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Turbulent Flow Predictions for Afterbody/Nozzle Geometries
Including Base Effects

A. J. Peace*
Aircraft Research Association Ltd., Bedford, England, United Kingdom

A numerical method for solving the Reynolds-averaged Navier-Stokes equations around axisymmetric after-
body/nozzle configurations, with sharp trailing edges or finite bases, is presented. Turbulence closure is achieved
through either a simple algebraic turbulence model or a low Reynolds number form of the A>e two-equation
differential model. The solution procedure uses an explicit time-marching finite-volume method. The perfor-
mance of each of the turbulence models is assessed through comparisons with experimental data on three series
of geometries, including both attached and separated flow cases.
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Subscripts
j
oo

Nomenclature
= turbulence structural parameter, = 0.3
= pressure coefficient
= afterbody pressure drag coefficient
= constants in k-e model
= afterbody maximum diameter
= total energy per unit mass
= flux vectors
= wall damping functions in k-e model
= total enthalpy per unit mass
= unit vectors in (z,r) directions
= Poj/Poo

= turbulent kinetic energy
= Mach number
= unit normal vector
= distance from wall
= production of k
-- total and static pressure, respectively
= laminar and turbulent Prandtl number,

respectively
= flux tensor
= components of heat flux vector
= total and static temperature, respectively
= time variable
= velocity components in (z,r) directions
= vector of conserved variables
= boundary-layer scaled coordinate
= axial and radial directions, respectively
= axial distance from trailing edge
= ratio of specific heats, =1.4
= dissipation rate of k
- laminar and turbulent viscosities,
respectively

= effective viscosities in k-e model
= density
= elements of stress tensor

nozzle or jet value
freestream value
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Introduction

T HE design of the afterbody and nozzle is critical to the
overall performance of both civil and military modern-

day aircraft. Traditionally, this design has relied heavily on
experimental testing and semiempirical methods. Because a
significant part of total aircraft drag (up to 30%) can arise from
these components, an accurate theoretical tool could have a
clear role as an additional input into the design procedure.

The physics of the flowfield surrounding an afterbody/noz-
zle geometry is extremely complex, see Fig. 1. A high-pressure
jet issues from the nozzle, interacts with the external flow
through an inviscid pluming effect and a highly turbulent mix-
ing process, and causes an upstream influence on the afterbody
surface pressure field. At certain conditions, the nozzle
boundary layer can separate, resulting in a loss of thrust. More
frequently, the much thicker afterbody surface boundary layer
separates, either as a result of a shock wave interaction or an
adverse pressure gradient effect on the steep boattail, resulting
in a severe drag penalty. Further, a finite afterbody base im-
plies a recirculating flow region. A useful theoretical method
must be able to model all these phenomena. This is proving to
be a challenging task for advanced computational techniques.

As with all fluid-dynamic models, there is a trade-off be-
tween representing the physical complexity of the flow and
computational efficiency. In the application to afterbody/noz-
zle flowfields, this question has led to two main modeling
approaches. The first approach is one in which the flowfield is
subdivided into separate regions, each of which is modeled by
a different equation set. These regions are then patched to-
gether to form a global description of the flowfield. Such
methods are efficient, but can lack physical generality. The
second type of approach is one in which the Reynolds-aver-
aged Navier-Stokes equations are addressed and the complete
flowfield is solved for simultaneously. Efficiency is compro-
mised in this approach for the sake of enhanced physical mod-
eling.
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Fig. 1 Schematic of afterbody/nozzle flowfield.
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A survey of 18 afterbody prediction methods of both ap-
proaches was recently undertaken.1 It was concluded that no
one method was consistently better than the others and that
work was needed on Navier-Stokes methods before they could
provide viable design tools. A further survey2 on the ability of
Navier-Stokes methods to predict missile base flows also
found that the accuracy of certain features, such as base pres-
sure, was not acceptable and that deficiencies in grid resolution
and turbulence modeling were likely sources of error.

This paper describes the application of a Navier-Stokes
method to axisymmetric afterbody/nozzle configurations. The
work described corresponds to the second phase of a body of
research aimed at developing methods for such flowfields.
Previously, a method based on the viscous/inviscid interaction
approach has been developed and reported.3 Although this
method performed reasonably well in certain flow situations,
it was obvious that a more general model would be needed if
all the physical phenomena present in the flowfield were to be
modeled accurately.

