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Student: Bi-Ren Gu Advisor: Dr. Jong-Shinn Wu

Department of Mechanical Engineering

National Chiao-Tung University

Abstract

Sounding rocket is one kind of launch vehicles. It uses aerodynamic self-control to
keep the stability of the rocket in the period of flying. A sounding rocket is used to
carry a payload into the orbit or out Earth’s gravity entirely. The sounding rocket flies
through different velocities, such as subsonic, sonic, supersonic and hypersonic.
Atmospheric density varies with the height, so the sounding rocket flies over the
continuous flow, transitional flow and rare flow. To the aerodynamics force and heat
transfer design systems of the sounding rocket, it is very important to overcome the
aerodynamics and heat transfer problems caused by different kinds of flight

environment. In this study, we apply a parallelized Navier-Stokes equation solver,

il



named UNIC-UNS, to simulate aerodynamics and heat transfer condition of sounding
rocket at different stages of flight. We make the grid convergence test first to choose
the most efficient grids. We simulate aerodynamics with different stages, Mach
numbers, atmospheric densities and attack angles. 2. When Re<10’, and Re>10°,
we can use laminar and turbulent flow model respectively. When 10°<Re<10°, we can

consider it as the transitional regime.

v



FoFARR SR EREL 2 R g AP g
IREHIE SR (¢ AN =0

E

b FTAG M e R A PR

2h 2

MEZF NIRRTV ERBFRBPEFNZIMRBAE L
Aris b g2 g 3 JIA R G b e Bt o B R RS
LR~ TN F

2 g
o

A
e

LU PEN I i BN ERPLe KRR %

\ﬁlg73{%\‘gié;ﬁ\%&7k:£

-
T

IS S R
WA i

E‘f’jrﬁgl\a‘ﬁ p@}ég"}i‘\;“é&j—

AT

WeE L RN P AT 2 AR
ESEREAERE LN S S

NN AN R S L
CE R R oy EE S (R R N Y
NEBEEY o3 Al Fo RN LS ¥

E Rt

e d R R

T REEZE BT .
E HR

2009 = 8 *



Table of Contents

BB B s i
ADSITACT ...ttt ettt ettt et e sttt e st et e e bt e naee i1
S PO v
Table Of CONTENLS .....eeiueiiiiiiiieie ettt sttt et st e e vi
LSt OF TabIES ... viil
LISt Of FIZUIES ...viiiiiieceeeee et ettt ettt e et e e estae e estaeesnsaeessnaeesnneeenns X
NOMENCIALUTE ...ttt sttt st e bt e et e b e saeeens X1
Chapter 1 INtrodUCHION ......ccviiieiieeciie et e e e e e aae e eaaeeeneeas 1
1.1 Background and MoOtiVation ...........cceevcuiierciieeeiiieeeiieeeieeeeiee e e eeevee e 1

1.1.1 Importance of Sounding ROCKEtry........ccccvvveviiiieriiieeeieeeee e, 1

1.1.2  Importance of AerodynamicCs..........cceceueeeriieeniiieeiiieeniieeeeeeeevee e 1

1.1.2.1 Axial-Force Coefficient ............ccccueevieniiiiieniiiiienccee 2

1.1.2.2 Normal-Forece Coefficient . ..cooeeiiiniiiiiiiiiiiiieecee, 2

1.1.2.3  Pitching-Moment Coefficient ii............cccceeeviiiiniieiniieeie, 3

1.1.2.4  Pressure Center .. coumaitviimmmnit it 3

1.2 LAtCTATUIES SUIVEY tauureeeerisessseeisnniannnneeennssiinnssisneseesssseessssessssseesssssensseessssesnnns 4

1.3 Specific Objectives 0f the ThesiS i i 5
Chapter 2 Numerical Methodi oo eii e 6
2.1 Governing EQUAtIONS ... . i imiieesie e tereeeeteeeeineeessureesseeesseeessseessssesssseeens 6

2.2 Spatial DISCTEHZAION .....cvveeeiireeiieeeiieeeieeeeieeeeiee e e e eesaeeesereeesreeesaee s 6

20 TN 10 (o 60 11S o4 15 10 ) o DO USRS 8

2.4 Pressure-Velocity-Density Coupling..........cccevveeeieeercieeeniieeeniie e eevee e 9

2.5 Linear MatrixX SOIVET......cccuiiiiiiiiiiiieiee e 10

2.6 ParalleliZation ...........cocuiiiiiiiiiiieieee e e 11
Chapter 3  Results and DISCUSSION.......cccuiiirvireiiieeriieerieeesieeeereeesveeesveeesveeesevee e 13
3il OVETVIEW ettt ettt ettt ettt e b ettt e st e e esaeeenes 13

3.2 Grid Convergence TeST.......cccuiieiiieriiieeiiieeeeeeieeeeiee et e sreeesreeeseaeeeenee s 13
3.2.1  Grid Configuration..........cceeeeveeerieeeriieesieeereeeeieeesreeesveeesneeeneaeas 13

3.2.2 Minimum Grid Size Convergence Test.........cccceevevreerireerreeenreeennne. 14

3.3 Comparison of Laminar Flow and Turbulent Flow ..........cccccceevviiniiinnnnen. 15
3.3.1 Flow Conditions and Simulation Conditions.............ccccceerueenueennen. 15

3.3.2 Results in Comparison of Laminar Flow and Turbulent Flow ........ 16

3.4 Aerodynamics Simulation with Different Angle of Attack............c........... 17
3.4.1 Flow Conditions and Simulation Conditions............ccccceerueeneennen. 17

vi



3.4.2 Results in Difference Angle of Attack .........ccovvvvvviienciiienciiieieeee, 18

3.4.2.1 Density, Pressure and Mach Number Distributions.............. 18

3.4.2.2 Axial-Force CoeffiCients........ccccveeecveeeciieeniie e 18

3.4.2.3 Normal-Force Coefficients ..........ccccceeviiienieeeniieeeiie e 19

3.4.2.4 Pitching-Moment Coefficients...........ccccceeeeerieeeiieeniieeeieeenns 20

3.4.2.5 Location of Pressure Center...........ccceevveereieerieieenireeenreeene 21

Chapter 4 Conclusions and Recommendation of Future Work............ccccceevveenennn. 22
4.1  Conclusion REMATKS ..........cccviieiiiiiiiiieeiie et 22

4.2 Recommendation of Future Work...........cccoeovviieiiieeniieeie e 22
RETETEINCES .....eeiiiieeiie ettt e et e e st e e s beeesaseeesnseeesseesnneeens 23

vii



Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7
Table 8
Table 9
Table 10
Table 11
Table 12
Table 13

List of Tables

Flow conditions of minimum grid size cONVergence test..........ccoooivveiinenieiciccse e 25
Simulation conditions of minimum grid size convergence test...........ccoovoviinieiiinienenens 25
The results of minimum grid Size CONVErgence teSt.........ccviiiiiiiiene e 25
Flow conditions of comparison of laminar model and turbulent model......................... 26

Simulation condition of comparison of laminar flow model and turbulent flow model.26

