RESEARCH ARTICLE | SEPTEMBER 24 2024

Explicit and approximate solutions for a classical hyperbolic
fragmentation equation using a hybrid projected differential
transform method

Nisha Yadav; Zeeshan Ansari © ; Randhir Singh & © ; Ashok Das &4; Sukhijit Singh &4; Stefan Heinrich &
Mehakpreet Singh &

’ '.) Check for updates ‘

Physics of Fluids 36, 093343 (2024)
https://doi.org/10.1063/5.0225671

@ B

View Export
Online  Citation

N
O
=
LL
Yo

@)

N
O

N

>
i a
Q.

Articles You May Be Interested In

An opportunity for streamlined computational fluid dynamics integration via a semi-analytical method for
weighted finite volume fragmentation equations

Physics of Fluids (December 2024)
An analytic approach for nonlinear collisional fragmentation model arising in bubble column

Physics of Fluids (October 2024)

Publishing Physics of Fluids

Special Topics Open

for Submissions

Learn More

AIP
é/_‘. Publishing

62:12:81 G20Z Aenuer 0


https://pubs.aip.org/aip/pof/article/36/9/093343/3313930/Explicit-and-approximate-solutions-for-a-classical
https://pubs.aip.org/aip/pof/article/36/9/093343/3313930/Explicit-and-approximate-solutions-for-a-classical?pdfCoverIconEvent=cite
javascript:;
javascript:;
https://orcid.org/0009-0008-8399-9978
javascript:;
https://orcid.org/0000-0003-0283-3754
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-7901-1698
javascript:;
https://orcid.org/0000-0002-6392-6068
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0225671&domain=pdf&date_stamp=2024-09-24
https://doi.org/10.1063/5.0225671
https://pubs.aip.org/aip/pof/article/36/12/123322/3323981/An-opportunity-for-streamlined-computational-fluid
https://pubs.aip.org/aip/pof/article/36/10/103359/3317537/An-analytic-approach-for-nonlinear-collisional
https://e-11492.adzerk.net/r?e=&s=1wuQNByXcb3_m-WTiO__wp-380w

ARTICLE

Physics of Fluids

pubs.aip.org/aip/pof

Explicit and approximate solutions for a classical
hyperbolic fragmentation equation using a hybrid
projected differential transform method

Cite as: Phys. Fluids 36, 093343 (2024); doi: 10.1063/5.0225671 @ 1. @
Submitted: 26 June 2024 - Accepted: 31 August 2024 - (ll
Pu bllshed Online: 24 Septem ber 2024 View Online Export Citation CrossMark

Nisha Yadav,' Zeeshan Ansari,” (%) Randhir Singh,>® () Ashok Das,*® Sukhjit Singh,"® Stefan Heinrich,>®

and Mehakpreet Singh”®

AFFILIATIONS

'Department of Mathematics and Computing, Dr. B. R. Ambedkar National Institute of Technology Jalandhar, Punjab, India

?Mathematics Applications Consortium for Science and Industry (MACSI), Department of Mathematics and Statistics,
University of Limerick, V94 TOPX Limerick, Ireland

*Department of Mathematics, Birla Institute of Technology Ranchi, Jharkhand, India
“Department of Mathematics and Computing, Indian Institute of Technology (ISM) Dhanbad, Jharkhand 826004, India

®Institute of Solids Process Engineering and Particle Technology, Hamburg University of Technology, DenickestraBe 15,
21073 Hamburg, Germany

3 Authors to whom correspondence should be addressed: randhirsingh@bitmesra.ac.in; ashokdas@iitism.ac.in; kundalss@nitj.ac.in;
stefan.heinrich@tuhh.de; and Mehakpreet.Singh@ul.ie

ABSTRACT

Population balance equations are widely used to study the evolution of aerosols, colloids, liquid-liquid dispersion, raindrop fragmentation,
and pharmaceutical granulation. However, these equations are difficult to solve due to the complexity of the kernel structures and initial
conditions. The hyperbolic fragmentation equation, in particular, is further complicated by the inclusion of double integrals. These challenges
hinder the analytical solutions of number density functions for basic kernel classes with exponential initial distributions. To address these
issues, this study introduces a new approach combining the projected differential transform method with Laplace transform and Padé
approximants to solve the hyperbolic fragmentation equation. This method aims to provide accurate and efficient explicit solutions to this
challenging problem. The approach’s applicability is demonstrated through rigorous mathematical derivation and convergence analysis using
the Banach contraction principle. Additionally, several numerical examples illustrate the accuracy and robustness of this new method. For the
first time, new analytical solutions for number density functions are presented for various fragmentation kernels with gamma and other
initial distributions. This method significantly enhances solution quality over extended periods using fewer terms in the truncated series. The
solutions are compared and verified against the finite volume method and the homotopy perturbation method, showing that the coupled
approach not only estimates number density functions accurately but also captures integral moments with high precision. This research
advances computational methods for particle breakage phenomena, offering potential applications in various industrial processes and
scientific disciplines.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0225671

I INTRODUCTION industries and disciplines.” In mineral processing, particle breakage is
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Particle breakage (or fragmentation), a ubiquitous phenomenon
in various fields, encompasses the fragmentation of particles into
smaller fragments due to mechanical, chemical, or thermal actions.
These particles can be solid granules, liquid droplets, or air bubbles.'
Understanding particle breakage mechanisms and predicting particle
size distributions are crucial in numerous applications across various

pivotal in processes such as grinding, crushing, and milling, where ores
are fragmented to liberate valuable minerals from gangue material.”
The efficiency of mineral extraction and subsequent separation pro-
cesses, such as flotation, heavily relies on the particle size distribution
of the ore feed. Similarly, in pharmaceutical manufacturing, the parti-
cle size distribution significantly impacts the performance of drug
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formulations. Comminution of active pharmaceutical ingredients is
essential to achieve the desired particle size for effective drug deliv-
ery.” " Moreover, particle breakage is relevant in various other indus-
trial processes, including fluidized-bed combustion,'"'* foods and
beverages,” and liquid droplet dispersion.'* Achieving the desired par-
ticle size distribution is critical for product performance and
manufacturing ability across these industries.

