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Assessment of Modeling and Discretization Accuracy for
High-Speed Afterbody Flows

Robert E. Childs* and Steven C. Caruso*
Nielsen Engineering & Research, Inc., Mountain View, California 94043

The accuracy of Reynolds-averaged Navier-Stokes calculations of axisymmetric high-speed afterbody flows
is investigated. An approximate truncation error analysis is used to identify specific regions where discretization
errors are large, and grid refinement is used to evaluate global solution accuracy. Good alignment of grid lines
with streamlines in the shear layer at the nozzle exit is found to be important for obtaining solutions at high
nozzle pressure ratios. Solution-adapted grids are used, and solutlons that are essentially grid-independent are
obtained. Modifications to the ki~ model for Mach number and streamline curvature effects are presented and
validated in flows unrelated to base flows. In base flow calculations, these model modifications produce changes
in base drag in excess of 20%. Computed solutions agree well with experiment for base pressure and flow

structure.

Nomenclature

sound speed

turbulence modeling coefficient

distance between grid nodes

turbulence kinetic energy per unit mass
symbolic representation of governing equation
Mach number, Ul/a

nozzle pressure ratio, p;/p.,

pressure

rate of production of pk in Egs. (6) and (7)
flow variables

Reynolds number

mean velocities

spatial coordinates, normalized by body radius
shear layer thickness

Kronecker delta

rate of dissipation of k per unit mass

viscosity

density

model coefficients

stress tensor
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Subscripts

h associated with grid spacing &
j nozzle exit conditions
turbulent

freestream conditions

J
t
0

Model Designations

STD = standard k-¢ model, Eqgs. (5-7)
M = with Mach number modification, Eq. (8)
C = with curvature modification, Egs. (9-11)
MC = with both M and C modifications

Introduction

LOW in the afterbody region is important to the per-
formance of many flight vehicles, including missiles, ord-
nance projectiles, space launch vehicles, and aircraft. Drag,
stability, surface heating, infrared signature, and noise gen-
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eration are affected by the afterbody flow. A typical afterbody
region of a tactical missile, sketched in Fig. 1, involves an
external flow, which may be subsonic or supersonic, a super-
sonic propulsive jet, and a complex pattern of shocks, ex-
pansions, and shear layers. Flow reversal occurs behind the
bluff afterbody and may occur on the body if there is a boattail
or a large plume.

Methods for estimating the characteristics of afterbody flows
are needed for design and analysis purposes. Various types
of prediction methods, including component models,! meth-
ods based on viscous-inviscid interaction,? and Euler equation
methods, have been used over the past few decades. At pres-
ent, it is feasible to use prediction methods that solve the
Reynolds-averaged Navier-Stokes equations for axisymmetric
and three-dimensional flows. Computational methods based
on the Navier-Stokes equations were first applied to afterbody
flows during the 1970’s (e.g., Holst,®> Mikhail*). During the
early 1980s, Deiwert et al.> employed the Beam-Warming
algorithm® to compute a variety of afterbody flows, including
ones with propulsive jets. Solution-adapted grids were used
to obtain good resolution of shocks and shear layers, and the
Baldwin-Lomax model was used to predict turbulent stresses.
Sahu and Nietubicz’ used a similar computational method to
investigate a variety of projectile flows and reported reason-
ably good accuracy. Lombard et al.® and Hoffman et al.’
employed different numerical algorithms and grid procedures
for afterbody flows. Thomas et al.’® used the Beam-Warming
algorithm and the k—W?'! and k-¢'? turbulence models to
predict an axisymmetric base flow with a propulsive jet; sig-
nificant differences were noted in the results given by the two
models.

