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Abstract

This thesis comprehensively explores partial and integral-partial differential equations,
specifically focusing on coagulation, bivariate coagulation, breakage, and growth equa-
tions. These models have significant applications in various real-world scenarios, including
engineering, pharmaceuticals, food processing, and cloud formations. The primary objec-
tive of the thesis is to solve different versions of coagulation models using semi-analytical
methods. The initial phase of the research investigates the variational iteration method
for growth, aggregation, and coupled aggregation-breakage equations. The optimal varia-
tional iteration method is also investigated for pure growth and aggregation equation (for
constant kernel). The results are compared with the precise and approximated solutions
obtained via the Adomian decomposition method. The superiority of the proposed scheme

is highlighted through numerical computations and graphs.

The thesis further addresses the scarcity of semi-analytical methods for the coupled
aggregation-breakage and bivariate aggregation models. To this end, the Elzaki-based
accelerated homotopy perturbation method (AHPETM) is implemented to solve these
models. The theoretical convergence of the scheme is presented for aggregation and
bivariate aggregation equations. For numerical validation, the results of the proposed
scheme are compared with those of Adomian decomposition method(ADM), homotopy
perturbation method (HPM), homotopy analysis method (HAM) and optimized decom-
position method (ODM) for aggregation and breakage, demonstrating the efficiency and
accuracy of the proposed scheme. The results obtained via AHPETM show more precision
with respect to time than the other methods, leading to an extension of the results for

coupled aggregation-breakage and bivariate aggregation equations.

The work also delves into the coupled aggregation-growth equation, which holds signif-
icant interest due to its wide application in real-life scenarios. The improved optimal

homotopy analysis method IOHAM) is implemented to solve the aggregation and coupled



aggregation-growth equations. The results of IOHAM are compared with the ADM, HPM,
HAM, and ODM, with IOHAM surpassing all the mentioned methods for the aggregation
equation. Consequently, the results are extended for the coupled aggregation-growth
model, and the work includes the convergence analysis of the scheme for aggregation and

coupled aggregation growth equations.

Proceeding further, the thesis considers another variant of the aggregation process, namely
the condensing coagulation model. Motivated by the limited attempts to solve the model
analytically and numerically, the HPM and ADM are employed. The proposed schemes
provide closed-form solutions for the product and constant kernels, while the approximated
solutions are obtained for physically relevant kernels such as sum and Ruckenstein kernels.
The work is further extended to solve the Lifshitz Slyozov model with encounters, and the

results align well with the exact solutions.

Lastly, a new implicit form of semi-analytical technique is introduced to solve differential
equations that provides accuracy for larger time domains. A detailed analysis is performed
to study the convergence of the scheme. The results are compared with standard semi-
analytical methods such as ADM, HPM, HAM, and ODM to demonstrate the supremacy
of the proposed scheme. The convergence control parameter is incorporated to enhance
the scheme’s accuracy. Finally, the thesis concludes with a discussion on the possible
extensions of the scope for future investigations, paving the way for further research in

this field.
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Chapter 1

Introduction

The art of proposing a question must be held of higher value than solving it.

— Georg Cantor

This chapter gives a comprehensive context and motivation for the thesis work. It investi-
gates various coagulation models and performs an extensive literature review. Besides, it
defines the main purpose and scope of the current research. A chapter-wise roadmap of

the thesis is also presented towards the end of this chapter.

1.1 Overview

Particle processes are widely recognized in various engineering fields, encompassing crys-
tallization, comminution, precipitation, polymerization, aerosol, and emulsion processes.
A continuous phase and a dispersed phase of particles with various attributes are involved
in these processes. These particles, which could take the form of crystals, grains, drops, or
bubbles, possess diverse characteristics such as size, composition, porosity, enthalpy, and
others. In numerous contexts, particle size is often considered the sole pertinent property
of significance.

Given the potential variability in sizes and properties of particles, a mathematical rep-
resentation of their distribution or properties is essential for characterization. In cases

where particles exhibit uniform shapes, as seen in grinding or crystallization process, a
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characteristic shape factor can be established. However, in engineering processes such as
fluidized bed agglomeration and pharmaceutical, where particles demonstrate more di-
verse properties, a multidimensional distribution function becomes necessary for accurate
characterization.

Particulate matter may transform their physical properties via several pathways. This
thesis delineates its scope to study coagulation, breakage, growth, and synergistic effects.

A succinct description of these phenomena is furnished in the following section.

1.1.1 Aggregation

Aggregation (coagulation) is a fundamental process where two or more particles in a
suspension come into contact and adhere to each other, forming larger clusters. In the
physical realm, aggregation has numerous applications. Within the realm of industrial
applications, the principle of aggregation is instrumental in water purification procedures,
specifically through the method of flocculation, wherein the conjoined particles are more
readily isolated from the aqueous medium. Furthermore, in the pharmaceutical industry,
the aggregation of particles can significantly influence the stability and therapeutic effec-
tiveness of medicinal preparations.

During this process, there is a diminution in the aggregate count of particles, yet the mass
remains invariant within the system. The scholarly literature provides an array of theoreti-
cal frameworks designed to forecast the likelihood of adhesion between two impinging
particles. An elaborate elucidation of the chosen model is delineated in the subsequent

section. The graphical depiction of the process is presented in Figure 1.1.

Figure 1.1: Aggregation process
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1.1.2 Breakage

The phenomenon of breakage (fragmentation) pertains to the division of substances into
smaller fragments across diverse circumstances. This process, influenced by factors such
as material properties, applied forces, and environmental conditions, plays a significant
role in various industries, including food processing for edible portioning, pharmaceuticals
for medication efficacy, construction for material management, and recycling for material
repurposing. The total number of particles increases in the system during the process while
the total mass remains conserved in the system. The visual illustration of the procedure is

delineated in Figure 1.2.

Figure 1.2: Breakage process

1.1.3 Growth

Particle growth transpires when dust or non-particulate matter accumulates on the surface
of a particle, leading to an increase in its mass while maintaining the same particle count.
During this process, the size of the particle continuously increases. This phenomenon is
critical in various fields, such as air filtration, which aids in trapping airborne particles,
and in the pharmaceutical industry, which ensures uniformity in drug formulations. Figure

1.3 illustrates the pictorial representation of the process.

Figure 1.3: Growth process
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Following the aforementioned processes, particles undergo a modification of their proper-
ties, necessitating the application of mathematical models, particularly population balance
equations (PBESs), to analyze the resultant variations in the distribution of particle proper-
ties. These models are integral in understanding and managing the complexities of particle
dynamics in various scientific and industrial contexts. They characterize the dynamic
changes in the distribution of specific properties. In the context of this thesis, which
focuses on growth, aggregation and breakage equations, volume is a practical metric for

sizing.

1.2 Population balance models

A general one-dimensional PBE for a well mixed system can be written as

P, gzout

SoRO,0) =7 1) = 2 o (1) = 5 (G0 . 2)+ B, )

+<@agg(nyf) - gagg(rbf) +<ggbreak(n77) - gbreak(nar)a (1~2-1)

with appropriate initial and/or boundary conditions. The parameter 17 denotes the size
of the particle, t(n, ) denotes the number density of particle of size 1 at time T and
the system’s volume is denoted by W. On the right-hand side, the initial two expressions
signify the influx or efflux within the ongoing procedure. The functions %%, and &,
stand for the inlet and outlet flow rates from the system, respectively. The terms %,
and G(n, 1), respectively, denote the rates of nucleation and growth. In a batch process,
the absence of inflow and the exclusive consideration of outflow allow for the omission
of the first two terms on the right-hand side of the equation. The terms %4, and HBpeqk
represent the formation of particles of size 1 in aggregation and breakage, respectively,
while Z,4¢ and Zeqx indicate the reduction of particles through these same processes.
This streamlined approach simplifies the analysis of particle dynamics within the system.

Despite considerations of number density, the dynamics of moments hold significant
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attention. The j™ moment of the particle size distribution is defined as

ui(t) =/0 n/u(n, t)dn. (1.2.2)

The zeroth moment (j = 0) represents the aggregate count of particles within the system,
while the first moment (j = 1) signifies the total mass encompassed. Beyond these, the
second moment of the distribution serves as a metric for evaluating numerical outcomes,
specifically reflecting the proportionality to light scattering by particles within the Rayleigh
regime.

In the following subsections, we provide the introduction of various models along with the

literature survey about the numerical and semi-analytical results.

1.2.1 Smoluchowski’s coagulation equation

Consider the non-negative variables i and 7 to symbolize the particle size and time, re-
spectively, with v;(¢) denoting the number density of particles sized i at time 7. The rate
at which particles of size i merge with particles of size j is depicted by the coagulation
kernel k; ; which is assumed to be non-negative and symmetric. Abiding by the law of
mass action, the augmentation in number density of particles of size i can be expressed as
1 i—1
EZ Kl'_jJV,'_j(l‘)Vj(l). (1.2.3)
j=1
Similarly, the reduction in the quantity of particles of size i, resulting from collisions with

particles of size j, is expressed as

Y i vi(e)vi(r). (1.2.4)
j=1
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Hence, the discrete coagulation equation, provided by Smoluchowski in 1917 [1] as an

infinite set of non-linear differential equations is governed by

8v,

l\)lH

i Ki— j7]vl ] ZKl,jvt

where the first term on right-hand side signifies the birth term and second term denotes

the death of the particle of size i. The derivation of the model was based on the Brownian

motion of particles. Further, in 1928, Muller proposed the continuous version of the

aggregation equation as

D) 2 [ k0 - 0.0)u(n - 0,900,940 [ x(1,0)u0n,9u(, 9o,
(1.2.5)

where p(n,7) > 0 is the particle number density function of having particles of size
n € R" at time 7 € [0,00) in a homogeneous physical system. The expression k(1 —
0, ), assumed to be non-negative and symmetric, signifies the rate at which particles
of sizes N1 — @ and o interact, forming a particle with size 1. The initial term on the
equation’s right-hand side indicates the genesis of a particle of size 71, termed the birth
term. Conversely, the latter term represents the elimination of a particle of size 17 within
the system, known as the death term.

In solid processing, e.g., in foods and pharmaceuticals, product quality is characterized
by multiple particle properties, for example, the volume and composition of aggregating
particles. To model such phenomenon, more then one dimensional expression is required.
Therefore, in the following, the bivariate case is considered, i.e., particles (or individual
objects) are characterized by two properties, named 1 and {. The two dimensional

aggregation process is governed by

¢
—a“(g’f’f) :%/OH/O k(n—n".¢—=¢"n" . umn—n", =& vumn’. ¢, v)dn'dal’

—/OW/OW k(n,n', ¢, ¢Hum, ¢ numn’, ¢ t)dn'ds’, (1.2.6)
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with the initial condition

u(n,¢,0) = uo(n,¢) >0. (1.2.7)

forn,§ € (0,%) and 7 € [0, T].

1.2.1.1 Existing numerical and semi-analytical methods

Due to complexity of these models and unavailability of the analytical solutions (except
for some simple cases), several numerical [2—7] and semi-analytical [8—12] techniques are
applied to solve these problems approximately. Numerical schemes to solve coagulation
model (1.2.5) includes finite element method [2], quadrature method of moments [13],
finite volume scheme [4], fixed pivot element [5], fast Fourier transformation method
[14] and references therein. The drawbacks of the numerical schemes lie on non-physical
assumptions such as discretization, linearization, sets of basis functions, and many others.
Recently, several authors have developed interest in semi-analytical approaches that offer
solutions in series form without making such assumptions. Some of the available strategies
are Laplace-variational iteration method (LVIM) [15], Adomian decomposition method
(ADM) [16], homotopy perturbation method (HPM) [9], optimal homotopy asymptotic
method (OHAM) [17], homotopy analysis method (HAM) [8], Laplace optimized de-
composition method [10] and variational iteration method [18]. Interestingly, some of
the algorithms provided the closed form series solutions of coagulation equation (1.2.5)
considering the aggregation kernels

k(n,w)=1,1+o,n® and n% +a)%,

with exponential initial condition (1 (1,0) =e~",e7 /1), see [8, 9, 16] for more detailed
computations. It turned out that these closed form solutions are nothing but the actual
solution of the models. Hammouch and Mekkaoui in [15] developed the LVIM for solving
the coagulation equation (1.2.5) only for two cases of aggregation kernels, constant

(k(n,®) = 1) and product (x(n,®) = Nw). In [19, 20], ODM is implemented to solve
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the coagulation equation using the parameters

k(n,0) =1,1+ o and N with u(n,0) = e ".

Recently in [21], HPM is combined with the Pade approximates and results are obtained
for various physically relevant kernels such as Shear stress, bilinear, Brownian and Pulver-
macher kernels for larger time and spatial domains.

In the literature, it was observed that ADM, HPM, and HAM provide the closed form
solutions for the problem (1.2.5), but some drawbacks are observed in these techniques.
In [22, 23], it was found that a large number of iterations of the aforementioned methods
are required to obtain a more accurate approximation. When dealing with chaotic systems,
in [24], authors found that time, time step, and the number of terms must be handled with
extreme caution. Further, Odibat [25] has drawn attention to various drawbacks of ADM,
including its delayed convergence and inability to handle boundary conditions for solving
non-linear PDEs. These shortcoming were avoided by Odibat in [25]. To overcome these
issues for model (1.2.5), recently, ODM [19] has been implemented to solve it, but the
accuracy was still maintained only for a small period of time.

Further, it is known that the analytical solutions for the bivariate aggregation equation
are available only for limited cases, see [26] and references therein. Several numerical
methods, such as moving sectional [27], finite difference [28], Monte Carlo [29], sectional
quadrature [30], dual quadrature [31], finite volume schemes [32, 33] and references

therein, are considered to solve the equation.

1.2.2 Breakage equation

The breakage particulate process is a critical operation in materials engineering, where
particle size reduction is pivotal in enhancing product characteristics. This process is
employed across various industries to manipulate particles’ physical and chemical proper-
ties, thereby optimizing product functionality. In the pharmaceutical sector, particle size

affects drug dissolution rates and bioavailability, making the breakage process vital for
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effective medication delivery. The food industry relies on this process to control product
texture and flavor profiles. In mining, it is essential for producing ores, facilitating efficient
extraction of valuable minerals. Manufacturing paints, pigments, and other consumer
goods also utilize this process to achieve desired color strength and product consistency.
Hence, understanding and controlling this process are fundamental for advancing material
science and meeting the stringent quality demands of modern industry.

A general form of the breakage equation is given as

a”f;f’t) = /x " B(x,y)SO)u(y,t)dy — S(X)u(x,1). (1.2.8)

The breakage function, denoted as B(x,y), serves as the probability density function that
describes the likelihood of generating a particle of size x from a parent particle of size y.
The term S(x) describes the rate at which particles are selected to break. The breakage

function satisfies the properties

/OXB(x,y)dy =N (x), (1.2.9)

and

/OxxB(x,y)dy =x. (1.2.10)

The function .4"(x) is the number of daughter particle formation obtained from the
breakage of particle of size x.

1.2.2.1 Existing numerical and semi-analytical methods

The breakage equation’s wide-ranging applications have prompted numerous analytical
resolution attempts. Patil and Andrews [34] have analytically resolved the model consider-
ing binary breakage and a linear selection function, yet analytical solutions for physically
significant kernels remain arduous. Consequently, a spectrum of numerical strategies has
been adopted, including the finite volume method [3, 35-37], method of moments [30,
38—40], finite element method [41, 42], stochastic methods [43—45], Haar wavelet [46],
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fixed pivot technique [47, 48], and cell average technique [49, 50].

In recent times, there has been a surge in the adoption of semi-analytical methods for
resolving the model. In 2019, Singh et al. , applied the ADM [16], while Kaur et al.
utilized the HPM [9] and derived solutions for diverse kernels. Further in work, Kaur et
al. [8] had also employed the HAM, that yielded identical closed-form solutions as those
obtained through ADM and HPM.

Interestingly, combined aggregation-breakage equation is considered which is an intriguing
issue for academics. The problem was resolved using a class of numerical or stochastic
methods. Lee and Matsoukas [51] employed a stochastic process, namely the constant-N
Monte Carlo method, to solve the aggregation with a binary breakage equation. In 2002,
Mabhoney et al. used the finite element method for aggregation, growth, and nucleation
equations [52]. Further, number density and moments were computed with the help of
the method of moments by Madras et al. in [53]. Till date, there is no literature on

semi-analytical schemes for coupled aggregation-breakage model.

1.2.3 Growth equation

The phenomenon of particle growth is of paramount importance. For instance, within the
realm of nanotechnology, the meticulous regulation of particle growth is imperative for
the synthesis of materials endowed with distinct properties tailored for sectors such as
information technology, healthcare, energy, and environmental sciences. Concurrently, in
the domain of food technology, the principles governing particle growth are strategically
utilized to enhance the preservation and prolong the shelf life of food products.

The PBE for the growth process is described as a hyperbolic PDE, given as

au(n, ) N dG(n,t)u(n,)
aT a7

=0, (1.2.11)

with G(1, 1) is the growth rate.

10
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1.2.3.1 Existing numerical and semi-analytical methods

The model in question has been addressed through a variety of numerical techniques,
including finite difference, finite volume, and finite element methods, as referenced
in the works [54, 55]. Additionally, the integrated dynamics of growth combined with
aggregation or breakage equation have garnered attention from numerous scholars. Various
numerical methods are implemented to solve the combined aggregation growth or breakage
growth models such as finite volume [56], method of characteristics [57], and many more
[58]. Recently, a combined form of method of characteristics and finite volume scheme
is implemented to solve the aggregation growth model, see [59] for detailed literature.
However, till now, no semi-analytical technique is used to solve the coupled aggregation

growth model.

1.2.4 Condensing coagulation model

This model is the combination of the two models, namely

1. Safronov-Dubovski coagulation equation and

2. inverse coagulation equation.

In 1972, Safronov reformed the Oort and van de Hulst model to another form, known as
the Oort-Hulst Safronov (OHS) equation [60]. Further, Dubovski introduced the discrete
version of the OHS model in [61]. In 2003 [62], Laurencot ef al. established a relation
between Smoluchowski’s coagulation and OHS equations. In the Safronov-Dubovski
coagulation model, j-mers divide into j-monomers, provided that j < i, each j monomer
collides instantly with the i-mer. From this collision act, we have j new i+ 1 mers. This

description of the coagulation process leads to the balance equation, for i > 1,

dvi(t

dt ) — Vs ] Z Ki— 7]]\/] Z K‘a]JVJ ZKIJVI VJ

where v;(t) represents the concentration (number density) of particles of mass i at time

t and k; j for i # j is the rate at which particles of masses i and j collide, known as the

11
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coagulation kernel. The term k; ; is non-negative and symmetric for i, j > 1, i.e., ,

The continuous form of the above model, also called OHS equation, is given by

M~ 2| [N oxtn.omm.ou@ 00| - [0 oo, a0

(1.2.12)

In the literature, there also exists an inverse coagulation model in which larger particles
are more unstable than the smaller particles [63]. Here, in this case, initially j-mers divide
into j-monomers provided that j > i and then each j monomer collides instantly with
i-mer. This also leads to have j new i+ 1 mers, and the model looks like
dvi(t) = . - . d .
prae vi—1(t) ;Z,ijvj(t) —vi(t) ZZJ]vj(t) — ;$7jvi(t)vj(t),t >1,

J J=i J

in discrete setting while the continuous form is given by

—au(a?f) = —% [/:cof(n,a))u(n,f)u(w,r)dco] —[)ng(n,w)“(n7f)u(w,f>dw‘

(1.2.13)

Hence, having (1.2.12) and (1.2.13), the continuous version of the condensing coagulation

model (CCM) is described as, see [63],

u
2 =ow), (1.2.14)

where the collision operator Q is defined as,

O(u) = —% [/On wk(n,w)u(n,’v)mw,f)dw} - /: k(n,0)u(n,7)u(w,7)do

12
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—% U:w.z(n,w)ﬂ(n,’c)u(w,r)dw} _/()n Zn,0)un,1)u(w,7)do.

(1.2.15)

Similar to the PBE, integral properties of the concentration of particles, i.e., , moments,

are also of interest and is defined exactly as before in equation (1.2.2). It is emphasized

) ) dui(t
here that the total mass is conserved, i.e., Itili ) =0

1.2.4.1 Existing numerical and semi-analytical methods
In 2016, Davidson [63] found the analytical solutions of (1.2.14)-(1.2.15) using the

method of characteristics for constant and multiplicative kernels under some special initial
conditions and considering k(7n,®) = £ (1, ®). Addition to this, he also studied the self-
similar solutions for the same by following a characteristic approach as well as discussed
equilibrium solution for constant kernel. Further, he investigated the Lifshitz-Slyozov
equation(LSE) with encounters. For this, long-time behavior of the solution for three types
of initial data is analyzed. Till date, there was no literature available on semi-analytical

technique for such models.

1.3 Objectives of the thesis

1. To compute the approximate solutions for the aggregation and coupled aggregation-

breakage equations using the variational and optimized variational iteration methods.

2. To study the series solutions of aggregation, breakage, coupled aggregation-breakage
and bivariate aggregation equations using accelerated homotopy perturbation Elzaki

transformation scheme along with theoretical convergence analysis.

3. To discuss the convergence analysis, theoretical error bound and the implementa-
tion of improved optimal homotopy analysis method for aggregation and coupled

aggregation-growth models.

4. To obtain the approximated solutions for a variant of coagulation models, namely

condensing coagulation equation using homotopy perturbation and Adomian decom-

13
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position methods.

5. To construct a new implicit iterative method for solving ordinary and partial differ-

ential equations and comparison with the standard semi analytical methods.

1.4 Organization of the thesis

The dissertation is organized to present approximate solutions for diverse forms of the
coagulation and fragmentation equations. It explores various semi-analytical techniques,
including HPM, ADM, VIM, IOHAM and AHPETM to find the closed form or finite term
series solutions. Additionally, it introduces a novel implicit semi-analytical method for
solving nonlinear differential equations. The efficacy and precision of this new approach
are demonstrated through comparisons with established methods like ADM, HPM, HAM,
and ODM.

Let us briefly summarize the motivation and work done during this dissertation, chapter
wise, as below.

Chapter 2 delves into the application of semi-analytical strategies, specifically ADM
and VIM, to address the series solutions of aggregation, aggregation-breakage, and pure
growth equations. The chapter conducts a comparative analysis of analytical and truncated
series solutions in terms of number density and various moments. In the scenario of
pure growth, the solutions derived from ADM and VIM are proven to be mathematically
equivalent, offering closed-form solutions when the growth rate is constant. The chapter
also introduces the optimal variational iteration method (OVIM) and studied for two
cases of pure growth and one case of aggregation equation with constant kernels. It is
observed that the inaccuracy decreases to some degree but the computations of higher
term approximations require large computational time. A number of test cases for each
equation is presented to validate the methods’ precision and effectiveness by comparing
the finite term series solutions.

Moving further, Chapter 3 aims to establish a semi-analytical approach based on HPM to

find the closed form or approximated solutions for the population balance equations such

14
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as Smoluchowski’s coagulation, fragmentation, coupled coagulation-fragmentation and
bivariate coagulation equations. An accelerated form of the HPM is combined with the
Elzaki transformation to improve the accuracy and efficiency of the method. It has benefits
over the existing semi-analytical techniques such as ADM, ODM, and HAM in the sense
that computations of Adomian polynomials and convergence parameters are not required.
The novelty of the scheme is shown by comparing the numerical findings with the existing
results obtained via ADM, HPM, HAM and ODM for non-linear coagulation equation.
This motivates us to extend the scheme for solving the other models mentioned above. The
supremacy of the proposed scheme is demonstrated by taking several numerical examples
for each problem. The error between exact and series solutions provided in graphs and
tables show the accuracy and applicability of the method. In addition to this, convergence
of the series solution is also the key attraction of the work.