Flow conditions of simulation choose from 3DOF trajectory simulation results............. 27
Simulation conditions of different angle of attack............ccccooiiiiiiiiiiic 28
Simulation results of supersonic cases without base fIow. ..o 29
Simulation results of transonic cases without base fIow............cccoeineniinniiciee 30
Simulation results of Ma=0.5 cases without base floW............c.ccvvreiiiieniince 31
Simulation results of Ma=0.2 cases without base flOW............ccccccviriiiiiniiicics 32
Simulation results of Ma=0.5 cases:with'base flow including. ..........c.ccccooeiviininiiinenn 33
Simulation results of Ma=0.2 cases with base-flow.including. ..........c.ccccoervinineinennnn. 34

viii



List of Figures

Figure 1.1 The flying diagram of FOrMOSAt-2 ...........coiiiiiiiiiie it 35
Figure 1.2  Generic supersonic transport configuration SYN87-MB Grid Structure: 180 Blocks
...................................................................................................................................................... 36
Figure 1.3 Generic supersonic transport configuration SYN87-MB solution pressure coefficient
(Mach=2.2 & =3.15% C_ = 0.105) oo 36
Figure 1.4 Satellite launch vehicle configuration. ... 37
Figure 1.5 Transonic flow over the satellite launch vehicle. ..., 38
Figure 1.6 NAL jet-powered experimental airplane with a small rocket booster......................... 38
Figure 1.7 Unstructure mesh generated around the experimental airplane...........cccccoceeenenenn. 38

Figure 1.8 Computed pressure contours of the airplane and booster and enlarged views around
the intake with and without a small booster: (A) and (C)M _ =1.4, o =5.0; and (B)

and (D) M =1.7, @ = 4.9 it i i 39
Figure 2.1 Unstructured control VOIIME. .......oooriiee ettt 40
Figure 3.1 The Results of 3DOFE trajectory SIMUlation. ..o 40
Figure 3.2 Sounding rocket configuration. it e e e s 40

Figure 3.3 Typical grid distribution of aerodynamics simulation of sounding rocket. (A) grid

distribution of symmetric plane, (B) grid distribution of external flow field, (C) grid

distribution of body surface, (D) grid distribution of fin surface. .........cccocooiiiiiiiiiee, 42
Figure 3.4 The comparison of minimum grid size: (A) AX .. =2mm, (B)AX_.. =1mm,
(C) AXpin =0.4mMmM, (D) AX e = 0. IMM L, 44

Figure 3.5 Aerodynamics simulation results of laminar flow model and turbulent model, (A)
case 1, (B) case 2, (C) case 3, (D) case 4, (E) case 5, (F) case 6, (G) case 7, (H) case 8, (I) case
9, (J) case 10, (K) case 11, (L) case 12, (M) CaSe 13.......cccciirieririiieie e 46

Figure 3.6 Difference of axial-force coefficients between numerical results and reference data,

(A) supersonic cases, case 1~3, (B) transonic cases, case 4~7, (C) subsonic cases, case 8~13.

Figure 3.7 Difference of axial-force coefficient between numerical results and reference data..49
Figure 3.8 The density, pressure and Mach number distributions at Ma=2.5, A.0.A.=0 degree,

[ 0000 o o T TSP P PP UR VR OPR ORI 50
Figure 3.9 The density, pressure and Mach number distributions at Ma=2.5, A.0.A.=1 degree,

[ 0000 o o T TSP P PP UR VR OPR ORI 50
Figure 3.10 The density, pressure and Mach number distributions at Ma=1.5, A.0.A.=0 degree,

X



Figure 3.21 The density, pressuresand.Mach number distributions at Ma=0.9, A.0.A.=2 degree,
HZ20000 Mttt s o 8 s e s e 6485 1224ttt b ekttt b et s b et st e bt et e b et e st e bt et nrebene b 58



O O
QD

O 0

<Jd4 vwF@L oV 0TV -

X <

Subscripts
0

o0

Nomenclature

axial-foecr coefficient
pitching-moment coefficient
normal-force coefficient
normal-force curve slope
model length

diameter of cylinder

Mach number

pressure

stagnation pressure

base pressure

pressure of freestream far field
heat flux

stagnation heat flux

Reynolds number

area of cross section
temperature

temperature of freestream far field
velocity

velocity of freestream far ficld
center of pressure location
angle of attack

character length of HB-2 model
viscosity

density

density of freestream far field

angle of roll

stagnation

freestream far field

X1



Chapter 1 Introduction

1.1 Background and Motivation

1.1.1 Importance of Sounding Rocketry

A sounding rocket used to carry a payload to fly against the Earth’s gravity and
finally into the orbit or outer space. In recent years, the rocket development has
become a focus of many countries’ attention. The rocket design is one kind of the
conformity technologies that. contains- much knowledge. It has contained the
aerodynamics, heat transfer, structure analysis, control system, propulsion system and

so forth.

1.1.2 Importance of Aerodynamics

In the design process, one but had decided the mission and the rocket flight path,
then have often decided the majority of designs like the rocket size, propelling power
and etc. We may see Figure 1.1, the rocket flies through various stages such as
subsonic, sonic, supersonic, and hypersonic. Atmospheric density varies with the
height, so the rocket flies over the continuous flow, transitional flow and rare flow.
The rocket under the different speeds, the different air densities and the different

shapes also can have the different aerodynamics forces influence. These



aerodynamics forces influences all needs to go overcomes when designing the rocket.
And now, we want to introduce some important aecrodynamics coefficients in this

thesis.

1.1.2.1 Axial-Force Coefficient

The axial-force coefficient, C_, is defined as,

F
Co=T—c
A

Where F, is axial-force acting on the reverse direction with the direction of the
rocket to fly, p, is density of.far-field freestream, V_ is velocity of far-field

freestream, S is the cross section area. The higher the C, is, the more thrust the
rocket needs to fly. And then, we want to introduce two kinds of the axial-force

coefficients, on-burning axial-force coefficient and off-burned axial-force coefficient.
F

C __ % aon-burning

VR

F

a off —burned

C,p = —umed
R VA

The Faon,bummg is axial-force acting when the thrust is pushing the rocket, and

the F.off_bumea 18 axial-force acting when the thrust turn off.

1.1.2.2 Normal-Force Coefficient

The normal-force coefficient, C,, is defined as,

C, R .
3P V.S



Where F, is normal-force, p, is density of far-field freestream, V_ is velocity

of far-field freestream, S is the cross section area.

1.1.2.3 Pitching-Moment Coefficient

The normal-force coefficient, C,,, is defined as,

M

Co=T"07ar p2
EpwVw SI
Where M is pitching-moment, p, is density of far-field freestream, V, is

velocity of far-field freestream, S+ is the cross section area, | is the diameter of

cylinder.

1.1.2.4 Pressure Center

The pressure center, X_, , is defined as,

cp°
Cm
ch ——n

We set the top of nose of the sounding rocket as the original point to calculate the

cp*



1.2 Literatures Survey

Because of the progressing of the computational ability of computer, aerodynamics
and heat transfer simulations are applied to many applications, such as building
construction, cars, airplanes, rockets and so forth.

In 1999 J. Reuther [J. Reuther, 1999] did the application of a control theory-based
aerodynamic shape optimization method did the problem of supersonic aircraft design.
A high fidelity computational fluid dynamics algorithm modeling the Euler equation
is used to calculate the aerodynamic properties of complex three-dimensional aircraft
configurations, see Figure 1.2 and Figure-1.3.

In 2001, Paulo Moraes Jr. [Paulo Moraes Jr., 2001] did-the wind tunnel testing. The
tests were carried out in high speed-continuous-and blow-down wind tunnels using
1/15™ and 1/30™ scale satellite launch vehicle models of the complete configuration,
Figure 1.4. Through this experimental investigation in high speed wind tunnels, they
can understand the flow behavior very well, Figure 1.5.

