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ABSTRACT

AERODYNAMIC DESIGN AND PE RFORMANCE ANALYSES OF GRID
FIN IN SUPERSONIC FLOW USING DESIGN OF EXPERIMENTS AND
COMPUTATIONAL FLUID DYNAMICS

Dincer, Erdem
Master of ScienceAerospace Engineering
SupervisorAssoc Prof. Dr. Nilay Sezer Uzol

February 2022111 pages

Control surfaces are key components of missile aerodynamic performance that can
create the necessaryorces and moments to make maneuvers. Grid fins are
unconventional control surfaces used for aerodynamic control of missiles. In this
thesis, parametric dgn of grid fin is performedin terms of aerodynamic
performance using Design of Experiments and Computational Fluid Dynarhis.
3-D, steadystate, compressible, viscous flow CFD simulations are performed for the
complex grid fin geometries in supersoobnditions, using polyhedral unstructured
grids. Design of Experiments method is used to reduce the number of
computationally expensive and tinsensuming CFD analyseBirst, a validation
study is performed for the CFD simulations using MICOM grididist caseThen,

the aerodynamic performances of different grid fin designs are investigsitegl
design parameteeschord, span, width, gap between members, web thickness, and
frame thicknessGrid fin geometries are investigatetl Mach number of 2.5 for
different angles of attack between 0° and &5dfor roll anglesof 0° and 45° at sea

level standard atmospheric conditiohs parameter screening results, it is shown



that the normal force, side foramdroll moment coefficiergdo not affected by the
frame and web thickness parameters. Response surfaces are vaidhiemh be
used for optimization studies of grid fikligh chordto-gap ratiodecreases the
aerodynamic performance whidch caused by the separation in higherlesigf

attack valuesAlso, the change in the roll angl&luencesthe flow behavior which

affects the aerodynamic performance of grid fins.

Keywords: Grid Fin, Computational Fluid Dynamicf)esign of Experiment,
Response Surface, Miss#eerodynamics
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DENEY TASARI MI VE HESAPLAMALI AKI kKANLA
KULLANILARAK S| PERSONKK AKI kKkTA | ZGARA
AERODKNAMKK TASARI MI VE PERFORMANS ANA

Dinger, Erdem
Yuksek LisansHa v ac el eM¢ hveen dlizaalyi J i
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Kontrol yuzeyleri, manevrgapabilmekigin gerekli kuvvet ve momentaratabilen

fé¢ze aerodinami k performansénén temel bi
aerodinami k kontrolg¢ 1 -in kullanél an gel
tezde, ézgara kanat-ékl arénén parlagmetr i k
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ol arak, mevcut MICOM ézgara kanat-ék test
yapél méktéewet Pahakaonataa-¢ékl éj e, kanat g
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kul l anél ar ak far kl é €ézgar a kanat - ék t a
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CHAPTER 1

INTRODUCTION

Designing any aerial vehicle requires several design iterations to achieve a design
solution which meets the requirements. In each iterati@wyehicle is resized to
improve performance. From missile aerodynamics point of view, control surfaces
are vital components in missile design process. These devices can be deflected back
and forth to generate forces and moments to make the missile pictangaroll
maneuvers and eventually change the attitude of the missile.

In this thesis, a desigstudy for a grid fin control surfaceusing response surface
methodlogy is performed The methodlogy applied in this thesisncludes the
investigation of g fin parameters and their effects on aerodynamic performance.
Although some parameters are expected to have no influence in the grid fin design,
complex aerodynamic flow field makes the interference effects between parameters
significant. Due to the naterof this multi-parameter design problem, a design of
experiment (DOEgapproach isisedinto the desigmethodology

1.1  Background

There are several types of control surfaces which are classified by their placement
(canard, wing, tail(SeeFigure1.1), packaging arrangement (folded, wraparound,
switchblade), deflectioifall movable, flap control) and orientatig¢imterdigitated,

inline) (SeeFigurel.2) [1]. Grid fin is classified as unconventioraddall movable
control surface Grid fin, also known as lattice fin, consists of small intersecting
planar surfaces supported by an outer frame. Unlike conventional fins, grid fins are

mounted perpendicular toegtlow and the incoming air passes through the grid fin.
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Figurel.2. Classification of Aerodynamic Control Surfadék

In the 1950s, research and development studies on grid fins are first started by Sergey
Belotserkovsky and his team. Since then, these control devices have been a part of

missile industry and an intensive research topic all over the world. At the beginning

grid fins were used as air brake system by Soviets in Soyuz launch escape spacecratft.

The most known applications where grid fins used as control devices arbas8A

AMassive Ordinance Ai rFigiedl.d) ard Rysde@ade) 0 b omb (
AVy mp-& I7 0 ®air missile(SeeFigure 1.4). Recently grid fins have been

started tdbe used on Space Falcon 9 reusable launch vehicle ($egurel.5) as

maneuvering surfaces at final reentry stije



Figurel.3. Massive Ordinance Air Blast (MOAB3]

Figurel.4. R-77 (AA-12 Adder as NATReporting Name) Aito-Air Missile [4]

Figurel.5. SpaceX Falcon®eusable Launch Vehicle Equipped with Gfids[5]



In high-speed agile missiles, such as air to air missiles, the control surfaces are
exposed to enormous forces and moments within its flight envelope, which creates a
challenge in structuralesign of aerodynamic control surfaces. Therefore, lower
hinge moment production is always favorable while designing such missiles.
Moreover, to design a highly maneuverable missile, aerodynamic control surfaces
must work effectively irts flight regime. Aso, due to the requirement of carriage
constraints, control surfaces should be packed efficiently. Luckily, grid éigeod
choicefor all these design requirements. Duetiachsmallerchord lengtlcompared

to the regular finsvariation in the centesf pressure becomes smaller, hence, grid
fins produce very small hinge moments. Additionally, grid fins have superior lifting
and stall characteristics which increases the control capability of a missile. Grid fins
can endure higherodynamicgorces actg on itself becaustne grid likeinternal
structure provides remarkably high strentgifweight ratio. Finally, grid fins can be
folded over the missile body and efficiently packaged. The main drawbacks of grid
fins are high drag force and complex floveltl [6]. Becauseof different flight
conditions with different contrdettings,complexity in the flow behavidoecomes
inevitable. Even in high supersonic speedeere grid fins are the most favorable,
oblique shocks reflected from the grid fins disturb the flow in the downstream. The
detailed information about grid fin aerodynamics is explained in the following
section Another disadvantage is complexity of thedlgm geometry. Compared to
conventional planar fins, grid fins have more shape parameters which makes it hard

to design optimize, and producguch devices.

1.2  Grid Fin Aerodynamics

Grid fin aerodynamics is difficult to understand and very complex. The behavior of
grid fin highly depends on the flow conditions. In transonic speeds, the flow
chocking phenomenon occurs and grid fin acts as a single blunt body forming a
detached bow sh&an front of itself. In this case, grid fin does not allow most of the

incoming air to pass through and a huge performance loss encountered. This



phenomenon may occur in low supersonic flows depending on the effective angle of
attack of the flow encounteq the grid fin. It can be observed that the interferences
with missile body, fairing and even the outer frame may also cause the partial or
full chocking. In low subsonic flows, shocks generated at the leading edges of the
grid fin reflect and interacwvith each other inside the grid cell@blique shocks
disrupt downstream flow in the high supersonic regibmese flow regimes are
illustrated inFigure 1.6. The flow in the downstream a decaying shock diamond
pattern is created by grid fins. The abrupt changes caused by reflected shock waves
in the downstream make the investigation of grid fins challenging. As an example,
the shock diamonds emanating from an exhauatRratt & Whitney J58 jet engine

is shown inFigurel.7. The shock structure can be adjusted using different profiles
in the web cross section profile or changing ¢herd or the gap between the web
members. The phenomena in grid fin aerodynamics are not limited to shock wave
interactions. Especially in transonic or low supersonic flows, boundary layer is also
changing the flow behavior. The shocks generated andtexfletside the grid cells
highly interact with the boundary lay#itatpropagates on the grid fin surfaces.

Detached R""""'led‘ Oblique
Bow Shock Oblique Shocks Shocks
\ Downstream
———
e—
> - >
> —
Airflow
— Soilling Airflow Passing
Around Fin Through Lattice

Transonic  Low Supersonic High Supersonic

Figurel.6. Behavior of Grid Fin in Different Flow Regimes



Figurel.7. Shock Diamonds at the Exhaust of a Pratt & Whitney J58 Jet Engine

In 2013, Ravindra et al28] analyzed 2D an®D grid fin configurations and
investigate flow field characteristics of grid fin. In 2D part of the study, 7 different
Mach numbers ranging from transonic speeds to supersonic speeds were analyzed
and 5 distinct flow regimes were identifieiccording to this study, the flow field

characteristicean be summarized as follows:

121 Single Plate Regime

In single plateregime, different plates are undisturbed by the presence of other
plates, and the waves generated by individual plates are unaffected by the waves
generated by other plates. Waves on irtiial plates include a shock on the
windward side, a corresponding expansion on the leeward side, a detached bow
shock due to the plate's bluntness, which usually coalesces with the windward shock,
a recompression shock at the trailing edge on the leewd®dasmd a corresponding
expansion on the windward side. It's critical to note that these waves interact with
one another, as well as the shear layer that emerges from the plates' trailing edges

downstream.



1.2.2 Periodic Plate Regime

In the periodic plate remgie, the flow regime of the intermediate plates (excluding
the top and bottom plates) corresponds to that of periodic plates. In the case of plates
of zero thickness, the expansion fan emanating from the leading edge of any given

platecontactswith the botom surface of the plate immediately above it.

1.2.3 Separated Flow Regime

When the incidence is increased further, the end of the periodic flow regime is
recognized by the sudden development of a separation bubble occupying the whole
upper surface of the bottomost plate, which does not receive a pressure relaxation
at the trailing edge due to a pending expansion wave (unlike other plates). With this
occurrence, the separated flow regime develops. Within a few degrees of increase in
incidence, this bubble graycovering the upper surface of all the plates above with

a massive separation bubble. An apparent stall in the lift curve indicates this.

Surprisingly, a drop in drag follows, showing that wave drag is being minimized.

