VOL. 3, NO. 4, JULY-AUGUST 1987

J. PROPULSION 357

A Method for Calculating Axisymmetric
Afterbody Flows

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

A numerical method for calculating the flow around axisymmetric afterbodies with single or coaxial jets is
presented. The solution technique used is based on the modification of an Euler method to include a represen-
tation of viscous effects on the afterbody surface and in the wake region. The development of the afterbody
boundary layer and its continuation into the wake is predicted by an integral boundary-layer method used in
inverse mode. The boundary-layer equations can thus be integrated through a region of separated flow. Jet
entrainment due to turbulent mixing is modeled empirically. Results from the method and their comparison
with experimental data are presented. The agreement obtained demonstrates that the method can be used in a

civil or military design environment.

Nomenclature
Cpp = pressure drag coefficient
" = pressure coefficient
E =total energy per unit mass
F, G, H =flux vectors
H =total enthalpy
H, H, =boundary-layer shape factors
JPR = jet pressure ratio=Py,;/p,,
Kenskly  =entrainment constants
M =Mach number
P, =total pressure
D = static pressure
g, 49; =normal and tangential velocity, respectively
r S =radial and surface coordinates, respectively
T, =total temperature
t =time variable
u, v =axial and radial velocity, respectively
w =vector of conserved variables
z =axial coordinate
¥ =ratio of specific heats
o =boundary-layer thickness
0 =azimuthal coordinate
o = density
L =source strength (shear layer)
Lent =entrainment source strength
Subscripts
b =body value
J =jet value
iJ =cell center indices
o = freestream value
1 =external flow value
2 =jet value

1. Introduction

NE of the most important areas in the study of propul-
sion installation aerodynamics is the problem of the in-
teraction between propulsive jets and the external surfaces of
the nozzles from which they issue. A large part of the air-
craft total drag can come from these afterbody regions, and
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it is therefore becoming increasingly apparent that large
reductions in drag can result from judicious afterbody
design. The cost of experimental testing using powered pro-
pulsion units is extremely high, however, and this implies a
role for computational techniques in the design process.

The flowfield of a jet emerging from a nozzle and interact-
ing with the freestream is highly complex. The task of
developing a theoretical method capable of modeling all the
physical processes involved is a difficult one. To date, two
main categories of solutions have been attempted. The first
consists of those methods that split the flowfield up into
separate regions, each of which is modeled by a different
equation set. These regions are then patched together to
form a global description of the flowfield. Examples of such
methods, all of which assume the flow to be axisymmetric,
are those of Hodges,! Wilmoth,? and Kuhn.? The second
category addresses the Navier-Stokes equations and. solves
for the complete flowfield simultaneously. Deiwert et al.,*
Peery and Forester’ and Wagner,® for example, have
developed methods of this type.

A survey of eighteen afterbody prediction methods was
recently undertaken in an AGARD working group, WG08. A
description of the methods used by the contributors, the test
cases set, and the results submitted can be found in the
documentation’ of the working group. A more concise version
is presented in Ref. 8.

In this paper, a new calculation method is described for
predicting the flow around axisymmetric afterbodies. This
method belongs to the class of methods that patch together
solutions in different regions of the flow, and the solution
technique is therefore compared with other methods of this
class.!=® All the methods in Refs. 1-3 assume the external flow
to be potential but, in reality, entropy gains due to shock
waves can have a significant effect on the pressures on the ex-
ternal surface of the afterbody. Also, they all assume super-
sonic inflow conditions for the jet calculations and, in two
cases,? the jet flow is assumed to be purely supersonic
throughout. In the present method, a time-marching Euler
method? is used to calculate both the external flow and the jet
flow, and this gives a nominally exact description of the in-
viscid flow. This Euler method is modified to include a vortex
sheet fitting algorithm. This is rather a novel feature, and the
reasons for its use and its implementation are described in
some detail in this paper.

