VOL. 18, NO. 8, AUGUST 1980
ARTICLE NO. 78-993R

AIAA JOURNAL

869

T 40 - /69

Computation of a Supersonic Flow Past an Axisymmetric

Nozzle Boattail with Jet Exhaust

Ameer G. Mikhail*

20007
280l7
GO0 |

University of Dayton, Dayton, Ohio

and

) Wilbur L. Hankeyt and Joseph S. Shang$
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio

Numerical solutions for supersonic flow at Mach number 1.5 past the AGARD 10 deg axisymmetric nozzle
boattail with jet exhaust are obtained using the Navier-Stokes equations. The major objective is to show that
such a complex flow can be computed successfully, rather than emphasizing accuracy or computational ef-
ficiency. MacCormack’s explicit second-order accurate scheme is used together with surface-oriented coor-
dinates obtained through a numerical mapping procedure. Five cases were computed showing the effects of
boattail geometry, jet exhaust temperature, boattail temperature, and the differences from the corresponding
two-dimensional nozzle geometry. It was found that the hot exhaust and the hot boattail surface both result in
lower pressure drag. The surface pressure coefficient distribution and contours of other variables are provided.
Comparison with the limited available experimental results is made with the possible interpretation for the
deviation being discussed. Several recommendations for improving accuracy are suggested.

1. Introduction

HE aerodynamic characteristics of propulsive elements in

aircraft influence the design and performance of the
airborne vehicle in an integrated manner. The pressure drag
of the jet engine exhaust nozzle, for example, contributes
considerably to the total drag of the jet propelled vehicle. Its
minimization, therefore, receives considerable attention by
experimentalists for optimum boattail design. The pressure
drag on the nozzle surface cannot be properly computed
without considering the mutual effects of the exhaust jet and
the outer stream. Therefore the domain of mutual influence,
as seen in Fig. 1, must be studied. Usually the forebody flow
region is computed using inviscid theorems, except near the
walls where the viscous layer is solved using the thin layer
approximation. However, for the afterbody domain near the
mixing region, the full Navier-Stokes equations should be
used uniformly in that region to capture the viscous in-
teraction.

The nozzle-afterbody problem is usually investigated
through wind tunnel testing. Numerical and analytical ap-
proaches, however, were investigated by several authors!?
using patching procedures for different regions, or other
restrictive assumptions such as that of the solid plume
simulator. In the present work it is shown that numerical
solutions can be obtained for arbitrary nozzle boattails
without patching or plume simulators, thus providing good
estimates for engine designers. This work was done for the
purpose of developing techniques for estimating the
aerodynamic properties of aircraft components and also as a
forward step for the design integration concept. This work is
the second stage of a two-stage project. The completed work
of the air intake inlet problem was the first stage.
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For the present case, two distinct flow features exist for
different nozzle pressure ratios. For low nozzle presure ratios,
the weak shock pattern of repeated diamonds occurs. For high
nozzle pressure ratios, the strong shock pattern occurs with a
Mach disk. The ‘‘critical’’ nozzle static pressure ratio, as
discussed in Ref. 5, is different from the familiar value of 1.9-
2.2 which is usually encountered for right cylinder nozzle
boattails with no external flow. It is expected to be higher for
curved boattails with external flow.

To test and verify the numerical computation, experimental
results must be available for comparison. Limited ex-
perimental results are available for the parallel mixing of two
supersonic streams. However, there are numerous results for
sonic jets exhausting into static air, mainly for the study of the
exhaust plume structure. Also several results are available for
a subsonic external stream. In Ref. 6, three AGARD con-
vergent nozzles were tested, but only the boattail surface
pressure coefficient results were reported. Results for hot jet
exhaust and different Mach numbers were also presented for
some of these three geometries. No other results for the flow
variables were presented including any information down-
stream of the nozzle exit station. Reference 7 presented near-
exit-plane measurements for the total pressure, temperature,
and static temperature. The Mach profiles were then deduced
and many results of the exhaust plume static temperature
distribution were given for different configurations of nozzles
with splitter plates.

The present work objectives are twofold: The first is to
demonstrate that such complex flowfields can be numerically
computed, providing jet engine designers with information
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Fig. 1 General configuration and domain of interest.
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about the estimated drag. This goal is stressed throughout the
paper rather than emphasizing accuracy or efficiency of
computation. The second is to show that the engine-airframe
design integration concept can be applied for this particularly
important part of the aircraft.

