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ABSTRACT

The focus of the thesis is on partial-integro differential equations such as coagulation-
multiple breakage and non-linear collision-induced breakage equations. These models
have significant applications in chemical engineering, cloud formation, astrophysics, etc.

This thesis is dedicated to analyzing a finite volume scheme (FVS) for solving the
coagulation-multiple fragmentation equation by taking two different forms of the model:
the first one is the weighted discretized form, and the second one is the divergence form.
The rates of coagulation and fragmentation are chosen locally bounded and unbounded

(singularity near the origin), respectively. It is shown that using the weak L' compactness
method, the numerically approximated solution tends to the weak solution of the contin-
uous problem under a stability condition on the time step for non-uniform mesh. Further,
considering a uniform mesh, first-order error approximation is demonstrated when ker-
nels are in I/Vllofo space. It is authenticated numerically by taking several test problems.

Further, the weak convergence studies of FVS is exhibited for the non-linear collision-
induced breakage equation having the locally bounded kernels. In this case, the first-order
error estimation is theoretically and numerically validated by taking three test cases.

Proceeding further, semi-analytical techniques such as variational iteration method

(VIM), optimized decomposition method (ODM), homotopy analysis method (HAM)
and accelerated homotopy perturbation method (AHPM) are introduced for solving the
collision-induced breakage equation for various collisional kernels. The existence of the
solution (using Banach fixed point theorem) and convergence analysis of the series solu-
tion obtained through these methods are exhibited for the model. The worst upper bounds
of the error are acquired for particular kernels. The approximated solutions of the model
are compared with the exact ones and are observed to be in excellent agreement. In addi-
tion to this, in the absence of analytical solutions, the finite volume method is also used to
resemble the semi-analytic results. Finally, the possible extensions with scope for future

investigations are discussed in the concluding chapter.
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Chapter 1

Introduction

The structure of particles in the particulate system can vary widely depending on their
size, composition, and origin. When analyzing the dynamics of a particulate system, par-
ticles play a crucial role in population balance equations which are used to characterize
the behaviour and evolution of a particle population as a function of time, i.e., how par-
ticles interact, grow and change over time. It is frequently used in various disciplines,
including chemical engineering [1, 2], environmental science [3, 4], and pharmaceuticals
[5, 6], to comprehend particle formation, growth, aggregation (coagulation), and break-
age (fragmentation) processes. The PBE takes into account the distribution of particles
based on their size, shape, or other pertinent characteristics and monitors how these dis-
tributions change over time as a result of various processes. The equation can be written
in different forms, depending on the specific procedure being studied and the attributes
used to characterize the particles. In a particulate system, the growth of particles signi-
fies an increase in their size or mass over time. Particle growth can occur through various
physical and chemical processes, and comprehension of these mechanisms is essential for
numerous scientific and engineering applications. Coagulation is a process in which two
or more particles come into contact and stick together to form larger aggregates or clus-

ters. Coagulation is a dynamic process that continuously changes the size distribution and
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structure of the particle population in the system. The coagulation rate is influenced by
the concentration of particles, the collision kernels, and the particles’ properties, such as
their size or mass. During coagulation, the total number of particles is reduced, whereas
the total mass of the particles is conserved based on the coagulation rate. During the
breakage process, large size particle fragments into smaller fragments, thereby increas-
ing the total number of particles; the total mass depends on the breakage rate. Further,
breakage process is classified into two categories: linear and non-linear. In linear break-
age, the distribution of fragment sizes or the breakage rate is directly proportional to the
size of the original particle. However, in a non-linear, this proportionality does not hold,

and the breakage behaviour is more complex.

In this thesis, we mainly focus on two PBEs such as coagulation-multiple breakage
equation (CMBE) and collision-induced breakage equation (CBE). CMBE provides the
insight of the particulate process due to coupled coagulation and linear multiple breakage
events. CMBE has numerous applications in the pure and applied sciences to design
the dynamics of particulate processes like high shear granulation, condensation of water
vapor in the atmosphere, depolymerization, astrophysics, etc [7-10]. The CBE which
is non-linear in nature, is used in the modeling of planet formation, aerosol, miling and
crushing processes [11-13] to explain the mechanics of a massive number of particles

splitting apart as a consequence of collisions.

1.0.1 Population Balance Equations (PBE)

In this thesis, we are motivated to explore the coagulation and multiple breakage equation,
but we have to study the coagulation and breakage equation first. Then, a mathematical
model for the collision-induced breakage equation will be reviewed, followed by existing
results of these models and issues which should be discussed in the previous work. The
thesis will provide ideas for the new results. Further, the objectives of the thesis are
written according to the literature’s gaps. Finally, the structure of the thesis is formulated

at the end.
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1.0.1.1 Coagulation equation

In the discrete case, particles are characterized by positive integers, where the mass ratio
between the fundamental unit (monomer) and a typical cluster is a positive integer, and
the cluster’s size is a finite multiple of the monomer’s mass. The density function with
sizei > Oattime ¢t > 0 is expressed as ¢;(t). The coagulation process involves particles of
size ¢ and j, where the coagulation kernel K ;, assumed to be non-negative and symmetric
(K;; > 0and K, ; = K;; fori,j > 1), represents the rate at which these particles merge.
Now, let’s examine how the density ¢;(t) evolves when particles ¢;(t) and ¢;_;(t) collide
at the rate k;_; ;. This coalescence process results in the generation of new particles of
size i, and the density ¢;(t) experiences an increase due to this coalescence phenomenon

as
1 i—1
3 D kisgseis()es(t).
7j=1

Similarly, disappearance of particle ¢;(t) of size i occurs after colliding with any particle

c;(t) of size j atrate [; ;. So, the number density ¢;(¢) decreases by

Z K jci(t)e;(t)

Now, the general coagulation equation may be expressed as follows:

301
ZKZ siCimi(t)c;(t ZKJCZ ci(t (1.1)

where the initial term is referred to as the birth term, while the subsequent term is termed

the death term, initially, in 1917, Smoluchowski [14] introduced a set of non-linear dif-
ferential equations to describe coagulation. The continuous form of the Smoluchowski’s
coagulation equation was given by Miiller [15] in 1928 as

30;};@ _ % /Ow K(x —y,y)c(t,z —y)c(t,y)dy — c(t, x) /OOO K(z,y)c(t, y)dy,

(1.2)

where ¢(t,z) > 0 is the particle number density function of having particles of volume

r € R :=]0,00[ and at time ¢ € [0, 00 in a homogeneous physical system. The term

3
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K (z,y) known as coagulation kernel and expresses the rate of aggregation of particles of
sizes x and y, producing new particles with size = + y. The term K (z, y) is non-negative
and satisfies K (z,y) = K(y,x). In equation (1.2), the initial term on the right-hand
side depicts the generation of particles with size = through the collision of particles sized
x —y and y. The subsequent integral characterizes the diminishment of particles of size =
following collisions with particles of size y. These two components are denoted as birth
and death, respectively. Including the term % in the equation is intended to prevent double
counting.

1.0.1.2 Linear breakage equation

The phenomenon known as fragmentation occurs when a particle breaks up into many
smaller-sized particles. It is naturally found in various physical systems, ranging from
comminution, separation of grains, bubbles, droplets, polymer degradation, disintegration
of atomic nuclei, etc. Fragmentation may occur through external forces, spontaneously,
or through interactions/collisions between particles. Spontaneous collisions (linear break-
age) between the particles cause changes in their mass, shape, size, volume, etc.

In 1957, Melzak [16] extended the binary aggregation model (1.2) together with mul-

tiple fragmentation, where the separate fragmentation equation is

dc(t, x)

ot /:0 M(y, z)c(t,y)dy — c(t, r)

/ yM (x,y)dy, (1.3)
0

where M (y,x) > 0 is the multiple breakage rate of particles of size y into a range of
size x. If M (y,x) = M(y,y — «) holds, then multiple breakage equation converted into
binary breakage equation, where only two smaller particles are obtained due to breakage
of the parent particles.

Friedlander [17] in 1960 gave the following form of binary breakage equation

ac(;;x) - (/OOO V(z,y)e(t, = + y)dy) - @ /0 Vie—yy)dy, (14

where V' (z,y) represents the symmetric binary breakage kernel, and it is linked to the
multiple breakage kernel through the relationship V(z — y,y) = M (z,y). Finally, in

1991, Ziff [18] presented an alternative formulation for the multiple breakage equation

4
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by using i
My.a) = Ble.p)Sty) and ()= [ Loty

To study the change of the particle number density c(¢, z) > 0, for particles of volume x €

R* at time ¢ > 0 in a physical system undergoing fragmentation process, the following

mathematical model known as the pure multiple breakage PBE is developed

Jc(t, x)
ot

= /OO B(z,y)S(y)c(t,y)dy — S(z)c(t, z). (1.5)

The first integral of 1.5 represents the generation of particles with size x as a result of the
breakage of particles sized y where < y < oo. The second term portrays the reduction
of particles with size x originating from their fragmentation into smaller particles. The
fragmentation kernels are defined by the breakage function B(z,y) and the selection rate

S(y) as follows:

* B(z,y) indicates the breakage rate of y size particles to form z size particles. Also,

B(z,y) # 0 only when z < y.
* S(y) defines the selection rate of y size particles, selected to split.

The term B(x, y) exhibits the characteristic as,
v
| Bayde = (1.60)
0

and

/y xB(z,y)dr =y (1.6b)
0

for ((y) being the total number of daughter fragments due to splitting of y size particle
and second relation (1.6b) is the necessary condition for the mass conservation.

1.0.1.3 Coagulation and multiple breakage equation

Describing a system of particles engaged in coagulation and fragmentation is more prac-
tical when utilizing a continuous particle size. The initial explicit form of this system

in the literature can be traced back to [19], where the focus was on processes involving

5
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polymerization and de-polymerization within the realm of chemistry. The authors specifi-
cally examined the discrete version of the equations, encompassing binary fragmentation
and coagulation kernels that remain unrelated to the sizes of clusters. The mathemati-
cal formulation of CMBE [20] due to the coupling of aggregation and multiple breakage

processes, is guided by the population balance equations (PBEs) as,

P = L K= ettt -y~ [ Kt et )iy

+ /OO B(z,y)S(y)c(t,y)dy — S(z)c(t, z). (1.7)

The interpretation of the coefficients of the model such as K, B and S are already dis-
cussed in (1.0.1.1) and (1.0.1.2).

1.0.1.4 Non-linear collision-induced breakage equation

The non-linear nature of the breakage process is occurred due to the collision between
the parent particles. It is also referred as non-linear collision-induced breakage equation
(CBE). Due to the nonlinearity, such process has significant applications in the chemical
engineering, cloud formation and planet formation etc. When a cluster breaks apart on its
own (spontaneous) (1.0.1.2), it only creates smaller clusters; however, when two clusters
collide, some of the matter in one cluster can be transferred to the other cluster, resulting
in the formation of larger clusters, i.e., non-linear collision between them.

Cheng and Redner [21] used the following partial integro-differential equation to derive

the CBE,

Wt [T K et)ete ) dy s — [ Kl n)ete ) dy
0 T 0
(1.8)
associated with the initial condition
c(0,z) = ¢"(z) >0, xeR". (1.9)

The variables x and ¢ are regarded as dimensionless quantities without losing any gen-
erality. In Eq.(1.8), the symmetric collision kernel K (z,y) depicts the rate of collision

for breakage event between = and y volume particles. The breakage distribution function

6
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b(x,y, z) defines the rate for production of = volume particles by splitting of y volume

particle due to interaction with particles of volume z . The function b holds

Yy
/ xb(x,y, z)dx =y, b(x,y,z) #0 for x € (0,y) and b(x,y,z) =0 for = > y.

0
(1.10)

The first term in Eq.(1.8) explains gaining = volume particles due to collisional breakage
between y and 2z volume particles, known as the birth term. The second term is the death
term, which defines the disappearance of = volume particles, resulting in a collision with
particles of volume y.

Moreover, the discrete collision model is presented to enhance our comprehension of the
behaviour of non-linearly colliding particles. In the linear, the rate of fragmentation of
clusters made up of ¢ particles, is thus assumed to be proportional to the quantity of i-
clusters per unit volume. while, the rate of non-linear collision is directly proportional to
the number of two colliding clusters per unit volume.

Furthermore, the discrete collision-induced breakage equation is also explored in the ar-

ticles [22, 23].

1.0.2 Existing Literature

In this segment, we provide an overview of the general outcomes and concisely empha-
size our novel discoveries within numerical solutions for PBE. Our focus will center on
the numerical examination of the finite volume scheme (FVS) applied to CMBE and
non-linear CBE. Additionally, several semi-analytical methods were also used on these

models. Here, the details of these models and methodologies are written systematically.

1.0.2.1 Coagulation-multiple breakage equation
In 1953, Melzak [24] derived the solution of the coagulation equation (CE) (1.2) using

the Laplace transforms for K (z,y) = c¢ with two initial conditions ¢(0,z) = Ad(z —
1), Az"e**. Further, Melzak extended the existence and uniqueness work in [16] for cou-

pled coagulation (1.2) and fragmentation equation (1.3) having the assumptions on 0 <
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K(z,y) < A<ooand 0 < M(z,y) < C < oo as well as ¢(0,z) > 0 is bounded and
integrable. Menon et al. [25] approached the existence of self-similar solution (dynami-
cal scaling) of coagulation equation for the solvable kernels K (x,y) = 2,z + y, zy using
Laplace transform. After that, the uniqueness of self-similar solutions (mass-conserving)
to CE (1.2) is demonstrated in [26] when K (z,y) = 2(zy)~*, where « is a positive value.
Further, Laurencot extended the mass conserving self-similar solution of the CMBE (1.7)
using the compactness method having K (z,y) = Ko(z%y*~® +2*~2y%), S(z) = spax* !
and B(z,y) = (v +2)2"y 1,0 < x < y, where A € (1,2] and v € (—2,0]. In co-
agulation and breakage processes, two noteworthy phenomena emerge: gelation [27-29],
where larger particles swiftly develop through the coagulation kernels, and shattering
[30, 31], where the formation of dust particles arises from breakage rates. These pro-

cesses uphold the conservation of the total particle volume in the system. However, for

the coagulation and fragmentation coefficients are given by
K(z,y) = K, (xo‘y)‘_a + x’\_o‘y“) , Ko>0, (z,y)¢€(0,00)? (1.11)
with o € [0, 1], A € [2a, 1 + ], and
S(z) = apz?, B(z,y) = B,(z,y) = (v+2)z"y™ ", 0<z<y, (1.12)

withy € R,v € (—2,00), and ag > 0, gelation after a finite time occurs when o > 1/2
in (1.11) and v € (0,A\ — 1) in (1.12) [27-29], while shattering is observed when
v < 0 in (1.12) and there is no coagulation (K, = 0) [30, 31]. In contrast, mass-
conserving solutions to (1.7) exist for all ¢ > 0 when, either A € [0,1] and v > 0, or
A€ (1,2] and v > A — 1 [32-36]. The previous discussion reveals that the value v =
A — 1 > 0 is a borderline case concerning the gelation concept. Indeed, on the one
hand, when A € (1,2],7 = A — 1, and @« > —v — 1 in (1.11-1.12), mass-conserving
solutions to (1.7) on [0, c0) exist when initial volume is sufficiently small [37], which
is in accordance with numerical simulations performed in [38] for the particular choice
a=1 AX=2 ~ =1, v = 0. On the other hand, gelation (in finite time) takes

place when a = 1, A\ = 2,y = 1, v > —1, and the initial volume is large enough [33, 38].
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The existence of weak solutions for equation (1.7) hinges on employing L' compact-
ness methods applied to appropriately selected approximating equations. This method-
ology traces its origins to the work of Stewart [36], who examined scenarios where
both K and binary B adhere to growth conditions that approach linearity. Notably,
Laurencot [39] extended this approach to demonstrate existence results for the contin-
uous CMBE, though with a distinct class of kernels, yet sharing a non-empty inter-
section. Furthermore, a more comprehensive outcome is presented in [40] concerning
the discrete CMBE. In [41], authors demonstrated the existence of the weak solution of
the truncated CMBE (1.7) using the L' compactness method under the assumptions on
K(z,y) = é(2)d(y), where ¢(x) < ky(1+ )", 0 < <1, 5(z) = ky(1 +2)7 and
B(x,y) = (v +2)2¥y ™', 0 <z <ywithl >~ > 0and v > 0. Further, for the
uniqueness of the solution (inspired by the Stewart [42]), more restrictive kernels chosen.
The extended results [43] of the weak solution for a class of unbounded coagulation and
fragmentation kernels, the fragmentation kernel having possibly a singularity at the ori-

gin.

Typically, deriving solutions for aggregation and breakage problems involving physi-
cal kernels present a formidable challenge. Consequently, numerical and semi-analytical
techniques are commonly employed to obtain solutions, either numerically approximated
or in the form of analytical expressions. Within existing literature, diverse approaches
exist for approximating continuous aggregation-breakage equation. These methods en-
compass method of successive approximation [44], method of moments [45, 46], finite
element method (FVM) [47, 48], finite volume method [49-51] as well as the Monte
Carlo method [52, 53]. According to the literature, finite volume scheme (FVS) [54, 55]
is an appropriate choice for solving pure coagulation, breakage and combined models
due to automatic mass conservation. In 2004, Filbet and Laurencot [49] pioneered the
development of a numerical scheme to address coagulation problem (1.2). Specifically,
the numerical investigation delves into the gelation phenomenon and the solution’s be-

haviour over extended time periods. Further, Bourgade and Filbet [50] employed a finite

9



Chapter 1

volume approximation to address the binary aggregation-breakage equation involving bi-
nary aggregation and breakage fluxes. They concentrated their efforts on demonstrating
how the numerical solutions progressively align with the weak solution of the continuous

equation. This was achieved through the consideration of locally bounded kernels within

1,00
loc

the space L,..°(]0, co[x]0, oo[). Moreover, they supplied the first-order error estimation,
showing the disparity between numerical approximations and weak solutions of the con-
tinuous problem. These estimates were derived under the assumption of kernels within
the space W5 (]0, 0o[x]0, oc[) on uniform meshes. Next, Rajesh et al. [56] extended the
convergence result only for multiple breakage equation (1.5) under the same assumptions
on breakage kernel as in [50].

Articles [57, 58] provide the new FVS for multiple breakage and coagulation equations
for better predicting the total mass and total particles by introducing the weight func-
tions. Moreover, the consistency and convergence were shown by studying the Lipschitz
continuity of the numerical fluxes. The scheme in [58] was systematically compared
against the outcomes of existing studies [49, 59], focusing on density and moment re-

sults. The benchmarking encompassed six aggregation kernels, including standard ker-

nels (constant, sum, and multiplicative) and more complex kernels.

Nonetheless, numerical techniques have become a common method for analyzing and
addressing a wide range of difficult non-linear issues. Such schemes necessitate physi-
cal assumptions such as variable discretization, a set of basis functions, linearization,
etc. in order to numerically approximate the solution. Nowadays, a lot of authors have
suggested alternate strategies based on iterative methodologies to obtain the solution in
series forms in order to avoid these restrictions. The so-called semi-analytical proce-
dures enable us to obtain the results analytically. Some of the well known semi-analytical
method are Taylor polynomials and radial basis functions [60], Laplace decomposition
method (LDM) [61], Laplace variation iteration [62], Laplace optimized decomposition
method (LODM) [63], Laplace Adomian decomposition method (LADM) [63], tensor
decomposition method [64], Homotopy perturbation method (HPM) [65, 66], Varia-

10
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tional iteration method (VIM) [67-69], Homotopy analysis method (HAM) [70], Ado-
mian decomposition method (ADM) [69, 71], Optimized decomposition method (ODM)
[72], and Accelerated homotopy perturbation method (AHPM) [73]. Article [60] dis-
cussed Taylor polynomials and radial basis functions together to solve the CE (1.2) with
constant kernel. In [61], modified LDM is employed on CE (1.2) for two test cases
K(z,y) =1,¢(0,2) = e ® and K(z,y) = zy,c(0,z) = e~*/x and revealed the results
same as the HAM [65].

Next, LODM is applied to coagulation equation (1.2) for three examples K (x,y) =
1,z + y,xy with ¢(0,z) = e~* and LADM is established to breakage equation (1.5) for
various kernels B(z,y) = 2/y, S(z) = x, z* and Austin kernels B(z,y) = 3z/y?, S(z) =
23 with the initial function ¢(0,z) = e™*,§(z — a), see [72]. In addition, convergence
analysis of the series solutions for both methods is shown for some assumptions on ag-
gregation and breakage kernels. ADM and HPM were implemented for aggregation and
breakage equations to achieve more detailed results for K (x, 1) = 1, z+y, 2y, 2%/ +y*/

with exponential initial conditions ¢(0, z) = e *

,e~%/x, and breakage kernels B(z,y) =
%(g)a_g having the exponential and mono disperse initial conditions, see [66, 71]. To
obtain the series solution, [67] described the framework of ADM and VIM for the linear
breakage equation (1.5) in batch and continuous flow systems with assumed functional
forms of breakage frequencies and daughter particle distributions. In [68], ADM, HPM,
and VIM are applied to aggregation (1.2) and breakage equations (1.5) to compare the

analytical results for aggregation kernel xy, initial condition e™” in aggregation equation

kxk72
)

and selection rate =¥, breakage kernel , initial condition e~” in breakage equation.
Additionally, it has been discovered that VIM delivers more accurate approximation re-

sults than ADM.

The PBEs like aggregation and breakage equations are solved using HAM for various
benchmark kernels K (z,y) = 1, x + y, zy, %3 + 4?/3, breakage kernel B(z,y) = 2/y

with initial data ¢(0, z) = ™%, d(z—a). Interestingly, for some cases, the closed form so-

11
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lutions are obtained which are actually the exact solutions, see [70]. The authors demon-
strated convergence analysis for a particular case of aggregation and breakage kernels
and discussed the implementations of ADM technique on the aggregation and breakage
equations, see [71]. The authors observed that the ODM solutions [72] for aggregation
equation with constant, sum and product aggregation kernels, are far superior to the ADM
results [71] and exhibit fast convergence. Next, the idea of AHPM is based on HPM in
which accelerated polynomials are introduced by the author to compute the approximated
series solutions with high rate of convergence, see [73]. The improvement in the results
are justified considering several non-linear differential equations.

1.0.2.2 Collision-induced breakage equation

The pioneering research conducted by Cheng and Redner [21] delved into scaling solu-
tions of the rate equation, elucidating the distinctions between linear (1.5) and non-linear
(1.8) processes. In their exploration, they adopted a well-known scaling solution for the
density function, expressed as c(t, z) ~ s~%¢(x/s), where s represents the characteristic
cluster mass, defined as s = t_l/’\, for A > 0.

Article [74] analyzed the asymptotic behaviour of a simple-minded class of models
in which two-particle collision results in either: (1) both particles splitting into two equal
pieces, (2) only the larger particle splitting in two, or (3) only the smaller particle splitting.
Next, authors in [75] studied the shattering phenomena and also investigated case (2),
where particles turn into dust particles due to discontinuous transition. Moreover, case (3)
contains the continuous transition with dust gaining mass steadily due to the fragments.
The article [76] possessed the information regarding the analytical solutions for two cases,
K(z,y) = 1,b(x,y,2) = 2/y and K(z,y) = zy,b(z,y,z) = 2/y with mono-disperse
initial condition §(z — 1). Additionally, self-similar solutions are also explored for sum
kernel K (x,y) = z* + y* and product kernel K (x,y) = z*y“, w > 0. The existence
of mass conserving solution for the CBE (1.8) is established under certain constraints
imposed on the breakage function

Ll
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and collision kernel
K(z,y) <ky(14+2)(1+y), 0<v<qa, acR,
see [77]. For the uniqueness, some strong assumption was taken on
K(z,y) <k (14+2)(14+y), 0<y<1.

Further, the existence of classical solution with mass conservation for coagulation and
CBE is investigated for collision kernels growing indefinitely for large volumes and
binary breakage distribution function in [78]. In the continuation, authors in [79] dis-
cussed the existence of mass conserving weak solution for collision kernel K (z,y) =
7y? + 2Py*, o > 0, < B < 1, when a + 3 € [1, 2] and non-existence of the mass
conserving weak solution rely on the condition o + 8 € [0,1),a > 0.
Article [80] focused on the global existence of the solution for the collision kernel fea-
turing a singularity for o < 0 or being locally bounded for o = 0 for small volumes and
proof is relied on a weak L' compactness method.

The study of the well-posedness of CBE is exhibited only for very specific kernels.
In the sense of the applicability of CBE, numerical methods such as FVM [81-83] and
finite element method [84] were investigated recently. FVM was proven to be one of the
best algorithms to solve such models, see [49, 85] and further citations for aggregation,
breakage and aggregation-breakage equations. The study of weighted FVM has been
accomplished with the event-driven constant number Monte Carlo simulation algorithm
for several breakage distribution functions in [81]. In [82], two new weighted FVM are
introduced to witness the preservation of mass and total number of particles. In addi-
tion, convergence analysis and consistency are discovered under some assumptions of
collisional kernels and initial condition. In [83], the novel approach (FVM) is achieved
through adjusting the birth term within the discretized CBE (1.8). Essential to the efficacy
of this proposed method is the strategic allocation of newly generated particles to their
adjacent cells. The authors in [84] have introduced a discontinuous Galerkin algorithm

that precisely resolves the non-linear CBE on a reduced mass grid in order to account for
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the dust particles.
Based on the existing literature and the gap in the research direction, the following objec-

tives are proposed and accomplished during the Ph.D. study.

1.0.3 Objectives of the Thesis

* To prove the weak convergence of discretized weighted finite volume solution to-
wards a solution to coagulation and multiple breakage equation in weighted L'

space and error estimation.

* To find the weak convergence and error analysis of the discretized finite volume so-
lution to coagulation-multiple fragmentation equation with singular fragmentation

kernel using divergence form of the model.

* To conduct weak convergence and error analysis of the finite volume method for

non-linear collision-induced breakage equation for locally bounded kernels.

* To implement two semi-analytical schemes, such as are called variational iteration
and optimized decomposition methods for non-linear collision-induced breakage

equation along with the convergence analysis of the series solutions.

* To show the convergence analysis of the series solution computed using homotopy
analysis and accelerated homotopy perturbation methods as well as finite volume

implementation for non-linear collision-induced breakage equation.

1.0.4 Organization of the Thesis

The thesis is structured around an exploration of equations CMBE (1.7) and CBE (1.8)
utilizing theoretical, numerical, and semi-analytical techniques. The theoretical segment
delves into the existence of a weak solution under a stability condition in weighted the
L' space. Additionally, error estimation for the approximate solution is addressed con-
sidering kernels in the Wlif" space. From the numerical aspect, the finite volume method

is employed due to its inherent ability to uphold mass conservation. Moreover, multiple
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semi-analytical methods are applied to the CBE (1.8) to unveil process dynamics. Simul-
taneously, the convergence and error analysis are investigated under specific assumptions
related to kernels. Let us briefly summarize each chapter of the thesis.

Chapter 2 consists the convergence of weighted FVS for solving CMBE (1.7) having
locally bounded coagulation kernel but singularity near the origin due to fragmentation
rates. Thanks to the Dunford-Pettis and De La Vallée-Poussin theorems, we establish
that numerical solution is converging to the weak solution of the continuous model using
a weak L! compactness argument. A suitable stable condition on time step is taken
to achieve the result. Furthermore, when kernels are in W,:>° space, first order error
approximation is demonstrated for a uniform mesh. The result is numerically validated
by taking four test problems of coupled coagulation-fragmentation models.