Chapter 4 describes a semi-analytical technique based on homotopy for solving the ag-
gregation and aggregation-growth equations. Multiple test scenarios are compared to
the exact and existing estimated solutions derived using HAM, HPM, ADM, and ODM
to demonstrate the precision and effectiveness of the suggested approach, namley 10-
HAM qualitatively and quantitatively. The aggregation equation yields indistinguishable
solutions using ADM, HPM and HAM methodologies. Consequently, there is no dis-
cernible enhancement in the truncated series solutions. On the contrary, ODM enhances
the solutions to a certain degree. However, the proposed scheme surpasses the accuracy
of all previously mentioned methods. Furthermore, integral qualities such as moments
are highlighted, and IOHAM enhances the accuracy of moments compared to ODM. In
contrast, the HAM still better matches the actual moments. In addition, a comprehensive
convergence study of the series solution is investigated.

Proceeding further, Chapter 5 delineates the derivation of analytical approximate solutions
for the condensing coagulation and Lifshitz-Slyzov models, employing two semi-analytical
methodologies: the homotopy perturbation and Adomian decomposition methods. The
work calculates analytical solutions for benchmark kernels, including constant and product

kernels. In addition, it formulates approximated solutions for sum and Ruckenstein kernels
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that are physically significant as well. The convergence of the solutions obtained via these
two methods to the exact solutions is mathematically validated, establishing the methods’
credibility. In cases where an analytical solution is known, the chapter contrasts numerical
results for number density and the zeroth moment with the exact solutions across various
kernels and initial conditions. A graphical illustration of the error margin between the
approximated and exact solutions is also provided.

Chapter 6 proposes a novel semi-analytical method to yield solutions over greater temporal
extents, as solving differential equations over extended temporal domains is pivotal for
many scientific and engineering endeavors. The progression of numerous phenomena in
the natural world occurs over prolonged durations, necessitating a comprehensive under-
standing of their temporal dynamics to facilitate precise prognostications and judicious
decision-making. Existing methodologies such as HPM, ADM and HAM are noted for
their precision within limited temporal scopes. ODM proposed by Odibat extends this ac-
curacy over a longer term, yet its solutions become untenable over substantial timeframes.
Moreover, this work integrates a convergence control parameter to bolster the proposed
method’s accuracy and operational efficiency. A rigorous theoretical convergence anal-
ysis is delineated, substantiating the method’s validity. Three examples are numerically
examined and discussed to validate the proposed approach empirically.

Finally, in the last chapter, the dissertation reaches its denouement by summarizing its

pivotal discoveries and suggesting directions for future academic pursuits.
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Chapter 2

Variational iteration and Adomian
decomposition methods to solve growth,
aggregation and aggregation-breakage

equations

This chapter explores semi-analytical techniques, specifically the ADM and the VIM, for
solving aggregation, aggregation-breakage, and pure growth equations. A comparison
is drawn between analytical and truncated series solutions concerning number density
and diverse moments. Furthermore, OVIM is employed to tackle growth and aggregation
equations, yielding a reduction in error compared to ADM and VIM, albeit at the expense
of increased computational complexity. Various test cases are examined to substantiate the

efficacy and precision of the series approximation methods.

Following Section 1.2, PBE which describes aggregation, breakage and growth is mathe-

matically expressed as

du(x,1) N A[G(x)u(

G ) x,1)] :%/OXK(X_y,y)u(x_y,t)u(y,t)dy—/OwK(x,y)u(x,t)u(y,t)dy

+ / " B,y)SO)u(y)dy — S(x)ulx,1). (2.0.1)

The work of this chapter is published in Journal of Computational Science, 101973(64), 2023
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The term u(x,t) is called the number density distribution function with particle size
x € Ry :=]0,0| at time € R. The second term on the left-hand side represents the
particle’s growth process by the growth rate G. The first two terms in the right-hand side
of the equation (2.0.1) emerge as a result of aggregation, whereas the other two terms
appear due to breakage.

In brief, the goals of this chapter is to solve the aggregation equation using VIM and
compare the results with findings of ADM solutions given in [16]. ADM suffers from the
extensive work required to derive the Adomian polynomials for non-linear terms whereas
VIM has no specific requirement for the non-linear operator and gives the solution in the
form of rapidly convergent successive approximations.

Structure of the chapter is as follows: Section 2.1 delves into the basic idea of Adomian
decomposition, variational iteration and optimal variational iteration schemes for solving
the differential equations. Furthermore, numerical implementations of the methods are
studied for solving growth, aggregation and aggregation-breakage models under Section

2.2. In the last section, conclusions drawn from the implementations are discussed.

2.1 Semi-analytical techniques

Let us review briefly the basic ideas behind the VIM, OVIM and ADM to solve the
differential equations.

2.1.1 Variational iteration method

J.He proposed the VIM [64, 65], for solving linear and non-linear ordinary and partial
differential equations in bounded and unbounded domains. The method is used in various
disciplines including physics [66], chemistry[67], biomedical science [68], and engineering

science [69]. To understand the algorithm, consider a differential equation in the form

T(u)—h(r)=0, reQ, (2.1.1)
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where T is an operator and A(r) is a known analytical function with domain Q. Above

equation can be written as
L(u)+N(u)—h(r)=0, (2.1.2)

where L and N are linear and non-linear operators, respectively. According to J.He [64],

the proposed iterations to solve the differential equation are

s (x,1) = (%, 1) +/ (0, 8)) + N(ain(x, ) — h(r))d{ forn >0, (2.1.3)

for A (&) being the Lagrange multiplier, which can be identified via the variational theory.
The second term on the right-hand side is called the correction [70]. Here, u, is the nth
approximation and i, is the restricted variation, i.e. 0ii, = 0, where dii, represents the
first variation of ii,, one may refer to [71] for more details. The initial condition u(x,0)
is usually considered as initial guess or zeroth approximation ug(x,7). As a result, the

solution is given by

u= lim u,. (2.1.4)

n—oo

2.1.2 Optimal variational iteration method

This section is devoted to defining an enhanced version of the VIM [72], where the

iterations to solve equation (2.1.1) are given as follows:

et (x,1) = xr+h/ (6,0)) +N(@n(x, ) —h(r)dS. (215

Here h is a convergence control parameter which possibly speeds up the VIM’s convergence

[72-76]. This optimal parameter 4 is computed by minimizing the Res(h), defined by

Res(h) = \/ /Q (T () — h(r))dQ.
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Due to the difficulty in calculating the iterations, residue can also be calculated numerically

using the squared residual formula,

1 M
es = — uprm)) — m 5
Res(h) =1/, Z,I(T( (rm)) = h(rm))?

where r;,, € Q are arbitrary sample points and M is the number of partitions. Readers are

referred to [8, 77] and further citations for detailed explanation.

2.1.3 Adomain decomposition method

The technique was developed in 1988 by George Adomian [78] for solving ordinary and
partial linear/non-linear differential equations including differential-algebraic equations,
stochastic systems, functional equations, integro-differential equations, and eigenvalue
problems, see [16, 79—81] and further references cited therein.

Consider the following differential equation to explain the ADM, see [78],
Ly+Ry+Ny=g(x), (2.1.6)

where N is a non-linear and L is a linear operator with highest order derivative. It is
assumed that L is invertible and R is a linear differential operator of order less than L.

Thus, the above equation can be written as
y=0¢+L 'g(x)—L'Ry— LNy, (2.1.7)

for ¢ being the function representing the term arising from the given initial conditions.
For non-linear equations, non-linear operator N(y) = F(y) is usually represented by an

infinite series of the so-called Adomian polynomials

szimw, (2.1.8)
k=0
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where Ay, are generated for all kinds of non-linearity of F(y) [82]. According to the ADM,

the solution y is defined by the series
y=Y u (2.1.9)
n=0

where the components yg, yr,y2,--- are usually determined recursively by

yo=¢+L 'g(x),

Vie1 = —L Y (Ryy) —L7'A;, k>0, (2.1.10)

By substituting Ay in (2.1.10) leads to the determination of the components of y. Then,

using all these components in (2.1.9), we can find the solution y.

2.2 Numerical implementation

This part focuses on the numerical implementations of the series solution schemes men-
tioned in the previous Section for solving growth, aggregation and aggregation-breakage
equations. The approximated series solutions are compared with the available exact
solutions for number density and the moments. In addition, errors are computed and

represented in tabular form to check the accuracy and reliability of the methods.

2.2.1 Pure growth equation

To solve the pure growth equation, two scenarios are explored. The first case is constant
growth, while the second one is linear growth with an exponential initial condition in
both the situations. By taking K (x,y) = 0 and S(x) = 0 in the equation (2.0.1), the growth
equation is obtained as

du(x,t) N A[G(x)u(x,1)]

5 P =0. (2.2.1)
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2.2.1.1 Variational iteration method

Using VIM, considering L = % and the remaining terms as N(u), the iterations for solving

the growth equation are

Unt1(x,1) = up(x,1) + /Ot?L(C) (Buna(—)gc) + %[G(x)un(x, C)]) dg. (2.2.2)

Thus, by following [65]

1 = b+ [ A0 (6u; + (603 c>1) i

— (1A (1)) 51t — /O () Sunde. (2.2.3)
Hence, the stationary conditions are
A'(¢)=0and 1+ A(r) =0,
which yields A(§) = —1.

2.2.1.2 Adomian decomposition method

Consider L = %, where L~ is given by

L= /()[[.]dt.

Operating L~! on both sides of equation (2.2.1) leads to

|G t
Following ADM, introduce the solution u(x,7) of (2.2.1) as

u(x,t) = i cj(x,1). (2.2.5)
=0
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Substituting (2.2.5) in the equation (2.2.4) gives the iterations as follows

J [G(x)cn(x,t)]] ’

colx,t) =uo(x), cpr1(x,t) =L [ ox

which lead to a complete determination of the solution components c(x,?). For the

numerical simulations, the n-term truncated series solution can be obtained as

Test case 1 (TC-1): Constant growth
Iterations to compute the solution by proposed VIM are, by following the recursive scheme

(2.2.2), by setting G(x) = 1 and with the initial condition u(x,0) = e™*,

s (3,1) = t (x,1) — /0 t ( Fun(x,t) | a””(x’l)) dt. (2.2.6)

ot ox

Having this, we obtain the successive terms of the approximated solution as
(o) =)~ [ (o) + ouole) ) di
uy(x,t) =uo(x,t) — —up(x —up(x
1\ Up(x, 0 ot 0\As axu() )
t/d d
—e ¥ — —(e™)+=—(e) |dt=(1+1)e™
e [ (G g ) ar=(1+ne

and in a similar manner,

1 - 1 -
up(x,1) = (5t2+t+l>e Y us(xt) = (ﬁ—l—g—l—t—f—l)e A
and proceeding further the expression for u,(x,t) is

n 3 2

[t ot .
un(x,t)—(a—l—-~—l—§+5+t+l)e :
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According to equation (2.1.4), the solution is given by

u(x,t) = Jiigoun(x,t) =,

which is the exact solution of the problem.

Now, considering the same data for G(x) and ug(x), ADM leads to the following iterations

_ _ 1,
co(x)=e, ci(x,t)=te ", cz(x,t):Etze oas(xt)=te " op(xt) =—

So, here again, the exact solution is defined by

u(x,t) = J;)cj(x,t) = J;)%t"ex =
It can be observed that the truncated solutions using ADM and VIM are identical in
this case. Thus, the numerical results are plotted for VIM and OVIM only. In addition,
truncation errors employing proposed strategies are provided in Table 1 for various values
of n. Such truncation error is computed using the formula given as, see [16] for ADM

error,

Absolute Error = |uﬁ1 — u;|h;, 2.2.7)

n
i=1

where !, = u, (x;,t) and u; = u(x;,¢). From Table 2.1 where the absolute error is presented,

H n 2 4 6 8 10 H

| VIM 74266 42.0473 15.1825 3.6177 0.599277 |
| OVIM 683984 35.1237 11.8776 2.17243 0.299946 |

Table 2.1: Truncation error when r = 4.5 and x € [0, 5] taking 4; = 0.01 for TC-1

it is evident that error decreases with increasing number of approximations and OVIM

performs better than VIM. The number density and the first moment at = 4.5 are depicted
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VIM and Exact
VIM
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(a) Number density (b) First moment

Figure 2.1: Number density and first moment for TC-1

in Figure 2.1. It is shown that as number of terms in the series solution increases, the
estimated results are in excellent agreement to the analytical solutions of number density
and first moment. Further, Figure 3 presents the absolute error using ten-term truncated
solution obtained using VIM and OVIM. It is clear that the involvement of the convergence
parameter improves the accuracy of the truncated solution. Moreover, one can observe
from Figure 2.2 that as time increases, the error increases, which can be reduced by
considering more components of the truncated solution as demonstrated in Table 2.1 as
well.

Test case 2: Linear growth

In this case, taking G(x) = x in the growth equation and u(x,0) = ugp(x,7) = e, the

recursive scheme (2.2.2) provides the iterations for VIM as follows

up(x,1) =e * — /Ot (%(e_x) + %(xe‘ﬂ) dt =e *(tx—t+1),

2

upy(x,t) =e* <% (xz —3x+1)+r(x—1)+ 1) ,

3 Ix 1 2 1
uz(x,t) =e* <t3 (% —xz—}—gx — 8) +1? (%—%—1—5) +r(x— 1)—1—1) :

Similarly, one can compute the higher order terms using MATHEMATICA. Similar to the
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(a) Exact solution (b) VIM absolute error

(c) OVIM absolute error
Figure 2.2: Exact solution and absolute error for TC-1

previous test case, the first few successive iterations for ADM are obtained as

1
co(x,t) =€, ci(xt)=t(—e ) (1—x), ca(x,1) = —Etze_x (—x2—|—3x— 1),

1 3 Tx 1 1 453 2542
c3(x,t) = — e " (—x——|—3x2— _)c+_) , cq(x,t) = e (_)C_+i_ _x+

3 2 2 2 4 6 3 6

Therefore, the n term truncated solution is given by

Un(x,1) = i cj(x7t)a
j=0
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where the exact solution for the model is u(x,t) = e ¢ Again it is noticed that the
truncated solutions using ADM and VIM are same, so the numerical simulations are
visualized for VIM and OVIM only. The truncation error is summarized in Table 2.2 below
and the decreasing trend of error is marked with increasing n. As expected, OVIM again

provides less error as compared to VIM for all n.

H n 2 4 6 8 10 H

| VIM 07156 0.6396 05134 04243 0.3486 |
| OVIM 04355 02311 0.04584 0.1348 0.0057 ||

Table 2.2: Truncation error when 7 = 1.5 and x € [0, 10] taking 4; = 0.01 for TC-2.

VIM and Exact
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(a) Number density (b) First moment

Figure 2.3: Number density and first moment for TC-2

Further to see this, in Figure 2.3, a comparison between the truncated and exact solutions
for the number density and first moment is made at = 1.2 by taking various values of n.
It is clear from the figure that as the number of terms increases, truncated solutions both
for the number density and the total mass move closer to the analytical ones. It is worth
to point out that the zeroth moment in the above two cases is constant for both exact and
approximated solutions. The accuracy of the methods can also be seen from Figure 2.4
which gives the plot of the absolute errors obtained using OVIM and VIM. It indicates

that the error is negligible for n = 8 for both the schemes with OVIM showing advantages
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(a) VIM solution (b) Exact solution

(c) VIM absolute error (d) OVIM absolute error

Figure 2.4: Truncated solution, exact solution and absolute error for TC-2

over VIM.

2.2.2 Aggregation equation

This section is devoted to solving the aggregation equation using VIM and the obtained
numerical results will be compared to the ADM solutions provided in [16]. Three test
cases are considered consisting of constant, sum and product kernels with exponential
initial condition to show the advantages of VIM over ADM. Following the idea of Section

2.1.1, VIM iterations to solve the aggregation equation (2.0.1), with G =0 and S = 0 lead
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2.2. Numerical implementation

to

() =) = [ (P55 2 [ Ky )y

-l—/ODOK(x,y)un(x,t)un(y,t)dy>dt. (2.2.8)

Let us simplify these iterations for the following problems.
Test case 3: Constant kernel
Consider K(x,y) = 1 with the initial condition ug(x) = e™*, then the recursive relation

(2.2.8) reduces to

t(Quy(x,t) 1 [*
Mn+1(X,l)=Mn(XJ)—/O (%—5 A Un(x —y,1)un(y,1)dy

+ /oo Uy (X, 1)Uy (y,t)dy) dr. (2.2.9)
0

Hence, the first few successive iterations are computed as

3 2 1 ¥ 3x 3 X
N=e (A - 2 )2t X2 t(——l) 1]).
ua ;1) =e ( (144 nta7s) T 3Ty

and so on. The exact solution to this problem is provided in [83] as

_ 2x
4e” 112

u(x,t) = D

Using the error formula (2.2.7), in Table 2.3, the errors between the exact and semi-
analytical solutions using ADM, VIM and OVIM are evaluated for various values of .
It is clear from this table that VIM and OVIM not only provide better estimation than
ADM but errors are significantly reduced and close to zero for n = 6 and higher. To see

this further, five term truncated solution as well as the zeroth moment from ADM, VIM
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and OVIM are plotted along with the exact number density and moment in Figure 2.5 and
one can observe that OVIM and VIM are in excellent agreement with the analytical ones
as compared to ADM. Figure 2.6 displays 3D plots of approximated and exact solutions
along with the errors for the number density. The novelty of VIM is visible from the error
graphs 2.6(d) and 2.6(e) which guarantee that ADM’s error is relatively higher than VIM

and OVIM as time progresses.

‘ n 3 4 5 6 ‘
\ ADM 0.141249 0.0902173 0.0570828 0.0358428 \
| |
| |

VIM  0.0274487 0.0055058 0.0055058 0.000914124
OVIM 0.0274487 0.0041382 5.41422x 107> 4.96436 x 10~

| |
| |
| |
| |

Table 2.3: Truncation error when ¢ = 1.2 and x € [0, 10] taking #; = 0.01 for TC-3.

VIM, ADM and Exact
0.4 ® OVIM (n=5) 10pe ® OVIM (n=5) ]
—— Exact VIM (n5) — VIM (n=5)
ADM (n=5) 08f ADM (n=5)
> 03 1 -
x =
[%2] (<5}
3 g o6t
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@ <=
€ S 04f
Z 01
0.2
0l07\ 1 L L L L 0VO7| 1 1 1 1 1 1
0 2 4 6 8 10 0.0 02 0.4 06 08 1.0 12
X t
(a) Number density (b) Zeroth moment

Figure 2.5: Number density and zeroth moment for TC-3

Remark 2.2.1. The inclusion of the convergence control parameter enhances the VIM'’s
accuracy and efficiency to some degree but raises its computing cost heavily. Therefore,
computing the OVIM iterations are based on the model’s complexity. For instance, it was
difficult to calculate the higher-order components of the series solution for non-linear
aggregation (except for constant kernel) and combined aggregation-breakage equations.
It is worth to mention that 17.87 ~ 18 minutes was required to compute a 4-term esti-

mated solution in OVIM, whereas VIM only needed 18 seconds for aggregation equation
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2.2. Numerical implementation

(a) Exact solution (b) VIM solution
(c) ADM solution (d) OVIM error
(e) VIM error (f) ADM error

Figure 2.6: Number density and absolute error for TC-3
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with constant kernel. Consequently, the computations for OVIM are omitted for further

discussion.

Test case 4: Sum kernel
Considering K(x,y) = x+y with initial data up(x) = e * lead to the following form of

recursive relation

— 5 [ (Y un(x—y,0)un(y,)dy

un—i—l(x?t):un(x?t)_/ ot 2 Jo

0

t(aun(x,t) 1 [x
—|—/Om(x—i—y)un(x,t)un(y,t)dy) dt.  (2.2.10)

Thus, the first few terms of the series solutions due to VIM are

2
—H(%—x—l)—f—l),

and so on. Continuing in the similar manner, one can compute the higher term approxi-
mated solutions with the help of MATHEMATICA. The exact solution for the problem is

given in [16], as
e(eft_z)x_tll (2V1—e'x)
V1—e"lx ’

where /; is the modified Bessel function of the first kind. The number density of the

u(x,t) =

VIM and ADM solutions for n =4 at t = 0.7 are compared with the analytical result in
Figure 2.7. VIM performs better with a four term approximated solution. ADM, on the
other hand, needs a sixteen-term truncated solution to achieve the same level of accuracy.
Interestingly, for both approaches, four-term truncated solutions yield similar results and
match exactly with the precise total number of particles in Figure 2.7(b). Figure 2.8 also
illustrates that ADM has deviations when the VIM is nearly equal to the analytical solution

of particle concentration for n = 4. Finally, from Figures 2.8(d) and 2.89(e), it is clear that
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the VIM error is very small compared to the error due to ADM truncated solutions and

thus, it clearly justifies the accuracy of studying VIM. Test case 5: Product kernel

VIM, ADM and Exact
05 T — 1L0FE - - - - : : =
E *  VIM (n=4) + VIM (n=4)
—— Exact ADM (n=4) —— Exact ADM (n=4)

I

~
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o
©

ADM (n=16) |

o
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o
©
.

o
N
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Number Density
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-
o
o

o
=)
T
o
wn

X t
(a) Number density (b) Zeroth moment

Figure 2.7: Number density and zeroth moment for TC-4

Let us take K (x,y) = xy and the initial condition up(x) = e™*, the recursive relation (2.2.8)

becomes

5 > xyun(x—y,t)un(y,t)dw/o xyun(x,t)un(yﬁ)dy)dt.

Un11(x,1) = up(x,1) —/ 2

0

f<8un(x,t) 1 /x
2.2.11)

Using the above defined relation, truncated solutions are obtained as

3
tx
) = - — —t 1
up(x,1) =e (12 X+ )7
5( X xXw (X0 2 x
t)=e (1t - ! “nt2) T\ T !
wolat) = ( (544320 3780+180>+ (720 12+2)+ (12 x)+ )

and so on. The exact solution for this problem is provided in [16] as

oo k.,3k
u(x [) _ e(f(1+t)x) Z "x .
’ & e+ D)IT(2k+1)

Again, truncation errors are determined for n = 2,3,4,5 using both VIM and ADM by
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(a) Exact solution (b) VIM solution

(c) ADM solution (d) VIM error

(e) ADM error

Figure 2.8: Number density and absolute error for TC-4
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Hn 2 3 4 5 H

| ADM 0.178261 0.213002 0.200261  0.257254 |
| VIM 0.146182 0.111638 0.0957513 0.0662966 |

Table 2.4: Truncation error when ¢ = 0.7 and x € [0, 10] taking 4; = 0.01 for TC-5.

VIM vs. ADM
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Figure 2.9: Number density and the zeroth moment for TC-5

comparing the results with the exact solution in Table 2.4. It indicates that the error due to
ADM is not only higher but having oscillatory nature while VIM consistently provides
decreasing trend of errors with increasing n. Truncated solutions for number density
and the zeroth moment at = 0.8 are shown in Figure 2.9 along with the exact ones. As
observed in the prior case, similar results are being pursued here. The exact number density
and the VIM-based number density plots are identical taking n = 5 iterations. However,
ADM reveals fluctuations in number density for n» = 5 that can be improved by using a
ten-term approximation. In addition to this, both these methods predict the zeroth moment
accurately for n =5, see Figure 2.9(b). The superiority of VIM over ADM is also justified
from Figure 2.10 which represents 3D plots for the number density using n = 5 and the

errors between the exact and approximate series solutions.