II. Formulation of Problem

To formulate the problem, the region of computation must
first be examined and then the appropriate coordinate system
chosen. Next, the best use of the grid points should be made
by the appropriate clustering. A surface-oriented coordinate
system is adopted where body lines can be aligned along one
of the coordinates for treatment of the boundary conditions.
This can be achieved as demonstrated in Ref. 8 through
numerical mapping. Then the governing equations for tur-
bulent flow, in mass averaged variables,? are written in the
transformed plane. The boundary ' conditions are then
specified along the proper boundaries. Finally, a simple
turbulence model is implemented. Details of the formulation
of the problem are presented next.

Region of Computation

First, the AGARD 10 deg nozzle general schematic con-
figuration is shown in Fig. 2. (The exact dimensions can be
found in Refs. 5 and 6, the Arnold Engineering Development
Center (AEDC) nozzle model is also given in Ref. 5). The
domain of computation is depicted in Fig. 2 with an axial
length of 40.48 cm, which is about four times the nozzle exit
diameter. Only a length of 25.3 cm of the boattail nozzle was
considered for computation to reduce the required grid points
and computer time. Further, the line normal to the boattail
wall at the starting station x=0, was taken to be 30.36 cm
with the estimate of 2.83 ¢cm for the turbulent boundary layer
thickness. Finally, the outer boundary was taken to follow the
nozzle boattail contour, as shown in Fig. 2.

Coordinate System

The cylindrical coordinate system (r,6,x) is used, with the 8
dependency being dropped for the axisymmetry formulation.
The u,v are the velocity components along the x and r direc-
tions, respectively. A coordinate system as that of Fig. 2 was
chosen using the approach of Ref. 8 which maps that region
into a unit square. The lines parallel to the boattail wall are
the # =const lines, which orthogonally intersect with the axis
of symmetry. The lines normal to the boattail wall are the
¢{=const lines, with the constant equal to zero at the station
x=0. These lines are gradually less steep and align themselves
along ‘“‘rays’’ of the exiting jet and finally coincide with the
axis of symmetry, where {=1.0. It was found essential for
successful computation that the n=const lines should not
sharply turn at the lip of the nozzle boattail and coincide with
the vertical ‘‘line”’ representing the actual exit plane. It was
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Fig. 2 Coordinate system and nozzzle configuration.
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essential to have these lines smoothly curve away from the exit
plane as shown in Fig. 2. The sharp turn manifests itself in
stiff transformation derivatives, causing numerical instability
when solving the governing equations. This problem of
placing the jet conditions is alleviated if the internal jet flow
inside the nozzle is being solved simultaneously with the
external flow. More details regarding this observation and the
coordinate system can be found in Ref. 5.

Governing Equations

The Navier-Stokes equations for axisymmetric and two-
dimensional turbulent flows can be written in the following
familiar form, where the dependent variables u,v,e are mass
averaged as described in Ref. 9, where e is the specific total
internal energy, and p and P are the mean density and
pressure, respectively.

1 8(rnG) . H
T =Jo (1a)
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The gas (aif) was assumed to be perfect and the hot exhaust
was modeled as air, satisfying the equation of state

P=pRT Q)
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and the coefficient of viscosity was assumed to vary with
temperature according to Sutherland’s relation

p=(35.85x10-8) TS5/ (T+ 198.6)kg; —s/m? 3)

The laminar and turbulent Prandtl numbers, Pr and Pr,, were
assumed constant and of values of 0.72 and 0.9, respectively.
Although y is usually very small compared to ¢, the effect of
temperature gradients in the present problem can be very
large, causing large gradients in u. And because the coef-
ficient of heat conductivity exhibits similar variation with the
temperature, it is appropriate to. assume that their ratio is
almost invariant. The ratio of specific heats v was also taken
as a constant, with a value of 1.4, Finally, the second coef-
ficient of viscosity was not chosen to satisfy the Stokes’
hypothesis at the early stage of computatlons but rather the
relation

A=-~2/3(pte) 08 @

where 3 is a constant <1.0 and, usually taken negative to
increase the bulk viscosity that acts as numerical damping
across shocks.1® However, 8 was set equal to 1.0 when a
converged solution seemed to be obtained.

In the n-£ computational plane, Eq. (1a) is transformed to
the form:

6U 3 (r/oG)
[g “ag t E 3% ]
oF 1 3(rioG) . H
[mg} ,Tbnr_é;’_]_jo oy 5)

where now 7 and £ can be considered as the independent
variables and ¢, &, n,, and %, are the four transformation
coefficients obtained numerically from the mapping
procedure.

