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ABSTRACT

NUMERICAL PREDICTION OF AERODYNAMIC STABILITY
DERIVATIVES OF A PROJECTILE

Yayla, Koray
M.S., Department of Aerospace Engineering

Supervisor: Prof. Dr. Yusuf Ozyoriik

September 2021, 81| pages

Prediction of aircraft aerodynamic stability derivatives is crucial for evaluating its
flight dynamic characteristics. By using the open source SU2 software, steady and
unsteady Reynolds-Averaged Navier-Stokes analyzes are performed in order to deter-
mine the aerodynamic stability derivatives of a missile like projectile from literature.
The employed prediction methods that are based on forced oscillatory motion and
differential method are particularly emphasized for roll damping and pitch damping
derivatives. Also, constant roll rate analyzes are performed with the options of rigid
mesh motion and rotating reference frame. Differences between them are evaluated
by comparing the results obtained from these different approaches with each other
and experimental data. The effects of the Spalart Allmaras and Shear Stress Trans-
port turbulence models on steady and unsteady simulations are examined in terms
of accuracy and computational cost. The effects of oscillation method parameters
such as reduced frequency, time step size, and oscillation amplitude are also investi-
gated. The numerical prediction of the aerodynamic stability derivatives shows good

agreement with the experimental data.



Keywords: stability derivatives, damping derivatives, computational fluid dynamics,
forced oscillation method, differential method, rigid mesh motion, rotating reference

frame
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ROKET TIPi GEOMETRILERIN AERODINAMIK KARARLILIK
TUREVLERININ SAYISAL TAHMINI

Yayla, Koray
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Yusuf Ozyoriik

Eyliil 2021 ,[81]sayfa

Hava aract aerodinamik stabilite tiirevlerinin tahmini, ucus dinamigi 6zelliklerini de-
gerlendirmek i¢in ¢ok onemlidir. A¢ik kaynak kodlu SU2 yazilimi kullanilarak, li-
teratiirde yer alan bir fiize benzeri mermi geometrisinin aerodinamik kararlilik tii-
revlerini bulmak i¢in daimi ve daimi olmayan akiglarda Reynolds-Averaged Navier-
Stokes analizleri yapilmistir. Zorlanmis salinim hareketine ve diferansiyel yonteme
dayanan tahmin yontemleri, 6zellikle yuvarlanma ve yunuslama soniimleme tiirev-
lerinin hesaplanmasi icin vurgulanmistir. Ayrica, rijit ag hareketi ve donen referans
cercevesi secenekleri kullanilarak sabit yuvarlanma hiz1 altinda analizler yapilmistir.
Bu farkli yaklasimlardan elde edilen sonuglar birbirleriyle ve deneysel verilerle kar-
silagtirilarak aralarindaki farklar degerlendirilmistir. Spalart Allmaras ve Shear Stress
Transport tiirbiilans modellerinin daimi ve daimi olmayan akis simiilasyonlar: iize-
rindeki etkileri, dogruluk ve hesaplama maliyeti agisindan incelenmistir. Indirgenmis
frekans, zaman adimi1 boyutu ve salinim genligi gibi salinim yontemi parametrelerinin
etkileri de arastirllmigtir. Aerodinamik stabilite tiirevlerinin sayisal tahmini, deneysel

verilerle 1y1 bir uyum gostermektedir.
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Anahtar Kelimeler: kararlilik tiirevleri, soniimleme tiirevleri, hesaplamali akigkanlar
dinamigi, zorlanmig salimim yontemi, diferansiyel yontem, rijit ¢6ziim ag hareketi,

donen referans cercevesi
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem Definition

Aerodynamic forces and moments are nonlinear functions of all independent flight
conditions such as Mach number (M), altitude (h), angle of attack (), side slip angle
(), body rotational rates (p, ¢, ), and control surface settings (9). It can be assumed
that the aerodynamic forces on the aircraft respond linearly to small changes from
a given steady-state flight condition. This allows these forces to be characterized
by a set of aerodynamic derivatives, called stability derivatives, which are generally
used in flight mechanics and flight control studies during aircraft design. Therefore,
prediction of aerodynamic stability derivatives of air vehicles is critical to evaluate
their flight dynamic characteristics. These derivatives can be obtained by using sev-
eral different approaches: empirical and semi empirical methods, numerical methods,
wind tunnel tests, and flight tests. Wind tunnel tests and flight tests determine aero-
dynamic stability derivatives accurately. However, they are expensive methods. Also,
wind tunnel tests can be limited by scaling, interference factors and blockage. Em-
pirical and semi empirical methods are based on simple mathematical models and
theories and existing experimental data. Although semi empirical methods are the
fastest and cheapest methods, their accuracy is not sufficient to safely evaluate the
flight performance of the vehicles of interest, even in the design process. Also, these
methods are insufficient for the aerodynamic solution of complex geometries. Alter-
natively, numerical methods based on computational fluid dynamics are frequently
used considering the accuracy and cost. In this thesis, it is aimed at calculating the
aerodynamic stability derivatives accurately, especially dynamic stability derivatives,

of missile-like geometries using an open source software Stanford University Un-



structured (SU2) Code on unstructured meshes. The results of computational fluid
dynamics analyzes conducted for a basic finner projectile from literature are com-
pared with the experimental data and the accuracy of stability derivative prediction

methods used in the study is investigated.

1.2 Literature Review

Computational fluid dynamics is a widely used method for finding aerodynamic sta-
bility coefficients, which are generally used in flight mechanics and flight control
studies during aircraft design. In this section, some studies that have been done and
open in literature to calculate stability derivatives are discussed. Before starting com-
putational fluid dynamics methods to determine the stability derivatives, experimental

data obtained from wind tunnel tests and flight tests are examined.

Uselton and Jenke [9] conducted a series of wind tunnel experiments from subsonic
to supersonic regime to obtain stability derivatives of pitch and roll damping coeffi-
cients. They studied on two missile configurations, named basic finner and modified
basic finner . Also, Dupuis [2] carried out wind tunnel tests and flight tests to obtain
aerodynamic coefficients and stability derivatives at subsonic, transonic and super-

sonic flight regimes by using the basic finner configuration demonstrated in Figure

[L.11.
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Figure 1.1: Basic finner configuration (all dimensions in caliber) [2]].

The Standard Dynamic Model (SDM), shown in Figure[I.2] is also commonly used in

the literature. A lot of wind tunnel tests were carried out for different flight conditions

2



to examine the dynamic stability characteristics of a generic aircraft model 11

2013

Figure 1.2: SDM model [3].

Vicroy, Loeser and Schiitte [4] used a geometry of general unmanned combat aircraft
(UCAV) called SACCON:Stability and Control Configuration, indicated in Figure
[I.3] to perform static and forced oscillation tests to provide both static and dynamic

data in subsonic regime.



Figure 1.3: Wind tunnel model of SACCON [4].

So far, the models that have available experimental data in the literature have been
presented. In this study, the experimental data given for the basic finner model are
used as reference. Some other models are also mentioned to raise awareness. Another
method used to find stability derivatives, which is the subject of this thesis, is the
computational fluid dynamics (CFD). There are many studies that have been done in

which static and dynamic derivatives are calculated using CFD.

Oktay and Akay [[14] used a three-dimensional unstructured Euler solver for unsteady
analysis. They used this solver implemented arbitrary Lagrangian-Eulerian (ALE)
formulation with deforming mesh algorithm to predict dynamic derivatives. The roll
and pitch damping coefficients were calculated using the history of the aerodynamic
force and moment coefficients obtained by the unsteady calculations. They used the
basic finner geometry to validate their results at supersonic regime. Their results

agreed with the data quite well.

Schmidt and Newman [[13]] tried to calculate the dynamic stability derivatives of the
Standart Dynamic Model (SDM) aircraft model by imposing pitch oscillations. They
performed the calculations through a URANS solver with the SST turbulence model.
They compared the computed stability derivatives with experimental data. They con-
cluded that the dynamic derivatives calculated at small angles of attack were closer to
the experimental data than at high angles of attack due to nonlinear effects caused by

vortex shedding.



Bhagwandin and Sahu [7] studied some numerical estimation approaches for pitch
damping stability derivatives with CFD. These were called the transient planar pitch-
ing method and the steady lunar coning method. The geometries calculated were the
basic finner and modified basic finner models. They compared the numerical results
with experimental data within subsonic to supersonic regime, and observed that quite

accurate results could be obtained.

Ronch [16] carried out a study about the evaluation of dynamic derivatives. The
dynamic derivatives were obtained by using unsteady time-domain CFD simulations.
In addition, the frequency-domain methods were introduced for the fast computation

of dynamic derivatives.

Mi and Zhan [8] proposed a differential method for calculating the aerodynamic
damping stability derivatives. They focused on the longitudinal dynamic stability
derivatives. They stated that dynamic stability derivatives could be calculated by tak-
ing the difference of the solutions obtained from the analyzes performed with different
values of flight conditions such as angle of attack, angle of attack rate and pitching
angular velocity. They emphasized that this method has higher efficiency and ac-
curacy than traditional oscillating methods. In another study, Baigang, Hao and Ban
[17] used small amplitude pitching oscillation and differential method to compute dy-
namic stability derivatives. Also, they performed small amplitude plunge oscillation

to determine the acceleration stability derivative.

Despeyroux et. al. [18] studied static and dynamic performances of a grid fin con-
trolled missile. They carried out the computational fluid dynamic analyzes by using
SU2 software. They estimated static stability derivatives, dynamic stability deriva-
tives and aerodynamic coefficients for a general missile with grid fin configuration.

They used forced oscillation method in order to predict pitch damping derivatives.

Mi, Zhan and Chen [3]] introduced a systematic method based on the step response
motion to calculate aerodynamic stability derivatives of an air vehicle by using com-
putational fluid dynamics. The steps of this method are represented in Figure [1.4]
After obtaining a steady state solution, the step response motions of angle of attack,
angle of attack rate, and pitching angular velocity are employed respectively to pre-

dict longitudinal stability derivatives. They used SACCON UCAV model to validate



their method. They emphasized that there is a good agreement between aerodynamic
coefficients calculated by this method and experimental data. Also, they stated that
this method can provide advantages in terms of computational cost and accuracy with

respect to traditional methods [3].
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Figure 1.4: Simulation steps of the method based on step response motion [3]].

