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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

AERODYNAMIC CHARACTERISTICS OF SEVERAL JET- SPOILER 

CONTROLS ON A 450 SWEPTBACK WING AT 

MACH NUMBERS OF 1 .61 AND 2.01 

By Dougl as R . Lord 

SUMMARY 

An investigation has been made in the Langley 4- by 4-foot super
sonic pressure tunnel at Mach numbers of 1.61 and 2.01 to determine the 
aerodynamic characteristics of several jet- spoiler controls on a wing 
having a 450 sweepback of the quarter- chord line, an aspect ratio of 3.5, 
a taper ratio of 0 .3, and an NACA 65A005 airfoil section. The model was 
equipped wi th various arrangements of jet holes located along the 
70-percent- chord line and extending from 13 to 78 percent of the wing 

semispan . Tests were made at a Reynolds number of 2.8 x 106 (based on 
the mean aerodynamic chord of the wing) and covered a range of angles 
of attack from _120 to 150 for a range of ratios of jet total pressure 
to stream static pressure from the jet- off condition to a maximum 
of 24.1. 

The test results indicated that the jet- spoiler effectiveness 
increased with increasing angle of attack and correlated well with the 
momentum of the jet flow. For a constant momentum, the effectiveness 
of the jet spoiler increased as the jet hole angle was inclined forward 
or as the spoiler was moved outboard . The wing aerodynamic drag appeared 
to be more favorable for the j et- spoiler control than for conventional 
spoilers, but the air- flow requirements may be prohibitive for practical 
application of jet- spoiler controls at supersonic speeds. 

INTRODUCTION 

Considerable interest is being manifested in spoiler-type cont rols 
for use in obtaining lateral control on high- speed aircraft. Many 
investigations have been made of solid spoilers and spoiler- slot
deflector controls, and several investigations have been made (refs. 1 
to 11) of jet spoilers in which compressed air, obtained either from 
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2 CONFIDENTIAL NACA RM L58D18 

stream ram or from other sources, is exhausted normal to the wing sur
face. In addition to the jet-reaction effect, the latter control has 
been shown to change the lift over the wing in a manner similar to that 
produced by a solid spoiler. The supersonic tests have thus far been 
limited to an angle of attack of 00 and the use of stream ram air. 

In order to investigate the control effectiveness and drag of jet 
spoilers at supersonic speeds for a range of angles of attack while using 
some other source of air, such as would be available from a jet engine, 
a series of tests has been conducted in the Langley 4- by 4-foot super
sonic pressure tunnel of several jet-spoiler configurations on a wing 
having a 450 sweepback of the Quarter-chord line. The purpose of this 
report is to present the results of these tests and to compare the 
effectiveness of the jet spoilers with the effectiveness of other types 
of controls. 

The semispan wing model was tested in the presence of a half-fuselage 
model at angles of attack from _12° to 15°. Jet-spoiler variables included 
jet-pressure ratio, hole angle, hole Size, span, and spanwise location. 
The tests were conducted at Mach numbers of 1.61 and 2.01 for a Reynolds 

number of 2.8 x 106, based on the wing mean aerodynamic chord of 10.65 
inches. 

G m 

b 
2" 

SYMBOLS 

semispan wing lift coefficient, 

semispan wing drag coefficient, 

semispan wing pitChing- moment coefficient referred to 0.25c, 
Pitching moment 

QSc 

semispan wing rol ling- moment coefficient, Rolling moment 
2QSb 

incremental rolli ng- moment coefficient produced by control 

momentum coefficient, wVj (note that this coefficient is 
gQS 

based on the semispan wing area) 

wing semispan 
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control span 

wing local chord 

wing mean aerodynamic chord 

diameter of jet-spoiler holes 

acceleration of gravity, ft/sec2 

height of fixed spoiler above wing surface 

rolling-moment magnification factor, ratio of rolling moment 
produced by the control Cl to rolling moment computed 
for the control reactive force alone 

