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ABSTRACT

DESIGN OF A GRID FIN AERODYNAMIC CONTROL DEVICE FOR
TRANSONIC FLIGHT REGIME

Dikbag, Erdem
M.S., Department of Mechanical Engineering
Supervisor . Assist. Prof. Dr. Ciineyt Sert
Co-Supervisor : Assist. Prof. Dr. Ozgiir Ugras Baran

June 2015, [84] pages

Grid fins is unconventional control devices and they are used for aerodynamic
control of various types of missiles. Low hinge moment requirement and superior
packaging possibilities make grid fins attractive when compared to conventional
planar fins. However, design of grid fins is more involved when transonic flight
regime is considered. The reason for this is high drag force encountered by the
grid fin. The purpose of the thesis is to overcome this drawback and to define
a proper design methodology for transonic flight regime. Computational Fluid
Dynamics (CFD) is utilized as main tool in calculation of aerodynamic force
and moments. Computational efforts are significantly easified by utilization of
‘unit grid fin’ concept, which is introduced in this thesis study. At the end,
an equivalent control performance is accomplished with a more efficient design

when compared to a conventional planar fin example.



Keywords: Grid Fin, Lattice Fin, Missile Aerodynamic Control, Transonic Flow,

Computational Fluid Dynamics
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0z

TRANSONIK HIZLARDA IZGARA TiPI KONTROL KANATCIGI
TASARIMI

Dikbag, Erdem
Yiiksek Lisans, Makina Miihendisligi Béliimii
Tez Yoneticisi : Yrd. Dog. Dr. Ciineyt Sert
Ortak Tez Yoneticisi : Yrd. Doc. Dr. Ozgiir Ugras Baran

Haziran 2015 , [84] sayfa

Izgara tipi kanatciklar, degisik tiirde mithimmatlarin aerodinamik kontroliinii
saglayan, alisgilmadik kontrol kanatgiklarindandir. Yarattigr diigiik mentege mo-
menti ve kolay katlanabilmesi, 1zgara tipi kanatcgiklari, aligildik diizlemsel ka-
natciklara gore tercih edilebilir kilmaktadir. Fakat, 1zgara tipi kanatgiklarin ta-
sarimi, transonik ucgus kogullar1 diigliniildiigiinde, ¢ok daha zordur. Bunun se-
bebi, 1zgara tipi kanatc¢iklarin, bu kogullarda daha fazla siiriikleme kuvveti olus-
turmasidir. Tezin amaci, bu zorlugun iistesinden gelebilmek ve transonik ucus
sartlari i¢in uygun bir tasarim metodolojisi tanimlayabilmektir. Bu tezde, aero-
dinamik kuvvet ve momentleri hesaplanmasinda, Hesaplamali Akigkanlar Di-
namigi (HAD) temel arag olarak kullamlmigtir. Hesaplama gereksinimleri, bu
tezde tanitilmig olan ‘birim kanatgik’ kavraminin kullanimiyla 6nemli miktarda
azaltilmigtir. Tezin sonunda, bir konvansiyonel diizlemsel kanatcikla esdeger bir

kontrol performansi sergileyen ve ayni zamanda ondan daha verimli ¢alisan bir
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1zgara tipi kanatcik tasarlanmigtir.

Anahtar Kelimeler: Izgara Tipi Kanatcik, Fiize Aerodinamik Kontrolii, Transo-

nik Akig, Hesaplamali Akigkanlar Dinamigi
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CHAPTER 1

INTRODUCTION

Grid fins, alternatively called lattice fins, lattice wings, etc., are unconventional
missile control surfaces used in place of regular planar fins. They make use of
internal framework of planar surfaces arranged to generate required aerodynamic

force which creates a moment at the center of gravity of missile.

Grid fins have been used in aerospace vehicles since 1970s. Various Soviet bal-
listic missiles and Soyuz spacecraft were equipped with grid fins; however, their
use did not cover control purposes. They served mostly as air brake systems and
stabilization units. There are a few applications of supersonic missiles, most of
which are also Russian made. One of the most famous examples of these is
beyond visual range air-to-air missile ‘Vympel R-77" (see Fig. , which has a
control unit operating with grid fin devices. American made large-scale guided
bomb ‘Massive Ordnance Air Blast’ contains a set of four grid fins as seen in
Fig. As a very recent notice (November 2014), Falcon 9 launch vehicle of
SpaceX company makes use of grid fins in order to achieve an enhanced precision

landing onto an off-shore barge [1].

1.1 Aerodynamic Control of Missiles

Control and maneuvering of missiles are done in two ways, which are usually
referred to as conventional and unconventional flight control alternatives. Un-
conventional flight control covers thrust vector control (TVC) and jet interaction

control [3], while conventional aerodynamic control is applied through deflection

1



Figure 1.1: Vympel R-77 with grid fins H

(%

Figure 1.2: MOAB with grid fins H



of lifting surfaces. Conventional aecrodynamic control is classified with regard to

placement of control surfaces. Fig. shows these three common alternatives.

Control
—
I  s— Canard

/—g—i Wing
T -

Figure 1.3: Aerodynamic control alternatives [3]

In tail control, it is a common practice that control surfaces are designed as
tail fins themselves. In other words, tail stabilizer fins act as control elements,
in addition to their primary purpose, which is to provide a stable flight for an
air vehicle. To accomplish this, each tail fin has the ability to rotate about a
certain axis along which an excitation device, such as a hydraulic and an electric
motor, is in action. Tail control aims to create sufficient amount of moment at

the center of gravity of the missile in order to generate desired lift force.

Wing control is achieved by deflecting the whole wing so that it creates a lift
force to maneuver the missile. As it does not require body rotation to generate
lift force, wing control usually responses faster than tail and canard controls.

However, displacement of a large wing necessitates strong actuators [3].

Canard control is applied by small wings located on the forebody. Such kind
of missiles also carry stabilizer fins on the aftbody. Rotating canards create

sufficient moments at the center of gravity of missile, similar to tail control.

In this thesis, tail control is applied as the preferred alternative since it is the
most common missile control technique. Air vehicle control is applied by three
primary control deflection sets which serve at each principal axis. Aileron deflec-
tion, da, creates rolling moment, which is the moment component in x-direction

of body coordinate system. Elevator deflection, de, creates pitching moment



in y-direction and rudder deflection, o7, leads to yawing rotation in z-direction.
Principal rotation directions are given in Fig. (1.4} Pure deflection arrangements,

where leading edges of fins move in the indicated directions or the opposite, are

given in Fig. [I.5
63 RV
N
Roll (/7? /\D&
zﬁ\;\%;f_tgrxuf gravity "

Pitch

S

Figure 1.4: Missile body fixed coordinate system and principal rotations \|

(a) Aileron (b) Elevator (¢) Rudder

Figure 1.5: Pure deflection arrangements of control fins

Pitching moment is created by the technique shown in Fig. [I.6] Negative de-
flection creates a positive moment at the center of gravity. In order to sustain a
flight in equilibrium, which is usually referred to as trimmed flight, two condi-

tions must be satisfied:



1. Lift force on whole missile must be equal to weight.

2. Pitching moment on the whole missile must vanish.

These conditions yields a set of two algebraic equations, which are to be solved

together, where « stands for angle of attack, as shown in Fig. [I.6}

1. L= fi(a,de) =W

2. m = fy(a,de) =0

Solution of the set of equations results in a unique couple of [im, d€4pim|. This
means that, at a certain flight condition (i.e. fixed Mach number and altitude),
an equilibrium flight in pitch axis is achieved by deflecting the fins in elevator

direction. Yaw control is performed in a similar method, either.

Figure 1.6: Generating pitching moment in trimmed flight |3|

Pitch control is taken as the only concern in this thesis. It represents also the
characteristics of yaw control when geometry of the air vehicle is symmetric with
respect to diagonal plane (see y = z plane in Fig,. . Roll control is treated as
less significant because critical maneuvers are handled by pitch and yaw controls

in most of the mission profiles.

1.2 Grid Fin in General

Grid fins are aerodynamic control devices operated by the same principle that

is explained in Section [I.I} Unlike the planar fin, air flow passes through the

5



grid fin lattices and generates the aerodynamic force by interacting with internal

surface pattern.

Guidance with grid fin is achieved by deflecting the fins from their original
positions. Doing this, relative air flow changes its direction and aerodynamic lift
force is generated. A grid fin rotates about its rotation axis, which is referred to
as "hinge line", with the aid of an actuator motor aligned with the fin centerline.
Fin centerline is defined as the axis passing through geometric center of fin and
parallel to yz-plane of the missile (see Fig. for yz-plane). As a result,
guidance commands coming into fin actuators create a rotational motion about

the hinge line of each grid fin, as shown in Fig. [1.7]

hinge 1
1

H

A r AL : .l‘ . ,
hinge 4% Q i, mnge

]
hinge 3

Figure 1.7: Hinge lines of generic cruciform set of grid fins

Use of grid fins provides both advantages and disadvantages in a few aspects.
First of all, a missile with grid fin can achieve a stronger maneuverability in
low subsonic and high supersonic flight conditions. However, transonic and low
supersonic speeds are considered as problematic due to low effectiveness and high
drag characteristics. Therefore, to control a missile operated in transonic flight,
the grid fins should be carefully designed. The second advantage is introduced
as low hinge moment requirement, which reduces the costs of actuator motor
and gearbox equipments. As a disadvantage, grid fins yield a high radar cross
section (RCS) as a result of high number of surfaces. Also, high transonic drag

can be included in the disadvantages.
A distinctive feature of grid fin is introduced as superior packaging capability,

6



which those missiles displaced from an internal weapon bay or from a launcher
tube (see Fig. [1.8b]) necessitate. Geometric design of such kind of missiles is
mainly driven by the enclosing volume of the launcher station. For this reason,
while they are kept in this limited volume before launch, it is most probably
necessary to stow fins on the body of missile. This mechanism is applied easily

when grid fins are utilized, as seen in Fig.

(b) A tube launcher (BGM-71) [@

(a) Stowed grid fins on Vympel R-77

Figure 1.8: Easy packaging of grid fins

1.3 Existing Literature

Research and development studies on grid fin are first conducted by Belot-
serkovsky (or Belocerkovsky, Belotzerkovskii) et al. and their work is gathered
in the book "Lattice Wings" in 1985 [7]. In this book, basic assessments for grid
fins are examined in aerodynamics, structural mechanics and manufacturing
technologies disciplines. In aerodynamic point of view, flow field characteristics
under different flight regimes have been explained. Aerodynamic force predic-
tion methods, such as vortex lattice method and linear theory, have been utilized

and applied for grid fin flow field in appropriate flight conditions.

The flow field around lattice surfaces of a grid fin is classified by flight regimes
which are distinguished with well-defined Mach number thresholds. Three crit-
ical Mach number values, which are comprehensively discussed in Section [2.3]
define the flight condition intervals, in which distinctive flow characteristics are

observed, as exemplified in Fig. [[.9) Transonic flight of a missile with grid

7



fins primarily suffers from high drag force. The reason for elevated drag is the
internal flow field characteristics within the cube-like cells of grid fins. In the
transonic regime, the flow inside the cells is choked and flow in upstream of the
fins decelerates. This means that grid fins act as an obstacle to the flow so that

drag force increases [§].

