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FLIGHT INVESTIGATION OF 24° BOATTAIL NOZZLE DRAG AT
-VARYING SUBSONIC FLIGHT CONDITIONS
| by Roger Chamberlin

Lewis Research Center

SUMMARY

Four configurations of rounded shoulder bdattail nozzle were tested on an under-
wing nacelle mounted on an F-106B aircraft. A J85-GE-13 turbojet engine provided
primary flow. The effects of_various parameters on boattail drag were investigated at
Mach numbers of 0.6 and 0.9. The parameters studied were Reynolds number, angle-
of-attack, nozzle pressure ratio, nozzle geometry, and nozzle axial location with re-
spect to the wing. These nozzles simulated nonafterburning configurations appropriate
for turbofan powered aircraft with supersonic dash capability.

Increasing Reynolds number éignificantly lowered the boattail drag coefficient of all
the ﬁ_ozzles at both Mach 0.6 and 0.9. The drag reduction was associated with a reduc-
tion in the amount of separation on the aft poftion of the boattail at high Reynolds num-
bers. Change in nozzle pressure ratio from 2.3 to 3. 8 had little effect on boattail drag.
Angle-of-attack had no effect at angles below about 9° to 10° and produced a slight in-
crease in boattail drag at higher angles. At Mach 0.9, increasing the radius of the boat-
tail shoulder' redticed.the boattail drag. At Mach 0.6, increasing the radius of the boat-
tail shoﬁlder from r/rc of 0.25 to 0. 65 increased boattail drag, and a further in-
crease to 1.00 decreased the drag. This particular effect may be due to the aft under-
wing nozzle position. Moving the boattail farther aft from the wing trailing edge pro-
duced a large increase in boattail drag.

INTRODUCTION

The Lewis Research Center is conducting a flight program to investigate the in-
stalled performance of various exhaust nozzles on a turbojet engine (refs.. 1 to 4). The
powerplant installation being studied is a nacelle mounted under the aft portion of the
wing of a modified F-106B aircraft (fig. 1) with the exhaust nozzle just downstream of



the wing trailing edge. Various nozzles designed for supersonic cruise have been
tested. The present study is concerned with boattail nozzles designed for use on after-
burning turbofan engines on aircraft that would have supersonic dash capability, but
which cruise subsonically. In the nonafterburning configuration the boattail angle is
high, and the projected boattail area is large. As the boattail angle becomes steepér,
there is a greater chance that the external flow will separate. The purpose of this pro-
gram was to determine the effects of different nozzle geometries and flight COI‘ldlthIlS on
the flow separatlon characteristics and resulting boattail drag.

Some results on similar boattail nozzles both isolated and installed on a 1/20-scale
F-106 model are available from wind tunnel tests. Isolated nozzle data show that de-
creasing the boattail angle, or rounding the boattail juncture, reduces the amount of
separation and the resulting boattail drag (ref. 5) and increasing pressure ratio beyond
the design value reduces the drag (ref. 6). Increasing aircraft angle-of-attack on a
1/20 scale F-106 model shows a drag rise at high angles (ref. 7).

Three nozzle geometries were investigated, all with the same 24° boattail angle but
designed to have varying corner radii and conical length. Based on isolated data, the
first nozzle was very short and was expected to have some separation. The second was
longer, had a larger radius at the shoulder, and was expected to be about the shortest
nozzle that can be achieved with negligible amounts of Separation. The third, a com-
plete circular arc boattail, was the longest of the three. This nozzle was designed to
have the shortest possible length and still have very low values of drag. Four nozzles
were flight tested, two with the same geometry but with different axial locations relative
to the wing. The nozzles were flown two at a time using both the left and right engines
(fig. 2). To achieve the low values of jet to nacelle diameter ratio that were needed, the
nozzles had small, internal ejector areas. As a result, the J-85 engines could operate
only at military or part power. During this flight program, the Reynolds number was
varied by changing altitude. In order to hold the other flight conditions (angle-of-attack
and Mach number) constant, all the data were taken with the aircraft flying coordinated
turns. This permitted us to vary any one of these flight parameters while holding the
others constant.

The results include boattail drag coefficient and boattail pressure distribution vari-
ations with each of the flight conditions examined and with nozzle pressure ratio, nozzle
radius ratio, and nozzle axial location.

APPARATUS AND PROCEDURE
Installation

Details of the airplane modifications and the nacelle-engine assembly are given in



references 2 and 3. A schematic and a photograph of the research nacelle and boattail
nozzle are shown in figures 3 and 4. The nacelle was located at the 32-percent semispan
with a downward incidence of 4—;—0 (relative to the wing chord) so that the aft portion of
the nacelle was tangent to the aft wing lower surface. The nacelle had 0° cant and was
positioned to provide approximately 0.64 centimeter (0.25 in.) clearance at the wing
trailing edge. Details of the wing modiﬁcations, nacelle shape, and mounting strut are
given in reference 3. The strut with the wide fairing described in reference 3 was used.

The gas generators for the nozzles were J85-GE-13 turbojet engines with after-
burners. The variable-area primary nozzle was locked at 709.7 square centimeters
(110 in. 2) permitting operation only at military and part power. The secondary cooling
air flow was controlled by a rotary valve just ahead of the compressor (fig. 3). Be-
cause the ratio of the nozzle exit area to primary area was small (A e/A8 = 1.12) these
nozzles could pump only small amounts of secondary air (1 percent of the primary flow
or less); so the secondary flow valve was fixed in the full-open position.

Test Hardware

The four nozzles tested are shown in figure 5. The nozzles were designed to simu-
late the subsonic configurations of variable geometry supersonic dash nozzles. Figure 6
shows the variations in geometry of the four nozzles. The number designation for each
nozzle corresponds to the radius ratio r/rc multiplied by 100. The radius ratio r/rc
is defined as the ratio of the radius of the boattail shoulder to the radius of a complete
circular arc nozzle, with the same boattail angle and ratio of nozzle exit area to nacelle
area. Nozzles 25 and 25Ex have the same geometry, but nozzle 25Ex has been shifted
25.4 centimeters (10.0 in.) downstream of the wing trailing edge. All the nozzles had
a maximum boattail angle of 24° at the nozzle exit, and a ratio of nozzle exit to nacelle
area Ae/Amax = 0.25. Three values of radius ratio were tested, r/rc =0.25, 0.65,
and 1.00. Nozzles 25, 25Ex, and 65 were part circular arc and part 24° half-angle
conic section. The external contours and the other nozzle dimensions are shown in
figure 7. A nickel-chromium-base alloy (Rolled Alloy 333) was used for the internal
portions of the nozzle, and the external parts were predominantly 304 and 305 stainless
steel.