Therefore, researchers have shown significant interest in explor-
ing various models related to the particle breakage process. Breakage
represents the reverse process of aggregation, wherein two or more
particles are generated from the disintegration of a larger particle.
Breakage categorized under population balance equations (PBEs) pro-
vide a robust mathematical framework for describing the evolution of
particle size distributions in systems undergoing fragmentation. These
equations are derived based on the fundamental principles of conserv-
ing the total mass of the system. While multiple breakage events can
occur in real-world scenarios, focusing on modeling breakage in indus-
trial processes offers numerous advantages, including process optimi-
zation, product quality control, efficient resource utilization, and the
design and maintenance of equipment. The PBE for tracking the tem-
poral evolution of the number density function #(v, t) varied due to
the fragmentation process is provided as follows: '’

on(v,t > 1
WD " By at+y.0 8= 5| B =y .
0 0
1
with the initial number density function
n(v,0) =ny(v) >0 forall v>0. (2)

The PBE (1) balances the temporal rate of change in the number den-
sity distribution by accounting for the subtraction of the frequency of
breakage events of particles with size v from the accumulation rate of
particles with size v due to the breakage of larger particles. The func-
tion B(v, y), known as the binary fragmentation kernel, quantifies the
rate at which particles with size (v + y) split into two progeny particles
with sizes v and y. It is important to note that, by assumption, the
binary fragmentation kernel B(v, y) is considered a non-negative sym-
metric function of its arguments and equals zero if either v or y is zero.

The breakage PBE (1) contains two integral terms on the number
density function, rendering it challenging to solve and obtain accurate
results for physically relevant breakage kernels. Furthermore, the con-
servation of mass (or volume) is a fundamental property of particle
breakage processes. Consequently, many researchers opt for an alter-
native conservative form of the PBE (1). This alternative formulation
not only preserves the volume conservation property but also contains
only one integral term on the number density function,'®

ovn(v, o [ v ®
%:@<J Jy)’B(%Z)'?(erz,t)dzdy). 3)

0 Jv

This study focuses on the development of a new hybrid semi-
analytical technique capable of accurately solving the breakage PBE (3)
over larger time domains corresponding to a wide range of fragmenta-
tion kernels and initial conditions.

For a better understanding of the process within a dynamical sys-
tem, additional information regarding essential properties, such as the
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total volume and total number of particles, is imperative. These prop-
erties, referred to as integral moments, are obtained through the fol-
lowing expression:

o0

(t) = .

Vln(u,t)dy for 1=0,1,2,.... 4)

These integral moments play a crucial role and are of practical interest
in capturing various properties such as the total volume and total
number of particles in the system.'” >’ For example, the zeroth order
moment /i, determines the total number of particles, while the first
order moment /i, represents their total volume in the system. Volume

conservation is expressed by the following condition:

(o8} rOC
[ vn(v,t)dv=| vn(v,0)dv, (5)
Jo Jo

which states that the volume of the population at any time ¢ is equal to
that at time = 0. It is worth noting that the hyperbolic fragmentation
PBE (3) is primarily expressed in the volume conservative form, ensur-
ing highly accurate time evolution of particle mass.

A. Literature review and motivation

The complex structure and diverse applications, including
breakup in bubble columns and depolymerization, of the hyperbolic
Eq. (3), have motivated numerous researchers to investigate this PBE.
The complexity of Eq. (3) is contingent upon the fragmentation kernel
and the presence of double dependent integrals, with analytical solu-
tions available only for certain cases.' ' To address this challenge, var-
ious numerical approaches have been explored, such as methods of
moments,””” sectional discretizations,” " and population dynamics
algorithms.”' **  Additionally, analytical’> ™ and semi-analytical
approaches™ " have been employed to solve different models of the
PBE. Despite the wealth of research, analytical solutions for Eq. (3) are
primarily established for simple structured kernels with exponential and
Dirac delta initial distributions. More recently, Kushwah and Saha'”
demonstrated the application of the homotopy perturbation method to
Eq. (3), obtaining series solutions for various fragmentation kernels with
initial distributions e™” and e~ /v. However, it is noteworthy that the
solution accuracy of this method is constrained to short time intervals
and exhibits peculiar behavior over longer intervals.

On the other hand, in recent decades, considerable interest has
emerged in solving various linear and nonlinear problems using the
differential transform method (DTM). Zhou"* introduced the differen-
tial transform method in 1986 and applied it to solve nonlinear prob-
lems in electrical circuits. A significant advantage of this approach is
its direct applicability to nonlinear problems without the need for dis-
cretization, linearization, or perturbation. As a semi-analytical method,
the DTM uniquely formulates Taylor series solutions, iteratively gener-
ating them unlike the ordinary high-order Taylor series method that
involves symbolic computation. This feature minimizes computational
work compared to the computationally intensive Taylor series method.
DTM has proven to be a simple and effective approach for solving a
variety of problems, including two-point boundary-value problems,"”
nonlinear biochemical reaction models,” differential-algebraic equa-
tions,”” and Schrodinger equations,® among others.