1.3 The Outline of the Thesis

The methodology used to predict aerodynamic stability derivatives by using computa-
tional fluid dynamics is explained in the second chapter. In the third section, by choos-
ing the appropriate mesh and solver settings, the computations with the open source
SU2 software is validated by comparing with the experimental data of the basic finner
model. The calculations of aerodynamic stability derivatives using the methodology
described in the second chapter are presented and discussed in the fourth chapter. The
findings to calculate stability derivatives by using computational fluid dynamics are

summarized in the last part of the thesis.



CHAPTER 2

METHODOLOGY

In this section, the methodology in order to calculate aerodynamic stability deriva-
tives is explained. Firstly, the numerical methodology used in this study is described.
The governing equations solved in the CFD phase are given. Turbulence models em-
ployed in the analyzes are described. Then, the prediction methods of aerodynamic
the stability derivatives are represented. Since there are experimental results of the
roll damping and pitch damping coefficients, the determination of these coefficients
are especially emphasised to evaluate the accuracy of the numerical prediction meth-

ods.

2.1 Numerical Methodology

All computational fluid dynamic analyzes are carried out by using the open source
SU2 [[19] v7.1.1 "Blackbird" software. The aerodynamic coefficients are calculated
solving the compressible, 3D, Reynolds-Averaged Navier-Stokes (RANS) equations.
The numerical method employed for the convective terms is chosen as the Jameson
Schmidt Turkel (JST) scheme. In order to model turbulence, the model of Spalart All-
maras (SA) and the model of Shear Stress Transport (SST) of Menter are alternatively

employed. Second order dual-time-stepping is selected for time integration.
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2.2 Reynolds-Averaged Navier-Stokes (RANS) Equations

The Reynolds-Averaged Navier-Stokes equations expressed in arbitrary Lagrangian-

Eulerian (ALE) [20] differential form, as used in the SU2 code, is given as [21];

( - -
RU)=L+V - F5, —V-F'—Q=0 inQ, ¢t>0
7 = g on S

2.1)
9,7 =0 on .S
(W), =Wy on 'y,

where F¢

. and [ are the viscous fluxes and the convective fluxes, respectively. O

is defined as generic source term. The conservative variables are represented by U =

{p, p¥, pE}T.

In equation (2.1), Q@ C R? defines the domain, I', and S define far-field boundary

and adiabatic wall boundary, respectively.

The formulation of convective fluxes, viscous fluxes and source term are given as;

p (U — tq)
Fa. =14 pi® (0 —iq) + Ip
pE (U — tq) + pv
Fv = 7 (2.2)

where U = {vy, vg, Ug}T is the flow speed in Cartesian frame and g, is the moving
domain velocity. p, p, T and E denote the density, the static pressure, the temperature
and the total energy per unit mass respectively. c, is defined as the specific heat

constant under constant pressure. g and 7 are the viscosity and the viscous stress
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tensor respectively [21]].

The viscous stress tensor can be expressed as;
(2.3)

_ 2=
T = Mot (V17+ V?7T — g[(v . /17))

The viscosity (44,+) can be split into dynamic (ft4y,) and turbulent (u,, ) components

as shown in equation (2.4). While the dynamic viscosity is obtained by using Suther-
land’s law, the turbulent viscosity is calculated with a turbulence model [21].

(2.4)

Hiot = Hdyn + Ltur

2.3 Turbulence Modeling

Two common turbulence models of the Spalart Allmaras (SA) and the Menter Shear

Stress Transport (SST) are explained in this part.

2.3.1 Spalart-Allmaras (SA) Model

The Spalart—Allmaras (SA) turbulence model uses a one-equation that solves the
transport equation for turbulent viscosity. The turbulent viscosity is computed by

using the following equations [21]].
(2.5)

3 A
N X v
wr = PV Ju1, vl = — =, =—, V=
feur = PV fo1s fin Fia X7,

In the equation (2.5)), ¥ is calculated by using a transport equation. The terms of
convective fluxes (ﬁc), viscous fluxes (ﬁ”), and source (()) in the transport equation
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are defined as [21]];

FC = b
_ V+v
FY = — V7D
. B (2.6)
N
A v c ~
Q = CblsV - Cwlfw (%) + %‘VUF

For detailed information about the variables and functions in transport equation, ref-

erences [21]] and [22] can be referred.

2.3.2 Menter Shear Stress Transport (SST) Model

The Menter Shear Stress Transport (SST) model is a two equation turbulence model
which consists of specific dissipation rate (w) and turbulence kinetic energy (k). In
this model, a shear stress limiter is implemented to the eddy-viscosity relationship

which is defined as [21]];

pak

Hear = ) S = 231 Sz (27)

max (a1w, SFy)

where F5 is called as the second blending function.

The terms of convective, viscous and sources for the equation of turbulence kinetic

energy are given in equation (2.8)).

—

F° = pkv
ﬁv = - (,Udyn + Ukﬂtur) Vk (28)
Q = P — [ pwk

The convective, viscous and source terms for the equation of specific dissipation rate
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are given in equation (2.9).

Fe = pwU

ﬁv = - (,udyn + Uwﬂtur) Vw (29)

Q= %P—B*pr—}—Q(l—Fl)pa
t

2 VEVw
w

where P is the turbulent kinetic energy production and F} is the first blending func-

tion.

For more detailed information about the variables and functions used in the Menter

SST model, [21] and [23]] can be referred to.

2.4 Dynamic Mesh Definition

SU2 has the capability of resolving unsteady flows on with meshes that are both
rigidly transformed and dynamically deformed [21]. The rigid mesh motion without
any relative movement between the grid nodes as shown in Figure[2.T|is a simpler way
to move the surfaces and the mesh. Mesh velocities, including dynamic grid motion,
are calculated and used in the governing equations in the unsteady simulations with
movement of surfaces. The rigid mesh motion, which includes both rotation and

translation, for each grid node, can be defined as [24]]:

Tpir = RT, + AT (2.10)

where 7, is the current position of the nodes, %, is the updated position of the
nodes at the next time step, AX is the vector that states the translation of the nodal

coordinates and ¥ is the rotation matrix which can be expressed as [24];

clycl, s0,50,c0. — c0,50, clys0,c0, + 50,50,
K= cl,s0, s0,.50,0,+ ch.c0, c0,s0,s0, — s0,ch, (2.11)

—s0, 50,0, cbch,
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where 0,0, and 0, define the change in angular position of the coordinates of the

grid nodes about a specified rotation center.

(a) Initial mesh. (b) Mesh after rigid motion.

Figure 2.1: Rigid mesh motion.

Figure [2.2] shows dynamically deformed mesh. When using the deforming mesh op-
tion, the volume mesh is deformed after moving the surface boundary. Calculating
the mesh deformation leads to increase in computational cost. Also, mesh quality
may deteriorate as the mesh deforms. Therefore, the rigid mesh motion is preferred

in this study.

(a) Initial mesh. (b) Mesh after deforming surface movement.

Figure 2.2: Deforming mesh motion.
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2.5 Rotating Frame Formulation

Transforming the flow equations into a reference frame that rotates with the body can
be advantageous for simulations under steady rotation since flow field can be solved
in a steady manner without any grid movement [24]. By applying this transformation
with a steady angular velocity & = (wi,ws, ws) € R3 around a specified rotation
center 7, = (Zo, Yo, 2) € R?, the convective fluxes of the compressible equations

become;

p (U —uy) 0
Fo=| pi@@—i,)+IP |,.Q=| —p(@ x D) (2.12)

where p, H and P are the fluid density, total enthalpy per unit mass, and static pres-
sure, respectively. 7 = (v1, vo, v3) € R? is defined as the absolute flow velocity and 1,
is the velocity due to rotation, sometimes called whirl velocity. , can be formulated

as;

Uy =0 X T (2.13)

where 7 is defined as the position vector from the center of rotation to a point in the

flow domain, as represented in the following equation.

F: ((x_xo)v(y_yo)>(z_zo)) (214)

The viscous terms do not change during the transformation from inertial frame to

rotating frame.

2.6 Stability Derivative Calculation Methods

In general, aerodynamic force and moment coefficients are nonlinear functions of

the flight conditions such as velocity, altitude, angle of attack, sideslip angle, body
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rotational rates, and the geometry such as control surface settings. However, for
simplification, assuming linearity and using Taylor series expansion, aerodynamic
coefficients at constant velocity, altitude and geometry can be assumed as a function
of all individual parameters as shown in equation [1]. Higher order terms in

Taylor series expansion of the parameters are assumed to be negligible.

9Cs 52 9Cs ps O p g OO,

s Ap+ o¢; Agq+ 9 (2.15)
dp q or

where j = A, N, Y, [, m,n.

A, N and Y define the coefficients of axial force, normal force and side force while
[, m and n represent the coefficients of roll moment, pitch moment and yaw moment

respectively.

When rotational motions about the axis of the body frame are small amplitude angular

displacements, 0, 0, and 0., the angular velocity of the body can be expressed as [1];

Ap=40, A¢g=86, Ar=20, (2.16)

Yo

The relationship between the angular velocity resolved in the wind frame (w, wy, W)

and the angular velocity resolved in the body frame (935, éy, 92) is given as [1];

Wy cosacos3  sinff sinacospf 0,
wy | = | —cosasinf cosfB —sinasinf éy (2.17)
W, —sin« 0 cos o éz

The body frame (xy, ¥, 25) and wind frame (z,,, ¥, 2,,) are demonstrated in Figure
[2.3] The origin of both frames is located at the center of gravity. The body x axis ()
points through to the nose. The body z axis (z;) points down and y; points through
the right tail. The wind x axis (z,,) is in the same direction as the velocity vector V.
The y,, and z,, axis of the wind frame can be defined by the transformation using the

angle of attack « and the angle of side slip f3.
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Figure 2.3: Representation of body frame and wind frame.