In 2005, Fumiya Togashi and et al. [Fumiya Togashi et al., 2005] used overset
unstructured grids to simulate supersonic airplane/booster separation, see Figure 1.6
and Figure 1.7. An unstructured grid around the rocket booster is overset on the
stationary grid around the airplane and moves with time to simulate the separation

process. They solved the Euler equations for compressible inviscid flows. The

4



numbers of cells is about four million. Some results are shown in Figure 1.8.

1.3 Specific Objectives of the Thesis

By using the 3DOF trajectory simulation [Matthew Ross Smith], we make a table
of flow conditions that we want to know the details of aerodynamics properties. Then,
we do the minimum grid size convergence test of the sounding rocket to choose the
most efficient mesh file with UNIC-UNS code [Chen, Y.S.]. And then, we use the
mesh file to do the aerodynamics simulation with laminar flow model and turbulent
flow model and to compare which.one of the two models is more close to the physical
phenomenon. Then, we simulate aerodynamics properties with all the flow conditions

of the flight trajectory and discuss the physical meaning of the results.



Chapter 2 Numerical Method

In this proposal, we use the UNIC-UNS code, developed by Y.S. Chen et al, to
simulate an unsteady compressible flow. It uses Navier-Stokes solver with finite
volume method. The governing equation, boundary condition, numerical methods,

algorithm and so on will be discussed below.

2.1 Governing Equations

The general form of mass conservation, ‘energy conservation, Navier-Stokes

equation and other transport equations can-be written in Cartesian tensor form:

opg) o _ 9|, .9
ot +8xj (pUj¢)—an L'ugj 8ij+8¢

(1)
where % is an effective diffusion coefficient, S denotes the source term, ©
is the fluid density and - (1, u, v, w, h, k, ¢) stands for the variables for the mass,

momentum, total energy and turbulence equation, respectively.

2.2 Spatial Discretization

The cell-centered scheme is employed here then the control volume surface can be
represented by the cell surfaces and the coding structure can be much simplified. The

transport equations can also be written in integral form as:



) -
aip(ﬁdﬂ+i;F-ndF:£SQdQ o

where € is the domain of interest, I the surrounding surface, N the unit

—

normal in outward direction. The flux function F consists of the inviscid and the

viscous parts:
F=pVg- ﬂ¢v¢ (3)
The finite volume formulation of flux integral can be evaluated by the summation

of the flux vectors over each face,

§F-fdr = 3" F AT,
T i=k{i) (4)

where k(i) is a list of faces.of cell 1, Fi,j represents convection and diffusion fluxes

through the interface between cell iand j, AT is the cell-face area.

The viscous flux for the face e between control volumes P and E as shown in

Figure 2.1 can be approximated as:

(Vi) ~ 2= vy, -(ﬁ— L f]
Fe 1| Fe =] (5)
That 1s based on the consideration that
Pe — &5 zv¢e'(FE_'7P) (6)

where V¥ is interpolated from the neighbor cells E and P.

The inviscid flux is evaluated through the values at the upwind cell and a linear

reconstruction procedure to achieve second order accuracy



g =9, +lPeV¢u'(I:_ﬁJ) (7)
where the subscript u represents the upwind cell and Fe is a flux limiter used to
prevent from local extrema introduced by the data reconstruction. The flux limiter
proposed by Barth [Barth, T.J., 1993] is employed in this work. Defining

P = max(¢u,¢j )’ Poin = mm(¢“’¢j) , the scalar Yo associated with the gradient at

cell u due to edge e is

[ Prax — D,
], Pmax “ % g 0
min o) JI é — ¢ >
¥, =< min| 1, ¢mm Z jlfgb — $<0
: (8)

0
where s, is computed without the limiting condition (i.e. Te:l)

2.3 Time Integration

A general implicit discretized time-marching scheme for the transport equations

can be written as:

,0 n+1 n+l1 (;0¢P )

—+ A +-——+8S

( At j Z At At ’
©)

where NB means the neighbor cells of cell P. The high order differencing terms and

cross diffusion terms are treated using known quantities and retained in the source

term and updated explicitly.

The A-form used for time-marching in this work can be written as:



(’Z—:+ APJA¢P = NEB: A,Ad, +SU,
m-l (10)

(S¢ + > AN - Awﬁ“]
SU, = o
0 (11)

where 0 is a time-marching control parameter which needs to specify. 6 = 1 and 0 =
0.5 are for implicit first-order Euler time-marching and second-order time-centered
time-marching schemes. The above derivation is good for non-reacting flows. For
general applications, a dual-time sub-iteration method is now used in UNIC-UNS for

time-accurate time-marching computations.

2.4 Pressure-Velocity-Density Coupling

In an extended SIMPLE [Chen, Y.S:; 1989] family pressure-correction algorithm,
the pressure correction equation for all-speed flow 1s formulated using the perturbed
equation of state, momentum and continuity equations. The simplified formulation

can be written as:

AT i (12)

(13)

where Du is the pressure-velocity coupling coefficient. Substituting Eq. (12) into

Eq. (13), the following all-speed pressure-correction equation is obtained,

! !

1 p ' Ap " —\n
L P v (DVp)=-— V.
T (pD,Vp’) (Atj (o)

(14)



For the cell-centered scheme, the flux integration is conducted along each face and

its contribution is sent to the two cells on either side of the interface. Once the

integration loop is performed along the face index, the discretization of the governing

equations is completed. First, the momentum equation (9) is solved implicitly at the

predictor step. Once the solution of pressure-correction equation (14) is obtained, the

velocity, pressure and density fields are updated using Eq. (12). The entire corrector

step is repeated 2 and 3 times so that the mass conservation is enforced. The scalar

equations such as turbulence transport equations, species equations etc. are then

solved sequentially. Then, the solution procedure marches to the next time level for

transient calculations or global iteration for steady-state calculations. Unlike for

incompressible flow, the pressure-correction  equation, which contains both

convective and diffusive terms is essentially transport-like. All treatments for inviscid

and the viscous fluxes described above are applied to the corresponding parts in Eq.

(14).

2.5 Linear Matrix Solver

The discretized finite-volume equations can be represented by a set of linear

algebra equations, which are non-symmetric matrix system with arbitrary sparsity

patterns. Due to the diagonal dominant for the matrixes of the transport equations,

they can converge even through the classical iterative methods. However, the

10



coefficient matrix for the pressure-correction equation may be ill conditioned and the

classical iterative methods may break down or converge slowly. Because satisfaction

of the continuity equation is of crucial importance to guarantee the overall

convergence, most of the computing time in fluid flow calculation is spent on solving

the pressure-correction equation by which the continuity-satisfying flow field is

enforced. Therefore the preconditioned Bi-CGSTAB [Van Der Vorst, H.A., 1992] and

GMRES [Saad, Y. and Schultz, M.H., 1986] matrix solvers are used to efficiently

solve, respectively, transports equation and pressure-correction equation.

2.6 Parallelization

Compared with a structured grid approach, the unstruetured grid algorithm is more

memory and CPU intensive because-“‘links” between nodes, faces, cells, needs to be

established explicitly, and many efficient solution methods developed for structured

grids such as approximate factorization, line relaxation, SIS, etc. cannot be used for

unstructured methods.

As a result, numerical simulation of three-dimensional flow fields remains very

expensive even with today’s high-speed computers. As it is becoming more and more

difficult to increase the speed and storage of conventional supercomputers, a parallel

architecture wherein many processors are put together to work on the same problem

seems to be the only alternative. In theory, the power of parallel computing is

11



unlimited. It is reasonable to claim that parallel computing can provide the ultimate
throughput for large-scale scientific and engineering applications. It has been
demonstrated that performance that rivals or even surpasses supercomputers can be

achieved on parallel computers.

