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FLIGHT REYNOLDS NUMBER EFFECTS ON A CONTOURED

BOATTAIL NOZZLE AT SUBSONIC SPEEDS

by Roger Chamberlin

Lewis Research Center

SUMMARY

A contoured boattail nozzle typical of those used on a twin-engine fighter was tested
on an underwing nacelle mounted on an F-106B aircraft. The gas generator was a J85-
GE-13 turbojet engine. The effects of Reynolds number, Mach number, and angle of at-
tack on boattail drag and boattail pressure profiles were investigated.

Increasing Reynolds number caused a slight reduction in boattail drag at both Mach
numbers of 0. 7 and 0. 9. This effect was more pronounced at Mach 0. 7 and at the lower
Reynolds numbers at Mach 0.9. The relatively small change in drag was associated with
the small change in the extent of the separated region over the Reynolds number range.
The boattail drag levels of this nozzle were relatively low, even though the flow over a
sizable portion of the boattail was separated. The geometry of this nozzle caused the
flow to recompress to high pressures before it separated, so that the separated region
had high pressure and little or no 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.
Some of the more recent studies have concerned boattail nozzles designed for use on
afterburning turbofan engines on aircraft that would have supersonic dash capability, but
which cruise subsonically (refs. 5 and 6). The program described in this report was a
test of a boattail typical of those used on a twin-engine fighter aircraft. The nozzle was
fixed with the boattail in the closed or subsonic cruise configuration. The purpose of



this program was to determine the effects of Reynolds number on the boattail drag and
pressure distribution of this particular boattail geometry. The geometry was such that
there was very little curvature initially and most of the turning occurred on the rear half
of the nozzle length. Because of the gradual turning on the upstream portion and the ne-
cessity of keeping the nozzle reasonably short, high boattail angles resulted on the down-
stream portion of the boattail. This geometry also resulted in 80 percent of the pro-
jected boattail area being on the downstream half of the nozzle length.

Other geometries of rounded shoulder boattails have been tested previously for
Reynolds number effects (refs. 5 and 6). In the flight range of Reynolds numbers the
previous boattails have all shown a reduction in boattail drag with increasing Reynolds
number. Some of the geometries experienced only a small effect, while on others the
change in drag was considerable. This was the result of increased compression of the
flow on the aft portion of the boattail at higher Reynolds numbers. The cause of this
phenomenon appeared to be a decrease in the amount of separated flow on the aft boattail
surface.

Data were taken at altitudes between 3048 and 16 764 meters (10 000 and 55 000 ft)
fi />

and Reynolds numbers between 70. OxlO and 16.0x10 . Angle of attack was varied from
2.4 to 9.4 , and Mach number varied from 0.6 to 0.975.

SYMBOLS

area
p o

AEO nozzle effective throat area (hot), cm ; in.

Ag nozzle exit area, 903.07cm2; 139. 98 in. 2

2 2
A maximum cross-sectional area, 3167. 12 cm ; 490. 87 in.

CD drag coefficient, D/qQAmax

C pressure coefficient, p - P0/q0

D pressure drag, N; Ib

h altitude, m; ft

L characteristic length, 5 .18m; 1700ft

I nozzle length, 61.47cm; 24. 20 in.

M Mach number
2

P total pressure, N/m ; psia
2

p static pressure, N/m ; psia



2
q dynamic pressure, N/m ; psia

Re Reynolds number, pvL/jn

T total temperature, K; °R

v velocity, m/sec; ft/sec

x axial distance from boattail shoulder nacelle station at 530.63 cm (208.91 in.)

y radial distance from nozzle centerline to boattail surface, cm; in.

a angle of attack, deg
2

/j. coefficient of viscosity, (N)(sec)/m ; slugs/(ft)(sec)
3 3p density, kg/m ; slugs/ft

Subscripts:

B boattail

0 free stream

8 primary nozzle throat station

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 nacelle and boattail nozzle are
shown in figures 2 and 3. The nacelle was located at the 32 percent semispan and alined

1°parallel to the aircraft centerline. The nacelle had a downward incidence of 4— (rel-
ative to the wing chord) so that the aft portion of the nacelle was tangent to the aft wing
lower surface, and the clearance at the wing trailing edge was approximately 0. 64 centi-
meter (0.25 in.)- 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 generator for this nozzle was a J85-GE-13 turbojet engine with an after-
burner. The variable-area primary nozzle was locked at 709. 70 square centimeters

o
(110. 00 in. ) and permitted operation at military or part power. The secondary cooling
airflow was controlled by a rotary valve just ahead of the compressor (fig. 2). Because
the ratio of the nozzle exit area to primary area was small (A /Aft = 1.28), this nozzle

c O

could pump only small amounts of secondary air (approximately 1 percent of the primary
flow); so the secondary flow valve was fixed in the full-open position.