Instrumentation

A new data recording system was developed specifically for the F-106 program
(ref. 4), and as a result it was possible to instrument these nozzles quite extensively
(see fig. 8). Each nozzle had 10 rows of static pressure orifices, nine in each row . .



spanning the length of the boattail. The 90 pressure taps were area-weighted to sim-
plify the boattail drag calculations. Ten static pressure orifices were located on the
cylindrical section upstream of the boattail.

Tufts were mounted on the upper surface of the left wing and on the upper quadrant
of the boattails, and pictures were taken of the tufts with a movie camera in the tail (see
fig. 9). New side panels with windows were made for the tail permitting the camera to
view the nozzle on either engine or a portion of the left wing. ' The camera was inte-
grated with the data system so that it ran only during each of the 11.6-second data-scan
periods.

Procedure

All the flights were made from Selfridge Air Force Base in Mt. Clemens, Michigan,
in a test corridor over Lake Huron. A total of six flights were made; three with noz-
zles 25 and 65 on the airplane and three with nozzles 25Ex and 100 on the airplane. All

- data were taken at subsonic Mach numbers, with the majority at M0 =0.6 and
M0 =0.9. The ranges of flight and engine variables are shown in table I. The data
points for pressure ratio variation and for Mach number variation were taken in level
flight. All other data were taken in coordinated turns. The means of varying Reynolds
number was to change altitude while holding the Mach number constant. By flying in
turns angle of attack as well as Mach number could be held constant. Also, at a given
altitude and Mach number, angle of attack could be varied by flying tighter turns in-
creasing the load factor. Load factors are also listed in table I. Figures 10 and 11
show elevon deflections with variations in angle-of-attack and altitude. The J-85 engines
were run at military power, except to change pressure ratio. A range of pressure ratio
was achieved by running the engines between 87- and 100-percent speeds. The engine
compressor bleeds open at approximately 97-percent speed.

Data Reduction

Engine airflow was determined using prior engine calibration data (ref. 8) along
with in-flight measurements of engme speed pressure, and temperature at the com-
“pressor face. ‘Knowing the compressor inlet flow 4t‘ﬁe total pressure and temperature
at the turbine discharge, and the fuel flow rates, other parameters at the primary noz-
zle exit, such as effective area AE8’ total pressure P8, and total temperature T8’
were obtained from previous calibrations. Theload cells were not operational for this

series of flights. All the drag values were determined by pressure integration. The



performance parameter that is presented is a summation of a calculated internal per-
formance, calculated friction drag and the boattail drag from pressure integration.

An error analysis was made to determine the random error band for boattail drag
coefficient,

_ Po~Pavg boattail’ Aboattail

Cl0 Amax

The calculations were done using one-sigma standard deviations in Mach number M0
and free-stream static pressure Py> which are reported in reference 9. Errors in the
measurement of the boattail pressures were also taken into account; however, the ac~
curacy of this measurement was improved over that quoted by the manufacturer. The
F-106 data system had 10 absolute pressure transducers with an accuracy of +0.5 per-
cent of full scale in a scanivalve system (ref. 9). The transducer temperature was
controlled by heaters to minimize any error due to temperature shifts. One nacelle
static orifice on each side of the airplane was monitored by all the transducers on that
side of the airplane. This reference pressure was measured by each transducer during
each data point. For each data point an average pressure was calculated for the refer-
ence orifice on each side of the airplane. All the pressures measured on any one trans-
ducer were then adjusted up or down, by the difference between the reference pressure
measured by that transducer and the appropriate average value. This technique further
reduced the random error possible in the boattail pressure measurement. For each data
point the largest difference between the measured reference pressure on any one trans-
ducer and the average pressure was used as the one-sigma standard deviation for this
measurement. The random error from each of the three parameters, MO’ Py and
boattail pressure, were combined to give a total error in boattail drag coefficient.
These data are presented in figure 12 for nozzle 65 at M0 =0.9 and @ =9°. Similar
error analysis presented in reference 9 showed the flight data were more accurate than
predicted because assumed errors were based on manufacturer's specifications, which
included sources of error not encountered in this application.

RESULTS AND DISCUSSION
Reynolds Number Effect

The most significant effect on boattail drag was produced by ch'?nges in R%ynolds
number. The range of Reynolds number was approximately 2.3x10" to 7.0x10". The
Reynolds number is based on a characteristic length of 5.18 meters (17 ft), which takes
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into consideration the wing chord at this station (approximately 7.32 m (24 ft)) and the
nacelle length (approximately 3.96 m (13 ft)). For these nozzles there was a marked
decrease in drag with increasing Reynolds number (part (a) of figs. 13 to 16). Before
giving a possible explanation for this drag reduction, a brief discussion of the flow over
the nozzle is pertinent. As the flow approaches the boattail shoulder, the pressure is
slightly less than free-stream because of the presence of the wing and the nacelle up-
stream of this point. Passing over the boattail shoulder the flow overexpands. If the
radius of the shoulder is small, making a sharp turn, the overexpansion can be large.
Just downstream of the shoulder a recompression begins, and, if the flow is attached,
it recompresses along the remaining length of the boattail. At the end of the boattail the
flow has generally recompressed to a value greater than the free-stream static pres-
sure. If the flow separates, the point of separation on these nozzles is generally down-
stream of the shoulder. The overexpansion around the shoulder is the same and so is
the recompression until the point of separation. Beyond this point there is only a small
rise in the pressure. The result is that this type of separation produces higher boattail
drag.

