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1 Introduction

The progress in computer technology has allowed Computational Fluid Dynamics to simulate large scale
problems and complex flows with excellent accuracy and efficiency. The solution of the Navier Stokes
Equations (NSE) can be achieved through the use of one of two methods. In the case of Grid-based Solvers,
a computational grid is used and the flow is described by calculating its corresponding values at grid nodes.
On the contrary, non Grid-based solvers use fluid particles as a means to describe the flow through their
trajectories. The use of a Lagrangian, mesh-free solver has the advantages of not needing a grid in order
to simulate the flow, and of being self-adaptive having zero numerical diffusion. Their ability to satisfy the
far-field conditions with great precision makes them suitable for wake aerodynamic simulations. However,
the implementation of wall boundary conditions becomes a major challenge involving large numbers of
particles and costly convolution operations. In Aerodynamics the vast majority of problems is solved using
FEulerian, grid-based solvers. The plethora of different problems and applications requires the use of different
types of grids and methods in order to accurately represent body-fluid interactions. Towards this goal, wall
boundary conditions, which represent the effect of the solid body, must be put in place and, depending
on the compexity of the problem, the grid must be adequately dense in the near-wall regions. A Eulerian
solver, although effective, requires the use of a body conformal mesh. For simple geometries this is a rather
straightforward task. However, for complex geometries or moving bodies the generation of a computational
grid can be time consuming and complicated. In the case of moving meshes, the use of the Immersed
Boundary Method can speed up the solution procedure and eliminate the issues associated with regridding
at each time-step, in the case of a moving mesh. In this regard, many researchers turn towards grid-based
methods that do not require a conformal grid and, at the same time, comply with the necessary boundary
conditions. Thus, an accurate simulation of the flow can be achieved with much simpler and less detailed
grids. In the case of moving boundaries a typical approach with body-fitted grids combines the difficulties
associated with unsteadiness, mesh movement, is hard to perform and costly in CPU time. The use of
immersed boundary methods diminishes these problems as the movement of the geometry is achieved by

relocalizing the embedded surfaces in the fixed computational mesh.

1.1 Thesis scope

The main scope of this thesis is to study the Immersed Boundary Method, using simple Cartesian or
cylindrical meshes. The Immersed Boundary Method is a non body-fitted method in which the computational
grid is not needed to be conformed to the real physical boundary. CFD computations were possible with the
use of the Navier-Stokes solver MaPFlow developed by G. Papadakis [2]. The final goal is to enable MaPFlow
to simulate flows both with the classical approach of body-fitted grids as well as with non body-conformal
meshes using the Immersed Boundary Method. In this regard additions were made to the MaPFlow source
code in order to enable it to distinguish between external and immersed cells of a domain. Two geometries

were used, an airfoil (NACA 0012) and a circular cylinder. A Cartesian grid and body-fitted grids without



physical solid boundaries were used. The domain is then split into the external flow domain and the immersed
or internal one. The solution of the system of equations depends on where a cell lies. In this thesis, the
results presented in chapter [5|refer to both unsteady and steady simulations with different Reynolds numbers
and mesh discretizations. The flow around the airfoil was calculated when the body is placed at an angle of

1°.
1.2 Thesis outline
The thesis is divided into 6 chapters.

1. Chapter [I] gives the basic overview of the current state of CFD and of certain aspects which will be
studied in this thesis.

2. Chapter [2| describes the MaPFlow Solver, which is the computational tool used in this thesis.
3. Chapter [ presents the Immersed Boundary Method in detail.

4. Chapter [] contains the results from the simulation of the flow around a cylinder using a body-fitted

grid without a physical boundary.

5. Chapter [5| contains the results for a Cartesian non-body conformal mesh for the circular cylinder and

the airfoil.

6. Chapter [6] contains some concluding remarks.



2 MaPFlow CFD Solver

2.1 Governing Equations

2.1.1 Conservative Form
Let D denote a volume of fluid and 0D its boundary. By integrating the governing equations over D, the
following integral form is obtained:

m%D+%(Z—ﬁMS:/Qﬂ) (1)
p Ot oD D

U is the vector of the Conservative Flow Variables,

p
pu
pv (2)
pw
pE

i}
Il

where p denotes the density, (u,v,w) the three components of the velocity field and E the total energy.

ﬁc and ﬁv denote the Convective and Viscous Fluxes respectively,

oV

puV + ngp

F.= | poV +nyp (3)
pwV +n.p

p(E+ 2V

0

. NgTe® + NyTgY + Ny T2

Fo= | namyz +nymyy +n.myz (4)
NgTo X + Ny Ty + N T2

N0, +nyOy + n.0,

where V' is the normal velocity,

V=u-7 (5)
and
oT
Op = UTyp + VTpy + WTpy + k——
ox
oT
Oy = UTyy + VTyy +wTy, + k——
Jy
oT
O, = UTyy + VToy + WT5, + k@ (6)

The above system is completed by the constitutive equation of state for perfect gases:
u? + v? 4+ w?

p=(—-1)p|E— 5



2.1.2 Variable Transformations

CFD solvers are formulated using the governing equations (|1f) written in primitive (‘7) or characteristic (‘Z:h)

variables,

<u
I
R 2D
—~
0
SN—

Primitive Variables Starting from the differential form of the governing equations,

oU OF. OF, 0Q
ot T or  or  of ©)

by neglecting the viscous terms and using the chain rule:

ou  oF.00 _0Q
ot oU OF T oF
oU U  aqQ
o0 TA95 = o7 (10)

the Jacobian of the convective fluxes A, = 8F; / AU is derived.
By introducing the transformation matrix M = U / dV, the system of equations is written in Primitive
Variables form [3]:

ofov , ovov _og
9y Ot ‘o ot  OF

v v aqQ
MGy + AMG0 =52
oV OV 100
oV v 0Q,
o T T oz (11)

The transformation matrix M is defined as:

I 1 0 0 0 0]
. u p 0 0 0
oU
M= = v 0 p 0 O (12)
ov w 0 0 p 0
et e pw L
and its inverse as:
[ 1 0 0 0 0 |
u 1
B _u 1 0 0 0
8V P P
Ml =" = —L 0 ; 0 0 (13)
ou o 0 0 L 0
p p
| (@ w?) —u(y 1) oy = 1) —w(y-1) -1




has the same form as but the Jacobian of the convective fluxes, A,, is expressed in primitive

variables.

Characteristic Variables Diagonalization of A. (A, = RAL, where R, L contain the right and left
eigenvectors respectively and A the eigenvalues) enables the transformation of in characteristic variables.

By that, decoupling of the system of equations is achieved.

ou . 9U 8Q
oU oU o0
Lo+ AL% =L~ (14)

By defining M., = ou / 817ch = L the decoupled system is acquired:

Vo, MV, Qe
A = 1
ot " Mor T o (15)
with:
V 0 0 0 0
0O V o 0 0
A=] 0 0 vV 0 0 (16)
0 0 0 V+e 0
0O 0 O 0 V —c¢

Depending on the variables chosen the diagonalization of the Jacobian Matrix (A, for conservative variables, A,
for primitive) will lead to different eigenvectors. However, the eigenvectors can be transformed to the desired
variables using the appropriate transformation matrix. For example in between primitive and characteristic

variables the following hold:

Ay =MT1AM = (M"'R)A(LM) = R,AL, (17)

where ), = M ~1R and L, = LM are the right and left eigenvectors in primitive variables. Using the inverse
transformation matrix enables the transformation from primitive eigenvectors to conservative eigenvectors.

