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Simulation of Missiles with Grid Fins Using an Actuator Disk
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An actuator disk for grid fin simulations has been integrated in the DLR, German Aerospace Center’s TAU
unstructured code. With this method, the physical grid fins are replaced by artificial boundary conditions in the
flow for the numerical simulations. The objective in using an actuator disk is to reduce the computational effort
during the design loops of vehicles equipped with grid fins. The forces produced by the grid fins are computed using
a procedure based on the semiempirical theory for lattice wings and coupled with the code. The final tool is applied
to the predictions of force and moment coefficients around a missile with grid fins. The numerical predictions are
compared with the experimental data obtained at DLR for a Mach number range from 1.8 to 4 and different angles
of attack. In addition, computations for a body alone have been performed to be used as a reference to assess the
code capabilities in recovering the experimental differences of force and moment coefficients between the complete
missile and the body alone. The results for several Mach numbers show the capability of the method to predict
the differences found experimentally between the drag of the vehicle and the body. The numerical simulations
with angle of attack show good agreement with the experiments for force coefficients and pitching moment. The
capabilities of the tool at different Mach numbers and angles of attack and its usefulness for the design of vehicles

equipped with grid fins are shown.

Nomenclature
b = grid fin span
Cy = drag coefficient
Cn = pitching moment
C, = axial force coefficient
C, = normal force coefficient
c = plane thickness of grid fin
cy = skin-friction coefficient
Cx = axial force coefficient
Cxy = axial friction coefficient
Cy; = axial lift coefficient
Cx, = integrated surface pressure force coefficient
Cx, = axial wave drag coefficient
h = grid fin height
M = Mach number
M. = first critical Mach number
M.» = second critical Mach number
M3 = third critical Mach number
n = number of cells in grid fin
Sy = surface area of grid fin perpendicular to x direction
Sy = surface area of grid fin perpendicular to y direction
S, = surface area of grid fin perpendicular to z direction
s = thickness of grid fin internal frame

thickness of grid fin external frame
horizontal size of lattice wing cell
size of square lattice wing cell
vertical size of lattice wing cell
Cartesian coordinates
dimensionless value of y
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Introduction

INCE the mid-1980s, lattice wings, also called grid fins or lattice

controls, have been the object of a strong interest in the scien-
tific community working on missile technology. In 1998, several
papers presented at the Applied Vehicle Technology Panel Sympo-
sium held in Sorrento, Italy, were focused on this topic.'™* Other
studies on lattice wings have been carried out in Canada, Russia,
Taiwan, and the United States. Some were dedicated to experimen-
tal investigations,>~” others to theoretical analysis®® or to numerical
computations of missiles with lattice wings.'%~!'?> Some investiga-
tions were dedicated on the experimental investigation of an isolated
lattice wing'3 and the numerical simulation of the flow inside a grid
fin cell.!*

The aerodynamic qualities of grid fins have been known for a long
time and have already been listed.* They are very effective control
devices and sometimes have advantages over planar fins.* Their
performance in the supersonic regime and their relatively small size
make them very attractive for missile applications. They present two
main disadvantages: They suffer a loss of stability in the transonic
regime and have relatively high drag levels. The first disadvantage?
occurs because the grid fin cells choke in the transonic regime. The
high drag levels of grid fins has been the main concern that has for
many years restricted the use of this technique. However, recently,
some experimental studies'> have shown that grid fin drag levels can
be considerably reduced by altering the frame cross-section shape
and the web thickness with only a minimal impact on lift and other
aerodynamic properties.

Several numerical studies'®~'? have been dedicated to flow sim-
ulation of vehicles equipped with grid fins. Generally, the results
show that Navier—Stokes computations of missiles with grid fins
compare well with experimental data. The same investigations have
highlighted that the predictions obtained with an Euler approach
were not appropriate for these flows. However, the Navier—Stokes
simulations are expensive due to the complexity of the geometry,
which requires 80% of the mesh to be located in the grid fin region. !°

Since the 1990s, different research activities on grid fins have
been conducted in Germany. This topic has focused the interest
of DLR, German Aerospace Center,'® but also of industry!” for
high-supersonic missiles. In the past years, several test campaigns
have been led'® to investigate different geometries of lattice wings
and missiles with grid fins to create a large experimental database
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devoted to these controls. In parallel to these experiments, numerical
investigations have been undertaken. To save some computational
effort, a methodology based on the actuator disk technique has been
developed'®?° to simulate flows around a vehicle with lattice wings.
In this approach, the lattice wings are replaced by an actuator disk
and, therefore, by artificial boundary conditions inside the flow,
where the forces produced by the grid fins are taken into account
in the balance equations. Initially, this method'*?° was coupled to
an experimental database providing the force coefficients at the lat-
tice wing locations. Several simulations have been performed for
an isolated grid fin'® and a complete vehicle?® experimentally in-
vestigated by Esch.'® The comparisons with the experimental data®
have demonstrated the capabilities of the method, but also the strong
dependence of the numerical result reliability on the database range
of validity.