Furthermore, researchers have enhanced the DTM for solving
fractional differential and integrodifferential equations.”” ' Jang™

—Vv
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noted that the ordinary differential transform method consumes sig-
nificant computational time when addressing multidimensional prob-
lems. To overcome this challenge, Jang proposed the modified DTM,
known as the projected differential transform method (PDTM), for
solving both linear and nonlinear multidimensional problems. In a
recent study by Akinfe and Loyinmi,”> PDTM with Elzaki transform
was employed to solve the renowned Schrodinger equation prevalent
in field theory, waves, and quantum physics.

The major challenge associated with DTM and its modifications
lies in obtaining inaccurate approximate solutions over larger intervals.
To overcome this issue, some researchers have combined Padé approx-
imants and Laplace transformation with PDTM to extend the series
solutions of PDTM over larger intervals.”*”” This modification of
PDTM has demonstrated increased efficiency in various applica-
tions.””” This motivates the application of the coupled PDTM and
Padé approximant to address the hyperbolic breakage PBE (3). In the
majority of cases examined in this study, we derive explicit or closed-
form solutions for number density functions using Laplace transfor-
mation with PDTM. Nonetheless, in certain instances, capturing
closed-form solutions proves exceedingly challenging due to the com-
plex nature of the breakage kernel. Hence, we delve into the implemen-
tation of Padé approximants on the series solutions estimated through
Laplace transformation with PDTM, as detailed in Sec. IV B.

The remaining content of the paper is structured as follows.
Section II A provides the basic definition and properties of the pro-
jected differential transform method. In Sec. II, we present the mathe-
matical derivation and convergence analysis of the Laplace projected
differential transform method applied to the hyperbolic fragmentation
equation. Section III introduces the fundamental concepts of Padé
approximants. We present numerical examples and comparisons with
the homotopy perturbation method (HPM) in Sec. I'V. Finally, Sec. V/
of the paper is use to conclude and summarize the outcomes of current
study.

Il. LAPLACE TRANSFORMATION WITH PDTM FOR
HYPERBOLIC FRAGMENTATION EQUATION

Before deriving the mathematical expression of the PDTM using
the Laplace transform, let us first present the basic definition and some
important properties of the PDTM.

A. Definitions and basics properties
Definition 1. Let g(y1,y2, ..., yn) € R", then its projected differ-
ential transform with respect to y,, at yy is defined as

L1
G()’17y27~"7yn717]) :_' _'g(yl7y27"'7yn) ) (6)
s 8),2 Yn=Yno

while the inverse PDT of Eq. (6) with respect to y,, at yy is given by

g()’la)’b "'7)’71) = ZG()’M}’L ---7yn717j)(yn _ynO)j~ (7)
=0

It can be seen that (7) represents the Taylor series of g(y1, ¥2, ..., ¥n) at
Yu = Yo, combining (6) and (7), the function g(y1,y, ..., yn) can be
expressed as

pubs.aip.org/aip/pof

Some basic properties obtained by the above-mentioned defini-
tion are given below. Let f(y1,¥2,..-s¥n), €01, Y2, s V), and
h(y1,y2,..,¥n) be functions in R" and F(y1,%2,.. s Vn-1,))
G1s Y25 s Vn=1,1), H1, Y25 -y ¥u—1,j) are transformed functions
of f, g, and h, respectively.

LIf f(y1, 92,0 n) = 0801, Y25 ooy ¥n) + Ph(¥1, 2, ..., yn), then
F(yhy%“'?y”*hj):‘“G(ylvyz’“v }/n—hj)+ﬁH()’1,y27-~~7}’n—17j)>
where o and f§ are any two real constants.

2. Iff(ybyb"'»yn) :gl(ylvyb”’7yn)_g2(ylvy27"'7yn) "'_gn(ylvyl»
ces¥n)> then F(y1,y2, . yn-1,j) = ;,H:o ﬁ'::;:o---Zﬁ:oGl()/lv
)’27.~~7))’n717j1)G20/17}’27---7)/n717]'2 — 1) GV, Y2, -y Y15
—Jn—1)-

3. IfJ f(yl,yz,...,yn):%w, then  EF(y1,¥2, ooy Yn-1,])

:jj.—!"G(yl,yb...,yn,l,j-!- n).

B. Mathematical formulation of the proposed
approach

In this subsection, the PDTM with Laplace transformation
(LPDTM) is employed on a classical hyperbolic fragmentation Eq. (3)
that involves double integral term and establish the convergence analy-
sis using the Banach contraction principle. On applying the Laplace
transform (LT) of Eq. (3) and using the properties of LT, we get
el (j | B0z 2.0 dzdy)} ,

L) =" !

vov\Jol,—

&)

where L represents the Laplace transform operator. Using the inverse
Laplace transformation to Eq. (9) leads to

’7(’/7 t) = ’1(1/70)

+ L7 {15 [iaay (J: EiyyB(y, z2)n(y +z,t) dz dy)} }

(10)

According to the PDTM, solution 7(v, t) can be written in the series
form as

o0

’7(’/71“) :an(yvt)' (11)

k=0

The iterative algorithm to calculate the components #,s, after putting
(11) in Eq. (10) and comparing the coefficients, is given as

(L] oonrecosel)
0Jv—y

(12)

N

41
”Ik+1(V:t) =L 1{—£

with ny(v, t) = (v, 0). After determining the solution components
1k (v, t), the n-terms series solution is given by

