° configurations and one
set each for A = 350 and 60° configurations. The additional models
for the 0° and 45° configurations 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 = 0° and 45°
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:

A :
c/h4 : Construction
(deg) Designation ahbEeian Source
0 Model 1 Beryllium copper | Reference 1
Model 2 Steel Unpublished
35 Model 1 Beryllium copper | References 2 and 25
15 Model 1 Beryllium copper | References 3 and 26
Model 2 Steel Unpublished
60 Model 1 Steel Reference k4

8since the publication of references 2 and 3, drag at zero
1ift with the foam-rubber seal was obtained for this
model and subsequently published in noted reference.

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

Except for the measurements of the drag at zero 1lift, no tare cor-
rections for the effect of the fuselage end plate or leakage have been
applied to other components. Special tests, in which a few models were
investigated at several angles of attack while mounted without end
plates and with the foam-rubber seal attached, indicated small but
inconsistent tare effects on 1ift, pitching moment, and drag due to
Iilaeis

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 regarding 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 T~ by lO-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 comnstructed of aluminum
alloy-except the A = 350 wing in the Langley 8-foot high-speed tunnel
and the A = 45° wing in the Langley high-speed 7- by 10-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 T~ by 10-foot-tunnel configurstion 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 T 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 = 45° and 60°) 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 (CLQ) and '
the aerodynamic center (@Cm/6CL) have been evaluated from such dia- 7 \
grams for these wings and are presented in figure 8. The reason the

generally weaker sting wings gA = 5% steel insert; A = 60°, aluminum

have a smaller correction to

buted directly to the method of support. The T7- by 1l0-foot-tunnel \
sting wings are mounted about a point 10 percent semispan outboard of

the fuselage center line, whereas the bump wings are mounted about a ‘
point inside the bump 25 percent semispan from the fuselage center line. |

Lo than the steel bump wings is attri- ‘

Inasmuch as the 8-foot-tunnel models are similar in construction \
and mounting to the T- by 1l0-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= B R g e . "0 Vo Nl SIS o L e Tl L A AR
= 350 CONIEoUREGHONNE 0 Gl o ol Sl ol e e ey ele e el o R R L)
PR o I T N R P S T R T e W |
Ag= B0F colErmiitton . S AU SRS O e g e T e e A
Zero-1lift drag variation with Mach number: s
Bump and sting results for -
Wing=-Tucelagess NS contdiouratiions W. o & % o Cue S G SEREL i c
Fuselage ilonei el oo i S0 PR [ Rt L e B Bl s el
Bump, sting, and rocket results for -
A= 45T CORBICHEA LI OnT WoF LAl o ool o e s e H ek ot e i MR
Basic aerodynamic parameter cohparisons:
CL, @and et ool ey P U A I )
Aerodynamic parameter comparisons with estimated aeroelastic
corrections applied:
CLOL and aCm/BCL aghdnet MIE o0, BN S ol m B ke e R

The existence of nonlinear variations of C;y and Cp with «
decreases the significance of the comparison of the parameters Clior
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and BCm/BCL because of the difficulty in ascertaining slopes. For
the comparisons presented in this paper the slopes were averaged
through zero 1lift 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.

p¥ Sweep Configuration

Lift.- The variation of 1ift 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
1ift range the sting models exhibit a somewhat more rapid 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 1lift
coefficient, especially in the vicinity of Clmax» &re more pronounced

for the sting models although the actual values of Clpgx &are in fair

agreement. It is perhaps to be expected that the agreement in 1lift is
generally poorest wherever the 1ift 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 CL, with M (fig. 16).

Pitching moment.- For the most part the variations of Cp with (631,
(fig. 9(v)), particularly the rapid variation at high values of Cy,, 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 serodynamic-center position, the bump models
are in good agreement with the T- 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 sting 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 1lift (fig. 9(c)) is in good agreement for all
models except in the maximum 1ift range. The lower drags indicated by
the 8-foot-tunnel sting model at the higher 1ift coefficients are a
result of the lower angle of attack required to sustain these 1ift
coefficients.

The variation of Cpr_y with Mach number for the A = 0° 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 fuselage
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.

