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Fig. 9 Fan and compressor operation with step increases
in low-pressure air bleed TVIBLP and high pressure air bleed

according to Eq. (8), as variables, the accuracy of calculation
is improved. Eq. (9) enables the determination of any vari-
able of additional interest, which may be formulated from the
variables already introduced in the system from Eqs. (2-8).

Of particular importance are the instationary elements of
the system of equations, which influence the transient char-
acteristics of the dependent variables, but not their final
steady-state value. The effect of these shares is dependent
upon the storage capacity of the components and structures

concerned and on the time required to fill and drain the
capacity.

For the determination of all nonstationary processes caused
by brief interferences in the order of a few seconds, it is
sufficient to take into account merely the energy accumu-
lating rotor to obtain a satisfactory approximation.
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Exhaust Nozzle Drag: Engine vs Airplane Force Model
DAVE BERGMAN*

Convair Aerospace Division, General Dynamics Corporation, Fort Worth, Texas

A nozzle model which utilizes interchangeable internal and external parts was tested at high
subsonic Mach numbers. Differences in nozzle drag brought about by the use of force- or
reference-model exhaust conditions in contrast to engine conditions were investigated. In
addition to typical designs, a number of alternative force-model nozzle (the type used in flow-
through nacelles) variations were tested and evaluated. In general, force-model nozzle drag
was found to be far different from that of the engine nozzles; however, some force-model
variations did simulate the effects of engine flow at discrete operating conditions.

Nomenclature

A = cross-sectional area
CD = boattail pressure drag coefficient (Drag/^0Am)
Cp = boattail pressure coefficient, (P — PO)/#O
D,d = diameter
h = boundary-layer height
L = length of boattail
MQ = freestream Mach number
NPR = nozzle pressure ratio (PTJ/PO)
P,Po — local and freestream static pressure
PTJ = exhaust jet total pressure
q = dynamic pressure
R — radius

Presented as Paper 70-668 at the AIAA 6th Propulsion Joint
Specialist Conference, San Diego, Calif., June 15-19, 1970; sub-
mitted June 29, 1970; revision received September 30, 1970.

* Propulsion Engineer, Aerospace Technology Department.

Subscripts
B,b = boattail terminal plane
J — jet
M,m = maximum
0 = freestream
T = total

Introduction

AIRPLANE performance measurements, particularly those
-£*• made during design and development stages, are ac-
quired by applying a combination of experimental and analyti-
cal techniques rather than by using one specific device. This
approach must be taken because, when considering an entire
airplane configuration, each of these techniques has severe
limitations, and the sole use of either will compromise ac-
curacy in predicting airplane performance. As a result, an
approach which systematically integrates both analytical and
test results is normally used.
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• TO DETERMINE AIRPLANE LIFT, DRAG,
AND MOMENT FORCES

Fig. 1 Airplane force
model.

Flow-through nacelles are
often used

It follows that there is a need not only to know the simula-
tion errors that occur with typical force-model nozzles but
also to investigate any force-model nozzle "variations" which,
perhaps, can cause the airplane flowfield to resemble that
associated with the presence of engine exhaust flow. The goal
of such an investigation is to reduce force-model simulation
errors. Force-model nozzle variations such as centerbody
contours, centerbody extensions, and the addition of cylindri-
cal tube extensions are the candidates considered.

The method for formulating a performance procedure
generally is that of testing a scale airplane model which
simulates as closely as possible the "real" airplane, and pro-
ceeding "with analytical and semiempirical techniques to cor-
rect the test data in areas where true airplane simulation is
lacking. The accuracy of such a procedure is dependent upon
knowing what simulation errors do occur on test models and,
moreover, why and to what degree errors are caused. Then
the true applicability of model test data is made clear, and,
additionally, data corrections can be accurately referenced to
the respective simulation errors contained in the data.

Problem Statement

Measurements involving airplane aerodynamic forces (lift,
drag, and moments) are made on what is commonly called an
airplane "force" or "reference" model. As illustrated in Fig.
1, these scale models often have freestream "flow-through"
nacelles that take the place of engine installations. An al-
ternative approach is that of using "powered" nacelles (e.g.,
nacelles containing miniature gas turbines or gas ejectors);
however, factors such as the relative complexity, high cost,
and physical size of powered nacelles can sometimes bar their
use. Most important, the use of flow-through nacelles means
an incorrect, limited simulation of airplane internal/external
flow interactions which occur during actual engine operation.
The nacelle inlet and exhaust nozzle significantly influence
surrounding flow and, thereby, affect nearby airframe forces.
To help correct for this inexact simulation, other models
(having high-pressure exhausts and capped inlets) designed to
provide airframe performance increments may be used in addi-
tion to the necessary analytical corrections, such as scale
effects.