In common with the methods of Refs. 1-3, an integral
boundary-layer method!® is used to calculate the external
boundary layer. However, in the present method, the separa-
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tion point and separated region are captured automatically by
employing a semi-inverse matching technique!! between the
boundary layer and the external flow. This is in contrast to ap-
proaches by which the separation point is predicted more em-
pirically.! 3 The phenomenon of entrainment, which results
from turbulent mixing in the wake region, is modeled in part
by a continuation of the integral boundary-layer method into
the wake region and in part empirically, as in Ref. 1. In this
respect, Wilmoth’s method? is superior, as it solves the
parabolic jet mixing equations using the method of Dash and
Pergament!? to predict the entrainment effect.

The geometry capabilities herein allow for axisymmetric
afterbodies with either a single-stream jet or coaxial jet (fan +
core flow). At present, the afterbody base is constrained to
have zero thickness. The limitation of axisymmetry obviously
means that important issues such as engine/wing interaction
or emerging twin jets are not addressed. However, it is be-
lieved ‘that a theoretical tool, even with this constraint, can
have a significant impact on the afterbody design process.

Following a basic outline of the method in Sec. II, descrip-
tions of the individual components of the calculation pro-
cedure are given in Secs. III-VII. Results are presented and
discussed in Sec. VIII, and conclusions concerning the method
are then drawn, together with suggested improvements.

II. Outline of Method

The procedure used to calculate afterbody flows involves
the modification of an inviscid method to provide a represen-
tation of viscous efféects in the flowfield. These viscous effects
are assumed to be confined to thin layers on the afterbody sur-
face and in the wake region.

To demonstrate the basic principles involved, it is sufficient
to consider a geometry with a single-stream jet. The: flow is
assumed to be axisymmetric and the afterbody base has zero
thickness. A cross section of the flowfield showing the
physical processes involved is shown in Fig. 1. For the inviscid
method, the flow is effectively divided into two regions, the
external region and the jet region. The streamline that
separates these regions is tracked, the grid aligned with it, and
a vortex sheet fitted.

In the real flow, a pair of boundary layers will form on each
surface of the afterbody and merge in the wake region. Only
the external boundary layer is described here because it has the
largest effect on the flowfield. It is assumed to flow off the
body and to form a wake, which sits on the jet boundary, as
defined by the dividing streamline. The wake develops purely
in the external flow environment and is affected by the jet only
through its geometric pluming effect. However, this procedure
does not allow for the turbulent mixing that occurs between
the external flow and the higher total pressure jet flow. This
effect is modeled in the method by a simple correlation.

Detailed descriptions of the individual flowfield methods
and their coupling together are presented in the following
sections.
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III. Inviscid Method

The inviscid method is based on the solution of the Euler
equations. These are solved using the finite-volume scheme
of Jameson et al.? For. axisymmetric flow, the equations of
motion in cylindrical polar coordinates (z, 7, §) can be writ-
ten in nondimensional form as

ow oF oG
+ + +H=0 1
ot 0z or M

The vector of conserved variables and the corresponding flux
vectors are given by

w=r(p \,F=r(pu , G=r(pv JH= (0
pu pu2+p puv 0 [0}
pv puv pv*>+p -p
E puH vH 0

where (u, v) are velocity components in the (z, r) directions, p
is the density, p the pressure, E the total energy, and H the
total enthalpy. For a perfect gas,

p

E=————+Va(u? +1%),
oG TR

H=E+2 )
)

where v is the ratio of specific heats. )

The finite-volume discretization of Eq. (1) and its solution
on a computational grid by a time-stepping algorithm are
described in detail in Ref. 9 and are not reproduced here. It is
only noted that in the solution technique, Eq. (1) is augmented
by the addition of dissipative terms, which are designed to
capture shock waves without oscillations and to provide a
background dissipation throughout the flowfield. Surface
pressures are evaluated using the normal momentum relation
first given by Rizzi.!3

The boundary conditions to be specified are the freestream
Mach number M, the total temperature ratio Ty;/ T, the jet
pressure ratio Py;/p.,, and the jet Mach number M; if it ex-
ceeds unity.