2.2.3 Aggregation-breakage equation

This subsection gives numerical implementation and comparison between VIM and ADM

2x

2

solutions for the aggregation-breakage equation. With the initial conditions e and 4xe™
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(a) Exact solution (b) VIM solution

(c) ADM solution (d) VIM error

(e) ADM error

Figure 2.10: Number density and absolute error for TC-5
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2.2. Numerical implementation

two test cases are investigated to solve the equation (2.0.1) in series form consisting of
constant aggregation kernel K (x,y) = 1, binary breakage kernel B(x,y) = 2/y, selection
rate S(x) = x and growth rate G = 0. Before proceeding to discussion of the numerical
counterpart, let us write VIM and ADM iterations for the coupled model.

2.2.3.1 Variational iteration method

Using the VIM as defined in Section 2.1, considering L = % and the remaining terms as

N(u), iterations to solve the equation (2.0.1) with G = 0 are governed by

1 X
1) =)= [\ FEE 2 [ K =y (1) dy

Of [aun(x,t)

+ / T K ) (5, )it (3, )y — / " B y) SOty + S()n(x, 1) | db. (2.2.12)
0 X

2.2.3.2 Adomian decomposition method

Following Section 2.2, operating L~! on equation (2.0.1) having G = 0 and by denoting
the functions fj(u) = u(x —y,t)u(y,t) and fo(u) = u(x,t)u(y,t) lead to

)=o) = [ 5 [ K sosituay— [ Kty
+ / “B(x, y)S(y)u(y,t)dy—S(x)u(x,t)} dr.

According to [78], ADM introduces the solution u(x,¢) and the non-linear polynomials
filu),i=12as
M(XJ):ZCJ'(X,l), fl(u):ZAﬂ fZ(M):ZBj
Jj=0 j=0 j=0

where A; and B are Adomian polynomials, given for n > 1 as

n—1

A1 = Z Cj(x_yat)cn—j—l(yvt)7
=0
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and
n—1

Buoi = Y ¢(x,0)ca o1 (3.0).
J=0

Thus, the scheme would be as follows

co(x,1) =co,
B 1 X 5] o0
) =27 (5 [ K= saady - [RGB d+ [ BxSOI00d)
X

—S(x)cn(x,t)>, n=1,23,---. (2.2.13)

Let us simplify the formulations (2.2.12) and (2.2.13) for the particular cases of kernels.

Test case 6: As mentioned, taking K(x,y) = 1, B(x,y) = %, S(x) = x, G(x) = 0 with

initial condition u(x,0) = e™*, the VIM iterations are obtained using (2.2.12) as

up(x,t) =e* <t (1 —%) + 1) ,

3 2 2
X X x 1 X x 1 X
N=e (| -4+ )+ ([=-=—= t(l——) 1.
ur(x,t) =e ( (144 TR 6>+ (8 2 4>+ 5)t

Proceeding in a similar pattern, higher order terms can be calculated using MATHEMAT-

ICA. Next, following (2.2.13), the first few iterations of the ADM solutions are

3 4 3 2
3 of ¥ x 1 4 [ X x> Sx x 7
c3(x,t) =re ( + ), cq(x,1) e (384+96 13 24+48)

Using MATHEMATICA, one can find further iterations and then the nth term approximate

series solution is described as

up(x,t) = i cj(x,1).
j=0
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Since, the analytical solutions for the number density and the zeroth moment are not

VIM, ADM and Exact
, , 15 ; ‘ ; ; :
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(a) Number density (b) Zeroth moment

Figure 2.11: Number density and zeroth moment for TC-6

available in this case, the solution components are plotted for both the methods using
n =3 and 7 for ADM and n = 3 for VIM. At ¢ = 1.1, it can be seen from Figure 2.11
that the seven term ADM solution and the zeroth moment coincide with the three term
truncated number density and the zeroth moment obtained using VIM. Same observations
for number density are made from 3D plots presented in Figures 2.12(a)-(c). Moreover,
considering three term VIM solution as a standard solution, Figures 2.12(d) and 2.12(e)
depict that the error between three term VIM solution with seven term ADM solution is
almost negligible as compared to the error with three term ADM solution.

Test case 7: Consider the same aggregation, breakage and growth kinetics parameters as
taken in the previous Test case 6 but with different initial condition u(x,0) = 4xe~>*. The

first two iterations for VIM are computed as

4 3
up(x,1) =e & (t (% —4x2+2> +4x) :

uae.t) =e~ 2 (ﬁ <2x7 4x® 4 2t 10 2% 2« 1)

045 135 45 " 9 9 3 '3 3
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(a) VIM solution (n=3) (b) ADM solution (n=3)

(c) ADM solution (n=7) (d) Error (n=3)

(e) Error (n=7)

Figure 2.12: Number density and error for TC-6
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20 4ot 1 43
2 3 2 2
t ) — R — 4 2 4 X
+ (15 3—|—x+3x 3x 2>+t<3 x+)—|— x)

Due to complexity of the expression, we have not provided the higher terms here. For

ADM, the first few terms of the series solution are

4x3 20 4y 1
ci(x,t)=te > (% —4x2+2) . et =reH (% — % +2x3 4+3x% —3x— E) )

3 o (27 2% 28 31 4 13x 1
_|___
315 15 3 9 3 6 3)’
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ealr) :t4e_2x( x’ _2x8 x7 X% 500 65kt l7x3_11x2 x 7>.

The comparison of three term VIM and ADM truncated solutions with seven term ADM
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Figure 2.13: Number density and zeroth moment for TC-7

approximate solution is shown in Figure 2.13. It is noticed that the ADM seven term
truncated solution is nearly identical to the three term VIM solution, which is again ensured
from 3D Figure 2.14. The errors between ADM seven term solution with three term

solutions of VIM and ADM are presented in Figures 2.14(d) and 2.14(e), demonstrating
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(a) VIM solution (n=3) (b) ADM solution (n=3)

(c) ADM solution (n=7) (d) VIM error (n=3)

(e) ADM error (n=3)

Figure 2.14: Number density and error for TC-7
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that VIM outperforms ADM.

2.3 Conclusions

In comparison to the ADM, this chapter established that the VIM provided better estimates
for solving the non-linear aggregation or coupled aggregation-breakage models for the
number density and the zeroth moment. For the pure growth process, both formulations
were exactly the same for the particle density and finite term series solutions were shown
in excellent agreement with the analytical ones. Both ADM and VIM gave closed form
solutions for the growth equation having constant growth rate. Further, to accelerate
the accuracy of the solution, OVIM was implemented to solve the growth model and
aggregation equation with constant kernel. However, the computational cost restricted us
from applying the technique for other considered problems. The accuracy of VIM over
ADM [16] for the aggregation model was shown by comparing the series approximated
solutions and moment with the analytical solutions. Three different test cases were
implemented to justify the better efficiency and accuracy of VIM over ADM. In addition,
finite term solutions were computed for solving the coupled aggregation-breakage terms,
and numerical simulations were compared between ADM and VIM results in the absence
of analytical solutions. Despite the advantages of the VIM over ADM, we would like
to enlighten the readers with some limitations of the method. It was observed that the
terms obtained using VIM were quite complicated, and it was hard to find the closed-form
solution. Additionally, it also required large computational cost for finding the higher

order components of the series solution.
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Chapter 3

Elzaki transform based accelerated
homotopy perturbation method for
multi-dimensional coagulation and
coupled coagulation-fragmentation

equations

This chapter aims to establish a semi-analytical approach based on the HPM to find
the closed form or approximated solutions for the population balance equations such
as Smoluchowski’s coagulation, fragmentation, coupled coagulation-fragmentation, and
bivariate coagulation equations. An accelerated form of the HPM is combined with
the Elzaki transformation to improve the accuracy and efficiency of the method. The
supremacy of the proposed scheme, called AHPETM, is demonstrated by taking several
numerical examples for each problem. In addition, convergence of the series solution is

also the key attraction of the work.

The considerable part of this chapter is published in Journal of Applied Analysis and Computation,
14(5),1-32, 2024
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Chapter 3. Elzaki transform based accelerated homotopy perturbation method for
multi-dimensional coagulation and coupled coagulation-fragmentation equations

Let us recall the mathematical formulation of pure fragmentation equation 1.2.8,

du

5? ) /x B (X, )S()u(y,t)dy — S(x)u(x,t), (3.0.1)

and the non-linear Smoluchowski’s coagulation equation (1.2.5),

du(x,t 1 [x o
2] [ K vty a0y~ [ KCyuteutvd, (.02
with the initial condition u(x,0) = f(x).

Further, the bivariate equation for the coagulation process is given by

d £y 1 x>
—”%’ty’ ) :5/ / K(x—x'y =y X' Y)ulx—x',y =y, t)ulx',yt)dx'dy
0 JO

—/ / K(x,x',y, Y u(x,y,t)u(x’',y',t)dx'dy’, (3.0.3)
0 JO

with the initial condition u(x,y,0) = ug(x,y) > 0.

The chapter is organized as follows: Section 3.1 discusses a brief outline of the Elzaki
transformation. In Section 3.2, the general methodology of HPM and AHPETM are
presented. In Section 3.3, AHPETM is developed for aforementioned population balance
equations. Further, Section 3.4 gives a detailed convergence analysis of the proposed
iterative scheme. In Section 3.5, the developed formulations are adopted to demonstrate
solutions for several kernels and the supremacy of the scheme over HPM, ADM, HAM,

and ODM solutions are shown by means of numerical simulations.

3.1 Elzaki transformation and its properties

Tarig Elzaki developed the Elzaki transformation in 2011 [84, 85], which is the modifica-
tion of the general Laplace and Sumudu transformations to solve the differential equation
in the time domain. In [84, 85], authors show the efficiency and accuracy of the Elzaki

transformation on a large class of differential and integral equations. To understand the
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definition of the transformation, consider a set

A= {f(t) :3M ky ky > 0,]£(1)] <Me‘ki.z“, ift € (—1)/ x [O,oo)}

then the Elzaki transformation is defined as
E[f(t)] =T = v/ F(t)e vde, >0,
0
and the inverse of Elzaki transformation [86] is defined as

E\[Th]] = 2% /0 et H vav.

Some of the Elzaki transformation for standard functions are listed in Table 3.1.

Table 3.1: Properties of Elzaki transformation

f() E[f(t)]
1 v2
" nhy' 2
t v?
¢ 1—av
E[f(t) +g(t)] E[f(t)]+E[g(1)]
E[f"(1)] b _yn-l 2otk pk(0), p> 1

3.2 Methodology

In this section, we review the basics of HPM and AHPETM for solving general differential
equations. Then the schemes are applied to solve multi-dimensional coagulation and

coupled coagulation-fragmentation equations.
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3.2.1 Review of HPM

Let us consider the general differential equation

D(c)—h(x) =0, x€Q (3.2.1)
with the boundary conditions

B (c, %) =0,r € dQ, (3.2.2)

where D and B are the differential and boundary operators, respectively. One can usually
decompose the differential operator into linear (L) and non-linear (N) operators, implying

that equation (3.2.1) becomes
L(c)+N(c)—h(x) =0. (3.2.3)
Now, according to HPM, a homotopy H : Q x [0, 1] — R is constructed that satisfies
Hv(x, p)] = (1= p)[L[v(r, p)] = L{(co)]] + p[Dv(r, p)] = h(x)] =0, (3.2.4)

where ¢ is the initial guess for the equation (3.2.1) and p is the embedding parameter that
increases monotonically from O to 1. According to the HPM, we can write the solution of

the equation (3.2.1) in the form of series as

P =vo+pvi+pPva+---. (3.2.5)
0

V=
k=

Substituting equation (3.2.5) in (3.2.4) and letting p — 1, the solution is obtained as

follows

c=limv=Y . (3.2.6)
k=0

p—1
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3.2.2 Accelerated homotopy perturbation Elzaki transformation method
Consider a non-linear differential equation

d"c
o + Lc(x,t)]+ Nlc(x,1)] = b(x) (3.2.7)
with the initial conditions ¢/(x,0) = g;(x), i=0,1,2,---,n— 1, where ¢/(x,t) denotes

the ' order derivative of c(x,t) with respect to ¢. Taking Elzaki transformation and using

its properties on equation (3.2.7) finally provide, by following [87],

n—1
Elc(x,t)] = Z VF2ek(x,0) 4V E[b(x) — Llc(x,1)] — Nlc(x,1)]]. (3.2.8)
k=0
Now, applying the homotopy perturbation method to the equation (3.2.8), we get
n—1
(1= p)(E[c(x,1)] = E[c(x,0)])+p (E [e(x,0)] = Y V2 (x,0)
k=0

—V'E[b(x) — L[c(x,1)] —N[c(x,t)]]) =0. (3.29)

Let the unknown function ¢(x,) and non-linear operator N|c(x,7)] can be written in series

form as
c(x,t) = Z vup" (3.2.10)
n=0
and
Nlc(x,1)] =) Hup" (3.2.11)
n=0

where H,, represents the accelerated He’s polynomial with

n n—1
H,(x,t) =N(Y_ vi)— ) H, forn>1and Hy = N(vp). (3.2.12)
i=0 i=0
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Substituting the values of ¢(x,#) and N[c(x,t)] from the equations (3.2.10) and (3.2.11)

into equation (3.2.9) give

) n—1
E[Y vap'l =Y, V2K (x,0) 4 p {V”E
n=0 k=0

o)~ LY vip'+ ¥ an"] } .
n=0 n=0

Applying inverse Elzaki transformation and comparing the coefficients of powers of p, the

components of series solution, i.e., vﬁs are given in Table 3.2 and hence the solution of the

Table 3.2: Components of series solution

Vo c(x,0)
vi | X Bk (x,0) + E-HWE[b(x) — Llvo] + Hol}

V) —E-'"(V'E[L[v{] + H;]}

N —E VP E[L[va ]+ Hy ]}

equation (3.2.7) is obtained by taking p — 1 in the equation (3.2.10).

3.3 AHPETM for coagulation fragmentation equations

In the below section, AHPETM is extended to solve Smoluchowski’s coagulation, pure

fragmentation, coupled coagulation-fragmentation and bivariate coagulation equations.

3.3.1 Smoluchowski’s coagulation equation

Consider the non-linear aggregation equation (3.0.2) with initial condition u(x,0) = ug(x).

Applying Elzaki transformation, an integral form is obtained as

Elu(x,1)] = vzu(x, 0)+vE B /OxK(x —y,u(x—y,t)u(y,t)dy

- [ K@yatenutnnay|. (33.1)
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In order to apply the scheme, compare equation (3.3.1) with the transformed equation

(3.2.8), which provides L[u] =0, b(x) =0 and

I [~ o
N[u] = —5/ K(x—y,y)u(x—y,t)u(y,t)dy+/ K(x,y)u(x,t)u(y,t)dy.  (3.3.2)
0 0
Now, applying the HPM on equation (3.3.1) as defined in equation (3.2.9), we get
(1= p)(Elu(x,t)] — E[u(x,0)]) +p<E[u(x,t)] —vu(x,0)—
| °
oE |3 [ K=yt -yt~ [“Keyutiutnas| ) =0 633)
0 0

According to the methodology defined in Section 3.2.2, u(x,t) =Y;”_,v,p" and the non-

linear operator N[u] =Y;” o H,p", where H, for SCE is given by

1 ‘ 3
H, :E/o K(x—y,2) Y vilr—y,0) Y vi(y,1)dy
i=0 i=0

I n n n—1
_/ K(xvy) Zvi(xat) Zvi(y,t)dy— Z Hia n Z 17 (334)
0 i=0 i=0 i=0

with Hy = N|vp]. Using the above defined decomposition in equation (3.3.3) and comparing

th

the powers of p, the n’" component of the series solution is

B 1 X n n
bweat) =B o (3 K= Lt Stniay
i=0 i=0

S D W) MY v ) SV N CER
i=0 i=0 i=0

where vo(x,7) = u(x,0) and hence, the n term truncated series solution is calculated by

WICE (x,1) := Z vi(x,1). (3.3.6)
j=0
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3.3.2 Fragmentation equation
Considering the pure fragmentation equation (3.0.1) and applying Elzaki transformation,

the following integral operator form is achieved

E[u(x,1)] = v?u(x,0) + E (/:B(x,y)S(y)u(y,t)dy—S(x)u(x,t)) : (3.3.7)

Next, equation (3.3.7) is compared with the equation (3.2.8) for the implementation of
AHPETM. It is observed that for the case of pure breakage equation N{u(x,t)] = b(x) =0

and

Llu(x,0) = = [ Blxy)SO)ulr)dy +S(ouceo)

By following the steps discussed in the previous Section 3.2.2, a homotopy is generated as

follows

(1~ HElute)] - Elue 0]} +p ( Elutr.] - 2ux,0)
—VvE [/ B(x,y)S(y)u(y,t)dy — S(x)u(x,t)} ) . (3.3.8)
X
According to the proposed method, AHPETM introduces the solution of unknown function
u(x,t) in the form of infinite series as u(x,t) = ¥.7_v;(x,?). Substituting this into equation

(3.3.8) and comparing the coefficients of the powers of p, provide the iterations for the

solution as follows

Voot (x,1) = B! {VE [ / " B, y)S(y) v (x, )y — S(x)vn(x,t)] } . a0 (339

where vo(x,7) = u(x,0) and the n term truncated solution will be provided as
n

PIE(x,0) =Y vj(x1). (3.3.10)
j=0
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3.3.3 Coupled coagulation-fragmentation equation
The CCFE is governed by

du(x,t 1 [ o
) [ Kty tuts iy [ KCxyyutn uti)dy
ot 2 Jo 0
+ [ B)SOuGdy - Sute).  (311)
X
Applying Elzaki transformation on both sides leads to
1 X
Bl = 2u(r.0) +3E | 5 [ Kyt vty
0

—/OOOK(x,y)u(x,t)u(y,t)dy—i—/;OB(x,y)S(y)u(y,t)dy—S(x)u(x,t) . (3.3.12)

For the implementation of AHPETM, expression (3.3.12) is compared with (3.2.8) and

the following observations are made
b)) =0, L=~ [ Bluy)SO)ulrnn)dy+S(huls)
X
and
e .
Nl == [ Kl yy)utr—y0utvn) + [ K(euCenulr).

Following the procedure defined in Section 3.2.2, the iterations to solve the equation

(3.3.11) are as follows

susatn) =£ {6 (5 [ Ko=) St B o)y
 [TKG) Yt Yy — Y Hit [ B0y
0 i=0 i=0 i=0 %

—S(x)vn(x,t)) } forn >0 (3.3.13)
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where vy (x,7) = u(x,0). Let us denote the n term approximated series solution for CCFE

as

PITE (1) =Y vilx,1). (3.3.14)
j=0

3.3.4 Bivariate Smoluchowski’s coagulation equation

Consider 2D aggregation equation (3.0.3) with initial condition u(x,y,0) = ug(x,y) and

applying Elzaki transformation, leads to form as
_.2 L / VA / !
Efu(x,y,1)] =v7u(x,y,0) +VE | 5 Kx—x,y—=y,x Y )ulx—x,y—y,1)
0 Jo
u(x’,y’,t)dy’dX’—/ / K(x,xy,y ulx,y,u(x,y 1)dy'dx'| . (3.3.15)
0o Jo

In order to apply the AHPETM, equation (3.3.15) is compared with the transformed
equation (3.2.8), implying that L{u] =0, b(x) =0 and

1 x
N[”]:_E/o /0 K(x—x,y—=y Xy ulx—x'y—y t)ulx,y t)dy'dx’

-l-/ / K, X',y Y u(x,y,t)u(x',y' ,t)dy'dx . (3.3.16)
0 JO

Thanks to equation (3.2.9), applying the HPM on equation (3.3.15) enables us to have

( —P)(E[M(xaf)]—E[u(an)])+P(E[u(x,y,f)]—Vzu(x,yao)—VE
B /Ox/oyK(x—x/,y—y’,x’,y’)u(x—x’,y—y’,t)u(x’,y’,t)dy’dx’

—/ / K(x,x',y,y’)u(x,y,t)u(x’,y’,t)dy'dx’}):O. (3.3.17)
0 JO
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Again, following the idea of Section 3.2.2, u(x,y,t) = Y.,-_,v,p" and non-linear operator

Nlu] =Y, H,p" where H, is being given by

e - Y
H,, :E/O K(x—=x'y =y 2 ) Y vile =2,y =y,0) Y vy r)dy'dx’
i=0 i=0
n

oo n
—/ K(x,x’,y,y’)Zvi(x,y, Z X,y t)dydx' — ZH with Hy = N|vo].
0 i— i=0 i=0

(3.3.18)

Using the above defined decomposition in equation (3.3.17) and comparing the powers of

p, we get the n'* component of the series solution as follows

1oxopy n
Vn+1(x7yat) :E_I{VE(i/ / K(x—x',y—y/,x/,y/)Zvi(x—x',y—y/,t)
0 /0 i=0
n oo %) n
Y vilx,y 1)dy'dx — / / K(x,x',y,5") Y vi(x,,1)
i=0 0 Jo i=0

n
Y vilx, y’,t)dy/dx'> } forn >0, (3.3.19)
i=0

where vo(x,y,t) = u(x,y,0). Let us denote the n term truncated solution by

‘PESCE (x,y,1) Zv] X, Y,t) (3.3.20)

3.4 Convergence analysis

3.4.1 Smoluchowski’s coagulation equation

Consider the Banach space X = C([0,7] : L'[0,0), ||.||) over the norm defined as

||u|| = sup lu(x,s)|dx < oo.
5€[0,10]
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Let us use equation (3.3.1) in the operator form as

where
N [u] = u(x,0) + E~{vE[N[u]]} (3.4.1)
and N[u] is given by

Nl = 5 [ K=yt —utendy — [ Kxyutenutndy

Theorem 1. Let us consider the coagulation equation (3.0.2) with kernel K (x,y) = 1 for
all x,y € (0,00). If v} are the components of the series solution computed using (3.3.5)
and W3CE being the n term truncated solution provided in equation (3.3.6), then W3CE
converges to the exact solution u with the error bound

vl

where A = 13?0 (||ug|| + 2toL* +2tL) < 1 and L = ||uol|(T + 1).

Proof. Two separate phases complete the theorem’s proof. The contractive nature of
the non-linear operator .4 is initially demonstrated. Then convergence of the truncated
solution towards the exact one is established.

Step 1: As presented in [16], equation (3.4.1) can be written in the equivalent form as

&ttty explHb ] = 5 explAlotd] [ K —x)ute— .oty

where H{x,t,u] = [} [o K(x,y)u(y,s)dyds. Thus the equivalent operator N is given by

t

Nlu] = u(x,0) exp[—H (x,t,u)] + %/0 exp[H (x,s,u) — H(x,t,u)]
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/Ooo K (x,y)u(x —y,s)u(y,s)dyds.

Since N is contractive (Singh et al. established in [16]) and equivalent to N[u], the

non-linear operator N|u| is also contractive, i.e.,
|Nu—Nu*|| < 8lju—u|, (3.4.2)

where & := t9e? (||ug|| +2toL?> +2toL) < 1 (for suitably chosen #y) and L = ||uo||(T +1).
Now, using the definition and basic properties of Elzaki and Laplace transformations as

well as employing (3.4.2), we get

A = A u H—HE 1{vE u)} —E~H{E(N ()}

(N (
(iz | v det) vy
b

O|lu— He_’vdt) edv

<_/ (
-2
s v
271_/ —Z(8||lu—u*||)e’dv

1
_ -l {ﬁiﬂw””_”*n)} < O1p||u — u*|| for a suitable #y.