The actuator disk for lattice wings is now integrated in the TAU?!
unstructured solver developed by DLR. This allows some new sav-
ings of mesh generation effort. In the current study, the actuator
disk has not been coupled with an experimental database but with a
numerical procedure based on the semiempirical theory for lattice
wings.® In this procedure, the forces at the lattice wing location are
computed as functions of geometrical parameters and flow condi-
tions using semiempirical formulas. The numerical tool has already
been successfully applied to the prediction of the force coefficients
of an isolated grid fin.?? In the current effort, the code is applied to
the prediction of the aerodynamic performance, in terms of force
and moment coefficients, of a complete vehicle. This will assess the
capacity of the tool to be used for the design of high-supersonic
vehicles equipped with grid fins.

Numerical Aspects

Flow Solver

The code TAU,?' developed by DLR, has been used for the nu-
merical simulations. It solves the three-dimensional Navier—Stokes
equations, written in a conservative form, using a finite volume ap-
proach, and can handle structured, unstructured, and hybrid meshes
built with prisms, pyramids, tetrahedra, and hexaedra. Different nu-
merical schemes are available for the flux discretization using up-
wind (AUSM, Roe, Van Leer) or central discretization (scalar or
matrix dissipation). Dissipation terms are also added to damp high-
frequency oscillations. For the current study, the AUSM-DV scheme
has been retained. The final scheme is accurate to the second order
in space. The integration in time is carried out through an explicit
Runge—Kuttta scheme. For accelerating the convergence, techniques
like local time stepping, residual smoothing, and multigrid are avail-
able. They have been used for the current computations. Transition
modeling, as well as different turbulence models, are incorporated
in the code; among others, the Baldwin—Lomax, Spalart—Allmaras,
and k—w model can be cited. Unsteady flows can also been handled
by the code, and special features such as grid deformation and large
eddy simulation can be used. Additional numerical techniques like
chimera and low Mach number preconditioning are also incorpo-
rated in the code. A module for grid adaptation is also available and
has been used to check the grid dependence of the results. This tool
is vectorized and parallelized.

Actuator Disk

An actuator disk is an artificial discontinuity inside a flow. This
theory has been extensively described by Horlock.?? According to
Horlock, this concept dates back to the Rankine—Froude theory of
the flow through a ship propeller. Since then, the actuator disk con-
cept has been used to model a wide range of engineering problems
such as helicopter rotors, windmills, or multistage turbomachines.
Here, this technique is applied to model lattice wing effects for
predicting the flow around a missile with grid fins. To reduce the
computational cost of the simulations around this geometry, an ac-
tuator disk has been initially developed.'®-?* The geometrical details
of the missile and the grid fins are represented in Figs. 1 and 2. By
the use of an actuator disk, each lattice wing is replaced by a set of
artificial boundary conditions inside the flow.!*2°
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Fig. 1 Missile with lattice wings experimentally investigated by
Esch,!® wings parallel to body for visualization purposes.

28.8

Fig. 2 Grid fin with its sup-
port, experimentally investigated by
Esch and studied numerically here:
s=0.50 mm, £=0.50 mm, sz =877
mm?, sy=939 mm?, and sy=159
mm?.

The actuator disk theory is based on the application of the conser-
vation laws for mass, momentum, and energy. With this technique,
the grid fin is replaced by two sets of boundary conditions. At the
upstream side of the actuator disk, the characteristic theory is ap-
plied. Therefore, all of the variables are extrapolated for a supersonic
flow, whereas one has to be imposed for a subsonic flow. Here, for a
subsonic flow, the density and velocity components are extrapolated
from inside the domain, and the mass flux is chosen as the variable
to be prescribed. Its value at the downstream boundary of the ac-
tuator disk is imposed, whereas pressure and energy are calculated
supposing that the total enthalpy remains constant.

The characteristic theory is also used at the downstream side of
the actuator disk. As a consequence, four flow properties have to
be imposed if the flow is subsonic, whereas the fifth is extrapolated
from inside the flowfield. The velocity has been chosen as the vari-
able to be extrapolated. For a supersonic flow, all of the variables
have to be imposed. In this case, all of the flow variables at the
downstream boundary are calculated from their respective values
at the upstream boundary of the actuator disk. The local aerody-
namic forces produced by the presence of the grid fin are accounted
for in the flux balance at the downstream side of the actuator disk.
These forces are computed with a semiempirical module, described
hereafter, as functions of the local flow conditions and geometrical
parameters.

