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By James M. Cubbage, Jr.
SUMMARY

An investigation has been conducted at Mach numbers from 0.6 to
1.28 to determine the drag characteristics of a series of conical after-
bodies with a cold sonic jet issuing from the base. The models investi-
gated had boattail angles from 3° to 45° with ratios of the jet diameter
to the base diameter of 0.65 and 0.75; values of the ratios of the base
diameter to the maximum diameter were 0.55, 0.70, and 0.85. The jet
total-pressure ratio ranged from the no-jet-flow condition to approxi-

mately 8.

The results show that the bosttail angle for minimum afterbody drag
at subsonic speeds was in the 59 to 8° range and between approximately
2.59 and 5° at supersonic speeds. These values of boattail angle were
not altered significantly over the range of jet pressure ratios investi-
gated. The pressure ratio of the jet did, however, influence the level
of the minimum drag coefficient. The afterbody drag coefficients of a
30° and 450 pboattailed body were equal to or greater than that of a
cylindrical afterbody for certain test conditions. In general, the
afterbody drag coefficient increased as the ratio of the base diameter
to the maximum dismeter increased at both subsonic and supersonic speeds.

INTRODUCTION

Present-day jet-propelled aircraft capable of supersonic flight
cruises at high subsonic speeds in order to achieve a significant oper-
ating range. Since afterburner operation is not required for the cruise
condition, the exit area of the nozzle must be reduced to maintain pro-
pulsive efficiency. The reduction in nozzle exit area necessitates
increased boattailing of the afterbody or a larger base annulus. These
changes in the shape of the afterbody can result in lower static pres-
sures; thus, the drag of the afterbody increases and the range capabili-
ties of the aircraft reduces.
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The investigation reported herein is part of a study to determine
the effects of a propulsive jet on the drag of the afterbody from which
it issues through the speed range from subsonic to supersonic speeds.
The initial part of this study was concerned with jet effects on a
cylindrical afterbody and is described in reference 1. The work of
reference 2 and the present investigation were conducted concurrently
and the conical afterbody configurations of the former are geometrically
similar to the configurations of this investigation. Studies by other
researchers have been conducted at transonic speeds and some of these
are reported in references 3 to 6. Reference 3 presents data on conical
and contoured afterbodies obtained in a perforated tunnel in addition
to results from a study of boundary-layer and tunnel-wall effects on the
data. Reference 6 is one of several reported studies of jet effects on
the afterbody of rocket-launched free-flight models.

The present investigation was conducted in the Langley internal
aerodynamics laboratory over a Mach number range of 0.6 to 1.28 at

corresponding Reynolds number of 3.4 X 106 to 4.8 x 10° per foot. The
conical afterbodies investigated had boattail angles of 3°, 5.6°, 8°,
16°, 30°, and 45° with ratios of the jet diameter to the base diameter
of 0.65 and 0.75. Values of the ratio of the base diameter to the maxi-
mum diameter of these models were 0.55, 0.70, and 0.85. The jet total-
pressure ratio was varied from no jet flow to approximately 8 and the
stagnation temperature of the issuing jet was approximately TOO'F.

SYMBOLS
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CD,a afterbody drag coefficient, CD,B + CD,b
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d diameter

H total pressure

M Mach number

P static pressure

u velocity of flow at distance y from model support tube and
iparalilel “to tunnel center*line

U, free-stream velocity

T radius

5 distance along center line of model from juncture of after-
body and model support tube

y perpenducular distance from model support tube

o) boundary-layer thickness

B boattail angle; angle between center line and a generatrix
of model

97 ratio of specific heats

Subscripts:

a afterbody

b base

m maximum

J Jjet

B boattail

00 free stream

5.2 local

o] stagnation

Unless otherwise stated, "base diameter ratio" and "jet diameter

ratio" will hereinafter refer to the ratio of the base diameter to the
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maximum diameter and ratio of the jet diameter to the base diameter.
In addition, "jet pressure ratio" will refer to the ratio of the jet
total pressure to the stream static pressure.