Turbulence Models

The experimental tests® for the nozzle geometry under
consideration were run at a Reynolds number of
8.2x10%/cm. Therefore the flow is expected to be fully
turbulent with a Reynolds number in excess of 25.0 x 10¢ at
the end of the long cylindrical forebody, at the station 330 cm
downstream of the nose tip. This station also marks the
beginning of the nozzle boattail and is 16.42 cm upstream of
the station where computations began.

Complicated eddy viscosity models can be found in the
literature for many flow patterns including the axisymmetric
wake problem. It has not yet been demonstrated that use of
sophisticated or high-order closure models would necessarily
yield better results in general. Many models for the free shear
layers, jets, and wakes using the turbulent kinetic energy and
other concepts can be found, e.g., in Refs. 12 and 13. It was
decided, therefore, to use the simplest model in the mixing
region. The eddy viscosity model in the computational
domain was split into two or more different models in dif-
ferent regions, as will be explained next.

The computational domain is split into three regions as
shown in inset A of Fig. 3. In region I, the simple two-layer
algebraic model of Ref. 14 for flat plate is used here since the
effect of axisymmetry was estimated to be minor at this flow
condition, for a cylinder with a diameter of approximately 10
cm. The inner region for that model is formulated as:

“ofon, (oo DV G| e
=p{0.4r, exp 265 o a

and the outer region model is formulated as:
€,=0.0168pu,6%,. . (6b)
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where r, is the normal distance measured from the boattail
wall, 7, the wall shear stress, u, the tangential velocity in a
direction parallel to the wall, #, the average tangential
velocity outside the boundary layer of the velocity profile at
that station, here taken as u, at the point of index j=15
(approximately r, =5 cm), and

.

In region III, the eddy viscosity model for a jet is used. It
increases in the axial direction while remaining constant in
planes normal to the axis of symmetry. The following model
was used:

€ = €in( +5) )]

where S is the dimensionless distance along the ‘‘rays’’ of the
coordinates £ =const, measured from the jet exiting station,
and ¢, is the initial value at the jet exiting station. In region
11, linear variation (with respect to the indexing parameter /)
for the values between the last “‘ray”’ in region I and the first
ray of region III was used. This was done to avoid sudden
changes in the e values, and also to cover the region of
possible flow separation, where the proper turbulence model
still needs to be investigated.

The second composite model of sketch B of Fig. 3 was also
used but its results are not presented here. No major dif-
ferences were observed in the results using these two models.
In this case, region III of sketch A is split further into two
separate regions, III and IV. In the new region 111, a model
similar to that of Ref. 15 is used with minor modifications. In
the present study, the model used was:

b
m=pro Wuj—ug ;)|

where b is the ‘‘width’’ of the mixing region as shown in Fig.
3, RT the turbulence Reynolds number, taken as [330.0—
333.0e - 0¥M ], u, ;the u velocity at the center lineand ¢ a
factor for axisymmetry effects.

The value of 3.0 was used for « in the present case. Finally,
the value of ¢ in region IV was set to zero, representing the
inviscid core region. The value of e in region II was also taken
as the linear interpolation between the values of regions I and
III as described previously.

In the computation, the nondimensional y+ for the first
point away from the wall was assumed to be large (=70) to
allow for a larger time step. This value should be about 10 if
the skin friction coefficient is to be computed with fair ac-
curacy. In the present work the surface pressure distribution,
which is less sensitive to the spatial step size normal to the
wall, was the primary concern.

i
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RT=1,(390 -333.5406M

LINEAR TRANSITION
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€ -b
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Fig.3 Eddy viscosity model.
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Boundary Conditions

Incoming Flow Conditions at Station x=0 (¢ =0.0)

The Mach number and all flow variables are not known at
this station and therefore some engineering judgment was
required, bearing in mind the major objective of the present
work. Of course, a solution to the full flowfield starting at the
upstream undisturbed condition would omit the necessity for
such judgments. First, it is assumed that the Mach number is
still 1.5 at the end of the cylindrical forebody at station 330
cm, i.e., that the compression effect at the nose tip is equally
offset by the expansion at the forebody shoulder (see Ref. 6
for details of the test model configuration). Moreover, since
computations for the curved boattail start at the station 16.42
cm downstream from station 330.1, the use of the value
M =1.5is not representative of the real flow case. In fact, the
tangential Mach number at the station x =0 was taken as 1.74
based upon a Prandtl-Meyer expansion for a 7 deg turning
angle. Both the u and v velocity components were than
computed. The turbulent profile for the tangential velocity
was assumed to be of the (1/7) power profile, with the
boundary-layer thickness estimated as 2.83 cm. The static
temperature and pressure profiles were assumed uniform
along that line, with values of 0.905T,, and 0.7P,,,
respectively, corresponding to the 7 deg expansion turn. The
density, specific internal energy, and the eddy viscosity
profiles were then computed and imposed as the boundary
values.