Inviscidand viscous cases are quanedby Ravindra et alafurther understand this
phenomenon,As previously indicated, the flow encounters a complex|imaar

wave interaction close to the trailing edge of the plates in order to achieve the
required pressure adjustment. In the inviscid case, oblique shock wave interactions
are insufficient for onducting the required pressure adjustment at the trailing edge
around the incidence indicating the start of the separated flow regime, resulting in a
lambda shock in the flow. This reveals itself as a stiodliced separation in viscous
flows, resulting m aseparated flow regimén transientsolutions a lambda shock
occurs whereas the steady solution corresponds to a separatedAfiother
essential and intriguing property of the separated flow regime is that when the
incidence is increased more, soafe¢he stalled plates ustall. On both the lift and

drag curves, this manifests as a bucket.



124 Cusped Shock Regime

Cusped shocks arise ahead of the leading edge of the plates as the incidence is
increased beyond the separated flow regime. The region dfastibk activity is
confined to the upper surface of the individual plates until this regime begins. This
is relocated to the plates' bottom surface, where a typical shock advancing towards

the leading edge eventually leads to the creation of the cuspeki sh

1.2.5 Single Body Regime

As the incidence rises, the flow becomes dominated by a single bow shock, as if
the entire series of plates were a single body. Only at lower Mach numbers, this

regime isimportant.

1.3 Literature Survey

Research and development studies have been conducted since grid fins were first
introduced. While reviewing the literature, the studies are categorized in terms of
objectives of studies, flow regimes and methods used. This approach makes the
review proceseasier. There are also exceptional studies found in the literature which
cannot be dropped into any defined categories. These studies are also covered in this
section. In literature review process for CFD studies, a systematic review paper
written by Shama and Kumaf7] is a very informative and helpful source. From

aerodynamics perspective, grid fin related studies are classified as follows:
A Comparison with planar fins
A Prediction methods
A CFD validatian and flow field Investigation
A

Investigation of grid fin shape parameters



In order to show the advantages and disadvantages of grid fins, grid fins are
compared with conventional planar fins. These studies are valuable to introduce grid

fin concept andaveal the properties of grid fins in different flow regimes. In 1993,

Washington and Miller performed an exper

Mach numbers ranging from 0.5 to 3.5 covering subsonic to supersonic flow regimes
and angle of attack valsganging betweefl5 to +15 degrees. This study showed
that grid fin creates very small hinge moments, similar root bending moments and
normal forces, 3 to 4 times higher drag values compared to planar fin. It is also stated
that grid fin stall did not arur for fin angles of attack up to 30 degrf&s In 2001,
Fournier conducted wind tunnel experiments with Tail Controlleet@ir Missile
(TCAAM) model. Similary, this study was performed at Mach numbers ranging
from 0.5 to 3.0 and angles of attack up to 15 degrees. This study showed that grid fin
configurations increase axial force, reduce normal force and static stability. The
experimental results presentedhis study are also validated with actual free flight
data[9]. These two experimental studies have been widely used test cases for CFD
validation purposes. Later,e3pirito et al. compadegrid fin and planar fin tall
configurations for a canafcbntrolled missile in supersonic region using viscous
CFD calculations. This study showed that grid tail fins improved the roll
effectiveness of the canards at low supersepeed. Grid fins reduced the uneven
pressure distribution produced by the interaction with canard trailing vortices on
itself resulting in lower roll moment producti¢h0]. In 2010, Munavar perforeda
comparison study using viscous CFD calculations and results irtlisatelar

conclusions made by Washingtdri].

In the literature, there are several studies focusing on predicting aerodynamic forces
and moments produced by the grid fin using theoretical methodologies. These
prediction methods are dgsed based on flow regimes. Although these methods
have centered around mostly vortex lattice formulation in subsonic flow, the studies
divided into two as shock expansion theory and doublet modelling in supersonic flow
to predict aerodynamic forces. Bugtter is the pioneer in predictive methods for

grid fin aerodynamics. Burkhalter and Frank proved that the vortex lattice theory has



been proven to be adequate for the basic linear range of load and moment coefficient
predictions in subsonic flows. Alsdhdy includel carryover loads as well as the
upwash effects from the body in this stydy]. Later the study was extended to
nonlinear aerodynamic prediction by Busghier et al.[13]. In 1996, Burkhalter
introduced a prediction method used for grid fins at supersonic flows using a

modi fi ed ver si o[4]. dVhereBsvshioakxparion thedryeisoonly

valid for the twed i mensi onal fl ows, Evvar dos t heory

dimensional thin wings in supersonic flo5]. In 2005 Theerthamalai et al.
established a shoakxpansion based method to predict axial and normal forces and
pitching moments at subsonic flows and validatétth wvailable experimental data

[16]. Later, this study was extended to bring out the effect of roll orientation on
normal force, pitching moment and induced -ofiplane force[6]. In 2007,
Theerthamalai compatteexperimental data and results predicted with vortex lattice
theory and validated this method in subsonic flasvwel[17]. In this study, a
approactsimilarto theoneused in the study performed by Burkhalter and Fraak
adopted In 2015, Ledlow et al. combined the vortex lattice theory for subsonic
flows, empirical relations for transonic flow and the shock expansion theory for
supersonic flow aiming to integethe grid fin aerodynamics to a missile system
preliminary design codd8]. In this work, the goal was to maximize the target strike
area of a missile using bothkapar fins and grid fins. With this perspective, this study
can also be considered as a comparison with planar fins. It was found that when grid
fins used for aerodynamic control surfaces, the missile is able to strike a larger target
area with a higher dgee of accuracy compared to equivalent planar fins. Also, it is
worth to mention an extraordinary prediction method for transonic flows established
by Di kbak i n 201H9]idiffereft than the ensthodsrexplaited s i s
herein previously. The method is named as
solutions of cut out pieces of grid fins in the web and frame intersection regions.
With this method, grid fin aerodynamic forces anodments can be predicted easily.

However, since this method only solve the grid fin regions, an interference correction

10



should be applied. Later in 2018, this methwak validated for all Mach regimes

from subsonic to supersor{i20].

Computational fluid dynamics is a powerful tool to understand flow physics.
However, since grid fins are a new concept, CFD should be validated to decide
whether it is applicable to grifins or not. Since most of these studies included a
flow field investigation, both these topics are reviewed in a combined fashion. In
1998, first reported CFD calculations on grid fins were performed by Sun and Khalid
under the Defence Research Estdlnlient Valcartier (DREV), Canadal]. In this

study, both viscous and inviscid solutions were obtained. The authors drew a
conclusion that both viscous and invis€@FD calculations can be used while
studying theattached supersonic flovesoundmissiles with grid fins. Also, the
comparisons between planar fins and grid fins were made andfiélowv
investigations were compared with pitot pressure contours. In B&E)irito et al.
validated grid fin viscous CFD calculations with wind tunnel data provided by The
Defence Evaluation and Research Agency (DERA) at Mach number ¢22.5
Pressure, turbulent viscosity, and Mach number contours were shown at angle of
attack of 10° and 20° in this study. In 2001, DeSpirito and $2Bucompare
viscous CFD results at Mach numbers of 2.0 and 3.0 with experimental data provided
by DREV. Pressure contours were also presented at angle of attack of 10°. In 2005,
Mingshen et al[24] showed that in subsonic and supersonic regimner-Upper
Symmetric GausSeidel (U-SGS algorithm which is an improved version of the
GaussSeidel algorithmalongwith multiblock structure grid can solve full Navier
Stokes equations on A Mithisa@lgoritt®r forgyrid in n o0 an «
flows. One year later, this study was extended by changing from multiblock structure
grid to hybrid structureinstructured grid§25]. In 2006, from German Aerospace
Center (DLR) Reynier et al. introdutéi Act uat or Di sko, whi ch
approach in CFD analysis of grid fins. In this approach, the lattice wings were
replaced by an actuator disk. Therefore, by using artificial boundary conditions on
actuator disk boundaries, the grid fins were takém account. In this study, grid fin

aerodynamics were calculated using sempirical methods and missile body were

11



analyzed with DLR Tau unstructured solver. The computational time dropped by
about 85 percent when actuator disk approaeabapplied. Theesults of this study
validated actuator disk approach and actuator disk concept can be used for design
and analysis of supersonic missiles with grid f#§. Nextyear, Hughson et 7]
validated Loci/CHEM flow solver from transonic to supersonic Mach regimes using
experimental data acquired by Aeroballistics Research tya@RF). This study

also includes heavy flow field investigations of a missile with grid fins. Moreover,
flow field shadowgraph comparisons were presented. At subsonic flow, a bow shock
system was detecteat theexit of the grid fin cells, at transonitofvs, a standoff
shock formed in front of grid fin. Above Mach number of 2.0, the grid fin cells
obtained the form of a supersonic nozzle having a sonic Mach disk inside. In 2013,
Ravindra et al[28] analyzed 2D and 3D grid fin configurations and investdjate
flow field characteristics of grid fin. 3D anaBswereincluded comparison with
conventional planar finsThis remarkable study is investigated detail at the

previous section.

Since this thesis is relevant to the last topic, studies investigated the grid fin shape
parameters will be explained here in detail. The studies mentioned here will be used
to determine which parameters to be taken intcsidemation in the scope of this
thesis.

