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Abstract: The fluid flow problems play a significant role in predicting and understanding the flow pattern in different
flow processes. The three dimensional flow analysis is made using an unstructured finite volume technique. The space
discretization is carried out using arbitrarily oriented tetrahedral elements. The cell-centered scheme, which is popular
in Fluid Dynamics, is directly adopted here. A Least square based methodology is used for the derivative evaluation
using cell-centre values avoiding the tedious reconstruction and Bi-Conjugate Gradient Stabilized (Bi-CGStab) method
is used for the solution of the resulting system of linear equations. Combination of unstructured finite volume method
along with the Bi-CGStab solver is first proved by applying it to the solution of an unsteady 3D convection diffusion
equation. A Taylor based upwind scheme similar to that of Taylor Galerkin approach is used. This gives second order
accuracy and results in a natural upwind term. After the Taylor series application the results are cast into the general
divergence form so that the finite volume method can be applied directly. The stability of the solution is tried for
various peclet numbers and found to be robust. The methodology is then extended to 3D Navier Stokes equations and
the code is validated for the lid-driven cavity flow. The implicit solutions obtained for the Navier Stokes equation using
Bi-CGStab method is found to save considerable amount of computation time.
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I. INTRODUCTION

The fluid flow problems play a significant role in predicting and understanding the flow pattern in different flow
processes. The various methods of analysis used are Experimental, Analytical and Numerical. Though experimental
analyses offer the best results, it is often costly and constrained by physical restrictions. Limited amount of information
on limited number of specific conditions and instrumentation errors limit the application of experimental analysis. In
analytical method, most of the governing equations are non-linear and it becomes too tedious to solve and may also
require drastic simplifications. Owing to these inherent problems in experimental and analytical methods, numerical
computation plays a crucial role. The numerical simulation of an industrial system on computer involves mathematical
representation of the physical processes undergone by the various components of the system, by a set of equations
(usually differential equations) transformed to set of simultaneous algebraic equations, which are in turn solved as a set
of simultaneous algebraic equations. With the advancements in Computational Fluid Dynamics, humerical techniques
have become more powerful as compared to the other two techniques. The numerical simulations are becoming
increasingly cheaper and more effective with the added advantage of its ability to predict far beyond experimental
insight. It is possible to see simultaneously the effect of various parameters on the behaviour of the system since the
speed of computing is very high. A large variety of problems with different levels of complexity can be simulated on
computer. There are mainly three distinct streams of numerical solution techniques: finite difference, finite element and
finite volume methods. In this work, finite volume method is used for obtaining the solution. Finite volume method is
the name given to the technique by which the integral formulations of the conservation laws are discretized directly in
the physical space. The clear relationship between the numerical algorithms and underlying physical conservation
principle forms one of the major attractions of the finite volume method which makes the concept very simple to
understand than finite element and finite difference methods. The application of finite element and finite volume
methods to the governing partial differential equation results in a large system of simultaneous equations especially for
3D problems. Efficient solution of these equations can considerably save the computation time. Iterative solution
techniques like conjugate gradient and bi-conjugate gradient methods are increasingly becoming more and more
popular in finite element method as they avoid the assembly of large matrices and allow for an efficient element-by-
element solution. It has been demonstrated that the above techniques save considerable amount of memory and
computing time. The element-by-element solution methodology applied in finite element method is directly adopted for
the implicit time integration of the ordinary differential equations resulting from the application of the unstructured
finite volume method to the convection diffusion equation.
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In this project work, the aim is to analyze the fluid flow, by using the three-dimensional unstructured finite volume
method applying biconjugate gradient stabilized method [3] as the numerical solution tool. The work deals with the
unstructured finite volume method for the analysis because the method takes full advantages of an arbitrary mesh,
where large number of options are open for the definition of the control volumes around which the conservation laws
are expressed. In addition, by the direct discretization of the integral form of the conservation laws we can ensure that
the basic quantities mass, momentum and energy will remain conserved at discrete level. In this work, tetrahedron
elements are used for the space discretization because of its flexibility in meshing and will give very good results for all
complex geometries.

Il. MODELLING AND FORMULATION OF CONVECTION DIFFUSION EQUATION

A. Mathematical modelling

All of Computational Fluid Dynamics (CFD) in one form or the other is based on the fundamental governing equations
of fluid dynamics — the continuity, momentum and energy equations. They are the mathematical statements of three
fundamental physical principles upon which all of fluid dynamics is based: Mass is conserved, Newton’s second law
and Energy is conserved. These fundamental principles can be expressed in terms of mathematical equation, which in
their general form are usually partial differential equations. CFD determines a numerical solution to the governing
equation of fluid flow while advancing the solution through space and time to obtain a numerical description of the
complete flow field of interest. The governing equations of fluid flow are described below.

