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Abstract

Generic nodal integral method (NIM) based scheme, utilizing nine noded 2D quadratic elements
along with four noded 2D linear elements, is developed to solve the fluid flow and heat transfer
equations in complex geometries. Non-linear (quadratic) quadrilateral elements are used for
discretization of boundary region and linear quadrilateral elements are used for interior region.
Lagrange interpolation functions are used to map both type of elements to corresponding square
computational elements. The scheme for Neumann and mixed type of boundary conditions are
also developed for quadratic elements. C-1 type continuity condition is imposed at the interfaces
of adjacent elements. Numerical results are compared with analytical solutions for diffusion and
advection-diffusion equations. Results for Navier-Stokes equations in curved domain are
compared with previously reported experimental as well as numerical results. The comparative
study has also been done between presently developed scheme using quadratic and linear
elements (referred as scheme-1) and scheme based on complete discretization with linear
elements (referred as scheme-2). The comparison shows that scheme-1 is more accurate than
scheme-2 while the order of accuracy is same for both the schemes. The results show that the
efficient mapping of curved surface with quadratic elements improves the accuracy of NIM

schemes.

Key words: Nodal Integral Method, Convection-diffusion equation, Navier-Stokes equations,

Coarse mesh methods.
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Chapter 1

Introduction

1.1 Introduction

Solving the governing equations for fluid flow and heat transfer physics in complex geometries
are still a computationally expensive task. Well established numerical methods like FVM and
FDM still need very fine grids to resolve these physics. Numerical solutions for fluid flow
equations in complex geometries are usually obtained by using more refined grids. Thus, a
numerical method that can yield better results on a coarse mesh, is desirable.

Nodal integral methods (NIM) are known for giving reasonably accurate numerical results
over relatively coarser grids in various physics [2, 3]]. Initially, it is developed for solving Neu-
tron diffusion equation in reactor physics [4]. Later it is extended to solve fluid flow equations
[Sl]. NIM has established itself as an efficient method to solve the governing equations numeri-
cally in regular Cartesian domains (formed by the union of rectangular nodal cells) [2} 3, 16-15]].
However, for complex domains, more refinement of these rectangular cells at curved bound-
aries adversely affects the coarse grid accuracy of NIM. There are also certain limitations of
applicability of this method in the irregular or complex domains due to local transverse inte-
gration procedure (TIP). TIP is a unique procedure applied in NIM over a local discrete cell
to generate cell analytical solution. This procedure requires that the local cell should be fitted
in the regular Cartesian coordinate system. These limitations are eased to some extent by de-
veloping nodal methods for cylindrical geometries [2, [10, [14] and hexagonal geometries [9]].
However, the applicability of NIM in arbitrary-shaped geometries is still limited and only ap-
plied to boundary-fitted orthogonal coordinate system [15]]. To overcome the above-mentioned
limitations, Toreja and Rizwan-uddin [6] have proposed hybrid methods for fluid flow prob-
lems. These hybrid methods, NI-FEM and NI-FAM, are developed by using finite element
method (FEM) and finite analytic method (FAM) respectively along with NIM. Although both
the hybrid methods are developed to relax the geometry restrictions of computational domains,
they are still limited to regular Cartesian grids. In another approach, Nezami et al. [8]] have

used iso-parametric transformation to conquer the geometry restriction of NIM. These alge-



braic transformation map an arbitrary shaped quadrilateral element into a square element. NIM
scheme using this bi-linear transformation is further improved by Kumar et al. [[13] by includ-
ing cross-derivative terms which are neglected in previous schemes. The scheme for Neumann
type boundary condition is also developed to increase the applicability of these schemes in
various physical situations.

In the current work, NIM scheme is developed for non-linear quadrilateral elements. Both
nine noded quadratic and four noded linear quadrilateral elements are used in discretization pro-
cedure. Quadratic elements are used to discretize the region of curved boundaries and linear
quadrilateral elements are used for interior of the domain. Bi-quadratic Lagrange interpolation
is used to map the quadratic elements and Bi-linear interpolation is used to map the linear ele-
ments into the corresponding local square elements. This approach enhances the flexibility of
NIM scheme for its application in complex domain. Moreover, a novel approximate discretize
scheme for implementation of boundary conditions on the curved surfaces is also developed.
This is done by piecewise linearization of curved boundary for both Neumann and mixed type
of boundary conditions.

Developed scheme using the combination of linear and quadratic quadrilateral elements ap-
plied to solve diffusion, advection-diffusion and Navier-Stokes equations in curved domains.
For linear problems, numerical results are compared with analytical solutions and for non-linear
problems (N-S equations) results are compared with experimental as well as fine grid numerical
solutions [1]]. The applicability of the NIM scheme for Dirichlet as well as Neumann boundary
conditions is also tested in the test cases. The comparative study between the scheme utilizing
linear and quadratic elements with the scheme based on complete linear discretization has been
done in this article. This study reveals that the accuracy of the scheme get enhanced by 15-20%
when quadratic cells are used in discretization of boundary along with linear discretization of

interior of domain.

1.2 Literature Survey

Nodal integral method is developed on the basis of transverse averaging which is a unique
procedure of nodal methods. Many researcher modified the nodal methods, resulting various
form of these methods as modified NGFM, NIM, MNIM, NIFEM, NIFAM and many other
methods are evolved from these nodal methods. Their works and findings have been briefly

summarized below:



1. Fischer and Finnemann [4] have developed a analytic nodal method, NIM, to solve
the three dimensional, coupled neutron diffusion equations. Transverse averaging of
leakage shapes were done in terms of parabolas which was the only approximation in this
approach. To determine the coefficient’s of parabola, two different methods were used in
this article. This method, NIM, was tested and verified against bench mark solutions of
neutron diffusion equation. Nodal integral method (NIM) yields another diverse solver,
besides NEM, which is well known in nuclear industry. Both the solvers NIM and NEM
were used in same iteration manner so that they can easily be exchanged in reactor core

simulator. This resulting a diverse solver for on-site use in plant control systems.

2. Lawrence and Dorning [16], have developed a nodal method to solve the multidimen-
sional neutron diffusion equation. This method was based upon the linear form of nodal
balance equation. These nodal balance equations was defined in terms of average par-
tial currents over the surface of node. A set of coupled 1-D integral equations, which
were defined over the local discrete sub-domains, was generated using Green’s functions.
Transverse integrating procedure, reduced the multidimensional neutron diffusion equa-
tion to the coupled set of one-dimensional ordinary differential equations which were ob-
tained over the transverse directions. Resulting, integral equations were exact solutions
defined over a nodal cell. Furthermore, these integral equations were approximated with
weighted residuals within each nodal cell. This approximation leads to matrix equations,
which were solved with linear nodal balance equation. The said nodal balance equations
provide additional relationship between the flux within the node and interface of partial
currents. The developed method was tested with a four-group liquid-metal fast breeder
reactor problem and also with 2D and 3D light water reactor benchmark problems. The
obtained results shows the capability of nodal methods which can generate very accu-
rate results with significant smaller computing time in comparison to the standard finite

difference methods (FDM).

3. Azmy and Dorning [17], For steady state flow problems (Navier-Stokes), Nodal integral
method (NIM) was developed. However, the NIM method was still based on the tradi-
tional transverse averaging procedure (TIP), the method was different from the previous
nodal green function method (NGFM) because of less number of unknown for a depen-

dent variable. Thus due to lack of complexity, NIM was much easily used in complex



problems. The developed scheme was tested with various fluid flow (Flow between paral-
lel plates and Lid driven cavity) and heat transfer (Boussinesq approximation for natural
convection) problems. On verification of NIM scheme with benchmark solutions, It was

concluded that the scheme is quite accurate on relatively coarse grids.

. Horek and Dorning [18] have developed an efficient a nodal method using transverse in-
tegration procedure for incompressible laminar flow physics. Local Green’s tensors were
also introduced in transverse averaged Navier-Stokes equations and continuity equations.
This scheme was tested with various 2D test cases including inlet flow, fully devel-
oped flow, modified driven cavity problems with inlet and outlet sections. The nodal
Green’s tensor method showed very high accuracy, which lead to a efficient compu-
tational method with quite coarse grid sizes. However, the main disadvantage of this
methodology is that, it produces more unknown for a dependent variable. Thus complex-

ity of this method is still a disadvantage in comparison to NIM scheme.

. Azmy, Y.Y. [2] have further modified the existing nodal methods and developed a nodal
integral method (NIM) for solving the neutron diffusion equation in cylindrical geome-
try. Since the traditional nodal methods were restricted to rectangular computational do-
mains, this modification increase the applicability of nodal method over complex curvi-
linear geometry. The developed numerical scheme was tested with two problems which
were obtained by Exterminator-2 code. The results shows that nodal integral method is
computationally efficient and requires less CPU times in comparison to the usual finite
difference methods (FDM) and finite element methods (FEM). However the developed
nodal scheme and set of final discrete equations are more complicated than the other

conventional counterparts.

. Hennart, J.P. [19] In this article, basis numerical analysis has been done of nodal analyt-
ical methods, which were originally developed for nuclear reactor problems and further
extended for numerical solution of PDEs. The discretization of problem domain was
done using the regular nodal cells. In this article transverse integration for a independent
variable was used for parent PDE which leads to a set of 1D-ODEs for that independent
variable. These ODEs were solved analytically, using particular integral method as well
as other fundamentals. After the thorough analysis of existing analytical methods, an

extended analytical methodology was proposed. The conclusions were made on behalf



of super convergence results with respective particular scheme.

