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Abstract

The Navier-Stokes equations are widely used for the analysis of incompressible lami-
nar flows. If the Reynolds number is increased to certain values, oscillations appear
in the finite element solution of the Navier-Stokes equations. In order to solve for
high Reynolds number flows and avoid the oscillations, one technique is to use the
flow condition-based interpolation scheme (FCBI), which is a hybrid of the finite
element and the finite volume methods and introduces some upwinding into the lam-
inar Navier-Stokes equations by using the exact solution of the advection-diffusion
equation in the trial functions in the advection term.

The previous works on the FCBI procedure include the development of a 4-node
element and a 9-node element consisting of four 4-node sub-elements. In this thesis,
the stability, the accuracy and the rate of convergence of the already published FCBI
schemes is studied. In addition, a new FCBI 9-node element is proposed that obtains
more accurate solutions than the earlier proposed FCBI elements. The new 9-node
element does not obtain the solution as accurate as the Galerkin 9-node elements but
the solution is stable for much higher Reynolds numbers (than the Galerkin 9-node
elements), and accurate enough to be used to find the structural responses in fluid
flow structural interaction problems.

The Cubic-Interpolated Pseudo-particle (CIP) scheme is a very stable finite dif-
ference technique that can solve generalized hyperbolic equations with 3rd order ac-
curacy in space. In this thesis, in order to solve the Navier-Stokes equations, the
CIP scheme is linked to the finite element method (CIP-FEM) and the FCBI scheme
(CIP-FCBI). From the numerical results, the CIP-FEM and the CIP-FCBI meth-
ods appear to predict the solution more accurate than the traditional finite element
method and the FCBI scheme. In order to obtain accurate solutions for high Reynolds
number flows, we require a finer mesh for the finite element and the FCBI methods
than for the CIP-FEM and the CIP-FCBI methods. Linking the CIP method to the
finite element and the FCBI methods improves the accuracy for the velocities and
the derivatives. In addition, when the flow is not at the steady state and the time
dependent terms need to be included in the Navier-Stokes equations, or in the prob-



lems when the derivatives of the velocities need to be obtained to high accuracy, the
CIP-FCBI method is more convenient than the FCBI scheme.
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Chapter 1

Introduction

The study of incompressible flows is important in many areas of science and tech-
nology. At low speeds the flow will be ordered and follow regular patterns, i.e., it
is laminar flow. Common applications in which laminar flow appears are biological
fluid flow, Newtonian flows in chemical and mechanical engineering and any indus-
trial process involving heat, fluid flow and mass transport at low Reynolds numbers.
A balance between the inertia and viscous forces governs laminar flows and provides
the stability. Flows are often characterized by a dimensionless number known as the
Reynolds number, which is the ratio of inertia to viscous forces in a flow. Laminar
flows correspond to smaller Reynolds numbers. Even though laminar flows are deter-
ministic and ordered, instabilities and bifurcation may happen in the flow and take
the flow from being laminar to be transition or turbulent. Numerical modelling of
transition and turbulence requires greater insight into the flow physics.

For higher Reynolds numbers, the flow is governed by inertial forces and in most
cases of engineering problems the flow is in a disordered or turbulent state. Common
applications of incompressible turbulent flows involve the flow around vehicles and
low speed flows in aeronautics where the fuel efficiency is greatly impacted by the
details of the flow.

The Navier-Stokes equations are widely used for the analysis of incompressible
laminar flows. If the Reynolds number is increased to certain values, oscillations

appear in the finite element solution of the Navier-Stokes equations. In order to
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solve for high Reynolds number flows and avoid the oscillations, one technique is to
use stabilized methods. In these methods, artificial upwinding is introduced into the
equations to stabilize the convective term, ideally without degrading the accuracy of
the solution: e.g. the streamline upwind/Petrov-Galerkin (SUPG) method [7], the
Galerkin/least-squares (GLS) method [15], the Cubic Interpolated Pseudo/Propagation
(CIP) method [27] and use of the bubble functions [10], [6], [5], [22].

The flow condition-based interpolation scheme (FCBI) is a hybrid of the finite
element and the finite volume methods and it was first introduced by KJ. Bathe and
J. Pontaza in [2]. This scheme was later developed in [3], [19] and [20].

The FCBI procedure introduces some upwinding into the laminar Navier-Stokes
equations by using the exact solution of the advection-diffusion equation in the trial
functions in the advection term. The FCBI procedure is a finite element method since
the domain of the problem is considered as an assemblage of discrete finite elements
connected at nodal points on the element boundaries, and the velocity and the pres-
sure are interpolated within each element. This procedure can also be considered a
finite volume method since the weak form of the Navier-Stokes equations is satisfied
over control volumes, when the test functions are unit step functions. Hence, the
FCBI finite element solution satisfies the mass and momentum conservations for the
control volumes (the traditional finite element methods do not satisfy the local mass
and momentum conservations).

One reason why the FCBI procedure was proposed as a hybrid of the finite element
and the finite volume methods, not being merely a finite volume method, is the
lack of defining interpolation functions in the finite volume methods. Defining the
interpolation functions enables us to directly evaluate the derivatives, and set up the
Jacobian matrix for the Newton-Raphson iteration method. Also, no artificial factors
are used and similar to the traditional finite element methods a mathematical theory
is available.

The basic aim in developing an FCBI scheme is to reach a numerical scheme that
is stable for low and high Reynolds numbers, and yields sufficiently accurate solutions

using coarse meshes. Of course, the numerical solution of the laminar Navier-Stokes
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equations at high Reynolds numbers would not be highly accurate. The fluid mesh
would need to be too fine. However, when a coarse mesh is used, the scheme should
still yield a reasonable solution. As the mesh is then refined, the numerical scheme
would capture more details in the flow; e.g. circulations, and the solution obtained
would ideally converge to the exact solution of the mathematical model. At some
stages of the mesh refinement, a turbulent model might be required.

However, in practice, the accuracy of the solution and the computational cost are
important issues. These issues are particularly important in the analysis of the fluid
flows with structural interactions.

The analysis of fluid flows with structural interactions has captured much attention
during the recent years. Such analysis is performed considering the solution of the
Navier-Stokes fluid flows fully coupled to the non-linear structural response. However,
a fully coupled fluid flow structural interaction analysis can be computationally very
expensive. The cost of the solution is, roughly, proportional to the number of nodes
or grid points used to discretize the fluid and the structure.

In order for interaction effects to be significant, the structure is usually thin and
can be represented as a shell, hence not too many grid points are required. The large
number of grid points and consequently number of equations in fluid flow structural
interaction problems (FSI) is due to the representation of the fluid domain. For high
Reynolds number fluid flows, to have a stable solution, more grid points are required.
In order to decrease the number of grid points in the fluids (using a coarser mesh) and
still have a stable solution, the flow-condition-based interpolation (FCBI) procedure
was introduced [2], [3], [4]-

The basic philosophy of FCBI scheme was presented earlier in [2]. However,
our aim is to increase the effectiveness of this scheme. The previous works on the
FCBI procedure include the development of a 4-node element and a 9-node element
consisting of four 4-node sub-elements. In this thesis, the stability, the accuracy and
the rate of convergence of the already published FCBI schemes is studied in section
4.5, and it is shown that the FCBI 4-node elements and the earlier proposed FCBI 9-

node elements obtain more stable solutions than the Galerkin 9-node elements, used
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in the traditional finite element methods. However, the Galerkin 9-node elements
give more accurate solutions with a higher rate of convergence. Our objective is
to use the FCBI scheme in rather coarse meshes together with the “goal-oriented
error measurements” technique to control error in the structural response in the fluid
flow structural interaction problems [12]. Hence, in chapter 5 we propose a new
FCBI 9-node element that obtains more accurate solutions than the earlier proposed
FCBI elements. The new 9-node element does not obtain the solution as accurate
as the Galerkin 9-node elements but the solution is stable for much higher Reynolds
numbers (than the Galerkin 9-node elements), and accurate enough to be used to find

the structural responses.

In chapter 6, the focus is on the Cubic-Interpolated Pseudo-particle (CIP) method.
The CIP method was introduced by T.Yabe et al. in 1991 [26], [17] . In this method,
a cubic polynomial is used to interpolate spatial profiles and spatial derivatives. The
spatial derivative itself is a free parameter and satisfies the master equation for the
derivative. After the values have been found, the same values for the next time step

are simply calculated by shifting the cubic polynomial.

The CIP scheme is a very stable finite difference technique that can solve gener-
alized hyperbolic equations with 3rd order accuracy in space. In this thesis, in order
to solve the Navier-Stokes equations, the CIP scheme is linked to the finite element

method (CIP-FEM) and the FCBI scheme (CIP-FCBI).

The thesis is organized as follows. In Chapter 2 a brief review of the contin-
uum governing equations for fluid flows is given, which includes the definition of
the Eulerian formulation, the conservation equations and the equations of motion.
Chapter 3 describes the finite element discretization of those governing equations.
Chapter 4 is devoted to the introduction of the FCBI procedure, the discretization
of the FCBI scheme for the earlier proposed 9-node elements (consisting of four 4-
node sub-elements), the solution of some numerical examples and a further study
of the FCBI scheme for these elements. Subsequently, in Chapter 5, a new FCBI
9-node element is proposed and compared with the former FCBI 9-node element and

the Galerkin 9-node element. In Chapter 6, a review of the CIP method is given.
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Then, in order to solve the Navier-Stokes equations, the CIP scheme is linked to the
finite element method (CIP-FEM) and the FCBI scheme (CIP-FCBI) respectively.
Finally, in Chapter 7 the conclusions of this work are given and future research in the

development of the FCBI scheme is suggested.
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Chapter 2

Governing equations of continua

In physics, materials are divided into three classes; solids, liquids and gases. In
fluid mechanics, there are only two classes of matter: fluids and non-fluids (solids).
In solid mechanics, one might follow the particle displacements since particles are
bonded together. However in fluid mechanics, one’s concern is normally the fluid
velocity.

Consider the rigid-body dynamics problem of a rocket trajectory. We are finished
after solving for the paths of any three non-collinear particles on the rocket since all
other particle paths can be reached from these three paths. This scheme of following
the trajectories of individual particles is called the Lagrangian description of motion
and is very useful in solid mechanics.

But consider the fluid flow out of the nozzle of that rocket. Of course we cannot
follow the millions of separate paths. Even the point of view is important, since an
observer on the ground would see a complicated unsteady flow, while an observer
fixed to the rocket might see a nearly steady flow of regular pattern. Thus it is useful
in fluid mechanics to choose the most convenient origin of coordinates to make the
flow appear steady, if it is possible, and to study the fluid velocity as a function of
position and time, not to follow any specific particle path. This scheme of describing
the flow at every fixed point as a function of time is called the Eulerian formulation
of motion. In this chapter first the Eulerian formulation is briefly discussed, then the

governing equations of Newtonian flows are considered.
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2.1 Eulerian formulation

Consider a body that is moving from a reference configuration, the space occupied by
the body at time ¢t = 0, to the spatial configuration, the space occupied by the body
at time ¢ (see figure 2-1).

In the Lagrangian formulation, each fluid particle is labelled by its reference po-
sition ry at time ¢ = 0, giving velocity functions such as v = v(rg, t). In the Eulerian

formulation, a velocity field is specified by

v =v(r,t) = v(z,y,2,t) (2.1)

That is, the velocity for time ¢ is defined at the fized spatial position r. By defining
this velocity, we can obtain a complete kinematic description of the flow. However,
this function is not in general known in advance. The fixed spatial position r can be

related to the reference position ry as

r = (rp, t) (2.2)

If Q represents any property of the fluid, in the Eulerian formulation @ is given

by

Q= f(r’ t) = F((P(ro, t)? t) (2'3)

If dz, dy, dz and dt represent arbitrary changes in the four independent variables

(z,y, 2,t), the total differential change in @ is given by

dQ = _Q dr + _2 dy + __Q dz + __2 d 2.4
Ox oy 0z ot t (2.4)

For velocity components (vg, vy, v,), the spatial increments must be such that

dz=v, dt dy=v,dt dy = v, dt (2.5)
Then, the expression for the time derivative of ) of a particular particle is
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Figure 2-1: Reference, spatial and mesh configurations

b _oQ 09 0@ 0@
Dt = 5 +vxax +vyay +vzaz (2.6)

The quantity %% is called material derivative or particle derivative which shows
that we are following a fixed particle. In this equation, %—? is the local derivative
and the last three terms are called convective derivatives. The vector form of this

equation is written as

DQ _ oQ

Dt = —a‘t— + (V . V)Q (27)

2.2 Conservation equations

Consider a material volume moving from position ry at time ¢ = 0 to the new position
r at ¢ (see figure 2-1). The material volume is an arbitrary collection of matter
enclosed by a material surface (or boundary) and every point of which moves with
the local fluid velocity. This surface is hypothetical and in general does not correspond
to any physical boundary in the flow. As the material volume moves through space,
it is deformed in shape and changed in volume. We will refer to the material volume
as (¢). The dynamical laws of motion are stated for the material volume and are as

follows: Conservation of mass (continuity), Balance of linear momentum (Newton’s
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second law), Balance of energy (first law of thermodynamics) and Creation of entropy
(second law of thermodynamics).

The first law, continuity, means that for a material volume the mass is constant.
Newton’s second law, momentum conservation, states that the rate of change of the
volume momentum (momentum per unit volume) is equal to the sum of the surface
forces (due to pressure and viscous stresses) and body forces (such as gravity) acting
on it. From the first law of thermodynamics, the rate of change of the material-volume
energy (internal plus kinetic) is equal to the rate at which forces do work upon it plus
the rate at which heat is transferred to it. Finally, the second law of thermodynamics
states that the change of internal entropy is greater or equal to the external entropy
supply (due to the heat supply).

Our focus in this work is on isothermal processes of incompressible fluids. Hence,

we only consider the mass and momentum conservations in this chapter.

2.2.1 Mass conservation

For a material volume the mass is constant, so that the conservation of mass takes

the form

U =0 (2.8)
where (t) is the material volume, m is the total mass enclosed in Q(¢) and p is the
material density.

The differential equation of mass conservation can be derived from the integral
equation with the application of the divergence theorem, and making use of the fact

that the material volume is arbitrary. In the Lagrangian formulation, this equation

is written as,

p(ro) — det (¢
o) = det (;,X) (2.9)

where (£X) is the deformation gradient (see [1]).

In the Eulerian formulation, this is equivalent to
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Dp _
Di +pV-v=0 (2.10)

where v is the material velocity. If the density is constant (incompressible flow), this

equation reduces to
V-v=0 (2.11)

2.2.2 Momentum conservation

This law is called Newton’s law of motion and it states that the rate of change of the
material volume momentum is equal to the sum of all external forces acting on the

body at time ¢.

Dp
—D—t = ZFemt (212)

where P is the momentum of the material volume. This equation can also be written

as

D

— vd() = Feu(t 2.13
Dt Q(t)P Z +(t) ( )

The differential equation of the above equation in Eulerian formulation is

D(pv)
Dt

= fbody =fy + £ (2.14)

where fy,q, is the applied force on the fluid particles per unit volume, and contains
two types of body forces: f;;, the gravitational body force (we only consider the
gravitational force here) and fy, which is the body force that satisfies the equilibrium.
In the Lagrangian formulation, Newton’s second law is easily written as F.;; = m a,
where m is the mass and a is the acceleration of the body.

As it was already mentioned, only the gravitational body force is considered here
and f,; = p g, where g is the acceleration of gravity. The fy; force satisfies equilibrium

for the external stresses applied on the body and can be expressed as fyp = V - 7,

25



where 7 is the stress tensor. The momentum conservation then becomes

D(pv)
o LoV V- 2.
Dy =PEBTVT (2.15)

2.3 Equations of motion

The Navier-Stokes equations are derived from the momentum and mass conservation
equations (2.15) and (2.10). It remains only to express 7 in (2.15) in terms of the
velocity v. This is done by relating 7;; to e;; , the (3,j) th components of the stress

and velocity strain tensors, through the Newtonian fluid constitutive law,

Tij = =P 0ij + 2pe;; (2.16)

with

eij = = (vij + vj) (2.17)

N =

where p is the pressure and u is the dynamic viscosity coefficient. The non-conservative
form of the Navier-Stokes equations is obtained by substituting the stress relations

(2.16) into Newton’s law (2.15) as

Dv

Py =P8~ Vp + uViv (2.18)

The boundary conditions required to solve the Navier-Stokes equations can be

given as follows:

v=v® onS, (2.19)

™m=t ondSy (2.20)

and the initial condition is
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v(to) = vo (2.21)

where S, is the part of the fluid boundary with imposed velocities v®, Sy is the part
of the boundary with imposed surface tractions t and n is the unit outward vector
normal to the fluid boundary.

The momentum equation (2.15) can also be written as

a’l}i
p5; + i = poi (2.22)
where
Fij,j = p’l)j'U,' — Tij (223)

The above form is referred to as the conservative form of the momentum equation

since for any material volume Q(t) of the fluid, using the divergence theorem

/ F;'j, j dQ) = F;;jnj dsS (224)
Q(t) 5()

where S(t) and the n; are the material surface and the components of the unit vector
normal to S(t) respectively. Note that in the FCBI scheme, the conservative form of
the momentum equation is used.

The Navier-Stokes equations are widely used for the analysis of incompressible
viscous flows. However, viscosity is assumed to be constant in these equations and for
non-isothermal flows, particularly for liquids whose viscosity is highly temperature-
dependent, the Navier-Stokes equations may not be a good approximation. In our
work, we only consider isothermal processes of incompressible fluids and the Navier-

Stokes equations are used.
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Chapter 3

Finite element formulation

In this chapter we consider the finite element formulation and solution of the Navier-
Stokes equation given in (2.11) and (2.16).

Using index notation for a stationary Cartesian coordinate system (z;, i=1,2,3),
the Navier-Stokes equations (2.11) and (2.16) of incompressible fluid flow with in the

domain Q are (at time t),

(3.1)
Vi 4 = 0
where
and e;; represents components of the velocity tensor and is given as,
1
e = 5 (i, j + 5, 4) (3.3)

2

Using index notation, the boundary conditions (2.19) and (2.20) are written as,

vizvf

on Sy (3.4)
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Tiini=f; onSs (3.5)

where S, is the part of the fluid boundary with imposed velocities v}, Sy is the part
of the boundary with imposed surface tractions f;° and n; are the components of the

unit normal vector n (pointing outward) to the fluid surface.