Detached Reflected Oblique

Bow Shock Oblique Shocks Shocks
Downstream
d AV, N
9 o
» > pu—
y
= -
Lt 7 -
= VA 4%
Lo b —>
> 5, <
o / RN =
Airflow
—— Spilling Airflow Passing
Around Fin Through Lattice

Transonic  Low Supersonic High Supersonic

Figure 1.9: Flow patterns in different flight conditions [5|

Prediction of lift and drag forces on a grid fin has always been a popular topic
since the early research studies were conducted. Theoretical and experimental
studies have concentrated on behavior of grid fin on a missile body. Burkhalter
et al., who are one of the users of vortex lattice method for grid fin configurations,
developed a theoretical calculation method for subsonic operation of grid fin
isolated from body [9] and they defined an upwash effect of body which has to be
taken into account at non-zero angles of attack [10|. Later, Theertamalai applied
body upwash theory to this method and obtained satisfactory results [11]. The
study, afterwards, was extended to a wide range of Mach numbers by the same
researchers and it is shown that the theoretical methods are accurate only for

small effective angles of attack on grid fins [12].

It is understandable that comparison of grid fins with conventional planar fins
is one of the issues of interest. Existing literature has pointed out the differ-
ences between these two control concepts in a wide range of flight conditions.
Primary advantage of using grid fins comes with significantly low magnitudes of

hinge moment and minimal variation of center of pressure with changing flight

8



conditions [13]. On the other hand, grid fin is likely to be subject to high axial
force for large number of lattice surfaces; however, it is possible to deal with
this by careful web and frame design [14]. It is also reported that a weaker
control effectiveness is achieved in transonic range of speeds with the use of grid
fins when comparable static stability is assured for missile with the use of both
types of fins [13]. Moreover, analysis of planar and grid fins that are of simi-
lar dimensions showed that the latter has superior hinge moment performance,
yet the only disadvantage is seen as drag characteristics for all ranges of Mach

numbers [15].

Experimental analyses on grid fins provide an invaluable source for validation of
theoretical and computational prediction methods. Washington and Miller [14]
conducted numerous experiments that covered different flight regimes as well as
geometric parameters. Their results on aerodynamic force and hinge moment

values were frequently referred in subsequent studies [16H18].

Operation performance of grid fin is highly dependent on the flight conditions,
i.e., Mach number of flow. It is known that lift curve slope, which indicates the
effectiveness of a control fin, diminishes in transonic speeds due to formation
of shock waves inside the grid fin cells. For transonic Mach numbers below
unity, Belotserkovsky et al. formulated this decrease as magnitude of loss of
dynamic pressure due to choking that occurs within the cells [7]. This fact was
also shown experimentally by Abate and Duckerschein [19]. A more systematic
approach, relating the geometric parameters with choking phenomenon, was held
during the wind tunnel tests conducted at Aeroballistic Research Facility to show
the discontinuity of control effectiveness nearby the critical Mach number [20].
Normal force and pitch moment coefficient data obtained from these tests clearly
indicate the loss in the control effectiveness, which is usually referred to as

‘transonic bucket’ in literature (see Fig. [1.10)).

CFD analyses of grid fins took part in the literature relatively late owing to
developing computer technology after 2000. As the solutions of problems in-
cluding grid fins require a denser computational mesh for their lattice geometry,

it is more difficult to obtain accurate results when compared to solutions with
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Figure 1.10: Transonic bucket shown by Abate et al. ||

conventional planar fins. Nevertheless, agreement with experimental results has
been accomplished for subsonic, transonic and supersonic [22] range of

speeds.

Although most CFD analyses have been carried out by viscous models, there
exists an inviscid investigation with the use of Cartesian grid . In this study, a
set of grid fins is mounted on a launch abort vehicle (LAV) and computations are
carried out in subsonic, transonic and supersonic speed ranges. The comparison
with experimental results has shown that Euler solutions were quite acceptable

for supersonic Mach numbers.

Upwash and downwash effects on a grid fin, which occur due to flow field created

by missile body, were studied in Theerthamalai and Nagarathinam’s supersonic
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analysis [24]. This study shows that the orientation of grid fin set (+ or x

configuration) is important in terms of aerodynamic loads.

Efforts on reducing the transonic drag penalty are becoming popular and this
issue is currently being the main concern related to grid fin applications. Drag
force on a grid fin at transonic speeds increases due to choking for Mach numbers
below unity and shock reflections for those larger than unity. These occurrences
were qualitatively examined and their conditions were explained in detail .
Sharp leading edge and sweptback models (see Fig. |1.11]) are examples to solu-
tions to remedy the excessive drag problem. Significant decrease were achieved
with use of those models ,. Moreover, their minimal effect on lifting perfor-
mance had already been shown by Washington et al. . Although sweptback
model is convex to flow, a concave model can be developed to account the geo-
metric compatibility with a generic missile body. It was shown that the concave
curved grid fin model worked well in terms of transonic and supersonic drag
reduction [29]|. Furthermore, locally swept grid fins shown in Fig. where
sweeping is done for each individual cell, were validated as an effective tool

for supersonic drag reduction, employing the sharp corners that diminish the

strength of shock waves [30].

Figure 1.11: Flat (left) and sweptback (right) grid fin models ||

1.4 Current Study

In this thesis study, application of grid fin control devices in transonic flight

regime is investigated. The motivation of the study arises from the necessity of

11



Figure 1.12: Flat (left), valley-type (center) and peak-type (right) grid fin models

[30]

employing grid fins for controlling a transonic missile for their compactness in
the case of stowing on a body. Stowing the fins is a requirement when limited

space is available in the storage station before the launch.

Although there are a lot of research studies focused on understanding the aero-
dynamic behavior of grid fins in various flight conditions, as mentioned in Section
[1.3] it is observed that there is a lack of knowledge about parametric design of
grid fins. This study aims to contribute to the existing literature by presenting

a design methodology for grid fins in transonic flight conditions.

The thesis study constitutes five chapters. In the next chapter, geometric pa-
rameters and flow properties of grid fins are discussed. Behavior of grid fins in
different flight regimes are also explained. The third chapter covers the descrip-
tion and validation of the computational method used in this thesis. Aim of the
design and primary assessments associated with the design methodology take
part in that chapter. The methodology presented in Chapter [ is utilized in a
sample case so as to obtain results in Chapter This design effort results in
a grid fin model performing equivalently as a generic planar fin. This chapter
covers also a further improvement in drag and packaging characteristics of the
newly designed geometry. Conclusions and future work plans take part in the

last chapter of the thesis.
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CHAPTER 2

PROPERTIES OF GRID FINS

2.1 Geometric parameters

In this section, geometric parameters, i.e., descriptive dimensions of grid fins are
introduced. Shown in Fig. 2.1 are all the geometric parameters that results in a
well-defined grid fin that has flat planform and blunt leading and trailing edges.
Those parameters related to overall dimensions of grid fin are called as span,
s, total width, b, and chord, ¢. The space occupied by the grid fin is driven
by these three parameters. Width, w, and thickness, ¢, are those describing
the dimensions of the individual cells. It should be noted that ‘width’ is the
distance measured between centerlines of the walls. In addition, frame thickness,
ts, defines the dimension of the outer frame, which is utilized as the structural

element to keep the grid fin cells together.

SECTION A-A

Figure 2.1: Grid fin geometric parameters
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Throughout the thesis, some of the parameters introduced above are nondi-
mensionalized, as needed. For this purpose, thickness-over-width ratio, t/w,
and width-over-chord ratio, w/c, are defined in order to make interpretations of

some physical phenomena, details of which is explained in detail in Section [2.2]

In addition to primary parameters introduced above, secondary parameters are
defined as leading edge sharpness, 0, and backsweep angle, w (see Fig. [2.2]). Both
features are invented in purpose of drag reduction in transonic flight. Leading
edge sharpness provides a smoother flow, as well as it facilitates formation of
oblique waves, which are more preferable than bow shock in transonic range of
speed. Fig. represents top view of a grid fin, which is swept back along its
centerline, as mentioned in Section [I.3] Negative values of this parameter are

also seen in the literature and these result in ‘forward swept’ grid fin [26].

Figure 2.2: Leading edge sharpness and backsweep angle parameters [27]

2.2 Subsonic, Transonic, and Supersonic Behavior

Use of grid fin in different flight regimes results in distinctive flow characteristics
which usually determine the constraints of the design efforts. In general, Sub-
sonic (M < 0.7) and high supersonic (M > 2.0) regimes are admitted as the best
performance conditions for grid fins. Even though this is a correct statement at
first glance, conducting a design procedure appropriate to other Mach number

ranges may result in a superior performance, too.
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2.2.1 Grid Fin in Subsonic Flight

Gathered knowledge from the literature indicates that subsonic operation of grid
fins is never seen as problematic because of absence of complex flow particular
to this regime. Aerodynamic behavior of the grid fins is predictable with no

special attention to flow field characteristics, similar to planar fins.

2.2.2 Grid Fin in Transonic Flight

Choked flow inside the grid fin cells is modeled by utilizing one-dimensional
isentropic compressible flow equations in the past studies [12,]20}25,31,32]. In
order to be able to employ these relations, grid fin cells are considered as con-
verging nozzles, which accelerate the upstream flow due to decreasing flow area

02— < Aj_q, see Fig. |2.3)). Depending on the area ratio — ) and Ireestream
A A Fig. [2.3). Dependi h i0 (4=1) and f

Az_o
Mach number, it is possible to observe choking, when local Mach number at

any region within the grid fin cell reaches to unity. For a specific Mach number,
choking is observed below a certain ‘critical area ratio’. This threshold can be

calculated by Eq. for any freestream Mach number [33],

3
o

™
ol

Loction -

Figure 2.3: Section view of a grid fin cell [7]

) v+1
A 1 2 v—1 -1
Bl I S S S A N 2.1
(7) —sialr (e e
where 7 is the thermodynamic property of a compressible fluid and it is expressed

as the ratio of specific heat capacities at constant pressure and at constant

specific volume:

N=2 (2.2)

Co
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In this equation, A* stands for throat area, which is, by definition, the area
where the flow Mach number reaches to unity. Therefore, in order to determine
choking condition, A* can be replaced with A;_5 and freestream flow area, i.e.,

A is replaced with A;_;. Remembering the specific heat ratio, v = 1.4 for air,

(i:)cr B M%o {g (1 + O'2Mw2>} 3 (2.3)

As aresult of this relation, critical area ratio is plotted as a function of freestream

Mach number in Fig. 2.4]
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Figure 2.4: Critical area ratio vs. freestream Mach number

2.2.2.1 CFD Investigation of Choking in Grid Fin Cells

In this section, validity of converging nozzle approach for grid fins in transonic
flight conditions is investigated by a computational study. For this purpose,
choking in grid fin cells is observed in a two-dimensional inviscid CFD analysis
within the scope of this thesis [32]. In this study, walls of grid fin is modeled as
parallel plates, similar to section view in Fig. [2.3] A transonic freestream Mach
number, M., = 0.80, is selected to determine corresponding ‘critical’ geometry,
which is expected to yield choking. At this point, critical area ratio relation (Fig.
2.3)) is required to be expressed in terms of geometric parameters. Following can

be written for a two-dimensional domain:

Al—l w
= - 2.4
<A2—2>CT w—t 24
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Therefore, the relation between geometric parameters w and ¢, which are defined

in Section is obtained using Eq. as:

% — ﬁ E (1 + 0.2(0.80)2)} 3 (2.5)

t
and, it is found as, = 1.0382. This can also be expressed as, — = 0.0368.
w

w —
Using this geometric specification, a computational domain is created. Study
is conducted in two dimensions in order to obtain the results rapidly. The
schematic of the 2-D domain and the unstructured grid used in the computations
is shown in Fig. 2.5l As seen in the figure, upper and lower boundaries are
assigned as translational periodic to maintain periodicity during the iterations.
Inflow and outflow boundary conditions are implemented through pressure-far-
field boundaries, at which it is possible to assign thermodynamic parameters

and an initial value for Mach number of the air flow [34].

inflow -, . outflow
of) L)
—> —

periodic houndary

Figure 2.5: Domain definition and the computational grid in the 2-D study

A series of CFD solutions are conducted at sea-level atmospheric conditions
and in a range of Mach numbers centered at M = 0.80. The commercial CFD
package of FLUENT is utilized in this study. Local Mach number data are
collected at two points on the mid-line between one pair of parallel plates. The
first data point is located in upstream and distance between this point and the
plates is approximately three chord length of plates. The other data point is
located at the exit. The results at the upstream and exit of fins are examined
to identify the variation of local Mach number along the mid-line. It should be
noted that, it is not possible to set M., i.e. Mach number at the inflow and

outflow boundaries of this problem. As a result of characteristic relations at the
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subsonic inlet /farfield boundaries, the physical boundary condition is given as
2a
U, + ——— = const. 2.6a
o (2.6a)

and numerical boundary condition is

2a
v+1

Un

= const. (2.6b)

where v,, and a are the normal velocity component and speed of sound at the
boundary, respectively [35]. This shows that, for a given initial condition, speed
of sound, and hence Mach number at the boundary are settled as the conditions

given in Eq. [2.6) are satisfied.