stream Mach number 

stream static pressure 

total pressure in plenum chamber 

stream dynamic pressure, lb/ft2 

weight flow rate of air used in jet control, lb/sec 

semispan wing area, ft2 

jet velocity associated with isentropic expansion t~ the 
critical pressure ratio at the jet exit, ft/sec 

perpendicular distance from plane of symmetry to inboard 
end of control 

perpendicular distance from plane of symmetry to outboard 
end of control 

perpendicular distance from plane of symmetry to centroid 
of control 

wing angle of attack 

ratio of deflector to spoiler projection on spoiler-slot
deflector configuration 
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4 CONFIDENTIAL NACA RM L58D18 

streamwise angle between center line of jet holes and wing 
surface 

prefix indicating increment due to control 

TEST APPARAWS AND MODEL 

Wind Tunnel 

This investigation was conducted in the Langley 4-by 4-foot super
sonic pressure tunnel, which is a rectangular, closed-throat, single
return type of wind tunnel with provisions for the control of the pres
sure, temperature, 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 _200 F at atmos
pheric pressure, so that the effects of water condensation in the super
sonic nozzle were negligible. 

Model and Model Mounting 

The model used in these tests consisted of a semispan wing and a 
half-fuselage as shown in figure 1 . The wing was made of steel and had 
a 450 sweepback of the quarter-chord line, an aspect ratio of 3.5, a 
taper ratio of 0.3, and NACA 65A005 airfoil sections parallel to the air 
stream . Jet-spoiler controls were constructed by milling out a portion 
of the upper surface of the wing from the wing root to about the 8o-percent
semispan station to form a plenum chamber. Interchangeable cover plates 
were then constructed, each having 73 holes of 0.055-inch diameter located 
along the wing 70-percent- chord line at 3/16-inch spacings, with the holes 
drilled at angles of 500

, 700
, 900

, and 1100 to the surface measured in 
the streamwise direction. (See fig. 1.) The hole size and number '.Tere 
modified during the tests as described in a later section. In addition 
to the jet spOilers, one fixed spoiler was constructed of steel and had 
the same span and location as the row of jets but had a height equal to 
5 percent of the wing mean aerodynamic chord. 

The fuselage, which was constructed of aluminum alloy, had an ogival 
nose with a fineness ratio of 2 . 5, a cylindrical center portion, and a 
boattailed afterbody with a base diameter of 50 percent of the maximum 
body diameter . (See fig. 1.) 

The semispan wing was mounted on a balance which was located in the 
turntable of a boundary- layer bypass plate installed vertically about 
10 inches from the tunnel sidewall . The half-fuselage was mounted on 
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the turntable independently of the wing, with O.OlO-inch clearance 
between the wing and the fuselage. 

TESTS 

5 

The forces and moments on the wing were measured in the presence 
of the fuselage by the four-component balance. High-pressure air was 
obtained from a dry air supply outside the tunnel and delivered to the 
wing plenum chamber by means of a l-inch-diameter feeder tube. This 
tube was approximately 24 inches in length and floated in rubber 
"0" rings at either end so that the forces transmitted around the bal
ance would be negligible. The feeder tube was shielded from the air
stream between the bypass plate and the tunnel wall by a fairing. 

The angle of attack of the model was changed manually by rotating 
the turntable in the bypass plate on which the model was mounted, and 
the angle of attack was measured by a vernier scale located outside the 
tunnel. The total pressure of the air in the jet plenum chamber was 
measured by an external gage connected to two 0.055-inch-diameter tubes 
inserted in the plenum chamber . 

A complete description of the spoiler geometry for each of the 
eleven test configurations is presented in table I. The four basic con
figurations (configurations 1 to 4), were tested at both Mach numbers 
(1.61 and 2.01), and several modifications were made to the orifice 
geometry for additional tests at M = 1.61 (configurations 5 to 11). 
These modifications were made by enlarging the holes of the configura
tion for OJ = 900 , first to 0.0760-inch diameter and then to 0.0935-inch 
diameter, and sealing various spanwise groups of holes on the configu
ration for OJ = 500 . 

