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EFFECTS OF FINENESS AND CLOSURE RATIOS ON BOATTAIL DRAG
OF CIRCULAR-ARC AFTERBODY MODELS WITH JET EXHAUST
AT MACH NUMBERS UP TO 1.30

By David E. Reubush
Langley Research Center

SUMMARY

The effects of variations in fineness ratio and closure ratio on the boattail drag of
circular-arc afterbody models have been investigated at static conditions and at Mach
numbers from 0.40 to 1.30. Angle of attack was varied from -4° to 8°. Jet total-
pressure ratio was varied from jet off to about 6, depending on Mach number. Reynolds
number based on model maximum diameter varied approximately from 1.20 X 106 to
2.18 x 106,

The results of this investigation indicate (1) that for configurations with the same
closure ratio, increasing fineness ratio results in lower pressure drag and a higher drag-
rise Mach number and (2) that for configurations with the same fineness ratio, increasing
closure ratio generally results in lower pressure drag and an increased drag-rise Mach
number. For all configurations at most subsonic Mach numbers, going from jet off to jet
on generally had a greater effect on lowering pressure drag than did further increases in
pressure ratio for the range of pressure ratios tested. Also, at subsonic speeds before
the drag rise and at a scheduled jet total-pressure ratio, the total drag (pressure plus
calculated skin friction) is approximately equal for configurations with the same closure
ratio. Pressure axial force increased with increasing angle of attack but pressure drag
decreased.

INTRODUCTION

With the projected cruising speed of the next generation of transports approaching
sonic velocity, the need for information to enable the designer to push the drag-rise Mach
number to the highest possible value has become especially acute.

One of the particularly important areas of an aircraft where drag information is
needed is that of the afterbody-nozzle region. For low-drag configurations the drag of
this portion of the aircraft can be a large percentage of the total drag. At present, theo-
retical methods are not fully satisfactory in predicting accurately the drag of this area



(especially with the presence of exhaust flow), and, as a result, designers must rely on
wind-tunnel data to assist in the design process.

There have been numerous previous investigations of afterbodies and jet-exhaust
nozzles, both in isolated nacelles and installed on twin-engine configurations (see, for
example, refs. 1 to 8). An afterbody shape which has shown promise of lower drag is
the circular-arc type (See ref. 5); as yet, however, there have been no systematic inves-
tigations to yield data on the effects of parametric variations in length and exit size on
the drag of this type of aiterbody.

As part of the program to develop technology applicable to the design of a near-
sonic transport, a parametric investigation of circular-arc afterbodies (with convergent
internal nozzle contour) was conducted in the Langley 16-foot transonic tunnel. The pri-
mary purpose of this investigation was to obtain pressure-drag data on a series of
circular-arc boattails with variations in fineness ratio and closure ratio. A secondary
purpose was to obtain thrust and thrust-minus-drag data for these nozzles. Tested in
this investigation were five configurations with variations in fineness ratio from 1.0 to
2.0 and with closure ratios of 0.6 and 0.7. A related study of variation only in fineness
ratio for boattails of 0.5 closure ratio can be found in reference 4. A limited amount of
data from reference 4 for a boattail with 1.0 fineness ratio is presented for comparison
purposes in the present paper. The boattail models were mounted on a cone-cylinder
single-engine nacelle model which used high-pressure air at near room temperature to
simulate the jet exhaust. The investigation was conducted statically and at Mach numbers
ranging from 0.40 to 1.30 at angles of attack from -4° to 8°. Jet total-pressure ratio
(ratio of jet total pressure to free-stream static pressure) was varied from jet off to
about 6, depending on,Mach number.

. SYMBOLS
A cross-sectional area, m2
Apel effective annular area between metal bellows and surrounding sleeve, m2
A, maximum cross-sectional area of model, m2
At throat area, m2
AB incremental area assigned to one static pressure orifice of boattail (either

axial projection or normal projectiorn), m2



pressure-axial-force coefficient of boattail, F AB /ﬁAm
drag coefficient

skin-friction drag coefficient of boattail, Dy M;Am
total-drag coefficient of boattail, D, /qu
pressure-drag coefficient of boattail, D’3 /qu
aerodynamic ideal-thrust coefficient, Fj /qu

pressure-normal-force coefficient of boattail, FN, B/lAm

discharge coefficient, r'nj /r'ni

P _-P
pressure coefficient of boattail, —%
P, - P,

base-pressure coefficient,

calculated flat-plate skin friction on cylindrical portion of model between
stations 52.07 cm and 121.92 cm, N

calculated flat-plate skin friction on boattail (i.e., portion of model aft of
station 121.92 cm), N

total drag of boattail, Dy gt D B N
)

pressure drag of boattail, N

base diameter, m

exit diameter, m

maximum diameter of model, m

pressure axial force of boattail, N

pressure normal force of boattail, N



force sensed by balance, N

ideal isentropic gross thrust, N

gross thrust of nozzle, N

length of l;oattail measured from station 121.92 cm
free-strea.r’n Mach number

ideal mass-flow rate, kg/s

measured mass-flow rate, kg/s

base pressure, N/m2

cavity pressure, N/m2

pressure acting on downstream bellows, N/m2
jet total pressure, N/m2

pressure acting on upstream bellows, N/m2
static pressure of boattail, N/m2

free-stream static pressure, N/m2

free-stream dynamic pressure, N/m?2

gas constant, 287.3 N-m/kg-K; also, circular-arc radius of boattail (see
fig. 4), m

radial dimension from center line of model, cm
maximum radius of model, m
length of nozzle convergent section (see fig. 4), m

internal axial coordinate in convergent section (see fig. 4), m



i jet total temperature, K

t nozzle throat length (see fig. 4), m

X axial coordinate from nose of model (see fig. 3), m

X axial coordinate from start of boattail at station 121.92 (see fig. 4), m
o angle of attack of model, deg

