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Model of the Engine Exhaust System
at Transonic Flight Speeds
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The paper starts with a discussion of the physical nature of the transonic strong interaction flow such as is
found when an exhaust jet issues from a nozzle exit plane into a near sonic freestream. Schlieren photographs of
the flow are interpreted in a new light which suggests how existing theoretical models for this class of flow could
be improved. Results from calculations based upon a theoretical model are then presented. Particular emphasis
is placed upon the effect of changes in Reynolds number. It is shown that flows which exhibit separation at low
Reynolds number may become attached as the Reynolds number is increased in which case the drag coefficient

exhibits a maximum.

Nomenclature
d, D =body diameter
h =step height
D = pressure
R, =Reynolds number
Cp =drag coefficient
M =Mach number
X =coordinate along stream direction
N1 =0.80 diam ratio nozzle
NI12 =0.45 diam ratio nozzle
Subscripts
B =base
c = chamber pressure
J =jet
D =plateau value
s =separation condition
oo = freestream value

Introduction

N many situations of practical interest in -aero-

dynamics, the freestream conditions are such that
the flow over a given configuration is transonic. As examples
of this, it can be noted that many aircraft cruise at a Mach
number which gives mixed flow over some part of the vehicle
while a missile in its initial phase of flight will accelerate
through the transonic region. In both of these cases the
propulsive jet can have a detrimental influence on the flow
over the entire configuration. This is particularly noticeable in
the missile application where the engine will be operating at
high thrust coefficient and a large exhaust plume is created as
a consequence. The situation becomes more delicate near the
sonic state when this plume can engender a separation of the
flow from the missile body ahead of the nozzle exit plane.
Such a separation can greatly reduce the vehicle stability and
controllability just in the post launch phase. !
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For aircraft applications on the other hand, the con-
sequences of the exhaust jet interaction with the main flow
will not be so spectacular but are still serious. The emphasis is
now more upon the interference drag penalty introduced by
the engine efflux and its influence on the flow over the
nacelle. An important item in this respect is the effect of
Reynolds number changes on the flow and the relationship
between tunnel tests and freeflight. The present paper is ad-
dressed to a discussion of these problems.

Substance of a Flow Model

Figure 1 shows a typical schlieren photograph of a jet efflux
from a nozzle configuration in a transonic main stream (in
this example M =1.1). The components of the flow are
readily seen and may be identified as follows. a) The main
flow over the body develops a boundary layer on that surface.
b) This boundary layer leaves the body at some point to
form a free-shear layer. ¢) The free-shear layer proceeds
downstream and suffers a confluence with the external sur-
face of the exhaust plume. d) Shock waves can be present at
various locations in the interaction region when the external
flow is transonic. The actual disposition of these shocks will
depend, at a given freestream condition, upon the jet thrust
coefficient. Because of the transonic nature of the flow, it is
found that part of the interaction region is supersonic in
character while the rest of the flow is subsonic.

Surface pressure distributions on the body ahead of the
base region are shown in Fig. 2 for various jet total pressure
ratios. The data for this plot are taken from Ref. 2. Of par-

Fig. 1 Schlicren photograph of engine exhaust for high jet pressure
ratio.
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Fig. 2 Effect of jet pressure ratio on the surface pressures ahead of
the nozzle exit plane. Flow from left to right.
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Fig. 3 Comparison of pressure rise to separation for subsonic and
supersonic approach conditions. Step height large compared to the
boundary-layer thickness.

ticular interest in this study is the spread of the upstream in-
fluence as the jet pressure ratio is increased. For missile ap-
plications, where a large jet pressure ratio is to be utilized, the
extent of this upstream influence is a critical factor for the
stability and controllability of the vehicle.

The difference in character of the upstream pressure rise
between the subsonic and the supersonic approach velocity
cases should also be noted. This point is discussed in greater
detail in Ref. 3. A comparison of interest that was presented
in Ref. 3 is reproduced in Fig. 3 and pertains to the flow over
over a forward-facing step.