In the present application of the solution of the Euler equa-
tions to afterbody flows, it has been found necessary to fit the
vortex sheet, or slip line, which emanates from the afterbody
trailing edge. This is in contrast to the normal procedure in
which the vortex sheet is captured as part of the flow solution.
It was found during initial investigations that a capturing
scheme resulted in excessive artificial dissipation, as calculated
by the Euler algorithm, across the vortex sheet. This dissipa-
tion is much larger than is found in airfoil Euler calculations,
for example, due to the large difference in velocity between the
external flow and the higher total pressure jet region, and an
artificial mixing effect results in the wake region. To incor-

dividing Fig. 1 Schematic of afterbody flowfield.
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Fig. 3 Streamline iracking algorithm.
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porate the effects of real entrainment in the flowfield model
with this artificial effect being present is not feasible, and a
vortex sheet fitting algorithm is therefore implemented, as is
now described.

Consider a vortex sheet that is fixed in space. This discon-
tinuity is a weak solution'* of the Euler equations. This is a
solution in which the normal velocity g, and pressure p are
continuous across the sheet, but the tangential velocity g,
and density p undergo discrete jumps. The continuity condi-
tions ensure that the vortex sheet is a force-free stream
surface.

Implementation of these conditions in the discrete model is
as follows. Assume that the vortex sheet is aligned with a
computational grid line. Then, with reference to Fig. 2, let
values on either side of the sheet be denoted by subscripts 1
and 2. Also, let the finite-volume cells be labeled as in-
dicated. Then the conditions applied on either side of the
sheet are

1= 1/2(3pi,j_pi,j+1) 2= 1/7-(391',}—1 —Pi,j—z)

qn = 1/2(3qti,j_qti,j+1) dp, = ¥2(3q,, i1 _q’i,j—z)

Ly

Ty =20 ;= Gnijd) Ay ="2Cny ;= i)

p1=%;;+piji1) D2="2D;;+Ppij1) O]

It is also important to ensure that the dissipation terms are
not differenced across the sheet. To reduce the truncation er-
ror and to facilitate the application of Egs. (4), the grid used
adapts itself so that the grid line that emanates from the
trailing edge aligns itself with the vortex sheet. This tech-
nique is described in Sec. VI.

IV. Shear Layer Calculation

The inviscid method as described in the previous section is
modified to include a representation of viscous effects on the
afterbody surface and in the wake. The shear layer that
models these effects is calculated using the inverse form, as
derived by East et al.,'° of the original lag entrainment
method of Green et al.!’ Details of this method and its solu-
tion in relation to the calculation of both attached and

separated flows are given by Williams!! and are. not

reproduced here.
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The original derivation of the equations in the lag-
entrainment method for axisymmetric flow is made under
the assumption that the ratio of the boundary-layer thickness
& to the body radius r, is small. However, in the current ap-
plication, the boundary-layer thickness can become very
large and this ratio can approach unity. To remove this
restriction, the modifications of the lag entrainment method
due to Myring!® are incorporated. These modifications re-
quire that the equations be written in terms of displacement
and momentum areas rather than the usual displacement and
momentum thicknesses. Although the form of the equations
means that they are now valid for order-one values of 6/r,,
the turbulence modeling as defined through the skin-friction
and shape factor correlations remains unchanged. Thus, the
modifications of the turbulence structure due to high flow
curvature within the shear layer are not represented.

The boundary-layer equations require initial data to com-
mence their integration. Only an initial momentum area and
a value of the shape factor H need be supplied.

V. Viscous/Inviscid Matching

The outer inviscid flow and the inner viscous flow, as de-
scribed in the previous two sections, are matched together to
form an equivalent inviscid flow. This equivalent inviscid flow
is a representation of the real viscous flow as it would be
calculated by the Navier-Stokes equations. A description of
this concept is given by Lock and Firmin.!’