From equation (2.17)), by assuming a zero sideslip angle, the following relations are

obtained.

wy = Adv = 0
& ' | (2.18)
w, =—Apf =—0,sina+ 0, cos«
Integrating equation (2.18) yields;
Ao =10,
(2.19)

Ap =6,sina — 0, cosa

By substituting equation (2.18)) and equation (2.19) into equation (2.13)), the following

relationship is obtained.

aC; | oC oC;
C;=Cjo+ @—5] sin g, + 8—;9?; — 8_5] cos b,
+ (% + a—c.'jsinao) 0, + (% + %> éy + (% — a—c.’jcosao> 0.
op 0B dq od or 0B
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By applying single degree of freedom motion in unsteady CFD analysis and wind

tunnel tests, the stability derivatives can be extracted from equation (2.20) [1].

Applying rotation about the x axis of body frame with 0, = 0, = éy =0, =0,
equation (2.20) becomes;

C; = Cjo + L sin g, + (— + aﬁ_ﬁ sin a0> Hx (2.21)

Applying rotation about the y axis of body frame with 8, = 6, = 6, = 0, = 0,
equation (2.20) becomes;

Cec,  (0C,  ac)\
C; =Cjo+ 8—a@y alF (a—q = (9_04) 0, (2.22)

Applying rotation about the z axis of body frame with 0, = 0, = 0, = éy = 0,
equation (2.20) becomes;

C; = Cjo — L cos apb, + <— — 88_6; cos a0> 0, (2.23)

By using equations (2.21)), (2.22)) and (2.23)), direct derivatives and cross derivatives

can be calculated by implementing least square methods [1]. Some important aero-

dynamic moment derivatives are represented in Table[2.1]

Table 2.1: Stability derivative examples [1]]

Motion Direct Derivatives Cross Derivatives

Rolling about x Ciy, Ci, + Cpgsina - Cyy, + C) ssina, G, + G, ssina

Pitching about y Cm&, Cmq -+ Cmd Clq + Clo’u qu + Ond

n, m,

Yawing aboutz  C,,Cp, — C scosa Cf, — Cpzcosa, Cp, — C 5 cos

Aerodynamic damping derivatives can be nondimensionalized by using the following

relation.

_ 2V oc;

6= T 09 (2.24)
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where ¢ represents the angular velocities of p, ¢, r, & and ﬁ V' is the freestream

velocity and d is the reference length, which is equal to diameter of projectile.

The stability derivatives can be divided into static stability derivatives and dynamic
stability derivatives. Aerodynamic derivatives, like C,,, , Cn,, Oyﬁ, C’nﬁ, Ca,, de-
pending on steady flight conditions such as angle of attack, speed and sideslip angle
can be called static stability derivatives while derivatives like Cy, , Cp,,, Cn,, Cy,
depend on the rates of the flight conditions can be named as dynamic stability deriva-

tives or damping derivatives.

2.6.1 Prediction of Static Stability Derivatives

Static stability derivatives can be determined by using steady state CFD simulations.
The main static stability derivatives used in flight mechanics and control studies can
be summarized as; Cy,, Cn,, Cn,, Ca,, Cn,, Cn,» Cy,, Cj, and Cyy . In order to
calculate the static stability derivatives, the central difference method given below can

be used as follow;

Cj -}
O — (sg+As) J(sg—As) 2.25
J 2As ( :

where j = A, Y, N,[,m,n and s = «, 5,u. a and 3 represent angle of attack and
sideslip angle. w defines the flight speed. s is the mean value of the relevant flight

condition. As is the perturbation about the mean value.

Also, static stability derivatives can be computed from the equations (2.21)), (2.22))
and (2.23) using the least square methods in unsteady calculations which will be

discussed in the next section.

2.6.2 Prediction of Dynamic Stability Derivatives

Dynamic stability derivatives can be estimated by imposing rotational or translational
motions around the aircraft center of gravity. In order to simulate these motions in

SU2, 3D time dependent unsteady Reynolds-Averaged Navier-Stokes equations are
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solved. The unsteady flow analyzes are carried out by starting from the previously
obtained steady state flow analysis results. After aerodynamic force and moment
history obtained from the unsteady analyzes, dynamic stability derivatives can be

calculated.

2.6.3 Unsteady Roll Analysis
2.6.3.1 Constant Roll Rate Analysis

The unsteady analysis using rigid mesh motion is performed under constant roll rate
in order to obtain roll damping coefficient. When angle of attack is assumed to be

zero, equation (2.21]) becomes;

d
Cy=Cp+ Czp§—v (2.26)

C)o in equation (2.26)) is obtained from the steady state CFD calculations. To calculate

C}y, the following equation is used.

G —Cy

=0 2.2
Cy pd/2V .27

Also, this constant roll rate analysis can be solved in a steady manner by applying ro-
tating frame. After computing the roll moment coefficient from the time independent
steady state analysis under constant roll rate, the roll damping stability derivative can

be calculated by using the same equation (2.27)).

2.6.3.2 Sinusoidal Oscillating Motion Analysis

Sinusoidal oscillating motion can be used to predict aerodynamic stability coeffi-

cients. This motion can be described as;

0, = pasin(wt) (2.28)
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where ¢ 4 is the amplitude of the sinusoidal motion and w is the rolling angular ve-

locity. Taking time derivative of equation (2.28)) yields;

0, = pawcos(wt) (2.29)

Substituting equations (2.28) and (2.29) into equation (2.21)), the following relation

can be written for roll moment calculation.

pawcos(wt)d

C = Cyo + Cigsin agpasin(wt) + (Cyp + C) 5 sin ap) 57

(2.30)
Cio, Ci, and Cyy, + Czsinayg coefficients can be calculated from equation (2.30) by
applying the least squares method. Also, if equation (2.21)) is written for pitch and
yaw moment calculations, the cross derivatives, C,,, + Cmﬁ- sina, Cy, + C’nﬂ sin a,

can be computed similarly.

Least Squares Method

The least squares method [25] can be used to compute stability derivatives from the

oscillating motion data [[16]. Equation (2.30) has the same form as the equation given

below.

Yy =ag+a1x; +ars + ... +a,T, +e (2.31)
where x4, xo, ..., ), are the independent arguments, p is the number of independent
variables, y is a dependent variable, ag, ay,...,ap are unknown parameters and e

is the approximation error. During the oscillating motion, roll angle, roll rate and
aerodynamic coefficients are known. The n values of the instantaneous measurements

of the p+1 variables are used to predict unknown parameters.

The linear regression model can be defined as;

y=Ax+e (2.32)
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The unknown vector of the approximate solution is obtained by minimizing the func-

tional J = 1/2||e]]?

oJ
=0, fori=1,2...,p (2.33)
833'1'

Consequently, (ATA) x = ATy.

2.6.4 Unsteady Pitch Analysis

In this section, methods in order to predict pitch damping coefficients are explained.

2.6.4.1 Forced Oscillation Method

In order to compute pitch damping coefficient, air vehicle model is forced into a
sinusoidal oscillation of small amplitude around the center of gravity. This motion

can be defined as [[7]];

a(t) = ag + Asin(wt) (2.34)

where oy, A and w are the mean angle of attack, the amplitude of pitching motion and

the pitching angular velocity respectively.

The aerodynamic force and moment coefficients can be defined as follow;

t)d
Cj(t) = Cjo + Ciaa(t) + qu% + Cja

a(t)d

ETa (2.35)

for j = N, m.

As stated before in equation (2.18)), the rate of pitching motion and the rate of angle

of attack are equal to each other, ¢ = . The forced oscillation motion is presented in

Figure[2.4]
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Figure 2.4: Sinusoidal forced oscillation, ¢ = & [6]].

From equation (2.34)), the following relation can be obtained.

q = & = Awcos(wt) (2.360)

Bhagwandin and Sahu [7]] use two different approaches in order to extract C;, + Cj,

stability derivatives from equation (2.35]).

Integrating over a Period of Oscillation

By implementing equation (2.34) and (2.36) into equation (2.33)), and integrating
equation ([2.35)) with respect to angle of attack, it yields the following equation [[7]].

2V [[C;(t) = Cjo — Cjaar(t)] dev

d Ta(tyda (237)

Cjo + Cja =

Over one period of motion, the integrals of C;y and C}, are equal to zero. Then,
equation (2.37) by changing the integral variable from the angle of attack to time can

be rewritten as;

2v (7T 2Vk
qu + Oja = 7l'd_A/0 C](t) COSs <Tt> dt, j = N,m (238)

where T' = 27 /w is the period of one cycle, and k is defined as reduced frequency
which is equal to k = wd/(2V).

C;(t) is obtained from the unsteady RANS calculations. The integral in equation
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(2.38)) can be calculated by applying trapezoidal rule as follow [[7];

1% ZNC 2k ,
qu + de == m [tn+1 — tn] [C}(t) COS (Tt>:| 5 ] = N,m (239)
n=1

where NV, is the number of time steps to define one period of motion.

Solving at the Mean Angular Displacement Position

Another approach used by Bhagwandin and Sahu [7] is described in this section. This
method is based on the relationship between pitch damping coefficient and angle of
attack. An example of pitch moment coefficient history with respect to angle of attack

obtained from force oscillation motion is represented in Figure [2.5]

—Pitch-U
4.55 Cm_ d

W ) —Pitch-Down

465 / ‘ ~

4.85

4.95

CI'I'H-

5.05
9.7 98 9.9 30.0 30.1 30.2 30.3

a (deg)

Figure 2.5: Example of pitching moment history with respect to angle of attack [7].

Considering the equation of a(t) = ay + Asin(wt), & = «y is satisfied by using the
following relation;
focay = — n=0,1,2,3,... (2.40)
w

where n represents every half cycle since a becomes equal to « twice in every cycle
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during the pitch-up and pitch-down motions as shown in Figure[2.5]

Also, using the relation of & = Awcos(wt) and equation (2.40), the following equa-

tion is derived at o = «y.

Gaay = (—1)"wA, n=0,1,2,3,... (2.41)

By using equations (2.33)), (2.36) and (2.41)), pitch damping derivative coefficient at

the mean angle of attack can be calculated as;

(Cijx — Cj, — Cj,a0)

[qu + Cja} = (_1)n LA )

=0

n=01,23.. (242

Due to the symmetrical behavior of the pitch up and down motions, equation (2.42))

can be simplified as;

8. B
[Cmq + Cmit}ao = %—A (243)

Least Squares Method

An alternative approach to determine pitch damping derivative is the least squares
method, similar to unsteady roll calculations. During the forced oscillation motion,
angle of attack, angle of attack rate, pitching angular velocity and aerodynamic co-
efficients are known. By using the least squares method explained in above section,

pitch damping derivatives can be computed.