1) Mass conservation equation.

The mass conservation equation is given by,
op O
—_ + _
ot ox
Where, p is the density of the fluid, u, v and w are the velocity components along x, y and z respectively.
It can be written in the following form also.
@+u@+v@+wa—p:— a—u+@+@ (2)
ot ox oy oz oX oy oz
For incompressible flows, p being constant, the above equation reduces to the form
ou ov ow
—+—+—=0.n. €))
ox oy oz
And the rest of the equations are written directly for incompressible flows with constant property assumptions.

(PU)+%(pv)+§(pw):0 ......... 1)

2) Momentum conservation equation.
X-Momentum equation is given by,
ou éau _éau ou o*u d*u d%u) op
Pl HU—+V—+W— [=p —+——+— | = (4)
X X° oy® oz OX
Y-Momentum equation is given by,
N v oV ov o%v  8*v 8 v) op
Pl +tU—+V —+W— =y S+ 5+ [~ )
ot ox oy oz 0z oy
Z-Momentum equation is given by,
oW oW oW ow o*w  o*w  o°w) p
Pl tU—+V—F+W—|=l —5 + 5+ |~ 6)
ot OX oy oz OX oy oz
Where, U is the coefficient of dynamic viscosity and p is the pressure; and the above equations can be further simplified
by defining ,,— ¥, the kinematic viscosity.
p

3) Energy conservation equation.

The energy conservation equation is given by,
or ot _ar oT o’T o°T o°T
AUVt W—=a| 5+t | )]
ot ox oy oz x* oyt oz

Where, T is the temperature and a is the thermal diffusivity defining [a: k J where Kk is the thermal conductivity

pc,

and cp the specific heat at constant pressure. The above equations can be cast into a general form as follows,
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Advection term Diffusion term
Unsteady term
Which can be written in a more compact formas D¢ _ 5 o9, o 79, o ¢ +Source......(9)
Dt 6x 6y2

Where T is an exchange coefficient defined below for different definition of ¢. This is typical of convection-diffusion
equation. Here the values of the variables will be as follows (Table 1)

Description 1] r Source
i 1 dp
X -Momentum u v -
pox
1 dp
Y - Momentum v v -
p ox
1 dp
Z- Momentum w v ——
pox

Energy T a 0

Table 1. The values of the variables of convection diffusion equation

As all the governing equations follow the general convection diffusion equation, a solution methodology developed for
this equation can be uniformly applied for all the equations. The Taylor-Galerkin method has been successfully used
for the finite element solution of convection-diffusion equations for both 2D and 3D problems. On similar lines the
method is extended for unstructured finite volume solution of the 3D convection diffusion equation as described in the
next section.

4) Taylor based upwind scheme.

Standard central difference schemes when applied to the solution of the above equation usually results in numerical
oscillations when the peclet number (pe = uL/T") is above 2. To overcome this difficulty, various upwind schemes have
been suggested. One of the popular upwind scheme in finite element method is the Taylor Galerkin method. In the
frame work of Taylor Galerkin method, the solution is achieved by first approximating the time derivative by means of
Taylor series expansion and after some algebraic manipulation the finite element method is applied. The same
methodology is adopted and finite element method is replaced by unstructured finite volume method as described
below.
The general form of the governing equations is

Dy _ 0,04, 0 00 0.0

= +S (10)
Dt ox ox oy oy oz oz

%, .00, 08 O\ 008 000 0,00 o

ot ax oy oz 6x OX 6'y oy ¢ ez T

%z_ u%_’_v% ¢ a ¢ a ¢ 0 — I ¢+S (12)

ot ox oy ot ay oy Tl e
From Taylor series expansion, 0

ne1 op (M) %% .