The finite element solution of the Navier-Stokes equations (3.1) is obtained by
considering a weak form of these equations. Using the Galerkin procedure (the test
functions correspond to the finite element interpolations), the weak formulation of

the problem can be given as:

Find v € HY(Q) with v =v% on S, and p € H'(Q2) such that

/’@-P(% +Ui,jvj)d9+/éij7'ij dQ:/ﬁi finQ+/ 77{'9fz'sd5
Q Q 0 Sy
/ﬁv,-,,-dQ=0

Q

for all v € H}(Q) with v=00n S, and p € H(Q).

(3.6)

In the above expressions the overbar sign denotes the virtual quantity, the Sobolev
space H¥(Q) (for any non-negative integer k) is defined as the space of square inte-
grable functions over €2, whose derivatives up to order k£ are also square integrable

over ).

In equations (3.6), the mixed-formulation is used (the velocity and the pressure
are both considered as variables), and the momentum equation is weighted with the
virtual velocity while the continuity equation is weighted with the virtual pressure.
These equations must be discretized in space in order to be solved numerically. The

following finite element spaces are introduced for the velocity and pressure,
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V' =v* e H(Q)
V' =v" e H(Q)

(3.7)
Q" =p" e H'(Q)

Q" =p" € H'(Q)

Then, the finite element problem can be stated as:

Find v* € V*(Q) and p" € Q"*(Q) such that

h
/ﬁf‘p(av‘ +vgjv;) dQ+/éfj o dngeg 7B dQ+/ (a5 £S5 ds
Q ot Q Q Sy
/ﬁhvﬁidQ:O
Q

(3.8)

for all ¥ € V"(Q) with " = 0 on S, and p € Q(Q).

In the finite element procedure, the space V" depends on the elements chosen to
discretize the volume 2. In a 2D space, we can choose, for example, quadrilateral
bilinear or parabolic elements. The pressure interpolation, however, cannot be chosen
arbitrary (see for example [1]), otherwise, the formulation may not be stable. In order
to have stability, the inf-sup condition must be satisfied. A list of the effective v/
p (velocities are continuous between elements) and v/ p-c elements (velocities and
pressures are both continuous between elements) are given in table (4.6) and (4.7) in
[1].

Using any of these elements (that satisfy the inf-sup condition) to discretize equa-
tions (3.8) in steady-state two-dimensional planar flow analysis, the governing matrix

equations for a single element are then,
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szvx KVmVy szp Avx Rv Fv

~
=

VyVg VyVy Kvyp Avy = R'v - F,

pv. Kopv, 0 Ap 0 Fp

<

~

In these equations, Av,, Av,, Ap, are the increments of the velocity in the z
direction, the velocity in the y direction and the pressure with respect to the last
iteration; Ry, and R, are the discretized load vectors and F,,, Fy, , F, contain

terms from the linearization process [1].

If H” and H? contain the interpolation functions for the velocities and the pres-

sure respectively, the elements of the stiffness matrix are
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Kuovo = [ (20 (H0,)7 Y, 4+ (B2,)7 BV, a0
Q

Iy /Q [ (B)T Hiv, HY, + (HY)T H'v, H',] df
Ky, = /Q u (H,)T HY, d9
Kup == [ ()7 1 do0
Ky,v, = (Kv,v,)T
(3.10)

K, ., = /Q 20 (H*,)" HY, + u (H*,)" HY ] 9

+p / [ (H")" H'v, HY, + (H")T H'v, H” ] dQ
Q

K, , = / (H,)T HP d0
Q
KPV:L' = (KVacP)T

KP"y = (KVyP)T

Since in this work, we only consider the incompressible fluid flow, Kpp = 0 and

Ap cannot be statically condensed out for each element.

For a fluid flow problem, the solution obtained using the discretized equations

(3.9) and (3.10) is good for low Reynolds number flows ( laminar flows). However, if

the Reynolds number is increased to certain values, oscillations appear in the solution
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due to the presence of the convective terms v; ; v; in equations (3.6).

Before we discuss how to avoid these oscillations, we mention that, of course, after
Reynolds number is increased to a certain range, the flow condition turns from laminar
to turbulent, and a turbulence model should be used. However, the turbulent flow
could still be solved using the laminar Navier-Stokes equations. In order to increase
the accuracy of the solution for high Reynolds number flows, the mesh need to be too
fine and the analysis can be computationally very expensive.

In order to solve the high Reynolds number flows, one technique is to use stabilized
methods. In these methods, artificial upwinding is introduced into the equations to
stabilize the convective term, ideally without degrading the accuracy of the solution.

Different stabilized methods have been proposed and compared in various papers,
i.e. the streamline upwind/Petrov-Galerkin (SUPG) method [7], the Galerkin/least-
squares (GLS) method [15] and use of the bubble functions [10], [6], [5], [22].

Among all the proposed stabilized methods, this thesis focuses on two of these
methods; the flow-condition-based interpolation (FCBI) procedure [2] and the Cubic
Interpolated Pseudo/Propagation (CIP) method [27]. The FCBI procedure intro-
duces some upwinding into the laminar Navier-Stokes equations by using the exact
solution of the advection-diffusion equation in the trial functions in the advection
term. Chapter 4 is devoted to the introduction of the FCBI procedure, the dis-
cretization of the FCBI scheme for the earlier published 9-node elements (consist of
four 4-node sub-elements), the solution of some numerical examples and the stabil-
ity and convergence study of the FCBI scheme for these elements. Subsequently, in
Chapter 5, a new 9-node FCBI element is proposed and compared with the former
FCBI 9-node element. In Chapter 6, the focus is on the CIP scheme. This chapter
begins by reviewing the CIP procedure, then linking the CIP scheme to the finite
element method (CIP-FEM) and finally to the FCBI procedure (CIP-FCBI).
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Chapter 4

Flow-condition-based interpolation

scheme (FCBI)

The flow condition-based interpolation scheme (FCBI) is a hybrid of the finite element
and the finite volume methods and it was first introduced by KJ. Bathe and J. Pontaza
in [2]. This scheme was later developed in [3], [19] and [20].

As it was mentioned earlier in chapter 3, if the Reynolds number is increased to
certain values, oscillations appear in the traditional finite element solution of the lam-
inar Navier-Stokes equations. In order to solve the high Reynolds number flows and
avoid the oscillations, one technique is to use stabilized methods. In these methods,
artificial upwinding is introduced into the equations to stabilize the convective term,
ideally without degrading the accuracy of the solution.

The FCBI procedure introduces some upwinding into the laminar Navier-Stokes
equations by using the exact solution of the advection-diffusion equation in the trial
functions in the advection term. The FCBI procedure is a finite element method
since the domain of the problem is considered as an assemblage of discrete finite
elements connected at nodal points on the element boundaries, and the velocity and
the pressure are interpolated within each element. This procedure is also considered as
a finite volume method since the weak form of the Navier-Stokes equations is satisfied
over the control volumes, when the test functions are unit step functions. Hence, the

FCBI finite element solution satisfies the mass and momentum conservations for the
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control volumes (the traditional finite element methods do not satisfy the mass and
momentum conservations).

The main reason the FCBI procedure was proposed as a hybrid of the finite
element and the finite volume methods, not merely a finite volume method, is that
interpolation functions are not defined in the finite volume methods. Defining the
interpolation functions enables us to directly evaluate the derivatives, and set up the
Jacobian matrix for the Newton-Raphson iteration method.

In this chapter first the review of the FCBI procedure is given for the earlier
published 9-node element (consists of four 4-node sub-elements) [3]. Then, the effec-
tiveness of this method is tested by solving some numerical problems. At the end of

this chapter, the stability and convergence study of this method is presented.

4.1 The governing equations

We consider the conservative form of the Navier-Stokes equations of a two-dimensional

incompressible fluid flow within the domain 2 at time ¢ (figure 4-1),

%%V +V-(pvwv—7)=0 (x,t) € 2 x (0,7 (1)
V-(pv)=0 (x,t) € Q2 x[0,T]

subject to the (sufficiently smooth) initial and boundary conditions

v(x,0) = v* (x) € Q

p(x,0)=p" (x)eQ
v=v’ (x,t) € S, x (0,T)
rn=f (x,t)eS; x(0,T)

where
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r=7(v,p)=—-pI+u (Vv + (VV)T] (4.3)

In equations (4.1-4.3), u is the viscosity, p is the density, v° are the prescribed
velocities on the boundary S,, f° are the prescribed tractions on the boundary Sy

(S =5,US, Sy,NS;=0) and n is the unit vector normal to the boundary.

S

v

Figure 4-1: The two-dimensional incompressible fluid flow problem considered

The finite element solution of the Navier-Stokes equations (4.1) is obtained by
considering a weak form of these equations. Using the Petrov-Galerkin procedure
(the test functions do not correspond to the trial functions), the weak formulation of

the problem can be given as

Find v, € V3, uy € Uy, and p, € P, such that

0
/ W, [ gltlh + V- (pupvy — Tr(up,pr))| d2=0
Q

(4.4)
/QQhV‘(PUh) =0

where w, € Wy, and g, € Q.
Note that in these equations, the convective term (pvv) in equation (4.1) is re-
placed by (pusvy) in the weak formulation where v, € Vj, and uy, € U, (two different

spaces are defined for the velocities but of course the functions in these spaces are
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defined for the same nodal velocity variables). The idea of using these two different
spaces lies in that it is the convective term that for high Reynolds numbers introduces
the instability and oscillation in the numerical solution . Hence, the convective term
needs to be interpolated exponentially. Therefore, we replace the convective term
(p vivy) by (p upvy) and we define the interpolation functions to be exponential in
Vi and linear in U,. Another reason is that then the FCBI scheme is also applicable
to any other transport equation, for example, the advection-diffusion equation where,
in the convective term, the temperature would be interpolated in V}, and the velocity

in Uh.

4.2 The fluid flow discretization

The spaces used in the finite element procedure depend on the elements chosen to
discretize the volume €. In this chapter, we consider the earlier published 9-node

element (consists of four 4-node sub-elements) [3].

A mesh of elements is shown in its natural coordinate systems in figure 4-2. Each
9-node element is defined in the r — s coordinates with 0 < r, s < 1.0 and consists of
four 4-node sub-elements. Each sub-element is defined by four nodes of the 9-node
element and is used for the interpolation of velocities. The pressure is interpolated by
the four corner points in each element. Hence, for the definition of the spaces Vj, Uy
and P, we refer to the sub-elements and elements respectively. The sub-element is
defined in £ — 7 coordinates with 0 < &, < 1.0. To obtain the matrices or derivatives

in z — y coordinates, the usual isoparametric transformation is used [1].

The trial functions in U}, are defined in each sub-element as,

h¥ hY 1-—
hy hy 3

or
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Figure 4-2: 9-node elements and a sub-element in isoparametric coordinates
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ht=(1-¢&(1-n)

hy = &£(1—n) (16)
hy =¢&n
hy=(1-&n

with0 <¢,n< 1.

Similarly, the trial functions in the space P, are given in each element as,

E [T

or

hE =r(1—3s)

(4.8)
h =rs
R, =(1-r)s

with0<r,s<1.

The trial functions in V}, are defined using the flow conditions along each side of

the sub-element. The functions are, for the flux through ab (Fig. 4-2),

h? hY 1—zt 122 1-7
G [1_,7 ,7] (4.9)
hy K3 z! z? 7

or
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hi=(1-g2")(1-n)*+1~2*)(1-nn
hy =2'(1—n)* +2*(1 - n)n
(4.10)
hy = z'(1 - n)n + 2y’
hy=(1 -2 (1 -nn+ Q-2
with
k
. eTe—1 e paf - AxF
_ _ Py - AX7 4.11
z o — 1 q 7 ( )
where Gf € Uy, and is the velocity at the center of the sides considered ( ¢ = 3 and

n=0,1 for k = 1, 2 respectively).

To demonstrate these functions in more details, functions z! and 1 — z! are shown

in Fig 4-3 for three different values of ¢! = 10, ¢* = 0 and ¢' = 200.

As we see in figure 4-3 for the case ¢! = 0, when ¢* goes to zero, the z* function

approaches £ , and h? functions approach the linear functions h% .
3 j

Note that A7 functions for the flux through ab in Fig 4-2 for example, are exponen-
tial functions in the direction of the flow and linear in the other direction (functions

z¥ and 1 — z* are interpolated linearly for the other direction). h? is, for example,

1—z! for 0<€£€<1.0,7=0
hY = (4.12)
(1-n) for 0<7n<10,£=0

Analogously, the h functions are defined for the flux through bc as,

41



Figure 4-3: The demonstration of z! and 1 — ! functions for the flux through ab for
the three different values of ¢! = 10, ¢! = 0 and ¢! = 200

42



hi=(1-2")1-€)*+(1-2")(1~¢e¢

(

hy = (1 - 2°)(1 =€)+ (1 - z*)¢
)
)

(4.13)
hy = 2(1 - £)6 + 2*¢°
hy =231 - €)%+ z*(1 - €)¢
with
k
., eTn—1 x  puk - AxF
_ b= P AXT 4.14
z o _ 1 q 1 (4.14)
where @f € Uy, and is the velocity at the center of the sides considered (7 =1 and

£ =0,1 for k = 3,4 respectively). .
Note that the trial functions hj satisfy the requirement ) AY = 1.

The elements in the space @ are step functions. Referring to Fig. 4-2(a), we

have, at node 2, for example,

1 for (r,s) e[t 1]x]0,1
hg — r (Ir 8) [2 ] [ 2 ] (4.15)
0 elsewhere

Similarly, the weight functions in the space W), are also step functions. Considering

the sub-element shown in Fig. 4-2(b), at node 1, for example,

1 for (&,n)€(0,2]x[0,2
o[ 1 orEemenlxog) i
0 elsewhere

Then, the velocities u, v, (in each sub-element) and the pressure py, (in each

element) , interpolated with the trial functions in Uy, V} and P, respectively, are
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4
_ § : u
u, = hi Vhi
i=1

4
Vi = Z by Vi (4.17)
i=1

4
pr= ) pu
i=1

where v;; and pp; are the nodal velocity and pressure variables.

We again mention that although two different spaces are defined for the velocities
but of course h? and A} functions are defined for the same nodal velocity variables vy;.
The idea of using these two different spaces lies in that it is the convective term that
for high Reynolds numbers introduces the instability and oscillation in the numerical
solution. Hence, the convective term needs to be interpolated exponentially. We
replace the convective term (p v,vy) by (p unvy) and we define the interpolation
functions to be exponential in V;, and linear in U,. Another reason is that then the
FCBI scheme is also applicable to any other transport equation, for example, the
advection-diffusion equation where, in the convective term, the temperature would

be interpolated in V} and the velocity in Uj.

Considering the steady-state condition, equation (4.4) is then,

/ wiV - [p upvh — Th(up, pr)] A2 =0
a2 (4.18)

/th-(puh)dQ=0
Q

Assembling equations 4.18 for all the control volumes in the body, and using the

divergence theorem to take these integrals around the control volumes we get
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Z/wh n-[p upvy — Th(up,pr)] dS =0
s

Z/gqhn~(puh)d5=0

where the momentum and the continuity equations are summed over the control

(4.19)

volumes of the velocity points and pressure points respectively, S is the surface of
each control volume (that corresponds to the length in two-dimensional problems), n

is the unit normal vector pointing to the outside of the control volume and

Th=—-pr I+ p [Vuh + (Vuh)T] (4.20)

The flux is then calculated with the interpolated values at the center of the sides

of the control volumes. For example, the flux through ab (Fig. 4-2) is obtained as

b
/ n-fdS=n- f(§)|§=1/2, n=1/4 ASab (421)

where AS,; is the length of ab and

£(6) = pupvy +pr I — p [Vuy + (Vug)?] (4.22)

in the momentum equation and

f(€) = p ux (4.23)

in the continuity equation.

