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Navier-Stokes Analysis of Subsonic Flowfields
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Ismail H. Tuncer* and Max F. Platzer
U.S. Naval Postgraduate School, Monterey, California 93943

and

Robert D. VanDyken*
U.S. Naval Air Warfare Center, China Lake, California 93555

Subsonic flowfields over a missile configuration are computed at high angles of attack ranging from 15 to 60 deg
with the NASA Ames Research Center OVERFLOW Navier-Stokes solver. The computed flowfields are presented
in terms of particle traces, helicity contours, and surface streamlines. The flow separation over the missile body, the
development of leeward-side vortex patterns, and the canard and tail vortices and their interaction are identified.
The computed normal force and pitching moment coefficients compare well with the experimental data at an
incidence of 15 deg. At higher incidences the normal force is underpredicted by up to 15 %. The computed pitching
moments agree qualitatively well with the experimental data, but percentage deviations are substantial in the

higher incidence range.

Nomenclature
Cy = pitching moment coefficient
Cy = normal force coefficient
D = diameter of missile body
M, = freestream Mach number
Rep = Reynolds number based on diameter D
o = incidence angle
¥ = canard deflection angle

Introduction

HE flow over a full missile configuration with canards and
tails at high angles of attack is highly complex because of flow
separationand formation of canard and body vortices and theirinter-
action. Studying the complex flowfield and understandingthe effect
of the canards on the performance, stability characteristics,and de-
velopmentof flow asymmetries are crucial to efforts to design future
missile airframes. This work is aimed at utilizing the currentcompu-
tational fluid dynamics methods for investigating the complex flow-
fields and validating the computed results with experimental data.
Investigations on the aerodynamic characteristics of canard-
controlled missiles at high angles of attack are of considerable in-
terest because future combat aircraft may have the capability to
maintain controlled flight at low speeds and high incidence angles.
Therefore, in this flight regime missiles may be launched at a large
angle of attack in contrast to traditional launches at angles of at-
tack of no more than 10-15 deg. The resulting high-angle-of-attack
flowfield over a missile is vortex dominated with vortex breakdown
and asymmetric vortex flow behavior, which lead to unpredictable
aerodynamic forces and pose a potential threat to flight stability.
Thus, a better understanding of the missile aerodynamics at high
angles of attack is needed to expand missile launch windows and to
improve future missile designs.
The currentdesigntools for missile airframesrange from semiem-
pirical methods to Navier-Stokes solvers.!> A recent comprehen-
sive review of high-angle-of-attackaerodynamicshas been given by
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Rom.! Recent Navier-Stokes computations®~’ of flowfields around
complete aircraft and missile configurations at high angles of at-
tack show encouragingagreement with availableexperimental data.
Schiff and colleagues™* studied flows over a slender ogive-cylinder
body of revolution at high angles of attack by solving the thin-layer
Navier-Stokes equations. They calculated the growth of crossflow
separationand the developmentof leeward-side vortex patterns, and
they identified the unsteadiness of the flowfields at high angles of
attack.

Recently, Ekaterinaris’ and Hsieh et al.5 studied a full missile
configuration at low subsonic speeds and high angles of attack.
Hsieh et al. used the GASP Navier-Stokes solver to compute lam-
inar flows over the missile at 0-deg angle (4 configuration), 0-deg
canard deflection, and 15-, 30-, 45-, and 60-deg angles of attack.
Ekaterinaris’ computed the turbulent flow over the same missile
configuration at a 45-deg roll angle (X configuration) and a 45-
deg angle of attack. These computations were found to be in good
agreement with the experimental force and moment data obtainedin
the U.S. Naval Postgraduate School wind tunnel® and in the NASA
Ames Research Center 7 x 10 ft wind tunnel’

In this work, we build on the work of Ekaterinaris’ Subsonic
flowfields around the missile configuration (Fig. 1) are computed
by using the OVERFLOW Navier-Stokes solver. The computed
flowfields between 15 and 60 deg are analyzed in terms of particle
traces and surface streamlines. The integrated aerodynamic loads
are compared with the experimental data.’