One important point must be stressed here. When the
freestream Mach number is supersonic, the nature of the
pressure rise on the body surface is dependent upon the
magnitude of the disturbance which is creating the upstream
effect. This point will again be made clear by reference to the
flow over a forward-facing step. That such a discussion would
be relevant to the subject in hand has been demonstrated in
Ref. 1. Further evidence is put forward in Fig. 4. In this
figure, the data correlation for the plateau pressure associated
with the supersonic flow over forward-facing steps, and its
extension to transonic speeds,? is plotted along with the ex-
perimental data? for plume-induced separation. The data
points are the limiting base pressure values as the jet pressure
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Fig.4 Comparison between plume-induced separation and flow over
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Fig. 5 Data taken from Ref. 5 for flow over a forward-facing step.

ratio becomes very large. Figure 7 should be referred to for
the definition of this limiting base pressure. For the body with
a parallel sided aft-end, it is seen that the limit pressure does
in, fact compare with the data correlation for the flow over
forward-facing steps. For bodies with conical aft ends,
however, there is a considerable divergence from this
correlation as the cone angle is increased. This important
three-dimensional effect will be discussed later.

Very interesting data was presented by Czarnecki and
Jackson? concerning the influence of step size on the super-
sonic flow over a forward-facing step. With the approach
Mach number equal to 1.61, they tested steps whose height
ranged from 0.005-2.545 cm. Typical surface pressure
distributions on the model ahead of the step are shown in Fig.
5. The data for the 0.237-cm step has a character much the
same as the subsonic separation depicted in Fig. 3, while the
2.54-cm step shows a flow with the classical supersonic
separation.

If the step produces a deflection of the external flow that is
sufficiently small to be accommodated by an isentropic com-
pression, then it is postulated that a shock wave need not oc-
cur in the pressure rise region. When this shock-free flow
takes place, the classical shock-induced separation process is
not evident, and the existing theories for such flows lose ap-
plicability. At the same time, classical boundary-layer theory
is not able to describe a separation process under a continuous
pressure rise.

Schlieren photographs are available which show the
development of the flowfield as the jet pressure ratio is in-
creased for a nozzle configuration in a body of
revolution (see Fig. 6). At small jet pressure ratio (Fig. 6a), a
shock wave is presentin the confluence region. Then, as the
jet pressure ratio is increased, this shock progresses forward
and finally takes up residence as a separation shock in the
classical shock-induced separation mode (Fig. 6d). For the
case considered in Fig. 6, the approach Mach number is 1.1
and the body is fitted with a 9.5° boattailed aft end. In broad
terms, the analogy with the step flow previously described is
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Fig. 6 Schlieren photographs and surface pressure distributions for flow over a body with a 9.5° boattail. M, =1.1 and various jet pressure
ratios. a) PP, =10.0;b) P,/ P, =17.9;¢) P Py =49.9;and d) P,/ P ,, =144.0.
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Fig. 7 Effect of afi-end conical angle on base pressure. Data from
Ref. 2.

0.2

clear. At lot jet pressure ratios, the plume, being small, is
analogous to the very small step flow where the separation
process is enacted by an isentropic compression. Finally, at
large jet pressure ratios, there exists the usual shock-induced
separation.

The analogy with the step flow is only suggested as being
representative of the separation process. Downstream of the
separation point, the flow under discussion contains a con-
fluence between the free-shear layer and the plume boundary.
The schlieren photographs presented in Fig. 6 show the
changes that take place in the flow at confluence. At low jet
pressure ratio the flow is similar to a supersonic flow where
confluence takes place under a wake shock. This flow
progresses to a shock-free state as the jet pressure ratio is in-
creased. This behavior is in the opposite sense to that suffered
by the separation process. With the information available at
the present time, there is no way of establishing whether the
confluence at high jet pressure ratios takes place under sub-
sonic or supersonic approach conditions. This fact makes the
development of a theoretical model difficult.

The flow in the interaction region is further complicated by
the observation (see Fig. 4) that it is quite strongly three-
dimensional. That is, the limiting flow tends to a base
pressure which is a function of the conical angle of the flow as
well as the approach Mach number. Figure 7 plots the
variation of base pressure with jet pressure ratio for three aft-
end configurations and clearly shows this influence of conical
angle. It is not possible to do much further analysis with this
data’ since different nozzles were employed for both the
flared and boattailed configurations. It will be shown later
that the nozzle geometry has a large influence on the base
pressure. The whole subject of the three-dimensional nature
of the flow needs further study.