2.6.4.2 Differential Method
This method estimates pitch damping derivatives by forcing the aircraft to move to

the same angle of attack with different angular velocities [[8] as represented in Figure

2.6
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(a) Rotating to Aa with q, (b) Rotating to A with g,

Figure 2.6: Differential method, rotating to the same angle of attack with different

pitching angular velocity [8]

Ao = qith = qats (2.44)

By using equation (2.33) and ¢ = Ad, the following relations are obtained.

Oml - C”mO s C’maAOé + (Cmd = Cmq) €71 (245)

Cm2 = CmO + CmaAa + (Cmd + C’mq) 62 (246)

After subtracting equation (2.46) from equation (2.43), the pitch damping derivative

of Cpy + Ciyq can be calculated as follows;

Conis + Crmg = Cm = Cma (2.47)
g1 — g2

where ¢ = ¢1d/(2V) and ¢; = q2d/(2V)).

2.6.4.3 Plunging Oscillation Method

This method can be used to determine the single translational dynamic derivatives of

Cma and C'yg, by applying a small plunging oscillation. This motion is formulated as
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(715

z(t) = z,, sin(wt) (2.48)

where z,, is the plunging amplitude and w is the plunging angular velocity.

The unsteady pitching force and moment formulation during the plunging motion is

given as;

a(t)d

C;(t) = Cjo + Cjaal(t) + Cjo’zW;

j=N,m (2.49)

Taking derivatives of equation (2.48)) with respect to time gives the following equa-

tions.

v, = £(t) = wzy, cos(wt) (2.50)

0, = 3(t) = —w?2, sin(wt) (2.51)
Then, o and & can be calculated by using the following relations.

Wiz cos(wt)

o =
LV (2.52)
4 —Wm sin(wt)
V

where « is the angle of attack due to plunge motion and « is the angle of attack rate.
In this study, the mean angle of attack value is assumed to be zero. The pure plunging

motion is represented in Figure
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Figure 2.7: Pure plunging motion, ¢ = 0 and & = sin(wt) [6]].

Inserting equation (2.52)) into equation (2.49) leads to the following relation.

Wz, cos(wt) —w?z,, sin(wt)d

Cj = Cjo + Cja Vv ais Cj' o172 5 ] = N, m (253)
When wt = 2nm + 7/2, C}, can be solved as;
C;—Cy .
Cig=—L 2% =N 2.54
J _szm/v7 j ?m ( )

Also, the aerodynamic coefficient of Cj, can be computed by using the least squares
method from the history of angle of attack, angle of attack rate and aerodynamic

coefficients.
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CHAPTER 3

VALIDATION

In this part of the thesis, validation of the numerical methodology is carried out. The
basic finner reference projectile [2]] model aformentioned is used to for this purpose
since it has experimental data consisting of wind tunnel and free flight tests in the

literature.

" O T SRR ¥ -

b | 2.84

-~

Figure 3.1: Basic finner geometry, dimensions in calibers, one caliber = 0.03 m [2]].
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The basic finner geometry is represented in Figure[3.1] It has 20 degree nose cone and
four rectangular fins with 2 degrees of cant angle. The body length to diameter ratio
is 10. The center of gravity of the projectile is taken at a distance of 5.5 caliber from
the nose [2]. In order to nondimensionalize the aerodynamic force and moment coef-
ficients, the reference area is chosen as the cross-sectional area at which the projectile
diameter is maximum. Also, the maximum projectile diameter of the basic finner is

used as the reference length.

3.1 Computational Domain and Boundary Conditions

Unstructured computational grids are constructed by using Pointwise® V18.3R1. A
spherical farfield boundary of a radius of 200 calibers is formed as shown in Figure
[3.2] The mesh density is increased in a cylindrical region around the body as shown
in Figure [3.3] in order to accurately solve the flow physics near the body and wake

region.
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Figure 3.2: Spherical computational domain general view.
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Figure 3.3: Refine cells near the body.

In order to successfully resolve the boundary layer over the model, a prism-based
boundary layer mesh with 30 layers is generated. The first layer thickness is calcu-
lated to satisfy the y+ < 1 criteria for each Mach number. Figure [3.4]is presented to

show the surface mesh and boundary layer mesh more closely.
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Figure 3.4: Surface and boundary layer mesh.

29



Adiabatic wall boundary condition is applied at the surface of the basic finner geom-
etry, while far-field boundary condition is used on the outer computational domain

boundary.

In this study, the same mesh is used for supersonic and subsonic velocities. The grid
density is needed to be increased in the areas such as shock regions, flow separation
points and in the base region where high pressure gradients are present. Therefore,
a cylindrical fine mesh area is created around the body to solve supersonic flow cor-

rectly. As a result, a finer mesh is constructed than required for subsonic velocities.

3.2 Grid Convergence Study

In order to investigate the dependence of the results on the mesh density, aerodynamic
coefficients are calculated first for four different mesh sizes of 8.1, 15.4, 22.7 and 29.8
million cells. The computed effects of the grid density on the axial force coefficient
(C'4), normal force coefficient (Cy), pitching moment coefficient (C,,) and roll mo-
ment coefficient (C;) for Mach 0.766 and Mach 1.832 are shown in Figure[3.5] Figure
[3.6] Figure and Figure [3.8] respectively. These results were obtained through
RANS solutions using the Jameson-Schmidt-Turkel scheme and Spalart-Allmaras
turbulence model. For both Mach numbers, when the mesh density is greater than
15.4 million cells, the change in aerodynamic coefficients does not exceed 1.5%. It
is observed that the change in the coefficients of C'y, (), and Cj is even less than
1.0%. The grid of 15.4 million cells provides sufficient accuracy according to the
grid dependency study. Also, the increase in mesh size increases the computational
cost. Therefore, the grid of 15.4 million cells is selected for the CFD analysis to be

carried out within the scope of this thesis.
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Figure 3.5: Axial force coefficient with respect to the total cell number.
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Figure 3.6: Normal force coefficient at 2° angle of attack according to total cell num-

ber.
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Figure 3.8: Roll moment coefficient according to the total cell number.
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3.3 Comparison of Numerical Results and Experimental Results

In reference [2], there are aerodynamic stability derivatives for the basic finner pro-
jectile obtained from free flight and wind tunnel tests. In order to assess the accuracy
of the numerical method used with the constructed mesh size of 15.4 million cells,
SU2 results are compared with the experimental data. Also, in order to examine the
effect of turbulence models on aerodynamic coefficients, both SA and SST models
are used in CFD calculations. In this section, comparisons are made for the axial
and normal force coefficients. Also, the dynamic derivatives calculated with SU2 are
compared with the free flight experimental data in the later part of this study. Since
the dynamic derivatives are obtained only by free flight tests in reference [2l], CFD
analyzes are carried out by using the same flight conditions as the free flight tests.
The wind tunnel and free flight Reynolds numbers with respect to Mach numbers are
given in Table[3.1]

Table 3.1: Reynolds Numbers of wind tunnel and free flight experiments [2].

Mach Wind Tunnel Re Free Flight Re

0.5 2.90E+06 3.40E+06
0.6 3.20E+06 4.10E+06
0.7 3.60E+06 4.80E+06
0.8 3.90E+06 5.50E+06
0.92 4.20E+06 6.30E+06
1 4.30E+06 6.90E+06
1.15 4.20E+06 7.90E+06
1.28 4.40E+06 8.80E+06
1.38 4.20E+06 9.50E+06
1.5 4.60E+06 1.03E+07
1.75 4.20E+06 1.20E+07
2 3.80E+06 1.37E+07

The comparison of axial force coefficients is presented in Figure 3.9 The same

Reynolds numbers as those of the free flight tests are used in the CFD computations.
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Since the axial force coefficient is highly depend on Reynolds number, the coefficient
obtained from the wind tunnel tests are not represented in Figure [3.9] In this figure,
F F means the free flight data. Also, M F' and SF represents the data obtained from
multiple fit and single fit data reduction techniques respectively. The data reduction
system is based on assembling the dynamic data such as time, position and angles, and
performing linear theory and six degree of freedom analyzes to estimate aerodynamic
coefficients. The six degree of freedom analyzes include the Maximum Likelihood
Method in order to match experimental and theoretical trajectories. This data reduc-

tion system fit multiple data sets in order to obtain a more accurate acrodynamic data

[2].
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Figure 3.9: Axial force coefficient with respect to Mach number.

From Figure [3.9] it is seen that the results of the analysis made with the SST tur-
bulence model are closer to the experimental data. When the pressure distribution
calculated with two turbulence models are examined, it is seen that the highest pres-
sure difference occurs at the wake region of the projectile where the turbulent flow
is dominant. At high supersonic speeds, there is no significant difference between

the CFD solutions and experimental data. However, it is investigated that the SA
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turbulence model overestimates the axial force coefficient in subsonic and transonic
regimes. Also, the difference between the experimental data and CFD solutions are

larger in transonic regime due to complicated flow phenomena.
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Figure 3.10: C'y,, with respect to Mach number.

The normal force coefficient derivatives with respect to the angle of attack computed
by CFD and measured data are compared in Figure[3.10] Since the normal force coef-
ficient is not much affected by the Reynolds number in the linear regime at low angles
of attack, the wind tunnel test results are also taken into account in this comparison.
When Figure [3.10|is examined, the CFD results show good agreement with the wind
tunnel data and free flight data. In addition, it is observed that the results of CFD
analysis performed with both turbulent models are close to each other. The biggest

difference between the CFD and experimental data is seen in transonic regime.

The fin geometry used in this study has 2 degree cant angle which produces roll
moment. The roll moment derivatives with respect to cant angle () are calculated by

using CFD. The results are compared with the experimental data as shown in Figure

B.I1

35



03 | | T
————— SU2 - SA
Suz2 - SST
025 FF - SF
o Wt
02r a
= /
g o B— /ﬂ
= 0151 z ]
& :
01 7
0.05 7
0 1 1 | 1
05 1 1.5 2 25 3

Mach Number

Figure 3.11: C}s with respect to Mach number.