CFD results show that local Mach number at the fin exit, M., does not exceed
1.0, and local Mach number at throughout upstream region of parallel plates,
M, does not exceed 0.79, even if specified initial value for M., is increased
up to 0.93 (see Fig. . M, = 0.79 is considered as a quite close value
when compared to the design Mach number value of this study, which is 0.80.
Although these solutions does not represent the whole physics of the problem,
it certainly supports the idea of similarity between the behavior of a grid fin cell

and a converging nozzle.

2.2.3 Grid Fin in Supersonic Flight

A grid fin in supersonic flight is exposed to shock waves in different patterns,
depending on the Mach number of the flow. For the Mach numbers that are
slightly larger than 1.0, a bow shock occurs in front of the leading edges of the
grid fin (see Fig. [7]. This is also referred to as a detached shock. As Mach
number is increased, location of the shock gets closer to leading edges of the fin.
At a certain Mach number value shock waves become attached to leading edge,
as seen in Fig. 2.7b] After this threshold, oblique shock and rarefaction waves
are observed in case of any change in direction of the air flow. Oblique waves
reflect from the walls of the grid fin at relatively low Mach number values. With
further increase in Mach number, oblique shock angles become narrower, thus,

they turn into non-reflecting waves, as shown in Fig. [2.7d
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Figure 2.6: Results of 2-D CFD study for flow between parallel plates

Shown in Fig. 2.8 represents the reflecting and non-reflecting wave patterns over

a grid fin schematic. Flow with an angle of attack creates a lift force on each

surface of this, by pressurizing region 1 and depressurizing region 2, in both

schemes. However, in case of reflecting wave pattern (on the left), expanded air

region 3 and compressed air region 4 result in a decrease in lift force. As a result

of this assessment, a grid fin with a non-reflecting wave pattern is considered as

a requirement for a suitable design.

2.3 Critical Mach Numbers

The grid fin flow regimes introduced and explained in Section are separated

by definite Mach number thresholds, called ‘critical Mach numbers’ by Belot-
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Figure 2.7: Supersonic phenomena occurring within a grid fin [36]

Figure 2.8: Pressure regions within a grid fin (changed from Ref. 7))

serkovsky et al. |7]. These are abbreviated as M1, Mo and M.

The first critical Mach number, M., 1, is defined as the minimum value at which
the flow inside the fin is choked. It is calculated, for a specific grid fin geometry,
by solving Eq. for M. Isentropic flow tables [33,]37] are also useful for
this purpose. It should be pointed out that M,..; is always lower than unity.
Grid fins operating in the freestream Mach number range M. < M, < 1 are

exposed to choking.

Bow shock, which occurs at very low supersonic Mach numbers, is theoretically
attached to leading edges of grid fin at the second critical Mach number, M,,.
Value of this number is calculated by solving the second root of the same equa-
tion as done in calculation of M., [7]. Isentropic flow tables are also useful for

this parameter, too. M, is always larger than unity.

For the Mach numbers larger than M,,.,, oblique shock and rarefaction waves are
observed in flows with angle of attack. In flows with no angle of attack, these
waves turn into infinitesimal perturbations aligned with Mach lines, which are

inclined by the Mach angle, u, with grid fin walls. By definition, at freestream

20



Mach number higher than or equal to M..3, Mach lines do not reflect from the
grid fin walls, as shown in Fig. [2.9] Therefore, grid fins operating in freestream
Mach number range Mo < M, < M.3 experience reflecting waves. For a
specific grid fin geometry, the third critical Mach number, M,,3, is calculated by
the graph shown in Fig. [2.10

"\ /’
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/’\ \'\
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Figure 2.9: Definition of M,.,3
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Figure 2.10: Calculation of M,,3

In the light of these explanations, Table summarizes the flow regimes over a
grid fin with their freestream Mach number conditions. Choked flow, bow shock
and reflecting wave regimes are attributed as problematic and designers should
avoid such kind of grid fin designs. In this thesis, it is aimed to design a grid fin
having subsonic flow characteristics at a design Mach number within transonic

range of speeds.
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Table 2.1: Grid fin flow regimes

Flow regime

Lower bound (M)

Upper bound (M)

Subsonic 0 M
Choked flow M.q 1
Bow shock 1 Mo
Reflecting wave pattern M..o M.,
Non-reflecting wave pattern M3 00
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CHAPTER 3

METHODOLOGY

In this chapter, a design process developed for grid fin controls is explained.
The procedure aims to determine appropriate geometric properties of grid fin,
definitions of which are introduced in Section 2.1}, in pre-defined flight conditions,

which is referred to as design conditions.

Grid fin is composed of planar surfaces repeating themselves in a pattern. This
allows reducing the computational domain into smaller representative portions,
which are called "unit" cells. This concept is introduced in current thesis study.
Conducting the design efforts and making assessments on unit grid fin is rea-
sonable for being economic in spending time to generate a geometric model and
computational grid as well as to carry out computations. A schematic of the
unit grid fin (UGF) is shown in Fig. [3.1] Shaded region can be used as the fluid

domain in computations.

Figure 3.1: Unit grid fin representation
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3.1 Description of the Computational Method

Computational Fluid Dynamics (CFD) is the major method to predict the aero-
dynamic forces exerted on grid fin and missile body surfaces. ‘Unit grid fin’

approach is employed to make solutions simple and to ensure flexible design.

CAD models are created in ANSYS Design Modeler package. Parametric design
option is helpful in reproducing the models of different dimensional properties.
Cylindrical enclosure volume, which has minimum ~20 times greater diameter
and length dimension, is created to represent the flow domain. The aerodynamic

model is located at the center of enclosure volume (see Fig. [3.4).

ANSYS 14.0 meshing tool and Tgrid 5.0 is employed to generate unstructured
grids. For all geometric configurations of missile and grid fin geometry, surface
mesh consists of triangular elements in order to ease the production of high
quality cells. Prism layers are grown starting from the surface for the purpose
of resolving the high velocity gradients in boundary layer. In order to fill the
remaining volume of the domain, tetrahedral cell elements are generated. As a

result, computational domain is composed only of wedge and tetrahedral cells.

Pressure-based Reynolds Averaged Navier-Stokes solver of FLUENT 14.0 is uti-
lized throughout the study [38]. Ideal gas assumption is selected as equation
of state for air flow. Viscosity-temperature relation is characterized by Suther-
land’s law. One equation Spalart-Allmaras model is utilized as the turbulence
model. Momentum and energy equations are discretized by second order up-
wind scheme in order to obtain more accurate drag results. Coupled algorithm

of FLUENT solver is employed to make the simulations converge faster.

3.2 Validation of the Computational Method

In this section, validity of the computational model is tested and possible sources

of error are stated.
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3.2.1 Agreement with Experiment

Wind tunnel tests of various grid fin designs were conducted by Washington and
Miller [14]. Aerodynamic forces and moments on grid fin was measured while it
was being mounted on an ogive nose 10.4 caliber long cylindrical missile body
(see Fig. 13.2)). Four grid fins were placed in (+) configuration. The balance
was located between missile body and fin number 4, in order to measure the
aerodynamic loads on the fin alone. Fin normal force measurements in angle of
attack («) sweep range [0°, 15°] at Mach numbers 0.7, 1.2 and 2.5 are of interest

in this validation study.
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Figure 3.2: Model and sign conventions of wind tunnel test [14]

Air flow over a missile with grid fins model of the same dimensions as in the
Washington & Miller’s study |14] is computed and normal normal force variation
with the increasing angle of attack on the fin number 4 is observed. The config-
uration designated by ‘G12’ in Ref. |14, whose technical drawing is presented in

Fig. 3.3 is used for validation case. The solution matrix is composed of angle
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Figure 3.3: Technical drawing of G12 (Dimensions are in inches)

of attack values 2.5°, 5.0°, 7.5°, 10.0°, 12.5°, 15.0°and of Mach numbers 0.7, 1.2,
2.5.

Outer surfaces of enclosure domain (see Fig. is assigned as pressure-far-
field boundary condition allowing to input Mach number, flow direction, static
pressure and static temperature. Pressure and temperature values are taken as
standard sea-level conditions (p, = 101325 Pa, T,, = 288.15 K). No slip wall
boundary condition is assigned to missile body and grid fin surfaces seen in
Fig. [3.4b] Initial values before starting iterations for every cell in the domain

are taken from the quantities assigned on pressure-far-field surfaces.

The mid-section of volume mesh and surface mesh on one of the grid fins are
shown in Fig. [3.5] Surfaces of grid fins are finely resolved to ensure sufficient
resolution without spending any effort to grid independence work. Surface mesh
independence for very similar geometries is verified in Chapter [4] with much
coarser grids. Number of triangular surface elements is 2,262,930. After 8 layers

of prisms and tetrahedral volume elements are generated, 31,261,800 cell ele-
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Figure 3.4: Enclosure and missile geometries

ments in total are obtained. Prism layers are grown by specifying constant first
layer thickness and constant last layer aspect ratio. The values of these param-
eters are 107 m and 4.0, respectively. The dimensionless wall distance for the
first layer thickness is kept below y™ = 5 for most of the surfaces, to ensure that
the first prism layer is located within the viscous sublayer [38] (see Fig. —c—e).
It is also seen that the total thickness of prism layer is capable of resolving the
whole boundary layer by analyzing the velocity vectors qualitatively. Those in
the last prism layer are of the same size as the external velocity vectors, as seen
in Fig. [3.6b-d-f. The screenshots are taken in a plane perpendicular to grid fin

surface.

Aerodynamic normal force on the right hand side grid fin (fin number 4 in
Fig. [3.2) is calculated by evaluating surface integral of static pressure and vis-
cous drag contribution. The force values are non-dimensionalized by normalizing
with dynamic pressure and reference area, which is the cross-sectional area of

the missile body.