EXPANSTION
FAN

Fig. 1 Sketch of flow in missile afterbody region.
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Some persistent problems can be identified in previous cal-
culations. The flow near the edge of the nozzle exit of un-
derexpanded jets undergoes a rapid expansion and turning as
it exits the nozzle, and it is difficult to compute accurately.
Many methods predict an ‘“‘undershoot” in the pressure which
can produce negative pressures at moderate NPR and ter-
minate the calculation. Fox!? and Deiwert et al.> circumvented
this problem by imposing nozzle exit boundary conditions a
short distance downstream of the actual exit, where the scale
of the flow gradients was large enough to resolve without
excessive grid clustering. Venkatapathy and Lombard'* used
a grid-imbedding technique to cluster many points in these
regions; however, the undershoot in pressure still existed.
Many calculations, including the present ones, employ the
questionable assumption of idealized flow within the exhaust
nozzle. Computing the internal flow in addition to the external
flow has been shown to give a more accurate base pressure'4
than is obtained by assuming idealized flow in the nozzle.

The inability to obtain reliably accurate predictions of flows
involving separation is another persistent problem. Several
types of flow-prediction methods were evaluated by Putnam
and Bissinger's for a range of afterbody configurations and
operating conditions. They noted that most procedures, from
component methods to Navier-Stokes solvers, could predict
trends, but flow details were often significantly in error. Na-
vier-Stokes methods were generally inaccurate downstream
of separation. Petrie and Walker!® performed a blind-test
evaluation of several Navier-Stokes and component methods
for a bluff-based missile afterbody flow with a small propulsive
jet. Base pressures were predicted very poorly by the Navier-
Stokes methods, and nominally similar methods gave quite
different results. Much of the inaccuracy was attributed to
discretization errors, and recent results®>!4171% on finer grids
were more accurate than the initial results. However, these
results did not demonstrate that the grid-independent solu-
tions agreed well with experiment.

Turbulence modeling may also introduce serious errors in
many afterbody flow calculations. Numerous phenomena that
occur in these flows are known* to be represented poorly by
commonly used models. Among these are nonequilibrium
effects due to transitions between attached, free, and merging
shear layers, the effects of high Mach number, shocks, stream-
line curvature, strong pressure gradients, and density gra-
dients. For example, a 250% increase in shear stress specif-
ically due to curvature effects is predicted by Bradshaw’s®
model in some regions of the NPR = 2.15 case reported by
Petrie and Walker.'* Mach-number effects are expected to
reduce shear stresses by roughly 75% in other regions. Effects
of this magnitude cannot be disregarded in a comprehensive
model for turbulence in high-speed afterbody flows.

The present study focuses on turbulence modeling and dis-
cretization errors. Errors due to the modeling of turbulence
cannot be assessed other than by referring to experimental
data, nor can they be reduced easily. The errors introduced
when the governing equations are discretized and solved on
a numerical grid can be analyzed and can be reduced by using
higher-accuracy numerical methods or finer computational
grids. The goals of this work are to identify discretization and
turbulence modeling errors and to demonstrate means of re-
ducing or eliminating these errors.

The afterbody flow experiments reported by Petrie and
Walker'¢ are used for comparison with most calculations re-
ported herein. The afterbody configuration and flowfield are
similar to that shown in Fig. 1. The test model consisted of
a strut-mounted tangent-ogive cylinder that was 18-body radii
long and had a bluff base. The model had a centered M =
2.7 conical nozzle with a 10 deg half-angle and a nozzle exit
radius of 0.2 body radii. The exhaust jet had the same stag-
nation temperature as the freestream. The freestream con-
ditions were M. = 1.4 and Re, = 64000, based on body
radius. Measurements were reported at NPR = 2.15 and 6.44.
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The external boundary layer was measured 3.2 radii upstream
of the base; inflow boundary conditions were prescribed at
this location and at the nozzle exit plane.

The implicit finite-volume method and computer code TURF
developed by Coakley?* were used in the present work. In-
viscid fluxes are computed with a second-order characteristic
scheme. Second-order central differencing is used for the vis-
cous terms in both spatial directions. The flow is predomi-
nantly supersonic at flow-through boundaries, and numerical
boundary conditions there are straightforward. The k—e& tur-
bulence model, with and without modifications, is used for
all results presented here. This model and the modifications
to it are discussed below.