B terminal angle of boattail, deg

B chord angle of boattail, deg )

v ratio of specific heats

¢ meridian angle about afterbody axis (clockwise direction positive facing

upstream, 0° at top of model), deg
APPARATUS AND PROCEDURE

Wind Tunnel

The investigation was conducted in the Langley 16-foot transonic tunnel, which is a
single-return, continuous, atmospheric tunnel. The test section is a regular octagon in
cross section with slots at the corners of the octagon. The tunnel has a continuoﬁsly
variable speed range from M = 0.20 to 1.30. Further description of the Langley 16-foot
transonic tunnel can be found in references 9 and 10.

Model and Support System

The air-powered cone-cylinder nacelle model on which the various afterbodies
were mounted for this investigation is shown in figure 1 with a typical configuration
attached. Dry, high-pressure air at a stagnation temperature of about 274 K is intro-
duced perpendicularly to the model axis into that portion of the nacelle supported by
the balance (shown by the fine hatching in fig. 1). Air passage from the high-pressure
plenum to the low-pressure plenum is through eight multiholed sonic nozzles spaced in
equal angles around the axis of the high-pressure plenum. Since the eight nozzles are
not supported by the balance and since the air is introduced perpendicularly to the model
axis, the balance measures only the thrust developed by the rearward acceleration of the
air. The low-pressure air chamber into which the air is introduced is sealed by a set of
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flexible metal bellows arranged so that the net axial force caused by pressurization of

the system is zero. The flow-smoothing screens in the model tail pipe were constructed
of 0.635-cm-mesh, 0.0635-cm-diameter wire screen supported by four vanes. Figure 2
is a photograph of the nacelle model, with conﬁguratmn 5 attached, installed in the Langley
16-foot transonic tunnel.

A sketch of the model and support system is shown in figure 3, along with corre-
sponding cross-sectional area distributions. The model was supported in the tunnel by
a sting-strut support system, with the swept strut being attached to the nose of the model
as shown in figures 1, 2, and 3. The center line of the model was located on the wind-
tunnel center line, with the center line of the sting 55.88 cm below that level. The cross
section of the sting was 5.08 cm by 10.16 cm, with the top and bottom capped by half cylin-
ders of 2.54-cm radius. The strut blade was 5 percent thick with a 50.8-cm chord in the
streamwise direction and with the leading and trailing edges swept 45°. The model block-
age was 0.099 percent of the test-section cross section, and the maximum blockage cross
section of the model and support system was 0.148 percent.

Description of Afterbody Models

A detailed sketch of a typical afterbody with tables of dimensions for all the configu-
rations is presented in figure 4. Photographs of the afterbodies are shown in figure 5.
The internal contour of each of the nozzles is a modification of the standard exhaust noz-
zle described in reference 1. The contour was modifed to fit within dimensional con-
straints imposed by the external contour of the afterbody, wall thickness, and the neces-
sary exit size. The throat (length t on fig. 4) was circular in cross section.

Instrumentation and Tests

Each of the afterbody models was equipped with a number of static pressure ori-
fices (48 to 69 depending on configuration) at various stations on its surface (the longi-
tudinal distribution of which was on an equal annular area basis). The location of the
various orifices for the different configurations is given in table I. Each of these ori-
fices was connected to an individual, remotely located, electrical pressure transducer.
Forces and moments on the model downstream of the gap at model station 52.07 cm (see
fig. 1) were measured simultanéously with the pressure measurements by using a three-
component strain-gage balance. Jet total pressure and temperature were measured in
the internal flow just ahead of the nozzle connect station by use of an area-weighted five-
tube total-pressure rake and a thermocouple (see figs. 1 and 4). A flowmeter with
axial flow impeller was used to measure the mass flow of the exhaust simulation air.
Also there were special base plates available to obtain jet-off base pressures for each
of the configurations. These plates were fitted inside the nozzle, flush with the exit, and



were instrumented with three pressure orifices (center, 2.79 cm from center toward 0°,
and 2.79 cm frcm center toward 180°). To obtain these pressures, special runs were
made with the plates in place and with jets off.

The tests were conducted in the Langley 16-foot transonic tunnel at M =0 (static
condition) and at M =0.40 to 1.30 at « = -4° to 8°. The model attitude was set so as
to account for tunnel upflow, but possible sting deflection, which was found to be extremely
small, was not taken into account. The ratio of jet total pressure to free-stream static
pressure varied from jet off to approximately 6, depending on Mach number. While the
Mach number and jet total-pressure ratio were held constant, 13 frames of force, moment,
and pressure data were recorded, of which the average was used to compute the values of
force, moment, and pressure coefficients and of jet stagnation temperature. The Reynolds
number based on model maximum diameter varied approximately from 1.20 X 106 to
2.18 x 108, For all tests the model boundary-layer transition was fixed by a 0.254-cm
strip of No. 100 carborundum grit, which was located 2.54 cm from the nose in accor-
dance with techniques described in references 11 and 12.