The right eigenvectors in primitive variables are :

[ ne 0 n, -—ny —F 1
ny -n, 0 Ny f%
Ry=| n: ny -ng 0 % (18)
0 Ny Ny n, — ’\1/;2)‘4
I 0 —-ngy —ny —-ng )‘1[;35

where 7 = (ngz,ny, n,) is the unit normal vector, \j = Ao =3 =V, My =V +cand s =V —c.

The left eigenvectors in primitive variables are :
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Ny Ty Nz ,\45,\5 ,\45,\5 |
0 Ny Ny :\\i:f\‘gnx ii:f\“;nx
ne 0 —me 3SR NSy
—ny one 0 3EREms SN
N

(19)

2.1.3 Low Mach Number Preconditioning

In cases where the local Mach number approaches zero there is large disparity in the wave propagation speeds.
The speed of sound (c¢) becomes very large compared to the flow velocity (V') and completely deteriorates
the stability and convergence properties of the system. In such cases the equations should be modified. Low
Mach Preconditioning is applied that acts on the time derivatives of the equations and basically modifies the
speed of sound to make the two velocities comparable. By that, the convergence and stability characteristics
of the system are improved.

Neglecting the viscous terms, and using the Preconditioning Matrix I', the system of equations takes

the following general form:

00 ou  aQ
1Y~ Y _ %
B TR il i
U oUu  9Q
§+FA6% _F% =
oU ou  0Q
E+AF% —F% (20)

Various forms of the Preconditioning Matrix I' have been proposed [4][?]. In the present work Eriksson’s
Preconditioning Matrix [5] has been implemented, based on its successful use in [6].

In primitive variables,

100 0 pB
01 0 0 O
r,= 0 01 00 (21)
0 00 10
0 00 0 «
where
o= mm(l, Ml2c)cal7 K/pM020> (22)
g=(1- a)/02

The amount of preconditioning is controlled by « in the sense that it follows the local Mach Number (Mjyeq1)

variations. The parameter s, takes values from 3-5. On one hand, its role is to prevent a from approaching

12



zero in stagnant regions and on the other to assure constant a within the boundary layer [7]. It is noted
that zero preconditioning and recovery of the original form of the equations is obtained for o = 1.
In order to express the preconditioning matrix in conservative or characteristic variables, the appropriate

transformation matrix is applied. For example,

[.=M'T,M
=% (23)
oV

When transforming the preconditioned system in characteristic variables, a new set of modified eigenvalues

is obtained,

Ap =

C/

0 vV —¢

v
0
0
0

[en B en B e N @n)
—
[\]
(N
~—

0

0

0
Vi+

coco <o
co < oo

0

in which the “modified” speed of sound ¢’ and velocity V' are defined as follows:

1
Vi=-(1+a)V

2
d = %\/[(1 —a) V]? + dac? (25)

leading to the following expressions for the eigenvalues:

AM=X=XA3=V
My = % [(1+a)V \/[(1 —a)V]? +4ozc2] (26)
A5 :% [(1+a)V+\/[(1—a)V]2+4a02]

Since preconditioning changes the eigenvalues, the left and right eigenvectors will also change. The right

eigenvectors in primitive variables become:

ng 0 n, -—ny —F
ny -n; 0 Ng — %
Rrp = Ny Ny —Ng 0 - % (27)
0 o Ny T, )‘Olép_cé“
i 0 —ng —ny —n, )‘Oll;c§5 |

while the left eigenvectors in primitive variables become :

13



[ e oy o ,\4a—p,\5 )\4a—p>\5 |
(T v U e O

Lrp=Rpy=| n: 0 —ne 3=0ny 353ty (28)
—ny ong 0 3EREms SHns
00 0 e e |

2.2 Spatial discretization

In MaPFlow the flow variables are calculated and stored at cell centers. Assuming that the cell volume

remains constant in time:

o [ - oU
— [ UdD=D— 29
%, 010 =0 29
where:
g—L / UezactdD (30)
- D D exact
Thus equation becomes:
oU 1 L -
== F.— F,)dS — dD 31
5 = —plf (F-Fas— [ Gap) (31)

The surface integral is approximated by the sum of fluxes through the faces of each cell. The usual assumption
is that the flux is evenly distributed over every face and its mean is computed at its center. For cell I,

takes the form:

dU 1 ali 1

I — — — —

Y, — E }c lv mA m) — QD =——R 2
dt DI[ :1( JmASm) = (@D)1] Dy ! (32)

Ry
where Ny is the number of faces the cell has and AS,, is the area of face "m”. The terms (Eo)ms (Fy)m

represent the convective and viscous fluxes through face m.

2.2.1 Reconstruction of variables

In order to calculate the fluxes appearing in the right hand side of (32), the values of all flow variables
at the face centers are needed. This information is absent, since all flow variables are defined at the cell
centers. Passing the flow information from the cell centers to the faces is carried out by means of variable
reconstruction.

Consider two cells I,J being in contact over face f. Variable reconstruction on fcan be defined either starting
from cell I or cell J. For compressible solvers it is assumed that across the face the flow experiences a jump
defined by the left L and right R states. The L/R specification depends on the normal to f which directs
from L to R. These states are used because the interpolation of variables on a specific face is done twice;

once for the left side and once for the right side of the face. Afterwards, the flux on the face is computed.

14



LIR  ceny

Figure 1: Two cell stencil for the reconstruction of variables on a face (f) using the PLR scheme.

PLR PLR is a 2"¢ order accurate scheme which utilizes Venkatakrishnan’s limiter [§]. The utilized stencil
consists of two cells (one cell in both L and R directions), as shown in|l| The assumption that the solution
is partially and linearly distributed in the finite volume is made. Left and right states are computed as

follows:

WL = W[ + \IJI(VW] . FL) (33)
Wg =W, —U;(VW, - 7g) (34)

where W is the primitive variables vector:

W= (35)

mHe < 2o

and 77, 7R is the corresponding distance of each cell center from the shared cell face between these two cells.

An important factor in the described scheme is the computation of V(WI) in (33),(4). The derivative

computation utilizes the Green-Gauss approximation, thus:

L1 .
VW x = | Wiids (36)

In cell centered schemes, is discretized as follows:
(Wi + W)t AS; (37)

15



¥ is the limiter function that prevents variables from reaching extreme values in regions with discontinuities.