The reduction in drag with increasing Reynolds number was the result of a reduction
in the amount of separation on the boattail. This is shown in parts (b) of figures 13 to 16.
These figures are based on pressure distributions and tuft pictures. Separation was not
always evident from pressure distributions alone, as will be shown later. Unfortu-
nately, only the top portion (315O through 45° meridian angle) of the nozzle was visible
with the camera; hence, the reader is cautioned that the determination of separation on
the remainder of the nozzle is not absolute, but the trends are repeatable and consistent.

As the Reynolds number is increased the boundary layer becomes thinner. With a
thinner turbulent boundary layer the flow will penetrate an adverse pressure gradient
farther without separating. So by increasing Reynolds number the boundary layer is
thinned and separation is delayed to a point farther downstream. Parts (c¢) of figures 13
to 16 show the changes in the pressure distributions at one meridian angle (1 800) with
changes in Reynolds number. As the separation is reduced more recompression is
gained on the boattail resulting in lower drag.

The preceding discussion is an example of the typical attached flow-separated flow
case. In addition to this, there appears to be a dynamic phenomena which is also
affected by Reynolds number. Examination of the pressure data (some representative
pressures are shown in appendix C) show some examples of obvious separation while in '
other regions the flow is obviously attached. However, the majority of data fall between
these two. One possible course is that the flow oscillates between being attached and
separated. The pressures measured are time-averaged so they reflect a combination of
the two actual conditions. When this situation is present, the tufts on the boattail lay
flat pointing in the streamwise direction, but they show movements or oscillations.



The oscillations become more severe at lower Reynolds numbers. At these lower
Reynolds numbers the pressures become more like those in the obvious separation con-
dition. At high Reynolds numbers the flow may be attached. As the Reynolds number is
decreased this same flow becomes unsteady and begins to oscillate between the attached
and separated conditions. As the Reynolds number is reduced further, the flow is in the
separated mode more and more, until it eventually remains separated.

The two types of separation - the stably separated region, and the time-varying
separation - usually are occurring simultaneously on different portions of the boattail,
and each varies with changes in Reynolds number. The net result is a reduction in the
boattail drag with increasing Reynolds number.

Angle-of-Attack Effect

The effect of angle-of-attack on boattail drag is shown in figure 17, at two different
flight conditions, M0 = 0.6 at an altitude of 9144 meters (30 000 ft) and MO =0.9 atan
altitude of 7620 meters (25 000 ft). At higher angles-of-attack (110 and above) there is a
slight increase in boattail drag with increasing angle-of-attack. This is shown on figure
17(a) on all four nozzles tested. At lower angles-of-attack (9° to 10° and below) there
is little or no effect of angle-of-attack (fig. 17(b)). Tests run in the Lewis 8- by 6-Foot
Supersonic Wind Tunnel (ref. 7) on similar type nozzles mounted on a 1/20-scale F~106
showed similar trends with angle-of-attack. The wind tunnel data show no effect until an
- angle-of-attack of about 8. 50, beyond which there is an increase in drag. The wind tun-
nel data also show that this effect is more pronounced at high Mach numbers. Unpub-
lished data from a more recent test with the 1/20-scale model and scaled versions of the
same series of 24° boattail nozzles reported herein (but with jet boundary simulators),
also showed the same trends.

Effect of Nozzle Geometry

The effect of radius ratio on the boattail drag is shown in figure 18. The pressure
distributions from which the drag values were obtained are shown in appendix C. At
Mach 0.60 (fig. 18(a)) nozzle 25 has relatively low drag because the flow generally re-
mains attached except at low Reynolds numbers. The flow overexpands at the shoulder
but begins recompressing immediately to a value greater than free stream. At Mach 0.6
there is little or no separation on nozzle 65. The overexpansion at the shoulder is not
as great as on nozzle 25 because the turn is more gradual, but the recompression does
not begin until much farther downstream on the boattail. In comparison to nozzle 25,
nozzle 65 has a larger area of low pressure at the maximum overexpansion and has



lower pressures along the remainder of the boattail. Also, the area where the recom-
pression begins is farther downstream than on nozzle 25. In comparison to nozzle 25,
nozzle 65 is out of the favorable high-pressure region caused by the installation (ref. 1).
This combination yields a higher drag on nozzle 65. Nozzle 100 is a complete circular
arc boattail and has the least overexpansion at the shoulder. The recompression on the
aft boattail is similar to nozzle 65, but the levels of the pressures are higher. The re~
sult is that the drag on nozzle 100 is always lower than the other two. Thehigh drag on
nozzle 65 is contrary to what would be expected fromisolated data (ref. 10). There~
fore, this effect may be due to the particular underwing installation. ' .

At M0 = 0.9 (fig. 18(b)) the boattail drag decreases with increasing radius ratio.
On nozzles 25 and 65 there is some separation at all Reynolds numbers. Nozzle 25 with
the smaller radius at the shoulder and sharper turn has more separation than either of
the others. As discussed before, the separation reduces the recompression on the aft
boattail and raises the drag. Nozzle 25 with the most separation has the highest drag;
nozzle 65 with some separation has slightly lower drag; and nozzle 100 with little or no
separation has the lowest drag. '

Pressure »Ratio Effect

- Figure 19 shows the effect of nozzle pressure ratio P8/p0 on boattail drag. Fig-
ure 19(a) shows data at Mach 0.6 and an altitude of 4572 meters (15 000 ft). The design
pressure ratio at station 9 (the nozzle exit) is (P/p)Q,isen = 3.22. For the data shown
on these plots, the primary jet was overexpanded, since the nozzle pressure ratios
138/p0 were always below the design value. It has been shown (ref. 6), on nozzles sim-
ilar to these, that boattail drag is relatively insensitive to small changes in pressure
ratio for values below the design conditions. The off-design data shown here also indi-
cate no effect of pressure ratio.

Figure 19(b) shows data at M0 = 0.9 and at an altitude of 7620 meters (25 000 ft).
The pressure ratio range extends from considerably below the design value up to and
slightly above it. Below the design pressure ratio there is no effect; but just above the
design value the drag begins to drop off as the high pressures feed back on the boattail.
This has also been shown previously in the wind tunnel in reference 6.