Data Reduction

From the measured pressures on each boattail, coefficients of pressure axial force,
normal force, and drag were computed. These coefficients were based on maximum
cross-sectional area of the model and were obtained from the pressure data by assign-
ing an incremental area to each orifice; these coefficients were computed from the fol-
lowing equations:

n
1=1 ,
where A B, are axial projected areas,
’
n
1 -
C = —— - NA . 2
N,p (P = Pg,i)Ap,0 @
mi-1
where A B,i are normal projected areas, and
)
CD’B=CA,Bcosa+CN’Bsina (3)

No attempt was made to include the forces on the small rim at the nozzle exit between dy
and d, (see fig. 4). Because of the possibility of strut interference (see refs. 1 and 4),
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the computed values of C AB (e =0° only) utilized only the top-row orifices which
were considered interference free. Strut interference on boattail pressures is discussed
in the appendix. Also, because of the possible errors in the step integration used for

C Ap Cn B8’ and Cp B where large pressure gradients exist, the accuracy of the step
integration was spotchecked by comparing the results obtained by plotting top-row C

as a function of (r /Tm )2 and by integrating with a planimeter. The results of these
checks were favorable.

Thrust minus drag on the metric portion of the model was measured with an inter-
nal three-component strain-gage balance (fig. 1). The forces measured by the balance
Fya) include nozzle gross thrust Fj, external pressure and viscous forces from the gap
station (52.07 cm) to the end of the boattail, and internal pressure tare forces. The noz-
zle thrust minus drag was computed utilizing the following equation:

Fj-Dp=Fpgp + (Peav - poo)Am * (Pdown ~ pup)Abel * Dt eyl )

In equation (4), the term Fpa1 is the axial force indicated by the balance, corrected for
weight tares and balance interactions. The term (pcav - poo)Am is a tare force which
accounts for the static-pressure difference between the inside of the model and the free
stream. The cavity pressure was measured at 13 points within the model, and each pres-
sure was assumed to act on an element of area of which the sum equéiled A, the maxi- A
mum cross-sectional area (see fig. 1). The term (pdown - pup)Abel is a bellows tare
correction which by design should be essentially zero. However, when internal flow
velocities are large, a small pressure difference between the ends of the bellows can
exist (see fig. 1). In the present investigation the maximum bellows tare was about

0.5 percent of ideal isentropic gross thrust F;. The term Df,cyl is the calculated
flat-plate skin friction on the cylindrical portion of the afterbody between the metric
break and the beginning of the boattail. For static tests (M = 0) the afterbody drag is
zero and the thrust ratio reduces to F, /Fi° Also, for wind-on tests, the nozzle drag

D obtained from pressure integration and skin-friction calculation has been added in

n
to obtain F]. /Fi.

The ideal isentropic gross thrust is

-),-1
Y P
Y _‘ ==

The nozzle discharge coefficient is defined as the ratio of measured mass flow to ideal
mass flow; that is,
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3

for choked flow and

v-1

1/ Y

for unchoked flow.

PRESENTATION OF RESULTS
The results of the investigation are presented in the following figures:

Jet-off data —

Boattail pressure-coefficient distributions . . . . . . . . . ... ... ...
Base pressure coefficients . . . . . . ... oo 0000 0oL
Drag coefficient variation with Machnumber . . . . . . . . .. .. ... ..
Drag coefficient variation with fineness ratio. . . . . . . . .. ... .. ..
Drag coefficient variation with closureratio . . . . . . . ... ... . ...

Jet-on data -

Boattail pressure-coefficient distributions . . . . . . .. . .. ... .0 L.
Comparison withtheory . . . . . . . . . . . . . o oo,
Boattail drag coefficient variation with jet total-pressure ratio . . . . . . .

Drag coefficient cross plotted at a typical full-scale jet-total-pressure-

ratioschedule . . . . . . . . . . . .. ... O e e e e e e e

Angle-of-attack data —
Boattail axial-force coefficient variation with jet total-pressure ratio

andangleof attack . . . . . . . . . . . ... . ... .

Boattail drag coefficient variation with jet total-pressure ratio

andangleofattack . . . . . ... .. ... oo oo s

(6)

15 to 19
20
21 to 24

25 to 27

28 to 31

32 to 35
9



Figure

Typical boattail normal-force coefficient variation with angle of attack . . . . 36
Drag coefficient at various angles of attack cross plotted at a typical

full-scale jet-total-pressure-ratioschedule . . . ... . . . ... ... ... 37

Force data -
Static thrust ratio variation with jet total-pressure ratio . . . . .. ... .. 38
Static discharge coefficient variation with jet total-pressure ratio . . . . . . 39
Wind-on thrust ratio variation with jet total-pressure ratio . . . . . . . .. 40 and 41
Thrust-minus-drag ratio variation with jet total-pressure ratio. . . . . . . 42 and 43
Aerodynamic ideal-thrust coefficients . . . . . ... ... ... ... .... 44
DISCUSSION

All data except those found in figures 28 to 37 were obtained at an angle of attack
of 09; hence boattail axial force and drag are the same.

Jet-Off Measurements

The data obtained from jet-off measurements in this investigation are shown in fig-
ures 6 to 14. All data are based on the top-row orifices because of the previously men-
tioned possibility (in the section entitled '"Data Reduction') of strut interference on the
other rows.

Pressure distributions.- Figure 6 presents the jet-off pressure-coefficient distribu-
tions at various Mach numbers for configurations 1 and 2 (de /dm =0.6; l/dy =1.0 and
1.5, respectively). These data indicate that increasing fineness ratio for this value of
closure ratio at subsonic speeds tends to reduce the magnitude of both the minimum and
maximum pressures occurring on the boattail. The only exception is for Mach numbers
at which the shorter of the two is separated and the longer one is not; the flow on the lon-
ger one will recompress to a higher pressure coefficient. At supersonic speeds the
results were similar to the results at subsonic speeds.