Two solution-adapted grid methods, an algebraic scheme
based on the concept of control points (e.g., Ref. 22) and a
hyperbolic method,?® were used. Grid lines are clustered to
resolve the shear layers so that shear stresses are computed
by a turbulence model rather than by “numerical viscosity.”
However, shocks in nonreacting gases are captured over a
few grid points and do not require special grid clustering.
Grids were manually adapted to the flows. The far-field
boundaries were sufficiently remote to insulate the afterbody
region from their effects. A typical grid and solution are shown
in Fig. 2.

Discretization Accuracy

Inaccuracies associated with the discretization of the Na-
vier-Stokes equations on a computational grid can cause large
errors in afterbody calculations. Global solution character-
istics can depend strongly on the grid,?'#!¢ and the undershoot
in pressure at the nozzle exit can prevent convergence. Trun-
cation errors, from truncated series expansions in differencing
or interpolation procedures, are the source of these errors.

The Navier-Stokes equations consist of terms such as
8F/ax, in which F is a flux of mass, momentum, or energy.
Truncation error is the difference between the analytic value.
and the discrete approximation of 8F/dx, and it is greatest
where F has significant higher derivatives. Fluxes are contin-
uous along streamlines due to inviscid conservation-law mech-
anisms, while normal to streamlines, fluxes are continuous
due to diffusion. Hence, the flux gradients normal to stream-
lines can be much greater than streamwise gradients in shear
layers. However, the convective flux normal to streamlines
are zero, because there is no velocity component in that di-
rection, and other streamline-normal fluxes are often small,
as well. Aligning the grid lines with streamlines reduces the
truncation error because 1) the streamwise fluxes vary slowly
and gradients can be computed accurately, and 2) the stream-

. line-normal fluxes are generally small so that the absolute

error in the calculation of their gradients is also small. Align-
ing grid lines with streamlines significantly reduces the trun-
cation error in Navier-Stokes calculations.

A method based on Richardson extrapolation®* for esti-
mating the truncation error is outlined below and used to
quantify the truncation error in a base-flow calculation. The
flow equations are expressed in operator form as

L(g) =0 (M

in which g is the exact solution of the flow equations. The
discretized equations, retaining the dominant error term, are

Li(q) + R"E(q) = 0 )
in which 4 is the grid spacing, #"E is the truncation error, and
n is the order of accuracy of the discretization (n = 2 for a

second-order method). Doubling the grid spacing from h to
2h yields the following equation;

L.(q) + @h)"E(q) = 0 )
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Fig. 2 Every third grid line of grid generated with the control point method and computed velocity vectors at selected stations for typical

afterbody calculation.

An explicit estimate for the truncation error is obtained from
the difference between Eqgs. (2) and (3) and the assumption
that the difference between g and g,, the solution of the
discretized differential equations L,, is small.

KE(q,) = —Ly{q,)/(2" — 1) “4)

The right-hand side of Eq. (4) is easily evaluated, and it
provides an estimate of the truncation error A"E associated
with the solution computed with a particular grid and discre-
tization scheme.

Figure 3 shows the grid and the computed velocity vectors
in the vicinity of the nozzle lip. The vectors at x < 0 represent
velocities imposed at the nozzle exit boundary condition. The
grids differ in the alignment between the grid lines and ve-
locity vectors (streamlines), but not in the typical grid spacing
in this region. (A finite-difference plotting routine was used
to display these finite-volume results. The velocity vectors
should originate at the cell centers rather than the corners.)
In Fig. 3a, the grid is aligned with flow exiting the nozzle,
but not with the flow in the shear layer. In Fig. 3b, the grid
is aligned with the flow in the shear layer, but not at the
nozzle exit plane. The grid and flow could not be aligned
throughout the plume with the present grid-generation method.
The truncation error in the density equation from Eq. (4) is
given in Fig. 4, and the largest errors occur at the corners of
the base. The maximum truncation error in Fig. 4a is at a
greater radius than the nozzle lip and is associated with the
expansion and shear layer shown in Fig. 3a. In Fig. 4b, the
' ‘majority of the error is below the lip, which is in the region

of the expansion fan below the shear layer. The maximum
errors occur where the solution varies and where grid lines
and streamlines are not aligned.