Test Hardware

A photograph of the boattail installed on the aircraft is shown in figure 4. The di-
mensions of the nozzle and boattail are shown in figure 5. The boattail had local boattail
angles as high as 31°. The ratio of nozzle exit area to nacelle area A /A . was 0.29.

i. 11111X

The coordinates of the contoured boattail are also listed in figure 5. A nickel-chromium
base alloy (rolled alloy 333) was used for the internal portions of the nozzle, and the ex-
ternal parts were predominately 304 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 the nozzle quite extensively (see
fig. 6). The nozzle had 12 rows of static-pressure orifices equally spaced circumferen-
tially around the boattail. There were nine ports in each row spanning the length of the
boattail, and all 108 pressure taps were area weighted to simplify the boattail drag cal-
culations. Thirteen static-pressure orifices were located on the cylindrical section up-
stream of the boattail.

Tufts were mounted on the upper quadrant of the boattail, and pictures of the tufts
were taken with a high-speed motion-picture camera mounted in the tail (see ref. 5).
The camera was integrated with the data system so that it ran only during each of the
11. 60-second data scan periods.

Procedure

All the flights were made from Selfridge Air National Guard Base in Mt. Clemens,
Michigan, in a test corridor over Lake Huron. A total of three flights were made and
the majority of the data were taken at Mach numbers of 0. 7 and 0. 9. The ranges of
flight variables, speed, altitude, angle of attack, and load factor, are listed in table I.
The majority of the data were taken in coordinated turns. The means of varying the
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
and increasing the load factor. The data points for Mach number variation were taken in
level flight. The lowest Reynolds number data point was taken in a pushover maneuver.
This data point was taken at an altitude of 16 764 meters (55 000 f t) , where the F-106B
will not fly straight and level at a Mach number of 0.9. The J-85 engine was run at



military power for all of the data points, and the nominal nozzle pressure ratios were
3. 2 at Mach 0. 7 and 3. 9 at Mach 0.9.

Data Reduction

Engine airflow was determined by using prior engine calibration data (ref. 7) along
with in-flight measurements of engine speed, pressure, and temperature at the compres-
sor face. With the compressor inlet flow, the total pressure and temperature at the tur-
bine discharge, and the fuel flow rates known, other parameters at the primary nozzle
exit, such as effective area A™, total pressure Pg, and total temperature Tg, were
obtained from previous calibrations. All the drag values were determined by pressure
integration.

The accuracy of the pressure data recorded on this test was improved somewhat
over that on previous tests (ref. 5). This improvement was primarily due to more
timely and exacting calibrations of the Scanivalve transducers. All of the transducers
had one port measuring a common pressure, the nose boom free-stream static pressure.
These values, for each data point, measured on the transducers were averaged. All the
pressures on any one transducer were then adjusted by the difference between the aver-
age value and the value measured by that transducer. This procedure accounted for
slight differences in calibrations or small shifts in calibration from one data point to the
next.

The data recorded on the lowest Reynolds number point are open to some question.
These data were taken in a pushover maneuver, and the altitude was changing during the
data scan, in particular at the end of the data scan. The pressures measured at the end
of the data scan showed a definite shift that could be correlated with an altitude loss.
Pressures from other data points where altitude was stable, and data recorded early in
this data scan were used to adjust the values shifted by the altitude change. These ad-
justments resulted in a shift in drag coefficient of only 0. 007. The data presented were
corrected by this amount.

RESULTS AND DISCUSSION

Reynolds Number

On previous tests of other boattail geometries (refs. 5 and 6) Reynolds number had
a very significant effect on boattail drag. On this boattail, Reynolds number also pro-
duced an effect on boattail drag, but it was considerably less than on most other

fi figeometries. The range of Reynolds number was approximately 16. OxlO to 70.0x10 .