Mach Number Effect

Two of the nozzles, 25Ex and 100, were tested over a Mach number range from 0.6
to 0.975 (see fig. 20). This was done in level flight at an altitude of 7620 meters
(25 000 ft). As Mach number is increased, the drag drops off until approximately
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Mach 0.8 on nozzle 25Ex and until a value between Mach 0.9 and 0.95 on nozzle 100.
This favorable effect is a result of a terminal shock that moves back over the nacelle
and, at a Mach number near 0.95, is just upstream of the nozzle assembly. As de-
scribed in reference 1, the combination of the flow field of the wing and the flow field
around the nacelle, which is reflected by the lower wing surface, amplifies the recom-
pression of the flow through the shock and over the nozzle. When the shock passes off
the nozzle there is an abrupt drop in boattail pressures and a corresponding rise in boat-
tail drag. On nozzle 25Ex near Mach 0. 8 the adverse effects of separation become large
enough to offset the favorable effects of the wing flow and terminal shock. Beyond

Mach 0. 8 the separation increases and so does the drag. Nozzle 100 has very little
separation until much higher Mach numbers are attained.

Figure 20(b) shows the effect of Mach number on nozzle performance. The particu-
lar performance parameter is a summation of forces yielding a thrust minus drag that
is ratioed to the ideal thrust of the primary flow. The thrust minus drag portion in-
cludes internal gross thrust, friction drag, and boattail drag. The friction drag is a
theoretical number and the internal gross thrust is a calculated value based on mea-
sured engine conditions.

Effect of Nozzle Axial Location

Nozzle 25 and nozzle 25Ex had identical geometries. The difference between the
two was that nozzle 25Ex was moved aft 25. 4 centimeters (10.0 in.) from the wing trail-
ing edge. This was done by building this nozzle with a 25. 4 centimeter (10.0 in.) cylin-
drical section ahead of the boattail shoulder (see figs. 5(a) and (b)). The drag levels for
nozzle 25Ex are considerably greater than with nozzle 25 for all the data presented. The
trends and effects of the various parameters investigated are all the same and only the
absolute levels changed. When separation is present on nozzle 25, nozzle 25Ex always
showed slightly more and although the trends of the pressure distributions were always
the same, the levels on nozzle 25Ex were always lower. The change in the drag levels
is a result of moving the boattail out of the region of the favorable effects from the wing
and terminal shock discussed previously.

Separation-Pressure Distribution Correlation

One of the primary objectives of the test series was to determine the separation
characteristics of these different nozzle geometries. Each of the nozzles was exten-
sively instrumented with 90 static pressure taps, and it was hoped to use these pressure
distributions to detect separated flow. In addition to the pressure taps, tufts were



mounted on the nozzle and in-flight pictures were taken with a camera in the tail. The
camera viewing area, however, was limited to the upper quadrant of the nozzle.

Two theoretical pressure distributions are shown in figure 21, which are typical of
the pressures on these nozzles. There is a sharp overexpansion at the shoulder, and
then, if the flow remains attached, a recompression occurs along the remainder of the
boattail. If the flow separates, it is downstream of the shoulder so there is still an
overexpansion at the shoulder and a recompression until the point of separation. Aft of
the separation point there is little further recompression. The pressure distributions
of the 0° and 30° meridian angle rows in figure 22 are examples of attached flow and the
300° and 330° meridian angle rows are examples of separated flow. The tuft picture on
figure 22 confirms this: the outer tufts (150 and 450) lay flat and steady, the inner tufts
(3150 and 345°) flop in all directions randomly.

The majority of data taken on these tests, however, did not yield pressure plots that
indicated obvious separation or attached flow, as on the previous example. In figure 23
the tufts indicate that the flow over the 45° row is attached, the 15° row is attached until
a point near the second or aft tuft, and the other two rows are separated. Knowing the
results from the tuft movies, the pressure plots in figure 23 are reasonable, but with
just the pressure distributions alone the results are not obvious.

The pressure curves in figure 24 are all very similar and almost parallel. The pic~
tures indicate separation on the last three tufts of the 15° and 45° rows and attached flow
on the others. With this information differences in the pressure curves can be found to
correlate with the separated and attached regions, but these differences are very small.
Figure 25 shows an example where the tufts indicate that the flow is attached on all four
rows, but the differences in the pressure curves are larger than the differences.seen in
figure 24. Figure 26 is an example where the tufts show the flow to be separated on
some portion of all four rows. However, the variations in the pressure curves are sim-
ilar to those in figure 23 where two of the rows have attached flow. The tuft picture in
figure 27 is an example of a flow that remains attached except for a small portion on the
315° and 345° rows. The pressure curve on the 300° row does show a small change in
slope but the 330° row does not.

These examples show that the presence of a separated flow can not always be de~
tected from the pressure distributions alone. If the pressurecurves are at the ex-
tremes, similar to the ones shownin figure 21, the flow characteristics are obvious.
_However, the majority of data recorded on these tests fell somewhere between the two
extremes. One possible explanation for this is that the flow is unsteady and oscillates
attaching then separating, then reattaching, etc. The pressure measurements are time-
averaged so, if this oscillation is occurring, the resulting pressure plots would be
somewhere between the ftwo extreme conditions. On many of the test points the tufts
were laying flat in the streamwise direction, but were unsteady; oscillating at approxi-
mately 30 to 40 hertz.
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SUMMARY OF RESULTS

Four variations of boattail nozzles were tested installed just below and aft of the
wing trailing edge on an F-106B aircraft at subsonic speeds. The nozzles simulated
nonafterburning configurations appropriate for turbofan powered aircraft with supersonic
dash capability. The effects on boattail drag of Reynolds number, angle-of-attack, noz-
zle pressure ratio, and nozzle geometry were investigated. The following results were
obtained:

1. Increasing the Reynolds number, by i'educing altitude (changing density and vis-
cosity), significantly reduced the boattail drag on all the nozzles at both Mach 0.6
and 0.9,

2. At lower aircraft angle-of-attack (9° to 10° and below) there was little effect of
angle-of -attack on boattail drag. At lower speeds and higher angles there was an in-
crease in drag coefficient with increasing angle-of-attack. ' :

3. Increasing nozzle pressure ratio up to the design value (3.2) had little effect on
boattail drag coefficient. Increasing pressure ratio above this value (up to 3. 8) began to
show favorable effects by reducing boattail drag.