The boundary conditions for the equivalent inviscid flow
are obtained by the deficit formulation. In this approach, the
Navier-Stokes equations are subtracted from the Euler equa-
tions, and the resulting expression is integrated across the
shear layer. At the edge of the layer, the two equation sets are
assumed equivalent. A composite expansion is then con-
structed for the Navier-Stokes variables in terms of the Euler
and boundary-layer variables. Details are found in Johnston
and Sockol.!® The boundary conditions on the body surface
and in the wake region are formed in terms of a source
strength £ (=q,/q,).

As explained by Williams,!! the normal matching pro-
cedure, whereby the boundary-layer equations are integrated
using a prescribed inviscid velocity gradient to obtain a
displacement thickness, encounters a singularity at the separa-
tion point. To integrate past this point of vanishing skin fric-
tion, a semi-inverse matching procedure is used, whereby the
source strength I is treated as an independent variable of both
the inviscid and viscous flow solutions.

To determine the means by which the source strength is up-
dated, the results of a stability analysis, as described by Le
Balleur!® and Wigton and Holt? are used.

The final modification to be performed is to revise the nor-
mal momentum relation!? in the Euler method to allow for
nonzero normal velocity at the surface.

VI. Grid Generation and Adaptation

The finite volume Euler scheme discussed in Sec. III is ap-
plied to a discretization of the flowfield into quadrilateral
cells. In the generation of a computational grid that defines
these cells, it is desirable to concentrate grid points in regions
of high flow gradient. In the current problem of afterbody
flows, these regions are near the solid surfaces and in the
wake region where the jet interacts with the external flow. A
stretched Cartesian grid is used to accomplish this point
distribution.

To obtain a more accurate representation of the flowfield,
the streamlines that emanate from the trailing edges of the
geometry are tracked during the time integration of the Euler
equations, and the grid is aligned with them; that is, a grid
adaptation procedure is used.

Consider first inviscid flow, and assume that a steady-state
solution has been reached. The grid is now aligned with the
trailing-edge streamline that divides region 1 from region 2,
as shown in Fig. 3. Then, from continuity of normal velocity
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Fig. 4 Geometry details of final twin-stream jet afterbody grid.
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the equation of a streamline. If region 2 is associated with 06

the jet region, this means that the dividing streamline can be 1
track_ed using flow velocities from the jet regior} only. The i TR ra— m ) TR
velocities are extrapolated from cell centers using a first- Hmax

order formula, and Eq. (6) is integrated in the z direction Fig. 5 'Results on coaxial jet afterbody for M, =0.8, JPRg,\ =
using (see Fig. 3) 2.02, JPRcoRg =2.01.

rp=r.+ (2p—2.)vg/ug )

The grid moves during the transient behavior of the solution PRy, i
to align with the current position of the dividing streamline. 12 Experiment Inviscid theory |
When a steady state is reached, grid and streamline are coin- A Fancow —— '
cident. An example of a grid from a converged solution is | o Corecom --- !
shown in Fig. 4. " !
Now, consider the case in which the inviscid boundary < }
conditions are modified to create an equivalent inviscid flow 10 {
that includes a representation of the viscous wake. Equation I‘..
(5) is not used now because a jump in the normal velocity 09
across the dividing streamline is used to model the wake. If
the wake is calculated using flowfield variables from the ex-
ternal flow (region 1), i.e., it is the downstream development
of the external boundary layer, then the streamline is still
tracked using the jet values, Eq. (6). In fact, this streamline o7
is now not strictly a streamline of the real flow but merely Al
defines the boundary of the inviscid jet flow. This technique, 05 Aa y /'
however, does result in streamlines in the external flow that " e‘ﬁﬂ-‘”,
are a good approximation of the real flow. A representation 05 i et ;
of a shear layer on the jet-side surface of the geometry, and @ 0 08 08 M0 R M
its development into the wake, can also be included in the Fig. 6 Geometry as Fig. 5. Results for M, =0.8, JPRg,N =3.03,
method. The foregoing procedure is modified accordingly. JPRcoRg =3.01.
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Fig. 7 Geometry as Fig. 5. Inviscid flow Mach
number contours for M, =0.8, JPRg,n=3.03,
JPRcoRrg =3.01.
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Fig. 8 Pressure drag coefficient against JPR for M =0.8 on cir-
cular arc afterbody with 15 deg mean angle.
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Fig.9 Geometry as in Fig. 8. Pressure drag coefficient against M, for
JPR=2.9.