The Reynolds number was based on a characteristic length of 5. 18 meters (17. 00 ft) ,
which took into consideration the wing chord at this station (approximately 7. 32 m;
24.00 ft) and the nacelle length (approximately 3. 96 m; 13.00 f t) .

Tests were run over ranges of Reynolds number at Mach numbers of 0. 7 and 0.9.
The data at Mach 0. 9 are presented in two portions at different angles of attack. The
boattail drag results at the lower angle of attack (2. 4° to 4. 6°) are shown in figure 7.
The effect of Reynolds number in this range was small. The drag decreased only
slightly with increasing Reynolds number. The cause for this change in drag can be
clearly seen in the pressure profiles in figure 8. The vertical scale in this figure has
been expanded in order to emphasize the small differences in the pressures on the aft
boattail. This expanded scale also emphasizes the improved accuracy that was obtained
in this test over that in the previous ones (ref. 5).

The change in drag with Reynolds number resulted from increasing compression of
the flow on the aft portion of the boattail. These changes occurred even though the flow
was separated over a large portion of the boattail. Tufts were mounted on the upper
quadrant of the boattail, and high-speed motion pictures were taken with a camera in the
tail of the F-106. Only small changes in the tufts were noticeable between high and low
Reynolds numbers, but at all conditions there was a very obvious separated flow over the
rear half of the boattail. This is shown in figure 9. A small change in the separation
point could have resulted in these changes in the pressures.

As the Reynolds number is increased, the boundary layer becomes thinner. With a
thinner boundary layer the flow in it has more energy and can traverse an adverse pres-
sure gradient farther before separating. This effect results in more compression and
higher pressures on the boattail. On this boattail, with its very high local boattail
angles, the separation point was almost fixed. Changes in boundary-layer thickness
could not affect the separation point as on other boattails (refs. 5 and 6), and so only
minimal changes in separation, pressures, and drag were seen.

The drag data at the higher angle of attack (5. 5° to 7. 8°) at Mach 0. 9 are shown in
figure 10. At high angles of attack it was possible to test at lower Reynolds numbers be-
cause the aircraft could be flown at higher altitudes. The lowest Reynolds number data

c
point (16. Oxio ) was taken in a pushover maneuver at an altitude of 16 764 meters
(55 000 ft). The pushover maneuver did create some problems, as discussed in the sec-

6

c
tion Data Reduction. At the higher Reynolds numbers, above 35.0x10 , the effect of
Reynolds number on boattail drag was small. However, at lower values, below 35.0x10
the effect increased. The pressure profiles in figure 11 show that pressures dropped off
with decreasing Reynolds number, which indicates the separation point was moving up-
stream. Figure 12 shows changes in tuft positions which, although small, also indicate
the separation was moving upstream.

Some of the pressure profiles, in particular those at the high Reynolds numbers,
may not appear to represent a separated flow. They do not only because of the expanded



scale used to show the differences that resulted on the aft boattail. If the scale were
changed, the pressure curves would look quite different. Figure 13 shows the same
pressures without the expanded scale and plotted against percent of boattail projected
area. In this figure all the pressures indicate a separated flow over a majority of the
boattail area. This figure also explains why the drag of this boattail was much lower
than might be expected. First, because of the gradual turn at the shoulder the flow
never expanded to an extremely low pressure as on other geometries. Second, the
geometry was such that the flow began recompressing quickly, and therefore the region
where the low pressures did exist covered only a small portion of the total projected aft-
facing area. Third, because the flow recompressed quickly before separating, the pres-
sures were high in the region of separated flow and it had almost no net force. The end
result was a low drag.

Figure 14 shows the effect of Reynolds number on boattail drag at a Mach number of
0. 7. A change in Reynolds number of the same magnitude was achieved at Mach 0. 7 as
at Mach 0. 9. The effects at Mach 0. 7 were similar to those at Mach 0. 9, but this geom-
etry seems to have been more sensitive to Reynolds number at the lower Mach number.
The corresponding pressure profiles are shown in figure 15. As before there was an in-
crease in compression on the aft boattail with increasing Reynolds number.

Mach Number

The effect of Mach number on boattail drag is shown in figure 16. As the Mach num-
ber was increased, a terminal shock was formed on the wing and began moving aft. At a
Mach number near 0. 95 the shock moved off the back of the nacelle, and the result was a
drastic increase in boattail drag. This effect was common to all nozzles tested in this
installation and is further explained in reference 3.

