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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ANALYSIS OF PRESSURE DISTRIBUTIONS FOR A SERIES OF
TIP AND TRAILING-EDGE CONTROLS ON A 60° DELTA
WING AT MACH NUMBERS OF 1.61 AND 2.0l

By Douglas R. Lord and K. R. Czarnecki
SUMMARY

An investigation has been made at Mach numbers of 1.61 and 2.0l

and at Reynolds numbers from 1.7 X 106 to 7.6 x 106 to determine the
pressure distributions for a series of 20 controls on a 60° delta wing.
Thirteen of the controls were of the balanced tip type and seven of the
controls were of the more conventional trailing-edge type. Tests were
made at wing angles of attack from 0° to 15° for control deflections
from -30° to 30°.

Deflecting the controls causes the pressure distributions on the
low-pressure surface to approach a rectangular loading with a negative
pressure coefficient of about 80-percent vacuum and on the high-pressure
surface to develop a pressure peak followed by an expansion toward the
trailing edge. There is a load carryover ahead of the trailing-edge
controls, but very little carryover across the wing-control parting
lines for any of the controls.

Linear-theory predictions of the pressure distributions due to con-
trol deflection were only fair because of viscous and shock-detachment
effects not considered by linear theory. The linear-theory predictions
of the pressure distributions due to angle of attack were good at the
low control deflections but tended to be considerably worse as the con-
trol deflections increased.

At small angular conditions, the pressure changes due to increasing
the Mach number from 1.61 to 2.01 were in agreement with theory.

Increasing the Reynolds number from 1.7 X 106 to 7.6 X 106 caused neg-
ligible changes in the pressure distributions. Hinge-line movement or
parting-line fences on the tip-type controls resulted in sizeable changes
in the pressure distributions near the parting lines because of the strong
crossflows in these regions.
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INTRODUCTION

As part of a general program of research on controls, an investi-
gation is under way in the Langley L~ by 4-foot supersonic pressure tun-
nel to determine the important parameters in the design of controls for
use on a 60° delta wing at supersonic speeds. The results have been
obtained from two series of tests by means of pressure distributions and
direct measurements of the hinge moments. The first series was conducted
at a Mach number of 1.61 and included primarily tip controls, some fence
configurations, and a trailing-edge control with and without a spoiler
mounted on the wing just ahead of the control. The second series included
tests of several trailing-edge controls, two additional tip controls, and
several tab and fence configurations, each at a Mach number of 1.61, and
four of the tip controls at a Mach number of 2.01. All of the control
hinge-moment results and some of the effectiveness, span-loading, and
pressure-distribution results for the two series of tests have been pre-
sented in references 1 to 9.

Although preliminary pressure-distribution analysis for some of the
configurations has been presented in references 3 and 5, the purpose of
the present report is to complete the pressure-distribution analysis for
all of the configurations tested. Comparison of the experimental results
with theoretical predictions and analysis of the effects of configuration
changes are also included. Tests were made for a wing angle-of-attack
range from 0° to 15° and for a control-deflection range from -30° to 30°
at Mach numbers of 1.61 and 2.01. All configurations were tested at a

Reynolds number of h.2 x 106, based on the wing mean aerodynamic chord
of 12.10 inches. One configuration was also tested at Reynolds numbers

of 1.7 % 106 and 7.6 X 10° at a Mach number of 1.61.

SYMBOLS
b/2 wing semispan, 10.48 in.
e wing mean aerodynamic chord, 12.10 in.
CR wing root chord, 18.14 in.
pl’p
Cp pressure coefficient, e
Cp,R resultant pressure coefficient (Lower-surface pressure

coefficient minus upper-surface pressure coefficient)
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M stream Mach number
P stream static pressure
PZ local wing surface static pressure
q stream dynamic pressure
R Reynolds number (based on wing mean aerodynamic chord)
5% distance from wing apex in chordwise direction
Yy distance from wing apex in spanwise direction
@ wing angle of attack
o) control deflection relative to wing (positive when control
trailing edge is deflected down)
A prefix indicating change due to a or &

APPARATUS

Wind Tunnel

This investigation was conducted in the Langley 4- by L4-foot super-
sonic pressure tunnel, which is a rectangular, closed-throat, single-
return wind tunnel with provisions for the control of the pressure, tem-
perature, and humidity of the enclosed air. Flexible-nozzle walls were
adjusted to give the desired test-section Mach numbers of 1.61 and 2.01.
During the tests, the dewpoint was kept below -20° F so that the effects
of water condensation in the supersonic nozzle were negligible.

Model and Model Mounting

The model used in this investigation consisted of a semispan delta
wing having 11 interchangeable controls and various associated control
adapters (or replacement sections) that were required to fit the con-
trols to the basic wing component. The control configurations are pre-
sented in figure 1 grouped according to whether they were tip controls
(fig. 1(a)), trailing-edge controls (fig. 1(b)), or tip controls with
modifications such as fences or tabs (fig. 1(c)). The 11 basic config-
urations are identified as configurations A through G, I, J, Jl, and J2.
Modifications were made to these basic configurations to obtain the
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remaining 9 configurations. Configuration H was obtained by installing
the control of configuration F in the hinge-line hole for configuration E.

Configurations J3 and J4 were made from configuration J by adding paddle -

balances and a spoiler, respectively. Configuration E1 was obtained by
adding a tab on a boom mounted on the inboard edge of the control of con-
figuration E. Configurations E2, E3, and Fl, F2, and F> were made by
mounting various fences on the wing at the wing-control Jjuncture of con-
figurations E and F, respectively. The location of the pressure orifices
can be determined from tables 1 and 2 and the sketches in figure 2.