The associated turbulence model is critical to the accuracy of
Navier-Stokes methods and, to this end, two models are used
in the present work. The first is the simple, but computation-
ally efficient, algebraic model due to Baldwin and Lomax,4
which has been used extensively in this and other applications.
The second is a low Reynolds number form of the k-e differen-
tial model developed by Chien,5 which is computationally
more expensive but, in principle, should be valid for a wider
class of flows than the algebraic model. A primary objective
here is to compare these two models.

The Navier-Stokes algorithm used in the present study is a
direct extension of the Jameson et al.6 time-marching finite-
volume method for the Euler equations. The thin shear-layer
approximation is invoked, whereby diffusion processes in the
direction tangential to the afterbody and nozzle surfaces are
neglected. The algorithm is described in the main body of the
paper, including remarks related to ensuring that artificial
dissipation does not swamp the real viscous effects. This is a
crucial aspect for all Navier-Stokes methods. Certain stability
problems were encountered in the use of both turbulence mod-
els, and comments are also made concerning the remedies
employed to enhance the robustness of the method.

With reference to the previous remarks on the importance of
grid resolution in obtaining accurate predictions for the flows
considered here, a feature of the present algorithm is the auto-
matic adaptation of the grid to the flow direction in the wake
region. This procedure is also discussed.

To evaluate the performance of the method, predictions are
obtained on three series of afterbodies and a comparison is
made with experimental data. The first two series have very
small base thicknesses and are treated as having sharp trailing
edges by the method. Both attached and separated flow cases
are examined with each turbulence model. The accuracy of the
modeling of the mixing layer is also highlighted. The third
series of configurations have large base areas, and emphasis is
laid on the quality of base pressure predictions, again for both
attached and separated flow on the afterbody.

Numerical Method
The time-dependent axisymmetric Reynolds-averaged

Navier-Stokes equations can be written in integral form as

(1)

where

— \wdV+\Q-ndS+\HdV =
V J 5 J V

where w = r(p,pu,pv ,pE)T, Q=F i + G -jt H is a source
term, and the surface S surrounds the volume V. The vectors
F, G, and H are given by
F = r(pu,pu2 +p - azz, puv- azr, puH - uozz - vazr + qz)T

G = r(pv, puv - ozr, pv2 +p - arr, pvH - uozr - vorr + qr)T

4 du 2 /dv v

du dv

4dv 2 (du v

u,t\dT
0* = ~ y\ TT + 7T~

The temperature is obtained from the equation of state
p = (7 - \)pT

and

y- 1
_ P

P
The eddy viscosity hypothesis has also been employed, so that
the effects of turbulence are accounted for by determining pt
by an appropriate model. The laminar viscosity is given by
Sutherland's law.

Equation (1) is discretized using an extension of the finite-
volume time-marching method of Jameson et al.6 Flow vari-
ables are stored at cell centers, and the flux balancing reduces
to a contour integral around the perimeter of each cell. This
essentially gives a conservative central differencing scheme
that is second-order accurate on smoothly varying grids. First
derivatives are required at the center of cell sides to evaluate
the stress and heat flux terms. As a simplification, the thin
shear-layer approximation is invoked, whereby only viscous
contributions along the radial family of grid lines (see below)
are retained, with the assumption that these are the dominant
terms in the stress tensor over the majority of the flowfield.
This implies that only the first derivatives across the cell sides
that are parallel to the afterbody surface are included, and
these are evaluated using simple differences between neighbor-
ing cell centers. A similar technique is adopted by Swanson
and Turkel.7 With the current grid construction, this proce-
dure assumes that radial rather than normal stresses are used
in the stress tensor, the latter being the terms that should be
included more exactly in this approximation. For steep after-
bodies, this may introduce some error into the method, but it
is, in general, not possible to use exactly body-normal grids
throughout, particularly near the trailing edge.

The validity of the thin shear-layer assumption has been
discussed by other workers, for example, Deiwert.8 In particu-
lar, for base flows, wall dominated viscous effects on the base
wall are not modeled, but turbulence effects in this region are
small compared with other flowfield features. Evidence is
quoted by Sahu9 to this effect. However, in certain regions of
the flowfield, such as at a separation point and a trailing edge,
and within a recirculating flow region, the thin-layer assump-
tion will be less valid. This must be balanced with the fact that
if the appropriate streamwise viscous terms were included in
the method, the grid resolution required to capture the very
small length scales in both coordinate directions would prove
somewhat prohibitive from a computational viewpoint.

