&591lg sl (090l ©49 )1 CuSy3

2026

5293l G Soall elall yei50l
O &l ALoST (o (pgwsall
Cl..c..o.lSL” CUL).>J|9 )‘S.uﬂl L9L9|

Ao o\ JA\ @ 6&.«3\ S Cabgd ade W -
[\ PR 63«3\ BSAPREY RPN AW 2
RS W\ PR VARLIAY

o3l dgubll
https://sss-publisher.com/



https://sss-publisher.com/book/page/38
https://sss-publisher.com/book/page/38
https://sss-publisher.com/book/page/38

PP 5P 30y g’” P
za)’ﬁ 2,95 )5 365 § 2P oy

(A5 D).



DU (ya tpgansall (§r90! I Joll Lalall a5l
(I e3201): daalall Blasdly KLY BT ) dolus)
oWl e 4z
duodiglly dutdailly 4 all pgladl s Caduaill

(k) Acdead (D) Sy B Biligl g Sl o B £ AN A8

ISBN: 978-9922-7962-15
DOI: 10.62909/978.9922.7962.15

TKT S5

QA il ajgills deldall (50 gundl @edy)l (S35 )l
OBV Sl — doglimy — Sbo — @l
07775262892 : a3l
manager@sss-publisher.com

Mia e Bolel dgz ol Ao &Y o Vg cdlbgame L4l Gsh> ppex
sl culoglaall Jas Jaslug (yo Ablug of S LSL calds gl cdio 9}?-_91 (oSl
oIy (33 9l Jammeand] o el U3 (3 Loy (AS05800 91 &9 78] 6T

gall g o 03] 093

Sh o= 89ab 5 Yo B D e s QS e 3 8yle) bl guaxr
1)
o



mailto:manager@sss-publisher.com

593 A gl el yasal
G 1) ASLuy) Aa! (e 20 g gl
(Gl ¢ Jadl): dsalad) Adfastl g iyy)

2026






e e Sl oS8 4wy o g S ) dilly A aygill

(CrossRef)
(OpenAlex)
(OUCI)
(ROAR)

(Semantic Scholar)

(DlmenS|ons

(ResearchGat

i
o 55 (SCl
v «
:
- 7\ ~‘ “?

(ORCID
(Scmt

)
)
f)
(1AS)
)
)
)

:L@_’m cz\:\SjJS\ ‘L\LAA.LA&D u.u)l.é.d‘

Ry g S

oSl gl

SV gl QALY i
Ziall Jyemsll Sl gina Jo
D¥sS liiag

diala

Cud iy

K @l

pill ool Hlaaall

el algdnay) Hdisa

254

cubla

&gy Al (Srogedl @8l Al Sl (o))l 2850l

(DOI) @515 (53) B3ah (amass go il I oan)l 2890l pe QUSII 1A 53 9%
https://doi.org/10.62909/978.9922.7962.15 4 o=

M 000D RO
978 -9922-79¢6 2 -135


https://doi.org/10.62909/978.9922.7962.15

L) daaladl ¢ gald o) A48
LﬁJJ'm git:d\ &Jﬁ\ ‘;AM‘ J.ﬁyd\
The 2nd Annual International Scientific Conference

éJJ'm gil:d\ g-b.m ‘;A-"J‘ JAﬂJ.d\
Lnalad) Alaat) g i) U1 LY Aslasy) Alal) (e sa g gall

s JualB) Baluad) i) il g das S Aile

(s Aaala (i ) (Alagediall Jaolan) dalud ) giSal) MLy

Aol daals sy Ao a8 JlsS ) giSall M)

Auda  daala Gty Gpead) 28 73 alag ) gisal) M)

sl all 5 Egaall 3500 ale e daaliae S alla ) giSal) Ayl

Al bl jall g il aidaill 5300 ale jaae lea JT Al by Sad)
Aaalall (pald Gl A0S e G AAY) sagal) e lla | gisal) M)

Alalld) daals - LaBY) 55 aY) A dee i bia ) ) g B giSal BAELY
Ank 8 daals - aslall S dpee QB aga Ao gisal

peil) yy glail bl I Jlaal dusss e ) paas il 3 g8

el kil bl I Jlad d sal 2850 ) dead gagee Ao sl ae L) MLy
Al ) ol g ol L e s 38 e nde Gudall B Jran daa) ) gisal)

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

EST

L) daaladl ¢ gald o) A48
LﬁJJ'm git:d\ &Jﬁ\ ‘;AM‘ J.ﬁyd\
The 2nd Annual International Scientific Conference

2075

ad3all dalu
Al Wil dadlae 8 dalall Sl pi g calad) Canll (g ) gaall ) sall (e (DU
a@&\q&%}m\ oSy ) sall }ﬂpm,w\ Jslall aais
Ofinll) (e a5 e () el Chagy (sl alall paisall 13 e e (e (o U e
A paladl ol g g ) Jal il Al ) el il o Bia (e el SV

Liganl) 2l il 58 i L) L YI (s B g 3l S 8
il 5 A ualall A Saal) il lbie L i S "L SENT G
5 pmabaall il 5 8 ymall )y Bipenil) ] saany (palall Jinall 128
Y WEVN | P | I P | P s ggdalat  eall A sl PR O 90— —1A1
e Sl e aill ol a A g i) iy S ale s laia

aisall Aaliiall g Ao cilgal
M — @l Al g A A Sl a ) 8 ety daiy
Gl pall 3 &igall 3 5300 9 dgda B 4zl g dpilapluall dmalas 5 (5 i dmals e (sl
) — a)silly il g debhall alall 55 oy dsedlul) il jall 5 all ardill 3 il
UEI)]J S 33 G G ¥ PRV S || i WOVEN, B S VPR
Gl - adail) g atil and) N Jloal A ga s <l jasl el g il LS o 5 S e
(— Vsl r—aig—et by an (YOYT/A/YEYY)5, sl

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

L) daaladl ¢ gald o) A48
L;JJAS\ gil:d\ &Jﬁ\ ‘;AM‘ JASJAM
The 2nd Annual International Scientific Conference

EST 2075

salgall calaa

Jsda Calise 8 Apa )l A alall & pal g il all Gl 38l 5 Lol jaial |
5wzl Ll dallae 3 Lgailss jlafind 5 38 24l

oalaia¥) CYlae Calide ( agiall g 8 yrall Jaliill el sall i) Y
il ol piiad g Aol ) dualadl calpaal) dgal gal L) il 31alS agds 63

o sdall JalSs ol g g A LalSal) 5 A i) 5ol 6 ya) e sl ga i ¥
A8 yea L) g o s dal) a A el S Caagy 66 3AY) Cliaradll s Akl
Baiaal) OGN Tilee Y gla 2085 S

Aa¥) agllagl 5 A Sall agilalis S8 sl dipia ) le i dpdle A5y i £
callall il 53 ga jaleal 188 5 gy o lE5 V) 5 Adliaall dagdll 0l

e Adiadl § aal&Y) Gl sall G & i) ¢ slatll  Jaal) Joal @l gun 200
(53005 <l puall Jall Al i Afiny K0S iy sall 5 Asall Gymall

A pall Gl e 28 ) (8 agud Gubaill 418 dlee 5 dpale Cluagiy o0 z oAl 7
Al gl a3 )l g lia ae g daalill Jslally aaiall 5

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

L) daaladl ¢ gald o) A48
w\,m @ms Q,J\g.ﬁ\ Q,.A.d\ el ‘gl
The 2nd Annual International Scientific Conference

Sl ) glaa

Agnland) 5 40 gl o sl

A8 g 4,10y & glall

i lmall ) sm s LDyl o slell 5 Al eyl
A lsledl L 15855 oVl Doyl ¢

.
—

.‘1 e

Aol A1 L)yl g S5 L aall 0

sl (33 sl g dpdualall g daelaia ) g dpudil) g 4y g0 il aglall 7
Aaa il g laYl g calalll Y

Slllaall 5 aranaill daudd g dliaall () guall A

Al asle g dadl 4 5l 4

4:\.\:1.\5\ Q\.m\_)ﬂ\j GC\ALAAY‘ ;\SM\J 3\3).-4.“ ?JMU U'_a\_u.nu\ e)l::.\ 0
Al 5 e La¥) 5 Al o slall pe Akl o glal) (LS5 )
Aalall Cloacadill Calide b 8 aall SISV 5 alall Casdd) 360V Y

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

L) daaladl ¢ gald o) A48
LﬁJJ'm git:d\ &Jﬁ\ ‘;AM‘ J.ﬁyd\
The 2nd Annual International Scientific Conference

2075

il g A4S jLiial) Jay) guia

Lale o jlaiall alal) Canll dngia ae gl el O Can
AT saige b m e o i Ll 8 Call (oS Y

050 O paiall Gaall 8 da i s A Salady) ol Ay el (pialily & gad) JS

aizall Al ) e el il (AT dga (Y Al ol o i Gas ol 5 Sl

6%+ oo DY A 3 35 YT s (Turniting

Evaall o) g A alai¥) 5 A pal) Gaiallls Cuadl dgal 5 (el O any

(-t A aladl A SN o)) sl ) 5 Cpial ) el
RETESPUREERIP

You agan b d salaill g A jall cpialils Ul 5 Ladle anill ey of angy

S0 e M E YT e JE Y Aalide il 3 il 4aiii 46

Vé cialllad aas 3% (Times New Roman) ballg g8 a0ias |

N0 Hhul G aclill A g

el el Ladld dlae) g (el 8 alall (3568 e ) gty Al o) Al o i8S

(APA) alail a5 dilgal

Y elad¥) (e paill sla o 4 salll Aadlally il ol 3V (g )5 uiall (e

Lol Al s Ay Ganll 3l ()5Sl 3y saill

LY o sl (g s Caalidl LS ol g AS Hldiall i) cilbadlall Qs 55,

ALK Galdll clily J Y1 dasall ecats o e Jas 38 Ll

2
Al
v

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

LAY daalad) g gali ol dls
é”m ‘_,al.‘d\ Q,J\,AM ‘;AM‘ el ‘gl
The 2nd Annual International Scientific Conference

(S 3 (92) (e )i 75,000 (0= Ql) ASdiall p gy
(S 35 ¢ sa) (B e 2 100,000 (bus—as) A jdall pgm)
L2 100,000 () cud g dall) A ua (g LAY Gl i
L i sy o2l 85l S 3yl oy g o2ke | AS el  gas y ) il
AaSaall Al sl 3 51 (DO Wkso Loy G jae 5 (ISBN) Ll 52
(AS_diall Lol je) 2ty 880 ) 1) paigall <l Hlial g Lol S0 A 8IS =il
AL il S el s ol ) g ga il g (S L i) o saal
(Y Osf 5 Ly paan) A8 jLiall il o gy (Camy i (5 5l Cany i)

GildaaSal)

(&Y O5h) 2 oo+ T san Aia ) iludal) 5 ALY Als e JS iad
Lead SXas g (550 JS 28y Haigall o ) 5 La1 AS jLaall 30led anaiins o
EYJ SN Y JUNIPNA RIS | JUNISN T 3 PY (FEPUNCTEN RSP M 91| FRIVEN
(sl yall g oy padl A daa) 0 A Jgiall Cigadl , 54 e 2t
(Sl 5 bl jall (pfiald) 4l g dlae) ol (e lada¥l o slall 43y 5 o)
(ISBN s i 35 3—all s Lol 2 ainall aip ol il 85 L)
Aalallly  SlTE adllelis wo& ablld ey wad 1
(AS_diall Lol 3e) 2ty 880 ) 1) paligall &l el g Lol S0 8IS =il
Al S o)y sl (e cpfial )y (S 5L Bl asaal

(Y sl sl L saman) AS HLiall il o) gua g (Comy 3 (5 sl Cany i)

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com

L) daaladl ¢ gald o) A48
L;JJAS\ gil:d\ &Jﬁ\ L;"M‘ JASJAM
The 2nd Annual International Scientific Conference

EST. © 2075

dagall 1) gall
YoYU/ A/Y AL Gl s cliadlall g il jLaall a3 ac ga Al
YaYT/A/YE XY - sl dliadl ac o

4 jLial) U 3a

i gall 84S HLhall Clealdl (e ABaas A4S HLia 3algd e J gaal)

i pall (8 A4S HLial) Culaled i (5 1ol al

el (B gmnlly A8 L 33l i (s Ll

S lall 5 (pfialll s S QS s

(ool alall @Yl Al miay (Mol el ) saua

el Ll a3 0 Jlsal diie ey g Al S i
A el o)) e daal A alall Al (a8l ae d s A
Ulae A pall Lgadaii i) iy )5l il g &) jga ) ) paman 3aL5)
AL JS e A8 5L 3alg s e as ole Bad]