The basic wing had a 60° sweptback leading edge, a root chord of
18.14 inches, and a semispan of 10.48 inches. The wing had a rounded
NACA 63-series section extending 30 percent of the root chord back from
the leading edge, a constant-thickness center section with a thickness-
chord ratio of 3 percent based on the root chord, and a sharp trailing
edge. The trailing-edge bevel began at 86.7 percent of the root chord.
Near the wing tip, the nose section joined directly to the tapered
trailing edge without a flat midsection. Configurations J1 and J2 had
thickened trailing edges as shown in the sketches of figure 1(b) .

The basic wing and controls were constructed of steel. (For the
details of construction, see ref. 1.) The paddle balances and tab were
also constructed of steel. The spoiler and the fences were constructed

of jlu-inch stock brass.

16 b

The semispan wing was mounted horizontally in the tunnel from a
turntable in a steel boundary-layer bypass plate which was located verti-
cally in the test section about 10 inches from the sidewall, as shown in
figures 3 and k.

TESTS

The model angle of attack was changed by rotating the turntable in
the bypass plate on which the wing was mounted. (See fig. 3.) The angle
of attack was measured by a vernier on the outside of the tunnel, inasmch
as the angular deflection of the wing under load was negligible. Control
deflection was changed by a gear mechanism mounted on the pressure box
which rotated the strain-gage balance, the torque tube, and the control
as a unit. The control deflections were set approximately with the aid
of an electrical control-position indicator mounted on the torque tube
close to the wing root and measured under load during testing with a
cathetometer mounted outside the tunnel. The pressure distributions
were determined from photographs of the multiple-tube manometer boards
to which the pressure leads from the model orifices were connected. -
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Tests were made over an angle-of-attack range from 0° te.15° at
increments of either 3° or 6°. The control-deflection range was from
-30° to 30° at increments of 5° or 10°. Most of the tests were made at
a tunnel stagnation pressure of 15 1b/sq in. abs at M = 1.61, and

17.5 1b/sq in. abs at M = 2.01, corresponding to a Reynolds number,
based on the wing mean aerodynamic chord of 12.10 inches, of h.2 % 106.
Gontiguration E wms also tested st R = L.T-xil00 andl 7.6 5 105 at

M = 1.61. Although no attempt was made to fix transition on the model,
the surface roughness was probably great enough to cause a turbulent
boundary layer.

PRECISION OF DATA

The mean Mach numbers in the region occupied by the model are esti-
mated from calibrations to be 1.61 and 2.01 with local variations being
smaller than £0.02. There is no evidence of any significant flow angu-
larities. The estimated accuracies in setting the wing angle of attack
and control deflection are +0.05° and +0.1°, respectively. The measured
pressure coefficients are believed accurate to +0.0l.

RESULTS

The pressure-distribution results of this investigation are pre-
sented in three sections. The first section includes samples of the
basic pressure distributions for configurations A to J at M = 1.61 and
for configurations A and F at M = 2.01. These results are presented in
figures 5 to 16. It will be noted that in general the plots are presented
for positive control deflections at positive and negative angles of attack
or for negative control deflection at positive and negative angles of
attack. Some of the plots are presented for positive and negative con-
trol deflections at positive angles of attack only. These differences are
unimportant since the model is symmetrical. Plots of the basic pressure
distributions are not presented herein for the complete range of configu-
rations and test conditions; however, the tabular data are available in
reference 8.

In the second section, comparisons are made between some of the
experimental results and the linear-theory predictions by plotting the
incremental surface pressure coefficients and the incremental resultant
pressure coefficients due to control deflection or angle of attack, nor-
malized by the respective angles. These plots are presented for configu-
rations A, C, F, and J at M = 1.61 and configuration F at M = 2.01
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in figures 17 to 21. These configurations are considered to be repre-
sentative of the basic configurations included in the present
investigation. A

In the third section, experimental comparisons are presented to
demonstrate the effect of Mach number, Reynolds number, and configura-
tion changes on the surface pressure distributions. These comparisons,
which are presented in figures 22 to 37, show the upper-surface pressure
distributions at the most significant stations for a limited number of
angular conditions. Both positive and negative angles of attack and
control deflections are shown, so that the changes on both high and low
pressure surfaces of the model can be seen.

No results are presented in the present report for configuration Jh
(the spoiler—trailing-edge-flap configuration), for which sufficient
analysis has already been presented in reference 5. Neither are results
presented herein for configuration J1 (the half-thickened trailing-edge
configuration) because the pressure changes due to the thickening of
the trailing edge are the same as, but smaller than, those shown for

configuration J2.
DISCUSSION -

Basic Pressure Distributions

Wing.- Consider first the pressure distributions over the various
configurations with 0° control deflection. Although there are some
local differences due to model inaccuracies, lack of sufficient orifices,
parting-line gaps, and errors in fairing, in general the pressure dis-
tributions for all of the configurations at a given Mach number are
nearly the same.

At o = 0° (parts (a) of figs. 5 to 16), the pressure distribu-
tions show that the airfoil section (which has a rounded leading edge,
flat midsection, and wedge trailing edge) causes a rapid acceleration
of the air from the leading-edge stagnation point to a relatively con-
stant pressure equal to the free-stream value (Cp = O). At the wing

surface discontinuity where the trailing-edge wedge begins (x/cR = 0.867
for stations 1 to 5), a sudden expansion occurs as would be expected.

As the angle of attack is increased from 0° to 129, there is a
general increase in loading over the entire chord at the inboard sta-
tions. This increase in loading is fairly uniform except near the
leading edge, where localized upper-surface flow separation, character-
istic of a subsonic leading edge, occurs. (See ref. 3.) Outboard along -
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the span the upper-surface leading-edge flow separation increases in
chordwise extent until it covers the entire chord. When the Mach number
is increased from 1.61 to 2.01, at which point the leading edge becomes
sonic, the area of separation is reduced considerably.