4. At Mach 0.9 increasing radius ratio r/r c decreased the boattail drag. At
Mach 0.6 for this particular installation, increasing radius ratio first produced a slight
increase and then a decrease in boattail drag coefficient.

5. Moving the shortest nozzle further aft, away from the favorable influence of the
wing flow, significantly increased the boattail drag coefficient. But the same trends
were observed for variations in major variables such as the Reynolds number.

6. The presence of a separated flow can not always be determined from steady-state
pressure distributions alone, in the event that the flow separation is unsteady.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 20, 1972,
764-74.
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APPENDIX A

SYMBOLS

A* J-85 primary throat area (variable nozzle-locked, cold), 709.68 cm2
(110. 00 in.%)

Apg nozzle effective throat area (hot), cm? (in.z)

A, nozzle exit area, 791.73 cm? (122.72 in. 2)

Amax maximum cross-sectional area, 3167.12 cm? (490. 87 in. 2)

Cp drag coefficient, D/q0 Amax

Cp pressure coefficient, p-po/q0

D ‘ drag, N (1b)

d». | diameter, cm (in.)

F nozzle gross thrust, N (lb)

Fi, p isentropic primary thrust, N (Ib)

(F-D) /Fi, p nozzle performance

h . altitude, m (ft)

L . characteristic length, 5.18 m (17. 00 ft)

l " nozzle length, cm (in.)

M Mach number

P total pressure, N/m2 abs (psia)

p. A static pressure, N/m2 abs (psia)

q dynamic pressure, N/m2 abs (psia)

Re Reynolds number, pvL/p

r radius, cm (in.)

re radius of complete circular arc boattail with exit to nacelle area
ratio = 0.25 and a 24? bqattgi_l angle, 3835?'cm (72}5 1nl o

'S axial distance from nacelle station 530. 63 (208.91) to nozzle exit, cm
(in.)

s velocity, m/sec (ft/sec)

X axial distance from boattail shoulder, nacelle station 530.63 (208.91),

cm (in.)
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- axial distance from nacelle station 530.63 (208.91) to point where boat-

tail contour becomes conic section, cm (in.)
angle-of -attack, deg
elevon deflection, deg
density, kg/m3 (slug/ft3)
coefficient of viscosity, N-sec/m2 (slug /ft-sec)
ratio of secondary to primary weight flow

corrected secondary weight flow

_ratio of secondary to primary total temperature

boattail

circular arc

exit

isentropic

free stream

primary nozzle throat station

nozzle exit station
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APPENDIX B

WING FLOW

A brief study was made of the airflow over the delta wing on the F-106. This was
done to determine whether disturbances from the wing affect the flow over the nozzle,
particularly at high angles-of-attack. The modified F~106 had not been flown at these
high angles previously.

A wind tunnel and flight wing flow study was done by the British on a delta wing air-
craft similar to the F-106 (ref. 11). The wing flow patterns of the two are very similar.
Figure 28, extracted from reference 11, shows a diagram of the general flow pattern
over a delta wing. At subsonic speeds separation occurs on the leading edge near the
wing tip. This creates a vortex sheet that rolls up above the wing (fig. 28) producing a
spanwise flow beneath it. The flow not directly entrained by the vortex, passes over the
top and reattaches to the wing surface. The end result is three major areas of differing
flow: region A, separated flow; region B, spanwise flow parallel to the leading edge;
and region C, chordwise flow. As angle-of-attack is increased the vortex moves in-
board, influencing a greater portion of the flow over the top of the wing.

On the F-106, if the reattachment line (the line dividing the spanwise flow and the
chordwise flow, fig. 28) moves inboard far enough, the vortex sheet would disturb the
flow over the test nozzle. Tufts were mounted on the left wing upper surface and elevon
(fig. 29) and pictures taken with the camera mounted in the tail (fig. 9). Figure 30
shows two examples of the wing tuft pictures. Figure 31 is a diagram of the observed
wing flow at one of these conditions. As can be seen the reattachment line moves in-
board a considerable distance; however, the wing flow vortex does not directly influence
the flow over the nozzle. The tufts on the elevon just upstream of the nozzle always lay
flat and steady in the chordwise direction.
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APPENDIX C
PRESSURE DISTRIBUTIONS

Figures 32 to 43 are examples of the actual pressure distributions recorded; they
are adjusted for the correction previously discussed in the Data Reduction section. Fig-
ures 32 to 35 show the pressures on each nozzle over a range of Reynolds numbers at
M, = 0.6; figures 36 to 39 are the same at Mg = 0.9. Figures 40 to 43 show the pres-
sures over a range of angle-of-attack from 11° to 14 at M0 = 0.6 and at an altitude of
9144 meters (30 000 ft).
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TABLE I. - FLIGHT AND ENGINE TEST VARIABLES

Altitude, h

Flight Mach number, M

0
m ft 0.6 0.9
Angle of | Nominal Load Angle of | Nominal Load
attack, |Reynolds factor attack, | Reynolds factor
a, number o, number,
deg Re deg Re
8’048 Ma0000 | 255 18 |8, 44107 | 3.4, 8.0 | smmahia] cadiiinsfmmitimn
4572 | 15000 4.74 2.0, 2.5 6 7.10><107 2.3
6 096 | 20 000 4.08 1.6, 2.0 6 6.08 1.9
7 620 | 25 000 3.46 1.3,1.6 |4.5-9 |5.19 1.1-2.6
9144 | 30000 | 11-14 |2.89 1.1-1.4 6, 9 4.39 1.2, 2.1
10 668 | 35 000 | ====m== | coccemmen | commm———— 6, 9 3.69 1.2, LN
12 192 | 40 000 | =--==m= | m=mememme | cemcmeeee 9 2.94 1.3
13 716 | 45 000 | ======= | mmmcmmee | coccc———— 9 2.31 1.0
Nozzle pressure ratio variation, P8/p0:
At M0=0.6 and h=4572m (15000 ft) . . . . . . ... ..... 2.2-2.9
At M0=0.9 afid - h'= 7620'm (257000 ft) “* =5 o S s . 2.6-3.8
Level flight Mach number variation at h = 7620 m (25 000 ft)
(nozzles 25Ex and 100 only) « . . . ¢ v v v v e v e e e e e e e e e 0.6-0.98
C-69-2871