These boundary conditions, developed for laminar flows, have
been extended to turbulent flows using Neumann boundary condi-
tions for the turbulent quantities at the actuator disk. Of course, this
is a very rough approximation that does not account for the impact
of the lattice wing on the turbulence. The clarification of this point,
which would be an important target for a future study, has not been
examined here.

Semi-Empirical Module

Downstream of the actuator disk, the flow characteristics are
changed due to the impact of the lattice wing. With dependence on
grid fin geometry and local flow conditions in terms of Mach num-
ber and pitch and yaw angles, this impact has to be determined. For
the previous studies'®?° carried out with the actuator disk for lattice
wings, the force coefficients were interpolated from a database. This
allowed an estimate of the resulting forces and moments induced
by the lattice wing. The database was obtained from wind-tunnel
experiments'® obtained for the isolated grid fin of Fig. 2, which
is identical to those used for the complete missile of Fig. 1. This
database covered a supersonic range of Mach numbers from 1.8
to 4.

The results reported in Fig. 3 show that, even with a database valid
for the current grid fin, the approach was not capable of recovering
more than 75% of the drag for the total vehicle for all computed
Mach numbers. This was due to slight velocity deviations around
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Fig. 3 Differences between drags of complete missile and body
obtained experimentally (Experiments), numerically with database
(CFD + DB),19 and with semiempirical module (CFD + SE) in current
work.
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Fig. 4 Differences between normal forces of complete vehicle and body
alone at Mach 1.8, in experiments'® and in numerical simulations.?*

the grid fin induced by the presence of the body. The grid fin/body
interactions create local conditions in terms of Mach number, angle
of attack, and yaw angle. As a consequence, the local interpolated
force coefficients of the fin were not perfectly suited for the com-
puted cases.

This situation was, of course, much worse in presence of an angle
of attack, particularly in the range of Mach numbers where nonlinear
effects are strong. The numerical predictions for a complete missile
in presence of high angle of attack'>-?° showed some strong discrep-
ancies with the experiments.'® These discrepancies can be observed
in Fig. 4, where the differences between the normal forces of the
complete vehicle and the body alone are plotted for the numerical
simulations and the experiments. The discrepancies were strong for
angles of attack higher than 10 deg. These differences were induced
by the presence of a vortical flow developing along the missile and
impacting on one lattice wing. This is highlighted in Fig. 5, which
shows the vortical flow along the missile at a 10-deg angle of attack.
This points out the source of the discrepancies: The database used
was not valid in the presence of vortical flow because the resulting
local flow conditions were transonic, whereas the database was only
covering a Mach number range from 1.8 to 4. The previous investi-
gation demonstrated the strong dependence of the reliability of the
numerical results on the database.

Here, to extend the applicability of the method, the actuator
disk is coupled with a numerical module,”> mainly based on a
semiempirical theory for lattice wings. In this theory,® which is the
result of extensive experimental and numerical investigations, the
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Fig. 5 Total pressure distribution around complete vehicle (turbulent

flow, Mach 1.8, 10-deg angle of attack) simulated by Reynier et al.?
with several planes in transversal direction.

force coefficients of the grid fins are computed using semiempirical
relations. The experimental results obtained at DLR'®'® for basic
lattice wing configurations and a wide range of Mach numbers and
angles of attack have been used to complete and modify this theory,
which can be briefly described as follows. With regard to the cur-
rent effort, the semiempirical method allows the development of a
predictive capability for high-supersonic flight, which could not be
addressed using the existing experimental database.

The calculation of the grid fin performance takes advantage of the
fact that, at all Mach numbers, the critical angle of attack correspond-
ing to the maximum lift is considerably higher than for a monoplane
wing. The neighboring lifting planes of the grid fin induce a more
favorable alignment of the flow. This delays the separation to higher
angles of attack and causes a smooth separation at supercritical an-
gles. The presence of orthogonal planes avoids the crossflows and
gives a good basis to apply the linear theory. Each plane of a grid fin
corresponds to a high-aspect-ratio wing. Another simplification of
the theoretical model is the independence of the load capacity of a
lattice wing (for given plane spacing and wing sizes) on the internal
arrangement of the grid (framework or honeycomb). This hypoth-
esis is valid for all wings with a large number of cells (n > 10).
Therefore, each cell of the wing is considered to be a square box
shaped wing, and its internal flow has an aerodynamic behavior
that is completely independent. The main geometrical parameters
of the lattice wing are the height /4, the span b, the plane thickness
¢, and the distances between the neighboring vertical and horizontal
surfaces ¢, and t,. Usually, the distances between the surfaces in a
lattice wing are chosen in such a way that t, =t, =t,,. These grid
fin qualities simplify the calculation of the induced aerodynamic
forces for the different flow regimes. A sufficiently exact prediction
of the performance of these wings, at any angle of attack and yaw,
is performed through a simplified formulation of the flow around
the lattice wing at different speed ranges. The limits of these speed
ranges can be clearly defined by characteristic flow phenomena and
determined as functions of the geometrical parameters. The differ-
ent speed ranges, separated by two critical Mach numbers, M., and
M., are the subsonic (M < M), transonic (M. <M < M), and
supersonic regimes (when M > M,,,). The supersonic regime itself
is split in two by a third critical Mach number M,,;. Above this last
critical Mach number, the shock and expansion waves inside the
grid fin do not impact on the neighboring planes. The aerodynamic
forces induced by lattice wings are calculated for each regime using
flow conditions and geometrical parameters.

