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Mass Injection and Jet Flow Simulation Effects
on Transonic Afterbody Drag

Wladimiro Calarese* and Ronald E. Walterick*
A ir Force Flight Dynamics Laboratory, Wright-Palter son AFB, Ohio

An experimental investigation has been performed on the effects of boattail injection and jet flow simulation
on the afterbody drag of a slender body of revolution in the transonic regime at zero angle of attack. A
correlation between sting and jet diameter has been established. The jet plume and the nozzle pressure ratio
simulations have been found appropriate and useful as a testing technique. Boattail mass injection usually
produces a drag coefficient reduction of 10-15% and is more effective at high nozzle pressure ratios and when
used in regions of separated flow.
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Nomenclature
= drag coefficient based on maximum cross-sectional

area

= pressure coefficient,—— °°

= critical pressure coefficient
= pressure coefficient variation
= diameter
= length
= distance of frustrum from model base
= Mach number
= mass flux
= nozzle pressure ratio, p0j/p„
= static pressure
= stagnation pressure
= radius
= Reynolds number based on model length
= cross-sectional area
= axial coordinate
= boattail average angle
= boattail terminal angle
= peripheral angle

Subscripts
(3 = boattail
b = base
/ = frustrum
M - maximum
5 = sting
AJ = afterbody, based on jet
A,s = afterbody, based on sting
oo = infinity

I
Introduction

T is of utmost importance to develop new techniques
capable of effectively reducing the afterbody drag of

single-engine fighter or engine nacelles of aircraft performing
in the transonic range. It has been ascertained that boattail
and base injection when properly used, can reduce sub-
stantially the afterbody drag levels of slender bodies of
revolution in the supersonic regime.1'2 Consequently, an
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investigation was initiated in the Air Force Flight Dynamics
Laboratory to determine whether the same effects would be
obtained in the transonic regime. Preliminary results for
boattail injection,3 using a circular-arc boattail with a
boattail average angle of 10 deg showed a favorable effect on
the drag coefficient by injecting into the external flowfield
small amounts of air in the freestream Mach number range
0.8-0.95. Additional experimental tests have been performed
on boattails of different shapes and angles to confirm and
validate the previous result and also to determine the effect of
different parameters, such as location, area, and rate of
injection as well as boattail shape and angle, nozzle pressure
ratio, jet diameter, and Reynolds number. The testing
technique of jet flow simulation by means of a cone frustum-
sting combination was used in the experiment.

Equipment and Test Description
The experiment was performed at the Trisonic Gasdynamic

Facility of the Air Force Flight Dynamics Laboratory. A
description of the facility can be found in Ref. 4. The tests
were conducted at Mach 0.8-0.95, at a tunnel stagnation
temperature of 500° R and stagnation pressures of 2000 and
3000 psf, which approximately correspond to Reynolds
numbers of 8.3xl06 and 13.4x 106 based on the model
length. The tests were performed at zero angle of attack on a
sting-mounted, axisymmetric ogive-cylinder model with three
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Fig. 2 Base pressure variation due to the sting vs terminal boattail
angle.
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Fig. 3 Mass injection effect on circular-arc boattail and base
pressure coefficients for NPR = 2.0, Ds = \ in.

different boattails, i.e., a circular-arc, a cutoff version of the
nozzle afterbody of the B-l aircraft engine, and a conical
boattail (Fig. 1). The boattails were equipped with 4-12 static
pressure taps distributed circumferentially and longitudinally.
Two additional pressure taps were located in the base region.
Their base pressure measurements were slightly different
from each other, but the pressure of the tap nearer to the base
lip was used, since the other tap at times could not be used, as
will be seen later.

The injection air was supplied through the rear sting to a
settling chamber inside the boattail. The boattails were
perforated at two or three different axial locations. The
perforations consisted of 36 injection holes per location of
0.01 in. diam, distributed circumferentially at 10 deg in-
tervals. The difference between the high pressure of the in-
jection air and the low pressure of the external flow over the
boattail produced the injection. The mass flux was regulated
by a calibrated flow meter.