12



Chapter 3 Results and Discussion

3.1 Overview

In this thesis, we use the UNIC-UNS code to simulate the surface properties of the
sounding rocket. These surface properties include drag force, normal force, pitching
moment and pressure center. In order to simulate these properties accurately and
quickly, we should do minimum grid size convergence test. Then, we use the grid to
do the aerodynamics simulation with laminar flow model and turbulent flow model,
see Table 1 and Table 2, and.to compare which one of the two models is more close
to the physical phenomenon.-This is very important of the near-wall flow field. Then,
we simulate aerodynamics properties with all“the flow conditions of the flight
trajectory, see Figure 3.1 and Table 6, and discuss the physical meaning of the

results.

3.2 Grid Convergence Test

3.2.1 Grid Configuration

Figure 3.2 shows the grid configuration. The length of the sounding rocket is 350
cm, and the diameter is 15 cm. We use the conical nose cone shape in this thesis. We

predicted that the flow properties will various rapidly at the nose of the projectile,

13



boundary layer near the body surface. Therefore, the finer grid developed at which as
the previous described. Relatively, the coarser grid is used at the inlet freestream
far-field to reduce the computational cost. The grid distribution of the sounding rocket
is shown in Figure 3.3. When the velocity larger than speed of sound, it is not
necessary to simulate the downstream flow field because the downstream flow field
do not influence the upstream flow field, so that the grids for supersonic and transonic
cases do not include the base flow. It is important to save the cost of simulation. On
the other hand, the girds for subsonic cases should include the base flow and extend

the length of the radial, upstream and downstream external flow direction.

3.2.2 Minimum Grid Size Convergence Test

At*V

According to the dimensionless. number, CFL = A
X

, the minimum grid
size(AX) will affect the computational time and the accuracy of the simulation. We
usually set the CFL equal to 1, and we can find when we have smaller minimum grid
size, we have smaller time step size( Al) with the same flow condition. It means that
we have to spend more computational time to simulate this case. Seeing the results of
minimum grid size convergence test, shown in Table 2 and Table 3, we can observe
that the axial-force coefficient difference with the reference axial-force coefficient in
case 2 and 3 are better than case 1 and case 4. We compare the case 2 and 3, we can

find the computational time in case 2 is much less than case 3. Considering the time

14



cost and the accuracy, we choose 1 mm to be the minimum grid size to do the further

simulations.

3.3 Comparison of Laminar Flow and Turbulent Flow

In general case of external flow over a plate, we usually take Reynolds number
equal to 500,000 as the critical number for laminar flow transition to turbulent flow,
we define it as Re_ but it is a rough estimation in our case. We have to choose one
of laminar flow and turbulent flow as the whole flow field type to do the numerical

simulation.

3.3.1 Flow Conditions-and Simulation Conditions

Table 4 shows the flow conditions including Mach number, Reynolds number,
angle of attack, temperature, pressure, density and viscosity in each case. Because of

the definition of Reynolds number, Re :ﬂ, we can choose difference Mach

7,

numbers and altitudes to determine the see the magnitude of Reynolds number. And
then, we simulate these cases in whole laminar flow field and whole turbulent flow
field to see which of the flow field models is more close to our reference data. Table
5 shows the simulation conditions including the number of cells, number of time steps,

time step size, cpus using and the computational time that we cost.

15



3.3.2 Results in Comparison of Laminar Flow and Turbulent Flow

Figure 3.5 shows the simulation results of axial-force. We can observe that
axial-forces acting on the rocket in turbulent flow field are larger than laminar flow
field. The reason is that in turbulent flow, the momentum transfer in the boundary
layer near the surface of rocket is faster than in laminar flow so that the shear stress is
larger in the turbulent flow, and the axial-force is also larger. Figure 3.6 shows the
difference of axial-force between numerical results and the reference data. In the
supersonic cases, i.e. case 1 to 3, the Reynolds'numbers are much larger than the
critical Reynolds number, Re,.. The difference of axial-force coefficients between
the turbulent flow model and-the reference data are less than 5%, but the difference of
axial-force between the laminar flow-model and-the reference data are all about 40%.
In the transonic cases, i.e. case 4 to 7, the Reynolds numbers of case 4 and 6 are

larger than the Re_, and the difference of axial-force coefficients between the

cro
turbulent flow model and the reference data are better than another, respectively. The

Reynolds numbers of case 5 and 7 are a little less than the Re , and the difference of

two flow model are almost the same, furthermore the difference of laminar flow

model is better than the difference of turbulent flow model. In subsonic cases, i.e.

case 8 to 13, the Reynolds number of case 8 is larger than the Re_, and the

cro

difference of turbulent flow model is better than another. In case 9, the Reynolds
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number is a little less than the Re_., but the difference of turbulent flow model still

cro
better than another. In case 10 to 13, the Reynolds number s are less than the Re,,,
and the difference of both model are almost the same. Now, we can make a remark as

following. When the Reynolds number is larger than the Re_, 1 more order, for

example, case 1 to 4, 6 and 8, we can use turbulent flow model to simulate the surface

properties. When the Reynolds number is close to or less than the Re_. , for example,

ors
subsonic cases, the flow type might be laminar transition to turbulent flow, so we
have to discuss the results of the two flow model. Seeing Figure 3.7, when Re<10’,
the difference of axial-force coefficient between reference data and laminar flow
model is more accurate than turbulent flow model. When Re>10°, the difference of
axial-force coefficient between reference data and turbulent flow model is more
accurate than laminar flow model. When' 10°<Re<10°, the numerical axial-force

coefficients are far from the reference data, so we can consider it as the transitional

regime.

3.4 Aerodynamics Simulation with Different Angle of Attack

3.4.1 Flow Conditions and Simulation Conditions

Table 6 is the flow conditions choosing from the 3DOF simulation results, Figure

3.1. When the rocket is flying with subsonic speed, the momentum of the axial
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direction is not so big, comparing with the force resulting from the side wind. We
have to simulate larger angle of attack in the subsonic cases. When the rocket is stably
flying with super sonic speed, we could just simulate the small angle of attack. In
cases of Ma=0.2, we simulate cases of A.0.A.=0°2°. In cases of Ma=0.5, we
simulate cases of A0.A =0°2°4°. In transonic cases of Ma=0.9 and 1.1, we
simulate two angle of attack, A.0.A.=0°2°. In supersonic cases of Ma=1.5 and 2.5,

we simulate angle of attack, A.0.A.=0°1°.

3.4.2 Results in Difference Angle of Attack

3.4.2.1 Density, Pressure and Mach Number Distributions

The density, pressure and Mach number distributions are shown in Figure 3.8 to
Figure 3.21. First, we can easily observe the shock wave in cases of Ma=2.5 and 1.5.
In cases of A.0.A.=0 degree, the density, pressure and Mach number distributions
near the rocket surface are axial symmetry. In cases with A.0.A. equal to 1, 2 and 4
degrees, there are higher density, pressure and lower velocity in the windward side of

wall than the leeward of wall.