Direction for Future Work

The previous section has outlined the serious difficulties
that ensue when a theoretical model is put forward as a
description of a separated transonic flow. In essence the
problem arises because either one, or both, of the separation
and reattachment regions are subsonic in nature. At this time,
theories for subsonic interactive flows are not well developed.
The integral approach® is a step towards the development of
such solutions but is clearly not the final answer.

Successful theories, utilizing the classical component ap-
proach, have been developed for treating separated super-
sonic flows.? These theories have been extended to very low
supersonic conditions *'® with some success in certain classes
of problem. Further results from this theory will be given
herein.

The principal difficulty that arises in the transonic region is
that only part of the flow region is supersonic in character. In
concept, there is no reason to suppose that component ap-
proaches would not be successful in subsonic flow, if the in-
teraction procedure could be made to converge. However, the
mechanics of selecting either subsonic or supersonic
procedures would make the method of doubtful practicality in
transonic flow.

It would appear that the development of numerical
solutions to this type of transonic flow is the most desirable
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Fig. 8 Effect of nozzle diameter ratio on base pressure for a parallel-
sided body.
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Fig. 9 Comparison between predicted base pressure and experiment.
Body has a 3.2° boattail.

long term project. Sufficient experience has been gained in the
past few years regarding the numerical solution for transonic
potential flows that the background for viscous flow cal-
culations is complete,

Results from the Theory

The theory employed *!° is based upon an interaction model
that utilizes the classical component approach. It does require
that the flow is supersonic throughout the interaction region.
The separation process is also assumed to take place under a
shock wave so that existing theories remain applicable. In
view of the previous discussion, it is clear that the model un-
der study will be restricted in its usefulness. However, it is felt
that the trends predicted by the theory are valid and represent
a useful study of an important practical problem.

A study has been made of the effect that the nozzle exit
diameter has on the flow in the base region. A parallel-sided
body was selected for this study and the ratio of the nozzle
exit diameter to base diameter was varied over a wide range.
Figure 8 shows the effect of this ratio on the predicted base
pressure. Experimental data? are also included for com-
parison. In all cases, the nozzle exit angle was 20°. As the noz-
zle diameter is reduced, the base pressure tends to the value
corresponding to zero mass efflux. There is, however, a
minimum base pressure which occurs at some small nozzle
diameter ratio. This minimum corresponds to the same ejec-
tor-type phenomenon as is observed when the pressure ratio
of a given diameter nozzle is reduced. Figure 9 shows the lat-
ter effect along with the theoretical prediction for the same
flow. In the case shown on Fig. 9, the body is fitted with a

Fig. 10 Influence of nozzle diameter ratio on body drag.

3.2° boattailed aft end; again the freestream Mach number is
1.1. At the higher jet pressure ratio, the agreement between
theory and experiment is not too good. This is a consequence
of the observation made above concerning the three-
dimensional nature of the flow when the aft end of the body is
anything other than parallel sided. This effect is not included
in the theory.

The changes in nozzle exit diameter cause changes in the
drag coefficient which correspond to the changes in base
pressure previously discussed. This aspect of the flow charac-
ter is indicated in Fig. 10. Clearly, the nozzle diameter ratio
must be an important parameter in any optimization study.
This remark is possibly of less significance in aircraft ap-
plications where the base area tends to be small and the jet
pressure ratio low.

Some remarks can be made concerning the important sub-
ject of variations in Reynolds number and the scaling from
low to high Reynolds number situations. Of course, for very
low Reynolds number flows, where laminar conditions
predominate, vast changes can be expected as the increased
Reynolds number forces the flow to be largely turbulent. In
the present study, the concern is more with high Reynolds
number flows and the changes that take place with further in-
crease of Reynolds number. There is evidence!! to indicate
that under certain conditions the influence of Reynolds num-
ber can be significant. The situation is not that simple,
however, since any comparison between tunnel test and free
flight must contain uncertainties other than those associated
with changes in Reynolds number.