S 1 al . n
g(yl7yz,---7yn)zz.—, [—»g(yl 7y27---7)/n):| In=ymo). (8) ¥, (v, 1) = an(y, t). (13)
=) 6}/" Yn=Yno k=0
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C. Convergence analysis

Next, we discuss the convergence analysis of the proposed
method for solving the hyperbolic fragmentation PBE (3). To facilitate
this discussion, let

B={n:[0,00) x [0, T] — [0,00) : is continuous} (14)

be a Banach space (see A for proof) with the following norm as
Inlls = sup |1+ w)lnlv < oc. 15)
te[0,7]J0
Theorem 2.1. Assume that
Sk=m+ M+ -+ (16)

is a sequence with Sy = 0 and satisfying the following relation:

%a% (L J:iyyB(% 2)(Sk + 1) dzdy)} }

k=o0,1,2,..., (17)

S = 5—1{§g

then, determining the above-mentioned sequence Sy is equivalent to
the kth-order series solution of Eq. (3) using LPDTM.

Proof. To prove this theorem, we will use the strong induction
theorem. First, we will validate the result for k=0, 1. Later, it will be
considered that the hypothesis holds for k and thus will be proved for
k+1.

For k = 0, Eq. (17) becomes

s erftelian (1 poronss e mises)
N _l/ v\lJo. v—y

NIV ]
=L {;E -;5 (L LiyyB(y,z)(no) dzdy)_ }

From Eq. (16), S; = #,. Therefore,

1 .[to [ ]
n1:£1{5£ Vv (J L/B(y’z)("(’)dzaly) } "

which is equivalent to #; derived using the LPDTM (12). For k=1,
Eq. (17) becomes

55 = cl{ic {lf ([ j;ysmz)(sl 1) dzdy)} }
— /;1{%[: E% (J: JiyyB(y,z)(m + 1) dzdy)} }
—m +c1{1c[},§y <j j:oyyw,z)(sl)dzdyﬂ }

and from Eq. (16), S, = 1, + n,. Therefore,

1 ./10 i
, =L =L - B(y,2)(S1) dzd ) 19
" { l/al/ <JO ‘[zlfyy (y Z)( ) ‘ y):| } ( )

s
which is again the same as 7, derived from the LPDTM (12).
Moreover, it is assumed that

s = cl{ic [18‘9 (j J,_ o2 dzdyﬂ }

n=1,2, ... k-1 (20)

Consider

From Eq. (16), we obtain

Mt = c{lc[lf (j J, om0 z)(m)dzdyﬂ } e

which is the same as the iterative scheme (12) obtained from the
LPDTM. O
Next, we will show that Sk is a Cauchy sequence in Banach space
BB and hence converges.
Theorem 2.2. If / € [0,1] such that ||ny||z < Al|ne_, ||z for all
k € N, then the series ZZ‘;I 1 converges to some S € B, where 1y are
obtained by iterative scheme (12) and S satisfies

S— £1{1£ %% (L ijyB(y,z)(S+n0)dzdy):| } (22)

s
Proof. Let there exists A € [0,1) such that ||n;||z < Al|nx_1]5,
forall k € IN, then

ok
[|Ske1 — Sklls = isills < Almellg < o <4 HH%HB' (23)

Now for any k, I € IN, with k > I, we have

ISk — Sills
=[|(Sk =Skt + Sk = Ska+ -+ S = Sl
<8k = Skl + 1ISk-1 = Skallg + -+ + ISt = Sills
<A 2 ) ol

SAH»I(IJ’_AJ’_/Lz—}—+Ak+)”}70||8

I+1

L

<

= ol
Therefore, limg ;o ||Sk — Sil|z = 0. Thus, Sk is Cauchy in B and
hence converges. Therefore, there exists S € B such that
limg_, oo Sk = Zl?:l e = S. Now
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§ = lim S

_otmd it O Jr

L ;}LTC{S‘C V@y( . V_yyB(%Z)(SHno)dzdy
e (e my

—L {Sﬁ ol V_/B(y’z)<klln3¢ ;m dz dy

s |vov

e el (L oo (Sn) o))

1 -1 9 v (oo
_E_l{—ﬁ van . yB(y,z)(S—f—no)dzdy)}}.
l/*y

Lemma 2.1. Equation (22) is equivalent to the hyperbolic fragmen-
tation Eq. (3).
Proof. From Eq. (22), we have

S= 5—1{15 %% (J: J:;yB(y, z)(S+ qo)dzdyﬂ } (24)

s
Using the property of Laplace transformation,

S= J‘}Q (JV Jw yB(y,2)(S + ny) (v, 1) dz dy) dr,

o v\ Jo vy
(25)
oS 10 ("™
B2 (j J,_ o028 w0 e dy).