Numerical Method

Figure 1 shows the missile configuration studied. The missile is
22.6 diameters long. It has 67-deg swept delta canards with a root
chord length of 2.5 diameters and 45-deg swept trapezoidal tails
with a root chord length of 3 diameters. The tails are attached to the
missile body and positioned parallel to the missile axis, whereas the
canards are separated from the body by a small gap and can be set at
a prescribed canard deflection, 6. The gap between the canard and
the body, which becomes more distinguished when the canards are
set at an angle, is taken into consideration during discretization of
the computational domain.

The same missile configuration was also used in an experimental
study conducted by Smith and Smith.” A one-third-scalemodel was
sting-mountedon a precisionbalance. The presence of the sting was
also taken into considerationin these computations.

The OVERFLOW Navier-Stokes solver (version 1.6a0) devel-
oped at NASA Ames Research Center'®!! was used to solve vis-
cous flowfields over the missile configuration. The computational
domain, which consistsof the missilebody, the sting, and the canards
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Fig. 1 Missile configuration at 10-deg canard deflection.

and the tails and the flowfield around them, is partitionedinto zonal
blocks. The zonal blocks are discretized with structured subgrids,
which are overset onto each other. The OVERFLOW solver com-
putes flowfields in each subgrid implicitly and interpolates the flow
variables at the grid boundaries from the neighboring grids by using
the interpolation data supplied by the PEGSUS code. The PEGSUS
code is used as a preprocessor for the overset grids.

OVERFLOW Navier-Stokes Solver

OVERFLOW is a Reynolds-averaged, compressible Navier—
Stokes solver. It accommodates computational domains discretized
with overset grids, which are preprocessed with the PEGSUS code.
The OVERFLOW code has several discretizationand time integra-
tion schemes for each subgrid. In this study, for subgrids in which
one of the (i, j, k) grid directions aligns with the freestream flow di-
rection, the partial flux vector splitting algorithmis selected. Other-
wise, the 3-factordiagonal scheme with central differencingis used.
The partial flux vector splitting algorithm uses Steger-Warming
flux vector splitting for discretization of the convection terms in
the streamwise direction and central differencing in the other two
directions. For the flux splitting algorithm, the central difference
smoothing coefficient was gradually reduced to about 0.06 from the
starting value of 0.10. For the central difference algorithm on the
wing and canard grids, the fourth-order smoothing coefficient was
similarly reduced to 0.08 from 0.1. The flowfield was assumed to
be fully turbulent and the Baldwin-Lomax algebraic eddy viscos-
ity model with Degani-Schiff cutoff was used. In cylindrical grids
around the missile body, the thin-layer flow assumption was made,
and only the viscous terms in the crossflow direction were consid-
ered. Local time stepping was used for convergenceto a steady-state
solution. The convergencecriterion was based on the L2 norm of the
residualsand the time variation of the integrated aerodynamicloads.

No-slip boundary conditions are applied at the solid surface
boundaries. At the farfield boundaries, one-dimensional Riemann
invariant extrapolationis used. At the intergrid boundaries, the flow
variables are interpolated from the neighboring grids. The intergrid
interpolationstencils and weights are input to the solver. The PEG-
SUS codeis used as a preprocessorto determine the hole boundaries
created by the overset grids in the outer grids and to obtain the in-
tergrid interpolation stencils and the corresponding interpolation
weights.

Inthe OVERFLOW code, the acrodynamicloads are based on the
integrationof surface pressure and skin friction coefficients. In these
computations,the total aecrodynamicloads are obtained by summing
the integrated loads for subgrids with solid-surfaceboundary condi-
tions. Note that this approach does not account for the overlapping
grid regions on solid boundaries, which cover approximately less
than 1% of the total solid surface area.