Artificial dissipation is added to Eq. (1) to enable the clean
capturing of shock waves and to eliminate undamped modes.
Following Jameson,6 a combination of second and fourth dif-
ferences is used, with the second difference being controlled by
a pressure sensor. Care must be taken to ensure that these
artificial effects are significantly smaller than the real viscous
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effects, so that the true physics is not compromised. This is
accomplished here by switching off the differences in the after-
body normal direction within boundary layers and free shear
layers. These differences are then gradually reintroduced at the
edges of the viscous layers so that, in the inviscid parts of the
flow, the original Euler formulation is recovered. This ap-
proach is consistent with the thin shear-layer approximation,
in that normal to the viscous layers, only the real diffusion
terms are present and only the artificial terms are present in the
stream wise direction.

The equations of motion are integrated in time using a
fourth-order Runge-Kutta scheme with implicit residual
smoothing.10 Local time stepping is used until a steady state is
reached.

For the adiabatic flow considered here, zero normal flow,
no slip, and zero normal temperature gradient conditions are
applied at the afterbody and nozzle surfaces. In line with the
previous discussion, the base wall is treated as an inviscid
boundary, with a zero normal flow condition only. For the
external flow, a freestream Mach number and an initial
boundary-layer profile are required. Details of this profile
frequently are not measured in experimental tests, so they must
be estimated for each calculation. A procedure is adopted here
whereby only an initial boundary-layer momentum thickness
and shape factor are required, the dependent flow variables
then are derived from empirical relations for a flat plate
boundary layer. An uncertainty is obviously introduced if the
exact experimental inflow conditions are not reproduced. For
the internal flow, similar boundary-layer properties are re-
quired, along with a jet pressure ratio (JPR) and a total tem-
perature ratio. This latter parameter is equal to unity for all the
comparisons shown in this paper. Riemann invariants10 are
employed at the far-field boundary, and the nonreflecting con-
dition due to Rudy and Strikwerda11 is used at the downstream
outflow boundary to force the static pressure to its freestream
value.

Turbulence Modeling
Two turbulence models are used in the present study. The

first is the two-layer algebraic model due to Baldwin and Lo-
max,4 which has been used by a number of other authors for
the present application. In common with other workers,12 nu-
merical problems were encountered with this model due to the
discontinuity in \it across the trailing edge as the inner layer in
the formulation abruptly vanishes. The most successful rem-
edy for this problem has been to adopt the procedure described
by Mehta et al.,13 in which the wake turbulent viscosity coeffi-

cient is relaxed exponentially from its trailing-edge distribution
to one in which the coefficient is determined purely from the
outer-layer formulation. The Baldwin-Lomax model has been
used by other researchers to compute base flows but, in gen-
eral, rather ad hoc procedures are employed to adapt the
model to flows of this type. In the present work, this model is
used only for sharp trailing-edge geometries. The second tur-
bulence model used here is the low Reynolds number form of
the k-e model due to Chien.5 The turbulence equations can be
written in the integral form of Eq. (1) as

w = r(pk, pe)T

F = I / dk
n puk - iik —,
V dz

G = r(pvk -

*yMeaz/
dk de\T

—, pve-He — jdr drj

2fJc

Me^

4' e
-

where

£*!

/e = exp(-0.5j+)

fit = = 0.09, /„ = 1 - exp( - 0

fa = 1 - 0.222 exp[ -

cel = 1.35, ce2=1.8, pk = n

ok = 1, ae = 1.3

The production term is evaluated here as

fdu dvV
Pk = fit ( — + — J\dr dz/

This form of the k-e model enables calculations to proceed
down to the wall surface via the use of wall damping terms,
which eliminates the need for wall functions and the uncer-
tainty that they imply for separated flow. The diffusion terms
in the k and e equations are treated exactly as for the mean
flow equations, but the convective terms are treated differ-
ently. Instead of averaging neighboring cell centers to obtain a
cell-side quantity for the contribution to the convective flux
balance, the immediate upstream quantity is used. Thus, a
first-order accurate conservative upwind differencing scheme

Fig. 2 Grid for geometry with base at solution convergence.
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Fig. 3 Circular arc geometries.

is used for the convection of the turbulence variables. This
treatment, although being less accurate than the basic scheme,
enhances the stability of the method. A similar procedure was
adopted by Thomas et al.14 when they also encountered stabil-
ity problems in their afterbody method. Because of the inher-
ent dissipative qualities of an upwind differencing scheme, no
additional artificial dissipation is added explicitly to the k and
e equations.