Trailing-edge controls.- The basic trailing-edge controls investi-
gated herein are configurations A (also considered to be a basic tip
control), I, and J. The chordwise pressure distributions for these con-
figurations at M = 1.6l are shown in figures 5, 13, and 14 and for
configuration A at M = 2.01 are shown in figure 15. Consider first
the pressure distributions for the orifice stations located between the
root and tip of the partial-span controls (stations 5 and 6 on configu-
ration A and stations 1 to 4 on configuration I). Comparison of these
pressure distributions with those for the full-span control (configura-
tion J) in figure 14 shows the same effects due to control deflection.
As the controls are deflected, the pressures on the control upper sur-
face (for positive control deflection) decrease and approach asymptoti-
cally a negative pressure coefficient of about 80 percent of the perfect

vacuum value (cp at vacuum is -0.55 at M = 1.61 and -0.35 at M = 2.01).

The tendency on the upper surface is for the loading to remain or approach
the rectangular type of loading. On the lower surface of the controls, as
the controls are deflected, the increase in pressure coefficient is fairly
regular up to the 30° limit of these tests; however, the loading tends to
change from rectangular in nature to one which has a definite pressure
peak, followed by a marked expansion toward the trailing edge. In refer-
ence 10, it was shown that at essentially two-dimensional stations the
pressure peak tended to reach a maximum at each angle of attack and the
trailing-edge pressure to be approximately sonic (Cp =0.64 at M= 1.61).

In the present report these trends are approached at station 1 only
(figs. 13(b), 13(d), 14(b), and 14(d)), because of the strong spanwise
flow on the delta wing. In addition to these changes on the control,
large pressure rises occur on the wing ahead of the control high-pressure
surface as a result of separation of the turbulent boundary layer or
shock detachment. This pressure rise does not appear until the control
deflections approach 20°, but then it moves rapidly forward with further
increase in control deflection. A more detailed investigation and anal-
ysis of the pressure distributions ahead of and on trailing-edge controls
having unswept hinge lines are presented in reference 10.

Tip controls.- The tip controls included in the present investiga-
tion fall into two general categories: the half-delta tip controls and
the tip controls modified to reduce the control area ahead of or behind
the control hinge line. The chordwise pressure distributions for the
half-delta tip controls (configurations E, F, G, and H) at M = 1.61
are presented in figures 9 to 12 and for configuration F at M = 2.0l
in figure 16. The chordwise pressure distributions for the modified




8 b i odebarind 0330 NACA RM 158007

tip controls (configurations B, C, and D) at M = 1.61 are presented
in figures 6 to 8.

The general effects of control deflection on the pressure distri-
butions for all of the tip controls are similar. On the control low-
pressure surface, the pressure coefficients again approach asymptotically
a value of about 80 percent of the perfect vacuum value \Cp at vacuum

is -0.55 at M = 1.6l and -0.35 at M = 2.01). At 0° angle of attack,
the flow tends to separate from the control leading edge with the extent
of the separation increasing from the control apex outboard (e.g.,

fig. 10(a)). At angles of attack this leading-edge separation, as
described previously, originates at the wing apex and therefore covers
most of the control. These large regions of separation result in a
general tendency toward a rectangular loading over the control upper

S Foce aE @ and B are Increased (e.g., £lg. 10(d)).

On the high-pressure surface of the tip controls (lower surface at
positive control deflections), the pressure coefficients increase regu-
larly with control deflection and the chordwise loading tends to become
triangular. At stations near the wing-control parting line, large varia-
tions in the pressures occur, both on the wing and on the control, because
of the large spanwise gradients present. These, in turn, induce strong
cross flows in these regions. Note in particular the rapid expansion on
the control upper surface at station 5 for positive angle of attack and
negative control deflections (e.g., fig. 9(d)). This indicates that the
low pressure on the adjacent wing upper surface causes a strong relieving
effect on the control pressures. As a result of the loss in loading over
the rear portion of the control, the tip controls exhibit sizeable reduc-
tions in hinge moments for these conditions as shown in references 1
and 9.

Comparison of Experimental and Theoretical Results

Application and limitations of theory.- In making a comparison of
the experimental results with theoretical predictions, it would be logi-
cal to begin with the wing-thickness effects. For this investigation,
however, this comparison is impossible because of two factors. First,
the leading edge is blunt and hence involves shock detachment, which
cannot be treated reliably by linear theory. Secondly, the line gener-
ators of the forward section of the wing are sonic at M = 2.0 and sub-
sonic at M = 1.6. Any representation of this portion of the wing by
line sources and sinks such as was used for the wing of reference 10,
thus leads to infinite pressures at these lines and inadequate accuracy
in determining the summation of the pressures. The absence of theoreti-
cal values for comparison is, nevertheless, of little consequence since
the wing is so thin that experimental results (figs. 5 to 16) indicate
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negligible increments in pressure coefficient due to thickness except
at the wing leading edge and on the trailing-edge wedge.

In order to make theoretical predictions of the surface pressure
coefficients due to control deflection and/or angle of attack, the three-
dimensional linear theory (e.g., ref. 11) was employed. This theoretical
method makes several simplifying assumptions which should be considered
before a detailed comparison of the experimental and theoretical results
is made. First, the theory assumes that the angular deflections are
small and that the effects due to control deflection and angle of attack
can be superimposed. Within the range of the present tests, this means
that at some conditions, linear theory predicts pressures lower than
absolute vacuum. It also means that as the controls are deflected,
sizeable openings will appear at the wing-control parting lines contrary
to the theoretical assumption. A second simplification of the linear
theory is that viscous effects will be nonexistent. As shown in the
previous section, the flow over the model exhibits extensive regions of
flow separation which can be expected to cause regions of disagreement
between linear theory and experiment. Despite these shortcomings of the
linear theory, it can be used to indicate trends, and in conditions where
the linear-theory assumptions are approached, it can show the magnitudes
of the pressure coefficients.