APPARATUS AND METHODS

A drawing of the tunnel used in this investigation is presented as
figure 1. This tunnel is the same facility employed in the investi-
gation reported in reference 1 and is described in detail in that refer-
ence. A minor modification at the rear of the test section (at the con-
clusion of the tests of ref. 1) increased the cross-sectional area of
the test section at this point and, in turn, increased the maximum Mach
number of the tunnel by about 0.04. The stream stagnation temperature
at the maximum Mach number was approximately 180° F.

The model support arrangement shown in figure 1 is also identical
to the one described in reference 1. The forward strut was used to
duct high-pressure air to the model support tube and the two lower struts
contained all pressure leads from the model. The jet air was supplied
from three 1,000-cubic-foot tanks which were pressurized to approximately
100 pounds per square inch. Pneumatically operated valves were used to
maintain a constant pressure at the entrance of the jet nozzle. The
temperature of the air supplied to the jet nozzle was approximately
TOR F.

A sketch of a typical model is presented in figure 2(a) and a
photograph of 11 of the 22 models tested is presented as figure 2(b).
The boattail angle B was varied from 3° to 45°; the base diameter
ratios were 0.55, 0.70, and 0.85. Static-pressure orifices 0.020 inch
in diameter were installed along a meridian of the afterbody. The
shortest afterbody contained five boattail static orifices, whereas the
longest model had 11. Two 0.020-inch-diameter base-pressure orifices
were installed 0.09 inch from the edge of the base on each model; one
orifice was in line with the boattail orifices and the second was
located 90° counterclockwise from the first (see fig. 2(a)). A single
0.020-inch-diameter orifice was located 0.375 inch upstream from the
cone-cylinder juncture on all models and was in line with the boattail
orifices.

The shape of the sonic nozzle was identical for all the models and
consisted of a 10°-included-angle convergence section followed by a
constant-diameter portion 0.2 inch in length. Jet diameters of 1.3 and
1.5 inches were used in this investigation. All models were installed
in the test section with the line of boattail orifices in a vertical
plane through the center line of the model and opposite the slotted top
wall of the test section.
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A 0.040-inch-diameter total-pressure probe was used to obtain total-
pressure distributions across the vertical diameter of the jet. The end
of the probe passed within 0.015 inch of the base of the model, and the
pressure was continuously recorded by a three-variable recording
potentiometer.

All static pressures were recorded photographically from a multiple-
tube manometer containing tetrabromoethane. Boattail pressure coeffi-
cients were mechanically integrated for each test condition to obtain
boattail drag coefficients. The base drag coefficients, jet on and off,
were computed using the area of the base annulus only. The boundary
layer on the model support pipe was assumed to be the same as that
reported in reference 1 since the apparatus was identical. Figure 6(b)
of reference 1 is reproduced as figure 3 in the present report; this
figure shows that the boundary layer was fully turbulent at a point
5.5 inches upstream of the base. The boundary-layer thickness at this
point was approximately O.4 inch or 20 percent of the maximum model
diameter.

RESULTS AND DISCUSSION

Afterbody Pressure Distributions

A typical pressure distribution over a conical afterbody at

M, = 0.9 and at a jet pressure ratio of 4 is shown in figure 4. A
schlieren photograph of the model at these test conditions is shown at
the top of the figure. Although this distribution is for a particular
model operating at specific test conditions, it is representative of
those obtained for other models at other test conditions. The rapid
acceleration of the flow at the cone-cylinder Jjuncture is noted as well
as the extent to which this acceleration affects the pressures upstream
of the juncture. The pressure coefficient corresponding to the static
pressure necessary for sonic flow along the model is indicated by an

arrow on the ordinate at £ = -0.4. As the flow proceeds along the

m
afterbody it compresses rapidly and reaches above ambient pressures near
the base. As the boattail angle increases, the pressures near the junc-
ture become more negative until the angle becomes large enough to cause
separation of the flow from the afterbody at this point. Separation of
the flow at the cone-cylinder Jjuncture is characterized by relatively
small negative pressure coefficients at the juncture and a distribution
which is nearly constant over the length of the afterbody. Except for
a region close to the base, a distribution for unseparated flow is
affected very little by increasing the base diameter ratio (smaller
afterbody length) at a constant boattail angle. At high jet pressure
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ratios the interference between the jet and external flow causes higher
pressures on the base and this influences the pressures on the after-
body for a short distance upstream of the base. Effects similar to
those noted also occurred at supersonic speeds. The compression of the
flow over the boattail, however, was more gradual at supersonic speeds
than at subsonic speeds.