Venkatakrishnan’s limiter [§] is a limiter applied to VU. The implementation is as follows:

A3 ) Ag+2A3A 5%
L 1,max 2 281, max 1
2 [A%Qmaz‘f'zA%“!‘Al,mazAQ“FEQ] I:tI2 AQ = 0
. 2 2
\Ili = Min.; 1 Al,min+6 )A2+2A2A1,min TAT1 (38)
7] 2z [Af’mm+2A§+A1,mmA2+e2] I£l5 A2 <0

1 I+ Ay =0

where

Al,max = Umal: - Uz (39)

Al,min = Umzn - Uz (40)

The purpose of the parameter €2 is to define limiter strictness. If it has zero value the limiter is very strict
whereas for large values of the parameter the limiter reaches values close to unity and eventually does not

have a significant effect on variable values. Parameter € is practically proportional to mesh length scale:

¢ = (KAR)® (41)

where K is a free parameter. Small values of K make the limiter strict rendering the PLR first order, while

K = oo leads to an unlimited scheme. Typically the value of K =5 is used.

face (f)

Cell I-1 Cell |

LIR  ceny Cell J+1

Figure 2: Four cell stencil for the reconstruction of variables on a face (f) using the MUSCL and QUICK
schemes. In contrast to the PLR scheme, MUSCL and QUICK schemes do not utilize distance vectors.

MUSCL The MUSCL scheme was first introduced by B. van Leer in [9]. Starting from the scheme of
Godunov [10], the piecewise constant approximation is replaced by reconstructed states, which are derived
from cell-averaged states from the previous timestep. For every face, slope limited, reconstructed left and
right states are obtained and used to calculate fluxes at the cell boundaries. MUSCL takes into account the
second order derivative whereas the third order derivative is ignored, thus the scheme is considered 3" order
accurate.

For the equations presented below, the following subscript notation is adopted. (see .

16



The 15¢ Left cell is noted with ”T”

The 229 Left cell is noted with "1-1”

The 1%* Right cell is noted with ”J”

The 274 Right cell is noted with ”J+1”

The left and right states are computed as follows:

Wi =W+ i((l — &) (W = Wr_1)é(r—1) + (1 + &) (Wy — W1)o(rr)) (42)
Wi =W, + %((1 — H)(WJH — WJ)(]ﬁ(rJ) +(1+ H)(WJ - WI)¢(TJ+1)) (43)

where k = 1/3.

In contrast to the PLR scheme, r; is not a distance vector. It is instead calculated as:

rr = % (44)
Wy —-Wy

If the denominator is lower than 0, r; = 1. Finally, ¢(r) is the limiter function which can either be the
superbee limiter [I1] or the limiter of van Albada [12].

The superbee limiter reads:

¢(rr) = maz(0, min(2rr, 1), min(rr, 2)) (45)

whereas that of van Albada reads:

2
:r1+r1

o(rr) r2+1
7

(46)

QUICK QUICK is a higher-order differencing scheme that considers a three-point upstream weighted
quadratic interpolation for the cell face values. The scheme was first introduced by B. P. Leonard in 1979
[13]. A quadratic function passing through two bracketing or surrounding nodes and one node in the
upstream side is used in order to find the cell face value. In central differencing schemes and second order
upwind schemes the first order derivative is included whereas the second order derivative is ignored. QUICK
takes the second order derivative into account, but ignores the third order derivative and thus is considered
3" order accurate.

For the equations presented below, the following subscript notation is adopted (see [2)) :

e The 15% Left cell is noted with 71"

e The 274 Left cell is noted with 71-17

17



e The 15 Right cell is noted with ”J”

e The 2" Right cell is noted with 7 J+1”

The implemented algorithm is based on [14] and is as follows:
Left state:

If ’WL} — W]_l‘ < 1078, then

1

- 1 = - o - =
WL:§(W1+WJ) 8(WJ—2W]+W1_1)

Else if ]WJ — oW + V_[71_1] < 0.3|WJ — Wj_l\, then

D T 1 - L
Wi, = i(WI + WJ) — g(WJ —2Wr + W]_l)
Else
Wy = %
Wiy—Wr1

If  Wipea > 1.5 0r Wipa < —1 or 0.35 < Wrppq < 0.65

W tace = 0.75 + 0.75(Wrppq — 0.5),
else if —-1< me)d <0,

W tace = 0.3T5Wippa
elseif 0 < Wryug < 0.35 or 0.65 < Wippg < 1,
\/me;d(l — Wina)? = Winea

1- 2W1nvd
else if 1< Wyppg < 1.5,

I/T’/vface =

I/T’/vface = Wlnvd
W =W+ Wy = Wr_1)Wace

Right state:
If |WJ — WJ+1| < 10_8, then
Wr =5 (W + W) = (W = 2W5 + W)

18
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(48)

(51)



Else if [W; — 2W; + Wy41| < 0.3|W; — Wy41], then

Wg = §(WJ + Wr) — g(WI —2Wy + Wyiq) (53)
Else
. W, - W
WJm;d = # (54)
11— Wi

It Wypea> 1500 Wya < —1or 0.35 < Wy,a < 0.65,

W tace = 0.75 + 0.75(W sy — 0.5)

else if -1< anvd <0,
W tace = 0.375W (55)

else if 0 < Wy,g < 0.35 or 0.65 < Wy,g < 1

- - L 2
\/WJn'Ud(l - WJnvd)S - WJm)d
1-— QWJnvd

else if 1< W:;md <15

I/T'/vface =

I/T'/vface = WJnvd
Wr =W+ Wi — Wii)Wace (56)
2.2.2 Convective Fluxes

The discretization of the convective fluxes can be based on central, flux-vector or flux-difference schemes.
Central schemes calculate the convective fluxes across faces as the arithmetic average of the values obtained
at the two sides of the face plus an artificial dissipation term added to enhance stability [15]. Flux-vector
schemes are based on upwinding which respects the direction of propagation of waves [16][17]. Finally, flux-
difference schemes calculate convective fluxes at cell faces by solving the Riemann problem for the Left and
Right states defined on the face [18§].

The present work uses Roe’s approximate Riemann solver [I§], which is a flux-difference scheme. Roe’s

scheme consists of constructing the convective flux as a sum of wave contributions:

1.~ — Lo L
= 5[Fe(VR) + Fe(VL) = |ARoel 1 (VR = VL)) (57)

(FC)I+% 2

where the Left and Right states (VL, VR) are calculated using one of the available numerical schemes. The
Roe matrix Ag,. has the same form as the convective flux Jacobian but instead of formally averaged values,

the following Roe-averaged variables are used:
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P =/PLPR
ur/pL + UR\/PR
VPLt /PR
vLA/PL + VR\/PR
VPL Tt /PR
WL\/PL + WR\/PR
VPL+ VPR
i - Hevpr+ Hry/pr

VPL+ /PR

e=/(y—1)(H - ¢/2)

3]
Il

[S4
Il

£
|

In , | ARoe| is constructed using the absolute values of the eigenvalues and the the right eigenvector

matrix R:
|ARroe] = RYA|IR (58)

In case the preconditioned system of equation is used, the eigenvalues and the eigenvectors of the precondi-

tioned system must be used (Ar, Rr). Thus, according to [19], |Aree| is changed to:

|ArRoe| = [T T ARoe|
~ T T ARee|
~ T 'RV Ar| Rr (59)
2.2.3 Viscous Fluxes

For the calculation of Viscous Fluxes, variable values and space derivatives are needed. For the face in

between cells I and J, variable values are obtained from simple averaging:

_ 1 /- _
Vig =5 (Vi+V)) (60)
while for the gradients, the Green-Gauss formula is applied using the face averaged values v J as defined in

but supplemented with a directional derivative[20]:

. e = . 17 .
VVig=VVi; = |VViy-tg— (E)l) “trg (61)
1J
where
— 1/ . .
Vi =3 (vvj + VVJ) (62)

is the mean gradient,
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(8‘7> ~ ‘7‘] — ‘7[ (63)
ol . lry

and [y is the distance between cell centers I and J and tl_:] is the unit vector pointing from cell center I to

cell center J.