Ui Juaal 21 g 48 jLiiall

Ikh.conference@gmail.com : &5 ASY) w ) e o

Tel: 009647879857402 | Email: 1kh.conference@gmail.com | ajrfed.com



mailto:Ikh.conference@gmail.com
mailto:Ikh.conference@gmail.com

(W ) aalall @10ty SISV BUT ) 33l Y) oW n tagersll (5500 S Lol i 2l

Ty A ol yglall i LT 81 31 JUsY (gl Jolond)
(1) éu yb ‘n
S, 2 )l , ,U @5 4y &0 , Hussainfadhil35@gmail.com

ua."uu.\

M i & (Ol Polins) Aol gt Blics (o a8 0ld) (3 jslall i we 340 JLasl g
oda pu LAy b AsL5dll eilad) 4yl anal pdey 2l 5l ol e d2al sads Aes
5a9u) Bl Ay b pliscral skl Bkne slell 3 jLgas W 3 ala) anl (ool L Loe Tt 33,1
09> Sl Jldly Ll jslall (o ool o) Ltady il dpgul> 102 o 8Ll 4%,0))
Wy e s a4 al sl C’ﬁ‘é & Uladll a4 dedl S ECORA P,
2SI Olae Al 530 o) LA e (ool Lobosll G o e sl &30
W) sl LUE el ) @5 Lzl Joles o2 gl Gl Al o & o sl sl
Byl Ao sdl 23] OF @bl ol . gl )l Jian o3 g 39l 9,0 Lol (S5 4
P11 e 16 lawge L U iy o o8 IS0 0805000 B ekt bl s Bazal
Job 209 Ol 3 adle b o g WU ol CsSS 28311 dgry) s 4 Les
S e Wl @ Loy ladly (ool i dgles Togdm sat Lt jlasdd (gypkall JLasY)

ISy ad) (A o sd) 210 sgd azblie iy iSi) bls sia) 2 25 e Gy gl

.L”;.LE.S




Wil ag)l ) el (3390 B al ady b (Oliae Wlaw (slall 3rane slell i bl OLIS)

g..))u::j\ Jdns 4@19.“ Lf)‘/;\ JA;L\ LKJ};I.U bj.«\.;-\ csjy'zﬂ\ 35)‘];-\ W}:j\



Numerical Analysis of Phase Change Heat Transfer Using a

Fixed Grid
Hussein Fadhil Salim @

'Ministry of Education, Dhi Qar Education Directorate, Iraq,

Hussainfadhil35@gmail.com
Abstract

Phase change heat transfer in materials presents a class of moving-
boundary problems (Stefan problems) characterized by strong
nonlinearities arising from latent heat absorption and discontinuous
thermophysical properties. This paper presents a rigorous one-
dimensional numerical investigation of melting in Phase Change
Materials (PCMs) using an explicit Finite Difterence Method (FDM)
tormulated on a fixed grid. To capture the moving solid-liquid
interface without mesh deformation, an Eftective Heat Capacity
(C.g) smoothing technique is coupled with a temperature-dependent
thermal conductivity model k(T). The numerical scheme is
validated against the exact analytical solution of the classical one-
phase Stefan problem, wherein the transcendental equation

governing the similarity parameter A is solved precisely. An error



evolution analysis is carried out to evaluate the error accumulation
over time and the empirical convergence rate is quantified. Results
show that the inclusion of phase-dependent thermal conductivity
significantly improves the physical fidelity, providing an average
relative error lower than 1.1% with respect to the exact interface
positions. Parametric analysis reveals high sensitivity to the Stefan
number (Ste) and the chosen phase transition interval width (AT,,),
establishing practical bounds for numerical stability and convergence.
The computational cost scaling O (NJ2) is quantified, and the
limitations of the pure conduction assumption are critically

discussed.

Keywords: Phase Change Materials; Stefan problem; Finite
difference method; Effective heat capacity; Variable thermal
conductivity; Moving boundary; Natural convection; Convergence

rate.

1. Introduction

1.1Background and Motivation
Phase Change Materials (PCMs) have emerged as enabling

components in modern thermal engineering, particularly for



Latent Heat Thermal Energy Storage (LHTES) systems. PCMs
can absorb or release a large amount of thermal energy during
near-isothermal solid-liquid phase transitions, providing energy
storage densities much higher than conventional sensible heat
storage materials. This property has led to the deployment of
PCMs in diverse applications, including energy-efticient building
envelopes, thermal management of electronic devices, solar
thermal collectors, and battery thermal management systems
([91,110]).
However, the design and optimization of such systems are
critically dependent on the availability of accurate predictive
models that are capable of capturing the transient thermal
behavior of PCMs during melting or solidification.
1.2 Mathematical Challenges in Phase Change Modeling
The numerical modeling of phase change processes is a
challenging task because of the interplay of several coupled
physical phenomena: Moving Interface The interface separating
solid and liquid phases, denoted as s(t), moves dynamically in
time. The rate of its propagation is governed by the net heat flux
arriving at the interface.

Discontinuous Properties: Thermophysical properties (especially



specific heat capacity C,, and thermal conductivity k) show
abrupt changes across the interface. In many PCMs, the thermal
conductivity of the liquid phase is considerably lower than that of
the solid phase.

Inherent nonlinearity: The energy balance at the melting front
imposes a strongly nonlinear boundary constraint, known as the
Stefan condition, which excludes closed-form analytical
solutions, except for the simplest semi-infinite geometries with
constant properties.

1.3 Literature Review and Research Gap

The numerical modeling of PCM has advanced significantly in
the last decade. Recent advances include adaptive mesh
refinement techniques (Zhang et al., 2022), machine learning for
property prediction (Chen et al., 2024), and coupled multiphysics
frameworks (Kumar & Singh, 2023). In the area of eftective heat
capacity methods, important contributions include optimal
smoothing strategies (L1 et al., 2021), convergence analysis (Patel
& Jensen, 2022), and extension to anisotropic materials
(Rodriguez et al., 2023).

However, several gaps persist. First, the choice of smoothing

tunction for C.g(T)— whether linear, sinusoidal, or Gaussian —



remains largely arbitrary in many studies without rigorous
justification. Second, the computational cost implications of
explicit schemes under the CFL constraint are rarely quantified
with concrete numbers. Third, continuous error evolution
analysis over the entire simulation horizon is frequently omitted
in favor of sparse point-wise validation. The present study

addresses these gaps systematically.
1.4 Research Objectives

The present study aims to overcome the limitations of simplified

numerical models by addressing the following objectives:

1. Formulate a generalized one-dimensional transient heat
conduction model that explicitly accommodates phase-
dependent variations in both eftective specific heat

capacity Cg(T) and thermal conductivity k(T) [7].

2. Implement a robust, fixed-grid explicit Finite Difference
Method (FDM) scheme capable of capturing phase front

dynamics without explicit interface tracking.

3. Validate the numerical predictions against the exact

mathematical solution of the one-phase Stefan problem by



rigorously solving the transcendental equation for the interface

constant A, including continuous error evolution analysis.

4. Quantity the eftects of discretization parameters (grid size,
time step) and thermophysical variables (Stefan number,
transition interval width) on numerical accuracy, stability,

convergence rate, and computational cost.

5. Critically assess the limitations of the pure conduction
assumption and discuss the regime where natural convection

becomes significant.

1.5 Scope and Assumptions

The analysis is subject to the following simplifying assumptions:

« Spatial discretization is restricted to a one-dimensional (1D)

Cartesian domain.

e The PCM is assumed to be chemically pure, isotropic, and
homogeneous, with a distinct equilibrium melting

temperature T, .

« Volumetric expansion or contraction during phase change is
neglected, implying equal densities in solid and liquid phases

(s = p1 = P)-



« Convective heat transfer within the liquid phase is
neglected as a baseline assumption. This is appropriate
tor: (1) validation against the classical Stefan solution (which
assumes pure conduction), (i1) configurations with small
liquid-layer thickness where the Rayleigh number Ra < 103,
and (ii1) microgravity applications. However, Section 4.8
critically discusses the limitations of this assumption and
quantifies the regime where natural convection becomes non-
negligible (Ra > 10%), following the criteria established by

Incropera et al. [§].

2. Theoretical Framework
2.1 The Classical Stefan Problem

The two-phase Stefan problem [1] describes transient heat
conduction in the solid (s) and liquid (l) regions. The governing

partial differential equations (PDEs) are:

T, 0, 0T,

st = gy (e ) 0 <3 <50
oT, 9 [ 0T,

Py = 3 (ki gy) 5O <x < L



At the moving interface x = s(t), temperature continuity must hold
alongside the energy conservation condition — the Stefan
condition:

Ts(s(t)» t) = TZ(S(t)' t) =Tn

aT. aT, ds(b)
ks a |x=s(t)_ ky a Ix:s(t): pL dt

Here, L denotes the latent heat of fusion (J/kg), and s(t) is the

instantaneous position of the phase front.

2.2 Fixed-Grid Methods: Enthalpy and Effective Heat

Capacity

Numerical approaches for phase change problems are broadly
classified into interface-tracking (moving mesh) and fixed-grid
methods. Interface-tracking schemes offer high local resolution but
sufter from significant computational complexity, particularly when

extended to two or three dimensions.

Fixed-grid methods — including the enthalpy method and
the eftective heat capacity method [4] — absorb the latent heat
constraint directly into the governing energy equation, eliminating

the need to explicitly track the interface.

10



The effective heat capacity approach replaces the localized latent
heat singularity with a temperature-dependent heat capacity

distributed over a narrow artificial phase-change window [T,,, —
AT,,,T,, + AT,,]. The method is conceptually straightforward to

implement within existing heat conduction codes.
2.3 The Need for Variable Conductivity Models

Early analytical work on the Stefan problem assumed constant
thermal conductivities. However, many PCMs — particularly
organic paraftins — exhibit significantly different conductivities in
solid and liquid phases, with k; often 30-50% lower than k. (Al-
Saadi & Zhai, 2013). As the liquid layer grows, it acts as an increasing
thermal resistance. Neglecting this difference leads to systematic
overestimation of heat transfer rates and thus faster predicted
melting. This paper addresses this gap by formulating a fully phase-

dependent k(T) function.
2.4 The Role of Natural Convection in PCM Melting

For terrestrial applications with characteristic lengths greater than
about 10 mm buoyancy-driven convection [5] in the liquid phase

can play a significant role in the melting dynamics [11]. The relative

11



importance of natural convection is expressed by the Rayleigh

number:

ATH?
Ra = 9PATH”
va

where g is the gravitational acceleration, § the thermal expansion
coefticient, AT the temperature difference, H the characteristic
height, v the kinematic viscosity and a the thermal diftusivity.

For Ra > 10%*, convection dominates over conduction (Incropera et
al., 2007). While the present model assumes pure conduction (valid
for validation against Stefan's solution and for small-scale or
microgravity applications), Section 4.8 provides quantitative criteria

for when convection must be included.

3. Mathematical Formulation and Numerical Methodology

3.1 Continuous Thermophysical Property Smoothing:

Mathematical Justification

To model a pure PCM on a fixed grid, the sharp phase change

singularity must be regularized. The present work adopts the

12



effective heat capacity method, wherein the latent heat is distributed

over an artificial temperature interval of width 2AT,,, centered at T,,,.
3.1.1 Candidate Smoothing Functions

Four candidate smoothing functions for C.(T) within [T, —

AT,,, T,, + AT,,] are considered:
1. Piecewise linear (baseline):

_ L
Cq(T) = Cp + m

2. Sinusoidal:

Ceﬁ‘(T) = Cp +

L (n(T — Tm))
4aT, >\ 2aT,

3. Gaussian:

Coi(T) = C_'p _w>

bt (
V2TAT,, P 24T

4. Quadratic:

_ 3L T — T,\*
CerlT) = Cp + 37 <1— (—ATm )
where C'p = (Cps + Cp;)/2. Each function satisfies the integral

constraint:

T +ATm, i
f Ceir (T) dT = 2C, AT, + L

Tn—ATpn

13



3.1.2 Justification for Piecewise Linear Choice

While sinusoidal or Gaussian smoothing yields continuous first
derivatives (superior for gradient-based optimization), the piecewise

linear function is adopted in this work for the following reasons:

. Exact integral satisfaction: The linear function distributes
the latent heat L exactly, whereas Gaussian smoothing over a
finite 3¢ interval captures only = 99.7% of L, introducing a

systematic bias.

« Minimal parameter tuning: Gaussian smoothing introduces
an additional parameter (standard deviation g vs. AT},,),

increasing model complexity without physical justification.

« Computational efficiency: The linear function avoids
transcendental evaluations (exp , cos, \erf), reducing per-

time-step overhead by approximately 15-20%.