" ="+ At — 8t 2 o + hlgher/grderterms ...... (13)

i 5¢+Ata(a¢j ....... (14)
A ot et
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g a¢+At6(6¢J ............ (15)
AL ot 2ot ot

Substituting the value of % from (13) into (15),

o - (6¢ o4 a¢] 0 .08, 0,06 0 .04 ma“aqﬁ op a¢ﬂ

+Vv—+ S 4+V—L+w
At 0 oy oz 6X OX ay oy 82 82 2! ot OX oy oz

- (u¢+\,¢+w ¢j 0 ,0p,0 08 0,08 o A [auaqﬁ o 0 0 a¢j

—V—+—W—
X oy az) ox ox oy oy @ @ 21lox ot oy ot oz et
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ox oy 0z) ox oOx oy oy oL oz 211 Ox ax oy oz

+6v{-(ua¢+va¢+wa¢ﬂ+aw{-(u%+va¢+wa¢ﬂ] ....... 13)
oy oX oy oz 0z OX oy 0z

= —(uw+v¢+wwj+afa¢ 3 %+£F% S+6uAt£ L ¢j
oXx oy 0z) oX Ox oy oy oz oz ox 2

,ovatf og  op  0p), o wAtf op  op  of 19)
ay 2 ax oy oz az 2 ax oz J

The above equation results in second order time accuracy as well as a natural upwind term

+6uAt( op o¢ a¢) 8vAt( op 0 a¢j awAt( o ¢ a¢)

U—+vV—+w +V—"4 W +V—+W
ox 2 oy 2 oz

OX oy oz oy oz oX oy

which stabilizes the solution for higher peclet numbers and is a function of time step At and velocities u, v and w.
The derivatives in X, y and z in the above equation can be clubbed together to get the following form

¢ 5{ i+ ra¢+ma[~a¢ v, *8"’}} {wﬁ . At~[~a¢ ~a¢+v~va¢ﬂ
oX oy oy

oz 2

At ox 2 ox oy 2 ox oy oz
+£ —W¢+F%+gw u—¢+v—¢+w o +S. el
OX o 2 X oy oz
Now the above equation is reduced into a divergence form
n+l n
P GEos..(2)
At

So, the finite volume formulation can be applied.

B. Finite volume formulation
Integrating equation (22) over the control volume V,

Applying Greens theorem and converting the volume integral to surface integral we have, for an elemental control

volume Vi of ith element,
n+l n N
V, u—jF.n.olS—sivi =0........04)
At g

n+l u N
VIl SERS-SV, =0..... (25)
At All.facesof.CV
Since the tetrahedron has4 faces,
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¢ n+l _¢ n
=V T —(Fy Sy +Fy Sy, +F, Sy, +F, S, +F, .S, +F,, S,

+ oSy +Foy Sy + oy Sy, + Fop- Sy +Fy Sy +Fip Sy ) =SV, = 0...c.(27)

:V.M—{i{ﬁ¢+rw+mﬁ[ﬁw+vtz-ﬂﬁg{fﬂ s, +i{v¢;+rg§j+mv(aa¢+vw+wa"’ﬂ s,
j = j

At = ox 2 ox 2 ox oy oz
4
+ V~V¢+F%+EV~V i 5% 5% S,, ¢ —SourcexV,...........(28)
=y oz 2 OX oy 0z ;

Where, S1x, S1y, S1z are the projections of face-1 area (S1) along X,y,z. S2X, S2y, S2z are the projections of face-2
area (S2) along x,y,z. S3x, S3y, S3z are the projections of face-3 area (S3) along X,y,z. S4x, Sdy, S4z are the
projections of face-4 area (S4) along X,y,z. The different faces of tetrahedron are shown in figure 1. The convention
used is the face opposite to node 1 is named as face 1 and so on

.

Fig.1. Different faces of a tetrahedron element

The above equation can be written as
n+l _ 4n
vIP =t oo (29)

The above equation can be solved implicitly. For Impicit sheme X is evaluated for ¢"** i.e for the value at the next time

step (t+At),

n+l n

:viu—x““:o ........ (30)
At
¢ n+l ¢ n
SV, A X" v S —0....(31)
At
L J
T
AX-B=0

Once the computation of the fluxes over all the faces is completed, the aove equation reduces to a form AX-B=0 and
this can be solved using any of the iterative methods. Here we use Bi-CGStab method. The computation of fluxes over
the four faces requires the evaluation of u, v, w and ¢ and its derivatives in x, y and z direction. The primitive variables
are averaged between the elemental values on either side of the face and the derivative evaluation is explained as given
below. The present method of derivative evaluation totally avoids the reconstruction of variables from elemental value
to nodal values.