Detail afterbody pressure-coefficient distributions for models with
a jet diameter ratio of 0.65 (except the B = 45° model) are presented
in figure 5. The last boattail pressure orifice on all models was
located 0.40 inch (x/dm = 0.02) upstream of the base; the end point for

all curves is the base pressure coefficient. Schlieren photographs of
the flow field about four afterbody configurations at several values of
jet pressure ratio and Mach number are shown in figure 6. The distri-
butions for the B = 45° model were essentially the same as those for
the 30° model and are, therefore, not shown. For the latter, the dis-
tributions shown in figures 5(b) and (c) and the schlieren photographs
in figure 6(d) show that the flow separates completely at the cone-
cylinder juncture. It will also be noted that the base pressure coef-
ficient is nearly the same as the average boattail pressure coefficient.
The value of this coefficient is approximately equal to the pressure
measured at the base of a cylindrical model with the same ratio of jet
diameter to model diameter. (See ref. 1.)

The effect of the relatively thick boundary layer on the results
of this investigation has not been experimentally determined. However,
work by other researchers (refs. 3 and 4) shows that variation in S/dm

from 0.05 to 0.184 did not significantly affect the base pressure or
boattail drag coefficients. In reference 3, ©&/dp was varied from 0.07
to 0.184 at transonic speeds and at M = 1.5 for a series of boattailed
afterbodies. In reference 4, 5/d, was varied from 0.05 to 0.18 at

M = 2.0 for a cylindrical afterbody. The tunnel-wall interference
effects are also thought to be small with the possible exception of the
range between M, = 1.0 and 1.1. It was pointed out in reference 1

that significant wall effects may be present at M, = 1.0 because of
the very low pressure existing on the base of the cylindrical afterbody.
Base pressures of the magnitude reported in reference 1 were not encoun-
tered in the present investigation but very low pressures did occur at
the cone-cylinder juncture of the P = 8° and 16° model at M_ = 1.0.
This expansion may be reflected from the tunnel wall as a further
expansion at M, = 1.0 and, thus, influences the pressures on the after-
body, especially for the case of the longer models. At M, = 1.10 the

schlieren photographs of figure 6 show that the expansion wave origina-
ting at the cone-cylinder juncture is inclined at a rather large angle
with respect to the direction of the free-stream flow, and its reflection
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from the tunnel wall intersects the model wake some distance downstream
of the model. Although tunnel-wall interference effects may be present
at M, = 1.0 to about M, = 1.1, it is felt that the order of magnitude

and the trend of the coefficients are valid throughout the speed range
of these tests.

Afterbody Drag

Basic data.- Boattail (Cp g), base (CD,b)’ and afterbody drag coef-
ficients (CD a) are presented as a function of jet pressure ratio at
5

constant values of Mach number in figures 7 and 8. All configurations
in figure 7 have a jet diameter ratio of 0.65 and those in figure 8 have
a jet diameter ratio of 0.75.

Although the boattail drag coefficient for the B = 30  model,
figure 7(a), is low and nearly independent of Mach number and jet pres-
sure ratio, both of these parameters have a substantial effect on the
base drag coefficient. The base drag coefficient at supersonic speeds
peaks sharply at a jet pressure ratio of 2 but at M, < 1.0 reached a
maximum between a jet pressure ratio of 3 and 4, Since the boattail
drag was small and unaffected by Mach number and jet pressure ratio,
the afterbody drag coefficient followed the same variation with these
parameters as did the base drag coefficient.