The wing angle-of-attack range was from _l20 to 150 • A valve in 
the 2-inch high-pressure air line ahead of the l-inch feeder tube was 
used to control the pressure in the jet plenum chamber from a minimum 
with the valve closed to a maximum of 40 pounds per square inch absolute. 
The tests were made at tunnel stagnation pressures of 11.5 and 13. 2 pounds 
per square inch absolute at Mach numbers of 1.61 and 2.01, respectively, 
corresponding to a Reynolds number based on the wing mean aerodynamic 

chord of 2.8 X 106 . 

In order to insure a turbulent boundary layer over the wing during 
the tests, 1/8-inch-wide strips of No. 60 carborundum grains were attached 
to the wing upper and lower surfaces at a distance of 3/4 inch from the 
leading edge. Configuration 1 was also tested without transition strips, 
and the data showed negligible changes. 
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PRECISION OF DATA 

The mean Mach numbers in the region occupied by the model were 
estimated from calibration to be 1.61 and 2.01, with local variations 
smaller than ±0.02. There was no evidence of significant flow angularity. 

The angle of attack of the wing root could be set within to.050 ; 

however, the wing twist due to aeroelastic effects is estimated to be 
as much as 0.750 at the wing tip for the largest angles of attack used. 
The estimated accuracies of the balance measurements and other pertinent 
quantities are as follovlS: 

CL 

CD 
Cm 

C 2, gross 

Pt,j/p . 

to.02 

to.002 

to.002 

±0.001 

to.l 

Note that the accuracy of the lift coefficient is very poor for this 
balance. Most of the data, however, indicate the balance to be more 
reliable than is indicated from these values, which were determined pri
marily from balance calibrations. It should be remembered that through
out these tests the incremental forces and moments due to the jet spoiler 
were small with respect to the gross forces and moments and, therefore, 
the accuracy of the incremental coefficients is very poor. 

RESULTS AND DISCUSSION 

Basic Wing Characteristics 

The variations of wing lift, drag, pitching-moment, and gross 
rolling- moment coefficients with angle of attack for the basic wing with 
the jet spoiler inoperat i ve are shown in figure 2. These variations are 
presented in order to illustrate the magnitude of the coefficients at 
the two Mach numbers and because the ensuing analysis of the spoiler 
characteristics relies on the incremental coefficients due to the spoilers . 

In general, the curves of the various wing coefficients with angle 
of attack (fig . 2) are smooth, and the effect of increasing the Mach num
ber from 1. 61 to 2 .01 is to decrease the slopes of the curves. The changes 
in slopes of the lift, pitching- moment, and rolling-moment curves are 

slightly greater than the inverse ratio of VM2 - 1. The values of the 
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coefficients are identical to those obtained on another model having the 
same geometry, reported in reference 12, except for the drag coefficients, 
which are somewhat greater herein. The faired values taken from the 
curves of figure 2 were subtracted from the measured values with the 
spoilers operative in order to obtain the incremental coefficients due 
to the spoilers. 

Jet-Spoiler Effectiveness and Drag 

The basic plots of the incremental wing lift, drag, pitching-moment, 
and rolling-moment coefficients due to the various jet-spoiler controls 
are presented in figures 3 to 6. The coefficients are plotted against 
jet pressure ratio for a constant angle of attack. In general, all of 
the jet-spoiler configurations produced negative lift, positive pitching 
moment, and positive rolling moment at all angles of attack, as would 
be expected both from the spoiling action and from the reactive force of 
the jet spoiler. The one exception to this generality is for the 
~ = _120 condition at M = 1.61 where the jet spoilers produced zero 
or negative pitching moment and rolling moment. This exception is prob
ably caused by detachment of the leading-edge shock for this angle and 
Mach number. The action of the jet spoilers generally caused reductions 
in drag coefficient at the positive angles of attack and increases in 
drag coefficient at the negative angles of attack. This variation is 
primarily caused by the lift- spoiling action of the jet spoilers as 
attested by the fact that the jet reactive force alone for the OJ = 500 

configurations should increase the drag even at ~ = 150 because of the 
angle of the jets with respect to the drag axfs (see fig. 4(a)). 