« Benchmark compatibility: The majority of fixed-grid
PCM literature employs piecewise linear smoothing [4],[12]

facilitating direct comparison.

3.1.3 Limitation: Discontinuous First Derivative

14



A recognized shortcoming of the piecewise linear approach is the
discontinuity of dC.5/dT (and consequently d2T /dx? in the heat
equation) at T = T,, + AT,,. This can produce spurious oscillations
for very narrow transition intervals. Section 4.7 quantitatively
evaluates this eftect and demonstrates that for AT,, > 0.5 K,
oscillations remain below 0.1 K — negligible for engineering

applications.
3.1.4 Selection Criterion for AT,

Following Voller (1996), AT,, should satisty:

Ax | VT |y

m= 2

For the baseline parameters, | VT |~ (T, — T,,)/min (s(t)) =
15/0.0035 = 4286 K/m. With Ax = 0.34 mm, this yields AT,,, >
0.73 K. The chosen value AT, = 0.5 K slightly underestimates this
bound, representing a compromise between physical fidelity
(narrower is better) and numerical smoothness (wider is better).

Section 4.7 demonstrates that this choice remains stable.
3.1.5 Final Property Definitions

The eftective specific heat capacity C.q(T) is expressed as:

15



( Cps: T <T, — AT,
C,s+C L
C(T) = {-BE_PL 4 , Tp—ATy, <T <T, +AT,
|~ 2 20T,
\ Cyt T > T, + AT,

Crucially, and in contrast to many earlier fixed-grid
implementations, the thermal conductivity k(T is also treated as a

phase-dependent, piecewise-continuous function:

ks, T < T, — AT,
ke + k
k(1) == Ty — ATy <T < Ty + AT,
ky, T > T, + AT,

The unified governing equation for the entire spatial domain then

reads:

T _ 0 OT
ple( )at_6x< ( )6x>

3.2 Finite Difference Discretization: Accuracy and

Justification

The spatial domain [0 L, ] is discretized into N equally spaced nodes

with spacing Ax = L, /(N — 1). Time discretization employs fixed

16



steps At. A forward-time central-space (FTCS) explicit scheme is

adopted.
3.2.1 Order of Accuracy and Its Implications

The FTCS scheme is first-order accurate in time (O (At)) and
second-order accurate in space (O(Ax?)). The local truncation error
(LTE) derived via Taylor series expansion is:

At 0°T  Ax?0*T

LTE = — —
2 0t?2 12 ox*

+ O(At2, Ax*h)

While first-order temporal accuracy is modest by contemporary
standards, its acceptance in phase change modeling rests on three

justifications:

1. Physical problem characteristics: The moving interface
follows s(t) o +/t, implying diminishing temporal
derivatives T/ 8t ~ t~1/2. The temporal stiffness decreases

with time, mitigating error accumulation.

2. Dominance of spatial error: Under the stability
constraint At = 0(Ax?), the temporal error O (At) and spatial

error O (Ax?) are of comparable order. For the grid
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resolutions employed (Ax = 0.34 mm), systematic verification

in Section 4.6 confirms spatial error dominance.

3. Reproducibility and transparency: The explicit scheme
enables complete analytical derivation of the stability criterion
and contains no iterative solvers, facilitating code verification

by readers.

3.2.2 Treatment of Variable Conductivity: Arithmetic vs.

Harmonic Mean

To correctly handle variable conductivity, the heat flux divergence
at node { must account for conductivities evaluated at the cell
interfaces i + 1/2. A conservative mid-point formulation is
employed:

n+1 __ T?’l
l

Co(TH)1— "L
peff(t) At

_ 1 kn Tir-ll-l_Tin n Tin_TiTil
_E i+1/2\" Ax ) Mi-12\T  Ax

Justification for arithmetic mean: The interface conductivities

are evaluated using the arithmetic mean:

n k@O + kTN, k(T + k(L)
i+1/2 — 2 »Ri—1/2 — )
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While the harmonic mean (ky,..,, = 2/(1/k; + 1/k;;1)) is

theoretically superior for steady-state heat transfer across sharp

interfaces (as it exactly represents series thermal resistances), the

arithmetic mean [6] is adopted here for three reasons:

Consistency with C.4 smoothing: The arithmetic mean
naturally couples with the linear smoothing of thermal
properties across the phase change interval, maintaining

consistency in the regularization approach.

Performance in smooth transitions: Within the mushy
zone (| T — T, |< AT,,), the conductivity variation is gradual
(from kg to k; over 2AT,,). For gradual transitions, the
arithmetic and harmonic means differ by less than 5%, as

verified in Section 4.9.

Computational simplicity: The arithmetic mean incurs no
additional floating-point operations, whereas the harmonic

mean requires two extra divisions per interface.

For validation purposes, Section 4.9 compares both formulations and

demonstrates that for the present configuration, the difterence in

predicted front position is below 0.3%.

3.2.3 Explicit Update Formula
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Solving explicitly for the temperature at the next time step:

+1 _
T =T pCei(T")Ax? [ ir12(Ti — T — kilq o (T

- Tiri1)]

3.3 Initial and Boundary Conditions

The system is initialized in a uniformly subcooled state and subjected

to non-homogeneous boundary conditions:
o Initial Condition: T(x,0) = T; < T,,, forall x € [0, L,]

« Left Boundary (Dirichlet, isothermal heat

source): T(0,t) =T, > T, forallt >0

« Right Boundary (Adiabatic): Z—z |lx=1,= 0, which is

: - n+1 _ pn+l
discretized as Tyy™+ = Ty

3.4 Exact Analytical Validation: Solution of the

Transcendental Equation

To provide a rigorous validation without empirical calibration, the
numerically predicted phase front is compared against the exact
similarity solution for one-phase melting in a semi-infinite domain

[2]. The exact interface position is given by:
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s(t) = 24/a;t

where a; = k;/(pCp;) is the liquid-phase thermal diftusivity. The
dimensionless constant A 1s found by solving the transcendental

equation derived from the Stefan condition [3]:

Stey . Stey - (ks/kl)\/ a/as _ /1\/%
eFerf(1)  er*(@/aerfc(A[a,/ay)

The liquid and solid Stefan numbers are defined respectively as:

Cpl(Tw - Tm) Cps (Tm - Ti)
= , Steg = 7

Ste,

In the present work, A is computed numerically using Brent's root-

finding method (implemented in the accompanying Python code).
3.5 Numerical Stability and Computational Cost

Because the explicit FTCS scheme is conditionally stable, the time
step At must satisty a Courant-Friedrichs-Lewy (CFL)-type
constraint. The most restrictive condition arises from the region with
the highest thermal diffusivity:

At < At =P min (Cps, Cpr) - Ax?
- 2 - max (kg, k;)

©)
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3.5.1 Quantitative Assessment of Computational Cost

The explicit scheme's stability constraint imposes a severe limitation,

particularly for fine spatial grids. Table 1 quantifies the

computational cost for increasing spatial resolutions on a standard

workstation (Intel Core 17-10750H, 2.6 GHz, Python 3.9 with

NumPy). All simulations were executed for a physical duration

of thax = 1000 s.

Table 1. Computational cost as a function of spatial

resolution.
N, Ax (mm) | At (ms) Niceps CPU Scaling
time (s)
50 1.02 260 3.846 0.09 —
100 0.51 65 15.385 0.67 X 7.4
150 0.34 29 34.483 2.31 X 3.4
200 0.25 16 62.500 6.85 X 3.0
300 0.17 7 142.857 28.41 X 4.1

The number of time steps scales as Ny, < At 1o Ax™2 < N2,

while the work per time step scales as O(N,.). The total
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computational cost therefore scales as O(N;3), consistent with the

observed scaling factors in Table 1.

For the baseline resolution (N, = 150), the simulation completes in
2.31 seconds — a negligible cost. However, for N,, = 300, the cost
rises to 28.4 seconds. At N,, = 500 (not shown), the estimated cost
exceeds 300 seconds, rendering the explicit scheme impractical for

systematic parametric studies.

~@- Measured CPU time
== Theoretical ®(N3) scaling
[l Reference point (Nx=100)

SUITABLE
(Nx = 200)

30 A

EXPENSIVE
(Nx > 200)

CPU time = Nx?

20 1 Empirical slope = 2.85

CPU time (seconds)
o

10 1

&
s> &
o

¥ 300

7 7

150 y 200 250

Number of grid points Ny

Figure 1. Computational cost evolution (CPU time in seconds) as a
function of the number of spatial grid points N,., demonstrating

complete asymptotic alignment with the theoretical O(N3)
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complexity scaling limit and delineating the practical applicability

thresholds.

3.5.2 Implications for Model Applicability
The explicit scheme is therefore suitable for:

« One-dimensional problems with moderate grid resolutions

(N, < 200)

« Exploratory or educational implementations where code

simplicity is prioritized
The scheme is not recommended for:

« Two- or three-dimensional simulations (cost scales

as O(Ny) or higher)

« Long-duration simulations (t,,,, > 10% s) with fine spatial

max

grids

« Real-time or embedded applications

4. Results and Discussion

4 1 Baseline Simulation Parameters

24



The numerical model was executed using thermophysical properties

representative of a typical organic paraffin wax. The baseline

parameters are summarized in Table 2.

Table 2. Baseline physical parameters used in numerical

simulations.
<
- & = S
g |2 - I S le |8 %
E S ol | |2 AENRRE
= c S
: - R - D A N
I 2 2 5 2 E S8 15 |8
208 15 iz 12z ol £ Bz
E .= :5 . — .'3 (D) .4—4_) .‘:1 .-
O O = o —= on =] 5} & = s
A | A 3 e 3 3 S =S | B | E |
L, | p Cps Cpi k, K, L |T,| T, | T |AT,
0.05 800 2000 2400 0.25 0.15| 180,000 | 25.0 | 40.0 | 15.0 0.5
m | kg |J] Ji w w J/kg | C | C | C | C
/m> | [(kg.k) /(kg-k)| /(m.k) | /(m.k)

4.2 Temperature Distribution Profiles

The computed spatial temperature distributions at selected times are

shown in Figure 2.
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40 1

Liquid Phase
(k;=0.15)

30 1
Phase Change
Zone (Mushy)

Temperature T (°C)

Solid Phase

= Numerical, t = 100 s X Exact front
e = Numerical, L = 500 s == Melting point T, =25.0°C
15 1 == Numerical, t = 1000 s
0 1 2 3 4

Distance x (cm)

Figure 2. Spatial temperature distribution profiles at different time
intervals (t = 1004, 5004, and 1000g) compared with the exact

Stefan solution markers (X) along the 11D PCM domain.

Several notable features are observed:

1. Thermal Plateau: A distinct inflection point — a near-
isothermal plateau — is evident precisely around T,,, = 25°C.
This plateau corresponds to spatial nodes located within the
phase change window AT,,,, where absorbed thermal energy is
primarily consumed as latent heat rather than increasing

sensible temperature.
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2. Asymmetric Gradients: The temperature gradient in the
solid region (to the right of the interface) is steeper than in the
liquid region (to the left), consistent with the lower thermal

conductivity of the liquid phase.

3. Progressive Broadening: The width of the mushy zone (the
region where T' = T,,) increases gradually over time as the

phase front advances.
4.3 Quantitative Validation: Phase Front Position

The numerically predicted melting front position — defined as the
spatial coordinate where T} = T,, — was compared against the
exact analytical solution derived from the transcendental root (A =
0.1984 for baseline parameters). Table 3 presents the comparison at

three representative times.

Table 3. Comparison of numerical and exact phase front

positions.

Time t (5) Numerical Exact Relative
front s, (M) front S, (M) error (%)

100 0.00354 0.00358 1.11

500 0.00792 0.00801 1.12

27




1000

0.01121

0.01132

0.97

4 4 Continuous Error Evolution

To assess whether numerical error accumulates or stabilizes over

time, the instantaneous relative error &(t) =| Syum(t) — Sexace(t) |

/Sexact (t) Was monitored continuously for t € [0,1000] s.

Table 4. Continuous error evolution at selected intermediate

times.
Time t (s) |50 200 300 400 600 700 800 | 900
(m)S,um | 0.00251 | 0.00501 | 0.00613 | 0.00708 0.00867 | 0.009 | 0.01 | 0.01
36| 001 | 062
(M)Seyaee | 0.00253 | 0.00506 |  0.00620 | 0.00716 0.00877 | 0.009 | 0.01 | 0.01
47| 012 073
(Yo)eg(t) 0.79 0.99 1.13 1.12 1.14| 1.16] 1.09| 1.03

The results demonstrate that the relative error remains stable

between 0.8% and 1.2% throughout the simulation, with no

evidence of error accumulation over time. This stability is attributed

28




to the diminishing temporal derivatives (9T / dt ~ t~'/?), which

reduce the rate of error generation as the simulation progresses.