The theory under discussion is able to estimate the effects
of changes in Reynolds number. Certain pertinent remarks
should be made before entering into a presentation of the
results of such calculations. The boundary-layer theory em-
ployed in the calculation procedure incorporates a skin fric-
tion law which was obtained empirically. The data used in this
skin friction correlation do not extend to extremely high
Reynolds numbers. In addition to this, the conditions at the
point of shock-induced separation are determined from
Mager’s theory!? which does not include any influence of
Reynolds number. Hence the Reynolds number only enters as
a parameter in the initial boundary-layer profile at the start of
the interaction. The same comment holds for the subsequent
calculations through to the flow in the confluence region, and
it is well known that conditions in the confluence region have
a significant effect on the whole interaction.?

Figure 11 is a useful starting point for a discussion of the ef-
fect that Reynolds number may have on the vehicle per-
formance. This diagram shows the variation of total drag
coefficient (based upon the cross-sectional area of the body)
with Reynolds number when the jet pressure ratio is held con-
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Fig. 11 Drag changes with Reynolds number for a body with a 3.2°
boattail.

stant. This calculation has been performed for the same body
as that referred to in Fig. 9. The freestream Mach number is
1.1.

At low jet pressure ratio, the base pressure is very low and
consequently the drag is high. This can be seen from Fig. 9.
Increasing the jet pressure ratio has the effect of reducing the
drag at a fixed Reynolds number. For large values of jet
pressure ratio, the drag is greatly reduced at Reynolds num-
bers below about one million because of the development of
separation on the body surface. The extent of this separation
is shown in Fig. 12 as a function of Reynolds number.

In the absence of separation, the drag coefficient decreases
with increased Reynolds number due to the expected reduc-
tion of skin friction drag. This is shown in Fig. 13 for the case
when the jet pressure ratio is ten. Also plotted in Fig. 13 are
the other drag components. Because no iteration between the
viscous and external flow has been attempted, the form drag
is independent of Reynolds number. On the other hand, the
base pressure has a small dependence upon Reynolds number
due to the change in the initial velocity profile at the start of
the base flow region. The major contribution to the change in
total drag results from the skin friction variation with
Reynolds number.

The drag decomposition becomes more complex when
separation is present on the body. This is shown in Fig. 14
where the variation of the drag components with Reynolds
number is plotted for the case where p ./p, =100. Several
points on this figure deserve comment. A separation develops
on the body as the Reynolds number decreases, and this has
several effects on the drag breakdown. First, there is a reduc-
tion in skin friction as the separation point moves forward on
the body surface. There is also a change in the base pressure as
this passes to the plateau value during the development of the
separation. Once the plateau pressure is reached, further
progression of the separation point with reduction of
Reynolds number has no effect on the base drag. As the
separation moves forward over the boattail, there is a change
in the boattail form drag which reflects the increasing
pressure. Once the entire boattail is influenced by the plateau
pressure, this drag component will not change with further
reduction of Reynolds number.

It would appear from the results of this study that the ef-
fects of changes in Reynolds number are quite orderly in cases
where no flow separation is evident. In that situation, the drag
of the configuration decreases with increased Reynolds num-
ber in sympathy with the reduced skin friction.

The situation is distinctly different, however, in cases where
separation is indicated at low Reynolds numbers. Now the
theory predicts that the drag increases with the Reynolds num-
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Fig. 14 Effect of Reynolds number on the drag components.

ber. Thus the increase of form drag brought about by the
reduced extent of the separated flow region is greater than the
decrease in skin friction resulting from the Reynolds number
change. Once the separation has completely vanished from
the body, the drag decreases, as before, under the influence of
the reduced skin friction. This peak in the drag curve would
make the extrapolation of data impossible. Thus the data ob-
tained at low Reynolds number with separation present lies on
a curve with opposite slope to that of the unseparated high
Reynolds number flow.

Throughout this study of Reynolds number effects, the
transition point has been kept fixed and located at the
shoulder of the forebody. While this is reasonable from the
point of view of reducing the number of parameters to be
varied in a given study, it is not necessarily representative of
practical situations where transition is either free or ar-
bitrarily imposed.
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Conclusions

A study has been made of the nature of the flow in the base
region of a bluff body moving at transonic velocities. The
available evidence has been considered and the flow model
elaborated upon. Theoretical studies have shown that the
dependence of the flow on Reynolds number is quite complex
when flow separation is present. In particular, the variation of
drag coefficient with Reynolds number may exhibit a
maximum so that extrapolation of low Reynolds number data
is difficult.
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