In 1993, Washington et al. performed experimental studies to investigate the effects
of grid fin curvature and sweep in folding direction on aerodynamic performance of
a grid fin [29]. This study covers Mach numbers and angles of attack ranging
between 0.5 to 3.5 andlO to 20 degrees, respectively. Up to 75 degrees the grid fins
were folded in both backward and forward dirent to investigate the effect of
folding the grid fins on the missile body. The curved grid fin geometry and the sweep
angle in folding directiomreillustrated inFigure1.8 andFigurel.9. It is found that

the effect of curvature of grid fin on fin performance is small. Thidies that grid

fins can be utilized in terms of efficient packaging without loss of performance. The
study also showed that the fin drag values are as higher as 5 times of zero folding
sweep angle case and maximum fin drag occurred at 45 degrees bauk{fotding

12



sweep angle. It can be inferred that grid fins can be used as effective drag brake
devices. When grid fins were folded in both directions, normal force production

decreases down to 30 to 50 percent.

back side
“~5 1 35
Voo \%o
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free stream free stream
[$9=)) (4

1
MRC —/!

Figurel1.8. Definition of Grid Fin Curvaturg29]

MRC

sweep backward sweep forward

positive negative

Figurel1.9. Definition of Grid Fin Folding Axgle[29]

Miller and Washingtoi30] conducted a series of experiments to reduce drag forces

of AMi com Grid Fino in 1994. Il n total,
tested to investigate web thickness and outer framessection shaperhe frame
crosssections are shown iRigure 1.10 along with the grid fin dimensions. This

study includes Mach numbers ranging between 0.5 to 2.5ugld of attack up to

20 degrees and fin deflections of 0, 10 and 20 degrees. The results of this study

revealed that at subsonic Mach numbers frame shape changes normal force
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characteristics, whereas, at supersonic Mach numbers web thickness haseke great

effect on normal force characteristics. Root bending moment and chordwise center
of pressure location remained unaffected with variations in these parameters. Frame
crosssection shape and web thickness highly affects drag characteristics; thus, these

parametersverefound as critical design parameters.
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Figurel.10. MICOM Grid Fin Dimensions and Six Different Outer Frame Cross
Section Shapes and Dimensi¢&g]

Another studyf31], based on-P Euler calculations, addressed the issue of the grid
fin size, in terms of both the panel thickness and frontal shape in supersonic flows.
Thr frontalshape is the ramp fairing installed upstream of the grid fin base where it
is attached to anissile body. It is found thdhe fairing installed athe base of the

grid fin can reduce the blockage and other interferences resulting in some
improvement in aerodynamic performance of the grid fin. This study showed that
increasing the grid fin panéhickness changes shock structure at the leading edge

and results in a degradation in aerodynamic performance.
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Hiroshima and Tatsunj82] showed that the effect gfid patterns on aerodynamic
performance is small as long as having the same grid cell area and web thickness in
subsonic and supersonic flow with an experimental study in 1994. Test conditions
include angles of attack frorb to 30 degrees, fin deflectiafiO and 10 degrees and

roll angle from 0 to 180 degrees with 15 degrees intervals. The tested grid patterns

were square, triangle and hexagonal and showigurel.11.

A: square B: triangle
/ 6.6
30 5.0

L8
L

C: hexagon

77%4

area of a cell

NOTE: all dimensions in mm

Figurel.11 Grid Fin Configurations Having Different Cell PattefB2]

In 2005, Wu et al[33] investigated the effect of frame and web thicknesses as well
as their shapes using Euler calculations at Mach number of 2.5. The results showed
that grid fin frame shape and thickness havedteatest effect on aerodynamic

performance, especially on the drag force.

In the grid fin design process, the number of parameteteermendousand new
concepts emerged from imagination, there is almost no limit. To reduce the drag
force of grid fins, laally swept grid fins were tried by Schilein and GUgd{. The
study includes both numerical simulations and wind tunnel measurements at Mach

numbers from 2 to 6 and angles of attacks varied from O to 10 degrees for unswept
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and locally swept grid fins and planar fins. Grid fin configurations and web member
intersection typesvhich areused in this study are shownhigurel.12 and Figure

1.13. Results showed that using locally swept lattice wingeesezeralift drag up

to 38 percentand liftto-drag ratioup to 20 percentwhen comparedwith
conventional grid fins. The lowest zéeliti wave drag produced by the petjpe

locally swept grid fins whereas valleype locally swept lattice wings had better-lift
to-drag performance. It is also found that the effect of locally swept edges increases
with Mach number, sweep angle, thickness and bluntness of web leading edges, and

decreases with the incidence angle and bigger tsiats.

a. b. c

Figurel.12. Grid Fin Configurations of Unswefgt), Locally Swep (b,c)[34]

a. “Peak”-type b. “Valley”-type

Figurel.13. IntersectionTypes Between Locally Swept Web Membg34]
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Another grid fin shape parameténat has been very popular in the last decede
sweep angle in grid fin configurations. It is used mostly for drag reduction of grid
fin configurations. Thesweep angle investigated here is not locally swept as
previously described but a global sweep angle has been employed as it can be seen
in Figurel.14. In 2009, Zeng et aJ35] investigated swept back grid fins in transonic

and supersonic flow regimes and 12 percent drag reduction was achievedDsing 3
viscous CFD calculations of grid fin configurations without a missile body. Later
that studywasextended using a sharp leadiedge in swepback grid fins and 30
percent drag reduction was accomplis[84]. In these studies, swepack grid fins
appeared to be able to redutow chocking at transonic and supersonic speeds. In
2012, these studiesere followed by another studie87],[38] including ogive
cylindrical body supporting grid fins, nexero angle of attack values and
experimental measurements. The results indicthat using swepback sharp
leading edgearid fins is remained beneficial at naero angle of attack values. In
2018, Faza et aJ39] investigated the sweep angle effects, including both forward
and back sweep, at Mach number of 1.5 and up to 15 degrees angle of attack using
3-D viscous CFD calculations without a missile body. It is found that the drag, lift
and pitching moment coeffients highly rely on both angles of attack and sweep
angle. Since configurationsdhdifferent sweep anglethese configurationgacled

its highest aerodynamic efficiency at different angles of attack values.
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(a) (b)
Figurel.14. Sweptback (a) and swegbrward (b) grid fin configurationf36]

There are also remarkable studies which dofalbinto any categories mentioned
previously. Yang and ZhanpgtO] optimized grid fin web and frame shape and
thickness together with the missile body where grid fins attached using a method
called support vector regression. Another extraordinary study was performed by
Despeyroux et al. whicls focusing on static and damic performances of a grid
fin-controlled missile using CF[11]. In this study, the aerodynamic performance

of the grid fin was compared with planfin at transonic and supersonic flows. The
study showed that in supersonic flow, similar behavior in gi@mping derivative

was observed for both the grid fin and the planar fin, however, in transonic flow grid
fins provide a lower damping in pitchgple due to blockage effect. In 2018, Peng et
al.[42] performed an optimization study on grid fins by changing chord, gap between
web members, distaadetween the grid fin and the missile body surface and number
of cells. Optimization was based on sequential approximation. When optimized grid
fin shape was used, 2.07 percent lighter take off mass and 14.3 percent heavier

payload mass capability achieveompared to the baseline configuration.

18



1.4  Aim of the Thesis

In this thesis study, grid fin aerodynamic performance in supersonic flow is
investigated. The motivation of the study arises from the numerous parameters of the
grid fins that still need to be westigated closely. This study aims to contribute to
the existing literature by performing a parametric design, investigating flow behavior
in supersonic flow and establishing a design medtomy for grid fin usingDesign

of Experiments andResponseSurface Methodlogy coupled withComputational

Fluid Dynamic analyses.

1.5 Outline of the Thesis

This thesis consists & chaptersin chapterl, the grid fin isintroduced regarding
aerodynamic performance. Historical background armssite aerodynamic design
background of grid fins are provided. Literature review related to thesis topic is

presentedGrid fin aerodynamics isxplainedn thischapter

In chapter2, CFD methodology applied in this thesis is explained. The governing
eguations solver algorithmsndmeshingprocedures applied for CFD analyses are
presented. The CFD method is validated, and resultdiscassedn this chapter.

Meshconvergence andrbulence model studiese presenteid this chapter as well.

In chapter, the design methodologyhich iscarried out for this thesis is presented.
This chapter includes the grid fin geometry parametrization, parameter selection,

DOE details, and the run matrix for CFD analyses.

In chapte#, firstly, parametrscreeningesults ar@resentedandthe effects of grid
fin parameters on aerodynamic coefficients giseussedLater, response surfaces
are generation andvalidation arepresentedLastly, flow field investigations are
performedfor the designs with aerodynamic performance degradation.

Finally in chapter5, concluding remarks regarding the conducted studies and

recommendations for future worksepresented
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CHAPTER 2

CFD METHODOLOGY

Computational Fluid Dynamics (CFD) is a powerful and widely accepted tool to
understand aerodynamics and flow physics. In this section, CFD methodology

applied through this thesis is explained.

There are different types of numerical simulations. In tieftuflows, to achieve
exact solution, in other words performing Direct Numerical Simulation (DNS), all
relevant length scales should be resolved. However, even with modern, fast, and
advanced computers, it requires a lot of time and computational stheoefore

cost. Even Large Eddy Simulation (LES), in which only large eddies are solved and
small eddies are modeled, is not suitable for industrial applications for now.
Therefore, Reynoldéveraged NavieStokes(RANS) equations are used in CFD
solvers sce it offers computationally less expensive solutions compared to LES and
DNS. In this method, the solution vables are decomposed into thaeeragd
valuesand fluctuations around the mean value which creates additional turbulent
stresses and heat fluquantities. Since these quantities are considered new
unknowns, these turbulence related terms are tried to be solved by certain turbulence
equations and mode}43]. In this thesis, RANS method is used ahd details of

turbulence models are explained in Secfidh
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2.1  Governing Equations

The governing equations in fluid dynamics are Na@tkes equations which are
based on conservation idw quantities which are mass, momentum, and energy

[54]. These equations are listed below:

i Conservation oMass
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1 Conservation oMomentum:
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In equations given abové&ls an external body force arfd is the stress tensorhe

stress tensoft, , is defined asollows:
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In the stress tensor equatioris is representingthe molecular viscosity. When
determining the viscosity of the fludinhe stress tensor, Sut her

which the approximation depends only on temperature.

A S S (2.11)
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where 1) is the heat transfer rate afids the total energy which is:
G (2.13)

o Q —
C
Until now, 5 equations forconservationlaws are shown since conservation of
momentum is directional and this equatierwritten for three componentklowever,
the system of solution has six conservative variables, hence, inclusion of the perfect gas
assumption is iguired to match the number of unknowns with the number of equations.

Thus, the equation of state is also uaéithis given in Equatiorf2.14).

n "Y'y (2.14)
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2.2  CFD Analysis Overview

In this thesis steadstate densityppased RANS solutions are used along witleR
flux-difference splitting scheme, 2nd ordewpwind discretization and a properly
selected turbulence model. These methods and algarighenexplained in this

chapter

221 CFD Solver Details

The density based flow solver solves the governing equations in a céagiéah
simultaneously. Non-linear equations aresolved iteratively until reaching a
converged solution. The steps in this solution method are illustrateéigune 2.1.