Further, Chapter 3 analyzes a FVS for solving coagulation and multiple fragmentation
equation (1.7). Here, the conservative form of the problem (1.7) in terms of fluxes is
considered for the discretization using FVS. The methodology and kernel assumptions
are the same as in Chapter 2. Additionally, convergence analysis and theoretical and
experimental error estimation (first-order) in W™ space is also delivered for this model.

Chapter 4 presents the pure collisional breakage equation (1.8), which is non-linear in
nature and accompanied by a locally bounded breakage kernel and collision kernel. The
continuous equation (1.8) is discretized using a FVS, and the weak convergence of the
approximated solution towards the exact solution is analyzed for non-uniform mesh using
the same idea in Chapter 2. Error analysis is also developed and verified numerically for
three test examples of the kernels.

Next, Chapter 5 provides approximate solutions for the non-linear collision-induced
breakage equation (1.8) using two different semi-analytical schemes, i.e., variational it-
eration method (VIM) and optimized decomposition method (ODM). The study also in-
cludes the detailed convergence analysis and error estimation for ODM in the case of
product collisional (K (x,y) = xy) and breakage (b(x,y, z) = %) kernels with an expo-
nential decay initial condition. By contrasting estimated density function and moments

with exact solutions, the novelty of the suggested approaches is presented considering
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three numerical examples. Interestingly, in one case, VIM provides a closed-form so-
lution, however, finite term series solutions obtained via both schemes supply a great
approximation for density function and moments with the precise solutions.

Finally, Chapter 6 implements two semi-analytical techniques, namely homotopy
analysis method (HAM) and accelerated homotopy perturbation method (AHPM) are in-
vestigated along with the well-known FVM to comprehend the dynamical behavior of the
non-linear system (1.8), i.e., the density function, the total number and the total mass of
the particles in the system. The theoretical convergence analyses of the series solutions
of HAM and AHPM are discussed. In addition, the error estimations of the truncated
solutions of both methods equip the maximum absolute error bound. To justify the ap-
plicability and accuracy of these methods, numerical simulations are compared with the
findings of FVM and analytical solutions considering three physical problems.

In the end, some conclusions and future works are summarized.
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Convergence and Error Estimation of
Weighted Finite Volume Scheme for

Coagulation-Fragmentation Equation

Recently, in articles [57, 58], a new finite volume scheme is developed directly from
the integral equation (1.7). To get the discretized form, quadrature rules are applied to the
truncated equation, where the replacement of oo with R is implemented. However, such
discrete formulation does not follow the mass conservation property. In order to do so,
some weight functions are introduced and it was shown that the new scheme gives better
predictions for the number density and moments as compared to the previous numerical
schemes proposed in [50, 59]. The results are verified numerically by taking several ex-

amples. However, the theoretical convergence analysis was still missing.

Hence, it would be interesting to study the convergence analysis of the method us-
ing weak L' compactness argument, see [50, 56]. Therefore, our aim here is to prove
the weak convergence analysis for coagulation-multiple fragmentation equation having

unbounded multiple breakage kernel. The idea of the proof is based on Dunford-Pettis
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theorem by using weak L' compactness method and the De La Vallée Poussin theorem.
In addition, we show the error estimation for a uniform mesh by taking the rate of kernels
in Wlicoo It is observed that the first-order accuracy of the scheme is tested numerically.

Let us recall (1.0.1.3) the following one-dimensional non-linear integro-differential

model, known as coagulation and multiple fragmentation equation

acg; 7) :% /Om K(y,z —y)c(t,y)c(t,z — y)dy — /OOO K(z,y)c(t,z)c(t,y)dy

+ [ Bln)Swett)dy - Sa)ett. o)
with the given initial data
c(0,z) = ™(x) >0, x€]0,00]. (2.1)

Besides number density distribution, essential characteristics such as moments are also of
relevance. The expression of the moments corresponding to the particle size distribution

is
,u](t) = /OO LEjC(t,.I')d.’B, (2.2)
0

where 11o(t) and p;(t) are of special interest, which are proportional to the total number
and the total mass of the particles, respectively. One can easily show that the zeroth
moment decreases by coagulation and increases by breakage processes although the total

mass stays constant. The following integral equality describes the mass conservation

property
/ xe(t, x)dx —/ wc"™(x)dz, t> 0.
0 0

The contributions in this chapter are structured as follows. In Section 2.1, some relevant
definitions and theorems are presented related to Chapters 2, 3, and 4. Section 2.2 starts
with the discretization technique based on the finite volume method. Further, represent-
ing the mass conservation scheme in Section 2.3, followed by the detailed convergence
analysis in Section 2.4. Finally, we discuss the error estimation in Section 2.5 and vali-

dation of it is explained in Section 2.6 by taking several examples.
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2.1 Preliminaries

Definition 1. Jensen inequality [86]: consider an integrable function ¢ defined on the
interval [a, b], and let ¢ be a convex function defined at least over the range [m, M],
where m represents the infimum of ¢ and M denotes the supremum of c. Under these

conditions, we have the following inequality:

qzs(b%/b) < bia/:qb(c).

Definition 2. ([87], Definition 7.19]) A sequence {c, : R — R} of functions is uniformly

bounded if there exists a constant A/ > 0, such that Vn, we have sup,cp |c,(z)| < M.

Definition 3. (Uniform integrability), [33]. A subset I of L;({2) is uniformly integrable
in L, () if [ is a bounded subset of L;(£2) such that

lim sup/ le|dp = 0.
M=o cel J{le|>m}

Proposition 2.1.1. ([88]) Let (c,,) be a sequence in space E. Then

* ¢, » cweakly ino (E, E*) < (g,¢,) — (g,¢) Vg € E* (dual of E).

* If ¢, — cweakly in o (E, E*), then (||c,||) is bounded and ||c|| < liminf ||c,||.
Definition 4. ([33])

* Letp € [1,00). A sequence (c,) in L,(2) converges weakly to ¢ in L,(€2) if

lim [ ea(2)d()du(z) = / (2)p()du(x)

forall p € L,y(Q2) wherep’ := cowhenp = landp’ := p/(p—1) whenp € (1, 00).

* Asequence (cp),,>, in Loo(£2) converges x-weakly to ¢ in Lo (€2) if

tin [ @)o(ednto) - / (2)p()du(x)

forall ¢ € L,(Q).
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It is known that for a given p within the interval (1, co) and a sequence of functions
( fn)n21 in L,(2), Kakutani’s theorem [[88], Theorem 3.17], coupled with the reflexivity
property of L,(2) [[88], Theorem 4.10], guarantees the existence of a subsequence within
any bounded sequence in L,(€2) that converges weakly in L,(£2). Similar in essence, a
parallel outcome is attainable for L., (2) : due to L. (£2) serving as the dual space of
the separable domain L, (f2), it can be deduced from the Banach-Alaoglu theorem that
a bounded sequence of functions in L., (€2) will possess a subsequence that converges

*-weakly in L., (€2) [[88], Theorem 3.16].

Regrettably, this advantageous property is not extended to the space L'(2), and a
bounded sequence within L'(2) is not guaranteed to possess a subsequence that con-
verges weakly in L(£2). Avoiding the emergence of concentration and vanishing scenar-
ios leads to a significant outcome concerning sequential weak compactness within L!((2).

This result is recognized as the Dunford-Pettis theorem.

Theorem 2.1.2. (Dunford-Pettis theorem )[89] Let / be a bounded set of L;(f2). The

identical statements are as follows:
* [ is relatively sequentially weakly compact in L;(£2).
* [ satisfies the following two properties:
n{l} zli_l%[sup{/E lcldu:ce &, E € B, u(FE) < 6}1 =0

and, Ve > 0,3 Q. € B such that p (€2.) < oo and

Sup/ |fldu < e.
cel JO\Q.

We now present the link between the Dunford-Pettis theorem and the property of

uniform integrability.
Proposition 2.1.3. ([90]) Let I C L*(€2). The identical statements are as follows:
* [ is uniformly integrable.
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e I (bounded) C L'(Q) such that n{I} = 0.

Theorem 2.1.4. (The De La Vallée Poussin theorem [91]) Let I C L(f2). The identical

statements are as follows:
* [ is uniformly integrable.

e I (bounded) C L'(2) and 3 convex function ® € C°°([0, 00)) such that ®(0) =

®’(0) = 0,9’ is a concave function,
®'(ry>0 if r>0,

P
lim (r) = lim ®'(r) = oo,

T—00 T T—00

and

sup/ O(|e])dp < oc.
Q

cel
Lemma 2.1.5. [[92], Lemma A.2] Let II be an open subset of R™ and let there exists
a constant [ > 0 and two sequences (2)),en and (22),en such that (2}) € L(IT), 2! €
L(IT) and

zt =2 weaklyin L'(II) asn — oo,

(22) € L*>(11), 22 € L>(I1), and for all n € N, |z2| < [ with
sz — 22, almost everywhere (a.e.) in II as n — oo.

Then
. 10,2 .2 _
Tim 124(22 — )3y = 0
and

zt 22—~ 21 2? weaklyin LY(I) asn — oo.
Finally, we provide the Gronwall’s lemma which is

Theorem 2.1.6. Version of Gronwall’s lemma [93] (The Gollwitzer Inequality) . Assume

u, f, g and h are nonnegative continuous functions on I = [a, b], and for all t € I,

ut) < 50+ 9(0) [ hs)uls)ds.
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Then forallt € I,

) < 0 +9(0) [ w1 e [ nilg(orio) as

Definition 5. (Contraction mapping [87]) Let (X, d) be a non-empty complete metric
space d : X — X with the property that there is some real number 0 < r < 1 so that
Ve,y € X,

d(f(x), f(y)) < rd(z,y).

Theorem 2.1.7. (Contraction mapping theorem [87]) Let (X, d) be a complete metric
space with a contraction mapping 7' : X — X. Then, 7" admits a unique fixed point ¢ in
X. Furthermore, c can be found as follows: start with an arbitrary element ¢y € X and
define a sequence ¢, by ¢, = T(c,_1) forn > 1, then ¢,, — ¢ as n — co. The theorem is

also known as the Banach fixed point theorem.

Moreover, to shows how the numerically discretized solution converges to a weak
solution for the continuous CMBE, in chapters 2, 3, 4 the following weighted L' space

X is taken
Xt ={ce 'RNHNL'R" 2dr):c>0,|c| < oo}, (2.3)

where ||c|| = [[°(1 4 2)c(x) dz, and ¢ € X .
For the analysis in chapters 2, 3, the following assumptions are taken on coagulation and

selection rates, as well as on breakage function

H1: K € L2 (R x RY), (2.4)

loc

and
S e L (RY) and S(z) = 21+,

loc

(2.5)

H2: a
B(x,y):%“(i) , for0 <z <,

where o € (—1,0], see [94]. It should be mentioned here that such breakage function

includes the singularity near the origin.
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2.2 Finite Volume Scheme

Consider the CMBE Eq.(1.7) associated with initial datum (2.1). For the numerical
scheme, firstly, truncate the computational domain of volume argument (0, co) to (0, R).
Then, separate the domain into a limited number of grids or subintervals (A”). The pur-
pose of discretization is to approximate the total number of particles that exist in these
cells. The truncated CMBE equation and all the notations that will be used in the dis-
cretization are described below:

The truncated CMBE equation is

oc(t,x) 1 [* R
0o2) 2 [ Ky = et v)eltsr )y — [ Kt et )y
0 0
R
+ [ By)Suett.pdy - St ) 29)
associated initial function, ¢(0,z) = ¢™(x) >0, x €0, R].

The volume variable z is discretized into cells as
Alh :]$i_1/2,$i+1/2] forz = 1,2, ,I(h),

where 712 = 0, Tyn)+1/2 = R, Ax; = x341/2 — Ti_1/2. Let us consider h = max Ax; V.
The characterization of each " cell is portrayed by the center of that cell, i.e., 7; =
(wi-1/2 + @;41/2)/2. This type of cell partitioning is referred to as the central representa-
tion of the cell.

For the time argument, the domain is restricted in the range [0, T] and then discretize the

domain with time step At into N time intervals. We define the interval

Tn = [tna tni1 [a

witht, = nAt, n=0,1,..., N — 1.
We can start the formulation of the scheme on any type of uniform and non-uniform
meshes. For non-uniform scheme, merging of j* and k' cells are not exactly overlap

with it cell, i.e., [zj_1/2 + Tp_1/2, Tjt1/2 + Tuy12] # [Ti1/2, Tit12). For later use,
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consider the two indices [59], II; ; and I'; ; satisfying the condition

Tr, 41/2 T Tjy12 < Tigr/2, Tr,j—1/2 + Tj—1/2 < Ti—1/2.

The significant benefit of a non-uniform mesh is that it allows for the inclusion of a larger
domain with fewer mesh sizes than a uniform mesh.
Taking into consideration that ¢ is the mean value of c in cell 7 and at time ¢,,, which is

an approximation of ¢(t,,, z;) and is provided by the following expression

C

1 Tity1/2
t) = AJJ'/ c(t,x) dx. (2.7)

T 1)2
Notice that ¢'(¢) and c(¢,x) are identical up to the order of two using the mid-point
quadrature rule and assuming that point masses are concentrated on the cell representa-
tives, i.e., c(t, x) ~ Zifl) ci(t)Axz;0(x — x;). Integration of Eq.(2.6) over i cell provides
the following discrete form of the equation

de;

P C(B;) — C(Dy) + F(B;) — F(Dy), (2.83)

where

1 Tit1/2 ] T
C(By) = / ! / Ky, 2 — y)elt, y)elt, x — y)dyda
Aﬂfi Ti_1/2 2 0

1 Tiy1/2 TI(h)+1/2
c) =5 [ [T Kt ajett. v
IS0

1 Tit1/2 TI(h)+1/2
FE) =5 [ [ Blawswet iy
v ST 12

xT

1 Tit1/2
F(D;) = Ax-/ S(x)e(t, x)dx
v JT1)2

along with initial datum,

) 1 Tit1/2
¢i(0) =" = — / co(x) du. (2.9)
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Applying the midpoint rule on all the above expressions provides the following semi-

discrete equation, see [57, 58] for more detailed explanation

1(h)

dcZ 1
dt 2Agz;z kza jkCiCR AT ATy — Az Z K, jcic;Ax;Ax;
J i
1 i) P},
A D Skl / B(z, 2 )dr — Sici, (2.10)
xA
v k=i Ti—1/2

where \" and pi, are defined as

N={(,k) ENXN:z;_150 < (xj+z1) <@ig1pe}, i€{1,2,..,1(h)} (2.11)

ph = (2.12)

Tit1/2, k # i.
Note that such discretization given by Saha and Kumar [57] and Singh et al. [58] is
different from the formulations considered in [49] where authors have used equivalent

divergence form of CMBE (1.7) which automatically satisfies the mass conservation. The

following notation is also essential for further analysis
A ={(.k) e NxN: (z; + 1) > R}. (2.13)

Represent the characteristic function yp(x) of a set D as yp(x) = 1if z € D or 0

elsewhere. Subsequently, define a function ¢ on the interval [0, 7' x]0, R] as:

N-11(h)

=3 xar(@) xn (8), (2.14)

n=0 =1

which means that the function c” relies on the volume and time steps. Also noting that

1(h)

M0.) = el

i=1
converges strongly to ¢ in L'(0, R) as h — 0. Further, we take the following forms of

aggregation, fragmentation and selection functions in the discrete setting

) 1(h)
ZZKHXM XAh( ) where K;;= Axle] /Ah AhK u, v)dudv,

=1 j5=1

(2.15)
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) 1(h)
1
;;BZ]XAh XAh( ) where B;; = AvAz, /A? /A? B(u,v)dudv,
(2.16)
and
1
= Sixar(v) where S;=-— [ S(v)dv. (2.17)
i=1 ' Az AP

Such discretization ensures that | K" — K| 10 r)x(0,r)) — 0. [|B" — B||z1((0,r)x (0,R)) —

0 and ||S™ — S||110,r) — 0as h — 0, see [50].

2.3 Conservative Formulation

Here, we quickly review the conservative semi-discrete CMBE proposed by authors in
[57, 58]. Readers are referred to these references for more detailed explanation. Imple-

menting weight functions, Eq. (2.10) becomes
I(h)

dCZ‘ 1 / 1
E :2A[L‘ Z Kj,kcjckAIijkwi’j’k — E Z KLJ‘CZ'CJ'A.TZ'AIJ'
L (jk)Et =1
1(h) pi
+ N ZSkckAxk/ B(z, xy)dx — Siciw; j, (2.18)
=i i-1/2
where
Wik = (2.19)
0, otherwise,
and
23:1 T, fﬁ B(x,x;)dx
Wi = e . (2.20)

Z;

Discretization of the time derivative by the Euler method leads to the fully discrete system

1(h)
n n A n _n
M = + AT, Z K iC] ckA:cha:kw”k sz ZKMCZ ¢ Ar;Ax;
(j,k)eX: Jj=1
At < i
TAxy B(z, zy)dr — Sicllw; jAt, (2.21)
i—1/2

which is mass conserving.
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2.4 Convergence of Solutions

Theorem 2.4.1. Consider that ¢ € X+ and the hypothesis (H1) — (H2) on kernels
hold. Also assuming that under the time step At and for a constant § > 0, the following

stability condition
C(R,T)At <0 <1, (2.22)

holds for

o+ 2
a+1

C(R,T) := max(|| K |0, o + 2)||¢™|| 2 €M1eT 1 ||S||0eny, 7 = (2.23)

Then there exists the extraction of a sub-sequence as
" — cin L*®((0,T; L' (0, R)),

for ¢ being the weak solution to (1.7) on [0, 7] with initial condition ¢*, implying that
¢ > 0 satisfies

R .

/OT /ORc(t,x)%—f(t,x)dxdt—i-/ " (x)p(0,x)dx + /OT /ORSO(t,x)S(w)C(t,w)dxdt

0

- % /OT /OR /0 o(t, z)K(y,x — y)c(t,y)c(t, x — y)dy dv dt
+/OT /OR /ORSD(tvx)K (2, y)e(t, x)e(t, y)dy da dt

T R R
- / / / o(t, z)B(x,y)S(y)e(t, y)dy dz dt = 0,
S (2.24)

for all smooth functions ¢ having compactly supported in [0, 7] x]0, R].

By following the above theorem, the main task here certainly is to establish (") — ¢
in L*(0, R) as h and At go to zero. Thanks to the Dunford-Pettis theorem, we have a

reliable criterion that determines compactness in L' when weak convergence is present.

Theorem 2.4.2. Let us take follows: || < oo and a sequence ¢ : Q — R in L}((Q).
Consider {c"} holds
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e {c"} is equibounded in L'(2), i.e.

sup ||Ch||Ll(Q) < 00 (2.25)
o {c"} is equiintegrable, iff
/Qq>(\chy)dx < 00 (2.26)
for ® being some increasing function taken as ¢ : [0, co[— [0, oo[ such that
lim % — 00
roo T

Then c" belongs to a weakly compact set in L' (£2) implying that there is a subsequence

of " that weakly converges in L!((2).

Hence, to justify Theorem 2.4.1, it is enough to exhibit the equiboundedness and the
equiintegrability of the family c¢” in L! as in (2.25) and (2.26), respectively. The next
proposition, deals with the non-negativity and equiboundedness of the function c. We

have followed the idea of Bourgade and Filbet [50] for the proof.

Proposition 2.4.3. Let us consider that the stability condition (2.22) holds for the time
step At. Also, assuming that the growth condition on kernels satisfies (H1) — (H2).

Then ¢ > 0 holds the estimate

R
/ At x)dx < ||| g et (2.27)
0

Proof. The non-negativity and the equiboundedness of the function c”

are shown here by
using induction. It is known that at t = 0, ¢*(0) > 0 and belongs to L*(0, R). Assuming

further that ¢"(¢") > 0 and
R
/ M, x)d < ||| e STt (2.28)
0

Then, our first aim is to prove that ¢ (¢#"*!) > 0. Firstly, consider the cell at the boundary

having index ¢ = 1. In this case, from the equation (2.21), we get

1(h)

At
Z Ky jeiciAr Ay
j=1

2ASL’1

At
Al’l

nt+tl _ n
=0+

n.n !
E K kcjcgArjAziwy ;) —
(G k)EAL
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1(h) fpl 21)dw
ZSkckA:vk/ B(z,x)dx — izt % = 1/2 Sici At

Z1/2 !

>l + At % Skcp Ay, /pi B(x, xy)dx — ﬁ i Ky et Axq A
Az k=2 T1/2 !
I(h)
> (1— Al Kl > ¢ Axy) ey
j=1
Now, using the condition (2.22) and from Eq. (2.28), the non-negativity of ¢! follows.
For i > 2, we have

P!
]1]f B(x,z;)dz

n+1 n n n
Tt > E K, ' Ax;Ax; — S;clPAt.
1 7, ﬁ x; 4 J 7, ] J x; [

The condition (z; < x; ) and Eq. (2.5) lead to the following condition

1(R)

o 2[1 _ At(HKHOOZc;Aazj -|—77||S||oo)}c?.

=1

Hence, following the condition (2.22) and the L' bound (2.28) give

Next, it is shown that ¢"(¢"*!) follows a similar estimate as (2.28). For this, multiply

equation (2.21) by the term Ax; and using summation with respect to 7, provide

1(h)
Z Ax;cit = Z Azl + — Z Z K el ep Az Az, — At Z Z K¢ Az Ax;
(5,k)ENt =1 j=1
1(h) Pl 1(h)
+At Z Z SkcrAxy / B(x, xy)dx — Z Siciw; jAtAx;. (2.29)
1=1 k=1 Tj— 1/2 i=1
According to indices \*, i.e., w’;jJﬂ = 0 for (j, k) € \*, one has
Z kc?cZijAmkw;7j7k =0. (2.30)
(4,k)eN*

Therefore, following equality holds true using symmetricity of K, see [57, 58]
I(h)
ZKW ¢ i Az Axy = Z Kk} ckAx]Aa:kw”k—i— 5 Z K k] ckA:z:JA:ckw”k.

(] k)et (4,k)EN*

(2.31)
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Using the Eq.(2.30)-(2.31) in Eq.(2.29) simplified the equation as

1(R)

Z Azt < ZAx cl + Atz Z SkckAxk/ B(x,zy)dx.

=1 k=i Ti—1/2
By altering the summation’s order, taking the value of B as in (2.5) and having (2.28) at

step n with 1 + = < exp(z) ¥V « > 0 imply that

1(h) 1(h) 10h)

> Art €3 At + AtlS]len Y Al

=1 =1 i=1
§<1+”Am5ﬂw">W@HU€Wﬂ““”g|¢m”UQWﬂuww“7

consequently, the outcome (2.27) is obtained. [

In order to prove the uniform integrability of the family of solutions, let us denote
a certain category of convex functions as C'y p .. Further, consider & € C*([0,00)), a
non-negative and convex function which resides in class Cy p, and enjoys the following
properties:
(i) ¢(0) =0, ¢'(0) = 1 and ¢’ is concave;
(i) lim,_,o0 ®'(p) = lim,_,00 22 = o0;

(iii) forvy € (1,2),

T,(®) := sup {%} < 0. (2.32)

p>0 L D7

It is given that, ¢™ € L! (0, R), therefore, by De La Vallée Poussin theorem, a convex

function & > 0 exists which satisfies

¢ ()

R
—o00,as p—oo and 7 := / (™) (z)dr < +00. (2.33)
p 0

Lemma 2.4.4. [[92], Lemma B.1.] Consider ® € Cypn. ThenV (r,s) € Rt x R,
rd'(s) < O(r) + P(s).
Now, in the following proposition, the equiintegrability is discussed.
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Proposition 2.4.5. Let ¢ > 0 € L'(0, R) and (2.21) constructs the family (), ar)
for any h and At, where At fulfills the relation (2.22). Then (c") is weakly relatively
sequentially compact in L!((0,T) x (0, R)).

Proof. Our focus here is to obtain a similar result as (2.33) for the family of function c”.

The integral of ®(c") by using the sequence ¢ can be written as

[ [oeenmua-Y3 [ [0 (zz )t

n=0 =1 k=0 j=1
N—-1I(h)

=) ) AtAz®

n=0 i=1

The convexity of ¢ leads to the estimate

(™ — ) @(Th) > () — ().