Alignment of the grid with the streamlines in the jet shear
layer, as in Fig. 3b, also eliminates the undershoot in pressure.
The pressure undershoot at the nozzle lip, r = 0.2 in Fig. 5,
occurs in the region of maximum truncation error in Fig. 4a.
The undershoot does not occur when the truncation error is
within the plume, as in Fig. 3b. By aligning grid lines with
streamlines in the plume shear layer, solutions have been
obtained at NPR as high as 300 for the Pegasus launch ve-
hicle.?

Solutions that are nearly grid-independent have been ob-
tained by adapting the grid to the solution and by increasing
the number of grid points. Figure 6 gives the computed base
pressures on a series of grids that were progressively finer
and better aligned with the flow. There was no tendency for
the base pressure to differ significantly, except for the un-
dershoot, as the grid was refined. These results suggest that
the truly grid-independent base pressure will not differ by
more than a few percent of freestream pressure from the value
computed on the finest grid in Fig. 6. This level of accuracy
is adequate for virtually all design or analysis purposes.

Turbulence Modeling
Many aspects of turbulence in afterbody flows, including
the effects of high Mach numbers, shear-layer curvature,
merging or colliding shear layers, and shock interactions, are
predicted very poorly by existing turbulence models. The
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Fig. 3 Velocity vectors and grid near nozzle lip with a) poor and b)

good alignment between grid lines and streamlines in plume shear
layer.

Baldwin and Lomax? model is commonly used for missile
afterbody predictions, but it was developed for thin equilib-
rium shear layers and predicts none of that above-mentioned
phenomena. The goals of this section are to demonstrate that
turbulence modeling is important in afterbody flow predic-
tions, and that a model which accounts for Mach number and
streamline curvature effects can improve prediction accuracy.

The k-¢ model is used as the basis of this work because it
is one of the best models currently available. Turbulent stresses
are computed from the Boussinesq approximation:

7y = w(U/ax; + aUlox,) — &,,(pk +;;¢,6u,-/6x,-)2/3 (5)

in which u, = c,pk?e. The k-equation is obtained from the
trace of the Reynolds-stress transport equations with an ap-
proximation for diffusive transport and the assumption that
pressure-strain correlations do not alter the turbulence energy
in compressible flow. '
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Fig. 4 Truncation error in the density equation for the entire after-
body region for grids and solutions shown in Fig. 3a and Fig. 3b.
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in which P, = 7,;0U,/dx; and the model coefficients are o, =
1.0, 0. = 1.3, and C,, = 1.45.

In the ‘“standard” k—e model, subsequently denoted the
STD model, C, = 0.09 and C,,- = 1.92. Modifications to the
k—¢ model to account for the effects of high Mach number,
streamline curvature, and both Mach number and curvature
are described below, and they are denoted the M, C, and MC
models, respectively. In these models, the coefficients C, and
C,; can vary. Wall functions (e.g., Ref. 19, p. 1499) are used
to compute k, &, and the shear stress at all solid wall bound-
aries. Wall functions are appropriate for the flows considered
since the wall-bounded flows are either wholly attached or
wholly reversed, and separation occurs at the sharp base cor-
ner.

