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General characterization of the thesis
The thesis is a research about free boundary problems, and more exactly it investigates
the mathematical modeling of glass melting process and heat transfer phenomena
according to classical rules in physics. Indeed, the main purpose of the present work
is the construction of an effective numerical approach for the solution of free boundary
problem which is based on finite element method. The boundary value problems for

elliptic equations are considered also.

Actuality of the Subject

Mathematical modeling of heat transfer (Transport Phenomena) is applied by
researchers to investigate the environment of the furnaces during the melting process
and turbulent conditions inside them, because it has the advantages of reasonable cost
and applicable exactness. Different researchers were worked about the free boundary
problems and their mathematical characteristics, and Conservation laws were applied
by physicists to construct the mathematical formulation of melting and freezing
process for different types of materials. Stefan problem is famous between researches
that it describes the behavior of ice block and its temperature distribution during the
phase transition process.

Shoshana Kamin in 1958 prepared the first proof of the existence and uniqueness of
the generalized solution of the Stefan problem in three-dimension. Her work was
followed by Oleink, O. A. and she generalized the proof in the work “A method of
solution of the general Stefan problem” in 1960. Meirmanov prepared comprehensive
mathematical information about the Stefan problem in the text book “The Stefan
Problem” in 1992, and also for existence and uniqueness of solution of Stefan problem

and its regularity it is recommended to refer to Daniele Andreucci’s work.

Obstacle problem is another important problem in the free and moving boundary
problems topic. The aim of this problem is to look for the equilibrium of an elastic
membrane whose boundary is constrained to hold above a given obstacle. Obstacle
problem is applied in the fluid filtration, constrained heating, optimal control,

financial mathematics and some other scopes. Caffarelli in the work “The obstacle



problem revisited” reviewed some basic properties of obstacle problem and also
Caffarelli and Riviere in the paper “Smoothness and analyticity of free boundaries in
variational inequalities” in 1976 investigated more details in this scope. In the area of
heat transfer and its mathematical simulation in three-dimensional case Raymond
Viskanta and Aydin Ungan in 1986 prepared a paper which they presented a numerical
approach to derive the modeling of circulation and heat transfer in an electrically

boosted glass tank.

The finite element method (FEM) is a numerical approach for solving problems of
mathematical physics. Typical problem areas of interest include structural
analysis, heat transfer, fluid flow, mass transport, and electromagnetic potential.
The analytical solution of these problems generally require the solution to boundary
value problems for partial differential equations. The method needs the variational
formulation of the equations, then to solve the problem, it subdivides a large problem
into smaller, simpler parts that are called finite elements. The simple equations that
model these finite elements are then assembled into a larger system of equations that
models the entire problem. FEM then uses variational methods from the calculus of

variations to approximate a solution by minimizing an associated error function.

The earliest mathematical works on FEM be developed by Schellback in 1851 and
Courant in1943. Also FEM was independently continued by engineers to address
structural mechanics problems related to aerospace and civil engineering. The
developments began in the mid-1950s with the papers of Turner, Clough, Martin and
Topp in 1956, Argyris in 1957, and Babuska and Aziz in 1972. The books by
Zienkiewicz in 1971 and Strang, and Fix in 1973 also laid the foundations for future

development in FEM.
The Aim of the Thesis
1) To formulate the mathematical modeling of glass melting process in

Garnissage furnace in three-dimension based on classical rules in physics

(mass, momentum, and energy conservation laws) within Stefan condition.
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2) To develop an algorithm, which reduces the free boundary problem (the
nonlinear system of partial differential equations) to the new system of
equations that has separated linear and nonlinear parts.

3) To investigate the numerical solution of the system according to finite
element method in three-dimension.

4) To investigate the Dirichlet problem for fourth order partial differential
equation in the unit disc. The equation is supposed elliptic and we consider

properly and improperly elliptic equations.

Object of investigation
Free boundary problems within Stefan condition to prepare the mathematical
modeling of melting process in the Garnissage furnace in three-dimension. Boundary

value problems for elliptic equations

Methods of investigation
The methods include mathematical analysis, calculus of variations, linear algebra,
matrix analysis, theory of free boundary problems, and the theory of finite element

method for the nonlinear system of equations.

Scientific innovation

The thesis continues the works of Viskanta, Patankar, Zhao, Pilon, Rodrigues,
Urbano, and Choudhary and according to their mathematical modeling we earn the
modeling in three-dimension and by applying the calculus of variations we complete
the process by performing the finite element method. The results about boundary
value problem for elliptic equation are new also, and continued the investigations of

N.E. Tovmasyan and A.H. Babayan.