K3 7 7 — (3 (2

Next, by multiplying the preceding equation with Ax;, summing over i on both sides and

then substituting the value of (¢ — ¢7) from Eq. (2.21) leads to

I(h)

> e [ole) - <ZA~% (@t =o' ()]

Z Z JkCj ckAa:]Aka”k@ (cith)

=1 (5,k)EN
I(h) I(h) pi
—i—AtZ Z (cth) SkckA:ck/ B(z,x,)dz
i=1 k=i+1 Ti-1/2
) 1(h)
<AtZZK”c”c"AxZAx]<I> (cith)
=1 j=1
I(h) 1(h) Pl
+Atz Z (crth SkckAa:k/ B(x,zg)dx.
i=1 k=i+1 Ti-1/2

(2.34)

For the coagulation term, i.e., the first part of the right-hand side (RHS) of Eq. (2.34),

changing the order of summation and the convexity result given as in Lemma 2.4.4 enable
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us to have

1(h) I(h) 1(h)

Atzz O AT AT O () <K e ALY Ay > Aay[@(c)) + ()],

=1 j=1 7j=1 =1

(2.35)

While for the fragmentation term, after observing the values of S, B in (2.5), values of p};

and Lemma 2.4.4, we obtain

I(h) 1(h)

p}; Tit1/2
Atz Z () Spel Axk/ B(x,zp)dr <(a +2) Atz Z (cith) Axk/ xdx
Ti—1/2

i=1 k=i+1 Ti—1/2 i=1 k=i+1
I(h) 1(h)

Atz > (A |alig, — wl L] (2.36)

i=1 k=i+1
It is noticed that the term [xllif‘ﬂ — xllff‘ﬂ} as Az; — 0 leads to
leila/z le+1a/2 < (1+a)afyy pA;. (2.37)

Applying Eq. (2.37) into Eq. (2.36), changing the order of summation in the RHS of Eq.
(2.36) and additionally enforcing Lemma 2.4.4 yield

I(h) k—1

Pi
Atz Z n+1 Skc A$k/ B(x g;k)dx <(a+2 AtZCkALEkZA% ?*1)@“/2
Ti—1/2

=1 k=i+1 =1
I(h) I(h) 1(h) k—1

< (a+2)At Z crAzy Z O( Az + (o + 2)At ZcZAa:k Z (271 /2) Ay

k=1 i=1 k=1 i=1

(2.38)

Let us estimate the 2"? part on the RHS of Eq. (2.38) by using (2.32) and using the
values of v € (1,2) & a € (—1,0]

1(h) k-1 L gz
(o + 2)At Z R Axy Z (21 /2) Az =(a + 2) At Z crAzy Z ZH/Z Zfl/zAl'z
k=1 i=1 Ty

I(h) k—1
<(a+2)AtT,(P) Z crAxy Z x]" A
k=1 i=1

2
—((10;; Z crAzy xlﬂo‘,
ya)
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which further reduces to

I(h) k—1 1(h)
+2)
(o +2)At Z cp ATy Z ¢($?+1/2)A95i S((la_i_—AtT [Z crAxy + Z xkckAxk]
k=1 i=1
a4+ 2 o _
< —<(1 +703) AT, (D) [Hc 1 €Stz 4 ul]. (2.39)

Substituting the results (2.35), (2.38) and (2.39) in (2.34) lead to

1(h) 1(h)
ZA% () = @(c)] < K| oo AL || €N " Ay [@(cf) + ()]

=1
I(h)
2 )
2 A M) + AT @) 1 )

and therefore, one can obtain

I(h)

(1 _K, HCmH . 677|S||LooTAt) ZAl'z n+1) <

=1
I(h)

. 2
(1+|yK|yLw\|cm||L1 enSwTAt)ZAm(c?H (a+2)
=1

AT (P in NSl T
ety (@) (e 1T 4 ),

where K, = max{| K||1~,a + 2}. The above inequality implies that

1(h)
Z Az;®(c)™) < A Awy®(d]) + B (2.40)

=1

where
(1 + | K| o || ™| £t €n||5||LooTAt>

A — , B =
(1 — K[| e"SL""TAt)

(Oé + 2)AtTW((I)) (HCmHLl enHSHLOOT + /~L1>

(yva+1) (1 — K, ||| 1 enISIILooTAt)

Hence,

Z Az;®(c?) < A Z Az; (™) + Bi __11 (2.41)

Thanks to Jensen’s inequality and having (2.33), we get

R o 1 Ar 1
h n in
/0 O(c(t,x))dx <A ;:1 Ami@(Axi /A? c (x)dx) +B 11
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n

Ar— 1
<A"I+ B < oo, forall te[0,T]. (2.42)

A—
Thus, applying Dunford-Pettis theorem, the sequence (c") is said to be weakly compact
in L!. Also, it is evenly bounded with respect to h and At, condition (2.22) is satisfied

which ensures the existence of a subsequence of () converges weakly to c € L'((0,T) x

(0,R)) as h — 0. O

Now, the time has come for proving the weak convergence of sequence ¢ that is
made by a sequence of step functions c”. In order to do so, some point approximations
(converge pointwise) are used which are defined as a midpoint, right endpoint and left

endpoint approximations as

XMz e (0,R) » X"(x ZIZXM (2.43)
I(h)
=2 e(0,R) me/zxM (2.44)
and
i e(0,R) =& (@ Z:c 1j2Xan(@ (2.45)

respectively. Now, we have assembled all the results required to justify Theorem 2.4.1.
In order to prove this, we are considering a test function » € C*([0,T]x]0, R]) having
compact support with respect to ¢ in [0, ¢_1] for small A¢. Formalize the finite volume
for time variable and left endpoint approximation for space variable of ¢ on 7, x A" by
1 tnt1

S At o(t, xi1/2)dL.
Multiply Eq.(2.21) by ¢!, taking summation overn € {0,--- ,N—1}andi € {1,--- ,I(h)}
give

~11(h 1

N—1 I(h) At N-11(h ,
Z Z Azi(cTh — el Z Z Z ikC) CRAT AT W; ;107
n=0 1

=0 i= n=0 i= 1 ]]g)e)J
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N—11(h) I(h)

— At Z ZZK”C ¢ TAr Az o)

nOzl]l
N—1I(h

+ At Z Z oy Z SkckAmk/ B(z,zy)dx

n=0 i=1 Ti—1/2
—1 I(h)

=) Sicjwi e At (2.46)

n=0 i=1
Splitting the summation for n, the left-hand side (LHS) comes in the following way

—11(h) —11(h)

N-1 N1
Z Z Az; (I — M)l = Z Z Az (pn ! — ZAI i),
n=0 n—0

Now, evaluating the LHS of the above equation in relation to the function c” provides

N-11(h) N—11(h)

HZ:(JiZlei(C?JFI_C?)SO?_HZ:OiZl/FnH /Ail Ch(t,:(})sp(t’g (x))_i(tt—At,f (x))dxdt
1(h) At
+iZ/A?ch(0,rc)it i o(t, "(x))dt d
T g, et (@) — ot — At €M (x))
—/At ¢ (t,z) ~ da dt

R At
+/0 ch(O,x)é/O o(t, &"(z))dt d.

Since, ¢ € C([0,T]x]0, R]) posseses compact support and having bounded derivative
1 At

A, Pt " (x))dt — (0, 7)

uniformly with respect to ¢, z as max{h, At} — 0 and ¢"(0,2) — ¢™in L'(0, R). As a

result, we use Lemma 2.1.5 to achieve the following term

R 1 At
/0 (0, 2)— At / o(t, &"(x))dtdr — / ©(0, 7)dx (2.47)

as max{h, At} goes to 0. Further, using the expansion of the smooth function ¢ through

Taylor series implies that

o(t, " (x)) — p(t — At E"(x)) Oy
A7 — E(t,x)
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uniformly as max{h, At} — 0. Lemma 2.1.5 and Proposition 2.4.5 ensure that for

max{h, At} — 0

/oT/oRCh(t’m)gO(lt7£ o) = A(tt_m St dwdt—>/ / t:zc ta:)da:dt

Hence, for max{h, At} — 0,

/Aj /th(t’ 2P @) - Z(tt —ALEW)

J

C(w

At
// ) da dt — // d:pdt—>// (t,) f(tx)dxdt (2.48)

Now, to deal with the first term on the RHS of Eq. (2.46), applying the condition xﬂ;—f’“ =
1 + O(h) and by following [[59], Proposition 2.1.] yield

A V=L I(h)
> Z Z K kC AT Arppf (1 £ O(h))

n=0 i=1 (jk)exi "

gj,k
Athl I(h) 4 II;, 5 T i1
P3P MDD LD DI TED DR
n=0 i=1 j=1 k=II;_1, k=TI, j+1 k=TT, 1 j+1
1N—l I(h) z
=23 [ [, ] Kttt - . @

Again, using the Lemma 2.1.5 and Proposition 2.4.5 lead to
1

_NZIZ/ /Ah/ K"y, z —y)"(t,y)"(t,z — y)p(t, " (z))dy dz dt

n=0 i=1
2 / / / (y,x y)c(t,y)c(t,x y)@(t, x)dy dz dt, (249)
0 0 0

as max{h, At} — 0. Dealing with the second term on the RHS of Eq.(2.46), as max
{h, At} — 0,

N—1 I(h)

Atzzz ijCrC Ax Aol

n=0 i=1 j=1
N—11(h) I(h)

ZZ// KM@ 2)et 4o € @)y do d

n=0 =1 j=1
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T R R
— / / / K(x,y)c(t,x)c(t,y)p(t, x)dy dx dt. (2.50)
o Jo Jo

Finally, some simplifications in the third and fourth terms on the RHS of Eq.(2.46) by

using (2.20) provide
N-1 I(h) I(h N—11(h
AtZngl ZSkaAxk/ (x,zg)dx — ZZSC w; jo5 At
n=0 =1 Ti—1/2 n=0 i=1
N—-1I(h) tnst .
_ h h h
ZZ/T /Ah As/ 5,8"(@ Z / S™( A:z:l/ B(r, X (y))dey]dxdt
n=0 i=1 n k=i+1
Al 23 S XM () B(X"(r), X" () dr bt
j=1JA% ) b b 1 + .
- ;;;/ /Ah Xh(x) S"(x)c (t7x>E/tn (s, " (x))ds dx dt.

Jo rB(rx)dr
x

Again using Lemma 2.1.5, Proposition 2.4.5 and the fact that = 1, one can

claim that

wis= [ [" 4 / Tt s [ f;) S () (1, 5) B (2, X" (y))dy d i

/ / = Xh( )( ER >>drSh(l“)ch(t w)i/tnﬂ (s, &"(x))ds du dt.
_>/ / / c(t,y)B(x,y)p (t:vdyd:vdt—/ / o(t, z)dx dt
(2.51)

as max{h, At} — 0. Eq.(2.47)-(2.51) yields the result for the weak convergence as
given in (2.24).

2.5 Error Simulation

For estimating the error part, taking a uniform mesh is essential, i.e., Ax; = hVi =
1,2,...,1(h). Also, some assumptions are taken on the kernels and initial datum as

mentioned in the following theorem.

Theorem 2.5.1. Let the kernels hold K, B € W,2>°(R* x R*), selection rate and initial

datum S, ¢™ € I/Vli >°(R™). Moreover, assume a uniform volume mesh and time step At
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that fulfill the condition (2.22). Then, the error estimates
" — || Lor:r10.8)) < H(T, R)(h+ At) (2.52)

holds, for ¢ being the weak solution to (1.7) and H (7, R) is a constant depending on R
and 7.

The following estimates on the c¢" and c are necessary in order to establish the above

theorem.

Proposition 2.5.2. Assume that kinetic parameters K, B € L° (R xR*), S € L2 (RT)

and the condition (2.22) holds for time step At. Also, let the initial datum ¢™ is restricted

o0
in L3S,

Then, solution ¢ and ¢ to (1.7) are essentially bounded in (0, T") x (0, R) as
"l L0y x 0.8y < H(T, R),  llellz(o,m)x(0.r) < H(T, R).

Furthermore, if K, B € W,>°(R*xR*) and S, ¢ € W,L°(R"), then a positive constant

loc loc

H(T, R) exists such that
llcllwreo0,r) < H(T, R). (2.53)

Proof. The aim here is to bound the solution ¢ to the continuous equation (1.7). The
discrete case can be handled similar to the non-negativity of ¢". Integrating Eq.(2.6) with

respect to ¢ and leaving the negative terms out yield

t T t R
c(t,r) <™+ %/0 /0 K(y,x —y)c(s,y)c(s,x — y)dy ds —|—/0 /x B(x,y)S(y)c(s,y)dy ds

t
<d"(x )+HBSHLchHmHHKHLooHch/ sup c(s,y) ds,
~ " ¥ 0 y€(0,R)

for ||¢||c.1 being the norm of ¢ in L>(0,T; L*(0, R)). Subsequently, using Gronwall’s

lemma and integration by parts to accomplish the proof as

t
sup c(t,x) < a(t) —|—/ a(s)ﬁeﬁﬁd” ds
0

z€(0,R)
( eﬂt s)

(B(t—s)
< alt)+ 8[ ML [ BSelcles - ds

38



Chapter 2

o IBSlz= el

< a(0)e? 3

[(e” = 1)].
Therefore,

el Lo 0,y x(0,r)) < H(T, R).

Now, to establish the relation (2.53), integrating Eq.(2.6) again with respect to ¢, differ-

entiating with respect to x and then considering the maximum value over the domain of

x give
Oc oc 1
5| <% (Gl + 20 s el el Ao+ 1B el
+ 2[| Bl[w.oe || oe [lel] 0,1 22 + |!5HW17°°||CHL°c}t
I oc
+ ClIK e llelloon B+ WSllzee) | 15| ds.
0 L] oo

Applying Gronwall’s lemma as used in priori boundedness of ¢ accomplishes the result.

]

The discrete coagulation and fragmentation terms given as in (2.21) expressed like

1(h)

1 n _n
C(e) 2sz g GigCiCi AT Az — Az ZK”C ci Ax;Axy, (2.54)
and
I(h) i \d
1 Dh j 1% f] B(z, x;)dx .
F(c;) = Az, g SkcpAzy, / y B(x,zy)dr — ;Z Sich,
(2.55)

respectively, for a uniform mesh. The following lemma yields the continuous version of

the above discrete terms.

Lemma 2.5.3. Consider the initial condition ¢ € TW,>>

Vi. Also assuming that K, B and S follow the conditions K, B, S € W2, Let (s,z) €
7o X AP, wheren € {0,1,--- ,N —1},i € {1,2,---,1(h)}. Then

and uniform mesh, Az; = h

1 &h( ) / ’ ’ / R !/ / !
Clg) = 5/0 KMz o —2)(s,2)c"(s,0 — 2') da’ — /o K"z, 2)c"(s,2)c"(s,2") d,

(2.56)

39



Chapter 2

F(c;) = / Sha Bz, 2) (s, 2") da’ — S"(x)c"(s, 2) 4 e(F, h), (2.57)

" (x)

[1]

where ¢(F, h) expresses the first-order term concerning i within L' framework,
R h
le(F, h)|| < §||BS||LOO||C |17 (2.58)

Proof. First, start with discrete coagulation term (2.54) to change into a continuous form
using a uniform mesh and having = € A?,

I(h)
1 n._n
QA.CL" Z Ji=g J Ci— ]A‘/L‘]A'Il - N ZKljcz C]A:Eiij

]_ éh(x) ’ !/ / / R ’ ’ /
:—/ Kh(:c,x—x)ch(s,x)ch(s,x—x)daz’—/ K"z, 2 "(s,2)c"(s,2") d .
0 0

2

Now, moving to equation (2.55), the following continuous expression is obtained by using

the fact that w; ; = 1 + O(h?), see [57], and (s, x) € 7,, X Al

1(h) i )d
1 . P, > i1 T f (x, x;)dx .
Ar E 'Skck,Axk /1 . B(z, x)dx — Tj-1/2 Sic;

X

2+1/2 X4
= Z SkaAxkA / (@, zy)dz + Sic; / B(z,z;) dr—(1 + O(Ax;?))S;c}
Ti—1/2 Ti—1/2
R / I I !’
= / SM2 B (x, 2 )"(s,2" ) dx — S"(x)c"(s,2) + (F, h)

where e(F, h) = S;c [ e B(x, r;) dz. Calculating the L' norm of £(FF, h) leads to

i—

I(h)
el <1883 [ e [ aay

Ti—1/2
R
< 1BS il .

]

Now, to prove the main result Theorem 2.5.1, using Eq. (2.21), (2.56) and (2.57) lead

to
/ ’

h 1 gh(z) , , R / / /
& g; . 25/ KM"a',w— ) (s,27)" (s, 0 — a) da’ — / K"z, )" (s, 2)c" (s, 2 ) du
0 0
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R
+ / S B (x, 2 ) (s, 2) de’ — S"(x)c" (s, ) + £(F, h). (2.59)
Eh(x)

Finally, from Eq.(1.7) and Eq.(2.59), we get the error formulation for ¢ € 7, as

/0 |"(t, z) — c(t, z)|dz S/o "0, z) — ¢(0, z)|dx + 2[65(@ h) + es(FF, h)]

p=1

R
+/ le(t,n)| dx + ||e(F, )| p1t, (2.60)
0

where error terms are expressed by €3(C, h) for 5 = 1, 2, 3 related to the coagulation part

// /Eh(z K"z, x — 2 ) (s,2) (s, 2 — a)
K(x o —x)e(s,x)e(s,x — &) dx’ dx ds,
e2(C,h) = // - K(a: z—a)e(s,x )e(s,x — ') da’ dx ds,
and

e3(C,h) = /Ot /OR /OR |K"(x, 2 (s, 2)c (s, ) — K (x, 2 )e(s, x)c(s, )| dz’ dx ds.

While error terms due to the fragmentation part are expressed by ez (F, h) for 5 = 1,2,3

as

t R R
er(F, h) = / / /’ 1S™(z)B" (z, 2 ) (s,2") — S(x)B(x,x )e(s, x)| da’ dx ds,
0o Jo JEre

2(F, h) / / /H (z,2)e(s,z) dz’ dx ds,

eg(F,h):/O/O S (@)t (s, ) — S(x)els, 2)| dx ds.

and

Additionally, due to time discretization, considering |t — ¢,,| < At yields

éh
/ le(t,n)|de <= / / / x T — x/)ch(s,x/)ch(s,x — x/)dx/ dx ds
0
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t R (R , o
+/ / / K"z, 2)"(s,2)c"(s,2 ) dx’ dx ds
t7l
/ / / B,z ) (s, ") da’ dx ds
) t R
+/ / S™(x)c" (s, x) dacds—i—/ / e(F,h)dxds.
tn JO tn /O

Given K, Band S € W,>%°, we have for all z,y € (0, R)

|K"(2,y) — K (z,9)| < [|K[lwieoh.

Thus, it provides the estimation of ¢;(C, h) using the L* bound on ¢ and ¢ as in [50].

Firstly, the change of variable z = 2 — 2’ is executed and then splitting the expression

// / KM, 2) — K2, 2)|e(s, 2 )e(s, =) da d= ds
+§/0/0 /O K", 2) (s, 2) — (s, |e(s, =) da dz ds
+%/Ot /OR/ORKh(x/,z)ch(s,x/)|ch(s,z)—c(s,z)\dml iz ds.

By simplifying and using Proposition 2.5.2, the above can be reduced to

into three parts

1 R ¢
e1(C,h) < §tR2||CI|§OIIKHw1mh + §|IKHoo(HCII<>o + ||ch\|oo)/0 1" (s) = c(s)|| 11 ds.
(2.61)

A similar estimates can also be obtained for e3(C, k), € (F, h) and e3(TF, h) utilizing the

above explanation as

t
€3(C. h) < tR?|| Klwreolell2h + RIK | (llell o + ||ch||oo)/ e (s) = e(s)l| 1 ds,
0

(2.62)

t
e1(F, h) < tR?|lelloo(I Bllso I Sliwroe + [1Sllool| Bllwro )k + RIIBSIIOO/0 " (s) — c(s)ll2 ds,

(2.63)
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and
¢
es(F, h) < lc)loo||S|lwrct Rh + HSHOO/ |c"(5) — c(s)|| 1 ds. (2.64)
0

Now, moving to the remaining terms e3(C, h) and ex(TF, h), it seems easy to notice that

tR?
e&2(C, h) < —HKHOOHcIP (2.65)

and
tR
(B, ) < 21 BS el b (2.66)
Finally, the error caused by the time discretization is dealt and bound is obtained as

R
3
/0 le(t,n)|dz < (5!\K|\oo!|chH§oRQ + (I Bllso R+ DIISllcll" oo B + [l(F, h)HL1>At-
(2.67)
Substituting all the bound estimations from Eq.(2.61)-(2.67) in Eq.(2.60) and using Gron-
wall’s lemma provide the order of error as in (2.52), i.e.,

||Ch — CHLOO(O,T;Ll(O,R)) < H(T, R)(h + At)

to complete the proof.

2.6 Numerical Results

The CMBE for two test cases, consisting of a constant and sum coagulation kernel
(K (x,y) = 1,2 +y) with linear and quadratic selection functions (S(z) = z, x?), is used
to prove the mathematical res;llts on error analysis numerically. In all the cases, breakage
function B(z,y) = a7+2 (5) , &« = —1/2 and the initial condition ¢(z,0) = e~* are con-
sidered. Since, analytical solutions are not available for such cases, experimental order of

convergence (EOC) on uniform mesh is computed using the numerical simulations. The

EOC can be computed numerically using the following expression

EOC =In | 7— o /In(2), (2.68)
<HN2I h) N ||
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where, the total number of particles created by the Finite volume scheme (2.21) with a

mesh of I(h) number of cells is denoted by Ny(y". For the simulations computational

domain [1le~3,10] and time ¢ = 100 are taken. As expected from mathematical results

first order error estimates is noticed in all the examples. It should be also mentioned the

EOC is computed for several other values of o, K and S . However, similar observations

are marked in all the cases. Therefore, results are omitted here.

Test Case 1: Consider the constant coagulation kernel,i.e., K (x,y) = 1 with selection

function S(x) = z, x?. The numerical EOC for uniform meshes is shown in Table 2.1. It

is clear from the table that the FVS produces first-order convergence.

S(z)==x
Cells | Error EOC
30 - -
60 1.0295 -
120 0.1489 0.8714
240 0.0111 0.9850
480 0.0022 0.9988

Table 2.1: EOC for Test Case 1

S(z) =x?
Cells | Error EOC
30 - -
60 0.0358 -
120 0.0094 0.9884
240 0.0012 0.9953
480 0.0001 0.9990

Test Case 2: Now, we assume sum coagulation kernel,i.e., K (x, y) = x+y with selection

functions S(x) = z, z%. The error and EOC of the scheme are reported in Table 2.2, and

again it is observed that the EOC is 1 for the finite volume scheme for a CMBE.
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S(z) ==z S(z) = 2*
Cells | Error EOC Cells | Error EOC
30 - - 30 - -
60 1.2652 | - 60 0.0677 -
120 0.2495 0.8721 120 0.0194 | 0.9606
240 0.0342 | 0.9713 240 0.0026 | 0.9794
480 0.0054 | 0.9952 480 0.0006 | 0.9949

Table 2.2: EOC for Test Case 2
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Chapter 3

Finite Volume Scheme for Coagulation-
Fragmentation Equation with Singular

Rates

Bourgade et al. [50] considered the binary coagulation and binary fragmentation equation
and showed the convergence analysis for locally bounded kernels using the compactness
method. Additionally, they proved the first-order error estimation for the finite volume
scheme when kernels belong to T/,

The motivation for this chapter is the study of their extension. Hence, here we discuss
the weak convergence analysis for the binary coagulation and multiple fragmentation
equation (1.7) having the singular breakage kernel. In addition, the error analysis is
demonstrated when kernels belong to space W,->. It is important to mention that the fi-

nite volume method is deployed on the non-conservative divergence form of the equation.
The chapter is organized as follows. The non-conservative formulation of the com-

bined coagulation and multiple fragmentation equations is discussed in Section 3.1 to-

gether with the numerical approximations. Further in Section 3.2, the main result of
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convergence analysis is explained for the approximated solutions using the weak com-
pactness argument. Section 3.3 deals with the first-order error estimation theoretically

for a uniform mesh which is verified numerically in Section 3.4.

3.1 Non-conservative Formulation

Thanks to the Leibniz integral rule, CMBE (1.7) for continuous coagulation-multiple
fragmentation processes can be written in divergence form in terms of the mass density
xc(t, x) as

zde(t,x) — OC(c)(t,x)  OF(c)(t,x) 2 .10, 002
T = g e () €RE =000 (BUD)

where the continuous fluxes are being taken as

Clo)(t,x) = /096 /00 uK (u,v)c(t, u)c(t, v)dvdu, (3.2)

for aggregation and for the breakage, the following form is obtained

Fle)(t,x) :== /093 /00 uB(u,v)S(v)c(t,v)dvdu. (3.3)

Similar to the previous chapter, the following assumptions on kinetic parameters are taken

K € L (Rog X Rsp), (3.4)
S € L (Rsg) and S(x) = z'*°, (3.5)

and
B(z,y) = &;2<§>a, for0 <z <y, (3.6)

where o € (—1,0]. Now, in the next subsection, a numerical method to solve the equation
(3.1) is described. For this a finite volume approximation [54] is taken for the volume

variable x while an explicit Euler method is used to discretize the time variable ¢.

3.1.1 Numerical approximation

In order to consider the more realistic case, in this section, the coagulation part is trun-

cated non-conservatively as
T R
CE(o)(t, x) ::/ / uK (u,v)c(t, u)c(t,v)dvdu (3.7)
0 T—u
4
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by replacing oo for a positive real constant R in the equation (3.2). While for the break-

age, using R, equation (3.3) leads to a conservative approximation as

T R
FER)(t,2) = / / uB(u,v)S(v)c(t, v)dvdu. (3.8)
0 T
Thus, the coupled non-conservative form of the truncation is governed by
R C R C
ZL’% - _an;( ) + 8};5; )7 (t,(l]) € R>0X]O7R];
(3.9
c(0,z) = ¢ (z), x €0, R)].

Such truncation is chosen so that it enables for the simulation of gelation phenomena. Al-
though, it depends on mainly the higher rate of kernels K and B, it should be mentioned
here that flux (3.7) leads to the decrease in total mass in the system while expression (3.8)
yields the total mass conservation. One can easily verify these by having

R
— we(t, v)dr = —CE (c)(t, R) <0
dt |,

in case of pure coagulation and

R

d
i, xe(t,r)dr =0

for the pure breakage case.

Now, to apply the numerical scheme and to discretize the volume variable of the
equation (3.9), consider a partitioning of the truncated computational range (0, R] into
tiny cells A? =|z;_1/2, 2i412), 1 =0,1,2, ..., 1", where x_ 5 = 0, Ty = R, Ax; =
Tiy1/2 — Ti—1/2 < hfor 0 < h < 1. For integers 7 and j, let us introduce x;1/2 — z; €
Al where 7y, ; € {0,...,1"}.

For non-uniform mesh, introduce 6, = min Ax; and consider a positive constant L as

L L, (3.10)
O

while for the uniform mesh, i.e., Ax; = h V¢, one obtains that 7;_;, = ih and v; ; = i—j.

Further, for discretizing the time variable ¢, assuming At being the time step and truncated
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time domain [0, 7], we have 7' = AtN for a large N € N. Consider 7, := [t,,, t,41] as a
time interval having ¢, = nAt, n > 0.

By having the above discretizations for volume variable x and time ¢, let us begin
with the study of FVS for the Eq.(3.9). Consider ¢! as an approximation of ¢(¢, x) in
th cell at t € 7,. Further, for the kinetic parameters K, B, and .S, for the time being,
assume the discretized form as K (u,v) ~ K"(u,v) = Kj;, S(v) ~ S"(v) = S; and
B(u,v) = B"(u,v) = Bj,; forv e Al and u € A}.

The following equation is obtained by integrating Eq.(3.9) with respect to x and ¢

/tnﬂ / z+1/2axct Ouc(t,z) o _ / o / . aCR ()t 2) ,
Ti—1/2 Ti—1/2
tnt1 i+1/2 a]:R )
———— ~dxdt.
/ /alz 1/2

Simplifying the above equation leads to the following discretized formulation

where C}', | ,, and F, | , are the approximations of continuous fluxes C;.(c) () and F¥(c)(x).

Therefore, these are computed as

Tir12 R
CE(e)(@it1)2) :/ / uK (u,v)c(u)c(v)dv du
0 Tit1/2—U

N /A uc(u) IZ / K (u, v)e(v)dv du

h
=0 K= ; /A%
i Ik
~ . . n _n i . n
~ E v K pcj g ArjAxy, = Ci+1/2' (3.12)
J=0 k=i,

Similarly, for the breakage,

FHe)(@isy2) = /0 o / RH uB(u,v)S(v)e(v)dv du
_Z /A

~y Z Sk B Ark Az == FLy . (3.13)

7=0 k=i+1

/ uS (v (u,v)dv du

k=i+1
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Also, the initial condition is approximated as

) 1 )
= Ao /Ah c™(x)dx, i€{0,..., 1"}

Then a function ¢ on [0, T x]0, R] is defined as in 2.14 and also noting that
Ih

A"0,-) = ZCE”XA?(-) — ™ ¢ L')0,R] as h — 0.

i=0
Further, the discrete forms of aggregation, fragmentation and selection functions are taken

as defined in Eqgs.(2.15-2.17).

3.2 Convergence of Solutions

Below, the main findings of this work, i.e., the sequence of approximated functions con-

verges to a weak solution of the continuous problem (3.9) is discussed.

Theorem 3.2.1. Assume that ¢ € X . Let the kernels K, S and B satisfy, (3.4), (3.5),
and (3.6), respectively. Also assuming that under the time step At and for a constant

6 > 0, the following stability condition
C(R,T)At <0 <1, (3.14)
holds where
C(R,T) := max(M, o + 2) max(||K||oe, 1) || 1 eM5Ie=T 4 RYFoq (3.15)
Then through the extraction of a subsequence,
" — ¢ in L>®(0,T;L"]0, R)]),

for ¢ being the weak solution to (3.9) on [0, 7] with initial condition ¢”. This implies

that, the function ¢ > 0 satisfies

/T /R xc(t,x)a—sp(t,x)dx dt + /R xc™(2)p(0, v)d
/ / [CE(t,x) — FE(¢, fﬂ)]gi(t r)dw dt = / CE (t, R)p(t, R)dt

for ¢ being the smooth functions having compact support in [0, T[x [0, R].