. Wilson et al. [20]have developed two new nodal integral methods: one, lower order
and other one was with higher order to solve the time-dependent. incompressible natural
convection problem. Both of the methods were higher level accurate even with large
grid size and have the ability to produce results independent of Courant condition. The
results were generated for different test cases: one, double-gazing, to verify the accuracy
in space time and other, bifurcation searches and stability of flow regions. These test
cases showed the ability of NIM scheme to duplicate the natural phenomena without
bifurcation points, turning points and spurious solutions. compared with the benchmark
problems. The developed schemes were also used to examine the critical aspect ratio at

which the alternative stable solutions can be obtained from a no-flow condition.

. Michael et al.[21] Third order nodal integral method was developed in this article. The
previously reported second order nodal method was reviewed in this article for develop-
ment and comparison of third order NIM. The linear part of pseudo-source terms which
appear in transversely integrated equations was approximated by introducing upwind
approximation. This approximation was introduced in NIM scheme. In the traditional
NIM methodology, additional equations are required for closer form of scheme formu-
lation. This tradition was obviated by introducing upwind approximation NIM scheme.
The second-order nodal scheme and the third order NIM which has two version: one,
full third order nodal method and the other, which used second order equations near the
boundaries were compared with recently developed state-of-the-art method and other tra-
ditional methods. The comparative study showed that among the studied five methods,

second-order NIM scheme has highest computational efficiency with 1% error.

. Rizwan Uddin [22] NIM was developed for one dimensional advection-diffusion equa-
tion. This NIM scheme was based on the nodal approach and results second order numer-
ical scheme for both space and time variables. This scheme showed inherent-upwinding
and can be further extended to multidimensional problems. Coupling of nodal scheme
with interior reconstruction of the solution results a powerful numerical scheme that can
resolve the regions with sharp gradients even with relatively coarse grid. Three test
cases of convection-diffusion equation were solved using the developed NIM scheme

to demonstrate the accuracy of scheme.



10. Rizwan Uddin [23]] have modified the existing nodal integral method to solve the PDE:s.

11.

In this modification nonlinear terms or so called pseudo-source terms were treated by
approximating the part of non-linear terms of discrete field variables instead of whole
pseudo-source terms. Remaining part or complete pseudo-source terms of transverse-
integrated equations were kept left-hand side and to be solved analytically. This mod-
ification reduced the complexity of method and also give closure form of formulation
process. This modified NIM was tested with Burger equation which lead to exponential
variation of field variable within the nodal cell. Resulting scheme for Burger equation
showed inherent upwinding due to exponential terms. Transverse integration procedure
(TTP) for a independent variable reduce a PDE as a function of that independent variable,
averaged in all other directions. This TIP allows NIM to obtain accurate results even
on coarse grid. The obtained numerical result were compared with the results of other
contemporary methods. The comparative study showed that the developed new method
was comparable and sometimes generates better results then the currently used schemes.
These schemes can be further extended to multidimensional and time-dependent prob-

lems.

Toreja and Rizwan [6]have developed two hybrid numerical schemes. NI-FAM was
developed using nodal-integral method with finite analytic method (FAM) and NI-FEM
was developed using NIM with finite element method (FEM). Both the schemes were de-
veloped to solve two-dimensional, time-dependent as well as steady-state convectiondif-
fusion equation (CDE). The computational domain was discretized using rectangular as
well as triangular nodes. Rectangular elements were used for interior of domain as well
as vertical and horizontal boundaries. However, the boundaries which were not either
vertical or horizontal were discretized using triangular elements. In time-dependent prob-
lem, the triangular and rectangular element became space-time wedge and parallelepiped
shaped nodes, respectively. At the interface of adjacent rectangular/parallelepiped nodal
cell, difference scheme was developed for averaged variables using conventional NIM.
In NI-FEM trial function was used for triangular elements. These trial function were
made to satisfy the advection-diffusion equation in integral sense and written in terms
of edge-averaged concentration of three edges . In NI-FAM, finite analytic approxima-
tion was used for representation of the concentration over the wedge/triangular shaped

cells. This finite analytic approximation was made by satisfying the analytic solution of



12.

13.

one dimensional CDE. For both the hybrid schemes, difference schemes were developed
at the interfaces of triangular/wedge and rectangular/parallelepiped-shaped elements by

applying the continuity condition of the flux across interface.

Wang and Rizwan [3]], developed a novel numerical scheme for time-dependent, in-
compressible, Navier-Stokes equations coupled with pressure Poisson equations. TIP
was applied to these PDEs and converted them to transverse averaged ODEs. These
ODEs were in terms of discrete variables pressure and averaged velocities. Furthermore,
these ODEs were solved in terms of averaged variables and then utilized to develop the
difference scheme. This semi-implicit scheme was developed for brick-like cells and
has inherent upwinding. The variation of transverse-averaged pressure was considered
quadratic in spatial direction. However the variation of transverse averaged velocity was
the sum of a linear term and an exponential term. Delayed coefficients were also utilized
in this scheme which leads to one evaluation for each time step. Several test problem
were tested and the results showed the robustness of nodal scheme due to second order
error. The scheme performed very well and lead to small errors even with large grid

sizes.

Nezami et al. [8] firstly developed the Nodal integral methods (NIMs) for arbitrary
shaped quadrilateral elements which relaxed the geometry restriction of NIM schemes.
These NIM based schemes were used to solve the various governing equations of differ-
ent areas of physics. These schemes are powerful numerical schemes which can solve the
governing PDEs accurately even with quite coarse grid. However a unique procedure of
NIM schemes, transverse averaging procedure (TIP) restricts NIM to solve these PDEs
in brick-like cells which limits its application in complex geometries. This limitation
was eased out by Nezami et al. [8]. The discretization was done using arbitrary quadri-
laterals which increased the applicability of NIM scheme in complex domain. These
arbitrary quadrilaterals were transformed to unit square elements by using Lagrange bi-
linear interpolation function. The governing equations were also transformed to these
local square computational domain. Now the transformed PDEs were solved using tra-
ditional NIM. This scheme was tested with Poisson equation as well as time-dependent
advection-diffusion equations.The generated results were verified with benchmark prob-

lems. The results were quite promising and showed that algebraic transformation with



14.

15.

16.

NIM scheme retains its accuracy with coarse grid sizes.

Huang and Rizwan,[24], have further developed the work of Nezami et al. [§] for
time-dependent, incompressible Navier-Stokes equations. Modified NIM scheme was
developed to solve the Navier-Stokes equations in arbitrary shaped domains. Again the
four noded elements are used in discretization procedure. Algebraic transformation was
used to transform the arbitrary quadrilateral elements into discrete square cells. This al-
gebraic transformation was done using bi-linear Lagrange interpolation function similar
to the approach of Nezami et al. [8]. Navier-Stokes equations as well as pressure Poisson
equation were also transformed to the local coordinate system. Modified NIM scheme
was used to solve the two-dimensional shear-driven cavity problem and the results were
compared with the analytical solution. The results were quite promising and showed that
accuracy of modified NIM can be maintained using non-rectangular elements. These

NIM scheme can be further extended for curved domains

Kumar et al. [11] developed a pressure correction based algorithm based on NIM
methodology to solve the steady-state, 2-D incompressible Navier-Stokes equations. Par-
tial differential equations of different areas of physics have been solved using NIM
schemes which show very high accuracy in reasonable coarse grid in comparison to other
conventional schemes. Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
like algorithm was used in implementation of the NIM scheme. In this algorithm pressure
and velocity correction are used instead of solving exact pressure Poisson equation. The
developed scheme is verified and tested against two test problems, natural convection
of air in a square cavity and shear-driven cavity. For both the test cases NIM schemes
performs very well and the generated results are in good agreement with benchmark so-

lutions even with quite coarse grid size.

Kumar et al. [12], developed a generic numerical scheme based on the NIM method-
ology to solve Advection-diffusion equation in complex domain. Two dimensional ar-
bitrary shaped linear quadrilateral elements were used for discretization of problem do-
main. Each quadrilateral was mapped to unit square element using [so-parametric one-
one onto mapping. This mapping was done using Lagrange bi-linear interpolation func-
tion. Also, a novel numerical scheme was developed for implementation of Neumann

and mixed-type boundary condition for arbitrary-shaped boundary. At the interface



of two neighboring discrete elements, continuity condition was explicitly formulated.
Testing and verification of developed scheme was also done with analytical solution of
Convection-diffusion and Diffusion equation in skewed and curved geometry. The gen-
erated numerical results agreed fairly well with analytical results even with reasonably
coarser grids. It was concluded that NIM schemes have the capability to produce accurate

results with much coarser grids even with curvilinear geometries.

17. Kumar et al. [13], developed a numeric scheme which is similar to the scheme for
Convection-Diffusion equation. This scheme was based on Nodal Integral Method (NIM)
and developed for solving Navier-Stokes equations in arbitrary shaped domain. Pres-
sure correction based algorithm are used for convergence condition and pressure Poisson
equation are solved similar to the Diffusion equation. This pressure Poisson equation
replaced the continuity condition and SIMPLE like algorithm was used to ensure the
convergence criteria. Two test problem,, Shear-driven cavity and buoyance-driven flows
were numerically solved for testing and verification of NIM based scheme. The compar-
ative study was also done and the obtained results were compared with fine mesh solution
of previous studies using FVM and similar schemes. It was concluded that NIM based
schemes for Navier-Stokes equations have the capability to produce quite accurate results

even with quite coarse and non-orthogonal grids.