As the angle of attack is increased, the slopes of the lift. and drag 
curves (figs. 3 and 4) generally become more negative, whereas the slopes 
of the pitching-moment and rolling-moment curves (figs. 5 and 6) become 
more positive. The increasing effectiveness with increasing angle of 
attack is probably the result of the decreased pressure on the upper sur
face of the wing which effectively increases the height of the jet spoiler. 
The slopes of the lift and drag curves become more positive and the slopes 
of the pitching-moment and rolling- moment curves become more negative as 
the jet pressure ratio is increased and as the Mach number is increased 
from 1.61 to 2.01. These changes are again associated with the effective 
increase in jet- spoiler height. Also, in general, the curves tend to 
become more nearly linear as jet pressure ratio and Mach number are 
increased. 

Previous results for jet spoilers have shown that for a given jet 
angle the effectiveness can usually be correlated with the momentum 
coefficient of the jet flow (refs. 3, 5, and 6). The computed momentum 
coefficients are plotted in figure 7 for the jet-spoiler configurations 
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as a function of jet-pressure ratio. In figure 8 the effectiveness and 
drag coefficients for three of the configurations tested herein are 
plotted against the momentum coefficient for three test angles of attack. 

2bj 6 0 The configurations chosen were those having ~ = o. 5 and OJ = 90 , 

but the hole size varied from 0.0550-inch to 0.0935-inch diameter. These 
curves show excellent correlation on the basis of C~ and also illus-

trate the increasing effectiveness and decreasing drag as the angle of 
att ack is increased. The increasing effectiveness with angle of attack 
is in agreement with previous results found at transonic speeds in ref
erence 6. 

In reference 3 it was shown that in low-speed tests of a jet 
spoiler on a two-dimensional airfoil, considerable increase in effective
ness could be obtained by inclining the angle of the jet holes forward. 
Comparisons of the effectiveness and drag produced by the configurations 
tested herein having various jet-hole angles at Mach numbers of 1.61 
and 2.01 are presented in figures 9 and 10, respectively. The variations 
are presented against angle of attack for a hole diameter of 0.0550 inch 
and constant jet-pressure ratio of 12.0 (and hence constant momentum). 
From the curves of figures 9 and 10 it is evident that effectiveness of 
the jet spoiler does increase as OJ decreases; however, the drag 
increases. The change in drag is associated primarily with the inclina
tion of the jet-reactive-force axis with the drag axis. 

In order to compare the performance of various spanwise locations 
of the spoilers, the effectiveness and drag of the spoilers having 
2b· 
___ J = 0.330 (configurations 6 to 8) are shown in figure 11 for a constant 

b 

jet pressure ratio of 12.0 (and constant momentum). There is very little 
change in lift or drag due to spanwise movement of the spoiler; however, 
both t he pitching moment and rolling moment tend to increase with move
ment outboard. Since, to a first approximation, the pitching or rolling 
moment created by the jet spoiler should be a direct function of its 
locat ion and momentum, an attempt was made to correlate the rolling
moment coefficient for the five c~nfigurations for which OJ = 500 with 

a f actor for spanwise location (~) times momentum coefficient (C~). 
These curves, presented in figure 12, indicate that the correlation is 
f a irly good, particularly at ~ = 00 and ~ = 60 • 

Jet-Spoiler Reaction Magnification 

In order to compare the efficiency of the various spoiler configu
r at ions in producing rolling moment, the rolling-moment magnification 
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factor is plotted against angle of attack in figure 13. The thrust of 
the jets was computed by using the method shown in reference 5. For 
computing the thrust at various angles of attack the wing upper-surface 
pressure measured at the jet-spoiler station with the jet inoperative 
was used instead of the free-stream static pressure called for in the 
method of reference 5. The computed values used in figure 13 are 
believed to be fairly accurate because similar computations checked 
very closely calibrations made in the tunnel with the wind off. In 
these calibrations, the tunnel was evacuated to a low pressure eQual to 
the static pressure at the test Mach number, and the forces and moments 
due to operation of the jet were determined. 