Computational Domain

In this study we considered only the flows at 45-deg roll angle
(X configuration) and zero sideslip angle. The flowfield is there-
fore assumed to be symmetric with respect to the midplane, and
only the computational domain over the half-missile configuration
is discretized. The computational domain around the canards and
the tails, the gaps between the canard and the body, and the zones
over the missile body are discretized with structured subgrids. As
shown in Fig. 2, 13 subgrids with a total of approximately 1 x 10°
gridpoints are used.’ The canard, the tail and gap grids, and the outer
grids around them are relatively high-resolution viscous grids with
clustered grid distributionsaround the leading edges. The y™ values

Fig. 2 Overset computationalgrid. (Every other grid point is plotted.)

were on the order of O(1) for all of the surface grids. The outer
boundaries of the computational domain are located about five mis-
sile lengths away.

Results and Discussion

We have computed high-angle-of-attadk, subsonic flowfields over
the missile configuration at o = 15-, 25-, 30-, 45-, and 60-deg in-
cidences; M,, =0.3; and Re;, =0.95 x 10° where the Reynolds
number is based on the diameter of the missile body. Flowfields
were assumed to be steady, and the local time-stepping option in
the OVERFLOW solver was used to converge to a steady-state so-
lution. All of the computations were carried out on remote Cray
Y-MP and Cray C90 supercomputers. A typical computation took
about 6000-8000 time steps and 3040 CPU h on a Cray Y-MP.

The FAST flow visualization software from NASA Ames Re-
search Center was used for postprocessing the flowfield data. The
computed flowfields were analyzed in terms of particle traces,
helicity contours, and surface streamlines. Helicity is defined as
the dot product of velocity and vorticity vectors, which emphasizes
the vorticity in the flow direction.

Inaddition,the integratedaerodynamicloads were compared with
the experimental data’ and the semiempirical predictions by the
missile DATCOM. A series of experiments was performed in the
NASA Ames Research Center 7 x 10 ft subsonic wind tunnel with
a one-third-scale model of the same missile configuration” The
model was fitted with boundary-layer transition strips at the nose
and the canard and tail fin leading edges. The normal, side, and
axial forces and the pitching, rolling, and yawing moments were
measured by means of a six-component, strain gauge-type balance.
The tests were performed at M, =0.15.

The missile DATCOM is a semiempirical program originally de-
veloped by McDonnell Douglas to calculate the static stability and
control characteristics of various missile configurations. It uses an-
alytic methods with experimental data substitution to predict inte-
grated aerodynamic loads.

Figure 3 shows the flowfield computedat @ = 15 deg. As observed
in the particle traces and the helicity contours, the flow stays mostly
attached over the forebody and the main missile body except over
the canard and tail sections. The leeward-side flow over the canards
and the tails separates at the leading edges, forming leading edge
vortices. The leading edge vortices are also depicted by the flow
reattachment and the secondary flow separation lines parallel to
the leading edges in the surface streamlines. The trajectories and
the interaction of the canard vortices are captured in the helicity
contours. It is observed that, as a result of the interaction, the canard
vortices roll up in the clockwise direction. It also appears that the
upper canard vortex induces a strong downwash on the leeward
side of the missile and suppresses the leeward-side flow separation
behind the canards.

Because the gap betweenthe canardsand the missile body is mod-
eled, the flow is allowed to pass through the gap as observed in the
surface streamlines. However, a vortical corner flow still develops
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Fig. 3 Particle traces, helicity contours, and surface streamlines at
forebody and tail sections at a = 15 deg.

below the canard-bodyjunction as observedin the helicity contours.
These vortices stay close to the missile body and roll up with the
canard vortices as they are convected downstream.

The tail vortices originating from the leading edges of the tails
appear to be smaller and weaker than the canard vortices. The sep-
arated flow zone at the leeward side of the upper tail is also smaller
than that of the lower tail, and the flow stays mostly attached. This
is attributed to the smaller angle of attack the upper tail sees.

At a=30deg, the flowfield (Fig. 4) in generalis similar to that of
a =15 deg except the leeward-side flow separates at the forebody
as well. Also, in the helicity contours, which are plotted in the same
range, the leeward-side vortices over the missile body are stronger
and the recirculating regions grow larger. Comparison of surface
streamlines with the experimental paintflow visualizationat oo =25
deg is shown in Fig. 5. The experimental surface paint data are
not very clear over the forebody. Nevertheless, the secondary flow
separation lines over the canards and the tails, the flow separation
over the missile body, and the flow reattachment over the tails are
in good qualitative agreement, except experiments indicate that the
secondary separation line on the lower tail is located farther away
from the side edge.