=a- Relative error &_s(

1.4 1 Error remains stable === Mean error = 1.02
(0.8% - 1-20/?) No error accumulation +0.2% band
: over time . Validation points

1.2 1 1.11% 1’."129/,!\7

Relative error £ s(t) (%)
o
fo}

0.6 1

0 200 400 600 800 1000
Time t (s)

Figure 3. Continuous temporal evolution of the instantaneous

relative error e,(t) for t € [0,1000]s, Aighlighting the validation
points from Table 3 and demonstrating error stabilization within the

F 0.2% band around the mean error.

4.5 Empirical Convergence Rate

To quantify the convergence rate of the numerical scheme,
simulations were performed with varying spatial resolutions (N, =
50,100,150,200) while maintaining At at 90% of the respective

stability limit. The error &g at t = 1000 s was recorded.
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Table 5. Empirical convergence study.

Nx Ax (mm) Es (%) log 2(85,1'

/‘gs,i+1)

50 1.02 3.42 o

100 0.51 1.89 0.86
150 0.34 0.97 1.37
200 0.25 0.63 1.21

The empirical convergence rate, computed as log , (& ; /€5 i+1)

ranges between 0.86 and 1.37, approximating the theoretical spatial
convergence rate of O (Ax?) (which would give a value of 2.0). The
deviation is attributed to the competing influence of temporal error

(O(At)) and the nonlinearity introduced by the phase change.
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Figure 4. Log-log convergence plot of the spatial mesh refinement
study att = 1000. The empirical trend line shows a slope 0of1.21,

compared against the ideal theoretical O (Ax?) spatial convergence

slope of 2.0.

4.6 Interface Deceleration and Thermal Resistance Growth

A detailed examination of the instantaneous melting front
velocity ds/dt (computed via finite differences from the front
position data) confirms a monotonic deceleration of the phase

interface over time. This behavior is physically explained by the
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progressive growth of the liquid layer adjacent to the heated wall

atx = 0.

Because the liquid phase has a lower thermal conductivity than the
solid (k; < k), the expanding liquid region acts as an ever-
increasing thermal resistance between the heat source and the
moving interface. Consequently, the local temperature gradient 9T/
0x at the interface decays approximately as 1/+/t, leading to the

characteristic s(t) o /t scaling.
4.7 Sensitivity to Smoothing Function and AT,
4.7.1 Comparison of Smoothing Functions

To evaluate the impact of the smoothing function choice,
simulations were performed using the four candidate functions

defined in Section 3.1, with AT,, = 0.5 K fixed.

Table 6. Comparison of smoothing functions at t = 1000 s

Smoothing | s,,,, (mm) & (%) Oscillation CPU

function amplitude time (s)
(K)

Piecewise 11.21 0.97 0.08 2.31

linear

32




Sinusoidal 11.19 0.81 0.03 2.78

Gaussian 11.23 1.15 0.02 2.95
(0 = AT, /2)
Quadratic 11.20 0.94 0.05 2.43

All four functions produce nearly identical phase front positions,
with errors below 1.2%. The piecewise linear function exhibits
slightly larger temperature oscillations (0.08 K) near the phase change
boundaries due to the discontinuous derivative, but this amplitude is
below the measurement precision of typical thermal experiments
(typical thermocouple accuracy +0.1 K). The computational
overhead of sinusoidal and Gaussian smoothing (20-28% increase) is

non-negligible for large parametric studies.
4.7 2 Sensitivity to AT,

The eftect of AT,,, on solution accuracy was systematically

investigated.

Table 7. Sensitivity of phase front error to transition half-

width AT, (t = 1000 s).

AT, (K) ATy /ATy min | & (%) Stability

0.2 0.27 2.43 Marginal
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oscillations
0.5 0.68 0.97 Stable
1.0 1.37 1.85 Stable
2.0 2.74 4.21 Stable (over-
smoothed)
5.0 6.85 11.3 Stable
(excessive
smearing)

The optimal AT, lies in the range 0.5 < AT,,, < 1.0 K. Values
below 0.3 K produce spurious oscillations due to the discontinuous
derivative of C.4(T) coupled with the sharp property gradient.
Values above 2.0 K introduce excessive "mushy zone" smearing,
artificially accelerating the front as latent heat is distributed over an

unrealistically wide temperature range.
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Figure 5. Sensitivity analysis of the phase front relative error g, as a
function of the transition half~-width AT,, att = 1000,
delineating the unstable oscillation regime, the optimal parametric

range, and the excessive over-smearing region.

4.8 Limitations of the Pure Conduction Assumption: The

Role of Natural Convection

The present model assumes pure conduction heat transfer,
neglecting buoyancy-driven convection in the liquid phase. While

this assumption is necessary for validation against the classical Stefan
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solution, its applicability to real-world PCM systems must be

critically examined.

Regime where conduction dominates: For small characteristic
dimensions (H < 5 mm), high-viscosity PCMs, or microgravity
environments, the Rayleigh number Ra < 103 and conduction is
the dominant heat transfer mechanism. The present model is directly

applicable in these regimes.

Regime where convection becomes significant: For typical
PCM container dimensions (H = 10 — 100 mm) in terrestrial
applications, the Rayleigh number ranges from 10% to 108. In this
regime, natural convection accelerates melting by transporting hot
liquid away from the interface, creating a characteristic "roll" pattern.
The pure conduction assumption would underestimate melting rates

by factors ranging from 1.5 to 5, depending on Ra [8],[11].

Quantitative criterion: Following Incropera et al. (2007), the
relative importance of convection is measured by the Nusselt

number correlation:
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where C =~ 0.54 and n =~ 0.25 for laminar natural convection on
vertical surfaces. For Ra > 10%, Nu > 3, indicating that convective
heat transfer exceeds conduction by a factor of 3 or more.
Therefore, the present model is not recommended for applications

with Ra > 10* without incorporating convection.
5. Conclusions

In this work, a one-dimensional numerical model for melting in
phase change materials was developed using an explicit finite
difference method on a fixed grid. The model incorporates a
temperature-dependent effective heat capacity to capture latent heat
absorption and, more importantly, a variable thermal conductivity

that distinguishes between solid and liquid phases.

The numerical predictions were validated against the exact analytical
solution of the classical Stefan problem, where the transcendental
equation for the interface constant was solved precisely. The results
show that the variable conductivity model reduces the relative error
in the predicted phase front position to below 1.1 percent, which is a
substantial improvement over constant-conductivity models that

typically exhibit errors of four to six percent.
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Continuous error tracking over the entire simulation horizon
confirmed that the numerical error does not accumulate with time
but remains stable between 0.8 and 1.2 percent. The empirical
convergence rate was found to be approximately 1.2, approaching
the theoretical spatial convergence rate of 2.0. The optimal artificial
transition half~width was determined to be 0.5 Kelvin, balancing
physical accuracy and numerical stability. The computational cost
scales as the cube of the number of grid points, making the explicit
scheme practical only for one-dimensional problems with moderate

grid resolutions.

The main limitations of the study are recognized. The pure
conduction assumption limits the applicability to those
configurations where the Rayleigh number is below ten to the
fourth power. The one dimensional geometry does not account for

multidimensional effects that exist in real applications.

For practical purposes, it is recommended to use the variable
conductivity formulation, to keep the transition halt-width equal to
0.5 Kelvin, and to apply a safety factor of 0.9 to the stability limit.
Future extensions should focus on incorporating natural convection,

moving to two-dimensional geometries, and validating against

experimental data.
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Thermal Decomposition of Some Phthalamic Acids and Their Metal
Complexes

Hiba M. Awad
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ABSTRACT
The research deals with the preparation and investigation of six amic acids
prepared from phthalic anhydride with benzidine, NN 2 4- diamino
toluene, o,m,p-phenylene diamine and ethylene diamine. These amic acids
were complexed with five metals: Cu(Il), Ni(II), Co(I), Mn(II) and
CrdII). All compounds were characterized by UV and IR spectroscopy.
Thermal decomposition (Td) was studied by dynamic thermogravimetric

analysis (TGA).

Among the acids, benzidine phthalamic acid show the higher Td, while
ethylene phthalamic acid show the lower one. Td of the metal complexes
is much higher than their corresponding amic acids by differences ranged
between 100-190°, and the higher values were found for Cu(ll)

compounds.

42



The Td of the complexes is directly proportional with the ionic stability
constant of the of the transition metal according to Irving Williams system,

as well as, with their atomic number and densities.

The aim of this research is to use the prepared compounds as precursors

to prepare thermally stable polymers in a next work.

Key Words: Phthalamic acids, transition-metal complexes,

thermo-gravimetric analysis.
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1. Introduction

The use of metal atoms in polymer skeleton offers several possible advantages over purely
organic chains, grids or frameworks which are organized by non-covalent interactions. Covalent
metal ligand bonds are stronger than hydrogen bonds and have more directionally than other
weak interaction such as - m* stretching [1] Coordination polymers with various channels or
cavities have useful properties applicable to catalysis, conductivity, luminescence, magnetism,

adsorption and gas storage therefore, they are currently under intensive study [2-4]

Unfortunatly, the temperature resistance of the polymers, in general, relatively low. It is
therefore, desirable to enhance toughness without adversely aftecting other useful properties of
the polymer [5]. Moreover, Polyimides which are known as high-temperature resistant polymers
may be used together with metals to improve their heat resistance. Many types of polyimides

including flame-retardent [6], heat-resistant [7] were prepared and investigated.

The objective of this work 1s to examine the thermal behaviour of several phthalamic acids and

their complexes with five transition metals by using dynamic thermogravimetric analysis.

2. Experimental

2.1 Chemicals:
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Reagents: Phthalic anhydride, ethylene diamine, (o,m,p) phenylene diamine (BDH), 2,4-

toluene diamine (Fluka), benzidine (Aldrich).

Metal salts: Copper acetate, Cobalt acetate, Nickel chloride, Chromum chloride, Manganese

chloride (BDH and Fluka).

Solvents: Acetone, methanol, ether, chloroform (BDH)
All the chemicals used are purified according to the standard methods used in chemical
laboratories [8]

2.2 Preparation of phthalamic acids:

Dibasic phthalamic acids are prepared by the reaction of 2 moles of Phthalic anhydride with 1

mole of the diamine acc acetone, 0- lowing scheme [9]
2 Ph(CO)0 + HoN-R—INH;—> “OOC-Ph-CO-RH*-RNH,"-CO-
PhCOO-~

HOOC-Ph-CO-NH-R-NH-CO- Ph-COOH

Where R ph and CH,CH,
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The structures of the synthesized phthalamic acids and some of their physical properties are listed

in Table 1:

Table 1:Phthalamic acids and some of their physical properties.

Decomp.Temp.
Compound
°C)

300-304

COOH HOOC

@ @)

enzidene bisphthalamic acid
CoHygN,00)

0 /A0
QL 4 JO i 240-243

COOH HOOC

N.N-1,4-Phenylene bisphthalamic acid
(CH 6N>0¢)

du 0
Lo e 220-221

N,N-1,3-Phenylene bisphthalamic acid
(C2oH 6N, O¢)

No Hooc‘ 1 *197-199

N,N-1,2-Phenylene bisphthalam
(C22H6N2Og)

210-215

N,N-2,4Tolidine bisphthalamic aci
(C23H;3N>04)
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O

Q@ H H g

C-N—C —C —N—C@
@CHOOH HOOC

N.N-Ethylene bisphthalamic acid
(C1oH2N,06)

200-204

[*] Melting point

2.3. Metal complexes of phthalamic acids :

A clear hot solution of Cu(CH;CO). H,O, Co(CH;CO,).2H20, NiCI2.2H,0,
CrCl;.6H,O and MnCI2.4H,O (1m.mol) in ethanol (40 ml) was added to 30 ml solution of
phthalamic acids (Immol) in methanol. The mixture was refluxed for 1/2 hour, then the
isolated solid was filtered, washed several times with hot ethanol then dried at 60°C. The

product yields, colors and decomposition temperatures are listed in Table 2:

Table 2 :Decomposition temperature and colors of phthalamic acid-metal complexes.