At subsonic speeds, the calculation model is based on the lifting
line scheme. The lift of the lattice wing is computed in two steps.
First, each individual plane of the grid fin is supposed to be under
the same conditions as those of the corresponding polyplanes with
infinite span at the same effective angle of attack. Given the lattice
wing dimensions, the aerodynamic coefficients are determined us-
ing semiempirical correlations. Then, the axial component induced
by the lift has to be estimated. The lift of the grid is approximated
as equal to the lift of the corresponding polyplane of infinite span.
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The angle of attack of the corresponding polyplane of infinite span
is determined by taking into account the average downwash angle
from the free vortices of the grid. Afterward, the induced drag of
the wing, as well as the friction drag, are calculated. An additional
semiempirical correction of the aerodynamic coefficients is deter-
mined by considering the real lattice wing dimensions.

For example, the axial coefficient of a lattice wing in a subsonic
flow without flow separation is the sum of the axial friction ¢, ; and
lift c,;,

Cx =y H ey )]

where the contribution of the friction is calculated from the skin-
friction coefficient ¢ ;. As an example, for a honeycomb wing,

h(b+ tyz)} @
b(h +1y;)
where ¢ is computed using the usual relations valid for boundary
layers. The correlations of Young?® and Van Driest?’ are used for,
respectively, laminar and turbulent flows. This modeling is valid
until the first critical Mach number M., is reached in a grid cell.
The model for transonic flows is applied when the sonic speed
is reached in the narrowest cross section of the wing. This corre-
sponds to the critical Mach number M,,;. A restructuration of the
flowfield takes place inside the grid fin at this regime, characterized
by the formation of strong shock waves and local supersonic zones.
This involves an increase of the axial force of the wing through an
additional wave drag c,,, which comes additionally to the known
parts of Eq. (1),

Crp = 2cy [1 +

Cx = Cxp + 0y FCy, 3)

The axial wave drag of the lattice wing c,, can be split in two
components, one from inside the flow and the other from outside.
Both parts are calculated with different simplified theoretical models
adapted using empirical equations.

The following physical model is applied for the calculation of
the lift coefficient. The analogy between the flow inside the grid
cells and the one-dimensional channel flow is used. It is well known
that after the achievement of the sound speed in the throat of a
convergent—divergent channel, the conditions also remain critical
at higher subsonic speeds. As a consequence, the incoming flow
upstream of the channel intake is isentropically braked by the up-
stream influence until the critical Mach number M., is reached.
This involves the reduction of the mass flux through the channel
throat. These conditions can be calculated, and the effect on the lift
coefficient determined by comparison with the reference value at
M., using the relationship of the dynamic pressures at the channel
entrance and in the undisturbed incoming flow. Finally, it is demon-
strated that the variation of the normal force with the Mach number
of the main flow (M.; <M < 1) or the subsonic flow behind the
head wave (1 <M < M,;) is proportional to the variation of the
dynamic pressure. The total drag of the wing is increased addition-
ally by the wave drag, which can be calculated using an empirical
correlation depending on the wing geometry.

With the achievement of the supersonic regime in the incoming
flow at M < M., anormal head shock wave moves upstream of the
wing. There is no change in the flow inside the grid cells because
the flow behind this head wave is subsonic. The wing drag changes
because the strong shock wave leads additionally to total pressure
losses.

The supersonic regime begins when the second critical Mach
number M., is reached. At this regime, the head shock wave be-
comes attached to the leading edges of the planes. The definition
of M., used in this work corresponds to a higher Mach number, at
which the flow becomes supersonic in the complete flowfield be-
tween the neighboring planes. In the region where M > M., the
flow between two planes of the lattice wing at moderate incidence
angles can be calculated with analytic equations. Given the emerging
interactions of expansion fans or shock waves in different combi-
nations together or with solid walls, the pressure distributions on
the wing surface and the induced forces (without friction drag) can
be determined. As a result of the mutual interaction between the

planes, the lift coefficient of the lattice wing in this region is re-
duced, comparing to the typical value for isolated planes. The axial
force coefficient can be calculated as

¢ =y F G, @)

where c,, is provided by the integration of the surface pressure.
The friction component c, ; is calculated as it is at smaller Mach
numbers. For a honeycomb wing, Eq. (2) can be used.