Replacing up, v, and p, from the equations (4.17) , when wy and g, are the unit
step functions (for the control volumes of the velocity and pressure points respec-

tively), the corresponding linearized finite element matrix equations are,
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szvz szvy szp Av, sz va
Kvv. Kvyv, Kip Avy | = Ry, | — | F,, (4.24)
vax vay 0 AI) 0 Fp

where Av,, Av,, Ap, are the increments of the velocity in z direction, velocity in
y direction and pressure with respect to the last iteration; Ry, and R, are the dis-
cretized load vectors and F,_, F,,, Fp contain terms from the linearization process.
Using the full Newton-Raphson iteration method, for a mesh of non-distorted ele-

ments, we get

i oy 06 —
Koo, (3,9) = 3 wng po 5% a_i' (g:hy — h)
J

Oy 06 O On —0———
_thj/‘nza—ngghig-f'zwhjuny—a—ga (qzh _h)
J j

y 0¢ O(gmhy, — ;)
+Z Whj B Ny == a 83;[ o) £ (Vhm)a]

(4.25)

. 0x 0§ ——
Koo, i) == 3 wng iy 3 50 g
J

Oz On O(gmhy, — hie)
+ ; Whj [ Ty 9 By [ 3oy (Vhm)z)

Vzp ], E th ’I’Lx i
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. dy On —
K"u"w(y’z) = _Z Whj W Ny % a_y hin

J

Oy O¢ O(gmhy, — hEe
J

on Ox O(Vhi)e (Vhm)y)

y 0§ ————
Ko (1) =2 wny o o @ =)

(4.26)
on 0z On ———r
_th;/inya—ga— +Zw'”uny8§8 (g:h? k)
oz On O(gmhy, — hie)
+ z,: Whj M Ny 3¢ By [ B (o), (Vhm)y]
- 0T +5
Kuyp(3,6) = 3 wng "5 M
J
sz .77 th] Ny —3 /h;‘ds
(4.27)

P"y ],Z) ZQh] Ny or /hu dr

In these equations, f = 2 fnff fdpor f =2 féz’ f d€ based on the direction of
the flux, the velocities are the values calculated at the end of the previous iteration;

(”hm)m = (Uhm):lz Y (Uhm)y = (Uhm)é—l where the repeated subscript m denotes sum-
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mation, the subscripts z and y show the direction of the velocity and the subscript
[ stands for the iteration number . The terms used in these equations are as follows

(for the control volumes which have no sides on the boundary),

e Form =0, 7, = 3 (flux through ab )

1 -3 -1
R
— 1 -1 1
he = =
-1 1
_ (4.28)
g:hi — hi = D h(n)hT (n)
- 1 7 2
T(p) — —
h(n)hT (n) T3 [2 1}
_ 0.5
7= /0 K dy
where
B! B2
D= (4.29)
_Al _A2
and
AF = q*
edt~1 (4.30)

oForm:%,nz:l
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(4.31)

where D is as equation 4.29.

o For ¢, =0,& =1 (flux through bc)
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where

and

e For 51 =

11
_ 4.32
G, = RO B 32
e =L |72
(OO = 35 -
. 0.5
=2 | K de
0
E = [Bl A ] (4.33)
B —A?
A= (4.34)
BF = AF 4 ¢
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F}";zl -1 1
-3 3
1 [ -1
R = =
1 1

(4.35)

where E is as equation 4.33.
After the system of equations (4.24) is solved, the velocity and the pressure incre-

ments are obtained. The velocities and pressures are then updated as,

(Va)y = Avgy + (va)y
(Vh)f, = Av, + (Vh)i,—l (4.36)

(Py)' = Ap + (py)""

4.3 Fundamental properties of the FCBI proce-

dure

e Using two different spaces U, and V}, for the velocities

In the FCBI procedure, the convective term (p vv) in equation (4.1) is replaced
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by (p upvs) in the weak formulation where v, € V}, and u, € Uy, (two different spaces
are defined for the velocities but of course the functions in these spaces are defined
for the same nodal velocity variables). The idea of using these two different spaces
lies in that for high Reynolds numbers it is the convective term which introduces the
instability and oscillation in the numerical solution. Hence, the convective term needs
to be interpolated exponentially. Therefore, we replace the convective term (p vpvy)
by (p upvy) and we define the interpolation functions to be exponential in Vj, and
linear in U,. Another reason is that then the FCBI scheme is also applicable to any
other transport equation, for example, the advection- diffusion equation where, in the

convective term, the temperature would be interpolated in V}, and the velocity in Uj.
e Conservation of the mass and momentum

The traditional finite element methods do not satisfy the mass and momentum
conservations. The FCBI procedure is a hybrid of the finite element and finite vol-
ume methods; the weak form of the Navier-Stokes equations is satisfied over the
control volumes, when the test functions are unit step functions. Hence, the FCBI
finite element solution satisfies the mass and momentum conservations for the control

volumes.
e Calculating all the integrals around the control volumes

As it was explained earlier, we use the divergence theorem to integrate the weak
form of the momentum and continuity equations around the control volumes (Eq. 4.19),
and the flux is then calculated with the interpolated values at the center of the sides
of the control volumes. This will simplify the calculations and decrease the compu-

tational effort.
e Defining the interpolation functions

The main reason the FCBI procedure was proposed as a hybrid of the finite
element and finite volume methods, not merely a finite volume method, is that in-

terpolation functions are not defined in the finite volume methods. Defining the
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interpolation functions enables us to directly evaluate the derivatives, and set up the

Jacobian matrix for the Newton-Raphson iteration method.

4.4 Numerical examples

To study the effectiveness of the FCBI procedure, we consider the driven cavity flow
problem and the S-channel flow problem in this section. The results presented are

obtained using the FCBI 9-node elements.

4.4.1 The driven cavity flow problem

The cavity flow problem shown in figure 4-4(a) has occupied attention of the scien-
tific computational community since the pioneering paper of Burggraf back in 1966
[8]. In early papers finite difference methods and finite volume methods were used
to overcome the difficulty of solving this problem for high Reynolds number flows
and to improve the accuracy of the solution. For example, Gatski et al. used a
velocity-vorticity formulation [13] and Ghia et al. used a finite difference method
in conjunction with a multigrid procedure [11]. However, the new velocity-vorticity
finite volume methods [9], [23] are more stable (up to Re=10,000) than the previous
finite difference or finite volume methods but still less stable than some of the upwind
finite element methods.

If the uniform mesh of 8x8 elements shown in Fig. 4-4(b) is used (this is a coarse
mesh), reasonable results are obtained. Of course when the mesh is refined, more
details in the flow could be captured as it is illustrated in figure 4-5. When the
Reynolds number is high, there are circulations near the corners, also the flow solution
hardly changes from a certain Reynolds number onwards.

The driven cavity flow problem for the uniform mesh of 8x8 elements shown in
Fig. 4-4(b) is solved for different Reynolds numbers 1, 100, 10,000 and 1,000,000. The
velocity and the pressure solutions are shown in Fig. 4-6 and Fig. 4-7 respectively.
Furthermore, in Fig. 4-8 vorticity is plotted for different Re numbers.

To study the effectiveness of the FCBI procedure, the horizontal velocity at the
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Figure 4-4: (a) The driven cavity flow problem (b) The uniform mesh of 8 x8 elements
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Figure 4-7: The pressure solutions of the driven cavity flow problem for Re = 1, 100,
10,000, 1,000,000 for the uniform mesh 8 x 8 elements
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vertical centerline, and the vertical velocity at the horizontal centerline are plotted
and compared with the solutions of the Ghia et al. [11] in figure 4-9 and 4-10
respectively. In these figures, the solution obtained by Ghia et al. is shown by “+”,
this solution is assumed to be the exact solution.

As it is clear from figures 4-9 and 4-10, the FCBI scheme yields reasonable
solutions for the driven cavity flow problem (these results are obtained for the coarse
mesh of 8x 8 elements). In order to improve the accuracy of the solution, the mesh
needs to be refined. Also, close to the boundaries, a finer mesh is required in order
to have higher spatial accuracy (a non-uniform mesh).

Note that the FCBI solution obtained for the coarse mesh of 8x 8 elements (16x
16 sub-elements) is stable up to Re=1,000,000 although no upwind parameter is used.
Hence, defining two different spaces for the velocities and defining the trial functions
in the space V}, to be exponential functions, as it is done in the FCBI procedure,

stabilizes the solution even for very high Reynolds numbers.

4.4.2 The S-channel flow problem

The second problem considered in this chapter, is the S-channel flow problem shown
in Fig. 4-11 (a). This problem is hard to solve for high Reynolds numbers. If the
mesh shown in Fig. 4-11(b) is used (this is a coarse mesh), reasonable results are
obtained. Of course when the mesh is refined, more details in the flow could be
captured as it is illustrated in figure 4-12. When the Reynolds number is high, there
are circulations near the corners, also the flow solution hardly changes from a certain
Reynolds number onwards.

The S-channel flow problem for the mesh shown in Fig. 4-11(b) is solved for
different Reynolds numbers 1, 100 and 10,000. The velocity and the pressure solutions
are presented in Fig. 4-13 and Fig. 4-14 respectively.

Note that the FCBI solution obtained for the coarse mesh used, is stable up to
Re = 10,000 although no upwind parameter is used. Similar to the cavity flow
problem, defining two different spaces V}, and U, for the velocities and defining the

trial functions in the space V}, to be exponential functions, as it is done in the FCBI
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Figure 4-9: The horizontal velocity at the vertical centerline of the cavity for Re =
100, 400, 1000, 5000 when the uniform mesh 8 x 8 elements is used
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Figure 4-12: Schematics of solutions for the S-channel flow problem (a) Re = 100,
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procedure, stabilizes the solution for high Reynolds numbers.

For further evaluation, nodal pressures along the lower boundary and upper
boundary of the S-channel are shown in figure 4-15. These solutions are obtained
using the mesh shown in Fig. 4-11(b) and two times finer and coarser meshes when
Re = 100. The nodal pressures obtained from ADINA program (the FCBI procedure
for 4-node elements) are given in figure 4-16. These pressures are the same as the

pressure solutions in Fig. 4-15.

4.5 Further study of the FCBI scheme

4.5.1 Stability of the FCBI scheme

In the FCBI procedure, the convective term (p vv) in equation (4.1) is replaced by
(p upvy) in the weak formulation where v, € V;, and u,, € Uy, (two different spaces are
defined for the velocities but of course the functions in these spaces are defined for the
same nodal velocity variables). In addition, the trial functions in V}, are exponential
functions which are evaluated based on the direction of the flux (the trial functions in
Uy, are linear functions). The idea of using these two different spaces lies in that it is
the convective term which introduces the instability and oscillation in the numerical
solution when the Reynolds number is high. Hence, the convective term needs to be
interpolated exponentially.

Although no upwind parameter is used to make the FCBI procedure stable, defin-
ing two different spaces for the velocities, exponentially interpolating functions in
the V}, space and evaluating the pressure interpolation functions such as the inf-sup
condition is satisfied, stabilizes the FCBI procedure in a natural way.

In this section, the driven cavity flow and the S-channel flow problems are once
again considered to compare the stability of the FCBI procedure to some of the
upwind techniques in [14].

Table 4.1 compares the stability of the FCBI procedure to the stability of the
streamline upwind/Petrov-Galerkin (SUPG) method and the Galerkin/least-squares
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Figure 4-13: The velocity solutions of the S-channel flow problem for Re =
1,100, 10,000 for the mesh shown in figure 4-11 (b)
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Figure 4-14: The pressure solutions of the S-channel flow problem for Re =
1,100, 10, 000 for the mesh shown in figure 4-11 (b)
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(GLS) method. In this table, a uniform mesh of 20x20 elements is used (20x20
sub-elements in the FCBI procedure). The number of iterations required to solve the

problem, is also shown for the ADINA program (FCBI 4-node elements).

The S-channel flow problem shown in Fig. 4-11(a) is used as our second example.
In Table 4.2, the number of iterations required to solve the problem, are given for the
upwind/Petrov-Galerkin (SUPG) method, the Galerkin/least-squares (GLS) method,
the FCBI scheme for 9-node elements (each element consists of four 4-node sub-
elements) and the ADINA program (FCBI scheme for 4-node elements). In this
Table, a mesh of 480 elements is used (120 elements and 480 sub-elements in the

FCBI procedure).

To obtain results given in these tables, Newton-Raphson iteration method is used

and (*) denotes iteration not converged within the allowable 35 number of iterations.

In these tables the convergence tolerance is 10~ for the normalized norms R, = Hl%:’ll—l”
_ ||Apall
and R, = T

As it is clear in both the driven cavity problem and the S-channel flow problem,
the FCBI 9-node and 4-node elements (ADINA) give more stable solutions than the
SUPG and GLS methods. The FCBI 4-node elements yield more stable solutions
than the 9-node elements but as we see later on in this chapter, the 9-node element is
more effective in capturing flow details, velocity and vorticity fields and showing the
circulations for high Reynolds numbers. The S-channel flow problem is more sensitive

for higher Reynolds numbers since there will be circulations near the corners.

4.5.2 Accuracy of the FCBI scheme

In this section the L? and H! norms of the velocities and the L? norm of the pressure
are used to measure the errors in the FCBI method. Of course to study the accuracy
and convergence of the FCBI 9-node element, more appropriate posteriori error es-
timator could be found. The L? and H' norms of the velocities and L? norm of the

pressure considered here are as,
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Re SUPG GLS FCBI ADINA

400 8 8 8 7
1000 8 8 8 8
2000 7 6 9 8
4000 * 4 9 9
8000 4 10 10

10000 4 10 10
12000 4 10 10
15000 4 11 10
18000 4 11 11
20000 4 11 11
24000 4 11 11
26000 5 11 11
28000 * 12 11
30000 12 12
40000 12 12
45000 16 12
48000 * 12
50000 12
100000 13
1,000,000 15

Table 4.1: Number of iterations required to solve the driven cavity flow problem for
different Re numbers.
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Re SUPG GLS FCBI ADINA

250 8 5 6 7
500 * 6 7 8
750 * 10 9
1000 11 9
1500 12 9
2000 16 9
4000 * 11
7000 12
8000 12
10000 13
15000 14
20000 15
40000 16
50000 *

Table 4.2: Number of iterations required to solve the S-channel flow problem for
different Re numbers.

fu-mlp= Y fa-widds Y [e-w)

over sub—elements over sub—elements
(4.37)

lu—w 5= Z /(u — up)2 dzdy + Z /(u — uh)§ dzdy

over sub—elements over sub—elements
2 2
+ E /(u —Up)y , dzdy + E /(u — Up)z, 4 dzdy
over sub—elements over sub—elements
2 2
+ E /(u — Up)y, » dzdy + E /(u — Up), 4 dzdy
over sub—elements over sub—elements
(4.38)
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| 2= pn [172= Z /(p — pn)? dzdy (4.39)

over elements

where u, € Uy, and p;, € P,.

In these equations, ( - ) , and ( - ), are the z and y derivatives, (u — up),
and (u — up)y are the z and y components of (u — uy) respectively where u is the
exact velocity and uy, is the velocity obtained by the finite element solution. The exact
solution is the analytical solution and it is unknown for most of the fluid flow problems.
Here, the exact solution is assumed to be the finite element solution obtained using
the Galerkin 9-node element (using 9 nodes for the interpolation of the velocities and
the 4 corner nodes for the pressure interpolations') with no upwinding for a fine mesh.

To demonstrate solution errors in more details, the driven-cavity flow and the
S-channel flow problems in figures 4-4(a) and 4-11(a) are considered again. To plot
the convergence curves in the cavity flow problem, the non-uniform meshes of 4x4
elements (Fig. 4-17), 8x8 and 16x16 elements are considered. In the S-channel flow
problem the mesh shown in Fig. 4-11(b) and 2 times finer and coarser meshes are
considered.

Figures 4-18 and 4-19 illustrate that in the cavity flow problem and the S-channel
flow problem, the || u—uy ||z2, || u—uy ||z and || p—py ||z norms converge when the
mesh is refined. In these figures, the solid line represents the solutions obtained using
the FCBI 9-node elements. The solution obtained using the Galerkin 9-node elements
and the solution obtained by the ADINA program (for FCBI 4-node elements) are
also given.

| In both problems, from the convergence curves we observe that the pressure errors
are larger using the FCBI elements (both 9-node elements and 4-node elements).
However, more accurate pressures are obtained in the L? norm using the FCBI 9-
node elements than the FCBI 4-node elements. In the driven cavity flow problem,

velocity errors are almost the same in the L? and H' norms using the FCBI 9-node

! Also referred to as the Taylor-Hood, Q9/Q4, or 9/4-c element [1]

72



Figure 4-17: The non-uniform mesh of 4x4 9-node elements used

elements and the FCBI 4-node elements. Note that the solution using the Galerkin
9-node elements is not stable for the coarsest mesh and is not included in figure 4-18.
In the S-channel flow problem, velocities are better predicted using the FCBI 9-node
elements than the FCBI 4-node elements in both L? and H! norms. The solution
obtained by the ADINA program (using FCBI 4-node elements) for the coarsest mesh
is not accurate enough and therefore not included in figure 4-19.

Since in the FCBI procedure two different spaces V;, and U, are used to define
the velocities, and the trial functions in V}, are exponential functions, the rate of the
convergence of the H! and L? norms (the slope of the given lines in figures 4-18 and
4-19 corresponding to the FCBI 9-node and 4-node elements) is less than the rate
of the convergence using the Galerkin 9-node elements. In other words, although
defining the trial functions in V} as exponential functions makes the solution to be
too stable (too much upwinding), it decreases the rate of the convergence of the H*

and L? norms.
e Concluding remarks on the numerical results

Of course we can only draw partial conclusions from these preliminary numerical

results since, in particular, other fluid problems need to be considered for compre-

73



e o e gen 88 52 AL e, = ‘
A
14 S
-
Fta Galerkin 9-node element -
A5 s
. /
/ FCBI 9-node element T
/
-2 1 ' v ADINA (FCBI 4-node element)  :-seeeeeeion
/
/
25 g
/
]
.34
-3.5 4
-4 . : : :
15 1.3 1.1 -0.9 0.7
log (h)
Fig 4.18 (a)
0 =
05 | -
2 // Galerkin 9-node element -
e // FCBI 9-node element s
// ADINA (FCBI 4-node element)  -meeceen
A54 - 9
/
/
B ool ol
<O
N @
\OQ \e((\
NS ‘&\e
2.5 A
A
B\ O\C’)
1.5 1.3 1.1 0.9 0.7 0.5 03 0.1 0.1
log (h)
Fig 4.18 (b)

74



2 4

V4 Galerkin 9-node element -————

FCBI 9-node element T——

_4 4
ADINA (FCBI 4-node element)
-5 T T T T T - -
-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1
log (h)
Fig 4.18 (c)
0 g
-0.5 1
/‘/ Galerkin 9-node element —-———
-1
// FCBI 9-node element —
s // ADINA (FCBI 4-node element)
/
/
/
2 B 5\008
\
R
\OQ \e((\
o e
25 SO
«@
O\
-3 . T T . : . :
-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1
log (h)
Fig 4.18 (@)

Figure 4-18: Comparison of the FCBI 9-node elements, FCBI 4-node elements and
Galerkin 9-node elements for the driven cavity flow problem (Re=1000).
figure, the z coordinate represents log h when A is the element size and the y

the
this

coordinate for each case is a) log luzunllz ) goq lu—unllzs

log

[lull2 [[ull g2

(”u—uh”gl [lp—pnll 2 )
[[ull 51 [lpllL2

75



-0.5 1

1 4

Galerkin 9-node element -
FCBI 9-node element e
ADINA (FCBI 4-node element) ~ «oemeeeeres: o

-1
log (h)
Fig 4.19 ()

-0.5

1

Galerkin 9-node element -
FCBI 9-node element

ADINA (FCBI 4-node element)

-1

log (h)

Fig 4.19 (o)

76



2 .
L Galerkin 9-node element -

BI 9- .
25 1 FCBI 9-node element

ADINA (FCBI 4-node element) ~ «ovmveree:

-1.5 —‘1 —6.5 0
log (h)
Fig 4.19 (©)

Galerkin 9-node element ek

FCBI 9-node element S

ADINA (FCBI 4-node element)

-1.5 T T !
-15 -1 -0.5 0

log (h)
Fig 4.19 (@)

Figure 4-19: Comparison of the FCBI 9-node elements, FCBI 4-node elements and the
Galerkin 9-node elements for the S-channel flow problem (Re=100). In this figure, the
z coordinate represents log & when A is the element size and the y coordinate for each
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hensiveness.

