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ABSTRACT / RESUME

This project was part of DRDC technology investment found (TIF) project “Supersonic Missile Flight
Control by Manipulation of the Flow Structure using Micro-Actuated Surfaces”. The objective was to
evaluate the performance of an active flow control in the form of a rectangular flow effectors and
knife-edge flow effectors with the aim of controlling a missile. Flow effectors at different roll angle
positions on the surface of the missile nose were evaluated numerically for their impact on overall
system performance for a missile flying at angles of attack from five to twenty degrees.

A series of CFD analyses were carried out on an aerodynamic geometry with two different
shapes of flow effectors. For the knife-edge flow effectors, five roll angle positions were analyzed.
Seven roll angle positions with one rectangular flow effector and three roll angle positions with three
rectangular flow effector were analysed. The experience gained during previous work was used as a
guideline for determining the meshing strategy to be adopted, the turbulence model to be used with the
correct near wall model with a Y+ around 1. From the gained experience, the mesh should be very
fine and structured near the wall with a smooth mesh variation in the vortex perturbed region. The
more accurate turbulence model was the realizable k-epsilon.

The calculations showed that a good side force generation was possible for one flow effector at
roll angle position between 225 degrees and 270 degrees. Those results correlated well with wind
tunnel measurement between 5 degrees and 15 degrees angle of attack. Calculations with three flow
effectors showed a small improvement in the performance compared to the best performing single
flow effector configuration. Finally, knife-edge flow effectors did not produce the same aerodynamic
coefficients as the rectangular flow effector.

Ce projet fait parti du projet "Controle de vol d’un missile supersonique par manipulation des
structures de 1’écoulement en utilisant des surfaces avec micro-actuateur” de RDDC - Valcartier
supporté par un fond d’investissement technologique (TIF). L’objectif du projet consistait a évaluer la
performance des systémes de contrdle de vol sous la forme d’un perturbateur d’écoulement
rectangulaire ainsi que d’un perturbateur d’écoulement & coin biseauté dans le but de contrdler un
missile. Des perturbateurs d’écoulement ont été placés a différentes positions angulaires de roulis sur
la paroi d’un missile pour évaluer numériquement leur impact sur les performances. Ces simulations
ont été exécutées avec un missile volant a un nombre de Mach de 1,5 avec des angles d’attaque variant
entre cinq et vingt degrés.

Une série de simulations ont été exécutées sur une géométrie aérodynamique avec deux formes
différentes de perturbateurs d’écoulement. La force latérale générée par les perturbateurs
d’écoulement doit étre suffisante pour faire tourner un missile. Pour les perturbateurs d’écoulement a
coin biseauté, cinq positions angulaires de roulis ont été analysées. Sept positions angulaires de roulis
pour un seul perturbateur d’écoulement rectangulaire ont été analysées alors que trois positions
angulaires de roulis ont été analysées pour les groupes de trois perturbateurs d’écoulement. Les
modeéles et les ajustements ont été faits en se basant sur l’expérience acquise durant les projets
précédents. La validation a été améliorée a I’aide des mesures préliminaires de la soufflerie qui ont €t€




présentées durant la deuxiéme réunion concernant le contrdle de missile avec des perturbateurs a
micro-actuateur [Wong (2004)].

Les simulations montrent qu’une bonne génération de force latérale était possible avec un
perturbateur rectangulaire & une position angulaire de roulis variant entre 225 degrés et 270 degrés.
Ces résultats concordent bien avec les mesures pour la soufflerie entre S et 15 degrés d’angle
d’attaque. Les simulations avec trois perturbateurs ne montrent qu'une faible amélioration de la
performance comparée au perturbateur le plus efficace des trois. Finalement, les perturbateurs
d’écoulement a coins biscautés ne générent pas les mémes résultats pour les coefficients
aérodynamiques que les perturbateurs d’écoulement rectangulaires.
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EXECUTIVE SUMMARY

The DRDC Valcartier Flight Mechanics Group is responsible for research in aerodynamic and
flight dynamic behavior of weapon systems. To overcome some of the physical or financial
constraints imposed by experiments, a Computational Fluid Dynamics (CFD) approach can be used to
complement and enhance experimental results.

The objective of the contract was to evaluate the performance of an active flow control in the
form of a rectangular flow effectors and a knife-edge flow effectors with the aim of controlling a
missile. Using CFD, flow effectors at different roll angle positions on the surface of the missile were
evaluated for their impact on overall system performance for a missile flying at Mach 1.5 at wind
tunnel conditions for angle of attack from five to twenty degrees.