Theoretical and Practical Value
The results obtained in the thesis have theoretical content and at the same time are
directed toward applications. They can be used in the development of mathematical

modeling of transport Phenomena and heat transfer.

Publications



The results of the thesis were published in 6 scientific articles which two journals
indexed in SCOPUS.

Structure and Volume of the Thesis
The thesis consists of the introduction, four chapters, conclusion and the list of

references. The number of references is 100, and the volume of the work is 115 pages.
The main content of the thesis

In introduction the actuality of the topics is discussed, some historical remarks are

mentioned and the aim of investigation is explained.

Chapter 1. Some known definitions and necessary facts for following considerations
are presented.

Section 1.1. Some historical notes and developing of free boundary problems and vital

works in this domain were stated.
Section 1.2. We recall about basics of mathematical modeling.

Section 1.3. We state the basic definitions in physics which our modeling is related and

constructed according to them.

Section 1.4. The mathematical modeling of continuity equation is prepared. To earn
the model we applied the mass conservation law in classic physics and the result is
partial differential equation in three-dimension.

ap
S, +V.(V) =0

Section 1.5. The mathematical modeling of momentum equation is expressed. To gain
the model we invoked the momentum conservation law in classic physics and the

result is the system of partial differential equations in three-dimension.

£+VV(pV)——Vp+V T+ pg



Section 1.6. The mathematical modeling of energy conservation equation is prepared.
To obtain the model we used the energy conservation law in classic physics and the
result is partial differential equation in three-dimension.
pcV.V0 = V. (kopfVO) + (T:VV) + S
Section 1.7. The one-dimensional mathematical modeling of Stefan condition is
obtained and the three-dimensional version of Stefan condition is concluded to
perform in conduction equation.
pLR'(t) = k0, (h(D), 1) + ksby (R(2), )
[Vo]f.n, = —Aw.n, = An,

Section 1.8. We summarize the heat transfer equations and boundary conditions.

Transport phenomena system

% v V) =0
ot WY =

av
p(E+V.VV) =-Vp+V.T+pg

pcV.VO = kerr A + (T:VV) + S
Stefan condition
[Vo]t.n, = —Aw.n, = An; onT,
Q ={0>T} Q, ={0<T} r={0="1}
Other boundary and initial conditions
Olr =Ty
Ole=o = P(x), x € Qg
Bli=0 = p(x), x € Q,

V|l‘unz =0

Section 1.9. Some basics and definitions of Sobolev spaces is prepared, also necessary norms
and theorems about the convenient spaces for the solutions of partial differential equations is

introduced.



HY(Q) = {u €L,(Q) : ou e L,(Q),j =12, n}
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Chapter 2. We derived the mathematical modelling of heat transfer in Garnissage
furnace in two-dimensional case based on stream functions, and to illustrate the
moving boundary between the solid and liquid phase we exert the Stefan condition,
then we invoked the finite element method to gain the numerical solution of the
system.

Section 2.1. Mathematical definitions of stream functions are stated.

_H
u—ay

o
T ox

Section 2.2. We obtained the continuity equation based on stream functions and we
have shown the stream functions satisfy in the continuity equation.

ou 4 v 0

ax  dy
Section 2.3. We earned the Navier-Stokes equations respect to stream functions and we
gained two differential equations in two-dimension, then by subtraction we got the
system as

o a

) = ) = on%y

Section 2.4. We derived the conduction equation according to stream functions.

Yoo 0Pas  k IS
dydx dxdy pc pc

Section 2.5. Weak formulation of Navier-Stokes and conduction equations were
computed. This work has been done by applying sufficient smooth test functions, and
also by inserting the Stefan condition into the energy equation, we obtained the
variational version of modeling as



onoyY onoy _
Q

ﬂ (aean agan)dd = kffVGVdd +
v dxdy 0Jyadx xey = pc Hvnaxey
[o o

klﬂandd +Sﬂdd
pc at pc naxay.
QO QO

Section 2.6. To complete the process of the finite element approach we discrete the
domain, and we replaced the approximate values 1, and 6, instead of ¢ and 6 in the
equalities, and we redefined the heat transfer problem as the problem of finding
Yy, 65, € V, such that ¥, 6, satisfy in the relative integral equations. Then we got

N(h) N(h) N(h)
Z Z UiUj agji + Z Upby =0
=1 =1 e

N(h)

Z cjVi =d;j; j=123,..,N(h).

i=1

Newton’s method for nonlinear systems was recommended for the first nonlinear

system, but the details of numerical approach is prepared in the chapter 4.