The solver checkconvergence levelsith pre-defined frequencyif not converged,
solver updates the primitive variables in next iteration aodtinue solving
governing equations repeatatively until a specified convergence level or maximum

number ofiteration is achieved

Update properties

Solve continuity, momentum, energy, and

species equations simultaneously

Solve turbulence and other scalar equations

No [ v Yes . \
Converged? . Smi/
A\,

Figure2.1. Density based solver algoritHdv]
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2.2.2 Initialization Approach

For complex flow problems, flow convergence can be accelerated using a better
initialization approach. To utilize the initialization process Full Multigrid (FMG)
initialization approach is used in the thesis. In this approach, the initial solution is
restricted all the way down to the coarsest level and Full Approximation Storage
(FAS) is then applied until a given order of residual reduction is achieved or the
maxmum number of cycles is reached. This process will repeat until the finest level
isreachedANSYS Fluentds approach to forming
FAS is simply to coalesce groups of cells on the finer grid to form aognidecells.
Coarsayrid cells are created by agglomerating the cells surrounding a node, as shown
in Figure2.2. Through the FMG process, the Euler equations for inviscid flow are
solved using first order discretizatiofd4]. The FMG initialization process is

illustrated inFigure2.3.

Figure2.2. Node Agglomeration to Form Coarse Grid Cell$AS Algorithm[44]

Grid Level 1 multistage sweep
. on fine mesh "
Fine =
4
1 p -- g
2 ‘W’WI W
Coarse 3 O ===00
L JL J 1 J
n cycles n cycles n cycles
in level 3 in level 2 in level 1

Figure2.3. Full Multigrid (FMG) Initialization Approaci4]
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2.2.3 Spatial Discretization

In spatial discretizatiorsecondorder upwind scheme is applied. In this approach,
guantities at cell faces are evaluated using multidimensional linear reconstruction.

Hence, the face value is computed using the following expression:

Cavgy * e P (2.15

I n this expr ecenteiedvalyelils its geadigntiinghe apsttedm cell
andibis the displacement vector from the upstream cell centroid to the face centroid.
In CFD analyses performed for this thesis, for gradient evaluations, Gauss
NodeBased method is applied. Basically, therametic average of nodal values on

the face is computed using the following expression wieig the number of nodes

on the face:

B0

(2.16)

P
Q 6“9‘5 £

2.2.4 Convective Fluxes

In the CFD analyss, Roe flux-differencesplitting scheme is applied. By splitting

flux vector in parts, upwind differencing the split fluxes in a manner consistent with
corresponding eigenvalues, the fluxes computed on the left and right sides of the
faces. A matrix dissipatioterm is then added to provide pressustocity coupling

required for stability.
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2.2.5 Turbulence Modelling

The need for turbulence models was explained earlier. In order to predict turbulent
flows using RANS=quationsapparent turbulent stress and heat flux quantities must
be properly approximated. There are three most commonly used turbulence model

exist inthe literature. The details about thesedelsare explained herein.

2.2.5.1 Spalart-Allmaras Turbulence Model

The SpalarAllimaras model is a one equation model that was designed specifically
for aerospace applications involving whtbunded flows. Thenodel is not reliable

for general industrial flows. This model solves a modeled transport equation for the
turbulent viscosity. In its original form, this model is effectively a low Reynolds
number model, and it is sensitive for viscous boundary layer .nk2g&n though
Ansys Fluent has extended the Spafdhinaras model with a y+nsensitive wall

treatment, it is noted that boundary layer should be resolved at ledStcHls.

2.2.5.2 Realizable kUTurbulence Model

The standard &)model is based on model trgost equations for the turbulence
kinetic energy (k) and its dissipation rak (n this model, the flow is assumed fully
turbulent, and effects of molecular viscosity is negligible. It differs from the standard

k- Umodel in two ways:

A Turbulent viscoy is formulated differently in the realizable-(k

model.

A The dissipation raté¢] has been derived for the transport of the mean

square vorticity fluctuation.
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2.2.5.3 SST k¥ Turbulence Model

The standard & model is an empirical model based on model transport equations
for the turbulence kinetic energy (k) and the specific dissipation¥at&lie model
has been modified over the years. SHeiness Transport (SST) model includes the

following refinementsd the standard-k turbulence model:

A The standard k¥ and the transformed- KJmodel are both added
together by a blending function which dictates this model to use the standard
k-¥ model in the near wall region and transformedrkodel away from the

surface.
A Different constants are used in this model.

A Transport of the turbulence shear stress is taken into consideration in
the definition of the turbulent viscosity.

These refinements make the SS¥ knodel more reliable and accurdte wide
classof flows such as adverse pressure gradient flows, airfoils, and transonic shock

waves.

2.3 Mesh Generation Overview

In any CFD analysis, solution domain must be divided into cells and faces to solve
the fluid domain. Since meshing process directly affdat solution, cell elements
should be generated fine enough to reduce the numerical errors. There are different
types of mesh structures where each hath advantages and disadvantages.
Through the thesis, polyhedi@ll elements are usedmputational grids prepared

for CFD analysisFor grid fin simulationsthe number otell elementswhich is
required to achieve a good mesh resolutiorery high due to complex geometry of

grid fins. Polyhedral mesh can be used to reduce the number of mesh elements and

therefore the computational time without loss of accuf4sy
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In this thesis, Fluent Meshing package of ANSYS software is used for generating
unstructured gridsBesides the certain drawbacgsch as staistepping in the

boundary layer zonehis package is capable of creatiifferent types of mesh

elementsilt is flexible enough to allow the user to adjust scoped sizing of edges or
faces. Addi tionall vy, the fAbody of infl u

smaller cells are needed in a predefined region.

The turbulence modeling approach driven y+ number is tesedtablish the first

layer height, ensuring that the flow is resolved in the viscous sublayer imposed by
the Law of the Wal[44]. In the CFD analysis performel this thesis, 20 layeese

applied to cover the total boundary layer thickness. The size functions for grid fin
surfaces and volume meshes used in the validation case, which is presented in the

following section, applied to all otheases

2.4 CFD Validation Studiesi MICOM Grid Fin Test Case

241 Model Details and Test Conditions

A validation test case study was carried out for MICOM Grid Fin m{&®l| The

model is a 5dnchlong, 5inch diameter bodwyf-revolution with a 3.0 caliber
tangent ogive nose faired into a 7.4 caliber afterbody. Four fins are mounted 2.0
caliber forward of the base. MICOM grid fin geometry is givenFigure 2.4.
MICOM grid fin placement is shown iRigure2.5(a). Fins are numbered starting
from the top inthe clockwise direction. All data presented in this section were
obtained from fin numbered as 4. The sign convention for the experimental study is

given inFigure2.5(b).
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The experiments of MICOM grid fin were performed at the National Testing
Serviceds (NTS) 4 x 4 foot Transonic/ Sup
California. The test facility is a blowdowte-atmosphere intermittent wind tunnel

with a Mach number rage of 0.2 to 5.0. In the pitch plane, data was collected at

angles of attack ranging fror8 to +20 degrees. Deflection angles for the fins were

setto 0, 10, or 20 degrees. The roll angles were set to 0 or 45 degrees. However, only

the data collected fdhe pitch plane is presented in this study, hence, the deflection

angle and roll angle are zero for the results shown in this se¢abie2.1 shows

the tunnel opetang conditions for each test Mach number.

Table2.1 NTS 4 x 4 foot Transonic/Supersonic Wind Tunnel Operating Conditions

Mach Dynamic | Static Total Static Re/L
Number Pressure| Pressure| Pressure| Temp. x10°
(psf) (psi) (psi) | (deg.R)| (perf)

0.5 524 21.8 25.6 502 5.35
0.7 739 15.3 21.0 479 5.66
0.8 802 12.7 19.2 469 5.53
0.9 936 11.6 19.5 451 6.01
1.2 1295 9.0 21.7 415 6.93
1.8 1439 4.3 25.4 316 7.36
2.5 1400 2.2 38.0 232 8.05

2.4.2 CFD Analysis Details and Boundary Conditions

In the validation study, thre#imensional, steadgtate,compressibleziscous CFD
calculations were performed using the commercial CFD software, ANSYS Fluent
version 21R1. In these calculatiofANS equations arsolved withk-Urealizable

two equation turbulence model along withf-8rder upwind spatial discretization
scheme and & flux difference splitting scheme. The simulations were run with a

maximum CouranEriedrichLewy (CFL) number of 7 fothis validation case
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Simulations were last abo6®00 iterationsThe residual history of a validation CFD
analysis is shown ifrigure2.6. In the CFD validation analyses, maximum residual

level of 10° has been reached.

Residuals

100 4 —— continuity
x-velocity
—— y-velocity
—— z-velocity
energy
— k
epsilon

101 4

|
1072 4 \
10—3 "
\
1074 4 VV

1075 A

10—6 =

(') 10'00 20'00 30'00 40'00 50'00 60'00
Figure2.6. ResiduaHistory of a Validation CFD Analysis

The CAD model of MICOM grid fin experimental model is created using ANSYS
SpaceClaim Design Modeler package. It is present&igure2.7. It is surrounded

by a cylindrical enclosure to represent-fi@td boundary and fluid domain.
Dimensions of the enclosure are giverigure2.8. The flight conditions are shown
atTable2.2. These conditions are assigned to the enclosure faces to itnédte

field boundaryNo-slip wall boundary condition is applied to the solid surfaces of
MICOM grid fin geometry.
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Figure2.8. EnclosureDimensions used in CFD Validation Analy$# Isometric
and(b) Top Views

Table2.2 Flow Conditions used for MICOM Grid Fin CFD Analyses

Free Stream Mach 25
Free Stream Static Pressure 15168.465 Pa

Free Stream Static Temperature | 128.88 K

Angle of Attack -3°,0°, 3°, 5° 7° 10°, 12°, 15°
Roll Angle 0°
Deflection Angle 0°
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In the meshing process, polyhedral mesh elements were generated as mentioned in
the Sectior.3. In the neawall region, 20layers of viscous padding elements were
created to obtain a wetlaptured boundary layedearest cells to the walls, boundary
layer mesh height is calculated to have y+ values around 1 atalG6eB with a

1.05 growth rate settindn order to assess the viscous layer mesh quality in the
selected mesh resolution, y+ values are plotted against the position in x direction and
given inFigure2.9. In this graph, all y+ values are plottedeiosure obtaining the
maximum value of y+. Even though y+ values increases up to 2.5 in grid fin region,
it is considered as sufficient in this study3 million polyhedral volume elements
were createdor CFD analysedn Figure2.10 andFigure2.11, the boundary mesh

for pressure far field and missile body surface are shown, regggciio illustrate

the volume mesh elements, a cut plane obtained framlane is presented igure

2.12.