CN = 1L (3.1a)
Epv2sref
or, equivalently,
ON = (3.1b)
S YPM2Sret
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Figure 3.5: Volume and surface meshes used in computations

Normal force comparison with the experiment is made in three distinct flight
regimes. Agreement between density-based and pressure-based solutions shows
the algorithm independence (see Fig. ; therefore, the latter is possible to be
used in this compressible flow problem with a satisfactory accuracy. Pressure-
based algorithm is preferred for its stability and faster convergence. When the
CFD solutions are compared to the experimental data, a good agreement is
seen in the normal force coefficient within the wide range of Mach numbers (see

Fig. [3.7). Maximum relative error is observed as 10% among all cases.

28




(a) y* contours (M = 0.7) (b) B.L. velocity vectors (M = 0.7)
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(e) yT contours (M = 2.5) (f) B.L. velocity vectors (M = 2.5)

Figure 3.6: Boundary layer resolution inspection

29



0.25 /%}
A < Pressure-hased
solver

Mormal 212 /

Force .
Coefficient 1 + Density-hased
' salver
0.05 ﬂ
0.00
0.0 2.5 50 Th 1a.0 125 15.0

Angle of Attack (%)

=]
o]
[=]
V\

— Experiment

(a) M=0.7
0.25 /$
0.20
& Pressure-hased
MNormal 012 solver
Force .
Coefficient 1 57 + Density-hased
' @/ solwer
0.05 ~ —— Experiment
0.00

0.a 2.5 50 75 mo 125 150
Angle of Attack (%)

(b) M=1.2
0.25
0.20
A" & Pressure-hased
Normal 015 D solver

Force .
Coefficient 1 + Density-hased

’ / solver
0.05 /f/ — Esperiment
0.00

0.0 2.5 50 75 100 125 150
Angle of Attack (%)

(c) M=2.5

Figure 3.7: Comparison between CFD solutions and the experiment of Wash-
ington & Miller
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3.2.2 Effect of Missile Body

CFD solutions are to be carried out to characterize the flow field around the unit
grid fins. By doing this, it is aimed to acquire representative data for whole grid
fin. However, missile body effect on the flow field is not modeled in this method.
This reality comes with a requirement of information about the effect of missile
body on grid fin performance. In order to understand the contribution of body,

validation study in Section is repeated with grid fins isolated from body.

In isolated grid fin case, exactly the same surface mesh is employed. The fin
takes place in the flow alone, as shown in Fig. B.8bl Comparison with the ‘on

body’ case (shown in Fig. [3.8a)) enables observing the changes in the flow field,

(a) (b)

Figure 3.8: ‘Grid fin on body’ (a) and ‘isolated grid fin’ (b) cases

as well as their outcomes on the aerodynamic properties.

Normal force comparison of the isolated grid fin with that attached on missile
body shows that there is a significant amplifying effect of the body. The reason
for that is, so called, upwash effect, observed around side regions of a slender
object exposed to an air flow with an angle of attack. Upwash effect brings
an increase in effective angle of attack of side grid fins. On the contrary to
the those placed on sides, upper and lower fins are encountered by a downwash,

which lowers the local angle of attack in those regions. Fig. [3.9] which represents
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the solution at M = 0.7 and o = 2.5°, illustrates the up- and downwash effects

due to the existence of a body on the transverse plane immediately upstream

Oéeff —

of grid fins. A dimensionless parameter K = is defined to quantify

a
the magnitude of angle of attack deviation. In this definition, effective angle of

attack is calculated from the local velocity component data in principal body
axes: qqry = tan~'(%), where u and w are the velocity components in z- and
z-directions, respectively. Positive values of K indicate upwash.

K
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Figure 3.9: Variation of coefficient ‘K’ in upstream of grid fins

Side fins are exposed to a higher local angle of attack than the missile body. This
creates a difference between aerodynamic forces ‘on body’ and ‘isolated” models.
Therefore, a correction is required if the normal force of grid fin is computed
using an isolated model. For this purpose, previous work can be employed
to obtain a consistent data in absence of missile body in the computational
model. Interaction between components of an air vehicle was studied in a NACA
report and it is reported that the variation of effective angle of attack in
the horizontal symmetry plane obeys the relation In equation r and y
denote the missile body radius and distance from centerline of the missile body,
respectively. Effective angle of attack of side grid fins can be approximated with
the local angle of attack in the horizontal symmetry plane. It should be noted
that the coefficient ‘K’ decreases in magnitude as moving away from the body.
Therefore, the effective angle of attack of grid fin is not a constant, rather, it
decreases in spanwise direction.

7,2

Qeff = Ck(l + E) (32)
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Normal force curves obtained by the ‘on body’ and ‘isolated’ models show sig-
nificantly different slopes, as seen in Fig. [3.11} The reason for this is the issue
discussed in previous paragraphs. When a correction factor is applied on the
outcome of the ‘isolated’ model, a good agreement is attained. The correction
factor is determined using mean effective angle of attack of grid fin. This is
calculated by taking average of effective angle of attack between both ends in

spanwise direction.

1 /yQ ( )
Qeff = e dy 3.3
fr v — 1 Sy Ir

inserting Eq. [3.2] the integral in Eq. is evaluated as

2
,
Qerr = a(l + — 3.4
7= af y1y2) (3.4)

Mean effective angle of attack is calculated by above relation for the validation
Oeff
«
due to the linear nature of the aerodynamic normal force. Therefore, correction

problem and the normal force coefficient curve is corrected by the factor

factor ‘f’ is expressed as:

f=l4+— (3.5)

Placement of the grid fins on the missile body is schematically expressed in Fig.
3.10, When these dimensions are substituted into Eq. [3.5] correction factor, f, is
obtained as 1.34. Further, data calculated for isolated grid fin are multiplied by
the correction factor and satisfactory agreement with the results of fin attached
on body is achieved at M = 0.7 and M = 1.2. At high supersonic speeds, curves
follow each other up to 10°angle of attack but beyond that value, result starts
to deviate, as shown in Fig. 3.1}

3.2.3 Validity of ‘Unit Grid Fin’ Approach

A grid fin is composed of a rectangular pattern of surfaces of the same dimen-
sional parameter values. Therefore, the unit grid fin (UGF) concept, which was
mentioned at the beginning of this chapter, is introduced here. To reduce the

computational efforts, use of UGF models is advisable. However, it is required
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Figure 3.10: Placement of grid fin on missile body in CFD solutions

to know how well it represents the actual flow domain. For this reason, in this

section, validity of this approach is checked as a part of validation campaign.

It is argued that aerodynamic loads on a grid fin can be calculated through
the computation of forces and moments on UGF and multiplication with the
‘number of repetitions’, ‘n’; i.e., the number of UGFs comprising the grid fin.
Therefore, components other than internal framework, such as external frame
and connection rods to missile body, are not taken into consideration. In other
words, by employing the current method, only the loads on internal framework

can be inferred. Therefore, aerodynamic force results obtained by UGF compu-

tations are to be compared to those on internal surfaces of full GF model (see
Fig. 3.12).

The flow field around UGF is computed using a domain consistent with the full
model described in Sections [3.2.1] and [3.2.2l Dimensions of chord, width and
thickness are preserved as shown in Fig. [3.13, Lateral boundaries of the domain

are assigned as periodic boundaries. Inflow and outflow is provided by non-
reflecting pressure-far-field type of boundary condition (see Fig. , allowing
the user to specify Mach number and direction of the flow, so that the desired
flow speed and angle of attack and/or angle of sideslip are assured. The distance

between the two far-field boundaries is 20 times the chord length (194 mm).

Number of repetitions, n, is determined by counting the number of ‘nodes’
(shown in Fig. [3.15)), i.e., intersection lines of surfaces of cross-shaped UGFs.

UGF has four surface pairs similar to each interior node and it exactly matches
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Figure 3.11: Comparison of normal force coefficients of grid fin in attached and
isolated configurations
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(b)

Figure 3.12: The real GF model (a) and internal surfaces used in comparison
with UGF (b)

. \
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b | pair 1

Figure 3.13: UGF model and its geometric properties

with a great majority of the GF nodes. These nodes are designated as of type 1.
Although a great portion of grid fin is covered by the first type nodes, side and
corner nodes have three and two extensions, as shown in Fig. [3.15] respectively.

Therefore, they are designated by type 2 and type 3.

Once the total lifting surface area of extensions of the node types are considered,
it is understandable that surfaces of type 1 nodes act as a full UGF, while those
of type 2 and of type 3 nodes represent 3/4 and /2 of a UGF, respectively. When
the number of repetitions is counted in this manner, 28 of type 1, 4 of type 2
and 14 of type 3 nodes are detected and this corresponds to 38 UGF in total.
Therefore, aerodynamic loads on UGF should be multiplied by 38 to make a

proper comparison between internal faces of GF and UGF.
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Figure 3.14: Domain schematic of UGF model

Figure 3.15: Node types in the GF

Comparison between the normal force on internal surfaces of the GF model and
that on 38 UGF is shown in Fig. [3.16] In this figure, it is understood that the
current UGF method provides superior prediction performance in subsonic and
high supersonic speed ranges with a good agreement. Therefore, the validation
of the use of UGF models has been completed for these regimes. However,
designer should be careful in using the method in low supersonic speeds (/1.2),
due to significantly different slopes obtained by the two solutions. It should be
noted that this Mach number is most probably in the interval of normal shock
regime of flow around GFs, which was introduced by Belotserkovsky et al. 7]
as such that a normal bow shock forms in front of the leading edge when the
flow Mach number is less than the ‘second critical Mach number’. This creates a
difficulty in computing such an abruptly changing flow field by utilizing a tube-
like computational domain surrounded by periodic surfaces. This issue could
be studied in the future and be converted to a more accurate method in low

supersonic range of speeds.
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3.2.3.1 Mesh Independence of UGF Solutions

The mesh independence study for UGF solutions is carried out by changing the
grid resolution in leading and trailing edges of the model, around which the
highest pressure gradient values take place. The simulations are conducted at
M = 0.7, which is of the main concern in this thesis. In order to observe the
normal force on the wall surface of unit grid fin, a non-zero angle of attack of

o = 5° is selected as the flow condition.

For the mesh independence check, trailing and leading edge surfaces are divided
into 6 and 10 lines which are composed of triangular face elements. Sizes of grid

elements in a section plane are shown in Fig. [3.17]

(a) Coarse (b) Fine

Figure 3.17: Different grid resolutions used in mesh independence study

Normal and drag force values obtained by using each grid are presented in
Table Bl The pressure contours within the upper and lower surfaces are shown
in Fig. [3.18 Considering the results, it is concluded that the coarse grid per-
forms more than enough in determination of normal force. Drag force accuracy
is also accepted as sufficient, because quantitative accuracy in prediction of drag

is not as important as that of normal force in design of a grid fin.

39



Pressure [kPa]

QQQ\QQQQQQQQ
DA E S S G S8

) Coarse grid (top surfaces) (b) Coarse grid (bottom surfaces)

) Fine grid (top surfaces) (d) Fine grid (bottom surfaces)

Figure 3.18: Pressure contours obtained in the mesh independence study
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Table 3.1: Comparison of force components obtained by coarse and fine grids

# of surface | Normal | Drag

elements force force
Coarse 41,344 84.16 N | 18.09 N
Fine 134,624 83.98 N | 17.61 N
Difference 0.2% 2.7%

3.3 Fundamental Considerations in Design of a Grid Fin

Design procedure aims to arrange an effective configuration of grid fins in terms
of aerodynamic stability and control. This is ensured by creating sufficient
amount of moment about center of gravity of a missile. In this design process,

longitudinal static stability and pitching moment control are of interest.