The jet-off pressure-coefficient distributions for configurations 3, 4, and 5
(de/dm = 0.7, l/dm =1.0, 1.5, and 2.0, respectively) are shown in figure 7. The same
trend with fineness ratio is observed for these three configurations as for the configura-
tions with de/dm = 0.6. As fineness ratio is increased at subsonic speeds, the pressure-
coefficient curves tend to flatten out with both minimums and maximums decreasing as
fineness ratio is increased. Kgain, at supersonic speeds, the higher the fineness ratio
the higher the level of pressures on the boattail.

Base pressures.- Presented in figure 8 are the jet-off base-pressure coefficients
obtained for all configurations through use of the base plates described previously. The
data obtained for configurations 1 and 3 ( l/dy = 1.0; de /dm = 0.6 and 0.7, respectively)
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exhibit similar trends with increasing Mach number at subsonic speeds. Both have rela-
tively constant positive base-pressure coefficients until about M = 0.90, at which point
the pressures drop off abruptly. Configurations 2, 4, and 5 (l/dm =1.5,1.5, and 2.0;

de /dm =0.6, 0.7, and 0.7, respectively) exhibit slightly different results in that at sub-
sonic speeds the base-pressure coefficients are always increasing with Mach number.

At supersonic speeds the results for all the configurations are similar in that all have
relatively constant negative base-pressure coefficients.

Drag variation with Mach number.- The jet-off boattail pressure-drag variation with
Mach number for the five configurations tested in this investigation, plus one from refer-
ence 4, are presented in figures 9, 10, 11, and 12. In the first two figures the configura-
tions of constant closure ratio dg /dm are grouped together and in the second two those
of constant fineness ratio l/dm are grouped together.

Figure 9 presents the results for configurations 1 and 2 (de /dm =0.6; 7/dy =1.0
and 1.5, respectively). As would be expected from the pressure distributions (fig. 6) the
configuration with the higher fineness ratio (configuration 2) has lower pressure drag,
both at subsonic and supersonic speeds. Also, it has a higher drag-rise Mach number.
The indication of drag-rise Mach number used in the present paper is represented by the
intersection of a linear fairing through the subsonic slope of the drag curve with a linear
extrapolation of the steep supercritical portion of the curve.

Shown in figure 10 are the results for configurations 3, 4, and 5 (de /dm = 0.7,
l/dm = 1.0, 1.5, and 2.0, respectively). These results indicate similar trends to those
found for the configurations with dg /dm = 0.6. As fineness ratio is increased for a con-
stant closure ratio, the boattail pressure drag is decreased, both at subsonic and super-
sonic speeds, and the drag-rise Mach number is increased.

The results for the three configurations with Z/dm =1.0 (conﬁguration 1 with
de /dm = 0.6, configuration 3 with deg /dm = 0.7, and the configuration of reference 4 with
de/dm = 0.5) are presented in figure 11. The expected trend for these three configura-
tions is that the jet-off boattail drag would decrease as the closure ratio is increased
(i.e., an increase in closure ratio such as from 0.6 to 0.7). Although the results for con-
figurations 1 and 3 bear out this trend, the subsonic results for the configuration of ref-
erence 4 seem to be anomalous, with the drag of this configuration being lowest of the
three (before drag rise). It is shown in reference 4 that the flow on the boattail of this
configuration is separated for most Mach numbers tested and that at subsonic speeds this
separation has a large portion of the boattail under the influence of a positive pressure
which tends to reduce the drag. Thus is explained why the configuration of reference 4
exhibits a lower jet-off drag than do configurations 1 and 3. Even though the subsonic
drag levels do not progress in the expected manner for these configurations, they exhibit
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the expected trends of giving lower drag-rise Mach number and higher supersonic drag
at lower closure ratios.

Figure 12 presents the results for configurations 2 and 4 (l/dm = 1.5; de/dm =0.6
and 0.7, respectively). These data exhibit the expected trends of giving higher drag (both
subsonic and supersonic) and lower drag-rise Mach number with the lower closure ratio.

Afterbody jet-off friction drag Cp f» Pressure drag CD, B and total drag CD,n
are presented as a function of fineness ratio for configurations 3, 4, and 5 (de /dm = O.7)
at several Mach numbers in figure 13. As expected, higher fineness ratio gave higher
friction drag but lower pressure drag. Since the differences in friction drag are not so
great as the differences in pressure drag, the afterbody which had the highest fineness
ratio and the lowest pressure drag also had the lowest jet-off total drag for all Mach
numbers.

Figure 14 presents the jet-off friction drag, pressure drag, and total drag as a
function of closure ratio for configurations 1 and 3 with l/dm = 1.0 and the configura-
tion of reference 4 with l/dm = 1.0 at various Mach numbers. As in figure 10, the
configurations with dg /dm = 0.6 and 0.7 exhibit the expected characteristic of higher
closure ratio giving lower drag, whereas the configuration from reference 4 with
de /dm = 0.5 has the lowest subsonic drag until it reaches the drag rise.