Figure[3.9] [3.10]and [3.11|show that CFD calculations generally show good agreement

with experimental data especially in subsonic and high supersonic regimes.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the prediction of stability derivatives by using the SU2 code is pre-
sented. Firstly, the results of steady state computations are introduced. Then, un-
steady roll and pitch dynamics calculations are given. The effects of the turbu-
lence model are investigated for steady and unsteady analyzes. The dynamic stability
derivative solutions obtained using the different methods described in Chapter [2| are

presented.

4.1 Steady State Analysis Results

In this section, the results of the steady state calculations are presented. All steady
SU2 analyzes are carried out using RANS equations. The Courant-Friedrichs-Lewy
(CFL) condition of the finest grid is chosen as 0.5, initially. Automatic CFL adaption
that allows the CFL number to be increased gradually to higher values is used. The
minimum and maximum bounds of the allowable CFL number are selected as 0.1 to

25.

The first layer thickness is calculated based on the maximum Mach number used in
this study to satisfy the criteria y+ < 1. Therefore, the initial As is calculated as
4e — 7 m. The y+ distribution on the surface for Mach 2.718 is represented in Figure
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Figure 4.1: y+ for 2.718 Mach.

As it can be seen from the figure above, the y+ on the surface is less than 1. However,

at the leading edge of the basic finner projectile fins, the value of y™ is just above 1.

One of the aims of this thesis is to compare the dynamic derivatives calculated using
different methods. Thus, the comparisons will be performed by considering two main
Mach numbers of 0.766 and 1.832. For this reason, steady calculations of these Mach
numbers at zero angle of attack are emphasized and Mach contours on the symmetry
plane are presented in Figure 4.2 and Figure 4.3]in order to examine the flow fields.
The figures show low velocity flow at the base of the projectiles. In addition, shock

waves and expansion waves can be seen in the figures.
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Figure 4.2: Mach number contour for Mach 0.766.
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Figure 4.3: Mach number contour for Mach 1.832.
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The static stability derivatives are calculated at zero mean angle of attack by using
equation ([2.25). The steady RANS computations are performed with different an-
gles of attack to predict the longitudinal stability derivatives. Since the basic finner
geometry is axisymmetric, the longitudinal stability derivatives can be taken equal
to the lateral stability derivatives. Therefore, in this study, the longitudinal stability

derivatives are usually considered.

The main longitudinal static stability derivatives are the normal force coefficient
derivative with respect to angle of attack (C'y,) and the pitching moment coefficient
derivative with respect to angle of attack (C,,,). These derivatives are calculated with
steady state RANS computations at different Mach numbers. The calculated aerody-
namic stability coefficients of Cy,, were presented in Figure [3.10] The C,,, stability
coefficients computed using SA and SST turbulence models are represented in Figure
[4.4] In addition to the CFD solutions with different turbulence models, the available

experimental data are also presented in Figure [4.4] for comparison.
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Figure 4.4: C),,, vs Mach number.

Figures [3.10] and [4.4] show that the longitudinal stability derivatives computed with
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CFD agree well with the experimental data. Also, both Spalart-Allmaras and Shear-
Stress-Transport turbulence models give similar results. In order to examine the com-
putational cost of the analyzes carried out by the turbulence models, the analysis run
times for the same number of iterations are recorded and presented in the table below.
The analyzes are carried out with 20 Core Intel(R) Xeon(R) Gold 6148 CPU @2.4
Ghz.

Table 4.1: Solution times according to turbulence model

Turbulence Model Solution Times [s]
Spalart-Allmaras (SA) Model 14796
Menter Shear Stress Transport (SST) Model 15954

Since the SA turbulence model solves one equation whereas the SST turbulence
model solves two equations, the solution time of the SA model is shorter as expected.
Due to the computational cost, the SA turbulence model is chosen to be used in the

unsteady analyzes.

The comparison between the SA and SST turbulence models in terms of eddy vis-
cosity in the flow field is demonstrated in Figure [4.5] The figure shows that the main
difference in the flow field is occurred at the base of the projectile. This is the rea-
son for the difference in the axial force coefficients obtained with different turbulence

models.

Eddly_Viscosity
00e+00 004 006 0.08 1.1e-01

Edldy_Viscosity
00e+00 004 006 008 1.1e-01

(a) SA turbulence model. (b) SST turbulence model.

Figure 4.5: Comparison of SA and SST turbulence models.
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4.2 Unsteady Roll Analysis

4.2.1 Constant Roll Rate Analysis

Roll damping coefficient is calculated by using unsteady RANS equations with rigid
mesh motion under constant roll rate. For Mach 0.766 and Mach 1.832, unsteady
RANS analyzes are performed with the SA turbulence model by using 25 inner it-
erations and time step is chosen as At = le — 5 s. Also, the reduced frequency
for these simulations is taken as £ = 0.05 at the beginning of the constant roll rate
analysis. The results obtained for different reduced frequencies and time steps will be
presented on the following pages. The reduced frequency is defined as k = pd/(2V')
where p is the roll rate, d is the diameter of the basic finner and V' is the freestream
velocity. The convergence history of the unsteady computations under constant roll
rate is demonstrated in Figure 4.6] As it can be seen from the figure, the rolling mo-
ment coefficients converge to a single value. It is seen that the number of iterations

required for the convergence of the analysis in the supersonic case is lower.

Mach 0.766
Mach 1.832
051 /\
b
o
1.5+
-2
25 | | | | | | |
0 100 200 300 400 500 600 700 800

Number of Time lteration

Figure 4.6: Convergence history of unsteady simulation under constant roll rate.

By using equation (2.27), the roll damping coefficients for both Mach numbers are

calculated. Cj, in this equation is obtained from the steady state analysis. The results
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are given in the following table. Also, the free flight experimental data are presented

in the same table for comparison.

Table 4.2: Roll damping coefficients calculated with CFD and experiment.

Mach Number CFD Results Free Flight Data Relative Difference [ %]
0.766 -19.42 -17.6 10.4
1.832 -22.58 -22.4 1.0

As it can be seen from Table 4.2] the difference between CFD computation and free
flight data is larger at subsonic speed. For this reason, the effect of basic simulation
parameters such as time step and reduced frequency used in unsteady calculations
on the solution is investigated. Firstly, time step is decreased to At = le — 6 s and
the simulations are performed. The results of the CFD calculations for different time

steps are presented in Table 4.3

Table 4.3: CFD results of roll damping coefficients for different time steps (£ = 0.05).

Mach Number At=1le—5s At=1le—6s
0.766 -19.42 -19.40
1.832 -22.58 -22.57

Table 4.3] shows that the roll damping coefficients are similar for both time steps.
Moreover, the results of the CFD calculations with different reduced frequencies are

indicated in Table

Table 4.4: CFD results of roll damping coefficients for different reduced frequencies.

Mach Number k£ =001 k=0.00 k=0.1
0.766 -18.80 -19.42 -21.07
1.832 -22.10 -22.58 -22.70

As it can be seen from the above table, changing reduced frequency in supersonic
regime does not effect the roll damping coefficient significantly. However, when
reduced frequency is decreased for unsteady computations of Mach 0.766, the roll

damping coefficient approaches to the experimental data. This is because when the
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reduced frequency is lowered, the rolling speed becomes smaller; thus, the velocity
contribution of the angular velocity on the cells is reduced. With high rotational
velocity, when the Mach number is equal to 0.766, higher velocity occurs within the
domain, which cause the flow to be closer to the transonic regime so deviations can
be seen. Figure [4.7] shows that the Mach number contour on the y — z plane that

pass through the middle of the fins. As it can be seen from the figure, when reduced

frequency is equal to & = 0.05, higher Mach numbers are observed in the flow domain

than in the case of £ = 0.01.

(a) Mach contour for k£ = 0.01. (b) Mach contour for £ = 0.05.

Figure 4.7: Mach number contour on y — z plane at the middle of fins.

Turbulence models do not significantly affect the stability derivatives in steady state
simulations. Now, their effects on the unsteady results are examined. The results

obtained with SA and SST turbulence models are shown in the table below.
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Table 4.5: Turbulence model effect on roll damping coefficient (k = 0.05).

Mach Number SA Model SST Model
0.766 -19.42 -19.49
1.832 -22.58 -22.57

The results show that there is no difference between turbulence models so that un-

steady roll analysis can be performed using SA model due to cost effectiveness.

In addition to the rigid mesh motion option, rotating frame formulation in SU?2 [24]
is used to compute the roll damping coefficient. Therefore, CFD analyzes are carried
out in a steady manner with the rotating frame option. The rotational angular velocity
for the rotating frame is used with a reduced frequency of k£ = 0.05. The convergence

history of the roll moment coefficients for both Mach numbers is demonstrated in

Figure 4.8
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Figure 4.8: Convergence history of roll moment coefficients with rotating frame op-

tion.
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As it can be seen from the above figure, when rotating frame option is used, the con-
vergence of the low speed (Mach 0.766) case needs more iterations as in the unsteady
calculations with rigid mesh motion. The rotating frame option allows faster con-
vergence for constant roll rate analysis. The roll damping coefficients computed by

using the rotating frame approach are compared in the following table.

Table 4.6: Comparison of rigid motion and rotating frame results (k = 0.05).

Mach Number Rigid Motion Rotating Frame
0.766 -19.42 -19.45
1.832 -22.58 -22.59

As it can be seen from Table (4.6]), both methods of rigid motion and rotating frame
give almost the same results. The advantage of the rotating frame under constant roll

rate is the computational cost due to less costly computation of the steady state flow.

4.2.2 Sinusoidal Oscillating Motion Analysis
4.2.2.1 Prediction of Rolling Moment Coefficients
Sinusoidal oscillating motion can be used to calculate the roll damping coefficient.

Unsteady analyzes are performed by applying sinusoidal motion about the x axis of

body frame. This motion can be formulated as follows;

0, = ¢pasin(wt) 4.1)

where ¢ 4 is the amplitude of sinusoidal motion and w is the rolling angular velocity.