In Ref. 5, a correlation between the effects of the support
sting-cone frustum combination on base pressure variation
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Fig. 4 Mass injection effect on cutoff B-l boattail and base pressure
coefficients for NPR = 2.0, Ds = 1 in.
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Fig. 5 Mass injection effect on conical boattail and base pressure
coefficients for NPR = 2.0, Ds = 1 in.

and the effects of a real jet plume was obtained. Based on this
correlation, a cone frustum of 20 deg semivertex angle and
2.75 in. axial length was used as plume simulator and could be
positioned over the support sting at different distances from
the boattail end. The sting diameter could also be varied using
sleeves of different diameters (Fig. 1). When the larger sleeves
were applied, the base pressure tap nearer to the axis was
covered and could not be used. The jet flow over a nozzle
pressure ratio (NPR) of approximately 2, which represents a
fully expanded sonic flow at the exit of a convergent nozzle,
was simulated by the support sting without the frustum.
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Fig. 7 Base pressure coefficient variation with sting size.

The base pressure variation due to the sting for constant
model diameter

ACps = [dCpb/d(Ds/Db)2](Ds/Db)2 (1)

Similarly, the variation due to the jet is:

{dACpb/d(D2j/DbDM)

X(Dj/DbDM) (2)

The right-hand side terms of Eq. (2) have been obtained as
functions of NPR by correlation with flight tests.5 Since the
sting must reproduce the same pressure variation as the jet,
Eqs. (1) and (2) are equated, thus yielding a correspondence
between sting and jet diameter.6 The sting diameter Ds is then
obtained as an explicit function of the jet diameter Dj and an
implicit function of NPR for given values of Db and DM.
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Fig. 9 Boattail drag coefficient variation with base pressure.

Note that the base pressure variation due to jet effects consists
of two terms—one due to the jet flow; the other, ACpb
(Z>j=0), is the hypothetical contribution when the jet
diameter is reduced to zero.

Even though the wind-tunnel simulation produces the same
base pressure that a real jet would, the drag coefficient ob-
tained with the sting is different from the one obtained with
the jet due to the difference in the effective base area.

Then, in general,

(3)

(4)

Both drag coefficients are listed in Figs. 3-6, but the present
parametric study is based mainly on the experimentally ob-
tained value of €DA s.

For NPR>2, the simulation was accomplished by
positioning the frustum on the sting at different distances
from the model base while holding the sting diameter fixed.
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Fig. 10 Afterbody drag coefficient variation with mass injection for
different Reynolds numbers, and NPR = 2, Mx = 0.8.
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Fig. 11 Afterbody drag coefficient variation with mass injection for
different Reynolds numbers, and NPR = 2, A/^ =0.95.

Reducing the frustum distance from the model base increases
the NPR. The frustum is used to simulate the expanding jet
plume. The effect of the frustum on the base pressure, given
in Ref. 5, is obtained by adding to the right-hand side of Eq.
(1) a term that is mainly a function of frustum semivertex
angle, frustum length, and position.

The term dCpb/d(Ds/Db)2 of Eq. (1) is a function of
boattail angle and is plotted in Fig. 2 vs boattail terminal
angle. Its value seems to have little dependence on Db/DM
and on Mach number in the range of the present experiment
and is consistent with the value of Ref. 5, except for 131 =25
deg (conical boattail). Conical boattails do not correlate well
with simulation results obtained on different boattail shapes,
especially when the boattail angle is high and separated flow
occurs on the boattail.

Results
Experimental data were obtained, reduced, and analyzed.

The pressure coefficients for different configurations were
plotted in order to investigate the effects of mass injection,
Mach number, plume simulator, and sting diameter on the
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Fig. 13 Afterbody drag coefficient variation with mass injection for
NPR = 3.62.

flowfield and on drag coefficient. The purpose of using
different configurations, injection locations, and mass fluxes
was to find those for which the overall integrated boattail and
base pressure would give a drag reduction.