From these numerical results, the FCBI 9-node element (consists of four 4-node
sub-elements) appears to be stable for high Reynolds numbers although no upwind
parameter is used, and predict the solution reasonably accurate.

Of course, in order for the solution errors to be small, the mesh needs to be refined.
However, the convergence curves display a small rate of convergence when the FCBI

9-node element is used.

78



Chapter 5

A new FCBI 9-node element

The analysis of fluid flows with structural interactions has captured much attention
during the recent years. Such analysis is performed considering the solution of the
Navier-Stokes fluid flows fully coupled to the non-linear structural response. However,
a fully coupled fluid flow structural interaction analysis can be computationally very
expensive. The cost of the solution is, roughly, proportional to the number of nodes
or grid points used to discretize the fluid and the structure [1].

In order for interaction effects to be significant, the structure is usually thin and
can be represented as a shell, hence not too many grid points are required. The large
number of grid points and consequently number of equations in fluid flow structural
interaction problems (FSI) is due to the representation of the fluid domain. For high
Reynolds number fluid flows, to have a stable solution, more grid points are required.
In order to decrease the number of grid points in the fluids (using a coarser mesh) and
still have a stable solution, the flow-condition-based interpolation (FCBI) procedure
was introduced [2], [3], [4].

As it was already mentioned in chapter 4, the FCBI procedure is a hybrid of the
finite element and the finite volume methods. The test functions for both the conti-
nuity and the momentum equations are step functions and the governing equations
are written over control volumes. Hence, the mass and momentum conservations are
satisfied locally. Ideally any numerical solution for fluids should yield stable solutions

for low and high Reynolds number flows with reasonable accuracy. Of course, when
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fine meshes are used, more details of the flow are captured and the level of accuracy
is higher. Ideally, we want our numerical scheme to yield still stable solutions with
reasonable accuracy when coarse meshes are used. In particular, this will decrease the
required number of grid points and elements in the fluid phase in the fluid-structure
interaction problems.

In order to ensure that using the coarse meshes to represent the fluid yields an
accurate enough structural response, the solution errors need to be controlled and
measured. The “goal-oriented error estimation” might be applied to assess the error in
the quantities of interest in the structure. In fluid flow structural interaction analysis,
it is ideal to use an FCBI solution scheme in rather coarse meshes together with
“goal-oriented error estimation” to control the error of the solution in the structural
response [12]. In all the FSI problems considered in [12], the flow problems are solved
using the 4-node FCBI elements available in ADINA. The error estimate then uses the
fluid flow approximation obtained with a 9-node Galerkin finite element (using the 9
nodes for the velocities and the 4 corner nodes for the pressure interpolations!) and
the same mesh (i.e., with the same number of elements) as used with the 4-node FCBI
elements. However, Galerkin 9-node elements are unable to give stable solutions with
coarse meshes for high Reynolds number flows. Hence, it would be ideal to use 9-node
FCBI elements with much better stability and almost the same accuracy as Galerkin
9-node elements.

The earlier published 9-node FCBI elements, consisting of four 4-node sub-elements,
are illustrated and studied in chapter 4. In this chapter, it became clear that these
FCBI 9-node elements are more stable than the Galerkin 9-node elements. However,
the Galerkin 9-node elements give more accurate solutions with a higher rate of con-
vergence. Hence, in this chapter we propose a new FCBI 9-node element that obtains
more accurate solutions than the earlier proposed FCBI elements. The new 9-node
elements do not obtain the solution as accurate as the Galerkin 9-node elements but
the solution is stable for much higher Reynolds numbers (than the Galerkin 9-node

elements), and accurate enough to be used to find the structural responses.

! Also referred to as the Taylor-Hood, Q9/Q4, or 9/4-c element [1]

80



5.1 Fluid flow discretization

In chapter 4, we already introduced and studied the earlier published FCBI 9-node
element consisting of four 4-node sub-elements. In this section we present a new FCBI

9-node element.

As we already mentioned in chapter 4, in the FCBI scheme, we use a Petrov-
Galerkin variational formulation with subspaces V},, U, and W}, of V', and P, and Qp,

of P of the Navier-Stokes equations. The formulation used is:

Find vy, € V}, u, € Uy, pr € Py, such that for all wy, € W), and ¢, € Q4

0
/ Wh [ g;lh + V- (pupvy — m(up,pp)) | d2 =0 (5.1)
Q

/Qth- (pup)dQ2 =0 (5.2)

To define the spaces used in the formulation, consider Fig. 5-1, where we show the
new element in its natural coordinate system. This element is defined by nine nodes
for the interpolation of the velocities and four corner nodes to interpolate the pressure.
Let us mention that in chapter 4, each 9-node element consists of four 4-node sub-
elements and in each sub-element the four corner nodes are used to interpolate the
velocities v and uy. The pressure is interpolated by the four corner points in each
element. Hence, for the definition of the spaces V;, U, and P, we referred to the
sub-element and element respectively. Here, for the new 9-node element, spaces V},

U, and P, are defined for the element.

The trial functions in Uy are
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Figure 5-1: The new FCBI 9-node element (a) The element in its isoparametric
coordinates, (b) Definition of Ax* for the flux through 5-7
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W= (L= r)(1=s) =5 b~ 2 At~ 1+ g
h’z‘zr(l—s)—%h‘g——;—hg‘—ihg
h};:rs—%hg—%h';——ihg
h}f:(l—r)s—%h’;——;-hg‘—ih};
h’s‘=4r(1—r)(1—s)—%hg (5.3)

hg = 4rs(1 —s) —% hg
h7 =4rs(1—r) —% hg
B =4s(1—7)(1~5) ~ £ By

hy = 16rs(1 —r)(1 — s)

with 0 < 7,5 < 1. These are the standard Lagrangian interpolations [1].

Similarly, an element in the space P, is given by

B=(1-r)(-s)

S =r(1-s)

? (5.4)
h =rs
hi=00-r)s

The trial functions in V}, are defined using the flow conditions along each side of

the element. The functions are, for the flux through 5-7 (refer to Fig. 5-1)
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=11 25)%(1 - 5)” + g"4s(1 — 25)(1 — )2 — ¢'s(1 — 25)%(1 — 5)
hy = (1= 25)*(1 - 5)° + g°4s(1 — 25)(1 — 5)* — ¢*s(1 — 25)*(1 — 9)
hy = —f%s(1 — 25)%(1 — 5) — g*4s*(1 — 25)(1 — s) + ¢®s2(1 — 25)?
hi=~f's(1—25)*(1 - 5) — g"4s*(1 — 25)(1 — s) + ¢ s*(1 — 25)?
hg = f*(1 - 25)%(1 - 5)° + g*4s(1 — 25)(1 — 5)? — ¢%s(1 — 2)%(1 — s)
hg = f74s(1 - 25)(1 - 5)* + g*165*(1 — 5)% — ¢*4s*(1 — 25)(1 — )
hy = —f?s(1 — 25)°(1 — 5) — g?4s*(1 — 25)(1 — s) + ¢%s%(1 — 25)?

'~y

hg = f14s(1 — 2s)(1 — 5) + g'165%(1 — 5)? — ¢'4s%(1 — 25)(1 — )
hg = f4s(1 = 25)(1 — 5)* + g165%(1 — 5)? — ¢?4s%(1 — 25)(1 — )

with

11‘_
fr=1- &

1)

. 3 _ ——0.5g1 (ea'rsign(el) _ 1)
O S A S 05 . f - (eo.5q 1 - 2 )(eo 5qlsign(ql) _ 1
f2 =1— fl f3

0.5¢1 05q eql(l—r)_l
fl= __gj—_(eosq y (- 27)%@“:1)—)

. q(705)1
0.56<r<1: f—(e(—eosml—))

f2=1-—fl— 3

(5.5)

(5.7)

Analogously, the g and ¢ functions are defined for ¢ and ¢3 respectively where

the ¢* coefficients are

k_ puj - Ax*
7

(5.8)

where 01f € U, and is the velocity at the center of Ax* Fig. 5-1). Similarly, the h?
h j

functions are constructed for the flux through 8-6 and so on.
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To demonstrate these functions in more details, the f, ¢ and ¢ functions are
shown in Fig 5-2 for three values ¢! = 10, ¢> = 0 and ¢* = 200 respectively. As it was
mentioned earlier, for the flux through 5-7 (Fig 5-1), f!, f? and f? are exponential
functions of ¢! and r as given in equations (5.6) and (5.7). Similarly, g and ¢ functions

are exponential functions of ¢° and r and ¢ and r respectively.

3 200 1.0 , . .::;]_0 ¢' functions
q= \ 5

4 7 3
1.0
F|ux Ny = X
: q’=0 T el g' functions
8 9 6
10
1 1.0 e L L s/
g=10 i f'functions
1 5

Figure 5-2: The demonstration of f, g and ¢ functions for the flux through 5-7 for
the three different values of ¢' = 10, ¢*> = 0 and ¢* = 200

To demonstrate the h? functions, once again we consider that the flux is through

5-7 in Fig 5-1 and the A} trial functions are as given in equation (5.5): hY is, for
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example,

f! for 0<r<1.0,s=0
hy = (5.9)
(1-2s)(1—s) for 0<s5<1.0,r=0

This function is shown in Fig 5-3. Trial functions A and hg are also given in this

figure and are as follows,

f2 for 0<r<1.0,s=0
hi = (5.10)
(1-25)(1-s) for 0<s5<1.0,7r=0.5

gt for 0<r<10,s=0.5
Y = (5.11)
45(1—s) for 0<s<1.0,7=0

It is good to mention here the reason why the f, g and ¢ functions are defined as
in equations (5.6)-(5.7); while defining new trial functions in V}, for the new 9-node
element, it was realized that most of the proposed functions were unable to yield
stable solutions. Since, the earlier proposed 9-node element (each element consists
of four 4-node sub-elements) is quite stable, as it was shown in chapter 4, it was a
good assumption to propose the f, g and ¢ functions such that for high Reynolds
numbers, these functions approach the z* functions of the former 9-node element.
This is illustrated in Fig 5-4. For the new 9-node element, f!, f? and f? functions for
high Reynolds numbers, should almost approach the functions shown in figure (c).

In order to construct the f!, f? and f3 functions, it was assumed that for 0 < r <
0.5, f! varies the same as z' and for 0.5 < r < 1.0, f? varies the same as (1 — z?).
f! function for 0.5 < r < 1.0 and f3 function for 0 < 7 < 0.5, are obtained by the

continuity of these functions and their derivatives at r = 0.5. Then the f2? function

86



Figure 5-3: The trial functions AY, h? and h} for the flux through 5-7
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is defined as f2 =1 — f1 — f3.

The trial functions used here satisfy the requirement Y h? = 1. Note that fF,
g* and ¢* functions and their derivatives in respect to ¢* are continuous within the
element. When Reynolds number is large enough; q* is large, these functions approach
(almost) the z* variable used to define the traditional 9-node element (chapter 4).
Therefore, the new 9-node element is expected to have comparable stability as the

old element. Of course, using the new U}, space will also affect the stability.

The elements in the space @), are step functions. Referring to Fig. 5-1, we have,

at node 2, for example,

1 for (r,s) €[5 ,1]x[0,3 ]

g = (5.12)

0 elsewhere

Similarly, the weight functions in the space W}, are also step functions and at node

2, for example,

1 for (r,s) €[3,1]x[0,1]

hY = (5.13)

0 elsewhere

Then, the velocities uy, v, and the pressure p, are, respectively, calculated with

the trial functions in Uy, V) and P, as follows:

9
u, = E h:"l)z
i=1

9
vh =Y hl; (5.14)
i=1

4
Dr = Z hipi
i=1
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(b) x' and (1-x') functions for the shown sub-element

(c) x' and (1) functions for the assemblage of two adjacent sub-elements

Figure 5-4: The earlier proposed 9-node element (consists of four 4-node sub-
elements); z! and (1—z!) functions are shown for one sub-element and the assemblage
of two adjacent sub-elements for high Reynolds number flow when the flux is through
5-7

89



where v; and p; are the nodal velocity and pressure variables. As in chapter 4, the
flux is calculated with the interpolated values at the center of the sides of the control
volumes. Analogously, the corresponding linearized finite element matrix equations

are,

KVzV:t KV:ch KVZP Avm sz sz
VyVz Kvyvy Kvyp AVy = R'Vy - FVy (515)
va:c vay O AI) 0 Fp

Similar to (4.24), Av,, Av,, Ap, are the increments of velocity in z direction,
velocity in y direction and pressure with respect to the last iteration; Ry, and Ry,
are the discretized load vectors and F,, Fy , F;, contain terms from the linearization
process. Elements of the stiffness matrix are defined for the new 9-node element.
Using the back-substitution iteration method (in chapter 4, the full Newton-Raphson

iteration method was used) for a mesh of non-distorted elements, we get,
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dy ox
Ky,v, = E (png—== / H"|.« v, H"|,« ds + pn,— / HY|; v, H|,« dr
2. s Joqu, Yor Joq,. !
Oy or ox ds
— pUng— 2— H* — — — H" |5
Mg o / pe HY, |, ds — un, 3 Joa.. By H' dr)

or
V:vvy ZN y /BQ oz - dr

ds
e = ZM zas /aaw,, @ s

Ky,v, = %‘: (pnzg% o, H"|,. v, H"|,- ds + pny% /anm H"|,+ vy HY|s« dr
— /,mx% o0, g; - ds —;myg—f 2-2—; H" |, dr)
K,,p = an . H?|.. ds
Kpv, = qupnz'g—z /anq,, H"|,. ds
Kpv, = qupnyg—: o Bl dr

(5.16)

where ), and 2, are the control volumes for the velocity and pressure points respec-

tively (Fig. 5-5); all the integrals are calculated over the sides of the control volumes
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and subscripts x and y in 9§ refer to the control volume sides in z and y directions;
ng and n, are the elements of the normal vector n and are either 1 or —1; the su-
perscript * indicates the flux is calculated with the interpolated values at the center
of the sides of the control volumes and H*, H" and HP contain the trial functions

corresponding to Uy, V}, and P, spaces.

Q, for p2

P2

Q. for pl

Figure 5-5: Illustration of 2,, and Q,; the control volumes of the velocity and pressure
points respectively

5.2 Comparison of the new 9-node element with

the earlier published 9-node element

In this section the new proposed FCBI 9-node element, is numerically investigated
and compared to the former FCBI 9-node element which consists of four 4-node sub-
elements. The element is first tested for the driven cavity flow problem and then for

the S-channel flow problem.
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In both problems, when the Reynolds number is increased, the new FCBI 9-node
element has comparable stability as the former FCBI 9-node element. The reason
is that when the Reynolds number is large enough; ¢* is large and the f*, ¢* and
¢* functions (5.6-5.8) (almost) approach the z* variable used to define the earlier
published 9-node element (chapter 4). However, using the parabolic trial functions in
the Uy, space for the new FCBI 9-node element slightly decreases the stability since

these functions have negative values as well within each element.

To study the accuracy and convergence of the new element, the same error norms
as section (4.5.2) are used; the L? and H' norms of the velocities and L? norm of the

pressures.

| u—uy 3= Z /(u — up)2 drdy + Z /(u — up)y dzdy  (5.17)

over elements over elements

fu-wif= Y [w-wideay+ 3 [ dady

over elements over elements
+ Y fumwiidds Y [a-wk, dd s
over elements over elements
+ Y / (w—up)l , dody+ > / (w— up)? , dzdy
over elements over elements
Ip=mlt= Y [o-m)? dsdy (5.19)

over elements

where u;, € U, and p, € P,. Since the focus of this thesis is on the non-distorted ele-
ments, all the integrals are simply obtained using the Maple program (no numerical

integration).

In these equations, ( - ) , and ( - ), , are the z and y derivatives, (u — up),
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and (u — up)y are the z and y components of (u — uy) respectively where u is the
exact velocity and u, is the velocity obtained by the finite element solution. The
exact solution is the analytical solution and it is unknown for most of the fluid flow
problems. In these problems, the finite element solution obtained using the Galerkin
9-node element (with no upwinding) for a very fine mesh is assumed to be the exact
solution.

Note that for the earlier published FCBI 9-node elements in (4.5.2), Uy, was the
space of bilinear functions within each sub-element and || u—uy, ||z2 and || u—uy ||
norms were calculated over the sub-elements. Here, parabolic trial functions in Uj

space are defined within each 9-node element.
e The driven cavity flow problem (Re = 1000)

To demonstrate the solution errors in detail, the non-uniform mesh of 4x4 el-
ements (Fig.4.7), 8x8 and 16x16 elements are considered. The exact solution is
assumed to be the finite element solution obtained using the Galerkin 9-node element
(with no upwinding) for a uniform mesh of 64x64 elements. Figure 5-6 illustrates
that the || u—up ||z2 , || w—uy || and || p— pp ||2 norms converge when the mesh
is refined. In this figure, the solid and the dashed lines represent the solutions for the
new FCBI 9-node elements and the earlier published 9-node elements, respectively.
It is clear that the solution errors are smaller using the new FCBI 9-node element

but the rate of convergence is almost the same.
e The S-channel flow problem (Re = 100)

For the S-channel flow problem, consider the same mesh shown in Fig.4.? and 2
times finer and coarser meshes. Convergence curves for the velocity are given in figures
(5-7a) and (5-7b) for the L? and H! norms respectively. In figures (5-7c) and (5-7d),
we show the convergence curves for || p—pp ||z and for || u—up ||z + || p—pr (|22 -
In this figure, the solid and the dashed lines represent the solutions for the new FCBI
9-node elements and the former 9-node elements, respectively. When the mesh is

refined, velocity and pressure errors are smaller in the L? norm for the new proposed
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Figure 5-6: Comparison of the new FCBI 9-node elements and the original FCBI
9-node elements for the driven cavity flow problem (Re=1000). In this figure, the =
coordinate represents log & when A is the mesh size and the y coordinate for each case
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9-node element, and the velocity errors are the same for the H! norm. In addition, the
convergence curves for the L? norm (for the velocity and the pressure both) display

a larger rate of convergence for the new 9-node element.