The time derivative of equation (4.1) gives;

0, = P awcos(wt) (4.2)

Equation (2.30) can be rewritten for aerodynamic static and dynamic roll coefficients
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as;

Cr=Cip+ aa—cg sin agf, + (aa—il + aa—? sin Oéo> 0, (4.3)

Implementing equations (4.1)) and #.2)) into (#.3), and assuming angle of attack is

equal to zero (g = 0), the following relation is obtained.

pawcos(wt)d

Cr = Cuo + oy

4.4)

The unsteady roll analysis is carried out with ¢4 = 10° and k = wd/(2V') = 0.05.
The variation of roll moment coefficient with roll angle during the sinusoidal oscillat-
ing motion with three periods is indicated in Figure {.9|for both Mach numbers. The

figure indicates that after some transition iterations, the solution becomes periodic.
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0.7 - 7

05 y

04 7

03 7

02 §

01 1 1 1 1 1
-15 -10 -5 0 5 10 15

Roll Angle [deg]

Figure 4.9: Variation of roll moment coefficient with roll angle.

By applying the least squares method with equation (4.4), Cjy and C}, aerodynamic
coefficients are calculated. They are given in Table Also, the roll moment coeffi-

cients (C)" and C[j"") of the free flight experiment are presented in the table.
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Table 4.7: Cjy and Cy, coefficients at zero angle of attack

Mach Number  Cyy  Cy, [1/rad] Cig"  CEF [1/rad]
0.766 0.328 -18.75 0.326 -17.60
1.832 0.370 -21.99 0.370 -22.4

The comparison between the free flight data and CFD solutions shows that the predic-
tion of both static (Cy,) and dynamic (C7,) derivatives with the least squares method

is quite accurate.

When the angle of attack does not equal to zero, from equation (4.3), Cj5 and Cj,, +
C)gsinayg derivatives can be calculated by using the least squares method. The sinu-
soidal oscillating motion is performed with the parameters of oy = 5°, ¢4 = 10° and
k = wd/(2V) = 0.05 for Mach 1.832. The calculated coefficients are given in the
following table.

Table 4.8: Rolling moment coefficients at angle of attack oy = 5° with ¢, = 10° and
k = 0.05.

Mach Number ~ Ciy  Cigsinag [1/rad]  Cy, + Cigsinag [1/rad]
1.832 0.387 0.292 -23.179

When the results of oscillating motion with different angles of attacks are examined,

the rolling moment coefficient Cj, increases with angle of attack as shown in Table

Table 4.9: Rolling moment coefficient Cj at different angle of attacks «.

(1/0:00 CV0:5O

Co 0370 0.387

4.2.2.2 Prediction of Pitching Moment Coefficients

The variation of pitching moment during sinusoidal oscillating motion about the roll

axis is represented in Figure As it can be seen from the figure, the pitching
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moment coefficient changes periodically under the rolling oscillating motion.

It is possible to write the following relationship from equation (2.21).

9Cn + aqm sin a0> 0, (4.5)
dp boJé;

oc,, .
Cy,=Chpo + Wsmaoé’x + (

After inserting equations (#.1]) and (4.2)) into equation (#.3)), the following equation is

obtained.

d
Crm = Cio + Crpsin g asin(wt) + (Cpyp + C,,58in ao)gbchos(wt)W (4.6)

The parameters of oy = 5°, ¢4 = 10° and k = wd/(2V') = 0.05 for Mach 1.832 are

used to describe the sinusoidal oscillating motion in unsteady computations.

-2.345

-235 a

-2.355 7

-2.36 - a

-2.365 7

-2.37 a

-2.375 7

-2.38 a

-2.385 7

_239 1 1 1 1 1 1

Time [s] %1073

Figure 4.10: Variation of pitch moment coefficient during sinusoidal oscillating mo-

tion about roll axis.

The least squares method is applied to solve equation (4.6) by using the second period

data of the sinusoidal oscillating motion around the roll axis. The results are presented
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in Table

Table 4.10: Pitch moment coefficients at angle of attack ay = 5°.

Mach Number  C,g  Cpsinag[l/rad]  Cpp + C, zsinag[1/rad]
1.832 -2.36 -0.12 -2.31

Cino in Table B.10] refers to the pitching moment coefficient when the angle of attack
is equal to oy = 5°. Therefore, C,,,, can be calculated as C,,,/ag which gives C,,, =
—0.472 [1/deg]. Tt is observed that this result is very close to the one obtained from

steady state computations.

4.3 Unsteady Pitch Analysis

In this part of the thesis, the results of the CFD calculations to predict pitch damping
derivatives with different methods are given and discussed. Firstly, the results of the

forced oscillation method are introduced.

4.3.1 Forced Oscillation Method

Angle of attack change in the forced oscillation method is given by «a(t) = ag +
Asin(wt). The magnitude of the amplitude, A, of pitch movement is usually chosen
less than 1° [7]. The unsteady computations are carried out using A = 0.4° and
k = 0.1 for Mach 0.766 and Mach 1.832. In this study, the mean angle of attack (o)
is taken as zero for ease of calculations. The nominal number of time steps in order
to complete one cycle of forced oscillating motion is chosen as N = 200 [7]. The

time step for unsteady analysis is determined as;

At = (4.7)

=1~
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where 7T is the period of the oscillation. It can be calculated from;

7d
T=— 4.
Vi (4.8)

where £ is the reduced frequency, d is the diameter of projectile, and V' is the freestream

velocity.

The forced oscillation motion is firstly applied for three periods for the convergence

of unsteady analysis. The angle of attack change during the motion is shown in Figure

d.11
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Figure 4.11: Angle of attack change in three periods of forced pitching oscillation.

The pitching moment and normal force coefficients obtained from unsteady compu-
tations are represented according to angle of attack in Figures f.12] and 4.13] The

analyzes are carried out using unsteady RANS equations with SA turbulence model

and 25 inner iterations.
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Figure 4.12: Pitching moment coefficient with respect to angle of attack.
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Figure 4.13: Normal force coefficient with respect to angle of attack.
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In Figures 4.12] and [4.13] it is observed that after the first period of oscillating mo-
tion, the solution becomes quasi-periodic. Thus, two periods of oscillation for this
method can be enough. Three different approaches are used to determine pitch damp-

ing derivatives from the history of aerodynamic coefficients.

Approach I: Integrating over a Period of Oscillation

By solving equation (2.39)), the pitch damping moment coefficient (C,,, + C,,s) and
the normal force damping coefficient (Cn, + Cng) are calculated for Mach 0.766 and
Mach 1.832. The results are indicated in the following table.

Table 4.11: Results of integrating over a period of oscillation approach.

Mach Number C,,, + Cp4[l/rad] Cy,+ Cna[l/rad]
0.766 -499.48 160.97
1.832 -372.61 107.93

Approach I1: Solving at the Mean Angular Displacement Position

By solving equation (2.43)), the pitch damping moment coefficient (C,,, + C),4) and

the normal force damping coefficient (Cn, + Cng) are computed as shown in Table

412

Table 4.12: Results of solving at the mean angular displacement position approach.

Mach Number C,,, + Cp4[l/rad] Cyy+ Cnall/rad]
0.766 -498.08 160.09
1.832 -372.58 107.92

Approach III: Least Squares Method

The force and moment coefficients can be formulated as;

a(t)d

C3(8) = Cio + Caa(t) + O 0 4 0, )

Ve

+ 4.9)
for j = N, m.
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By implementing «(t) = Asin(wt) and ¢ = ¢ relation into equation (4.9), the fol-

lowing relation is obtained.

Awcos(wt)d

C;(t) = Cjo + CjaAsin(wt) + (Cjy + Cja) -

(4.10)

Using the second period of pitching motion data, the unknown coefficients Cjo, Cjq
and (Cj, + Cjs) can be obtained by applying the linear regression model given in
equation (2.32). The results of pitching moment and normal force damping coeffi-
cients are presented in Tables [4.13]and .14}

Table 4.13: Pitching moment coefficients calculated by least squares method.

Mach Number  C,0  Cpoll/rad] Cpy+ Cpall/rad] Approximation Error

0.766 -0.0106 -35.91 -498.79 1.3e-03

1.832 -0.0033 -27.23 -372.61 6.3e-05

Table 4.14: Normal force coefficients calculated by least squares method.

Mach Number  Crg  Cno[l/rad] Cng+ Cna|l/rad] Approximation Error

0.766 0.0035 14.33 160.71 1.3e-03

1.832 0.0018 12.11 107.92 3.3e-05

The values for C,,o and Cy coefficients at zero angle of attack in Tables [4.13] and
4.T4] can be considered as numeric error since they are expected to be zero due to

axisymmetric geometry of the projectile.

The least squares approach allows that the stability derivatives C,,,, and Cl,,g + Crig
can be calculated by using only unsteady computations without the need for steady
state solution. However, unsteady RANS analyzes are generally started with steady
state analysis solutions for easier convergence. Therefore, it may not be advanta-

geous.

The pitch damping moment and normal damping coefficients calculated with the dif-

ferent approaches used in the forced oscillation method are presented in the Table

4.T5]and Table [4.16] respectively.
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Table 4.15: Comparison of C,,, + C),4 calculated with different approaches.

Cmg + Cimg [1/rad] Mach 0.766 Mach 1.832

Approach I -499.48 -372.61
Approach 11 -498.08 -372.58
Approach IIT -498.79 -372.61

Table 4.16: Comparison of C'y, + Cg calculated with different approaches.

Cng + Cna [1/rad] Mach 0.766 Mach 1.832

Approach I 160.97 107.93
Approach 1T 160.09 107.92
Approach III 160.71 107.92

It is seen that the coefficients computed with different approaches are very close
to each other. In order to find damping derivatives by using the forced oscillation
method, the second approach, solving at the mean angular displacement position, is
easy to apply after the history of aerodynamic coefficients is obtained from the un-
steady computations. Also, the following table is created to examine the difference

between CFD calculations based on the second approach with the experimental data.

Table 4.17: Pitch damping moment coefficient comparison between calculated with

forced oscillation method and free flight data, £k = 0.1, A = 0.4°.