Specifically, the subject to be discussed here concerns the
engine exhaust nozzle and the related effects of its simulation.
The sketch in Fig. 2 depicts the differences in nozzle geometry
between an engine plug-type nozzle representative of subsonic
cruise and its force-model nozzle counterpart. In the sub-
sonic cruise position, the nozzle exterior surface (or "boattail")
has a large amount of aft-facing projected area, thus causing a
potential high-drag problem. Notice in Fig. 2 that while the
external shape can be kept common to both nozzles, the cen-
terbody plugs are quite different. Whereas the engine plug is
designed to create a sonic throat at the exit plane and then
allow flow expansion along the plug, the force-model nozzle
has a smaller, truncated plug used solely to control inlet mass
flow of the flow-through nacelle. Another significant dif-
ference between the two nozzles is the low nozzle pressure
ratio (exhaust jet total pressure to freestream static pressure)
of the force-model nozzle. These mismatches in nozzle in-
ternal geometry and pressure ratio create a force-model ex-
haust flowfield unlike that of engine exhausts. Incorrect
simulation of jet plume shape and entrainment means that
pressure distributions on the force-model nozzle exterior and
other nearby airplane structure are dissimilar from those
experienced with high-pressure engine exhaust flow. One
should note that no matter how closely internal and external
force-model nozzle geometry is made to resemble the engine
nozzle, there will still remain a mismatch in nozzle pressure
ratio which will result in the engine exhaust flowfield not being
simulated.1

Method of Approach

External drag evaluation of a typical force-model nozzle
and of variations on its design was done on an isolated basis in
order to obtain generalized results. The results can be used as
a reference to precede analyses with specific airframes in mind.
Because of the limited objectives involved in an isolated-
nozzle approach and also because of the complex internal/
external flow interactions which occur, it was decided to ob-
tain results mainly through use of experimental techniques.

A configuration representative of an engine plug-type nozzle
for airplane subsonic cruise was used as the baseline nozzle.
Wind-tunnel tests were conducted in the following manner:
1) The engine nozzle was tested at engine pressure ratios and,
afterwards, 2) the same nozzle external shape was tested but
with internal geometry and pressure ratios associated with
flow-through nacelles, 3) the boattail pressure drag for each
of the above conditions was measured, and the difference
between the two drag levels indicated the amount of simula-
tion error brought about by the force-model exhaust condi-
tions.

Several force-model nozzle sleeve extensions and centerbody
plug variations were tried with the desire that they might pro-
duce external flowfields similar to those with jet engine ex-
hausts; however, the practical consideration was maintained
that such variations should not add more external projected
area than exists on the unmodified force-model nozzle. Thus,
at zero angle of attack, the drag forces on the variations them-
selves would be only due to friction, which could be analyti-
cally determined and then easily accounted for in airplane test
data.

Flow-through nacelles can be made to flow at various inlet
capture-area ratios by varying the amount of internal nacelle
blockage (e.g., changing the diameter of the nozzle plug). To
observe this effect on the exhaust nozzle, more than one force-
model nozzle plug diameter was tested. In addition, plug
contours were varied so that any resultant changes in external
drag could be examined. Several axial extensions of the

I. ENGINE NOZZLE (PLUG TYPE)

• HIGH NOZZLE PRESSURE RATIO
• ENGINE INTERNAL LINES

. FORCE MODEL NOZZLE

• LOW NOZZLE PRESSURE RATIO
• INTERNAL LINES SET INLET

MASSFLOW

Fig. 2 A comparison of engine nozzle and force-model
nozzle geometry.
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Fig. 3 Schematic of freejet wind tunnel.

force-model nozzle plug were tested. Also, the effect of add-
ing hollow sleeve extensions to the nozzle was investigated as a
means to adjust the external flowfield.

Model Test Technique

The nozzles were tested at several subsonic freestream Mach
numbers and through a range of nozzle pressure ratios. Boat-
tail drag measurements were made by instrumenting the
model with static pressure orifices. Data from the orifices
were used to determine boattail pressure distribution and,
when integrated over the projected area, to provide boattail
pressure drag.

Specifically, tests were conducted at Mach numbers of 0.55,
0.70, and 0.85, while nozzle exhaust flow ranged from jet-off
to a pressure ratio of 4. The models were non ejector types;
thus, there were no secondary flows. All configurations re-
tained the minimum internal flow area at the nozzle exit plane.