1) Evaluation of derivatives
The derivatives are calculated at the faces of tetrahedron using Taylor series based least square method. Let “¢” be the
variable (u,v,w or T ) and the Taylor series is given by

o(% Y,2) = ¢, +(x—xf)gf+(y_yf)(2§+(z_zf)‘z+ (higher order terms) .......... (32)
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Higher order terms are neglected since the value is small. If the values of the function are known at a points or

neighbors (i = 1 to n, n = total number of neighbors and the subscript “ f “ represents the face center value), we can

approximate the derivatives of the function at the reference node (face centered value) by solving a system of linear

equations. For such an approximation we select the points i = 1 to n, we are in the immediate neighborhood of the

reference point. The above equation can be written in the form,

XY, =g +(X—X;)a+(yY—Y;)b+(z-2)C.n (33)

Where, a:%,b:%,c=% (34)
OX

oy oz
(p—d )—(X—X,)a—(Y—-Y;)b—(Z—2,)C=0.rocc.. . (35)
The above equation is of the form ¢(x,y,z) =ax+by+cz..........(36)

The derivative evaluation for each face is to be unique as the face is shared by two elements on either side having two
cell-centre values of the variable which is insufficient to compute the derivatives. One option is to reconstruct the three
nodal values of the variables from the neighbouring cell centre values and then use them along with the two cell centre
values to get the derivatives. This is quite time and memory consuming process. Hence an efficient and unique
derivative evaluation directly from the cell centre values is developed. As the face is shared by two elements, we have
the cell centre values of all the four neighbours of each element (see figure 2). As we have now three unknowns (a,b,c)
and eight equations, a least square based methodology is used to determine the derivatives.

The Least square method of evaluating gradients is as follows,

Squaring on both sides we get,

R2 :{ [(¢i —@)— (X, —x,).a=(y, —y;).b—(z, —zf).c]} ......... (38)

o4
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Fig.2. Cell center values used for the evaluation of the gradient through faces

To evaluate a,b,c, differentiate R? w.r.t a,b,c and equate to zero. i.e,
oR* oR? 0R?

=0, =0,—=0
da ob oc
Differentiating w.r.to “ a “ we get
2
R :ZR%:OSR@:O ........... (39)
oa oa oa

= ZS:(Xi = X¢ )X _Xf)'a+i(yi =Y )X, _Xf)'b+i(zi —2;)(X; —X%)-C :i(¢i — ¢ ).(X; —X¢) ..(41)

i=1
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Now differentiating w.r.t “ b “ we get, R _ 2R R _ 0=R R _ O . 42)
b ob ob
8 8 8 8
= 2= X )Y =Y+ D20 =Y Y )R+ D2 =2 )Y Y )= D ()i — Ve ) (43)
i=1 i=1 i=1 i=1
2
And finally differentiating w.r.t “c “ we get, R 2R R_ 0=R R_ 0....(44)
c oc oc

:Z(Xi —X¢)(z; _Zf)'a+Z(yi Yz, _Zf)'b+Z(Zi —2¢)(z; _Zf)-CZZ(ﬂ —&)(2; = Z¢)......(45)

i=1

From above three equations we can get a,b,c. The above set of equations can be written in matrix form as follows
_i(xi—xf).(xi—xf) > 0¥ %) i(zi—zf)«xi—xf)_ _i(qz—qzsf).(xi—xf)_
{20090 000 S0y 030 X200 [ || S =405 =) D)
S -z)06-x) Yla-z)0-v) NE-z)E-2)| | Dh-h)-x)

To improve the accuracy, the weights have been incorporated for the evaluation of derivatives. i.e by considering the
distance from eight cell center values. The above matrix can be solved for a,b,c using crammers rule.

Now equation (31) is solved using Bi-CGStab method. The algorithm for Bi-CGStab this method is given below,
Compute ry =B—Ax( for some initial guess x

Po =99 =g =1; v =Pg =0

Iteration starts n=1,2,3 ......... do
T . Oy
Pn=rg M1+ Bn =fn _nd
Pn1 ®na

Pn = +Bn(Pna - on 1001)

. p
vn =App ; op = Tn
ro Un
Sn =rn_1—(1n.1)n
T
th°S
tn :ASn ) On :7nT n
th tn

Xn :Xn_1+(lnpn +(DnSn

' =Sn —ontp
Check convergence; continue if necessary
End do

1. VALIDATION FOR CONVECTION DIFFUSION PROBLEM

Now for the validation of convection diffusion equation, replacing ¢ as T, T'as a and Source as 0 in (28), the equation
reduces to

n+l n 4 4
SVALMRLINNS | o ) SPPRLISEv] vCLISA AL oL | PSS ol [, ML [ CLRFE VLN LA |
j o 2 ox oy j

At =1 ox 2 OX oy 0z =1 0z
4
+ it +a L+ Mg gl v gt Siut =0 @7
=1 oz 2 OX oy 0z ;