Chapter 3. We prepared some basic relations in vector analysis to apply them in the
modeling process in cylindrical coordinate system to use convenient symmetric
properties of furnace in the mathematical modeling process. We started the modeling
in cylindrical coordinate and we derived the mathematical modeling and also its weak
formulation, and finally we discrete the domain to replace the approximate variables.
We completed the finite element method to obtain the numerical solution of the
transport system. We have stated the conservation equations in the cylindrical
coordinate, so the Stefan condition, then we converted the system of equations into
the weak formulation and by applying the convenient test functions we discrete the
domain to follow the finite element method. The Newton’s method has been applied
to derive the numerical solution of the system.

Section 3.1. Fundamentals and some basic definitions of vector analysis, like gradient
and divergence in cylindrical coordinates are prepared.
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Vf = Eer +;%€(p +a—Z€Z,
vV ( )+ 16u(p+6
Thr rdp 0z’

Section 3.2. Mathematical modeling of transport phenomena respect to cylindrical
coordinate system has been computed. This essential part made according to the

velocity vector field components ., u,,.
dp 10 a(pu,)

3t Trar ) v —5,— =0,

ou, ou, du,\ _ 0p 16( 6ur) %u, u,
(7+“r7+“zz)— ar T \" o) T oz Trz) T Per

(6u2+ 6u2+ auz)_ 6p+ 1 6( auz)+azu N
ac " ar "%z ) T "oz M\ rar U ar 0z2 P9z

06, 96 99 _k 16(66) 20\ L ore s Lr
ac " “or uzaz_pc ror\ar) oz * pc

Section 3.3. Finite element method has been chosen to search the numerical solution
of transport phenomena system, then we derived the variational version of system,
then we will applied the convenient smooth test function n(r, ¢, z,t) with small

support to earn the weak formulation.

Ju (ﬂ_a_ﬂ) fua—n=0
"\r or ‘9z
Q

Q

on (1 1\ dn an  du, 9d*n 9*n\ 1 an
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Section 3.4. After discretization of the domain we redefined the heat transfer problem
as the problem of finding w,.,,, u,,,, pn, and 6, such that there satisfy in the continuity
equation, Navier-Stokes equations, and heat conduction equation, then we got the
system of equations

N(h)

Z(Uriaik - Uzibik) =0,

i=1

N(R) N N(R) N(R) N(R) N(R)
Zur LR+ZZUUBW+ZZ Z]Ci,-k+ZPiDik+Ek:0,
i=1 i=1 j= i=1 j= i=1

N(R) N(R) N(R) N(R) N(R) N(R)

Z i Y D VU Bl Y ) Uy et Y Py + By =0,

=1 j=1 =1 j=1 i=1
N(h) N(h) N(h)
ZGF‘”ZZ U +U,, G,k+Hk=o,
i=1 j=

k=123,..,N(h).

Section 3.5. Some description about the process of the work, finite element approach,
and Newton’s method was prepared.

Section 3.6. Mathematical modeling of transport phenomena based on cylindrical
coordinate and the result system of equations and their relative coefficients was
reviewed.

Section 3.7. We continued the process by computing the coefficients in the transport
system, for this objective we divided the domain Q to the mesh cubes, and we
constructed the test functions on ijk —mesh cube. To define the test functions we
divided the ijk —mesh cube into the 24 tetrahedrons.

Parts 1, 2 Parts 3, 4
1 1
PGy ) =g (x+x—t+6)+1 PGy ) =g (—x+x-y+y)+1
Parts 5, 6 Parts 7,8
1 1
Py =g(-y+y+t-t)+1 Py =g x-x+t—6)+1
Parts 9, 10 Parts 11, 12
1 1
Py, ) =7 (x—x+y-y)+1 Py =g -y—t+u)+1
Parts 13, 14 Parts 15, 16
1 1
Py, ) =7 (-t+t)+1 Py =3 Gx-x)+1
Parts 17, 18 Parts 19, 20
1 1
PGy ) =7 (-y+y)+1 Py, ) =7 (-6)+1




Parts 21, 22 Parts 23, 24
1 1
Py, =7 -y)+1 Pyt =3 (cx+x)+1

Section 3.8. We computed the coefficients of the continuity equation a;;, and b;;, then
we continued the process by determining the a, for k =i,k =i— (N2 + N — 1),
andk =i+ (N>+N—1).