Step 2: Now, in this phase, an n term truncated solution is computed using the iterations

defined in (3.3.5) and then error is estimated. Given that,

n
‘P5CE = Z Vl'(X,t)
i=0

=u(x,0) -l-E_l{VE(N(Mo))}+E_]{VE(N(M()-|-M1) —Hp)}+---
n—1 n—2
+EWEWN(Y uj)— Y H)}
j=0 j=0
=u(x,0) + E"{VE(N[vo] + N[vo+vi] +---+Nvo+vi +---+v,_1]—
(Ho-l- (Ho +H1) +-F (H0+H1 +"'+Hn,2)))}

=u(x,0) +E~ {vE(N(¥,55))} = A [¥,5].
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Using the contractive mapping of .4 leads to

SC SC SC SC
H‘PnJr? _an EH S AH‘Pn E _\Pnfﬁnv

and thus, we have

sc sC sC sc
[ e R e T

Using the triangle inequality for all n,m € N with n > m, we have

M =l < I — ]+ 15T =S5+ 1 —

Am(l_An—m) Am

-2 = 7 <
T—A ||M1||_1_A

el

which converges to zero as m — oo, implies that there exists a ¥ such that lim W>¢F = .
n—yoo

Therefore,

u(x,r) =Y vi= ,}gigolPﬁc'E =V,
=0

1

which is the exact solution of the coagulation equation (3.0.2). The theoretical error is

obtained by fixing m and letting n — oo in the above formulation. [

3.4.2 Pure breakage equation

Let X = C([0,T] : L'[0,0),]|.]|]) be a Banach space with the norm
lul| = sup [ e*|u(x,t)|dx, where A > 0. (3.4.3)
t€[0,t0]
Now, equation (3.0.1) can be rewritten in the operator form as

u=2u) = u(x,0) +E"'vE(L[u])
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with L[u] being the right-hand side of equation (3.0.1).

Theorem 2. Let WEE be the n term truncated series solution of the fragmentation problem
defined in equation (3.0.1). Then ‘PE E converges to the exact solution and provides the

error estimates

-V, < 4.4
where v is provided in equation (3.3.9), if the following conditions hold

r—1

x
BIl. B(x,y)=c v

wherer=1,2,3,--- and c is a +ve constant satisfying [3 xB(x,y)dx =

Y
B2. S(x) < x*, wherek=1,2,3,---,

B3. A is chosen such that e —1 < 1,

k!(t9)?

< 1 for suitable t.

Proof. Let us begin with the proof that the operator .Z is contractive. In order to do

so, we use the fact that the operator L[u] is a contractive operator under the assumptions
. . . k!t .

mentioned in B1-B3, i.e., ||L[u] — L[u*]|| < p||lu — u*|| where p = ;Lk—fl < 1 by following

([16] Theorem 2.1). Now, thanks to Elzaki and Laplace transformations, one can write

1L u] = L] = HE l{vE

/(
it

= { (p||u—u||)}§19||u—u*||wheret9:pt0.

)} E7MVE(L ]}

(L[u

1 *x\ ,—tv v
2 Lu—Lu Ye Vdt ) eVvdv
b

v

pllu— *He”dt) edv

(llu—ur[)e"dv
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We proceed further to obtain the estimate (3.4.4). By using the iteration formula (3.3.9),

the n-term truncated solution is computed as

‘PfE :E_l{vE[vo]}—l—E_l{vE[vl]}+---+E_1{VE[vnf1]}

=E""VE[vo+vi+ - +v,1]} = E-{vE[PEE ]}
Therefore, we have
W5 =l < ol " =5 | < o erE ot
The above can be used to establish the following, for all n,m € N with n > m,

(7R ANk A A R L AR A R | SR i

< (" +19”‘2+--~+19m>\|‘PfE e Ol
19_m(1_19_n—m> 19_}’71

=7 <
il <

[vall-

Thanks for Hypothesis B4, the above tends to zero as m — o which means that there exists

a W such that lim W52 =¥, Thus, we obtain the exact solution of the breakage equation
n—oo

(3.0.1) as
x,1) =Y v,—y}l_r&‘Pn =Y.

i=0

3.4.3 Bivariate Smoluchowski’s coagulation equation

Consider a Banach space X = C([0,T] : L'[0,0) x L'[0,0), ||.||) with the enduced norm

Jul = sup [ [ lutns)ldndy <

5€[0,¢9] /0
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To demonstrate the convergence analysis, let us write the operator form of the equation

(3.3.15) as
u=Qlul, (3.4.5)
where Q is given by

Olu] = uo(x,y) + E~' [VE[Q[u]] (3.4.6)

and

| R
Q[M] = 5 / / K()C _xlay _y,7x,7yl)u(x _xl7y _ylvt)u(xlaylat)dyldxl
0 Jo
[ [ R s ul )y

o Jo
The iterative scheme’s convergence concept is splitted into two components, firstly, we
establish that the operator Q is contractive (Theorem 3) and then proceed further to discuss
the worst case upper bound for error (Theorem 4) below. To show the operator Q is

contractive, initially we prove that Q is contractive. To do so, an equivalent form of the

equation (3.0.3) is taken as

& lute ) explRCe )] = g explROs )] [ [ Kl =)
ot 2 0 Jo

u(x—x',y =y, Hulx,y,t)dy'dx (3.4.7)

where R(x,y,t,u) = [§ Jo~ Jo  K(x,x', 3,y )u(x',y',t)dx'dy'dt. Thus the equivalent operator
N is given by

N [u] = u(x,y,0)exp[—R(x,y,t,u)] + % /Ot exp[R(x,y,s,u) — R(x,y,t,u)]

Xy
/ / K(x—x'x,y—y ulx—xy—y s)u(x',y s)dy dx'ds. (3.4.8)
0 JO

61



Chapter 3. Elzaki transform based accelerated homotopy perturbation method for
multi-dimensional coagulation and coupled coagulation-fragmentation equations

Since, ./ and Q are equivalent, it is sufficient to show that .4 is contractive.

Theorem 3. The operator Q, defined in equation (3.4.6) is contractive for all u,u* € X if

the following conditions
s K(x,X',y,y)=1 Vx,X,y,y € (0,) and
o A=tZe*0l(|lul| +2toL* +2toL) < 1 where L = |Juo||(T + 1) hold.

Proof. Consider u,u* € X, then

N [u] = A "] =u(x,y,0) exp[=R(x,y,1,u)] — u* (x,y,0) exp[—R(x, y,1,u")]

2/exp (x,y,s,u) —R(x,y,t,u) // ulx—x',y—y,s)

1
M(X',y',S)dy'dX'ds—E/O exp[R(x,y,5,u™) — R(x,y,1,u")]

/Ox /Oy w (x—x'y—y' )ut(x¥,y,s)dy'dx'ds.
Let us define an another operator
H|x,y,s,t] = exp{R[x,y,s,u] — R[x,y,t,u]} —exp{R[x,y,s,u”] — R[x,y,t,u"]}.
It can be easily proven that
|[Hx,y,s,1]] < (t —s)exp{(t — 5)B}|u—u*|| < Byfu—u"]],
where B| = te'® and B = max{||ul|, ||u*||}. Further,

N [u]— N [u*] = uo(x,y)H(x,y,O,t)+%/OtH(x,y,s,t) /Ox/oyu(x—x’,y—y',s)
u(x',y',s)dy'dx'ds + %/0[ exp[R(x,y,s,u™) — R(x,y,t,u")]
{/x/y u (x—x'y—y ) {ulx,y,s) —u*(x,y,s)dy'dx’
—l—/ / Xy ) ulx—x,y—y ) —ut(x—x',y—y, s)}dx'dy}ds. (3.4.9)
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To show the non-linear operator .4” is contractive, a set D is defined such as D = {u € X:

||u|| <2L}. Taking norm on both sides of (3.4.9) provides

AT = AN < Bl ol + B = |5 ] s
! 1 * *
B |0l o Dl s
0
1, 1 . .
< By |l S0P+ 30l )| ]
1
< l‘()€2t0L [Huo” —|-2t()L2—|—§t()(2L—|—2L)] || —u*||

= Oju—u],

for a suitable choice of f. So, the operator .4 is contractive if § = foe?oL [||u0H +2t0L* + ZIOL] <
1, hence Q is contractive. Now we are in position to demonstrate that 2 is contractive.

Consider,

o] 1 [o5]
/ 2 (Qv— Qv*)e_”dt> e’vdv||
0 0

1 oo
< _ vt vt
< _2717/0 / |Qu— Qu*|le” dt)e dp

1
G
< L/w (1 /wSHu—u*He_wdt) edv
21 Jo v Jo
B 1
v
1

1 oo
= oz | 52l ey
L@l | = St = Alu-]
Hence, the above accomplishes the contractive nature of Q L]

Theorem 4. Assuming that the criteria of Theorem 3 holds and vis are the elements of the

series solution calculated by equation (3.3.19). Then the series solution converges to the
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exact solution with the error bound

A"
CS
| = — Il

e — 1A

whenever A < 1 and ||v;|| < oo.
Proof. The proof is similar to the Theorem 1, hence it is omitted here. [

Remark 3.4.1. It is worth mentioning that the iterations and hence the finite term series
solutions, computed using the HAM [8], HPM [9], ADM [16] and ODM [19] are identical
to the iterations obtained using the AHPETM for the breakage equation which is linear.
As a result, we have omitted the numerical implementations for pure breakage equation.
So, the main focus of all the approaches is on approximating the non-linearity, which has

no bearing on the linearity in the equations.

3.5 Numerical results and discussion

This section verifies numerically the effectiveness of the suggested approach for coagu-
lation, combined fragmentation-coagulation, and bivariate aggregation equations. Three
physical test cases are considered and results for the number density and moments are
compared with the precise solution as well as established and recently developed methods
(ADM, HPM, HAM, ODM) for SCE. Due to the improved and significant results noticed
in SCE, the numerical implementation is made for solving the coupled CFE and BSCE.
Two test cases of CFE and one example of BSCE are taken into account to justify the

effectiveness of our scheme.

3.5.1 Smoluchowski’s coagulation equation

Example 3.5.1. Consider the case of constant aggregation kernel K(x,y) = 1 with the

exponential initial data u(x,0) = e~ and for this the exact solution




3.5. Numerical results and discussion

is discussed in [16].

Employing the equations (3.3.5) and (3.3.6), first three components of the series solutions

are given as follows

1
vo(x,t) =€, vi(x,1)= Ete_x(x— 2),

3 2 2
1 3 3
VZ(X,t) :t3 (1);.—4—)16—24—;—6—6) €7x+t2 <%_Zx+Z) €7x7

1 3 - 4.7 3 6 2 5
xX,t) =————t7e | t"x" + 1427 (7 —4t)x> + 588(t — 2)t“ (2t — 3)x

— 29401 (£ (1 (41 — 21) 4 36) — 24)x* + 11760(5(t — 4)1((t — 3)t +6) + 48)x°

—35280(z (¢ (z(4t — 35) 4 120) — 240) + 192)x* + 70560 <t <t(t(2t —21)+90)

- 240) + 288)x — 10080(¢(1((4 — 49) 4 252) — 840) + 1344)> .

It is essential to mention here that the components v; are quite complicated and due to the
complexity of the terms, it is hard to find a closed-form solution. Therefore, a three-term
truncated solution is considered. However, thanks to MATHEMATICA, one can compute
the higher order terms using equation (3.3.5). To see the accuracy of proposed method,
the approximated three-term and exact solutions are plotted in Figures 3.1(a) and 3.1(b).
One can scrutinize that the AHPETM solution shows a remarkable agreement with the
exact one. Table 3.3 depicts the numerical errors of AHPETM at different time levels for

n =3,4,5 and 6 using the formula
m
Error = Ay = Y | (xi,1) — u(xi, )| i, (3.5.1)
i=1

where m defines the number of subintervals, /; the length of the interval and u(x,?) is the

exact solution provided in [16]. As one can notice, the inaccuracy grows as time increases
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(a) AHPETM (n = 3) (b) Exact solution
Figure 3.1: Number density for AHPETM and exact solutions for Example 3.5.1

Table 3.3: Numerical errors at = 0.5,1,1.5 and 2 for n = 3,4, 5,6 for Example 3.5.1

n \t:0.5 t=1 tr=15 r=2

3 |0.0014 0.0153 0.0543 0.1239
4 | 1.366x10~* 2.656x 1073 1.294% 102 3.632x 102
5 1 1.072x107°5  3.7972x10~%  2.5718x1073  9.0682x 103

6 | 7.154x1077  4.6146x107° 4.3241x107* 1.8931x1073

for a fixed number of terms and error decreases when more terms in the approximated
solutions are taken into account. Further, to see the beauty of our algorithm, errors
between exact and AHPETM solutions are compared with the errors between exact and
other well-established approximated solutions obtained via HPM/ADM/HAM and ODM
in Figure 3.2. It is important to point out here that the HAM [8]/ADM [16]/HPM [9]
provide the same iterations and hence the identical finite term series solution for the
considered model. It is noticed that HPM is very badly approximated in comparison to
ODM while AHPETM further improves the error of ODM very significantly. Figure
3.2(a) represents the concentration of particles at time ¢ = 2 and the solutions obtained

using HPM and ODM blow up where the AHPETM solution matches well with the exact
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Figure 3.2: Number density and error for Example 3.5.1

solution. Results for error from Figure 3.2(b) indicate that all the schemes are quite
efficient for a short time where as for a significant time, the errors due to HPM and ODM
are relatively very high compared to AHPETM. Further, Figure 3.2(c) depicts the error
plots of approximated solutions with precise solution for a fixed time r = 2 and it is
observed that the AHPETM performs well over HPM and ODM for large space domain.
In addition to this, integral properties associated with number density are plotted in Figure
3.3. The zeroth (total number of particles), first (total mass) and second (energy dispersed
by the system) moments are displayed and comparison are made with the precise moments.
In Figure 3.3(a), AHPETM offers superior approximations in the zeroth moment while
HPM under predicts the result and deviates almost exponentially from the exact one. ODM
shows much better approximation than HAM but still suffers fluctuations. In Figure 3.3(b),

the first moments of AHPETM and HPM exhibit close correspondence with the precise
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Figure 3.3: Zeroth, first and second moments for Example 3.5.1

moments, whereas ODM demonstrates a decline in precision. Notably, AHPETM and
HPM yield solutions that conserve mass effectively, contrasting with ODM’s inability to
replicate the model’s dynamics accurately. As shown in Figure 3.3(c), AHPETM continues
to be the best option as the second moment produced by AHPETM and HPM coincides

with the exact ones but ODM does not offer a decent estimate.

Example 3.5.2. Let us take aggregation kernel K(x,y) = x+ y with the exponential initial
condition u(x,0) = e~ *. The exact number density is provided in [88] as
e(eft_z)x_tll (2V1—e'x)

u(x,t) = ,

V1—ex

where 1) is the Bessel function of the first kind.

Using the equations (3.3.5) and (3.3.6), first few components of the series solution are
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determined as

1
vo(x,t) =€, wvi(x,t)= Ete_x (x2 —2x— 2) ,

1
va(x,1) :mﬁe—x (tx(xS — 10x* — 200 +240x% — 120x — 240) + 60x* — 360x>

—180x” + 1080x + 360) .

Continuing in a similar fashion, it is easy to compute the higher order components to
find better-approximated results. A four-term truncated solution is considered here and
the results are compared with the HPM and ODM solutions using the same number of

terms. As observed in the previous case, AHPETM is again found to be more accurate
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Figure 3.4: Number density and error for Example 3.5.2

than HPM and ODM, see Figure 3.4. This is clear from Figure 3.4(a) which displays
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Table 3.4: Absolute error for x = 5 at different time levels for Example 3.5.2

t AHPETM error ODM error HPM error

0.2 2.71288x107> 1.0352x1073 1.4248x 104
0.4 5.3035x10°4 0.2238x 1073 3.8424x1073
0.6 2.3932x1073 3.1524x 102 2.4873x 102

0.8 5.8862x1073 7.223%x 1072 9.060 x 102
1.0 0.0102 0.1327 0.2422
1.2 0.0137 0.2117 0.5345
1.4 0.0131 0.3057 1.0357
1.6 0.038 0.4085 1.8271

the number density at t = 2 for all the schemes. Further, Figure 3.4(b) and Table 3.4
demonstrate that for a fixed x and at different values of time 1, AHPETM provide the best
results over both HPM and ODM. In fact, the errors due to HPM and ODM grow almost
exponentially as the time increases, while AHPETM performs consistently. Finally, Figure
3.4(c) depicts that the error due to AHPETM is not only significantly smaller than the
existing approximated solutions of HPM and ODM but also close to zero for large spatial
domain. Moving further, approximated and exact moments are compared for AHPETM in
Figure 3.5. Surprisingly, ODM under predicts the zeroth moment and over predicts the
first and second moments, respectively, while HPM and AHPETM gave almost identical
findings and provided an excellent approximations to the exact zeroth, first and second
moments. One important point to note here is that the AHPETM four term series solution
can approximate the moments accurately up to time t = 1.5, while the ODM with 7 terms
can only achieve the same level of accuracy up to time t = 0.4. This shows the superiority

of the proposed scheme.

Example 3.5.3. Consider the case of product aggregation kernel K(x,y) = xy with the
exponential initial condition u(x,0) = e and the precise solution is provided in [89] as

> kxR exp(— (¢4 1)x)

“ooD) = L T (k1 2)

Using the recursive scheme defined in equation (3.3.5), a five term truncated solution is
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Figure 3.5: Zeroth, first and second moments for Example 3.5.2

considered. Due to complexity of the terms, only few given here as

va(x,t)

544320

vo(x,t) =e %,

1

X

vi(x,t) =

Lo —
12te x(x 12),

(tze_xxz (tx7 — 144155 + 30248 + 756x* — 45360x% + 272160) ) .

Figure 3.6 contrasts the error between the exact and truncated solutions obtained via

HAM/HPM/ADM, ODM, and AHPETM. The figure demonstrates that the AHPETM

outperforms both HPM and ODM results. Figure 3.7 further indicates the scheme’s

superiority as the unexpected behavior of the HPM and ODM solutions are noticed, where

as the AHPETM offers better estimates of the exact solution. Figure 3.8 continues by

contrasting the analytical moments with the approximated moments. In situations where
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(a) AHPETM error (n =15) (b) HPM error (n =15)

(c) ODM error (n=15)

Figure 3.6: AHPETM, HPM/ADM/HAM & ODM errors for Example 3.5.3
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Figure 3.7: Number density and error for Example 3.5.3
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Figure 3.8: Zeroth, first and second moments for Example 3.5.3

the HPM and AHPETM moments are almost identical and closer to the exact moments, as

seen in the prior occurrences, ODM moments explode.

Remark 3.5.1. It has been noted that both AHPETM and HPM offer a more precise

approximation for the moments, whereas ODM does not achieve the same level of accu-

racy. Conversely, ODM offers a more accurate approximation than HPM for the number

density, and AHPETM enhances the results for number density even further. Consequently,

AHPETM demonstrates greater efficiency compared to both HPM and ODM.

From the above illustrations, it can be seen that in all contexts, AHPETM performs better

than ADM, HPM, HAM, and ODM. Therefore, due to the novelty of the proposed scheme,

we use AHPETM to solve the more complex models such as coupled aggregation-breakage

and bivariate aggregation equations.
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3.5.2 Coupled aggregation-breakage equation

Example 3.5.4. Considering the case of constant aggregation rate (K(x,y) = 1), binary
breakage (B(x,y) = 2/y) with the selection rate S(x) = 5 and for the initial condition

u(x,0) = dxe > the exact solution for the problem (3.3.11) is provided in [90].

Using the iterations defined in equation (3.3.13), components Vs of the solutions are

computed as follows

1
vo(x,1) = 4xe >, vi(x,1) = gte_zx (4)(3 —6x% — 6x+ 3),

1
v (x,1) =380 <z2e—2x <8tx7 — 561x° — 841x° + 840rx* — 4201x° — 12601x% + 630rx+

504x° —2520x* — 1890x> 4 9450x2 + 945x — 1890) ) .

A four-term truncated solution is computed with the aid of "MATHEMATICA”. At a

Number Density
o I o
w S (S

o
N

o
-

0.0 0.5 1.0 15 2.0
Size

(a) Number density (n =4) (b) Time distribution

Figure 3.9: Number density for Example 3.5.4

specific period ¢, the number density of particles of size x is shown in Figure 3.9(a). It is
observed from Figures 3.9(a) and (b) that smaller particles tend to increase as time goes on,

while larger particles start to fragments into smaller ones. The error between the exact and
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truncated solutions is presented in Figure 3.10(a) and is found to be nearly insignificant.
Further, Figure 3.10(b) gives the absolute difference between the subsequent components
of the series solution and it is clear that the difference between the second and third terms
nearly vanishes, which serves as the inspiration for the decision to truncate the solution
for three terms. As shown in Figure 3.10(c), the truncated solution exhibits steady state
behavior for the number of particles as the zeroth moment is constant. This behavior was

also analyzed analytically in [90], and thus demonstrating the method’s novelty.

Example 3.5.5. Consider another example of the coupled aggregation-breakage equation
(3.3.11) with the same parameters as taken in Example 3.5.4 but with selection rate
S(x) = 2x and initial condition u(x,0) = 32xe~**. Similar to the previous case, here as

well, steady state behavior of zeroth moment was studied in [90].
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Thanks to the formula (3.3.13), three terms of the truncated solution are computed as
—4x 8 4 3 2
vo(x,t) =32xe™ ™, wvi(x,t) = §t€ (320 —24x" — 12x+3),

and

va(x,1) :%t26_4x (1024tx7 — 35841x° — 26881x° + 134401x* — 3360rx> — 50401x°

+1260fx + 8064x> — 20160x* — 7560x° + 18900x% + 945x — 945) .

Due to the complexity involved in the terms, a four-term truncated solution is considered.
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Figure 3.11: Number density for Example 3.5.5

The number density of particle in the system is presented in Figure 3.11(a). Further, Figure
3.11(b) presents the concentration of particles at different time levels, and an increment in
smaller particles is encountered, where as larger particles start breaking as time increases.
In Figure 3.12(a), the difference between the consecutive terms is presented, and the error
between the third and fourth terms seems to be vanishing, which leads us to truncate the
solution for three terms. The error between exact and approximated solutions is provided
in Figure 3.12(b). As expected, in Figure 3.12(c), AHPETM shows the steady-state nature

of zeroth moment and is exactly matching with the precise total number of particles.
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Figure 3.12: Error and moment for Example 3.5.5

3.5.3 Bivariate aggregation equation

Example 3.5.6. Let us take two-dimensional aggregation equation (3.0.3) with the constant

aggregation kernel K (x,x',y,y') = 1 and the initial condition u(x,y,0) = % exp{—i—f —
1772

%} for which the parameters and the exact solution are given in Table 3.5. For more

details, readers may refer to [91].

The first three elements of the series solution are provided below using the iterations

specified in equation (3.3.19)

vo(x,y,1) = up(x,y,0), vi(x,y,t)=5.42535x% 10" zxye 0% =30y (x2y2 —0.1152 x 10_4) ,
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Table 3.5: Parameters and exact solution for Example 3.5.6

No, p1, p2 1
my, mp 0.04
u(x.1) <m1,$1)v(3)+z>2 ((p1+1)7 l“(m+1) ) exp (G —
yeo (i ( (1P 2+1)p2+1)k<m71>(k+1)(171+1)*1(%)(kJrl)(szrl)*l)
k=0 F(( +1) (k+ D)L ((p2+1) (k+1))

and

va(x,y,1) =3.10441 x 10~ 1Oxye3%—50 (8.06248 x 10775x5y0 —9.10222 x 102413 x*y*

+8.73813 x 10%°3x%y? — 3.35544 x 10713 4 1.36533 x 10%12x*y*

—2.62144 x 10*'2x%y? +1.50995 x 106> + 6t) .

Continuing in a similar pattern, a four-term truncated solution is computed and compared
with the exact solution. Figure 3.13(a) gives the number density at time ¢ = 0.4 and it
is marked that larger particles almost disappear, and microscopic particles dominate the
system. A minimal error is seen between the exact and truncated solutions, according to the
error curve shown in Figure 3.13(b). In addition to this, Figures 3.13(c)- 3.13(e) present the
contour plots of the errors by taking two, three, and four terms truncated series solutions.
One can observe that as the number of terms increases, the error reduces significantly.
Finally, Figure 3.13(f) shows that the approximated moments, namely W o, i1,0, 42,0,

provide a great agreement with the corresponding exact moments.