5.3 Comparison of the new 9-node element with
the Galerkin 9-node element

In this section the newly proposed FCBI 9-node element , is compared to the Galerkin
9-node finite element. The Galerkin 9-node finite element uses the 9 nodes for the
velocities and the 4 corner nodes for the pressure interpolations?. To compare the
accuracy and convergence of the new element and the Galerkin 9-node element, the
same error norms as in section (4.5.2) are used; the L? and H! norms of the velocities
and L? norm of the pressures, and the same driven cavity flow and the S-channel flow
problems are considered.

In both problems, when the Reynolds number is increased, the new FCBI 9-node
element is more stable than the Galerkin 9-node element. However, in the cavity
flow problem, using the Galerkin 9-node element yields more accurate solutions with
a higher rate of convergence. Since our goal is to use a new 9-node FCBI element
together with the “goal-oriented error estimation” to control the error of the solution
in the structural response in the FSI problems, we want a 9-node element with much
better stability and comparable accuracy as Galerkin 9-node element. From the
numerical results presented in this section, it becomes clear that the new 9-node
elements do not obtain the solution as accurate as the Galerkin 9-node elements but
the solution is stable for much higher Reynolds numbers (than the Galerkin 9-node

elements), and accurate enough to be used to find the structural responses.
e The driven cavity flow problem

The same non-uniform meshes 4x4, 8x8, 16x16 and 32x32 elements used in (5.2)

are considered. Figure 5-8 shows the convergence of the || u —uy ||z2 , || u —u ||m

2 Also referred to as the Taylor-Hood, Q9/Q4, or 9/4-c element [1]
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Figure 5-7: Comparison of the new FCBI 9-node elements and the original FCBI
9-node elements for the S-channel flow problem (Re=100). In this figure, the z
coordinate represents log A when h is the mesh size and the y coordinate for each
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and || p — pp ||z norms when the mesh is refined. In this figure, the solid and the
dashed lines represent the solutions using the new FCBI 9-node elements and the
Galerkin 9-node finite elements, respectively. From the convergence curves shown
in this figure we observe that the errors are larger using the new proposed 9-node
element. In addition when the mesh is refined, the Galerkin 9-node element has
higher rate of convergence. However, the Galerkin 9-node element only yields stable
solutions for low Reynolds numbers.

Table 5.1 compares the stability of the new proposed 9-node element with the
Galerkin 9-node element. In this table, a non-uniform mesh 16x16 elements is used,
and the number of iterations required to solve the problem, is also shown for the
earlier proposed FCBI 9-node element.

To obtain the results given in this table, the Newton-Raphson iteration method is
used for the Galerkin 9-node element and the former FCBI 9-node element when the
back-substitution method is used for the new FCBI 9-node element. In this table,
(*) denotes that the iteration did not converge within the allowable 50 number of
iterations. This table is given for the convergence tolerance 1073. As it is clear, both
FCBI 9-node elements give more stable solutions than the Galerkin 9-node element.

Since our goal is to use a 9-node element together with the “goal-oriented error
estimation” to control the error of the solution in the structural response in the fluid-
structure interaction problems, we want an element that gives stable solutions for high
Reynolds numbers (more stable than the Galerkin 9-node element) with reasonable
accuracy (in a coarse mesh). The new proposed 9-node element is such an element
which yields stable solutions for higher Reynolds numbers. Although the errors are
larger for the new 9-node element, the accuracy of the solution is still reasonable to
obtain the structural response in the FSI problems.

In the case of using the Galerkin 9-node finite elements, the solution for the mesh

of 4x4 elements is not stable and therefore not given in the figure.
e The S-channel flow problem

For the S-channel flow problem, consider the same meshes as used in section (5.2).

100



.. 1
-1 . SRR
P Galerkin 9-node element =~ e
1.5 - = _-]
K 1 New FCBI 9-node element =
-2
-2.5 e P
L O\E,\ooe
Y ,o\\«.‘«\e&.
O e
0% e
-3.5 A\Q 0&60 -
-4 : , . . . ,
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
log (h)
Fig 5.8 (@
0.5
0 N
05 = 0.3
i Galerkin 9-node element e
1 - e e
L New FCBI 9-node element = ———
_1_5.. ,.".j,s - . - .
R g0
T . Q O\d\
le) (%
@ % e\e‘(‘
2.5 4 »\“eo »
-3 T T : : T v
-1.4 -1.2 -1 -0.8 -0.6 -04 -0.2 0
log (h)
Fig 5.8 (b)

101



451 e I
2 Galerkin 9-node element e
”s 3 New FCBI 9-node element ~——
: K 3
-3 L.
35 4. = v~‘-(\ 0\5\0\98
\OQ\\ ((\e(\
4 -
0SS
3
-4.5 ; ‘ ; . . .
1.4 1.2 -1 08 -0.6 04 0.2 0
log (h)
Fig 6.8 (¢)
0.5
0 ;
054 &= 0. 4 ‘- P . . .
1 Galerkin 9-node element ~ weersenen
_1 4 . E
4] 3 New FCBI 9-node element =
1.5 - ;
go°
21 g I . p’i\“‘de&
\e"\°d§o oo™
-2.5 1 9 et
A\ & oS
-3 T . . r T .
1.4 1.2 -1 0.8 -0.6 0.4 -0.2 0
log (h)
Fig 5.8 (d)

Figure 5-8: Comparison of the new FCBI 9-node elements and the Galerkin 9-node
elements for the driven cavity flow problem (Re=1000). In this figure, the z coordi-
nate represents log h when h is the mesh size and the y coordinate for each case is

[lu—ugil; 2 u—ugll;1 llp—pnll; 2 lu—ugp|l 1 ||P —pall 2
a) log 5= » b) log gt | c) log phela | ) log (Ml + e ).
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Re The Galerkin The new proposed The earlier published

9-node element 9-node element 9-node element

50 4 4 4
100 6 4 4
150 8 5 5
200 * 6 6
1000 9 8
5000 9 9
10,000 11 10
30,000 40 12
45,000 * 16
50,000 *

Table 5.1: Number of iterations required to solve the driven cavity flow problem with
different Re numbers. In this table, a non-uniform mesh of 16x16 elements is used,
and the convergence tolerance is 10~ for the normalized norms R, = &%l 3n4

Hvall
_ Apal

el

Convergence curves for the velocity are given in figures (5-9a) and (5-9b) for the L2
and H! norms respectively. In figures (5-9c) and (5-9d), we show the convergence
curves for || p — p ||z and for || u — up || + || p — pn ||z2. In this figure, the solid
and the dashed lines represent the solutions using the new FCBI 9-node elements and
the Galerkin 9-node elements, respectively.

The velocity errors are approximately the same in the L? and H! norms, and the
pressures are better predicted using the Galerkin 9-node elements. Similar to the
driven cavity flow problem, the new FCBI 9-node element gives stable solutions for
higher Reynolds numbers than the Galerkin 9-node element, and although the solution
is not as accurate as the solution obtained using the Galerkin 9-node element, it is
still sufficiently accurate to be used to find the structural response in fluid-structure

interaction problems.
e Concluding remarks on the numerical results

Of course we can only draw partial conclusions from these preliminary numerical

results since, in particular, other fluid problems need to be considered for compre-
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Figure 5-9: Comparison of the new FCBI 9-node elements and the Galerkin 9-node
elements for the S-channel flow problem (Re=100). In this figure, the z coordinate
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hensiveness.

From these numerical results, the new proposed FCBI 9-node element appears to
predict the solution more accurate than the earlier published FCBI 9-node element.
For the S-channel flow problem, the convergence curves display a larger rate of con-
vergence using the new 9-node element. In addition, the errors are larger using the
new 9-node element than using the Galerkin 9-node element but still accurate enough
to be used together with the “goal-oriented error estimation” to control the error of
the solution in the structural response in the fluid-structure interaction problems ( for
“goal-oriented error estimation” we want a 9-node element that with reasonable accu-
racy gives stable solutions for high Reynolds numbers, however the Galerkin 9-node

element is only stable for low Reynolds numbers).
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Chapter 6

Linking FCBI to CIP method
(CIP-FCBI)

Hydrodynamics equations presented with partial differential equations are usually
hard to solve numerically. For example, in problems with discontinuity one must
deal with the sudden change of the values or discontinuity in solving these equations.
Although there has been progress in numerical analysis and computing technology,
various proposed methods are complicated, require much computational effort and are
applicable only for specific problems. Therefore, there is still interest in developing
more effective methods for solving hydrodynamics equations numerically.

The Cubic-Interpolated Pseudo-particle (CIP) method was introduced by T.Yabe
et al. in 1991 [26], [17]. In this method, a cubic polynomial is used to interpolate
the spatial profile of the value f and its spatial derivative V f. The spatial derivative
itself is a free parameter and satisfies the master equation for the derivative. After
the values f and V f are found, the same values for the next time step are simply
calculated by shifting the cubic polynomial.

The CIP scheme is a very stable finite difference technique that can solve gen-
eralized hyperbolic equations by the 3rd order of accuracy in space. For nonlinear
problems, the CIP scheme splits the hyperbolic equation into two phases; the non-
advection phase and the advection phase. In each time step, after the non-advection

phase is solved by the finite difference method, the CIP method is applied to the ad-
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vection phase. This method has been applied to various problems such as solving the
Korteweg-de Vries equation and the one-dimensional and two-dimensional shock-tube
problems.

The CIP-CUP method (CIP-Combined Unified Procedure) was introduced by
T.Yabe et al. to solve complex compressible and incompressible fluid flow prob-
lems [25], [27]. This method is a pressure-based semi-implicit solver for the Euler
equations or the Navier-Stokes equations of fluid flows. The CIP-CUP method solves
the non-conservative form of the governing equations in three phases; the convection
phase, the remaining phase and the acoustic phase. The acoustic part is solved im-
plicitly by the CUP method while the convection part is solved explicitly by the CIP
method. However, at the interface of different fluids in composite flows, or for fluid
flow structure interaction problems at the interface of the fluid and structure, there
will be oscillation and diffusion in the solution. The reason is that the physical quan-
tities (the material properties) and consequently the sound speeds have large changes
at the interfaces which causes problems in the numerical solution.

In section 1, a review of the CIP method is given. Then, in order to solve the
Navier-Stokes equations, the CIP scheme is linked to the finite element method (CIP-
FEM) and the FCBI scheme (CIP-FCBI), in sections 2 and 3 respectively.

6.1 CIP method

In order to do numerical simulations, the continuous media should be discretized. The
goal of the numerical algorithms is not to lose information inside the grid cell between
the digitized points. However, most of the proposed numerical schemes fail to take
care of the real solution inside the grid cell and in order to have a high resolution,
the grid cells should be very small. The CIP method constructs a solution inside the
grid cell which is sought close to the real solution of the given equation. We explain
the strategy of the CIP method by using the linear advection equation,

of of

+u
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When the velocity is constant, the solution of this equation is a translational wave
with the velocity u. If the solution at time ¢ = 0 is shown with the solid line in (a) in
figure 6-1, at time ¢, the solution is shown by the dashed line. The solution at grid
points is denoted by circles and is the same as the exact solution. However, if we
eliminate the lines as in figure (b), the solution profile inside the grid cell has been
lost and it is hard to imagine this profile. Of course, one might imagine a linear profile
like that shown by the solid line in figure (c). This process is called the first-order
upwind scheme and it causes numerical diffusion in the solution. If we use a quadratic
polynomial for interpolation, the process is called the Lax-Wendroff scheme or Leith
scheme. The problem with this scheme is that it presents a smooth solution with
neglecting the real behavior inside the grid cell and there is overshooting at the grid
points.

The CIP method approximates the profile close to the real solution within a grid

cell. Differentiating (6.1) with spatial variable z we get,

LY (6.2)
where g = %ﬁ .

In the simplest case when the velocity u is constant, (6.2) has exactly the same
form as (6.1) and represents the propagation of the spatial derivative with velocity u.
If g could be predicted to propagate like that shown in figure (d), the profile after one

time step would be limited to a specific profile. This constraint makes the solution

become much closer to the initial profile, that is, the real solution.

6.1.1 One-dimensional CIP solver
Linear problem

We consider the one-dimensional hyperbolic equation,

_of o _
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Figure 6-1: The principle of the CIP method. (a) The initial profile and the exact
solution (b) The exact solution at the grid points (c) Linear profile between the grid
points (d) The spatial derivative in the CIP method
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where the value of f is given at grid points 2y, ..., z;, ... at time ¢t — At. Within each
cell (k) bounded by nodes ¢ and i+ 1, f is interpolated using a cubic polynomial such

as,

Fip(X) =[(a:X +b)X + fi | X + f; (6.4)

where X = z — z; and f] denotes the spatial derivative of f at point 4.
In the CIP method the spatial derivative of f is itself a variable and should satisfy
the spatial derivative of the master equation (6.3).
of' off  Ou Of

Li(0:f) = % Y3 =97 3. (6.5)

The values of f and f’ are known at all the grid points and in order to find f
within each cell, the coefficients a; and b; should be determined. For the grid cell (k)
located between grid points z; and z;,;, these coefficients are found by the continuity

of f and f' at point ¢ + 1.

fi+1 = Fk(X = A.’E) = [ (a,A.’L‘ + bz)ACU + f{ ]A.’II + fz

_ (6.6)
. =90 ’“()g . A7) _ 30,A% + 2h:Ac + f!
where Ax = z;,1 — ;.
Then these coeflicients are as follows,
o = (F's + flina) n 2(fi = fir1)
¢ A.’L'2 Afl;'g (6.7)
b = — 2f i+ fin1) i 3(fir1 — fi)
’ Az Azx?

Once a; and b; are known in terms of f™ and f ( f and f' at time t — At), the

value of f**! is simply given by shifting the cubic polynomial and its derivative. For
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the linear advection equation with u = constant, equation (6.5) is equivalent to (6.3)

and f™ can also be used to estimate f*!. Thus,

[t = F(zi — ult) = [(a; + b)E+ fllE+ f

mt1 _ AF(z; — ult)

frHt = TR < (B + 2606+

where £ = —uAt.

This expression is derived for u < 0. For u > 0, we obtain a similar expression
but we should replace Az by —Az and s+ 1 by i — 1 in (6.7).

This scheme is called CIPO and has been found reasonably accurate for many
problems including nonlinear problems. However, for problems with discontinuous
fronts, the spatial derivative is not continuous at the front and it has different values
f'r and f'; for the right side and left side of the front respectively. Therefore, some
improved CIP schemes have been proposed, i.e. CIP1 and CIP2.

Non-linear problem

Consider the hyperbolic equation,

of | 0(fu) _
ot + or

(6.9)

where the advection velocity u and the source term g can be a function of f This
equation can be rewritten as,
of 0

ou
(—%—-i-ua—x—G—g—fa—x (6°10)

As it was explained before, f’ should satisfy the spatial derivative of the master

equation (6.10) as,

! !
a_f_ +ugf_ :G’ Iau

S Ll 6.11
ot or Oz ( )

In order to solve (6.10) and (6.11), the CIP scheme splits the problem into two
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phases; the non-advection phase and the advection phase. The non-advection phase
is solved by a finite difference scheme while the advection phase is solved by the CIP

solver.
e Non-advection phase

The equations to be solved are,

of o ou
<—a—t)(1)—G_g fax

12
(a—'f,) gy o
ot ) oz
The first equation is simply solved using finite differencing
fi=fM+GrAt (6.13)

where the superscript (*) stands for the time after one step in the non-advection
phase.
The second equation in (6.12) can be solved again by finite differencing the equa-

tion or by finding f’ in terms of G’ from equation (6.13). Thus we have,

(fF=fm  (ffa— o=+ ) _ fz/n(_u?_'*'l_-___u:l—_l) (6.14)

At o 2ATAL 2Az

After f* and f™* are found, they will be taken to the advection phase.
e Advection phase

The equations to be solved are as follows,

(6.15)



Note that summing equations (6.12) and (6.15) give equations (6.10) and (6.11)

since,

v (), (%)
ot \ot )y \ot ),

(%), (%)
ot o )y N0t )y

The CIP solver is applied to the advection phase and the interpolated profile is

(6.16)

determined from equations (6.7- 6.8) using f* and f”* on the right-hand side.

These two phases complete one time step of the calculations. Then we replace
f**1and f™*! by f™ and f™ and we return to the non-advection phase again. The

solution process is given in table 6.1.1.

Table 6.1.1 Solution process in the non-linear 1D problems

(1) Set initial conditions f* and f/* for all the nodal points i (the superscript
n denotes the solution at time ¢t — At).

(2) From the non-advection phase, obtain f} and f/* from the equations (6.13) and
(6.14) respectively (for all the nodal points 7).

(3) From the advection phase, use the CIP solver to obtain f*! and f/"*! from the
equations (6.7) and (6.8) for all the nodal points ¢ (the superscript n + 1
denotes the solution at time t).

(4) Repeat (2) to (4) for the next time step.

Note that the consistency and stability of the CIP scheme are studied in Appen-
dices A and B respectively.
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6.1.2 Two-dimensional CIP solver

For simplicity we use a rectangular grid with spacing Az and Ay and grid points
(2,7), (1+1,5), (i+1,5+1) and (i, +1). We consider a two-dimensional hyperbolic

equation as follows,
of . ,of

+u +

W
ot or Jy

=g (6.17)

When v < 0 and v < 0, we interpolate f(z,y) with a cubic polynomial within a

grid cell as,

F,-,j(x, y) = [(Ale + Asz + A3,,J)X + A4i,jY —+ Bzfm]X
+[(A5;;Y + A6, ; X + AT ;)Y + 0, fi ;1Y + fi

(6.18)

where X =z —z;;, Y =y —y;; and 0,f and 8, f are g—£ and %5 respectively. If
the value of f is known at all grid points, fijfori=1,... ipmez and j = 1,..., jmez,

only nine parameters Al, ..., A7, 9;f and 0,f need to be determined.