3.4.2.2 Axial-Force Coefficients

We can observe that there are small differences between difference attack angles

because the cases with less attack angle have less effect on axial-force. In supersonic
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cases, the difference between the axial-force coefficients using turbulent flow model

and the reference axial-force coefficients are less than 3%, this can be use to validate

our numerical code. The numerical results with difference angle of attack have not

large difference because our angle of attack is small. As the attack angles become

large, the axial-force coefficients become larger but not a big mount. In transonic

cases, the difference between the axial-force coefficients using turbulent flow model

and the reference axial-force coefficients are in the range of 0% to 50%. The

transonic flow is hard to predict so the difference is acceptable. In the cases of

Ma=0.5, H=0 and 5000 meter, the difference between the axial-force coefficients

using turbulent flow model“and the reference axial-force coefficients are less than

20%. As the attack angles become large, the axial-force coefficients become larger,

too. In the cases of Ma=0.2, H=24000 meter, the difference is much bigger the others

because the Reynolds number of this cases are less than Re_, but the difference

cro

using laminar flow model is still mot small, and so as the cases of Ma=0.2. I think it

could have something wrong with my setting to simulate these cases.

3.4.2.3 Normal-Force Coefficients

The sounding rocket is plane symmetry. If the angle of attack of flow field is zero,

the normal-force acting on the body surface should be zero. In the case of Ma=2.5,

the difference between numerical result using turbulent flow model and reference data
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is less than 1%. This is a very accurate simulation. In the cases of Ma=1.5 and 1.1, the
difference between numerical result using turbulent flow model and reference data is
about 15%, but it is still acceptable. In the case of Ma=0.9, the difference is much
bigger, because the transonic cases are hard to predict. In the cases of subsonic, the
differences between numerical results using turbulent flow model and reference data
are all less than 8%, but the differences between numerical results using laminar flow

model and reference data are in the range of 15% to 30%.

3.4.2.4 Pitching-Moment Coefficients

The sounding rocket is plane symmetry. If the angle of attack of flow field is zero,
the pitching acting on the body surface should be zero.In the supersonic cases, the
difference between pitching-moment.coefficient-using turbulent flow model and the
reference data are in the range of 5% to 15%. In the cases of transonic cases, because
it is hard to predict the flow field in transonic cases, the difference between
pitching-moment coefficient using turbulent flow model and the reference data are in
the range of 15% to 40%. In the cases of subsonic cases, the difference between
pitching-moment coefficient using turbulent flow model and the reference data are in
the range of 0% to about 10%, but the difference between pitching-moment
coefficient using laminar flow model and the reference data are in the range of 15% to

30%.
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3.4.2.5 Location of Pressure Center

The location of pressure center determines the stability of the flying sounding
rocket. We get it by taking the top of the nose of sounding rocket as the original point.
In case of Ma=2.5, the location of pressure center is nearer the top of nose than other
cases. The difference between the location of pressure center using turbulent flow
model with the reference data is 5.48%. In cases of Ma=0.9, 1.1 and 1.5, the
difference between the location of pressure center using turbulent flow model with
the reference data are less than 4%. In the cases of supersonic and transonic using
turbulent flow model, when.the velocity becomes larger, the location of pressure
center becomes smaller. It means that the rocket is more stable in transonic than in
supersonic in the regime of Ma=0:9 to 2.5. In cases of subsonic, the difference
between the location of pressure center using both flow model with the reference data
are less than 5%. Because X, =C, /C , and the normal-force coefficients and the
pitching-moment coefficients we discuss previously are not very close to the

reference data, that the differences are less than 5% is not very reliable.
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Chapter 4 Conclusions and Recommendation of Future

Work

4.1 Conclusion Remarks

The current study can summarize as follows:

1. We can accurately predict the physical properties in supersonic cases, and less
accurate in transonic cases. In subsonic cases, because there are oscillation in
the base flow, we still can not predict the physical properties accurately.

2. When Re<10°, and Re>106, we can use laminar and turbulent flow model

respectively. When 10°<Re<10°, we can consider it as the transitional regime.

4.2 Recommendation of Future Work

1. To simulate aerodynamics properties using different nose shape, such as 1/2
power series nose cone shape, and compare the results with the conical nose

cone shape.

2. To calculate the damping terms by using the rotational frame.
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Table 1 Flow conditions of minimum grid size convergence test

Tables

Case Minimal Grid Ma A.0.A. | Altitude | Viscosity | Pressure | Density | Temperature
Size (mm) (degrees) | (m) | (N*s/m”) | (atm) | (ke/m’) (K)
1 2
2 1
3 0z 2.5 0 10000 | 1.36E-05 | 0.2616 | 0.4135 223.27
4 0.1
Table 2 Simulation conditions of minimum grid size convergence test
Minimal Number of |Time Steps. for Steady
Case| Grid Size , _ CPUs |Computation Time (hrs)
Cells (Time Step-Size)
(mm)
1 2 450,234 4,000 (2.6E-6) 8 3.99
2 1 467,118 8,000 (1.3E-6) 8 8.2
3 0.4 484,002 50,000 (5.2E-7) 16 35.73
4 0.1 517,770 60,000 (1.3E-7) 16 38.71

Table 3 The results of minimum grid size convergence test

Minimal Grid | Axial CA _
Case , CA difference
Size (mm) | Force (N) (reference)

1 2 702.300 0.343 12.22%

2 1 . . .
715.180 | 0.3493 03908 10.61%

3 0.4 713.857 | 0.3487 10.78%

4 0.1 709.455 | 0.3465 11.33%
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Table 4 Flow conditions of comparison of laminar model and turbulent model

. A.0.A. | Altitude | Viscosity | Pressure | Density |Temperature
Case | Condition | Ma 5 ; Rep
(Degrees) |  (m) (N*s/m”) (atm) (kg/m’) (K)
1 A 2.5 0 10000 | 1.359E-05 | 0.26160 | 0.41350 | 223.27 | 3.42E+06
2 Cl 1.5 0 5000 | 1.536E-05 | 0.53356 | 0.73640 | 255.71 | 3.46E+06
3 C2 1.5 0 15000 | 1.322E-05 | 0.11955 | 0.19480 | 216.58 | 9.78E+05
4 El 1.1 0 2000 | 1.637E-05 | 0.78480 | 1.00700 | 275.04 | 3.37E+06
5 E2 1.1 0 20000 | 1.322E-05 | 0.05458 | 0.08891 216.65 | 3.27E+05
6 Gl 0.9 0 2000 | 1.637E-05 | 0.78480 | 1.00700 | 275.04 | 2.76E+06
7 G2 0.9 0 20000 | 1.322E-05 | 0.05458 | 0.08891 216.65 | 2.68E+05
g I1 0.5 0 0 1.702E-05 | 1.00000 | 1.22500 | 288.09 | 1.84E+06
9 12 0.5 0 15000 | 1.322E-05 | 0.11955 | 0.19480 | 216.58 | 3.26E+05
10 I3 0.5 0 24000 | 1.344E-05 | 0.02934 | 0.04694 | 220.58 | 7.80E+04
11 L1 0.2 0 0 1.702E-05 | 1.00000 | 1.22500 | 288.09 | 7.35E+05
12 L2 0.2 0 15000 | 1.322E-05 | 0.11955 | 0.19480 | 216.58 | 1.30E+05
13 L3 0.2 0 24000 <[ 1.344E-05 1 0.02934 | 0.04694 | 220.58 | 3.12E+04