1.3 Gaps Ildentified

1. Traditional numerical methods require very fine meshes to obtain the accurate results
which leads to higher computational costs. Thus a numerical method is required which

yield accurate results with coarse mesh.

2. Nodal integral method is a coarse mesh method which fulfill the above requirement but
still restricted to regular computational domain due to its unique transverse integration

procedure (TIP).

3. These nodal methods were developed for irregular domains using different type of ele-
ments in discretization procedure of the complex and curvilinear domains. NIM schemes

still require fine meshes to resolve the curved boundary.

4. Although, the regular geometry restriction of NIM is eased out using linear quadrilateral



elements but the curved boundaries still discretized using linear elements which is not a

realistic approach.

5. Most researcher used linear approximation in NIM methodology. This approximation
only works with linear elements thus modification is still required in NIM approximations

for higher order elements.

6. Currently developed Neumann and mixed type of boundary conditions are used for linear
quadrilateral elements even with curved boundaries which include error in numerical

solutions. Thus proper implementation of these type of boundary conditions are required.

7. Since, no work is reported regarding the behavior of NIM scheme with biased and non-
orthogonal grids. Thus a thorough study is required for using this scheme in complex

fluid problems.

1.4 Objective of present work

1. To study the algebraic transformation of nine noded quadratic quadrilateral elements

along with four noded linear quadrilateral elements.

2. To develop a generic numerical scheme based on NIM methodology for diffusion, convection-
diffusion and Navier-stokes equations using both linear as well as quadratic quadrilateral

elements.

3. To study the Neumann and mixed type of boundary condition for quadratic quadrilateral

elements.

4. To develop a novel NIM based scheme for implementation of Neumann and mixed type

of boundary condition for curved surface of a quadratic elements.

1.5 Thesis Outline

The detailed discretization procedure of a complex domain using both linear and quadratic
quadrilateral elements is described in Chapter-2. Mathematical formulation of NIM scheme
using both type of elements are developed in this chapter. Convection diffusion equation is
chosen as model equation and the scheme is developed for convection-diffusion equation. On

behalf of the developed scheme, the scheme for diffusion and Navier-Stokes equations are also

10



developed. In this chapter, a novel NIM based scheme is also develop for implementation of
Neumann and mixed boundary condition on the curved surface of quadratic elements.

In the Chapter-3, three test cases are chosen for testing and verification of developed NIM
scheme. Different grid sizes are used for solving the governing equations in 2D cylindrical
wedge domain. The results generated for diffusion and convection-diffusion equations are
compared with analytical solution and also with the results of scheme-2 which uses linear
elements in complete discretization of problem. For verification of Navier-Stokes equations,
polar lid-driven cavity problem is solved in cylindrical wedge domain. The results for N-S
equations are compared with the previous experimental as well as numerical solution of multi-
grid finite difference method. Qualitative as well as quantitative comparison of results are also
done.

Finally in Chapter 4, main conclusions of present work are presented. This chapter also

contains the scope for future work.
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Chapter 2

NIM for Higher order elements

NIM methods are explicitly developed by application of a unique transverse averaging proce-
dure (TIP) which generates local cell analytical solutions. These cell analytical solutions are
the main cause for coarse grid accuracy of NIM. But this averaging procedure also limits the
applicability of NIM to rectangular computational domain. In this present chapter, develop-
ment of NIM scheme for linear PDEs using higher order elements is discussed to demonstrate
the flexibility of NIM based schemes over curved geometries. Rest of the thesis consist ap-
plications of NIM based scheme in various linear and non-linear problems. These problems
are numerically solved in curved geometries to test the feasibility and accuracy of NIM based

scheme. The steps in general procedure of NIM are shown in following Fig. 2.1]

Transformation of cells
and Equations

ﬂ::) Transverse Integration

Procedure

Approximation of
Pseudo-Source term

|—|:> Local Solutions of
obtained ODEs
|—|:> Imposing Continuity on
boundary of cells
ﬂ:> Applying Constrained
Conditions
|—|:> Final Discretized
Equations
Figure 2.1: Flowchart of NIM methodology

These steps are similar to the previous schemes [8, 13} 23] [25]].
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2.1 Transformation

The current methodology utilizes linear and quadratic quadrilateral elements to map the arbi-
trary shaped domain. Each quadratic element has been bijectively mapped using bi-quadratic
and each linear element is mapped using bi-linear Lagrangian interpolation functions to cor-
responding square element. For 2D quadratic quadrilateral element there exist three points on
each edge of quadratic cell as shown in Fig. The bijective iso-parametrically transforma-

tion from global é to local { domain f : R? — R? as follows:

P(x,y) = f(Q(§,m))  where  (x,y) =h(§,1n) 2.1

For any continuous function f there 3 a point Q(&, 1) C {(local space) for corresponding point
P(x,y) C C(global space), where &,1 € [—1,1] and x,y € R. Two dimensional interpolation

function for quadratic element is given in Eq. (2.2):

1,1 (0,)
( )C 2 5 19(111)
n
9
e ST e
| 2 2 il
(o) (0,-1) -1

—» X

Figure 2.2: Transformation of 2D quadratic element to square cell

5”171 HHg 51 5 §j+1) (77 nk)'(n_an—I) 2.2)

imiiet (& —=8).(& = &j1) (M —1k)-(1Mi — Mier1)
i#] 7k

here (&;,1;) C {(local space) and n is number of nodes in a element. Using the above interpola-
tion function, shape function (N;) can be derived for each node. Similarly the above-mentioned
transformation can be extended to a three dimensional element as shown in Fig.

The iso-parametric transformation between the global and local domain for an element is
shown in Eq. (2.3):

n
X = ZNi-xi =Nix1 +Noxp+ -+ Nyxy,

; (2.3)
y=Y Niyi=Ny1+Nyr 4+ Ny

i=1
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] ° 0
0 0
(o] (o] O
™ = {
/ - r/
Cartesian 3D Element Local 3D Element

Figure 2.3: 3D transformation from ¢ (x,y,z) to {(€,7,6)
here (x;,y;) C {,A’ are the coordinates of i’ node. Final set of transformed equations in terms of
coefficients is given as in Eq. (2.4)

x=C1E +Con +CE2 +Cun? + CsEN + CeE2n + C1EN? + Cs 20

y =D& +Dan + D3E* 4+ Dym? + DsEn + DsEn + D7En* 4 Dg&2n?

2.4)

where C; and D; are coefficients in terms of x; and y;. The detailed expression of these coeffi-
cients are given in appendix-A. For a continuous function f (x,y) € Co({:f ) in global space there

3 a continuous function £(&,n) € C({) in local space as follows:

fE.m) = F(x(&n),y(&.n)) (2.5)

The corresponding inverse map of this one-one and onto mapping for a continuous function

f(x,y) is shown as:

f(x,y) = f(& (X>y)777(x7y)) (2.6)

For a second order differentiable function f, the first and second order derivatives of f with

respect to x and y are obtained by the chain rule as:

Jx = fe-Cx+ fn-Nx

) 2.7
fy = fé'éy "‘fnﬂy
fxx = fééxx"‘fn-”xx+5x(8§§-éx+g§n'nx) + T?x(fng-éergnnﬂx)
< fyy = fij-éyy‘l’fn-nyy‘F éy(ggg-éﬁggn-ny) + ny(fng-éy +&nn-MNy) (2.8)
\fxy = fg-gxy+fn-nxy+sx(g§§-§y +g§n'ny) + nx(fn§'€y+gnn'HY)

14



Transformed PDEs from global to local domain are obtained by utilizing Eq. (2.7)2.8]). These
transformed PDEs contains first and second order derivatives like (&, &y, &y, &,y etc.) of local

coordinate system (&, n). The expression for calculating these derivative terms is written as:

éx éy

J(x,y) = =M"! (2.9)
N My
and
XX C C
S Gy — 2y | TR (2.10)
N My Cy Cx

where matrix C=| € €12 | and M= | Y11 M2 | The detailed derivation of these matrix C and M
G O My Mp)

is given in apprendix-B. The coefficients of matrix M are defined as:

Mi1 = Ci +Csn +2C38 +2CsEn +Com* +2Csén?
Miy = Cy+Cs& +2Cs + Co&% +2C7Em +2CsE%
My =Dy +Dsn +2D3& +2Deén + D7n* +2Dgén?
Msy = Dy + DsE + 2Dy + DeE2 +2D7En +2DgE%n

The detailed derivation of the Eq. (2.9} [2.10) are given in appendix-A. It should be noted that
the elements of Jacobian matrix J are non-linear function of local space (§,n) for quadratic
cells. However, these elements are linear function of local space for linear quadrilateral cells
[8]. Details of the algebraic transformation of a four noded linear element into a square element
is given by Nezami et al. [8]. The transformation described in this section allows NIM to map
non-linear quadrilateral elements at curved boundary with square computational domains. This
results better approximation of underlying physics at the boundary surface in comparison to
the application of linear quadrilateral elements as used by Nezami et al. [8]. Thus a novel
scheme is developed in the following sections utilizing non-linear elements at curved surfaces

and linear elements for interior of domain.