Letn = S+ 1y =Y oo Mk Eq. (22) gives Eq. (3). Therefore, the solu-
tion of Eq. (22) is same as the solution of Eq. (3). O

Ill. THE PADE APPROXIMANTS

In this section, we discuss how to construct the Padé approxim-
ant of the series solution derived from the LPDTM. Let the truncated
series solution (13) can be written as

r+s=k

(v, t) = Y p(w)t. (26)
1=0
Then, the [r, s] order Padé approximant (see Refs. 58 and 59) of
series solution W (v, t) is defined by the ratio of two polynomials of
degree r and s, respectively, that is,

- Cay(v)Fa()t+ - Fa)tt Ay, t)
Wi(v,t) > [r,s)y, = ItaW)i+ - tamr  Cunn)
(27)

Here, the normalization condition is used, i.e, C(v,0) = 1, and it
is ensured that there are no common factors between A(v,t) and
C(v,t). This means that ¢o(v) =1 and Wi(v,t) equals the [r,s]
approximant through r + s + 1 terms. The unknown coefficients a/s
and ¢s of the polynomials A(v, t) and C(v, t) are determined by the
coefficients of the function Wi (v,t). Therefore, Eqs. (26) and (27)
yield

ap+ait+--+at' =0 +at+--+ct’)
X (po+pit+ -+ prst™). (28

pubs.aip.org/aip/pof

From Eq. (28), we obtain the following system of equations:

Prv1 +Pr61 + - +pp—s+lcs = 07
Pri2 + pre1icr -+ Pposiat =0,

(29)
Pr+b +pr+b71C1 + - +prcs = 07
Po = ao,
p1+ poc1 = a,

P2+ pic1 + poca = az, (30)

Dr +Pr—lcl + - +pOCr = ay.

Thus, the coefficients of A(v, t) and B(v, t) are evaluated by solving the
system of equations defined in Eqs. (29) and (30). The primary advantage
of constructing [r, s] Padé approximants is that it simply requires alge-
braic operations, with each choice of r and s yielding an approximant.
However, the key challenge lies in identifying the order of the Padé
approximant that leads to the best approximation. This necessitates the
use of criteria dependent on the behavior of the solution. We select the
smallest order, [, 5], which matches the exact solution very accurately. In
cases where an exact solution is unavailable, we compare the behavior of
the Padé approximant with the available finite volume scheme (FVM)®’
solution to determine the order that yields a better approximation. It is
noteworthy that the pade inbuilt command in MATLAB is utilized for
finding the approximant. All simulations are conducted on an Intel Core
i3-6006U CPU operating at 2.00 GHz with 4.00 GB of RAM using
MATLAB R2019a software.

IV. NUMERICAL RESULTS

In this section, five test cases are considered, encompassing various
combinations of fragmentation kernels and initial conditions, to illus-
trate the applicability of coupled approach based on the Laplace
projected differential transform and Padé approximant (LPDTM-PA).
It is noteworthy that, owing to the availability of analytical (exact) solu-
tions”' for the first two problems, the verification of the proposed
method is conducted in terms of number density and its integral
moments. Additionally, we have determined the errors in the number
density function for these kernels. The quantitative relative error is esti-
mated using the following expression:

n(v,t) — napp(yv t)
(v, 1)
where 7(v, t) represents the exact solution and 1,,,(v, t) denotes the
approximate solution obtained from LPDTM-PA. However, no analyti-
cal solutions are available for any type of kernels with the gamma distri-
bution. Therefore, to assess the accuracy of the proposed approach,
new closed form series solutions are obtained and validation is done
against the existing finite volume scheme (FVM).”’ Note that, through-
out all computations, v and ¢ are treated as dimensionless parameters

and can be obtained by dividing with v =1 and ¢ = 1, respectively.

Error = , (31)

A. Verification with existing analytical solutions

In this subsection, the solutions for the number density 1 (v, t)
with fragmentation kernels B(v, y) = 2, and B(v,y) = 2(v + y) cor-
responding to an exponential initial distribution n(rv,0) =e™" are
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derived and compared against the exact solutions. Moreover, the accu-
racy is also tested against the recently developed homotopy perturba-
tion method (HPM)."”

1. B(v,y) = 2 with an initial distribution y(v,0) =e™"

The analytical solution for this case with an exponential initial con-
dition (v, 0) = e~ is established by Ziff and McGrady™ as follows:

n(v,t) = e (14 1)% (32)

Using the recursive scheme (12), we obtain

v

no(v,t) =e™",
m,t)=e"’(v-2)t,
eV (L —4v+2)2
2 b
ve’ (1P —6v+6)F
6 b

P! (Vv t) =

773(7/7t) - -

-1 ktkyk_ze_.” V2 —2kv + k(k —1
PR s k)

Therefore, the truncated series solution (TSS) consisting of #n terms
can be obtained as follows:

" (—1) kA 2e (V2 — 2kv + k(k — 1))

Y, (v,t) = Z i

k=0

(33)

By letting n — oo in Eq. (33), we can obtain the closed-form solution
as provided in Ref. 21,

© [ kkyk—zefy 2 2ku _
n(vyt)=z( 1)%t ( 2kv + k(k — 1))

|
— k!
— e V(1 4 ), (34)
103 . : ,
Exact t=4
* HPMt=4
102 LPDTM t=4 ® ]
LPDTM-PA t=4 ® ®

number density function

-

=
S
T

-
e
&

volume

(a) Number density function
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One can observe that the LPDTM exhibits a tendency to effectively cap-
ture the closed-form solution for the breakage kernel B(v, y) = 2, cor-
responding to an exponential initial distribution. In numerous instances
involving complex structured breakage kernels, finding closed or explicit
solutions proves challenging. However, the series solutions derived in
such scenarios offer accurate solutions within the small time domain.
However, the accuracy can be improved for the long time by using the
notion of Padé approximant as discussed in Sec. I11. To assess the effec-
tiveness of Padé approximants with the LPDTM solution, we consider
the 12-term series solution, which is given as follows:

e’ (1P —4v+2)

Yi(v,t)=e "+ 5 —te " (v=2)
12e V(1P —8v+12) irPe V(1A —10v+20)
24 B 120
4 (12 —120430) t71Pe v (12 —14v+42)
720 B 5040
B$15e (12 —16v+56) 217 eV (V2 —18v+72)
40320 B 362880
108 (12 —200490) t11fe v (12 —220+110)
3628800 B 39916800
1206 (12 —2414132) Pre (1P —6v+6)
479001600 B 6 '