(x; + h)(6x2 — 8x;(x; + h)? + 3(x; + h)?) h
a;; = 62 11’1(1 +x—)—
1A
xF—4x;h® + 3h“l (1 h) x;(3x% + h?)
6h? "y 9k

We expressed the continuity equation as
Uy\ _
@0 (y) =0

and we derived the matrices P and Q respectively as

041 0 0 00009 0 0 0 0 0 0 0 0
0 062 0 0 0.0001 0 0 0 0 0 0 0
H 0 0.67 0 0 —0.0003 0 0 0 0 0 0
0 i 0 0.41 0 0 =0.0006 0 0 0 0 0
0003 0 : 0 0.41 0 0 0 0 0 0 0
0 0.002 0 i 0 0.62 0 B 0.0009 0 0 0 0
0 0 0002 0 H 0 0.67 0 0 0.0001 0 0 0
0 0 0 0.002 0 B 0 0.41 H 0 =0.0003 0 0
0 0 0 0 0003 0 H 0 0 i 0 —0.0006 0
0 0 0 0 0 0.002 0 H 0.41 0 i 0 0.0009
0 0 0 0 0 0 0.002 0 0 0.41 0 H 0
0 0 0 0 0 0 0 0.002 0 0 0.62 0 H
0 0 0 0 0 0 0 0 0 0 0 0.67 0
0 0 0 0 0 0 0 0 0.003 0 0 0 0.41
0 0 0 0.002 0 0 0 0 0 0 0 0
/ 0 0 0 0 0.002 0 0 0 0 0 0 0 \
i 0 0 0 0 0.002 0 0 0 0 0 0
0 : 0 0 0 0 0.002 0 0 0 0 0
=0.002 0 H 0 0 0 0 0 0 0 0 0
0 —0.002 0 : 0 0 0 0.002 0 0 0 0
0 0 =0.002 0 H 0 0 0 0 0.002 0 0 0
0 0 0 —0.002 0 H 0 0 H 0 0002 0 0
0 0 0 0 =0.002 0 i 0 0 H 0 0.002 0
0 0 0 0 0 —0.002 0 i 0 0 H 0 0.002
| 0 0 0 0 0 0 -0.002 0 0 0 0 H 0 |
0 0 0 0 0 0 0 —0.002 0 0 0 0 H
\ 0 0 0 0 0 0 0 0 0 0 0 0 0 /
0 0 0 0 0 0 0 0 —0.002 0 0 0 0

Section 3.9. We achieved the coefficients of the Navier-Stokes system. We started by
determining the coefficient A;,, and as we done in other parts we suppose the
ijk —mesh cube that it was divided to 24 tetrahedrons, then after integration process
in the whole parts we gain

Ay =-—

xi3+h31 (1+h)+xi3—h3] (1 h)_|_6xi2+2h2
32 " 32 " on

i i



1 2 o it h)? hy h?
Ay (wean-1) = = 7g7 (65 + 15xh + 1103 + oI (1 +_i) -5
1 (x; = h)® hy h?
Ajiv(nzen-1) =~ 18h (6x? — 15x;h + 11h2) + T]n (1 _x_l> + 5

Then we have done the same process to determine the other coefficients in the system
of Navier-Stokes equations. At the end of this section we got the nonlinear system of
equations in 128 equations in 128 unknowns.

Section 3.10. We have shown in the continuity equation
U, = —P71QU,
Also from section (4.5) the Navier-Stokes system has the style
AU, + ¢, (U, U,) +Dp+E =0,
AU, +¢,(U,U,)+D'p+E" =0,
where the matrices 4, D, A’, and D' are determined. Since D = —D’, and
E = h3g.1,
E'=h3g,1.
After summation of the Navier-Stokes equalities we got
AU, + AU, +yU,, U)+E+E =0
We replaced the value of U, into the last equation to get
(A" = APT'Q)U, + ¥p(U,) = —h*(g, + g1
The concluded system has 64 equations within 64 variables. We derived its numerical
solution by invoking the Newton’s method. All numerical results and their relative graphs
was produced.

Chapter 4. We investigate the Dirichlet boundary value problem for fourth order
elliptic equations. We suppose, that the characteristic equation has one double-
multiple root and two simple roots.