3.6 Conclusions

This study employed AHPETM to solve the fragmentation, multi-dimensional coagulation,
and linked aggregation-fragmentation equations. Due to the complexity in the models,

convergence analysis were discussed for fragmentation and multi-dimensional aggregation
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Figure 3.13: Number density, error and moments for Example 3.5.6
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equations considering the constant kernels. With the help of MATHEMATICA, this article
also contained the detailed numerical investigations for each of the predefined models. It
was observed that, for pure fragmentation equation which is linear, all the schemes offered
the same results. However, for non-linear aggregation equation, AHPETM significantly
outperformed the results of ADM, HAM, HPM and ODM even after a lengthy period
of time. This justified the method’s reliability and applicability. AHPETM was also
designed to solve non-linear 2-D aggregation and combined aggregation-fragmentation
equations due to the accuracy and efficiency observed in the pure aggregation equation
and remarkable results were obtained in each case. In future, it would be interesting to
implement AHPETM for tackling static beam and other engineering nonlinear problems
[92-94]. One can include a convergence control parameter and Pade approximation to

enhance the approach that may offer a more refined and effective scheme.
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Chapter 4

New approximate solutions for
Smoluchowski’s aggregation and

coupled aggregation-growth equations

This chapter describes an improved version of homotopy analysis method for solving the
aggregation and aggregation-growth equations. Several physical examples are considered
to examine the precision and efficiency of the approach by comparing the results with exact
and existing estimated solutions derived using HAM, HPM, ADM and ODM. Furthermore,
moments are also highlighted. Interestingly, IOHAM enhances the accuracy of moments
compared to ODM, while HAM still better matches the actual moments. In addition, a

comprehensive convergence study of the series solution is investigated.

Consider a system enduring a particulate process, where L (x,¢) is the number density of

particles of size x at time 7. Consequently, the aggregation-growth equation is [95]:

8/4(5);,1) :%(G(x)‘u(x,t))+%/Oxﬁ(x—y,y)u(x—y,f)u(%t)dy

- /0 "By () (y,1)dy, 4.0.1)
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with the initial condition

11(x,0) = po(x). (4.0.2)

The left part of equation (4.0.1) depicts the evolution of x-sized particles. In the first term
on the right-hand side, the function G(x) represents the growth rate of the particle of size
x. The second and third terms define the aggregation process as discussed in preceding
chapters.

The article is structured as follows: In the subsequent section, a brief of the HAM
and IOHAM are discussed. In Section 4.2, the recursive scheme corresponding to the
general aggregation-growth equation is developed using IOHAM. Section 4.3 presents the
convergence analysis of the series solution to the exact solution. Section 4.4 is devoted to
a detailed discussion of several numerical examples. Finally, we present some concluding

remarks in Section 4.5.

4.1 Methodology

4.1.1 HAM

The fundamental concept behind the homotopy analysis method is to approximate the series
solution for non-linear differential equations [96]. This section briefly summarizes HAM

for solving the initial value problem for the first-order differential equation. Consider,
D[ (t),u(t)] =0, u(0)=ug, fort >0, 4.1.1)

where & is a non-linear differential operator, u(z) is a unknown function. According to

the scheme [96], one can construct the homotopy as follows

(1—q)L[®@(t;q) —uo(t)] = ghH2|®'(t;q),P(t:q)], 4.1.2)
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where ¢ € [0, 1] is an embedding parameter, / is convergence control parameter, ug(t) is
an initial guess, H(¢) # 0 is an auxiliary function and .% is a linear operator. It is clear
from (4.1.2) that as ¢ varies from O to 1, ®(z;q) varies from initial guess ug(t) = ®(z;0)
to the exact solution u(z) = ®(¢; 1). Following the idea of HAM, ®(t;q) can be expressed

as a power series in g of the form,
=Y 4'¢;. (4.1.3)
j=0
If the series (4.1.3) converges at ¢ = 1, the homotopy series solution is obtained as follows
u(t) =®(1;1) =Y ¢;. (4.1.4)
Jj=0

To obtain the components ¢;, substituting (4.1.3) in equation (4.1.2) and equating the

coefficients of powers of g, give the zeroth order deformation equation

ZLgo(r) —uo(r)] =0, (4.1.5)

and the high order deformation equations
L)) = ZL¢j 1] +hHP;, j>1, (4.1.6)

where Pls, are given by

Pi(t) = 'aqj (ZW, Zq@ ) 4.1.7)

i=0

4.1.2 Improved optimal homotopy analysis method

Liao in [96], explains that HAM provides the flexibility to provide solutions to non-linear
problems through the use of different base functions that can be constructed based on

the initial guess and the auxiliary linear operator. This section describes an enhanced
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version of the HAM for regulating the convergence rate and region. In order to improve

the accuracy of the solution, linear operator .Z is chosen of the form

du

Lu| = o + gk(up)hHu, (4.1.8)
where 99
o7 /
) = 2040
G (U 1o)

Therefore, the new modified homotopy is defined as follows

(1—-9) {% + Clk(uo)hH] [®(t;q) — ug) = ghH2(®' (1), D(1:q)). (4.1.9)

To felicitate the calculations, initial condition ug is considered as the zeroth-order approxi-
mation or the initial guess. Now, considering that the unknown function & can be written
into the form of infinite series as mentioned in equation (4.1.3) and following the same
procedure as HAM, iterations to solve the non-linear problems are discussed in Table 4.1

below: Hence the n-term truncated series solution is given by W,(¢) := Yi_ ¢;(¢). The

Table 4.1: Table of the coefficients for [OHAM

(1) o (x)
¢1(2) JohHPy(T)dT
0 s (61 +hH (P (%) — k(o)1 (<)) ) dz

01 (1) s (504 RH(500(1) + () — k(o) (9u(7) = 01 (1)) ) d, k> 2.

optimal parameter / is computed by minimizing the residual Res(h), defined by

Res(h) = \/ /Q (P9 (1),%(1)))d.
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Due to the difficulty in calculating the iterations, residue can also be calculated numerically

using the squared residual formula,

Res(h Z DV (ty), )])27

where 1, € Q are arbitrary sample points. Readers are referred to [8, 77] and further

citations for detailed explanation.

4.2 Development of IOHAM for aggregation-growth Equa-
tion
In this section, IOHAM is extended to solve the aggregation-growth equation (4.0.1).

According to the IOHAM defined in Section 4.1.2, the optimal linear operator .Z is
defined as

0
Z1u) = 5+ ak(po)hHp,

where

=2 [ Byt i+ [ Bematndy - S6W], @2)

with initial approximation or zeroth approximation is considered as ¢y = pt(x,0), then a

homotopy is constructed as follows

(1) | g5 +ak(uo)hit | 00630) ~ ol = antt (22504 [ Bxo(nourlay

)

- E[G(XW(M)] - %/Oxﬁ(x—y,y)¢(x—y,t)¢(y,t)dy> : (4.2.2)
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Considering H = 1, substituting equation (4.1.3) in (4.2.2) and then comparing the powers

of g, zeroth and higher order deformation equations are obtained via

(

Po(x,1) = 1(x,0)
¢ (x,1) = /(aa(tOJrh(%—i[G( )9o(x,1)] — /ﬁx ¥,y Aody+/ ﬁxyBody>)dt

d d d
)= [ (G- SGmenl -5 [ -y
+ [ Beeomiay ko ) )i
L, ¢, 0
o) = [ (P (25 - L1600 (0] 3 [ B sy

BBy ko) 0~ 902) ) . 3,

(4.2.3)

where

1 d" L 1d" .
e (1 (E)), i (o(E0)),

for f1(n) =p(x—y,t)u(y,t) and fo(u) = w(x,t)u(y,t). Hence, the nth-order deformation

equation is governed by

L O — XnOn—1] = hH(Zn + k(o) [XnPn—1 — Xn—10n—2]) (4.2.4)

where

dl,—1(x,t)  I(G(x)u, t)
&, — ualt(x ) d( ()Ivalxlx /ﬁ vy Zuﬂy Ottty

+) / B (x, y) i (x, 8) 1 j(x,)dy (4.2.5)
j=070
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and the characteristic function ¥, is given by

0 ifn<l,
Xn = (4.2.6)

1 ifn>1.

Remark 4.2.1. It is worth mentioning that IOHAM is an enhancement to the recently
developed ODM [25]. It involves the convergence control parameter h, which increases
the convergence rate of the truncated solution to the exact solution. A particular case of

h = —1 reduces IOHAM to the ODM.

4.3 Convergence analysis

In this section, the convergence criterion of the iterative scheme, provided in equation
(4.2.3), for solving the aggregation-growth equation is discussed. Further, the convergence
of truncated series solution and error bounds of the approximated solution are presented

for the pure aggregation equation.

Theorem 4.3.1. If the iterative components ¢, are constructed using the higher-order
deformation equation (4.2.4) with %, given by equation (4.2.5), then the series solution

Yoo On is the exact solution to the problem (4.0.1) as long as it converges.

Proof. Let us assume that the series (¢,);,_, converges to i (x,?). Then one can write

[}

w(x,t) = Z ¢n(x,1) which implies that lign On(x,1) =0. (4.3.1)
n=0 e

Considering this, it is easy to see that

ZJ‘, [(bn(xat) _an)n—l(x?t)] =01+ (¢2 _(Pl) +"'+(¢j_¢j—1) = ¢j<x7t)>

n=0
and hence, we get

(o)

Y. [0n(x,1) = %u9u—1 (x,1)] = lim ¢(x,1) =O.

n=0
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Using the linear property of the operator .# leads to

oo o)

ZZ[(Pn_Xrﬂ)nfl] =2 Z [¢ — XnPn— 1] =

n=0 n=0
Thus, recalling the mth-order deformation equation
Z Z [(P — XnPn— 1 Z ‘% +k ,LL() %n(])nfl - Xn71¢n72)) =0,

n=0

entails that
Y. Balbn1] =0, (4.3.2)
n=1

as h,H # 0. Therefore,

-, v |Up1(x,t) I(G ()un 1(x,1))
,;%"_Z ot B /5 X=y,y

n=1
n—1

3 uJ-(x—y,r)un_]_,-(y,r)dy!i [ B 1 0nay
j=0 j=070

Changing the order of sum simplifies to

o) [

Z'%”_Zaunl)Ct Z /Jant /ﬁx ny

n=1 n=1

i Z .ujx Y )uun 1— ](XIdy+Z Z / xy.uj(x l).un 1- ]()’a )dy'

J=0n=j+1 j=0n=j+1

Letting k = n — 1 — j, the above reduces to

o)

auy, — n
Z%n_zﬂlxt Z Mlxt /ﬁx - Z.ujx )

n=1
Y w0y [ Ben) Y o) Y i)y
k=0 0 j=0 k=0
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Recalling equations (4.3.1) and (4.3.2), we have

oplx.t) _ o(GWu(xt))

h ;x % /0 CB(x— vy — ) )dy — /0 By )y,
4.3.3)

implying that pu(x,7) is the exact solution of the aggregation-growth equation (4.0.1). [J

We will now discuss the convergence of the recursive formula (4.2.3). Here, it is hard to
handle the coupled aggregation-growth model and so for the sake of convenience G(x) =0
is considered, i.e., the case of pure aggregation is handled. Let us rewrite the equation

(4.0.1) into the following form

i) =utx0)+ [ (5 [ Byt omnsldy

—/0 B, y)p(x,s)u(y, s)dy) ds. (434
Further, for a fixed T > 0, consider a strip
W ={(x,1):0<t<T,0<x<oo}
and define ¢(7T') be the space of all continuous functions pt(x,7) with the norm
[l () := sup | (x,s)|dx < L. (4.3.5)
0<t<T /0
Let us write equation (4.3.4) into the operator form as
w=Aul, (4.3.6)

where ./ is given by

Al =0+ [ (5 [ B sty - [ B )ds
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To show the contractiveness of the non-linear operator .4", an equivalent form of the

equation (4.3.4) is defined as

& () explo# (15, )] = Sexplo# (5,5, 8)) [ Blx 3 y)ax 3 )y

where 7 (t,x, 1) := [} [ B(x,y)1(y,5)dyds. Thus, we have y = .4, where

A = e 0)expl= A (15, )]+ [ explH (5,5, ) = (1,00

/0 B(x—y,y)u(x—y,s)u(y,s)dyds. (4.3.7)

Since .4 and .4 are equivalent, it is enough to show that .4 is contractive.

Theorem 4.3.2. The non-linear operator N introduced in (4.3.7) is contractive, i.e.,

1A 1] = A (|| < || — || for all p, u* € @(T) holds if
e B(x,y) =1forall x,y € (0,),
o §:=te™(||uol| + 3TL*+ L) < 1, where T = min {1y, 71 }.

Proof. We begin this by showing ||.# [u]|| < L for small 7 > 0. Consider,

X

Il < toexpl— ¢ lrox |+ 5 | [ Cexplot (sat) = tox ) [ e =30 mlrss)dds

1 t t oo X
<l 5| e |- [ [ uonasas] [ e somooas

1 o ot rX
<ol +5 [ [ [ wex=ws)nir.)dvdsdx.
0 Jo JO

Further, by changing the order of integration and using the equation (4.3.5), imply that

~ 1 t oo oo
Al <lwoll+5 [ [ [ ns)ns)dzayds
0J0 JO

1
<luol| + 5271

Hence, ||#[u]|| < L holds true if || || + 3L*To < L for a suitable # = 7p. This inequality

90




4.3. Convergence analysis

. 1
holds if 75 < 2] and

1—+/1—=27] ol << 1+ +/1—=27]| o]

70 70

Now, we concentrate on demonstrating that the mapping .# is contractive. For this,

consider
A=A )=o) A O x5 [ [ A5 0u(ex =yl s)dvds

+ % /Ot expl A (s,x, 1) — H [t,x, 1)) [/OXH*(X—% {u(ys) = (3,5)}

* /ox“@@{u(x—y,s) - H*(x—y,s)}dde ,

where 7 (s, x,1) = exp[Z (s,x, 1) — H (t,x, )] — exp[H (s,x,u*) —  (t,x, u*)] and it

can be easily shown that

|7 (s, x,0)| < ¥l — w7,

where y = re'” for 2 = max {||u||,||*||}. Hence, we have

- 7 * * * r1 ! 1 * *
oA o) = A (w7 <ol ="+ 7 =) [ S lwalPts+ | y[§<||u||+||u Dl =] ds
1 1 N N
<y ||uo|!+§t||u||2+§f(llu||+||u ||)] [ — ]

=0 || — p*l,

which for 6 = y(||uo|| + %‘L'ILZ + 71L) < 1 for suitable 7| indicates that the operator .4 is

contractive. O]

Theorem 4.3.3. Let ¢1,0s,...,0, are the components of the series solution and ¥, =

Y' o9 be n term truncated series solution. Then the approximated series solution con-
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verges to the exact one with the error bound

m

I105,r) = B0 < =

| ][5

assuming that all the conditions of Theorem 4.3.2 hold. In addition, the following condi-

tions are also imposed:

Al k(ug) €L, i.e., |k(to)| < k for some k € R,

On — G| < € where € < nL,, such that

A2. ¢y is a Cauchy sequence, i.e., for any n > m,

p> 1

Proof. Using (4.2.3), (n+ 1)-term approximated series solution is defined as
t 8‘{171 1 x N o N
W, = / ((1 +h) == - 5h/ (ZAi)derh/ (Y Bi)dy— hk(uo)q)n) dr. (4.3.8)
0 t 0 =0 0 =0

Following [97], one can obtain the inequalities 7' yA; < fi(¥,) and Y7 Bi < fo(¥n).

Using these, the above equation reduces to,

! 0¥
o < [ (4D - 1]~ k)9, )
0
Therefore, using the conditions of Theorem 4.3.2 and A1, we have

W1 =it <I(¥n =) (1 4R + [A[[| A THn] = A [l [| + k(th0) Pl [ @ — Ol
<|1+h|||¥n — Pl + 6|h|[|¥) — Ynl|| + €kht

<A|[¥) —Vu| + €khr,
where A := |1 + h| + 8|h|. Hence, the following results is observed

W1 — Pl| AW —Ppei || + kT < A?||W,_ 1 — Wos || + ekhT(1 +A)

<A"||¥; —Wol| + ekht(1 +A+A2+...+Am—1)
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o, 1—A™
=A"||W; —Wo| + ekht A )

Using the properties of norm for all n,m € N with n > m, it is certain that

¥ =¥l <IWnrt =Wl + W2 = i [+ + [ = P |

S(ATH AT AT [P - W+

1—A" ] —Amtl 1 —An!
EkhT -
1—A+ 1—A oot 1—A
A" ekht
< _

which converges to zero as m — oo under the assumption A2. This implies that there exists

a ¥ such that lim ¥, = ¥. Thus, we have ¥ =Y~ (¢, = W (x,t), which is the exact

n—soo
solution of the aggregation equation. Further, by fixing m and letting n — oo, error bound

1s obtained as
m

1-A

[ (x,2) =W (x, 1) < [
This concludes the proof of the theorem. [

Remark 4.3.4. Consider the convergence control parameter h with A < 1, so that

1—|14+nh
A:|1+h[+6]h\<1:>6<%, h # 0.
From the RHS of the above equation, we get
(
—1-2 h<-—1,
1— |1+
— 7 =431 —1<h<O.
i
—1 h>0
\

Therefore, one can choose the parameter h € [—1,0).
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4.4 Numerical implementation

This section consists of three test cases of the pure aggregation (G(x) = 0) equation and
one test case of the coupled aggregation-growth equation with different physical kernels.
For choosing these problems, physical motivation is provided in Section 1. Due to the
non-linearity in the equation, it is hard to find the closed-form solution. Therefore, semi-
analytical results are obtained by truncating the series solutions. The accuracy of the
truncated results are analyzed by comparing approximated number density and moments
with the exact ones. Further, the estimated order of convergence (EOC) is computed and

plotted using the formula

|| (x,2) — Noj|
|| (x,2) — Nai|

EOC =In ( > /1n(2),

where N; are the numerical results observed using i degrees of freedom. It is worth
to mention that the observations about EOC are identical for all the cases, and hence
simulations are plotted for constant kernel only. Throughout the computations, we consider

H=1.

4.4.1 Aggregation equation

Example 4.4.1. Consider B(x,y) = 1 and G(x) = 0 in equation (4.0.1) with initial condi-

tion [ (x,0) = e for which the exact solution of the problem is given in [89] as

_2x
4e” 112

(t+2)%

H (xv t) =
Using the equation (4.2.1), one gets

k(uo) = %(sinh(x) —cosh(x)+1)—1,

94



4.4. Numerical implementation

and employing equation (4.2.3), components of the series solutions are obtained as

¢1(x,1) =ht (e_x— ezxx) ;

02 (x,1) :%hte_x (h (te ™ (x—2) +1(x—4)(x—1) —4x+38) —4x+8),

¢3(x,1) =%hze—3x (er (h2 (£ (—2x° +20x% — 50x +29) +24¢ (x* — Sx+4) —48(x—2))

+12h (t (22 — 11x+10) — 8(x —2)) —48(x—2)) —2h**(x - 2)

—2hte* (h(t (x> —8x+8) — 12(x—2)) —6(x—2)) )

Due to the increasing complexity of the components of the series terms, a three-term
solution is being considered. Moreover, it is noticed that three terms approximations is
good enough for predicting the exact solution. To achieve the greater precision, one can
use MATHEMATICA software to calculate the higher-order terms. Figure (4.1) depicts a
comparison between the exact and truncated series solutions obtained using IOHAM and
ODM. It can be observed that for a short period, both ODM and IOHAM show a good
agreement with the exact solution. In contrast, ODM does not match well with the precise
number density as time increases, while IOHAM continues to provide a more accurate
approximation. In Figures (4.2)(a) and (4.2)(b), errors are displayed to demonstrate the
novelty of the proposed schemes. Figure (4.2)(a) displays that errors obtained from all
the defined methods are almost negligible up to time ¢ = 2 for a fixed x. However, as time
progresses, HAM and ODM errors explode, whereas IOHAM error is still insignificant.
Figure (4.2)(b) demonstrates the absolute difference between two consecutive terms for
time ¢ = 1. The difference between the second and third terms is negligible, which leads us
to conclude that the contribution of the higher-order terms is negligible and thus, motivates
us to shorten the solution to three terms. The accuracy of the three-term truncated solutions
can also be observed in Figure (4.2)(c), which depicts a comparison of the number density
at time r = 1. It can be visualized that the HAM under estimates and ODM over predicts

the particle concentration, whereas IOHAM has a remarkable agreement with the actual
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(a) ODM (n=3) (b) IOHAM (n = 3)

(c) Exact
Figure 4.1: ODM, IOHAM and exact solutions for Example 4.4.1

values. In addition, the 3D absolute errors between exact and truncated solutions using
HAM, ODM, and IOHAM are plotted in Figure (4.3). Figures (4.3)(a) and (4.3)(b) indicate
that HAM and ODM maintain their accuracy for a brief time. However, the error grows
as time passes, whereas in Figure (4.3)(c), IOHAM accuracy persists for a considerable
period of time.

Proceeding further, Figure (4.4) compares the zeroth, first, and second moments of the
truncated solution to those of the exact solution. The first figure demonstrates that the total
number of particles obtained from all truncated solutions correspond well with the precise

solution for a specific time. As time passes, HAM and ODM moments deviate from the
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(c) Concentration
Figure 4.2: Concentration and error for 4.4.1

exact one rapidly. In contrast, IOHAM provides a stable and more accurate estimation of a
time of greater significance. It is worth mentioning here that the total mass is conserved in
all the truncated solutions, as shown in Figure (4.4)(b). Finally, Figure (4.4)(c) shows that
the second moment generated by the truncated solution utilizing all methods correspond
well to the exact second moment. Further, to add some more novelty of the IOHAM, it
can be observed from the error distribution plot in Figure 4.5(a) that as the number of
terms increases, the error reduces. In Figure 4.5(b), EOC is provided for HAM, ODM,
and IOHAM and it is noticed that the order of convergence is one for all the schemes.

However, graph indicates that IOHAM converges towards one faster than ODM and HAM.

Example 4.4.2. The IOHAM series solution for the aggregation parameter B (x,y) =

(x+y) with exponential initial condition ly(x) = e is computed and compared with the
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(a) ODM error (b) HPM error

(c) IOHAM error
Figure 4.3: Error for Example 4.4.1

exact solution given in [88] as

B e<eft_2>x_t11 (2vV1—ex)
,U()C,t) - mx )

where I, is the Bessel function of the first kind.