Increasing the boattail angle to 5.6°, figure 7(b), caused the
boattail drag coefficient to increase and the base drag coefficient to
decrease resulting in an afterbody drag coefficient for a base diameter
ratio of 0.85 that was very little different from that obtained at B = 30,
As in the case for the 3° model, the maximum afterbody drag coefficient
at supersonic speeds occurred at a jet pressure ratio of 2 and at Mach
numbers equal to or less than 1.0 between 3 and k., Decreasing the base
diameter ratio to 0.70, figure T(c), increased the boattail drag coef-
ficient slightly at supersonic Mach numbers and reduced the base drag
coefficient substantially throughout the Mach number range of these
tests. Thrust was experienced on the base at jet pressure ratios above
about 5.5. The decrease in the base drag coefficient is due in part to
the reduced base annulus area which for the longer afterbody was about
68 percent of that for the shorter model. The reduction in afterbody
drag coefficient due to reduced base diameter ratio was small at jet
pressure ratios of 6 or greater.

Increasing the boattail angle to 8°, figure T(d), caused a further
increase in the boattail drag coefficient. In general, the base drag
coefficient increased slightly at supersonic speeds and decreased at
sonic and subsonic speeds over the jet-pressure-ratio range. It will
be noted in figures T(a) to 7(e) at supersonic speeds that the base and
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afterbody drag coefficients of a longer body do not reach a maximum peak
as rapidly as the coefficients for a shorter body.

The B = 16° model, figures 7(f), (g), and (h), was the only model
tested at all three base diameter ratios. This greater degree of boat-
tailing increased the afterbody drag coefficient substantially above
that for the models with lower boattail angles at supersonic speeds.
Decreasing the base diameter ratio from 0.85, figure 7(f), to 0.70 and
0.55, figures T(g) and (h), respectively, caused a substantial decrease
in the base drag coefficient with essentially zero drag or thrust
(negative drag coefficient) experienced for the longer afterbody over
the entire Mach number and jet-pressure-ratio range. The greatest effect
of the jet on the afterbody drag coefficient occurred for the shorter
model while the least effect occurred for the longer model.

Between boattail angles of 16° and 30°, the external flow separates
completely from the model and the pressures acting upon the boattail and
base are nearly constant for a fixed operating condition. Therefore,
the values of the base and boattail drag coefficients of figures T(i),
(j), and (k) are primarily dependent upon the projected areas of the
base and boattail. For the 30° model in figures 7(i) and (j), the effect
of jet pressure ratio on the afterbody drag coefficient differed as the
base diameter ratio decreased. The afterbody drag coefficient tended
to reach a maximum at a higher jet pressure ratio for the longer model.
(See fig. T(J).) If the 30° and 45° models are considered to be similar
to a cylindrical afterbody, this trend is in agreement with the results
of reference 1 where it was shown that the jet size had a strong effect
on the base pressure. With the smaller diameter jet the beneficial jet-
interference effects are delayed until large jet pressure ratios are
reached.

Increasing the jet diameter ratio to 0.75 for the range of boattail
angles tested, figure 8, had a general effect of reducing the drag of
the afterbody. The boattail drag coefficient was not noticeably affected
by the increase in jet diameter ratio except at the higher jet pressure
ratios. The reduction in the base drag coefficient at jet pressure
ratios of 2 and 3 and at all Mach numbers was less than that which would
occur due to the reduced area of the base annulus. At the higher jet
pressure ratios this decrease in base drag was, in general, greater than
that due to the smaller base size.

Effect of boattail angle.- Part of the basic data shown in fig-
ures 7 and 8 is presented again in figures 9 and 10 in the form of after-
body and boattail drag coefficients as a function of boattail angle at
several values of Mach number and jet pressure ratio. Figure 9 is for
a jet diameter ratio of 0.65 and figure 10 is for a jet diameter ratio
(o (01571510

-
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For a base diameter ratio of 0.85, figure 9(a), the boattail angle
has very little effect on the afterbody drag coefficient at M = 0.6.
At a Mach number of 0.9, however, the afterbody drag coefficient reaches
a minimum at B x 8° and increases rapidly at boattail angles greater
than this value. A small increase in the afterbody drag coefficient
occurs as the boattail angle is reduced below this value. At a Mach
number of 1.2 the afterbody drag coefficient tends to reach a minimum
at a boattail angle of approximately 3°. These optimum values of boat-
tail angle are in agreement with the optimum values observed in refer-
ence 2. The boattail drag coefficient increased almost linearly with
increasing boattail angle at both subsonic and supersonic speeds for
this base diameter ratio. As the boattail angle increases, the expan-
sion of the flow around the cone-cylinder juncture also increases and
causes the local pressures to decrease. Thus, the boattail drag coef-
ficient increases with boattail angle. It will be noted that jet pres-
sure ratio influences the level of the minimum afterbody drag coefficient
but not the value of boattail angle at which the minimum occurs and,
also, that jet pressure ratio has little or no effect on the boattail
drag coefficient for this value of base diameter ratio.