VII. Entrainment Modeling

In the present application, the calculated shear layer de-
scribed in Sec. IV. develops purely in the external flow en-
vironment. The implication of this solution technique is that
the turbulent mixing that takes place between the external
and jet fluid is not modeled. This m1x1ng causes an entrain-
ment of fluid into the jet region. The effect of this
phenomenon on, say, the afterbody surface pressures, can-
not be neglected. Therefore, to attempt to model this en-
trainment and to improve ‘flowfield predictions, a correlatlon
is introduced into.the method.

A similar correlation is applied in Hodges’ method,’ and
in his work the entrainment source strength is given by

Een = ket [1- (@,,/41,)] @®)

where fluid is entrained from regions 1 to 2 and &, is a con-
stant of proportionality. Wilmoth and Dash?' also proposed
a correlation deduced from calculations they performed in
which two coflowing streams were allowed to mix together.
Their correlation can be written as

®

Each of these correlations is used in the present work and is
implemented as an additional source strength, to add to the
wake source strength, on the dividing streamline. The
relative merits of these correlations are addressed in the
following section.

Lo = elnt(lhz/‘bl)[l - (P2412/P1qt1)]

VIII. Results and Discussion

Results from the afterbody method described in the
previous sections are now presented and compared with ex-
perimental data. These results fall into three classes: 1) in-
viscid solutions on a coaxial jet geometry, 2) viscous/inviscid
solutions for attached flows on a single-stream jet geometry,
and 3) viscous/inviscid solutions for separated flows on
single-stream jet geometries. Both pressure distributions on
the afterbody surfaces and flowfield contour plots are in-
cluded. All cases below are run with the total temperature
ratio set equal to unity, i.e., cold jets. This is done to pro-
vide a direct comparison with the experimental data and is
not a limitation of the method. It is also noted that viscous-
inviscid solutions on coaxial jet cases can also be obtained.

Inviscid Solutions

The afterbody considered here is a research geometry with
both a fan cowl and a core cowl, so that a coaxial jet was pro-
duced in the experimental tests. The tests were performed in
the 9- X 8-ft transonic wind tunnel at ARA Ltd. This
geometry is typical of that found on modern civil aircraft pro-
pulsion units. Figures 5 and 6 show two sets of inviscid
theoretical pressures for jet pressure ratios (JPR = Py,;/p,,) of
2.0 and 3.0 at M, =0.8. Values of p/P,,, for which M=1in
the fan flow and the core flow are indicated on the axis by f*
and c*. Both cases show good agreement on the fan cowl.
Although the flow is assumed to be inviscid, reasonable
predictions of the fan cowl trailing-edge pressures are ob-
tained. This is due to the zero included angles at the trailing
edges, which allow the flow to pass over these points with non-
zero velocities. If the angles were nonzero, the external flow
would be predicted with a stagnation point at the trailing-edge
upper surface. For the lower JPR case (Fig. 5), the fan flow is
essentially subsonic, and results on the core cowl are in quan-
titative agreement. However, the fan jet flow contains a large
supersonic pocket for the higher JPR case (Fig. 6), and only
qualitative agreement is obtained on the core cowl. The flow
characteristics of this latter case are easily visualized in the
Mach number contour plot presented in Fig. 7. Note the
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strong shock wave near the trailing edge of the core cowl. The
contour discontinuities across the dividing streamlines, which
coincide with the thick bands on the plot, are due to the differ-
ing total pressures in each region. (The bands are a function of
the plotting routine only.) The grid shown in Fig. 4 cor-
resporids to the converged solution in Fig. 7, and the grid lines
clearly demonstrate the pluming in the fan flow around the
supersonic bubble.