Cmg + Cime [1/rad] Mach 0.766 Mach 1.832
Forced Oscillation -498.08 -372.58
Free Flight -223.60 -377.60

Table shows a good agreement between the free flight data and the CFD calcu-
lations for Mach 1.832. However, there is a big difference between them for Mach
0.766. A study is conducted to examine the error and to see the effect of the critical
parameters used in the CFD calculations on the solution. In this method, these pa-
rameters can be considered as turbulence model, reduced frequency and amplitude of

the sinusoidal motion.
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Even though turbulence models do not effect the stability derivatives as explained
before, the effect of turbulence models on the unsteady pitching solution is investi-
gated. Therefore, CFD analyzes are carried out with both turbulence models using
k = 0.1 and A = 0.4° for Mach 0.766. As a result, the histories of pitching moment
coefficient is represented in Figure 4.14]

06 T

—— SA

SST
04r 7

02r 7

-06 3 7

-0.8 :
-0.5 0 05

Angle of Attack [deg]

Figure 4.14: C),, vs angle of attack for different turbulence models for 0.766 Mach.

Figure 4.14] indicates that there is no difference between the solutions of both turbu-

lence models.

In order to investigate the reduced frequency effect on the solutions, the forced oscil-
lation analyzes are performed with different reduced frequencies. The amplitude of
the oscillating motion remains constant as A = 0.4°. The solutions of the pitching
moment and normal force coefficients with varying reduced frequencies are presented
in Figures .15and .16| for Mach 1.832 and in Figures[4.17|and . 18| for Mach 0.766,

respectively.
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Figure 4.15: Effect of reduced frequency on pitching moment coefficient for Mach
1.832, A = 0.4°.
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Figure 4.16: Effect of reduced frequency on normal force coefficient for Mach 1.832,
A=04°.
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Figure 4.17: Effect of reduced frequency on pitching moment coefficient for Mach

0.766, A = 0.4°.
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Figure 4.18: Effect of reduced frequency on normal force coefficient for Mach 0.766,
A =04°.
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Since £ = 0.01 gives a better approximation for the computation of roll damping
coefficient at Mach 0.766, the effect of this reduced frequency on the pitch damping
coefficient calculation is also investigated. As it can be seen from the above figures,
increasing the reduced frequency causes the ellipse loops to narrow. Lowering the
reduced frequency excessively can lead to numerical errors to predominate in CFD
calculations because the aerodynamic coefficients become too small. On the other
hand, when the reduced frequency is increased too much, it can increase the nonlin-

earity in the flow domain.

The pitch damping derivatives (C,,, + C),s) and normal force damping derivatives
(Cng + Cnea) are calculated for each reduced frequencies for both Mach numbers.

They are presented in Tables .18 and {.19]

Table 4.18: CFD calculations of pitch damping coefficients for different reduced fre-
quencies for Mach 0.766, A = 0.4°.

Damping Coefficients k£ =0.01 k£=0.05 k=01 k=02
Cing + Cma [1/7ad] -537.93  -505.40 -498.08 -495.00
Cng+Cna [1/7ad] 168.89 162.97  160.09 157.79

Table 4.19: CFD calculations of pitch damping coefficients for different reduced fre-
quencies for Mach 1.832, A = 0.4°.

Damping Coefficients £ =005 k=01 k=02
Cing + Cna [1/rad] -385.00 -372.58 -350.99
Cng+Cna  [1/rad] 113.35 107.92 97.33

The variation of pitch damping moment coefficient and normal force damping coef-
ficient with respect to reduced frequency is presented in Figure .19 and Figure [4.20]

respectively.
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Figure 4.19: Pitch damping moment coefficient C,, + C,.s [1/rad] according to

reduced frequency change.
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Figure 4.20: Normal force damping coefficient Cy, + Cng [1/rad] according to

reduced frequency change.
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As it can be seen from the above figures, the pitch damping moment coefficient in-
creases as the reduced frequency increases. On the other hand, the normal force
damping derivatives decreases as the reduced frequency raises. Also, the pitch mo-
ment and normal force dynamic derivatives change almost linearly with respect to
examined reduced frequency range for Mach 1.832 . However, the nonlinearity oc-

curs in the case of Mach 0.766, especially when reduced frequency is equal to 0.01.

The effect of the oscillation amplitude parameter of the forced oscillation method is
also examined. The unsteady CFD calculations are performed using different ampli-
tudes with constant reduced frequency of £ = 0.1. For Mach 1.832, the amplitudes
of A =0.4° and A = 1.0° are used. In addition to these amplitudes, A = 0.2° is also
tested for Mach 0.766. The variation of pitch moment and normal force coefficients
with respect to angle of attack for different oscillation amplitudes for Mach 0.766 are
presented in Figures [4.21] and .22 respectively. In Figures [4.23] and .24] the coeffi-
cients for Mach 1.832 are indicated. As the amplitude increases, the angle of attack
during the oscillating motion increases which leads to higher aerodynamic force and

moment coefficients.
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Figure 4.21: Effect of amplitude on pitching moment coefficient for Mach 0.766.
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Figure 4.22: Effect of amplitude on normal force coefficient for Mach 0.766.
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Figure 4.23: Effect of amplitude on pitching moment coefficient for Mach 1.832.
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Figure 4.24: Effect of amplitude on normal force coefficient for Mach 1.832.

The coefficients of pitch damping moment derivatives and normal force damping
derivatives are computed for different oscillation amplitudes for both Mach numbers.

They are presented in Tables #.20] and 4.21]

Table 4.20: Pitch damping coefficients for different amplitudes for Mach 0.766, k =
0.1.

Damping Coefficients A =02° A=04° A=1.0°
Cing + Ca -499.81  -498.08  -500.37
Cng + Cna 160.81 160.09 160.29

Table 4.21: Pitch damping coefficients for different amplitudes for Mach 1.832, k =
0.1.

Damping Coefficients A =0.4° A=1.0°
Cing + Cra -372.58  -373.55
Cng + Cna 107.92 108.17
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Tables 4.20] and 4.21] show that the pitch damping coefficients do not change signifi-

cantly with different oscillation amplitudes.

Since there is a significant difference between the experimental data and CFD com-
putations of pitch damping moment coefficients for Mach 0.766, the time step of the
unsteady RANS calculations is reduced by changing /N, the nominal number of time
steps in order to complete one cycle. As a result, the time step is halved by increasing
the N number from 200 to 400. The reduced frequency and oscillation amplitude for
this study is used as £ = 0.1 and A = 0.4°.

Table 4.22: Pitch damping coefficients for different time steps for Mach 0.766, k£ =
0.1, A= 0.4°.

Damping Coefficients At =1.792¢ —05s At =9.047¢ — 06 s
Cing + Cra -498.08 -489.17
Cng + Cna 160.09 156.92

Table 4.22] shows that the decreasing simulation time step causes a slight change in

the pitch damping coefficients.

4.3.2 Differential Method

Another method to predict pitch damping derivatives is the differential method. In
order to apply differential method using equation (2.47)), two unsteady analyzes under
constant pitching angular velocities are performed. The pitching angular velocities
are determined to reach the same angle of attack after a certain time as indicated in
equation (4.11)). As an example, pitch rates are chosen as ¢; = 0.2 rad/s and g = 0.4
rad/s. The expected angle of attack after the pitching motion is Ao = 0.004 rad.
Therefore, the simulation time required to complete this motion is determined from

equation (.11).

Aa = qit; = goty (4.11)

The unsteady calculations are performed for Mach numbers of 0.766 and 1.832. The
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change of the normal force coefficients under constant pitching angular velocities
for both Mach numbers is shown in Figure [4.25] Similarly, the change of pitching
moment coefficients is presented in Figure 4.26] From the figures, it is observed
that the pitching moment and normal force coefficients changes linearly after some

transition iterations.
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Figure 4.25: Normal force coefficient change under constant pitching angular rates.
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Figure 4.26: Pitch moment coefficient change under constant pitching angular rates.

The pitch damping derivatives are calculated by using equation (2.47). The results

are given in Table 4.23]

Table 4.23: Prediction of pitch damping derivatives with the differential method.

Mach Number C.,, + Cps [1/rad] Cny + Cng [1/7ad]
0.766 -478.00 156.54
1.832 -360.10 106.19

Since the normal force coefficient and pitching moment coefficient change linearly

with time after some transient iterations, the expected angle of attack value for this

case, and hence the simulation time, can be halved. That means the simulation time

can be reduced using the same angular velocities and the new angle of attack Ao =

0.002 rad. For this case, the pitch damping derivative for Mach 1.832 is computed as

(Crng + Cna) = —360.07 [1/rad]. As aresult, the iteration numbers required for this

method can be chosen less that results in lower computational cost.

Since the pitch damping moment derivatives of the free flight experimental data [2]
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are available, the pitch damping moment derivatives calculated by different prediction

methods are compared with the free flight experimental data in Table [4.24]

Table 4.24: Comparison of the pitch damping derivatives (Cy,,, + Cyns [1/7ad]) be-

tween CFD calculations and experimental data.

Mach 0.766 Mach 1.832

Forced Oscillation Method -503.58 -372.58
Differential Method -478.00 -360.10
Free Flight Data -223.60 -377.60

It is noted that the results of the forced oscillation method is given in Table 4.24] for
k=0.1and A = 0.4°.

The relative errors of the numerical prediction methods with respect to free flight test

data are presented in the following table.

Table 4.25: Relative error [%] of the numerical methods with respect to free flight
data.

Mach 0.766 Mach 1.832
Forced Oscillation Method 125.2 1.3
Differential Method 113.8 4.6

Table .25 shows that the prediction of damping derivative with these two methods
is quite accurate for Mach 1.832. However, there is a big difference between CFD
calculations and free flight data for Mach 0.766. The predicted pitch damping mo-
ment coefficients by SU2 computations for different Mach numbers are represented
in Figure Also, the single fit (FF-SF) and multiple fit (FF-MF) free flight data
are included in the figure. In addition to these, the results of the calculations of pitch
damping coefficients by using CFD++ software in reference [7] are indicated in the

same figure.
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Number.