Employing equations (4.2.1) and (4.2.3), k(o) and the first few components of the series

solutions are obtained as follows
1
k(to) = —x+ Ex(sinh(x) —cosh(x)+1)—1, @o(x,1) =e %,
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Figure 4.5: Error distribution and order of convergence for Example 4.4.1

(Pl(xvt)

= ht (e_x(x+1)—

1
Ee_xx2> .

Figure (4.6)(a) depicts the concentration of particles at time ¢ = 3, for a three-term

truncated solution. It is shown that ODM and HAM fails to estimate the number density
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Figure 4.6: Concentration and error for Example 4.4.2

accurately and exhibit variations, whereas, IOHAM displays a remarkable agreement
with the actual solution. In Figure (4.6)(b), the error is plotted over a longer period of
time for x = 5, and it is important to note that the error obtained using HAM and ODM
increases virtually exponentially, whereas the error produced using IOHAM remains
tolerable. In addition, Figure (4.6)(c) provides the rationale for truncating the solutions
to three terms, since it is obvious that the absolute difference between two successive
terms is decreasing and the absolute difference between the second and third terms is
nearly negligible. Figure (4.7) depicts contour plots of the errors between finite term series
solutions and precise ones and it is observed that HAM exhibits an unacceptable amount
of error for smaller size particles but a low amount of error for larger size particles. The
same observation is also made for ODM from Figure (4.7)(b), but the error decreases

significantly as compared to HAM. However, this error is still difficult to tolerate. Figure
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Figure 4.7: Error for Example 4.4.2

(4.7)(c) demonstrates that IOHAM yields a negligible error in comparison to the other two
approaches, which justify the superiority of the suggested method. Additionally, Figure
(4.8) compares the approximated and actual zeroth, first and second moments. It indicates
that, over a length of time, all of the stated approaches produce an excellent estimate of
the exact moments. However, as time progresses, ODM deviates from the exact solution,
but IOHAM continues to provide a better approximation. Notably, where HAM fails to
anticipate the number density properly, it delivers a remarkable matching with precise

moments. Similar to the preceding example, it is observed that as the number of terms
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Figure 4.8: Moments for Example 4.4.2
increases, the error decreases, and the order of convergence for each technique is 1.
Example 4.4.3. The IOHAM series solution for the aggregation parameter (x,y) = xy

with exponential initial condition ly(x) = e~ is computed and compared with the exact

solution given in [89] as

> tKx3exp(— (4 1)x)
&k 1)IT(2k+2)

p(x,1) =
Using the formula defined in equation (4.2.1) and recursive relation (4.2.3), one gets

1
I L e |
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2 (x,1) :%htezxx (ex (i ( (x (x (x* — 45x 4+ 30) + 180) — 360) — 60x* +720) — 60x? +720)

— 15ht(x+2) (x¥* — 12) )

In this instance, the same pattern of particle concentration is observed as in earlier

(a) ODM (n = 3) (b) IOHAM (n = 3)

(c) Exact (n=23)

Figure 4.9: ODM, IOHAM and exact solutions for Example 4.4.3

instances. One can see from Figure (4.9) that IOHAM gives a great agreement with the
exact solution whereas ODM fails to maintain the precision. Figure (4.10)(a) compares
the amount of particles in the system when HAM, ODM, and IOHAM are utilized. It

is visualized that HAM over estimates the concentration, while ODM under estimates
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it. However, IOHAM contributes significantly to the precise solution. Figure (4.10)(b)
depicts error for a fixed x, and it can be noticed that for HPM and ODM, error develops at
a relatively rapid pace with time, whereas IOHAM maintains accuracy for large instances.

Further, Figure (4.11) presents the error obtained employing HAM, ODM, and IOHAM.

Loe ® HAM(n=3) 1 15l | —HAM
ODM(n=3) — Exact Clend

05l IOHAM(n=3) - ISTAY
S \ o’ ®e,
E /\M‘ R ° [ ® 5 10+
5 0.0r LI N I 4 3 Llj
(&}
5
O _osf S

-1.0F ol

0 1 2 3 4 5 0 1 2 3 4 5
Size t
(a) 2D Concentration (b) Error atx =5

Figure 4.10: Concentration and error for Example 4.4.3

As evident in the previous cases, [OHAM still maintains its supremacy and provides a

better approximation to the exact solution as compared to other methods.

4.4.2 Aggregation-growth

Example 4.4.4. Let us now consider the generalized aggregation-growth equation (4.0.1)
with linear growth rate G(x) = x, coagulation kernel B(x,y) = 1 and the initial condition

1 (x,0) = e™*. Exact solution for the problem is given by

—t
_e X_t

e 3t
(x,t) = PRV
5+1)

To get the IOHAM solution iterations, using the equations (4.2.1) and (4.1.2) yield

k(o) = %(sinh(x) —cosh(x) £ 1) =2, o(r,) = e,
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(a) HAM error

30f

251

20

10

05

00}

L L L
4 6 8
Size

(c) IOHAM error

Figure 4.11: Error for Example 4.4.3

—x
O1(x,1) =ht <Ze_x - 362 x) )

1
02 (x,1) :§me—x (h(te™(3x—4) +1(x(9x—25) +6) — 12x+ 16) — 12x+ 16) ,

96
+ ™ (h(ht (£(39 — 2x(9x(3x — 16) + 143)) 4 24(x(9x — 25) +6)) + 48/ (4 — 3x)

1
¢3(x,1) =—hte > (2h2t2(4 —3x) — 2hte* (h(r(7x(3x — 8) 4+ 12) —36x+48) — 18x+24)

+120x(18x — 59) +96(3t — 3x +4)) 4+ 48(4 — 3x))) .
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Examining a solution for a truncated series with four terms, it becomes evident from

(a) IOHAM error (b) ODM error

Figure 4.12: Errors for Example 4.4.4

[ J -
—— Abs[upy—u1] e Ho

L Abs[uz—uz]
06 K2
Abs[ug—u3] 5k Ha4

0.4r

0.2 4 24
T

0.0F %4 —

Error
Moments

Size Time

(a) |ui —uj—1| fori=2,3,4 (b) Moments

Figure 4.13: Absolute difference of consecutive terms and moments for Example 4.4.4

Figure 4.12 that the IOHAM solution corresponds to the exact answer and provides a more
precise approximation than ODM. In addition, Figure 4.13(a) demonstrates that for a fixed
period of time, the difference between consecutive terms diminishes, indicating that after
a certain period of time, the contribution of higher terms disappears, which leads us to
truncate the solution for a four-term approximation. In Figure 4.13(b), the convergence of
precise and truncated series solutions moments reveal considerable concordance where

Wi represents the i™ moment with utilizing n-term truncated series solution.
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4.5 Conclusions

The chapter developed a new approximated solution for the aggregation and coupled
aggregation-growth equations. In this work, a recently developed semi-analytical tech-
nique, IOHAM, was employed. Additionally, the convergence analysis of the truncated
series solution for this method was examined for the aggregation equation. The numerical
results were compared with the existing solutions obtained using HAM, HPM, ADM,
and ODM. It was observed that all HAM, HPM, and ADM provided the same results.
The ODM improves the solution to some extent, but our proposed scheme improved
all the solutions obtained via predefined semi-analytical methods. Moreover, for the
first time, an analytical approximate method was implemented for solving the coupled

aggregation-growth equation.
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Chapter 5

Homotopy perturbation and Adomian
decomposition methods for condensing

coagulation and Lifshitz-Slyzov models

This chapter implements HPM and ADM to the condensing coagulation and Lifshitz-
Slyzov equations. Closed form solutions are derived for constant and product kernels.
Additionally, approximated solutions are obtained for additive and Ruckenstein kernels.
Mathematical demonstration confirms that the series solutions produced by these ap-

proaches align with the exact solution set, thereby validating the method’s reliability.

Let us recall the condensing coagulation model describe in Section 1.2.4 as,

dc
=00, (5.0.1)

where the collision operator Q is defined as,

0= 5| [ sKeetunctuar| - [ Kyt

% [/xooyL(x,y)c(x,t)c(y,t)dy] - /OXL(XJ)C(XJ)C()’J)CZ)’, (5.0.2)

This work is published in GEM-International Journal of Geomathematics, 14(4), 2023
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where c(x,t) represents the concentration (number density) of particles of mass x at time ¢
and K (x,y) and L(x,y) are the rate at which particles of masses x and y collide, known as

the coagulation kernels. The coagulation kernels are non-negative and symmetric, i.e.,
K(x,y) = K(y,x) and L(x,y) = L(y,x). (5.0.3)

Such models are not easy to solve analytically and therefore, in this work, we demonstrate
two semi-analytical approaches, namely HPM and ADM to find the approximate solutions
for CCM and LSE in series form. These techniques are used to solve linear/non-linear
ordinary and partial differential equations and also integro-partial differential equations,
see [98—104] and further citations for more details.

The organization of this chapter is as follows. In Section 5.1, the basic idea behind the
homotopy perturbation and Adomian decomposition methods are presented. Proceeding
further, the approximate solutions are compared between two different schemes and/or
with the available exact solutions in Section 5.2 considering various kernels. We also plan
to discuss these schemes to solve the LSE in Section 5.3 and compare the results with

analytical solutions. At the end, some conclusions are reported.
5.1 Semi-analytical methods
In this section, HPM and ADM are explained for solving CCM.

5.1.1 Homotopy perturbation method
This method was proposed by J. He in 1999 [99, 100] for ordinary/partial differential

equations, in which the solution is considered as a sum of infinite series, which converges

to the exact solution. To understand this, let us consider,

A(c)—h(r)=0,re QC R", (5.1.1)
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with boundary condition

B(c,@) —0,r€0Q, (5.12)
on

where A is a general differential operator and B is a boundary operator. Usually, the
operator A can be decomposed into linear and non-linear parts and so equation (5.1.1) can

be rewritten as
L(c)+N(c)—h(r) =0, (5.1.3)

for L and N being linear and non-linear operators, respectively. Thanks to HPM, construct

a homotopy v(r, p) : Q x [0, 1] — R that satisfies,

H[v(r,p)l = (1= p)[L(v(r,p)) — L(co)] + p[A(v(r, p)) = h(r)] =0, (5.1.4)

where ¢ is an initial condition associated with problem (5.1.1) and p € [0, 1] is an embed-

ding parameter. According to the HPM, let us assume

(o)

v = Z pkvk. (5.1.5)
k=0

Substituting (5.1.5) in (5.1.4) and then letting p = 1, we obtain the solution as,

c(x,1) zllji_)rr%v: ka. (5.1.6)
k=0

Now, we proceed further to solve the CCM equation (5.0.1)-(5.0.2) with initial condition

taken as

c(x,0) = co(x). (5.1.7)
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For simplicity and to compare the approximate solutions with available exact solutions, let

us assume that K(x,y) = L(x,y) which reduces the equation (5.0.1) to

de =Q(c) = —% [/Oooyl((x,y)c(x,t)c(y,t)dy] — /OOOK(x,y)c(x,t)c(y,t)dy. (5.1.8)

Construct the homotopy of the equation (5.1.8) as follows,

H(v,p) = (1-p) [% - %} +p {% + % (/OwyK(x,y)V(x,t)V(y,t)dy>

+ [ Kepenion] 0. 6.19)

Using the expression (5.1.5) in (5.1.9), collecting the terms in powers of p and then setting

their coefficients to zero, we get

0. 9 _9c
P"ar Tar
o I ) ~ dc
1.9 _ 9 B e
P ox (/0 yK(x’y)VO(x»f)VO(y,t)dy) /OyK(x,y)VO(x,f)vo(y,t)dy T
vi(x,0) =0,

P %52 == S ([ 5KC) Gl i) i)y )

= [ KG9 ol ) 4 v (o) v, va(x.0) =0,
P % =— aa—x (/Oooyl((x,y) (vo(x,t)va(y,2) +vi(x,6)vi (1) +V2(x,t)v0(y,t))dy>
—/OooyK(x,y) (vo(x,0)va(y,2) +vi(x, )vi(y,2) +va(x,t)vo (v 1)) dy,  v3(x,0)

dvi(x,1) 9 [k=l feo
k2T 9 -
T dx [,;‘)/0 yK(x’y)Vl(xthk—l—l(y,t)dy}

rZI/WK(X VIV, ) ve——1(y t)dy} vk(x,0) = 0.
=070 ’ O TR
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d
Let us consider vo = ¢o = f(x), consequently 7 . Therefore, we have

ot

= [ (=5 (oGt nminay) - [k Gymttudy )
== 5 ([ K Gosmtn +namtay)

- [ Golam ) 41yl ),

w= [ (g B [ttt

k=1 poo
_ [ Z /0 K(x,y)v(x,8)ve_1_1 (y,t)dy} ) dt. (5.1.10)
1=0
Setting p = 1 results in an approximation to the solution of the problem (5.1.8) and one
gets
clx,t)=limv=vog+vi+vat+vi+.... (5.1.11)
p—1

We will formulate the right-hand side of (5.1.10) for different kernels later on.

5.1.2 Adomian decomposition method

This method was introduced by George Adomian in 1988 [78]. To apply the scheme for
solving the equation (5.1.8) with initial condition given as in equation (5.1.7), let us rewrite

the equation (5.1.8) as follows
a oo )
Le(va) = =5 | [ Ky fody| - [ K(xy)f)ay. (5.1.12)
Here L :% is a linear differential operator and the inverse operator L™ is defined as

L z/ot[.]dt, (5.1.13)
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and

fle) =c(x,t)c(y,t). (5.1.14)

Operating L~ on both the sides of (5.1.12) with initial condition c(x,0) = co(x) gives

(x.t) = colx) L] [ai [ ke s@ar+ | °°K<x,y>f<c>dy] CGLI)

Following [78], it is known that ADM provides the solution ¢(x,7) and the non-linear

function f(c) by the infinite series,
c(x,t) = Z va(x,1),  flc)= ZAn(x,t), (5.1.16)
n=0

where A/ s are called Adomian polynomials. Thanks to [82], these polynomials are given
as,
Ag= V()<X,I)V0(y,t), A= V()(xat)vl (yat) +Vi (X,I)V()(y,t>,
and in general A,,_{ is
n—1

Ap1 =) vilx,t)vuj1(y,1), for n>1.
Jj=0

So, the iteration using ADM would be as follows

vo = co(x)

a oo oo
vn:—Ll(a/O yK(x,y)An_ldy+/() K(x,y)An_ldy>,n: 1,2,3,---.  (5.1.17)

Using the value of A,, in (5.1.17) leads to

n

o n—1 o —1
vy =—L"" (%/@ yK(x,y)jZ Vj(xvt)vn—j—l(Yat)dY+/() K(x,y) g, Vj(x,t)vn—j—l(y,t)dy)

=0 j=0
(5.1.18)
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Note that (5.1.18) is exactly the same as equation (5.1.10), concluding that the series
solutions for CCM are same by using both ADM and HPM.

5.2 Numerical results

In this section, approximate solutions for the number density and the total number of
particles obtained by ADM or HPM are compared with the exact solutions when constant
and product kernels are taken with some given initial conditions. There are exceptional
cases where the analytical solution for number density or moments are not available and it
is not always possible to find such a solution to many problems. So, we choose a midway
and try to investigate the problem’s semi-analytic solutions. In all the cases, truncated

series solution is provided for different values of n and the error plot is discussed.

5.2.1 Multiplicative kernel

Consider (5.1.8) with kernel K(x,y) = xy and the initial condition cp(x) = e™*. Now, for

approximate solution by ADM, using these values in the equation (5.1.10) yields
1
vo(x,t) =€, vi(xt)=e t(x—=2), w(xt)= Ee*xtz(Z + (—4+x)x),

1
e (124 (=84 x)x)x?

1
V3<x,l) = ge_xl3(6+ (_6+x)x)x7 V4(X,t) = ﬁ

and proceeding further, one gets the general form as vy (x,1) = e t*(k(k— 1) + (—2k+
x)x)x*=2. Hence, following (5.1.6) leads to

oo

Y %e‘xtk(k(k — 1)+ (=2k4+x) )2 =D (= 1)2,
k=0""

c(x,t) = i vi(x,t) =
k=0

(5.2.1)

It is the exact solution of the CCM, as given in Davidson’s thesis [63]. To see the efficiency

of proposed algorithm finite n-term truncated series solution can be obtained via

cn(x,t) = zn: vj(x,t),
j=0
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and numerical simulations are compared with the exact solutions. Further, to check the

accuracy of the scheme, we compute the truncation error using the formula

m
Error = Ay = Y |ca(x,1) — c(x,1)| i, (5.2.2)
i=1

where m defines the number of subintervals, A; the length of the interval and c(x,?) is

the exact solution. Table 5.1 shows the truncation error for different values of n. Using

| n 2 4 6 8 10 |
| A, 0.00417 0.000038 37.0722x 10> 40.8357 x 10~7 40.8645 x 107 ||

Table 5.1: Truncation error whent = 0.7 & x € [0, 10] forn =2,4,6,8, 10 taking ; = 0.01.

No. density No. density

3.04
h 600
2.5 n=2 n=8
n=a  F n=10
2.0
n=6 400 n=12
15 . n=8 200k - n=15
1.0 ® n=10 ® n=20
200 -
0.5 — Exact — Exact
100 -
2 4 P 10 2 ; o g
(a) Exact vs. series solutions att = 0.7 (b) Exact vs. series solutions atr = 1

Zeroth Moment

6 = n=8

n=10

—— Exact

0.1 0.2 03 0.4 05 0.6

(c) Zeroth moment

Figure 5.1: Number density and zeroth moment

the error formula defined in equation (5.2.2), we observe that the error decreases by
increasing the number of terms. Figure 5.1(a) provides the comparison between exact and
approximated number density for n = 2,4,6,8 and 10 while the exact zeroth moment is

compared with 8 and 10 terms approximated solutions in Figure 5.1(b). It is noticed that
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(a) c(x,t) (b) cro(x,1)

©) |e(x,t) —cro(x,1)]
Figure 5.2: Number density and error

the series solution converges towards the exact solution for large n and in fact cjo(x,?7)
coincides with the exact concentration and allows excellent agreement with the zeroth
moment at t = 0.7. In addition, Figure 5.2 has a similar pattern of behavior that is a
three-dimensional plot of the exact and truncated solutions reveals that the results are

almost identical, and the error is minimal.

5.2.2 Constant kernel

In this case, the exact solutions for the number density are available for two different initial

conditions co(x) = xe ™ and co(x) = x>¢ ™, see [63]. In the first case, thanks to HPM and
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ADM, we are able to sum the series and the result is exactly matching with the available
analytical solutions. While for the second case, few term approximations are considered
and approximate solutions are compared with the exact solutions.

5.2.2.1 Case 1: Consider K(x,y) = a and co(x) = xe™*

Using these values in equation (5.1.10), we get

vo(x,t) =xe ™, vi(x,0)=ate “(x—2), w(x1)=o’rPe F(x—2),

vi(x, ) =oe N (x—2), valx,t) = ottt (x=2),...,va(x,1) = a"t"e F(x—2),n £0.
Hence, equation (5.1.6) leads to

- - ote ™ (x—2
c(x,t) = Z vn(x,t) = Z o't (x—2)+xe " = —% +xe ™, oar<l1
n=0 n=1 o

(5.2.3)

which is the exact solution for the problem. Let us consider the aggregation kernel o = 1
for numerical investigations, which leads us to the restriction on time that is t < 1 as
ot < 1. One may take a small value of alpha to study the behavior of particles for ample

time.  Figure 5.3 represents the comparison of the exact and truncated solutions for

no. density no. density

0.3
©® n=20
n=10

—— Exact

e SRR x — I TEOO®
2 4 6 8 10 2 4 6 8 10

(@) cn(x,t) vs. c(x,t) forn=5,10atr =0.6 (b) cu(x,1) vs. ¢(x,t) forn =10,20 att = 0.8

Figure 5.3: Exact and series solutions for number density by taking (a) n = 5,10 at¢t = 0.6
and (b)yn=10,20atr =0.8fora =1

several values of n. Similar to the previous test case, again it is reported from this figure

that as the number of series terms increases, more accuracy with respect to time can be
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Zeroth moment

1

0.8

06 — Exact
— le(x)=cao(x.0)

* Series Je(xt)-Ca0(x.t)]

04

0.2 0.005

t —

0.1 0.2 03 0.4 05 4 6 8 10

(a) Zeroth moment (b) Error

Figure 5.4: (a) Exact and 10-term zeroth moment and (b) errors between exact and
approximated number density for n = 10,20 considering o¢ = 1

(@) ce(x,t) atr=0.6 (b) ce(x,t) att =0.8

(c) cg(x,t) atr=0.8

Figure 5.5: Number density

119



Chapter 5. Homotopy perturbation and Adomian decomposition methods for condensing
coagulation and Lifshitz-Slyzov models

(@) |c(x,1) —co(x,1)| att = 0.6 (b) |c(x,t) —ce(x,t)] atr =0.8

(©) |e(x,t) —cg(x,t)| att = 0.8
Figure 5.6: Error

achieved. It can also be observed that for r = 0.6, ¢ (x,) coincides with the exact solution
in Figure 5.3(a), while the same holds true for ¢ (x,#) when ¢ = 0.8 in Figure 5.3(b). This
concludes that, for large computational time, one has to take more number of terms to
achieve better accuracy. A similar observation has also been noticed in [16] for solving
coagulation-fragmentation models. Further, in Figure 5.4(a), total number of particles
computed via HPM is visualized for n = 10 and the result is found to be in good match
with the exact moment. Also, the error plots between the exact and 10-term, 20-term series
solutions are given in Figure 5.4(b). One can easily see that the error decreases for large

n and is very insignificant for n = 20. The same observation we have noticed for Figure
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(5.5), and Figure (5.6) represents truncated number density and error between exact and
truncated solution at time ¢t = 0.6 and t = 0.8.

To study the model’s behavior for a considerable time, one more case is taken into account,
Le., = %. Figure 5.7 shows that the approximate solution enjoys a remarkable agreement

with the exact solution, and the error is almost negligible at time ¢ = 8.

(@) c(x,r)att =38 (b) coo(x,t) att =8

©) |e(x,2) —cao(x,t)| atr =8

Figure 5.7: Number density and error

5.2.2.2 Case 2: Assume K(x,y) = « and co(x) = x%e™*
Taking these values of K and cq(x), equation (5.1.10) provide

vo(x,t) =x%e™™,  vi(x,1) =4are ™ (x—3)x,
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va(x,1) = 20°1%e ¥ (x(5x — 24) +18), v3(x,1) = 8o’ rPe " (x — 6)(2x — 3),

va(x,t) = 4ottt e ((x —48)x+90) and vs(x,7) = 160 e ¥ (x +3)(5x — 12).

Having the above, considering a 5 term approximation yields
5
c(x, 1)~ Y vi(x,1), (5.2.4)
k=0

where the exact solution is given in Davidson’s thesis [63] as,

€6atfx(x . 606t)2

c(x,t) = x—o6at > 0. (5.2.5)
( b ) 2(Xl+1 9
No. density No. density
0.4 04
03 * n=5 0.3 * n=2
n=2 n=5
0.2 0.2
— Exact — n=8
0.1 0.1
4 s s T T T e e TR
(@) cu(x,t) vs. c(x,t) forn=2,5atr=0.1 (b) cp(x,t) forn=2,58atr =0.2

Zeroth moment
25

(c) Zeroth moment

Figure 5.8: (a) Exact and series solutions for n = 2,5 att = 0.1 and (b) series solutions for
n=2,58att=0.2 and (c) comparison of exact and numerical zeroth moments at ¢t = 0.2

We analyze the curve for the truncated solutions along with the exact ones for two values

of n in Figure 5.8(a). This figure indicates that for n = 5, the numerical simulation curve
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(a) Exact solution (b) cs(x,1)

(c) |c(x,t) - CS(xat)|
Figure 5.9: Number density and error

coincides with the exact solution at r = 0.1. Figure 5.8(b) shows the truncated solutions
forn=2,5,8 at time ¢t = 0.2 and it is concluded that results for » = 5 and n = 8 are almost
identical which leads us to truncate the series at n = 5. Figure 5.9 also exhibits a similar
pattern, and the error resulting from the 8-term truncated solution is virtually insignificant.
Further, in Figure 5.8(c), zeroth moment is shown to be in good accuracy with the 8-term
series solution.

The above illustrations show the reliability of our proposed methods. Thus, motivate us
to extend the results for the physical relevant kernels, for instance sum and Ruckenstein

kernels, where the analytical solutions are not available.
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5.2.3 Sum kernel

In this case, given the initial condition co(x) = xe™ and the kernel K (x,y) = %()H— y), an
approximate solution for the number density is determined for various values of n. When
the solution is truncated at n = 10,12, 15 and 18, an error plot is displayed by considering

c1g as a standard solution. equation (5.1.10) gives

X

vo(x,t) =xe ™, vi(x,1)= ite_x (x2 —6), w(x1)= Ltze_x(x(x(x—i—Z) —6)—24),

10 200
1
v3(x,1) = 00 Ot3e_x(x(x(x(x +6) + 16) — 60) — 240).