Description of Test Facilities

Tests were conducted in a freejet wind-tunnel facility at
the Convair Aerospace Division. A schematic of the tunnel
is presented in Fig. 3. Ambient air, which is first drawn
into a bellmouth inlet, flows through a smaller, square-
shaped channel that connects to a large plenum chamber.
It is at this point that a freejet test section is formed. Lo-
cated here, the model becomes surrounded by high-velocity
"freestream'' flow. Various tunnel pressure data are mea-
sured by a scanivalve system and then reduced into final
form by an on-line computer system.

A hollow pipe of circular cross section is used both to sup-
port the model and to deliver pressurized nozzle flow. Total
pressure surveys of the pipe show a turbulent boundary layer
with a height equal to approximately 17% of the model
diameter (h/dm « 0.17) at the nozzle connect point. This

approximates the boundary-layer thickness for a fuselage
installation, while a pod-type nozzle mounting would nor-
mally involve less boundary-layer growth.

Model and Instrumentation

The model geometry is shown in Fig. 4. A unique design
feature of the model is the interchangeable geometry provision
for accommodating several centerbody plugs and cylindrical
sleeve extensions. In this manner, changes to the nozzle
could be made while retaining the identical external boattail.
Centerbody plugs attach to an internal support strut by means
of a threaded connection, while the sleeve extensions could be
slid into place and then locked by set-screws.

The 3-in.-diam nozzle has a circular-arc boattail shape with
an 8° chordal angle (angle formed between centerline and line
connecting the boattail start with the boattail trailing edge)
and a 16° trailing-edge local angle. The engine centerbody
plug has a 15° half-angle conical shape. Note that typical
force-model nozzle centerbody plugs are truncated at the
nozzle exit plane, so that plug drag can be easily measured
apart from over-all airplane drag by either relatively few
pressure orifices in the plug base or by a pressure probe device.
The external boattail surface contains 30 static pressure ori-
fices distributed along four rows separated by 90° quadrants.
Model internal instrumentation includes three strut-mounted
total-pressure tubes for determining nozzle pressure ratio
(Fig. 5).

Results
The boattail configuration with the long cylindrical exten-

sion is similar to a model tested by NASA/Lewis.2 Figure 6
shows excellent agreement, both in level and trend, between
our data and NASA data for boattail pressures.

Plots of boattail pressure coefficient Cp vs the ratio of local
to maximum cross-sectional area A/Am are presented in Fig.
7. With this type of plot, the integral beneath the curve de-
fines the boattail drag coefficient. Although each of the pres-
sure distributions has typical boattail flow expansion-recom-
pression trends, it is evident that changes in exhaust condi-
tions have a considerable effect on boattail pressure levels.
For example, the nozzle with the engine conical plug imparts
only partial flow recompression on the boattail as opposed to
the nozzle with the long, axial plug.

Boattail drag coefficients as functions of nozzle pressure
ratio are summarized in Figs. 8 and 9. Notice that at exhaust
flow velocities approximating the freestream velocity (NPR «
1.6 for Mo = 0.85) the long, axial plug (Centerbody 4) ere-
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I. EXTERNAL INSTRUMENTATION

BOATTAIL TANGENCY POINT

-NOZZLE BOATTAIL

0° 90°

*-STATIC PRESSURE INSTRUMENTATION
180°

» 28 STATIC PRESSURE TAPS ALONG 4 STAGGERED
ROWS OF 7 TAPS EACH (ROWS 90° APART) PLUS 2
STATIC PRESSURE TAPS 1 BOATTAIL LENGTH
UPSTREAM OF TANGENCY POINT.

INTERNAL INSTRUMENTATION

• 3 STRUT-MOUNTED TOTAL
PRESSURE TUBES
(SPACED 120° APART)

Model instrumentation.

ated the same external drag effect as that of the long, cylindri-
cal extension (Extension 11). As a result, it is felt that
Centerbody 4 is of sufficient length to produce axial exhaust
flow similar to a convergent, nonplug nozzle. Subsequently,
comparisons were made which utilized Centerbody 4 to repre-
sent boattail drag levels with "convergent nozzle" flow. It is
emphasized that these comparisons were made merely to high-
light the strong effects on boattail drag caused by changes in
jet plume shape. In contrast, an effort to determine the over-
all performance merits of one engine nozzle type vs another
would involve accounting for internal thrust coefficients,
centerbody plug forces, and the fact that plug vs nonplug
nozzles of the same thrust class (equal jet areas) require
different amounts of boattail proj ected area.