Decreasing the base diameter ratio to 0.70, figure 9(b), causes the
boattail angle to have a slightly greater effect on afterbody drag coef-
ficient at a Mach number of 0.6. The optimum value of boattail angle
at this speed depends to some extent upon jet pressure ratio. The boat-
tail angle for minimum afterbody drag coefficient at M_ = 0.9 is in
the range between 6° and 90. Except for the highest jet pressure ratio,
the drag coefficient of the complete afterbody is about the same at
boattail angles of 16° and 30°. Increasing the Mach number to super-
sonic speeds at this base diameter ratio shifts the optimum boattail
angle to less than 5° as in the case for the shorter afterbody of fig-
ure 9(a). Also, as in the case for the shorter afterbody, jet pressure
ratio does not influence the optimum boattail angle. At both subsonic
and supersonic speeds, the drag of the 16° and 30° models is about the
same as that for a cylindrical afterbody. The boattail drag coefficient
at subsonic speeds increases with boattail angle up to 16° and is approxi-
mately constant from this value to a boattail angle of 30°. This would
be expected since the flow separates from the model at a boattail angle
somewhat greater than 16°. At supersonic speeds, the data show the
boattail drag for the large-angle boattailed models to be somewhat less
than for the models with smaller boattail angles. This is also true
for the afterbody drag at the jet operating conditions shown at M _ = 1.2.
These data indicate that complete separation of the flow from an after-
body with a large boattail angle may be desirable at supersonic speeds
for minimum drag provided that the base area is small. Otherwise, the
jet would tend to aspirate the base and increase the afterbody drag
above that for smaller boattail angles.
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The effect of large boattail angles on afterbody and boattail drag
at a base diameter ratio of 0.55 is shown in figure 9(c). At subsonic
speeds, the afterbody drag coefficient at the two large boattalil angles
is about equal for all jet pressure ratios shown except at a jet pres-
sure ratio of 6. At this pressure ratio the aspirating effect of the
jet is probably greater on the B = 450 model. The boattail drag coef-
ficient at these Mach numbers follows about the same trend as the after-

body drag coefficient. At supersonic speeds the boattail drag coefficient

shows the same trend for B = 500 as observed for the larger base
diameter ratio. (See fig. 9(b).) The afterbody drag coefficient, how-
ever, increases steadily as the boattail angle increases from 16° at
the higher jet pressure ratios. For the no-jet-flow condition at this
Mach number, the afterbody drag coefficient is nearly constant from a
boattail angle of 16° to a boattail angle of 30°. Plotting these data
of figure 9(c) along with those of figures 9(a) and (b) on a common
plot for a given jet pressure ratio and Mach number shows that the
optimum boattail angle for a base diameter ratio of 0.55 would be about
the same as previously observed for the two larger base diameter ratios.
That is, the data of figure 9(c) tend to fair into the data of fig-
ure 9(b) at B = 16°.

Essentially the same trends noted for the data of figure 9 (Jjet
diameter ratio of 0.65) occurred for the data of figure 10 where the jet
diameter ratio was 0.75. The optimum boattail angle for this jet diame-
ter ratio at both subsonic and supersonic speeds appears to be shifted
2° or 50 toward a smaller angle. This is reasonable in that the jet and
external flows are in closer proximity to each other with the larger jet
diameter.

Effect of base diameter ratio.- Portions of the data presented in
figures 7 and 8 have also been replotted to emphasize the variation of
afterbody and boattail drag coefficient with base diameter ratio. These
cross plots are presented in figures 11 and 12 for boattail angles of
5.6°, 8°, and 16°. Figure 11 is for a jet diameter ratio of 0.65 and
figure 12 for a jet diameter ratio of 0.75. Since the jet diameter
ratio is a constant in figure 11 and in figure 12, the diameter of the
jet relative to the maximum diameter of the model decreases with the
base diameter ratio.