Jet-On Measurements

Effects of jet operation on boattail pressure distributions.- Figures 15 to 19 show
the effects of jet operation on the boattail pressure distributions at various Mach numbers
for the five configurations tested. Generally, for the subsonic Mach numbers at which

there is no separation on a given afterbody, the greatest relative changes occur when
going from jet off to jet on (pt,j P © 2). Increases in jet total-pressure ratio have a
much smaller effect (at least in the range of pressure ratios tested) than does going from
jet off to jet on. However, when a shock (shock-induced separation) is present on the
afterbody, either at subsonic or supersonic speeds, the data indicate that this effect may
change (see, for example, fig. 15(c)); that is, the increase in pressure ratio (from jet on
to maximum) can move the shock forward to such an extent that the resulting effect is
larger than that produced by turning the jet on.

Comparison of measured pressure distributions with theoretical predictions.- Fig-

ure 20 presents jet-on (pt,j /p(>o X 2) pressure distributions for all five configurations at
two representative subsonic Mach numbers (0.4 and 0.8) compared with theoretical pre-
dictions, from the theory of reference 13, using a circular cylinder to simulate the jet
shape. (This theory includes a correction for compressibility effects but does not include
any correction for viscous effects.) It was believed that this theoretical method would
give results typical of the present-day state of the art in theoretical pressure-distribution
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prediction; it was also believed that using a circular cylinder to simulate the jet shape
would be typical of the type of simulation used when trying to use theory to predict the
jet-on pressure distribution for a nozzle operating on design. For most conditions, the
theory predicts the minimum pressure coefficient and the general shape of the distribu-
tions quite well. However, this prediction method breaks down near the end of the boat-
tail where the theory forces the flow toward a stagnation point; as a result, all predicted
pressures are too high.

Effects of jet operation on boattail pressure drag.- Figures 21 to 24 present the
effects of jet total-pressure ratio on the boattail pressure drag of the five configurations
tested, plus the configuration from reference 4. The effects for the two configurations
with dg /dm = 0.6, the three configurations with dg/Mdp = 0.7, the three configurations
with /Ay = 1.0, and the two configurations with 7/dy, = 1.5 are shown in figures 21,
22, 23, and 24, respectively. Flagged symbols indicate repeat prints.

The data of figures 21 and 22 indicate two main results. First, the data support the
conclusion, drawn from figures 15 to 19, that increasing the jet total-pressure ratio has
a relatively smaller effect on boattail pressure drag than does going from jet off to jet on
at most subsonic speeds. Second, the data show that increasing fineness ratio for a given
closure ratio results in a decrease in boattail pressure drag for all pressure ratios and
that this effect increases with increasing Mach number at subsonic speeds but stays about
constant af supersonic speeds.

Similar trends for increasing closure ratio are shown in figures 23 and 24. As
closure ratio increased for both values of fineness ratio (1.0 and 1.5), the boattail pres-
sure drag decreased. This effect increased with increasing Mach number at subsonic
speeds while it remained relatively constant at supersonic speeds. This was true for
jet-on pressure ratios for all the configurations (contrary to the previously shown jet-
off results for the configuration of ref. 4). Also, these data further support the conclu-
sion that the greatest change in boattail préséure drag occurs when going from jet off
to jet on (at most subsonic speeds). A discussion of this phenomenon can be found in
reference 14.

Figure 25 is a typical turbofan-engine pressure-ratio variation with Mach number
at which the drag data are to be cross plotted. The pressure-ratio schedule assumes
that the core and fan flows are mixed in a common nozzle.

Figure 26 is a cross plot of boattail pressure drag versus Mach number for the five
configurations at the schedule of figure 25. At subsonic speeds before the drag rise and,
again, at supersonic speeds, the two configurations with de /dm = 0.6 have higher drag
than do the three configurations with dg /dm = 0.7 and, within the groups of constant clo-
sure ratio, the lower fineness ratio gives the higher drag. The only points where this
effect does not occur are above a Mach number of about 0.93, at which point the drag
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curves of configuration 2 (de /A, = 0.6; 1/dy, = 1.5) and configuration 3 (de /dp, = 0.7;
l/dm = 1.0) cross over because of the fact that configuration 3 has a lower jet-on drag-
rise Mach number than does configuration 2.

Boattail total drag (pressure plus calculated skin friction) is cross plotted in fig-
ure 27. The main conclusion to be drawn from this figure is that, at subsonic speeds
before the drag rise, the drag levels of the two configurations with dg /dm =0.6 are
nearly the same — also true for the three configurations with dg /dm = 0.7 which have
lower drag than the configurations with deg /drn = 0.6. This conclusion is not readily
apparent from the figure because of the staggered scale which was necessary to show
the drag-rise characteristics. As stated before, the higher fineness ratio for a given
closure ratio gave the higher drag-rise Mach number. At supersonic speeds, although
all the configurations are clustered together on the figure because of the staggered scale,
the relative positions are the same as for the pressure-drag data shown in figure 26.

Angle-of-Attack Effects

Figures 28 to 31 present boattail axial-force coefficients based on all pressure ori-
fices (see appendix) as a function of jet total-pressure ratio for the various angles of
attack and Mach numbers tested for configurations 2, 3, 4, and 5. Data for configuration 1
are not presented due to unacceptable strut interference effects on the lower surface (see
appendix). All the data indicate that boattail axial force generally tends to increase with
angle-of-attack variation for all configurations.