Trailing-edge controls - surface pressure coefficients due to &.-
A comparison of the experimental increments in surface pressure coeffi-
cients due to control deflection with the linear-theory predictions is
presented for two of the trailing-edge controls (configurations A and J)
in parts (a) to (f) of figures 17 and 20. At o = 0° the experimental
pressures on the low-pressure surface of the controls (figs. 17(a) and
20(a)) are considerably less than those for theory because of the asymp-
totic change in pressures and because of flow separation ahead of the
trailing-edge shock.

On the high-pressure surface of the controls (figs. 17(b) and 20(b)),
the experimental results are in fair agreement with the theoretical pre-
dictions. Ahead of the full-span control, however, considerable differ-
ences can be observed due to the aforementioned separation or shock
detachment ahead of the hinge line for 8 = 30°. The orifices on the
wing Jjust ahead of the hinge line indicate that some separation has
started at & = 20°.

At o = 12° the experimental pressures on the low-pressure surface
of the controls (figs. 17(c) and 20(c)) are approximately zero since the
pressures in the undeflected case were already at the experimental mini-
mum as discussed in the section on the basic pressure distributions. This
refutes the validity in the linear-theory assumption that the angle-of-
attack and control-deflection effects can be treated independently of one
another. Note also that on the inboard stations of the full-span control

CONRIIRNELS.

>
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(fig. 20(c)) some pressure increments are obtained since the leading-
edge separation which is limiting the pressures farther outboard does

not affect these stations. On the high-pressure surface of the controls
at o = 12° {figs. 17(d) and 20(d)), the agreement between linear theory
and experiment is again fairly good, however the separation or shock
detachment ahead of the hinge line is greater than at & = G

At o = -12° (figs. 17(e) and 20(e)) the experimental pressures on
the control upper surface are generally less than those predicted by
theory, and tend to decrease with increasing angle of attack because of
the nonlinear combination of o and & effects. On the full-span con-
trol lower surface at o = -12° (fig. 20(f)), the experimental pressures
at the inboard wing stations approach the theoretical predictions, but
at the outboard stations the experimental pressures decrease hecause of
the leading-edge flow separation. The disagreement at the outboard sta-
tions is similar for the partial-span control (fig. 17(f)).

The prediction of the carryover pressures adjacent to the parting
line of the partial-span control (figs. 17(a) to 17(f)) is generally
much greater than the experimental carryovers. The largest experimental
carryovers are obtained on the wing surface adjacent to the control sur-
faces which are experiencing the largest loadings (figs. 17(d) and 17(e)).

Except for the stronger spanwise effects at angles of attack, the
flow characteristics just described are identical to those described for
trailing-edge controls in reference 10. The strong spanwise effects,
however, prevent the use of advanced nonlinear techniques for more accu-
rate predictions of surface pressures at moderate combined angles of
attack and control deflections such as was done in reference 10.

Trailing-edge controls - surface pressure coefficients due to ao.-
A comparison of the experimental increments in surface pressure coeffi-
cients due to angle of attack with those predicted by linear theory is
presented in parts (g) to (1) of figures 17 and 20 for the trailing-edge
controls (configurations A and J). It is important to note that in
determining the normalized pressure coefficients due to angle of attack
both positive and negative pressure increments are represented in each
figure, although the reduced coefficients are generally negative on the
upper surface and positive on the lower surface. With the controls unde-
flected (figs. 17(g), 17(h), 20(g), and 20(h)) the linear-theory predic-
tions of the pressure coefficients due to angle of attack are good except
near the trailing edge and near the wing tip. The discrepancies in these
regions can probably be attributed to separation over the trailing-edge
wedge, separation near the leading edge (which increases in chordwise
extent toward the tip), and changes in upwash associated with this
separation.
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As the controls are deflected to 10° and then to 30° (parts (i) to
(1) of figs. 17 and 20) the differences between theory and experiment,
Just noted, gradually increase. In addition to these differences at the
trailing edge and at the wing tip, considerable disagreement also appears
ahead of the control at & = 30° because of the hinge-line separation or
shock detachment.

Trailing-edge controls - resultant pressure coefficients.- The
experimental and theoretical resultant pressure coefficients due to con-
trol deflection are shown in parts (m) to (o) of figures 17 and 20 for
the trailing-edge controls (configurations A and J). The addition of
the experimental pressures for the two surfaces, which have already been
discussed individually in detail, results in total pressure loadings on
the controls of about one-half to three-fourths of the theoretical values.
The best agreement is obtained at small values of o and & and at the
inboard wing stations. Ahead of the control the unpredicted loading at
® = 30° is most evident on the full-span control (figs. 20(m) and 20(n)).
The experimental load carryover to the wing from the inboard edge of the
partial-span control (figs. 17(m) to 17(o)) is considerably less than
theory. In general, except for the greater spanwise variation, the
resultant pressure coefficients due to control deflection are very simi-
lar to those on the trailing-edge controls reported in reference 10.

The resultant pressure coefficients due to angle of attack are shown
in parts (p) to (r) of figures 17 and 20. In - general the theory and
experiment are in good agreement except near the wing tip, and ahead of
or on the controls at large combined angles of attack and control
deflections.

Tip controls - surface pressure coefficients due to ®.- A compari-
son of the experimental increments in surface pressure coefficients due
to control deflection with the linear-theory predictions is presented
for two of the tip controls (configurations C and F) in parts (a) to (f)
of figures 18, 19, and 21. The major geometrical differences between
the tip controls and the trailing-edge controls are that more of the
leading edge of the control coincides with the wing leading edge, and
the parting line is considerably larger with respect to the control span.
As shown in figures 19 and 21 for the half-delta tip control, both of
these differences have strong effects.