The variations of the rolling-moment magnification factor with 
angle of attack show an increase in efficiency as the jet hole angle is 
decreased (figs. 13(a) and 13(b)). Decreasing the hole diameter from 
0.0935 inch to 0.0760 inch (fig. 13(c)) causes negligible changes in 
the rolling-moment magnification factor; however, further decreasing 
the hole diameter to 0.0550 inch results in an increased efficiency, 
particularly at the positive angles of attack. It should be remembered 
that decreasing the hole size for a constant pressure ratio causes a 
reduction in momentum reQuirement, and the increased efficiency is, 
therefore, directly related to the nonlinear variation of the rolling
moment coefficient with momentum coefficient at angles of attack 
(fig. 8(b )). The rolling-moment magnification factor generally increases 
as the spoiler is moved inboard, as shown by the curves in figure 13(d); 
however, these curves should be used only qualitatively since the incre 
mental coefficients used in the computation are small and the inaccuracies 
become significant. In general the magnification factors at the positive 
angles of attack indicated that the spoiler controls give better roll 
control than would be provided by a pure reaction control locat~d at the 
wing tip. The lift and pitching-moment magnifications, although not 
presented, are similar to those shown in figure 13 for the rolling 
moment. 

Jet-Spoiler Drag and Momentum Comparison 

Since the primary use of a jet spoiler is for roll control, a com
parison of the drag coefficients and momentum coefficients required for 
various configurations to produce given rolling-moment coefficients are 
shown in figure 14. It should be mentioned that an inboard half-span 
trailing-edge control of 25-percent chord has been shown to produce a 
rolling-moment coefficient of 0.002 with an aileron deflection of 4 0 on 
a similar semispan wing at M = 1.9 (ref. 13). The curves of fig
ures 14(a) and 14(b) indicate that, for a rolling-moment coefficient 
of 0.002, the momentum requirements for the jet-spoiler control decrease 
but the drag increases as the hole angle is decreased. Therefore, 
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although the forward inclination of the jet holes is good from the 
effectiveness standpoint, the unfavorable drag effect must be consid
ered. The curves of figure 14(c) indicate that, for rolling-moment 
coefficients of 0.002 and 0.004, both the drag and momentum are rela
t ively unaffected by changes in hole size, as might be expected from 
the momentum correlation previously shown. There is some indication, 
however, that the smaller holes are slightly more favorable from the 
momentum standpoi nt. 

Comparison of Jet Spoiler With Other Controls 

In figure 15, the variations of the incremental wing coefficients 
with angle of attack are presented for the fixed spoiler (h = 0.05c) 
as compared with those for the largest jet spoiler tested herein (con
figuration 10) at a jet pressure ratio of 12.0. At ~ = 00

, the lift 
and p i tching-moment coefficients for the two controls are comparable, 
but the fixed spoiler gives considerably more rolling moment than does 
t he jet spoiler. Since it would be anticipated that the lift and 
rolling-moment comparison for the two controls would be Similar, t he 
inaccuracy of the lift measurements is probably responsible for the 
nearness of the lift results. At the highest angles of attack, the jet 
spoiler produces more negative lift and more positive rolling moment 
than does the fixed spoiler. These changes are caused by the decreasing 
effectiveness with increasing angle of attack for the fixed spoiler and 
the increasing effectiveness with increasing angle of attack for the jet 
spoiler. The decreasing effectiveness with increasing angle of attack 
for the fixed spoiler is caused by the increase in local Mach number and 
is similar to the variation shown for the spoiler alone in reference 12 . 
Throughout the angle-of- attack range the drag characteristics f.or the 
jet spoiler are consider ably better and are negative over much of the 
angle range. 