3.00

2.50

2.00

Y* 150

1.00

0.50

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Position (m)

Figure2.9. A sample MICOM CFD Analysig+ Valueswith Finest Mesh

Resolution
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Figure2.10. Pressure Far Field Boundary Masded in CFD Validation Analyses

Figure2.11. Missile Body Surface Meslised in CFD Validation Analysesd A
Closer Look to One of The Grid Fin
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Figure2.12. Volume MeshCut Plangx-z) View aroundMissile Body and &loser
Look to One othe Grid Fin

2.4.3 Mesh Independence Study

In any CFD analysis, a mesh independence study must be performed to ensure that
the created mesh is able to capture the flow details accurately. In order to perform a
mesh independence, at ledistee significantly different sets of grids should be
selected and run simulations. It is desirable that the grid refinement factor, in other
words ratio of fine to coarse mesh, be greater than[468 For the mesh
independence study, five different mesh resolutions are selected. Starting from very
coarse grid, following finer grid is created considering the number of cells to be the
previous grid resolution multiplied bpughly aboutlL.4. The mesh dails are given

in Table2.3. Different mesh resolutions are showrigure2.13 andFigure2.14.

Table2.3 Different Mesh Resolutions and Their Volume Element Counts

Very . ) Very
Mesh Name Coarse| Medium | Fine _
Coarse Fine
Volume Element Count
4.3 6.6 9.0 |12.7| 18.6
(x10°)
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Figure2.13. Isometric Views of Very Coargéop), Medium(middle) and Very
Fine (bottom) Mesh

Figure2.14. Front Views of Very Coarsg@gop), Medium(middle) and Very Fine
(bottom) Mesh



Since the coefficients are very small, relative error calculation is not appropriate
because dividing a value to vesgnallnumber gives unreal error levels. Hence, the
minimum and maximum value for each aerodynamic coefficient is used as
denominator. Moreover, there are many angles of attack, therefore, for each angle of
attackthechanges in aerodynamic coefficieatecalalated, andheabsolute mean

value is obtained using these values. The mean absblatgeformula is defined

as:
3B @ @
v P G o M s @ Qo Mo s (1)
3
Il n this equation, Afmro represents finest
evaluated mesh resolution. Al so, Ai 0 i s t he
valuesHence fAno is the number of angle of atta

In the mesh independenstudy,firstly, each mesh resolution results are compared

by the finest mesh resolutiand average change in aerodynamic coefficients are
plottedin Figure 2.15. The results showed thaetween fine and very fine mesh
resolutions, the average change in aerodynamic coefficients except hinge moment
coefficient is under 1 percent. Even though the hingenent coefficient is very
small, the change is about 1.5 percent, therefore, the finest mesh resd8iion (
million volume elements)s used for further studies in the thesisor further
comparison of these mesh resolutions, the aerodynamic coefficentplotted
against the angle of attack, including the experimental results as well. These graphs
are shown irFigure2.16-Figure2.19. In these graphs, the differences between mesh
resolutions already so small, hence further refinement of mesh resolution seems to

be unnecessary.
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Figure2.15. Average Change in Aerodynamic Coefficients with Respect to

Number of Mesh Elements Compared to Finest Mesh Resolution
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2.4.4 Turbulence Model Study

In this thesis study, three turbulence models, nam8lyallartAlmaras, k-U
Realizable and,& SST, are used and most accurate one is selected for further CFD
analysis. The details of these turbulence models are explained in S22t®The
comparisons of these turbulence model results are shawgure2.20-Figure2.23

for each aerodynamic coefficient separately.
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As it can be seen from the resultsy K5ST turbulence model is more accurate for
MICOM grid fin case. For further CFD analysis in thesis;, 8ST turbulence model

is used.

When the results compared witie availableexperimental data, good agreement is
achievedalthoughsomediscrepancies arobservedn the axial force and hinge
moment coefficients. The reasons behind this inconsistency may be resulted from:

A The rumerical errorsn the calculationsliscontinuity regions inside grid fin

structuremay lead to misplaced centerg&ssure, resulting in hinge moment errors.

A The fact that the hinge moment coefficient is very small in magnitude, hence
a minor difference in the hinge line location can lead to huge differences & hing

moment calculations.
A Slight differences genetiay CAD geometry

A Differences arise from modelling the CAD geometry free from tolerances
which may exist in the wind tunnel modsince the uncertainity quantification in
terms of both wind tunnel model production and aerodynamic force and moment

measuements is not stated in the validation test case.
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CHAPTER 3

DESIGN METHODOLOGY

In this chapter the design parameter investigation methodology is explained.
Different grid fin geometries are created and investigated with @¥ly®s. The
geometries are determined in the first place by the commercial data visualization and
statistical analysis topJMP, and at the end, all results are investigated again in the
same softwaréor parameter screeningfter all CFD analysis results are obtained,
response surfaces corresponding for each aerodynamic coefficient are generated
using a commercial softwal¢EEDS. Finally for further investigation, flow fields

of selected design are created and presestsghs followed in the investigation
process is shown in théigure 3.1. The dashed lines are only followed once but
others create a loop.

Parameter Flow Field Response
Screening Investigation, Surface

A

| JMP }‘ >  HEEDS

Yes
Desﬁ Finished All
+ . -
Parameters Mo Designs?

A 4

SpaceClaim ANSYS Fluent ANSYS Fluent
Geometry Meshin Case Creall
Creation g ase Lreation

Flow Conditions HPC Systems

k.

CFD Results

Figure3.1. DesignMethodologyFlowchart
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3.1 Geometry Parametrization

In order to create different grid fin geometries automatically, a geometry generation
script ispreparedThis script isa Python based ANSYS SpaceClaim Design Modeler
scriptwhich is capable of generating the geometries according to the grid fin shape
parametersThe gridfin shapeparametes are defined inTable 3.1 and shown in

Figure3.1.

Table3.1 Grid Fin Shape Parameter Definitions

Parameter Definition
Chord (c) The length of the grid fin in the incoming flow direction
Span (s) The rootto-tip distance of grid fin
Width (w) The sideto-side distance of grid fin
Gap (9) Diagonal distance in the spanwise direction of a grid ¢
‘ The web profile fraction of chord to reach maximum
thickness
Wedge Angle[() | Leading and trailing edge wedge angle
Cell Angle & | Theangle between adjacent surfaces of grid cell.
Frame Thickness _
Outer frame thickness
(tr)
Web Thickness .
Inner web thickness
(tw)
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In thegrid fin geometry parametrization process applied here, first an outer frame is
constructed. An outer frame is illustratedFigure 3.3. The frame creation part in

the script only depends on the chord, span, width, and frame thickness parameters.
After the outer frame is created, the inner web structure crgabaess starts his

part is the most challenging partthre geometry creation process. The frame is cut

in half in the symmetry plane in this case plane. Then, a series of inclined surfaces
are created adictated by the cell angle, starting from origin and gamthe frame
boundary in the upward direction. This process is showfidgare 3.4. Now, the
inclined surfaces are createalso in the reverse direction, starting frorhet
uppermost location in the spanwise direction and goes all the way through the frame
boundary. Thus, these surfaces intersect with the previously checteddsurfaces

to create grid fin cells. Time theobtained geometry is mirrored with the symmetr
plane. The created half grid fin and mirrored geometry is presentedune 3.5.

Later, the excess web parts left over from the web creation is cut off usingiles pl
located to the outer frame surfaces. This process is shoWigume 3.6. Finally,
orientation adjustments are made, and the grid fin geometry crgatoRss is

finished.

Figure3.4. Inclined Surface Creation in The Upward Direction
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Figure3.6. Excess Part Removal Process
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Although the grid fin geometry is created, it is not ready for meshing process. The

last part of the SpaceClaim script is dedicated to preparing the gridrfinesh

generation procedurewith iBody of I nfl uencsestépsthed AENnCc!| os
AnBody of I nfluenced (Bol) is the process aj
volumemesh resolution in a certain region. In the thesBol regionis created in

order to resolve the flownside andnear grid fingeometrybetter. The Bol details

are presented iRigure3.7. The radius of Bol is changing with span and width of

grid fin. Bol center is located to the center of grid fin. To enclose the grid fin,

diagonal distance from the grid fin center point is calculated and multiplied by a

factor to enare the Bol boundaries does not intersect with grid fin surfaces. The

expression for the Bol radius is givenEquation(3.1).

i p® T @0 3.1

o o o v

- 125mm 250mm

Figure3.7. Body of Influence and its Dimensions
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The enclosure preparation part of the script is similar with the Bol creation except
the radius ionstant. To represent pressure far field, dimensions of enclosure are
adjusted as at least 8 times in the upstream, 16 times in the downstream and 8 times
in the radial direction of the maximum grid fin span. The dimessmnthe
computational domaiis shown inFigure3.8.

—— @L000mm

J 2000mm 4000mm J

Figure3.8. 3D Cylindrical Computational Domaind its Dimensions
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3.1.1 Parameter Selection

The grid fin geometry script is capable of producing grid fins as the parameters
dictated, however, some parameters have been excluded for the scope of this thesis.
Included and excluded parameters and the reasdingf@xclusion is explained here.

The chord, span, width, and gap are the main parameters; hence they are all included
in this work. The chord, width, and span are defined as a ratio of gap value. Frame
and web thickness parameters are also included thia@xial force is important for

the grid fin aerodynamic performance. However, frame thickness is included as the
ratio of web thickness because the frame should be enduring to support the internal
web structure efficiently. Therefore, the frame thickrieset to be at least as thick

as the internal webs. The web thickness is again defined as a ratio of gap. The cell
angle kept constant as“hroughout this work since as explained in$eetion1.3,

the cell pattern or in this case angle between adjacent web members does not affect

the aerodynamic performanf32].

3.1.1.1 Preliminary Design Studies

Beforethe detailed design study, a preliminary design study and CFD analyses of
grid fin are performed to investigate the effects of selected design parameters.
Preliminary analyses of grid fin are performed for Mach number.®fRd angles

of attack ranging from O to 15 degrgB8]. The results are presented in this section.