The afterbody drag coefficient based on the sting was
calculated using the following equations:

where

(5)

(6)

(7)
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where the prime superscript indicates first derivative with
respect to x and the bar superscript indicates quantities
nondimensionalized with respect to the axial boattail length

If the jet flow is considered,

where

(8)

(9)

A. Boattail Pressure Distribution
Figures 3-5 show the influence of mass injection on the

pressure distribution and drag coefficient at a freestream
Mach number of 0.9, a NPR of 2, and a sting diameter of 1 in.
In general, the injection attenuates the expansion of the flow
over the boattail shoulder ahead of the injection ports, but it
degrades the recompression process on the terminal section of
the boattail. The rate of injection is of critical importance in
producing drag reduction or increase. In Fig. 3, for the cir-
cular-arc boattail, an injection rate of 0.033 Ibm/s produces a
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Fig. 16 Afterbody drag coefficient variation with freestream Mach
number for NPR = 2.

0.12

Moo = 0.90

Re = 8.7 x 10

lh = 0.000 LB /SEC
M

BOATTAIL

CIRCULAR ARC
CUT-OFF B-1

CONICAL

-0.02

-0.04

-0.06

Fig. 17 Afterbody drag coefficient variation with nozzle pressure
ratio without mass injection.

drag reduction while increasing the injection rate increases the
drag. An examination of the pressure distribution shows that
for the lower injection rates the injected flow produces a mild
compression in front without causing a large separated region
behind. The extent of the supersonic pocket is, therefore,
reduced. At higher rates, the expansion over the boattail
shoulder is at first favorably reduced but the expansion
minimum reaches an even lower value. This lower value
occurs immediately after the injection ports, revealing the
occurrence of vortical flow with an extended separated region
produced by the lateral jet issuing into the embedded
supersonic field. Then, a stronger reattachment shock takes
place.
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Fig. 21 Afterbody drag coefficient variation with boattail terminal
angle.

A pattern somewhat different from the circular-arc boattail
is seen in the pressure distribution of the cutoff B-1 (Fig. 4).
In the case of supersonic flow occurring on the boattail when
the mass injection is used, the extent of the supersonic pocket
is larger than the one that develops on the circular-arc boattail
because of the different location and area of injection, three
rows of injection extending downstream to about 1 in. from
the boattail end, while for the circular-arc only two rows
extending downstream to about 2 in. from the boattail end

(Fig. 3). The separation and reattachment shocks generated
by the injection are farther apart, and the separated flow
region is larger. Consequently, these phenomena produce
stronger shock and separation losses and a drag increase with
injection even though the base pressure at times rises with it.

The pressure distribution for the conical boattail is shown
in Fig. 5. Because of the high boattail angle, 0 = 25 deg, the
flow is fully separated downstream of the boattail shoulder
and no recompression occurs.
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When mass injection is used, a drag reduction is obtained
inasmuch as the injection energizes the flow in the separated
region and delays separation; even though the expansion over
the shoulder is bigger, a stronger recompression occurs
downstream. As reported in Ref. 7, gas injection in a
separated region is always beneficial for reducing the drag
levels.

Figure 6 shows the pressure distribution on the circular-arc
boattail for M^ = 0.95 and NPR = 3.61. The effect of the
higher NPR consists of a better percentage drag reduction,
about 10%, with small injection rates.

The mass injection rates that give the best drag reduction
are between 0.03 and 0.06 Ibm/s, which correspond to about
2-3% of the mass flow captured by a stream tube of area
equal to the model's maximum cross-sectional area.

B. Base Pressure Levels and Afterbody Drag Coefficients
Figure 7 shows how the base pressure is affected by the

sting size. The base pressure coefficient increases with an
increase in the value of Ds/Db for both the circular-arc and
the cutoff B-l boattails at any injection rate. It remains
almost unchanged for the conical boattail. This happens
because of the separated boattail flow caused by the high
boattail angle. Consequently, its value is much lower than the
value obtained for the other two boattails.

The base pressure values for zero sting diameter have been
obtained by extrapolation and are indicated with dash lines.
They are hypothetical and only indicative of the conditions
that might exist in the base region in absence of the sting.