A series of CFD analysis were made on an aerodynamic geometry with some flow effectors.
Two different shapes, knife-edge and rectangular, of Flow Effectors were evaluated for their side force
performance. The side force generated by the Flow Effectors should be able to steer a missile. For the
knife-edge flow effectors, five roll angle positions were analyzed (210°, 240°, 270°, 300°, 330°).
Seven roll angle positions with one rectangular flow effectors were calculated (210°, 225°, 240°, 270°,
300°, 315°, 330°) and three roll angle position with three rectangular flow effectors were calculated
(225°, 270°, 315°). The flow effectors were located at 2,53 cm (0,997 inches) from the nose tip. The
experience gained during previous work was used as a guideline for determining the models and
setting. The validation was improve with preliminary wind tunnel measurements presented during the
second meeting on missile control using micro actuated flow effectors [Wong (2004)]. Finally,
recommendations for improvements of the performance were stated.

This project was part of DRDC technology investment found (TIF) project “Supersonic Missile
Flight Control by Manipulation of the Flow Structure using Micro-Actuated Surfaces”. It resulted in
an improved capability to predict numerically the aerodynamic behavior of rectangular Flow Effectors
before they can be tested in DRDC Valcartier wind tunnel.

X
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1.0 INTRODUCTION

Flow effectors (FE) are integrated devices located in strategic places on the surface of a missile.
These systems can control and actuate in the micro scale of the flow, and they function individually or
in arrays to generate effects on the macro scale flow. In the most general form, MEMS consist of
mechanical microstructures, micro sensors, micro actuators and electronics integrated in the same
environment (i.e. on a silicon chip). Miniaturization of mechanical systems promises unique
opportunities for new directions of scientific and technological progress.

Missile guidance permits an increase in lethality for combat superiority. The performance of this
system is function of the execution quality of this command. The majority of missiles use
aerodynamic surfaces to accomplish this work. The control with the thrust vector constitutes another
strategy for missile control. Nevertheless, these systems require a structure and an actuator. This
implies number of systems to accomplish the task, which reduces the reliability and increases the
weight of the mechanism. Aerodynamic surfaces need a relatively important space for storage.
Removing conventional controls could lead to significant weight reductions or decrease the missile
signature.

The present work analyses rectangular FE and knife-edge FE, which are placed at different
positions around the nose. Side force measured by Corriveau (2004) indicated a good performance of
the FE. Calculations done by Rainville and Gosselin (2004) presented a good correlation for side force
with measurement up to 10 degrees of angle-of-attack (AOA). Hamel (2004) had determined that the
k-€ model is better to capture side force. A general objective of research about FE is to investigate the
position and the number of FE needed on the surface of a missile to obtain sufficient control authority
for effective guidance during flight. This project was part of DRDC technology investment found
(TIF) project “Supersonic Missile Flight Control by Manipulation of the Flow Structure using Micro-
Actuated Surfaces”.

The aim of this study was achieved by a Computational Fluid Dynamics (CFD) analysis. The
commercial CFD code Fluent™ was used to accomplish these calculations. One should note that the
meshing for every CFD simulation was generated with the commercial code Gambit™. Experience
gained during the previous work [Rainville and Gosselin (2004)] was used as a guideline.

This document is divided in three parts. At first, a description of the flow effectors, their
positions, their dimensions and the different angles of attack that were used are described.
Presentation of the results was done accordingly. In the third part, an analysis of the results is given
and a discussion is presented. Finally, a conclusion and suitable recommendations are given in the last
section.



2.0 METHODOLOGY

The methodology for a Computational Fluid Dynamics (CFD) study includes the model used,
the description of the grid and the parameters set in the boundary condition. Normally, a complete
validation study must be undertaken to gain confidence in the numerical results. Those numerical
results are then compared to the experimental results. In this case, no complete experimental data was
available for comparison. The present methodology was established from the experience gained in
previous studies [DeChamplain et al. (2002)], [Rainville and Gosselin (2004)], and also by the
information presented [Wong (2004)]. In the previous work, the side force was under-predicted for
angles of attack (AOA) over 10 degrees. The information about the various models available in
Fluent™ will not be given in this report. Nonetheless, it could be useful to indicate briefly some
parameters that were selected for the present simulations. Finally, a mesh refinement was done in the
boundary layer to obtain a better correlation with the wind tunnel results that were presented.

2.1 Geometry

The FE were fixed on the nose of a cylinder body with a conical nose. The diameter of the
geometry was 30 mm. The conical part of the geometry was 90 mm in length and the cylindrical part
was 300 mm in length. The total length of the geometry was 390 mm (15,353 inches). Figure 1
presents the body alone geometry. The axis of origin was at the base of the geometry. Wong (2004)
had specified the coordinate system orientation to a north, east down coordinate system. Figure 2
presents the coordinate system orientation. The red arrows represent the coordinate system and the
green arrows present the aerodynamic coefficients vectors.