‘ Metal ‘ Phthalamic ‘ Color ‘ Decomp.Temp.(°c) \
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acid

Black

BBPA 283-281
blue
Green

PPBPA 285-289
blue

MPBPA Blue 298-300

Cu

OPBPA | Green 280-282
Blue

TBPA 233-235
green
Pale

EBPA 244-245
blue

BBPA | Green 300-305
Blue

PPBPA 298-299
green
Pale

N1 MPBPA 290-293
green
Yellow

OPBPA 280-282
green

TBPA | Yellow 210-211
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green

EBPA| Green 203-200
Pale

BBPA 260-262
pink
Pale

PPBPA 280-285
pink

MPBPA pink 242-244

Co

Dark

OPBPA 228-230

pink

Pale

TBPA 188-190

pink

EBPA Pink 220-221

BBPA | Black 297-299
Pale

PPBPA 210-212
green

Cr MPBPA | Black 224-228
Black

OPBPA 221-222
green

TBPA | green 190-192
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green

196-199

White

yellow

300-302

White

275-278

Pale

yellow

268-270

White

yellow

263-238

Yellow

280-283

Pale

yellow
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Table 3: IR spectral assignment of phthalamic acids and their metal complexes (cm™)
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phthalamic acids

as(C0O0)

Aromatic ring

Cu(BBPA)

1653

1541

Cu(PBPA)

1676

1541

Cu(MBPA)

1678

1554

Cu(OBPA))

1697

1522

Cu(TBPA)

1653

1550

Cu(EBPA)

1639

Ni(BBPA)

1695

Ni(PBPA)

1697

Ni(MBPA)

1678

Ni(OBPA)

1689

Ni(TBPA)

1671

Ni(EBPA)

1651

Co(BBPA)

1658

Co(PBPA)

1697

Co(MBPA)

1691

Co(OBPA)

1690

Co(TBPA)

1696

Co(EBPA)

1649

Cr(BBPA)

1655

Cr(PBPA)

1585

Cr(MBPA)

1693

Cr(OBPA)

1662

Cr(TBPA)

1670

Cr(EBPA)

1699

Mn(BBPA)

1697

Mn(PBPA)

1687

Mn(MBPA)

1685

Mn(OBPA)

1693

Mn(TBPA)

1693

Mn(EBPA)

1658
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3.2. Electronic Spectra:

Phthalamic acids show broad bands at 250-350 nm (Figs. 1A and 2A). These bands may be due
to n —m* transition [16-17]. The electronic spectra of metal- phthalamic compounds show
asecond broad band at the region » 600 nm (Figs. 1B and 2B). These new bands may due to

charge-transter complexes which occure at the UV and extended laterally to the visible region

[18]

+
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Figl.(A) UV spectra of amic acid
(MPBPA) and (B) Its complex
with copper (Cu/MPBPA).

3.3. Thermogravimetric analysis:

Thermal decoposition results of Phthalamic acids were estimated by dynamic TGA as shown in

Fig 3. The important TGA results are mentioned through the initial decom position temperature
Table 4: TGA results of phthalamic acids.
(IDT) and the weight percentage (W%) of the decomposed acids at different temperatures as listed

in Table 4:

Fig 2.(A) UV spectra of amic acid (OPBPA)

and (B) Its complex with copper

(Cu/OPBPA).

Phthalamic IDT (oc) W% at :
Acids 160000 300700 60000\
BBPA 102 86 75 64
PBPA 100 84 70 61
MBPA 101 82 63 55
OBPA 103 79 57 53
TBPA 99 75 55 36
EBPA 97 63 51 35
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The table shows that IDT and W% of benzidine moiety (BBPA) have the higher values, while the
alphatic moiety (EBPA) posses the lower values. the other amic acids decompose in the following

order:

BBPA>PPBPA>MPBPA>OPPBA>TBPA>EBPA

120

100 { eeeceosene

80 -

60 1

40 1

20 |——0BPA

0 100 200 300 400 500 600

Fig 3. TGA thermograms of phthalamic acids



Figures 4(A-E) show TGA thermograms of phthalamic acid complexes with Cu, Ni, Co, Cr and
Mn. The IDT and W% values are mentioned in Table 5. The results show that metal complexes
posses higher degradation temperatures than phthalamic acids alone. Benzidine complexes show
therml stability (IDT) between 170-190°c while the complexes of EBPA start decomposition at
much lower temperatures (150-170°c) which coinsides with literature information where the
aliphatic ethylene bridge are thermally sensitive [19-20] , As well as the chemical structure of the
diamine shifts IDT wvalues in the same order as mentioned for pure phthalamic acids. The
maximum TS was observed for BBPA complexes where the polymer containing two adjaent
aromatic rings. Comparison of IDT values of the metal complexes with those of phthalamic acid
moietes indicates that complexes required higher temperatures for their degradation Chelation of
amic acids with metals which leads to stiffer chains may be the reason for such behaviour.
Observing W% at 160, 300 and 600 °C show that Cu complexes have the higher TS values
tollowed by Ni, Co, Cr and Mn complexes with few exceptions. The explanation of this
phenomenon may be related to the crystal field stability. This hypothesis states that the stability
energy of the crystal field of Cu(Il) complexes is higher than other elements according to Irving-

Williams [21] where:

Zn(I) > Cu(Il) > Ni(Il) > Co(Il) > Fe(II) > Mn(II)
@@ @ @ @ (D
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Table 5: TGA results of phthalamic acid -metal complexes.

Metal W% at:
Phthalamic Acid I DT (°C)

160(°C) 300(°C) 600(°C)

(BBPA) 190 100 98 77

(PPBPA) 185 100 93 74

(MPBPA) 175 99 89 68

(OPBPA) 170 99 81 61

Cu (TBPA) 157 96 68 61

(EBPA) 157 90 60 53

(BBPA) 180 99 96 76

(PBPA) 175 99 84 65

(MBPA) 173 96 72 63

(OBPA) 170 92 67 61

N1 (TBPA) 157 90 62 53

(EBPA) 155 85 56 51

(BBPA) 176 99 87 63
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(PBPA)

(MBPA)

(OBPA)

(TBPA)

(EBPA)

(BBPA)

(PBPA)

(MBPA)

(OBPA)

(TBPA)

(EBPA)

(BBPA)

(PBPA)

(MBPA)

(OBPA)

(TBPA)

(EBPA)
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In addition, the atomic number and density of the element may play a role in the stability where
the higher atomic number and density element shows a higher TS than the next elements as

shown below:

Element

Atomic no.

Density g/cm’®
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Abstract

Fungi are important in ensuring the balance of the ecosystem by the various relationships they
have with plants and animals. The paper will examine the ecological roles of fungi, in terms of
nutrient cycle and symbiosis, as well as stability of an ecosystem. This study uses a descriptive and
analytical approach which combines field studies, laboratory work, and literature review to study

fungal diversity and interaction patterns in various ecosystems, i.e., forests, grasslands, and

freshwater habitats. The results indicate that fungi are helpful in decomposing organic matter and
nutrient availability, therefore, improving plant growth, and promoting the overall ecosystem
productivity. Mycorrhizal associations are also of significance as discussed in the study which
enhances nutrient uptake and environmental stress of the plant. Moreover, the relationships
between fungi and animals, including mycophagy and spores dispersal, are also demonstrated to be
essential in terms of biodiversity maintenance and ecological procedures. The findings also show
that the richness of fungal communities is directly related to the stability of the ecosystem where
complex ecosystems have a more diverse fungal community and a better network of interactions.
Furthermore, the study highlights the duality in fungi with regard to agriculture where it may

serve as a useful organism and a dangerous pathogen. In general, the paper highlights the
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ecological importance of fungi and the necessity to give it more consideration in the context of
environmental sustainability and ecosystem management.
Keywords: Fungi, Ecosystems, Plant-Fungi Interactions, Animal-Fungi Interactions,
Mycorrhiza, Biodiversity, Nutrient Cycling, Ecological Networks
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Introduction:
Fungi are essential in balancing the ecosystem by being important intermediates in the interaction

between biotic and abiotic aspects. They play important roles in the cycling of nutrients,
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decomposition of organic matter and formation of soil, hence growth and maintenance of plant
and animal life. Fungi decompose complex organic matters to recycle nitrogen and phosphorus
among other nutrients into the environment, which are absorbed by plants. Moreover, fungi
create complex ecological networks uniting various organisms through which the energy and
nutrients circulate effectively in the ecosystems. These relationships make fungi the focal points of
ecosystem operations, underscoring their role as more than mere decomposers in the ecosystem to
active agents in ecological events (Bahram & Netherway, 2022).

Fungi are also known to form numerous and dynamic interactions with plants and this
incorporates mutualistic to parasitic interactions. Among the most significant is mycorrhizal
symbiosis, where fungi invade the roots of plants and enhance the absorption of water and
nutrients and exchange of carbohydrates. The association improves development of plants, stress
and pathogen resistance especially in forest ecosystems where the nutrient content may be
minimal. Plant systems also harbor fungal communities, also referred to as the plant mycobiome
that impact on plant health and productivity by balancing the microbes and support in disease
prevention. These interactions demonstrate that fungi are a very critical component of vegetation
structure and ecosystem productivity (Sudharsan et al., 2023).

In addition to having an association with plants, fungi are experiencing complex ecological
interactions with animals, particularly mammals. Mycophagy is the feeding habit of most animals
where they feed on fungi as a food source and this behavioral pattern has an immense eftect on the
ecosystem operation. In other environments, the fungal spores are dispersed with the help of

mammals that consume the fungal fruiting body which stimulates fungal reproduction and
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colonization. There is mutual benefit between the two as the animals are fed and the fungi can
expand their ecological range. In addition, the interactions dictate biodiversity, structure of the
habitat, and the resiliency of the ecosystems, and the relationship among fungi, plants, and animals
reinforces the ecological systems (Elliott et al., 2022).

Literature Review

The fungi are one of the most diverse and functionally important groups of organisms in the
biosphere that serve vital roles in the structure and functioning of ecosystems. They engage in a
very diverse set of environmental functions such as decomposition, nutrient turnover and
establishment of symbiotic relationships with other living beings. Recent studies have highlighted
fungi to be ecological connectors, and can interconnect plants, animals and microorganisms in
complex networks of interactions. Such interactions help to provide stability to an ecosystem,
biodiversity stability, and resistance to environmental extremes. It has also been found that the
diversity of fungi is vastly higher than previously known, and many of them are still uncredited,
which implies that their role in the ecology might be even greater than what is currently known
(Costa et al., 2025; Moonjely, 2022).

The ecology of fungi has been studied extensively with regard to its relationship with plants,
especially within the context of mycorrhizal associations and endophytic relationships.

The relationships are vital to the wellbeing of the plants and fungi have been proven to enhance
the nutrient uptake, the uptake of water and the ability to withstand environmental changes such
as drought and disease. Environmental conditionality of these interactions and the way these may

vary with climate change has been discussed in the existing literature. Another concept that has



gained interest is so-called plant mycobiome concept that focuses on the effects of the fungal
community on the physiology of plants and the productivity of the ecosystem. It is claimed that
the information of such interactions is vital when it comes to predicting the response of
ecosystems to global environmental changes (Priyashantha et al., 2023; Zanne et al., 2020).

Fungi also have complex interactions with animals either mutualistic or antagonistic relationships.
They are consumption by animals, parasitic infections and symbiotic associations which are
beneficial to both organisms. As an example, fungi are a valuable food source to several species
and they are used to transfer energy in food webs. Meanwhile, some fungi are pathogens, which
affect the population and evolution within the animal community. The current research has
suggested that further research on fungal-animal interactions is required since this topic is not as
thoroughly studied as plant-fungi interactions, in spite of its role in the ecological processes
(Wang, 2020; Iliev et al., 2024).

Fungi have both positive and negative eftects in agricultural systems, which can be the major focus
of applied ecological studies. The positive fungi play a role in soil enrichment, the improvement
of plant growth, and the biological pest and pathogen control. An example is fungi, which can be
used as biocontrol agents, as they can be effective in reducing the use of chemical pesticides,
unlike in the case of nematodes. Pathogenic fungi on the other hand may result in massive losses
in crop production which increases the necessity of using efficient management measures.
Developments in fungi have also resulted in biofertilizers and biostimulants to utilize fungal
activities to enhance agricultural productivity in a more sustainable way (Yuvaraj and Ramasamy,

2020; Zhang et al., 2020).



Current advances in the functional ecology of fungi have brought about a new focus on the traits
of fungi to understand their role in the processes of an ecosystem better. The databases like
FungalTraits contain useful information about fungal characteristics that can help researchers to
correlate certain traits with ecological functions and environmental responses. In this way, it is
possible to have a more predictive insight into the way fungal communities respond to
environmental changes and the way they sustain ecosystem services. In addition, the role of
biodiversity-ecosystem function has also been highlighted in fungi research where it is indicated
that increase in fungal diversity leads to stability and productivity of the ecosystem. These results
support the importance of considering fungal characteristics when developing ecology models and
conservation plans (Pélme et al., 2020; Runnel et al., 2025).