Boattail drag coefficients for configurations 2, 3, 4, and 5 at various Mach numbers
and angles of attack are presented in figures 32 to 35. Again, these coefficients are based
on all pressure orifices, and data for configuration 1 are not shown because of the strut
interference effects. The effect of angle of attack on boattail drag was generally slightly
larger in magnitude and opposite in sign to the effect on boattail axial force. This phe-
nomenon occurred because a negative normal force was produced on the boattails at posi-
tive angles of attack (and positive normal force at negative angles of attack) and this nor-
mal force contributed a negative term to the drag equation (see section entitled '"Data
Reduction") — hence the drag was lower than that at an angle of attack of 0°. Plots of
normal-force coefficient as a function of angle of attack for all the configurations at a
jet total-pressure ratio of about 2 for two typical Mach numbers are shown in figure 36.
Figure 37 is a cross plot of boattail drag coefficient versus Mach number for the four
configurations at the four angles of attack and the pressure-ratio schedule of figure 25.
The difference between data for o =4° and « =-4° is unexplainable at the present
time.

14



Force Data

Internal performance.- Wind-off (static) thrust-ratio data for the five configurations
are shown in figure 38, with two runs plotted to show repeatability. All of the nozzles
have an acceptably high level of performance. The sometimes poor repeatability below
a pressure ratio of about 1.5 may be due to the fact that the balance and other measuring
devices were sized for the maximum anticipated conditions and that at these low pressure
ratios the relative accuracy suffers as a result.

Figure 39 presents the static discharge coefficients for all five configuratiqns. As
with the thrust-ratio performance all the nozzles have discharge coefficients which are of
acceptably high level, and the same comment concerning repeatability at low pressure
ratios applies.

Wind-on thrust ratios (i.e., thrust minus drag to which nozzle pressure and friction
drag have been added) are presented in figure 40 for configurations 1 and 2 (de /dm = 0.6).
When these data are compared with the static data (fig. 38) for the same configurations,
the results indicate that within the accuracy of the measurements (about +0.5 percent)
there seems to be little, if any, effect of the external stream on the internal performance
for these two nozzles which have long internal throats. Similar results for configura-
tions 3 and 4 (de/dm =0.7; l/dm =1.0 and 1.5, respectively) are shown in figure 41.
Wind-on data for configuration 5 are not presented because of an unexplainable system-
atic error in the balance measurement. '

Thrust minus drag.- Presented in figure 42 are data of thrust minus drag ratioed
to ideal thrust at various Mach numbers for configurations 1 and 2 (de /dm = 0.6;
l/dm = 1.0 and 1.5, respectively_). The trend shown by these data correlates well with
that shown by the combination of pressure and friction drag from figure 27. At the lower
subsonic Mach numbers, the thrust-minus-drag performance of both nozzles is approxi-
mately the same; whereas at the higher subsonic Mach numbers (after the lower-fineness-
ratio afterbody has reached its drag rise), the higher-fineness-ratio afterbody exhibits
better thrust-minus-drag performance and the difference between the performance of the
two configurations increases with Mach number.

Figure 43 presents the corresponding thrust-minus-drag results for configura-
tions 3 and 4 (de /dm =0.7; 1/dm = 1.0 and 1.5, respectively). The trend shown by these
data also correlates well with the trend of data from figure 27. The performance of both
configurations is about the same until the drag-rise Mach number of the shorter one (con-
figuration 3) is reached, at which point the higher-fineness-ratio configuration gains an
advantage which then increases with increasing Mach number.
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Values of Fj /qu are plotted in figure 44 as a function of jet total-pressure ratio
for the two exit areas investigated at various Mach numbers. These plots can be used to
convert from aerodynamic coefficients based on qAp, to propulsion coefficients based
on Fj.

CONCLUSIONS

An investigation was conducted in the Langley 16-foot transonic tunnel to determine
the effects of variation in fineness ratio and closure ratio on the boattail drag of circular-
arc afterbodies at Mach numbers to 1.30.

The results of this investigation indicate the following (all refer to 0° angle of
attack except conclusion 5):

1. For a fixed value of closure ratio deg /dm (ratio of exit diameter to model maxi-
mum diameter), the configuration with the lowest fineness ratio 7/dy (ratio of afterbody
length to model maximum diameter) had the lowest negative pressures in the expansion
. region of the boattail and, if the flow has not separated, the highest positive pressures in
the recompression region of the boattail.

2. For all configurations at most subsonic Mach numbers, going from jet off to jet
on generally increased boattail pressures and decreased pressure drag more than did
further increases in pressure ratio for the range of pressure ratios tested.

3. For a fixed value of closure ratio, increasing fineness ratio resulted in decreased
pressure drag and increased drag-rise Mach number. For a fixed value of fineness ratio,
increasing closure ratio resulted in decreased pressure drag and increased drag-rise
Mach number.

4. When calculated friction drag has been added to pressure drag and the drag
has been compared at a typical operating pressure-ratio schedule, the two configura-
tions with dg /dm =0.6 and l/dm =1.0 and 1.5 had approximately the same drag at
subsonic speeds before the drag rise. The three configurations with dg /dm =0.7 and
l/dy = 1.0, 1.5, and 2.0 exhibited the same characteristic except that the drag level
was lower.

5. For all configurations, boattail pressure axial force generally increased with
angle of attack whereas boattail pressure drag generally decreased.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., February 12, 1973.
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APPENDIX
STRUT INTERFERENCE ON BOATTAIL PRESSURES

Figures 45 to 50 treat the problem of sting-strut interference on the measured boat-
tail pressures. In the investigation of reference 4 large effects of the sting-strut support
were observed on some of the configurations with the highest boattail angles (especially at
jet-off conditions). As a result, a study was made to determine the possible effects of the
sting-strut on the boattail pressures for the configurations of the present investigation.