Figure 1. - Modified F-106B in flight.
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Figure 2, - Boattail nozzles installed on F-106B aircraft,

Secondary flow valve ]

/
/_ Forward link / /— Secondary flow passage—|
,— Load cell /
/

—Boattail nozzle
\
\
\

4—: Engine-- - = :
J CD-11231-02
Station 132.79 (52. 28) 254.00 (100. 00) 528.90 (209, 12)
Inlet leading edge Compressor face

Wing trailing edge

Figure 3. - Schematic of nozzle instailation (all dimensions are in cm (in.)).



Figure 4, - Nacelle installation,
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(a) Nozzle 25; radius ratio, 0.25.

(b) Nozzle 25Ex; radius ratio, 0.25.

Figure 5. - Boattail nozzles.

C-70-2695




(d) Nozzie 100;
Figure 5.

1) A C-10-29

(c) Nozzle 65; radius ratio, 0. 65.

st SR A

radius ratio, 1.00.
- Concluded.

o

C-70-2692
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/rWing trailing edge

B

FEcr e

s

e

ey

Nozzle 25; radius ratio, 0.25; radius
to maximum diameter ratio, 0.72;
boattail angle, 24°.

\—-[ e—25.4.(10)

Nozzle 25Ex; radius ratio, 0.25; radius
to maximum diameter ratio, 0.72;
boattail angle, 24°.

Nozzle 65; radius ratio, 0.65; radius
to maximum diameter ratio, 1.875;
boattail angle, 24°,

Nozzle 100; radius ratio, 1.00; radius
tomaximum diameter ratio, 2. 89;
boattail angle, 24°.

CD-11230-02

Figure 6. - Radius ratios and boattail angles (all dimensions are in cm (in.)).




Nozzle S r Z
5 | 45.42 45.81 |18.67
(17.88) | (18.06)[ (7.35)
25Ex | 70.82 45.87 |44.07
(27.88)| (18.06)| (17.35)
65 |6L01 [119.28 |48.51
(24.02) | (46.96) (19.10)
100 |74.65 |183.52 |74.65
0.38 Station 530. 63 (29.39) (72.25)| (29.39)
(0.15) (2108‘ on 0.13
- (0.05)
' S
380
0.13 :
(0.05) igd
» j
VR i
22.86 !
f
- (9.00) l
(25.00) | 3115
| (12.50)
|
I
|
|
- Tangent
point
L f
% |
56. 90 S
(22. 40)
CD-11234-02

Figure 7. - Boattail nozzle dimensions (all dimensions are in cm (in.)).
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Ce+—
i B
[ J
[ ] @ Static pressure
® ® ® Thermocouple
®
[ ]
[ ] 9
B «—
[ ]
Ce——

00
210° 90°
180°
View C-C
180°
- ll =
e CD-11233-02

Figure 8. - Boattail nozzle instrumentation.

CD-11232-02

Figure 9. - Tail camera installation.
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Elevon deflection angle, 8, deg

Elevon deflection, 6, deg

— Elevon up

Elevon down ———

Mach Altitude,

number, h,
Mo m (ft)
O 09 7620 25000
@) .6 9144 30 000
= -4 Open symbols denote left elevon
& Solid symbols denote right elevon
g
o
R 4
k '/./’/.
£ o
S
[ 2
4
= | | | | | J
4 6 8 10 12 14 16
Aircraft angle of attack, a, deg
Figure 10. - Elevon deflections in angle-of-attack maneuvers.
Angle of  Mach
attack, number,
a, MO
T deg
O 13 0.6
O 11 .6
D 9 .9
-4— D 6 A7
Open symbols denote left elevon
Solid symbols denote right elevon
_2__
]
H D\D\D\_D\m
il \.
l | I I l |
2 4 6 8 10 12 14x103
Altitude, h, m
[ | | | | 1 | |
0 15 20 25 N 3% 0 4503
Altitude, h, ft
Figure 11. - Elevon deflections with altitude variation.
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Pressure coefficient, Cp

Reynolds number,
Re

5. 05x107
2.30

oo

Reynolds number,

Re
a 50510 o
°o 2% =

0
-2
-4
-6
-8 | [ 1 J | | | | | J

Nozzle 25 Nozzle 65
i Reynolds number, Reynolds number,
Re
Py o 4.58x107
o 2.6

0 —
-2
-4
- 6 | -

| | | | [ 1 I | L

-.8 -4 0 4 .8 L2 -L2 -8 -4 0 4 .8 1.2
Nozzle axial location, x/{ -

Nozzle 100 Nozzle 25Ex

(c) Pressure distribution comparisons; meridian angle, 1800.

Figure 13. - Concluded.
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.10

.08

.06

.02

Boattail drag coefficient, Cpg (+ = Drag) -

Nozzle 25Ex

Reynolds number,
Re, 2.76x10

- Reynolds number,
Re, 5.21x10

Nozzle

B O—— 25x
O—— 25
D—— 65
| O--—- 100
N
A\\ R
B AN
ERNON
~§D~° -
-0
B N
| | | i
2 3 4 5 ox107

Reynolds number (5. 18 m (17.00 ft) run), Re
{a) Boattail drag coefficient.

Approximate regions
of separated flow

Nozzle 65

Reynolds number, Reynolds number,
Re, 2.29x10 Re, 2.76x107

Reynolds number, Reynolds num?er,
Re, 4.84x10 Re, 5.21x10

Nozzie 100

Nozzle 25

Reynolds number,
Re, 2.29x10

Reynolds number,
Re, 4.84x10

Inboard —

(b) Separation.