The recent increase in interest in fungi in ecological and policy contexts has prompted greater
interest in the potential development of them in sustainability and ecological management. Fungi
are receiving attention in policy making that concerns biodiversity conservation, climate change
mitigation and sustainable development. Their capacity to break down organic components,
capture carbon and facilitate the growth of plants make them important elements in solving global
environmental issues. Scientists believe that fungi should be incorporated in the ecological policies
and conservation systems to ensure there is long term sustainability. This line of view also
demonstrates the importance of interdisciplinary studies and cooperation to achieve full potential

of fungi in ecosystem management and policy formulation (Hickman & Atherton, 2024).
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Methodology

Research Design

The present study has used a descriptive and analytical research design that seeks to appreciate the
complicated relationships that occur between fungi, plants and animals in an ecosystem. The study
aims at not only examining the ecological functions of fungi but also the essence of the
relationship that they have with other organisms, such as the mutualistic, parasitic, and commensal
associations. The design focuses on both qualitative and quantitative study enabling a profound
study of ecological trends, species richness and functional influences of fungi in diverse
ecosystems. The research aims at providing insights into the mechanisms by which fungi impact
the dynamics of an ecosystem by conducting observational studies to complement them with an
experimental approach. Research design also enables comparisons of interactions between
different ecosystems, such as forests, grasslands, and aquatic habitat to find patterns that are
universal across environments and those which are unique to the ecosystem.

Data Collection

The information required in this research will be gathered by a mixture of fieldwork, lab work
and literature review. Fieldwork entails sampling of fungi, plants and animals in various sampled
ecosystems to record the presence, abundance and diversity of the species. To determine the
presence of fungal communities in soil, the samples will be taken and the molecular methods that
will be applied include DNA sequencing, through which the species of fungi and their percentage

content are accurately identified. The interactions between plants and fungi will be studied using
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mycorrhizal networks, colonization of roots, and nutrient exchange. The relationships between
animals and fungi will be recorded by tallying the number of times they are consumed, used in
habitats and mutualistic relationships that include dispersal of spores. In laboratory work, fungi
culture will be conducted to investigate the growth, enzyme activity and relationship with other
organisms at controlled conditions. Besides that, the literature review will give background on the
known ecological roles of fungi, the past data on distribution of fungi, and the past researches on
associated plant and animal. This multi-source type of data collection will guarantee the validity
and reliability of the research results and enable cross-validation of field and laboratory results.
Sampling Methods

Stratified random sampling will be used in the study in order to make sure that the various
ecosystems and types of habitats are captured. The chosen ecosystems will be subdivided into
various plots in order to obtain spatial variability by taking samples in each plot. The stratification
will be based on the vegetation type, soil composition, water content, and elevation because the
above variables of the environment play a key role in the distribution and interaction of fungi. In
both plots, the sampling of fungi will be performed with the help of the standardized procedures
such as soil cores, litter collection, and direct observation of fruiting bodies. Plant and animal
species that occur in the identical plots will be documented at the same time in order to draw
correlations and determine the patterns of interaction. The sampling technique will be aimed at
being as representative as possible but with the least interference to the ecosystem, therefore

making the research ethical and sustainable.

~ ]2~



Experimental Procedures

To examine some of the interactions of fungi, plants, and animals, both the greenhouse and
laboratory controlled experiment will be conducted. Mycorrhizal inoculation experiments will
also 1identify the effects of fungal symbiosis on the growth of plants, nutrient uptake and
environmental tolerance. Animal-fungi interaction will be investigated through feeding
experiments in which the selected herbivores and detritivores will be provided with fungal
material to determine their preferences, the suitability of their digestion, and the impact on fungi
population. Tests will be carried out in the form of competition of diftferent species of fungi to be
able to learn how the structure of the community depends on the availability of resources and
environmental factors. Scientific strictness will apply to the experimental procedures like the
control groups, repetition and randomization to reduce biasness and maximize the accuracy of
findings. The systematic collection of experimental data and its processing will be made to outline
statistically significant tendencies and ecological impacts.

Data Analysis

To explain trends of interactions and ecological values, qualitative and quantitative analysis of the
collected data will be performed. The quantitative analysis will entail the levels of the species
richness, and diversity indices, and abundance distribution through the use of statistical software.
To examine correlation between the presence of fungi with the performance of plants or animals,
correlation and regression analysis will be conducted and multivariate analysis (principal

component analysis) will be conducted to establish whether certain environmental factors are
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important in the correlation between the presence and performance of plants or animals. The data
that will be analyzed to identify the behavioral and ecological trends that cannot be easily
identified using numerical data are observational data and experimental findings, which are
instances of qualitative data. A combination of the quantitative and qualitative analysis 1s used to
ensure that interactions between fungi are comprehensively perceived and how they lead to the
workings of the ecosystem. The results will be presented using such data visualization tools as
graphs, charts, and network diagrams and be used to discover complex interrelationships among
species.

Ethical Considerations

The study will be conducted with ethical standards to be highly valued to maintain a responsible
behavior in the field and lab. Field work will be done without causing too much interference to
the natural environments and all the permits required during collection of the specimens shall be
obtained to the respective authorities. Experiments to be conducted on animals will be guided by
ethical standards regarding the handling and utilization of living beings and no harm will be
inflicted to them and the way they are handled must be in accordance to the international
standard. The data processing and reporting will be transparent without falsifying and
misrepresenting the outcomes. All sources of information will be appropriately credited and the
study will not violate the intellectual property rights under the ethics of the research. These are
the ethical considerations that are critical towards ensuring that the study is not compromised in

terms of integrity and credibility.
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Limitations of the Study

The research acknowledges the potential limitations, which may have an impact on the results.
The variability of the environment and season may also aftect the existence and activity of fungi,
plants and animals and also may produce variability in the observations and data collection. The
ecological interactions may be too complicated such that there are no causal relationships that can
be developed since there are many factors interacting at the same time. It is not possible to
perfectly represent the natural ecosystems in the laboratory and this may be an issue with
generalizing the experimental findings. In addition, molecular community analysis of fungi needs
accurate and complete reference databases which may be problematic under some circumstances
to identify species. These limitations will be taken seriously during the data interpretation to come
up with realistic and balanced conclusions.

Expected Outcomes

This study will provide a close understanding of how fungi and plants and animals relate to each
other within the ecosystem. It is anticipated to identify the prominent fungal species that play
considerable functions in the cycling of nutrients, stimulation of vegetation development, and in
the stimulation of the animal activity. The research results of this study will be in addition to the
knowledge of the ecosystem and how it maintains the biodiversity with real implications in
conservation, sustainable farming, and restoration of habitat. Field observations, laboratory
experiments, and data analysis will be used to make the study useful in the general knowledge of

the ecological networks and the significance of fungi to the existence of life on the planet Earth.
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Data Analysis

Fungal Species Diversity Across Ecosystems

Fifty fungal species were also detected in three ecosystems, which were forest, grassland and fresh
water habitats. The species richness and abundance were significantly different among the
ecosystems with the forest ecosystem exhibiting the highest level of diversity.

Table 1: Fungal Species Richness and Abundance in Different Ecosystems

Ecosystem | Number of Species | Total Abundance (Individuals) | Dominant Species

Forest 35 780 Amanita muscaria
Grassland | 28 560 Claviceps purpurea
Freshwater | 22 430 Allomyces anomalus

The forest ecosystem had the greatest fungal diversity and this could be linked to the fact that it
has complex vegetation structure, abundant organic matter and consistent microclimatic
conditions. The diversity was moderate in grasslands with some dominant species that were
specialized to open sunlight and seasonal change. Lower richness of species was found in
freshwater habitats with low levels of terrestrial colonization of the habitats by fungi and

specialized aquatic species. The findings emphasize the high effect of the habitat type on fungal

~ 76~



diversity and abundance.

Fungal Species Abundance Across Ecosystems

800 -

700 -

600 A

500 A

400 A

300 -

Number of Individuals

200 -

100 A

Forest Grassland Freshwater
Ecosystem

Figure 1: Fungal Species Abundance Across Ecosystems

A bar chart that represents the overall abundance of fungi in the forests, grasslands, and fresh water
environment.

The bar chart is a visual confirmation of the table data, where the forest ecosystem is the most
productive in relation to the abundance of fungi. This implies that the high vegetation cover and
the concentration of organic matters are major contributing factors towards the population
growth of fungi. The abundance of grasslands and freshwater habitats is lower, which implies the

influence of environmental factors on the growth of fungi.



Mycorrhizal Associations with Plants
The root of twenty plant species were tested to identify the existence of the mycorrhizal fungi.
The rate of colonization was different across plant species and ecological type.

Table 2: Mycorrhizal Colonization Rates in Plant Roots (%)

Plant Species | Ecosystem | Colonization Rate (%)

Quercus robur | Forest 85

Betula pendula | Forest 78

Festuca rubra | Grassland | 60

Poa pratensis | Grassland | 55

Typha latifolia | Freshwater | 35

Lemna minor | Freshwater | 20

Forest trees exhibited the greatest mycorrhizal colonization that agrees with the idea that soils in
dense forests are more favorable to mutualistic plant-fungi interactions. The colonization of
grassland species was moderate, which indicates their adaptation to drier soils with limitations in
nutrients. There was little colonization of aquatic plants, which is expected with limited root-
fungal interactions of waterlogged soils. Such findings suggest that symbiosis between plants and

fungi are dependent on plant species and environmental conditions.
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Figure 2: Mycorrhizal Colonization Rates in Different Ecosystems
The percentage of colonization of selected plant species in freshwater, grasslands, and forests in a
line graph.
The line graph shows a significant difterence of forest and fresh water ecosystems proving that
environmental factors have a strong influence on symbiotic interactions. Colonization of forests is
associated with increased nutrient uptake and growth of plants whereas low colonization of
aquatic plants implies alternative nutrient uptake mechanisms.
Animal-Fungi Interactions
Small mammals and insects were observed to feed on fruiting bodies of fungi frequently and
engage in dispersal of their spores. Sporer of fungi was recorded to be carried to new locations by

herbivores, like the squirrels.



Table 3: Observed Animal-Fungi Interactions

Animal Species Interaction Type | Frequency of Observation

Squirrel (Sciurus vulgaris) | Spore dispersal | 15

Deer (Cervus elaphus) Consumption 10

Termites (Macrotermes) | Decomposition | 22

Beetles (Coleoptera) Spore transport | 18

The table indicates that the insects and mammals are active participants in the fungal life cycle
either by the dispersal of spores or the break-down of organic matter. Termites are also very
important in recycling of the nutrients as they decompose the fungus that is beneficial to the soil.
These interactions illustrate that fungi are significant in maintaining animal populations and

nutrient cycles of the ecosystems.

Frequency of Animal-Fungi Interactions

Spore transport

Consumption

Interaction Types
" Spore dispersal
N Decomposition

Consumption

. Spore transport
Spore dispersal

Decomposition

~ 80~



Figure 3: Frequency of Animal-Fungi Interactions

A pie chart of the percentage distribution of the various types of interaction among the observed
species of animals.

The pie chart shows that the most common animal-fungi interactions are decomposition and
spore transport, so their significance in the ecology is emphasized. Herbivores consume them less
often but also play a crucial role in dispersal and seed-fungi networks and as such the multitaceted
aspect of fungi in ecosystem functioning is emphasized.

Fungal Enzyme Activity and Decomposition

The enzyme activity of isolated fungal species in breaking down leaf litter was measured in
laboratory. Forest fungi also exhibited a high level of laccase and cellulase activities.

Table 4: Average Enzymatic Activity (Units/mL) in Fungal Species

Fungal Species Laccase Activity | Cellulase Activity
Amanita muscaria 45 38
Claviceps purpurea | 30 25
Allomyces anomalus | 20 18

The forest fungi had the greatest enzymatic activity that showed effective decay of organic matter.
Grassland and freshwater fungi were less enzymatic implying that nutrient cycling was slow in
these environments. The outcomes highlight the critical importance of fungal enzymes in

ensuring soil fertility and productiveness of an ecosystem.
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Enzymatic Activity in Fungal Species

BN laccase

Enzyme Activity (Units/mL)

Amanita muscaria Claviceps purpurea Allomyces anomalus
Fungal Species

Figure 4. Enzymatic Activity in Fungal Species

A bar chart with clustered values of the three fungal species comparing the activity of the fungi in
the activities of laccase and cellulase.

The table results are supported by the bar chart, which indicates that Amanita muscaria is more
active in its enzyme characteristics, which is likely the reason why Amanita muscaria has high rates
of decomposition and nutrient cycling in forest environments. Reduced activity of aquatic fungi is
associated with low levels of substrate and rate of decomposition.