In this part of the thesis, 7 designs areated for investigatg the effects of gap,
wedge angle, and leading and trailing edge wedge fraction parameters of grid fin.
The effect of each parameter is explored holding the other two parameters constant
in this study A sample grid fin configuration is shown kiigure3.9 and it includes

a 100mm cylindrical holder for attachment of grid fin. It should be noted that, chord,

span and width parameters #ne same for all configurations.
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Figure3.9. Sample Grid Fin Configuratian Preliminary Design Study

The results of this study showed that decreasing the gap value dramataretges

the axial force coefficient and decrease normal force coeffididgath contoursat

10° angle of attack are presented for different desigisgure3.10. Web thickness,

|l eading and trailing edge chord fracti on:
that define web crossecti on as explained earlier.
investigated, however, since these two parameters directly alter thénialatess,

the results of these explorations point out the importance of the web thickness
parameter. Therefore, an airfoil selection procedure is applied to reduce the number

of parameterdMoreover, holder is affecting the flow around the grid fin. Thieédro
parametergnay be included to design parameters, however, there are numerous
design alternatives and evenitifis modelled as simple cylinder, two parameters,

length and diameter, comes into picture. Therefore, the holder is excluded@xthe

studes.
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3.1.1.2  Airfoil Selection Study

For airfoil selectionstudy, 2D viscousCFD analyses are performed to observe the
flow behaviour at Mach number of 2.5 which is the operating Mach number used in
this thesis. Three different airfoils are compared in this section, F1 is the standard
square thin shapedirfoil, F2 is the diamond shape airfoil and F3 igeneral
hexagonal shape airfoil. The corresponding Mach contours, obtained from the CFD
results at 15angle of attack, are presentedrigure3.11. As it can be seen from the
Mach contours, shock and expansion wave formation is familiar in F2 and F3.

However, due to bluntness of F1 airfoil, a bow shock is created in front of the airfoil.

- .

Figure3.11. Mach Contours of Three Different Profiles at Angle of Attack ¢f 15



In order to measure the aerodynamic performancdsesgairfoil shapestheyare
compared in terms of axial force, normal force and pitching moment coefficients.
The aerodynamic coefficient of these airfoils are showsgnre3.12 - Figure3.15.

The results showed that the blunt squared airfoil F1 has the highest axial force
coefficient value, 7 times of the others. Even though the F2 and F3 airfoils dae sim

in the order of magnitude, diamond shape airfoil F2 has the smallest axial force
coefficient for all angle of attack values. When the normal force and bending moment
coefficients are compared, F2 and F3 is slightly differs fromAsh, when lift and

drag values are compared, F2 and F3 shows much greater lifting characteristics than
F1.
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Figure3.12. Axial Force Coefficient Comparison Different Airfoils using2D
CFD Analyses
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Figure3.13. Normal Force Coefficient ComparisonDifferent Airfoils using2D

CFD Analyses
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Figure3.14. Pitching Moment Coefficient ComparisonDifferent Airfoils using
2D CFD Analyses
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Figure3.15. Lift Coefficientvs. Drag Coefficien€Comparison oDifferent Airfoils

using2D CFD Analyses

In literature, when parameters of a supersonic general hexagonal airfoils

investigated, it is found that the minimum drag is creébe@ diamondike shape

airfoil [48]. Similar results are obtained in this airfoil study,.tdlence the parameter

k is set to 0.5 which creates diamond shape €esson for internal web structures.

Since the web t hi cdeperdsenspararketers,iwdenany@the t he co
two parameters are set, the third parameter is determined automatically. Therefore,

wedge angle, 2, is the parameter that can n
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3.2  CFD Analysis Detailsof Grid Fins

The details of the CFD analyses performed for the different grid fin designs are
described in this sectioin this thesis, each design is run at angle of attacgirg

from 0to 15degrees at Mach number of 2.5 witland 45 degreesll angles. There

is no deflection angles applied because deflecting the gridainbe replaced by
additional angle of attack values because of the grid fin orientafive £a level

atmospheric conditions were used in CFD analysis.

Table3.2 CFD AnalysisFlow Conditions

Speed [Mach] 2.5

Altitude [m] 0 (Sea Level
Angle of Attack [°] 0,5,10 15
Roll Angle [°] 0, 45

Ambient Pressure [Pa] 101325
(ISA - Sea Level)
Ambient Temperature [K] | 288.15
(ISA - Sea Level)

Solution domain is already shownhkigure3.8. The flow conditionsreassigned to
pressurdar-field boundarywhich aregiven inTable3.2. The grid fn surfacs are
selected as adiabatic, 1sbp wall. In tre mesh generatioprocess, scoped sizing
applied to both grid fin anBOI boundariesScoped sizing is applied to the edges of
grid fin to obtain a finer mesh resolution near the grid fin edgesubecshock
formationin the flow mostly occurs abotite discontinuties in the geometry. Also,
in order to resolve grid fin better in CFD analyses, BOI refinement inside the grid
fin cells is applied even though it increases the number of cell eleni@ts.
influence can be clearly seen retcutplane plots of a sample meshich isshown

in Figure3.17. As stated in Sectio@.3and Sectior?.4.2 20 layers of viscous cell
elements are applied hetda. the near wall region).003 mm first cell height is
applied with growth setting of 1.0%he maximum y+ value is observad3.5 and

but mostlyit is around 1 andhatshows the boundary layer is resohastequately
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Since the grid firgeometries investigated in this thesis are differs from each other
dimensionally, the number of volume mesh elemeards grid cellsdiffers as well.

The volume mesh counts in each design is showgiure 3.16.

Mesh Count in Design Set
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Number of Cells [x10°]
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Design-1D

Figure3.16. Number of Cell elements for Different Grid Fin Designs
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Figure3.17. Sample MeslRResolution of a Grid Fin in-y CutPlot in the Spanwise
Middle Section
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In CFD analyses, the aerodynamic coefficients are obtained using the sign
convention defined ifrigure3.18. Parameterasedto obtain the coefficients from

the forces and moments are giveriTable 3.3, wherel ™ ¢ & and3

31 p ¢ .@The coefficients are obtained from dividing theegral forces and
moments by corresponding parametefsreference dynamic pressure, reference

length and area

Figure3.18. Sign Convention of Aerodynamic Coefficients in Grid Fin
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Table3.3 Non-Dimensionalization Parameters

Aerodynamic Non-Dimensionalization
Coefficient Parameter
0 n 3B
0 n 3B
0 n 3B
0 n B 4
0] n B 4
0] n B 4

In CFD analyses djrid fin, solution mostly converged around 3500 iterations with
the maximum CE number of 12. Residuals are dropped to at l@asind10* and

a sample residual plot is givenkigure3.19.

Residuals
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Figure3.19. A Sample Residudlistory of Aerodynamic Coefficientsr a Grid Fin
CFD Analyss
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Figure3.20. A Sample Convergendeot of Aerodynamic Coefficients a Grid

Fin CFD Analyss

3.3  Design of Experiments Methodology

Design of Experiments (DOE) is a mathematical methodology for designing,

performing, evaluating, and integting experiments.The purpose of DOE

techniques is to gather as much information as possible from a small number of
laboratory or computer experimenliss a branch of applied statistics that's used to
conduct scientific investigations of a system, process, or product in which input

variables are changed to see how they affect the measured \amsab®nsg To

put it another way, it's utilized tostiover causandeffect relationships.
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3.3.1 Parameter Screening

In the parameter screening, the responses, or aerodynamic coefficients in this case,
are compared by looking at thevplues that are less than 0.1 and explained,
respectivelyThe pvalue measw@s statistical significancef a factor, with a lower

p-value indicating a higher level of significance.

The parameters affecting the investigated aerodynamic coefficient are ordered in the
JMP software according to their importandéere are different glicators in the
screening report which is created by JMP software. Term shows the name of the
factor. Contrast shows the estimate for the factor. This number is the same as the
regression parameter estimate. There is a bar chart appears in this repctiand

the Lenth fratios that indicate a value that is significant at 0.1 level. Lerdlids

are computed by dividing the contrast by Lenth Pseudo Standard Error (PSE). PSE
constructs an estimate of the residual standard error using inactive efleets.
reference distribution of these -tatios under the null hypothesis is not
computationally tractabli& Lenth tratio methodTherefore, it is obtained bylonte
Carlosimulatiors in JMP softwardndividual p-values are analogous to the standard
p-values for a linear model. Small individuplvalues indicate a significant effect.
Simultaneous {values shows a multipleomparison adjusted-yalue in these
reports[51].

3.3.2 Constructing Designs

Severaldesign constructiomethodsare exist in platforms like JMP commercial
statistical softwardractorial, fractional factorial, and spafiking designs, are being
considered for the DOE analysisactorial designs requires hugimount of runsind

is not practicalinless the experiments are chefamctionalfactorial designs are a
reduced versionfdactorial designs. However, fractional factorial designs degrive
from good quadratic impact estimatiamd can only be used for simple definitive
purposeg51]. Spacefilling designs, such as Latin Hypercube Sampling (LHS), are
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effective for issues that require samples to be placed across the whole design space.
Due to the changing homogeneity of the sample sets and the correlation among the
sample data, spad#l ing designs are ill suited for response surface techn{gudgs

In addition, nethods such a€entral CompositeDesign (CCD) and BeBehnken

(BB) designs are available design methodolsgrstly used for response surface
generation purposeBor the factes of design space, these methods use a center point

placement strategy with a fractional factorial design.

In this thesisBB design of experiment methodology is applieBB designs, upper

and lower limits of factors are used for corner points and thean values are used

for middle points. This methodology is illustrated Figure 3.21 for only three
factors. Most of the time, in this design approathO, and +1lis used for the
representation of lower, mean and upper values, respectively. After determination of
the design points, lower, mean and upper valaesnormalized with actual

parameter upper and lower values to cregtkysically meaningful design set.

0,1.1

®
-1,1,0 A

A 1,140

11 | g
' ; 1,0,-1

Factor B

Factor A 0,-1,-1

Figure3.21. Box-Behnken Distibution of Design of Experiments
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Considering the included parameters, BB experiments are determined using
commercial program JMRN the software, upper, medium and lowe&inis are
represented with +, 0, andrespectively.The upper and lower limits of grid fin

parameters used in this thesis is presentdaloe3.4.