3% o =0° the experimental pressures due to control deflection
are in good agreement with the linear theory on the low-pressure surface
of the control (figs. 19(a) and 21(a)) except near the wing tip where
separation from the control leading edge causes sizeable differences.
On the control high-pressure surface (figs. 19(b) and 21(b)) there is
considerable scatter in the experimental pressures due to nonlinear
changes with control deflection. In general the experimental values tend
to be greater than the linear-theory predictions except at the wing tip.
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At a = 129, the control upper surface (figs. 19(c) and 21(c)) shows
practically no change in pressure due to control deflection as a result
of the asymptotic approach to a negative pressure-coefficient limit as
was observed on the trailing-edge controls. Meanwhile, on the control
lower surface (figs. 19(d) and 21(da)) the pressures again tend to be con-
siderably greater than theory.

At a = -12°, the control upper surface (figs. 19(e) and 21(e))
exhibits trends similar to those shown at a = 09, except for regions
of higher than theoretical pressures on station 5 due to the stronger
crossflows at the parting line. On the control lower surface at
o = -12° (figs. 19(f) and 21(f)) the pressure increments are generally
lower than those predicted by theory because of the leading-edge separa-
tion existing at a = -12°, ® = 0°, but on the forward part of station 5,
strong crossflows again cause pressure increments greater than those pre-
dicted by theory.

Now consider the pressure carryovers due to control deflection for
the half-delta tip control (parts (a) to (f) of figs. 19 and 21). At
station 4, next to the parting line, a shock can be observed on the upper
surface near x/cR = 0.7 and a region of expansion occurs on the lower

surface near the trailing edge. These unpredicted effects are a result
of the unporting at the parting line which 1is neglected by the linear
theory. At stations farther inboard on the wing, the linear-theory pre-
dictions are considerably better.

The increments in surface pressure coefficients for configuration c
(fig. 18) will not be discussed in detail. In general the characteristics
are similar to those discussed for configuration F except that the shock
on the upper surface of the wing in the carryover region is moved out-
board to station 6 due to the modification of the control plan form.

(See fig. 2.) In general, as was the case with the trailing-edge controls,
it appears that it will be very difficult to develop any simple procedure
for a more accurate prediction of the surface pressures on tip controls.

Tip controls - surface pressure coefficients due to «.- The surface
pressure coefficients due to angle of attack for the tip controls (configu-
rations C and F) are compared with the linear theory in parts (g) to (2)
of figures 18, 19, and 21. The agreement between linear theory and experi-
nment in these figures is very similar to that previously shown for the
trailing-edge controls, except that the largest discrepancies occur on
the control and on the wing stations near the parting line as the control
deflections increase.

Tip controls - resultant pressure coefficients.- The resultant pres-
sure coefficients due to control deflection are shown in parts (m) to (o)
of figures 18, 19, and 21 for the tip controls (configurations C and F).
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Because of compensating effects of the pressures on the two surfaces,
the resultant coefficients are in fairly good agreement. The carryover
loading on the wing is predicted fairly well at stations 2 and 3 but is
much smaller than that predicted by theory at station k4.

The resultant pressure coefficients due to angle of attack for the
tip controls are presented in parts (p) to (r) of figures 18, 19, and 21.
A detailed discussion of these figures is again unnecessary as the fea-
tures of the pressure increments on the individual surfaces have already
been discussed. The largest differences again appear on the control and
on the wing stations near the parting line as the control deflections
increase.

Experimental Comparisons

Effect of Mach number.- Although four of the model configurations
were tested at the two test Mach numbers (configurations A, B, F, and G),
the Mach number change is quite small and the pressure coefficient changes
are similar for the four configurations. Therefore, some of the surface
pressure distributions for only configuration E at selected angles of
attack are presented in figure 22 for M = 1.61 and 2.01. At small angles
of attack and control deflections, the change with Mach number amounts to
a reduction in magnitude of the pressure coefficients similar to the theo-

retical prediction of a reduction inversely proportional to \IMQ - 1.

At larger angles, the greatest differences are in the regions of separated
flow on the wing or control low-pressure surface, where, as previously
described, increasing the Mach number considerably decreases the regions
of separation.

Effect of Reynolds number.- The available results of tests at the

maximum Reynolds number of 7.6 X 106 are very limited, but what is avail-
able is shown in figure 23 for configuration E as compared with similar

data at the minimum test Reynolds number of 1.7 X 106. Figure 2% indi-

cates that some differences do exist in the pressure distributions for

this Reynolds number range; however the data for R = 7.6 X 106 are

almost identical to the data previously shown for R = 4.2 x 106. It
appears therefore that the differences shown in figure 23 are probably
due to the inaccuracies in measuring the pressure coefficients at the
low tunnel pressures.

Effect of hinge-line location.- Configurations E, F, and G were the
same except for the location of the hinge lines. The effect on the pres-

sure distributions of moving the hinge line l; inches is shown in
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figure 24 at M = 1.61 and in figure 25 at M = 2.01. The overall

changes are relatively small, which demonstrates why in reference 6

little change was found in the effectiveness values. The most notable -
changes shown in figure 24 occur at the stations near the parting line

where local shifts in the shocks and expansions associated with the

intricate crossflows in this region cause local changes in the pressure
distributions (e.g., station 5 in fig. 25(b) and station 4 in fig. 2h(c)).

Effect of offsetting tip control.- The effect on the pressure dis-
tributions of offsetting the control on configuration F to make configu-
ration H is shown in figure 26. Here again, the general effect is small,
as might be anticipated from the small effect shown in the hinge-moment
results of reference 9. The slight increase in hinge-moment coefficient
due to angle of attack, found in reference 9, 1is apparently caused by
the increased pressures on the control upper surface at the apex and the
increased pressures generally experienced over the control lower surface
for & = 0°.

Effect of control plan form.- The effect of removing a portion of
a tip control rearward of the hinge line is shown in figure 27, where
the pressure distributions for configuration D are compared with those
for configuration E. It must be remembered that station 6 on configu-
ration D is located some distance inboard from station 6 on configura-
tion E. In general the pressure distributions are similar and there
seems to have been little effect from removal of the control tip even
though the trailing edge of the control on configuration D was very
blunt.