21



2.3 Temporal discretization

For the temporal discretization the method of lines is used. This means that temporal and spatial discretiza-
tion are done separately leading for every control volume to the following equation:
a(Di0;)
—— > =-h (64)
In comparison to the form of equation is more general in the sense that the control volume can
vary with time.
Temporal discretization can be either explicit or implicit. Explicit methods use the U™ known solution and
march in time using the corresponding residual R™ to obtain solution at (t + At). On the other hand the
implicit schemes use R(ﬁ”“) = R™*! 0 obtain the new solution and are favored because they allow larger
time-steps. Since Rntl s unknown, the following linear approximation is used:

R’n-&—l ~ én + (g;;) . A[jn’ AU—n _ U—n-{—l - Uvn (65)

In MaPFlow a finite difference scheme is used for the time derivative [21]:

n—1

Ait |:¢n+1 (Dﬁ)n+1 + on (Dﬁ)n + dn—1 <Dﬁ> T bns (Dﬁ)nﬂ L } _ .

Depending on the choice of ¢, the corresponding backwards difference formulae (BDF) of the temporal
scheme is defined. BDF20PT, refers to a class of optimized, second-order, backward difference methods

with an error constant half as large as the conventional 2"¢ order scheme [22].

Table 1: Backwards Difference Schemes

order On+1 On On—1 On—1
15t 1 -1 0 0
ond 3/2 -2 1/2 0
3rd 11/6 -3 3/2 —~1/3
BDF20PT | 3/2 — ¢n_o | =24 3¢p_2 | 1/2—3¢n_o | —0.58/3

2.3.1 Steady State Computations

Even when steady state simulations are considered a pseudo-unsteady technique is followed. For steady state

simulations 1% order scheme is chosen to march the solution in pseudo-time until convergence is reached.

At 1°¢ order, after linearizing R"*!, becomes:

(Dialy) (R
-~ =R+ | —= | AU} 67
At[ 1 <8U | I ( )

By rearranging the terms the final system of discrete equations is obtained in which the system matrix

defines the implicit operator of the scheme:
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AU} = —Rp (68)

(D)I+ R
Aty oU s

~
Implicit Operator

Local Time Stepping In order to facilitate convergence, the Local Time Step technique is used [23]. The
time step for steady state calculation can be defined using the spectral radii of each cell. For every cell, a

different time step is defined by:

Dy

At = C’FL<AC+CAU>I

(69)
where f\c, A, is the sum of convective and viscous eigenvalues over all cell faces. The convective spectral

radii is defined by:

Ny

(Ae)r =D (s - 7irs| + cif) AS1 (70)
J=1

and the viscous spectral radii by:

N
1 f

_ 1 3 iy ML | KT
Dy

[max(5—, —)( + )1 (AS)?] (71)

A I )
(A0) 3pr; pr; Prp  Prr

J=1
2.3.2 Time True Computations

When making Time True computations, temporal discretization is crucial because any remaining numerical
error will propagate in the flow as a disturbance. In order to minimize temporal errors higher order schemes

should be used in conjunction with the Dual Time-Step technique [24].

Dual Time-Stepping The Dual Step approach adds an extra time-like derivative in the transport equa-
tion that refers to a different “time variable” 7, called “pseudo-time”. The conservative variables in the
pseudo-time problem are denoted by U*, because they don’t satisfy the original unsteady problem until
convergence is reached

Using this approach the unsteady problem is transformed into a steady one. In every true time-step the

following problem is solved in the pseudo-time (7) :

DU o,
Setting,
R = 8(1;?) + R(U) (73)

the following final form is obtained:
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A(D"HU*) N a(DU*)
or ot
When converges, R* =0, U* = U which satisfies the original unsteady problem.

= —R(U*) (74)

The discretized form of can be written as:

DrHIAUXR 1 Lo\t AN An—1
—— [qan (DU*) + én (DU) ¥ nt (DU) ] — _RMH (75)
or
Dn+1AU*k
= == _R*k‘+1 76
AT ( )
with
AU*k _ U*k‘-i—l _ U*k (77)
and
gt gt L[y (DU‘*)”+1 +6 (Dﬁ)" ¥ bns (D(?)H (78)
At n n n—

where k£ denotes the steady state problem sub-iteration.

In order to apply an Implicit Scheme in the Dual Time-Step procedure we must linearize the unsteady

residual R**+1:

or

Prhtl o é [%H (D(j*)"H + ¢n (Dﬁ)n + Pn—1 (D(j‘)”ﬂ]

D . Dn+1 .
+86£AU* — Gn+1 TtAU* (80)

The correction AU™ refers to the steady problem defined in pseudo-time. Thus, when the steady problem
converges, AU* = 0 . However, this does not correspond to Ut — U™ = 0 but to UFtLrtl _ gkntl — q,
The ¢ coefficients change according to the desired time discretization scheme (see Table .

Substituting in the final form is obtained:

D! Dl OR |
Ar + ¢n+1T + ﬁ AU = —RF — Q];lual (81)

where the dual step unsteady source-like terms qual are given by:
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Qb = [ml (D)™ + 00 (DT)" + 60 (Dﬁ)"_l] (82)

It is noted here that the pseudo time step At is defined as in the Steady state computations using local

timestepping .
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2.4 Boundary conditions

In external aerodynamics the following boundary conditions are needed:
e Far-field Boundaries
e Solid wall Boundaries
e Symmetry Boundaries
e Periodic Boundaries

Before analyzing each one of the boundary condition types, it is important to discuss the concept of dummy
cells. Dummy cells are additional virtual cells that extend the computational domain. Their purpose is to
provide assistance in calculating the flow variables at the computational domain boundaries. Far-field and
solid wall conditions are defined exactly at the boundary face while the other two are applied at the center

of the dummy cell.

2.4.1 Far-field Boundaries

In the far-field, it is important to comply with the hyperbolic character of the problem as expressed when
formulated in characteristic variables. The information provided is related to the sign of the eigenvalues of
the flow state at the far-field boundary and the associated Riemann invariants. Both must be respected and
therefore the far-field boundary conditions must be accordingly defined. The approach followed is based on
the characteristics of the 1D Euler equations along the normal direction to the boundary [25], u = Vi

The sign of each of the three eigenvalue u, u + ¢, u — ¢, defines the direction of propagation while along the

corresponding characteristic the associated Riemann invariants R, R+, R— (see [3]).

R=s (83)

remain constant.
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face(f)

Ne

exterior(a)l domain(c)

Figure 3: The case of a subsonic inlet face. Note that on an inlet face and the normal defined to point
outwards, the normal to the boundary velocity component © = V -7 < 0. This means that in reality the
flow information associated to R, R— is provided by the state defined in (a).