Table3.4 Lower, Middle, and Upper Values of Parameters in-Bekinken Design

Pattern | c/g s/g w/g g tw/ g tr/ tw
Min (T) | 0.25 2 2 10 0.0L 1.0
Base Q) | 0.75 5 5 20 0.04 2.5
Max (+) | 1.25 8 8 30 0.07 4.0

The designs are given rable3.5 and for each design point, parameter values are
determined according to the pattern of that dedigtotal, 54 designareevaluated.
Designs 2, 16, 33, 37, 46 and 53 are the center ptiaigfore they are basically
representing the same geomeaindan asterisk appesanext tothe design number

in Table 3.5. WhenCFD analysesre prepared only Designr2 is consideredand

copied for theother marked designs for convenience
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Table3.5 Box-Behnken Designs

Design

D Pattern | c/g s/g w/g g tw/ g t/ tw
1 T 00T1| 0.25 5 5 10 0.07 2.5
2 0 0.75 5 5 20 0.04 2.5
3 T 00+ 0.25 5 5 30 0.01 2.5
4 0O0+1| 0.75 5 8 10 0.04 1
5 T1T0+ 0.25 2 5 30 0.04 2.5
6 0++0 075 8 8 20 0.01 2.5
7 +071 0] 1.25 5 2 20 0.04 1
8 01 00l 0O.75 2 5 20 0.07 1
9 O+1 0 0.75 8 2 20 0.07 2.5
10 01 00l 0O.75 2 5 20 0.01 1
11 +1 0+ 1.25 2 5 30 0.04 2.5
12 O1 004 0.75 2 5 20 0.07 4
13 T 01T 0 0.25 5 2 20 0.04

14 0+00 0.75 8 5 20 0.01

15 +0071| 1.25 5 5 10 0.01 2.5
16 0 0.75 5 5 20 0.04 2.5
17 +00T1| 1.25 5 5 10 0.07 2.5
18 00T 1| 0.75 5 2 10 0.04 1
19 +071 0] 1.25 5 2 20 0.04 4
20 +0+00+| 1.25 5 8 20 0.04 4
21 +0+0] 1.25 5 8 20 0.04 1
22 T +071] 0.25 8 5 10 0.04 2.5
23 T 01 0 0.25 5 2 20 0.04 1
24 +00+ 125 5 5 30 0.01 2.5
25 0110 0.75 2 2 20 0.01 2.5
26 001 + 0.75 5 2 30 0.04 1
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Table3.5 Box-Behnken Designs (Continued)

27 1.25 8 5 30 0.04 2.5
28 0.75 2 8 20 0.01 2.5
29 0.25 5 8 20 0.04 1
30 0.75 8 5 20 0.07

31 0.25 5 8 20 0.04 4
32 0.25 5 5 10 0.01 2.5
33 0.75 5 5 20 0.04 2.5
34 0.75 8 8 20 0.07 2.5
35 0.75 2 5 20 0.01

36 0.75 5 2 30 0.04

37 0.75 5 5 20 0.04 2.5
38 0.25 2 5 10 0.04 2.5
39 0.75 2 8 20 0.07 2.5
40 1.25 5 5 30 0.07 2.5
41 0.75 2 2 20 0.07 2.5
42 0.75 5 8 10 0.04 4
43 0.25 8 5 30 0.04 2.5
44 0.75 5 2 10 0.04 4
45 0.75 5 8 30 0.04

46 0.75 5 5 20 0.04 2.5
47 1.25 8 5 10 0.04 2.5
48 0.75 5 8 30 0.04

49 0.75 8 5 20 0.01 4
50 0.75 8 5 20 0.07

51 0.25 5 5 30 0.07 2.5
52 0.75 8 2 20 0.01 2.5
53 0.75 5 5 20 0.04 2.5
54 1.25 2 5 10 0.04 2.5




3.4  Response Surfacdlethodology

Modeling a response surface, also known as surrogate, can be considered as
determining a continuous function of design variables from a limited amount of
available data. In this thesid)et surrogate modehre created via importing the
results to HEEDS software. In this process, the Radial Basis Function (RBF) is used
for the surrogate model generation. The medee created providing 54 design
points to the surrogate generation tddbdel creation is almoststantly occursand

the results include the actual design point values, model prediction values, and cross

validation findings.

Radial basis functions have been developed for the interpolation of scattered
multivariate dataln Equation 3.2 functiofQis approximated by functioif2 and-

is called as the error in this approximation. The approximation function is shown in
Equation 3.3.The method uses linear combinations of N radially symmetric
functions, based on Euclidean distance or other suchct@#pproximate response
function given in equation. In this equation, represents the linear combination

coefficiens andQuw is the radial basis functions

MO Qo - (3.2
Mo U 0 Q® (3.3)

Response surfaces should be validated since the performance of these functions
highly depends on the number of data provided to create them. Depending on the
nonlinearity of the responses investigated, the number of design points created via
BB design apprach may not be sufficient. For that purpose, Cross Valid&fioi
approach is adopted in this the€isoss validation is a process that used for the test

of the validity of the surrogate models. It uses the available data used for constructing
the surrgates. In general, the data is divided i¥subsets of approximately equal

size. A surrogate model is created k times, each time leaving out one of the subsets

from training andusing the omitted subset to estimate errors. This process is called
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k-fold crossvalidation. If k equals the size of tihminingdata,the subset became a
singledata,and this approach is called leameeout cross validatiofd7]. Validity

of the models are tested through leawe-out crossvalidation results in this thesis.

To measure the error in this process, Predicted Residual Sum of Squares (PRESS) is

used which is formulated iBquation3.4[52].

0YOYY Qb "Qd (3.4)

In this thesis, to further testing the validity of the surrogates, a differentdegighs
are analyzed with CFD. These design points are created as having intermediate
values to observe the response surface behavior in the intermediate design points

Validation design points are determined udiitS method
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the CFD results are examined in three parts. In the first part, DOE
results are used for investigating response screening for grid fins using JMP
statistical analysis software. In the second part, a response surface is created for each
aendynamic coefficient using HEEDS commercial software. Cvadislation and
validation procedure and results are presented in this section. In the last part, flow
field is investigated and the behavior of the flow around grid fwisgalizedvia

Mach numler and static pressure contours.

4.1  Parameter Sensitivity Analysis

In the JMP software, factors are created usiBgmethod for further investigation.

After CFD results are obtained, they are put in the JMP software to investigate which
parameters influence hich coefficient using statistical evaluation methods. This
process is called sensitivity analysis or parameter screening process in the literature.
It is a useful method which provides an insight to grid fin aerodynamics in this thesis.
These results maye considered for further studies related to grid fins. For instance,
some parameters can be excluded for aerodynamic optimization purposes to speed
up the heavy optimization procedure. It may also contribute to the prediction
methods designed for grid finas well. The details of parameter screening
methodology is explained in SectiBrB.1 The screening process are performed for
each aerodynamic coefficient indivialy, hence, the values are not comparable.
The angle of attack and roll angle is also included for this procedure to observe their
effects on aerodynamic coefficients as well. Also, since the parameters are defined
as the ratio of the gap (glhe gap paameter is anticipated as important for all

aerodynamic coefficients.
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41.1 Axial Force Coefficient

The parameter sensitivity analysis results for the axial force coefficient is given in
Figure 4.1. These results show that all parameters have influence on axial force
coefficient. Web thickness, frame thickness, span and width have stronger effects on
axial force coefficient since they shape the grid fin in the perpendicular direction to
the axial face coefficient directionGap has the most influence because changing

gap parameter affect all other parameters and also as gap is changed, the exposed
surface area is also changed accordingly. However, ¢baydp ratio (c/g) has
smaller effect on thex#al force coefficient compared to other shape parameters
because the changes in the chord are in the same direction of the axial force. Also,

angle of attack and roll angle has the smallest effect in all of the parameters.

Lenth Individual Simultaneous

Term Contrast t-Ratio p-Value p-Value
0101421 79227
0.084948 663.59
t_frame_t_web 0.051445 401.87
Span_gap 0.043505 339.85
Width_gap 0.040762 31842

Chord_gap -0.004481 -35.00
AoA -0.002656 -20.75
Phi 0.000380 2.97

Figure4.1. Response Screening for Axial Force Coefficign)

4.1.2 Normal Force Coefficient

Results corresponding to the normal force coefficient are showkigimre 4.2.

Results show that the shape parameters except the frame thickness related parameter
have effect on the normal force coefficient. The frame thickness parameter is
expected to have no effect. However, the web thickness is considered as important
parametesince increasing web thickness too much narrows down the space inside
the grid fin cell and this may lead to normal force degradation due to flow chocking.
Gap, chord, span and width parameters have positive influence on normal force
coefficient and theylbhchange the exposed area in the normal force direction. In

other words, as chord, span, width or gap is increased, grid fin has more exposed
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surface area and hence more normal force coefficient value. The angle of attack has

the most influence as expedtéAlsg the roll angle has negative effect on normal

force since basically, it reduces the velocity magnitude in the normal force direction.

Term

AocA

gap
Span_gap
Width_gap

Chord_gap
Phi

t web_gap

Lenth Individual Simultaneous
Contrast t-Ratio p-Value p-Value

0.066245

-0.035611
-0.004478

t frame t web o044 | i ] 057 05562 1.0000

Figure4.2. Response Screening for Normal Force Coeffidién}

4.1.3 Side Force Coefficient

Results corresponding to the side force coefficient are shofigume4.3. It shows

that the side force coefficient is mostly affected by the roll angle since the grid fin
does not produce side force in zero roll flight conditions. Results show negative
effect valus because of the sign convention of the side force. In other words, positive
roll angle creates negative side force. Similatithyg angle of attack affects the side
force if there is noizero roll angle since it creates a velocity component in the
direction of the side force coefficient. The web and frame thickness have no
influence on the side force coefficient. Other parameters affecting the side force
coefficient are similar to the normal force coefficient. However, the width parameter
has more affect #in the span parameter on. It should be noted that, this force is

balanced by the missile body when grid fin is integrated to it.

Lenth Individual Simultaneous
Term Contrast t-Ratio p-Value p-Value

Phi

AocA

gap

Width_gap -0.035980

Span_gap L EE

Chord_gap -0.027882 .

tweb_gap 0.001605 | i it b0 107 0.2878 1.0000
t_frame_t_web 0000388 | |l -0.26  0.7819 1.0000

Figure4.3. Response Screening f8ide Force Coefficien{0 )
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414 Roll Moment Coefficient

Results corresponding to the roll moment coefficient is showFigare 4.4. This
coefficient is corresponding to the bending moment coefficient if the grid fin is
placed on a missile body. Results shbat the roll moment coefficientepends on

the parameters similarly as in the normal force coefficient. It is expected béwause
roll moment is coupled with the normal force. In other words, the roll moment is
resulted from the normal force coefficient. Hence, the inferred information about the

normal force coefficient earlier is valid here too.