(3.16)
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By following the above theorem, the main task here certainly is to establish (c") — ¢
in L'(0, R) as h and At go to zero. The idea is picked from the Dunford-Pettis theorem
that provides the guarantee for weak sequential compactness in L.

For proving Theorem 3.2.1, it is enough to establish the equiboundedness and the
equiintegrability of the family ¢ in L' as given in (2.25) and (2.26), respectively. Let us
begin with the proof of non-negativity and the equiboundedness of the function ¢ in the

following proposition. In order to proceed this, let us denote X" (z) = x; for z € A

Proposition 3.2.2. Let us consider that the stability condition (3.14) holds for the time
step At. Also, assuming that the growth conditions on kernels satisfy (3.4)-(3.6). Then

function ¢ > 0 follows
R R R '
/ XM(x)ch(t, x)dx < / X"(x)ch(s, x)dx < / XM(2)c(0, 2)dr =: i, (3.17)
0 0 0
where 0 < s <t < T Also, the following estimates obtained

R
/ Mt x)dx < ||| g enSlleeet, (3.18)
0

Proof. The non-negativity and the equiboundedness of the function c*

are shown here by
using induction. It is known that ¢"(0) € L]0, R] and is non-negative at t = 0. Assuming

further that ¢"(¢") > 0 and
R .
/ Mt z)de < ||| eMS et (3.19)
0

Then, our first aim is to prove that ¢"(t"*1) > 0. Firstly, consider the boundary cell
with index ¢ = 0. By (3.12) and (3.13), we have C;‘im >0, &1/2 > 0. Therefore, in

this case, from the equation (3.11) and by using the fluxes at boundaries, we obtain

) At At

ZECTH— :xcn__n+_ n
0¢o 0¢o AfL’O 1/2 A(L’O 1/2
At

>./L‘ C?’L o n

—40%0 Ao 1/2
Ih

2 (1 — At Z A.TkK07kCZ> .Z'OCSL.
k=0
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Now, having the condition on At (3.14) and from equation (3.19), the non-negativity of

! follows. For i > 1, one has

At At
R Az, ( e — 1'71—1/2) + Az, («7:1'11/2 - ‘/—_;n—l/Q) :

Following the equations (3.12), (3.13) and the non-negativity of ¢"(¢") imply that

n —Cr 1 i i—1
i+1/2 i—1/2
’ L =0 k=i =0 k=v;1,
1 Ih i—1 Vi g*l
:A - Z K i,kC; CkszAxk +Z Z .Z’J 3.kC; CkALUjA$k:|
Til k="i,i J=0 k=v;_1,;
Ih
> =Y Awkaiciel, (3.20)
k=0
and
2~ Filip 1T iz i1 It
z+ n n
Az, Az Z Z Sk BjpcpAr; Axy, — szjSkBj,kaAZ‘ijk}
i S — =0 ki
1 r i—1 Ih
Az | T ijSiBj,iC?Axiij + Z xiSkBi,kaAa:kAxi]
thj=0 k=i+1
i—1
>— > SiBj;Axjxic}, as x; <z, forj <i. (3.21)
j=0

By using the above bounds and then the assumptions taken in expressions (3.4), (3.6) and
(3.5) lead to
I I
xic?H > <1 — At ( Z Az K; o + Z SiB;m-Axk) > xicl
k=0 k=0

1h

2
> (1 — At<HKHOO ZAmka + nRHa))xic?, for n= Zi T
k=0

Hence, following the stability condition (3.14) on At and the L! bound (3.19) give

c"(t"*1) > 0. Further, by summing (3.11) over i and using the fluxes at boundaries, the

following time monotonicity result is obtained for the total mass from the non-negativity
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of ¢ as

Ih’
Z Amixic?ﬂ = Z Ax;xicl — At C}}l+1/2 < Z Ax;x;cy.
— — —

Next, it is shown that ¢*(¢"*!) follows a similar estimate as (3.19). For this, multiply Eq.

(3.11) with the term Ax;/x; and using summation over 7, provide

iAﬂCiC?H ZAJ:C —Atz ( i+1/2 z 1/2> A Z( i+1/2
i=0

fzzl/g) |

(3.22)

The second component of the RHS of the above expression can be simplified as

Ih (Cz+1/2 Gt 1/2)

1
— < — C <0, duetoC > 0Vi.
Z x; Z Z+1/2( z; > ueto Lt/ [

i=0 Tit1
(3.23)
Now, dealing with third component, it leads to
Ih fn Ih Ih
3 ”1/2 <3N AwAwSiBigcy.
i=0 i=0 k=i+1

Let us alter the order of summation and then using the conditions (3.5) and (3.6) on the

selection rate and fragmentation function, it is easy to see that

< Z AIka Z AJ]ZSk ik

Ih . 1P
< ISz~ E Axkck/o B(z, x)dr < HSHLma—i—l E Axpcy. (3.24)
k=0 k=0

1h

Z z+1/2

1=0

]:n1/2

By using (3.23) and (3.24) into (3.22), we find that for n = a”
Ih

ZA:@ n < (14 ]S e At) Zm <
Finally, having (3.19) at time ¢" and the relation 1 + z < exp(z) for all z > 0 provide
Z Aic ! < (L ISl At) 0 €51 < ] e,

consequently, the outcome (3.18) is obtained. U
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In order to prove uniform integrability of the family of solutions, let us denote a
particular class of convex functions as C'y p .. Further, consider & € C*°([0, c0)), a non-
negative and convex function which belongs to the class C'y p, and enjoys the following

properties:

(i ®(0) =0, ¢'(0) = 1 and ¢’ is concave;
(ii) lim, o 9'(p) = lim, = = 00;
(iii) for some \ € (1,2),

T\(®) := sup {&f)} < 00. (3.25)

p>0 p

Example of such a Cy p, function is ®(p) = 2(1 + p)In(1 + p) — p. It is given that,
¢™ € L' (0, R), therefore, by De La Vallée Poussin theorem, a convex function ® > 0
exists which satisfies

P
ﬁ—ﬂw, as p — o0

p

and

R
7= / (™) (z)dr < oo. (3.26)
0
Now, in the following proposition, the equi-integrability is discussed.

Proposition 3.2.3. Let ¢™ > 0 € L']0, R] and the family (c")(, as) is expressed by
(2.14), where the relation (3.14) holds by At. Then (c”) is weakly sequentially compact
in L1(]0, T[x]0, R]).

Proof. Our focus here is to obtain a similar result as (3.26) for the family of function c”.

The integral of ®(c") by using the sequence ¢! can be written as

N-1 1" N-1 1"

// It ) da dt = ZZ/ /Ah ( ch )X, ( ))dxdt

k=0 j=0
ZAtAa:CI)
n=0 =0
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The convexity of the function ® leads to the estimate

(i — ) @ () > D) — B(ch).

(3 K3 K3

Now, multiply with Ax; and having summation over ¢ display the following equation

Ih
S A [ - <ZA%[ (7 — e ()]
=0

By using discrete coagulation and fragmentation terms, it can further be rewritten as

i— Vi, j_l
ZA;@ () — o(ch)] <HKHLOOAtZZAx] Y Ang® ()
=0 .7 0 k= =Yi—1,j
L
+AEY Y SeB g Anp Az (). (3.27)
=0 k=i+1

For the coagulation component, i.e., the first part on the RHS of Eq.(3.27), altering the

order of summation and the convexity result given as in Lemma 2.4.4 enable us to have

Ih i—1 ’Y’L‘]
1K || e A Y Axyer Z Az R ()
=0 7=0 k=Yi—1,;
1" N
UK e AY S Azier Y0 Y Aay[®(cp) + ()],
=0 i=j+1 k=i 1,
and
" oyl Yk ;L
Z Z Az ®(cy) Z Az ®(cy) < ZA%@ cr). (3.28)
1=j+1 k=", 1,5 _’Y]]

Further, to simplify the term

" vl

DT And(dgth,

7,:]+1 k:’yifl’j
we proceed as follows. Notice that

Vi —1

E : Azy, = L j=1/2 = Lrjoq j=1/25

k=vi—1,;
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where ;112 — ; and ;12 — x; represent ., .12 and x.,,_, ;12 as left point approx-

imations. Hence, by following [50], the inequality
Lrij—1/2 = Lryi1,5—1/2 < QAz;

holds for ) = 1 + L or ) = 2. Therefore,

Ih 'YLj_l

> And(dgth <QZA@ (D). (3.29)

1=j+1 k=vy;_1,;

Again, using the convexity results on fragmentation term in the equation (3.27), growth
conditions (3.5)-(3.6) on selection and breakage functions and changing the order of sum-

mation yield

1 1
ALY Z SiBikcp A Az;® () =(a+ 2)At Y © Y afcp AwpAz;® ()
=0 k=i+1 =0 k=i+1
Ih k—1

< (a+2)At Z crAzy, Z Az [D(cfH) + B(x)]

=0
<(a+2) AthkAxk ZCID ) Aa:ZJrZCI) YAz,

(3.30)

Let us assess the two expressions on the RHS of equation (3.30) separately. The first

summation is evaluated as
I 1h
o+ t cr Axy, c z; < (o + 2)||c™| 1 eMPle=t A cl Z;.
2)A nA (A < 2)||c! M=t AL ™ (A
- i=0 i=0

(3.31)

Using the Proposition 3.3, for the second term, we proceed as follows

k—1 o

(v 42 AtZAwkck Z@ YAz, =(a+ 2 AtZAxkc Z (I)(f;)a:;\anl

x:
k=0 =0 ¢

1" k—1
<(a+ 2)AtT)\(P Z Axycp Z }*Ax; (by having (4.26))
k=0 i=0
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k

<(a + 2)AtT)\ (P Z Azycp / o dx

_ (Oé + 2) Ih Aa+1
~Ga s AT\ (D) ;; Gt Ay,
a+2) n
S((Aa—AtT (chA:ck + ZxkckAmk)
< (o +2)

A (@) (e 151 4 ).

(3.32)

“(Aa+1)

Consequently, all the results (3.28)-(3.32) used in (3.27) lead to

" I
ZA% ?Jrl ( ﬂ < ”K“L‘X’AtZA% J <ZA$1 >+ QZAMQ(C?JFI))
=0

1h

(Oé + 2)||CmH L enHSHLootAtZsz n+1)

=0

+2 A .
(a+2) AtT,\((I))<||c’"||L1 eMiSlieet 4 ;ﬂl”). (3.33)

(Aa+1)

It can further be simplified as

1k

(- e omiersd)  anstes

1h

< (1 + |1 K || oo ||| 1 e”||S||L°°TAt> > Azd(c))

=0

2 . .
(a+2) AtTy(®) (||cm||L1 enMSllzet 4 ug”), (3.34)

(Aa+1)
where Q* and N* denote max(Q, « + 2) and max (|| K|| .=, 1), respectively. The former

inequality implies that

" I
> Az @(c) <A Azd(c)) + B (3.35)
= =0
where
(1 + | K| oo ||¢™]| 1 e”SL“’TAt) (o + 2) AT\ (D) (||ci"||L1 eMSlieot 1 uﬁ")
A= and B = .
(1 — Q*N*||ci|| 1 enSILooTAt) (Aa+1) (1 — Q*N*||c™|| 11 e”SL“’TAt)

58



Chapter 3

Hence, the following is obtained

I I A1
ZO Az; () < A" ZO Az ®(c}") + B———

By using Jensen’s inequality and (3.26), finally we get

1h

/Rq)(Ch(t z)) dz <AHZA”¢ ! / " (z)dx +Bb
0 ’ — . i Axl \ A — 1

. An—l -1
A”_l -1
:AnI+ Bﬁ < 00, forall ¢ & [O,T]

]

Thus, applying the Dunford-Pettis theorem, one can say that the sequence (c") he(0,1)
is weakly compact in L'. This guarantees that a subsequence of (¢"),e(0,1) exists and

c € L*(]0, T[x]0, R]) is such that ¢ — ¢ for h — 0.

Remark 3.2.4. By a diagonal procedure, subsequences of (c");,(K"), and (B");, can be

extracted such that
Kh(21,22> — K(Zl,ZQ) and Bh(Zl,ZQ) — B(Zl,ZQ),
for almost every (21, 22) € (0, R) x (0, R) as h — 0.

Now, we show that the discrete aggregation and fragmentation fluxes converge weakly
to the continuous fluxes written in terms of the function ¢”. In order to do so, some point
approximations are used which are given below. The notations of the midpoint, right and
left approximations are in (2.43-2.45). Also, define

|

0" (z,2) €0, R[> = 0"(x, 2) ZZx%]XAh XAh( ).

=0 7=0

Note that the above approximations converge pointwise to z, V = €|0, R[ as h — 0.

Further, V (21, ) € |0, R[?, one has
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h .
O" 1 (21,29) = 21 — 29, 21 > 29,

O" 1 (21,29) = 0, 21 < 2.
Thanks to the Dunford-Pettis and Egorov theorems, the Lemma 2.1.5 is also needed to
exhibit the convergence of the truncated flux towards the continuous flux. Finally, the

following result explains the convergence of the numerical fluxes. For this, definitions of

', K", B" and S" given by (2.14), (2.15), (2.16) and (2.17), respectively, are considered.
Lemma 3.2.5. Consider the approximations of the coagulation term as
"(t, ) / / X[0,2h( X[0h (,u),R] (V V) X" (u) K" (u, v)c" (t,u)c"(t, v)dvdu,

and for the fragmentation

R R

Fit.) = [ [ Xozen @ n (@)X (@) B 0, 0)S (@) 1, v)dod
Subsequently, a subsequence of (c?) he(o,1) €Xists, which
c"—¢f and F'—FF

in L'(]0, T[x]0, R]) as h — 0.

Proof. Before we begin the proof, it is worth noting that the terms C"(¢, x) and F"(¢, z)
coincide with the terms C?* and F', respectively, whenever ¢ € 7, and z € AP, Tt is

straightforward to notice that

i+1/2
"(t, ) / / (u) K" (u, v)c"(t, v)"(t, u)dvdu,
@h(xu

1h

Z;O/M Z/AZ {Xh (i;i; ab XAk (W)X ar (v )(ZCbXAh )(;CZXAQ(U))}dUdU

J k:’yi’]
) h
g /h /} l’jKj’kCJdevdu — CZ+1/27
L
=0 k=r;; 0 A7 7 Ax

while

i+1/2
"(t, ) / / w) B" (u, v)S" (v)c"(t, v)dvdu

z+1/2
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[

/:/[ )(;IZO aoXan (W)X ar (v )(ZSbXAh )(Zcbe )]dvdu

0
Z Z/ / x; B Sk dvdu = .7-"[;1/2
=0 k=i+1 AR

Moving further, by following Remark 3.6, we know that for (¢, z) €]0, T[x]0, R] and
(u,v) €]0, R]x]0, R] almost everywhere, the sequence X"(-) K"(-,v) is bounded in L.
Also,

Jj=

X(0.20 ()] (W) X [0 (), 1 (V) X (W) K™ (1, 0) = X[0,07 () X, 1 (V)UK (1w, 0)

as h — 0. Hence, having Lemma 2.1.5 leads to
R
| Yoz oy 000 (DX 0B 1,000, 0

— / X[0,2] (W) X[z—u,r) (V)UK (u, v)c(t, w)du. (3.36)
0

The above expression entails that (3.36) holds for every (¢, z) € (]0, T[x]0, R]) as well

as almost every v and ¢ converges weakly. Again using Lemma 2.1.5, it yields
C'(t,x) — CE(t, )

for every (¢, z) € (|0, T[x]0, R]). Note that the weak convergence for C" follows by this

pointwise convergence. A similar approach shows the convergence of F" as below,

(07

X")B"(-,0)S"(v) = (a+ 2)z T et = (a+ 2)x't* € L]0, R] for almost all v €]0, R].

Ua+1

Since, the above is uniformly bounded and
X[0,2" (2)] (W) X (2 (2),R] (v) X"(u) B"(u, v)S" (v) — X0, (U) X[z, 5 (V)uB(u, v)S(v)
pointwise almost everywhere as h — 0. Hence, one has
a h h h
/ X[0,2(2)) (W) X [2h(2),7) (V) X" (w) B* (u, v) 5" (v)du
0
R
— / X[0,2) (W) X[z, R (V)uB (u, v) S (v)du (3.37)
0
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which holds for every (¢, z) € (]0,T[x]0, R]) and almost every v. We also know that c"

weakly converges to ¢ in L'|0, R]. So, applying Lemma 2.1.5 entails that
R
/ X0,z (@) (W)X(2h ), m) (V) X () B" (1w, 0) S" () (t, v) dvdu
— / X[0,¢] (W) X[, 5] (V)uB (w, v) S (v)c(t, v)dvdu, (3.38)
and therefore,
F'(t,x) — FE(t, )

for every (t,z) € (]0,T[x]0, R]). Thanks to boundedness of F", the pointwise con-
vergence gives weak convergence. Finally, we may demonstrate the main Theorem 3.2.1
below. For the proof, a compactly supported test function p € C*([0, T'[x [0, R]) is taken.
The function ¢ is having the compact support over ¢ € [0,¢y_;] for small enough time
step At. Let us consider finite volume and left endpoint approximations for time and
space variables of ¢ on 7, X A" by

1 tnt1

QO,? = Kt QO(t,fL’Z',l/Q)dt.

Now, a multiplication of Eq.(3.11) by ¢!' & taking summations over n & ¢ provide

N-1 Ih

Z Aﬂﬁzxz n+1 i )80? + At (Cﬁrl/z - Cz 1/2) — At (]:111/2 - ]'711/2) ‘Pﬂ =0.

n=0 =0
Moreover, upon expanding the summations for each 7 and n, a discrete integration by
parts yields

-1 I N-11"—1

ZA@@C?H P =)+ Z Z At[CHy )2 — z+1/2](%+1 - ;)

=0 n=0 =0

+ Z Az z;cp!) Z AtCl o = 0. (3.39)

=z

Il
o

n

The first and third expressions of the above equation are simplified using only the function

" while remaining terms are expressed in terms of the functions ¢" and F". For the first
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part, consider

N—-1 I* I
Z Az;x; c”Jrl ”+1 — o)+ Z Az;x; c’" 0
n=0 =0 =0
v p(t, &"(x)) — ot — AL, £"(x))
Z Z/ M) (t, 2) T2 - dxdt
0 i=0 T4l Ah At
1 At X
+ Z 0.0)5; [ olti€"o)itda,
0
which can be further rewritten as
N-1 I
Z Az (o — o) + Z Az;x;c" ) =
n=0 =0
T R h _ — A h
/ / Xh(fb)ch(t, x) (ta€ ( )) (t t,f (x»dxdt
At Jo At
R 1 At
+ / XM(x)c"(0,2)— / o(t, &"(x))dtdz. (3.40)
0 At Jy

Since, the derivative of ¢ is bounded and ¢ € C'([0, T[x[0, R]) is having compact sup-
port, thus
1

At
E/ﬂ o(t, &"(x))dt — ¢(0,2) as max{h, At} — 0

uniformly with respect to ¢ and x. Since, ¢"(0, ) — ¢™ in L']0, R], Lemma 2.1.5 yields

/ORXh(x)ch(O,a:)é/oAt (t,&"(x)) dtdm—)/ zc™(x)p(0, v)dx

as X"(z) converges pointwise in [0, R]. To treat the first part on the RHS of (3.40), used

the expansion of the function ¢ through a Taylor series provides

QO(t, gh(x)) — QO(t B Atv fh(‘r))

At
ot 1)+ (@ — (@) 2 — ot ) + A2 — (3 — €h(2)) 2 + O(h AY)
N At ’
which means that, as max {h, At} — 0,
t, & — ot — At &m 0
() - olt - W) O,
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uniformly. Again an application of Lemma 2.1.5 and from Proposition 3.2.3, one has

/ / XMz (t @) = A(tt_At e d dt—)/ / a:ctx tx)dxdt.
Therefore,
| [ xwean 2EECN BTG o, g

A
T (R At R T (R Dy

/ / Ada:dt—/ / Adzdt —>/ / xc(t,as)a—(t,x)d:vdt
o Jo o Jo o Jo t

is established. At the end, taking the remaining terms of the equation (3.39) and writing

them in terms of C" and F" lead to

N-1Th—1 N—-1

Z Z At z—i—l/? z+l/2](901+1 ?) o Z Atclril—s-l/QgO?h

n=0 i=0 n=0
N-1Th—1 1

= Z Z/ / z+1/2 z+1/2] NS [‘P(ta Tit1/2) — 90(75,%—1/2)} dxdt
n=0 =0 !

- Z / Ch oy oot B — Ay )dt
n=0 v n

T R—Azp, 84,0 T
:/ / [Ch(t,x) — FM(t, ae)}%(t,x)dxdt —/ C"(t, R)p(t, R — Axp)dL.
0 0 0

Finally, thanks to Lemma 3.2.5, the weak convergence for the fluxes ch — Cf‘c and

Fh — FEexistin L'(]0, T[x]0, R]) which determine

/ /R S eh ) — PG x)]g—(t 2)dadt /TCh(t R)o(t, R — Aap)dt

(// //M) ¢ (¢,2) Fh(tx)}a—gotxdxdt—/ C"(t, R)p(t, R — Aap)dt

%/ / (t z)dxdt — / CE(t, R)p(t, R)dt ash — 0.

0

It thus completes the validation of Theorem 3.2.1 as all the terms in the equation (3.16)

are obtained. O]
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3.3 Error Analysis

Here, we have discussed the error estimates for the coagulation and multiple fragmenta-
tion equations. It is important to mention here that, for the coagulation, results are taken
from [50]. So, our focus is to develop the study for multiple breakage model and com-
bine the findings with the outcomes of [50] for coagulation. Taking the uniform mesh is
essential for estimating the error component, i.e., Az; = h Vi € {0,1,2,...,1"}. The
following theorem provides the first order error estimates by taking some assumptions

about the kernels and initial datum.

Theorem 3.3.1. Let the coagulation and fragmentation kernels hold K, B € W, (Rt x

loc

R*) and selection rate, initial datum S, ¢™ € W,>>°(R*). Moreover, stability condition

loc

(3.14) on At and uniform mesh are considered. Then, the following error estimates
" — |l orr10.8) < D(T, R)(h + At) (3.41)

holds, where c is the weak solution to (1.7) and D(T, R) is a constant depending on R
and 7.

Before proving the theorem, consider the following proposition, which estimates the
approximate solution ¢” and the exact solution ¢ with certain additional assumptions.

These computations are significant in predicting the error.

Proposition 3.3.2. Assume that kinetic parameters K, B € L (RT x R") and S €
LOO

loc

(RT) and the condition (3.14) holds for time step At. Also, let the function ¢™ is

restricted in LS. Then, solutions ¢ and ¢ to (1.7) are bounded in (0,7") x (0, R) as

1|z (0,m)x (0,R)) < DT, R),  le||zoe(o.1)%0.8)) < D(T, R).

Furthermore, if the kernels K, B € W2 (R* x Rt) and S, ¢ € W°(R"). Then the

loc loc

following inequality holds:
lellwreo.r) < D(T, R). (3.42)
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Proof. The aim is to bound the solution c of the continuous equation (1.7). For this,
integrating Eq. (3.9) concerning the time variable and leaving the negative terms out

yield

c(t,r) < ™(x) + %/0 /Ox K(y,z —y)c(s,y)e(s,z —y)dy ds + /0 / B(z,y)S(y)c(s,y)dy ds.

Thus, it follows

t
sup c(t,x)Scm(w)+IIBSIILwlchoo,lHIIKIILoollclloo,l/ sup (s, y) ds,
x€(0, R) ~ }E) 7N Y ~J0 ye(0,R)

where ||c||s.1 symbolizes the norm of ¢ in L*>°(0,T; L'(0,R)). Subsequently, using

Gronwall’s lemma and integration by parts lead to accomplish the proof as

t
sup c(t,z) < a(t) +/ a(s)ﬁefstﬂdr ds
0

z€(0,R)
als)eBt—s) ¢ eB(t—s)
< at)+ S[ML] = [ Bl elloa - ds
— 0 0 _ﬁ
BS|| z]|¢]| 0o
< 01(0)6& + H HLB HCH )1 [(eﬁt _ 1)]

Therefore,

llell Lo 0,1y < (0,m)) < D(T, R).

Now, moving to the conclusion of an estimate of (3.42). To obtain this, firstly we integrate
Eq. (3.9) with respect to time variable ¢ and then differentiate it with respect to the volume

variable z. Hence, the maximum value over the domain of x is achieved as

i

Oc

g(x) <

L()O

1
+ {§IIKIILw|ICII%oo + 2| K[wree [l llelloo 1 B+ | BS]| L= Il oo

8Cin
ox
+ 20 Bllw oIS e llelloot B + 1Sl lel] o= }

%
ox

LOO

ds.

LO()

t
+ QK eellelloo B + HSHLw)/O

An application of Gronwall’s lemma as used in the priori boundedness of c is enough to

establish (3.42). ]
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Next, we proceed to write the continuous expressions for the following discrete coag-

ulation and fragmentation terms given in (3.11), for a uniform mesh

ZH/Q G /2 —th] Gij—1C Ci i l—thl i5Ci ¢l (3.43)
and
JT_'n "
/2 ; V2 ijs BjiciAxy+ > 1,8;Bijct A, (3.44)
Jj=i+1

The following lemma solves our purpose.