Thus on an inflow face (and similarly for an outflow face), using the invariants:

2c 2¢
from R* L ‘
TOom uf+’y_1 UC+'y—1
_ 2cy 2¢q
f R — = Ug — 84
rom uf po— Uq po— (84)
isentropic assumption sf = Sq

Although the flow variables at boundary faces can be obtained as linear combinations of these invariants, in

the present formulation, the characteristic equations are used instead:

1
dp— —dp=0 along Al =u
c
1
du+ —dp =10 along A=u+c (85)
pc

1
du— —dp =20 along A3 =u—c
pe
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face(f) face(f)
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R R

R-
n n/
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exterior(a)| domain(c) domain(c) | exterior(a)

(a) Supersonic Inlet (b) Supersonic Outlet

R-

Figure 4: Riemann Invariants on a far-field supersonic boundary

Supersonic Inlet-Outlet In the supersonic case all eigenvalues are positive since V' > ¢. This means
that in the case of inflow, all flow information is propagating from outside into the domain and therefore

all flow variables must be given as input:

—

V;nlet = ‘700 (86)

On the contrary in the case of outflow all flow information propagates from inside of the domain:

I70utlet = Vdomain (87)

face(f) face(f)

n
exterior(a) | domain(c) domain(c) | exterior(a)
(a) Subsonic Inlet (b) Subsonic Outlet

Figure 5: Riemann Invariants on a far-field subsonic boundary

Subsonic inlet-outlet For subsonic inflow and along the normal to the boundary, the two characteristics
propagate information from outside of the domain while the third propagates flow information from inside
of the domain . The situation reverses in case of subsonic outflow where two characteristics propagate

information from inside the domain while the third propagates information from outside into the flow domain.
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Note that the three Riemann invariants, associated with the eigenvalues, are defined with respect to the
normal direction; hence for the subsonic inlet with the normal vector pointing outwards u — ¢ < 0, u <
0, u + ¢ > 0, while for the subsonic outlet u — ¢ < 0, u > 0, u + ¢ > 0.

Based on , with the normal pointing outwards of the inlet face:

by Pa
e along A =u, (R
P} Pa "
1
Pf —Pc+ PaC (up —ue) =0 along Ay = u+c, (Rt) (88)
1
Pf=Pa= (uf — tg) =0 along A3 =u—c (R-)

By combining R™ and R~ pressure and velocity at the boundary are determined. Density can be retrieved
from the isentropic relation. As reference state at the inlet, that at the exterior of the domain is used.

Similarly, under the assumption that the normal direction is pointing outside of the domain, at the outlet

boundary,
p—i; = p—fy along A1 = u, (R)
Py Pec
Pf—De+ p (uf —u.) =0 along A2 =u+c¢, (R+) (89)
pf—pa—pc (uf —uq) =0 along A3 =u—c,(R—)

in which the reference state is defined from inside of the computational domain.

Preconditioned characteristic equations As already discussed in Low Mach Preconditioning (Section
2.1.3)) , the eigenvalues and eigenvectors of the system change . Hence, it is expected that the charac-
teristic equations change too. When Eriksson’s Preconditioning Matrix is used, like in the present case, the

1-D characteristic equations take the form [26]:

1
dp— —dp=0 along Al =u
c

c —anu

du + de =0 along A=+ ¢ (90)
du — C/:Oéocé?;udp =0 along A3 =u —¢
with,
o — (1 ; a)
W= (+a)u (91)
d = % (1 — ) u)? + 4ac?
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As in the un-preconditioned case, the characteristic equations are combined to obtain p, i, p at the boundary

face,
o= ()
=P\ po
1 Pc — Pa Vo Vie = Vaa
= Vne — —|1-
s =viet (o) (7557 - (-2 ) (57
O4771‘/'710 Pec — Pa /30402 Vnc - Vna
= Pq 1— 2
Py p+( C)( 5 >+<c, 5 (92)
Uf = Up + (an - Vno) * Ny
Uf:UO+(an—Vno)'ny
wg = wo + (Vg — Vio) - 1z
where

Vi) = uey g + vy - ny +wiy g (93)

The reference state, here denoted by subscript o, is decided by the isentropic wave, A1. At a subsonic inlet
face it corresponds to the outer flow data whereas at a subsonic outlet face the values from inside of the

computational domain are used.

2.4.2 'Wall Boundary Conditions
Inviscid Wall When the fluid is assumed inviscid on solid boundaries,
(W—1ty)-m=0 (94)

where %, denotes the mesh velocity. Density and pressure are set equal to their values at the cell center next

to the wall,
Pw =PI, Pw = PI (95)

Viscous Wall In the general case, the fluid is viscous and the no slip wall condition is applied,
U = g (96)

Density and pressure are treated as in the inviscid case. Regardless of the assumptions made for the fluid,

the convective fluxes take the form,

Nz Pw

Fewau = Ny Pw (97)
NzPw
PuwVy

1

where

NS
I
St
3t
~—
©
0
S~—
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2.4.3 Symmetry and Periodic Boundary Conditions

Symmetry When the flow is symmetric with respect to a plane, the simulation can only concern half of
the flow domain. Over the symmetry plane, the condition imposed resembles to that applied to an Inviscid
Wall. In both cases there is no flux across the boundary. However, in symmetry conditions gradients normal

to the boundary must also vanish [20]. So,

u-n=0, zero flux
VU -t =0, zero normal gradients (99)

Periodic Flows If the flow is periodic, the simulation is conducted on one single period. In such cases,
parts of the outer boundary of the mesh will correspond to the periodic surfaces on which explicit boundary
data are not available. Closure of the problem is done by the Periodic boundary conditions that basically
transfer the flow variables from one periodic surface to the next one. Periodicity can be either translational
(e.g. as in the case of a wing equipped with an array of vortex generators) or rotational (e.g. as in the case
of multi-bladed rotors) depending on the motion required for collapsing a periodic surface to its associate.

The implementation is based on ghost cells [20].

A
Y

Ua Us

(b) Rotational Periodicity

(a) Translational Periodicity

Figure 6: Periodic Boundary Conditions
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Let A, B denote the two associated periodic surfaces @ For every cell in contact with A, it’s corresponding
ghost cell is associated to a cell in contact with B. Scalar quantities are transferred from B to the ghost
cells of A as they are, while vector (and tensor) variables follow the motion required for collapsing A on B.

The motion is defined as a transformation matrix R4, and so,

Us=Up
Uy = RaUg (100)

In translational periodicity R4 = I while in rotational periodicity R4 is the corresponding rotation matrix.
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2.5 Solution of the System of Equations

The final form of the discrete equations corresponds to a linear system

AX =B (101)

of large dimension. The above system can be either solved directly or iteratively. Direct solvers are accurate
but have demanding memory requirements and are not easily parallelised. On the contrary, iterative solvers
might need many iterations to converge but are suitable for parallel coding and have limited memory
requirements. Therefore in the present work, an iterative solver was chosen. Following the work of [27], the
Jacobi iterative solver was implemented.