35° Sweep Configuration

Lift.- In regard to the variation of 1ift with angle of attack, the
bump results and the T- 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. 16(a)). The differences in 1ift
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 (2.4°) are considered (fig. 6). The reasons for these discrep-
ancies in 1ift behavior are not known at present. It is evident also
that while the 1lift variations at the higher 1ift coefficients are
similar for the bump model and the 8-foot-tunnel sting model, the rapid
changes in 1ift 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 1lift range but
the 1ift 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. 16(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 are in fair quantitative agreement.

Drag.- The drag due to lift (fig. 10(c)) indicates similar trends
for all models and reflects the differences in 1ift behavior previously
noted. The variation of Cp;_g with M (fig. 13) for the bump model

is more rapid below the Mach number for drag rise and less rapid in the
vieinity 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° Sweep Configuration

Lift.- The 1lift characteristics of the two sting models are in
very good agreement (fig. 11(a)), particularly in regard to the varia-
tion of the mean lift-curve slope with Mach number (fig. 16(a)). The
Ik configuration is flexible enough to require consideration of aero-
elastic effects on lift-curve slope. These corrections have been
estimated for the T7- by 1l0-foot-tunnel sting model and for bump model 2
(fig. 8) and have been applied to the dasta in figure 17(a). Inasmuch
as the 7- by 10-foot-tunnel sting data and the 8-foot-tunnel sting data
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 1lift with angle of attack in the higher angle-of-attack
range (fig. 11(a)).

Pitching moment.- The pitching-moment behavior exhibited by the
various models is perplexing (fig. 11(b)). Even the sting models indi-
cate some differences, especially in regard to aserodynamic-center posi-
tion (fig. 16(b)). The development of an unstable pitching-moment
variation at a very low value of Cy, 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 11(b). It is evident that for bump model 2, the onsetiof The
unstable pitching-moment variation has been delayed to higher 1lift
coefficients and is in better accord with 8-foot-tunnel sting data in
this respect. 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
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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 T) and to the T- by 1O0-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 1ift (fig. 11(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 1n certain portions of the 1ift 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 result 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 1lift utilizing the results of
rocket model tests of the 45° configuration, reference 8, is presented
in 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. "Lt
appears that the bump model does not reflect 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). Inasmch as the fuselage-alone drag is considered
questionable from bump tests, it is not surprising that such interference
effects are not observed in the bump data.

60° Sweep Configuration

Lift.- The 1lift characteristics are in essential agreement
(fig. lEfa)) 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 appreciably affect the comparison in regard to lift-curve slope
(figs. 8 and 17(a)).

Pitching moment.- It is the pitching-moment behavior of the 60°
configuration that exhibits the largest discrepancies encountered in
this comparison. 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 T7- by 10-foot sting model in the Langley 300 MPH T7- 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
ERANESSOT T,

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 T- by 10-foot sting data, and wherever nonlinear
variations occur a great many points are necessary to define the char-
acter of the nonlinesrity. 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
L0 . It wil]l 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 60° 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 excess
of 60° whereas the tip sections are operated at sweep angles of less
than 60°. 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 much of the discrepancy in the pitching-moment
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slope existing between the sting and bump results at this Mach number
appears to be accounted 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 1lift is in fair agreement (fig. 12(c)) but the
drag at zero 1lift (fig. 13) is considerably 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 Remarks 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 0,
359, 450, and 60° 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 1lift, drag,
and pitching moment occurred, the bump 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 with 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 1lift 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 1ift. 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 are 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.
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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:

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

2. Flow curvature

3. Boundary layer at model

L. Flow leakage about model Reflection-plane technique
. End-plate conditions

. Flow steadiness

5

6

T. 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,

L, 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 cone
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 Langley 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 relatively 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.