(35)

The above-mentioned series solution exhibits a limited region of
convergence with respect to time variable t. It is evident that solution
(35) can be expressed in the form (26). Therefore, we approximate
(35) using an [6, 6] order Padé approximant to broaden the conver-
gence domain and the solutions are demonstrated by Fig. 1. The result-
ing approximation is plotted in Fig. 1(a) at t =4. We observe that the
number density function and its moments (i, and y,;) obtained using
LPDTM-PA closely match with the exact solution [refer to Fig. 1(b)].
However, both LPDTM and HPM method show large deviation and

5 : ; Sk
—— o Exact .*
451 | % pyLPDTM-PA */% i
-
. Hy Exact ’,*
r LPDTM-PA 1
- O m /)K
< XK
ro) e
= 351 /9'( 4
<) X
€ %’
% 3 * =
N -
Tu Pl
£ 251 K 4
o *
c i
2 = '/* 4
;’*
K
151 X .
1
v,*
1B-0-0-0-0-0-0 0000060000000
0 0.5 1 15 2 25 3 3.5 4
time

(b) Normalized moments

FIG. 1. Comparison of series solutions of number density function and moments for B(v, y) = 2 with IC (1, 0) = e~": (a) number density function and (b) normalized moments.
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TABLE |. Relative errors in the number density function obtained using B(v, y) = 2
with #(v,0) = e™".

k Padé Order HPM LPDTM-PA
6 [3,3] 3.1125 x 1072 4.9372 x 107*
8 [4,4] 1.3279 x 1072 2.3171 x 107°
10 [5,5] 5.1683 x 103 1.0803 x 107
12 [6,6] 1.7320 x 1073 49113 x 1078

capture solutions only for a short time frame. Furthermore, we analyze
the impact of different order Padé approximants on the series solution
(35), and the relative errors of HPM and LPDTM-PA are listed in
Table 1. As expected, the error decreases for both methods as the num-
ber of terms in the series solution increases. However, LPDTM-PA
outperforms HPM significantly.

2. B(v,y) = 2(v +y) with an initial distribution y(v,0) =¢™"

For this case also, the exact solution provided by Ziff and
McGrady”' is given as follows:
= (—l)kl‘kyy"ze*”(y2 — 2kv — 2k)
k!

n(v,t) =
k=0

— e V(1 2t 4 2t). (36)

Using the expression of LPDTM (12), one can get

v

no(v,t) =e™”,

m(w,t) =e v (=12 +2v+2)t,
eV (12 +4v+4)82
2 ;

eV (=2 +6v+6)F
G )

'72(”7 t) - =

n3(v,t) =

(1)t 2e v (12 — 2k — 2k)
nk(l/, t) = ) il .

Hence, the TSS consisting of n terms is given by

n_o(_ Nk 2k—2 —v( 2 o
‘Pn(l/,t)=z( 1)t 2 (V* — 2kv 2k).

k! 37)

k=0

Taking the limit as n — oo allows us to obtain the closed-form
solution,

X (_1)Rkp2k—2e=v (L2 _ 2y — 2k
i = 3 U )

ARTICLE pubs.aip.org/aip/pof

l1112(7/7 t)
treV (—2+4v+4)

=eV+te V(-2 +20+2)—

2
Are " (=12 +6v+6) 1otte V(-2 +8v+8)
6 a 24
Aoe (=12 4+10v+10) e’ (=2 +120+12)
+ 120 B 720
27 e vV (— 2 +14v4+14) Mt e v (=2 + 160+ 16)
+ 5040 B 40320
0P e (=12 +18v4+18) 8 t0e v (=12 42010 +20)
362880 - 3628800
PO e (2 4220 +22) 2 12e (=12 4240+ 24)
39916800 B 479001 600

(39)

Similar to the previous case, the 12-term TSS (39) is approxi-
mated using an [6, 6] order Padé approximant and plotted in Fig. 2 at
time = 1.5. The number density function estimated by LPDTM-PA
exhibits a good match with the exact solution, whereas significant devi-
ations are shown by the LPDTM and HPM ([see Fig. 2(a)]. In addition,
from Fig. 2(b), it is evident that the first-two moments show good
agreement with the exact moments. Moreover, the convergence behav-
ior of the number density function with different order Padé approx-
imants is analyzed by estimating the relative errors against the HPM in
Table II. It shows that LPDTM-PA approximates the number density
function with lesser errors than HPM.

B. Newly derived closed form and series solutions

In this subsection, the new closed form and series solutions are
derived f.or. t.he b.rea.kagf: kernels B(v,y) =2, 2(v +y) and \/ﬁ with
Gamma initial distributions of the forms 4v =% and v e~". It is worth
mentioning that no exact solutions are available in the literature for
these initial distributions. Therefore, the FVM will be used to assess

the accuracy of the new solutions.