2.2 Discretization of Domain

In present scheme physical domain is discretized with linear as well as quadratic quadrilateral
elements. The quadratic elements are chosen for analogous mapping of curved surfaces while
linear elements are used for inner domain as shown in Fig. [2.4] It should be noted that quadratic
elements with 9 nodes of Lagrange family are used for boundaries and 4 noded linear elements

are used for interior of the domain. The application of linear elements for whole geometry does
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not fit accurately specially at the curved boundaries. In previously reported work [8, [13] the
curved surfaces are linearly approximated and enforcement of boundary conditions also done
on the linearized surface. Since linearization of curved surface at the boundary does not reflect
the true nature of the geometry. Thus the curved boundaries are discretized using quadratic

quadrilateral elements which preserve the nature of the geometry in much accurate way.

JY
5 112 1
9
u‘ . 8
> Quadratic Linear

\ ) ¥ %\3 4
» X

Figure 2.4: Discretization of arbitrary domain using linear and quadratic elements

The geometrical transformation of quadratic quadrilateral elements to square elements is de-
scribed in previous section. Similarly the detailed description of the transformation of linear
quadrilateral element with reference to NIM methodology is reported in Nezami et al. [§]]. C!
type continuity conditions are enforced at the interface of linear-linear and quadratic-linear el-
ements. The complete discretization of problem domain using quadratic quadrilateral elements
is unnecessary since the governing transport equations in fluid flow and heat transfer based on
Eulerian frame of reference. In summary both linear as well as quadratic elements should be

used for more accurate discretization.

2.3 Convection-Diffusion Equation As A Model Equation

The convection diffusion equation is chosen here as a model equation for detailed description
of discretization procedure. The generalize form of two dimensional steady state advection

diffusion equation in Cartesian coordinate system is:

oT  oT ’T  9°T N
ug%—va—y—a(Wer):f(?W) 21D

where f(x,y) is the source function, o is thermal diffusivity and u, v are velocities in x and
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y direction respectively. 7' € é is temperature distribution in global co-ordinate system. The
transformed equation of Eq. (2.11)) in local coordinate system using Eq. [2.8) is given as:

aT

{(Gau+ éyv> — 0 (Ex + gyy)}g_g + { (M + nyv> — 0N + nyy)}%
2 5 (2.12)

0?2 J
—{a<¢3x+5y§>a—; +a<n3x+n3y>a—,ﬁ} —za@xnﬁéyny)ﬁ — f(E.n)

Above-mentioned transformed equation is further simplified as follows using the redefinition

of terms.

oT oT 0T 2T 2T
ucx +VC% - (Otga—gz + oy &—nz) —20a(&mx + gyny)m = f(&,n) (2.13)

where

(

Ue = {(éx”‘f' éyv) - a(éxx + éyy)}
Ve = {(Mxtt +Myv) — 0(Nxx + Nyy) }

o = a(E2+&)

oy = a(nZ+n2)

(
In above transformed equation the redefined terms like (u., 0z etc) depend upon the velocity
field, thermo physical properties as well as derivative of local coordinates (&, &y, etc). These
derivative terms depend on the type of transformation used for specific element. For quadratic
elements, transformation Jacobians are non-linear and for linear elements Jacobians are linear
in nature. Thus the redefined terms also depends upon the type of transformation utilized

(quadratic or linear elements) for a particular discrete element.

2.3.1 Transverse Integration Procedure

The unique procedure of nodal integral method, TIP (Transverse Integration Procedure) is ap-
plied over transformed Eq. (2.13). This TIP is applied on the computational domain (&, 1)
using the transverse averaging operators (1/2) f_ll dn and (1/2) f_]ldé. These averaging op-
erators generate two transverse averaged ordinary differential equations in & and 1 directions

respectively.

drm TV

ﬁc%_aéd—gz :SI,O (2.14)
dré 4TS
VCW — and—nz = S§,0 (215)
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511770 and 530 are pseudo source terms. These pseudo source terms can be approximated by
expanding them in Legendre polynomial and truncated them in lower orders. These kind of
approximations are routinely used in NIM [2| [17, 22]]. For zero' order truncation both pseudo
source terms become constant which result into the second order approximation of scheme
for regular Cartesian domains [2, 7, [17, 22, 23]. But this order may not be guaranteed in
discretization of domain using non-orthogonal quadrilateral elements. In present scheme the
pseudo source terms are truncated to zero'” order. Each homogeneous term of Eq. and
2.15)) is obtained by the approximation, which says that average of products is approximated to

the product of averages as shown in Eq. (2.16).

/ ucé)5 2/ uca’é2 85 d& (2.16)

The evaluation of terms i, O in Eq. @ are approximated as below:

te = %/_11 ed 7~ ;1/_11 /—11 edsdn = 411/_11 /_11{(§xu+ &) — o(Exx +&yy) }dEdn (2.17)

1
_a/l xx+nxx 4 / / xx+nxx d&dn (2.18)

The right hand sides of Eq. and [2.18) are evaluated for linear elements by treating each
cell averaged terms separately as given in Eq. (2.19) [8, [12].

(gxu + gyv> - a(éxx + gyy) = gu +§_y-v - @ - fyy

(&5 +E3) = ab2 +ak],

(2.19)

For linear elements the Jacobians are linear in nature and thus individual treatment of terms
doesn’t affect the cell averaging procedure. While the transformation Jacobians are higher order
in case of quadratic elements as described in previous section. These higher order Jacobians
contains more feature of curved geometries. Thus for quadratic elements these approximations

are obtained by cell averaging the whole term instead of individual in the following manner

(Eq. (2.20)).

(Exte+ éyv) — o (& + gyy) =Cru+t éy"’ — (& — &yy)

a(6q+&5) = alsq+&5)

(2.20)

This modification improves the accuracy of overall scheme for quadratic quadrilateral ele-

ments. The pseudo source terms of the transverse average ODEs generated after TIP procedure
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are also cell averaged in the following way.

1 _ —_
[ Sy ~ 35
- 2.21)

bt &N

/lsz_,o(n)dn ~ S50

The cell averaged equations (Eq. (2.14]and [2.15))), obtained after TIP procedure, are coupled to
each other, but the truncation of each pseudo-source terms decouples these equations [/]. The
cell analytical solutions, generated from the ODEs (Eq. (2.14] and [2.15))), contain geometric
transformation as well as nature of underlying physics (Advection and Diffusion). The cell

analytical solution for Eq. (2.14) is given as:

If i, — 0
sne
() = 2-7&52-”(15 -K> (2.22)
®e (i, )
If i, # 0
{ ) } o
TN(E) =Kse\ %) ) 4 00D e | g, (2.23)

Ue(i,j)
where integral constants K; are calculated by applying boundary values of 7" (&) for each
cell as shown in Figure Since Tg’ is the transverse averaged temperature rather than point
values thus the discrete numerical solution obtained by NIM methodology are in terms of sur-

face averaged values. Hence the temperature of each cell surface is unique.

Té(nz-l-l)r',ﬁl
A
n:
T(e=-1),, N L
T“(?”Iz—l),-,;

Figure 2.5: Value of transverse averaged variable T at cell boundaries

In Eq. (2.23)) exponential term drives the transport phenomenon of advection-diffusion equa-
tion over each cell and leads to inherent upwinding. These transcendental cell analytical solu-

tions are the interpolation functions of the field variables in discrete space and inherit the nature
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of the physics since they are generated from the governing differential equations of the physics.
Thus the interpolation of dependent variable leads to much accurate NIM scheme with coarser
grids in comparison to other contemporary numerical methods. It also allows to calculate the
values of dependent variables at any point inside a cell using cell analytical solutions. Similarly
)th

the cell analytical solution for 1 direction T¢ (1) can be obtained for (i, /)" cell on solving the

Eq. (2.15).

2.3.2 Continuity and Constrain conditions

As discussed in the previous section the cell analytical solutions are valid over individual cells
hence the coupling of these solutions between the two neighboring cells are enforced by ap-

plication of continuity conditions at the interface of cells. The enforced continuity conditions

between the cells are C! type (Eq. (2.24)).

5 1]2 1
2 5
s | L
ol g
Quadratic Linear
: 4]3 4

Figure 2.6: Discretization of arbitrary domain using linear and quadratic elements

For non-orthogonal grids, the orientation of the interface will also involved in enforcement
of continuity conditions. Figure [2.6|represents the application of continuity conditions between
quadratic and linear cells where k represents the normal unit vector at interface and 7, j are the
unit vectors in x and y direction respectively. However these type of continuity conditions are
also valid between the adjacent linear elements. The first continuity condition is relatively
straightforward; the continuity of dependent variable. However, the second continuity con-
dition is the continuity of derivatives at the interface of adjacent cells, either linear-linear or

quadratic-linear, as given in Eq. (2.24) .

ol an .
Lijl =Ty =Ty
e B (2.24)
dlij|  dl;;
dk | dk
14 23
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For application of the second continuity condition, the derivatives of dependent variables with

respect to global co-ordinates (x,y) are transformed to local co-ordinates(&, 1) using equation

Eq. (2.7) as follows:

dfi; _ dﬁ,jm dTi;

225
dk  ax Ty ™ 2.25)

where m, and m, are the direction cosines of cell surface in x and y direction respectively. The

corresponding transformed equation of Eq. (2.25)) is:

dT; ;
d—k’J = {Te &+ Ty yme+ {Te &+ Tymy bmy (2.26)

In Eq. (2.26) the derivatives of local dependent variable 7 are approximated in the following

manner.:
df;  JoTm, | Tyuje1)— Tpij) oT" . Tpijir) — D)

where the derivative (07 /&) are evaluated by differentiating the cell analytical solutions
(Eq. @ and @). T, j) are point values and evaluated by the linear approximation of

connected cells at a common vertexes. The final form of second continuity condition is obtained

o O o]
an
9
5 < 5
kD) " oY o Tew
D g o)
(+10) p(i.L)
AN
9
o 0]
(@ (b)

Figure 2.7: Calculation of point values of temperature 7},

by using Egs. (2.24]and [2.25)) for two adjacent cells (i, /)" and (i + 1, j)".