At higher Mach numbers, another critical Mach number is
reached, M.;. Above this Mach number, the shock waves and the ex-
pansion waves do not impact on the neighboring planes. The surface
pressure distribution on each wall is independent and corresponds
to the one of an isolated plane. Therefore, the previous physical
model remains valid and is applied for the calculation of the force
coefficients. The semiempirical module has been validated with ex-
perimental data for different grid fin designs.'®'® It is valid from
Mach 0.3 to 6 and until a 90-deg angle of attack.

Integration of the Actuator Disk

The actuator disk just described has been integrated in the un-
structured solver TAU, and the module based on the semiempirical
theory for grid fins has been coupled with the code.

Each lattice wing of the missile in Fig. 1 is replaced by a set of
boundary conditions. The actuator disk has exactly the same size
and shape as the external frame of the grid fin. Because it was not
possible to use a mesh interface with the unstructured solver and,
therefore, a two-dimensional actuator disk, the grid fin thickness
has been retained. On the sides of the grid fin, supersonic outflow
conditions are applied. Previous simulations for an isolated grid fin
have shown that, for subsonic flows, an inviscid wall is valid, but this
boundary condition produces a shock in transonic and supersonic
flows. The presence of this shock induces additional drag and lift
that have no reason to exist because the total contribution of the
grid fin (including the external frame), in term of forces, is already
taken into account by the actuator disk. This is the reason why a
supersonic outflow condition is applied. The use of this boundary
condition on the side of the grid fin has been already applied and
validated for an isolated grid fin and a wide range of Mach numbers
and angles of attack.?? Only the grid fin arm (Fig. 2) is neglected
for the computations.

The actuator disk consists of two surfaces with a priori two dif-
ferent meshes. To apply the actuator disk boundary conditions, each
point of a boundary uses the values of the flow variables on the other
boundary. As a consequence, for each computational point of an ac-
tuator disk side, a mirror point has been created on the other side. At
the mirror point, the values of the necessary variables are interpo-
lated from the neighboring points. On the upstream and downstream
surfaces, the relevant actuator disk boundary conditions are applied.
This is done for each point of the surfaces.

Downstream of the grid fin, the flow has been modified. By the use
of the semiempirical module, based on lattice wing theory, the local
aerodynamic forces induced by the grid fin are calculated as func-
tions of the local flow conditions (Mach number, angles of attack,
and yaw) and grid fin geometrical characteristics (height, chord,
span, spacing, and plane thickness). This is done for each point of
the actuator disk downstream surface. In this way, all of the local
flow perturbations are accounted for. This is particularly efficient
when taking into account the local effects due to the interactions
between the fins and the body.

The final code has been already applied on an isolated grid fin.?2
This has demonstrated the capability of the tool to reproduce, for
this geometry, the trends of the force coefficient evolution for a wide
range of Mach numbers (from Mach 0.8 to 4) and angles of attack
(from O to 20 deg). Here, the tool is applied to the simulation around
a complete missile to determine the influence of the grid fins on the
vehicle overall performances.

Application to Missile

Computational Conditions
The missile with grid fins computed here has already been
experimentally investigated at DLR Cologne.!® The geometry is
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Table 1 Mach and Reynolds numbers, angles of attack, and
boundary-layer modeling of different computed cases for complete
vehicle and body alone

Mach Reynolds Angle of
Case number number attack Approach
1 1.8 1.8 x 100 0 Laminar
2 1.8 1.8 x 100 0 Wilcox?
3 2 1.9 x 106 0 Wilcox
4 3 2.5 x 10° 0 Wilcox
5 4 3.3 x 10° 0 Laminar
6 4 3.3 x 10° 0 Wilcox
7 4 3.3x 100 0 Spalart—Allmaras®
8 4 3.3 x 10° 5 Wilcox
9 4 3.3 x 10° 10 Wilcox
10 4 3.3 x 10° 20 Wilcox

2Turbulence model Wilcox is two-equation k—w model.
>Turbulence model Spalart—Allmaras’s one-equation model.

represented in Figs. 1 and 2. The same grid fin, taken isolated,
had been previously retained to validate the numerical tool.?? In
the wind-tunnel tests, the model is maintained by a support that is
not taken into account for the computations. Note that this support
is fixed on the missile base but does not fit the base exactly. The
length of the missile is 480 mm, and its diameter 52 mm. The mis-
sile has a sharp nose, and the length of the cylindrical afterbody is
350 mm. The lattice wings are located 30 mm from the base and are
maintained close to the body by four arms that are neglected in the
numerical simulations. Because of the symmetry of the configura-
tion, only one-half of the missile has been computed. To assess the
influence of the lattice wings on the numerical results, a body alone
has been also computed. This body corresponds to the vehicle just
described without grid fins.