Noting that all but one terms in the discrete form of the equations for cell I,

(D); [OR - -
+ | —= AU = —R7} 102
[ ai *\op ) | A0 = (102)
refer to the cell in consideration, the following splitting
D/AU} + 01y AU} = —Rp (103)

is introduced. In (103, the first term is block diagonal and is linked to cell I, while the second contains the

—

off diagonal contributions in ((102]) that are linked to (%)I. This term involves the cells that surround I.

Jacobi iterative solver A solution to (103)) can be achieved using the Jacobi method:
DiATP = —Rp —0p Y AU (104)

where k is the Jacobi iterations index.

Gauss-Seidel iterative solver As an alternative, the Gauss-Seidel method can be used. It is similar to

Jacobi solver, except the fact that the off diagonal terms are calculated using the current update for U ,
DIAUPM! = —Rp — 0, Y AUPM — 0, > AUp" (105)

where Up, concerns the cell values that have been updated in k + 1 iteration.
The performance of the Gauss-Seidel method strongly depends on the type of the matrix A in (101). If A

is banded, the matrix can be split in an Upper and Lower part and thus Gauss-Seidel becomes:
DiAUP ! = —Rp — 0, ) AU — 01> AUR" (106)

However if the sparsity of A is substantial, the Gauss-Seidel solver has the same convergence properties as
the Jacobi method [28].
In case the mesh is structured, the matrix is indeed banded and the Gauss-Seidel solver will behave well.

On the contrary, if an unstructured mesh is used, because the band width of the matrix depends on the cell
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numbering, good performance is directly linked to proper renumbering. In this respect the Reverse Cuthill-
Mckee (RCM) reordering scheme [28] substantially reduces the band-width and therefore the Gauss-Seidel
methods outperforms the Jacobi solver.

It is important to note here that in a parallel environment even if Gauss-Seidel iterative solver is used
the update AU} must remain in the k iteration if U; is a multi-block ghost cell. The reason behind this

constraint is to ensure that the solution will be continuous across the blocks at all times.
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3 Immersed Boundary Method
3.1 Introduction - Description of the IBM

The idea of the Immersed Boundary Method was introduced by Peskin [29] who used momentum forcing
to study the blood flow in the heart valves. Another approach was introduced by Goldstein et al. [30].
Feedback forcing was employed in order to represent the solid body which resulted in spurious oscillations
and restricted the computational time step. Mohd-Yusof [31] suggested another approach to evaluating the
momentum forcing in a spectral method which does not require a smaller computational time step. This
same method was applied by Fadlun et al. [32] to a finite-difference method on a staggered grid and showed
that the discrete time forcing suggested by Mohd-Yusof [31] is more efficient than feedback forcing for three
dimensional flow problems [31} [I]. The difference between the approaches of Mohd-Yusof [31] and Fadlun et
al. [32] on where momentum forcing is applied [I]. In the study of Mohd-Yusof [31] momentum forcing is
applied on the body surface or inside the body. On the other hand, in Fadlun et al. [32], the velocity at the
first grid point external to body is obtained by linearly interpolating the velocity at the second grid point
(calculated through the Navier-Stokes equations) and the velocity at the body surface, which corresponds
to applying momentum forcing inside the flow field [I]. Finally, Ye et al. [33] proposed a different approach
using a Cartesian grid and without using momentum forcing. The cells cut by the boundary are reshaped
into body fitted trapezoidal shapes by discarding the solid part of the cell and adding the neighboring cells.
In order to accurately discretize the governing equations at the cell containing the immersed boundary, they
presented a new interpolation procedure that preserves the second-order spatial accuracy [33 [1].

The Immersed Boundary Methods can be categorized into three branches:
e Cut-cell methods
e Penalization methods
e Momentum forcing methods

Cut-cell methods focus on the discretization of the equations in the cells cut by the immersed boundary
(see [33] for instance). In order to represent the immersed boundary, an algebraic distance to the solid
boundary is used. The staggered arrangement of the unknows for both the velocity field and the pressure is
adapted to the geometry of the cut cells. There is no diffusion of the fluid-solid interface as the boundary
conditions are directly imposed. These methods are highly efficient from a computational point of view as
they are based on the MAC solver on cartesian grids which has been extensively and succesfully used in
numerical simulations of turbulent flows. The only drawback of these methods is the local construction of
the discreet operator that depends on the position of the immersed boundary in the cut-cells. On the other
hand, in a penalization method the presence of a solid obstacle in the computational domain is modeled
by adding a penalty term, depending on a penalization parameter, in the Navier-Stokes equations. The

penalization method does not depend on the choice of the discretization schemes used to approximate the

35



equations and is very easy to implement. In order to bound the difference between the penalization solution
and the solution of the Navier-Stokes equations Sobolev norms are used in terms of this parameter. In
this approach the immersed interface is not directly represented in the flow simulation and depends on the
mesh properties. Finally these methods use both Eulerian and Lagrangian variables which are related via
interaction equations. Discrete versions of Dirac functions are used to describe the fluid structure interaction
forcing and to link the FEulerian and Lagrangian variables. The main idea is to compute the force applied
by the obstacle on the fluid so that the velocity field satisfies the boundary conditions on the immersed
boundary (see [34]). These methods are efficient and easy to implement, see [32]. The main and only
drawback of these methods is that their coupling with projection schemes introduces difficulties in imposing
at the same time level the continuity equation and the boundary conditions on the immersed interface and

can alter the incompressibility of the flow in the vicinity of the immersed boundary [35].

3.2 Implementation of the Immersed Boundary Method

The main objective is to simulate the effects of a viscous laminar flow around a 2D cylinder and an airfoil using
only Immersed Boundary grids with a cut-cell approach. Towards this goal a cylindrical grid was generated
without excluding the points of the computational domain which are situated inside the solid boundary.
Additionally an O-type grid with a Cartesian refined region was created with different discretizations inside
the cartesian domain. In both cases the results obtained with non-body fitted grids were compared to those
obtained with the use of a body fitted grid for two bodies, an airfoil and a circular cylinder. In all cases
low Reynolds numbers were used. Interpolation schemes were selected to simulate the effect of the solid
boundary as well as a simple differentiation of the cell centers of the computational domain in order to make
a clear distinction between the points which are entirely inside the flow, those who are cut by the boundary

and those who are entirely (all nodes and cell centers) inside the solid body.

1. The body is defined as a set of points with a given orientation (clockwise or anti-clockwise).
2. Mesh cells are defined as internal,flow or immersed cells.

3. An interpolation scheme is selected (M, or the Inverse Distance Weighting scheme) and applied to the
immersed cells. In both cases, along with the interpolation scheme, an appropriate kernel is selected

for each immersed cell or its mirror point as will be presented in the following pages.

4. Depending on the cell type (internal,flow,immersed) the cells are treated differently with flow cells
being solved using MaPFlow ({2.5)), the immersed cells are solved through the use of the selected

interpolation scheme and internal cells take no part in the solution.