The effect of base diameter ratio on the afterbody drag coefficient
was approximately the same for all three boattail angles and depended
primarily upon the operating conditions of the jet. This influence of
the jet upon the effect of base diameter ratio was greatest at super-
sonic speeds. 1In general, however, the afterbody drag coefficient
increased with increasing base diameter ratio primarily because of the
greater contribution of the base drag to the total drag of the after-
body. The boattail drag coefficient decreased with increasing base
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diameter ratio with the largest decrease occurring at supersonic speeds.
At a Mach number of 0.6, the boattail drag coefficient was essentially
constant for the range of base diameter ratios investigated. The data
of figures 11 and 12 point out the need for a short afterbody (large
base diameter ratio) to realize minimum boattail drag for a particular
boattail angle; however, large base diameter ratios result in large
base areas which can cause large base drag penalties. Long afterbodies
allow the external flow to compress to a higher pressure along the
afterbody and, thus, help to increase the pressure acting on the base,
but for some configurations the increased boattail drag may offset any
reduction in base drag.

Comparison with other data.- Figure 13 presents a comparison of
data from references 2 and 3 with results from the present investiga-
tion. The data are for a 15° boattailed afterbody with a base diameter
ratio and jet diameter ratio of 0.75. In neither reference 2 or the
present investigation were models with B = 150 and db/dm = 085

tested so that the basic data were interpolated from several crossplots
to obtain afterbody drag coefficients for this comparison. Model 1 of
reference 3 had a tunnel blockage of 3.1 percent; reference 2 and the
present investigation had blocked areas of 3.88 and 3.08 percent,
respectively. Data for model 1 of reference 3 at a wall convergence
angle of 0.5° were chosen since it was reported that the most uniform
Mach number distribution of the empty tunnel was obtained at this wall
setting.

Some difference exists between the magnitude of CD,a for the

present work and that of reference 3 at the no-jet-flow condition. This
is thought to be due largely to extending the data of reference 3 to the
no-jet-flow condition by simply fairing the curves to Hj/Pw =S 10 It

will be noted in the basic data curves of figures 7 and 8 that at sub-
sonic speeds CD,a for B = 16° tends to increase abruptly between no

jet flow and Hj/p00 = 1.5. At a jet pressure ratio of 5, the present

data and that of reference 3 are in good agreement throughout the Mach
number range of these tests.

SUMMARY OF RESULTS

An experimental investigation at Mach numbers of Q.6 to 1.26 of
jet effects on the drag of a series of conical afterbodies yielded the

following results:

1. At high subsonic speeds, the boattail angle for minimum after-
body drag coefficient was in the range between 5° and BEE A% supersonic
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speeds, the optimum value of boattail angle was in the range from approxi-
mately 2.5° to 5.

2. Optimum values of boattail angles were not altered significantly
over the range of jet pressure ratios investigated. The pressure at
which the jet operated did, however, influence the level of the minimum
drag coefficient.

3. The presence of the jet was unfavorable on afterbody drag, except
at jet pressure ratios of about 6 or greater, and the variation of after-
body drag with jet pressure ratio decreased as the ratio of the base
diameter to the maximum diameter decreased.

4. For the 30° and 45° boattailed bodies, the pressures over the
boattail were about constent and equal to the base pressure due to
complete separation of the flow from the model. The afterbody drag
coefficient of these models was approximately equal to or greater than
the base drag coefficient of a cylindrical afterbody.

5. At subsonic speeds, the effect of the ratio of the base diameter
to the maximum diameter on afterbody drag coefficient was small; at
supersonic speeds, the effect depended to a large extent upon the jet-
total-pressure ratio. In general, the base drag coefficient decreased
as the ratio of the base diameter to the maximum diameter decreased.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 8, 1957T.
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(b) Afterbody models. dj/dp = 0.75.

Figure 2.- Concluded.
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Figure 3.- Comparison of boundary-layer profile 5.5 inches upstream from
the base of a cylindrical afterbody and at My, = 0.9 with a 1/7 power
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Figure 4.- Typical boattail pressure-coefficient distribution with jet
flow. M, = 0.9; Hj/pw — U
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