T Toii i — Tois
{(mx5x+my5y)<w>—” } + {(mxnx+myny)(i,j) ( Hr ”)) }
n
E=+1
(2.28)

&
Tpijr1) = Tpiij
}*{(mx"ﬁmyny)(,- 14‘)( p( ,J+2) p( J))}
E=—1 An
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Using both the continuity conditions between the two neighboring cells (Fig. (2.6)) leads to a
three point scheme as given in Eq.(2.29} 2.30) for & and n direction respectively.

1] all 1] AL QN ané
AVT] =M+ AT+ AT = AST  +ALSTE
Tyii ity — ot i (2.29)
_ ( 17( 7]"’1)2 P( 7J)> {(mxnx +myny)i+17j — (mxnx +myny)i7j}
& 76 78 _ p., &0 N
BLTG; 1y = (Bi+B2). T )+ Bo TG o ) = B3.S3 ) +Ba-S3 1
(2.30)

T, i+1.7 —T, i,j
_ ( . +1J)2 . J)> {(mxéx"i‘m)’éy)ﬁﬂ‘l B (mxéx—f—myéy)i,j}

where A; and B; are coefficients of three point schemes. The expanded form of these terms
are given in appendix B. These three point schemes contain pseudo source terms S; and S,.
Thus two more equations are required for closure. These extra equations are generated by
application of physically relevant constraint conditions [3,12]. In the first constraint condition
cell averaging operator % S il fil d&dn is applied over the transformed PDE Egq. . This

results a relation between pseudo source terms and actual source term as shown in Eq. (2.31)).
né &n 7 1 1 p+l1
R /_ [ 2aEnet Eny) Tegdédn 2.31)

Again the right hand side terms of Eq. are approximated in a similar way as described in
Eq. (2.20). The second constraint condition is uniqueness of cell averaged values of dependent
variables. Thus the cell averaged value is independent of the order of directional averaging
ie Ti‘:gjn = Tlrf Final set of discrete equations are generated with the application of these two
constraint conditions. The form of the set of final discrete equations (Eqgs. and 2.33)) is

similar to the equations derived by Kumar et al. [11] for linear quadrilateral elements.

Fllfii_l —Flzf}f:jﬂLFlﬂ_}i-H +F147_}T_’17j+F157,~3 _F16T,-T_]17j+1 —F17T,~Z-+1
Toivt 1 — Toi 2.32)
:Flsfl(i,j) —F19f1(i,j+1) - ( o ])2 P ﬂ) {(mx§x+my‘§y)i+l,j_ (mx§x+my§y)i,j}
FZITiﬁl,j_F22i3+F23]_}11,j+F24]_},j71+F25Ti,éj_F26Tiil,j71_F27Tiil,j

Toiijr1) — Tp(ij @-33)
=F5f1(i.5) — F2of1(i+1,)) — < Pt )2 2 ’j)> {(mxnx+my77y)i+1,j— (mxnx—meny)i,j?

where F;; are the coefficients of final discrete equations. The detailed expression of these

coefficients are give in appendix-B.
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2.4 Diffusion Equation

The general form of two dimensional Poisson equation or 2D steady state diffusion equation in

Cartesian coordinate system, is given by:
V2T = f(x,y) (2.34)
and the corresponding transformed equation in (£, 7) local coordinate system is:

(& + &yy) Te + (Max + Myy) Ty + (E3+ éyzy)Téé + (Mg + nyzy)Tnn
+2(&nx + Emy) Tey = f(E.1)

Since the transformed diffusion equation is similar to the transformed advection-diffusion equa-

(2.35)

tion except the velocity terms appearing in Eq. (2.12)). Thus further procedure of discretization
of transformed diffusion equation (Eq. (2.35) by NIM is similar to the scheme developed for
advection-diffusion equation. The detailed development of the scheme for diffusion equations

is not shown here for the sake of brevity.

2.5 Non-linear Equations (Navier-Stokes)

Again scheme for Navier-Stokes equations is developed with reference to the scheme developed
for the convection diffusion equation as discussed in previous section. The primitive form of

two dimensional steady state Navier-Stokes equations in global coordinate system is:

i dv

ox Tay =0 (2:39)
/AL 0% d%*i 19p -
“a”a—y—v{wm—yz}—ﬁxm—o @37
LA 9% 9%\ 1dp .
“a*"a—y—v{ﬁw_yz}‘ﬁ_y“’y‘o 239

where x,y are the independent spatial variables and by, @y are the body force term in x and y
direction respectively. The i, ¥ and p are velocity components and pressure in global domain.
The continuity condition is oftenly replaced by the elliptic form of pressure Poisson equation.

The pressure Poisson equation in terms of pressure correction p’ is:

azp/ azp/ ou* v
o2 dy? {ax - 8y]

Eqgs. and [2.38) along with Eq. (2.39) are mathematically similar to the set of Eqs. (2.36
and [2.38)). Since N-S equations are non-linear in nature the convective terms of the equa-

(2.39)
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tions are approximated to generate cell analytical solution. These approximations are intro-
duced by taking the cell averaged velocity in convection terms of the N-S equations which are

defined as:

-n -1 £ €
Wit Uipy j+ i+,

fe(i,j) = ) (2.40)
| £ £
V. .+, .—|—vi.—|—v..

i) =~ (241)

With reference to the Figure the cell average velocities for (i, j)!" cell are evaluated by
taking the mean of cell surface velocities (Eq. (2.40)). These approximations are verified and
tested in the previously developed schemes for N-S equations by Kai et al. [24] and Kumar et
al. [13]]. This leads, linear form of governing N-S equations similar to the convection diffusion
equation.

VVV =~ V,.VV (2.42)

The only difference is the source term which is pressure gradient as well as body force terms.
Along with the momentum equations, pressure Poisson equation is solved to obtained the di-
vergence free velocity field. Here the pressure Poisson equation is similar to the equation used
in SIMPLE algorithm. The pressure and velocity coupling is obtained by utilizing the pressure

correction algorithm proposed by Kumar et al. [[11] with reference to the NIM methodology.

2.6 Boundary Conditions Enforcement for Quadratic

elements

In the present scheme the implementation of boundary conditions over a curved surface is
done by piecewise linear approximation of a curved boundary. Dirichlet and Neumann type
boundary conditions for linear quadrilateral elements for NIM methodology has been devel-
oped by Kumar et al. [13]. For quadratic elements Dirichlet boundary condition is straightfor-
ward. However the implementation of Neumann boundary condition is not trivial on curvature
boundary. Thus piecewise linearization is done for quadratic elements on the curved surface
as shown in the Fig. 2.8] The Neumann boundary condition is applied on each linear segment
of quadratic element. Same cell analytical solution for a quadratic cell is utilized to enforce
Neumann boundary condition over the two different linearized surface of quadratic element.
=+ P, (243)
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Figure 2.8: Piecewise linearization of curved surface of a quadratic elements

General form of Neumann boundary condition at a surface can be written as in Eq. (2.43)
where m, and m, are direction cosines in x and y direction respectively and k is normal unit
vector as used in continuity condition. Now on a quadratic edge (2-3), gradient is calculated

over two piecewise linearized surfaces (2-6) and (6-3) as follows:

a_qs (a(]) ) (8(]) ) 2.44
ok - ox 8y ’—6 (2.44)
8(]3 (8(]5 ) (8(}) ) 5 45
ok 63 ox dy 6-3 (2.45)

The Eq. (2.44]and 2.45)) are transformed into the computational domain (§,n) for both the

surfaces and the corresponding transformed equations are given as Eq. (2.46] and [2.47):

L) (aq;n aGn ) (aq)n A" )
A P (6 S ST N E 4+ ——mn, |m (2.46)
k|, —\ e on g€ @ o™ |,
06 aon aon a HN _71
6-3 6-3

In the above equations gradient of dependent variable in £ direction is obtained from the cell
analytical solution ¢"(&) . However the gradient in 1) direction is calculated by utilizing the
discrete value of the field variable calculated at each node of the cell. Since in NIM method-
ology the values are available at cell surfaces in terms of transverse averaged values as shown
in Fig. [2.8] The point values at the node points of quadrilateral element are calculated by av-

eraging the nearest cell surfaces values available to a corresponding point. The details of the

evaluation of discrete point values is given by Kumar et al.[13]. Thus in Eq. (2.46|and
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the gradients of dependent variable in 1) direction are evaluated as given in Eq. (2.48|and[2.49)

9 0 —
Slee= a2 (2.48)
0| 96— 93
Sles= a2 (2.49)

The expression of Neumann boundary condition at each linearized surface contains point value
of dependent variable ¢ which is further approximated in terms of connected surface values of

field variable (¢™),_¢ and (¢™)g_3 as:

o o
_ 06+ 063

b6 >

(2.50)