Viscous-Inviscid Attached Solutions

For this class of solutions, the afterbody considered is con-
figuration 3 of the set tested by Reubush and Runckel;? the
trailing-edge included angle is 15 deg. For this geometry, no
separation was reported for all Mach numbers and JPR’s
tested. The viscous-inviscid interaction scheme described in
the previous section contains one free parameter, which has
still to be specified.

The entrainment constant k., (or k) must be tuned with
available experimental data. Here, the data point M, =0.8
and JPR = 2.9 on configuration 3 was chosen, and the entrain-
ment constant was fixed so as to reproduce the experimental
pressure drag coefficient Cp 4. This gave a value of k=
0.074 for the Hodges correlation, Eq. (8), and ki =
0.029 for the Wilmoth and Dash correlation, Eq. (9).

Figure 8 shows a plot of pressure drag coefficient against
JPR at M, =0.8 for each of the above correlations. The cor-

O-4p
G
Al A experiment
03 —— vl/i theory
— . —Reference 2
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relation due to Hodges can be seen to give the better com-
parison with experimental data. With this correlation, agree-
ment for JPR=2.75 is good but, for lower values of JPR, the
difference between theory and experiment increases. The pres-
ent predictions are also compared with those from Ref. 2. In
Fig. 9, a plot of pressure drag coefficient against Mach
number at JPR=2.9 is presented using Hodges’ correlation.
Again, comparison with test data is good with a discrepancy
arising for freestream Mach numbers approaching unity.

In fact, boattail drag is extremely sensitive to small changes
in pressure distribution. Figure 10 illustrates the high level of
agreement in afterbody pressure at a condition M, =0.96,
JPR =2.03. Examination of the other cases considered here
showed a comparison of pressure apparently as good as in Fig.
10, even for the cases showing poorest agreement in Figs..8
and 9. This is consistent with the conclusion of Ref. 8 that
boattail drag is a poor assessment criterion for judging the-
oretical methods. However, it is the case that drag is per-
haps the quantity of main interest to the designer. Comparison
with the prediction of Ref. 2 in Fig. 10 demonstrates the
superior shock representation of the present method.

A more valid criticism that could be leveled at the present
method is that the value of k., was calibrated at a data point
of the experiments with which it is compared. However, pick-
ing up the trends observed here is not an automatic corollary
of fixing one data point. Also, a similar level of agreement has

_04-

Fig. 10 Geometry as in Fig. 8. Results on configuration 3 for
M, =0.96, JPR=2.03.

Fig. 11 Geometry as Fig. 8. Viscous-inviscid pressure contours for
M, =0.96, JPR=4.09.
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Fig. 12 Results for M, =0.8, JPR=2.9 on circular arc afterbody
with 34 deg mean angle.
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Fig. 13 Results for M,, =0.7, JPR =3.0 on circular arc afterbody
with 28 deg mean angle.

been obtained for attached data in a different set of ex-
periments?® using the same value of k., as that stated above.

A pressure contour plot for the condition M, =0.96,
JPR =4.09 is shown in Fig. 11. Continuity of pressure across
the dividing streamline is observed, as forced by the Euler
algorithm; the pluming of the jet and its internal cell structure
are also clearly visible.

Viscous-Inviscid Separated Solutions

The use of the matching procedure described in Sec. V
should allow regions of separated flow on the afterbody sur-
face to be captured by the method. Configuration 1 in Ref. 22
has a trailing edge included angle of 34 deg and was the most
severe geometry tested. All experimental data taken on this
model are indicative of a large region of separated flow being
present on the surface. However, both these data and the
theoretical prediction from the method (continuous line) are
shown in Fig. 12 for M, =0.8 and JPR=2.9, and agreement
is seen to be far from favorable. In fact, the development of
the boundary layer as predicted by the method shows that the
flow stays fully attached up to the trailing edge. The author
believes that this is due to the shape factor relation used in the
integral boundary-layer method being in error, for this class of
flows, in the region of the favorable pressare gradient at the
most forward part of the body. More precisely, the value of
the shape factor H falls to a very low value (H=1.1), and this
means that a small change in H results in a large change in the
mass-flow shape parameter H,, as dictated by this correlation
(see Refs. 10, 11, and 15). This also results in other correla-
tions in the boundary-layg:r method going outside their region
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Fig. 14 Geometry as Fig. 13. Results for M, =0.94, JPR=2.0.