Section 4.1. We consider the Dirichlet problem for the fourth order properly elliptic
equation with constant coefficients in the unit disc. Since the characteristic equation
has one double root in upper half-plane and two different roots in the lower half-plane



the solution must be found in the class of functions Holder continuous with first order
derivatives up to the boundary, then we obtained the new formula for the
determination of the defect numbers.

Section 4.2. We assumed the unit disk D = {(x, y): x? + y? < 1} in the complex plane,
and we considered the fourth order elliptic differential equation in the domain D

4
o*u
RZOARW (x,y) =0, (x,y) €D,

where A, are the complex constants (4, # 0). We assumed that the last equation is
properly elliptic. We searched the solution of the equation in the class of C*(D) n
Cc @) (D), which satisfies the Dirichlet conditions

ou
u . =f(x,y), N . =g(x,y), (x,y) €T,

where T is the boundary of D, also f € C@9(TI) and g € C((T) are the given
functions, and % = —% is a differentiation in the inner normal direction to the
boundary T, and

z=x+iy=re"?
We tried to determine the number of solvability conditions of the problem

4 4

d*u
;ARW (x,¥y)=0, (x,y) €D,

u
u|r=f(x,y), N F=g(x,y), (x,y) €T,

and the number of the linearly independent solutions of the homogeneous problem

4 4

d*u
kZ—OAkW (x,y)=0, (x,y) €D

ou
u|r—0, a_NF

=0, (x,y) €T,

that is the defect numbers of the problem. Let 4; are the roots of the characteristic
equation Y5 _o A A*% = 0. We have

A =2y 31, >0,
As £y Sy, <0, 1=12,



. i— i+25 .
Denoting u = i+t v = :1: j = 1,2 , the obtained result may be formulated as

follows

Theorem 4.1. Assume that o = uv; and t = puv,, then the problem
< o*u
;ARW (x,y) =0, (x,y) €D,

ou
u|r=f(x,y), a_N|r=9("'y)' ) €T,

is uniquely solvable if and only if the conditions

k-1 m m-p-1
Py (o,7) = Z Z(m —p)(oT)? Z oltmP=J £,
m=0p=0 ‘= (4.2.9)

for k = 3,4, ... hold. If the conditions (4.2.9) fail, that is Py (o,t) = 0 for some value
ko > 2, then the homogeneous problem has one linearly independent solution which
is polynomial of order ky + 1. The corresponding inhomogeneous problem has a
solution if the boundary functions satisfy one linearly independent orthogonality
condition. Therefore, the defect numbers of the problem are equal to the numbers k,
for which Py (0,7) = 0.

Section 4.3. We investigated more about the conditions (4.2.9). First we represent the
equation in the form

4 64 4 5 04 64
<P3(”' Vo707 " Eazar T Hagar T e T ﬁ)“ =0
where P; (o, T) defined in (5.2.9). For k = 3
Py(0,7) =142(0+ 1) + 01 =1+ 2u(vy +v3) + ?v1v,,
and the constants E and H are as
E=—(vy +v, + 2uvqv,)
H=—2u+p (v, +vy))
We illustrated the results of the theorem 5.1 in the cases of k = 3,4. We referred to
the homogeneous problem and by invoking the homogeneous conditions we knew that
the seeking solution must be divisible by (1 — zz)?. We supposed that the function

uo(z,2) = a(1 — z2)2, a # 0 is a solution of the homogeneous problem and this
function satisfies the homogeneous boundary conditions, then



P;(0,7)4a =0

So the function wu, is non-zero solution of the homogeneous problem if and only if
P;(o,7) = 0.

Section 4.4. Some Mathematica programing has been introduced to demonstrate the
numerical solution.

Section 4.5. In the final part we review and consider the case of improperly elliptic
equation. The consideration are similar to the case of the section 4.2 We represent this
equation in the form of complex variables as

] N d\(0 AV
G mz) G ma) G wa)=o

(4.5.1)
me # 15,0 < || <1,
with Dirichlet boundary conditions
ou | = F(xy),(xy) €T,j =01
071 o) |p = Iy Y E LT =04
(4.5.2)

u(lﬁo) = fO(l)ruT(er) = fl(l)!uG(llO) = fo(l)

Theorem 4.4.1. Assume that |u,| > |y,- ,j =1,2, and the boundary functions F;
belong to the class AL® (Ju,]), the class of functions, analytic in the annulus
{luol, 1z| < 1}, and with first order derivatives Holder continuous up to the boundary,
then the problem (4.5.1) and (4.5.2) is uniquely solvable if and only if the following
conditions hold.