With the evaluation primitive variables and their derivatives, the fluxes on each of the four faces of the tetrahedron can
be evaluated. Multiplied by the projected surface areas and summing up gives the residue for each element. This results
in a system of ordinary differential equation in time for the convection diffusion equation (ie. ¢ = T, I'= a and Source =
0). For the evaluation of derivatives see the section above. The above equation can be written as
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dt

Explicit and implicit time stepping schemes can be used for the integration of these system of ordinary differential
equations. Explicit schemes schemes are conditionally stable and many times the time steps become extremely small
for many practical problems. The advantage is that the residue, Ri, can be explicitly evaluated from the values of the
primitive variables known at the previous time step. Though the implicit schemes are unconditionally stable, the
residues are to be computed on the current time level which involves the solution of the matrix system which is non-
symmetric. The iterative solution technique, Biconjugate Gradient Stabilized method can be used effectively here as it
can be modified as an element-by-element solver.
V,

A v,
Jigma g thy= ST 9
el (=5 T 9)

[AfT}=B... .(50)

The main advantage of the BiCGStab solver is that it requires always the residue B-AX or the column vector [A}{X}
which totally avoids the assembly of matrix [A] For iterative improvement of the solution, the L.H.S of the above

equation is computedwith different values of unknown T and the solution proceeds to make LHS — RHS to zero. It is
reported that the convergence of BiCGStab method is fast. Hence this solver is used to the present effort to solve the
system of equations resulting from the application of unstructured finite volume method to the 3D unsteady convection
diffusion equation. The above equation can be solved implicitly as explained in the earlier section and the results are as
follows.

To test the efficiency and accuracy of the code, a standard test case of a one dimensional convection-diffusion problem
for various peclet numbers is tried. A rectangular computational domain was considered, as shown below.

The computational domain (74mm X 5mm X 5mm) is discretised using unstructured tetrahedron elements having
56187 elements and 12020 nodes as shown in figure 3. The aspect ratio of the tetrahedral elements were kept close to
one. The thermo-physical properties used are,

Density, p = 2702 kg/m3, Specific heat, Cp= 903 J/kgK, Conductivity, Kx , Ky , Kz = 237 W/ mK,

Tinit=300 K, T0=350K,atz=0, TL =300 K, at z = 74mm

Fig.3. Rectangular computational domain

The problem analyzed earlier using conventional finite element methods had resulted in large oscillation for peclet
number of 2 and above. As peclet number is the ratio of heat transfer by convection to heat transfer by conduction, for
most practical problems the peclet number is seen to be higher than 2. Hence the code has checked for a wide range of
peclet numbers. The steady state solution for different peclet numbers in steps from 0 to 600 are obtained and are
shown in figure 6. Figure 4 a) shows the temperature distribution along the centre line of the rectangular slab for peclet
number zero. Here u = v = w = 0 and the equation transforms to a pure conduction problem with a resulting linear
temperature profile from 350K to 300K from hot end to cold end. The Bi-CGStab is able to achieve an error of 1.0e-21
in 714 iterations. Figure 4 b) shows the steady state temperature distribution for peclet number 2. This is achieved by
increasing the axial velocity u = 0.002625 m/s, keeping v and w zero. Due to the effect of axial velocity along with
conduction, the influence of heat transport by convection is also visible in the temperature profile. The Bi-CGStab is
able to achieve an error of 1.0e-21 in 889 iterations.

Peclet number is further increased to 10 by increasing the axial velocity u=0.013126 m/s keeping all other parameters

the same. The steady state temperature distribution is shown in figure 5 a). Heat transport by convection makes the
temperature constant upto about 40mm from the high temperature end.
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Fig.4. Temperature distribution graph for peclet number 0 and Temperature distribution graph for peclet number2

The temperature distribution is absolutely oscillation free confirming the effectiveness of the natural upwind term in the
present method. The Bi-CGStab is able to achieve an error of 1.0e-21 in 932 iterations. Peclet number is further
increased to 500 and the corresponding axial velocity is u=0.6563 m/s. The temperature distribution is shown in figure
5 b) and no oscillations are seen in the temperature profile. Temperature is constant almost up to the end of the slab and
the convection is totally dominating the heat transfer. The Bi-CGStab is able to achieve an error of 1.0e-21 in 13914

iterations.
360 360 |
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a) Temperature distribution graph for peclet number 10
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Figure 6 shows the steady state temperature distributions for different peclet numbers. The temperature distribution is
absolutely oscillation free till for a peclet number 500. Slight oscillation starts for a peclet number 600.