For a stable missile, pitching moment must be in counter direction of angle
of attack. Therefore, signs of moment coefficient and angle of attack must be
negative of each other in case of an axisymmetric missile body. In general, the
stability parameter, which is change in pitching moment coefficient with respect
to angle of attack, C'm,, has a negative value for stable missiles. The higher

magnitude of this parameter, the stronger static stability.

oCm
Cmgy = o

<0 (3.6)
Longitudinal control of a missile is performed by means of pitching moment
created by deflection of grid fin control surfaces. The change in pitching moment
coefficient with respect to elevator angle, C'myg,, is linear in nature within a few
degrees of rotation. By definition, positive deflection angle yields a positive

moment, therefore,

oCm

Cmge =

Control characteristics of a missile is generally influenced by Cm, and C'mg,
parameters. As high C'm, implies a strong stability, maneuverability of such
missiles is negatively affected due to the high moment requirement for a certain
value of angle of attack. As a result, strength of pitch control is not only a

function of Cmyg.. Instead, a new parameter, pitch control effectiveness, is in-
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o Cm
troduced as — = ge
e Cmy,

is required to obtain a certain angle of attack value. Fleeman recommends this

, which expresses, roughly, how much deflection angle

value to be greater than 1 for all kinds of tactical missiles [3].

Drag coefficient, C'D, is the other parameter that is to be taken into consid-
eration in design procedure. Drag force is considered as a loss in most of the
air vehicle system design efforts. Therefore, the drag contribution of grid fin
in overall missile drag should be minimized in order to obtain an efficient con-
trol device. Drag force is mainly dependent on the cross-section, area of which
is driven by the thickness parameter. As a result, this parameter should be

arranged as thin as manufacturing and operating conditions allow.

Overall dimensions of the design should be taken as one of the considerations
in evaluation of the design alternatives. Design efforts should also aim at a

manufacturable, utilizable and maintainable solution.

When the design procedure is concerned with the help of these arguments, the
first step is suggested to be determination of an objective goal for a missile with
grid fin. Pitch control effectiveness is considered as the strongest candidate for
its importance in expressing the maneuverability of the missile. In this case, a
specific % value might be selected as the design objective. As well as serving as
control devices, fins are essential means of stability. Hence, the designer might

be subject to choosing the stability parameter, Cm,, to ensure a certain level

of longitudinal static stability.

Neither of design objectives mentioned up to this point can lead to a unique
configuration in design space. That is, more than one geometric configurations
are probably able to satisfy the requirement of the design objective. Details of
this issue is to be explained in the sample design performed in Chapter [d For
this reason, designer is required to figure out the most efficient solution, which

is, in this study, prescribed as the minimum drag alternative.
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3.4 Assessment on Fin Arrangement

Throughout the thesis, four fin missile configurations are considered, although
three or more fins can also achieve static stability and control [3|. In general,
independent of whether they are planar and grid fins, the four fins are arranged
in two distinct configurations: + (plus) and x (cross). Both alternatives are
utilized for stability and control purposes when the fins are located at the rear

of the flight vehicle.

The three basic moment components about the principal axes of a missile can
be generated using + or x configured fins. Fig. shows the use of one of
the most effective fin sets in order to perform each of the roll, pitch and yaw
maneuvers in their positive direction. Arrows indicate the direction towards

which leading edges of related fins move.

(a) Roll (+) (b) Pitch (+) (c) Yaw (+)
7 7

AN e N
(d) Roll (x) (e) Pitch (x) (f) Yaw (x)

Figure 3.19: Maneuvering by + & X fin arrangement configurations (Figures
are of back view.)
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In case of 4+ configuration, only two fins are active in pitching and yawing
maneuver, while all fins are dynamic when x configuration is used. Similarly,
when pitch and yaw stabilities are considered, two fins stabilizes a +-configured
missile having planar fins. On the contrary, all four fins contribute to stability of
a x-configured missile. Therefore, control effectivenesses of the two is concluded

to be comparable, in case planar fins are utilized.

Contrary to planar fins, in case of use of grid fins, all four fins has a contribution
to pitch and yaw stability, regardless of their arrangement. Nevertheless, aero-
dynamic control of a +-configured missile is still provided by only two fins. For
this reason, control effectiveness of + configuration is theoretically half of that
of x configuration. Accordingly, + configuration is said to be disadvantageous

when grid fins are used.

3.5 Design Space

Thickness parameter, ¢, is the parameter that drives mainly drag and/or axial
force component. A thick-walled grid fin always creates higher drag force which
is undesirable in any design condition because it is attributed as a loss for any
design purpose. Therefore, under any circumstances, it is advised to choose the
thinnest wall. The lower limit of this parameter is driven by the manufacturing
and operating conditions. Consequently, value of ¢ should be selected as low as

manufacturing and operating conditions allow.

t/w ratio dictates the blockage area, hence the area ratio between freestream
and inside of the fin cells. For subsonic to transonic flights, this parameter is
related to choking phenomenon. Depending on the first critical Mach number,
M1, upper limit for ¢/w is fixed to a certain value to avoid choking, which

causes high drag force and loss in normal force generation.

w/c ratio is an important parameter for supersonic flight regime as it is crucial in
avoiding interference between flow over neighboring walls of a grid fin. Designing
a non-interfering supersonic grid fin will increase the performance. For this

reason, w/c ratio should be high enough so that Mach cones forming from the
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walls do not interact with each other. This dictates a lower limit for w/c.
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CHAPTER 4

RESULTS

In this section, a reference grid fin design on Basic Finner body [40,41] is intro-
duced. The design is carried out for Mach number of 0.75, which is within the

transonic range.

4.1 Objective of the Sample Design

In this section, the objective of a sample design effort is explained. Design
conditions and constraints are also given to identify the limits of this design

campaign.

For execution of sample design, Basic Finner geometry is employed as a baseline
missile. This standard geometry has been extensively used in many research
studies especially in checking various test techniques and new instrumentation
used in wind tunnel experiments [41]. For this reason, it is possible to find
validated aerodynamic parameters of this geometry in wide range of flight con-
ditions in numerous experimental studies. Nowadays, this geometry has been
becoming more popular for validation purposes in CFD community, as well [42].
Moreover, it has been used in the investigation of novel aerodynamic devices
in the literature [43]. For these reasons, aerodynamic data of Basic Finner are
widely available and easily accessible, and thus, it is selected as the baseline

configuration in this thesis study.

The sample design aims to create a grid fin control surface set which is operated

on Basic Finner missile body and has an ability to maneuver the missile as
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effective as original planar fins mounted on the same body. For this purpose,

the Basic Finner geometry, illustrated in Fig. 4.1} is used as a reference model.

M_L__[_____“L_ﬂ__._,l_______- ______ \

-]

(L]

Figure 4.1: Geometric description of the Basic Finner (Dimensions are given
with respect to diameter) [40]

4.1.1 Validation of Basic Finner CFD Solutions

For validation study, results of wind tunnel experiments presented by Dupuis [40]

are employed. CAD model shown in Fig. with a reference diameter of 0.4

meters, is used to conduct CFD solutions.

Figure 4.2: CAD model of Basic Finner used in CFD simulations

Comparison is made on the longitudinal force and moment characteristics ob-
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tained by CFD runs and the experiment. These include normal force coefficient,
C'N, and pitching moment coefficient, C'm. As the behavior of these parameters
is linear with respect to angle of attack, slopes of them definitely identify the
characteristics. For this reason, normal force slope, CN,, and pitching moment

slope, C'm,,, are those that are compared.

CN, and Cm,, data are available in the experimental data for wide range of
Mach numbers. CFD solutions are conducted within a similar range. Angle
of attack values used in the computations are a; = 0° and as = 5°, which
are believed to be within the linear behavior range. Normal force and pitching
moment slopes are calculated for each Mach number by the following numerical
differentiation formulas:

_ CNaa, — CNag,

Qg —

CN,

(4.1a)

Oy, = S0 = O, (4.1D)

Qo —

In Fig. [£.3] it is seen that CFD solutions and wind tunnel measurements agree
well throughout the Mach range.

4.1.2 Calculation of Stability and Control Parameters of Basic Finner

Design Mach number is determined as 0.75, at which transonic phenomena men-
tioned in the literature (see Section , such as high drag and partial loss of
control, are observed. This is accepted as a challenging design condition for grid

fins, considering the transonic bucket.

o
In order to have a similar maneuverability, Se of the Basic Finner is taken as
e

a

the objective parameter. At this point, pitch control effectiveness, 5o of the
e

reference model is calculated using CFD. Before that, CFD simulations should

be validated by comparing the results to experimental data in literature.

The stability and control parameters of Basic Finner is determined via CFD

solutions. Corresponding expressions for these parameters are pitching moment
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slope, C'm,,, and pitch control effectiveness, C'myg., respectively. For determina-
tion of C'm,,, computations are conducted at two different angle of attack values;
similarly, solutions at two different fin deflection angles are required to calculate
Cmsge. Thus, three solution configurations, which can be seen in Fig. [4.4] are
utilized to calculate Cm, and Cmg.. All computations are carried out at the

design Mach number of M = 0.75. Solved CFD cases are also listed in Table .11

|

\ de

()

Figure 4.4: CFD models used for calculation of C'm, and Cmyg,

Table 4.1: CFD cases

Case | M | a | de
(a) 10.750°| 0°
(b) 10.75 5% | 0°
(¢) [0.75]0°] 5°

Pitching moment on center of gravity of the Basic Finner is computed in the

o1



three cases. Following results are calculated from difference between the cases (b)
and (a), and from that between cases (c) and (a), respectively: Cm, = —42.4,
Cms, = 34.6. As a result, pitch control effectiveness of the Basic Finner is found

«Q
. — = —0.81
as 5o 0.816

This result specifies the aim of the design effort for missile with grid fin. The

objective is determined as to obtain a pitch control effectiveness of 0.816.

4.2 Employment of Unit Grid Fin Solutions

The design procedure of the grid fin set turns into an optimization of candidate
geometries. To facilitate this procedure, unit grid fin (UGF) concept is intro-
duced at the beginning of this chapter (see Section . In this section, how
the CFD solutions of UGF are implemented into the whole problem is explained

in detail.

Pitching moment is the major aerodynamic parameter in identification of fin
performance. This parameter is divided into contributions from the components
of the missile, which are the missile body (and all other components other than
fins, if any), subscripted as ‘M’ and grid fin, subscripted as ‘GF’. The complete
missile is subscripted as ‘M GF"’, as an abbreviation of ‘missile with grid fin’,
while the subscript ‘UGF”’ stands for unit grid fin. Pitching moment slope of
a missile with grid fin can be expressed with Eq. ignoring the interactions
between the components. All the terms in the equation are expressed at the

center of gravity location.

CmocMGF = CmaM + CmOéGF (4‘2)

Quantity of C'm,,, depends on the aerodynamic characteristics of the compo-
nents other than fins. In other words, this value contains the information of the

aerial vehicle on which the current grid fin design is going to be installed.