As seen in Fig. 8, the engine conical plug causes consider-
ably more boattail drag than does the convergent nozzle
(both nozzles having the same boattail geometry). Because
conical plug nozzle exhaust flow is aimed down along the
centerbody, the jet plume shape is quite different compared to
the axially-directed exhaust flow. Therefore, flow on the
boattail is recompressed to a greater extent in the presence
of the convergent nozzle jet exhaust. For the plug nozzle,
further recompression of the external flow normally occurs
downstream of the boattail surface, adjacent to the centerbody
plug. The engine plug force then benefits from the "aero-
dynamic boattail" recompression which takes place.

The dip in the drag coefficient vs NPR profile at nozzle sub-
sonic exhaust flows (1 < NPR < 1.89) is due to the interaction
of jet plume shape and jet entrainment effects. The presence
of the plume causes boattail drag to be lowered significantly
after initiation of exhaust flow but, as the jet velocity exceeds
the surrounding flow velocity, an entrainment effect is also
created which tends to speed up boattail flow, thereby lower-
ing boattail pressures and increasing boattail drag. After the

_ sBOATTAIL
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Fig. 7 Boattail pressure distribution.

exhaust flow becomes sonic (NPR > 1.89), the jet plume
"billows out" beyond the exhaust area and the wide plume
shape counteracts jet entrainment, thereby further reducing
boattail drag.1

Extending the force-model plug beyond the nozzle exit plane
causes sizeable changes in boattail drag as is shown in Fig. 9.
These changes are in the direction of lowering drag with in-
creases in plug length.

Adding cylindrical extensions (Fig. 9) also causes lower
boattail drag levels. Not shown in Fig. 4 but present in these

•MO= .85
Part Identification

»..--|Normal Operating
Range

Z

0

Fig. 8 Effect of
high-pressure ex-
haust flow on boat-

tail drag.

Fig. 6 Data substantiation.
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RATIO
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Fig. 9 Effect of force-
model nozzle exhaust
flow on boattail drag.
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tests are axial force-model plugs inside each of the cylindrical
extensions. These internal plugs are truncated at the cylinder
exhaust plane and are sized to retain the identical exit flow
area for all of the flow-through nacelle nozzles tested. Similar
to the trend seen with centerbody extensions, the longer cylin-
drical extensions reduce drag more than do the shorter lengths.

Since the tests were conducted at several freestream Mach
numbers, it was possible to record any differences in boattail
drag coefficient caused by changes in Mach number. Drag-
coefficients vs freestream Mach number are shown in Fig. 10.
For the range of Mach numbers 0.55-0.85, boattail drag
coefficient remains essentially constant for the configuration
with the long cylindrical extension. In contrast, with the
extension removed and no jet flow present, boattail drag
coefficient increases with Mach number. It is felt that the
jet-off drag increase is due to the boattail being subjected to
only part of the expansion-recompression boattail flowfield,
with remaining recompression occurring downstream of the
nozzle. Additionally, the higher the freestream Mach num-
ber, the more boattail flow expansion occurs and, unlike the
configuration with the cylindrical extension attached where
the boattail can recover recompression on its own surface, the
boattail with the jet-off conditions undergoes an early increase
in drag coefficient with Mach number.

The bar chart of Fig. 11 illustrates the significant difference
between the drag level of the typical force-model nozzle and
the drag levels of high pressure-ratio nozzles with identical
external contours. Force-model drag coefficients are pre-
sented for both a 90% and 100% nacelle flow recovery (re-
covery = PTJ/PTO). Less than 100% recovery is shown

Fig. 10 Boattail
drag vs Mach

number.
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since the exhaust from a flow-through nacelle will have a
somewhat lower total pressure than that of the freestream be-
cause of nacelle duct losses.

Analysis

A description of the effects of varying the diameter of the
force-model nozzle plug is given in Fig. 12. This description
is important because several different centerbody plug di-
ameters may be used during an airplane force-model test in
order to vary inlet capture area. As seen in the figure,
changes in plug diameter are strongly felt on the boattail.
Boattail drag quickly approaches the high-drag, jet-off level
as plug diameter is increased. This effect is apparently due
to the abnormally narrow exhaust plume formed as the ex-
haust flow enters the area behind the blunt base. The ex-
ternal boattail flow is then abruptly directed toward the
centerline aft of the nozzle exit. This effect causes high boat-
tail drag by allowing a portion of the external flow recompres-
sion to occur downstream of the boattail. Nozzle pressure
ratios of 1.4 and 1.6 are used in the figure to provide a re-
covery band for force-model-nozzle drag coefficients so as to
account, in general, for flow-through-nacelle duct losses.