Angle of Attack

The effect of angle of attack on boattail drag at both Mach numbers of 0. 7 and 0. 9 is
shown in figure 17. At Mach 0. 7 there was little or no effect of angle of attack on boat-
tail drag. At Mach 0. 9 there was a slight increase in drag with increasing angle of
attack.



SUMMARY OF RESULTS

A scaled version of a boattail nozzle typical of those used on a twin-engine fighter
aircraft was installed just below and aft of the wing trailing edge on an F-106B aircraft
and was tested at subsonic speeds. The nozzle was fixed in the closed, or military
power, configuration. The effects on boattail drag of Reynolds number, angle of attack,
and Mach number were investigated. The following results were obtained:

1. Increasing the Reynolds number, by reducing altitude (changing density and vis-
cosity), resulted in a slight decrease in boattail drag at both Mach numbers of 0. 7
and 0.9.

2. Increasing the Reynolds number produced a modest increase in compression of
the flow on the aft boattail, even though the flow was separated over approximately 50
percent of the projected boattail area at both high and low Reynolds numbers.

3. This boattail nozzle had relatively low drag even though the flow was separated
over a major portion of the aft-facing boattail area.

4. At Mach 0. 7 no effect of angle of attack was detected, but at Mach 0. 9 there was
a slight increase in boattail drag with increasing angle of attack.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, January 14, 1974,
501-24.
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TABLE I. - FLIGHT TEST VARIABLES

Altitude, h

m

Q r\A Q

4 572

6 096

7 620
a9 144

10 668
19 1Q9

n 71 fi

16 764

ft

i n nno

15 000

20 000

25 000

30 000

35 000
4n find
4^ nnn
55 000

Flight Mach number , MQ

0 .7

Target angle
of attack.

a,

deg

7

7, 9

5 to 11

7, 9

7, 9
9

Nominal

Reynolds

number,

Re

CA iv in"

55.3

4 7 . 3

40 .4

34.2
28.7

Load
factor

9 •?

1.9. 2.5

1. 1 to 2. 6

1.2. 1.6
1.0. 1.3

1. 1

0.9

Target angle
of attack.

ff,
deg

5

5

5. 8

5. 8

5 . 5 to 9
g
0

8

Nominal

Reynolds

number,

Re

71.0X106

60.8

51.9

43.9

36.9
29 4

23 1
14.3

Load

factor

2.3

1.9
1.5, 2.6

1.2. 2. 1

1. 1 to 1.9
1 3

1 0
Vi.o

h
*Mach number variation in level flight, 0 .6 , 0 .65. 0.70. 0 .75 , 0.80. 0 .85, 0.90, 0.975.
Pushover maneuver.

Figure 1. - Modified F-106B inflight.

10



Secondary flow valve

Boattail nozzle

CD-11231-02

Station 132. 79 (52.28)
Inlet leading edge

254.00(100.00)
Compressor face

528.90 (209.12)
Wing trailing edge

Figure 2. - Schematic of nozzle installation. (Dimensions in centimeters (in.).)

C-73-2042

Figure 3. - Nacelle installation.
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Figure 6. - Boattail nozzle static-pressure instrumentation. CD-11233-02

.04

^.2 .02

30 " 35 40 45 50 55 60 65 70xl06

Reynolds number, Re

Figure 7. - Reynolds number effect on boattail drag coefficient. Mach number, 0.9; angle
of attack, 2.4° to 4.6°; characteristic length, 5.18 meters (17.00 ft).
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Reynolds
number

A 69.3X106

D 52.8
O 33.7

(a) Meridian angle, 0°. (b) Meridian angle. 30°.

0 .2 .4 .6 .8 1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6
Axial location on boattail surface, x/i

.8 1.0

(e) Meridian angle, 120°. (f) Meridian angle, 150°

Figure 8. - Effect of Reynolds number on boattail pressure distribution. Mach num-
ber, 0.9; angle of attack, 2.9° to 4.6°.
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Reynolds
number

.6 -.4 -.2 0 .2 .4 .6 .8 1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0
Axial location on boattail surface, ~n.lt

(k) Meridian angle, 300°. (I) Meridian angle, 330°.