1. B(v,y)=2 with an initial distribution n(v,0) = 4ve=%"

In this case, the fragmentation kernel B(v,y) = 2 is considered
with a gamma initial distribution, that is, 7(v, 0) = 4ve~*”. Due to the
non-availability of the exact solution, the validation of the results is
accomplished by comparing the number density function and its first-
two moments against the FVM results. Using the expression of
LPDTM (12), the components of the series are obtained as

7]0(”7 t) = 4U672’/7
(v, t) =2e (=202 +2v + 1)t,
mw,t) = —e 2 (=202 + 412 +v - 1)1,

k!
k=0 g ve (217 — 6124 3)8
— e (1 ot 4 21). (38) M3(v: ) = = 3 ’
Once again, the new approach demonstrates a tendency to capture the
closed—.form solution ﬁ?r b'reja.kage. ke.rnel. B(v, y) = 2(v+y) ass.oci— 4(_1)k k2 L, k(k—3) k(k— 1)
ated with an exponential initial distribution. Similar to the previous Ni(vst) = B E— -k + R ).
case above, the effect of Padé approximant is studied on the 12-term ’
TSS, which is given by Hence, the TSS consisting of # terms is expressed as
Phys. Fluids 36, 093343 (2024); doi: 10.1063/5.0225671 36, 093343-7
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FIG. 2. Comparison of number density function and moments for B(v, y) = 2(v + y) with IC #(v,0) = e~": (a) number density function and (b) normalized moments.

n k 2 2
L[ln(y7 t) — Z%(lﬁ — kVZ +@V
k=0 :
M) (40)

4

By letting n — oo in Eq. (40), we can attain the closed-form solu-
tion, which is provided as follows:

oS 1k k=2 20 o B
,1(V,t)zz4<l>+ (VL 1 +k(k4 3)V+k(k4 1))
k=0 :

— e @) (t 420 + ).
(41)

It is evident that the LPDTM tends to capture the closed-form solu-
tion of the number density function for the breakage kernel B(v, y) = 2
corresponding to the gamma initial distribution. However, to validate
this result, the number density function and its integral moments are
compared with FVM® results in Fig. 3. Figure 3(a) illustrates that the
solutions initially deviate. This discrepancy arises because the FVM
requires a large number of cells to accurately capture the number density
function. As depicted in Fig. 3(b), increasing the number of cells notably
enhances the quality of the solutions but at a computational cost.
Moreover, the zeroth and first order moments show high accuracy and
match well with the FVM as shown in Figs. 3(c) and 3(d), respectively.

TABLE II. Relative errors in the number density function obtained using B(v, y) = 2
(v+y) with n(v,0) =e".

k Pade Order HPM LPDTM-PA
6 [3,3] 8.6251 x 1073 4.5065 x 107>
8 [4,4] 2.9284 x 1073 2.2103 x 107°
10 [5,5] 7.6830 x 1074 9.9206 x 1078
12 [6,6] 1.5409 x 1074 3.8716 x 107°

2. B(v,y)=2(v+y) with an initial distribution n(v,0)=4ve=2"

For this case also, the analytical solution of the number density
function is not available in the literature. The series component from
Eq. (12) is obtained as

(v, t) = 4ve™,

mw,t) =2e (=203 + 202 4 2v + 1)t
n(vt) = =202 (=12 + 202 + 20+ 1)1,
e (=213 4612 +6v+3)F

3 b

'73(’/7 t) =

4(_1)ktkylk—2e—21/
M. 1) = =

k
v -k —ky——).

2
Therefore, the TSS consisting of # terms is expressed as

n 4(—1)ktk1/2k‘ze_2"

(v, t) =Y 1

k=0

(1/3 — ki — kv — §> (42)

As n — o0, the closed-form solution is obtained as follows:

00 k k. 2k—2 —2v
4(—1
n( 1) :Zu(ys,kyz,ky,iv

po k! 2
— 26T (Q ) (E+ 20 + 200 + 2072). (43)

Analogous to previous cases, the proposed approach obtained the
new closed-form solution, which is not available in the literature. The
comparison of different results obtained using the proposed approach
against the FVM is shown in Fig. 4. As shown in Figs. 4(a) and 4(b),
the results obtained for the number density functions using the cou-
pled LPDTM approach overlap with the FVM solutions. In addition,
the integral zeroth and first order moments estimated from the num-
ber density functions are shown in Figs. 4(c) and 4(d).
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FIG. 3. Comparison of number density functions and moments for B(x, y) = 2 with 1(v, 0) = 4ve~?": (a) number density function with 50 cells, (b) number density function
with 100 cells, (c) normalized zeroth moments with 50 cells, and (d) normalized first moment with 50 cells.

3. B(v,y)

T Uty

2

with an initial distribution (v, 0) = 4ve=?"

For showing the applicability of the proposed approach, a more

complex fragmentation kernel

B(v,y) = 72 s

considered

corresponding to a gamma distribution #(v,0) = 4ve~?. By follow-
ing the same procedure, we calculated few components of the series
solution given by

no(v, t) = 4ve™,

t(V2mverfc(V2y/v) + 4e 2132 — 4em215?)

711(va) =

v

)

(v, t) = —5\/§t2\/ﬁerfc(\/§\/;) +28%e 212 + 312 ¥ — 4ffe My,

3 2 7
n3(v,t) = 5\/?31/ erfc(v2yv) + 1 \/§t3 erfc(vV2y/) + 28 2037 — 3 e 2 3 e /v,

and so on. Here, erfc(v) defines the complementary error function for
v > 0. It can be seen that the complexity of the series solutions is quite

for this case is not possible. Hence, the quality of the solution is
assessed by implementing the Padé approximant on the TSS. The TSS

62:12:81 G20z Atenuer /0

higher compared to previous cases. So finding the closed-form solution using eight components is obtained as
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FIG. 4. Comparison of number density functions and moments for B(v, y) = 2(v + y) with (v, 0) = 4ve=?": (a) number density function with 50 cells, (b) number density
function with 100 cells, (c) normalized zeroth moment with 50 cells, and (d) normalized first moment with 50 cells.
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The above-mentioned series solution of the number density func-
tions captures well by both LPDTM and LPDTM-PA as shown in
Fig. 5(a). LPDTM captures zeroth moment with high accuracy and
matches well with the FVM results as shown in Fig. 5(b); however, its
first order moment shows deviation from the FVM solutions as shown
in Fig. 5(c), that is, the total volume in the system is lost. The conserva-
tion of the total volume is the most important criteria for any numeri-
cal and analytical methods. Therefore, in order to achieve this, an [4, 4]
order Padé approximant is employed on the truncated series solution
(44) with respect to variable t. It can be observed from Fig. 5 that the
coupled LPDTM and Padé approximant approach not only predicts
the number density function accurately but also integral zeroth and
first moments with high precision and overlaps with the FVM results.