Conditions on Symmetry Line r=0 (¢§ =1.0)

Because of symmetry, the derivative in the direction normal
to the centerline was taken to be zero for certain variables.
Since not all of the variables should be extrapolated in this
manner (otherwise inconsistency and overspecification would
result), the following sequence was followed: 1) d(pe) /9%,
dp/dE, du/d¢, de/d&, and v were set to zero; 2) P was com-
puted from the equation of state using p and e; and 3) pu and
pv were computed.

Conditions on Farfield Boundary (n=1.0)

The variation along the ¢ =constant lines was assumed to
vanish, therefore the following conditions were applied: 1)
du/dn, dv/dy, d(pe) /dn, dp/0n, and de/dy were set to zero; 2)
P was computed from the equation of state using p and e; and
3) pu and pv were computed.

Conditions on Wall and at Jet Exit (=0.0)

On the boattail wall: 1) # and v are zero for no slip, then pu,
pv, and also € are zero. T is set as T, taken equal to T, or
otherwise specified for hot wall cases; 2) dP/dy is set to zero;
3) p is computed from the equation of state, utilizing P and T;
and 4) pe is computed from p, u, v, and T.

For the jet exit plane: 1) uniform profiles u=u; T=T,
P=P,, and v=0, where u;, T, and P; are computed from
given Ty, Py, and R,; 2) assuming an exit Mach number of
1.01, p is computed from the equation of state and e computed
as (100 w); and 3) pu, pv, and pe are computed.

The u velocity at the first grid point in the jet flow nearest
to the inner nozzle surface was set to 0.5 u; to reflect the
effects of viscosity and simulate the corresponding boundary
layer.

III. Numerical Method

The time-dependent, predictor-corrector MacCormack’s
explicit scheme 1618 is used to solve Eq. (5) in two steps in the 5
and ¢ directions. For the present case, the dependent vector
variable U(,&,1) was advanced in time as:

Un, &t +At) = [LY2 (AL /2) L, (MAt,) LY7?

X (At;/2)]-U(n,&,1)
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with
At=MAL,, if A <At (8a)
or as
U(n,§,t+At) = [LY?(At,/2) Ly (NAt,) LY

X (At.,,/z)] 'U(?’],E,t)

with
At=NAt, if Ar, <At (8b)

where M and N are the smallest even integers of Ar, /At and
At /At,, respectively, and Af,, Ar, are the maximum
allowable time steps in the » and % directions as determined by
the Courant-Friedrichs-Lewy (CFL) limit with viscous
stability requirement as given by Eq. (9). The values of M
and/or N were chosen to be 2 for the present work. This
particular procedure was necessary for the present case
because, depending upon the relative flow conditions of the
external flow to the jet flow, (A7, /At,) can change drastically
from less than to greater than 1.0. This procedure was
automated in the computer program. Also, this frequent
change of the solution path (M or N=2) was intended for the
present coordinate system for proper and frequent forcing of
the boundary conditions.
The maximum time step allowed was estimated as:

Ar=min(Af,, At;)
L

AS AS
=min[——’l—~ , ——,
ij |u,,|+C i |u£|+C i

2y ( u € I ~N=N(pte)
AS,/ {—(— +——) > A}
e \pr T Pr,/ as, AS,
2 I =X
Asz/max{l (i‘_ + :.) i __(fﬂ}] ©)
e \Pr  Pr,// AS, AS,

where u,, AS, and u;, AS; are the velocity and mesh side
lengths in the 5 and £ directions, respectively. The actual time
step used was usually less than this estimated maximum. A
factor of 0.7 was used.