J=1k-1 k—1-1
Pi(o,7) = Z Z(k —D(o7)! Z tMek-t-m-1 i =134, ..
k=1 1=0 m=0 (4511)
where
=B =B gz
Ho

If the conditions (4.5.11) fail, then homogenous problem has finite number of linearly
independent solutions, and for F; € A9 (|y,]) inhomogeneous problem has a
solution if and only if the finite number of linearly independent solvability conditions
to boundary functions F; hold. These defect numbers are equal to the quantity of
numbers j, for which the conditions (4.5.11) fail.



Proposition. We consider the problem (4.5.1), (4.5.2) when u, = e®u,; and |u,| >
|1 . In this case we get the result similar to theorem (4.4.1), where instead of P; from
(4.5.11) we have

Jj-1 . .
s ZZ pay zJP — zP~ ia
(z) =2z~ sin(—)— z=og0ez
Q) 1p 2 z—z"1 "’
p:

Theorem4.4.2. Assume that |po| < |py] < luzl, (g # u3), and the boundary functions
F; belong to the class of AW (|, ]), then the problem (4.5.1) and (4.5.2) is uniquely
solvable if and only if the conditions (4.5.11) hold. If the conditions (4.5.11) fail, then
homogeneous problem has finite number of linearly independent solutions, and for
F; € A%9(Juy|) inhomogeneous problem has a solution if and only if the finite
number of linearly independent solvability conditions for boundary conditions F;
hold. Hence defect numbers are equal to the quantity of numbers j, which the
conditions (4.5.11) fail.

Theorem 4.4.3. If y; = ey, 1, = ey, whena = ZT",/E = 27” and [,n € N, then

the homogeneous problem (4.5.1), (4.5.2) has infinitely many linearly independent
solutions. These solutions are polynomials of order kj, + 1 (j, = [I,n]).

Theorem 4.4.4. We coincide the inhomogeneous problem (4.5.1), (4.5.2) if
M1 = eiallo' H2 = eiﬂuo,

and a = ZT”,[)’ = 2;” where [,n € N. Then for solvability of the problem (4.5.1),
(4.5.2), itis necessary infinitely many conditions.

List of publications

1. M. H. Mohammadi, Mathematical Modeling of Heat Transfer and Transport
Phenomena in Three-Dimension with Stefan Free Boundary, Advances and
Applications in Fluid Mechanics, Vol. 19, No. 1, pp. 23-34, 2016.

2. M. H. Mohammadi, Three-Dimensional Mathematical Modeling of Heat
Transfer by Stream Function and its Numerical Solution, Far East Journal
of Mathematical Sciences(FIMS), Vol. 99, No. 7, pp. 969-981, 2016.

3. A. H. Babayan, M. H. Mohammadi, on the Mathematical Modeling of
Garnissage Furnace, <UM<, Lpwptp, Ghunwfub hnndudtiph
dnnnjwidnt, Uww 1, Ee. 7-16, 2016.



4.

A. H. Babayan, M. H. Mohammadi, on a Dirichlet Problem for One Properly
Elliptic Equation in the Unit Disk, Reports of NAS Armenii, v.117, No.
3, pp. 192-200, 2017.

M. H. Mohammadi, Finite Element Method for Transport Phenomena
in the Three-Dimensional Case. Pwiptp (<KUMNL).
Stintijumyujub wtijuininghwbitin, LEgupnihyu,
nuwnhnntifntthijuw, h. 2, pp. 76-86, 2017.

M. H. Mohammadi, Numerical Analysis of Fluid Flow and Heat Transfer
Based on the Cylindrical Coordinate System. Fluid Mechanics, Vol.4,
No.1, pp. 1-13, 2018.

CONCLUSION

Mohammad Hassan Mohammadi

Boundary Value Problems for Elliptic and Parabolic Equations and

Applications in Mathematical Modeling of Two-Phase Substance

In the thesis the following results are obtained:

1.

Mathematical modeling of heat transfer (Transport Phenomena) in three-
dimension for the especial furnaces with cylindrical shapes is derived,
where these Furnaces in the business area are called Garnissage furnace. In
the present work we obtained the mathematical modeling based on the
stream functions and cylindrical coordinates. We prepared the details of the
modeling by invoking the conservation laws, and the Stefan condition is
applied to describe the behavior of the free boundary.