Table 5 Simulation condition of comparison of laminar flow model and turbulent

flow model

Number | Number of | , Computation
€2 | ot Cells | Timgestep] g RSz JEPUS | e (i)
1 1.3E-06
2 | 467,118 2.0E-06 9.5
3 2.2E-06
4 2.7E-06
5 3.0E-06
6 3.3E-06
7 10,000 3.7E-06 8
51 899,802 >-8E0 )
9 6.7E-06
10 6.7E-06
11 1.4E-05
12 1.6E-05
13 1.6E-05
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Table 6 Flow conditions of simulation choose from 3DOF trajectory simulation

results.
Condition | Ma A.0.A. Altitude (m) Viscositzy Pressure Densit}y Temperature
(degrees) (N*s/m”) (atm) (kg/m’) (K)
A 2.5 0 10000 1.359E-05 | 0.26160 | 0.41350 223.27
B 2.5 1 10000 1.359E-05 | 0.26160 | 0.41350 223.27
Cl 1.5 0 5000 1.536E-05 | 0.53356 | 0.73640 255.71
C2 1.5 0 15000 1.322E-05 | 0.11955 | 0.19480 216.58
D1 1.5 1 5000 1.536E-05 | 0.53356 | 0.73640 255.71
D2 1.5 1 15000 1.322E-05 | 0.11955 | 0.19480 216.58
El 1.1 0 2000 1.637E-05 | 0.78480 | 1.00700 275.04
E2 1.1 0 20000 1.322E-05 | 0.05458 | 0.08891 216.65
Fl1 1.1 2 2000 1.637E-05 | 0.78480 | 1.00700 275.04
F2 1.1 2 20000 1.322E-05 | 0.05458 | 0.08891 216.65
Gl 0.9 0 2000 1.637E-05 | 0.78480 | 1.00700 275.04
G2 0.9 0 20000 1.322E-05 | 0.05458 | 0.08891 216.65
H1 0.9 2 2000 1.637E-05 | 0.78480 | 1.00700 275.04
H2 0.9 2 20000 1.322E-05 .| 0.05458 | 0.08891 216.65
I1 0.5 0 0 1.702E-05 +{ 1.00000 | 1.22500 288.09
12 0.5 0 15000 1.322E-05 "+ 0.11955 | 0.19480 216.58
I3 0.5 0 24000 1.344E-05. | 0.02934 | 0.04694 220.58
J1 0.5 2 0 1.702E-05 | 1.00000 | 1.22500 288.09
J2 0.5 2 15000 [.322E-05 | 0.11955 | 0.19480 216.58
J3 0.5 2 24000 1.344E-05 | 0.02934 | 0.04694 220.58
K1 0.5 4 0 1.702E-05 | 1.00000 | 1.22500 288.09
K2 0.5 4 15000 1.322E-05 | 0.11955 | 0.19480 216.58
K3 0.5 4 24000 1.344E-05 | 0.02934 | 0.04694 220.58
L1 0.2 0 0 1.702E-05 | 1.00000 | 1.22500 288.09
L2 0.2 0 15000 1.322E-05 | 0.11955 | 0.19480 216.58
L3 0.2 0 24000 1.344E-05 | 0.02934 | 0.04694 220.58
M1 0.2 2 0 1.702E-05 | 1.00000 | 1.22500 288.09
M2 0.2 2 15000 1.322E-05 | 0.11955 | 0.19480 216.58
M3 0.2 2 24000 1.344E-05 | 0.02934 | 0.04694 220.58
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Table 7 Simulation conditions of different angle of attack.

. A.0.A. | Altitude | Number | Number of |Time Step Computation
Condition | Ma , , CPUs _
(degrees) (m) of Cells | Time Step Size Time (hrs)

A 2.5 0 10000 1.3E-06

B 2.5 1 10000 1.3E-06

Cl 1.5 0 5000 467118 2.0E-06 95
C2 1.5 0 15000 2.2E-06

D1 1.5 1 5000 2.0E+00

D2 1.5 1 15000 2.2E-06

El 1.1 0 2000 2.7E-06

E2 1.1 0 20000 3.0E-06

Fl1 1.1 2 2000 2.7TE-06

F2 1.1 2 20000 647,406 3.0E-06 20
Gl 0.9 0 2000 3.3E-06

G2 0.9 0 20000 3.7E-06

H1 0.9 2 2000 3.3E-06

H2 0.9 2 20000 3.7E-06

I1 0.5 0 0 10000 5.8E-06] 8

12 0.5 0 15000 6.7E-06

I3 0.5 0 24000 6.7E-06

J1 0.5 2 0 5.8E-06

J2 0.5 2 15000 6.7E-06

J3 0.5 2 24000 6.7E-06

K1 0.5 4 0 5.8E-06

K2 0.5 4 15000 | 899,802 6.7E-06 27
K3 0.5 4 24000 6.7E-06

L1 0.2 0 0 1.4E-05

L2 0.2 0 15000 1.6E-05

L3 0.2 0 24000 1.6E-05

M1 0.2 2 0 1.4E-05

M2 0.2 2 15000 1.6E-05
M3 0.2 2 24000 1.6E-05
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Table 8 Simulation results of supersonic cases without base flow.

Angle of
Condition| Ma | Attack ?;; Cuon | Cuorr |Caor (ref) |Difference| Cn |Ca(ref)|Difference| Cn |Ca (ref)|Difference| Xo (m) | Xe (ref) | Difference
(Degrees)
A )5 0 Laminar {0.2300(0.2341| 0.3908 | -40.10%
Turbulent [0.3851]0.3891| 0.3908 | -0.43%
B )5 | Laminar |0.2305]0.2346| 0.3908 | -39.99% |0.1457|0.1516| -3.93% |2.2934|2.2143 | 3.57% |15.7444|14.6046| 7.80%
Turbulent|0.3857(0.3898| 0.3908 | -0.28%. {0.1528(0.1516| 0.77% [2.3538|2.2143 | 6.30% |15.4052|14.6046| 5.48%
1 s 0 Laminar {0.3178]0.3241| 0.5424 | -40.26%
Turbulent|0.515210.5214| 0.5424 | -3.87%
o Ls 0 Laminar | N/A [0.3404| 0.5424 |==37.25%
Turbulent| N/A |0.5571| 0.5424 |- 2.70%
DI Ls ) Laminar |0.3180(0.3243| 0.5422 |7-40.19% (0:1816{0.1880| -3.45% |3.2354|3.1577| 2.46% |17.8208(16.7929| 6.12%
Turbulent|0.5157(0.5219| 0.5422 | -3.73% [0.2105(0.1880{ 11.94% |3.6287|3.1577 | 14.92% |17.2402|16.7929| 2.66%
) Ls ) Laminar | N/A [0.3418| 0.5422 | -36.96% 0.1850{0.1880| -1.63% |3.3043|3.1577| 4.65% [17.8637(16.7929| 6.38%
Turbulent| N/A ]0.5580( 0.5422 | 2.92% |0.2113]0.1880| 12.36% |3.6437|3.1577 | 15.39% |17.2459(16.7929| 2.70%
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Table 9 Simulation results of transonic cases without base flow.