PEATROESSE TS — ORI FEEO RS CETESSEOR S MEARCRHES NS S M SBSEER
GRADIENTS AND FLOW CURVATURE

ON BUMP RESULTS
DESCRIPTION OF WALL REFLECTION-PLANE TECHNIQUE

Models and method.- The two models that were used in the bump-wall
investigation were the 0° and h5° 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 velocity gradients are very much less than those occurring on
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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 factors 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 comparison of the results obtained by the wall reflection-plane
method and the bump method is contained in the following figures:

Figure
Wing-alone and wing-fuselage characteristics:
A = 0° CORBIRNEEBTIORN T 10 & o v o e 5 desret ol o Gea-opmen BE 5 uet SR E, 19
col o R S g e 4 S A 20
Variation of drag at zero 1lift with Mach number , . . . . . . . 21
CL, and BCm/BCL against M:
s A CERE P NP SR AT AR e
o g R I N S i oty © S R
Comparison with 8-foot sting data . . v « ¢ o « 6 o & « o & ¢ s 23

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

o4 Sweep Configuration

Lift.- Similar trends in the over-all variation of 1lift with angle
of attack are evident (fig. 19(a)) although bump data consistently
indicate a somewhat less rapid variation of 1ift at the angles of
attack near Crp... 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 surprising.
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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 reference 13. It will be noted, however, that the 1lift-
curve slopes for both the wing and wing-fuselage configurations as
determined from bump data are somewhat higher than the values determined
from the wall data.

Pitching-moment.- The pitching-moment characteristics are in good
qualitative agreement, particularly for the wing-fuselage configuration
and especially as regards the 1ift coefficient at which rapid changes
in 1ift coefficients occur (fig. 19(b)). Bump data appear to give a
slightly more rearward aerodynamic-center location (fig. 22(a)),
although estimated theoretical values of aerodynamic center overlap
both sets of wing-alone data. The theoretical aerodynamic-center loca-
tions were approximated by applying a correction factor for the effect
of chordwise loading, as estimated from reference 14, to the values as
determined from reference 13.

The variation of BCm/BCL with Mach number is in good agreement
for both the wing-alone and the wing-fuselage configurations. It is of
interest that both test methods indicated about the same change in
aerodynamic-center position attributable to the fuselage despite the
fact that the fuselage was curved for the bump tests.

Drag.- The drag due to lift (fig. 19(c)) is in good agreement
except at the higher values of C, where the higher angles of attack
required for the wall models resulted 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 resulted in somewhat higher drags
for the bump results for both wing alone and wing-fuselage configurations
but the rate of drag rise 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 drag 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 1ift is essentially the same for the bump and wall tests. The
fuselage-alone drag 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 more rapidly because of the increased longitudinal
velocity gradient 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 for 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 1k.
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45° Sweep Configuration

Lift.- The agreement in 1ift characteristics for the wing-alone
data for the bump and wall model is very good both with respect to lift-
curve slope (fig. 22(b)) and the 1lift 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 show excel-
lent agreement as regards lift-curve slope (fig. 22(b)) although in this
case differences in 1ift behavior are evident at the higher angles of
attack, perhaps indicating that wing-fuselage interference effects are
critical.

Pitching moment.- The pitching-moment behavior for both wing-alone
and wing-fuselage configurations is generally in very good agreement as
regards the character of variation of Cp with Cp, 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 = 0° 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 0.0l 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 1lift agrees well in the low 1lift range but
differences are evident at the higher value of Cr (fig. 20(c)). How-
ever, it is especially difficult to measure accurate values of drag at
the higher values of CI, because of flow unsteadiness. Therefore, some
of the drag differences shown may well be within experimental accuracy.

The drag at zero lift for the 45° configuration (fig. 21) shows
similar trends to those observed for the 0° 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 rise for the L45°
configuration is in excellent agreement 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 Sting 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 0° configuration, the 1ift characteristics, particularly at
high angles of attack, are somewhat different for all three methods.
For the 45° configuration, however, the agreement in 1ift 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
sting results for the 45° configuration, particularly as regards (1)
the 1ift 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 1ift does not show any extreme differences
(fig. 23(c)) and, as far as the drag at zero 1ift 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. 1k4).

CONCLUSIONS

Based on a study of the aerodynamic characteristics of s family of
four wing-fuselage configurations of O°, 350, 450, 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 11f%,
drag, and pitching moment occurred, the bump model results indicated

less rapid changes with Mach number and angle of attack than the sting
model results.