The mean flow and turbulence equations are marched in
time simultaneously. The source terms in the turbulence equa-
tions can be destabilizing, and it has been found necessary to
evaluate them at the first of the four stages in the Runge-Kutta
scheme and then to hold them at constant values through the
remainder of the stages.

One of the main difficulties encountered when using the k-e
model is ensuring that k and e remain non-negative during the
time-stepping procedure. The upwind differencing scheme
helps to alleviate this problem, but problems can still occur,
particularly very close to body surfaces in the region where the
wall damping terms operate. In these regions, unrealistically
small values of e can result in large and unstable values of /*,.
A further useful technique employed here is to introduce a
lower bound on e, which can be decreased during the time
integration so that, when a steady state is reached, its previous
influence has vanished..

The boundary conditions for k and e are that they vanish at
solid surfaces, are specified at inflow boundaries and are ex-
trapolated at outflow boundaries. Again, the prescription of k
and e at inflow from experimental data is usually not possible,
and so profiles are generated from a mixing length definition
of the turbulent viscosity, the relation

pk =

and the definition of /^ in terms of k and e.

Grid Generation and Adaptation
The grid generation procedure consists of a sequence of

simple shearing and stretching transformations to an initial
Cartesian grid. For viscous flow solutions, grid spacing must
be compressed in the region close to the afterbody and nozzle
walls and the wake centerline to capture the details of the shear
layers. The height of the first cell on the body surface and the
axial spacing at the trailing edge, together with the extent of
the outer boundaries, are sufficient to determine the computa-

tional grid in the procedure used here. In the medium and far
wake regions, it is possible to increase the radial spacing with
axial distance from the trailing edge. As the wake relaxes, the
radial gradients in flow quantities decrease and the need for a
fine grid diminishes. This procedure increases the maximum
allowable time step in these regions, which improves the con-
vergence rate.

A number of recent papers on afterbody flows,15"18 particu-
larly those with base flow representation, have stressed the
need to align grid lines with dominant flow features. In the
present work, the grid is automatically adapted, during the
time integration, so that the trailing-edge grid line is coincident
with the trailing-edge streamline. (For a finite base geometry,
two such lines will be present.) Flow variables are interpolated
after each movement of the grid. For sharp trailing-edge flows,
this procedure provides a clustering of grid points at the center
of the highly turbulent wake mixing region, whereas for base
flows, grid points are concentrated around the recirculation
region. In the latter case, it is crucial that grid density is high
within the turbulent shear layers, as it is the shear stresses that
primarily drive the recirculatory flow and, hence, determine
the base pressure. Also, the representation of the Prandtl-
Meyer expansion around the nozzle lip is enhanced if the grid
follows the flow direction18 (the expansion angle). Figure 2
shows a close-up of the grid in the vicinity of the base of a
typical geometry at the point when a converged solution hs
been obtained.

Results and Discussion
The Navier-Stokes algorithm described in the previous sec-

tions is now applied to a number of axisymmetric afterbody/
nozzle geometries. For a number of the geometries examined
in this section, grid sensitivity studies have been performed.
The details of these studies are not included here, but all results
shown have been obtained on fine grids, and it is considered
that they are, in the main, grid independent. The circular arc
configurations tested by Reubush and Runckel19 and Mason
and Putnam20 are addressed first. The geometrical details are
given in Fig. 3. These geometries are considered as having
sharp trailing edges, in common with their use for many previ-
ous method evaluations (see Ref. 1), so that the nozzle radius
is slightly increased to close down the trailing edge. Results
from both the algebraic and differential turbulence models
have been obtained for the modified geometries.

Figure 4 shows the afterbody pressure distributions on the
shallowest geometry (configuration 3) at M^ - 0.8 and
JPR =2.9, at which condition the flow remains attached. It
can be seen that results from using each turbulence model are
similar and compare favorably with the experimental data.
The differences between the Navier-Stokes results for this case
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Fig. 4 Configuration 3—Moo = 0.8, JPR = 2.9.
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Fig. 5 Configuration 3, mixing layer—Moo = 0.8, JPR = 2.9.
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Fig. 6 Configuration 3—Moo = 0.96, JPR = 4.09.

are more amplified in the mixing layer predictions of Fig. 5.
Rather surprisingly, the Baldwin-Lomax model gives the better
prediction, although, as it was basically developed for
boundary-layer flows, one can only assume that this is rather
fortuitous. The k~e. model might have been expected to give
good predictions for the mixing layer development because of
its superior level of physical modelling. However, it appears
that the model is underestimating the mixing and, hence, the
entrainment of fluid from the external flow region. Other
previously published comparisons21'22 have also observed the
same trends and, at present, the reason for this discrepancy is
unknown. However, Ref. 22 demonstrates that the mixing
layer development is strongly dependent on the turbulence
properties at the trailing edge. A highly detailed set of experi-
mental data, including turbulent stresses, may help to resolve
this issue.