Figure 14. - Reynolds number effect on boattail drag, separation characteristics, and pressure distributions

Mach 0.6; angle of attack, 11°
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Pressure coefficient, Cp

]

Reynolds
number,
Re

4. 84x107

o 229 DUEF]D

oo

Reynolds
number,
Re

4. 8x107
2.29

" Nozzle 25

Reynolds
number,
Re

4.46x107
2.76

Nozzle 65

Reynolds
number,
Re

5:21x107
2.76

o0

Nozzle 100 '

.8 1.2 -1.2 -.8

Nozzle axial location, x/1

Nozzle 25Ex

() Pressure distribution comparisons; ‘meridian angle, 180°.

Figure 14. - Concluded..

1.2
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Nozzle
O——— 25Ex

O 25
0 L — 65
R Cp—-— 100 .
T og— '
T : o) .0
+ C
@ o
<
@ -
£ Sy
(=) —
4 N, 0 Tl
= [ S ~
3 02— —_—A
= 0\5-4;‘ o
0 1 1 | L |7
z 3 4 5 3 7x10

Reynolds number (5. 18 m (17,00 ft) run), Re
{a) Boattail drag coefficient.

Approximate regions
of separated flow

Nozzle 25Ex . Nozzle 25 Nozzle 65 Nozzle 100
Reynolds numh]er, Reynolds numb7er, Reynolds n'umt}er, Reynolds nUml}er, .
Re, 2.96x10" . Re, 2.92x10 Re, 2.92x10 Re, 2.96x10
Reynolds numger, Reynolds numn]er, Reynolds number, Reynolds numb7er,
Re, 6.05x10 Re, 6.55x10 Re, 6. 55x107 Re, 6.05x10
Inboard —+

(b} Separation.

Figure 15. - Reynolds number effect on boattail drag, separation characteristics, and pressure distribution,
Mach 0.9; angle of attack, 6°. . -



Pressure coefficient, Cp

X
-3

Reynofds ' [ Reynolds

number, . number,
Re . ' Re

6. 55x107 — O 6.55x107

2.92 O 29

R A R N R I
Nozzle 25 ’ . . - Nozzle 65
4 Reynoids — Reynolds
r number, . number,
Re
2 — O 6050
O 29
oF—
-, 2 S
-4
-6 | | | ] I | | |
-.8 -4 0 .4 .8 1.2 -1.2 -8 -4 0 1.2

Nozzle axial location, x/1
Nozzle 100 Nozzle 25Ex
(c) Pressure distribution comparisons; meridian angle, 180°.

Figure 15, - Concluded.
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12— Nozzle

25Ex

25

65
100

Boattail drag coefficient, CDB' (+ = Drag) '

I | ]
7 - 3 4 5 ox107
Reynolds number (5. 18 m (17.00 f) run), Re -

~ (a) Boattail drag coefficient.

o

' Approximate regions
of separated flow

Nozzle 25Ex Nozzle 25 ' . Nozzle 65 Nozzle 100

Reynolds numl%er, reynolds number, Reynolds number, Reynolds number,
Re, 2.47x10 Re, 2. 80x107 Re, 2.80x10 Re, 2.47x10
Reynolds number, Reynolds number, Reynolds numb]er, Reynolds number,

Re, 4.77x107, Re, 4.5410 Re, 4.54x10 Re, 4.77x10
) Inboard —
(b} Separation.

Figure 16. - Reynoids number effect on boattail drag,_separation characteristics, and pressure.distributions, . -

“~ Mach 0.9; angle of attack, °.



Reynolds Reynolds
number, number,
L2— Re —
O a 54107

O 230 -0

-2 —

-4 -
UQ
5 l l | I R l
'§ Nozzle 25 Nozzle 65
g
DD
I~ Reynolds Reynolds
2 number, [— number,
:»_’ Re Re

7 7
2k O 47110 Pa 0 47110
o 293 B o 2.4

o— -
-2 I
-4 "
-6 | [ 1 1 J | | i | |
-.8 -4 0 4 .8 12 -1.2 -.8 -4 0 4 .8
Nozzle axial position, x/1
Nozzle 100 Nozzle 25Ex

{c) Pressure distribution comparisons; meridian angle, 18P,

Figure 16. - Concluded.

Nozzle
O———— 25Ex
(o] O — 25
0 — Lm—== 65
= 0O—--—100
= a
(=]
:— 08 /‘/ﬁ @————O—-O'——O
— . - / [ :
oo e
& &7 °
|5
g a
g o g
® M= g4 OO —— O —
= A ©
= JaN
@ E‘ _________ D
02— —8.L o0
a
0 l L | l | |
10 12 14 16 4 6 8 - 10
Aircraft angle of attack, a, deg
(a) Mach 0, 6; altitude, 9144 meters (b} Mach 0.9; altitude 7620 meters
(30 000 ft); Reynolds number (25000 ft); Reynolds numbgr
(5.18 m (17.00 fty), 2.5x10°. {5.18 m (17.00 fth), 4.80x10°,

Figure 17. - Angle of attack effects on boattail drag coefficient.



Reynolds number (5. 18 m (17.00 ft)),

Re :
Nozzles 25 and 65 Nozzle 100 :tt:%f oé Reynolds numberR(eS. 18 m (17.00 #t)),
o 2.30x307 2. 60x107 deg
& 3.30 32 Nozzles 25 and 65  Nozzle 100
o 3.50 3.60 o 6 2.90x107 - 3.00x107
JAY 4.30 4.40 0 6 4.90 5.00
10 — — <O 9 3.8 3.60
_ O
5
5 .08 — —
[+ \
S 06 —
E
s .-~ 8
3 o -
§1 .04% A \\\j f
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‘B " T \>
s 02— —
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Nozzle 65 Nozzle 65
~Nozzle 25 | Nozzle 100\{ ~Nozzle 25 J Nozzle 100»{
0
.25 .50 15 1.00 .25 500 - 75 1.00
Radius ratio, r/r,
{@) Mach 0.6; ange of attack, 13°. {b)-Mach 0.9,
Figure 18. - Radius ratio effect on boattail drag coefficient.
-mr Nozzle _
O—  25&x
_ O-—== 25 :
8 b O&—— 65 -
s %7 p—-— o _—_O—__O__O_Q\%ENO
hat O
o
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e o —~O—00
s © o
°
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. T
) 1 | a | | | | \ | L
2.2 2.4 2.6 2.8 3.0 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
_ Nozzle pressure ratio, Pg/pg =
{a) Mach 0. 6 altitude, 4572 meters (15 000 ft). (bYMach 0.9; altitude, 7620 meters (25 000 ft).
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Figure 19. - Nozzle pressure ratio effects on boattail drag coefficient. Nozzle exit area ratio, Ae/A', 1. 12; nozzle exit isentropic
pressure ratio, p/Plg jcan. 0.3L