This leads to the close form implementation of the Neumann boundary condition on the curved
surface utilizing quadratic quadrilateral elements. Similarly we can enforce mixed type bound-

ary conditions on quadratic surfaces by careful application of above approximations.
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Chapter 3

Numerical Results and Discussion

The schemes based on Nodal Integral Method using non-linear and linear quadrilateral ele-
ments has been tested for both linear and non-linear governing differential equations. The dif-
fusion and convection-diffusion equations are solved in 2D cylindrical wedge domain and the
results are compared with the analytical solutions. Both Neumann and Dirichlet type of bound-
ary conditions are applied and tested in these cases. In all the cases, quadratic quadrilateral

Linear

Linear
Elep'lents
1

Elements

Quadratic 1
Elements

=1 r=1

{\

1h

r=2 r=2

(a) (b)

Figure 3.1: Different discretization scheme used in NIM (a) Scheme-1 (b) Scheme-2

elements are applied to map the curvature boundary of the physical domain and internal nodal
cells are linear quadrilateral elements as shown in Figure[3.1j(a). The above mentioned scheme
is also compared with the scheme based on complete linear discretization of whole domain
as shown in Figure [3.1(b). Thus here onwards we will refer discretization using quadratic-
linear quadrilateral elements as scheme-1 (Figure [3.1(a)) and discretization of whole domain
using linear quadrilateral elements as scheme-2 (Figure [3.1(b)). The comparative studies have
been done between the results obtained from both type of discretization procedure. Numeri-

cal scheme, based on the discretization procedure of scheme-1, is further applied to solve the
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Navier-Stokes equations in 2D cylindrical wedge domain. Polar lid driven cavity is chosen as
a test problem for validation of the numerical results with previously reported numerical and

experimental results by Fuchs et al. [1]].

3.1 Diffusion Equation

3.1.1 Neumann Boundary Condition

In this test case Laplace equation V27T = 0 is numerically solved over a 2D cylindrical wedge
domain with wedge boundaries 1 < r <2; 0 < 6 < /2 as shown in the Figure The
boundary conditions are Dirichlet type at surface AB, CD and AD (7(,/2) = T{;,0) = 1 and
T(2,0) = O respectively) and one Neumann condition dT /dr| (1,0) = 0 on BC side of the wedge.
The applicability of this numerical scheme for Neumann boundary condition is tested in this
test problem. Numerical results are compared with analytical solution. The scheme based on
Nodal integral methods have ability to produce reasonably accurate results on very coarse grid

structure [2,, 16} [7, [15]].
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Figure 3.2: Variation of temperature (a)Along EF at r=1.5 and 0 < 6 < /2 (b) Along GH at
0=m/4and 1 <r<2

Thus very coarse grid structure are chosen to show its effectiveness for the comparative
study. For qualitative comparison, results are compared at central lines EF and GH as shown

in Figure Computation is done with different type of grid sizes. Figure [3.2)(a) and [3.2(b)
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Figure 3.3: Temperature distribution using scheme-1 (a)Along EF at r=1.5 and 0 < 6 < /2
(b) AlongGHat 8 =r/4and 1 <r <2

show the variation of temperature along the centerlines EF and GH respectively. The discrete
temperatures along EF and GH generated by scheme-1 (quadratic-linear quadrilateral elements)
as well as by scheme-2 (linear quadrilateral elements) using the mesh sizes (3 x 4), (5 x 6)
and (9 x 10) are also shown in these plots. Both the schemes are compared with reference to
analytical solutions.

It should be noted that the results obtained from the scheme-1 on similar mesh sizes are
closer to analytical solution in comparison to scheme-2. It is concluded that effect of quadratic
elements in scheme-1 is significant at very coarse grids (3 x 4). More realistic mapping of
curvature boundaries utilizing the quadratic quadrilateral elements (scheme-1) enhance the ac-
curacy of NIM in comparison to scheme-2. Further refinement of grid sizes monotonically re-
duces the deviation of the results in comparision to the analytical results. Results for grid sizes
(9 x 10) using scheme-1 are also shown in Figure which agree fairly well with analytical
solutions. Effect of implementation of Neumann boundary condition is visible in these plots
specifically along center line GH as shown in Figure [3.2b). It should be noted that the bound-
ary temperature at r=1 obtained by Neumann boundary condition (Figure[3.2(b)) is much closer
for scheme-1 compared to scheme-2. Thus piecewise linearization of the curved surface using
quadratic elements for Neumann boundary conditions plays an effective role in improvement

of NIM methodology. Detailed quantitative comparison is also done to observe the behavior
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Figure 3.4: Temprature distribution over 2D cylinderical wedge domain for Neumann Bc

of numerical scheme toward quadratic elements. Table{3.1|contains L2 norm errors for whole

Table 3.1: L2 norm error for test case-1 for all grids and for boundary cells

Total L2 norm error Neumann boundary L2 norm error

Mesh
Scheme-1 Scheme-2 Scheme-1 Scheme-2

4x4  1.2743x 1072 1.4505x 1072 55114x 1073  1.4485x 102

8x8 3.3356x 1073 3.5802x1073 1.6808x 1073  4.1483 x 1073

16 x16 8.8595x10~% 9.1861 x 107* 4.6946 x 10~%  1.1026 x 1073

domain as well as at the boundary surface where the Neumann boundary condition is applied
(surface BC, Figure[3.1)). Different grid sizes (4 x 4), (8 x 8) and (16 x 16) are used to calculate
L2 norm errors for both the schemes.

From the table{3.1] it is noted that for coarsest grid (4 x 4) the numerical error for whole
domain using scheme-1 is nearly 1.13 times more accurate than scheme-2. However at the
Neumann boundary, scheme-1 is nearly 2.62 times more accurate than scheme-2. As the num-
ber of grids increases relative error between scheme-1 and scheme-2 reduces monotonically.

This behavior of L2 norm error for boundary cells can be seen in Fig. [3.5] for different grid
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Figure 3.5: Variation of L2-norm error for test case-1 at Neumann boundary BC

sizes (4 x4),(8 x 8) and (16 x 16). It is observed from Fig. that errors for scheme-1 are
significantly less than scheme-2. Thus it is concluded from the above results that utilization of

quadratic elements to map the curved surface improves the efficiency of NIM scheme.

3.1.2 Dirichlet Boundary Condition

Second test case is designed to test the scheme with Dirichlet boundary conditions. In this case
Laplace equation in a square domain(0 < L1 < 1),(0 < L2 < 1) with fix boundary conditions
T(x,0)=T(Ly,y) =T(0,y) =0and T(x,L,) = 1; is opted, refer Fig. In Fig. 3.6 Laplace
equation is numerically solved in 2D cylindrical wedge domain ABCD with radius 1 <r <2
and0< 60 <m/2.

Boundary condition of ABCD is given by analytical solution in a rectangular domain. Do-
main is discretized by body-fitted non-orthogonal quadratic elements with linear elements. A
schematic representation of grids is given in Fig. [3.6] Previously reported limitation of curved
boundary is much eased in present scheme[13]. Numerical solution is obtained for much
coarser non-uniform grids (3x4), (5x6) with quadratic-linear discretization and compared with
linear as well as analytical solution in Fig. It is observed from the Fig. that at coarse
grids accuracy of NIM using quadratic cells is improved here over linear cells.

As the grid size decreases the error between linear cell scheme and quadratic-linear cell
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scheme also decreases due to finite point approximation of curved boundary. At (9x10) grids

the quadratic cell solution reaches to analytical solution. In this test problem L2norm error is

also computed for one-one comparison of improved scheme error with previous scheme error

in table- L2 norm error using quadratic elements for Dirichlet boundaries is 10% less than

linear cells for coarsest grid which decreased linearly with grid refinement as described previ-
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Figure 3.9: Temperature distribution over 2D cylindrical wedge domain for Dirichlet Bc

ously. For coarse grid size (16 x 16) the temperature distribution obtained using NIM scheme
is also plotted with analytical results. It is concluded from the Fig. [3.9] that numerical results
are indistinguishable from analytical results. Thus It is clear that use of quadratic elements for

both type of boundary conditions improves the coarse grid accuracy of NIM.
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Table 3.2: L2 norm error for diffusion problem

No. of cells L2 Norm Error
Quadratic Elements Linear Elements
4x4 3.2014 x 1073 3.5535x 1073
8x8 1.2674 x 1073 1.3375x 1073
16 x 16 6.7482 x 10~ 6.8338 x 10~*

3.2 Convection-Diffusion Equation

The nodal scheme developed for Convection-diffusion equation is utilized to solve this physics
in arbitrary shaped domains. Again the physical domain is cylindrical wedge domain similar
to the previous test case as shown in Figure Variation of velocity field is hyperbolic(u =
u,/r) in radial direction and constant in angular direction where u, is mean velocity. Boundary
condition for temperature at BC and AD surface are zero (T( 1o) =12,0)= 0), inlet temperature
at AB surface is T{,,z/2) = sin{7In(r) /In(2) } and CD surface is insulated d7' /d6),) = O as
shown in Figure Test problem is solved numerically using both the schemes (scheme-1

-~
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i )
Tap
B

-
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dT
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Figure 3.10: Schematic diagram of Advection-Diffusion equation in 2D cylindrical wedge

as well as scheme-2) and the results are compared with available analytical solution as given in



Eq. 26].
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The effect of relative strength between the advection and diffusion physics on the scheme is
tested in this test case by the application of different Peclet number. Thus the Peclet number of
Pe=700 (high advection) and 7 (low advection) are chosen to verify the numerical results with
analytical solutions. Here Peclet number is defined for this test domain is Pe = (2u,(r, —r1)/t)

where u, = 1 and o is thermal diffusivity of fluid. The qualitative comparison is done by
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Figure 3.11: Variation of temperature along GH at 6 = 7/4 and 1 < r <2 at (a) Pe=7 (b)
Pe=700

comparing the temperature variation at surface GH, 6 = 7 /4 and 1 <r <2. Again the grid sizes
utilized are (3 x 4),(5x 6) and (9 x 10). The variation of temperature along this surface GH
using different grid sizes is shown in Figure [3.11](a) and [3.11[b) for Peclet numbers 7 and 700
respectively. In Figure[3.11|result obtained by both the schemes on same grid size are compared
with analytical solutions. It should be noted that for the Peclet numbers the results obtained by
scheme-1 is closer to the exact solutions. However as the Peclet number increases the deviation

between results of scheme-1 and scheme-2 get reduces. In Fig. [3.12] variation of temperature
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Figure 3.12: Comparison of temperature variation for grid size (16 x 16)

using scheme-1 is also plotted for verification with analytical solution. The detailed quantitative
comparative study between the scheme-1 and scheme-2 is done by comparing L2 norm error.