Jet-off longitudinal pressure distributions are shown in figure 45 for three stations
on the circumference of configurations 1 and 2 at four representative Mach numbers.
There is a relatively large effect of the sting-strut on several of the pressures in the
longitudinal row at the 180° station (row directly behind strut) of configuration 1 at a
Mach number of 0.96, and there is some slight effect at the other two subsonic Mach
. numbers for this configuration. There are also some slight effects shown at the two
highest subsonic Mach numbers for configuration 2. Neither configuration was affected
at supersonic speeds.

Similar data for configurations 3, 4, and 5 (de /dm = 0.7) are shown in figure 46. Of
these, only configuration 3 (l /dm = 1.0) shows any effect of interference and that only at a
Mach number of 0.96. As for the configurations with dg /dm = 0.6 there was no appar-
ent effect at the supersonic Mach number,

In order to further investigate the phenomenon at subsonic speeds, all measured
boattail pressures were plotted in figure 47 as a function of circumferential angle for
all jet-off configurations at Mach numbers of 0.80 and 0.96. From these and the previ-
ous data it appears as if the disturbance from the sting-strut primarily affects the pres-
sures at the beginning of the recompression region (x/? = 0.5) on the lower surface of the
boattail; the higher the boattail angle, or the higher the subsonic Mach number, the greater
the effect.

In reference 4 it was found that jet operation significantly reduced the interference.
In order to investigate this effect for the afterbodies of the present study, figure 48 was
made to show all the measured pressures from figure 47 but at a jet total-pressure ratio
of about 4. These data show the same result as that found in reference 4, that is, the jet
reduces the effect of the interference.

The effect of the interference on boattail drag is shown in figures 49 and 50. Fig-
ure 49 shows the jet-off drag variation with Mach number for the five configurations with
the pressure integrations based on all orifices and on the top row (0°) of orifices only
(found to be interference free in refs. 1 and 4). Corresponding to the results of fig-
ures 45 and 47, the data for configuration 1 exhibit a difference between the drag cal-
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APPENDIX - Concluded

culated by the two methods at the higher subsonic Mach numbers. As mentioned before,
all the data presented at o = 0° have been based on the integration of the top row of
pressures only. In order to determine the effect of the jet on boattail drag, figure 50

'~ was prepared to show drag, calculated by both methods, as a function of jet total-pressure
_ratio for various Mach numbers for configuration 1. The jet-on drag data is the same
for all Mach numbers. The results were similar for the other configurations; that is, the
jet operation effectively eliminated the strut interference and either integration method
was equally valid for jet-on data.

Although data at @ =0° can be computed by utilizing the interference-free top row
of orifices only, angle-of-attack data require the use of all orifices to obtain valid results.
In order to determine the magnitude of possible strut interference effects on the angle-of-
attack data of the present investigation, an investigation (data unpublished) of these after-
bodies was made utilizing both the sting-strut support and a rear sting support. In both
cases a solid circular cylinder was used to simulate the on-design jet shape and provide
identical configurations for comparison purposes. When the data from the interference-
free sting-alone configurations were compared with the data from the sting-strut mounted
configurations, it was found that both C A,B and CD, g can be, at most, in error by
0.005 for configurations 2 and 3 and by 0.003 for configurations 4 and 5. These unpub-
lished data also indicate that the possible errors in data for configuration 1 are such that
angle-of-attack data for this configuration are possibly unreliable and, hence, are not
reported herein.
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TABLE 1.- AFTERBODY-SURFACE ORIFICE LOCATIONS

x/1 xfdm o, deg
o] 30| 60| 90| 120 135 | 150 | 180 | 225 [ 315
Configuration 1
0 X X b4 b X X X b4 X
.2365 .2365 X X b4 X b4 b4 X
4133 4133 X X X X X b3 X
.5388 .5388 X X X X X X X X X
.6443 .6443 X X X X X X X
7392 .1392 X b 4 b4 b4 X X X
.8278 .8278 x x X x x X x X X
9130 .9130 X X X X X b4 X
9667 .9667 X X b4 X X X X
Configuration 2
0 X X X X b X b 4 X
2342 .3513 X X X b X X
4098 6147 X X X X b4 X
.5349 .8023 X b4 X b 4 X X b4 X
.6404 .9607 X b4 X b4 b4 X
L1357 1.1035 X X b4 X b4 X
.8250 1.2375 X X X X X X x x
9113 1.3670 X X X b4 X X
9722 1.4583 X X b 4 b4 X X
Configuration 3
0 X X b4 x b4 X X X
2720 .2720 X b4 X X b4 X
41758 4758 X X X X X X
.6205 .6205 X X X X X X X X
.7425 1425 X X b4 b4 b4 X
.8523 .8523 X X X X b b3
.9550 .9550 X X X X X X b4 X
Configuration 4
0 X b X b4 X X x x
.2706 4058 X X X X b4 b4
4737 L7105 b4 X b4 b X X
.6183 .9275 X X b4 b4 X X b4 x
.'71406 1.1108 X X b4 b4 b4 X
8509 | 1.2763 | x | =x X x X x
.9546 1.4318 X X b4 b4 b4 b X x
Configuration 5
0 X X X X X X X X
.2701 .5402 X X X X b4 X
4729 .9458 X X b4 x b4 b4
6176 1.2352 b4 b X X X X X b4
71399 1.4798 X X X x b4 X
.8504 1.7008 X X X X X X
.9544 1.9088 X X X X X X X b4
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Figure 3.- Cross-sectional area distributions of support system and model.
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Configuration 1 3

L-72-5521
(a) Models with de/ﬂm =0.6 (l/dm = 1.0 and 1.5).