In order to compare the jet spoiler and the fixed spoiler tested 
herein with a flap - type spoiler and a spoiler-slot-deflector of equal 
span on the same wing (ref. 12), the incremental wing aerodynamic drag 
coefficient required for each of the spoilers to provide the rolling 
moment obtained with the fixed spoiler are plotted against angle of 
attack in figure 16 . The variations for the three solid spoilers are 
very nearly alike, whereas the jet spoiler exhibits considerably less 
drag over most of the angle - of-attack range. This comparison does not 
consider the losses in thrust that would be imposed on an aircraft in 
order to provide the air flow for the jet spoiler or the actuating 
power for the solid spoilers. If these losses were taken into account, 
the advantage of the jet spoiler from the drag standpoint would be con
siderably less . 
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In order to get an approximation of the practicability of using 
engine bleed air for a jet-spoiler roll control, some computations were 
made by using available information on the Pratt & Whitney J75 turbojet 
engine. The aircraft was assumed to have a wing span of 34 feet and to 
be operating at altitudes between 45,000 and 60,000 feet at a Mach num
ber of 1.61 with the engine at the cruising condition. At these condi
tions, enough bleed air could be obtained from the engine compressor to 
produce a momentum coefficient of 0.0021. The bleed air was limited to 
5.5 percent of the total engine air flow. According to the results pre
sented herein, this momentum coefficient of 0.0021 would provide a 
rolling-moment coefficient of 0.0010 at ~ = 00 and 0.0027 at ~ = 120. 

Unpublished results of tests on a conventional inboard half-span 
trailing-edge aileron indicate that these rolling-moment coefficients 
would be comparable to aileron deflections of only f2.00 and ±2.5° at 
angles of attack of 00 and 120 , respectively. 

CONCLUSIONS 

An investigation has been made at Mach numbers of 1.61 and 2.01 to 
determine the aerodynamic characteristics of several jet-spoiler controls 
on a 450 sweptback wing. The conclusions indicated are as follows: 

1. The jet-spoiler effectiveness and drag for a given jet hole angle 
is a direct function of the momentum of the jet flow. 

2. For a constant momentum, the effectiveness of the jet spoiler 
increases as the jet hole angle is inclined forward or as the spoiler 
is moved outboard. 

3. The effectiveness of the jet spoilers increases with increasing 
angle of attack, and the drag increments are generally negative in the 
positive angle-of-attack range. 

4. Despite the favorable wing aerodynamic drag characteristics of 
the jet spoilers as compared with those for the conventional spoilers, 
it appears questionable whether sufficient air can be obtained to make 
them practical at supersonic speeds when using conventional methods of 
obtaining air. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., April 3, 1958. 
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TABLE I 

CONFIGURATIONS TESTED 

Configuration OJ, Dj , 2bj 2Yi 2yo 
M 

deg in. b b b 

1 50 0.0550 0.65 0.13 0.78 1. 61 and 2.01 
2 70 .0550 .65 .13 .78 1.61 and 2.01 
3 90 .0550 .65 .13 .78 1.61 and 2.01 
4 110 .0550 .65 .13 .78 1.61 and 2 .01 
5 90 .0760 .65 .13 .78 1.61 
6 50 .0550 .33 .45 .78 1.61 
7 50 .0550 .33 .29 .62 1.61 
8 50 .0550 .32 .13 .45 1.61 
9 (a) (a) .65 .13 .78 1.61 

10 90 .0935 .65 .13 .78 1.61 
11 50 .0550 .17 .45 .62 1.61 

aConfiguration 9 was a fixed spoiler, perpendicular to the sur 
face and 0. 533 inch in height. 
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Figure 3.- Variat i on of incremental wing-lift coefficient with j et 
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Figure 4 .- Variation of incr emental wing drag coefficient with jet pres
sure r atio . 
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Figure 5.- Variation of incremental wing pitching-moment coefficient 
with jet pressure ratio. 
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Fi gure 6.- Variation of incremental wing rolling-moment coeffici ent 
with jet pressure ratio . 
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