Figure 8 shows the corresponding base drag coefficients. At
m = 0, the circular-arc boattail exhibits a higher base thrust
than the cutoff B-l. Instead, the conical boattail produces the
highest base drag. The base drag curves tend obviously to zero
when Z>5 AD^-1.

Figure 9 illustrates a correlation between boattail drag
coefficient and base pressure coefficient with and without
mass injection at Mx = 0.9. The correlation for the circular-
arc exhibits a higher negative slope than the McDonald-
Hughes correlation5 and is also slightly different when
compared with the results of Ref. 3 (see Fig. 12 of Ref. 3).
Nevertheless, the influence of the mass injection is well
defined. Figure 9 first shows a boattail drag decrease with
small injection rates, then an increase with higher injection
rates for the circular-arc boattail.

Plots of the afterbody drag coefficient vs mass injection for
NPR = 2.0 and different Reynolds numbers are reported in
Figs. 10 and 11. The effect of boattail angle is evident in these
figures. As expected at these high /3's, a higher boattail angle
produces a higher drag coefficient because of the higher
boattail shoulder expansion and lower subsequent recom-
pression.

The conical boattail has the highest afterbody drag coef-
ficient in Fig. 10 because of the high ft and the occurrence of
separated flow downstream of the boattail shoulder, but is the
most sensitive to mass injection. This injection produces
considerable drag reduction. The circular-arc boattail shows a
very small drag reduction with injection at M^ =0.8, but the
drag of the cutoff B-l increases rapidly with injection. The
drag reversal with injection (decrease-increase) is evident in
the figures. The best configuration for lowest drag is the
circular-arc, followed by the cutoff B-l, and then the conical
boattail. Figure 10 shows a strong Reynolds number effect on
the drag coefficient, but this was due to a defective pressure
tap that gave incorrect readings for ReL = 8.3 x 106 (see Ref.
6). The drag variation due to the Reynolds number in Fig. 11
is not too strong. Its effect changes irregularly with the in-
jection rates. No definite pattern is observed. It is interesting
to note that at M^ =0.95 the drag coefficient of the conical
boattail is less than the one of the cutoff B-l. This effect is
due to the early separation (right after the boattail shoulder)
that the conical boattail experiences. This flow separation
prevents the strong shoulder expansion from occurring.

Figure 12 is a plot of afterbody drag coefficient vs mass
injection for various sting sizes. Again, the drag reversal with
increasing m is observed. For each boattail configuration, the
lowest drag coefficient is obtained with the maximum sting
size. This result is due to two effects: 1) the reduction of ef-
fective base area which directly reduces the base drag and 2)
the bigger sting simulates a higher jet flow and, therefore, a
higher thrust, which better pressurizes the base region. The
minimum overall drag is obtained for the circular-arc
boattail, which also requires the lowest amount of mass in-
jection to reach this minimum.

Figures 13 and 14 present the drag coefficient values with
mass injection at NPR > 2. The favorable effect of mass
injection for the circular-arc and conical boattails decreases
with increasing NPR even though the drag levels decrease.
This high NPR produces an adverse pressure gradient which,
when added to the one generated by the injected flow, at
times, causes an adverse interference. Note in Fig. 13 that the
conical boattail produces less drag at Mx = 0.95 than at M^
= 0.9 for NPR = 3.62.

The Reynolds number effect on the drag coefficient for
NPR = 2 and zero injection is shown in Fig. 15. Taking with
reservation the high drag values for M^ = 0.8 and
ReL «8.3 x 106, due to the defective pressure tap mentioned
before, it is evident that there is a small Reynolds number
effect on the drag coefficient. For the circular-arc and cutoff
B-l boattails, there is a slight increase in drag with ReL, while
for the conical boattail, a slight decrease.

Figure 16 is a plot of €DA s vs M^ for NPR = 2 and zero
mass injection. The rate of drag increase with increasing M^
is less for the conical than for the other boattails because of
separation effects.