Effect of fixed tab on a boom.- In figure 28, the pressure distri-
butions for configuration El, which had a fixed triangular tab mounted
on a boom ahead of the control, are compared with those for configura-
tion E. The tab seemed to cause only negligible changes on the pressures
measured over the wing inboard of the control. On the control, however,
the tab caused considerable changes at all control deflections and angles
of attack. In general, the tab tended to increase the pressures on the
control low-pressure surface, and decrease the pressures on the control
high-pressure surface.

Effect of fences.- The effect of fences at the parting lines of two
of the tip controls is shown in figures 29 to 33. Configurations E2
and F1 are similar, the fences extending from 0.3 inch ahead of the
leading edge to 0.3 inch downstream of the trailing edge. Configura-
tions E3 and F3 are also similar, the fences of each extending from
0.3 inch ahead of the leading edge to the hinge line. Configuration F2
had a fence extending from the hinge line to 0.3 inch downstream of the
trailing edge.
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The effect of the full-chord fences and the forward fences is very
similar. Inboard of the control, the fence leading edge causes a shock
which strikes the wing near the leading edge at station 4 and intersects
station 3 somewhere ahead of x/cg = 0.65. (See fig. 29(c).) Deflecting

the control produces negligible changes in the pressure distributions at
these stations on the full-chord fence configurations, but does produce
some changes over the rear portions of the wing for the forward fence
configurations (figs. 30 and 33). On the control surfaces, the full-
chord and forward fences cause the greatest changes in pressure distri-
bution at angles of attack for the negative control deflections, where
the pressures tend to be more negative ahead of the hinge line and more
positive behind the hinge line. These changes are in the direction that
would be expected from the previous discussion of the parting-line cross-
flows, and are responsible for the positive increments in hinge moments
discussed in reference 9 for these conditions.

The rearward fence configuration F2 (fig. 32) does not seem to pro-
duce any noticeable shock over the wing inboard of the control but it
does cause some changes in the pressure distributions at station h, par-
ticularly near the trailing edge at o = -12°. On the control, the data
for this configuration appear questionable for o = 12° at the negative
control deflections and for a = -12° at the positive control deflections.
Indications are that for these conditions the control deflections may have
been erroneous by an increment of 5°. Analysis of the pressures on the
control for all of the conditions known to be correct (including many not
presented herein) shows that the rearward fence generally decreases the
load over both surfaces of the control.

Effect of control span and location.- A comparison of the pressure
distributions for the partial-span trailing-edge controls with those for
the full-span trailing-edge control is shown in figures 34 and 35. The
outboard control generally exhibits less viscous flow-separation or shock-
detachment effect ahead of the control hinge line at station 6 than does
the full-span control. The pressure distributions over the inboard con-
trol at station 2, however, are nearly identical to those on the full-span
configuration, particularly at angles of attack. The outboard edge of the
inboard control causes a relieving effect at station 4.

Effect of trailing-edge thickness.- The effect of increasing the
trailing-edge thickness from O to a value equal to that at the hinge line
is shown in figure 36. The general effect is to increase the pressures
over the control and to increase the amount of flow separation or shock
detachment ahead of the control. These changes are in agreement with the
changes found owing to increasing the trailing-edge thickness on the
unswept wing of reference 10. In the present tests, increasing the
trailing-edge thickness causes the greatest pressure changes on the con-
trol at control deflections of 20° or less.

m--
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Effect of paddle balances.- Paddle balances, mounted to the full-
span trailing-edge control, were shown to reduce the hinge-moment curve
slopes with control deflection in reference 9. The pressure distributions
on the paddles could not be obtained in the present tests; however, the
effect of the paddle balances on the pressure distributions over configu-
ration J is presented in figure 37. In general, the paddles tended to
reduce the loading over either surface of the control as the control was
deflected. In some instances the severe gradients created by the flow
field from the paddles are vividly illustrated, even with the limited
number of orifices available (for example; station 6 at o = -12°,

5 = -20°).

CONCLUSIONS

The results have been reported herein of an experimental and theo-
retical investigation of 20 controls on a 60° delta wing at Mach numbers
of 1.61 and 2.01. From the investigation, which covered a range of angles
of attack from 0° to 15° and control deflections from -30° to 30°, the
following primary conclusions may be reached:

Basic Pressure Distributions

1. On the low-pressure surface of all the controls, increasing con-
trol deflection causes the pressure distribution to approach a rectangular
loading with a negative pressure coefficient of about 80 percent of the
perfect vacuum value.

2. On the high-pressure surface of the trailing-edge controls,
increasing control deflection causes a pressure peak followed by an
expansion toward the trailing edge. Ahead of the controls, flow separa-
tion or shock detachment occurs.

3. On the high-pressure surface of the tip controls, increasing
control deflection causes the pressure coefficients to increase regularly
with control deflection and the loading to become triangular.

Comparison of Experimental and Theoretical Results

1. For trailing-edge controls the experimental increments in sur-
face pressure coefficient due to control deflection are generally in only
fair or poor agreement with theory because of flow separations and possibly
shock detachment. There is a pressure rise ahead of the control hinge line
not predicted by theory and the carryover at the parting line is smaller
than predicted theoretically.
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2. The experimental increments in surface pressure coefficient due
to angle of attack were generally in very good agreement with those pre-
dicted by theory for the trailing-edge controls at small control deflection
but the agreement tends to deteriorate over the wing trailing-edge wedge
and near the wing tip as the control deflection increases.

3. The experimental resultant pressure coefficients due to control
deflection or angle of attack generally followed the theoretical trends
for the trailing-edge controls but the values usually fell below the
theoretical predictions.

4. In the case of the tip controls the experimental increments in
surface pressure coefficients due to control deflection generally are
even in poorer agreement with theoretical predictions owing to additional
complications resulting from control leading-edge separation and the
stronger parting-line crossflow effects. Again, the parting-line carry-
over is much smaller than the theoretical prediction.