The geometries described have been computed at Mach numbers
1.8, 2,3, and 4. The different cases with the corresponding Mach and
Reynolds numbers and angles of attack are shown in Table 1. Com-
putations have been performed for laminar and turbulent flows. For
the turbulence modeling, two models have been tested, the Spalart—
Allmaras one-equation model and the two-equation k—w model of
Wilcox. Because the objective of this work is to develop a tool de-
voted to the design of high-supersonic (or low-hypersonic) vehicles
with grid fins, the computations with angle of attack have been per-
formed at Mach 4. Three cases at 5-, 10-, and 20-deg angles of attack
have been computed to check the reliability of the tool in the pres-
ence of angle of attack. Case 6 of Table 1 has been computed for the
current configuration, but also for the same missile with different
grid fins, to evaluate the code capabilities to be used as design tool
for a vehicle with grid fins.

The boundary conditions applied to the computational domain are
as follows: The walls are isothermal, the plane y = 0is the symmetry
plane, and the other boundaries are the far field. For the complete
vehicle, at the lattice wing locations, the actuator disk conditions
are applied.

Meshes

The meshes used to simulate the missile and the body alone have
been generated with the CENTAUR?® grid generator. For both con-
figurations (Figs. 6 and 7), the computational domains extend over
a little more than one-half of the vehicle length in the transverse di-
rection and one-third of the vehicle length downstream of the base.

For each configuration, a first grid has been created, then adapted,
adding new cells using the adaptation module of TAU?' and a
gradient-based approach. This process has been carried out until
the achievement of grid convergence. The procedure of adaptation
can be described as follows. With a first grid, a first computation is
performed, then the mesh is adapted at the shock until a constant
value of the force coefficients is reached. In the second step, the
mesh is converged for the complete vehicle. The last step is the op-
timization of the mesh in the boundary layer; this is achieved with
a yT value lower than 1. During the mesh adaptation process, at
each adaptation loop, 10% more points were added. For the body,

Fig. 6 Symmetry plane of hybrid mesh used to compute complete
vehicle.

Fig. 7 Symmetry plane of hybrid mesh used to compute body alone.
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Fig. 8 Evolution of drag of complete missile, in percent, during mesh
adaptation process for laminar flow at Mach 4.

a quite coarse mesh was initially used, and around 12 adaptations
were necessary to reach the grid independence of the results. For
the complete vehicle, the initial mesh was much finer, and from two
to four adaptations were sufficient.

The results obtained for the successive adaptations of the mesh of
the complete vehicle for alaminar flow at Mach 4 are shown in Fig. 8.
In Fig. 8, the drag variation in percent is plotted. To adapt the mesh,
only two adaptations were necessary, for a total increase of 20% of
the points. At the second adaptation, the drag was approximately the
same as the first one, with a variation lower than 0.5%. Therefore,
the mesh was considered to be converged for this case. The final
meshes obtained at Mach 4 and laminar conditions, for the body
alone and the complete vehicle, are shown in Figs. 6 and 7. To
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Fig. 9 Differencesin percent between experimental and numerical val-
ues of drag for body alone at Mach 1.8 and 4.

save some effort, these meshes have been used as starting meshes
for the other computations in Table 1; then, of course, the same
process of mesh adaptation has been carried out. The final mesh
for the complete vehicle, shown in Fig. 6, is approximately 400,000
tetrahedra and 560,000 prisms. For the body alone, the mesh (Fig. 7)
is around 440,000 tetrahedra and 490,000 prisms. This demonstrates
that, when the actuator disk concept is used, the size of the mesh
required for the complete vehicle is almost the same as that for a
body alone. When the complete vehicle is computed without the
actuator disk approach, the mesh is at least five times larger than for
a body alone.

Vehicle Without Angle of Attack

Cases 1-7 of Table 1 correspond to the computations of the vehi-
cle and the body alone at zero angle of attack. Because the multigrid
technique is available with TAU,?' two grid levels have been used
for the computations. The computations have been started using the
coarse grid and finished with the fine grid to save some computa-
tional effort. The Courant-Friedrichs—Lewy numbers used for the
simulations varied from 2 for a laminar flow without angle of attack
to 0.5 for the turbulent predictions at a 20-deg angle of attack. With
dependence on the computed case, between 15,000 and 30,000 it-
erations were required to achieve the result convergence using the
AUSM-DV numerical scheme integrated in TAU.?!