Angle of
Condition| Ma | Attack ?;I;Z Caon | Caotr ((r:eg Difference| C. |Cu(ref)|Difference| Cn |Ca (ref) Difference| X (m) | Xe (ref) |Difference
(Degrees)
Bl 11 0 Laminar |0.3748|0.3819]0.5499| -30.55%
Turbulent [0.5665(0.5735(0.5499| 4.30%
B L1 0 Laminar | N/A ]0.4175]0.5499| -24.08%
Turbulent | N/A ]0.6578(0.5499| 19.63%
£l L1 ) Laminar |0.3744/0.3814]0.5491| -30.54% 10.4138|0.4243}-2.46% | 7.6945 | 7.3924 | 4.09% |18.5928|17.4228| 6.72%
Turbulent |0.5711]0.5782(0.5491| 5.29% 10.4867|0.4243| '14.70% | 8.6190 | 7.3924 | 16.59% |17.7106(17.4228| 1.65%
- 11 5 Laminar | N/A |0.4332]0.5491| -21.11% {0.4187{0.4243| -1.32% |7.7071 |7.3924 | 4.26% |18.4069|17.4228| 5.65%
Turbulent | N/A 0.6647(0.5491| 21.06% [0.4935(0.4243| '16.32% |8.7615|7.3924 | 18.52% |17.7526(17.4228| 1.89%
Gl oo 0 Laminar |0.2112(0.2158]0.3901| -44.69%
Turbulent |0.4649]0.4695(0.3901| 20.34%
@ oo 0 Laminar | N/A ]0.2569/0.3901| -34.14%
Turbulent | N/A [0.5640(0.3901| 44.57%
oo ) Laminar [0.2120]0.2165(0.3894| -44.38% (0.3958|0.3892| 1.69% |7.3376|6.8124 | 7.71% |18.5399(17.5032| 5.92%
Turbulent |0.4690]0.4735(0.3894| 21.62% {0.5058|0.3892| 29.97% |9.1086 | 6.8124 | 33.71% |18.0067|17.5032| 2.88%
o9 ) Laminar | N/A |0.2734]0.3894| -29.78% 0.4122|0.3892| 5.92% |7.6144 |6.8124 | 11.77% |18.4710{17.5032| 5.53%
Turbulent | N/A ]0.5705(0.3894| 46.52% {0.5202|0.3892| 33.65% |9.4100 | 6.8124 | 38.13% |18.0905|17.5032| 3.36%
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Table 10 Simulation results of Ma=0.5 cases without base flow.

Angle of

Condition| Ma | Attack ?;;6] Caon | Caotr ((r:eg Difference| C. |Cu(ref)|Difference| Cn |Ca (ref) [Difference| Xeo (m) | Xe (ref) |Difference
(Degrees)
1 05 0 Laminar [0.2233]0.2281]0.4106| -44.46%
Turbulent [0.4862(0.4910(0.4106| 19.57%
0 05 0 Laminar | N/A ]0.2692/0.4106| -34.43%
Turbulent | N/A ]0.5659(0.4106| 37.83%
3 05 0 Laminar | N/A ]0.3243]0.4106| -21.01%
Turbulent | N/A ]0.6931(0.4106| 68.78%
1 05 5 Laminar |0.2233|0.2280(0.4098| 44.36% {0.3921{0.3710} .5.70% | 7.3383 | 6.3749 | 15.11% |18.7147|17.1847| 8.90%
Turbulent |0.4957]0.5005(0.4098| 22.12% ]0.3966{0.3710| " 6.90% |6.9023 | 6.3749 | 8.27% |17.4059(17.1847 1.29%
1 05 ) Laminar | N/A |0.2769]0.4098| -32.44% 10.38400.3710| 3.53% |7.1032|6.3749 | 11.42% |18.4957|17.1847| 7.63%
Turbulent | N/A ]0.5763(0.4098| 40:62%. {0.3698|0.3710{-0.33% | 6.2545|6.3749 | -1.89% |16.9155|17.1847| -1.57%
1 05 ) Laminar | N/A |0.3391]0.4098| -17.25% (0.3477{0.3710| -6.28% |6.1699 | 6.3749 | -3.22% |17.7465|17.1847| 3.27%
Turbulent | N/A |0.7060(0.4008| 72.27% |0.3054|0.3710| -17.68% | 4.7304 | 6.3749 | -25.80% [15.4911|17.1847| -9.86%
k1 los 4 Laminar [0.2197(0.2245(0.4087| -45.08% |0.8437|0.8072| 4.53% {15.8573|14.0321| 13.01% |18.7939(17.3842| 8.11%
Turbulent [0.4995(0.5042|0.4087| 23.37% [0.8894]0.8072| 10.19% [15.6226(14.0321| 11.33% |17.5649|17.3842| 1.04%
& los 4 Laminar | N/A |0.2916]0.4087| -28.66% |0.8402|0.8072| 4.10% [15.5026(14.0321| 10.48% |18.4504{17.3842| 6.13%
Turbulent | N/A ]0.5824(0.4087| 42.49% |0.8415|0.8072| 4.25% [14.4741|14.0321| 3.15% |17.2007|17.3842| -1.06%
3 los 4 Laminar | N/A (0.3792]0.4087| -7.21% |0.8129|0.8072| 0.72% [14.4570\14.0321| 3.03% |17.7834(17.3842| 2.30%
Turbulent | N/A 0.7171{0.4087| 75.44% |0.7408|0.8072| -8.23% [12.0410{14.0321| -14.19% |16.2546|17.3842| -6.50%

31




Table 11  Simulation results of Ma=0.2 cases without base flow.
Angle of
Condition| Ma | Attack Flow Cion | Caorr Gt Difference| Ca G Difference| Cn Co Difference| Xe (m) | X (ref) |Difference
Type (ref) (ref) (ref)
(Degrees)
L1 02 0 Laminar |0.1368|0.1710(0.4403| -61.16%
Turbulent|0.4270(0.4613|0.4403| 4.76%
0 02 0 Laminar | N/A [0.2304(0.4403| -47.68%
Turbulent| N/A [0.5783|0.4403| 31.33%
13 02 0 Laminar | N/A [0.2960(0.4403| -32:77%
Turbulent| N/A [0.8182|0.4403| .85.82%
M1 02 ) Laminar |0.1443]0.1784(0.4395]<59.40% {0.438710.3833} 14.45% |8.2854|6.4124| 29.21% |18.8857|16.7282| 12.90%
Turbulent
M2 02 ) Laminar | N/A ]0.2510(0.4395|-42.88% {0:4402|0:3833| 14.85% |8.2491|6.4124| 28.64% |18.7379|16.7282| 12.01%
Turbulent
V3 02 ) Laminar | N/A ]0.3223|0.4395| -26.65% 10.4278{0.3833| 11.59% |7.8115|6.4124| 21.82% |18.2609(16.7282| 9.16%
Turbulent
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Table 12 Simulation results of Ma=0.5 cases with base flow including.