Cmyg,, is the change in the pitching moment created by the grid fin at the
center of gravity with respect to angle of attack. Considering a set of four grid

fins each of which is composed of n UGFs, Eq. can simply be obtained. At
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this point, one can argue that the orientation of the fins (x or + configuration)
matters because of the downwash and upwash effects of body. x configuration
does not suffer from this issue, as it is explained in Section [3.2.2] while fins in
+ configuration are exposed to different effective angles of attack. However,
since vertically oriented fins are affected by body in the opposite direction of
horizontally oriented ones, those effects cancel out and the summation of longi-
tudinal loads are again based on the nominal values. Therefore, Eq. [£.3]is valid

independently of arrangement of fins.

CMagpr =4 X1 X CMmegy oy (4.3)

Pitch control parameter, C'ms., of a missile grid fin results from the deflection
of the control surfaces, and body or any other equipment does not have a con-
tribution at zero angle of attack. Therefore, pitch control parameter of missile

with grid fin is equal to contribution of grid fin only.

When the + configuration is considered, as explained in Section [3.4] only side-
ward fins are active in control. Thus, only two fins are taken into account.
Rotation plane of these fins are coincident with the vertical symmetry plane
of the missile. Since the angle of attack is defined on the same plane as well,
pitch moment derivative with respect to angle of attack can be utilized for de-
termination of deflection characteristics of a +-configured fin set. Thus, CFD

solutions at different angle of attack values will be more than enough to calculate

C'Migepyer for those kind of missiles, as formulated in Eq. [4.4a]

By a similar assessment, it is argued that each fin has a potential in creating
moment at the center of gravity in the case of x configuration. However, unlike
the + configuration, deflection angle is not defined in the vertical symmetry
plane, which causes two CFD solutions with different angle of attack values to
be insufficient to characterize the aerodynamic effects of fin deflection. Hence,
deflection solutions must be modeled separately defining flow angle in a proper

plane. This discussion leads to Eq.
CMseryar = CMsecr =2 X0 X CMgyap (4.4a)
CMserser = CMsep =4 X1 X CMgeyyp (4.4b)
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Pitch control effectiveness is calculated with the above information, by dividing

Eq. by Eq. and inserting Eq. into the latter. As a result, 53
e

is expressed using the parameters to be obtained by CFD solutions of UGF
models. Egs. and address to + and x configurations, respectively.

o (C’m5€> 2 xnx Cmag,gp (4.50)
MGF

de Cmg - Cma,, +4 xn x Cma,ep
a C'mee _ 4 xnx CMmgeyep (4.5b)
de Cma ) yyor  CMay +4 X1 x Cmaye, '

After having derived the expressions for pitch control effectiveness, a discussion
about the relation with static stability of the missile body, which is denoted by
Cmy,,, should be made. Magnitude and sign of this value is said to be crucial

o
in terms of applicability of a grid fin control system because S is strongly
e

dependent on C'm,,,. In Eq. @.5a, in case of Cm,,, = 0, 2 will take a value

oe

of 0.50, which will be lower for negative values of Cm,,,. This statement is

independent of the quantity of Cm,,,,; hence, designing an effective grid fin
for ‘stable without fins’ vehicles is not considered. Therefore, an ‘unstable body’
is required to start a grid fin design with the method presented in this thesis.
A similar assessment might be done for Eq. by roughly presuming the
following relation, which is due to orientations of angle of attack and deflection

planes:

Cm5
—OCUGF sin 45°
CmaUcF

Using UGF models results in certain level of errors due to assumptions. Possible

sources of errors and weaknesses are listed below:

1. Aerodynamic interference of grid fins with the missile body and other
components is ignored. This occurrence gets significant as the planned
location of fins moves towards nose of missile since more region will be

affected by the wake of the grid fins.

2. External frame and connecting elements of grid fin are not taken in the

account.
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3. Up- and downwash effects of body are presumed to be in balance such that

total loads of four grid fins does not deviate from nominal.

4.2.1 Description of CFD solution cases

Calculation of Cmyg,, and Cmse,, quantities requires CFD solutions of a
UGF model, previously represented in Fig. [3.14] at two different flow angle
arrangements. As done in validation campaign of Basic Finner (see Section
, in addition to 0° angle of attack and deflection case, solutions are needed
at a non-zero angle of attack and deflected cases for the calculation of Cmy,, .,
and Cmye,, ., respectively. Angular quantities are assumed to be within the

linear behavior range of grid fin.

Walls of a grid fin set arranged in + configuration lie in diagonal directions
(see Fig. 4.5al), while they lie in principal directions in case of X configuration
(see Fig. [4.5b)). In this thesis study, x configuration is selected as a result
of the assessment in Section 3.4l For this reason, orientation of UGF in CFD

simulations are arranged in principal directions.

Flow direction is defined using the coordinate axes shown in Fig. |4.5 By
right hand rule, x-axis can be inferred as in the direction of nose of the mis-
sile, or leading edge of the grid fin. By definition, angle of attack is given in
the zx-plane. Therefore, unit vector of the freestream velocity is expressed as

[— cos(a)i — sin()k], considering sign conventions.

Cms. appears in Eq. and it is calculated for only x configured fin set. For
this configuration, deflection axes of grid fins are parallel to 45° and —45° lines in
yz-plane. Therefore, in order to simulate the flow over a deflected fin, the velocity
vector relative to coordinate system fixed to UGF should be defined. This vector
is obtained by rotating the vector expression determined for + configuration
about x-axis by negative 45°. Thus, following rotation matrix multiplication is
done to express the same vector in the frame of fin #1, which is the upper-right

one looking from the rear:
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(a) + configuration

(b) x configuration

Figure 4.5: Matching configurations of MGF and UGF (forward view)

1 0 0 —cosde
0 cos(—45°) —sin(—45°) 0
0 sin(—45°) cos(—45°) sin de

When multiplication is done, unit vector of relative velocity, which is to be

assigned to the pressure-far-field type of boundaries, is found as

sin(de) - N sin(de)

vzt

— cos(de)i +

For other fins, sign of the j term can be either — or +. Because lateral force
and moment components are out of interest, this unit vector representation is

valid for all fins.
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4.3 Design Space of the Sample Design

Current design effort is made to arrange an optimum grid fin control set for a
0.4 m diameter Basic Finner body at design Mach number 0.75, as stated before.
In order to specify the design space, the geometric parameters are investigated
one-by-one. t/w, w/c and ¢/D are the dimensionless parameters introduced in

the previous chapter.

Thickness of the walls, ¢, is determined based on the discussion in Section[3.5 As
the value of ¢ is arranged as small as manufacturing conditions allow, a unique
value is assigned for this parameter. Amount of this value does not influence

the remaining of the design process, so t = 1 mm is assigned as a ‘safe’ value.

Upper limit of ¢ /w is determined considering choking phenomenon that is avoided
by utilizing area rule for M = 0.75. Corresponding critical area ratio for
M = 0.75 is calculated by Eq. 2.3 as 0.9412. Ratio of outflow to inflow cross-

sectional areas in a generic grid fin cell is

(w—1)

—t
L —0.9412 — £ — 0.9702

w w

therefore, critical thickness-over-width ratio,

(i) = 0.0298,
w cr

is the upper limit in the design space to avoid choking.

Chord parameter, ¢, is desired to be maximum to increase the lifting surface
area. For this reason, c is also assigned a unique value, like done for ¢. Limit
for the maximum chord value is set by the geometric constraints. For example,
a tube-like launcher station for missile is a candidate for constituting geometric
constraint, in case fins are stowed on the missile body and placed in the tube
in that way. Total length of 2 chords and missile diameter should not exceed
the launcher diameter. Consequently, chord parameter is selected as 10% of the

diameter. In other words, ¢/D is assigned to 0.1.
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The parameter w/c is limited by 10 in order to prevent extremely and unrealis-

tically high width values.

Design space is constructed decreasing ¢/w from maximum value by a step size
of 0.0025, as seen in Table . 12t design point has such a large width value
that is equal to diameter of missile. Hence, proceeding beyond this design point
would yield an impractical solution. After solutions are obtained, it is decided
to add two more points between design points 11 and 12, for refinement purpose.

Values of parameters and full set of design points are listed in Table [£.2]

Table 4.2: Design points (Dimensional parameters are given in milimeters.)

D |¢/D| ¢ t
400.0 | 0.1 |40.0]| 1.0

# | t/w w w/c | Remarks

1 10.03000 | 33.3 | 0.833 | Maximum ¢/w

2 10.02750 | 36.4 | 0.909

3 10.02500 | 40.0 | 1.000

410.02250 | 444 | 1.111

510.02000 | 50.0 | 1.250

6 | 0.01750 | 57.1 | 1.429

7 10.01500 | 66.7 | 1.667

8 10.01250 | 80.0 | 2.000

9 | 0.01000 | 100.0 | 2.500
10 | 0.00750 | 133.3 | 3.333
11 | 0.00500 | 200.0 | 5.000
12 | 0.00250 | 400.0 | 10.000 | Extreme width
13 | 0.00375 | 266.7 | 6.667 | Refinement point 1
14 1 0.00300 | 333.3 | 8.333 | Refinement point 2

4.4 Calculations at Design Points

CFD solutions are conducted for UGF model in x configuration at design points
given in Table 4.2l For domain and mesh creation, the same methodology is
performed as in Section[3.2.3] Three solutions per design point are carried out, as
shown in Table [£.3] The rightmost column contains unit vector representations

of direction of freestream velocity.
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Table 4.3: CFD cases solved at each design point

\%

Case | M | o | e —

V]
(a) 1075 0°]| 0° [ —1.0000 0.0000 0.0000 |7
(b) |0.75|5°] 0° | [ —0.9962 0.0000 —0.0872 |*
(c) 0.75 | 0° | 5° [ —0.9662 0.0616 0.0616 ]

Purpose of obtaining the results of these cases is to acquire the necessary quan-
tities and to determine n in the Eq. for each design point. Then, the

optimum design point, which yields minimum drag force, is to be determined.

If Equation is solved for n, following relation is obtained

2« Cma,,
n = oe - (4.6)
4 X Cmseyp — 4 X 50 < CMaygr
e

where Cm,,,, is calculated by solving body geometry alone and it has a value
of 4.98. This means that it is possible to find a sufficient number of UGFs
that satisfies a certain amount of pitch control effectiveness, which is previously

determined as an objective of the sample design.

To calculate the pitching moment created by UGF at center of gravity of the
missile as required by [4.6] normal force on the UGF, which is defined in missile
coordinate axes, is obtained as the output of CFD solution. Pitching moment

is calculated through Eq. [£.7]

l
Cmyar = CNugr lGi (4.7)

where I denotes the moment arm of grid fin, as shown in Fig. and reference

length, [,.; is equal to the diameter of body, which is 0.4 m.