Hence, assuming a 18-term approximation, i.e., c(x,) ~ Y13 o v (x,1) yields

e (x(x(x(x+6) + 16) — 60) — 240) + itze—X(x(x(x +2)—6)—24)

c(x,t) ~ 500

6000

o2 S
+10te (X" —6)+e x4+

The analytic approximate number density obtained via HPM is plotted for n = 10,12, 15
and 18 in Figure 5.10 and it is clearly visible that results for n = 15 and 18 are similar to
each other. One can also verify this by computing the error between |cig(x,7) — cx(x,1)]

for k = 10,12, 15 see Figure (5.11) for the justification of such behavior.

5.2.4 Ruckenstein kernel

This kernel has been suggested as a model for the deterioration of supported metal catalysts
[105] and used to represent the process of particle migration and coalescence on a heated
substrate. Consider equation (5.1.8) for Ruckenstein kernel (K (x,y) = x%/3 + y*/3) and
exponential initial condition (u(x,0) = x?>e*), iteration for HPM will be as follows

2 14
vo(x,1) =x%e™™, vi(x,1) =e* (4t(x—4)xs/3 + ﬁt(4x— 11)al (;)) ,

8 8
va(x,1) :ﬁﬁeﬂ‘ (1 134x*3 —729x7/3 + 81x'%/3 4+ 6(x(57x — 346) +385)x*/°T (§>
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(@) cra(x,1) (b) ci5(x,1)

(c) c18(x,1)

Figure 5.10: Number density c¢,(x,?) forn = 10,12,15 and 18
7 82
+21(dx—S]aT( 5 ) + (x(347x—1584) +968)T'( 5 ) ).

It is worth mentioning that the terms of the solutions are quite complicated and take
an ample amount of computational time in this scenario. Due to that reason, a three-
term truncated solution is considered. Figure 5.12(a)-(c) presents the number density
distribution for n = 2,3 and 4 terms. One can observe the unpredictable behavior of
number density distribution. The reason behind this may lie in the unavailability of the
higher order terms and exact solutions. However, the first moment’s prediction is quite

well as it shows the mass conservation of the number of particles. The same type of
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(@) |c1g(x,1) —cro(x,1)] () [c18(x,1) —cia(x,1)]

(©) lerg(x,1) —cis(x,1)]
Figure 5.11: Error |c1g(x,t) — cx(x,1)| for k = 10,12,15

behavior of the truncated solution was seen by G. Kaur ef al. in [8] and concluded that
closed form or higher order terms were necessary to accurately forecast the behavior of

the number distribution and integral properties.

5.3 Lifshitz-Slyozov equation with encounters

The standard Lifschitz-Slyozov system, as introduced in [106] and [107], describes the
evolution of a solution of polymers. Davidson analyze the long-time behavior of the
solutions for LSE with the encounter having three types of initial data in [63]. The model

is similar to the CCM with addition of some advection term. So, the mathematical equation
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(@) c1(x,1)

(©) c3(x,1)

Figure 5.12: Number density ¢, (x,t) for n =2,3,4 and first moment.

is described as

where

dr ox
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and

00 = | [ sKtenetuctuar| - [ Kyl

_% { / NyL(X,y)C(x,t)c(y,t)dy] _ /0 TLay)eln el )dy.  (53.3)

Here, f(x,t) is the average rate at which the particle cluster expands by acquiring new
particles. For the further analysis, the same condition on kernels taken as before is
considered, i.e, K(x,y) = L(x,y) = L > 0. Note that, for such model as well, mass remains

a conserved quantity which is given by the expression
/ xe(x,1)dx := My (1) = M; 0), (5.3.4)
0

for M (0) being the initial mass. In order to implement HPM or ADM on equation (5.3.1),
let us rewrite this in some equivalent form. Multiplying equation (5.3.1) by x, integrating

with respect to x over 0 to e and using equation (5.3.4) give

) a )
/Oxa[f(x,t)c(x,t)]dx:/o xQ(c)dx. (5.3.5)

One can easily compute that [;"xQ(c)dx = 0. Therefore, applying integration by parts

provide

0= /Ooof(x,t)c(x7t)dx.

Substitute the value of f(x,t) from (5.3.2) to get

_ Jo c(x,t)dx . My(?)
Jo xc(x,t)dx = M;(0)

ul(t) (5.3.6)
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By having (5.3.2), K(x,y) = L(x,y) = L and relation (5.3.4), equation (5.3.1) can be

simplified as

20T & (fautr) ~ e} 234 0) 25D Lagy(oye(e)
_ (1 — LM, (0) - 1]\‘44&(6))’“) 8cg; f) _ <LMo(t) + %)c(x,t). (53.7)

By multiplying the above equation by x" and integrating with respect to x from O to oo

yields the moments equation as

dM,(t)
dt

:rLMer_l —LM()Mr. (538)

Solving for the zeroth moment My (%), it is easy to see that r = 0 enable us to have

Mo(0)

Molt) = Taofoy -1

If the initial condition co(x) = e, one can find that Mp(0) = M;(0) = 1. Therefore, using

all these desired values in equation (5.3.1), we get

dc(x,1) d ([ X

or  ox\|1+Ls

- 1} c(x,t)) +Q(c). (5.3.9)
Now, we apply HPM and ADM to find the series solution of the above defined model.

5.3.1 Series Solution by HPM

Using the procedure defined in Section 2, we construct a homotopy as,

H(v,p) = (1—p) {% - %} +p{acg’;’t> +%(L - l}c(x,t)) —Q(c)} —0.

(5.3.10)
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Substituting the series solution v(x,t) = Y5 vi(x,¢)p¥, in the equation (5.3.10) and

collecting the coefficients of powers of p leads to

PP vo(x,1) =co(x),

dv 0 X 9 [k=l oo
k. 9% _ 9 B 9
P o 8x([1-|—Lt l}ck—‘) 3)6[,;)/0 yLey(x,t)cx—1-1(y:t)dy

k=1 e
- [Z/ LC[(X,t)Ckll(y,t>dy:|, k= 1,2,....
1=070

This can further be rewritten as,

t X 0 [kl fe
vk(x,t):—/o 5([1+LI—1}%—1) ——LZ(,)/O yLey(x,t)ck—1—1(y,t)dy

X
k=1 (e
— |:Z/O Lcl(x,t>ck]1(y,t)dy:|dl‘. (5.3.11)
=0

5.3.2 Series solution by ADM

Consider the equation (5.3.9) with taking L = % as a linear differential operator and the

inverse operator L™ ! is defined as L™! = [J[.]d. Then the equation (5.3.9) becomes

Le(x,t) = —% ( [1 j_th - 1} c(x,r)> +0(c). (5.3.12)

Applying the same procedure for ADM as defined in Section 3, one gets

vo =co(x),
(- 2( [ 1) - 5[ T [ et
e ox\ |1+ |*') " ox & Jo yLei(x,t)cp—1-1(y,1)dy
k—1 oo
_{Z/ Lcl(x’t)ck—l—l(yaf)dyD=’<=172,~--, (5.3.13)
=070

which is again the same as equation (5.3.11), concluding that the results from HPM and

ADM are identical.
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5.3.3 Numerical results

The LSE for number density and zeroth moment with initial condition c¢(x,0) = e~ is
discussed here. For this initial condition and the constant kernel K (x,y) = L, the analytical

solution is provided in [63] as
c(x,t) = (Lt + 1>_%_le(L—l)l—x(Lt—i-l)*l/L'

Thus, the truncated series solutions for the concentration and total number of particles
are compared with the exact solutions for various values of n and error plots are given to

illustrate the convergence of numerical solutions towards the exact one.

By using the given data, equation (5.3.11) enables us to have the following first four terms

of the series solution as

vo(x,t) =e™, vi(x,0)=e" ((x— 1)10Lg(Lt—i— D) —t) ,

e~ *(log(Lt +1)(—2Lt(x — 2) + ((x — 3)x+ 1) log(Lt + 1) +2) + Lt (Lt — 2))
212 ’

1
v3(x,1) =—=e " (L3t3 — 6L%t> + 6Lt +log(Lt + 1){ —3L**x +9L*t* + 6Ltx — 6Lt — 6} +

Vo (x,t) =

6L}

log?(Lt 4 1){3Ltx* — 15Ltx — 6x + 12Lt + 9} +log> (Lt + 1) {—x° + 6x* — Tx + 1}) .

Figure 5.13(a) shows the numerical simulations for n = 2,4 and a comparison with the
exact solution. One can clearly see that a convergence of approximated solution towards
the exact solution can be established. Fortunately, for n = 4, results from HPM overlaps
with the exact number density. Also, Figure 5.13(b) indicates that as the number of terms
approximation increases, the error between the exact and ADM solutions reduces and
becomes insignificant for r = 0.5. The same data is depicted in Figure (5.14), which
demonstrates that the 4-term truncated solution has a considerable agreement with the

analytical solution, and the error is relatively small. Finally, Figure 5.13(c) compares the
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No. density No. density

0.14 <>
0.12
o n=2
0.10
n=4
0.08
0.06 n=6
0.04 — Exact
0.02
........... . .
(a) Exact vs. series solutions at t = 0.5 (b) Exact vs. series solutions att = 1
Zeroth moment
Error 1.04
0005 \'\'\V\,\N
0.8
0.004 |- .
— lebx-col)) 08 * Series
odos le(xt)-ca(x.0)] — Exact
ool lobxd-estxol
0.2
0.001 | /\
r =¥ Z T P — t
ry % 3 0 ¥ 0.1 0.2 0.3 0.4
(c) Erroratz =1 (d) Zeroth moment

Figure 5.13: For n =2,4 and t = 0.5 (a) exact and series solutions for number density (b)
errors between exact and truncated number densities (c¢) exact and 4 terms zeroth moment

zeroth moment of the exact and the truncated solutions which concludes that the zeroth

moment using HPM is exactly matching with the analytical solution for n = 4.

5.4 Conclusions

This chapter dealt with the approximated and/or exact solutions for the CCM and LSE
achieved by applying ADM and HPM. Both strategies provided a recursive relation for
obtaining the exact answers in terms of sum of an infinite series, as well as approximate
solutions. It was observed that the solutions via HPM were the same as via ADM. For the
product and constant kernels, series solutions for number density and zeroth moment for
CCM were compared with the available analytical solutions. Moreover, errors between
truncated series solutions were reported for sum kernel to justify the convergence of the
scheme in the absence of exact solutions. Similar results were also obtained and noticed
the convergence of ADM or HPM towards the solutions of LS equation. Since, the total

mass is constant for both the models, we observed the same using series solutions and
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(a) Exact (b) ca(x,1)

(¢) Error|c(x,t) — ca(x,1)]
Figure 5.14: Exact solution, truncated solution and error

therefore, omitted the plots.
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Chapter 6

An implicit semi-analytical technique:

development, analysis and applications

It is observed in the preceding chapters that HPM, ADM, HAM, ODM and IOHAM
maintain precision within limited temporal scopes. Hence, in order to solve the problems
over expended period of time, this chapter proposes a novel implicit semi-analytical method
that provides solutions over greater temporal extents. The idea is implemented here for the
nonlinear differential equations and implementation for the aggregation-breakage model is

an opeén avenue.

Differential equations are crucial in representing the dynamics of systems across various
fields of science and engineering [108—110]. These equations govern the temporal behavior
of systems, depicting the changes in variables affected by internal mechanisms and external
influences. Many realistic problems entail complex systems or boundary conditions
that make analytical solutions infeasible or unattainable, especially over extensive time
domains. Nevertheless, solving the equations over large time domains is imperative to
comprehend and forecast the behavior of dynamic systems encountered in various scientific
and engineering domains. From modeling climate change dynamics to simulating complex
biological processes or analyzing financial systems’ stability [111, 112], differential

equations serve as the foundation for capturing the evolution of variables over time.
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Various numerical methods are employed to approximate the solutions of such problems.
However, these schemes come with computational challenges, such as discretization and
truncation of the domain, which can introduce errors in the solution. These errors can
accumulate and propagate over time, affecting the accuracy of the solution. Numerical
techniques such as finite element [113—115] and finite difference [116, 117] are highly
contextualized techniques based on domain discretization. Hence, devising a more feasible
and precise method to solve the differential equation over a longer time domain is an
unresolved and essential topic.

To overcome the drawbacks of the numerical techniques, various semi-analytical ap-
proaches such as ADM [118], HAM [119], HPM [120, 121], ODM [25] and iterative
finite difference methods [122, 123] have been implemented to solve nonlinear differential,
delayed-differential and integro-differential equations [18, 92, 93, 124—-126]. Moreover,
SAT are methods that can solve linear or non-linear differential equations without dis-
cretization, linearization, or special transformation and can provide approximate solutions

in the form of infinite series or polynomials.

6.0.1 Literature review

The ADM, introduced by George Adomian, is a technique for solving ordinary and
partial differential equations [127]. In 1986, it was also applied to stochastic models
[128]. Many researchers use this method to find the exact solutions of various differential
equations, including integral and integro-differential ones [11, 129, 130]. However, the
algorithm has some drawbacks as well. The accuracy of the method and the convergence
of series solution are limited to a small region and to achieve a precise solution for a larger
domain, one must calculate more series terms. Recently, Odibat discusses some additional
limitations of the ADM [25], such as its inability to satisfy the boundary conditions for
some non-linear systems. To address these issues, Odibat proposes the ODM, a technique
for solving both linear and nonlinear differential equations [25] by approximating the
nonlinear term with a Taylor series expansion. The author asserts that the ODM has higher

accuracy and quicker convergence than the ADM.
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HPM [99] has received significant attention in addressing nonlinear problems due to series
solution obtained [100, 102, 131] with easily computable terms. However, the perturbation
methods rely on small/large parameters, also called perturbation quantities. Therefore,
these methods are only suitable for weakly non-linear problems and for small domains.
The HAM [96, 119] is one of the most dependable and efficient SAT for solving non-linear
DEs. Unlike HPM or any other traditional non-perturbation technique, HAM does not
depend on the selection of base function or other small/large physical parameters. It offers
a simpler way to guarantee the fast convergence of series solution. The main benefit of the
HAM is its ability to control the convergence speed and region [96]. As a result, the HAM
can handle even highly non-linear problems.

Several SAT have been proposed in recent years to improve the precision and effectiveness
of the solutions for longer time domains. Odibat [25] argues that ODM outperforms
the conventional SAT such as HAM, HPM, and ADM in accuracy. Hence, it would be
worthwhile to devise a new semi-analytical method that can produce more precise results

than ODM.

6.0.2 Novelty and contribution

The work presents an implicit SAT for resolving ordinary and partial differential equations,
accompanied by the introduction of a convergence control parameter to enhance accuracy.
A theoretical analysis of the proposed method’s convergence is conducted, followed
by presenting results for significant physical problems like Ricarti [132] and Burgers’
equations [125]. Numerical simulations demonstrate the superior performance of the
proposed method compared to HAM, HPM, and ADM.

The subsequent sections are structured as follows: Section 6.1 examines different semi-
analytical methodologies, offering a succinct overview of HAM, HPM, ADM, and ODM.
Section 6.2 introduces an implicit iterative method for differential equations, and the
convergence control parameter is also incorporated. Additionally, Section 6.3 conducts an
extensive investigation into the convergence characteristics of the proposed methodology.

In Section 6.4, the scheme’s numerical implementation is delineated for both ordinary and
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partial differential equations. Lastly, the concluding section underscores critical remarks

and prospects for future research.

6.1 Semi-analytical methods: A comprehensive survey

This section introduces the core ideas of prominent SAT for addressing nonlinear differen-

tial equations. Let us consider the nonlinear differential equation of the form:
N Cet), ' (x,1)] =0, (6.1.1)

based on the initial condition pt(x,0) = po(x). In the above expression, ./ signifies the

nonlinear differential operator, f(x,#) is an unknown analytic function, and u’(x,7) = %—’;

6.1.1 Homotopy analysis method

Considering the equation (6.1.1) and following HAM, a homotopy is constructed as follows
(1-q)Z[0(x,1:q) — bo(x)] — ghHA[0(x,1;:9), 0" (x,1:9)] = 0, (6.1.2)

here g € [0, 1] is an embedding parameter, H,h # 0 are auxiliary function and auxiliary
parameter respectively and . being a linear operator. It is evident that as the parameter
g progresses from 0 to 1, the function 6(x,t;g) evolves from the initial approximation
Uo(x) = O(x,;0) to the exact solution w(x,7) = 6(x,t;1) of the given problem (6.1.1).
The fundamental concept of HAM posits that the solution to the nonlinear problem can be

expressed as a power series expansion in terms of the parameter ¢, as

o5}

0(x,t;q) = Z g vi(x,1). (6.1.3)
k=0

As postulated, the series solution outlined in equation (6.1.3) is required to fulfill the stipu-
lations of equation (6.1.1). In order to ascertain the components of the series solution, one

must insert equation (6.1.3) into equation (6.1.2) and equate the coefficients corresponding
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to the identical powers of ¢, thereby yielding the requisite deformation equations as,

ZLvi] =Hht(vy),
g[VZ] :g[w] + Hht) (Voﬂ/]),
g[vﬂ :g[\)ﬂ —|—Hh,5272(V0,V1,V2),
Lvn]) =L vp-1] + Hhats(v0,v1,v2," V1),
where,
Joo / Joo 5
N (Y qVilx,1), Y q'vi(x,1)) = b (vo) + g (vo,v1) + 47 (v, vi,va) + -+
i=0 i=0
qj,Q/j(VO’ Vi, 7Vj)'
In conclusion, the precise solution to the problem is formally articulated as follows

lim 6(x,t;q) = u(x,t) =vo+vi+vy---

q—1

6.1.2 Adomian decomposition method

Considering the equation (6.1.1) and decomposing in the form

Z[u(x,t)] +‘%[“(X7t)] +N[u(x7t)] :g(xvt)a

Z represents the linear operator of the utmost order, assuming it is invertible. The term
Z% denotes the residual portion of the linear operator, while N signifies the nonlinear

differential operator. On further simplification, one can write

wix,t) = o) +.2 g(t) — L\ Bux,1)]) — L Niu(x,0)], (6.1.4)
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where w(x,t) appears due to the initial condition. In ADM, the unknown function tt(x,?)

breakdown in the sum of infinite series, i.e.,
p(x,t) = Z wi(x,1) (6.1.5)
J=0
and the nonlinear term N[ (x,7)] is represented by
Nu(x,0)] =Y Aj(x,1), (6.1.6)

where Adomian polynomials A}s are provided by

1 d/ S
Aj(x,1) = ani [JV (;{)Mcj(xJ))L - (6.1.7)

Substituting the equation (6.1.5), (6.1.6) and (6.1.7) in equation (6.1.4) lead to the evalua-

tion of the components of the series solutions as

wo(x,1) =0(x,1) + £ g(x,1),
wit1(x,1) ==L Y Bwi(x,1)) - L 'Aj(x,1), j>0. (6.1.8)

6.1.3 Optimized decomposition method

To understand the methodology, we first look at the ODE and then broaden the explanation
for the PDE. Consider the ODE

LIu0) = A [u(0)] +(0). (6.1.9)

The initial phase of ODM comprises the introduction of an optimized linear operator
based on the Taylor series approximations. This is based on the idea that the nonlinear
operator .7 [.L[u], u] = L () — A (1) may be linearized using a first-order Taylor series

expansion around 7 = 0. As a result, the linear operator used to approximate .% £ [u], U]
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at the position (L, to) as follows:

0F 0F

F L] pu] ~ XM ](uo,uo)f[uHW(ua‘,uo)u, (6.1.10)

here o = p(0), and puj = £[u](0). Utilizing this approximation, equation (6.1.9) is

reformulated as:

RI(0)] = A ()] + 7 () + (1), (6.1.11)
where
ZW| =ZLu)+xu, (6.1.12)
and
H = M (6.1.13)
377 (M6, o)

The efficacy of ODM relies on the precise specification of constant .#” and the coefficient
of u within the devised linear operator %. Given the non-trivial invertibility of the linear
differential operator Z, an iterative approach for the proposed method necessitates decom-
posing the solution p(¢) of Eq.(6.1.9) into a series form, expressed as (1) = Y7o i (?).

Herein, the constituent functions (g (t))ijf are determined using the iterations

;

Ho(r) = f(1)

wi(t) =2 Ao(r)]

o(t) =27 A1) + A (1))

| i1 (1) = L7 A + 2 (i) = e (1)), k=2,

(6.1.14)
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where f(t) = £ 1g(t) + u(0).
Further, the scope of ODM expands to address PDE as detailed in [25]. To grasp the
fundamental concept underlying this extension, contemplate the equation (6.1.1) to the

subsequent PDE structure

d 92
EN(XJ) = yﬁu(x,t)ntﬂ[u(x,t)], 1>0, (6.1.15)

where ¥ € R and the equation satisfies the following conditions

‘LL(x,O) :f(x),

1(x,t) =0, as |x| = oo, ¢>0.

(6.1.16)

In accordance with the methodology outlined in [25], it is presupposed that a first-order
Taylor series expansion is capable of linearizing the nonlinear function .7 (L, t, L) =

% u— }/j—; u— A [u] at t = 0. The linear approximation of .% is represented as follows:

a 2
T (Hes o, ) 2 5 = Yo = K ()M, (6.1.17)
where
oN
H(x) = — ) 6.1.18
=50 (6.1.18)

The aforementioned approximation results in the linear representation of the nonlinear

PDE (6.1.15) as
Rl (x,1)] = A [u(x,0)] = A2 ()p(x,r), >0, (6.1.19)

where Z[u] = % U — Yl — & (x)u. Instead of resorting to the inverse of the linear
operator #, which is not readily invertible, the proposed solution to the problem is

taken as ((x,1) = Y.;° o Uk (x,¢) with the coefficients i (x,7),k > 0 are determined by the
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following equations

Ho(t,x) = f(x)

mx) =2 Ao +ygamolr) }

o) =27 (A1) + v (o) = (va+2 () m(xn) §

(er) =27 (A1 () + vamm(en) ) = (v + 2 () (b1 (x,1) = a2 (60)) K23,

(6.1.20)

for Ajs being the Adomian polynomials.

6.2 Implicit semi-analytical technique

In this section, we introduce a novel SAT for solving differential equations, which we
call the implicit iterative method (IIM). Unlike other semi-analytical methods, such as
homotopy perturbation, homotopy analysis, Adomian decomposition, and optimized
decomposition methods, the IIM is implicit in nature and offers superior accuracy. The
IIM relies on the concept of Taylor series expansion of a non-linear operator. To illustrate

the same, let us consider the following differential equation
A [ (x, T)] +g(x) =0, 6.2.1)

here </ is a non-linear differential operator and g(x) is a known analytical function. To

proceed further, let us decompose the operator as
LI, 0]+ A 7))+ () =0, (62.2)

here .Z is linear operator and ./ is a non-linear operator. The zeroth order approximated

solution is obtained by the solution of the linear differential equation

Z[uo(x,t)] + g(x) = 0 with initial condition po(x,0) = u(x,0). (6.2.3)
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Now, to find the next approximated solution u;(x,#) that satisfies
L (e, 1))+ A [ (x,1)] 4 g(x) = 0,

we expand the nonlinear part with respect to known previous approximated solution
Uo(x,2). Hence, the iterative scheme to obtain the first-order iterative solution can be

obtained by solving the differential equation
L (x, )]+ 11 (x, 7)C (x) = —A [Ho(x, T)] + Ho(x, 7)€ (x) — 8(x). (6.2.4)

where €' (x) = %—ﬁ/ o Continuing in a similar fashion, the higher-order iterative solution
=

can be obtained by solving the linear differential equation

g[.un-i-l(xa T)] + .un-i-l(xa T)Cg(x) = _W[“n(xa T)] + ,LLn(x, T)(g(x) - g(x) forn > 1.
(6.2.5)

It is worth mentioning that each iteration of the scheme is the solution of the equation
(6.2.1). The increase in the number of iterations leads to the convergence of the approx-
imated solution towards the precise one. In light of this, an analytical solution can be

derived as

wx,t) = lgn Un(x, 7). (6.2.6)

Remark 6.2.1. For the purpose of facilitating convergence analysis, let us rewrite the

iterative scheme in another form, define the operator </ [l,) as
N [tn] +8(x) =€ (x) := o [Ua],
implies that

Hn+1 = _3_1{5%[,"%] +Cg(x).un+1}- (6.2.7)
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Considering vo(x,t) = Uo(x,t) and by defining vi(x,t) = wi(x,t) — wi—1(x,2) fori > 1, it is

easy to see that

p(x,7) = lim p,(x,7) = j;)vz-(x, 7).