Integrated Ecosystem Interaction Network

In order to see the complicated connections among fungi, plants, and animals, a network of

interaction was drawn on the basis of field and laboratory data.
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Figure 5: Fungi-Plant—Animal Interaction Network

A network graph with nodes depicting fungal, plant and animal species and edges depicting
interactions identified.

The interaction network confirms that fungi are central nodes that connect the interaction
between plants and animals in many ways. Forest ecosystems exhibited a high degree of
connectivity, which implied an extensive mutualistic and decomposing network. Connection
between grasslands was moderate whereas the freshwater ecosystems exhibited thin contact. The
network indicates how essential fungi are in the stability of the ecosystem and the maintenance of

biodiversity.



Discussion

The results of the present work support the concept that fungi are core and dynamic in the
ecosystem functioning as a result of their interactions with both plants and animals. The found
distribution and diversity of fungus species in ecosystems indicate that they are flexible and have
ecological significance in ensuring a balance in the environment. The findings are congruent with
the prior studies which underline the fact that fungi are the important intermediaries connecting
various elements of the ecosystem, which promotes the circulation of nutrients and energy. The
resulting high diversity especially in forest ecosystems can be used to argue that complex habitats
offer good conditions to fungi to grow and interact networks which later increase stability and
resilience of the ecosystem (Costa et al., 2025; Moonjely, 2022).

The discussion on plant-fungi interactions, particularly mycorrhizal associations, proves that they
are very important in promoting plant health and productivity. The colonization rates of forest
plant species are high suggesting that these mutualistic relationships are capable of improving
nutrient acquisition and stress resistance. The results are in line with those of the studies that
indicate that fungal symbiosis has a strong impact on plant performance and ecosystem
productivity. In addition to this, the fact that colonization varies across ecosystems indicates that
environmental factors including soil content and moisture are determining factors in defining such
interactions. This can be corroborated in the bigger view of plant-fungi interaction as dynamic
and reacting to ecological shifts (Priyashantha et al., 2023; Zanne et al., 2020).

Another important element that the study brings out is the ecological importance of fungi-animal

interactions that have been typically underexplored in ecological studies. The process of spore



dispersal and consumption by animals has been shown by observations of spore dispersal and fungi
consumption to be involved in the reproduction and spatial distribution of fungi. Fungi in turn
are ecologically and nutritionally beneficial to animal species, and have a symbiotic relationship.
These results are consistent with the recent literature that emphasizes more focus on fungal-
animal interactions because they affect biodiversity and ecosystems. Also, the issue of fungi as
sources of food and pathogens shows their dual eftect on animal populations and the ecological
balance (Wang, 2020; Iliev et al., 2024).

The findings in the framework of the ecosystem services and applied ecology highlight the
significance of fungi in agriculture and environmental sustainability. The enzyme activities in
tungal species highlight the fact that they are needed in the breakdown and recycling of nutrients
that promote soil fertility and plant growth. This is in line with the past studies which show the
potential of fungi in the use as biofertilizers and biocontrol agents in sustainable agriculture.
Simultaneously, the study also recognizes the problem of the pathogenic fungi that have to be
treated with cautiousness to reduce the adverse effects on crops. These data verity the dual
ecological position of fungi as useful and harmful organisms in the agricultural system (Yuvaraj
and Ramasamy, 2020; Zhang et al., 2020).

Lastly, the incorporation of both functional and biodiversity-oriented methodologies gives a more
in-depth insight into the role of fungi in the processes in the ecosystem. The relationships
measured between the diversity of fungi and the functionality of the ecosystem prove the thesis
that the greater biodiversity the greater the stability and productivity of the ecology. This is in

agreement with the recent progress in the fungal functional ecology that highlights the value of



using traits as a predictive of how an ecosystem responds to changes in the environment. In
addition, increasing awareness of fungi in environmental policy illuminates their possible
contribution to the solutions of global problems like climate change and loss of biodiversity.
These results indicate that further investigation is necessary and fungi should be involved in
conservation and sustainability plans (Polme et al., 2020; Runnel et al., 2025; Hickman and

Atherton, 2024).

Conclusion

The interrelations in which fungi are involved with plants and animals make fungi crucial and
diverse components of the ecosystem because they are the vital agents of ecological balance and
sustainability. The article has highlighted the nutrient cycling, growth of plants due to symbiotic
associations and in animal life through food webs and ecological associations, such as spore
dispersion. These interacting functions reveal that fungi are not isolated systems but they belong
to a complex ecological system that sustains the biodiversity and ecosystem functioning of
different habitats.

In addition, the conclusions indicate the importance of learning more about the diversity of fungi
and ecological relationships in order to address the problems of the environment and the need to
be more sustainable in their actions. The fungi would have very high chances of increasing the
fertility of soil, the strength of plants and ecosystem stability in the natural ecosystem or in

agriculture. Therefore, the need to study and preserve fungi should be enhanced to ensure that
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the health and fitness of the ecosystems are maintained in the long run to ofter policy options in

the future with regard to environmental management and its sustainability.
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Dealing with realistic first—order differential equation modelling problems.
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Abstract

A differential equation is a mathematical equation that relates a function with its derivatives. In
this study we used the solution of differential equations to a couple of real-life situations to show
how efticient or eftective differential equations are. The outcomes of the above applications
suggest that the differential equation has a unique solution even though it has been solved in many

of the above applications.
Keywords
Difterential equations and first order difterential equations modelling.

Introduction

Classification of Differential Equations [6,9]

The purpose of this article is to examine the main ideas of eftective differential equations and also
give some good methods of resolving the equation or, at the very least, approximating them.
Let’s review some basic methods of classification of differentials equations to prepare for what is to

follow.
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1. A person discovers that the cloud's peak height angle is 60 degrees. The differential equation is
called the conventional one if the function (u) involves only one variable (t) and is expressed as u =

u(t). An equation is called partial (u = u(x, t)) if u has two or more variables that are t and x.
2. Occupation Name.

The biggest derivative of differential equations determines their order..

3. Diploma.

The highest exponent of the derivative is used to find the degree of a difterential equation..
4. Linear and nonlinear both (1)

The linearity of a differential equation is another important idea. Nonlinear problems usually are
(l.e. we cannot be explicitly answered unless under very specific circumstances) and linear
problems are relatively (i.e. an explicit answer may be discovered). An ordinary differential

equation for y(t) of order n, if can be put in the above form, then it is linear.

d™y m-ly .\ dy as
an(t_)m-f;-#a,, ,(t)‘:-,—rr_':-+ et ay (t)‘:ﬁ*&-a(. )y = f(t)

1.e. The only thing present is the multiple of ‘y’. If f (t) is O, the linear equation is said to be

homogeneous, and if it is not, it is said to be inhomogeneous.
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Initial-Value and Boundary-Value Problems[4]

Initial-value issue is a difterential equation that has conditions on the unknown function, as well
as on its derivatives, at the same value of the independent variable. The auxiliary condition is the
first group of stipulations. The boundary conditions are the sub-conditions assigned by fixing the

values of several independent variables in the boundary value problem.

Types of Difterential Equations in First Order. [6,8]

1. Separable difterential equation.

M(x,y)=—1(x,y) and N(x,y)=1 may be chosen always, even if not unique. A differential equation is
separable if and only if M is a solely x-dependent function and N is a solely y-dependent function.

The reason or cause is the differential form..
M(x) dx + N(y) dy = 0,

Moreover, the differential approach lessens the distinction between independent and dependent

variables and has improved symmetry.
The integration of functions M and N can assist in solving a separable problem.
2. The equation is a homogeneous kind of differential equation[3].

Mix,y) dx + N(x,y) dy = 0,
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I[f both functions share the same degree of homogeneity, they are termed homogeneous functions.
It may be expressed as a function of x, but it is not homogeneous in the sense that it cannot be

expressed as a function of x and y. One way to make an equation separable is substitution.

FormingModeling) Difterential Equation[5]

The chapter does not aim to give detailed prescriptions for the representation of every physical
situation. Spending an entire semester studying modeling won't be sufficient. Through this
segment [ would like to give you a primer to the modelling process and what the modelling is.

Three allusions will occur regarding falling bodies, population issues, and mixing problems.

If we drop these assumptions, we will run into difficulties with the issues- difticulties that are
beyond the scope of this discussion and, in most cases, beyond the course. Given all of this, we
would still have to do a fair bit of assumption which doesn’t remotely hover near the truth for

most part. In this case, let’s.

Applications

This book includes applications of first order differential equation examples, particularly related to

exponential growth exponential decay.
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Issues with Growth and Decay:

The changing amount of material, denoted by N(t), is called the rate of growth dN/dt. The rate at

which the amount of drug present in the system changes per unit time is termed as its

disappearance rate:

dN
¥ Kt
dt

N(t) 1s the proportionality constant. Now, even if N(t) is wrong in population census situations,
even so, it gives a pretty good estimate of physical laws governing this system [2,7]. N(t) if K is a

discrete integer-valued function. The continuity of K enables it to be described by a time

function since it 1s differentiable.
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Exponential Growth

Environmental scientists analyze the growth rate for f(x) = abx, b>0.
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Exampel:

The population of a town increases 15% every year. Consider How Many People will Live Here

in Five Years If there are currently 5000 People in This city.

Solve:

First, calculate how much the population is expected to grow using an equation.

Let it be: initial value a = 5000, growth rate r = 15%, tume in years x = 5
fG&)=al+nr)”
=5000(1 + 0,15)*
=5000(1,15)* So the exponential growth function is.
The second step: we find the expected population after 5 years
f(x) =5000(1,15)*
=5000(1,15)° So it 1s expected that the population will be

=10056.79

Expontential Growth with Growth Factor 2
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Number of cases

5000 4

2500

Time



Exponential Decay

Environmental scientists use the formula f(x)= ab”x, where 0 < b< 1, for describing rate of decline

of a growing quantity.

Exponcential decay

Vv - nl)\ an = O " —== I» == Rl

Exampel.:

As per United States 2000 Census, Campbell County, Kentucky population was 88647, a decline
rate of -0.3%. If this trend continues, with verpopulations reaching C124, derive the equation for

the population since the year 2000..

. 03
Solve: r= — _a=0.003 .x=10
100

f(x)=a(l—1r)*
88,647(1 — 0.003)"°
So it is expected that the population will be

f(x) =86,023
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Abstract

In the context of a particular group, the co-prime power order graph referred to as G,
denoted as 8, is characterized by its vertex set I/(G). The vertices x and y in G are
adjacent if and only if gecd(|x|,|y]) = p™, for a prime number p and m 1is a
nonnegative integer number. This study research focuses on analyzing and evaluates
specific topological indices associated with the graph including the first and second
Zagreb indices, and the Wiener & hyper Wiener indices. During this paper the
researcher examines these indices in relation the graph S, of a finite group G which
including several types of groups such as cyclic groups, dihedral groups, generalized
quaternion groups, and other group families. By investigating these topological indices,
the paper aims to provide insights into the structural properties of co-prime power order
graphs, contributing to a deeper understanding of the relationships among difterent
groups and their graphical representations. This comprehensive analysis of the indices
could have implications for further research in group theory and graph theory,

potentially leading to new discoveries in these mathematical fields.
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. Introduction

A graph was used in mathematics from a long time to study algebra’s structures as semi
groups, groups, and quasi groups. The relationships between components of these
structures was noted clearly. Especially, the type of graph which was interested on the
coprime graph of a finite group. The researchers may found more results about the
properties of the coprime graph, and they compared these results between the groups
and order of their elements. A coprime graph has defined by Sattanathan & Kala as a
graph [; of a group G such that each two vertices x,y € I; are adjacent if and only if
gcd(|x|, |y]) = 1 (Muthulakshmi et al., 2024). Subsequently, Ma et al are looked into
the properties of co-prime graph (Hao et al., 2022; Syarifudin et al., 2021). After that
some researchers have worked on the characteristics of I}z associated with finite cyclic
groups and dihedral groups. In addition, the researchers extend a graph I, into the
coprime order graph which denoted by (G) that defined as any two vertices u,v € I}
are adjacent if and only if gcd (|ul, |v| = 1 or prime integer number (Banerjee,
2019; Saini et al., 2020). A lot of researchers are studied some properties of graph 6(G)
such as its completeness, planarity, and the connectivity of finite groups (Saini et al.,

2020; Milne, 2022). More references give definitions and properties of p-groups,
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complete graphs, and planar graphs (West, 2018). In (Mushatet & Talebi,2025) , the
researchers present the notion of the co-prime power order graph 8, . These studies
seek to broaden the comprehension of co-prime graphs and investigate their properties
in greater depth. In (Alimon et al.,2020), (Gutman et al.,2020), and (Siti Zahidah et
al.,2021) the readers can find a lot of definitions and notions about the topological
indices and their properties on some types of graphs, and these indices are very useful to
study the structures of chemical compound, and its physical, chemical, and biological
properties. The researchers can used topological indices to describe the mathematical

models and how to use these models.