The flowfield computed at o =45 deg (Fig. 6) exhibits a qual-
itative change. In contrast to previous cases, the coherent leading
edge vortices over the lower canard and tail are no longer observed.
On the lower canard, the flow that separates at the leading edge
hits the lower surface of the upper canard before it can ever reat-
tach on the upper surface. On the lower tail, the reattachment of
the flow is not observed either. Instead a corner vortex originat-
ing from the apex develops. The separated flow at the leading edge
reattaches on the lower surface of the upper tail as shown in the sur-
face streamlines. On the other hand, the leading edge vortices still
developover the uppercanard and the tail, and the primary flow reat-
tachments are observed close to the root. The leeward-side vortex
over the forebody and the missile body and over the upper tail grows
stronger. The flow separationon the leeward side of the forebodyalso
moves closer to the symmetry plane under the influence of the gap
flow.

Figure 7 shows the flowfield computed at a = 60 deg. Besides the
larger recirculationregions on the leeward side of the missile body,
the flowfield shows characteristics similar to that at o =45 deg.
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Fig. 4 Particle traces, helicity contours, and surface streamlines at
forebody and tail sections at o = 30 deg.
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Fig. 5 Computed and experimental surface streamlines at forebody
and tail sections at a = 25 deg.

The computed normal force and pitching moment coefficients
are presented in Fig. 8. The pitching moment convention is posi-
tive nose-up and is with respect to the center of gravity, which is
located 11.5 diameters from the missile nose. The reference area is
the cross-sectional area of the missile body. Although the normal
force is underpredictedand the moment stall is delayed at angles of
attack greater than 30 deg, the computed values agree well quali-
tatively with the experimental data and the DATCOM predictions.
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Fig. 6 Particle traces, helicity contours, and surface streamlines at
forebody and tail sections at a = 45 deg.
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Fig. 7 Particle traces, helicity contours, and surface streamlines at
forebody and tail sections at o = 60 deg.
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The delay in the predicted pitching moment stall suggests that the
loss of suction on the canard surfaces and the missile forebody is
underpredictedin the computations. The leveling off of the moment
coefficient at angles of attack greater than 40 deg, which is captured
in the computations, is attributed to the massive flow separationand
the stall over the canards, tails, and missile forebody.

The same flowfield at 45 deg was also computed by Ekaterinaris.
Although the computed flowfields show similar characteristics, the
computed normal force and pitching moment coefficients are given
in Ref. 5 as 32.7 and —71.9, respectively, in contrast to 26.6 and
—97.1 in these computations. Further work is necessary to identify
the precise reasons for this discrepancy.

Conclusions

A Navier-Stokes solver with overset grids, OVERFLOW, was
used to compute the subsonic flowfields over a missile configuration
at high angles of attack ranging from 15 to 60 deg. The canard and
tail vortices, their interaction, and the flow separation over the mis-
sile body are identified. The computed normal force and pitching
moment coefficients agree well with the measurements at a 15-
deg angle of attack, but the normal force predictions deviate by up
to 15% at the higher incidences. The pitching moment predictions
show larger percentage deviationsfrom the experimentat the higher
angles of attack. However, the qualitative trends are correctly pre-
dicted, showing improvement over the DATCOM predictions. Fur-
ther computationsare needed to explore the unsteadinessof the flow
and the asymmetric vortex shedding at high incidences, the effect
of higher-orderturbulence models, the inclusion of boundary-layer
transition models, and the grid sensitivity. Also, detailed flowfield
measurements are needed for the ultimate assessment of computa-
tional accuracy instead of comparisons with total force and moment
measurements.

Although the computations are CPU intensive and convergence
for separated flows is slow, the OVERFLOW Navier-Stokes solver
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with overset grids is an effective tool for analysis of separated vor-
tical flowfields over full missile configurations.
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