The whole process starts with the identification of the grid points. Grid points refer to cell centers and
not to nodes or face centers. The body geometry is represented by a set of x,y coordinates and has to be

sorted so that the numbering of the body nodes follows a clockwise or counter-clockwise orientation. It is
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important to make a distinction between the upper and the lower part of a body. Given the maximum and
the minimum of the x coordinates of the body nodes the chord line is calculated. The position of each body
node compared to the chord line is obtained and a node is treated differently depending on whether it is on

the upper or the lower side of the body.

. bod, bod bod, bod
Given (Tmas, Ymaz) and (z,0Y y,oo?):

ybody ybody

_ Jmax — Imin_
Q= body body (107)

Tmazr — Lppin

__ ,,body body

5 = Ymaz — ¥ Tmaz (108)

After this is calculated, for each body node a slope and an intercept is calculated for each line that connects
every 4,7+ 1 body node. For every grid point, situated sufficiently close to the solid body an algorithm
checks between which body nodes this point is and whether it is closer to the upper or to the lower side
of the body. When this is established and the 4,7 + 1 nodes neighboring the grid point are known then the
midpoint (2, ym) of this interval is calculated.

R J:I?ody .
VYl = %)ody " (109)

Y; —Ym

V= ( Lgrid = Lm > (110)

Ygrid — Ym
Finally, a grid point is considered as inside the solid boundary if two conditions are met. The first condition
being that it is lower (higher) than the line connecting the 7,7 + 1 nodes if it is on the upper (lower) side of

the body. The second conditions is that the angle 6 between ‘7'1 and ‘72 is positive.

Vi Vs
6 = arccos ———— (111)
Val[Val

In the same way, the aforementioned distinction (see Fig. [7)) between the grid points is made. In that case,

the above algorithm is not implemented on the cell centers only but also on the cell nodes. There are three

possibilities in total:

e Wall cell : A cell that has all its nodes and its center inside the body.
e Immersed cell : The center of the cell is inside the body and at least one node outside of it.

e Flow cell : A cell that has its center outside the body. In that case the position of the cell center is

of little importance.
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Figure 7: Discretization of points depending on their position with regards to the boundary.

This way the computational grid is divided into three categories and the MaPFlow (Chapter [2]) solver treats
the cells differently.

The values at the cell centers were obtained depending on their location. The flow characteristics in the flow
cells were calculated with the method presented in Chapter [2l The cells inside the solid body were given
zero values as they take no part in the calculation whatsoever. The immersed cells, those who are cut by the
boundary were given values depending on their neighbors. Neighboring cells are defined as two cells that
share the same face. Given the geometry of the computational grid, a cell can have, at most, four neighbors.
After the neighbors are defined, the value at the immersed cell is calculated using an interpolation scheme.
Two schemes were chosen and tested. The first one is a simple Inverse Distance Weighting scheme and the
second one is the M, interpolation scheme.

In this simple IDW weighting function, see [36], x denotes the interpolated point, x; denotes the interpolating
point with known values, d is the distance between the known point x; and the unknown point x, N is the
total number of known points used in the interpolation and p is a positive real number, called the power

parameter, which in our case is equal to 1.

N . .
w if d(x, z;) # 0 for all 1, (112a)
w(@) =9q S wi(x)
u; if d(x,z;) = 0 for some 1. (112b)

where w;(z) is either a simple Inverse Distance Weighting function given as,

d(z,x;)P
As in Palha et al. [37] the My scheme is, as follows,
5 3
1-— 5p2 + 5p3 if [p| < 1, (113a)
M ={1 .
)= Se= 1o - 1o 1<l <2, (113b)
0 if |p| > 2 (113¢)
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where p is defined as:

T—x;
p= { yga?;i (114)

where dz, dy refer to the cell,and thus,

My(p) = My (p) - M{(p) (115)

The implementation of the M, interpolation scheme requires the selection of an appropriate mirror point
with respect to the solid boundary. More specifically an immersed cell is projected into the flow, interpolation
cells depending on the distance are selected for the mirror, its values are calculated through the use of the
My scheme and are then transferred appropriately to the immersed cell. The transfer of these values must
be done in such a way as to respect the wall boundary conditions required to simulate the solid boundary.

For a mirror cell m, given its neighbours j = 1,2, 3, ..., N, the values at its center will be:

51 Ma(pm )V (0)
V(i) = ) Ma(pmyj)
. if |p| > 2, (116b)

if 0 < |p| <2, (116a)

where V is given in[8|and ¢ cycles through all primitive variables. Whether primitive or conservative variables
are used it makes no difference in the final result. In order to simulate the effect of the solid boundary, in

the immersed cell the Vm values are transferred as:

Pimm = Pm
Uimm = —Um

Pimm = Pm

Accordingly when the IDW interpolation scheme is used:
N =
Zj:l w(@m, ;) V;(i)

Vm(z) = 2;\;1 w($m7xj)
0 if d(xpm,z;) > 2 - dx, (118b)

if d(xm, ;) # 0 and d(zp,, ;) < 2-dx, (118a)

In this case, no mirror point is needed and the interpolation takes place immediately in the immersed cell.
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4 Body-fitted grid without a physical solid boundary
4.1 Introduction

In this chapter the flow around a circular cylinder will be examined with the use of a body-fitted grid which
does not, however, have a predefined physical boundary. The results obtained with the use of the Immersed
Boundary Method will be compared to those obtained with a typical body-fitted grid with the Gauss-Seidel
method as well as those obtained from the study of Kim et al. ([I]).

A cylindrical geometry was studied. The solid body centered at O(0,0) with radius r = 0.5. For the cylinder
two different methods were used for the implementation of the immersed boundary. The first method was
based on the My interpolation scheme as presented by [37] and the second method was based on the IDW
method.

T,
S

N W 7 7
\W\\\\Wf#ﬂlﬂ/ﬂ%%%/

7
7
W%
///ZZ////
N
D

i
il

7
%

7
\
T
NN

1
i

7
1

N
N
IR

\\§
N
\\\\{\\\\\\\\\\\\\\\
TR
‘\‘\\Q\\\\\\\\\\\\\\

N
N
\
\
T

i
i

l,I
il

il
il

W

i

A\

D
l\\\\\\\\\\\\\\\\\\

N\

AW
A
N

=
%
7=
-

N

. N
7 NN\

W AN

N
\\

RN
/’/////;’//////Z//Z”/llllllnmn||nm\\\\\\\\ N\ \ittg\::\\\\
Wil JH AR
’//////’///////””lﬂmllnl'ﬂﬁlll\\\m\\\\\\\&\\\\\\\\\\\\\\

. ;;//’/l//amuumm\\\\\\\\\\\\\\\\\\k\\\\\\\
/,//////,//;J/////,;;//Z%mn|ln|\\{&%\\\‘§\\\\\\\\§ \\\\\\
Yy
Ui

Figure 8: Computational domain for the cylinder problem. In|8aja closeup of the mesh where the cylindrical
geometry is situated.
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4.2 Inverse Distance Weighting Scheme

In all cases the flow was solved for low Reynolds numbers (Re = 40, Re = 100) and results comparable to
those from the MaPFlow solver were obtained.