Modification for Mach Number

Compressibility effects on turbulence are significant in high-
speed free shear layers. The shear stress and spreading rate
dé/dx of a plane free shear layer decrease as the Mach number
difference across the layer AM becomes large.?”-'* For incom-
pressible flow, dé/dx = 0.115, but this drops to dé/dx = 0.03
for AM = 5. Morkovin® argued that compressibility effects
become important as the velocity of turbulent fluctuations
approaches the sonic speed; hence, Mach-number effects de-
pend on a Mach number of the turbulent fluctuations k'*/a.
A considerable amount of recent work (e.g., Ref. 29) suggests
that the reduced growth rate of instability modes at higher
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] ) gave good results for shear layers up to AM ~ 7. Bonnet’s
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putational ori wise fluctuations to all fluctuations is 0.48, which is an average
© A 60X75 of this parameter for isotropic turbulence and uniform low-
] + 80x99 speed shear flow. The model that emerges is a modification
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Fig. 6 Base pressures computed in a sequence of refined and im-
proved grids.

speeds causes the reduced shear-layer growth, while other
theories®*! have also been proposed.

The model employed here is derived from work by Bonnet
(Ref. 19, p. 1408) in which fluctuations of velocity and ther-
modynamic quantities were related, and a compressibility cor-
rection to the pressure-strain closure model was derived. A

C:

i

w(l + Cokla®)/(1 + C,okla?)? (8)

in which C,,, = 8.4 and C,, = 6.5, and C,, = 0.09. It is
noteworthy that the only optimization against experimental
data done in deriving Eq. (8) was that performed by Bonnet.

The effect of Eq. (8) is assessed by computing the spreading
rate of a planar mixing layer with stagnant fluid on one side
and a nominal density ratio across the shear layer of unity.
Figure 7 compares the computed and experimental values of
dd/dx for M = 5, where the shear-layer thickness 8 is the
distance between the points at which the (U/U,)? = 0.1 and
0.9. The computed spreading rate falls slightly below the ex-
perimental value at M — 0, which is consistent with the known
behavior of the k—& model' for this flow. As the Mach num-
ber increases, the predicted spreading rate decreases, but
somewhat more slowly than the measured rate. The net re-
sult is a reasonably accurate prediction of spreading rate for
M =3,

Modification for Streamline Curvature

Streamline curvature is also expected to affect turbulence
in afterbody flows, as discussed in the Introduction. Curvature
effects result from at least two mechanisms. Additional rates
of strain introduced by curvature alter the magnitude of tur-
bulence production and affect turbulent stresses. This phe-
nomenon is treated accurately if the production term P, is
complete and the stresses are accurately predicted. Curvature
effects are also caused by the centrifugal “force” in a curved
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turbulent shear layer, which affects the correlation between
streamwise and normal velocity fluctuations.

At the heart of the curvature model is a stability parameter
that determines if the curvature is stabilizing, which sup-
presses turbulence, or if it is destabilizing, which promotes
turbulence. The stability parameter of a line vortex was de-
termined by Rayleigh® to be 8 = 9r2V3/or, in which r is equal
to the streamline radius of curvature and V, is the swirl ve-
locity. The curvature effects are stabilizing if 8 > 0, desta-
bilizing if 8 < 0, and neutral if 8 = 0. An alternate stability
parameter can be derived by using the Euler n-equation,
dp/on = pV2/r, to eliminate explicit dependence on the radius
of curvature:

#F o= e - 2 D
B r* p?V20n on ©)

in which V is the velocity magnitude, p is an effective pressure
(thermodynamic pressure + 2pk/3), p, = p + pV?%2 is the
incompressible total pressure, and » is normal to streamlines.
Equation (9) and an alternate form g* = Vp - Vp,/(pV)?
were considered in the present work. The latter has the phil-
osophical and computational advantages in that it is inde-
pendent of mean streamlines and is applicable in three-di-
mensional flow. The two forms give similar values of 8* in
most regions but differ somewhat at shocks. This stability
parameter is appropriate for compressible and incompressible
flow. Equation (9) is used for the results presented herein.