First, the influence of the turbulence modeling was checked for a
body alone. In Fig. 9, the differences in percent between the numer-
ical results and the experimental data'® obtained for the drag of the
complete body, including the base C,, are shown. The simulations
show a very good agreement between the laminar prediction and the
experimental data at Mach 1.8. The drag is overestimated by both
turbulent calculations. The Wilcox k—w model provides a value of
the drag of 14% from the experimental value. This is not the case of
the calculation with the model of Spalart—Allmaras where the differ-
ence with the experiments is around 20%. For this reason, this model
has not been used in the other computations. At Mach 4, the exper-
imental data are underestimated by the laminar prediction, whereas
the k—w model provides good agreement. The experimental data'®
have been obtained for flows that become turbulent at the shoulder
of the missile. Moreover, this study is dedicated to high-supersonic
flows. Therefore, the approach with the k—» Wilcox model has been
selected for all of the computations of both body alone and com-
plete missile. The discrepancies observed between the experiments
and the numerical simulations are small (an order of 10%) and may
originate from two sources. First, the turbulent boundary layer might
not be fully developed on the body. Second, the wind-tunnel model
support is not taken into account. However, this support is only fixed
on a portion of the base, and its contribution to the drag should be
small.

The complete missile has been computed at Mach 1.8, 2, 3, and 4
with the k—@ Wilcox model. The Mach number distribution around
the vehicle at Mach 4 is shown in Fig. 10. To cancel the influence

Fig. 10 Mach number distribution around complete missile at Mach
4 without angle of attack and with k—w Wilcox turbulence model.

of the wind-tunnel model support, instead of comparing the experi-
mental and the numerical values of the drag for the complete vehicle,
the comparisons are based on the differences between the drags of
the complete vehicle and the body alone obtained experimentally
and numerically, which are shown in Fig. 3. The results obtained
in the past!® are also reported in Fig. 3. The improvement of the
numerical results when using the semiempirical module instead of
an experimental database is obvious. Before, when the actuator disk
technique was used, it was possible to recover more than 75% of
the differences between the drag of the missile and the body alone.
Now, the predictions are much better. For all cases the simulations
recover more than 90% of the grid fin effects. This demonstrates that
the semiempirical module is more capable of taking into account lo-
cal flow deviations in terms of velocity and angles induced by the
presence of the body and by the interactions between the grid fins
and the body. However, even with the semiempirical module, the
technique does not recover 100% of the differences. In this study,
there is another source of discrepancy. The semiempirical theory
for lattice wings, used here, is adapted to fins with uniform cells.
Because some cells of the current grid fin differ in shape (Fig. 2),
its drag is underestimated. This was also the case for the same iso-
lated lattice wing in a previous work.?? The grid cells close to the
base are smaller than the others; this involves more honeycomb el-
ements than in a uniform grid. Because the semiempirical theory is
adapted to grid fins with uniform cells, the calculations of the grid
fin coefficient is performed with a model valid for a grid with fewer
honeycomb elements. As a consequence, the drag of the lattice wing
of Fig. 2 is underestimated. This explains why the code is not able
to recover completely the lattice wing effects.

Design Capabilities

To assess the capabilities of the code for design analysis, the
complete missile has been computed with different grid fins. The
vehicle is still equipped with honeycomb grid fins as in Fig. 1,
but the new fins have thinner inner and outer frame thicknesses.
The configuration has been computed for case 6 of Table 1. The
differences between the drag of the complete missile and the body
alone are shown in Fig. 11. The results show that using another
geometry (thin grid fins) for the lattice wings, the additional drag
of the complete vehicle due to the lattice wings can be considerably
tailored, here, by a factor of three. The convergence of the numerical
results is obtained after some hundreds of iterations and without
additional mesh generation effort. This demonstrates the usefulness
of the tool for system analysis during the design loops of vehicles
equipped with such devices.

Furthermore, from a design point of view, an important capability
of the tool is to predict the same trends as observed in the experi-
ments. Figure 3 shows that the numerical results predict, as in the
experiments, a drag reduction by almost a factor two when the Mach
number increases from 1.8 to 4. This demonstrates the validity of



90 REYNIER, LONGO, AND SCHULEIN

0.2
i Baseline
| Thin Grid Fins
0.15
a -
30 O
201
s |
= |
o |
0.05F
i <&
7|AI|IAAIIIIIIA||AI|||ll||
00 1 2 3 4 5

Mach

Fig. 11 Differences between drags of complete missile and body for
current lattice wings and for thinner grid fins at Mach 4.
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Fig. 12 Differences between axial force coefficients of complete missile
and of body alone as functions of angle of attack.

the actuator disk to predict the force changes on a vehicle with grid
fins for different Mach numbers and without angle of attack.