A comparison of the results of the present code with Analytical result is carried out for peclect number zero. The
unsteady temperature distribution at t=10 seconds is compared and is shown in figure 7 a). The results match very well.
The tecplot contour showing temperature distribution at 10 seconds is shown in figure 7 b).

The thermo-physical properties used for validation by conduction are,

Density, p = 1000 kg/m3, Specific heat, Cp= 2000 J/kgK, Conductivity, Kx , Ky, Kz =20 W/ mK

Tinit =300 K, TO =500 K, atz=0, TL =300 K, at z = 74mm, Initial velocities (u0, v0, and w0) =0

550

500 B

B Analytical 10 sec
+ FVM code 10 sec

450

400 -

Temperature in K
W
o
S

300 -
250
20{] T 1 I I I I
0 15 30 45 60 75 90
Distance in mm
a) Analytical Vs FVM code after 10 sec b) Contour showing temperature distribution at 10 sec

Fig.7. Temperature distribution graph for Analytical Vs FVM code after 10 sec and tecplot contour showing
temperature distribution at 10 sec

The stability of the solution is tried for various peclet numbers and the above result shows that the developed code is
robust and accurate to handle effectively unsteady nonlinear convection diffusion problems. The code shows good
result without oscillation even for a peclet number 500. So the code is extended to Navier Stoke equation as explained
in the next section.

IVV.EXTENSION TO NAVIER STOKES EQUATION

The stability of the solution of convection diffusion equation is tried for various peclet numbers and found to be robust.
The methodology is then extended to 3D Navier Stokes equations and applied for the solution of a lid-driven cavity
problem.

A. Governing equations

The flow field analysis of unsteady laminar incompressible flows needs the solution of the Navier-Stokes equations.
The momentum equations in X, y and z directions are in the form of the convection diffusion equation by replacing ¢ by

u, vand w, I' by vand S by _10p 1P gng _19P asfollows.

pox poy poz
General form of convection diffusion equation is
2 2 2
%+U%+V%+W% =T aif_f_aif_kai? +S ........... (51)
ot ox oy 0z ox* oy° oz
Then, X-Momentum equation is given by
u ou ou  du o’u o°u d°u) 10dp (52)
7+u7+vi+wi :D 72_'_72_!{_72 —_——— ceeeeeens
ot ox oy oz ox* oy® oz p OX
Y-Momentum equation is given by
N N v oV ov 9% o*v) 1dp (53)
7+u7+V7+W7 :D 724_72_!{_72 —e e tessssseen
ot ox oy oz ox° oy° oz p oy
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Z-Momentum equation is given by
oW oW oW ow o’w d*w d*w) 1 4p
—HU—HV—+W— =V 5+ +——
ot ox oy 0z ox*> oy* 0z ) pow (54)
Application of the numerical method described in the previous session results in the following equation.

99" :a{—ﬁ¢+1“a¢+mu(u¢+va¢+w ¢H+a{—\7¢+l“a¢+m\7(ﬁa¢+\75¢ ~6¢H
At OX ox 2 0 oy 0z oy oy 2 OX oy oz

+a{—v~v¢+1“a¢+mw(ua¢+v¢+wa¢ﬂ vevrrren.(B5)
OX oz 2 OX oy 0z

Where, 1, V and W are the p revious values ofu, vand w r espectivel y

Substituting u, v and w for ¢, v for ' and _1@ _E@ _1lop for Source, we get X, Y and Z momentum equations.

The source terms — =%~ _ = ZF are also brought inside the flux terms in x, y and z flux terms.

u"t—u" ol -~ ou At-(-ou -ou -~ou) p| O - ou At_(~-ou _ou - éu
— = |-l —+ =TI —4+V—+W— |- [+ —| VU + 00—+ —V| U —+V—+ W —
At ox a a oy P

Y — Momentum equation is given by

vty 0 oV At~ av OV 0oV 0| -~ N At_[(~0Ov _ov ~ov| p
= —|-WW+o—+—U|U—4+V—+W—|[+—|-W+o—+—V|U—+V—+W— |- =
At oX ox 2 ax oy 0z oy

6{ wv+uav+t\7v(~gv V8V+W8vﬂ .................... (57)

oz oz 2 oy 0z
Z — Momentum equation is given by

wt—w" o| ~ oW At_(_OW _OW - oW 0| = oW At_(_OW _OW - oW
— = —|-UW+o—+—=U[U—+V—+W— | [+—| - W+o—+— V| U —+V—+W—
ox x 2 X oy 8