The general trend of the results obtained using SU2 and CFD++ are very similar.
There is a significant difference between CFD results and experimental data in sub-
sonic and transonic region. Reference [2] states that due to the low angle of attack,
large variation in C,,, and Cly, coefficients occurs. The pitch damping moment co-
efficient are obtained from multiple fit approach with the standard deviation errors of
the order of 10% [2]. There is high scatter in the free flight data for this coefficient.
Also, in reference [7]], it is stated that the accuracy of free flight test data at subsonic
speeds and low transonic speeds can be uncertain due to large standard deviation

€ITors.

4.3.3 Plunging Oscillation Method

The single translational pitch dynamic derivatives C,,; and Cy, can be computed

by applying a small plunging oscillation. The motion of the plunging oscillation is
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defined as; z(t) = z,, sin(wt) where z,, is the plunging oscillation amplitude and w
is the plunging angular velocity. The unsteady computations are performed with the
reduced frequency of £ = 0.05 and the plunging amplitude of z,, = 0.015 m which
is equal to the radius of the basic finner projectile. The plunging oscillating motion
is applied for three periods. The variation of the pitching moment coefficient with
respect to angle of attack and angle of attack rate for both Mach numbers is presented
in Figures #.28] and #.29] The figures show that after the first period of oscillating
motion, the solution becomes quasi-periodic as in the case of pitching oscillatory

motion. Therefore, two periods of oscillation can be enough.

Mach 0.766
Mach 1.832

-3 !
-0.05 0 0.05

Angle of Attack [rad]

Figure 4.28: Pitching moment coefficient change with respect to angle of attack dur-

ing plunge motion, £ = 0.05 and z,,, = 0.015 m.
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Figure 4.29: Pitching moment coefficient change with respect to angle of attack rate

during plunge motion, £ = 0.05 and 2, = 0.015 m..

By using equation (2.54)), the dynamic derivatives of C,,; and Cy, can be calculated.
Also, it is possible to use the least squares method to predict aerodynamic stability
derivatives. The calculated single dynamic derivatives by using equation ([2.54) are
presented in the following table. The computations are made for £ = 0.05 and z,, =

0.015 m.

Table 4.26: Calculated C,,,5 and Cpy,, coefficients, £ = 0.05 and z,,, = 0.015 m.

Mach Number Cy, [1/rad] Cug [1/rad]
0.766 38.60 -31.75
1.832 34.28 -30.28

Also, the least squares method can be used to determine C'jo, C';, and Cj4 coefficients
in equation (2.53) where j = N, m. The results obtained by this method are shown
in the following table. (', can be assumed to be negligible due to axisymmetric

geometry of the basic finner configuration.
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Table 4.27: Calculated aerodynamic coefficients with least squares method, £ = 0.05

and z,,, = 0.015 m.

Mach Number Cy, [1/rad] Cngs [1/rad] Che [1/rad]  Chpg [1/rad]
0.766 15.56 37.56 -42.23 -27.86
1.832 11.64 33.80 -27.04 -28.53

When Table and Table are compared, it is observed that the derivatives of
Cima and Clyg calculated using equation (2.54) and the derivatives computed with the
least squares method are very close to each other. Also, the static stability derivatives
Cne and C,,, calculated using the least squares method presented in Table 4.27| can
be compared with free flight experimental data shown in Table #.28] The compari-
son between them shows that the static stability derivatives calculated with the least
squares method during the plunging oscillating motion are similar to the free flight

data.

Table 4.28: C'y,, and C,,,, coefficients of free flight data.

Mach Number Cly, [1/rad] Cip [1/rad]
0.766 16.70 -40.8
1.832 11.8 -28.0

Also, the effect of the reduced frequency and plunging amplitude on unsteady calcu-
lations is investigated. The unsteady CFD analyzes are performed with the reduced
frequencies of £k = 0.025, £ = 0.05 and k£ = 0.1. The pitching moment coefficient
change with respect to angle of attack for different reduced frequencies for Mach
0.766 and Mach 1.832 is shown in Figures andd.31]
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Figure 4.30: Pitching moment coefficient with respect to angle of attack for different

reduced frequencies for Mach 0.766, z,,, = 0.015 m.
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Figure 4.31: Pitching moment coefficient with respect to angle of attack for different

reduced frequencies for Mach 1.832, z,,, = 0.015 m.
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From Figures [4.30| and [4.31] it is apparent that the variation of C,, coefficient with
respect to angle of attack for the plunge motion is more slimmer than for the pitching
motion. Therefore, the variation of the C,, coefficient with respect to the angle of
attack rate for different reduced frequencies for Mach 1.832 is also shown in Figure

4.32] Since the variation for Mach 0.766 is similar to Figure 4.32] it is not shown.
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Figure 4.32: Pitch moment coefficient with respect to angle of attack rate for different

reduced frequencies for Mach 1.832, z,,, = 0.015 m.

The calculated C,,, and C'y, for different reduced frequencies are presented in Tables
4.29] and 4.30] for both Mach numbers.

Table 4.29: C,,s and Cly4 coefficients for different reduced frequencies for Mach
0.766, z,, = 0.015 m.

Damping Coefficients £ =0.025 £=0.00 £=0.1
Cia  [1/rad] -55.61 -31.75  -19.71
Cnes [1/rad] 47.71 38.60 33.54
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Table 4.30: C,,s and Cy, coefficients for different reduced frequencies for Mach

1.832, z,, = 0.015 m.

Damping Coefficients k£ =0.025 k=05 k=0.1
Cia  [1/rad] -47.88 -30.28  -16.91
Cne [1/rad] 41.65 34.28 28.84

Figure [4.33] indicates the variation of the derivative of the pitch damping moment
with respect to reduced frequency. As in the case of forced oscillation method, when
the reduced frequency increases, the derivative of (), increases. On the contrary,

increasing reduced frequency leads to decrease in the derivative of C'y.
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Figure 4.33: Pitch damping moment coefficient change with respect to different re-

duced frequencies.

Also, the effect of the plunging amplitude parameter on the unsteady computations is
examined. Two different plunging amplitudes of z,, = 0.015 m and z,,, = 0.030 m
are used for this study. To illustrate the effect of the plunging oscillation amplitude
on the pitching moment coefficient for Mach 1.832, the results of the unsteady calcu-

lations are presented in Figure[d.34] The similar behavior is observed for Mach 0.766
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as well.
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Figure 4.34: Pitch moment coefficient change with respect to different plunging os-

cillation amplitudes for Mach 1.832, k£ = 0.05.

The dynamic derivatives of C,,,; and Cy coefficients for different oscillation ampli-
tudes are calculated for both Mach numbers and represented in Tables .31 and #.32]
The results in the tables indicates that the dynamic derivatives of (), and C, do

not change significantly with plunging oscillation amplitudes.

Table 4.31: C,,4 and C coefficients for different plunging oscillation amplitudes

for Mach 0.766, £ = 0.05.

Damping Coefficients 2 =0.015m 2z =0.030m
Ciea  [1/rad] -31.75 -30.62
Cne  [1/rad] 38.60 38.26
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Table 4.32: C),4 and C'y, coefficients for different plunging oscillation amplitudes
for Mach 1.832.

Damping Coefficients 2 =0.015m 2z =0.030m
Cia  [1/rad] -30.28 -29.50
Cne [1/rad] 34.28 34.05

Also it is noted that the single dynamic stability derivatives of C,,,, and C'y, can be
calculated by subtracting C',,;, and C'y4, derivatives from the combined derivatives of

Cmq + Cmd and CNq + CNQ.
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CHAPTER 5

CONCLUSION

In this thesis, the numerical prediction methods used to calculate aerodynamic stabil-
ity derivatives, using the SU2 software are explained. By using the basic finner pro-
jectile from literature, the validation studies are carried out. The calculation method
of static stability derivatives is mentioned. The effect of the turbulence models of SA
and SST on the steady and unsteady calculations is examined. As a result of the an-
alyzes using two different turbulence models, it is seen that the choice of turbulence
model does not have a significant effect on the aerodynamic coefficients except for
axial force coefficient. Although there are some differences between the solutions of
both turbulence models in the flow field, there is no difference observed between the
aerodynamic stability derivatives since they are integral values of CFD computations.
Most of the analyzes in this thesis are carried out using SA turbulence model because

the computational cost of the SA model is lower.

Also, the numerical prediction methods to calculate roll damping coefficients are em-
phasized. It is observed that the results obtained by using the rigid mesh motion and
rotating reference frame options are very close to each other. However, the rotating
reference frame can be preferred because it provides a steady state solution. The
effect of the reduced frequency is also investigated. It is observed that the reduced
frequency for unsteady computations under constant roll rate does not significantly
affect the solution in the supersonic regime whereas it may be important for the sub-
sonic regime since decreasing reduced frequency leads to better approximation for

roll damping coefficient.

In addition, the prediction methods that are based on forced oscillatory motion and

differential method are emphasized in order to calculate pitch damping coefficients.
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Different approaches, that are integrating over a period of oscillation, solving at the
mean angular displacement position and the least squares method, are used to cal-
culate the combined pitch damping derivatives from the history of the aerodynamic
coefficients obtained from the forced oscillation method. The effect of the parameters
of the oscillating method such as reduced frequency and amplitude is also examined.
It is observed that the variation of the reduced frequency affects the solutions of the
forced oscillating motion. The increase in reduced frequency leads to a decrease in
the normal force damping coefficients but an increase in the pitch damping moment
coefficients. When the effect of amplitude on pitch damping derivative calculation
is investigated, it is seen that this parameter does not have a significant effect on the
solutions. In addition to the forced oscillation method, the differential method can
be used to calculate pitching dynamic derivatives. This method can provide a faster
prediction of pitch damping derivatives for small angle of attacks with some com-
promise in accuracy. Moreover, the plunging oscillation method is emphasized to
calculate single translational pitch dynamic derivatives. The effect of the plunging
oscillation amplitude and the reduced frequency on the solutions is investigated. It is
observed that translational pitch damping derivatives do not change significantly with
plunging oscillation amplitudes whereas the reduced frequency variation affects the

solution similar to the combined pitch damping moment calculation.

It is also noted that the least squares method is a very powerful method that enables
the calculation of aerodynamic stability derivatives from the history of aerodynamic
coefficients corresponding to varying flight conditions during the oscillating motions.
To conclude, the results of the CFD analyzes are compared with the experimental
data, and it is observed that there is good agreement between experimental data and

CFD calculations.
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