Again the quantitative comparison is done for both the Peclet numbers. L2 norm errors for both

Table 3.3: L2 norm error for different Peclet numbers

L2 norm error at Pe=7 L2 norm error at Pe=700

Mesh
Scheme-1 Scheme-2 Scheme-1 Scheme-2

4x4 29797 x1073 3.3310x 1073 7.7681 x 1073 9.0453 x 1073

8x8 4.5795x10~% 5.2237x107% 1.3325x10°3 1.5159x%x 103

16x16 6.0221 x 107> 7.2415x 1075 1.8130x 10~* 2.0801 x 10~

the schemes are shown in table{3.3 It should be noted that for both the Peclet numbers Pe = 7
as well as Pe = 700 the L2 norm errors for scheme-1 is less than the corresponding values of
scheme-2. The incremental improvement of accuracy for scheme-1 over scheme-2 is nearly

order of 1.2 times.

36



3.3 Navier-Stokes Equations

Finally Navier-Stokes equations are solved by the numerical scheme utilizing linear and quadratic
elements (scheme-1) in arbitrary shaped domain. Polar lid-driven cavity is chosen as a test case

to verify the applicability of this scheme in complex domain (Figure [3.13)

F 3

Figure 3.13: Polar-lid driven cavity with boundary condition

The physical domain for this polar lid driven cavity problem is shown in Figure [3.13] The
angular size of domain is 1 radian and radial size is 1 < r < 2. In this 2D cylindrical wedge
domain the boundary condition at BC surface u; ¢ = 1. The boundary conditions on the other
surfaces are no slip boundary conditions. Reynold number (Re) for the flow is defined using
velocity of lid BC and radial width of domain.

This problem definition of polar lid driven cavity is similar to the physical domain chosen
by Fuchs and Tillmark [[1]. They have obtained the results for Re=60 and 350 by experiments
as well as by multi-grid finite difference method (FDM). For the comparative study, results are
obtained for Re=60 and 350 using NIM scheme (scheme-1). Results are also generated for high
Reynold number, Re=1000. Pressure correction based algorithm [[12]] is utilized for pressure
velocity coupling. For both the Reynold numbers (Re=60 and 350), three different mesh sizes
(10 x 10), (20 x 20) and (30 x 30) are chosen to generate the numerical results. Angular (Vy)
and radial (V,) velocities are calculated at each surface of nodal cell using the numerical veloc-

ities (x and y components) available at the corresponding surfaces. These velocities (V, and Vg)
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Figure 3.14: Comparison of velocity components at & = 0° and 20° for Re=60

are compared with the previously reported experimental and numerical results [1]. Results are
compared at three different angles —20°, 0° and +20° as shown in Figure

Figure [3.14]is the plot of variation of the velocities in radial and angular directions at angles
0° and +20° for Re=60. Figure [3.14[a) and [3.14(b) are the variations at an angle 6 = 0°.
Similarly the corresponding variations at an angle 6 = +20° are shown in Figure [3.14|(c) and
3.14(d). The experimental and numerical results for grid size (64 x 64), reported by Fuchs
and Tillmark [1]], are also shown in this figure for comparison. It can be observed from the
plots that the results generated by NIM scheme even with quite coarse grid size of (10 x 10)
are in good agreement with experimental and numerical results of Fuchs and Tillmark [1]. It
is also noted that the results of different grid sizes using NIM methodology are quite close to
each other. Figure 3.1

shows the velocity variations at —20°. In this figure, results obtained

using coarsest grid size (10 x 10) by NIM scheme are compared with the results of Fuchs and
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Tillmark [1]] using (12 x 12) grid size.

This comparison is done with reference to the experimental results [1]. It should be noted
that the results of NIM based scheme for coarser grid size are much closer to the experimental
results in comparison to the results of Fuchs et al.[[1] for (12 x 12) grid sizes using multi-grid
FDM. In Figure radial and angular velocities for Re=350 obtained by NIM are compared
with experimental as well as numerical (80 x 80) results of Fuchs and Tillmark [[I]]. Again the
comparison of the results are done on surfaces at —20°, 0° and +20°. Different mesh sizes
(10x10), (20x20) and (30x30) are used by the NIM scheme for computation. It is observed
that even the results obtained using quite coarse mesh size (10x10) is able to capture the flow
physics, reported by Fuchs et al.[1].

The comparison (Figure shows that the velocity components at angles 8 = 0° and 20°,
for all the grid sizes, agree fairly well with the fine mesh data of Fuchs and Tillmark [1] as
shown in Figure [3.16(c,d) and [3.16|e,f). However, at —20° (Figure [3.16(a) and [3.16(b)) near
the CD surface due to the formation of secondary small vortex (Figure [3.17), highly coarse
grid of size (10 x 10) is not able to capture the physics properly. Since the obtained numerical
solutions, using NIM are cell averaged values thus there is more deviation between the fine
grid solution [1]] and results of NIM for (10 x 10) grid size. However, for grid sizes (20 x 20)
and (30 x 30), the numerical results by NIM scheme are quite close to the experimental as well
as fine mesh solution of Fuchs and Tillmark[1]. Figure [3.17]is the qualitative comparison of
stream lines generated by NIM scheme (Figure[3.17((a)) and multi-grid finite difference method
[1] (Figure [3.17(b)) for Re=350. It is noted that the stream lines generated by NIM for grid
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Figure 3.16: Comparison of velocity components at —20°,10° and 20° for Re=350

size (30 x 30) are in good agreement with stream contours of Fuchs and Tillmark [1] using

(80 x 80) grid size.
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Figure 3.17: Stream lines contours at Re=350 by (a) NIM scheme using (30 x 30) grid sizes
(b) Fuchs et al.[1]] using (80 x 80) grid sizes

Figure 3.18: Stream lines contours at Re=1000 using (40 x 40) grid sizes

The results are also generated for higher Reynold number of Re=1000 using the current
NIM scheme. These results are obtained using grid size (40 x 40). Stream line contours for
this Reynold number using (40 x 40) grid size are shown in Figure [3.18] Plot of angular and
radial velocities at different angles(—20°, 0° and 4+-20°) are shown in Figure[3.19] It is observed
that as the Reynold number increases from 350 (Figure[3.17)) to 1000 (Figure the intensity

of the secondary eddies also increases which is in-line with the nature of flow physics.
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Chapter 4

Conclusions

A novel scheme for curved geometries using quadratic and linear quadrilateral elements by
NIM is presented in this article. Both bi-quadratic and bi-linear Lagrange interpolation func-
tions are used to map the corresponding quadratic and linear elements to square domains. Fur-
thermore a novel approach is utilized to resolve the Neumann as well as mixed boundary con-
dition on curved surfaces. In this approach the quadratic elements on the curved surface are
piecewise linearized to implement both type of boundary conditions. The continuity conditions
at the interface of adjacent quadratic-linear cells and linear-linear cells are treated linearly. Cur-
rent scheme is tested for both linear (Diffusion and Convection Diffusion) as well as non-linear
equations (Navier Stokes) in curved domain. For linear equations the numerical results are
quite accurate with reference to analytical solutions. Currently developed scheme is able to
resolved the Neumann boundary condition efficiently on the curved boundary. The scheme
for convection diffusion equation retains its efficiency for both low (Pe=7) and high (Pe=700)
Peclet number. For both the test cases the schemes have maintained its accuracy even for
quite coarse grid size. Also the comparative study between the scheme-1 (quadratic and linear
quadrilateral elements) and scheme-2 (linear quadrilateral elements) reveals that the numerical
results of scheme-1 have improved by 10-15%. Again the NIM scheme is tested for non-linear
flow equations in polar lid driven cavity. The numerical results, obtained for Reynold number

60 to 1000, are compared with experimental as well as fine mesh numerical results.

4.1 Scope for future work

1. Present scheme is developed for the combination of quadratic and linear elements which
enhanced the accuracy of NIM scheme. For future studies NIM scheme can be developed

for discretization using only quadratic elements.

2. In the developed NIM scheme, discretization is done using regular grids without biasing
and non-orthogonality of grids hence in further studies NIM scheme can be developed

for more complex domains using biased and non-orthogonal grids.