We defined stream function in two dimension and then we gained the
mathematical modeling of heat transfer according to stream function. The
modeling based on stream function has its sufficient advantages and we
prepared complete description about the modeling process, variational
approach and weak formulation, and numerical solution of the transport
system in two-dimension.

We achieved the mathematical modeling in the cylindrical coordinate
system according to Garnissage tank shape and its symmetric properties.
We got the conservation equations in the cylindrical coordinate system, so
the Stefan condition, and then we followed the variational approach to



convert the system of equations into the weak formulation. For expressing
the system in the variational formulation we will exert test function with
compact support (three-dimensional analog of the Courant function).

To complete the finite element method, we discrete the domain to special
mesh cubes and we divided them into 24 tetrahedrons. We computed the
piecewise linear test function according to 24 tetrahedrons, and then we
determined values of coefficients in the linear and nonlinear system. We
solved the system numerically by the Newton’s method and we exhibited
the final results by the corresponding graphs.

We focused on the Dirichlet problem for the fourth order elliptic equation
with constant coefficients in the unit disc. The case of properly elliptic
equation is considered. The characteristic equation has one double root in
upper half-plane and two different roots in the lower half-plane. The
solution must be found in the class of functions Holder continuous with first
order derivatives up to the boundary. We obtained the new formula for the
determination of the defect numbers. The solvability conditions of
inhomogeneous problem and linearly independent solutions of
homogeneous problem are obtained in explicit form. We demonstrated that
the defect numbers may be zero, one or two. The numerical calculation of
the defect numbers was done by applying Mathematica programing. The
case of improperly elliptic equation is investigated also (characteristic
equation has one double root and two simple roots in the upper half-plane).
In this case the class of boundary functions, necessary for correctness of the
problem was obtained. The formulas for defect numbers was found in this
case also. We determine the conditions to the coefficients of the equation,
provided infinitely many linearly independent solutions of the
homogeneous problem.

3AK/IIOYEHHUE

Moxammao Xaccan Moxammaou

I'panmmme 3aJa9YM 4J14 DJITHIITHYCCKUX 1 napa6o.1mqec1cnx ypaBHEHI/Ifl

¥ IpUMeHeHHe B MaTeMaTHIeCKOM MOZeTMPOBaHIH ABYX(}asHOH cpens

B pabore monyueHs! cleayIonye pe3yIbTaThl:

1.

Peanm3oBano MaTeMaTHIeckoe MOJIEIMPOBAHNE TIPOIlecca Iepeiadn Teria
(sBNICHHME TepeHoca) B TPEXMEPHOM Cllydae B TI€YH IS CTEKIOBapCHHS
IWIMHAPAYECKOH (GOopMBI  (TapHHCCa)XHOM TeuH). MaremaTHieckoe
MOJIETTMPOBAaHHE OCHOBAHO Ha HCIIOIB30BAHMM (YHKIMH TOKA, a TaKkKe
LWINHIPUYECKUX KoopAuHAT. OCHOBHBIC YpaBHEHMs IIOJIyYeHBI U3



3aKOHOB COXpPAHEHHMs, a IOBEJCHHE CBOOOJHON T'paHMIBI OMMCHIBACTCS
ycnoBueM Credana.

Ompenenena aByMmepHass (QyHKIMS TOKa M, HCHOJB3Ys STy (yHKIHUIO
MOCTPOCHA MaTeMaTH4YecKas MOJENb Iepefadn Tera. MoJeInpoBaHHe,
OCHOBaHHOE HAa HCIHOJIb30BAaHMU (QYHKIUHM TOKA HMEET CYIIECTBCHHbBIC
mpeuMymiecTBa.  [IpoBeJeHO  JeTalbHOE  OMHCAHUE  ITOCTPOCHHUS
MaTeMaTHYeCKOH MOJenH, NMepexoi K BapHAIlMOHHOM 3ajade, a Tarke
ciabast popMyIHpOBKa ITOJIYYCHHOH 3aJaddl U €€ YHCICHHOE PEIICHUE B
JBYMEPHOM CIIydae.