In the CIP method, the first spatial derivatives should satisfy the derivative of the

master equation and thus we have,

af,l' af,z af@ — _ 8_u — _6_’[1

ot + u——ax + ’U——*ay =059 — fa oz fu o " 19)
Ofy , Ofy . Ofy _ . ,0u__ dv '

o Ve TV TS, g,

If 0;f and O, f are known at all grid points, we only need to determine the co-
efficients Al,..., A7. There are different two-dimensional CIP solvers based on the
assumptions made to find these coefficients. For the choice of having a continuous f
at grid points (i + 1,35), (3,5 + 1) and (i + 1,7 + 1) and continuous 9, f and 9, f at
grid points (¢ + 1, 7) and (¢, 7 + 1) we obtain,
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Al ;= [-2d; + Op(fiyrj + fij)Az]/AL®
A2, ; = [A8;; — 0,d;Az]/ Az’ Ay

A3y j = [3d; — 0p(fisrj + 2fi ;) Az]/ Ax?
Ad;; = [-A8;; + 0.d; Az + 8,d; Ay]/ Az Ay
Abij = [-2d; + 0y (fij+1 + fij)Ay)/Ay®
A6, ; = [A8; ; — 0,d;Ay]/ Az Ay?

ATy = [3d; = 0, (fio +2fi) g/ Ag?

A8i; = fij — firri — fijr + firrjn

(6.20)

where d; = fiy1;— fij and dj = f; j — fij- These equations are for u < 0 and v < 0.
For uw > 0, we must change 741 to i — 1 and Az to —Az. Similarly for v > 0,7—1
and —Ay are used instead of j + 1 and Ay.

We split equations (6.17) and (6.19) into two phases; the advection phase and the
non-advection phase. After the non-advection phase is solved by a finite difference

scheme, the CIP solver is applied to the advection phase.
e Non-advection phase

The equations to be solved are,

3_f) _
(8t o

8a\ L, g0 0
(W)m— 29~ fagy ~fug, (6.21)

Ofy ) ou v
9y =8, — fo2_r Y
( ot ) vg — 1, Oy f’yay

where the subscript (1) in these equations denotes the non-advection part of the time

s Of  Ofw dfy
derivatives 3; , —5* and =t .
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These equations are solved using a finite difference method and the quantities f,

0f and Of, are advanced as

*

ij = fij +9i;At

o ff"- -9 f.". _ fi*-l-l,j - fi*—l,j - fz?-ll-l,j + fin—l,j
T, TJ 1,5 2A.’E

Uip1.i — Ui )AL Vi1 — Vi—1.4) AL
- 3$f17?j( i+1,5 i I,J) N 3yf£j( i+1,j i l,J)

20z 2Azx (6.22)
* f*: 1_f":‘—1_fi7,"' +f'7,l'_1
ayfi,j = 3yfi7,lj e - 2Ay gt “l
(i1 — uij1) At (Vij41 — vij_1) At

where the superscript (*) stands for the time after one step in the non-advection

phase. After f*, 0,f* and 9, f* are found, they will be taken to the advection phase.

e Advection phase

The equations to be solved are as follows,

ot @ ox Ay
Ofz Ofz Of z
i} , bR
( ot )(2) +u 5 TV By (6.23)
Ofy Ofy , ,0fy _
( ot )(2) T T Oy 0

where the subscript (2) in these equations denotes the advection part of the time
derivatives %% , a—gtﬁ and ?—g—} . Note that summing the non-advection equations
(6.21) and the advection equations (6.23) give the governing equations (6.17) and
(6.19) since,
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(%), (%)

ot \ot Juy \0t )y

e _ (9 0fa

ot ( ot )(1) " ( ot )(2) (6.24)

ot o )y N0t )y

The CIP solver is applied to the advection phase; coefficients A1, ..., A7 are de-

termined from equations (6.20) and after a short time step At we update f and its

spatial derivatives as,

N = Figlig — ult, gy — vAt)

1,J ¢

OpfIt = 8, F, (i ; — ulAt, yi; — vAL) (6.25)

4J

By fi5 = 0y F; j(zs5 — ulAt, y;j — vAt)

To follow the calculations for the next time step, we replace f**!, 9,f"*! and

Oy f™* by f*, 0, f™ and 8, f™ and we start from the non-advection phase again.

The two-dimensional solver described here is for the choice of having a continuous
f at grid points (i + 1,7), (4,5 + 1) and (i + 1,5 + 1) and continuous 8, f and 9, f at
grid points (¢ 4+ 1, j) and (¢, j + 1). Based on the assumptions made, there are some

other two-dimensional solvers.

Type-A solver interpolates f within a grid cell as,

F(z,y) = Cs0X% + Coo X2+ 8, fi ;X + fij + CosY?
+ Co2Y? + 0, fi ;Y + Con XY + C11 XY + C 12 XY?

(6.26)

where the C coefficients are determined from continuity of f at grid points (1,7),

(i+1,5), (4,7 +1) and (+ 1,5+ 1) while 8, f and 9, f are continuous at grid points
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(4,5), (6 +1,5) and (4,5 +1).
In order to develop a more accurate interpolation, we consider the continuity of
O.f and 0, f at the grid point (: + 1,5 + 1) in addition to the above conditions. This

interpolation is called Type-B and the interpolation function is expressed as follows,

F(LE, y) = C3’0X3 + Cg,()Xz -+ azf'i,jX + fi,j + CQ,3Y3 + 00,2Y2 + Byfi,jY (6 27)
+C31 X%Y + Co XY + C12XY2 4+ C1 XY + C13XY?
where the C coefficients are found from the continuity of f, 8, f and 8, f at grid points

(4,7), (i+1,7), (4,5 +1) and (1 + 1,5 + 1).

6.1.3 The CIP solver for compressible and incompressible

flows

Different CIP solvers have been proposed for the compressible and incompressible

fluid flows. Among these solvers, we present the most powerful one; the CIP-CUP

(Cubic Interpolated Propagation / Combined Unified Procedure) method [25], [27].
The CIP-CUP method is a semi-implicit solver that considers the governing equa-

tions of fluid flow as follows,

% +u-Vp=—-pV-u

Ou Vp F

e . = ——= — 6.28
5 U Vu p +p (6.28)
%g +u-Vp=—pC?V-u

where p is the density, u is the velocity vector, p is the pressure and C; is the local
sound speed. For the Navier-Stokes equations, F' contains viscosity effects, surface
tensions and external forces. For the Euler equations, there is no viscosity effect and
F only contains the surface tensions and external forces.

The CIP-CUP solver splits the problem into three different parts; the convection
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part, the acoustic part and the remaining part. The convection part is solved by the
CIP method, the acoustic part is solved by the CUP method while the remaining

part is solved by a finite difference scheme or a finite volume method.
e The convection part

The equations to be solved are,

Op _
(a )(C)+u~Vp—0

ou
(E )(c) +u-Vu=0 (6.29)
<@) +u-Vp=0

ot ©

where the subscript (c) denotes the convection part of the time derivatives.
The CIP solver explained in (6.1.2) is used to solve the convection part. We also
need to update the spatial derivatives of quantities p, u and p before we proceed to

the remaining part.
e The remaining part

The remaining part is governed by the equation,

Ju F
(E )(T) == (6.30)

where the subscript (r) denotes the remaining part of the time derivative term ?9_1; .
For the Navier-Stokes equations, F contains viscosity effects, surface tensions and
external forces. For the Euler equations, there is no viscosity effect and F only
contains the surface tensions and external forces. This equation can be solved by a
finite difference scheme or a finite volume method. After the velocity is updated, we

proceed to the acoustic part.

e The acoustic part
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The governing equations of the acoustic part are,

ou _Vp
(& )(a) T (631

Op . 2
(E )(a) =-pC;V-u

where the subscript (a) denotes the acoustic part of the time derivatives. Note that
summing the governing equations of the convection part, remaining part and the

acoustic part yields the equations (6.28) since,

r-(2), (2

ot @ N\ /@

ou _ (ouy ?E) L (%

0 \ot )y \ot)u \ot ) (6:32)

o _ (%) (%
ot~ \dt ), \0t ),

These equations are solved by the CUP method, which is an implicit finite differ-

o~

ence method. Discretizing the time derivatives on the left hand side of these equations
and estimating the right hand side for the future values (values to be found at the

end of this phase), we obtain

Pn+1A; o = —p'V . uH
n+l _ 4% n+1
vt out _ Vp (6.33)
At o*
nt+l _ %
- At L =—pepvou

where n is the number of the time step, At is the time interval, and the quantities

with the superscript (*) are the values after solving the convection and the remaining
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parts. At each time step At, the acoustic phase should be solved after the other
phases since at the end of this phase, we satisfy the divergence-free condition for the

velocity in incompressible fluid flows.

In equations (6.33), the velocity, the pressure and the density at time n + 1 are
dependent. In order to find the pressure, we take the divergence of the second equation

and substitute it into the third equation. The pressure equation will then be,

n+l _ % n+1
P_At_P =—p'C2V.-u"+p*C2ALV- VZ;* (6.34)

After we find p™*', u™*! is obtained from the second equation of (6.33). Also, the

density is updated explicitly by

*

nt+l _
pn+l — p* + p_Tp_ (635)
Cs

For incompressible fluid flows, the sound speed C; is infinite, and the pressure

equation (6.34) is reduced to

v. = (6.36)

Therefore, CIP-CUP method is applicable to both compressible and incompress-
ible fluids.

Calculation of p"*!, u™*! and p"*! completes one time step of the CIP-CUP
method. For the next time step, we could repeat the calculation from the convection

part using above values as initial values. The solution process is given in table 6.1.3.
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Table 6.1.3 Solution process in the CIP-CUP method

(1) Set initial conditions p?, u? and p? and their spatial derivatives for all the
nodal points 7 (the superscript n denotes the solution at time ¢ — At).

(2) From the convection phase use the CIP solver to get p;, 0; and p; and their
spatial derivatives (for all the nodal points 7).

(3) From the remaining phase, use a finite difference method to get p?, u; and p}
and their spatial derivatives for all the nodal points ¢ (P} = pi, DF = Ps).

n+1

(4) From the acoustic phase, get p?*!, u?! and p]

;' and their spatial derivatives

from the equations (6.33)- (6.35) for all the nodal points i (the
superscript n + 1 denotes the solution at time ).

(56) Repeat (2) to (5) for the next time step.

6.2 Linking the finite element method to the CIP
method

The CIP method was originally proposed for the finite difference method; both the
convection phase and the non-convection phase are solved using the finite difference
method. However in some problems, satisfying the boundary conditions for the in-
compressible Navier-Stokes equations is easier using the finite element methods. In
addition, in problems for which the domain is complicated and mesh grading is re-
quired, the finite difference methods are not as flexible as the finite element methods.

The CIP method is here extended for use in the finite element method and the
finite element shape functions for the third order interpolation are introduced in [24],
[16]. This shape function is defined by the product of the linear shape function and
a new second order shape function. In this chapter, these functions are used to solve

the two-dimensional incompressible Navier-Stokes equations.

6.2.1 The governing equations
The non-dimensional continuity and momentum equations are written as,
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V-u=90

Ou 1
a +(u-V)u——Vp+§

(6.37)
Vu
where u, p and Re are the velocity vector, pressure and the Reynolds number respec-
tively. External force is not considered here.
The shape function for the third order interpolation function in CIP-FEM is de-
fined for the velocity u and its derivatives. Therefore, we need the spatial derivatives

of the momentum equation as follows,

Ou, +(u-Viuy, =—(uz - V)u— Vp, + 1 Viu,
K4 Re (6.38)
—(?Ty + (u-V)uy, = —(uy - V)u- Vp, + Te Viu,

where the subscripts z and y show the derivative in each direction.

We split the governing equations into an advection phase, a non-advection phase
and the Poisson equation of pressure. The advection phase is solved by the CIP
method (CIP-FEM), the non-advection phase by the Galerkin method, and the Pois-
son equation by the simultaneous relaxation method of the GSMAC (generalized

simplified marker and cell) method [18].
e The advection phase

The governing equations of the advection phase are,

s ;tu +(u" - V)u" =0
u; —uj
n. n= 6.39
ot (u"-Viuz =0 (6.39)
a, —u}

L+ (u*-V)ul =0

where the superscript (n) stands for the solution at time ¢ — At and the superscript
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(") stands for the solution after one step in the advection phase.

The CIP-FEM is applied to discretize and solve these equations. First, we describe
the CIP method. Considering the advection equation for a potential ¢,

06 B
5 TuVe=0 (6.40)

The solution at time “t” is approximated as,

d(zi,t) ~ ¢ (:vz - / udt, t — dt) (6.41)

where z; denotes the grid point where ¢ is given. The start point z, = z; — J udt
becomes the grid point at the next time step. z, is called the advection distance
and should be calculated along the particle path. However, the exact value of this

distance is difficult to obtain and it is approximated explicitly as,

Az =z; — z, = ul At (6.42)

In order for this approximation to be close to the exact value, At must be suffi-

ciently small.

In the CIP method, the potential ¢ is interpolated using the third order shape
functions, and these functions are defined for the system of coordinates ¢-7. Since the
start point z, is obtained in the z-y coordinate system, we find the corresponding &,

and 7, for this point.

The shape function then is defined as,

B(Em) =D ha(&,n)[Ga(€,) + Ea(€,m)¢d] (6.43)

where h, is the conventional linear shape function, and G, and E, are new shape

functions that are second order and linear respectively.

For the element shown in figure 6-2, these functions are as follows,
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e

hi =< (1-6)(1-n)
he =~ (1+&)(1—-n)

hs = 7 (1+&)(1+n)

| s

(6.44)

N

hy =7 (1-&)(1+n)

2 (6.45)

G =5 (L= ) + 6] + 5 (1= By + 64

(1+E)0cds — b2l + 5 (1~ 1) (0482 + 6]
(~1+€)0eds — 9a] + 5 (~1+7°)[0y05 — 64

(1—€))[0cps + ¢a] + % (=1 +1%)[0y04 — d4]

G2 =
(6.46)

Gs =

N =D =N =D

Gy =
Using the CIP-FEM, the velocity u and its derivatives are updated for the time
“t” (0, Gy and @,). These values are then taken to the non-advection phase.

e The non-advection phase

The governing equations are as follows,
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Figure 6-2: The 4-node element used in the finite element discretization

u-—1u

1
— n o U2,.n
A Vp" + e Vu
n+l __ 5 1
L ~ %~ (- V)u" - vprt 4 7o VAul (6.47)
un+1 —1i 1
y A = =—(u}- V)u" — Vpitt 4 e Vu}

In order to avoid considering the pressure derivatives p, and Py as nodal variables

and updating them for each time step in the second and third equations, these terms

are replaced by the velocity terms from the first equation. Then, the second and third

equations are written as,

ug+1 _ ﬁ:c

u;l+l _ ﬁy 3 .
A -

o n+l __ 5
Vg G
o (6.48)

The non-advection phase is discretized by the Galerkin method. For the 4-node

element shown in figure 6-2, we use the four corner points to interpolate the velocity

when the pressure is constant within each element.

Then the velocity u and its

derivatives in (6.47- 6.48) are replaced by
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4
u= Z h;u;
=1
4
u, = 2 hm'ui (649)
1=1

4
=1

After discretization by the Galerkin method, the first equation in (6.47) and equa-

tions (6.48) are written respectively as,

u—1u 1
Mij( ) =C,-p"——D,-ju’?+S,~
i Re J

At
ug+1 -1 n u™t! — 1
M,;j (f‘t—f ) ' = "'Aij u;‘i llj +Aij (T ) . (650)
J J
urtt — 4, . ot — i
Mij (_y__At_._ )j = _’Aij uy,- ll;L+AzJ (T )j

where p presents the constant pressure within the element, the lower subscripts 7 and
J show the local node numbers and superscript n is the time step number. Except
for the first term on the right-hand side of the second and third equations, repeated
subscripts mean summation. The matrices M;;, C;, A;; and D;; are the mass matrix,
the gradient matrix, the advection matrix and the diffusion matrix respectively and

are written as,

C; = / Vh; d9

o (6.51)
Ay = / hi Vh; d)

Qe
Dy = / Vh; - Vh; dQ

Qe



where S; contains the boundary terms. Note that the M;; matrix shown here is the
consistent mass matrix. We can use the lumped mass matrix instead and replace M;;
by M;; in equations (6.50). For a non-distorted mesh, the M;; matrix is the same
for all the elements and therefore the assemblage will be easier. Note that in the
traditional finite element methods (solution is dominant by the stiffness matrix), the
lumped mass matrix is preferred since using the lumped mass matrix instead of the

consistent one, reduces the numerical operations for the solution significantly.

In the non-advection phase, first the velocity 1 is obtained from the first equation
in (6.50), then the divergence of the velocity, V - 1, is calculated. The simultaneous
relaxation method is used to satisfy the continuity equation (V-@ = 0) and to modify

the velocity . This method is explained later on in this section.

After the simultaneous relaxation method has been applied, we find the modified
velocity u™*! and pressure p"*t!. The velocity u™*! is then used in (6.50) to obtain
u?*! and up*!. The calculations for one time step are complete now and for the next
time step, we take the values u™*!, p"*!, u?*! and u*! to the advection phase and

we repeat the calculations for the new time step.

e The simultaneous relaxation method

This method is used to satisfy the continuity equation V - @ = 0. After obtaining

1 in the non-advection phase, this velocity is modified as follows,

V2¢(’") =v.a™m™
p(m+1) — p('n) + ¢(m)/At (6.52)
a(m+) = g(m _ V¢(m)

where the superscript m represents the repeat level and ¢ is the velocity potential.