The effects of extending the length of the force-model nozzle
plug are shown in Fig. 13. Note that boattail drag is signifi-
cantly reduced as centerbody plugs are extended aft of the
nozzle exit. These results indicate that locating the blunt
base downstream from the boattail effectively causes a wide
plume shape next to the boattail and a narrower plume shape
at the base that, with added plug length, interferes less with
the boattail. In regard to force-model nozzles simulating
engine nozzle drag levels, the long plug (Centerbody 4) results
in the same boattail drag as that of the convergent nozzle
operating at a nozzle pressure ratio of approximately 3.
From the results of the other plugs, one can predict that plug
lengths somewhere between those of Centerbodies 3 and 4
could simulate the boattail drag of the convergent nozzle at
pressure ratios between 2.0 and 3.0.

In order for the force-model nozzle to simulate the boattail
drag of the engine conical-plug nozzle, the drag of the typical
force-model nozzle must be increased (see Fig. 11). Recon-
touring the force-model centerbody plug was a possible means

Fig. 12 Varying the
plug diameter of the
force-model nozzle.
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and was tried on both the small- and large-diameter plugs.
Presented in Fig. 14, the results show that boattail drag with
the large-diameter plugs is sensitive to changes in plug con-
tour, while drag with the small-diameter plugs is somewhat
insensitive to contouring. For the large plugs, aiming the
exhaust flow toward the centerline by recontouring the plug
apparently creates a thinner plume shape near the boattail
by allowing the exhaust to flow more directly into the base
area region. However, typical force-model nozzles have
centerbody plug diameters more in keeping with the small-
diameter plugs tested; therefore, in practical use, force-model
plug contouring seems to be a rather ineffective means for
adjusting boattail drag.

The results of attaching cylindrical sleeves to the force-
model nozzle, given in Fig. 15, show that boattail drag de-
creases with increasing cylindrical extension length. How-
ever, Extensions 10 and 11 each produce approximately the
same drag levels. Thus, for the model tested, extensions any
longer than Extension 11 would probably be no more effective
in reducing drag. The short cylindrical sleeve (Extension 9)
results in the same boattail drag as that of the convergent
nozzle at NPR of 2, while the midlength and long cylinders
(Extensions 10 and 11) simulate convergent nozzle drag at an
NPR of 3. Note that the centerbody plug extensions and the
cylindrical sleeve extensions each provide an effective means
for adjusting force-model drag levels to those of the high-
exhaust-pressure convergent nozzle. However, the sleeve
extensions have the added feature of being adaptable to force
models whether or not the force-model nozzles incorporate
centerbody plugs.

Associated with the use of force-model nozzle extensions
are some practical limitations. Use of nozzle extensions on

0 5 10 15 20
6, (DEGREES)

Fig. 14 Effect of force-model nozzle plug contour.

Fig. 15 Effects of
cylindrical exten-
sions on force-model

nozzles.

airplane models must include many considerations, among
which are restrictions in angle of attack, skin friction cor-
rections, and the channeling effects of closely spaced exten-
sions.

Conclusions

Subsonic wind-tunnel tests were conducted to determine the
effects of nozzle drag brought about by the use of flow-
through nacelles in airplane force models. The following con-
clusions are based on the configurations tested:

1) The boattail drag level of the nozzle with typical force-
model exhaust flow is far different from that of the nozzle
with either an engine plug-type or convergent-type exhaust.

2) All the nozzles tested have lower drag levels with the
subsonic exhaust (low-nozzle-pressure ratios) than with the
sonic exhaust and slightly higher pressure ratios. This
phenomenon appears to be due to reduced jet entrainment
effects when operating at low exhaust flow velocities.

3) The diameter of the force-model plug influences boattail
flow. As the plug diameter is increased, boattail drag ap-
proaches the jet-off level. This illustrates that changes in
flow-through-nacelle mass-flow setting can alter nozzle drag;
this necessitates careful scrutiny, e.g., if the nozzle plug is
changed when measuring inlet drag (varying capture-area
ratio), then both inlet and nozzle drag changes will occur.

4) The technique of adding either centerbody plug or cylin-
drical sleeve extensions to the force-model nozzle produces
favorable results in simulating the boattail drag of the high-
pressure ratio convergent nozzle. Even though there are
practical limitations to its use, this method may prove valu-
able for nozzle simulation on airplane force models.

5) At typical force-model nozzle plug diameters, plug re-
contouring has virtually no effect on boattail drag, although at
much larger diameters some effects are observed. Although it
was hoped that re-contouring of the force-model nozzle plug
might bring boattail drag into closer agreement with the level
of the engine conical plug-type nozzle, this method is found
ineffective.
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