Lemma 3.3.3. Consider the initial condition ¢ ¢ W1

loc

Vi. Also assuming that K, B, and S follow the conditions K, B, S € VV;’COO. Let (s,z) €
7o X A, wheren € {0,1,...,N —1},i€{0,1,2,...,1"}. Then

and uniform mesh, Az; = h

iy _C:l_ 1 Eh( ) ’ 1 /
— Z+1/2x ; L2 25/ Koz —2ha) (s, 2\ (s,2 — (")) da’ (3.45)
i 0

R
—/ K"z, 2)"(s,2)c"(s, ') dx’ + e(C, h),
0

—Fn R ’ / N dor
- i—1/2 _ / Sh([L’ )Bh(x’x)ch(ij)dx _Sh(q;)ch(s,JJ) +€(]F7 h)7
T Eh(z)

T
i+1/2

(3.46)

where £(C, h) and (F, h) express signify the first-order terms concerning ~ within the

L' framework:

R
1€ M)l < SNz 1K (Lo, (347)

|e(F, h)||lzr < R||BS| 1o |Ic"]| s h- (3.48)

Proof. The simplified version of the coagulation part (3.45) from (3.43) has been inves-
tigated in [50]. Here, we discuss only the multiple fragmentation variation rate (3.44) to

convert into Eq. (3.46) using a uniform mesh and having x € A”. Consider

h
JT_'n 1 o i—1
z+1/2 /2 _
— g x;5;B; JAxJ E r;B;;Ax;
7 j—it1 Z;
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Ih Sich &
iCh
j=i+1 =0

—/ SMa B (@, 2 (s, 2 ) da’ — S"(x)c"(s, ) + &(F, h),

Eh(z)
for e(F, h) := S;c} B; ;h. When the L; norm of ¢(F, h) is calculated, the following term

€merges
I(h)
(Bl < ||BSHLoth/hc?dx
i=1 YA

I(h)
h
< UBS o=t 3 f
<RIBS o]l al

Now, to demonstrate the essential fact, i.e., Theorem 3.3.1, combination of Egs. (3.11),
(3.45) and (3.46) yields
a h t 1 gh(x) i I I !
9c(t,z) :—/ KMz o —ZMa) (s, 2) (5,2 — EM(2)) do’
0

ot 2

R / !/ ’ R / 4 ’
— / K"z, 2 (s,2)c"(s,2') do + / SM(2 B (v, 2) (s, 2) da
0

Eh(z)

— S™(x)c"(s,x) +e(C, h) +<(F, h). (3.49)

Finally, we may derive the error formulation for ¢ € 7,, from Eqgs. (3.9) and (3.49) as

4

/0|ch(t,x)—c(t,x)|dx§/0 (0, 2) = c(0,2)ldz + 3" es(C,B) + 3 ea(F, B)

3
B=1 B=1

R
+/ et n)] dz + [|e(C, )|t + || (F, B |t (3.50)
0

where error terms due to coagulation operator are denoted by e3(C, h) with §=1,2,3,4
and estimation of these terms are calculated in [S0]. In this article, only e5(FF, ) with =

1,2,3 for the fragmentation operator and fOR le(t,n)| dz would be estimated. Here,
t R R / ’ ! ’ ’ / !
e1(F, h) :/ / / |S" (2B (v, 2 )"(s,2) — S(2)B(x,2 )e(s,x)| da’ dx ds,
0o Jo JEr@)
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o(F, h) / / /H (z,2))e(s, ) dx’ du ds,

63(F,h):/0/0 ™ (@) (s, ) — S(x)els, 2)| dz ds.

and

Furthermore, due to time discretization, assuming |t — ¢,,| < At produces

R 1 t R éh(x) / ’ ’ ’ /
/ le(t,n)| dx §§/ / / K"z o —2)(s,2)c"(s,0 —2')dx drds
0 tnJo Jo
t R R ’ ’ /
—i—/ / / K"z, 2)"(s,2)c"(s,2 ) dx’ dx ds
/ / / B,z ) (s,2") da’ dx ds
t R t rR
+/ / S™(x)c" (s, z) dxds—l—/ / e(C, h) dxds+/ / e(F, h) dx ds.
tn JO tn /0 tn J0

Utilizing the smoothness property of kernels, i.e., K, Band S € Wllo’coo, we have for all
z,y € (0, R)
|B"(,y) = B(z,y)| < || Bllwieh.

Thus, it provides the estimation of ¢, (I, h) using the L> bound on ¢ and c. To see this,

we split the expression into three parts as

\(F, h) // / 15" (2 (2)|B(z,x )e(s, x) dz’ dx ds
+/0 /0 /0 S"(2) B (2, 7') — Bz, 2)|c(s, ') d’ dx ds
+/Ot/OR/ORSh(x’)Bh(x,x’)|ch(s,g;’)—c(s,x’)d:p’ da ds.

The above may be transformed to, by simplifying and using Proposition 3.3.2

t
e1(F, 1) < tR2|elloc (I BllcllS Tl + 1Sl |Bllwie ) + R BS] / Il (s) = e(s)]] s ds.
(3.51)

Similarly, one can compute
t
es(F, h) < |lc|loo||S|lwrct RR + ||S||oo/ |c"(s) — c(s)| 1 ds, (3.52)
0
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and
tR
e2(F, h) < 7||35||oo||0|looh- (3.53)

Now, let us move on to the remaining term fOR le(t,n)| dz, the error introduced by the

time discretization is resolved, and a bound is found as

R
3
/0 |e(t,n)| dz §(§HKHooHchH§oR2 + (IBllse B + DI Slleclle" [l 2 + 12(C, A [ 2
+ e, b)) At. (3.54)
In conclusion, assemble all the bound estimations on €3(C, h) for $=1,2,3,4 from [50],

es(F, h) for 5=1,2,3 from Eq. (3.51)-(3.53) and the relation (3.54). Substituting all these

estimations in (3.50) and applying the Gronwall’s lemma conclude
||Ch - C||L°°(0,T;L1(0,R)) < D(T7 R)(h + At)v

which completes the required result. ]

3.4 Numerical Validation

In this section, we numerically validate the conclusions obtained in Section 3.3 for two
test cases of CMBE with physically relevant kernels. In each case, two different problems
are taken into account for which experimental error and experimental order of conver-
gence (EOC) are evaluated on a uniform mesh. The analytical solutions for such cases

are not available due to singularity in breakage kernel; the EOC computation formula is

as follows:
[N — g |
EOC = 1n ( L 21 /In(2). (3.55)
| NG — Nsm ||

Here, the total number of particles created by the FVS (3.11) with a mesh of I number of
cells is denoted by Np;*™. The computational domain for the volume and time arguments,
for the numerical simulations, are taken as x = [le — 3,100] and ¢ = 100 along with e~

as the initial condition.
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Test Case 1: Consider the CMBE with sum coagulation kernel, i.e., K(x,y) = = + y,
selection function S(z) = z'/2, 2'/* and breakage function B(z,y) = O‘T“ <§>a, a =
—1/2. The EOC for taking two different selection rates are computed for a uniform mesh
and the results are shown in Table 3.1. As expected from theoretical outcomes, it is clear

from the table that the FVS produces first-order convergence for both the problems. The

numerical errors are evaluated using 30, 60, 120, 240 and 480 degrees of freedom.

S(z) = x'/? S(z) = z/*
Cells | Error EOC Cells | Error EOC
30 - - 30 - -
60 0.1499 - 60 0.0014 -
120 0.0272 0.9743 120 0.0005 0.9997
240 0.0039 0.9953 240 0.0002 1.0001
480 0.0005 0.9992 480 0.0001 1.0000

Table 3.1: EOC for Test Case 1

Test Case 2: Let us take the CMBE again with the same coagulation kernel and the
selection functions taken in the previous test case but B(z,y) is used with « = —3/4.
Again by computing the errors using 30, 60, 120, 240 and 480 number of grid points, the
error and the EOC of the scheme are reported in Table 3.2. It is observed here as well that
the FVS is first order accurate in each case. We would like to mention that the EOC has
been evaluated for several other cases of o, K, and .S but there was no marked difference

in the output, so discussion is omitted here.
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S(z) = 2'/?
Cells | Error EOC
30 - -
60 0.1179 | -
120 0.0195 0.9784
240 0.0026 | 0.9965
480 0.0003 0.9995

Table 3.2: EOC for Test Case 2
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S(z) = '/
Cells | Error EOC
30 - -
60 0.0830 | -
120 0.0371 0.9801
240 0.0062 | 0.9930
480 0.0008 0.9988




Chapter 4

Finite Volume Convergence Analysis
and Error Estimation for Non-linear

Collision-Induced Breakage Equation

According to the existing literature, none of the prior studies account for the weak
convergence of the numerical scheme (FVM) for solving the collisional breakage equa-
tion (1.8). Therefore, this chapter is an attempt to study the weak convergence analysis
of the FVM for solving the model with non-singular unbounded kernels and then error
estimation for kernels being in 1W,>>° space over a uniform mesh. Thanks to the idea
taken from Bourgade and Filbet [50] and the proof employs the weak L' compactness

approach. The solution space weighted L' is same as in Chapters 2, 3.

Now, the specifications of the collisional kernel K and breakage distribution function
b are expressed in the following expression: both functions are symmetric and measurable
over the domain. There exist (,n with0 < ( <n <1,(+n<land o > 0, A > 0 such

that
H1l: be L2(RY x RT x RT), 4.1)

73



Chapter 4

H?2:
A\zy (x,y) €]0,1[x]0, 1]
Koy - Azy ™ (x,y) €]0,1[x]1, o0] 42
A%y (x,y) €]1,00[x]0, 1]
Mzty" +2™y¢)  (z,y) €]1,00[x]1, 00]

\

This chapter’s contents are organized as follows. The discretization methodology based
on the FVM and non-conservative form of fully discretized CBE are introduced in Section
4.1, followed by the detailed convergence analysis in Section 4.2. In Section 4.3, we
examine the first order error estimates of FVM on uniform meshes. Additionally, we

have justified the theoretical error estimation via numerical results in Section 4.4.

4.1 Numerical Scheme

In this section, we commence exploring the FVM for the solution of Eq.(1.8). Particle
volumes ranging from 0 to oo are taken into account in Eq.(1.8). Nevertheless, we define
the particle volumes to be in a finite domain for practical purposes. The scheme considers
10, R] as truncated domain with 0 < R < oo. Thus the collisional breakage equation is

truncated as

R /R R
acgém): / / K(y, 2)b(z,y, 2)elt, y)elt, ) dy dz — / K (e, y)e(t, 2)elt. y) dy.
0 x 0
4.3)
and
c(0,2) = ¢™(z) >0, x€]0,R]. 4.4)

Consider a partitioning of the operating domain |0, R] into small cells as
A? I:]$i_1/2,£i+1/2], 1= 1, 27 c. ,I,

where 712 = 0, 21112 = R, Ax; = 73412 — ;12 and consider h = max Az; V .

The grid points are the midpoints of each subinterval and are designated as z; V. Now,
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the expression of the mean value of the concentration function ¢;(¢) in the cell A is

determined by

1 Tiy1/2
ci(t) = Ax-/ c(t,x) du. 4.5)
g i—1/2

The domain is confined in the range [0, T] for the time parameter, and it is discretized

into /V time intervals with time step A¢. The interval is defined as
Tn = [tn, tns1[, n=0,1,...,N — 1.

We now begin developing the scheme on non-uniform meshes. It has the significant
advantage of allowing the inclusion of a more extensive domain with fewer mesh points
than a uniform mesh. Here, in this work, we have used a non-conservative scheme [81]
which is based on using finite volume implementation from the continuous equation (1.8).
To derive the discretized version of the CBE (4.3), we proceed as follows: integrating the

Eq.(4.3) with respect to  over i*" cell yields the following discrete form

dcl )
=B D 4.6
= Beli) - Deli), “6)
where
1 Tit1/2 T141/2 T141/2
Be) =5 [ [ [ Ko 2elt et )y dzda
A‘Iz XT; 1/2 O X

D¢ (i) =

1 Tit1/2 Lr+1/2
[ [ ket iy ds
Axi ;172 J0

along with initial distribution,

. 1 i+1/2
¢i(0)=c" = / co(x) dx. 4.7)
i—1/2

A[EZ‘
Implementing the midpoint rule to all of the above representations provide the semi-

discrete equation after some simplifications as, see [81],

i

dcz 1 P;
r _sz ZZ aci(t AacJAxl/ b(z,z;,x)) de — Z (t)Az;,

=1 j=1 Ti—1/2

(4.8)
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where the term pé- is expressed by

p; = (4.9)
Tit1/2, J # i
Now, to obtain a fully discrete system, applying explicit Euler discretization to time vari-

able ¢t leads to

I 1 i I
At Pi
A = g E Kch;-‘cfoijl/ ’ b(z,xj, z;) de — At E K jcic} Ax;.

A
x.
P=1 j=i Li-1/2 j=1

(4.10)

For the convergence analysis, consider a function ¢ on [0, 7] x]0, R] which is represen-
tated in 2.14 and also mentioning that

I
A"0,-) = ZCE"XA?(-) — ™ ¢ L')0,R[ as h — 0.

i=1
The discrete form of the kernels K" (x,y) and b"(z,y, z) are formed using FVS that are
similar to (2.15, 2.16).

4.2 Weak Convergence

The objective of this section is to study the convergence of solution ¢” to a function c as

h and At — 0.

Theorem 4.2.1. Consider that ¢ € X' and the hypothesis (H1) — (H2) on kernels
hold. Also assuming that under the time step At and for a constant ¢ > 0, the following

stability condition
C(R,T)At <0 <1, (4.11)
holds for

C(R,T) := A2R)| ™| 2 MHleoe MIMT 4 ypiny, (4.12)
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Then there exists the extraction of a sub-sequence as
" — cin L>=([0,T]; L']0, R[),

for ¢ being the weak solution to (1.8-1.9) on [0, 7']. This implies that, the function ¢ > 0

satisfies

/ / c(t, z) tx)dxdt—/T/R/R/Rgp(t,x)}((y,z)b(x,y, 2)elt,y)e(t, z)dy dz dz dt
/0 " (x) 0xdx+/// (t,2)K(x,y)c(t,x)e(t,y)dy de dt = 0,

(4.13)

where ¢ is compactly supported smooth functions on [0, 7] x]0, R).

By following the above theorem, the main task here certainly is to establish (") — ¢
in L'(0, R) as h and At go to zero. The idea is picked from the Dunford-Pettis theorem
that provides the guarantee for weak sequential compactness in L.

As a result, demonstrating the properties of the family c” in L' as given in (2.25) and
(2.26), respectively, are sufficient to establish Theorem 4.2.1. The following proposition

addresses the same.

Proposition 4.2.2. Assume that the stability criterion (4.11) holds for time step At. Fur-
thermore, assuming that the kernel growth condition satisfies (H1) — (H2). Then c" is a

non-negative function that fulfills the estimation given below
/ XM(z)(t, z)dx < / XM(z)c (s, x)dx < /RXh(x)ch(O,x)dx = M (4.14)
0
where 0 < s <t < 7T, and
/R It x)da < ||| g2 @RIl METE (4.15)
0

Proof. Mathematical induction is used to demonstrate the non-negativity and equibound-
edness of the function c”. Att = 0, it is known that ¢"(0) > 0 and included in L]0, R|.

Assuming that the functions ¢"(¢") > 0 and

R )
/ A, x)dr < ||| o @A Elbllee M (4.16)
0
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Then, our first goal is to demonstrate that ¢ (¢"™!) > 0. Consider the cell at the boundary

with index ¢+ = 1. As a result, in this situation, we obtain from Eq.(4.10)

1

p]
At =c + —1 Z Z lc;‘c?ijAxl/ b(z, xj, x;) de — At Z Ky jeici Az,
1=

Z1/2 j=1

> — AtZKljcl ' Az;. (4.17)

Moving further, we choose the first case for collisional kernel, case-(1): K(x,y) =
AzSy" + 2™y), when (x,y) €]1, R[x]1, R[. Thus,
I
At >t — At Z )\(xgx? + x’fx§)c?c?ij,
j=1
using the fact that )\(xfx? + x?xﬁ) < A(z;+x;), thanks to Young’s inequality, we convert

the above inequality into the following one

At > — )\Atz xy + )P A

> [1— AAKR Z Az + MMl (4.18)
j=1

Now, consider case-(2): K(z,y) = Az~ %y, when (z,y) €]1, R[x]0,1[. Putting this

value in Eq.(4.17) and then imposing the condition x~* < 1 yield
Attt > — )\Ath]cl Az

> (1 — AAEMI™)cr, (4.19)

For case-(3): K(x,y) = Axy~“, when (z,y) €]0,1[x]1, R[ with y~* < 1 and for case-
4): K(x,y) = Mxy), when (z,y) €]0, 1[x]0, 1] provide
I
AT > (1= AAEY  cAxj)c]. (4.20)

J=1

All the results from case(1)-case(4) are collected, and the following inequality is

achieved

I
ATt > 1 - )\At(RZ cjAr; + Mi™)cr. 4.21)

J=1
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Using conditions (4.11), (4.12) and Eq.(4.16), the non-negativity of 071”“1 is obtained.
Thus, we assume that the computations for ¢+ > 2 go similar to 7+ = 1 for all four cases
and the results are obtained like the previous ones. Then, applying the stability condition
(4.11) and the L' bound on c" yield ¢" (") > 0.

Further, by summing (4.10) over 7, the following time monotonicity result is obtained for
the total mass as

ZAmel ntl — ZA@LC +AtZZZaE Kjicic Ax]Axl/ b(z,z;,x)) d

=1 [=1 j=t Ti—1/2
— At Z Z T, Ky ¢ Arj Az, (4.22)
i=1 j=1
Change the order of summation, taking the upper limit of p§ and Eq.(1.10) in the second
term on the right-hand side (RHS) of equation (4.22) leads to

I i
At Z Z Z xi I cf e Az Ay / b(z, xj,z;) dx
] =1 Ti—1/2

z+1/2

11
< Atzz 1) Aa:]Alexz/ b(z,z;, 7)) dx

Ti-1/2

I 1
= Atzz PRt ijAlex b(z, x5, 1) Ay = Atzz% jicic Ar;Axy.

I=1 j=1 =1 j=1
(4.23)
Eqgs.(4.22) and (4.23) indicate about the approximate mass loss property
I I
Z Ax;xieitt < Z Az;x;c? < Mi™. (4.24)

i=0 =0
Following that, it is demonstrated that c(¢"*1) follows a similar estimation as (4.16). To
see this, multiply equation (4.10) by the term Ax;, leaving the negative term out, and

determine the result using summation with respect to 7, as

I I I

1
Z I Az < Z cr Az, + At Z Z Z jiC Az Az /pj b(x, xj, x;) dx
Ti—1/2

=1 i=1 i=1 [=1 j=t
I I

! Tit1/2
< Z c' Az; + At||b]| ZZ lC?C?AJJjAZE[/ dx
1 I=1 Ti-1/2

1= J=1
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< Z P Az; + AtR||b]| o Z Z jache Az Ay, (4.25)

=1 j=1
Again, the above will be simplified for four cases of kernels:
Case-(1): K(x,y) = Ma*y" + 2"y°), when (z,y) €]1, R[x]1, R[. Substitute the value
of K(z,y) in Eq.(4.25) and use the Young’s inequality to get

I I I
AT ISR TR w o Epe

i=1 i=1 —
< (14 2AALR|[b]| oo M™) Z Az
i=1
Finally, having (4.16) the L' bound of ¢" at time step n and 1 + z < exp(z) V2o > 0
imply that
ZC?HA% < HCmHLl eQARHbHLooM{'"t"“.

i=1
As a consequence, the result (4.15) is accomplished.

Case-(2): K(z,y) = Az~ %y, when (z,y) €1, R[x]0, 1], and case-(3): K(z,y) = \xy
when (z,y) €]0, 1[x]1, R| have similar computations. The value of K(z,y) after substi-
tuting in Eq.(4.25) yields

Z Az < Z "A:chrAAtRHbHOOZZ (27 ) Ay Ay

i=1 lljl

< Z Az + MALR||b| 00 Z Z I AN YA
i=1 I=1 j=1
I
< (14 AALR[blloe M{™) D A,

i=1
Again, using (4.16) and 1 + 2 < exp(x) V 2 > 0 provide the L' bound for ¢ at time step
n+ 1.

Case-(4): For K (z,y) = A(zy), when (z,y) €]0,1[x]0, 1], inserting the value of K in
Eq.(4.25) employs

I

Z A Ar; < Z Az + MALR||]| 00 Z Zx]xlc o Axj Az

i=1 =1 j=1
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I

I 1
< Z cr Az + MALR||b| o Z Z zcj e AxjAy.

i=1 =1 j=1

To get the result (4.15) for ¢ (t"*1), the computations are similar to the previous case. [

To demonstrate the family of solutions’s uniform integrability, let us designate a spe-
cific category of convex functions as Cy p . Consider & € C*°([0, c0]), a non-negative

and convex function that belongs to the Cyp, class and has the following properties

[92]:

(i ®(0) =0, ®'(0) = 1 and 9’ is concave;
(ii) lim, o 9'(p) = lim,_, = = 00;
(iii) for 0 €]1,2],

Ty(®) = sup {if)} < oo. (4.26)

p>0 p

It is given that, ¢™ € L! (0, R), therefore, by De La Vallée Poussin theorem, a convex

function ® > 0 exists which satisfies

® ()
p

— 00, as p — 00
and

R
7= / (") (z)dx < oco. (4.27)
0
The equiintegrability is now examined in the following statement.

Proposition 4.2.3. Let ¢ > 0 € L'0, B[ and (4.10) constructs the family (c") for any
h and At, where At fulfills the relation (4.11). Then (c") is weakly sequentially compact
in L'()0, T[x]0, R|).

Proof. The objective here is to acquire a result comparable to (4.27) for the function

family c”. Using the sequence c?, the integral of (c") may be expressed as

// "t ) da dt = ZZ/ /A (Zicfm )X, ( ))dmdt

n=0 i=1 k=0 j=1
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I
= Z AtAz;D(cl).

n=0 i=1
It follows from the discrete Eq.(4.10), as well as the convex property of ® and ® > 0,
that

Tit1/2

< AtZZZK e ( "*UA@A:U;/ b(z,x;, 7)) dx

Ti—1/2

< AtZZZ e (¢ ) Ay Aaib(ay, ;. m1) A,
(4.28)
Case-(1): K(x,y) = Ma°y" + 2"y°), when (z,y) €]1, R[x]1, R[. Substitute the value

of K(z,y) in Eq.(4.28) yields

I 111
Z[(I)(c;”l) — ®(cM)]Az; <AAL Z Z Z xj + 1) Ao Axy Azib(;, )P ().
=1 j=1

i=1 i=1

The convexity result in Lemma 2.4.4 allows us to obtain

DR — B Az S2NALY DY D wicf Ay AryAwi{ @ (e ) + @ (b(wi, w5, 21)

i=1 =1 [=1 j=1
I
< ZAAtZZZx] Az Ary Ax; B ()
i=1 [=1 j=1
+2AAL Z Z Z x;ci Az e AryAx; @ (b(xy, x5, 21)). (4.29)
i=1 I=1 j=1

After employing Eq.(4.26) and Eq.(4.15) into the second term on the RHS of the Eq.(4.29)

lead to

111
20AL Z Z Z xici Az e ArAx; ®(b(zi, 25, 7))

i=1 =1 j=1
I I
= 2)\At Z Z
i=1 =1

=1 j=

I

D (b(ws, xj, 1)) 0
x;c! Ax el AxAx; b(x;, x;,x
1 Y I : {b(xz,x],xl)}e ( ’ l)
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I
< 20ALRIT(®) M{™[1Bl|%, > ¢ Aa

=1

< 2AALRIT (D) M™|[b]|%[| ]| pr e2AFllbllzoe MI™T (4.30)

Now, Eq.(4.29) and Eq.(4.30) imply that
I

I
D @) = D) Az < 2AALM || eI M N A g (e

k3 K]
i=1 =1

+ 2AALRTI (®) M™|[b]) || || o1 e2AFllblzoe M T

It is reasonable to simplify as

I I
(1= 20NAEM" ||| o PRI MITY N A (1) <37 Awd(cr)

i=1 =1

+2)\AtRH9(CI’)an||b|]zo||ci"||L1 PARb] Lo M{MT

The above inequality implies that

I i
Z Ax;®(c) < AZ Ax;®(c!') + B,
i=1 1=1

where
1 O 20ARIIL (@) M |[b]| % ||| g1 ARz MM T
(1= 22 AM e AR MET) T (1 oA AM | AR AT
Therefore,
I I Ar—1

Thanks to Jensen’s inequality and having (4.27), we obtain

R ) | An 1
h n in

/0 O(c(t,x))dx <A ;Axifb(Axi /A?c (x)dx) +BA—1

A" —1

A—-1

<A"T + B

< oo, forall tel0,T]. (4.32)

The computations for Case-(2), Case-(3) and Case-(4) are equivalent to the Case-(1).
Only just, we got the different values of A and B, which are the following

1 _ AAERITp(®) M [b 8[| 1 € Fllle= i T
(1= AAEM" ein | o MR MIMT) T2 (1= AAEM e[ 3 2Pl M)
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Thus, the sequence (c") is said to be weakly compact in L' by applying the Dunford-
Pettis theorem and ensures the existence of a subsequence of (c”*) that converges weakly

to c € L'(]0, T[x]0, R[) as h — 0. O

The time has arrived to demonstrate the weak convergence of the sequence c}', which

is formed by a succession of step functions c¢". To do this, various point approximations
are utilized, which are as seen in (2.43-2.45).
We have now accumulated all the evidences required to support Theorem 4.2.1. To
demonstrate this, take a test function ¢ € C'([0,7]x]0, R]) with compact support with
respect to ¢ in [0, ¢y_1] for small ¢. Establish the finite volume for time variable and left
endpoint approximation for space variable of ¢ on 7, X A" by

1 tn+1

gO;n = Kt (,D(t, l'i_l/Q)dt.

Multiplication of ¢} with (4.10) yields the following equation after employing the

summation over n & ¢

N-1 1 N-1 1 1 I P
Z Z Axy(cP — )l =At Z Z Z K ciep AxjAxyp} / b(z,x;, x;)dx
n=0 i=1 n=0 i=1 I=1 j=i Ti-1/2
N-1 1 1
— At K jcic; AxiAz;py. (4.33)

When the summation for n is separated, the LHS resembles like this

=z

N-1

I
Zsz ntl n)SO? _ ZA n—i—l( n+1 (102 _'_Zsz in ?

n=0 i=1 n=0 =1

Moreover, evaluating the latter equation using the function c” yields

—lI

p(t, € () — p(t — At £'(x))
ZZI /n,+1 /Ah At dz dt

i/ / o(t, &"(z))dt da

:// L O R (T 0 P

84

n=0 =1 n=




Chapter 4

—|—/OR (O x)Alt /At¢(t7§h(x))dtdx.

Since, ¢ € C*(]0,T]x]0, R]) posseses compact support and having bounded derivative,

(0, z) — ¢™ in L]0, R| will provide the following result with the help of Lemma 2.1.5

/0 (0, ) Alt / ot €M)t — /0 " (@)(0, ) dx (4.34)

as max{h, At} goes to 0. Now, applying Taylor series expansion of ¢, Lemma 2.1.5 and
Proposition 4.2.3 ensure that for max{h, At} — 0

// p(t,&" () - A(tt_mgh ddt—>// tx ta:)da:dt,

and hence, we obtain

[ [ o0 el et — 88w
At N _

At
/ / d:vdt—/ / d$dt—>/ / tx t$)dxdt. (4.35)

Now, the first term in the RHS of Eq.(4.33) is taken for observing the computation

N-1 1 1 1
At ZZZK 15 A:c]AxupZ/ b(z, z;, x;)dx
n=0 =1 I=1 j=1 Ti—1/2
N-1 1 1
= Atz ZZKNC o ArAxzip} / b(x, z;, x;)dx
n=0 i=1 I=1 Ti—1/2
N-1 1 I S
+Atzzz Z zc?C?A:ch:clgo?/ b(x,xj,x;)dx. (4.36)
n=0 =1 [=1 j=i+1 Ti—1/2
The first term on the RHS of Eq.(4.36) simplifies to
N-1 1
AtZZZKZlC o Az Amlgpl/ b(x,x;, x;)dx
n=0 i=1 I=1 Ti—1/2
N-1

! X"(a)
ZZZZ/ /A AhKh(w 2)e(t,2)e (¢, 2)p(t, ¢ ))/ b(r, X"(x), X" (2))dr dz dx dt

n=0 i=1 I=1 §h(@)

o Xh(x)
/0/0/0Kh(fﬁ,Z)Ch(ltaiv)ch(t,2’)<P(t,€h(96))/5 b(r, X"(2), X"(2))dr d dz dt.