Figure 6 shows a comparison of afterbody pressures on the
same geometry, but at Mx = 0.96 and JPR = 4.09. Again,
there is little difference between predictions. The shock wave
is reasonably modeled, but the trailing-edge pressure is over-
predicted. This probably signifies a worsening of the predic-
tion of the near wake mixing layer (experimental data not
available) from both turbulence models, with an underestima-
tion of the entrainment seriously affecting the flow develop-
ment on the rear portion of the afterbody.

It is interesting at this point to examine the afterbody pres-
sure drag predictions as a function of jet pressure ratio for the
attached flows on configuration 3. Such plots for two
freestream Mach numbers, one giving subcritical and the other
supercritical flow on the afterbody surface, are given in Fig. 7.
For the lower Mach number, reasonable agreement with exper-
iment is obtained, although the reduction in drag at low jet
pressure ratio is not predicted. The entrainment effect domi-
nates the flow at these values, and this is another indication
that the method is not picking up the detailed effects of this
phenomenon. At the higher Mach number, only the trend with

high values of jet pressure ratio is obtained. For both Mach
numbers, the k-e model gives the lower drag prediction in all
cases. Turning to configuration 1, the steepest afterbody
tested, a comparison of afterbody pressures is shown in Fig. 8
at Mo, = 0.8 and JPR = 2.9. As can be seen from the experi-
mental data, the external boundary layer separates to give a
pressure plateau near the trailing edge. Neither of the turbu-
lence models reproduces this plateau, with the k-e model
slightly giving the superior pressure levels. The theoretical sep-
aration positions are also marked on the figure. It is well
known that algebraic turbulence models give poor predictions
for separated flow due to the lack of upstream influence in the
turbulence levels. A popular remedy is to append the relax-
ation method of Sharig and Hankey23 to the Baldwin-Lomax
model to attempt to account for these effects. This modifica-
tion also was used in the present work, but no uniformity in the
values of the empirical constants required in the model, to give
good predictions for separated flow, was found over a wide
range of cases. The differential model obviously has a natural
upstream mechanism, via the convection of turbulence quanti-
ties, but there would still appear to be a marked deficiency in
its ability to model accurately separated flow regions.

Mixing layer predictions for this case are plotted in Fig. 9.
The trends observed for the attached flow result discussed
earlier are also reproduced here. Neither of the results pre-
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Fig. 8 Configuration 1—Moo = 0.8, JPR = 2.9.
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Fig. lla Geometry as Fig. 10—Moo - 0.8, JPR = 3.09, afterbody
surface.

dieted adequately the total pressure loss downstream of the
Mach disc on the center line, as can be seen in the profiles at
z' = 0.25. It is probable that a much refined computational
grid is required in the region of this phenomenon to capture its
physical effect on the flowfield.

The next geometry considered is configuration 1 of Ref. 24,
the geometrical details of which are given in Fig. 10. The
afterbody and nozzle surface pressure distributions at
Moo = 0.8 and JPR = 3.09 are shown in Figs, lla and lib,
again for both turbulence models. Agreement on the afterbody
is generally favorable for this attached flow case, although, in
common with Fig. 6, the predicted trailing-edge pressures are
slightly too high. Comparison on the nozzle surface is also
favorable, except that the rapid flow expansion approaching
the throat is slightly in error. It is believed that a refinement of
the computational grid in the axial direction in this region
would improve the comparison.