Equation [4.7] enables writing following two relations:

lar

CmaUGF = CN&UGF ﬂ (4'8>
lar

Cm5eUGF = CN5€UGF ﬂ (4'9)
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Figure 4.6: Moment arm of the GF set

Normal force derivatives, C' N, and C'Ny,, are calculated by numerical differen-

tiation:

0
CNucry, — CN,

CNyporr = ole) 4.10
ver Qo) — Qe (410
0
CN, — CN,
CN(SGUGF = UGF@(C) 0@(a> (411)
(56@(0) — 56 (a)

As a result, required number of UGFs providing 52 = —0.816 is calculated for
e
each design point and listed in Table [4.4]

Table 4.4: Required n values for design points

# | t/w w w/e | n
11 0.03000 | 33.3 | 0.833 | 109
210.02750 | 36.4 | 0.909 | 138
31 0.02500 | 40.0 | 1.000 | 75
410.02250 | 444 | 1.111 | 56
51 0.02000 | 50.0 | 1.250 | 42
6 0.01750 | 57.1 | 1.429| 31
710.01500 | 66.7 | 1.667 | 22
8 10.01250 | 80.0 | 2.000 | 15
9 1 0.01000 | 100.0 | 2.500 7

10 | 0.00750 | 133.3 | 3.333 6

11 | 0.00500 | 200.0 | 5.000 4

12 | 0.00250 | 400.0 | 10.000 5

13 | 0.00375 | 266.7 | 6.667 4

14 | 0.00300 | 333.3 | 8.333 3

It should be remembered that, by employment of required number of UGFs, all
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design points have the same %, which is 0.816. However, they vary in being an
efficient design, which means the drag force created by each design selection has
a different value. CFD solutions of case (a) (see Table are utilized in order
to calculate drag contributions of design choices. This is done by Eq.

CDGF =nX CDUGF (412)

Variation of drag force on the design alternatives is plotted in Figure [£.7] It is
seen that there exists a minimum drag force between DP9 and DP11. These are
accounted as candidates for the most efficient, i.e., optimum design. Note that

these are the values corresponding to internal faces that are represented by unit

grid fin.
0.14
DP1
012
* o2
01 + os
D + Dps
008 4 DF6
DP7?
+ P # DP12
0.04 & oF8
+ Do DP13
DP14
0.02 R ’ﬁ—
DP10 DP11
D T T T T T T 1
0035 003 0025 002 0015 001 0005 o
t/w

Figure 4.7: Drag coefficients of design alternatives

A new parameter, characteristic length, L, is defined to have a sense for overall
dimensions of the grid fin. This has a theoretical definition considering that
UGHFs are placed in a square-shaped frame. Such a definition allows comparing

the possible dimensions of a grid fin in use of each design alternative.

L=wx+/n (4.13)

Variation of characteristic length is plotted in Fig. 1.8 DP9 is observed as
the most advantageous alternative in the aspect of overall dimension. As a

consequence of evaluation of design alternatives, DP9 is selected as the optimum

solution, which, according to Table f.4] has n = 7 UGFs.
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Figure 4.8: Characteristic lengths of design alternatives

4.5 The Full MGF Model of Optimum Solution

The grid fin resulted from the optimization procedure is created as a CAD model.
As calculated in previous section, number of repetitions, n, is aimed to have a
value approximately equal to 7. Pattern of UGFs and symmetry issues result in
the geometry shown in Fig. [4.9a] with n = 8. This GF has 5 of type 1, 4 of type
2 and 4 of type 3 nodes.

Optimized grid fin is mounted on body of Basic Finner and CFD solutions
are conducted on this geometry. Thus, control, stability and drag quantities
estimated by UGF model are compared with those calculated for MGF model.
Front view of CAD model of MGF is seen in Figure [1.90]

4.5.1 Mesh Independence Study

The mesh independence study is conducted on three meshes having coarse,

medium and fine intensities.

Three different meshes are created by changing growth rates of both triangular
surface elements and tetrahedral volume elements. The surface meshes on the
missile with grid fin geometry are created by means of ANSY'S 14.0, while TGrid
5.0 is used in creation of 3-D elements. The surface meshes created for this study

are shown in Figures [£.10] and Boundary layers are resolved by prismatic
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(a)
(b)

Figure 4.9: Optimum GF and MGF geometries

cells grown from the triangular surface elements. The thickness of the first prism
layer is fixed to assure that the y™ value is maintained around the order of 1.
The aspect ratio of elements in the last layer is kept as 4 throughout all the wall
boundaries, in order to have smooth transitions between neighboring elements.

10 prism layers are created for each triangular boundary face.

(a) Coarse (b) Medium (c) Fine

Figure 4.10: Surface meshes on the grid fin surfaces

ANSYS FLUENT 14.0 solver is utilized to run the simulations with the same set-
tings as those employed in validation runs in the previous chapter. M., = 0.75
is assigned as the freestream conditions. Freestream pressure and temperature
values are taken from ISA table at sea-level conditions. Aerodynamic force and
moment values at the wall boundaries are computed after satisfactory conver-
gences are achieved. Force quantities are nondimensionalized using freestream

dynamic pressure and reference area, S,.r, while moment coefficients are ob-
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(a) Coarse (b) Medium (c) Fine

Figure 4.11: Volume meshes in vertical symmetry plane

tained using the reference length, /,.s, in addition to other two. Reference area
and length values are determined as cross-sectional area and diameter of missile

body, respectively, which are 0.1257 m? and 0.4 m.

The parameters investigated in the independence study are axial force coefficient,
C A, normal force coefficient, C'N, and pitching moment coefficient, Cm, acted
on missile with grid fin surface. C'A is calculated for zero angle of attack in order
to determine the accuracy of drag prediction. CN and C'm are computed using
the solutions at @ = 4°. The difference between the simulations with medium
and fine mesh is around 1% for each parameter (see Table [1.5). Therefore, it is

concluded that medium mesh provides satisfactory mesh resolution.

Table 4.5: Axial and normal force results with different meshes

Number of | CA | Rel. | CN | Rel. Cm Rel.
elements error error error

Coarse 6,024,060 0.652 - 0.902 - —2.622 -
Medium 8,319,076 0.626 | 4.15% | 0.870 | 3.68% | —2.544 | 3.06%
Fine 11,684,950 | 0.620 | 0.96% | 0.860 | 1.16% | —2.520 | 0.95%

4.5.2 CFD Solutions of MGF Model

In this section, results of CFD analyses conducted on MGF model are presented
and they are compared to the parameters obtained by the UGF model. CFD so-

lutions of MGF model are carried out at conditions listed in Table .6} C'maq,,q,
a

de

CMseppeps and C'Dy;, parameters are calculated in the same method as in
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Eq. 4.1}

Table 4.6: CFD cases

Case | M | a | de
(a) 0.75|0°| 0°
(b) [0.75|5° | 0°
(¢) [0.75]0°] 5°

Comparison is made between the results obtained in Section and MGF so-
lutions. Loads on exterior frame and connecting rods of grid fins are excluded
from the comparison for consistency. However, ‘frame & rods included’ results
are also presented to show the contribution of these components. Also, the same

parameters of Basic Finner are listed in Table [4.7]

Table 4.7: Comparison of resulting parameters

calc. by | calc. by MGF | calc. by MGF BF
UGF (frame & rods | (frame & rods | (planar
(n=7) |excld.) (n=238) | incld.) (n =2_8) fins)
Cm,, —14.1 —19.2 —35.3 —42.4
Cmge 11.5 16.2 28.9 34.6
a/de —0.815 —0.844 —0.818 —0.815
CDy¢;, 0.0165 0.0204 0.0565 0.0599

The results show that C'm,, and C'mg,. are underestimated by utilization of UGF.
Large part of the error margin is originated from different values of number n.
As mentioned before, although n is calculated as 7 for DP9, the fin can be
modeled in a pattern such that n = 8. This fact increases both parameters in
the full model solution. However, ratio of C'ms, readings in 15 and 2" columns
of Tableis less than g This difference can be concluded as error arising from
UGF model. This type of error can be associated with the number of UGFs, n,
since when it has a smaller value, validity level of the representation of UGFs
decreases. In order to explain this statement, two different grid fin examples,
which are shown in the previous sections of the thesis, are presented here again.
The one in the Fig. involves much more nodes, thus, much more the
internal "type 1" nodes, which are fully represented by the UGF model. On
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the contrary, within the fin in Fig. [£.12D] there is no dominance of "type 1"
nodes and number of the other types of nodes is also significant. Owing to large
number of these ‘less-representative’ nodes, modeling error might increase and
this might negatively affect the success of the UGF model. The deviation in
Cm, and Cmy,. readings between 2"! and 3™ columns is also associated with
the same situation, as the importance of contributions of frame & rods is much
higher with decreasing n. Fortunately, these two parameters are calculated
relatively close to those of Basic Finner in this particular problem when loads

on frame & rod components are taken into account.

283

283

(b) A low n grid fin (n = 8)
(a) A high n grid fin (n = 38)

Figure 4.12: Two grid fin examples

In spite of the deviation in parameters C'm, and Cms, between UGF and MGF
solutions, % values calculated by any of the methods agree well, as well as they
agree with data of Basic Finner. Compared to planar fins, less value of drag
force obtained with use of grid fins, even when frame and connecting rods are
included in the calculation. Nevertheless, the frame geometry, i.e. thickness,
might be unrealistic since the structural concerns are not taken into considera-
tion, therefore, it is not easy to claim that the current grid fin design is more
efficient than the planar fins of the Basic Finner in terms of drag characteristics.

The frame and rod thicknesses are used as 1 mm and 10 mm, respectively, in

this study.

Total drag on all four fins is of the same order of magnitude as the drag on body

component, which has a value of 0.286. Therefore, minimization of the fin drag
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is concluded as an important issue for overall performance.

Dimensional comparison of the current grid fin design and the planar fin set of
Basic Finner is shown in Fig. [{.13] Grid fins occupy less volume compared to
planar fins, although their effectivenesses are almost equivalent. In addition,
dimensions of the current grid fin allows stowing the fins on the missile body.
Each grid fin should fit on a quarter of circumference of the body cross-section,
when they are stowed, in order to have a superior packaging feature, which is
introduced as one of the motivation issues for designing a grid fin. Quarter
circumference is calculated as %ﬂ'D = 314 mm, while total width of one grid
fin is 288 mm. The sketch of this scenario is shown in the Fig. [4.14] which
shows that stowed fins are not encountered by any mechanical engagement with

each other. The stowing issue is further improved by the study conducted in

Section [4.6]

Dl
GTO

Figure 4.13: Dimensions of planar and current grid fins on Basic Finner body

Figure 4.14: Sketch of the stowing scenario
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4.5.3 Hinge Moment Characteristics of Current Grid Fin Design

Hinge moment characteristics of current grid fin design is studied in comparison
with baseline planar fin model. Hinge moment requirement to operate grid
fin is anticipated lower than that required for planar fin, because of minimal
change in center of pressure location of grid fin in chordwise direction. To
conduct a proper comparison, CFD solution are carried out for MGF and BF
configurations. This is done within an angle of attack range in order to be
able to create a displacement in center of pressure. After the solutions are run,

aerodynamic moments about the hinge lines of both components are obtained.

Hinge lines of grid fins are usually coincident with the centerline (see Fig. [4.15).
However, for planar fins, there is no common hinge axis defined. As a usual
practice, a hinge axis yielding the minimum hinge moment requirement is de-
termined, by considering all flight conditions that the missile is going to be
exposed. That is, determination of hinge axis takes place after the solution data
are obtained. For this purpose, in this study, aerodynamic moment and force
data are acquired at an arbitrary point, which is the trailing edge of the fin, and
they are moved freely to an intended location. In this study, flight conditions

are determined as:

HiH |

Figure 4.15: Hinge line of grid fin

M =0.75 & o = {0°,2°,4°,6°,8°,10°,12°, 15°}

At these conditions, CFD simulations are conducted for both fins and aerody-
namic force and moment exerted on each fin are computed. Force and mo-

ments are expressed in coefficient form, which is obtained using reference area,
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Srer = 0.1257 m?, and reference length, l,.; = 0.4 m, which are equal to cross-

sectional area and diameter of the missile body, respectively. Hinge moment

coefficients of grid fin in different flow conditions are listed in Table

Table 4.8: Hinge moment coefficient data of the grid fin

«a Cmy,,,.