Figure 5.- Afterbody models.
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Configuration 3 Configuration 4

(b) Models with de/dm = Q.7 (Z/dm =1.0, 1.5, and 2.0).
Figure 5.- Concluded.

L-T72-5520
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Figure 6.- Jet-off boattail pressure-coefficient distributions for
configurations with de/dm =0.6 (1/dy = 1.0 and 1.5). Tick
marks indicate critical pressure coefficients.
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(b) M =0.70, 0.75, and 0.80.
Figure 6.- Continued.
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(c) M =0.85, 0.90, and 0.92.
Figure 6.- Continued.
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(d) M =0.94 and 0.96.

Figure 6.- Continued.
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c M=1.20

o

(e) M =1.15,1.20, and 1.30.

Figure 6.- Concluded.
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(a) M =0.40, 0.60, 0.65, and 0.70.

Figure 7.- Jet-off boattail pressure-coeifficient distributions for
configurations with de/dm = 0.7 (1/dpy = 1.0, 1.5, and 2.0).
Tick marks indicate critical pressure coefficients.
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Figure 7.- Continued.
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Figure 7.- Continued.
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Figure 8.- Variation of jet-off base pressure coefficients with Mach number.
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Figure 13.- Variation of jet-off drag with boattail fineness ratio for
configurations with de /dm =0.9.

43




44

M=1.20

(b) M =0.92,0.94, 0.96, 1.15, 1.20, and 1.30.
Figure 13.- Concluded.
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Figure 14.- Variation of jet-off drag with closure ratio for
configurations with 7/dp, = 1.0.
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Figure 14.- Concluded.
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Figure 15.- Boattail pressure-coefficient distributions on configuration 1 (l/dm =.1.0;
de /dm = 0.6 ) at various Mach numbers and three values of jet total-pressure ratio.
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Figure 15.- Continued.
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Figure 16.- Boattail pressure-coefficient distributions on configuration 2 (l/dm = 1.5;
de /dm = 0.6) at various Mach numbers and three values of jet total-pressure ratio.
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Figure 17.- Boattail pressure-coefficient distributions on configuration 3 (l/dm =1.0;
de /dm = 0.7) at various Mach numbers and three values of jet total-pressure ratio.
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Figure 17.- Continued.
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Figure 18.- Boattail pressure-coefficient distributions on configuration 4 (l/dm =1.9;
de /dm =0.7 ) at various Mach numbers and three values of jet total-pressure ratio.
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Figure 19.- Boattail pressure-coefficient distributions on configuration 5 (l/dm =2.0;
de /dm = 0.7) at various Mach numbers and three values of jet total-pressure ratio.
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Figure 19.- Continued.
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Figure 20.- Comparison of measured boattail pressure-coefficient distributions with
those predicted by the theory of reference 13.
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Figure 20.- Concluded.
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Figure 21.- Effect of jet total-pressure ratio on boattail drag coefficients for
configurations with dg /ﬂm = 0.6.
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Figure 22.- Concluded.
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Figure 23.- Effect of jet total-pressure ratio on boattail drag coefficients for
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Figure 28.- Effects of jet total-pressure ratio and angle of attack on the boattail
axial-force coefficients of configuration 2 (2/dpy, = 1.5; de/dm = 0.6).
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Figure 29.- Effects of jet total-pressure ratio and angle of attack on the boattail
axial-force coefficients of configuration 3 (l/dm =1.0; de/dm = 0.7).
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Figure 38.- Static thrust ratio variation with jet total-pressure ratio
for all configurations.
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Figure 39.- Static discharge coefficient variation with jet
total-pressure ratio for all configurations.
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Figure 42.- Variation of thrust-minus-drag ratio with jet
total-pressure ratio at several Mach numbers for
configurations 1 and 2 (de/dm =0.6).
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Figure 44.- Continued.
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(c) Configurations 3, 4, and 5 (de /dm = 0.7).
Figure 44.- Concluded.
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Figure 45.- Boattail longitudinal pressure-coefficient distributions for
several values of ¢ at four selected Mach numbers for configu-
rations 1 and 2 (de’/dm =0.6; ¢/dy =1.0 and 1.5, respectively).
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Figure 46.- Boattail longitudinal pressure-coefficient distributions for several
values of ¢ at four selected Mach numbers for configurations 3 to 5
(de/dm =0.7; 2/dy = 1.0, 1.5, and 2.0).
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Figure 46.- Concluded.
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Figure 47.- Variation of jet-off boattail pressure coefficients with ¢ for
two Mach numbers and various x/I stations.
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Figure 47.- Continued.
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(c) Configuration 3 (l/dm =1.0
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(d) Configurations 4 and 5 (l,/dm =1.52and 2.0; dg/dpy = 0.’7).
Figure 47.- Concluded.
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Figure 48.- variation of boattail pressure coefficients with ¢ fora jet
total-pressure ratio of about 4 at two Mach numbers.
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Figure 48.- Continued.
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Figure 48.- Continued.
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Figure 48.- Continued.
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Figure 48.- Concluded.
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Figure 49.- Comparison of jet-off-boattail-drag variation with Mach number for
integrations based on all orifices and on the top row of orifices only.
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Figure 50.- Comparison of boattail-drag variation with jet total-pressure ratio for
integrations based on all orifices and on the top row of orifices only. Configu-
ration 1 (1/y = 1.0; de/dm = 0.6).
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