5. For tip controls the experimental-theoretical relationships of
the increments in pressure due to angle of attack are very similar to
those of the trailing-edge controls with the additional factor that the
experimental pressures on both wing and control in the neighborhood of
the parting line become more erratic and in poorer agreement with theory
as the control angle increases.

6. For tip controls the experimental values of resultant pressure
coefficient due to control deflection or angle of attack were generally
in fairly good agreement with theory in both magnitude and trends because
of compensating effects on the two surfaces.

Experimental Comparisons

1. The pressure changes due to increasing the Mach number M from
1.61 to 2.0l were in fair agreement with the changes predicted by the

relationship l/VM2 - 1 at small angles of attack and control deflec-
tions. At larger angles, there was little change with increasing Mach
number except for a reduction in the leading-edge separation.

2. The effect of increasing the Reynolds number from 1.7 X lO6

t6 T.6 % 106 appeared to be negligible.
3. Movement of the tip-control hinge line caused little change in

the overall pressure distributions, but did cause local shif'ts in the
shocks and expansions associated with the parting-line crossflows.
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L. Installation of fences at the parting lines of the tip controls
to prevent crossflows had a pronounced effect on the pressure distribu-

tions near the parting lines.

The pressure changes were greatest for

those conditions for which the crossflows were the largest, and tended

to redistribute the load without changing the total load.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., February 17, 1958.
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TABLE 1

SPANWISE LOCATION OF ORIFICE STATIONS

Lphordwise extent of stations shown in fig. 2 and table 2]

Configuration

Values of 2y/b at station -

1 2 2 L 5 6 i 8 <)
A 0.048|0.210|0.372|0.537| 0.592 0.745| 0.860 See fig. 2|===m=m—=—e=
B SOU8|[ L210] a2 .55 |See Tig. .602 |See fig. 0. 754 See fig. 2
o LOU8| .210| 372 <557 .601 640 .683 758 See fig., 2
D .055| .2k2| 430 .619 .688 776 876 2958 |mmmemmmee-
gi,E%é,Eié,Egi P .okB| .210| L372| 537|597 | T3 .869 foc N mEEreeee
I St ISR el il b 592 745 |See fig. 2|-mmmmmmmmm|mmmmmammm-
J, J, J2, J3, Jh| 048 .210| .372| 557 .592 J745 [See fig. 2|-mmmmmmmmm|cmmemem e
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TABLE 2

CHORDWISE LOCATION OF ORIFICES

[Spanwise location of orifice stations shown in fig. 2 and table l]

(a) Configuration A

21

Values of x/cg at station -
Orifice
I 2 9 L > 6 i 8 9

1 0.048 [0.210 | 0.372 |0.535 [ 0.592 | 0.745 | 0.872| 0.852
2 075 | .238 | koo | .562 | .619| .772| .919| .872
3 219 381 | 538 | 700 | 71594 JOE6H 952 | . 819
L S5k | 502 | .659 | .860 | .T79 | <8607 . .8821( ..958
- Jhs | 612 | L7h7 | 897 | .860 | .852 .982
6 588 | .56 | .860 | .936 | .852 | .872

7 Th2 | 860 | .897 | .985 | .872 | .919

8 .860 | .897 | .936 JI19% B5c

9 897 | .936 | .985 .952 | .982

10 .936 | .985 .982
11 .985
12
15
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TABLE 2.- Continued
CHORDWISE LOCATION OF ORIFICES
E@anwise location of orifice stations shown in fig. 2 and tablejﬂ

(b) Configuration B

NACA RM L58COT -

Values of x/cR at station =

Orifice
il 2 3 L 5 6 T 8 9

1 0.048 |0.210 | 0.372 | 0.535 | 0.708 | 0.875 |[0.754 | 0.769 | 0.819

2 075 | .238 | k0O .552 761 | .906 | .799 | .824h | .BT71

3 <219 561 <558 . 700 .810 945 2835 879 | .926

Ly 334 | .502 | 659 | 846 .986 .93k | .988

5 Ahs5 | 612 LT47 | .901 .992

6 588 | 756 | 846 | .950

7 JTho | 846 | 901 | .986

8 Bu6 | .901 | 950

9 .901 | .950 .986

10 .950 | .986

11 .986

12
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TABLE 2.- Continued

CHORDWISE LOCATION OF ORIFICES

@panwise location of orifice stations shown in fig. 2 and tableiﬂ

(e) Configuration C

| Values of x/cp at station -
Orifice
i 2 B L 5 6 i 8 9
i 0.048 |0.210 | 0.372 | 0.535 | 0.876 | 0.6T4 | 0.683 | 0.758 | 0.871
2 075 | 238 | hoo | .562| 909 LTE9 | LTLE [FTe5 [ .928
- 3 219 | 381 .538 | .700| T | 85T | .76Q] €79 | .906
| 4 334 | 502 | 659 | 846 | 991 876 | .929
3 8 Jhs | 612 | L7hT | .901 .992
6 588 | .756 | 846 | .950
| T LTh2 | JBu6 | 901 | .986
8 846 | .901 | .950
2 .901 | .950 | .986
10 .950 | .986
11 .986
12
:
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TABLE 2.- Continued

CHORDWISE LOCATION OF ORIFICES

(d) Configuration D

NACA RM L58COT

Values of x/cp at station -
lOnifdce -
1 2 5) L 5 6 77 8
1 0.048 | 0.210 | 0.372 | 0.535 | 0.595 | 0.672 | 0.758 | 0.862
2 075 | .238 | .hkoo .%62 623 | 699 | .785
3 219 381 [ 558 | .00 | 675 .2 | 815
L 334k | 502 | 659 | W86 | L7MM | 826 | .851
Qs | 612 | Wbt | .901 | .821 | 876 | .901
6 588 | .756 | 86| .950 | .899 | .937
7 T2 | 846 | .90L | .98% | .970
8 Bu6 | .901 | .950
9 .90l | .950 | .984
10 .950 | .98k
11 . 984
12
15
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[Spanwise location of orifice stations shown in fig. 2 and table ﬂ

seseve
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TABLE 2.~ Continued

CHORDWISE LOCATION OF ORIFICES

L]
L]