B TpexMepHOM ciiyyae, y4uThiBas GOpMy rapHHCCAKHOW MEYH, CTPOUTCS
MareMaTH4ecKas MOJENb C  HCIOJIb30BAaHHUEM  IIMIMHIPUYECKOH
KOOpAWHATHOM cHcTeMBbl. [lomydeHbl ypaBHEHUsS COXpaHEHHS B
LWIMHIPUYECKNX KoopAnHaTaXx. Ha HENOXBWKHOM YacTH TpPaHMIEI
CTaBATCSA CTAaHJAPTHBIC YCJIOBHSA, a Ha CBOOOJHOM TpaHMIIE - YCIOBHE
Credana. [lanee, moiydeHHash cucTeMa NPUBOJHUTCS K BapHALOHHOW
3amadve. st peanyu3auy MeTo/[a KOHEUHBIX JIEMEHTOB JUTSL PELICHHS 3TOM
3ama4l  CTPOWTCS OasucHas (YHKIUS C KOMIIAaKTHBIM HOCHTEIEM
(TpexmepHblii ananor ¢pyHkuuun Kypanra).

Jns  peanm3amuu  MeToJa  KOHEYHBIX  DJIEMEHTOB  pa3OuBaeM
paccMaTpuBaeMyr0 OOJIaCTb Ha KyOBI, KaKABIi W3 KOTOPBIX, B CBOIO
ouepenb, pa3OuBaercss Ha 24 TeTpasapa, U, 3aTEM HCIOIB3yeM
MMOCTPOCHHYI0 0a3MCHYIO (YHKIMIO IS TPHBEICHUS 3a/1a4d K CHCTEME
YpaBHEGHUH, COCTOSIIEH U3 JIMHEHHONM M HENWHEHHOW uwacTeld, ams
onpenencHus Ko3(QOUIMEHTOB, MO KOTOPHIM CTPOUTCS MNPHOIHKECHHOS
pewenue 3amaun. [lomyueHHas cucteMa pemaercs MetoqoM HerootoHa ,
3aTeM, pelleHHe MPEICTABICHO COOTBETCTBYIOIINMU rPpapHKaMH.

B enuHn4HOM Kpyre paccMoTpeHa 3anada Jupuxie Ams 3JUIMOTHYECKOTO
YpaBHEHHUs] YETBEPTOrO IOpsIKa C TOCTOSHHBIMH Kod(duimeHtamu.
CHauana pacCMOTpEH CiIydail MPaBWIBHO SIUIMINTHYECKOTO YpaBHEHHS.
[Ipenmonaraem, 4To XapaKTEpUCTHIECKOE ypaBHEHHE UMEET JIBYKPATHBIN
KOpEeHb B BEpXHEH MONYIUIOCKOCTH W JIBa TPOCTHIX KOPHS B HIDKHEH
MONYIUIOCKOCTH. PemeHne nieM B kinacce GyHKIUH, yIOBIETBOPSIOIINX
ycioBuio ['enbaiepa BIUIOTH JJO TPaHHIIBI BMECTE C TPOU3BOIHBIMU IEPBOTO
nopsiika. [TomydeHa HoBast popMyiia sl onpeaeieHus 1e()EeKTHBIX YHCEI
337a4d. YCJIOBHS pAa3peliMMOCTH HEOJHOPOJHOM 3ajauM, a Takxke,
JIMHEHHO HE3aBUCHUMBIC peuieHuA OﬂHOpOﬂHOﬁ 3a1a4uu l'[O,]'ly'-leHbI B IBHOM
Buze. [TokazaHo, 4To geeKTHBIE YnCiia MOTYT IPHHUMATE 3HAYECHUS HOJIb,
OIWH W IBa. YuClIeHHOE ompeneneHne Ie(eKTHBIX YHCEeN MPOBEIEHO C
HCTIONb30BaHUeM makera mporpamm Mathematica. damee, paccmorpeH
Clly4ail HeMpPaBHJIBHO DIUIUIITHYECKOTO yPaBHEHUsI (XapaKTepUCTHYECKOe
YpaBHEHHUE HMMEET OJMH JIBYKPAaTHBIM KOpEeHb M JBa MPOCTHIX KOpPHS B
BEpXHEil MOMYIUIOCKOCTH) . B 3TOM cityyae ompe/ieneH Kiiace IpaHHYHBIX



GyHKUMHA, B KOTOPOM paccMaTpuBacMas 3ajada KOPPEKTHA, a TakKe
¢dopmyrna nedextHeix uncen. Haiinenst ycioBus Ha Ko3(GHUIHEHTHI
yYpaBHEHHS, HPH KOTOPBIX OJHOPOJHAS 3ajadya HMeeT OeCKOHEeHYHOe
MHO>KECTBO JIMHEWHO HE3aBUCHUMBIX pEIICHUH.
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