4. B(v.y) = 2 with an initial distribution n(v,0) = ve™

Next, the fragmentation kernel B(v, y) = 2 is considered with an
initial distribution #(r,0) = ve . For this case also, the analytical

solution of the number density function is not available in the litera-
ture. Using the expression of LPDTM (12), the components of the
series are obtained as

no(v,t) = ve™,
v, t) =e V(=2 +2v+2)t,
e’ (=1 4412 +2v—4) 1
7]2(1/7 t) = 2 )
ve ' (P —612+12)1
’73(’/7 t) = 6 )

4(—1) Rk 2er

(v, t) = 0 (v} — 2ki* + k(k — 3)v + 2k(k — 1)).

Similarly, as above, the TSS using # terms is given by
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kok k=2 ,—v
4(—1
()t+ (v — 2k + k(k — 3) + 2k(k — 1)).
(45)
As n — o0, the closed-form solution is obtained as follows:

00 kik k—2 —v
Z 4(—1)"t"v (S

k=0
— e W (0 L) (2t 4+ 262 + v+ 20 + o). (46)

(v} — 2kv* + k(k — 3)v + 2k(k — 1))

Once again, it is demonstrated that the proposed approach has
obtained a new closed-form solution that does not exist in the litera-
ture. Figure 6 shows the comparison of the series solutions of the num-
ber density function and integral moments obtained using the
LPDTM with the FVM results. The number density function estimated
by the proposed method is matching well with FVM (with various
numbers of cell) as depicted in Figs. 6(a) and 6(b). In addition, the
zeroth and first order moments predicted very well by the proposed
method [refer to Figs. 6(c) and 6(d)].
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V. CONCLUDING REMARKS AND FUTURE PROSPECT

In this study, an efficient semi-analytical coupled approach based
on the Laplace projected differential transform and Padé approximant
for approximating the hyperbolic fragmentation equation has been
presented. The mathematical derivation of the method has been sup-
ported by conducting a rigorous convergence analysis employing the
concept of Banach contraction principle. Most importantly, the new
approach obtained the closed-form solutions of the number density
corresponding to different breakage kernels and initial conditions. In
cases where closed-form solutions were not obtained, it has been dem-
onstrated that the utilization of the Padé approximant significantly
enhances the accuracy of the obtained truncated series solution. This
coupled approach offered numerous benefits, notably capturing accu-
rate results over an extended time domain while requiring only a few
number of series terms. This is particularly beneficial given the chal-
lenges posed by the presence of dependent double integrals and com-
plex kernels within the fragmentation equation. For the complex
structured kernel discussed in Sec. IV B 3, obtaining explicit solutions
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FIG. 6. Comparison of number density functions and moments for B(v, y) = 2 with 5 (v, 0) = ve~": (a) number density function with 50 cells, (b) number density function
with 100 cells, (c) normalized zeroth moment with 50 cells, and (d) normalized first moment with 50 cells.
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for the number density functions is challenging due to the presence of
error functions within the series terms. Through comparative analysis
of relative errors in the number density functions, it has been demon-
strated that the coupled approach outperforms the existing homotopy
perturbation method.” Based on the findings of this study, it can be
concluded that the proposed method represents a robust and generic
approach for solving the classical hyperbolic fragmentation population
balance equation.

In future, due to high efficiency and accuracy, the current
approach will be extended to solve a nonlinear collisional fragmenta-
tion equation.”"*” In addition, the proposed approach will also be
extended to approximate multidimensional fragmentation and aggre-
gation equations.”* """
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APPENDIX: BANACH SPACE

Theorem A.1. The space B along with the norm ||n||z is a
Banach space.

Proof. To demonstrate that /3 is a Banach space, we must show
that every Cauchy sequence in B converges to an element within /3.

ARTICLE pubs.aip.org/aip/pof

Let 4 be a Cauchy sequence in B. By the definition of B, we
have that (1 + v)n := wy is a Cauchy sequence in L'(0, 00), but
L'(0,00) is a Banach space; therefore,

wy —w in  L'(0,00). (A1)

Now, define 7 := (1 4+ v/) ' w and we show that  is in L' (0, 00). As
w € L'(0, 00), we have

llls = sup J (1+ )| dv
te[0,T] J0

sup J (14 )1+ v) ' w|dv < co. (A2)
tel0,1] JO

By using [ |ab| < [la]|[[b]l1.» we have
J |n|du:j (14 0) 7 wldv < (L4 7) Ll I#l < oo,
0 0

(A3)
Thus, we have n € B. Now,

e — 1l supj (1 4+ )l — nl dv

te[0,7] J0

sup J Wy —w|dv — 0 as k—oo. (A4)
tef0,T] Jo

Hence, every Cauchy sequence in B converges to an element in B.
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