" (x)

(4.37)
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Next, the second term of Eq.(4.36) leads to

N-1 1 B
At 5 g E Kj,lc?cl”Aa:ijlgo?/ b(z,z;,x)de =
n=0 i=1 =1 j=i+1 Ti1/2

=1 =

I

HHDNH / AR e et o)

/ b(r, X" (y), X" (2 ))dr} dy dz d dt
N

T R R R
:/0 /0 /0 = )Kh(y’ 2)c(t,y) " (t, 2)o(t, " (@))b(X" (), X" (y), X" (2))dy dz da dt.
(4.38)

Eqs.(4.36)-(4.38), Lemma 2.1.5 and Proposition 4.2.3 imply that as max{h, At} — 0

N-1 1

At Z Z Z Z 1€ ¢ Az Az o) /p} b(z,x;, x;)dx
Ti—1/2

n=0 i=1 [=1 j=i
T »R R R

—>/ / / / K(y,2)e(t,y)c(t, 2)p(t, z)b(z,y, 2)dy dz dz dt. (4.39)
o Jo Jo Ja

Taking the second term on the RHS of Eq.(4.33) employs

=

I 1
At Z Z K jcici AriAz;p;f

i=1 j=1

I
o

n
N-1 1

—ZZZ/ /A o 5" ) ) € )y

n=0 =1 j=1
— / / / K(x,y)c(t,x)c(t,y)p(t, x)dy dx dt (4.40)
o Jo Jo
as max{h, At} — 0. Eqs.(4.33)-(4.40) deliver the desired results for the weak conver-

gence as presented in Eq.(4.13).

4.3 Error Simulation

In this section, the error estimation is explored for CBE, which is based on the idea

of [50]. Taking the uniform mesh is crucial for estimating the error component, i.e.,
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Ax; = h Vi € {1,2,...,1}. The error estimate is achieved by providing an estimation
on the difference ¢ — ¢, where c” is constructed using the numerical technique and ¢
represents the exact solution to the problem (1.8). By using the following theorem, we
can determine the error estimate by making some assumptions about the kernels and the

initial datum.

Theorem 4.3.1. Let the collisional and breakage kernels satisfy K € W, (Rt x R*),

loc

b€ WEe(R* x Rt x R*) and initial datum ¢ € W, (R*). Moreover, assuming a

uniform mesh and At that fulfill the condition (4.11). Then the error estimate obtained

with a constant H7 r > 0 such that
||Ch — C“LOO(O,T;Ll]O,R[) S HT7R(h + At) (441)
holds, where c is the weak solution to (1.8-1.9).

Before proving the theorem, consider the following proposition, which provides es-
timates on the approximate and precise solutions ¢ and c, respectively, given certain

additional assumptions. These estimates are important in the analysis of the error.

Proposition 4.3.2. Assume that kinetic parameters X € L° (RT x R"), b € L2 (R x

RT x RT) and the condition (4.11) holds for time step At. Also, let the initial datum ¢

is restricted in L3° . Then, solutions ¢ and ¢ to (1.8-1.9) are bounded on |0, T'[x]0, R[ as
1™ e qorixgo.rp < Hrry  llellzeqorixo.ry < Hrp-
Furthermore, if the kernels K € Wo®(RT x RT), b € WL®(RT x RT x RT) and

loc loc
¢ e WL (R*), then

loc

lcllwroopo,r; < Hr,g- (4.42)

Proof. The principal purpose of this proposition is to obtain a bound on the solution c to
Eq.(1.8). In consequence, integrating Eq.(4.3) concerning the time variable provides the

following result
} t rR R
o) <@+ [ [ [ K s, dy dzds
0 0 x
8
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in 2
< () + [ K lool[bll oo llell 12
where ||¢||o1 represents the norm of ¢ in L>(0,T; L']0, R[ ). Hence,

e[l o qo,rix10.r) < Hr,R-

Now, let us go to the conclusion of an analysis of (4.42). First, integrate Eq.(4.3) over the

time variable ¢, and then differentiate it with variable x which lead to

36&71:) acm:c * oz (/ / / K(y, 2)b(z,y, z)c(s, y)c(s, Z)dydzds>

_x( /0 /0 K(x,y)C(t,I)C(tay)dZJ)-

Use of the maximum value across the domain of z and simplification of compuatations

yield the following condition

Jc(t) I (x) 2
12| < |22+ el + N sl
oc
1 e el el + 1 el | ] 2] s,
0 Tl 0o

which can be written in a more coherent way

oc(t) dc
— 7 < T(t — d
|52, < v+ []5] e
where
0c™"(z) 2
T(t) = |—5, KD oo llclloo,1 elloo K Nloo 10l wrr.oo el 5 1+ K fwree ([ efloo 1 [lell oo,
and

v = [|K|sollelloo,-

Beyond that, the use of Gronwall’s lemma and integration by parts establish the proof as

‘ /T vels “des

<T(0)e”" + (1 Kblsollellocllelioc + 1 llso[Bllwroe el

follows

oc(t)
ox

88



Chapter 4

+ 1K lwr.oellelloo.a elloo)[(€” = 1)].

Therefore,
‘ % < Hrp,
Ox L>=(]0,T[x]0,R])
which concludes the result (4.42). ]

Next, the RHS of equation (4.10) is converted into the continuous form, and we obtain
the first-order terms in that process which is explained in the following lemma. The

discrete collisional birth-death terms given as in (4.10) expressed like

I A

I I
N - 1 n_n p] n_n
Be(i) — De(i) = A Z Z Kjicic Aa:jA:cl/ b(z,z;,x)) de — Z K; jcici Ay
t=1 j=1

j=i Ti-1/2

(4.43)

The subsequent lemma offers a simplified version of the preceding discrete terms.

Lemma 4.3.3. Consider the initial condition ¢ € V[/lf)fo and uniform mesh, Ax; = h Vi.
Also assuming that K and b follow the conditions K,b € W,>%°. Let (s,2) € 7, x AL,
wheren € {0,1,...,N —1}andi € {1,2,...,1}. Then

R R
Be(i) - Deli) = [ [ 2 ), 2)

R
= [ R ) ) ) dy + ), (444
0
In the L', £(h) defines the first order term with regard to h:
Kb Sl ; in
ey ler < LU= o2, sty (445)

Proof. Initiate with the discrete birth term of Eq.(4.43) and convert it to the continuous

form with a uniform mesh and for z € A?,

I I i
1 P;
Ar E E KNC?C?AZ']'AZL‘Z/J b(z,xj,z;)de
g Ti—1/2

=1 j=i
I L [ I .
= E g Kj,lC?C?ijAxlE/ b(z,z;,x;)de + g Ki’lc?c?A:L‘l/ b(x, x;, x;) dx
I=1 j=i+1 E iy I=1 Ti1/2
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R /R
= / K"(y, 2)b"(z,y, 2)c"(s,y)c" (s, 2) dydz + (h), (4.46)
0

Eh(x)

where £(h) = Zl | Kicie Ay f b(z,x;,x;) dr is defined. Calculating the L'
norm of £(h) leads to the following term

I

I 2
lle(F, )| < ||KD|| 1 ZC?A%ZC?A@/ dx
i=1 I=1 Ti-1/2
I

< WPl (5~ in a2

2 ,
i=1

||KbHL°° H mH 4)\R||bHLooMf"Th'
Now, taking the discrete death term of (4.43) yields

R
Zchfc;‘ij = /0 K"z, y)c"(s,2)c"(s,y) dy. (4.47)

Using the formula (4.44), Eq.(4.3) and Eq.(4.10) lead to the error formulation for ¢ € 7,

as

/0 c"(t,z) — c(t, z)|d §/0 |c"(0, z) —c(O,x)\da:—l—Z(CB)g(h)

p=1

R
+/ et n)| d + ||e(B) | i1, (4.48)
0

where error terms are expressed by (C'B)g(h) for 5 =1,2,3 as

o= [ [ et e

_K Z/, )b(l‘ Y,z ) ( y) (8,2)|dyd2’dl'd8,

// / /E b(x,y, z)c(s, y)e(s, 2) dy dz dz ds,

and
:/0/0 /O |Kh($,y)ch(s,$)ch(5’y)—K(x,y)c(s,x)c(syy”dydxds‘
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Considering |t — t,,| < At, the time discretization provides the following expression

R t R R R
[l < [ [T [ KM g o 20 ) s, 2) dyde dads
0 tnJo Jo JEh(z)

t rR R t rR
+/ / / K"z, y)c"(s,z)c" (s, y) dydxds~|—/ / e(h)dxds.
tnJo Jo tn J0

Given K,b € W, and for 2,y €]0, R], we have

‘Kh(l'7y) - K(Q?,y)’ < HKHWl’OOh

As a result, it produces an estimate of (C'B);(h) using the L' bounds on " and c. To

begin, divide the expression into four segments
t fR pR R
(CB)1(h) < / / / / |K"(y, 2) — K(y, 2)|b(z,y, 2)c(s, y)c(s, 2) dy dz dz ds
0o Jo Jo Jo
t pR pR R
+/ / / / K"y, 2)[b"(2,y, 2) = bz, y, 2)|c(s, y)c(s, 2) dy dz dx ds
0o Jo Jo Jo
t pR pR R
s [ ] K w2l ) - s, plels.2) dydz dads
0o Jo Jo Jo
t pR pR R
[ K sl s, - cls,2) dyddeds.
0o Jo Jo Jo
By simplifying and employing Proposition 4.3.2, the above may be transformed to

(CB)1(h) <(IKlwos|Blloc + 1K [loo [bllwr.oe )R [l 31

t
+R2||K||oo||b|!oo(||0||oo+Hchl\oo)/0 le"(s) = e(s)llzr ds,  (4.49)

and similar estimation for (C'B)3(h) gives

t
(CB)3(h) < || K [lwrct B lell2h + RIK | (llelloc + ||ch||oo)/O le"(s) = e(s)ll2+ ds.

(4.50)
Moving on to the remaining terms, (C'B),(h) and fOR le(t,n)| dx, it is clear that
tR? 5
(CB)a(h) < | Kbl el B, @51
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and
R 2 2
/0 le(t, n)| dz < (| Kbl B + | K ool | B? + lle(R)[| L)AL (4.52)

Furthermore, substituting all the estimations (4.49)-(4.52) in (4.48) and applying the

Gronwall’s lemma conclude the result in (4.41). ]

4.4 Numerical Testing

To test the problem’s theoretical error estimation, in this part of the article, the discussion
over experimental error and experimental order of convergence (EOC) are concluded for
three combinations of collision kernel and breakage distribution function. In the first test
case, an analytical solution of the model is available while such an expression does not
exist for the other two test problems.

The experimental domain for the volume variable is taken as [1le—3, 10] and computations

are run from time O to 1. In the availability of analytical solution for CBE, the EOC

formula is
1 Er
EOC= ——In| — 4.53
111(2) t <E21> ’ ( )
where Fj is the discrete error norm using I number of mesh points, i.e., £y = || Ng — V||,

where Ny and N; are the total number of particles generated analytically and numeri-
cally, respectively. Moreover, in order to observe the EOC of the FVS in the absence of

analytical results, the following double mesh relation is used:

| Nt — No |

EOC=In| —
<||N2I — Ny

) /In(2). (4.54)

Here, Vi denotes the total number of particles generated by the FVS (4.10) with a mesh

of I number of cells.

Test Case 1: Consider K (y,z) = yz and b(x,y,z) = %,—1 < N < 0. The

computation is exhibited only for X = 0, where we have analytical result, see [23]. The
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exponential decay initial condition (e~*) supports this problem. The computational do-
main is divided into uniform subintervals of 30, 60, 120, and 240 number of cells. The
analytical concentration function is given as c(t, z) = e~(1#9%(1 4- ¢)2. Table 4.1 repre-
sents the numerical errors and the EOC examined through Eq.(4.53). It is observed that
the scheme provides the error in decreasing pattern as grid gets refined and it is of first-
order convergence, as predicted by the theoretical results in Section 4.3. It is interesting
to mention here that X = 0 leads to the breakage function which is having singularity
near the origin, a case for which theoretical result is not discussed. However, the FVS
still maintains the first order accuracy on uniform meshes. Therefore, a probable task in

the future is to study the analysis such that classes of singular kernels can be included.

Cells | Error EOC
30 0.4879x10~* | -
60 0.2196x10~* | 1.1515
120 | 0.1032x10~* | 1.0901
240 | 0.0498x10~* | 1.0497

Table 4.1: Test Case 1

Test Cases 2-3: For the second and third examples, assume K(y,z) = yz and
K(y,z) = y + z, respectively, along with breakage function b(z,y, z) = d(z — 0.4y) +
d(z — 0.6y). As analytical concentration functions are unavailable in the literature, the
error and the EOC are calculated via Eq.(4.54) for uniform cells with 30, 60, 120, 240,
and 480 degrees of freedom. The computational volume domain and execution time are
identical to the preceding test case. Again, according to Tables 4.2 and 4.3, the EOC of
the FVS for these cases are comparable to the first case, i.e., the first-order convergence

is noticed.
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Cells | Error EOC
30 - -

60 0.4271x1074 | -

120 0.2006x10~* | 1.0899
240 0.0973x10~* | 1.0449
480 0.0479x10~* | 1.0224

Table 4.2: Test Case 2

94

Cells | Error EOC
30 - -

60 0.4309x107* | -

120 0.2023x10~* | 1.0905
240 0.0981x10~* | 1.0452
480 0.0483x10~* | 1.0226

Table 4.3: Test Case 3




Chapter 5

Analytic Approximate Solution and
Error Estimates for Non-linear

Collision-Induced Breakage Equation

According to the literature survey [68, 72, 95], VIM and ODM are more suitable
and efficient for solving non-linear ODEs/PDEs and integro PDEs including aggregation
and breakage equations. As per our knowledge, there is no literature on semi-analytical
techniques for non-linear CBE (1.8-1.9). For the first time, in this chapter, these methods
are introduced for Eqs.(1.8-1.9) that provide the solutions in series form. The focus of
the work is to deal with the theoretical convergence analysis for a particular class of
kernels and the error estimation. Further, for the numerical validation, three examples are
selected to demonstrate the superiority of VIM over ODM.

This chapter is framed as follows: Section 5.1 contains information on the preliminary
steps for VIM and ODM, as well as their applications on CBE (1.8-1.9). The theoretical
results on convergence and error analysis are presented in Section 5.2. Section 5.3 yields
the numerical implementation and comparison between ODM, VIM, and exact solutions

by providing the error graphs and tables.
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5.1 Semi-analytical Approaches

5.1.1 Variational iteration method

VIM [96] is used to solve variety of non-linear ODEs/PDEs without linearization and
small perturbations. This approach is feasible and effective for dealing with the non-
linear problems. To understand the general idea of the VIM for any ODEs/PDEs, let us
consider

L(c(t,x)) + M(c(t,z)) =0, (5.1)

where £ = % (linear) and M (non-linear) are operators. According to VIM, we get the

correction functional for Eq.(5.1) as

Cr(t, ) = ety o) + /0 t [A (z(cm, 2)) + M(&(r, @))} dr. (5.2)

Eq.(5.2) has a Lagrange multiplier A = —1 that can be found optimally via variational
theory, and ¢;, is a restricted variation which means d¢; = 0, see [96] for more details.

This provides the following iteration formula

cer1(t, ) = ¢p(t, x) — /Ut [(ﬁ(ck(T, x)) + M (c(T, x)))} dr. (5.3)

Let us construct the operator A[c| as follows:

t
Alc] = / [— <£C(T, x)+ Mc(r, ZL’))i| dr, (5.4)
0
then the solution of problem (5.1) is written in series form as c(t,z) = > .o c(t, x)

where the components ¢ (¢, x) for k = 0, 1,2, ..., are defined as
co(t,z) = c"(x),
c(t,x) = Aleo(t, )], (5.5)
cer1(t,x) = Aleo(t, ) + a1(t,z) + ... + cx(t, z)], k> 1.
An nth order truncated series solution of the result ¢(¢, x) is considered as ¢, (¢, x) and is

denoted by

on(t,x) == ch(t,:r). (5.6)
k=0
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In the following, the general formulation for the n-term series solution for the CBE (1.8-
1.9) is described.
VIM for CBE: Define the non-linear operator M as follows

Mec(t,x) = —(/OOO /:o Ky, 2)b(x,y, z)c(t,y)c(t, z) dy dz — /OoO K(x,y)c(t,x)c(t,y) dy).
(5.7)

Using the Egs.(5.3), (5.7) and A = —1, we get the following iteration formula to compute

the number density function

T

e (t, ) =cp(t, ) + /Ot(—w + /000 /OO Ky, 2)b(x,y, 2)cr (1, y)er(T, 2) dy dz
- [T K patraa )
=cp(t, z) + Alc]. (5.8)
Using the above, the solution components are derived from the Eq.(5.5) and hence, an ap-

proximate series solution of nth-order is formed using n+1 components. We will simplify

the details for various specific kernels in the numerical section.

5.1.2 Optimized decomposition method

This section contains a detailed explanation of ODM [95] for analytically solving Eqgs.(1.8-
1.9). Before going into this, let us address the essential concept of the proposed strategy

for solving the following non-linear PDE

0
ac(t, x) = Mlc(t, x)], (5.9)

where M is a non-linear operator and £ = %. Applying inverse operator of £ on (5.9)

leads to
c(t,z) = "™ (x) + LTH{M]e(t, z)]}. (5.10)

The fundamental concept of ODM lies in the linear approximation of non-linear term by

a first-order Taylor series expansion at ¢t = 0. Thus, the obtained approximation is

0 0
ac(t, x) — Mlce(t,x)] = ac(t, z) — C(x)ec, (5.11)
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where
oM
Cz) = — 12
(1) = (5.12)
t=0
The approximation mentioned above yields, a linear operator 7" specified by
Tle(t,z)] = Mc(t, z)] — C(z)c(t, z). (5.13)

The solution is now constructed as an infinite series, by following [95], and is given by

c(t,x) = elt,x), (5.14)
k=0
where the components are listed below
co(t,x) = c"(x), )
t,x) = L7Qo(t, z)],
ci(t, ) [Qo(, )] | 5.15)
oot x) = L7Q1(t, 2) — Cla)e(t, o)),
et z) = L7NQk(t,2) — C(2)(ck(t, ) — cra(t,2))], k> 2,
with
1 d* Ly
Qult,7) = = [M(Z@%Ci(t,x))] , (5.16)
' i=0 6=0
and
M(ch(t, :1:')) =3 Qult,a). (5.17)
k=0 k=0

ODM for CBE: To obtain a ODM formulation for Eqs.(1.8-1.9), consider the non-linear

operator M c(t, x)] as

Mle(t, )] = / . / " K(y, )bz y, elt,y)elt, =) dy dz — / " K(x.y)elt,x)e(t, y) dy,
(5.18)

and differentiating it with respect to ¢(t, z), we have att = 0,

C(z) = —/ K(z,y)c(0,y) dy. (5.19)
0
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The linear operator 7" in Eq.(5.13) expresses the following equation after utilizing the

Eqs.(5.18) and (5.19)
et = [ [T K el elt ) dyds — [T K ettaelt ) dy
+o(t,z) /0 h K(z,y)c(0,y) dy. (5.20)
Using Eq.(5.18) and setting & = 0 in Eq.(5.16), the term @y is expressed as
ato) = [ [ Kttt dyds = [ Kty
therefore,
et ) = £ ( /0 h / T Ky, )b, g, 2)eolt y)eo(t, 2) dy dz — /0 T K)ot 2)eo(ty) dy).
(5.21)
For k = 1, Egs.(5.16) and (5.18) yield
Qi(t,z) = /0 N / T Ky, )b,y ) (co(t,y)cl(t, 2) + cl(t,y)co(t,z)) dy dz
- [ K (et ol + at.aal)
and hence, with assistance of Eq.(5.19), it provides
oot x) =L ( /0 h / T K(y, 2)b(, y, ) <c0(t, y)er(t, 2) + et y)eolt, z)> dy dz
- /0 T K(ny) (co(t, 2)er(t,y) + cl(t,x)co(t,y)> dy
et 2) /0 " K(2,9)e(0, ) dy). (522)

For k > 2 and only when ¢ + j = k, we have

ot 2) //Ky, xy,)(

k
/ Ka:y it Cjty)>dy»
=0

j:0

k
ci(t,y) Z c;i(t, z)) dy dz

=0

.

T
ES
= o

(2
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and

k k
ckr1(t,z) = (/ / K(y, 2)b(z,y, z (Zcztchjtz)dydz

k k
_ ny(Zcztx chty)dy C(z)[er(t, x) — 1 (t, x)])
(5.23)

Hence, Eq.(5.15) leads to the n-term series solution of Eqs.(1.8-1.9) as

=3 eults) = ¢ (x) + L7 ( S Quorltx) — Cla)ealt, x))

= dn(z) + L7 (M(%_l(t, 2)) — C(x)en i (1, x)). (5.24)

5.2 Convergence Analysis

This section has discussion about the convergence of VIM and ODM solutions towards
the precise ones including the error estimates for the finite term approximated solutions.
The following results guarantee the convergence of VIM and provide the worst upper

bound for error considering n-term series solution.

Theorem 5.2.1. Let the operator Alc|, mentioned in (5.4), be defined on a Hilbert space

D to D. The series solution c(t,z) = >/~ cx(t, z) converges, if

[Aleo(t, @) + er(t, @) + -+ + (8 2)]|| < e Aleo(t, @) + ex(t 2) + - - + e, 2],

it [l (8 2) || < efex(t, )],

Proof. The proof of this result is explained by Z.M. Odibat in [96][see, Theorem 5.2.1].
O

Theorem 5.2.2. Let the series solution ) ;- , cx(t, z) converges to the analytical solution

c(t, z), then the truncated solution ¢,, of ¢(¢, z) has the maximum error bound

e —@n]| < —— 1+”||cm|!, with 0 < o < 1. (5.25)

1—
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Proof. The details of the result is provided in [96]. []

It is clear from Theorems 5.2.1 and 5.2.2 and by following the idea of [96] that Vi €
{0} UN, the parameters,
bl i e #0

lleill

Vi = ' (5.26)
0, if ||¢;]| =0

provide the assurance of series convergence, when 0 < ~; < 1. Thus, our main aim for
the convergence in VIM is to compute the values of +; and show that 0 < v; < 1 holds
for all 3.

Let us begin with the convergence analysis for ODM solution. For this, assume a Banach
space Y = (C([0,T] : L'((0,00),zdzx)),c > 0,] - ||) (see, [36]) with the following

enduced norm

||| = sup/ xlc(t, x)|dr < oo. (5.27)
1J0

tejo,l’

Eq.(1.8) provides the new form by using the Eqs.(5.10) and (5.18), that is
c = Sc, (5.28)
where S : Y — Y is a non-linear operator given as
Sc=c"(z)+ L [/000 /OO K(y, 2)b(z,y, 2)c(t,y)c(t, z) dy dz — /000 K(z,y)c(t, x)c(t,y) dy].

(5.29)

To establish the convergence result, let’s first prove that the operator S is contractive. To

do so, develop an equivalent form

%[c(t,x) exp|G(t, x, c)]] = exp|G(t, x, )] /000 /:0 K(y, 2)b(z,y, z)c(t,y)c(t, z) dy dz,

G(t,z,c) = /Ot /OOO K(z,y)e(v,y) dy dv.

Hence, the equivalent operator of S is expressed by S as

where,

Sc =c"(z) exp[—G(t, z, )]
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t 00 00
+/ exp[G(l/,x,c)—G(t,:E,c)]/ / K(y, 2)b(x,y, 2)c(v,y)c(v, 2) dy dz dv.
0 0 T
(5.30)

In general, it is not easy to demonstrate the contractive nature of S due to the model’s
complexity. However, for a specific set of kernels, in the following theorem, the self-

mapping and contraction results are proved under some additional hypotheses.

Theorem 5.2.3. Assume that the non-linear operator S is defined in (5.30) and the set D

is introduced as D = {c € Y : ||¢|| < L}. If the following hypotheses
@) K(r,y) =zy, blx,y,z) =7, and c¢"(z)=exp(—z)V,y,2 € (0,00),
() n:=1+434,(0)Lt; < 1, and max (|||, 12(0))(1 4 Lto) < L for to, ¢, € [0,T]

hold, then the operator S : D — D and has contractive nature, i.c., ||gcl - Sc2|| <

nller — cal,V (e1, ca) € D x D.

Proof. Let us begin with the proof of S : D — ID. For this, multiplying Eq.(5.30) with z

and integrating over the domain of = provide

t 00 00 00
IS]| < |l<™| +/ / exp[G (v, x,c) — G(t,x,c)]/ / 2xzc(v,y)e(v, z) dy dz dx dv
0o Jo o Ja

t o) t o0 o0 o]
< |l +/ / exp [—/ / zyc(&,y) dy dﬁ] / / 2xzc(v,y)c(v, z) dy dz dx dv
o Jo v Jo 0 Ja
t 00 00 00
< |le™| +/ / / / 2xze(v,y)e(v, z) dy dz dx dv.
oJo Jo Ja
After changing the order of integration, we received
_ ] t o] 00 Yy
IS] < 1™ +/ / / / 2zzc(v,y)c(v, z) de dy dz dv
o Jo Jo Jo
< [l + 0Lt

Hence, ||S|| < L holds if max(||c¢™||, #2(0))(1 + Lto) < L is considered, for a suitable
parameter ¢y € (0,T).

Now, choose ¢, ¢; € D. The expression of S¢; — Sc, is given by
t ] o)
Ser = Sy =" FO.) + [ Flontia) [ [ kbl e s 2) dy o
0 0 T
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+/gtF(V’t’x) /OOO /:O k(y, 2)b(x,y, 2)ca(v, y)ea(v, 2) dy dz dv
+/ot exp[G(v, z,02) — G(t, , )] /OOO /:o K(y, 2)b(z,y, 2)e1(v,y)er (v, 2) dy dz dv

t o) o0
_/ eXp[G<V,.§L’,C1) o G<taxvcl>]/ / K(y,Z)b(.CL’,y, Z)CQ<V7 y)CQ(V, Z) ddedV7
0 0 T
(5.31)

where,
F(V7 t? 1;) = eXp[G(V7 €, Cl) - G(t7 Z, Cl)] o eXp[G<V7 €, C2) o G(tv €, 62)}'

It should be mentioned here that the considered set of kernels, provide the mass conser-
vation [76], i.e., p1(t) = p1(0) = 1. An upper bound of F' can be obtained by using

e"—e¥<—e(x—y)andze ® < Iforallz,y € [0,00), as

exp / / zyci (€, y) dydé“ — exp / / zyca (&, y dydé]'

<on [ [ [ e dyde]ate - vlls - o

|F(v,t,x)| =

= 2(t — v)exp[—z(t —v)l|e1|[][ler — 2]

1
= a(t = v)llerf exp[-z(t = v)llerl]ller = e2ll < Zller = eal]. (5.32)

To display the contractive map of S:D—D, employ the norm on Eq.(5.31) and utilizing
the values of K, b, and Eq.(5.32), we have

N ~ 1 ;
|Ser — Seq| S—Hcl — co|[|e™]

+2 Hcl—CQH// / / v2{ei(v,y)er(v, 2) + eav,y)ea(v, 2)} da dy dz dv

/ exp|G(v,z,c1) — G(t, z, 1) / / / xzeo(v,y)ea(v, z) dx dy dz dv
0
t
—/exp[G(umcz G(t,z,c) / / / xzey(v,y)er (v, z) de dy dz dv | .
0

It is known from [76] that the second moment of Eqs.(1.8-1.9) is s (t) = o +t which is

+2

clearly bounded by 15(0). Using this fact and Eq.(5.32) as well as some further simplifi-

103



Chapter 5

cations, the above inequality becomes
o o 1 in 1
1Ser = Sesll <—llex = exlllle™ [ + ller — eall pa(O)t{[lex ]| + ezl }
t
+ [ explGna,r) = Gtz o)) o] d
0
t
- [ explGlvz.er) = Gt colla(O)e |
0
1 2 ¢
<cllev = eall + Zller = eal| Lpa(0)t + L2 (0) | F(w,t,x) dv
0
1 3
<(- + Sr(0)Lt) o1 = (533)

Hence, the operator S holds contractive property under the condition that n := % +
% p2(0)Lt; < 1, for the selective parameter ;. Consequently, an invariant ball of radius

L exists for a small parameter t = min(to, ¢;), and S is contractive within this ball. [

Theorem 5.2.4. Let the series solution Y, , ¢ (¢, ) converges to the analytical solution

¢(t, z) and the truncated solution v,, of ¢(t, z) has the maximum error bound

m

— U, <
e =il < 7

[eall, (5.34)
if the following assumptions satisfy
(A) n:=1+24y(0)Lty < 1, where L = p1(1 +T') with T € (0,¢) and ||¢; | < oo.