At 0 oy 0z oy 2 X oy oz
+Q —WW+U@+—tW G%+\7@+W@ B 68)
oz oz OX oy oz) p

+1
Since these equations are in a divergence form, u_v; -0, finite volume formulation can be applied.
At

The mass conservation equation is

Zi)+a*(l3u)+f(pv)+—(pw) U (59)

f(p) pg—uwgfz ......... (60)

@(pv) pgvy+v(2/y) .......... (61)

f(p )= p;ﬂ+wz5 ......... (62)
87p+p87u+u87p+p@+vaip+p@+wap (- .(63)

o4 ox ox oy oy oz oz

PP P a/’:-p[a” 8"+6‘N] ......... (64)

a Vax ya ox oy oz

ap uai+va£+wap_-p(vv) .......... (65)
ot ox oy oz
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RID Ly PL PP =-p(VV ) (66)
oplot  ox oy oz
Py PP P =-pc?(VV ) (67)
ot ox oy 0z
P _ [y Py p+w@+pc (VV) oo (68)
ot oxX oy oz
From Taylor series expansion, 0

2
p"t=p" +At8t (Aztl) (;2 + higher/éerterms ......... .(69)

n+l n
M_59+N6(5’p) .......... (70)

At oot 2 atlat

(uas+va§+waz+p (V.V)]—Aztst(u P v—p+wa—s+pc (V.V)j ......... (70

0
= %_piu %—p@ %—p@+pc (VV) |- At ui—p+v£@+wg@+gpc2 V)l (72)
x "ox oy "oy az 20 xat oyt Cazet et

oup ou  ovp oV owp ow
= | ——p—+—-p—+—-p— A%
[6x oty Py a Pa “( )J+

wl u@+v@+W@+pcz(V.V) +W u@+v—p+W@+pc (VNV) [} (73)
oy\ ox oy oz oz\ ox oy oz

_ | pa—u %—p@ %—p@+pc (VV) |+ A O [y Py P Py Oy PP P
OX ox oy oy oz 2] ox X 0z oz

_ (aup_pau LB v owp aw (W)) At{ua(uapwamwap} (Ump 6pj
OX oy oy oz 0z oy

_ 6KW(UGP+V@+W?J_WJ+ a(vAt(up+vp+Wapj_vp]
VA VA

ox\ 2 U ox oy oyl 2 U ox oy
+2 (Wm uP PP —Wp |+ p M Y W —pc?(VV ). (76)
az 2 ox oy oz ox oy oz
0 (UAt 0 [ VAt 0 (WAt
= —| —advecp—up |+ —| — advecp—vp |+ —| ——advecp—wp |+ p(VV )—pc®(VV)........{ 77
ax[z ppJay(z pp}az(z ppjp()pc() )
n+l _ 4N
% = ;((uzAadvecp up]+§/(advecp vpj+§z Tadvecp ij (p—pCZXV.V) ......... (78)

Where, advecp = u@+v—p+wap
oxX oy oz

n

. . . . . n+l
Now the mass conservation equation is also reduced into a divergence form P p
At

So, the finite volume formulation can be applied. After applying finite volume formulation as explained in section Il B,
the above momentum and mass conservation equations are reduced as follows.

-VF=0
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Z{ p ( x Vo azﬂj J_z} : 82)
Once the computation of the fluxes over all the faces is completed, the aove equation reduces to a form AX — B =0 and
this can be solved using any of the iterative methods. Here we use Bi-CGStab method.

B. Validation using lid driven cavity flow

1) Lid driven cavity flow.

The lid driven cavity problem is one of the standards used to test new computational schemes. It may be worthwhile to
briefly mention why cavity flows are important. In no other class of flows are the boundary conditions so unambiguous.
As a consequence driven cavity flows offer an ideal frame work in which meaningful and detailed comparisons can be
made between results obtained by numerical simulation, experimental analysis and theoretically as well. Another great
advantage of this class of flows is that the flow domain is not changed when the Reynolds number is increased. This
helps for investigations over the whole range of Reynolds numbers, 0 < Re < infinity. Thirdly driven cavity flows
exhibit almost all phenomena that can possibly occur in incompressible flows, like eddies, secondary flows, complex
three dimensional patterns, instabilities, transition and turbulence.