0° | 0.00 x 10°
2° | 1.58 x 1073
4° | 261 x 1073
6° | 2.23 x 1073
8 | 3.72x 1073
10° | 4.21 x 1073
12° | 4.54 x 1073
15° | 4.77 x 1073

For planar finned Basic Finner, aerodynamic normal force and moment coef-

ficients calculated at the trailing edge are listed in Table 1.9 The values are

used to calculate the hinge moment values at each angle of attack. The hinge

moment data of planar fin can be carried to any longitudinal position applying

Eq. [4.14] At a certain location, maximum of hinge moments in all angle of

attack conditions has the minimum value, as seen in Fig. [4.16]

Table 4.9: Normal force and moment data of planar fin expressed at the trailing

edge
« CNfin Cmte
0° | 0.00 x 10° | 0.00 x 10°
2° | 1.76 x 1071 | 1.36 x 107!
4° | 3.64 x 1071 | 2.77 x 101
6° | 579 x 1071 | 4.17 x 1071
8 | 7.37 x 107! | 5.32 x 107!
10° | 9.60 x 1071 | 6.22 x 1071
12° | 1.04 x 10° | 6.49 x 107!
15° | 1.16 x 10° | 6.90 x 101
Cmpy = Ciitge — ——C'Nys (4.14)
ref

where subscript te stands for "trailing edge" and x is the coordinate in missile

axial direction.

69



yd

/

S

"

/

T

1]

Figure 4.16: Maximum hinge moment vs. hinge location on planar fin

The distance between the most efficient hinge location and the trailing edge is
calculated as 0.258 meters. Table shows the hinge moment coefficients with
respect to angle of attack at the most efficient hinge location. It also includes the

hinge moment data of the grid fin (shown in Table for comparison purpose.

Table 4.10: Hinge moment comparison of planar fins of Basic Finner and current

grid fin design

0o 01

0.15
X-X

0.2 023 0.3

(m)

a Cmyp,, Cmyp,
0° 0.00 x 10° | 0.00 x 10°
2° 1224%x 1072 | 1.58 x 1073
4° 1416 x 1072 | 2.61 x 1073
6° | 432x1072|323x10°3
8 | 565x 1072 |3.72x 1073
10° | 2.50 x 1073 | 4.21 x 1073
12° [ 1.92 x 1072 | 4.54 x 103
15° | 5.65 x 1072 | 4.77 x 1073
Max. | 5.65 x 1072 | 4.77 x 1073

As seen in Table [£.10] hinge moment of the planar fin is about ten times higher
than that of grid fin, even when the hinge location of the planar fin is selected
as the most efficient. This is a result of large amount of displacement of center

of pressure on the planar fin. Power requirement of actuation motors is reduced

when currently designed grid fin is used.
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4.6 Curved Grid Fin

In this section, a drag reduction technique is applied to the present grid fin
design. This grid fin has equivalent flight control characteristics with given
conventional planar fin, and it is aimed to obtain a further improvement in its

efficiency and design on drag and packaging characteristics.

A couple of drag reduction techniques is mentioned under the literature survey
(see Section . Two most popular examples are sweptback grid fins and grid
fins with sharp leading edges [8]26,27|. Both methods are based on weakening
the high pressure region formed after stagnated flow in front of the leading edges.
Utilizing each method alone or both together, instead of a strong pressure wave,

a number of weaker waves is obtained, as schematically represented in Fig. [£.17]

Figure 4.17: Weakening the stagnation regions by leading edge sharpness and
backsweep angles [26|

A similar approach is proposed by Li et al., who introduced "circular-arc grid
fins" in order to reduce drag force in low supersonic speeds [29|. Circular-arc
(or curved) grid fins also create an offset between the leading edges of the grid
fin. Therefore, a drag reduction is expected in transonic flow, too, as a similar
effect with sweptback grid fins. Moreover, curved grid fins provide a further
convenience in stowing the fins on the missile body, if they are designed in such
a way that the leading edges match the missile body surface when they are
stowed (see Fig. . This necessitates that the radius of curvature of grid fin
is equal to radius of the missile body. After these assessments, the curved grid
fin analyzed in the current study is determined as shown in Fig. Flat grid
fin model, which is developed in the previous section, is shown in Fig.
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Figure 4.18: Sketch of stowing scenario of curved grid fin

flow flow

I |1

(a) Flat grid fin model (b) Curved grid fin model

Figure 4.19: Grid fin models in the transonic drag reduction study

4.6.1 Comparison of the Results of Missiles with Flat and Curved
Grid Fins

The mesh on the curved grid fin is generated with the same parameters (growth
rate, etc.) as medium mesh of flat grid fin, in order to ensure obtaining a proper

comparison between two models.

The effects of curved grid fin application on missile body are examined by a
number of simulations at design Mach number, M = 0.75, and sea-level standard
conditions. The simulations are conducted at varying angle of attack values, the
range of which is [0°,15°]. Investigation of aerodynamic behavior of the two
models are made in aspects of overall aerodynamic properties of missile with

grid fins and hinge moment characteristics of the grid fins.
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Use of curved grid fins results in a decrease in drag force on the whole missile,
as shown in Fig. This reduction has a magnitude up to 4% relative to
drag force on missile with flat grid fins. The difference in drag created by the
two models decreases as angle of attack is being raised. No significant change
in normal force on the missile is observed in use of the two different grid fins as
seen in Fig. [£.20a] It is observed that pitching moment values are slightly lower
in the case of curved grid fin application. The reason for this is that the center
of pressure of curved grid fins is located at more forward relative to that of flat

ones.

Hinge moment characteristics is the second issue that is studied for the curved
grid fin. The CFD simulations that is used for determination of overall aero-
dynamic properties are again utilized in order to determine the aerodynamic
moment exerted on a single grid fin about its hinge axis. In this particular
study, only the grid fin surfaces (including the frame and connecting rods) are

acquired as the output of FLUENT solver.

Hinge axes of grid fin models are defined as the geometric centerline of connecting
rods. Sketch of the centerlines is presented in Fig. [£.21] The hinge axis of curved
grid fin is located at 15 mm forward of hinge line of the flat grid fin.

Hinge moment data taken from the CFD simulations are presented in Table
and Fig. [£.22] The results show that application of curved grid fins increases
the actuator requirement with a great significance. It is also remarkable that
the maximum hinge moment on curved grid fin is approximately half of the
value calculated for the planar fin in Section [£.5.3] Furthermore, it is possible
to improve hinge characteristics of curved grid fin by selection of a better hinge
axis, which is located as close as possible to the center of pressure of fins, with

an appropriate mechanical design.
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Figure 4.20: Aerodynamic force and moment comparison of the two models
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Table 4.11: Hinge moment comparison of planar fin and current grid fin designs

i

AN

Figure 4.21: Hinge lines of the curved and the flat grid fin models

a Cmp,,. Cmy,,,. Cmy,,,.
(flat) (curved)
0° 0.00 x 10° | 0.00 x 10° | 0.00 x 10°
2° 224 x 1072 | 1.58 x 1073 | 6.32 x 1073
4° 416 x 1072 | 2.61 x 1073 | 1.22 x 102
6° [4.32x1072]3.23x1073 | 1.71 x 1072
8 [ 5.65x1072]3.72x 1072 | 2.07 x 1072
10° | 2.50 x 1072 | 4.21 x 1072 | 2.36 x 1072
12° [ 1.92x 1072 | 454 x 1073 | 2.58 x 1072
15° | 5.65x 1072 | 4.77 x 1072 | 2.85 x 1072
Max. | 5.65 x 1072 | 4.77 x 1073 | 2.85 x 1072
0.03 5
0.025 il O
0.02 O
Cm; 0.015 o
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0.005 [ 50 o e
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Figure 4.22: Hinge moment coefficients of the curved and the flat grid fin models
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CHAPTER 5

CONCLUSION & FUTURE WORK

In this thesis study, grid fin control devices in transonic flight regime are studied
by means of theoretical assessments and computational efforts. After introduc-
ing typical characteristics of grid fins, a new design methodology, which is useful
for design of grid fins of missiles in transonic flight, is explained and it is applied

to an example case.

Behavior of grid fins in different flow regimes is investigated. Typical charac-
teristics within transonic flight, which are of main interest in this thesis, are
observed and associated with mathematical models. The most important find-
ing is that the choked flow within the cells of a grid fin can be analyzed by the

converging nozzle analogy.

Grid fin design procedure is explained and ‘unit grid fin’ concept, which is de-
veloped and used in current thesis study, is introduced as a CFD model. This

model significantly reduces the requirement for computational efforts.

A sample design effort is conducted for transonic flight (M = 0.75) in order to
obtain an equivalent control characteristics with one of the widely known generic
missile geometries having regular planar fins. In this study, a grid fin geometry
is created and mounted to the same missile body, instead of planar fins. At the
end of the design study, an alternative design that leads to the least drag force
is chosen. It is seen that a more efficient design is accomplished when compared
to baseline planar fin design in terms of drag and hinge moment characteristics.

Hinge moment of the grid fin is found less than one tenth of minimum possible
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hinge moment of the planar fin. Although drag force on the new grid fin design
is calculated slightly less than drag force on baseline planar fin, this result might
be unrealistic since the drag force strongly depends on frame & rod thicknesses,

whose values are not verified to fulfill the structural requirements.

A simple change in the grid fin geometry is made to obtain the curved grid fin,
which is desired in order to stow the fins more compactly. This geometry does
not only provide a more effective packaging, but it also yields less drag force for
the complete missile without changing control and stability characteristics. Drag
reduction is achieved up to 4% by utilizing the curved grid fin. The drawback
of using the curved grid fins is observed as relatively high magnitudes of hinge

moment.
Following important conclusions are made after current thesis study:
1. Choking and all other undesired occurrences can be avoided by adjusting
dimensional parameters properly.

2. Unit grid fin (UGF) concept can be utilized in order to reduce compu-
tational costs and it provides satisfactory accuracy for the low transonic

range of flight conditions.

3. ‘X’ configuration should be preferred for arrangement of grid fins on a

missile body.

4. Transonic operation of missiles with grid fins is possible with a careful

design.

5. Validity of UGF approach improves as the number of cells in a grid fin

mcreases.

6. Grid fins have a potential to perform at least as efficiently as planar fins

in transonic flight regime.
7. Curved grid fins can be utilized to achieve a more compact packaging and
lower transonic drag force.
Following research items are addressed as future work:
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. A similar design procedure is planned to be applied for low and high su-

personic regimes.

. High angle of attack behavior of the grid fin is planned to be investigated
to characterize the linear response range, which is crucial in robustness of

control algorithm.

. The sample design in current thesis study constitutes an aerodynamic
database for changing parameters within certain geometric restrictions.
This database is planned to be enlarged considering different geometric

and structural restrictions.

. The design procedure is planned to be applied on various missile body

types possessing different static stability characteristics.

. Roll control characteristics and their effect on the design of the grid fin

should also be covered in the future.

. Frame profile is one of the items that is not covered in current thesis. It
is also important parameter in decreasing drag force as well as being a
structural member. Therefore, its optimization should be addressed in the

future.

. Length of the connecting rods are also one of the parameters that is not
studied in this thesis. Determination of this parameter is also planned to

be studied in the future.
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