Vﬁ; X

Figure 1 : Body alone geometry with the axis orientation
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Figure 2 : North, east, down reference coordinate system

The FE were placed around the body at 25,3 mm (0,997 inches) from the nose tip. The position
of the FE around the body was defined by ¢, which was defined as the roll angle position. The
baseline FE geometry was a rectangle. It was approximately 1 mm (0,0394 in) high, 2,67 mm long
(0,105 in) and 0,78 mm (0,031 inches) in width. Figure 3 presents an isometric view of the baseline
FE.

2

J‘@x

Figure 3 : Isometric view of the baseline FE

It was decided to analyse another geometry that would be easier to mesh. This geometry was
named as the knife-edge FE. The leading edge and the training edge were cut over a third of the length
to build the first design of the knife-edge FE. The knife-edge FE was almost the same dimension than
the baseline FE. The geometry was similar to a small wing. Figure 4 presents an isometric view of the
first knife-edge FE geometry on the missile. With this FE, the mesh was easier to build in the
boundary layer up to the FE high. At the upper FE, the mesh became very difficult to build, and the

3




mesh quality became a problem. Since the aim of this knife-edge FE was to be easier to mesh than the
baseline FE. the geometry was not calculated.

Figure 4 : Isometric view of the first knife edge FE

A second knife-edge FE geometry was built to simplify the mesh. The leading edge, the trailing
edge and the top edge were sharpened with an angle of 50 degrees as shown on figure 5. The
dimension of the knife-edge FE was approximately the same as the baseline FE. Figure 6 presents an
isometric view of the second knife-edge FE geometry. The shape of the second knife-edge FE was
more similar to the baseline FE. It was possible for this FE to be used as a design geometry to
accelerate the development of a guiding system.
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Figure 5 : Cutting plane to obtain the second knife edge FE
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Figure 6 : Isometric view of the second knife edge FE
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UNCLASSIFIED/ SANS CLASSIFICATION

To improve the side force generated by the baseline FE, it was possible to group them. In the
present work, only a group of three FE placed with 30 degrees between them were calculated. Figure
7 presents an isometric view of the three FE.
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Figure 7 : Isometric view of three FE at 30 degrees

2.2 Model

Fluent™ include many parameters for calculation purposes and all the possibilities will not be
described here. In the present simulations, Navier-Stokes equations are resolved with the coupled
form of the code where the energy equation is solved simultaneously with the fluid equations. Those
equations are solved with an explicit pseudo-time formulation. This formulation calculates more
rapidly and need less computer memory.

Hamel (2004) concluded that the k-e¢ turbulence model with a structured grid was the most
successful option to predict the side force. Calculations done in the preliminary work showed a very
small difference between the Realizable k-¢ and the RNG k-g model. The realizable k-€¢ model was
adopted because its robustness. Finally, the effects of the boundary layer were evaluated with the
Enhanced-Wall treatment model. This model proposes two options to improve the calculation. Only
the pressure one was activated, because the thermal heat transfer was not calculated. The working
fluid was air. Density was calculated with the ideal-gas law and viscosity, with the Sutherland three
coefficients model. All other properties stayed at default settings.

Convergence of the solution was normally defined, in Fluent™, with the reduction of the
residuals for the main flow parameters, which were continuity, X, y and z velocity, energy, and
turbulence variables, which were k and €. For the present work, the convergence also included the side
force variation. At every 50 iterations, the side force was reported. If the variation of the side force
was under 0,5 % for 100 iterations, the calculation was considered converged.



2.3 Boundary conditions

The calculation domain was surrounded by a pressure far-field boundary condition in front and
around it. The outlet of the domain was determined by a pressure outlet boundary condition to reduce
boundary condition effects and to be sure that no shock wave reflection could exist. The missile had a
free steam Mach number of 1,5. The static temperature was 206 K and the static pressure was
26 000 Pa. Furthermore, four angles-of-attack (AOA) were selected for calculations: 5, 10, 15 and 20
degrees.

2.4 Grids

In accordance with previous MEMS studies, grids generated were built with cubic cells. In
previous works, computers systems did not permitted to use a mesh bigger than 1,2 million cells. It
was not possible to perform a mesh independence study. The first step of this work was to run a mesh
independence study. An important mechanism to generate side force is to create asymmetric vortices.
The refinement of the near wall mesh was high enough for the turbulence model. In the far field, the
mesh was coarse to accelerate the calculation. The near wall zone was meshed with a structured
boundary layer mesh. The far field mesh was built with an unstructured quad mesh to permit a
transition between the refine mesh near the wall and a more coarse mesh in the far field. In the first
calculation, the transition between the structured boundary layer and the far field was really strong at
the back of the missile. This strong transition in the mesh could explain the small side force
calculated, because the vortices could be lost within the transition. Figure 8 presents this mesh
transition at the back of the missile. A layer that group mesh cells was tried outside the boundary layer
mesh to solve this problem. But, this layer caused a lot of skewness in the mesh, without reducing the
transition problem.

Figure 8 : First mesh transition at the back of the missile