NACA RM L50HO2 2L

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 1ift 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 1ift.

4. Drag at zero 1ift 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 60° sweep configuration.

6. & 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 varisbles was
noticed on other aerodynamic parameters.

T. It was important in comparing the results obtained in the
different test facilities to consider the relative Tlexibility of the

model installations because the aeroelastic effects 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 I.— TRANSONIC FUSELAGE ORDINATES

EBasic fineness ratio 12; actual fineness ratio 10
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the bodﬂ
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Figure 1.- Variation of Reynolds number with Mach number for various
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Figure 3.- Photographs of a wing-fuselage model mounted in 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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Figure 5.- Drawing of the wing-fuselage configurations used on the
i transonic bump.
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Figure 6.- Drawing of sting models used in two different test facilities.
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Figure 7.- Measured twist per unit of panel 1ift, degrees per pound,
along the span of a 60° sweptback wing model.
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Figure 10.- Wing-fuselage aerodynamic characteristics as determined
from different test facilities for a model with 35° sweptback wing,
aspect ratio 4, taper ratio 0.6, and NACA 65A006 airfoil section
parallel to free stream.
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Figure 11.- Wing-fuselage aerodynamic characteristics as determined from
different test facilities for a model with 45° sweptback wing, aspect
ratio 4, taper ratio 0.6, and NACA 65A006 airfoil section parallel to
free stream.
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Figure 12.- Wing-fuselage aerodynamic characteristics as determined from
different test facilities for a model with 60° sweptback wing, aspect
ratio 4, taper ratio 0.6, and NACA 65A006 airfoil section parallel to
free stream.
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Figure 13.- Effect of sweep and Mach number on drag at zero 1ift for a
wing-fuselage configuration in different test facilities.
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Figure 14.- Variation of drag at zero 1ift with Mach number for the
transonic fuselage as determined from several test facilities.
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Figure 17.- Summary of aerodynamic characteristics corrected for aero-
dynamic twist for two wing-fuselage configurations in two different
test facilities.
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Figure 19.- Aerodynamic characteristics of wing-alone and wing-fuselage
configurations as determined from two different test techniques for
an unswept wing, aspect ratio 4, taper ratio 0.6, and NACA 65A006 air-
foil section.
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Figure 20.- Aerodynamic characteristics of wing-alone and wing-fuselage
configurations as determined from two different test techniques for
a 45° gweptback wing, aspect ratio 4, taper ratio 0.6, and
NACA 65A006 airfoil section.
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Figure 20.- Concluded.

Lift coefficient, C;

Bump
===t yall
I‘r‘l‘ [ LJI;I il ! ’{
Wing alone Wing-fuselage —
)
] /
i
A /
7 /J /// Z’C I
10 / =5
95 ] / 95 J /
-
711 S /1]
.90 y E 90 / /,
16 (/ § 16 a //
8. L A / : 9 - — / /
i | 7 / S 02 Y7
08 80 il [ A / 08 e - d z
7 . ~] L Y
04 0 va
il L NACA
o —~ 0 s L—] ! ! 1 L
-4 -2 o e 4 6 8
-4 -2 o 2 4 6 8




NACA RM L50HO2 61

08
4-0°
g - ’Ab<:1:’— - — 4~ -
0 =004 A :
i ¥ — —_L’_// ;//,0/
— — —O— -"l
c) | |
I 8 9 L0 L1 1.2

© Wing plus interference, rocket ,cylindrical fus.
Wing alone, bump

— — — Wing alone,wall fransonic fus.

------ Wing fuselage, bump

— — — - Wing fuselage, wall

4-45°
04 e
e
CDL-'- :‘_‘":_‘_‘__"‘__"_:_—_1::__—://(__‘
JEEEEEE T T Ty
B 8 . /.0 1.1 & 4

Mach number, M
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Figure 23.- Aerodynamic characteristics of two wing-fuselage configura-
tions as determined from three different test techniques for an
unswept and 45° sweptback wing, aspect ratio 4, taper ratio 0.6, and
NACA 65A006 airfoil section.
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Figure 23.- Concluded.
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