Lenth Individual Simultaneous
Term Contrast t-Ratio p-Value p-Value
gap i
AoA
Span_gap
Width_gap

Chord_gap -0.040287
Phi 0.019844
t_frame_t_web -0.001993
t web_gap 0.000520

E 0.9939
.63 0.3227 1.0000

'
= [

Figure4.4. Response Screening for Roll Moment Coefficign}

415 Pitch Moment Coefficient

The pitch moment coefficient is related with hinge moment coefficient if the grid fin
is mounted on a missile body. It is created by the normakfand axial force
coefficient together. It depends on all of the paramétecause the hinge moment
coefficient is susceptible to any change in the axial and normal forces.aflgo
chang in the point of applicatioof these forces influences tipéching moment

enourmouslyThe parameter screening result is showRigure4.5.

Lenth Individual Simultaneous

Term Contrast t-Ratio p-Value p-Value
gap 0.004616 56.42
AcA 0.004278 52.29
Chord_gap 0.004057 4959
0.002553 3121

Span_gap 0.001636 2000
Width_gap 0.001153 14.10
t_frame_t_ web 0.001151 14.07
Phi -0.000979 -11.96

Figure4.5. Response Screening fiditch Moment Coefficientd )
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41.6 Yaw Moment Coefficient

The yaw moment coefficient screening results are presentddune4.6. The yaw
moment coefficient is coupled with the axial force coefficient. Hence it depends on
the parameters that the axial force coefficient is influenced by. The results shows
that the roll agle has weak influence on the yaw moment coefficiestiould be

noted that, this coefficient is important for te&uctural issues whegrid fin is

integrated to the missile body.

Lenth Individual Simultaneous

Term Contrast t-Ratio p-Value p-Value
0.053234
0.038251
0.033483

0.029484
t_frame_t_web 0.019680
Width_gap 0.014268
Chord_gap -0.003539 -2.69 0.9233
Phi 0001962 | i i i fli G -149 01364 1.0000

Figure4.6. Respons&creening for Yaw Moment Coefficie(i )

4.2 Response Surface Generation

In this section, using the DOE results, response surfaces for each aerodynamic
coefficient are created using the HEEDS MDO commercial software. This section
covers thecrossvalidation results extracted from the HEEDS software and a
validation of the response surfaces using a different test data set to show the accuracy

of the response surfaces created.

Since 8parameter repsonse surface is impossible to illustrateatr aerodynamic
coefficient response surfaces are plotted-8s@aphs. In these graphs, two most
important parameters are used for x and y axis and aerodynamic coefipiaced

in the zaxis while other parameters &eptat baseline (center) pdinrhese graphs
are valuable for visualization of response surfaces andbémavior of the

corresponding@erodynamic coefficient.
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Figure4.7. Respons&urfacefor Axial ForceCoefficient(d ) usingg andt./g

Figure4.8. Respons&urfacefor Normal ForceCoefficient(6 ) usingg anda
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Figure4.10. Responsé&urfacefor Roll MomentCoefficient(d ) usingg anda
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Figure4.12. Respons&urfacefor Yaw MomentCoefficient(0 ) usingg ands/g

80



421 Leave-One-Out Cross-Validation

The crossvalidation process is explained igsection 3.4 Response Surface
Methodology CV results presented ifable4.1 and the residuals are very small. It
indicates perfedit, and the actuals-predicted results are supporting this statement.
The corresponding graphs for each aerodynamic coefficient ana $hbigure4.13

- Figure4.18. It should be noted that on some coefficienta dae concentrated into
some regions. It gives an idea about what is the order of magnitude of the
aerodynamic coefficients in this thesis.

Table4.1 CrossValidation Residuals

Performance Method Cross-Validation
Output Residual
Ca Radial Basis Function with Cubi 0.00379
Interpolation
C Radial Basis Function with Cubi 0.0228

Interpolation

Cy Radial Basis Function with Cubi 0.0250
Interpolation

C Radial Basis Function with Cubi 0.0209
Interpolation

Radial Basis Function with Cubi
Cm_x.0 Interpolation 0.0019

Radial Basis Function with Cubi
Cnx 0 Interpolation 0.0034
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4272 Validation

Although the crossalidation resultshowed good agreements for all aerodynamic
coefficients, to further validate these response surfaces, another set of designs which
are not included in the response surface generation process is used. For this purpose,
10 different design points are chosesing LHSmeyodand parameters of these
desigrs are presented iable4.2. For each desigr® CFD analysesare performed

which include angle of attack ranging from 0 to 15 degrees and roll angles of 0 and

45degrees
Table4.2 Test Data Set
Design
D gap clg slg w/g tw/g te/t w
1 26 1.05 7 5 0.02 2.5
2 18 0.9 8 4 0.03 35
3 12 11 2 3 0.05 3
4 22 0.95 4 4 0.04 2
5 16 0.75 5 8 0.05 2.5
6 26 0.85 6 7 0.06 15
7 30 1.15 6 5 0.01 3.5
8 10 0.9 4 3 0.06 4
9 24 1.25 4 7 0.04 2
10 16 1.05 3 6 0.02 1

For each design in the test data, the aerodynamic coefficients are estimatéideusing
response surfaces and they are plotted in aptealicted graphs. These graphs are
presented in figures. In these plots, the diagonal dashed line shows the perfect fit.
Root Mean Square Error (RMSE) and Normalized Root Mean Square Error

(NRMSE) values are also preseniedhese graphs
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Figure4.19. Validation Results for £Surrogate

In the axial forcecoefficient, distinctive data values areserved. Since each design
having different axial force coefficient values and this coefficient is almost
independent from the angle of attack and the roll angle, the results of each design
concentrated on a spdcifvalue.The normal force and side force coefficients are

distributed more uniformly than the axial force coefficient. The surrogates related to

force coefficients have good agreement with the valid&@ibD data.
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Figure4.21. Validation Results for €Surrogate
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Figure4.23. Validation Results for & Surrogate
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Figure4.24. Validation Results for £Surrogate

The roll moment coefficients are distributeihilar to the normal and side force
coefficients. It is expected since the roll moment coefficient is coupled with the
normal force coefficient. Thefore, agood agreement is achieved for the roll
moment coefficient as well. The pitching moment coefficiemxisemely difficult

to model because it depends on both axial force and normal force coefficients.
Moreover, it is susceptible to any changes in thaereof pressure and due to
complex flow structure inside the grid cells, the location of center of pressure may
be misplaced due to numerical errors in CFD calculations. High deviations from the
ideal actuabredicted line are observed fibre pitch momentoefficient validation
results. However, general behavior is modelled through the resporiaee and it

is considered to be useful in optimization processes since the values of pitch moment
(hinge moment) coefficients are very small in grid fin ands ihot necessary to
further optimize this coefficient. The yaw moment coefficidr#s moderate
agreement with CFD results. It is coupled with the axial force coefficient and
therefore some discrepancies are observed here as well. The general behavior is

edimated,and the response surfa@evalid for optimization purposes.
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4.3  Flow Field Investigation

In this section, the DOE results are investigated in a different way. As stated in
Section 1.1, grid fins have superior lifting characteristics, however, a poorly
designed grid fin may not show this performance. In order to assess this issue, a post
process is applied to DOE results to detect designs which have normoal for

performance loss and to determine what common features these designs have.

In a welldesigned grid fin, the slope of the normal force coefficient is expected to
beindependent of angle of attack becadsereasén the slope of the normal force

in high angles of attack is associated with flow separation and stall. Therefore, a
typical superior lifting device should have a straight normal force coefficient curve
as illustrated irFigure4.25. If the slope values of a design have high variations from

the mean value, that means there are fluctuations in the slope values in certain angles
of attack. This behavior is illustrated kigure4.26 andFigure4.27.
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Figure4.25. Typical Gy Curve without a Sign of Stall (Desigh/ Baseline)
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In order to identify the designs having a performance loss in high angles of attack,

the variation of the normal force coefficter used. The coefficient of variation is

expressed mostly as percentage value, and as a rule of thumb, beyond 30 percent
considered as highly scattered data. The Coefficient of Variance (CoV) formula is

given in Equation (4.3). In this formulaw is representing

in this case. The

coefficient of variation is plotted against the design number as it can be seen from

Figure4.28.
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Figure4.28. Detection of the Designs Having Performance ksss
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To investigate the physical behavior of thelectedresults, Mach and pressure
contours of corresponding designs are obtained. First the contours of the baseline
design(Design2) are presentetth observe the flow fieldAfter that, Desigrll and
Designr24 are investigated and presented here, for the sake of simplicity, since other
designs have similaesultswith these two.

The Mach and pressure contours of the baseline design (EBstga presented in
Figure4.29 andFigure4.30, respectively. Theingle plate regimevhere all grid fin

cells having similar flow patterris observed in the three angles of attack, namely,

0, 5, and 10 degreeét 15° angle of attack, a separated flow is observed. én th
baseline design the chegép ratio is 0.75, hence the gap is big enough and the
expansion waves emanating from the leading edges does not hit the bottom surface
of the adjacent upper cell surface, hence, the periodic plate regime is not observed
here.It is an important output since the chaab ratio can be tailored to delay

unwanted flow behaviors in certain flow conditions.

Figure4.29. Mach Contours of Desiga (Baselinejat 0° Roll Angle
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Figure4.30. Pressure Contours of Desigr(Baselinejt 0° Roll Angle

The common features of thesgderior designs are tabulated rable 4.3 andthe

corresponding geometries atleistratedin Figure 4.31. It is observed that, these

designs have the same chgap ratio. It can be inferred that high chgab ratio

promote separation in high angles of attack and degrade the normal force

characeristics of the grid fin.

Table4.3 Common Features of Inferior Designs

Design ID
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Figure4.31. Geometries of Inferior Designs

The Mach and pressure contours of the Dediymre presented fFigure4.32 and
Figure 4.33, respectively. As in the baseline design, the single plate regime is
observed at small angles of attaslich a$° and5°. However, periodic plate regime
behavior is observed at l@ngle of attack and the flow became prone to separation.
Further increas inthe angle of attack, a separated flow is observed aahgle of
attack.Thechange obehavior in the flow causes the performance loss in this design

and similarly others, namely, Desig@d and Desigi27.
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