The initial values are defined as,
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@@

Il
=h

(6.53)
pO =p"

We first calculate the divergence of the velocity 1, then we obtain the velocity
potential ¢ from the first equation in (6.52). Using the second and third equations,
the velocity and pressure are modified. We repeat the calculations until the velocity

u satisfies the continuity equation; then we have,

un+1 — ﬁ(m+1)

(6.54)
pn+1 — p(m+1)

The solution process is given in table 6.2.1.

Table 6.2.1 Solution process in the CIP-FEM method for incompressible flows

(1) Set initial conditions u™ and the spatial derivatives uz and uy for all the
nodal points (the superscript n denotes the solution at time ¢ — At).

(2) From the advection phase use the CIP solver to obtain @ and the spatial
derivatives @, and d, for all the nodal points using equations (6.43)- (6.46).

(3) From the non-advection phase, use the Galerkin method to obtain @ from
the first equation in (6.50).

(4) From the simultaneous relaxation method, obtain the velocity potential ¢
and the modified velocity and pressure from the equations (6.52). After
repeating calculations in this step and satisfying the equation V - i = 0,
obtain u™*! and p"*l.

(5) From the non-advection phase, obtain the spatial derivatives u®*! and uy !
from the second and third equations in (6.50).

(6) Repeat (2) to (6) for the next time step.
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Figure 6-3: The driven cavity flow problem

6.2.2 Numerical solutions

To study the effectiveness of the CIP-FEM method, we consider the driven cavity
flow problem shown in figure 6-3. The boundary conditions are shown in this figure
and the initial conditions are all zero except for the horizontal velocity u = 1 at the
upper side of the cavity. This problem is solved for two different cases; Re = 1000
and Re = 10000. In both cases, the horizontal velocity at the vertical centerline, and
the vertical velocity at the horizontal centerline are plotted and compared with the

solutions of the Ghia et al. and the FCBI method.
e For Re = 1000

In this problem, a non-uniform mesh of 30 x 30 elements (figure 6-4 (a)) has been
used. For the time increment At = 0.005, the flow is almost steady at ¢ = 50. The
velocity profiles on the vertical and horizontal center axes of the cavity are shown
in figure 6-5 at time t = 50. In this figure, the solution obtained by Ghia et al. is
shown by “0”, this solution is assumed to be a very accurate solution. The solution

obtained for the FCBI triangular elements for a mesh of 40 x 40 x 2 elements are also

given in this figure [20].
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As it is clear from figure 6-5, the CIP-FEM method has a higher spatial accuracy
than the FCBI scheme. In addition, the spatial derivatives are more accurate in
the CIP-FEM method since they are considered as nodal variables in the solution.
However, this method requires more computational effort than the FCBI method. For
example, in the CIP-FEM method, the problem is solved in two phases; the advection
phase and the non-advection phase and in each phase after the nodal velocities have
been updated, the nodal spatial derivatives are calculated. In addition, for the non-
advection phase the continuity equation is satisfied by the relaxation method and this

increases the solution time.

It should be noted that although spatial derivatives of velocities are also considered
as nodal variables in the CIP-FEM method, the system of equations for velocities are
solved separately from the system of equations for velocity derivatives (after velocities
are obtained, then the velocity derivatives are updated). In addition, the velocities
in the z and y directions are also uncoupled as seen in equations (6.39) and (6.47).

Therefore, the velocity in each direction is obtained separately.

e For Re = 10000

A non-uniform mesh of 50 x 50 elements (figure 6-4 (b)) with the time increment
At = 0.002 has been used here. After the solution is steady, the velocity profiles on
the vertical and horizontal center axes of the cavity are as shown in figure 6-6. In
this figure, the Ghia et al. and the FCBI solutions are also given. It can be seen that
the CIP-FEM method has higher spatial accuracy than the FCBI scheme (the FCBI

triangular element has been used here [20]).

In order to solve high Reynolds number flows with the traditional finite element
method, we require a very fine mesh. Linking the CIP method to the finite element
method increases the stability of the solution in addition to improving the accuracy

for the velocities and the derivatives.
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(b)

Figure 6-4: The non-uniform meshes used for (a) Re = 1000, (b) Re = 10000.
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Ghia et al.
CIP-FEM (50x50 elements)
FCBI (160x160x2 elements) +

Figure 6-6: Velocity profiles for Re = 10000.
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6.3 Linking the FCBI scheme to the CIP method

The convergence curves shown in figures (4.18)-(4.19) display a small rate of conver-
gence when the FCBI 9-node element is used. In addition, from figures 6-5 and 6-6
we observe that linking the CIP method to the finite element method improves the
accuracy of the solution and velocities are more accurate using the CIP-FEM method.
In order to improve the accuracy of the solution and the rate of the convergence for

the FCBI scheme, the CIP method is here extended for use in the FCBI scheme.

6.3.1 The governing equations

The non-dimensional continuity and momentum equations are written as,

V-u=0

Ou 1
5 +(u'V)u——-Vp+—R—e—

(6.55)
Viu
where u, p and Re are the velocity vector, pressure and the Reynolds number respec-
tively. External force is not considered here.

In the CIP-FCBI method, we need the spatial derivatives of the momentum equa-

tion as follows,

ou, 1

. - — . — 2
aaut + (u-V)u, (uz - V)u—Vp, + I{?e Véu, 6.56)
—5t—y +(u-V)u, = —(u, - V)u-Vp, + e Vi,

where the subscripts  and y show the derivative in each direction.

We split the governing equations into an advection phase and a non-advection
phase. The advection phase is solved by the CIP method and the same third order
interpolation functions (6.43)-(6.46) are used. The non-advection phase is solved by
the FCBI scheme.

Note that in the FCBI scheme in the equation (4.1), we consider the Navier-
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Stokes equations of a two-dimensional incompressible fluid flow at time ¢ when the
solution is at the steady-state. In the CIP-FCBI method, we need to include the time
dependent terms since the velocities and the spatial derivatives of the velocities for
the next time step are obtained by shifting the cubic polynomial in the advection
phase and by updating the velocities and its derivatives in the non-advection phase.
Here in the CIP-FCBI method, we continue the calculation until the solution is at
the steady-state and the velocities, the pressures and the spatial derivatives of the

velocities do not change.

e The advection phase

The governing equations of the advection phase are,

a—-u® n n_

A7 + (- Viju"=0
u, —u?
2 Vg n, no_ 6.57
A7 +(u"-V)ul =0 (6.57)
u, — uy

AL L 4" Vuy =0

Considering the advection equation for a potential ¢,

0¢ _
a +11°V¢—0 (6.58)

The solution at time “t” is approximated as,

b(zirt) ~ (x - / udt, t — dt) (6.59)

where z; denotes the grid point where ¢ is given. The start point z. = z; — [ udt
becomes the grid point at the next time step. z, is called the advection distance
and should be calculated along the particle path. However, the exact value of this

distance is difficult to obtain and it is approximated explicitly as,

Az =z; —z, = uj At (6.60)
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In order for this approximation to be close to the exact value, At must be suffi-

ciently small.

In the CIP method, the potential ¢ is interpolated using the third order shape
functions, and these functions are defined for the system of coordinates &-n within
each sub-element. Since the start point z, is obtained in the z-y coordinate system,

we find the corresponding &, and 7, for this point.

The shape function then is defined as,

$(&m) =D hal€,1)[Ga(€,m) + Ea(€,m)d0] (6.61)

where h, is the conventional linear shape function, and GG, and E, are new shape
functions that are second order and linear respectively.

We use the FCBI 9-node elements consist of four 4-node sub-elements shown in
figure 6-7(a) to descretize the fluid domain. For the sub-element shown in figure 6-

7(b), these functions are as follows,

1

m=10-61-1)

ha=+ (1+€)(1—n)

hy == (1+&)(1+n)

hy=~— (1-€)(1+n)

(6.62)

NN SN

Ei=;(-¢(-n)

O =N DN =

E,

—~
I
f

=
~—

(6.63)

Ey= - (£+m)

(=€+n)

IS
I
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Figure 6-7: 9-node elements and the 4-node sub-element used in the finite element
discretization

Gy = % (1= &%)[0cpr + ] + % (1= n*)[0y¢1 + ¢1]
Go =3 (~1+8)0br ~ Bl + 5 (1~ 1) Oy + 6o o0
Gs = 5 (~1+E)[aeds — ds] + 5 (~1+ 7By — 5] |

Gi=3 (1= )0bs+ 8]+ (~1+177)[0y64 - 64

Using the CIP-FCBI method, the velocity u and its derivatives are updated for

the time “t” (@, G, and @,). These values are then taken to the non-advection phase.

e The non-advection phase
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The governing equations are as follows,

un+1 _ ﬁ il 1
- - - v? n
Ar TV ER VU
u:+1 - ﬁw n n n+1 1 2.7 6.65
——A—t————(uz-V)u - Vo +fz€v“m (6.65)
un+1 _ ﬁ 1
y A vy _ _(uZ . V)un _ VPZH + E v2uz

In order to avoid considering the pressure derivatives p, and p, as nodal variables

and updating them for each time step in the second and third equations, these terms

are replaced by the velocity terms from the first equation. Then, the second and third

equations are written as,

n+1

u; - ﬁx _ _(un .
At e

uZ+1 — ﬁy _ __(un .
At y

(6.66)

The non-advection phase is discretized by the FCBI scheme. The finite element

solution is obtained by considering a weak form of these equations and the continuity

equation. Using the Petrov-Galerkin procedure (the test functions do not correspond

to the trial functions), the weak formulation of the problem within the domain 2 can

be given as

Find u € U and p € P such that

f (=
/qV-udQ=0
Q

u:+1—ﬁx
foe (5w
/w u;‘“—ﬁy
Q At

un+1 _

- +Vp”+1) dQ:/
Q

Re

w 1 V™ df2

A 6.67)
. 0 utl—a (
Vo (o )] 4o
a u'n+1 _ ﬁ
" — as2
V)u" + 3 Y )]



where w € W and ¢ € Q.

For the 4-node sub-element shown in figure 6-7, we use the four corner points to
interpolate the velocity when the pressure is interpolated within each element. The

trial functions in U are defined in each sub-element as,

1

b= (1-€)(1-n)
1
b= (1+6(1-1)
1 (6.68)
By =1 (1L+6)(1+n)
o 1
By =7 (1= €)1 +)
with -1 < ¢, np < 1.
Similarly, the trial functions in the space P are given in each element as,
p 1
hi=71-r)1-5)
hh = E 1+7)(1-2s)
H (6.69)

hi==1+r)(1+s)

—

hﬁ:z 1-7)1+s)

with —1 <r,s<1.
The elements in the space @ are step functions. Referring to Fig. 4.2(a), we have,

at node 2, for example,

B = 1 for (r,s) € [0,1] x [-1,0] (6.70)

0 elsewhere

Similarly, the weight functions in the space W are also step functions. Considering

the sub-element shown in Fig. 4.2(b), at node 1, for example,
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1 for (§,n) € [-1,0] x [-1,0]

0 elsewhere

(6.71)

wo_
9 =

Then the velocity u and its derivatives and the pressure p in (6.67) are replaced

by

4

—_ u

=1
4

— u
u; = hz; u;

7 (6.72)

— U
i=1
4

p=> hp;
j=1

The dimensional form of the equations (6.67) is written as

n+l _ 5
/w (u___u +-1-Vp"+1) dQ:/wﬁvzundQ
Q At p Q

/qV-(pu)szO
Q
urt! — , n n O uttl—q
/Qw(—A—t——) dQ—/Qw [—(uz-V)u +%(A—t)] dQ
u"‘“—ﬁ a u"‘”—-ﬁ
Y Y — (" n i
/Qw(————At ) dQ /Qw [ (uy - V)u +6y A7 )] dQ

Assembling the first two equations in (6.73) (the momentum and the continuity

equations) for all the control volumes in the body, and using the divergence theorem

we get
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Ky,v, Kvtvy Kv.p u' Ry,
Kujv, Ko, Koo || w2 | =] R, (6.74)
Kpv, Ky, 0 P 0

where u' and u? contain the nodal velocities in the z and y directions respectively

and p contains the nodal pressures. For a mesh of non-distorted elements, we get

. 1 u
szvx(z’]) = E Z Wea; \/Q h’] dxdy

Ky.v, (6,7) =0

KP
Kvx 1,j) = waq; / 2 ng dy
p( 7) 2,: 9] 0 P

Ky,v,(3,7) =0

Ky,v, (1, 5) = Kev, (4, 5) (6.75)

Ku,p(i,0) = ) wai / i
vpio - o P

Koy, (i,5) = qu /aQ hY ng dy

ny dx

. H U in K u 1in
R, (i) = ; Woi /em P (A, u;™) my da:+; Woi /an P (hjz ui™) ng dy

: H u 2n X H u 2n

(6.76)
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e o . T
where u]l and u? are the velocities in z and y directions respectively (u; = [uj,u] ),
0 is the surface area of the control volume 2 and n, and n, are the elements of the

unit normal vector n pointing to the outside of the control volume.

As it was mentioned earlier in chapter 4, for the FCBI 9-node element used here,
the inf-sup condition is satisfied. Note that the equation (6.74) is linear and there is
no iteration involved to solve this equation. In addition, elements of the K matrix
can be calculated once at the beginning of the solution and at each time step, only the

load vector R needs to be updated. This will decrease the solution time significantly.

Assembling the last two equations in (6.73) (the spatial derivatives of the momen-

tum equation) for all the control volumes in the body, we get

(6.77)

un+1 —1
Ri; = Y woi ( /Q hY, d:vdy) (—At )'— > " wa /Q (R ui?) (hY, u?) dzdy
J 1

un+1 _ ﬁ u n u n
Ry = Zwm (/Q h, da:dy) (——At ) - Zwm /Q (h¥ ujp) (R, uf}) dzdy
i

(6.78)

where the subscripts z and y show the derivative in z and y directions, the superscript

n stands for the number of the time step and superscripts 1 and 2 denote the velocity
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in z and y directions respectively. For a non-distorted mesh, the M;; matrix is the
same for all the elements and therefore the assemblage will be easy.

In the non-advection phase, first the velocity u"*! and the pressure p™*! are
obtained from the equation (6.74), the velocity u™*! is then used in (6.77) to obtain
uzt! and u?t!. The calculations for one time step are complete now and for the next
time step, we take the values u™*!, p™*', up*! and u*! to the advection phase and
we repeat the calculations for the new time step.

The solution process is given in table 6.3.1.

Table 6.3.1 Solution process in the CIP-FCBI method for incompressible flows

(1) Set initial conditions u™ and the spatial derivatives u® and uy, for all the
nodal points (the superscript n denotes the solution at time ¢ — At).

(2) From the advection phase use the CIP solver to obtain @ and the spatial
derivatives @i, and 1, for all the nodal points using equations (6.61)- (6.64).

(3) From the non-advection phase, use the FCBI scheme to obtain u®*! and
p"*! from the equation (6.74).

(4) From the non-advection phase, obtain the spatial derivatives u?*! and uZ“
from the equation (6.77).

(5) Repeat (2) to (5) for the next time step.

6.3.2 Numerical solutions

To study the effectiveness of the CIP-FCBI method, we again consider the driven
cavity flow problem shown in figure 6-3. The boundary conditions are shown in this
figure and the initial conditions are all zero except for the horizontal velocity u = 1 at
the upper side of the cavity. This problem is solved for two different cases; Re = 1000
and Re = 10000. In both cases, the horizontal velocity at the vertical centerline, and
the vertical velocity at the horizontal centerline are plotted and compared with the

solutions of the Ghia et al., the CIP-FEM method and the FCBI method.

e For Re = 1000
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In this problem, a non-uniform mesh of 32 x 32 sub-elements (16 x 16 elements)
(figure 6-8 (a)) has been used. For the time increment At = 0.005, the flow is almost
steady at ¢ = 35. The velocity profiles on the vertical and horizontal center axes of
the cavity are shown in figure 6-9 at time ¢ = 35. In this figure, the solution obtained
by Ghia et al. is shown by “0”, this solution is assumed to be the exact solution.
The solution obtained for the FCBI triangular elements for a mesh of 40 x 40 x 2
elements [20], and the solution obtained for the CIP-FEM method for a mesh of 30 x
30 elements (figure 6-4 (a)) are also given in this figure.

As it is clear from figure 6-9, the CIP-FCBI method has a higher spatial accuracy
than the FCBI scheme. In addition, the spatial derivatives are more accurate in
the CIP-FCBI method since they are considered as nodal variables in the solution.
However, this method requires more computational effort than the FCBI method. For
example, in the CIP-FCBI method, the problem is solved in two phases; the advection
phase and the non-advection phase and in each phase after the nodal velocities have
been updated, the nodal spatial derivatives are calculated. The velocities are slightly
more accurate using the CIP-FEM method. However, the CIP-FEM method requires
more computational effort than the CIP-FCBI method since for the non-advection
phase, the continuity equation is satisfied by the relaxation method and this increases
the solution time.

It should be noted that although spatial derivatives of velocities are also considered
as nodal variables in the CIP-FCBI method, the system of equations for velocities are
solved separately from the system of equations for velocity derivatives (after velocities

are obtained, then the velocity derivatives are updated).
e For Re = 10000

The non-uniform mesh of 64 x 64 sub-elements (32 x 32 elements) shown in fig-
ure 6-8 (b) with the time increment At = 0.002 has been used here. After the solution
is steady, the velocity profiles on the vertical and horizontal center axes of the cavity
are as shown in figure 6-10. In this figure, the Ghia et al., the CIP-FEM, and the
FCBI solutions are also given. It can be seen that the CIP-FCBI method has higher
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(a) 16 x 16 elements (32 x 32 sub-elements)

(b) 32 x 32 elements (64 x 64 sub-elements)

Figure 6-8: The non-uniform meshes used for (a) Re = 1000, (b) Re = 10000.
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spatial accuracy than the FCBI scheme (the FCBI triangular element has been used
here [20]). However, the velocities are slightly more accurate using the CIP-FEM
method.

e Concluding remarks on the numerical results

Of course we can only draw partial conclusions from these preliminary numerical
results since, in particular, other fluid problems need to be solved for comprehensive-
ness.