of validity. Evidence to support this statement is presented in
the form of the dashed line in Fig. 12. Here, a lower bound has
been set on H (H=1.25) in the method to prevent the rapidly
changing part of the shape factor correlation being reached.
Separation of the flow is now predicted, and a much closer
agreement with experiment is obtained. Further supportive
evidence may be inferred from the unusually low value of H
chosen in Hodges’ method! to indicate a separation point. The
same boundary-layer method is used in both Hodges’ method
and the present one. Obviously, the ““fix’’> on H employed
here is far from optimum. Nevertheless, it is retained for the
the remainder of the comparisons shown in this section. The
formulation of improved correlations for the type of flows
considered here is no simple matter and is not considered fur-
ther, except to note that the anomalous behavior in the

-boundary-layer method is present in the comparisons shown

for attached flow but has a much smaller effect on the surface
pressure distribution. The prediction of Ref. 2 shown in Fig.
12 is in excellent agreement with experiment, but in this
calculation, the experimental separation position is input to
the method, while in the present method, it is captured
automatically.

To complete this section, two further examples of separated
flow are shown in Figs. 13 and 14. These are on configuration
2 of Ref. 22. The trailing-edge included angle is 28 deg, and
the conditions are M_,=0.7, JPR=3.0 and M_=0.94,
JPR =2.0. Results with and without the A modification show
the measure of effect on the predicted pressures. With this
modification, both cases show moderate agreement, although
not of the standard achieved for the attached flow cases. The
higher-speed case with the shock wave on the external surface
in Fig. 14 is perhaps the more impressive comparison, sug-
gesting that the method has a genuine capability of dealing
with separated flow automatically, which could be improved
further with a better approach than the lower bound on H set
in the boundary-layer method. Also, the accuracy of the shape
factor correlation in the boundary-layer method is ques-
tionable for large values of H, and this may be responsible for
the differences in pressure in the separated flow region.
Similar conclusions were drawn in Ref. 24 in relation to airfoil
calculations.

Computer times for the results in this section on a CRAY 18
machine are 33 us/point/time step for a viscous-inviscid run.
Generally, run times are about 500 s for a converged solution.

IX. Conclusions
A numerical method for calculating the flow around ax-
isymmetric afterbodies with single or coaxial jets has been
presented. A vortex sheet fitting Euler algorithm has been
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modified to include a representation of viscous effects. These
viscous effects have been incorporated in part through an in-
tegral boundary-layer method and in part through an em-
pirical correlation. By comparison of predictions from the
method with experimental data, the following conclusions can
be drawn: 1) Inviscid solutions provide good or reasonable
agreement, depending on the complexity of the flowfield, if
the trailing-edge included angle of the afterbody is zero. This
has been demonstrated on a coaxial jet geometry, where good
agreement is obtained for a nonchoked case and reasonable
agreement for a choked case in which a strong shock wave
develops on the geometry surface. 2) Viscous-inviscid solu-
tions for attached flow cases are in excellent agreement with
the experimental pressure distributions. Comparison with
pressure drag coefficients shows that most of the trends are
well predicted, but errors occur for small jet pressure ratios
(JPR <2.5). 3) Viscous-inviscid solutions for separated cases
can give moderate agreement, provided that the correlations in
the boundary-layer method are modified, albeit in a rather ad
hoc way. 4) For choked jets, the method predicts the qualita-
tive behavior of the jet structure, as seen through contour
plots.

Finally, it is believed that the method, as described, can be
of use to both civil and military aircraft designers. Future
research is planned to increase its validity and to enhance its
applicability. Improved entrainment modeling, better sepa-
rated flow predictions, and increased geometrical complexity
are possibilities. It is hoped that any modifications made will
widen the overall use of the method.
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