43



. All the problem solved in this article using quadratic and linear elements are steady state
problems. Thus time-dependent problems can be solved using present NIM scheme as
time discretization is considered in same way as spatial discretization in nodal integral

methods.

. The linearization of Navier-Stokes equations is done in present work using central differ-
encing scheme. SOU (second order upwind) or QUICK (Quadratic Upstream Interpola-

tion for Convective Kinetics) can be used for linearization for further studies.

. The pressure-velocity coupling is done using SIMPLE like algorithm in the NIM scheme
based formulations of Navier-Stokes equations. Thus more efficient approach for pressure-

velocity coupling could be used to reduce the computational efforts of developed scheme.

. In iterating procedure of present work Gauss-Siedel solver with Picard linearization is
used for both linear as well as non-linear equations. But this method has its own obvi-
ous limitation for non-linear equations. Thus for future studies other efficient methods
like JFKM (Jacobian Free Newton Krylov Method) non-linear solver which is based on

Newton method can be used.

. Similarly, parallel computation approach as MPI (Message Passing Interface) and multi-
grid approach can be used in further studies for developing more accurate and computa-

tional efficient solvers based on nodal integral methods.
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Appendix-A
Coefficients of Eq. (2.4) are:

xg —xg)/2.0
xs —x7)/2.0
X6 +xg)/2.0 — x9
x5 +x7)/2.0 — x9
X1 —xp+x3—x4)/4.0
X1+ X2 —x3 —x4) /4.0 — (—x7 +x5)/2.0

X4)
X1 — X2 — X3 —|—X4)/4.0 — (—X6 +X8)/2.0
)

X1 +x+x3+x4 /4.0—()65 +x6—|—X7+x8)/2.0+x9 AD

ys—7)/2.0

Y6 +¥8)/2.0 —y9y

y5+7)/2.0 = y9

yi—y2+y3—y4)/4.0
yi+y2—y3—y4)/4.0—(=y7+y5)/2.0
yi—Y2—y3+y4)/4.0—(—ys+yg)/2.0
Yi+y2+y3+y4)/4.0—(ys+y6+y7+y8)/2.0+y9

=
=
= (
=
=
=
=
=
= (8 —¥6)/2.0
(
=
=
=
=
=
=

In Eq. (2.4) local coordinates (&, 1) are considered as dependent variables. These dependent
variables are function of independent variables x and y as one can solve the above Eq. (2.4) for

x and y. On differentiating the Eq. (2.4) with respect to x:

1 = Ci& +Cony +Cs(MeE +ME) +2CEE 4 2Camn, + Co(2EEM + E71)
+Cr(EM* 4+ 2Enn,) +Cs(2EEM? +2E% )

(A.2)

0 = D1& + Doy + Ds(NeE +nEy) +2D3EE, +2Dgnn; + D (2EEm + E%ny)

+D7(&m* +28m1x) + Ds(26&m” + 287 n1y)
Both the equations of Eq. (A.2| and |A.3)) contains derivative of local variables & and 1 in

(A.3)

terms of Cartesian coordinates of global cell which is valid for all quadratic elements. Similarly
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a set of equations is obtained from Eq. (2.4) when differentiating with respect to y:

1= Cl éy + Czny + Cs(leg —+ Tléy) + 2C35§y + 2C4T[ le + C6(25 éyn + ézny)
+Cr(EM? +2Enny) +Cs(2EEm* +2E%7,)

(A4)

0= Dléy +D277y +D5(le5 + rléy) +2D3§§y +2D4Tlny +D6(2§5yrl + 5277)/)

+D7(&m* +28n1y) +Ds(28&m° + 287 ny)
Using the Eq. (A.2]|A.3]|A.4|and |A.5), derivatives of local coordinates (&,n), &, &y, Ny and 1,

(AS)

are evaluated as:

.gxéy 10

M = (A.6)
Mx Ny 01
or
J(x,y) = o & =M"! (A7)
Nx Ny

M11 M12

} and coefficients of M matrix are defined as:
M21 M22

where matrix M= [

M1 = Cy +Csn +2C3E +2C6En + G +2Csén?
Mz = Cy+CsE +2C4 + Ce&* +2C76m +2C3E%n
My = Dy +Dsn +2D3& +2De&n +D7n’* +2Ds&n?
My = Dy + Ds& 42Dy + De&* +2D7E1 +2DsE7n
The Jacobian matrix J of first order derivatives of local variables (&, 7)) are obtained in terms

of & and 1 without solving the non-linear equations. Similarly for second order derivatives,

differentiating the Eq. (A.2]and [A.3)) with respect to x:

0= C1 éxx + C2nxx + CS(nxxg + znxéx + néxx) + 2C3(5x2 + g&xx) + 2C4(77§ + nnxx) + C6 (25;5277
+2EEN +4EEMy + EM M) + C1(2EN7 +ANEM + 26N Nr + Eael)?) + Cs(2EIN +8EEM N,

+2E207 +2E & + 287NN
(A.8)

0 = D&+ Doy + D5 (M€ +2M1Ex + M) +2C3(E2 4 EE) +2C4(N2 +NMx) + D (262
F2EEN +AEEM, + EPNe) + D7 (2EN2 +ANE M, + 2EN N + Ean?) + Dg(2E202 +8EEM M,

+ 2822 42880 +2E2 )
(A.9)
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and differentiating Eq. (A.4]and with respect to y yields:

0 = C16yy + Canyy + Cs(Myy& +2myEy +n&yy) + 2C3(5y2 +6&y) + 2C4(77y2 + N Myy) +C6(2§y271
+28&, M + 456y +E7My) + Cr(28My] +4n&n, + 2801y, 4+ §,1°) + Ca(267 0% +85& M,
+287n5 +28&,m% +28°nn,,)

(A.10)

0 = D1 &yy + Damyy + Ds(Myy & + 21,8, +18yy) + 2C3(§y2 +&&y) + 2C4(77y2 + M Myy) +D6(2§y277
+ 25 éyyn +4§ éyrly + éznyy) +D7(2§ le2 +4n§yny + 257171yy + éyyrlz) +Dg (23§y2772 + Sééyn My
+252ny2 +2§€yyn2 +2§2nrlyy)

(A.11)
By following the same approach, one can obtain the second order derivatives (&, éyy etc.) as
follows:
1 C
M. gxx éyy — 9 11 12 (A.12)
M Ty G Cx
or
i C
e B R (A.13)
Mxx Ty G Cx
or
Ch C
éxx éyy _ —2J(x,y) 11 12 (A14)
M My G Cx

where C;; are the element of matrix C which are defined as:

C11 = (Cs+2C6& +2C7m +4CsEN)Exn + (C3 + Cen + Csn)EE + (Cy + CrE + CsEX)n?
Cia = (Cs +2C6& +2CM +4CEM)Eyny + (C3+ Con + Csn*) &y + (Ca+ Cr& +CsE7);
Ca1 = (Ds +2D6E +2D7m +4CsEN) &, + (D3 + Don + Dgn?)EZ + (Da + D7€ + DgE2)n?

(
Cx = (Ds +2Dg& +2D71 +4DsEN )&y + (D3 + DN + Dgn*)E] + (Dy + D7& + Dg&2)ny;
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Appendix-B

Coefficients of Eq. (2.29) are:

PR D R) efeui)
2 2.(1 — M)

A Sml(i+1aj) Pe”(i+17j).epeu(i+1-,j)
2 = 2 2_(ePe”(i+1.j) _ 1)

A 25m3(w) 1 ePeu<i7j>
T Qe (i.j) Peu; ) 1 — e P

A 2.Sml(l-+17j) ePeu(iJrle') 1
4 = —
Og(iv1,) | 1—e Trtn Peugiyy )

Similarly coefficients of three point scheme B; in 1 direction can be obtained.

Coefficient of final discrete equation of convection-diffusion equations.

oL Py (1 11 1 1
U\ 2bePs 1"y \Po—1 PeyfB lefo—1 Peyf .,

B
n 1 Pey n 2b 1 1
2b1—e Py [1—e P Pe

2b 1 1
v |1—ePo Pey

IAVIES

{ 7l
e[ 1 L1 1 1
B2V 1—ePo Pey J B | Pey 1—e P[], .
o2 1 1)1 1 1
TV e 1 P [Bll—e P Pe .,

%[ 1 111 1
1=V =1 PeyJB\Pe T—e P

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)



2b 1 1 1
Fig=4— T P oo =) (B.9)
v |1—-e" Pe) B i

2b 1 1)1
Flo=q=3S 5————r—E (B.10)
v le%—-1 Pe, ) B it
where
22 (1 Px+1 2 Y202 | 1 o+1 2
I el de*+1 2127 ] 1 e>+1 2 (B.11)
v | Pexefr—1 P2 v | Peyefr+1 P2 ||
LJ
2 Pe,
ol Lex+l 2 (B.12)
v |Pecef—1 Pe2f ], i

The limiting values of exponential function in coefficients of convection-diffusion equations

could be expressed by Taylor series expansion,

2
. X X X
llmXﬁOex_l_l_E—i_E_{—”' (B13)
li LI S (B.14)
e R D) '
li ! 1 1 x ® (B.15)
im —_ - J— _ oo .
=0 2 x 12 720
_ 1 1 1 x X
limy so——=z+—-+—F2—zz=+"- (B.16)

l—e* 2 ' x 12 720

NI (B.17)
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