Angle of

Condition| Ma | Attack Flow Cion | Caorr Cour Difference| Cs G Difference| Cn G Difference| Xo (m) | X (ref) |Difference
Type (ref) (ref) (ref)
(Degrees)
1 05 0 Laminar |0.1688|0.1736]0.4106| -57.73%
Turbulent|0.3959/0.4006(0.4106| -2.43%
0 05 0 Laminar | N/A 10.2011]0.4106| -51.02%
Turbulent| N/A |0.4653]0.4106| 13.31%
3 05 0 Laminar | N/A ]0.2088]0.4106| -49.16%
Turbulent| N/A (0.5937/0.4106| 44.59%
1 05 5 Laminar |0.1684(0.1731]0.4098| -57.76% |0.2823]0.3710| -23.90% |4.7664 | 6.3749 | -25.23% |16.8832(17.1847| -1.75%
Turbulent|0.4043|0.4091]0.4098| -0.19% (0.3729]0.3710| 0.52% |6.14736.3749 | -3.57% |16.4862(17.1847| -4.06%
1 05 ) Laminar | N/A ]0.2035]0.4098| -50.35% [0.2768|0.3710| -25.37% | 4.5893 | 6.3749 | -28.01% [16.5769(17.1847| -3.54%
Turbulent| N/A |0.4749]0.4098| 15.88% [0.3647]0.3710| -1.69% |5.9887|6.3749 | -6.06% (16.4216(17.1847| -4.44%
1 05 ) Laminar | N/A ]0.2497|0.4098| -39.07% (0.2830(0.3710| -23.71% | 4.6389 | 6.3749 | -27.23% [16.3919(17.1847| -4.61%
Turbulent| N/A 10.6052(0.4098| 47.67% ]0.3655(0.3710 -1.47% |5.9611 |6.3749| -6.49% [16.3085/17.1847| -5.10%
K1 05 4 Laminar |0.1715]0.1762]0.4087| -56.88% [0.6250(0.8072| -22.57% [10.8304{14.0321| -22.82% |17.3278|17.3842| -0.32%
Turbulent|0.4132]0.4179(0.4087| 2.25% 10.7784(0.8072| -3.56% [12.9272(14.0321| -7.87% [16.6067|17.3842| -4.47%
e 05 4 Laminar | N/A ]0.2326(0.4087| -43.09% |0.6630(0.8072| -17.86% [11.3926(14.0321| -18.81% [17.1839(17.3842| -1.15%
Turbulent| N/A |0.4867]0.4087| 19.09% (0.7630(0.8072| -5.47% (12.6116(14.0321| -10.12% |16.5288|17.3842| -4.92%
K3 05 4 Laminar | N/A ]0.3104{0.4087| -24.05% (0.6696|0.8072| -17.04% |11.1101{14.0321| -20.82% [16.5911{17.3842| -4.56%
Turbulent| N/A |0.1786]0.4087| -56.31% (0.7548]0.8072| -6.49% |12.5281(14.0321| -10.72% (16.5980(17.3842| -4.52%
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Table 13  Simulation results of Ma=0.2 cases with base flow including.

Angle of

Condition| Ma | Attack Flow Cion | Caorr Gt Difference| C. G Difference| Ca Co Difference| Xo (m) | X (ref) |Difference
Type (ref) (ref) (ref)
(Degrees)
11 00 0 Laminar |0.14340.1482(0.4403| -66.34%
Turbulent|0.1544]0.1592|0.4403| -63.85%
12 02 0 Laminar | N/A |0.1505(0.4403| -65.82%
Turbulent| N/A ]0.1623(0.4403| -63.13%
13 02 0 Laminar | N/A |0.1141(0.4403| -74.08%
Turbulent| N/A ]0.8013(0.4403| 81.99%
M1 00 5 Laminar |0.1498]0.1545(0.4395| -64.84% [0.2721|0.3833| -29.02% |4.5391|6.4124| -29.21% [16.6829(16.7282| -0.27%
Turbulent|0.1545]0.1593|0.4395| -63.75% [0.3692|0.3833| -3.68% [6.1050(6.4124| -4.79% |16.5347|116.7282| -1.16%
M2 02 5 Laminar | N/A {0.1443]0.4395| -67.17% |0.2824]0.3833| -26.34% (4.6913|6.4124| -26.84% |16.6145/16.7282| -0.68%
Turbulent| N/A ]0.1637(0.4395| -62.74% [0.3635|0.3833| -5.16% [6.0147(6.4124| -6.20% |16.5447|116.7282| -1.10%
M3 02 5 Laminar | N/A {0.1310]0.4395| -70.18% {0.2913]0.3833| -24.01% |4.8389(6.4124| -24.54% |16.6127|16.7282| -0.69%
Turbulent| N/A ]0.1914/0.4395| -56.46% |0.3530|0.3833| -7.90% |5.7560(6.4124| -10.24% [16.3036(16.7282| -2.54%
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Figure 1.1 ' The flying diagram of Formosat-2

SYN87-MB Grid Structure: 180 Blocks
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Figure 1.2  Generic supersonic transport configuration SYN87-MB Grid Structure:
180 Blocks

Generic Supersonic Transport Configuration
SYN87-MB Solution
Pressure Coefficient
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3
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Figure 1.3  Generic supersonic transport configuration SYN87-MB solution
pressure coefficient (Mach=2.2-a-=3.15° C, =0.105)
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Figure 1.5 Transonic flow over the satellite launch vehicle.
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Figure 1.6 NAL jet-powered experimental airplane with a small rocket booster.

Figure 1.7 Unstructure mesh generated around the experimental airplane.
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Figure 1.8 Computed pressure contours of the airplane and booster and enlarged

views around the intake with and without a small booster: (A) and (C)M  =1.4,

a=5.0;and(B)yand(D) M_ =17, a=49.
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Figure 2.1 Unstructured control volume.
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Figure 3.1 The Results of 3DOF trajectory simulation.
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Figure 3.2 Sounding rocket configuration.
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Figure 3.3 Typical grid distribution of aerodynamics simulation of sounding rocket.

(A) grid distribution of symmetric plane, (B) grid distribution of external flow field,
(C) grid distribution of body surface, (D) grid distribution of fin surface.
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Figure 3.5 Aerodynamics simulation results of laminar flow model and turbulent
model, (A) case 1, (B) case 2, (C) case 3, (D) case 4, (E) case 5, (F) case 6, (G) case 7,

(H) case 8, (I) case 9, (J) case 10, (K) case 11, (L) case 12, (M) case 13.
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Figure 3.6 Difference of axial-force coefficients between numerical results and
reference data, (A) supersonic cases, case 1~3,(B) transonic cases, case 4~7, (C)

subsonic cases, case 8~13.
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Figure 3.7 Difference of axial-force coefficient between numerical results and

reference data.
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Figure 3.8 The density, pressure and Mach number distributions at Ma=2.5,
A.0.A.=0 degree, H=10000 m
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. Flow condition B: Ma=2.5, A.0.A=1 degree, H=10000 m, turbulent flow model

Figure 3.9 The density, pressure and Mach number distributions at Ma=2.5,
A.0.A.=1 degree, H=10000 m
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Figure 3.10 The density, prer distributions at Ma=1.5,
A.0.A.=0 degree, H=5000 m
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Figure 3.11 The density, pressure and Mach number distributions at Ma=1.5,
A.0.A.=0 degree, H=15000 m

Figure 3.12 The density, pressure and Mach number distributions at Ma=1.5,
A.0.A.=1 degree, H=5000 m
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Figure 3.13 The density, pWr;ber distributions at Ma=1.5,
A.0.A.=1 degree, H=15000 m

ENNERER

53



Figure 3.14 The density, pressure and Mach number distributions at Ma=1.1,
A.0.A.=0 degree, H=2000 m

Figure 3.15 The density, pressure and Mach number distributions at Ma=1.1,
A.0.A.=0 degree, H=20000 m
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Figure 3.16 The density, pr: wumber distributions at Ma=1.1,
A.0.A.=2 degree, H=2000 m
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Figure 3.17 The density, pressure and Mach number distributions at Ma=1.1,
A.0.A.=2 degree, H=20000 m

Figure 3.18 The density, pressure and Mach number distributions at Ma=0.9,
A.0.A.=0 degree, H=2000 m
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Figure 3.19 The density, \4\ Mach number distributions at Ma=0.9,
A.0.A.=0 degree, H=20000 m
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Figure 3.20 The density, pressure and Mach number distributions at Ma=0.9,
A.0.A.=2 degree, H=2000 m

Figure 3.21 The density, pressure and Mach number distributions at Ma=0.9,
A.0.A.=2 degree, H=20000 m
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