Numerical Damping

The fourth-order pressure gradient ‘‘damping’’ as in-
troduced by MacCormack and Baldwin!7 is used here. This is
implemented by replacing

F;

ii,j

G;; by G;,;+Gp;; (10b)

by F,,»_j+FD,-,-,j (10a)
and

in both the predictor and corrector steps of the ¢ solution
sweep for Eq. (5), with ii=i and (i+ 1) for the predictor and
corrector steps, respectively. The following expressions for F,
and G, were used

IP,-+1J—2P,.,/.+P,-_,J.I

(Piy1j+2P ;+P,_,))

Fpij=Cy, (1 +Cy)

1

\Py 1= 2P+ Py |

iij ii,j
(Piyjy1+2P; ;+ Py i)

ii,j

Gpiry=C,, (10,1 +Cy)

irJ
where

Cy,=0.0283, +0.12E2, C,,=0.0n3, +0.093,
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The constants in the last two expressions were chosen after
some numerical experimentation. They should be changed for
different flow conditions. Similar expressions are used during
the  sweep solution, which can be found in Ref. 5.

The normal stress damping, represented by the factor 8 in
Eq. (4), was described in the formulation of the problem. The
value of 8= — 6 was used here.

Finally, although MacCormack’s scheme is second-order
accurate, the use of a two-point, first-order accurate formula
for the boundary conditions, as applied here and by most
investigators, reduces the overall accuracy. However, it has
also been experienced that the use of three-point, second-
order forms for boundary conditions may sometimes lead to
numerical instability.

IV. Results and Discussion

A total of five different cases were computed. Four cases
were computed for the specific nozzle boattail under con-
sideration (the AGARD 10-deg nozzle) and one case for a
similar AEDC model with cold exhaust to study the effects of
the nozzle boattail geometry.

The experimental resultsé of the base case of the cold
exhaust were obtained under the following test conditions for
the external flow: M, ,=1.5, T, =580°R, Re,=
8.2x 104/cm with the jet exhaust being under the conditions
T,;=540°R, throat Reynolds number =1.773 X 105, and the
nozzle exit diameter = 10.07 cm. (Subscripts oo, 0; e, j refer to
the freestream and total conditions; the external and jet
stream, respectively.) These conditions will yield a nozzle
pressure ratio (NPR) of 7.09, where NPR is defined here as
Py /P,,,. The ratio P;/ P, is only 3.746.

The hot exhaust case computed here was computed with
T,;=2100°R and the hot boattail wall was computed for
T,=1100°R. The corresponding two-dimensional case and
the AEDC early model case were computed for cold exhaust
temperature as in the base case.

All the computations were run on the CDC 6600 computer
with a mesh of 30X 39 points in the 5-£ plane with Ay =0.344
and A£ =0.0263.

Computations were allowed to continue until the ac-
cumulative physical time reached at least 4¢, where

tp=L/U,,=12. 9x10-4 s, where L is the length of the
computatlonal region, here 65.78 cm. The convergence
criterion was based upon the condition that the maximum
change in the static pressure over one 7., should be less than
5%. The largest changes observed were in the static pressure,
and particularly along the centerline r = 0. For the base case of
cold exhaust the maximum change in the pressure along the
centerline was 4.5% along the time interval r=4.0¢, to
t=5.9t,. The computation for this particular case was
therefore stopped after #=5.9¢,. For other cases com-
putations were stopped after about ¢=4.0¢,. This was
achieved by making use of the computed case of cold exhaust
as the starting initial condition for the rest of the cases, thus
eliminating most of the numerical difficulties and achieving
faster convergence rates.

The computer time for the typical base case was 0.0022
s/grid point per cycle per one At. Cycle here denotes three
sweeps, two in the 5 direction and one in the £ direction. This
amounts to a lot of computer time and it is mainly due to the
very small allowable time step for the explicit scheme. For the
base case this maximum time step was 0.26 X 10 ~6 s,

The first set of results obtained, shown in Fig. 4, presents
the surface pressure coefficient C,, where C, is (P,—
P_)/(Vp,,UZ). In Fig. 4a, results for the base case of cold
exhaust are compared with the experimental results of Ref. 6.
Although the recompression seems to be weaker than those
measured, the deviation between the upper and lower surface
measurements is obviously due to the effect of the model
support, representing the three-dimensionality of the ex-
perimental results, while the computation models true
axisymmetry. Also, it can be seen that the smaller C, com-
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puted near x = 0 is mainly due to the imposed pressure profile.

Although the pressure plateau of the experimental results
near the nozzle lip may suggest flow separation, it was
reported® firmly that no separation was observed during the
experiment. The present solution did not show a pressure
plateau. In the cases considered, no flow separation was
detected.