Figures 17 and 18 show that the increase of NPR con-
siderably reduces the drag coefficient for any condition as
expected, since it pressurizes the base region. The maximum
decreasing rate occurs between NPR = 4 and 5.

The increase of the sting diameter also reduces the drag
coefficient for any amount of mass injection as illustrated in
Figs. 19 and 20. The reduction is considerable.

Finally, Fig. 21 shows the predicted increasing drag
coefficient trend with boattail terminal angle for M^ = 0.8-
0.9. For MOO = 0.95, the drag coefficient increases up to
ft(=2Q deg, but then decreases because of the separation
effects of the conical boattail which were discussed earlier. At
higher NPR, the beneficial effect due to the injection in the
separated region over the conical boattail is felt at Mn = 0.9
as well as M^ = 0.95. Consequently, the drag values drop
considerably for ftt = 25 deg.

Conclusions
An experimental investigation of the effects of boattail

mass injection and jet flow on the transonic afterbody drag of
slender bodies of revolution at zero angle of attack has been
performed. The conclusions are:

1) A correlation between sting, used as jet simulator, and
corresponding jet diameter has been established.

2) The jet plume and the NPR simulations by the sting-
frustum combination have been found appropriate and useful
and are considered a good testing technique.

3) Small rates of boattail mass injection, in general,
produce a drag coefficient reduction and are more effective at
high NPR's for the circular-arc and conical boattails. For the
cutoff B-l boattail, mass injection increases the drag levels in
the present geometry. This boattail shape should not be used
in conjunction with injection in this fashion. It is suggested
that the injection port location should be re-examined in light
of the present.fesults and eventually replaced.

4) Mass injection is more effective in zones of separated
flows.

5) For the boattail angle range used in the present report,
10-25 deg, the afterbody drag increases with increasing
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boattail angle provided the boattail flow remains attached.
6) The conical boattail has the highest afterbody drag

coefficient for M^ = 0.8-0.9, NPR = 2, and no injection,
but is the most sensitive to mass injection which produces
considerable drag reduction. For M^ = 0.95, the cutoff B-l
boattail exhibits the highest drag coefficient; the same is true
when mass injection is considered at NPR > 2. In general, the
circular-arc boattail gives the lowest drag values.

7) The Reynolds number has a negligible effect on the drag
coefficient at NPR = 2 and zero injection.

8) The increase in Mach number produces a drag coefficient
increase for all boattails at NPR = 2.

9) Concentrating the injection ports near the boattail
shoulder attenuates the expansion at that location and
produces a drag reduction for the circular-arc and conical
boattails.

10) The NPR is very effective in changing the afterbody
drag. An increase in NPR produces a substantial decrease in
drag for all boattails.

11) Increasing the diameter of the sting, which simulates an
increase in jet diameter, reduces the afterbody drag for all
boattails.
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It is generally the objective of the designer of a moving vehicle to reduce the base drag—that is, to raise the base pressure to a
value as close as possible to the freestream pressure. The most direct and obvious method of achieving this is to shape the
body appropriately—for example, through boattailing or by introducing attachments. However, it is not feasible in all cases
to make such geometrical changes, and then one may consider the possibility of injecting a fluid into the base region to raise
the base pressure. This book is especially devoted to a study of the various aspects of base flow control through injection and
combustion in the base region.

The determination of an optimal scheme of injection and combustion for reducing base drag requires an examination of
the total flowfield, including the effects of Reynolds number and Mach number, and requires also a knowledge of the
burning characteristics of the fuels that may be used for this purpose. The location of injection is also an important
parameter, especially when there is combustion. There is engineering interest both in injection through the base and injection
upstream of the base corner. Combustion upstream of the base corner is commonly referred to as external combustion. This
book deals with both base and external combustion under small and large injection conditions.

The problem of base pressure control through the use of a properly placed combustion source requires background
knowledge of both the fluid mechanics of wakes and base flows and the combustion characteristics of high-energy fuels such
as powdered metals. The first paper in this volume is an extensive review of the fluid-mechanical literature on wakes and
base flows, which may serve as a guide to the reader in his study of this aspect of the base pressure control problem.
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