B) forany 0 <1 <m —1, ||t — Cm—qs1)l| < €, where € = - such that p > 1.

Proof. Initially, with assistance of Eqgs.(5.18), (5.24) and (6.40), n-term truncated solu-

tion develops into

Un(t, ) = Sthp_y(t, ) —/0 C(z)cp—1(v,x)dv. (5.35)

Consider the term ||¢,,(t,2) — ¥ (t, z)||. Applying the triangle inequality for n > m

provides
[n(t:2) = .0 < 180001 = Sthall 1 | C@)err(v22) = cpea(w2)) ]
(5.36)
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Imposing the result of Theorem 5.2.3 and hypothesis (B) lead to

”I/}n(t,fb) - ¢m(t7$)|| S 7]||77Z)n—1 - 77Dm_1|| + et.

The overhead inequality is converted into the following one after setting n = m + 1,

Eq.(5.36) and doing some further simplifications

’|¢m+1(757-73) - ¢m(t7x)” Snme - wm—lu + €t
97(“&%—1 — Sthm_a| + ||/0 C(z) (em-1(v,7) = Cmal(v, x))dy||>
+ et

§77(77”wm71 - wmeH + Gt) +et

<™ — Yol +et(L+n+n+- 0",

Hence, the triangle inequality helps to attain the following result

[9n(t, ) — Y (t, 2)|| S[[on(ts ) — hna (@) || + [Pn-1(t, 2) — Ypa(t, 2)]|
+ o+ [Vt z) — Yt @) |
<[ Ml = ol +et(L+n+n* + - 0"
+ [P — ol +et(L+m+n>+- -+ 0] + ...
+ [ [ = ol +et(U+n 7"+ -+
=" " ™) [ = ol e[+ A TR

A+ 40"+ AP+ )

Further, simplifying the above equation, the assumption (A) and a desirable ¢, give us

m(| _ n—m
6t 2) = e, )| =5 s
I () k) S k)
L=n lL=n L=n
m t
< et + 1€_On(n—m). (5.37)
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Thanks to the assumption (B) and # > nip Eq.(5.37) converges to zero as m —»
oo. It indicates that lim,,_, ¢y, (¢, z) = (¢, x), therefore, c(t,x) = >, c(t,z) =
limy, 00 ¥ (t, ) = (¢, ), which is the exact solution of (5.28). Hence, the maximum

error bound (5.34) is attained through the Eq.(5.37), for a fixed m and letting n — co. [

5.3 Numerical Discussion

This section portrays the implementation of VIM and ODM on CBE with three test cases.
MATHEMATICA software displays all the computations, results, and graphs for the con-
centration and moments of the problems. To see the efficiency and accuracy of our pro-
posed methods, analytical solutions for number density and moments are compared with
the finite term VIM and ODM results. In the absence of a precise solution, the difference

between successive series terms is provided to justify the convergence of the method.

Example 5.3.1. Assuming Eqs.(1.8-1.9) with K (x,y) = xy, b(z,y, 2) = % and ¢ (z) =
exp(—xz) for which the corresponding exact solution is ¢(t, z) = (14 t)? exp(—z(1 +1))
described in [76].

The VIM approach is employed for this example and we get the operator A with the
help of Eq.(5.8)

Al :/Ot( ac’“ (7, 2) / / 22ck (T, y)en(T, ) dy dz—/ wyer (T, 2)en(T, y) dy)dr,

and Eq.(5.5) assist for providing the following series terms

1
colt,z) =™, ci(t,x) =t(2e™" — e "x), cy(t,x) = e t? — 2e 22 + 56_$t21‘2,

1 1 1 1
c3(t, x) e "t'r+e "t'x ge ca(t, x) 56 tat—gete +24e x”,
cs(t, ) = — 1e_””t‘r’w?’ + ie‘”t%4 — Le_‘”t%5
o 6 12 120

and so on. The further terms can be computed using Eq.(5.5) and the series solution of

n-terms, ¢, (¢, ) = Y_,_, cx(t, x), may be readily shown to be represented as

n ((_1)kxk2 . 2(_1>k71xk71 . (_1)%1@)6_%5
2

eults) = o) et 0) 3| g+ Tty

(5.38)
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Taking the limit n — oo, (5.38) reduces to

n—o0

lim o, (t,z) = Z(pn(t, r) = (1+t)?exp(—z(1 +1)),

which is exactly the precise solution. Now, for the ODM approach, Eqs.(5.18), (5.19) and
(5.21-5.23) helped us to get the first few series terms with C'(z) = —x, as

co(t,x) =e %, c1(t,x) = t(2e " — e "x),

co(t, ) :%tQ(—Ze_m(—l +z)+e (—2+x)r+ 22" —e ")),

st ) :ée-xﬁ(g(—z b o)z — 22+ 1)),

1
ca(t,x) = — Ee_$t3(—8(1 —x +2%) + (20 — 142 + 327)),
and
1
cs(t, o) = e "t (5(—2 + x)x? — 5t(17 — 8z + 42”) + t*(38 — 63z + 172?)).

)
Thanks to MATHEMATICA, the higher terms can be determined using (5.23) and hence,

an approximate solution by taking fixed number of series terms can be taken. Fig.5.1
demonstrates the comparison of exact solution with n =4, 6, 8, 10 terms series solutions
obtained via VIM and ODM at time ¢t = 1.5 and ¢t = 0.6, respectively. From these graphs,
it is clear that as the number of terms increases, the series solution tends to the precise
one using both methods, and in fact, there’s a great deal of agreement between the exact
and the 10-term estimate. In case of ODM, it is observed that, as time increases, one
needs a large number of series terms to get better accuracy, whereas VIM is consistently
performing well. As expected, due to the collision event, the decreasing behaviour of the
number density function is noticed as time progresses in Fig.5.1. Further, to see the ex-
cellency of our algorithms, the 3D display of the number density function is visualized in
Figs.5.2(a) and 5.2(b) for n = 10 at time 0.6 by VIM and ODM, respectively. These plots
are almost identical to the exact number density function given in Fig.5.2(c). However,
as time increases to 1, the ODM solution does not have better precision with the analyti-

cal solution as compared to the VIM result, see Fig.5.3. The noticeable dissimilarity can
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(a) VIM at time 1.5 (b) ODM at time 0.6

Figure 5.1: Series solutions of VIM, ODM and exact solution

visualize through the error plots of series and precise solutions.

Fig.5.4(a) portrays a minor error in approximate solution by VIM than the ODM out-
come in Fig.5.4(b). The same information is also conveyed through the absolute error dis-
tribution provided in Table 5.1 for various values of n and time. The error computations
are derived by dividing the size variable domain [0, 5] into subintervals [z; 4 /2, Tig1 /2],
where i = 1,2,...,1000. The representative of the i’ cell is denoted by the mid-point

T 10+ Tit1)2

r; = =555 Assuming step size h; = ;4172 — Z;1/2, the following rule is operated

to estimate the error in VIM and ODM, respectively,

1000 1000
Error = Z|¢;—Ci|hi, Error = ZW; — ¢;i|hi,
i=1 i=1

where ! = ©,(t,z;), Vi = 1,(t,x;) and ¢; = c(t, x;). As expected, the error reduces
with the number of terms being increased at a particular time in each case. Moreover,
the VIM solution has less error by taking a fixed number of terms at each time, i.e.,
VIM produces a better approximate solution than the ODM. Finally, Eq.(5.26) permits to
attain the values of v; for 7 = 5,6,...,9 and it is marked from Table 5.2 that all v; < 1
which is the required condition of series convergence in VIM.  Proceeding further,

the method’s efficacy is also affirmed through the comparison between approximated
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(a) VIM number density (¢10) (b) ODM number density (11¢)

(c) Exact number density

Figure 5.2: Number density plots at time ¢= 0.6

moments of VIM and ODM with the exact moments. Fig.5.5(a) represents the zeroth
moment of the approximated solutions (1 and 1o along with the exact zeroth moment.
It authenticates that the total number of particles increases as time progresses and the
ODM moment commences to slip away from VIM and precise ones around ¢ = 0.5.
In addition, the first and second moments in Figs.5.5(b) and 5.5(c) are shown and these
graphs display that moments using 10-term ODM solutions are not sufficient enough
to predict the exact ones in either case as it starts deviating soon after the simulation
begins. Notice that a 10-term ODM solution was good to approximate the number denity
function function for time 0.6 in Fig.5.2. So, it is not obvious that if a method delivers

good accuracy with solutions, it can also provide similar behaviour with the moments.
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0.0 0.0

(a) VIM number density (¢10) (b) ODM number density (w1¢)

(c) Exact number density

Figure 5.3: Number density plots at time ¢= 1

From these figures, it is certain that VIM moments using ¢ have better approximation
with the exact. The extraction of the above results lies in the significance of VIM over

ODM in solving the CBE.

Example 5.3.2. Let us consider Egs.(1.8-1.9) with kernels K (x,y) = 25, b(z,y, 2) = 12/
and initial data ¢™(x) = 22 exp(—x). The analytical solution for the number density
function is hard to compute, however the precise formulations for the zeroth and the first
moments are /() = 2+% and 1 (t) = 6, respectively. These moments can be generated
by multiplying Eq.(1.8) by 1 and x as well as integrating from 0 to co over . Substituting

these kernel parameters and initial condition in Eq.(5.8), we have
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(a) VIM error (b) ODM error

Figure 5.4: Absolute error between exact solution and 1 as well as 11

Alc] :/Ot< 8ck (r,z) / / —ck T,y)ck(T,2) dy dz — /Ooo ;—gck(T x)eg(T,y) dy)d

for the VIM, and so, the following first few terms of the series solution are computed

using Eq.(5.5)

colt,z) =2%e™®, ¢yt ) = 44 24— (-2 +x)x)),

10

co(t,z) = 300 e (12 + 22(=6 + (—4 + 7)7)),

b ) = 9e~*t32(36 + 2(12 + 2(—6 + (=6 + z)x)))
colt @) = - 2000 ’
t ) C2Te "t (T2 + (=8 + ) (—2 + x)z(2 4 x))

calt, ) = 80000 ’

and

(t.2) 8le *t5x3(120 + 60x — 1023 + z*)
C xr) = — .
A 4000000

The subsequent terms may be calculated using Eq.(5.5) and with the help of MATHE-
MATICA. For the numerical comparison, we have taken the results up to 10-terms solu-
tion.

Furthermore, the ODM technique is being applied to this example to get C'(z) = —?—905

111



Chapter 5

Number of terms
t Methods
4 6 8 10
0.1 | VIM 1.8076x1075| 1.1147x107%| 7.6098x 10~ 4.0914x 10719
ODM 5.7102x107%| 6.5328 %1077 | 6.8206x107¢| 6.6708 x10~"
0.2 | VIM 5.4645x 1075 | 1.3350x107%| 3.6569x107%| 7.9085x10~*
ODM 5.3592x1073| 1.2903x1073| 2.7836x107*| 5.7827x107°
0.3 | VIM 3.9284x107%| 2.1424x 1075 | 1.3232x107%| 6.4741x10~8
ODM 2.0709x1072| 7.8754x1073| 2.7180x107| 9.4369x10~*
04 | VIM 1.5704x1073| 1.5126x107*| 1.6630x107° | 1.4540x 1076
ODM 5.5200x 1072 | 2.9454x1072| 1.4597x1072| 7.5082x10~3
0.5 | VIM 4.5555x1073| 6.8176x1074| 1.1722x107*| 1.6092x107°
ODM 1.1958x 107! | 8.3816x1072| 5.5852x1072| 3.9088x 102
0.6 | VIM 1.0795x1072| 2.3154x1073 | 5.7361x107*| 1.1389x 1074
ODM 2.2671x1071| 2.0006x107 1| 1.7113x107!| 1.5330x10~*

Table 5.1: Distribution of errors of VIM and ODM with different series terms and times

and using Eq.(5.18), Eq.(5.19) as well as Eqgs.(5.21-5.23), the following series terms are

L((36’9”252(415(—10 + (=19 + (=11 4+ z)x)) + 152(—4 + (-4 + (=2 + x)x))))),

V5 e

Y7 8

Yo

0.4513

0.4631

0.4299

0.5625

0.4142

Table 5.2: Different values of ~;

obtained
co(t,r)=e", cltz)= ite_x
0\, - ) 1\Y% - 10
9 —x
ca(t,x) = —the (z (2> +2—2)—6),
tox) =
es(t:%) = 7900
ca(t,x) =

Thanks to MATHEMATICA, it is possible to calculate the additional higher terms of the

;(e_“; (60t° (z(z(x(6x — 1) + 20) + 22) + 40) — 9¢*(z(2z(z(15z — 94) + 2) + 260)))).

20000

112
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Figure 5.5: Moments comparision: VIM, ODM and exact

series solution (1)14). As the precise number density function is not there, Fig.5.6, plots
of the absolute difference of consecutive iteration terms at time ¢ = 1 are summarized for
VIM and ODM. It can be observed that the behaviour of the differences is diminishing
and |c19 — ¢ol is near to zero in VIM while |c14 — ¢13] in ODM is still higher than this.
Therefore, the series solution is truncated to 10-term (1) in case of VIM and a 14-term
series solution is taken in ODM to anticipate more favourable outcomes. The estimated
number density functions derived by VIM (¢19) and ODM (v)14) for time 1.5 are shown in
Fig.5.7, and they are comparable. The convergence of the VIM solution (1) is further
validated by providing the values of ~; parameters at time 1.5 in Table 5.3.  Further,

to justify the novelty of proposed schemes, approximated moments using @1y and )4
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V5 V6 Y7 78 Yo
0.4212] 0.4317| 0.4381| 0.4323| 0.3525

Table 5.3: Different values of v; at time 1.5

0005}

— les-es|

— les=csl
le7=cql
les—c7l

— leg—cs]

leg=c7l
leto=col | ]
— len—cul

0.004

0003k lero—col — leu—cisl

Error

0.002

0.001

0.0001

Size Size

(a) VIM coefficients (b) ODM coefficients

Figure 5.6: Absolute difference of series coefficients at time 1.0

are plotted against the exact ones in Fig.5.8. The zeroth and the first moments of VIM
using @19 and ODM using ;5 are plotted against the analytical moments in Fiq.5.8. It is
observed that the VIM results exactly overlap with the exact moments, whereas the ODM
results start over-predicting and lower-predicting around time ¢ = 1.2. Observably, VIM
yields findings that resemble analytic solutions. Therefore, one can expect the accurate
result for the second moment by VIM, which is given in Fig.5.8(c). The second moment
of ODM missteps away from VIM around ¢ = 1.2. The overall results authenticate that

the VIM technique supplies better estimations than ODM.

Example 5.3.3. Consider Eqs.(1.8-1.9) with K(z,y) = 1, b(z,y,2) = é(x — 0.4y) +
§(x — 0.6y) and ¢™(x) = exp(—xz), its exact solution does not exist in the literature, but

exact moments are fig(t) = p(t) = 1 and po(t) = 2(1 — )48 where the second

1
1-t?
moment is computed by multiplying Eq.(1.8) by z? and integrating from 0 to co over
x. So exclusively an approximate solution, find out using the VIM and ODM. The VIM

approach (Eqgs.(5.8) and (5.5)) offers the operator A
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(a) VIM solution (b) ODM solution

Figure 5.7: Plots of series solution with (14 and 114 at time 1.5

Al :/Ot <—w + /000 /:O (6(z — 0.4y) + 0(z — 0.6y)) e (T, y)ex(T, 2) dy dz
- /000 (T, ) er(T,y) dy> dr,

and the following series terms

co(t,z) =", eyt ) = x( — e ' +1.66667e 190 (0.666667t) + 2.56_2'5t9(1.5t)>,
co(t, ) = — 0.5 14194412 (e13~1944t + 0(0.666667t) (—2.77778e 41579 (1.11111¢)
—4.16667¢'%92789(2.5¢t)) 4 0(1.5t)(—4.16667e'**"89(1.66667t) — 6.2567'94444t9(3.75t))),
where 0 and 6 are Dirac’s delta and Heaviside step functions, respectively.
For the implementation of ODM, having C'(x) = —1, for this case, the following series
terms are obtained using Egs.(5.19) and (5.21-5.23)

co(t,x) =", ert, ) = t(—e " + 1.6667e 19%™0[0.666667x] + 2.5¢~***0[1.51]),

Co(t, o) = — 0.5e 71419472 (613'194495 +60[0.666667] ( — 277778 1T G[1.1111 1]

— 4.1667¢!20%79[2.50] ) + 0[1.52] ( — 4.1667¢! " 0[1.666671]

- 6.2567’94444’”9[3.753:]) ) .
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Figure 5.8: Moments comparision: VIM (¢10), ODM (¢14) and exact at time 1.5

The third term is not easy to write due to lengthy expressions in both situations, and
in fact, it is difficult to compute the higher series terms by MATHEMATICA due to the
complexity of the model and kernels. It consumes a significant amount of time; therefore,
consider (3 and 13 as approximate solutions for numerical validation.

These provide the optimal solution to this problem, as shown by several parameter graphs.
Since, analytical solution is not available for the number density function, absolute dif-
ferences between successive series terms are made up to 3-terms, see Fig.5.9. Initially,
the differences have minor gap but as size increases it is going to zero. In Fig.5.10, series
solutions 3 and 13 are almost identical at time 0.2. The comparison of approximated

and analytical moments supplies information about the method which one is better than
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Size Size

(a) VIM coefficients (b) ODM coefficients

Figure 5.9: Absolute difference of series coefficients at time 0.2

(a) VIM solution (b) ODM solution

Figure 5.10: Plots of series solution with ¢35 and 15

the other.

In Fig.5.11(a), the zeroth moment of 3 and 3 are presented with the exact zeroth mo-
ment at t=0.6. The ODM moment does not agree with the exact one after ¢ = 0.5. In
contrast, VIM provides better accuracy at this time. VIM and ODM first moment have
suitable precision with exact at £ = 0.6 in Fig.5.11(b). However, Fig.5.11(c) depicts the
second moments of VIM (¢3) and ODM (¢/3), with VIM outperforming ODM in estima-

tion. It is evident that the VIM moment is closest to the actual one.

117



Chapter 5

Zeroth Moment

20

% VIM

5 ODM —— Exact

First Moment
=

VE & k. k. k.4 k.4 k.4 k. k. k.4 k.4 k.
[ 05F
0.0 0.1 02 03 0.4 05 0.6 0.0 0.1 02 03 0.4 05 0.6
Time Time
(a) Zeroth moment (b) First moment
20 T T T T T LE |
% VIM
© ODM —— Exact

Second Moment
>

0.0 0.1 0.2 0.3

Time

04 0.5 0.6

(c) Second moment

Figure 5.11: Moments comparision: VIM (3), ODM (7)5) and exact at time 0.6
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Non-linear Collision-Induced Breakage
Equation: Finite Volume and

Semi-analytical Methods

The CBE (1.8) is the most unexplored area of PBEs to acquire new analytical results. In
this chapter, we examine two different series solutions provided by HAM and AHPM for
solving such equation. The convergence of the approximated series solutions along with
the upper bound estimations of the errors are studied under some physical assumptions
on kernels. Further, to show the novelty of our proposed schemes, results for the number
density function and moments calculated via HAM and AHPM are compared with the
findings of FVM and analytical solutions. Three different numerical examples are con-
sidered to support the scheme’s reliability.

The chapter’s structure is as follows: Section 6.1 provides the discretization scheme of
FVM for CBE (1.8). Section 6.2 contributes to the semi-analytical methodologies of
HAM, AHPM, and the coefficient form of the series solutions for CBE. In Section 6.3,
convergence and error analysis are exhibited. Further, in Section 6.4, approximate so-

lutions of HAM, AHPM and FVM are reported graphically for the density function and
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moments. The effectiveness of the results is confirmed by comparing them to the analyt-

ical outcomes.

6.1 Finite Volume Method

FVM for the non-linear CBE is described in Section 4.1. Based on the idea of FVM [54],
particle density is approximated over a grid cell instead of point mass, i.e., ¢; =~ ¢; in the

i'" cell. The semi-discrete equation due to FVM is as follows

de(t) 1 e~ . . .. X L
di ) :AJJ Z Z Kj,le(t)Cl@)Al’jAIl / b(x, .Tj, JJZ) dLL’ — Z Ki,jci(t)cj(t)ij,
=1 j=i Ti—1/2 j=1
(6.1)
where the term )\;- is expressed by
A= (6.2)
Tit1/2, J# i

For solving the semi-discrete equation (6.1), any higher order numerical scheme (ode45)
can be used to obtain the approximation results for particular cases of parameters K
and b. Note that, our motive here is to validate the series solutions using FVM and
exact solutions, so a detailed convergence analysis is not explained here. Now, series

approximation methods HAM and AHPM are discussed below for the CBE (1.8).

6.2 Semi-analytical Methods

These are mathematical techniques that incorporate analytical and numerical approaches
to solve complex problems. They reduce computational complexity by employing ana-
lytical expressions for specific problem components, resulting in faster calculations and
fewer computational resources. If problems are solvable, semi-analytical method pro-
vides either the closed form solution which is actually the exact solution or the finite term
series solution which is an approximate solution. By providing approximate solutions

with known precision, these methods permit researchers to compare the performance and
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accuracy of various numerical methods, thereby determining their efficacy. This section

goes into details about the HAM and AHPM, which are well-established schemes.

6.2.1 Homotopy analysis method

The basic preliminaries and applicability of HAM to general form of different equations
are discussed in [97]. We first examine the HAM and then expand it to construct an

approximate series solution to CBE (1.8). Examine the generic differential equation
Nlc(t, z)] = 0, (6.3)

where NV is a non-linear operator and c is an unknown function. Proceeding further, by

following the idea of HAM, let us construct the zero-order deformation equation as

(1 —p)L[p(t, z;p) — ™ (x)] = paN[p(t, z; p)], (6.4)

where, significant roles are played by the embedding parameter p € [0, 1], the non-zero
convergence-control parameter «, and the auxiliary linear operator L with L(0) = 0 to
modify and manage the convergence domain of series solution [97]. The term ¢(¢, x; p) is
an unknown function and ¢™(z) is an initial guess. Eq.(6.4) provides ¢(t, z;0) = ¢ (z)
and ¢(t,z;1) = c(t,x), when p = 0 and p = 1, respectively. This means that that the
initial guess ¢ (z) converts into the solution (¢, x) as p varies from 0 to 1. Moreover,

the Taylor series expansion of ¢(¢, x; p) with respect to p yields

P(t,x;p) =™ +Zcmtx (6.5)
where
1 0m¢(t, ;)
Cm<t7 ) - m' apm =0 (66)

The series solution is obtained by the power series (6.5) that is convergent at p = 1 and

for a suitable convergence-control parameter a, i.e.,
oo
et z) )+ en(t,x) (6.7)
m=1
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The unknown terms c,, (¢, x) are computed with the assistance of high order deformation
outlined below. Consider the vector ¢, = {co,c1, ..., cn}. Differentiating Eq.(6.4) m
times with respect to p, dividing it by m! with p = 0 provide the mth-order deformation

equation as

L[Cm - Hmcm 1] - O[Fm(gm—l)a (68)
where
1 0™ 'N[o(t z;p)]
I (Cet) = - .
and
0, if m<1,
I, = (6.10)
1, m>1

Liao [98] explains that the so-called generalized Taylor series supplies a way to regulate
and adjust the convergence region via an auxiliary parameter, enabling the HAM par-
ticularly well-suited for problems with strong non-linearity. Note that the convergence-
control parameter « in Eq.(6.8) can be evaluated using the discrete averaged residual error
formula [66], which is written at the end of this part.

Proceeding further, the development of mathematical formulation of CBE (1.8) using
HAM is explained now. Integrating (1.8) from 0 to ¢ over ¢ with ¢(0,x) = ¢™(x), we

obtain the integral form as
Vet =ett0) — )~ [ [ [ Ko et et ) dy s
+// K(x,y)c(t, z)c(t,y) dy dt. (6.11)
0 Jo

The zero-order deformation equation of (6.11) is

(1= p)[o(t, x;p) — ¢"(x)] = paN|[p(t, z;p)], pe<[0,1], (6.12)

where ¢(t, x; p) is an unknown function and N[4(t, z; p)] is constructed as

N{o(t,2:p) =t 25p) — ¢ / / / K (y, )by, 2)6 (¢, y: D) (8, 2 p) dy dz dt
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K : - —0. .
+/0/0 (z,y)o(t, z;p)0(t, y;p) dy dt =0 (6.13)

As we have noticed from Eqs.(6.5-6.6) for p = 1, the series solution is

o(t,x:1) = c(t, x) )+ Z (L, ) (6.14)

Next, define the mth-order deformation equation as

Cm — pem_1 = arm<5m—1)u (6.15)
where
D) = LNt 1 9"IN[SE et
AT (= 1) opm—1 oo (m—1) opm1 -
After simplifying the above term, we have
Lo (Gn1) =Cm1(t, ) = (1 =TI / / / K(y, 2)b(z,y, 2)Q,_, dy dz dt
t 00
-I—/ / K(m,y)ﬂfn_ldydt, (6.16)
0o Jo
where
1 co r—1
Qo = [ Opm— 1(chkt?/0r k—1(t, z)p) ; (6.17)
(m—1) 8p r=1 k=0 p=0
and
1 8m_1 oo r—1
Q2 = (t, (t 1
mel T (m— 1)1 gpm-t (Z wlhy 2)er a3 ) p=0 (©19

r=1 k=0
The simplified mth-order deformation equation (6.15) is attained via applying the Eqgs.(6.16-
6.18), that is

t e8] o0
Cm :Hmcm—l + o |:Cm—1 - (]- - Hm)cln($) - / / / K(y7 Z)b(ZL‘7 Y, 2)97171—1 dy dzdt
0 JO T
t o0
+/ / K(w,y)Q?n_ldydt}, m=1,2,3,---. (6.19)
0 Jo
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Hence, the series solution components are derived by (6.19) with initial condition ¢y (t, x, ) =

¢™(z), and are listed below

. w
co(t,x, ) =

(@),
t 00 00 t oo
cl(t,m,a)—a{—// / K(y,z)b(x,y,z)@édydzdt+// K(x,y)Q5 dydt|,
o Jo Ja 0o Jo

t 00 00
Cm(tx, ) =(1+ a)cpm_1 + « [ - / / / K(y, 2)b(z,y, 2)Q0 _ dydzdt
0 JO T

t 00
+/ / K(z,y)Q2 dydt], m > 1.
0 Jo

(6.20)
For the numerical simulations, let us denote the approximated solution of nth-order for

CBE (1.8) by

n

On(t,z,a) = ch-(t,:c,a). (6.21)

i=0
The optimal value of «, for the best approximated series solution of CBE, is computed

by minimizing the following function, i.e.,

min A(a), A(@) = — 3 S [N(Ou(tm, 2, )], 6.22)

acR n?

where A(«) is the averaged residual error of the nth-order approximation for CBE prob-
lem and (¢,,, z,) belongs to the operational domain. This concept’s specifics can be ex-
tracted from [66]. The symbolic computation software MATHEMATICA has a command

“Minimize” to compute the optimal value of « explicitly.