(e) Configurations E, El, E2, E3, F, Fl, F2, F5, G, H

Values of x/cy at station -
FOrifice
1 2 3 L 5 6 7 8

1 0.048 |0.210 | 0.372 | 0.535 | 0.597 | 0.730 | 0.864 | 0.987
2 075 | .238 | koo | .562| .625| .758 | .892

5 .219 | .381| .538 | .700| .674| .808 | .94l

L 334 | 502 | 659 | 846 | LTM6| 879 | .986

5 45 | 612 | W77 | .90 | JB4O | L9753

6 588 | 756 | 846 | 950 | .939

i T2 | 846 | .901 [ .98k | .988

8 8h6 | 901 | .950

9 .901 | .950 | .98k
10 .950 | .98k
11 .98k
12
15

e
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TABLE 2.- Continued
CHORDWISE LOCATION OF ORIFICES
[$panwise location of orifice stations shown in fig. 2 and table ﬂ

(f) Configuration I

Values of x/cg at station -
Orifice
1 2 5 L 5 6 i 819

i 0.048 | 0.210 | 0.372 [0.535 | 0.597 | 0.753 | 0.890
2 075 | .238 | 400 | 562 | 624 | 778 | .985
3 219 1 3811 538 [ .700 | 719 | .853

L 334 | 502 | 659 | .860 | .839 | .9u5

5 s o612 | STUT [P .852 | <9197 <995

6 588 | 756 | .860 | .8% | .972

i7 742 [=~8601 1852 | »955

8 860 | .852 | .896 | .98k

9 852 | .8% | .935
10 896 | .935 | .98k
11 .935 | .98k

12 .98k
13
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Epanwise location of orifice stations shown in fig. 2 and table g
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TABLE 2.- Concluded

CHORDWISE LOCATION OF ORIFICES

(g) Configurations J, J1, J2, J3, Jk

Values of x/cp at station -
Orifice
1 2 3 L 5 6 (4

i 0.048 [0.210 |0.372 | 0.535 | 0.592 | 0.T45 | 0.852
2 O 15258 | JA00 ] 5624 1561 NTIe | 872
3 2194 12381 | 538 | J790. Y15 {86 | L 910
n S5k |1 2502 | 659 | 8601 LT79 | 21860 | 216k8
5 Lh5 | 612 | JTuT| 852 | 860 | .B72| <986
6 5880 756 | 860 .B7e .905

T .Th2 | .860 .905 <949

8 .860 | .852 949 .982

9 72| .B72 .982

10 <905 | .905 1.000

11 M9 | .49
12 .982 | .982
-k 1.000

- CONFIDENTIAL
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(a) Tip controls.

Figure 1l.- Sketches of model configurations.

All dimensions are in inches.
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(b) Trailing-edge controls. (Configuration A could be included here also.)

Figure 1.- Continued.
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(c) Tip controls with tabs and fences.

F2

E3

Figure 1.- Concluded.
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Figure 2.- Sketches showing approximate extent and location of orifice stations. Spanwise ey
locations of stations are given in table 1 and chordwise locations of orifices in table 2. I
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L-T77038
Figure 3.- Sketch of test setup showing one of the tip-control installations.
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Figure 4.- Photograph of configuration J mounted on the boundary-layer
bypass plate.
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Figure 5.- Chordwise pressure distributions for configuration A.
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Figure 7.- Chordwise pressure

distributions for configuration C.
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Figure 14.- Chordwise pressure distributions for configuration J. M = 1.61;
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(k) Pressure coefficients due to aj; & = 500; upper surface.
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Figure 20.- Concluded.
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(b) Pressure coefficients due to d; a = 0Y; lower surface.

Figure 21.- Continued.
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(f) Pressure coefficients due to ®; a = -12°; lower surface.

Figure 21.- Continued.
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Figure 27.- Effect of modifying the control plan form of a tip control on the upper-surface
pressure distributions. M = 1.61; R = 4.2 x 10°.
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Figure 28.- Effect of a fixed tab ahead of a tip control on the wing and control upper-surface
pressure distributions. M = 1.61; R = 4.2 x 10°.
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Figure 29.- Effect of a full-chord fence on the upper-surface pressure distributions on configu-

ration E. M = 1.61; R = 4.2 x 10°.
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Figure 30.- Effect of a partial-chord fence ahead of the hinge-line

sure distributions on configuration E. M = 1.61; R = 4.2 x 10°
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Figure 31.- Effect of a full-chord fence on the upper-surface pressure distributions on configu-

ration F. M= 1.61; R = 4.2 x 105.
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Figure 32.- Effect of a partial-chord fence behind the hinge-line on the upper-surface pressure

distributions on configuration F. M = 1.61; R = 4.2 X 106.
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Figure 335.- Effect of a partial-chord fence ahead of the hinge-line on the upper-surface pres-
sure distributions on configuration F. M = 1.61; R = 4.2 x 106.
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Figure 34.- Comparison of the upper-surface pressure distributions on the full-span trailing-
edge control with those on the outboard partial-span trailing-edge control. M = 61

R =Lk.2 % 106.
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Figure 35.- Comparison of the upper-surface pressure distributions on the full-span trailing-
edge control with those on the inboard partial-span trailing-edge control. M = l.6l;

R = 4.2 x 10°.
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Figure 36.- Effect of trailing-edge thickness on the upper-surface pressure distributions of
the full-span trailing-edge control. M = 1.61; R = k.2 x 106.
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Figure 37.- Effect of paddle balances on the upper-surface pressure distributions of the full-

622

span trailing-edge control. M = 1.61; R = 4.2 x 106.
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