From these numerical results, the CIP-FEM and the CIP-FCBI methods appear
to predict the solution more accurately than the traditional finite element method and
the FCBI scheme. In order to solve high Reynolds number flows with the traditional
finite element method, we require a very fine mesh. Linking the CIP method to the
finite element method increases the stability of the solution in addition to improving
the accuracy for the velocities and the spatial derivatives. In order to obtain accurate
solutions for high Reynolds number flows, we require a finer mesh for the FCBI
method than for the CIP-FCBI method. Linking the CIP method to the FCBI scheme
improves the accuracy for the velocities and the derivatives. In addition, when the
flow is not at the steady state and the time dependent terms need to be included in
the Navier-Stokes equations, or in the problems when the derivatives of the velocities
need to be obtained to high accuracy, the CIP-FCBI method is more convenient
than the FCBI method. However, both the CIP-FEM method and the CIP-FCBI
methods require more computational effort than the finite element method and the
FCBI scheme (and it takes longer for these methods to stabilize the flow) since the
advection phase is solved by the CIP method. In addition, in the CIP-FEM method,
the continuity equation is satisfied by the relaxation method and this increases the

solution time.
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Chapter 7

Conclusions

The Navier-Stokes equations are widely used for the analysis of incompressible laminar
flows. If the Reynolds number is increased to certain values, oscillations appear
in the finite element solution of the Navier-Stokes equations. In order to solve for
high Reynolds number flows and avoid the oscillations, one technique is to introduce
artificial upwinding into the equations to stabilize the convective term, ideally without
degrading the accuracy of the solution: e.g. the streamline upwind/Petrov-Galerkin
(SUPG) method , the Galerkin/least-squares (GLS) method, the Cubic Interpolated
Pseudo/Propagation (CIP) method and use of the bubble functions.

The analysis of fluid flows with structural interactions has captured much attention
during the recent years. Such analysis is performed considering the solution of the
Navier-Stokes fluid flows fully coupled to the non-linear structural response. However,
a fully coupled fluid flow structural interaction analysis can be computationally very
expensive. The cost of the solution is, roughly, proportional to the number of nodes
or grid points used to discretize the fluid and the structure. In order for interaction
effects to be significant, the structure is usually thin and can be represented as a shell,
hence not too many grid points are required. The large number of grid points and
consequently number of equations in fluid flow structural interaction problems (FSI)
is due to the representation of the fluid domain. For high Reynolds number fluid
flows, to have a stable solution, more grid points are required. In order to decrease

the number of grid points in the fluids (using a coarser mesh) and still have a stable
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solution, the flow-condition-based interpolation (FCBI) procedure was introduced.

The FCBI is a hybrid of the finite element and the finite volume methods and
introduces some upwinding into the laminar Navier-Stokes equations by using the ex-
act solution of the advection-diffusion equation in the trial functions in the advection
term. The test functions for both the continuity and the momentum equations are
step functions and the governing equations are written over control volumes. Hence,
the mass and momentum conservations are satisfied locally. Ideally any numerical
solution for fluids should yield stable solutions for low and high Reynolds number
flows with reasonable accuracy. Of course, when fine meshes are used, more details
of the flow are captured and the level of accuracy is higher. Ideally, we want our
numerical scheme to yield still stable solutions with reasonable accuracy when coarse
meshes are used. In particular, this will decrease the required number of grid points

and elements in the fluid phase in the fluid-structure interaction problems.

The previous works on the FCBI procedure include the development of a 4-node
element and a 9-node element consisting of four 4-node sub-elements. In this thesis,
the stability, the accuracy and the rate of convergence of the already published FCBI
schemes was studied. From the numerical results, the FCBI 9-node elements (consist
of four 4-node sub-elements) appear to be stable for high Reynolds numbers although
no upwind parameter is used, and predict the solution reasonably accurate. Of course,
in order for the solution errors to be small, the mesh needs to be refined. However,
the convergence curves used for the || u —up, ||2 , | u—up ||z and || p — pp ||22
norms, display a small rate of convergence when the FCBI 9-node elements are used.

In order to ensure that using the coarse meshes to represent the fluid yields an
accurate enough structural response, the solution errors need to be controlled and
measured. The “goal-oriented error estimation” might be applied to assess the error in
the quantities of interest in the structure. In fluid flow structural interaction analysis,
it is ideal to use an FCBI solution scheme in rather coarse meshes together with
“goal-oriented error estimation” to control the error of the solution in the structural
response.

From the numerical results, it became clear that the earlier published FCBI 9-
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node elements (consist of four 4-node sub-elements) are more stable than the Galerkin
9-node elements. However, the Galerkin 9-node elements give more accurate solutions
with a higher rate of convergence. Hence, a new FCBI 9-node element was proposed
that obtains more accurate solutions than the earlier proposed FCBI elements. The
new 9-node element does not obtain the solution as accurate as the Galerkin 9-node
elements but the solution is stable for much higher Reynolds numbers (than the
Galerkin 9-node elements), and accurate enough to be used to find the structural

responses.

The Cubic-Interpolated Pseudo-particle (CIP) method is a very stable finite dif-
ference technique that can solve generalized hyperbolic equations by the 3rd order
of accuracy in space. In this method, a cubic polynomial is used to interpolate the
spatial profile of the value and its spatial derivative. The spatial derivative itself is
a free parameter and satisfies the master equation for the derivative. After the value
and its spatial derivative are found, the same values for the next time step are simply
calculated by shifting the cubic polynomial. For nonlinear problems, the CIP scheme
splits the hyperbolic equation into two phases; the non-advection phase and the ad-
vection phase. In each time step, after the non-advection phase is solved by the finite
difference method, the CIP method is applied to the advection phase.

The CIP method was originally proposed for the finite difference method; both
the convection phase and the non-convection phase are solved using the finite differ-
ence method. However in some problems, satisfying the boundary conditions for the
incompressible Navier-Stokes equations is easier using the finite element methods. In
addition, in problems for which the domain is complicated and mesh grading is re-
quired, the finite difference methods are not as flexible as the finite element methods.

In this thesis, the CIP method was extended for use in the finite element method
(CIP-FEM) and the FCBI scheme (CIP-FCBI). The finite element shape functions
for the third order interpolation were defined by the product of the linear shape
function and a new second order shape function. These functions were used to solve
the two-dimensional incompressible Navier-Stokes equations.

From the numerical results, the CIP-FEM and the CIP-FCBI methods appear to
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predict the solution more accurate than the traditional finite element method and the
FCBI scheme. In order to solve high Reynolds number flows with the traditional finite
element method, we require a very fine mesh. Linking the CIP method to the finite
element method increases the stability of the solution in addition to improving the
accuracy for the velocities and the derivatives. In order to obtain accurate solutions
for high Reynolds number flows, we require a finer mesh for the FCBI method than
for the CIP-FCBI method. Linking the CIP method to the FCBI scheme improves
the accuracy for the velocities and the derivatives. In addition, when the flow is not
at the steady state and the time dependent terms need to be included in the Navier-
Stokes equations, or in the problems when the derivatives of the velocities need to be
obtained to high accuracy, the CIP-FCBI method is more convenient than the FCBI
method. However, both the CIP-FEM method and the CIP-FCBI methods require
more computational effort than the finite element method and the FCBI scheme (and
it takes longer for these methods to stabilize the flow) since the advection phase is
solved by the CIP method. In addition, in the CIP-FEM method, the continuity
equation is satisfied by the relaxation method and this increases the solution time.
This work represents only a first step in liking the FCBI scheme to the CIP
method, more work could be done to improve the accuracy of the solution in the
CIP-FCBI method. In addition, to study the accuracy and convergence of the FCBI
9-node elements, we considered the L? and H! norms of the velocities and L? norm of

the pressure, better norms could be found to measure the errors in the FCBI scheme.
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Appendix A

Consistency of the CIP scheme

The difference scheme £f™ = 0 is consistent with the differential equation Lf = 0 if

for all grid points j and time steps n

(L™= (L)} =0 (A1)

when Az, At — 0.
In this appendix, we prove the consistency of the CIP scheme for the one-dimensional
non-linear hyperbolic equation
of of ou

As it was explained in chapter 6, f’ should satisfy the spatial derivative of the
master equation (A.2) as
aof' of' ou

ot "t ~ 9 o

In order to solve (A.2) and (A.3), the CIP scheme splits the problem into two

(A.3)

phases; the non-advection phase and the advection phase. The non-advection phase
is solved by a finite difference scheme while the advection phase is solved by the CIP

solver.

e Non-advection phase
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The equations to be solved are,

of A Ou
<—a—t—)(1)—G—g fax

(L) -2 .
ot ) Oz
The first equation is simply solved using finite differencing

fi =1+ GiAt (A-5)

where the superscript (*) stands for the time after one step in the non-advection
phase.
The second equation in (A.4) can be solved again by finite differencing the equation

or by finding f in terms of G’ from equation (A.5). Thus we have,

= (frfa—fii— i+ ) o (Ul — Ul )
( At ) = i 21AzAt+l = A +§Ax : (4.6)

Note that we need to prove the consistency of the finite difference scheme used
here. Considering the first equation in (A.4), the differential equation and the finite

difference scheme used are as follows (at the grid point 5 )

A orn _f’.“—f]?‘ n
LfM)i==%x+ -G (A7)
(LF)} = (£, 0] — G}

where the subscript (, ¢) denotes the time derivative. Using the Taylor series

A 2
I = 174 AL 0T + S, ] (438)

and replacing f; in (A.7), we show that the finite difference scheme (A.5) is consistent.

(Ef™); — (L)} = %( fali= O 50 for At—0 (A.9)
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Now, we consider the second equation in (A.4)

of' . ,0u
(W )(1) =G o (A.10)

where the differential equation and the finite difference scheme at the grid point j are

as follows

*

. . fin = =+ no—u
([,f")j — f] Jj o _ Jitl f] 1 f]+1 f] 1 ‘f‘fJ,‘n Yit1 ~ Ui
At 2Az At 2Ax (A.11)

(L) = (£ )7 = (@G, 2)7 + (f, o)} (w, =)}

Using equation (A.5), we can use relations

J?‘i‘l B fJn'l'l —(n
At Gin (A.12)
;—1 - f]n—l e
At 31
to obtain
4 f]'-* - f,"n G;'L+1 - G?—l m Yie1 — (1
)i = - A yvea 1
(LM =7 2hs T T oag (A-13)
Using the Taylor series
Ix m ! \n At? / n
fj = fj +At(f, t)j + T (f, tt)j
Az? n  AZ? n
G;‘l+1 = G;l + ALE(G’ z)? + "2_ (G, x:c)j + _6'— (G, m:ac)j
Ax? Az? n
G?—l = G? - ACL‘(G, :c)? + T (G, xx);l - —6— (G, xx:c)j (A'14)
Az? o A8 n
ui =uj +Az(u, )7 + - (W, 22)] + . (U, z22)]
Az? . Az n
U;-"_l = u;' - Al’(u’ ;,;)‘1; + —2‘ (’U/, M:)j - T (u, xma:)j

and substituting them in equation (A.13), we prove the consistency of the finite
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difference method used.

A om . At . Az? n o AZ? n
(Ef )j"‘(ﬁf)j - 7 (f,, tt)j _'6— (G, :m::c)j +(fz)]T (u,, a:x:c)j = O(At, A:p2) =0
(A.15)
for At, Az — 0.
After f* and f™ are found, they will be taken to the advection phase.
e Advection phase
The equations to be solved are as follows,
of f_
<8t )(2) tuge =0
oy oy (A.16)
(——— ) +u-— =0
ot @) ox

The CIP solver is applied to the advection phase and the interpolated profile
is determined from equations (6.7) and (6.8 ) using f* and f’* on the right-hand

side. Since the CIP solver uses the analytical solution, there is no need to prove the

consistency of the advection phase.

Note that adding equations (A.4) and (A.16) give equations (A.2) and (A.3) since,

of _(of\ L (9f
ot \ot o \dt )y
(A.17)
or _ (3_1” ) 4 (?_f_' )
ot L ot /i
Solving these equations in two phases is consistent since the values at the end of

the non-advection phase (f* and f"*) are taken to the advection phase as the initial

values.
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In this appendix, we proved the consistency of the CIP scheme for the one-
dimensional non-linear equation. For more general cases, a similar procedure is fol-

lowed.
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Appendix B

Stability of the CIP scheme

Consider the difference scheme

il =85 (B.1)

where S is the matrix relating the solution at time ¢ (f*) to the solution at time ¢+ At
(f**1), and

f:[fl f }T (B.2)

This difference scheme is stable if there exists Cr such that

I£°]] = [IS™°]] < Cr ||| (B.3)

for all £; and n, At such that 0 < nAt < T. Note that the superscript n stands for

the time except in S™ that denotes the power.

The stability analysis of the usual finite difference method is generally formulated
using the discrete Fourier transformation (the von Neumann stability criterion). Since
the CIP scheme involves spatial derivatives, the von Neumann stability analysis is
applied with some modifications. In this appendix, we prove the stability of the CIP
scheme for the linear equation when the velocity is constant (this appendix presents

the stability in the advection phase). For more general cases, a similar procedure is
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followed [21].

Consider the one-dimensional linear equation

of _

o, =0 (B.4)

ot u or

where the velocity u is constant. The equation for the spatial derivative of f is then

of . af
ot " o T

We assume that the physical quantity f is discretized spatially for the periodic
computational domain [0, L] with the equally spaced N + 1 grid points (L = N Az).
The profile F(z) for (j —1)Az < & < jAz is interpolated using the cubic polynomial

shown in equation (6.4). For u > 0

Fj(z) = wg(z — jAz) f; + wp(z — jAZ) f; + w1 (z — jA) fi1 + wp1(z — jAT) fI_,
Fi(z) = wi(z — jAz)f; + wi (T — jAz)fj + wi_;(z — jAZ) fj_1 + wy_y (T~ jAz)fi_,
(B.6)

where
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3z? 223
wi(z) =1= 35 - 15
22 z3
(7 (.’IZ) =T+ Z; + A_x2
wy_1(z) = 3| 2
- Az?2  Agx3
z2 z3
wp-1(z) = — AzZ (B.7)
, 6z 62 '
’U)f(l') = —Ei — Z—x—3
2
wh(z) =1+ %ﬁi %
W (z) = 6z 622
/-1 Az? " A3
why_y(z) = 22 4 32
f-1 Az = Azx?

Since the function Fj(z) is continuous and periodic, Fourier coefficients for wave

number k£ = 2—’,’} (n=0,%1,%2,---) are written as

Z /(jAz

j—1)Az

N 0

Fj(z) €% dz =) / Fj(z + jAz) e*@ti89) gy
- —Az
]:

N
Z ””A”/A (wi(2)f5 + wp (@) fj + wr-1(2) fi-1 + wp-r(2) fj_1) €*° da

Wy (k) F (k) + Wy (k)F' (k)

. . 10 F(k)
= [ W) Wpw ] [0 1} [F,(k)}

where the notation 7 is v/—1 and
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Wi (k) = [ty (k) + y_1 (k) e™*22]
Wy (k) = [ty (k) + wp—1(k) €47

N
F(k) — Z eiij:cfj
j=1
N
F'(k) — Z eiij:z:f;
7=1
0 .
wy(k) =/ wi(z) €% dx
—-Az

0
Wy (k) = /A wp (z) €% dz

0
Ws_1(k) =/ wi_1(x) ¥ da

—Azx

0
'lf)fl_l(k) = /A wf:_l(a:) ezkx dx

Since F'(k) represents the discrete Fourier coefficients for the continuous function

f(z), it satisfies

F(k+ @ ) = F(k)
F(k)=F*(=k) for 2% <k< %

F(0) = F*(0)

where the superscript (*) denotes the complex conjugate.

Applying the CIP solver, f**! and f™*! are updated as

i = F(x; — ult)
f'n+1 _ dF(z; — uAt)
: o dz

or

164

(B.10)

(B.11)



;H_l =ctff +epfi + cr-1fiq + cf'—lfj"ril

1 (B.12)
P =G et G i+ o i
where

cf = (1-3c®+2c)

cpr = (—c+2¢ — *)Ax

Cfr_1 = (302 — 263)

Cpr_1 = (62 - Cs)A:L'

g 6c — 6¢2 (B.13)
I Az

¢y =(1—4c+ 3%

4o —6¢ + 6¢2
1T Az

oy = (—2¢+3c%)

and ¢ = uAt/Az (the Courant-Friedrich-Lewy (CFL) number).

The Fourier transform of f after one time step is as follows
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Fn—Fl Z eszAz [W fn+1 + Wfl( )fj{n+1]

b4

Z HIAT ((Wy (k) (cs + e*4%cs_1) + Wp (k) () + %8¢, _))] i

Az i ikAz n B.14
W (R ep + %85 ) + Wi (k) (e + exo2,_p) gy (P

= [W; (k)C; + Wy (K)C}] F™(k) + Wy (k)Cpr + Wy (K)C}] F™ (k)

Fr (k) }

SLACRACIEG [Fm(k)

where

c; Cyp

- (B.15)
Cf Cf/

and

Cp = (cf +€*3%¢s )

C; = (cf + €*27¢;_y) (B.16)
Cp = (cp +e*%cp_y)
Ch = (dp + ¥ _y)

If we repeat applying the above procedure and we use equation (B.8), we obtain

i BN
Fm(k)
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FO(k) }

and



(B.18)

FIO ( k)

For the stability of the CIP scheme, the growth of the errors should be bounded;
the absolute values of all the eigenvalues of the S(k) should be less than unity. The
matrix S(k) is periodic over the domain [0,27] of the independent variable (kAz)

and S(k) = S*(—k). This matrix has eigenvalues

Ay, Ap = 3BT 1 — A3 3 eFBoe _9ct [(c—1)% ¢ (¢ + 20T ¢
_ 2eikA:t c2 _ 462ikA:B c+ QeikAz c+2c+10 eikA:l: — 24 62’ikAm‘)]0.5

(B.19)

The absolute values of A\; and ), are less than unity for 0 < kAz < 7 and ¢ < 1.
Note that in this appendix, we proved the stability of the CIP scheme for the linear
equation when the velocity is constant. For more general cases, a similar procedure

is followed.
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