A curvature model that mimics physical processes is needed.
Some evidence suggests that curvature affects the pressure-
strain correlation in the Reynolds-stress equations. Gillis and
Johnston® studied flow over a convex surface (stabilizing cur-
vature) and observed that shear stresses were reduced rapidly
while turbulence energy was reduced more slowly. Measure-
ments indicated that the net production of shear stress was
nearly zero, and “diffusion” could not cause this rapid re-
duction of shear stress; the pressure-strain term is the only
other likely cause of this change. Also, the rapid decrease in
shear stress accompanied by a smaller change in energy, which
could be due to dissipation, is consistent with the properties
of the pressure-strain term. Other evidence comes from the
large eddy simulation of the VTOL upwash fountain by Childs
and Nixon,* in which the pressure-strain term for shear stress
was found to be dominant in the regions of high curvature
and less significant elsewhere.
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Equating the Reynolds-stress transport equation for shear
stress to an equation for the rate of change of shear stress
derived from the Boussinesq approximation Eq. (5) yields an
g-equation similar to Eq. (7), but which contains a source
term involving the pressure-strain term. This process could
be carried further to yield an “equilibrium” model in which
curvature effects would be instantaneous. However, curvature
effects do not occur instantaneously except in cases of im-
pulsive curvature, and an equilibrium model seems inappro-

riate.
P The model modification employed here is similar to that of
Launder et al.*® A source term that is a function of the stability
parameter is added to the s-equation by modifying C,, as
follows:

k2
Csz = CsZO < fc = (1 - CCEB*) (10)

in which C,;, = 1.92 is the value of C,, when streamline
curvature is negligible, and C, is the curvature model coef-
ficient.

Launder selected C, = 0.2 for computing flow over spinning
cones. Rodi and Scheuerer® found that C, = 0.25 overpre-
dicted curvature effects slightly in two stabilized shear flows
and by roughly 100% in a destabilized flow. Bradshaw® has
noted that stabilizing and destabilizing curvature affects tur-
bulence quite differently and may need to be modeled dif-
ferently. From the above results, the following values for C,
are selected for stabilized and destabilized curvature:

0.2 for g >0
C = (11)
0.1 for <0
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As with the Mach-number modification, the values of the
model coefficient are based on resuits from other researchers
for flows not related to afterbody flows.

Limits on £, and on V in the denominator of Eq. (9) are
imposed to suppress erratic model behavior at stagnation points
and in regions of very high curvature, such as shocks: 0.1 =
f.=2.0and V = 0.1 V_ where the reference velocity is taken
to be the freestream velocity. A suitable means of eliminating
the need for these limits was sought but was not found. Pre-
dicted results can be sensitive to these limits. For example,
the e-equation is unstable if f, < 0. Further work is needed
in this area.

Calculations were performed of an incompressible circular
jet impinging normally on a plate to assess the accuracy of
the C model in the impingement zone where the flow expe-
riences rapid turning. Figure 8 shows the shear stress com-
puted with the STD model in the free jet region, and agree-
ment with measurements® is good. Results from the STD and
C models are virtually identical and were not plotted sepa-
rately. In the impingement zone, the STD mode} gives very
poor accuracy and overpredicts the shear stress by an enor-
mous margin. Barata et al.3® have noted comparable accuracy
from the STD model in a similar flow. The accuracy of the
C model in this calculation is perhaps only adequate, as shown
in Fig. 8, but it is a large improvement over the STD model.

Turbulence Model Effects in Afterbody Flows

The effects on high-speed afterbody flow predictions of the
above modifications to the k—¢ model are examined. Figure
9 shows the base pressures for the NPR = 2.15 case of Petrie
and Walker.!¢ Results from the STD and MC models are close
to the experimental data, and, based on these results alone,
it would be inappropriate to consider one model superior to
the other. The M and C models predict the base pressure to
be higher and lower than the experimental data, respectively.
The changes in base pressure caused by Mach-number and
curvature effects correspond to variations of +22 and —14%
in base drag, respectively. The good base pressure prediction
of the STD model results from fortuitous cancellation of errors
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Fig. 9 Base pressures for the NPR = 2.15 case of Petrie and Walker'®
computed with four variations of the k— model. Symbols denote
experimental data.
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of opposite sign caused by the STD model’s poor accuracy
for both Mach-number and curvature effects.