6.2.2 Accelerated homotopy perturbation method

In HPM [99], He’s polynomial is equivalently taken as Adomain polynomial introduced
in [100]. The author in [101] generates a new class of accelerated polynomials which
after incorporating into HPM yields a new scheme called AHPM that provides better
accuracy to examine non-linear differential equations. To explain AHPM, consider a

general functional form as

¢(757 l’) - N[¢(tv I)] = g(l’), (6.23)
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where ) 1s an unknown function and g is a given function. Also, /V is the non-linear op-
erator. Subsequently, rewrite Eq.(6.23) with solution ¢(t, z) = (¢, x) into the following

form
L(c(t,z)) = c(t,x) — g(x) — Nle(t, x)]. (6.24)

Further, construct a homotopy H (¢, p) having the properties H(c,0) = T'(¢), H(c,1) =
L(c(t,z)) and

H(c,p) = (1 —p)T(c) + pL(c) =0, (6.25)

where T'(c) is an operator with solution ¢o. The embedding parameter p is crucial for
continuously deforming Eq.(6.25) from H(co,0) = T'(co) = 0to H(¢,1) = L(c) =0
as p increases from 0 to 1. The semi-analytical solution c(t,z) = > > p"c,(t, ) and

exact solution (¢, x) have a relation as

Z cn(t,x) = llm c(t, x). (6.26)

n=0
For further use, let us suppose 7'(c) = c(t,z) — g(x). Substituting this and L(c) from
Eq.(6.24) into Eq.(6.25) yields a form

H(e,p) =c—g—pN(c)=0. (6.27)

The non-linear term N (c¢) can be written in the form of accelerated polynomials (,,) that

is explained in [101], as
= P Hu(co,c1, 0+ cn), (6.28)

where f[n has mathematical structure as

~

Hy(co,c1,-+ ,e0) = N(S,) = > H;, n>1, (6.29)

with S, = 32" ci(t,z) and Hy = N(cp). The series iterative terms are obtained by

substituting c(t, ) = > °  p"c,(t, ) and (6.28) into Eq.(6.27) and then by comparing

125



Chapter 6

the powers of p,

co(t, z) =c™(z) = g(x), (6.30)

cn(t, x) =H, ,, n>1.
Next, to find the mathematical formulation for CBE (1.8) by AHPM, the above idea

follows. Therefore, integrating Eq.(1.8) over time variable ¢ provides
t 00 o]
L(e(t, ) =elt.) (@) = [ [ [ Ky 2)bla et y)ett, ) dy de e
0o Jo T
t 00
+ / / K(z,y)c(t, z)c(t,y) dy dt, (6.31)
0o Jo

where

Nlc(t, z)] :/Ot /OOO /:O K(y, 2)b(x,y, 2)c(t, y)c(t, z) dy dz dt

t o]
_ / / K (2, y)c(t, 2)c(t, y) dy dt. (6.32)
0 0

Now, supersede c(t,z) = > ° p"c,(t,x) and (6.28) into (6.27), yield a homotopy.
Proceeding further to equate the terms with identical powers of p lead to get the iterative

components, 1.e.,

Zp"cn(t, x) — ™(x) — pHy(co, ¢, 5 ) = 0, (6.33)
where for n = 0, it provides the first term

colt, z) =c"(z), (6.34)
forn=1
t 00 00
ato)= [ 7] Kbyttt 2) dydz i
0 JO T

t )
- / / K (2, y)eolt, 2)co(t, y) dy d, (6.35)
0 0

and for n > 2, the general term is
n—1 n—1
(@) // / K(y,2)b(x,y, z (ch ) (Zcztz> dy dz dt
1=0 =0
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_/Ot /0°° K(z,y) (i cz-(t,x)> ( ) cz-(t,y)> dy dt — (ici(t,x)> ,

7 =0 i=1
(6.36)

The truncated AHPM series solution of nth-order is expressed by the term 1, (¢, z), i.e.,

Yot z) = cilt,x). (6.37)
=0

6.3 Convergence Analysis

This section describes the reliability and efficiency of the methods with the given frame-
work. It enables the development of theoretical guarantees concerning the algorithm’s
behavior. Here, convergence analysis of the HAM and AHPM solutions shall be illus-
trated for a set of assumptions on collisional kernels. For that, consider the set WW =
{(t,z) : 0 <t <T,0 <z < oo} for a fix T" and assume a space of all continuous

function ¢, say Y, ,(7") with the following induced norm

o 1
|l = sup / (xr + —2) lc(t,x)|dx, r>1,5>0. (6.38)
0 =

t€[0,T]

Eq.(6.11) provides the new operator form as
c = S, (6.39)
where S : Y, ((T') = Y, 4(T) is a non-linear operator given as
Sc=c"(x)+ L [/000 /OO K(y,2)b(x,y, z)c(t,y)e(t, z) dy dz — /000 K(x,y)c(t, z)c(t,y) dy],
) (6.40)

with £' = [}(-)dt. Firstly, for the existence of the solution in Y, ,(t) (set of non-
negative functions from Y, (7)), operator S has to fulfill the contractive property under

some hypotheses using the following theorem.

Theorem 6.3.1. Assume that the non-linear operator S is defined in (6.40). If the follow-

ing hypotheses;
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(a) K(z,y) is non-negative and continuous function with compact support ;

= SuP%gx,ng K(ﬂf,y), (-T,y) S [07 R] X [OvR]’

(b) b(z,y, z) is non-negative, continuous function satisfying the condition
/ = %b(z,y, 2)de <ny™*, 0,7>0,
0

(¢) L is a fix constant for a small ¢ > 0 such that

o 1
el = sup [ (o 52 it a)lde < Lo (6.41)
0

te(0,¢]

hold, then the operator S has contractive nature, i.e., |Sc — Sc*|| < &||c_c*||,V (¢, ¢*) €

Y, () x Y[ (t), where & = 2tKy (i + 1) Lo < 1 with pn = max{N,n}.

Proof. The detailed proof of this theorem had been investigated in [[102], Theorem 1].
O

Theorem 6.3.2. Let all the assumptions of Theorem 6.3.1 hold. If ©,, = >~ ¢; is the
mth-order HAM truncated solution obtained using (6.20-6.21) for the CBE (1.8), then

©,, converges to the exact solution ¢(t, z) having following error bound

where V = €|a| + |1+ o] < 1and ¢ || < oo.
Proof. From Eqgs.(6.20-6.21), we have
O,, = Zci =c"(x) — aZﬁ_l [/ / K(y,z)b(x,y,2)_ dydz
i=0 j=1 0 Ja

00 m—1
- / K (z,y)Q5_, dy] + (14 ) Z ¢

—n(z) —aﬁl{ /O h / T K(y, )by, )
_/OOOK(x,y)(iQ§_1> dy} +(1+a)
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Adding and subtracting the term (1 + «)c™(x) reduce the Eq.(6.43) into the following

one

Qm:_&F%@

+£_1[/0"0/:OK(y,Z)b(x?y,z)(inl_l) dydz—/oooK(x,y)<§:Qg2'_1> dy”

j=1 7j=1

J/

Q(m)
+ (14 a)0,1
= —alc™(t) + L7 [Q(m)]] + (1 + @)Op—1. (6.44)

For all n,m € N and n > m, it is certain that
185 — Ol < lalll[¢™(t) + L7Q(n)] = ¢™(t) = L7 [Qm)]] ]| + [1 + o] [©n-1 — On -

Article [103] suggested that > " QI | < ¢(0,-1(y))c(©,-1(2)) and Y I QF | <

(On-1(2))c(On-1(y)), imply that

180 = Ol <le[[[¢™(t) + L7 [On-1] = () = L7 O]l + 11+ &/ [On-1 = O |
al[S8u1 — SO+ 11+ all®t — O

Using the contractive result of S in the aforementioned equation leads to

160 — Ol <El[|On—1 = Opi || + |1 + af[[On-1 — O]
IVH@nfl - (H)mfl”u

for V = &|a| + |1+ «|. After substituting n = m + 1, the above inequality converted into

1©m+1 = Omll < VIO — O]l < VOt = Opa| <+ < V™][O1 — .
(6.45)

Eq.(6.45) assists in finding the bound of ||©,, — ©,,|| having triangle inequality, as

1On = Omll <[[Oms1 = Omll + [|Omiz = Omyall + -+ |On1 = On sl + [|On — O]

1—yrm
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If V <1, then (1 — V"™) < 1and ||¢;]| < oo, thus we get

m

- <
0, —0ull < T

el (6.46)
which converges to zero as m — co. Therefore, a function © exists such that lim,, ,, ©,, =
©. Hence, ¢ = Z;’ZO ¢; = lim,,_,o ©,, = O, which is the exact solution of (1.8). For a
fixed m and taking n — oo, the error bound is derived as

m

1-V

le = Omll < el

where ¢, is given in (6.20). O

Remark 6.3.3. The value of « is considered such that V < 1, for that

1—|1+qf

jaf

Hence, to ensure that V < 1, « should be chosen from [-1, 0).

fla|+[1+al <1 = £< a # 0.

The following theorem equips the convergence and error results for the CBE’s ap-

proximated nth-order AHPM solutions.

Theorem 6.3.4. Let us assume that all the assumptions of Theorem 6.3.1 hold. Consider
T, = ZZZO ¢; is the mth-order AHPM series solution obtained using (6.30) for the CBE
(1.8). Then T,, converges to the exact solution ¢(¢, z) with the following error bound

1-¢
where £ = 2ty (pu+ 1) Lo < 1 and ||¢;]| < 0.

le =Tl < lleall, (6.47)

Proof. From the Egs.(6.29) and (6.30), mth-order approximated solution is

Tm:ZCZ‘:Cin+ﬁ0+ﬁ1+"'+ﬁm_1 (648)
=0

where
]:.,0 ZN(C()), Hl :N(CQ+01)—N(60),
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HQ :N<C(] +c + CQ) — N(Co + C1>,

~

Hpo1=N(cog+ci+--+cma1) = N(co+c1+ -+ cmoa).
Substitute all the values of ﬁm into (6.48), the new form of Y, is obtained as
Yp=c"+N(cg+er+ - +em1)=c"+NTp 1) =8 1. (6.49)
By Theorem 6.3.1, we have
[Tt = Tonll < &lITm — Lol (6.50)
implies that

1Tt = Toull < ENTrn = Lol € [ Tinr = Loz < -+ < €7 T1 = Lo
(6.51)
Next, the triangle inequality helps us to get the bound of ||Y,, — T,,|| for all n,m € N
with n > m, as
15 = Tonll < ng1 = Tonll + Ttz = Lo + -+ + 1Tt = Toaf| + [T = Lo
m n—m-— m 1- gn—m
< (L@t eI = ol =6 (5 el
(6.52)

Again, the term £ < 1 provides the following

gm
1—¢

that converges to zero as m — oo. Therefore, a function T exists such that T,, — T, as

HTn - Tm“ <

leall, (6.53)

n — oo and so ¢ = Z;’io ¢; = lim,_,o Y, = T, which is the exact solution of (1.8).

Further, for a fixed m and letting n — oo, the error bound (6.47) is accomplished. 0

6.4 Numerical Results and Discussion

This section analyses the accuracy, verification, and visual representation of the numeri-

cal and semi-analytical methods and their results. It contains the findings of CBE (1.8) by

131



Chapter 6

implementing the FVM, HAM, and AHPM for various collisional kernels. The discussion
regarding the density function and the integral property of density (moments) is supported
by the approximate solutions provided by three different schemes for an appropriate time

scale. Graphs display all the results simulated by MATLAB and MATHEMATICA soft-

ware.

Example 6.4.1. Assuming Eq.(1.8) with K(z,y) = zy, b(x,y,2) = % and ¢™(x) =

exp(—z) for which the corresponding exact solution is ¢(t, ) = (14 t)? exp(—z(1 +1))
described in [76].

Eq.(6.20) provides the series solution terms, thanks to HAM as

co(t,z,a) =™, c(t,x,a) = at (e’xx — 26’””) ,

1

ea(t, z, @) zéozte_”: (2ot — 2) + ata® + x(a(2 — 4t) +2) — 4),
1

c3(t, z, ) zéate’m (?t?2® + 62 (a®(t* — 4t + 1) +(2 — 4t) + 1)
+12(a + 1) (a(t — 1) — 1) + 6atz*(a + a(—t) + 1)).

While, the computation of series terms of approximated AHPM solution is derived by

Eqs.(6.34-6.36) as

1
cot,z)=e" atz)=t(2e"—e"z), oz)= §t2e_x((x —4)x +2),

1
es3(t,x) = — ét?’e_xxg +tde " — e,
1 1 1
ca(t, x) :ﬁfleﬂcaj4 — §t4e_x3:3 + 51546_%’2,
1
cs(t,x) = — mt‘r’e_f”x?’((x —10)x + 20).

Continuing in this manner, one can compute the higher order terms of the series solution
using MATHEMATICA. The 5th-order series approximated solutions, i.e., ©5 of HAM
and T5 of AHPM, are considered for evaluation and the results are compared with finite
volume and exact solutions. The corresponding optimal value of a« = —0.826, up to 3
significant digit (SD) with rounding, is generated by applying the formula (6.22) for the

truncated solution of HAM.
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The illustrations of the number density functions obtained via three methods are visu-
alized along with the analytical solution for various volumes in Fig.6.1. As anticipated,
the density function exhibits decreasing behaviour as size increases. At a particular time
t = 1, small-sized particles are abundant and large-sized particles are scarce. We ob-
serve that FVM results demonstrate excellent chemistry with the analytical solution for
particles of any sizes, whereas HAM (O5) and AHPM (T'5) show acceptable precision for
particles of small sizes but fail to maintain the accuracy for large sizes particles. Error
plots in Fig.6.2 are graphical representations that assess the accuracy and quality of pred-
icated FVM, HAM and AHPM solutions. The maximum error bounds of HAM, AHPM
and FVM emerge for small size particles at considerable time and are almost identical to
zero. This indicates the novelty of our proposed schemes. Now, we expressed the con-
cept of the experimental order of convergence (EOC) for the approximated methods to
quantify how quickly the error decreases. The formula to find the EOC for FVM, HAM

and AHPM is written as follows

1 Ey
EOC = —=1In | — 6.54
m(2) (EQI) ’ (09
where Ej is the discrete error norm for I number of mesh points, i.e., £y = ||[Ng — V||,

where N = ZLI c;Azx; and Ny = ZLI ¢;Ax; are the total number of particles gen-
erated analytically and numerically via FVM (6.1), respectively. Similarly, for HAM
N; = Y1, 0l Az; and for AHPM N; = 1 T/ Az;, where ©) = ©,(t, z;) and
T! = T,(t, x;). Table 6.1 reveals that the EOC of all the techniques is one which implies
that they are first order accurate. Furhter, to justify the approximated solutions, integral
properties like moments are also computed by Eq.(2.2) and compared with the analyti-
cal moments. Fig.6.3 provides information regarding the comparison of HAM, AHPM,
FVM moments with the exact ones at time ¢ = 1. The zeroth moment, in Fig.6.3(a) can
be visualized with an increasing pattern as time increases. All the results of approximated
moment overlap to each other and demonstrate excellent accuracy with the exact one. As

expected, in Fig.6.3(b), the approximated first moments obtained by HAM, AHPM and

FVM are constant and identical to the analytic moment, that is 1. It shows the conserva-
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Cells () | FVYM | HAM | AHPM
30 - - -

60 1.1515| 0.9808| 0.9981
120 1.0901| 0.9906| 0.9990
240 1.0497| 0.9953| 0.9994

Table 6.1: EOC using FVM, HAM and AHPM at time ¢ = 1 for Example 6.4.1

tion of mass during the particulate process in the system for a set of kernels considered
in Example 6.4.1. The approximated second moments using ©5, 15 and FVM have de-
creased behaviour along with the exact moment as time progresses, see Fig.6.3(c). HAM
and FVM moments have affirmed satisfactory agreement to the precised one, whereas

AHPM results deviate after time ¢ = 0.5.

——FVM

— # —HAM(n=5)
AHPM(r=5)
Exact

A a

10! 10° 10!
Size

Figure 6.1: Log-log plots of density functions at time 1

Example 6.4.2. Let us consider Eq.(1.8) with kernels K (x,y) = 3%, b(z,y,2) = %
and initial data ¢™(x) = wexp(—x). The analytical solution for the density function is
hard to compute, however the precise formulations for the zeroth and first moments are

pio(t) = 14 £ and p(t) = 2, respectively.

Substituting these kernel parameters and initial condition in Eq.(6.20), we get the

series terms due to HAM as

1
co(t,z,a) =ze ™, c(t,z,a) = 1—Oate_‘”((x -2z —2),
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02(t7 z, Oé)

es3(t,z,a) =

Size 0 0 Time

(a) FVM error (b) HAM error

(c) AHPM error

Figure 6.2: Absolute error plots

:ﬁateﬂ(a(tw((ﬂc — )z — 2) + 4t + 20(x — 2)x — 40) + 20((z — 2)z — 2)),

a?t?e™ (atx ((x — 6)2? +12) + 30(a + 1) (z((z — 4)z — 2) + 4))

6000
Lo aeao(a? — 20 —9) - Lae(a? —
+(a+1)(2at (100ae z(2® — 2z — 2) e (* —2))
1 —x 2_1 —x
—i—oz(a—i—l)t(ﬁe z° - pe (z+1))).

For o« = —0.969 taken up to 3 SD with rounding, we have considered 5th-order HAM

(O5) truncated series solution for numerical verification. The higher terms could not be

obtained due

to the complexity of the model and parameters.

Further, AHPM (6.34-6.36) is also applied for this case to compute the first few series
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Figure 6.3: Moments comparison at time 1: FVM, HAM, AHPM and exact

terms for the approximated solution. The terms are listed below

co(t,x) =ze ™™, c(t,x) = i156_‘1”(2 — (z —2)x),
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1
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In the absence of an exact solution of density function, the difference between consecu-
tive terms of series solutions is plotted in Fig.6.4(b) to see the precision of semi-analytical

algorithms. Graph shows that the difference between 4 and 5 terms solutions is negligible
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for each schemes and hence, it is certain that the approximated solutions converge to the
exact one. Further, to validate the results, 5th-order truncated solutions via HAM (©5)
and AHPM (7'5) are also compared with the FVM solution in Fig.6.4(a) at time ¢t = 1.
The figure elaborates that HAM and AHPM results have little disturbance to FVM solu-
tion for small size particles, however, all results exhibit similar behaviour as particle size
increases. The approximated density function plots display an increasing pattern till the

size x = 1, which decreases further as particle size progresses.

Since, expressions for analytical moments are available, to justify the approximated
solutions, we resemble the approximated moments of HAM using ©5;, AHPM via T5 and
FVM to the corresponding analytical moments in Fig.6.5 for different time distributions.
In Figs.6.5(a), 6.5(b), zeroth and first moments of HAM, AHPM and FVM show remark-
able accuracy with the exact ones for various time scales. Therefore, we can consider our
approximated solutions to predict better results for different particle sizes and times. In
the unavailability of the exact second moment, series (HAM, AHPM) and FVM moments
are compared at a time scale of O to 1 in Fig.6.5(c). The figure indicates that all approxi-
mated moments follow same pattern where HAM and AHPM moments exactly coincide

with each other.
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Figure 6.5: Moments comparison at time 1: FVM, HAM, AHPM and exact

Example 6.4.3. Consider Eq.(1.8) with K (z,y) = 1, b(z,y, z) = d(z — 0.4y) + d(x —
0.6y) and ¢ (x) = exp(—z). In this case, the exact solution for the density function is
not available in the literature. However, exact moments (zeroth, first and second) can be
calculated analytically as 1io(t) = 1, w1 (f) = 1 and po(t) = 2(1 — t)**%. The second

moment is computed by multiplying Eq.(1.8) by z* and integrating from 0 to co over z.

Implement the HAM, AHPM and FVM to determine a solely approximative solutions.

The HAM (6.20) is applied for these set of kernels to get the following series terms

co(t,z,0) =e™*, ci(t,z,a) = at (—1.67e""76(0.67z) — 2.5¢>*0(1.5z) + e ),

eo(t, , @) =ate "% (0(0.67x) (1.39ate">*%*0(1.11z) + 2.08ate 70 (2.52)
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+ !9 (—1.67ac — 0.83at — 1.67))+6(1.52) (at (2.08¢*1°6(1.67x)

+3.13e"*1170(3.752) ) +€"* %07 (—2.5ar — 1.25at — 2.5))+(a + 1)e' "),

We continue this procedure to compute the next term to estimate the 3rd-order approx-
imate solution (©3) by MATHEMATICA. The optimal value of « is taken as -0.829,
again using only 3 SD with rounding, by operating Eq.(6.22). Moving further, the second

semi-analytical method AHPM executes the first few terms of the series solution as

co(t,z) =", ci(t,z) =1t (1.67e""70(0.67z) + 2.5¢>7*0(1.5z) — e ™),

eo(t, ) =te ?*97(0(1.5z) (te">*°"((2.08 — 1.39t)0(1.67x) + 2.78t0(x))
+ 1e'%%%7((3.12 — 2.08t)0(3.75z) + 4.17t0(x)) + €**9%* (2.5 — 0.83t7)
+ ((—0.83t — 1.25)t — 2.5)e**%*)+16(0.67z) (" ™*((1.39 — 0.93t)0(1.11x)
+ 1.85t0(x)) + 3% ((2.08 — 1.39t)0(2.5z) + 2.78t0(x)) + (—1.11¢

— 0.83)e%0%) +0.33%e21557).

An approximated truncated solution of order 3 (T3) is considered to see the results of
density function and moments for a range of particle sizes. Due to the lack of an exact
density function, only approximate solutions of HAM (O3), AHPM (Y3) and FVM are
presented graphically in Fig.6.6 for time ¢ = 0.5 over a range of particle sizes. Inter-
estingly, FVM and HAM results are almost identical up to size 10, but AHPM does not
show the same behaviour as HAM/FVM for large size particles. Similar to the previous
case, it 1s noticed that the difference between consecutive terms of the series solutions
decreases and tends to zero, ensuring the convergence of the algorithms. Thus, plot is
omitted here. The approximated moments computed via FVM and series solution meth-
ods are compared with the analytical moments in Fig.6.7 to justify the novelty of schemes.
In Fig.6.7(a), zeroth moments using AHPM 3-term solution (T3) and FVM are exactly
matching with the exact number of particles. However, HAM (O3) moment starts slip-
ping away from the accuracy after time 0.25. In addition, Fig.6.7(c) also justifies a slight
disturbance in the second moment of HAM. As expected, the total mass is conserved and

all the approximated methods provide the excellent accuracy with it, see Fig.6.7(b). In
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conclusion, we can visualize from these figures that AHPM and FVM results are nearest

to the exact ones as compared to the HAM.
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Figure 6.6: Log-log plots of density functions at time 0.5
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Chapter 7

Conclusions and Future Directions

Conclusions

This chapter serves as a summary of the findings presented in this dissertation. Here,
the theoretical, numerical and semi-analytical results were discussed for the CMBE and
CBE. Additionally, we explored potential ways for extending the research and identify
areas with promising prospects for future investigations in this field.

In Chapter 2, we have examined the convergence analysis of a weighted FVS for
solving coagulation and multiple breakage models in weighted L' space by using weak
compactness arugment. Dunford-Pettis and La Vallée Poussin theorems were used to es-
tablish the convergence of numerically approximated solutions towards a weak solution
of continuous problem with locally bounded coagulation and singular breakage functions.
Further, error analysis was also explored considering a uniform mesh with kinetic param-
eters in W™ space. Furthermore, four different test cases of numerical examples have
been used to validate the first order theoretical error observations.

Further, for the Chapter 3, we considered the divergence form of the continuous
CMBE. After that, FVS was implemented to get the fully discrete system using the ex-

plicit Euler method for the time variable. Then, analysis of the weak convergence was
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completed in L' space, and error estimation of first order in I/VllocOO space for uniform
mesh. This observation was justified numerically by considering four different practical
examples of coupled coagulation and breakage equations.

Chapter 4 proposed a theoretical convergence analysis of FVS for solving the col-
lisional breakage equation for the non-uniform mesh. It yielded a non-conservative
scheme, for which a weak convergence analysis has been executed with unbounded col-
lision and breakage distribution kernels. The result was accomplished in the presence of
weak L' compactness method. In addition, explicit error estimation of the method was
also explored for the locally bounded kernels. It has been demonstrated that the FVS
is first-order accurate for uniform meshes which was further validated by taking various
numerical examples of model.

In Chapter 5, semi-analytical VIM and ODM techniques were implemented on the
non-linear collision-induced breakage equation. These methods provided a recursive al-
gorithm for calculating the closed form of exact solution or approximate solutions. The
convergence result for VIM was taken from [96]. In ODM, we have used the contrac-
tion mapping theorem to show series convergence, which was reliable enough to estimate
the maximum absolute truncated error. The applicability and accuracy of these methods
were shown by comparing the approximated solutions and various moments against the
analytical results for three different test cases. Interestingly, in the first case, we got the
closed form solution via VIM which was also the exact solution. In each example, VIM’s
solution demonstrated superior long-term compliance with the analytical requirements,
whereas ODM’s solution failed to do so. Observations indicated that moment plots were
more precise than concentration plots over extended time periods. In conclusion, it was
observed as per the outcomes that VIM was superior to ODM.

Finally, in Chapter 6, HAM, AHPM and FVM were employed successfully for solv-
ing the non-linear collision-induced breakage equation with certain collision and break-
age kernels. The approximate analytical solutions were obtained by truncating the infinite
series form of the series solution which was proven to be the exact solution. These meth-

ods were easy to implement on such non-linear integro-partial differential equations for



various kernels and exponential decay initial functions. Convergence analysis was exhib-
ited for the series solutions of HAM and AHPM and it was reliable enough to achieve
the error estimations in each case. The approximated results of concentration function
and moments by HAM, AHPM and FVM were compared to the exact ones for three test
problems. All the graphs described the good precision and efficiency of considered tech-
niques. The research aims to shed light on the inherent limitations associated with semi-
analytical methods. Our investigations revealed that the terms generated using the HAM
often exhibited significant complexity, rendering the derivation of closed-form solutions a
challenging endeavor. Furthermore, determining higher-order components within the se-
ries solution was computationally expansive in both methods, particularly in case where

the kernels were functions involving the Dirac delta function.

Future Directions

Based on the work done in this thesis, the possible future scopes are as follows:

1. To find weak convergence of the discretized solution towards the continuous solu-

tion of the non-linear collision-induced breakage equation with singular kernels.

2. To explore other numerical methods to solve collision-induced breakage equation

and convergence analysis since only the finite volume method is implemented.

3. To prove the weak convergence for the finite volume solution of the coagulation

and collision-induced breakage equation.

4. To implement the semi-analytical methods for coagulation and collision-induced

breakage equation and convergence analysis.
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