Presence of Angle of Attack

To assess the validity of the method in the presence of angle of
attack, several computations have been performed for 5-, 10-, and
20-deg angles of attack. These calculations are reported in Table 1 as
cases 8 to 10. Because the objective is to develop a numerical tool
for high-supersonic Mach numbers, the computations with angle
of attack have been performed at Mach 4 and not at Mach 1.8,
as was done previously.?’ Both complete vehicle and body alone
have been computed. The predictions for the body alone are used
as a reference for estimating the capabilities of the actuator disk. In
a previous contribution,* the predictions of the axial and normal
forces for both body alone and complete missile were found to
be in good agreement with the experimental data for all angles of
attack. Here, the focus is on the actuator disk capabilities to recover
the differences in aerodynamic coefficients between the complete
missile and the body alone. For this purpose, the differences between
the values predicted for the complete missile and for the body alone
in the simulations and in the experiments are shown in Fig. 12 for
the axial force, Fig. 13 for the normal force, and Fig. 14 for the
pitching moment. The pitching moment has been calculated taking
the neutral point of the missile as reference point. Figure 12 shows
good agreement at all angles of attack between the evolution of the
axial force found experimentally and numerically. More than 90%
of the differences between the axial forces of the missile and the
body alone are recovered. The experimental difference is generally
slightly underestimated. As for the results without angle of attack
(Fig. 3), this is because the lattice wing used here differs in shape
from the one modeled using the semiempirical theory.

In Fig. 13, the same comparison for the normal force displays
good agreement except for a discrepancy at a 5-deg angle of at-
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Fig. 13 Differences between normal force coefficients of complete mis-
sile and of body alone as functions of angle of attack.
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Fig. 14 Differences between pitching moment coefficients of complete
missile and of body alone as functions of angle of attack; pitching mo-
ment has been calculated taking neutral point (zero angle of attack
center of pressure) of missile as reference point.

tack. However, the actuator disk is able to reproduce fairly well the
evolution of the forces with the angle of attack. This demonstrates
the efficiency of the numerical tool in recovering the forces for the
complete vehicle in the presence of angle of attack. The results for
the pitching moment are shown in Fig. 14. The results are good,
with some small discrepancies at 5 and 10 deg between the differ-
ences found experimentally and numerically. Similar to the force
coefficients, the tool is able to predict correctly the trend evolution
of this quantity.

Conclusions

The objective of this work was to develop a tool for the design of
high-supersonic missiles with lattice wings. To this end, an actuator
disk for lattice wings already tested with a structured code has been
integrated in the unstructured code TAU. Instead of being coupled
to an experimental database, the code has been coupled with a nu-
merical module based on the semiempirical theory for lattice wings,
providing the force coefficients as a function of flow conditions and
grid fin geometry. The complete tool has been applied to a missile
with lattice wings. Several computations have been performed for
a wide range of Mach numbers and angles of attack. In parallel, a
body alone has been computed to be used as reference case for the
complete vehicle.

The numerical results demonstrate the validity of the actuator
disk approach for the design and the analysis of supersonic vehicles
equipped with grid fins. The predictions obtained with the actuator
disk coupled with the semiempirical module and those computed
previously with an experimental database have been compared. The
comparisons for the prediction of the drag coefficient have demon-
strated the improvements obtained when using the semiempirical
module. These improvements are due to the more extended range
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of validity of the semiempirical module, in terms of Mach number,
angle of attack, and yaw angle. When the semiempirical module is
used, the local flow conditions are taken into consideration better by
the numerical tool. This is particularly important to account for the
body/grid fin interaction effects. The changes in force and moment
coefficients experienced by the missile, due to the presence of the
grid fins, are qualitatively and quantitatively very well reproduced
compared to the experimental data.

The required computer time for a complete configuration on a
workstation is less than 20% more than the time required for a body
alone. The extra time corresponds to the additional mesh involved by
the presence of the lattice wings and by the actuator disk. Note that
a simulation of such a configuration without an actuator disk would
require computational effort between four and six times greater than
for abody alone. Another advantage of the actuator disk technique is
that as long as the grid fin configuration (number of wings, size, and
position) remains constant, no additional time for the grid generation
is necessary to test different lattice wing geometries. Moreover, the
new flow solutions are obtained with little additional computational
effort. Compared to a complete simulation without an actuator disk,
this means an additional time savings on the order of weeks to
analyze the impact of lattice wing geometry on missile performance.
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