6.2.1 Convergence control parameter

To improve the accuracy of the scheme, one can involve the convergence control parameter
h in the iterative scheme [18]. The iterative scheme for the approximate solution is obtained

as

L (M1 (06, D)) A 1 (3, T)E (x) = A=A [ (0, T)] + o (x, 7)€ (x) — g(x)) for n > 1.
(6.2.8)

As aresult, the auxiliary parameter / affects the convergence region and rate of the solution
series and allows for a significant improvement by choosing a suitable value for 4. This
provides a simple way to manipulate and regulate the convergence region and rate of the
solution series derived by the IIM. Various techniques to calculate the convergence control
parameter are available in the literature, such as the discrete gradient method, CADNA,
CESTAC, h-curve, and discrete residual method [132, 133]. This article employs the
discrete residual methods [132] to determine the optimal value of the convergence control

parameter.

6.3 Convergence analysis

Definition 6.3.1. [134] The number of significant digits between two real numbers o and

o is expressed by €y, o, and is estimated as

(04] 1

o — 0 2

o+ 0
2(061 — 062)

, o F 0

= log'
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Theorem 6.3.2. Consider u,}l’ (x,t) be the n' order approximated solution of the equation
(??) which is obtained via convergence control parameter h independent of n, then

t,

h h
Uy 7/~Ln+1

I
= Cuut ﬁ(m) )

uh— k|l < € where e = 1.

if {u"Y is a Cauchy sequence i.e., for any n > m,

Proof. To prove the theorem, use the Definition 6.3.1 as follows

hy qh h
+ +
norn+1 n» 2(“}1 _“n+1) Z(Hn _‘LL)
Rearranging the log terms and using (??), we get
h h h
_ Hy + ‘un—f—l Uy — U
%u,ihu,i'ﬂ — Gy =1og T +log el

As n increases, 11" moves closer toward the exact solution. Therefore, one can neglect the

first term, and now to deal with the second term, let us consider

h n h o _h
lo Hy —H —loo| &i=0 Vi —LiloVi
g~ | =log "
n+1 n+1
oo h
o Rt Vi
=log i
n+1
h h h
VotV 3+ Vgt
- n+2 n+3 n+4
=log|1+ ) ‘
n+1
Now,
h h h h h h h h h h
Vg2 + Vi3 + Vita +o- ) + Va3 Vata 4= | L, S LS| + Moz —Hypn
h T h h Tk - h  _ . h h  _ . h
vn+1 vn+1 vn—i—l vn—H ‘u’n—H My ‘un—l-l My

(6.3.1)

Using the assumption {u} is a Cauchy sequence and following the steps of the proof of
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Theorem 1 in [133], we have

1 1
h h h
Vo TVpa TV g+ ! !
n+2 YH—?;I n+4 S (l’l —ii 2) + (I’L —q 3) (632)

vn—i—l

n+1)!  (n+1)

h h h
Va2 T Va3 T Vapa + o

h
vn+1

Then

~ O(:17), which implies that

h

w, —u
h
n+1

log =log

1
ot

Since & <F11) < 1, the right-hand side of the above relation tends to O as n increases. [l

Remark 6.3.1. The above theorem demonstrates that for the constant convergence control
value h, by augmenting the number of iterations n, we can obtain the optimal iteration
of the IIM. This theorem enables us to employ u,i’ — u,i’ 1 Jor the cessation of the series
solution rather than U — 1 in the algorithm. Furthermore, this theorem reveals that the
number of common significant digits between two consecutive approximations W' and

,u,i‘ 1 is nearly identical to the number of common significant digits between ,u,i’ and U.

Theorem 6.3.3. Considering the components vi,va,--- ,v, expressed in Remark 6.3.1, the

, Vi > g

proposed iterative solution is convergent if 30 < A < 1 such that ||viy1]| < A||vi
for some ig € N, where

[[viox, )| = max v; (x, )],

defined on the space

Wo={(xt):a<x<B,0<t< T},

for a fixed 7 and o, € R.
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Proof. Let us consider the sequence of partial sum () as

(

Yo = Vo,
Y1 = vo+vi,
Yo = Vvo+vi+vy,

YVy= vot+vi+va+---+v.

\

Now, we will prove that the sequence (), is a Cauchy sequence in Hilbert space R.

Consider
19— Wl = Ivn st | < Avall < A2 {vna | < - S A0 v |
For every n > m > iy where n and m are natural numbers, one can observe that

W1 — Wall =11 (W — Wae1) + (W1 — W)+ + 4+ (W1 — W) ||
<A v | A+ A0 v - A ATy |

[ — A

i |
T AT il < g A v

-2

since 0 < A < 1, we get

lim ||y — Y| = 0. (6.33)

n,m—oo

[e)

Therefore, (y,);_, is a Cauchy sequence in R, implying that the iterative solution (6.2.5)

is convergent. O

Theorem 6.3.4. Considering the iterative solution of the equation (6.2.1) converging to

the exact solution [L(x,t) and the finite m term truncated solution governed by Wy, (x,t) :=
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m
Z vj(x,t), the maximum error is given by
J=0

1
16, ) = Ym0l < =A™ ol

Proof. From the above theorem, we have

1—-A""

1y e,0) = Wi )| < ———A" " |lvoll, Yn=m.

Further, if n — oo, W, (x,1) — w(x,t). Therefore, for a fixed m,

1
(e, ) = Ym0} < =A™ ol

Here, 0 < A < 1, A" — 0 as n — oo and hence, complete the proof. O

Remark 6.3.2. If we define the parameters B/s [125] for each i € NU{0} as

Vi1l I[vil| # 0
g m Il =0 (634

0, ||lvil| = 0.

Then, Theorem 6.3.4 concludes that the truncated solution for IIM converges to the exact
solution J1(x,t), if 0<B; <1, Vie NU{0} and A = max{B/s}. Furthermore, by following

Theorem 2, the maximum absolute error is calculated to be || (x,1) — vy || < ﬁ B |voll.

6.4 Numerical validation

This section presents four examples that demonstrate the effectiveness and performance of
the suggested method over exiting iterative solutions derived by the HAM, HPM, ADM,
and ODM. Specifically, two ODEs, one PDE and one stiff ODE are examined.

Example 6.4.1. Consider the non-linear Ricatti equation
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under the initial condition 1L(0) = Uy € R. The exact solution for the problem is given as

[25]

Mo +tanh(z)

As per the IIM described in Section 6.2, the linear and nonlinear operators are selected

d
as Z[u] = d—‘l; and .4 [u] := 1 — u?, respectively. Therefore, iterations to obtain the

approximated solutions are provided as follows
ZLvo(t)] = 0, with initial condition vo(0) = Uy,
and the higher order iterations are computed via
L1 (O] +vin1 (€ () = = A i) +vi(1)E (1) —g(1), i=>1.
The above iterations give the approximated solutions as

1
vo(t) = to, vi(r) = %e—w (—hg + huge®™ + he®™ —h+2u5).

Following the similar trend, one can find the higher order iterative solutions using
MATHEMATICA®. For numerical simulations, a five term truncated series solution
is considered. The convergence control parameter is assessed for iterative solutions involv-
ing three, four, and five terms, yielding values of 0.995, 0.998, and 0.999, respectively.
These values exhibit close similarity, thus confirming the validity of Theorem 6.3.2 and
one can consider the value of 7 = 0.99.

The iterative solutions derived from HPM, HAM, ADM, ODM, and the new proposed
methods I[IM and IIM-A are compared in Figure 6.1(a). All the methods show good
accuracy for a short duration, but the HPM errors increase rapidly as time progresses, and
the ODM solution eventually becomes unstable after some time. On the other hand, [IM

and IIM-# keep their accuracy for a longer duration. Figure 6.1(b) indicates a remarkable
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increase in the error of iterative solutions derived via HPM, HAM, ADM, and ODM,
while IIM and IIM-/ have a tolerable error. The importance of using the convergence
control parameter is demonstrated in Figure 6.1(c). The accuracy is slightly affected by
the convergence control parameter at the beginning, but it enhances the accuracy for a

longer duration. Table 6.1 outlines the error trends across multiple iterations for distinct

| 10020 :
so0b i Loots 1 20000f —— ADM/HPM/HAM 1M
! 10010 ODM — [IM-h
1
20f ! 10005 1w
H 1.0000 g 150001
H 0.9995 15} 0.0020
£ 10 / 0.9990 ] isf 0.0015
3 / 60 65 70 75 80 3 10000}
b N ] = 0.0010
0 2 0.0005
—— <
Exact M 5000 0.0000 p . . : o
—10f ---- HPM/ADM/HAM IIM-h 7
ODM
—_20l o
. . . . . . , |
0 2 4 6 8 10 0 2 4 6 8 10

t

(a) Exact and approximate solutions (b) Error of approximate solutions

r
0.008F e 1
5 0,006 M IM-h
=t r —— Three terms -=--=- Three terms
5]
© [ Four terms Four terms
‘E 0.004F Five terms ---- Five terms |
= L
172
g L
0.002
0000 =X T T T T L
0 2 4 6 8 10
Time

(c) Comparison between IIM and 1IM-4

Figure 6.1: Solution and errors for Example 6.4.1

time intervals. The error increases with the progression of time for both IIM and IIM-h
methods, albeit opting for a higher-order iterative solution can enhance accuracy. Notably,
integrating the convergence control parameter somewhat enhances accuracy but comes
with a heightened computational burden. Additionally, Table 6.2 compares the error with
other iterative solutions. It can be seen that the HPM, HAM, and ADM solutions exhibit
extreme behavior for a longer duration, and ODM solutions are better than the other

solutions, but errors are still unacceptable. On the other hand, IIM and IIM-/ perform well
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Number of Iterations
M 1IM-h
n=3 n=4 n=>5 n=3 n=4 n=>5

Time Level (¢)

2 5.51E-3 1.33E-3 293E-4 5.00E-3 8.22E-4 2.25E-4
4 8.16E-3 2.65E-3 8.52E-4 7.65E-3 2.12E-3 3.19E-4
6 8.26E-3 2.735E-3 9.07E-4 7.75E-3 2.20E-3 3.73E-4
8 8.27E-3 2.736E-3 9.08E-4 7.75E-3 2.20E-3 3.75E-4
10 8.28E-3 2.73E-3 9.09E-4 7.76E-3 2.207E-3 3.75E-4

Table 6.1: Error comparison of IIM and IIM-A methods

and demonstrate high accuracy for the higher time. Table 6.3 presents the experimental

Values of ¢
1 2 3 4 5
HAM 2.535 208.826 2630.16 15602.8 61582.5
ODM 2.43E-2 2.992 12.2178 5.499 95.593
IIM 1.31E-5 2.938E-4 6.808E-4 8.527E-4 8.98E-4
IIM-h 4.34E-4 2.254E-4 1.49E-4 3.19E-4 3.64E-4

Table 6.2: Error distribution for different schemes considering n = 5 with parameters
vo = 1.5 for Example 6.4.1

order of convergence for diverse methods, uniformly indicating a convergence of first order
across all methodologies. It is noteworthy that the IIM and IIM-4 methods demonstrate a

relatively enhanced convergence rate compared to alternative schemes.

Example 6.4.2. Consider the nonlinear differential equation

dp(r)
dt

= —au() - Bu(e). (642)

with the initial condition 1(0) = o and a., B, Uy € R. The exact solution of the problem
is given by [25]

eoct
ulr) = al .
\/1 + %,ug(l — exp—2at)
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Grid HAM ODM M [IM-h
0.5
0.930 0.929 0.982 0.988
0.25
0.964 0.964 0.991 0994
0.25/2
0.982 0.981 0.995 0.997
0.25/4
0.991 0.990 0.997 0.998
0.25/8

Table 6.3: Order of convergence using ADM, ODM, IIM and IIM-A with parameters
vo = 1.5 in Example 6.4.1

Comparing the equation (6.4.2) with equation (6.2.1), one can deduce that £ [u(t)] =
dp(r)
dt
solutions are provided as follows

and A [u(t)] = au(t) + Bu’(t). Hence iterations to obtained the approximated

vo(t) = Ho,
Vi (0 +vig1 (D (x) = —o(r) — Bu’(t) +vi()€ (x), i>0.

Simplifying the above iterations, first few approximated solutions are obtained as

vo(t) =Ho,

Vl(t) !

=95 1075 (0.75e—1-69ﬂf—0~75’ <1.69B —1.13Bh + 1.13Bhel169B+075) | 0.75>> .

Following the same approach, one can obtain higher-order iterative solutions to enhance the
accuracy. A four-term truncated series solution is considered, and exact and approximate
solutions are contrasted in Figure 6.2(a). The graph shows that ADM/HPM and HAM
are consistent with the exact solution for a shorter time, while ODM performs better for a
longer time than ADM, HPM, and HAM but still exhibits a sharp increase for the further
extended time domain. On the other hand, IIM and IIM-/ demonstrate a remarkable

agreement for a considerably longer time. In Figure 6.2(b), error plots are displayed
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and illustrate the same findings for the error. Figure 6.2(c) emphasizes the effect of the
convergence control parameter. As the previous example shows, the convergence control

parameter substantially lowers the error with a slight perturbation at the initial time.

10 ; : : : :
! ! Exact ---- ODM T I I
.' i ———- HPM/ADM s 15000F | —— ADM/HPM —— IIM
8 i | HAM ---= [IM-h [] LE1W —— Ii=h
i ! ODM
! i 5
]
6f 1 i 1 E 100007 5
e i T
> 4 :‘ H 03 E 0.10
F | I N 10 0.05
H i 02 2 5000 o0
i ] Qifr=mm—————————————— < 40 42 44 46 48 50
2F H :" 0.0 1
" /' 0.1
~ T20 25 30 35 40 ol
ol ittt e =L S PP P PP P T P P P P L L I I
0 1 2 3 4 5 0 1 2 3 4 5
t t
(a) Exact and approximate solutions (b) Error of approximate solutions
T —
-
]
o
5]
g
2
[=}
S
< 1M h--- IIM-h
One term -=--=- One term
Two terms Two terms
Three terms -=--- Three terms
L L ]
30 40 50
Time

(c) Comparison between IIM and IIM-A

Figure 6.2: Solution and errors for Example 6.4.2

Example 6.4.3. Consider the inviscid Burgers’ equation

a—'u(x,t) + ;,L(x,t)aa—"; =0, (6.4.3)

ot
with the initial guess [L(x,0) = ax+ B and the exact solution of the problem is provided
as [125]

(x.1) = ax—+b
st = 1+oat
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By following the iterative procedure defined in equation (6.2.5), first few approximated

solutions are obtained as

Ho(x,ty =B +ox, pi(x,r) = (B4 ax), pa(x,r)=e 2 (are™ +1) (B + o),

w3 (x,1) :ée_4at (e* (ezo“ (3a2t2 —5) +6e(ar+ 1)? +6at + 3)+2) (B + o).

Following the same pattern, higher-order iterative solutions can be derived. A four-term
iterative solution is used for numerical computation. In Figure 6.3(a), the exact solution
and the solutions obtained by ADM, HPM, HAM, and ODM are compared for oo = = 1.
As seen in the previous example, the solutions by ADM, HPM, and HAM agree well
with the exact solution, but they diverge after a short time. On the other hand, the ODM
solution remains stable for a longer time. However, the IIM solution is superior to all the

other methods. This observation is consistent across both Figure 6.3(b) and 6.4.

200f" : T
—— HPM/ADM

i
/' 1 ODM
! M
1507 —— IIM-h

T
050
100 ro.45
040f

80 10.35
0.30

025

60 ’ [
0206 58 40 a2 44 46 48 5.(/ Exact ] 10046
/ ---- HPM/ADM 004
401 K ODM
i ---- [IM i 50122
/
20+ ,/ IM-h 0.00 36 38 4-04-24}/50

0 1 2 3 4 5 0 1 2 3
t Time

(a) Exact and approximate solutions (b) Error of approximate solutions

v(L,p)
Absolutre error

Figure 6.3: Solution and errors for Example 6.4.3

In Figure 6.5(a), it is evident that the IIM solution exhibits a disturbance as time progresses,
leading to an increase in error. Conversely, Figure 6.5(b) illustrates that the solution can
be enhanced over time by augmenting the number of iterations. Hence, the choice of
the number of iterations can be tailored to achieve the desired level of accuracy for the
solution. It is worth mentioning here that for PDEs, the experimental order of convergence

is observed one. Therefore, we have chosen to omit the table illustrating the experimental
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Figure 6.4: Absolute errors for Example 6.4.3

order of convergence in this context.

6.4.1 Stiff Ordinary Differential Equation

This section consider an stiff ordinary differential equation and to validate the efficiency
and accuracy of the proposed scheme, IIM approximated solutions are compared with the

FDM solution.
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Figure 6.5: Solution and errors for Example 6.4.3

Example 6.4.4. Consider the non-linear oscillator equation

= o (u(r)— 1)), (6.4.4)

with the initial condition 1 (0) = a.

Again, by following the iterative procedure defined in equation (6.2.5), first few approxi-
mated solutions are obtained as

aeot—3a26t (2a26(361271)6t +a?— 1>

Ho(t) =a = 321 :

(1) :—2 (92a —72a% 4 12a* — 23a%¢/(93°0) _ 23(0-3¢°0) 4 642 g1 (0-3°0)
2(3a*—1)
1261(0-30%0) | 901054, (0-3a%0) 4 57,8,1(0-3a’0) | 19,8,2(c-3d’c) | .8 ,3(c-3d%0)
—22848G1e'(034°0) _ 11748¢1(0-3a°0) _n4,0,2(0-3d%c) _ 3,6 ,31(0-3d’c)
(

+192a001e! (030 )+81a4et(0'73a20')+12a4 2(0-3a c)+3a4 3t(0-3d%0)

_ 6oa4ozef(<’3“2<’)> . (6.4.5)

Due to the complexity involve in the iterations two and three term truncated series solution
is considered and plotted against the FDM solution, as presented in Figure 6.6. For a

fixed value of a and o, Figure 6.6(a) illustrates that the two-term truncated series solution
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Figure 6.6: Solution and errors with a = 0.5 and ¢ = 0.2 for Example 6.4.4

closely aligns with the FDM solution for smaller values of . This alignment can be
further enhanced by considering more terms, as evidenced by the three-term truncated
solution matching well with the FDM solution. Furthermore, Figure 6.6(b) presents the
absolute difference between consecutive approximated solutions, indicating that higher-
order truncated series solutions have a reduced impact on the solution for the specified
time. This observation prompted us to truncate the solution for three terms. Additional
higher-order terms can be obtained to achieve the desired accuracy. It is important to note
that the IIM-h can also be implemented to obtain a more accurate solution. However,
due to the time complexity involved, we have omitted the discussion of IIM-h for this

particular case.

6.5 Conclusions

The work introduced a novel semi-analytical approach, 1IM, to address ODEs and PDEs.
It examined two instances of ODEs and one instance of a PDE, contrasting their outcomes
with approximated solutions like HPM, ADM, HAM, and ODM. The proposed methodol-
ogy yielded more accurate results compared to other semi-analytical methods. Moreover,
it integrated a convergence control parameter to refine the semi-analytical solution further.
However, it is noted that the proposed approach could be more computationally intensive
despite providing results with a minimal number of terms. The proposed technique is

a powerful and versatile tool for solving ODEs and PDEs and can be extended to other
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differential equations. Future work may include improving the computational efficiency
of the technique and applying it to fractional, stochastic, integral, and integral-partial

differential equations.
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Chapter 7

Conclusions and future scopes

This comprehensive study delved into applying various mathematical methods to solve
complex equations related to aggregation and fragmentation processes.

Initially study introduced the VIM for aggregation and coupled aggregation breakage
equations. Compared to ADM, VIM provided better estimates for the number density and
moments. For the pure growth process, both ADM and VIM formulations were precisely
the same for the particle density and finite term series solutions were shown in excellent
agreement with the analytical ones. ADM and VIM gave closed-form solutions with
a constant growth rate for the pure growth equation. To accelerate the accuracy of the
solution, OVIM was implemented to solve the growth model and aggregation equation
with a constant kernel. However, the computational cost restricted us from applying the
technique to other considered problems. Despite its advantages, the VIM was noted to have
limitations, including complex terms and high computational costs for finding higher-order
components of the series solutions.

The AHPETM was employed in the next part of the study. This method was used to solve
fragmentation, multi-dimensional coagulation, and coupled aggregation-fragmentation
equations. It was observed that AHPETM significantly outperformed the results of ADM,

HAM, HPM, and ODM for non-linear aggregation equation, demonstrating its reliabil-
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ity and applicability. AHPETM was also designed to solve non-linear 2-D aggregation
and combined aggregation-fragmentation equations due to the accuracy and efficiency
observed in the pure aggregation equation, and remarkable results were obtained in each
case.

Further, IOHAM was employed to solve aggregation and coupled aggregation-growth
equations. The convergence analysis of the truncated series solution for this method was
examined for the aggregation equation. The numerical results were compared with the
existing HAM, HPM, ADM, and ODM solutions. It was observed that HAM, HPM,
and ADM provided the same results, while ODM improved the solution to some extent.
However, the proposed IOHAM scheme improved all the solutions obtained via predefined
semi-analytical methods. Moreover, for the first time, an analytical approximate method
was implemented for solving the coupled aggregation-growth equation. In the last part
of the study, a novel semi-analytical approach, the IIM, was introduced to address ODEs
and PDEs. The proposed methodology yielded more accurate results compared to other
semi-analytical methods. Moreover, it integrated a convergence control parameter to refine
the semi-analytical solution further. However, it was noted that the proposed approach
could be more computationally intensive despite providing results with a minimal number
of terms.

The study further focused on the ADM and HPM to solve CCM and LSE. ADM and
HPM provided a recursive relation for obtaining exact solutions in terms of the sum of an
infinite series and approximate solutions. Interestingly, it was observed that the solutions
obtained through HPM were identical to those obtained via ADM. A closed-form solution
is obtained for the product and constant kernels. The errors between truncated series
solutions were reported for the sum and Ruckenstein kernels to justify the convergence of
the scheme in the absence of exact solutions. Similar results were also obtained for the
LSE, further validating the effectiveness of these methods.

In conclusion, each method has its strengths and limitations, and the choice of method de-
pends on the specific requirements of the problem. This study contributes to understanding

these methods and their applications in solving complex aggregation and fragmentation
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equations. Future work could explore the use of considered methods for tackling other
engineering non-linear problems, potentially enhancing the approach with a convergence
control parameter and Pade approximation. This would offer a more refined and practical

scheme for solving complex mathematical problems.

Future Scope

Based on the work done in the thesis, the possible scopes are as follows:

1. To study the semi-analytical technique, namely modified veriational iteration method

for collision-induced breakage equation and study its convergence analysis.

2. To implement the implicit iterative method on aggregation and breakage models to

obtain the accurate solutions for longer time domain.

3. Implementation of finite volume scheme for cancer coagulation model and validate

the results with experimental data.

4. The explore the numerical and semi-analytical methods to solve the Rennet-coagulation

model.
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