Figure 8. - Concluded.
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(a) Reynolds number, 35.7X106. (b) Reynolds number, 69.4X106.

Figure 9. - Tuft patterns at high and low Reynolds numbers. Mach number, 0.9; angle of attack, 2.4°to 4.6°

.06i—

20 25 30 35 40
Reynolds number, Re

45 50 55xl06

Figure 10. - Reynolds number effect on boattail drag coefficient. Mach number, 0.9; angle
of attack, 5.5° to 7.8°; characteristic length, 5.18 meters (17.00 ft).
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Reynolds
number

(a) Meridian angle, 0°. (b) Meridian angle, 30°.

(c) Meridian angle, 60°.

.Wi-

ld) Meridian angle, 90°.

.8 1.0 -.8 -.6 -.4 -.2 0 .2 .4
Axial location on boattail surface, nil

(el Meridian angle, 120°. (f) Meridian angle, 150°.

Figure 11. - Effect of Reynolds number on boattail pressure distribution,
ber, 0.9; angle of attack, 5.5° to 7.8°.

6 .8 1.0

Mach num-
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.10

.05

0

-.05

-.10

-.15

-.20

-.25

-.30

-.35

-.40

Reynolds
number

A 54.2xl06

G 27.9

O 16.0

(g) Meridian angle, 180°. (hi Meridian angle, 210°.

.6 -.4 -.2 0 .2 .4 .6 .8 1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0

Axial location on boattail surface, x/l

(k) Meridian angle, 300°. (I) Meridian angle, 330°.

Figure 11. - Concluded.
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(a) Reynolds number, 16.0X10 .̂ (b) Reynolds number, 44.3X106.

Figure 12. - Tuft patterns at high and low Reynolds numbers. Mach number, 0.9; angle of attack, 5.5°to 7.8°
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- .4

0

Reynolds
number

A 54.2X106

D 27.9

0 16.0

(a) Meridian angle, 0°. (b) Meridian angle, 90°.

A A-

I I I
. 2 .4 .6.6 .8 1.0 0 .2

Percent projected boattail area, (AB/AB

(c) Meridian angle, 180°. (d) Meridian angle, 270°.

Figure 13. - Boattail pressures on increments of equal projected area Mach number, 0.9; angle of attack, 5.5°to7.8°

1.0

.06

I .04

.02

O

Angle of attack,
a,

deg

O 7.75 to 8.89
D 5.65 to 6.60

25 30 35 40 45 50 55 60 65X106

Reynolds number, Re

Figure 14. - Reynolds number effect on boattail drag coefficient. Mach number, 0.7; char-
acteristic length, 5.18 meters (17.00 ft).
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Reynolds
number

O 52.5x10°
O 46.3
O 39.2
O 33.9

.2 .4 .6 .8 1.0 -.8 -.6 -.4 -.2 0
Axial location on boattail surface,

.2 .4 .6 .8 1.0

(e) Meridian angle, 120°. (f) Meridian angle, 150°.

Figure 15. - Effect of Reynolds number on boattail pressure distribution. Mach num-
ber, 0.7; angle of attack, 5.6° to 8.9°.
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Reynolds
number

D 52.5xl06

O 46.3
Q 39.2
O 33.9

(g) Meridian angle, 180°. (h) Meridian angle, 210°.

.6 -.4 -.2 0 .2 .4 .6 .8 1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6
Axial location on boattail surface, x/l

(k) Meridian angle, 300°. (I) Meridian angle, 330°.

Figure 15. - Concluded.

1.0
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.14

. 12

.10

i

s
CD

.06

.02 -

1.0.6 .7 .8 .9
Flight Mach number, MQ

Figure 16. - Mach number effect on boattail
drag. Level flight- altitude, 7620 meters
(25 000ft)..

.04

.02

i o

CT

o
O o

2 Mr—

(a) Mach number, 0.7; altitude, 6096 meters (20000ft); Reynolds number,
46. OxlO6, based on characteristic length of 5.18 meters (17.00 ft).

2
S

.02 —

3 4 5 6 7 8 9 10
Angle of attack, a, deg

(b) Mach number, 0.9; altitude, 10 668 meters (35 000 ft); Reynolds number,
35. OxlO6, based on characteristic length of 5.18 meters (17.00 ft).

Figure 17. Angle of attack effect on boattail drag coefficient.
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