At a higher Mach number, M^ = 0.94, the shock boundary-
layer interaction on the afterbody is sufficiently severe to cause
flow separation. As shown in Fig. 12, the algebraic model
again performs poorly in this situation, but the k-e model gives
a much improved prediction. The discrepancy between theory
and experiment is still marked for the k-e model, but compar-
ison of Fig. 8 with Fig. 12 appears to indicate that the differen-
tial model affords a larger improvement over the algebraic
model for a shock wave associated separation than for a
smooth adverse pressure gradient separation. However, the
present evidence is limited in this respect, and it would be
desirable to examine a larger number of cases to see if this
statement is generally more valid. Aerofoil calculations by
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Geometry as Fig. 10—Moo = 0.94, JPR = 3.02, afterbody
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Fig. lib Geometry as Fig. 10—Moo = 0.8, JPR = 3.09, nozzle surface.
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Fig. 13 Geometry as Fig. 10—Moo = 0.8, JPR = 2.01, nozzle surface.
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Fig. 14 Model IB—Moo = 0.8, JPR = 3.5.

i w

Fig. 15 Model IB—Moo = 0.8, JPR = 3.5, velocity vectors.

Coakley25 using the full Navier-Stokes equations show similar
discrepancies when using the k-e model to compute shock
induced separations, and so it is unlikely that this feature is
caused by the thin shear-layer approximation. It may be in-
ferred that the discrepancy in Fig. 8 is also not due to this
approximation.

If the jet pressure ratio is sufficiently low, flow separation
from the nozzle surface takes place, and an example of this
situation is demonstrated in Fig. 13 at JPR = 2.02 (Moo = 0.8).
Results from using each turbulence model are similar and both
position the rapid compression region too far downstream,
presumably due to incorrectly predicting the separation point
too close to the trailing edge.

The final geometries considered are the thick base configu-
rations tested by Reid and Kurn,26 shown in Fig. 3. Only the
k-e turbulence model has been used for these geometries. The
predicted pressure distribution along the afterbody and base of
model IB at M& = 0.8 and JPR = 3.5 is compared with exper-
imental data in Fig. 14. The afterbody distribution is reason-
ably well predicted for this attached flow, although the lack of
an experimental data point near the trailing edge makes it
rather difficult to give a strong statement about the accuracy
of the theoretical results. The pressure along the base is accu-
rate to about 0.01 in Cp at the data point positions. It is
difficult to know whether the real flow follows the theory in
showing a decrease in pressure toward the center of the base,
but physically, a fairly constant pressure across the base may
have been expected.

The technique of adapting the grid gives a good definition of
the recirculating flow in the base region, as can be seen in the
velocity vector plot in Fig. 15. A single rotating bubble is
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Fig. 16 Model 4B—Moo = 0.8, JPR = 3.5.

apparent, whose perimeter is well defined due to the enforced
grid concentration. The expansion of the flow around the
nozzle lip also is clearly brought out in this figure.

Finally, results on model 4B, the steepest afterbody tested,
are presented in Fig. 16. The flow separates on the afterbody
but, in contrast to the previous separated flow cases discussed
in this section, the pressure is under rather than overpredicted.
The predicted separation position is further upstream than the
experimentally observed position, which is consistent with the
previous pressure levels. Whether this differing behavior is due
to the presence of the base in the present case is unknown. The
base pressure appears to be quite well predicted.

Of the results described in this section, those obtained with
the Baldwin-Lomax turbulence model were run at a Courant-
Friedricks-Lewy (CFL) = 4.2 and required, on average, 4000
time steps to reduce the average residual (rate of change of
density) by four orders of magnitude. This corresponds to a
CPU time of 2500 s on a CRAY IS. Generally, graphical
accuracy is obtained in half this time. Results obtained with
the k-e turbulence model were run at a CFL = 3.0, using a
Baldwin-Lomax solution as initial conditions, for a further
2500 times steps, corresponding to a CPU time of 3000 s.
Again a somewhat reduced convergence level would be suffi-
cient for graphical accuracy.

Conclusions
A Navier-Stokes method for calculating axisymmetric after-

body/nozzle flowfields, including base effects, has been pre-
sented. Turbulence closure has been achieved with both an
algebraic and a two-equation (k-e) differential model. The
solution algorithm is of the time-marching finite-volume type,
and the thin shear-layer approximation is invoked. Predictions
from the method have been compared with experimental data
from a number of sources, on circular arc geometries both
with and without bases, and on a conical afterbody with a
convergent-divergent nozzle. These comparisons show that at-
tached flows are predicted equally well with either turbulence
model, but both models are deficient in their prediction of
separated flow regions. It is possible that more advanced mod-
els are required in this respect. Based on the test cases exam-
ined, it also appears that the differential model underestimates
the rate of mixing in the wake region and, hence, the entrain-
ment of fluid from the external flow to the jet region, which
causes a degradation in the quality of the trailing-edge pres-
sure. Base pressure is reasonably well predicted, at least for the
subsonic external flow cases examined here.
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