The accuracy and efficiency of the algorithm presented have been verified by solving lid driven cavity flow problem.
Evaluating the results obtained from the numerical simulation of the different cavity configuration require careful
consideration. The issue that is central to the analysis is the question of the numerical solution reaching a steady state
for a given Reynolds number. The steady state solution is important for two reasons. The first reason is that it allows
comparison of the centre line velocity profile obtained from the proposed algorithm with center line velocity profiles
reported by other investigators. Secondly, a steady state solution allows the comparison of centerline velocity profiles
obtained from two and three dimensional representation of the same physical problems.

2) Details of the problem.

The physical configuration of the lid driven cavity is that of a unit cubic cavity with rigid walls filled with a fluid. The
fluid is set in motion by moving the top boundary (lid) in X-direction at a constant velocity. The top wall is moved in
the positive x-direction with a velocity ulid, which is varied to simulate different Reynolds numbers. No-slip boundary
condition is applied on the side walls and the bottom of the cavity. A time-dependent version of the classical steady-
state problem as discussed earlier is considered by assuming that the fluid is initially at rest and that the driving wall is
impulsively set into motion at t=0 with constant velocity, ulid. The moving lid surface is open to the atmosphere and
the other three boundaries have zero normal pressure gradients.
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Fig.8. (a) 3D domain and (b) Characteristic features for a Lid Driven Cavity

The flow field will depend not only on the Reynolds number but also on the depth of the cavity. The problem
considered is shown in figure 8 (a) and refers to the three-dimensional flow in a cubic cavity of sides 50mm. The basic
characteristics of the boundary driven flow are shown in figure 8 (b).

The initial conditions are: u(x, y, z, t=0) = u0(x, y, z), v(x, Y, z, t=0) = v0(x, y, z) = 0, w(X, ¥, z, t=0) = wO(X, y, 2) =0
P(x, Y, z, t=0) = PO(X, Y, z) = lbar

The values u0 are 0.008m/s and 0.02m/s (By the relation u=(Re*pn)/(p*y) for Reynolds numbers 400 and 1000
respectively.

The boundary conditions are: At x=0 & x=0.05m, u=v=w=0 (No Slip B.C at solid walls), At z=0 & z=0.05m, u=v=w=0
(No Slip B.C at solid walls), At y=0, u=v=w=0 (No Slip B.C at solid walls), At y=0.05m, u=Rep/py, v=w=0

For validation of the code, water and air are taken as the fluids. The values of different properties of water and air
considered initially are:

For water, Density, p=1000 kg/m3, Viscosity, p=1.0e-3Ns/m2

For air, Density, p=1.0 kg/m3, Viscosity, u=1.0e-5Ns/m2

The physical domain, 50 mm cube is discretized by using tetrahedron elements. The mesh contains 44888 nodes and
246897 elements with a spacing of 1.5 mm. The grid generated in Gambit is shown in figure 9. For grid sensitivity
study, another grid is generated with a spacing of 2 mm which gives 18966 nodes and 100686 elements.

Fig.9. Gambit generated grid of a 50 mm cube with 44888 nodes and 246897 elements

a) Lid-driven cavity flow of air for Re 400 b) Lid-driven cavity flow of water for Re 400

Fig.10. Tecplot contour showing lid-driven cavity flow of air and water for Re 400
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3) Lid driven cavity flow.

The code is validated for laminar flow with Reynolds number 400. Results are presented as velocity vector diagram.
The steady state is assumed to be reached when the difference between the solutions at two successive time steps is less
than the prescribed tolerance of 10™°. During each time step the residual has been brought down to the order of which
ensures that the corresponding discrete divergence of the velocity for the whole domain reduces nearly to machine zero.
Grid sensitivity study has been conducted by meshing the domain in to double of the original, which also shows the
same result.

The above figures 10 a) and 10 b) show the velocity vector plot for Reynolds number 400. The results are qualitatively
matching with the published results [8].

V. CONCLUSION

A Taylor based unstructured finite volume method (sequel to the Taylor-Galerkin finite element method) is developed
for the solution of the unsteady three dimensional convection diffusion equation. An implicit time stepping method is
adopted and the resulting system of algebraic equations are solved using an efficient Bi-Conjugate Gradient Stabilized
(Bi-CGStab) solver. A Least square based methodology is used for the derivative evaluation using cell-centre values
avoiding the tedious reconstruction. Using tetrahedral elements for the space discretization, a three dimensional
convection diffusion equation is solved for various Peclet numbers and the stability and accuracy of the solution
technique is demonstrated. The methodology is further extended to the solution of the incompressible Navier-Stokes
equations and applied for the solution of a lid-driven cavity problem. The combination of unstructured finite volume
and the Bi-Conjugate Gradient Stabilized solver results in saving considerable amount of computing time.
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