First the C, diagrams are presented in Figures For each case the flow has also been solved with
MaPFlow and the C), obtained through both calculations is presented.
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Figure 9: C), obtained with the use of the IBM with the IDW interpolation scheme for Re = 40,100 compared
to the results when a physical solid boundary exists.
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(b)

Figure 10: Velocity distribution and flow lines with clear trailing edge symmetrical vortices for Re = 40
with the use of the IBM and the IDW interpolation scheme.
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Figure 11: Re = 40. Velocity distribution and flow lines without the use of the Immersed Boundary Method.
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(b)

Figure 12: Re = 100. Velocity distribution around the cylinder with flow-lines. The symmetrical trailing
vortices can be seen as expected.

44



Figure 13: Re = 100. Velocity distribution without the use of the Immersed Boundary Method.
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4.3 M, Interpolation Scheme
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Figure 14: C), obtained with the use of the IBM with the M, interpolation scheme for Re = 40, 100 compared
to the results when a physical solid boundary exists.
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(b)

Figure 15: Velocity distribution and flow lines with clear trailing edge symmetrical vortices for Re = 40
with the use of the IBM and the My interpolation scheme.
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(b)

Figure 16: Velocity distribution and flow lines with clear trailing edge symmetrical vortices for Re = 100
with the use of the IBM and the My interpolation scheme.
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4.4

Figure 17: C), for both Reynolds numbers with all interpolation schemes compared with a normal compu-
tation without the use of the Immersed Boundary Method. Results of the present thesis can be compared

Comparative results
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with those of Kim et al. [IJ.

The results obtained with MaPFlow ([2]) using the Immersed Boundary Method and the typical Gauss-
Seidel solution method are in very good accordance with each other. This is normal due to the fact that the
grid coincides with the boundary very precisely, there is no resolution issue near the boundary and the grid
nodes inside the solid body are simply not taken into account. The solid boundary is not obtained through

the implementation of the solid body boundary conditions as the faces of the cells already coincide with it.
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5 Cartesian domains

The body is placed inside an O-type domain with a refined region of rectangular shape. The refinement is
completely independent of the geometric properties of a body. For this reason, the flow was solved using
the same grid both for the airfoil as well as for the cylinder. The effects of the Inverse Distance Weighting
interpolation scheme were clearly worse than those of the My scheme and therefore in the case of the
Cartesian grids the My interpolation scheme was used. Additionally, the effect of the discretization of the
domain is examined. To this end, three grids were used with different dz, dy. Additionally, the calculations

were performed for two Reynolds numbers, namely Re = 40, Re = 100 for the steady problem.
e dx =y = 0.02,
e jx =0y = 0.01,

e oz = dy = 0.005
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Figure 18: Rectangular, refined region of an O-type domain with éx = dy = 0.01.
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5.1 Case 1: NACA 0012 Airfoil
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Figure 19: C, comparison for both Reynolds numbers, using the M, interpolation scheme with a Cartesian
grid.
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(b) Re = 100

Figure 20: Flowfield for both Reynolds numbers when a grid with dz = dy = 0.005 is used.

From the C), diagrams (figure an oscilating behavior can be observed for Re = 100 near the maximum
thickness of the airfoil for the mesh with the larger discretization (0z = dy = 0.02). The resolution of

the mesh, in this case, is insufficient to describe faithfully the flow characteristics near the location of the
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maximum thickness which is situated at 12% of the chord length which is equal to 1. The higher Reynolds
number (compared to Re = 40 where no such problems occur) causes this effect to occur because the viscous

effects are not as strong and the flow is more easily separated from the solid body.
5.1.1 Angle of attack 1°

The flow around the NACA-0012 airfoil was simulated when the body is placed with an angle # = 1° and
Re = 100. Results compared with normal MaPFlow run with a body-fitted grid using the Gauss-Seidel

solution method.
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Figure 21: C, comparison for § = 1° and Re = 100.

Oscillations are observed throughout the length of the airfoil. A possible reason for that is the stair-like
layout of the mesh near the solid boundary as well as the absence of filtering from the results. Nonetheless

there is a remarkable matching with the reference results which can be made only better if the Immersed

Boundary Method results were to be filtered.
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5.2 Case 2: Circular cylinder
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Figure 22: C, comparison for both Reynolds numbers, using the M, interpolation scheme with a Cartesian
grid.
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(b) Re = 100

Figure 23: Flowfield for both Reynolds numbers when a grid with dz = dy = 0.005 is used.
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Regarding the C), diagrams (figure a divergent behavior is observed in the case of the results for Re = 40
using the grid with dx = dy = 0.02. This is due to an overestimation of the viscous effects. The acceleration
of the flow is underestimated due to the discretization of the grid and the maximum thickness of the solid
body. A larger discretization means that the boundary layer is overestimated and the flow is not accelerated
as it should. This leads to a smaller acceleration of the flow and, thus, higher C, values. This effect is
reinforced by the low Reynolds number and the prevalence of the viscous effects. For that reason, it is not
observed when the Reynolds number is higher (Re = 100). Additionally, the discretization of the mesh has

an effect on the thickness of the boundary layer.

5.2.1 Unsteady flow

At Re = 200 an unsteady flow was simulated around the cylinder with a time-step of 0.01 (total number
of timesteps 20000) for two meshes with dx = dy = 0.02 and dx = dy = 0.01. The results of the Immersed
Boundary Method show no significant difference with the typical solution method given there is no turbulence

modelling.
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Figure 24: C),, comparison for the Immersed Boundary Method and the typical Gauss-Seidel method with a
body-fitted grid for the unsteady case. Re = 200.
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(a) Velocity field

(b) Vorticity field

Figure 25: Velocity and vorticity fields resulting from the Immersed Boundary Method for dz = dy = 0.01.
Re = 200.
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6 Concluding remarks

In the present thesis, the solid boundary was not respected neither from the mesh geometry nor from the
cell-faces. The main goal was to satisfy the boundary conditions were the solid boundary was located.
Additionally the boundary conditions are implemented asynchronously. In each time step, the values inside
the flow cells are computed and only then the immersed cells are given a value.

The Immersed Boundary Method gave acceptable results for two-dimensional, external, laminar, low Reynolds
number flows. For both steady and unsteady cases the results were very close to those obtained with a body-
fitted grid and the Gauss-Seidel solution method. For the unsteady problem the results were, of course,
averaged after a sufficient number of time steps (15000). Turbulence methods should also be implemented
alongisde the I1.B.M, thus enabling it to solve more complicated problems. A possible step towards this
direction would be a uniform distribution of the distances between immersed cells and the solid boundary.
Oscillations observed in the results are partly due to the fact that each immersed point is randomly dis-
tanced from the solid boundary. In all cases, however, finer grids gave results in better accordance with
the reference values. This led to an increase in computational time as the MaPFlow solver, when using
the Immersed Boundary Method, could not be used as a parallel solver. However, the main advantage of
the I.B.M is its ability to save substancial pre-processing time and make the computation overall less time
expensive. Serial computing is therefore not suitable for this method as it makes computations more costly.
Finally, no moving-bodies problems were studied which is an area where the Immersed Boundary Method
can prove to be exceptionally useful as it will remedy the need for a reconstruction of the mesh in each time

step.
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