Boattail drag coefficient, Cpp (+ = Drag)

4 —
Nozzle ’
12— (@) 25Ex 1 00 —
O 100

Nozzle performance, F - DIF; P (summation of forces)

| I | = 76 l I | |
.6 ol .8 ) 1.0 .6 il .8 .9 1.0
Flight Mach number, Mg

(a) Boattail drag coefficient. (b) Nozzle performance.

Figure 20. - Mach number effects on boattail drag and nozzle performance. Level flight altitude, 7620
meters (25 000 ft).

- i Attached flow —
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- 0 N\

| =4

2
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= \- Separated flow

8
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2
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2
-6 | | | | | J
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Distance along béattail surface, x/1

Figure 21. - Typical pressure distribution.
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_ - Vortex sheet with edge
i \ rolled up above wing

\
\
\
3 Fuselage ~_
| /
| /
| |
| L Qutward flow of mainstream
\‘ air under vortex sheet —
\
\\ \
Separation region —\

Reattachment line (dividing line between chordwise flow
inboard of vortex sheet and outward flow under vortex sheet)—

/
Wing trailing edge —

CD-11229-02
Figure 28. - Delta wing flow pattern (ref. 11).

e C-70-2306
Figure 29. - Tuft positions on left wing.
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(a) Mach 0.6; altitude, 4572 meters (15 000 ft); angle of attack, 11°.

(b) Mach 0.9; altitude, 7620 meters (25 000 ft); angle of attack, 9°.

Figure 30. - Wing tuft pictures.
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Airplane centerline
(fuselage not shown)

_~—Reattachment line
Outward flow under vortex sheet ~

_—Tufts
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\
“-Chordwise flow

-
-t et
-t <+

-t

-

-85 engine centerline—"" CD-11228-02

Figure 31. - Wing flow characteristics. Mach 0.6; altitude, 4572 meters (15 000 ft); angle of attack, 11°.
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Figure 34. - Reynolds number effect on boattail pressure distribution. Mach 0.6; angle of attack, 13%; nozzle 65.
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Figure 37. - Reynolds number effect on boattail pressure distribution. Mach 0.9; angle of attack, 9. nozzle 25 Ex.
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Figure 38. - Reynolds number effect on boattail pressure distribution. Mach 0, 9; angle of attack, 9°; nozzle 65.
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Figure 40. - Effect of angle of attack on boattail pressure distribution. Mach 0, 6; altitude, 9144 meters (30 000 ft);
Reynolds number, 2. 3x10'; nozzle 25.
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Figure 41, - Effect of angle of attack on boattail pressure distribution. Mach 0.6; altitude, 9144 meters (30 000 ft); Reynolds number, 2.7x107;
nozzle 25 Ex,
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Figure 42, - Effect of angle of attack on boattail pressure distribution. Mach 0.6; altitude, 9144 meters (30 000 ft);

Reynolds number, 2.3x10/; nozzle 65.

64




Boattail pressure coefficient, Cp

-1.0
=1

CIRCUM.LOCAT [ON C[RCUM.LOCAT ION
irariiiis g 2700 ¥
300 0 135" X 180" ¢ 300" D
60" 4 180" 0 225 0 3300
g . g ntf g
¥ ¥ BE hd & [ Y B
B . Ble°
it grid
ol s g 0
X
¥ [
0 -8 -6 -4 -2 4 6 .8 -.2 4 6 8 1.

Disiance along boattail surface, x/1
{d) Angle of attack, 14.1°,
Figure 42. - Concluded,

65



1.
0 CTRGUR LocxTTan CIRCUS LOCATION
) 90" +
.8 30° 0 135 X 180° ¢ 300: 7
60° &4 180" ¢ 225" a0 330 a
6
.4
2 +
‘ L L
0 2 it % N
NIREIENTL g oogt
-.2 X175 A4 5
o 80
b ;
~-.4
-.6
-.8
-1.0
(@) Angle of attacx, 11 5°.
1,0
Cl%CUg.LDCs;lON CIRCUM.LOCATION
‘ o+ 00 270" ¢
.8 30" 0 135 X 180 ¢ 300' O
60" & 180° ¢ 225" 0 330" Q
o .6
(&)
=
2
(s)
E 2 *
s .
E . ¥ L
2 i gg 8 EF;
2 3
g, . ) o b 4 ﬁ§° v % 1 i
g~ o B 3 §
= b 9
S -8
5
f=3
[=2]
-.6
-.8
-1.0 . >
{b) Angle of attack, 12, 1°,
1.0 CIRCUM.LOCATION CIFS’(UM.LOE%ION
[\AY) 90" + ‘0 'y
8 30" 0 135" x 180° ¢ 300' p
: 60" 4 180" ¢ 225' 6 330" 0
.6
4
.2 4 @
0 y g gé@_J — &ﬂﬁJ
% g
_2 o B ﬂ»% 3 v @Eg_%,
x
Q ; 0 ® } %
-.4
-.6
-.8
-1.0 - —~
1.0 -8 -.6 -4 -2 2 4 6 .8 10 -1,0 -8 -6 -.4--:2 .0 2 4 .6 8 1

Distance along boattail surface, x/1

{c) Angle of attack, 13.4°.

Figure 43. - Effect of angle of attack on boattail pressure distribution. Mach 0.6; altitude, 9144 meters (30 000 ft);
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