Figure 10a gives a comparison of the experimental sha-
dowgraph and the Mach-number contours predicted with the
MC model. In the shadowgraph, the piume shear layer, the
outer shear layer, Mach disk, and the recompression are vis-
ible, and agreement with the calculation is good. The Mach-
number contours also show a barrel shock that is absent in
the shadowgraph. A comparison of the velocity field is pre-
sented in Fig. 10b, and generally good agreement is again
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contours, and b) measured and computed velocity vectors for the NPR
= 2.15 case of Petrie and Walker!® computed with the MC model.
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seen. In particular, the predicted extent of reversed flow is
nearly correct. There are also some significant differences
between experiment and computation. The location of the

J. PROPULSION

center of the recirculation is poorly predicted. The recircu-
lation pattern can affect base heating rates and the effective-
ness of modifications to the base shape for increasing vehicle
performance. In the farthest downstream line of velocity vec-
tors, the predicted velocities display slightly greater variation
than do the experimental data.

Figure 11 gives velocity vectors predicted by the STD model,
and the accuracy is poor. This shows that base pressure alone
is not a good diagnostic of a method’s accuracy. Comparison
with velocities given by the STD and MC models provides
more evidence that Mach-number and curvature effects are
important in these flows.

Figure 12 gives the base pressures for the NPR = 6.44 case
of Petrie and Walker!® computed with the different models.
The trends are qualitatively similar to the NPR = 2.15 case.
The results from the STD and MC models differ only slightly
and are close to the measurements, while the results from the
M and C models differ significantly from the STD model. In
this case, the effects of the curvature modification are greater
than in the NPR = 2.15 case, while Mach-number effects are
smaller. Excellent agreement between the computed Mach-
number contours and the experimental shadowgraph is shown
in Fig. 13a. The computed and measured velocity vectors are
shown in Fig. 13b and, while there is generally good agree-
ment, some discrepancies are present. The most significant
of these may be in the pattern and magnitude of velocities in
the reverse flow region. There are also differences in the area
just downstream of the barrel shock and Mach disk. Mea-
surements were made with laser velocimetry, and errors due
to particle lag may contribute to this discrepancy.

Summary and Conclusions

An implicit finite-volume Navier-Stokes prediction method
has been used to compute missile afterbody flows. The method
is second-order accurate and employs a characteristic upwind
scheme for inviscid terms which has good shock-capturing
abilities. A k—-¢ model is used to predict the effects of tur-
bulence. The objectives of the work were to identify and to
reduce or eliminate the dominant sources of error in afterbody
flow calculations.

The effects of discretization accuracy were evaluated using
a method to estimate truncation error. It was shown that
discretization accuracy can be increased significantly by align-
ing grid lines and streamlines in regions of large solution
gradients. So aligning the grid made it possible to obtain
solutions at high nozzle pressure ratios and appears to elim-
inate the computational problem associated with highly un-
derexpanded jets. Solutions with negligible grid dependence
in the dominant flow features were obtained.

Modifications to the k—& model to account for Mach-num-
ber and streamline curvature effects on turbulence were de-
scribed. The accuracy of these modifications was demon-
strated by other researchers against generic turbulence
experiments unrelated to afterbody flows. Separately, the cur-
vature and Mach-number modifications produce significant
changes in afterbody flowfields corresponding to changes in
base drag in excess of 20%, for the flows considered here. It
is inferred that Mach-number and curvature effects on tur-
bulence play a significant role in determining global afterbody
flow characteristics. Comparisons with experiment indicate
that the inclusion of the Mach-number and curvature modi-
fications significantly improves the accuracy of the k— e model.

The need for further research in two areas is indicated by
this work. One area is the development of a grid-generation
procedure that causes grid lines to follow streamlines in re-
gions of large solution gradients. The other involves turbu-
lence modeling in regions of large or impulsive curvature,
such as, at stagnation points, through shocks, and in vortex
cores.
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