In Fig. 4b, the effect of change in the boattail geometry to
the AEDC geometry is shown by the resulting C, distribution.
Although the C, is smaller, the nozzle wetted area is larger,
resulting in almost equal pressure drag force. But because the
AGARD model allows larger engine space, it indicates a
better boattail design. The ‘‘kink” observed at x=5.5 for the
AEDC model lacks reasonable explanation. Figure 4c shows
the effects of exhaust temperature, boattail wall temperature,
and two-dimensional axisymmetry. The hot exhaust case
yielded a smaller pressure drag, 79% of the corresponding
drag for the cold exhaust case. The hot boattail surface case
yielded a smaller pressure drag, 67% of the same
corresponding cold wall case. It is of interest to notice that the
effect of the hot exhaust traveled upstream through the
subsonic region through the boundary layer.

The two-dimensional result of Fig. 4c¢ showed bad
oscillatory behavior for the pressure near x=25. Although
disturbances and interaction effects are expected to be larger
for the two-dimensional than for the axisymmetric case, this
behavior may be partially smoothed if more points are used in
that region. A dashed line is drawn to show the expected
behavior.

Mach line contours for two cases are given in Fig. 5. It is
interesting to see how the subsonic region protrudes after the
exit station. Differences in the pattern are observed between
the axisymmetric and two-dimensional cases in Fig. 5, where
the subsonic region protrudes further in the two-dimensional
case.

The static temperature fields, necessary for infrared
signature analysis and detection, are given for two cases in
Fig. 6. The temperature field downstream of the nozzle exit
plane was not affected by the increase of boattail wall tem-

~—
COLD EXHAUST CASE

(T, =540°R)

Fig. 5 Mach line contours.
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perature. The wall temperature effect was almost confined to
the wall region. Finally, the velocity flowfield is given by the
arrows in Fig. 7 for the hot wall case. For more clarity, the
corresponding stream function was computed and the stream
lines were also plotted. No separated flow regions were
detected in the different cases computed.

COLD EXHAUST
CASE (TO]=54O°R)

HOT WALL CASE
( TW:‘HOO° R)

Fig. 6 Static temperature contours.

HOT WALL CASE
(T,= MOO°R )

HOT WALL CASE
(T,= 1100°R )

Fig. 7 Velocity flowfield.
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It is of interest to observe the decay of the high-pressure
and temperature conditions along the axis of the jet. It was
found that mixing of the two streams takes place to a point far
downstream of the present region limits of about 4D, where D
is the nozzle exit diameter. Other observations regarding the
mixing of the external and the jet streams can be found in Ref.
5.

V. Conclusions and Recommendations

Numerical solutions for supersonic flow at a Mach number
1.5, with jet exhaust past the AGARD 10-deg axisymmetric
nozzle were obtained using the Navier-Stokes equations in
conservative variables. Five different cases were computed
showing effects of the nozzle boattail geometry, exhaust
temperature, boattail wall temperature, and the differences
between the axisymmetric and the corresponding two-
dimensional case. The surface pressure distribution was
obtained together with details of the flowfield. For the cases
studied, the pressure drag was reduced to 67 and 79% for the
boattail hot wall and hot exhaust cases, respectively, of the
cold wall, cold exhaust reference case.

Computations were made using several engineering
assumptions and with few grid points, but still yielded
reasonable results. The success of the present work should
encourage engine designers to rely on computation as a
parallel means to wind tunnel testing.

Several improvements are recommended concerning
numerical accuracy and computational efficicncy. Regarding
accuracy, more grid points and computer time will be needed,
especially near the wall if the skin friction coefficient is to be
computed with reasonable accuracy. In addition, smoother
transformation derivatives are recommended. Further, use of
the conservative form of the equations in the transformed
plane. as suggested by Viviand!' is favored. Regarding
computational efficiency, implicit schemes!®2! are en-
couraged to alleviate the small time increment of the explicit
scheme necessary for stability.

Further studies should be performed regarding the con-
ditions that facilitate computation for capturing of the strong
shock made for the present flow case. A high nozzle pressure
ratio case of 15.86, which was shown® to have the Mach disk,
was tried during the present investigation, but the solution
converged only to the weak shock mode since inadequate
expansion was obtained. Factors influencing this tendency in
computation are now being studied, with some studies
regarding this case being available in the literature.?23 In
addition, studies regarding better turbulence modeling for the
present flow case are encouraged for future applications.
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