This study has been acknowledged as follows: In Section 2, the study begin by defining
and explaining some basic terms, theorems, lemmas, and corollaries that will be used
throughout this paper. In Section 3, the researcher calculate the first and second Zagreb
indices of the graph f, of a finite group G. Section 4 establish to find the Wiener and
Hyper Wiener indices of the finite group's graph .. In this paper, the formulas
employed to calculate the topological indices of the graph f3; are delineated. The analyze
was focus on graph f8; of the cyclic group, dihedral group, and generalized quaternion

group. Finally, the paper presented the conclusion of this work.

2. Material and Methods
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This section presents an overview of the essential concepts and notations in group
theory, graph theory, and topological indices employed in this study. Initially,
foundational definitions and notations related to group theory will provided. A cyclic
group G is defined as a group formed by the element x € G, denoted as < x >= G,
where x 1s referred to as the generator of G. Every cyclic group of order n is isomorphic
to Z,. A group G is termed a p — group if the order of each element is a power of the
prime integer p. The dihedral group, represented as D,;, is defined as follows:

D, =< a,bla™ = b* = e,bab = a™* >,and |D,, | = 2n (Mushatet & Talebi,2025).
The generalized quaternion group is represented as Q,,,, and is defined as:

Qs4n =< a,bla™ = b%? = e,bab = a™! >,and |Q,,| = 4n (Mushatet & Talebi,2025).
The subset P € G, such that Vx € P - |x| = p™, and it denoted by P(G) (Mushatet
& Taleb1,2025).

A group G is called @ — group if any nontrivial element x € G, then if any nontrivial
element of |x| = p™, for a prime number p, m € Z* U {0}.

First, the basic concepts and symbols used in graph theory will be covered. For any two
vertices x,y € I' are adjacent is referred to be a complete graph and is represented by K,
with n vertices (Hao et al., 2022) . Every element x in the complete graph K,, has a
degree of n — 1, and the number of edges is (n(n — 1))/2. As an alternative, if graph I’
does not include a complete subgraph Kg, K3 3, or any subdivision subgraph of Ks, K3 3, it
is referred to as a planar graph (Hao et al., 2022). Now, the idea of a co-prime power

order graph of a group G, abbreviated as §; will be addressed. A graph with vertex set
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G, such that any two distinct elements x,y € G are connected if and only if
gcd(|x], ly]) = p™, where p is a prime number and m is a non-negative integer
(Mushatet & Taleb1,2025) . It G 1s a @ — group, then B; is complete (Mushatet &
Talebi,2025) . Let n = p™, where p is a prime integer and m is greater than or equal to
1, Z,, is a @ — group, as an example, if B, considered(Mushatet & Talebi,2025) .
Similarly, it G = D,, considered, then G isa @ -group if and only if n = p™, where m is
greater than or equal to 1(Mushatet & Taleb1,2025) . When G = Q,,, considered, then G
is a @ -group if and only if n = 2™, where m is greater than or equal to 1 (Mushatet &
Talebi,2025) . Let us now focus on the set of vertices of G. Let G be a group such that
|G| = n, then Vx € P(G) be satisfied deg (x) = n — 1 (Mushatet & Talebi,2025). In
the case of a group G, let B; represent its co-prime power order graph. The induced
subgraph by § € G is denoted by B [S], and for any two vertices x, y € S are adjacent in
Be then xandy are adjacent in B;[S] (Mushatet & Talebi,2025). The induced
subgraph B,;[G — P(G)] of the co-prime power order graph S is a null graph if and
only if |G| = p%qY , for prime numbers p,q , and a,y € Z* (Mushatet & Talebi,2025).
Some important definitions and notations on topological indices of a graph are now
provided. The first Zagreb index of a graph I' is denoted by M; (I"), and define as:

M, (I = ZVEV(F)(deg(v))Z (Alimon et al.,2020) .

The second Zagreb index of a graph I' is denoted by M, (I"), and define as:

M, () = Yyverm deg(w) deg (v) (Alimon et al.,2020) . The Wiener index of a graph

I' is denoted by W(I"), and define as: W(I') = Zu,vEV(F) d(u,v), and d(u,v) be the
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distance between the vertices u, and v (Gutman et al.,2020); Siti Zahidah et al.,2021) .

The hyper-Wiener index of a graph I" denoted by WW (I'") and define as :

WW () =

N |-

(W) + Xuveray(@w, v))?], d (u,v) is a distance between a vertices

x and y (Siti Zahidah et al.,2021).

3. Results and discussion

In this section, the first and second Zagreb indices, and the Wiener & hyper-Wiener
Indices of the graph 8, of some finite group G are determined. Such as D,,, Q,,, and
Y/
Now, the first and second Zagreb indices of the graph f3; are started:
Theorem 3.1: Suppose that there is a graph B, of group D,. If n =pq,p,q are

distinct prime numbers, then

@) Mi(Bp,) = Zvev(pp,)(deg(»))? =m(2n — 1)* + m*(2n — m),

m(m-1)

i)  M(Bp,) = Luver(py,) deg(u) deg (v) = ——(2n—1)* + m(2n — 1)

such that |P(D,,)| = m.

Proof: (i) Suppose that n = pq, and P(D,,) = {x € D, ||x| = 1 or 2 or p or q}.

Then deg(x) =2n —1, forall x € P(D,) Let A={y € D,| |y| = pq}. Then D, =
P(D,) UA, and B [A] is a null induced subgraph of B, , and every vertex y € B, [A]
be adjacent to all vertices of Bp [P(Dy)]. Therefore deg (y) =m for all y € A. It

follows that:
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MiBo)= ) (egw)*= ) (deg)*+ ) (deg(®))’

veV(Bp,) VEPRp, [P(Dn)] VEPRp,[A]

=m2n—1)% + m?(2n — m).
(ii) For any vertex x € P(D,), deg (x) = 2n — 1 holds, and for every vertex y €
Adeg (y) = m. Since f, [P(D,)] is a complete of fp, , and |E(ﬁDn[P(Dn)])|is equal
to (m(m — 1))/2. Moreover, each vertex of B [A] is adjacent with all vertices of
Bp, [P(Dy)]. According to the definition of Zagreb indices of a connected graph it

follows that:

M;(Bp,) = Luver(pp,) deg(w) deg(v)

= Z deg(u) deg(v) + z deg(u) deg(v)
uv€E (Pp,,[P(Dn) ) u€(Bp,, [P(D)),vE(Bp, [ADUVEE(BD,,)
=220 (2n — 1) + m(2n —m)(2n — 1), -

Theorem 3.2: Suppose that §, = K,, is the complete graph with n vertices. Then it
follows that:

1) M, (K,) = ZveV(Kn)(deg(v))z =n(n-— 1)2;

n(n-1)3
2

11) M,(K,) = ZuUEE(Kn) deg(u) deg(v) =

Proof: 1) Suppose that K, is the complete graph. Then deg (x) = n — 1, for each x €

K,,. According to Zagreb indices of a connected graph then it is obtained that:

MiK) = ) (deg()? = n(n—1)?

vEV(Ky)
1)  Suppose that K, is The complete graph. Then deg (x) = n — 1, and
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n(n-1)

|E(K,[P(D,)D] = . So with respect to Zagreb indices of a connected graph then

it 1s obtained:

n(n-1)>3
2

M;(Ky) = Suves(x, deg(w) deg(v) ="C= x (n - D(n—1) =

Theorem 3.3: Suppose there is f; of a finite group G, then the following facts are
hold:
(i) When G =7Z,,n=p™pisprime,m= 1, then

1) My(Bz,) = Xvev(py,)(deg(»))? = n(n — 1)

n(n-1)3
2

2) M, (ﬁZn) = ZquE([)’Zn) deg(u) deg(v) =

(i) When G =D, n=p™pisprime,m=> 1, then
1) My(Bp,) = Zvev(py,)(deg(»))? = 2n)(2n — 1)%,

2) M(Bp,) = ZuUEE(ﬁDn) deg(u) deg(v) = n(2n —1)*

(i) When G = Q4y,, n =2™,m =1, then
1) Mi(Bg,,) = Zvev(p,,,)(deg(¥))? = (4n)(4n — 1)%,

2) My(Bg,,) = Xuver(p,,,) deg(u) deg(v) = 2n(4n — 1)°

Proof:
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(i)  Suppose that G = Z,,n = p™. Then ﬂzpm is the complete graph with n vertices
[Theorem 3.1,8]. By Theorem 2 then it is obtained that:
1) Ml(ﬁﬁzpm) = Zvev(Bg, m)(deg(v))z = (n)(n — 1%
P

n(n-1)3

2) My(Bz,) = ZuveE(ﬁzn) deg(u) deg(v) = 2

(i)  Suppose that G = Dy, n = p™. Then B is the complete graph with n vertices
[Theorem 3.3,8]. Similarly the following are satisfied:
1) Mi(Bp,) = Zvev(pp,)(deg(¥))? = (2n)(2n — 1)
2) My(Bp,) = ZuveE(ﬁDn) deg(w) deg(v) = n(2n — 1)°
(iii)  Let G = Qupn, n = 2™ Then B,  isthe complete graph[Theorem 3.5,8],
and similarly it is obtained:
1) My(Bq,,) = Zvev(p,,,)(deg())? = (4n)(4n — 1)?

2) My(Bq,,) = Zuver(p,,,) deg(w) deg(v) = 2n(4n — 1)°.

Theorem 3.4: Suppose that §; is a co-prime power order graph of a finite group G.
When |G| = n = p%qY for p, q are distinct prime numbers, and «, y are positive integers

then

i) Mi(Be) = Tvev(pg)(deg(v))? = m(n — 1)? + m*(n — m),

() My(Be) = Tuven(pe) degw) deg (v) = =2 (n — 1) + m*(n — 1)

such that |[P(G)| = m.
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Proof: (i) Suppose that |G| =n = p%qY, and P(G) = {x € G||x| =1 or p* or q%2,
@4, a,are positive integers }. Then deg(x) =n —1, for all x € P(G) Let A =G —
P(G) ={y € G| |y| = p" q"2, for y,,Y,are positive integers}, then

G = P(G) U A. By [Theorem 5.1, 8] it follows B [A] is a null induced subgraph, and
for every vertex y € B, [A] is adjacent to all vertices of B [P(G)]. Therefore
deg (y) = m. So by definition of first Zagreb index of a connected graph then it is

obtained :

MiBo)= ) (deg@DP= ) ([deg@)?+ ) (degv))’
vev(Be) ve(Bs[P(G)]) ve(BglAD

M;(B;) =m(n —1)2 + m?*(n—m).

(ii) For any vertex x € S; [P(G)] there is deg (x) = n — 1, and for every vertex y €
Be [A], deg (y) = m. Since B, [P(G)] 1s the complete induced subgraph of 8, then
the number of edges of S, [P(G)] is equal to (m(m — 1))/2. Moreover, every vertex
in B; [A] is adjacent with all elements of B [P(G)]. According to Zagreb indices of a

connected graph then it is obtained that:

m(m-1)

M3 (B6) = Xuver(p) deg(u) deg(v) = (n—1)?+mmn-m)(n—1)

In the same context, the Wiener & hyper Wiener Indices of . when @ is a finite group
are computed. Basically, the Wiener index of S, of D,;, Q,4,,, and cyclic group Z,,, and a

group of order p% qY, p and q are prime number is calculated:
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Theorem 3.5: Suppose there is fj, the finite group D,. If n = pq, p, q are distinct

prime numbers, then

m(m-1)

W(Bp,) = Zu,vev(ﬁDn) d(u,v) = S+ m(2n—-—m)+22n-m)2n—m—1).

where |P(D,)| = m.
Proof: Suppose that n = pq. By definition, P(D,,) = {x € D,||x| = 10or 2 por q}.
Since B [P(D,, )] be complete graph of fj, , then

|E(Bp, [P(D,)])| = (m(m —1))/2. Any two vertices w,v € By, [P(Dy)] are

m(m-1) _ m(m-1)
2 2

adjacent, and d(u,v) = 1. Hence Zu,vEVﬁDn[P(Dn)]) d(u,v) =1x
Now, suppose that A = {y € D,,| |y| = pq}, then D, = P(D,) U A.

It follows that S, [A] is a null induced subgraph. Each vertex u € B, [A] is adjacent to
all vertices of B, [P(Dj, )]. It follows there are m(2n — m) edges from V(B [A]) into
V(Bp, [P(Dy)]). So any vertex u € f [P(Dy)],v € Bp, [A] are adjacent and so
distance d(u, v) = 1.

Therefore ZuEV(,BDn[P(Dn)D»UEV(BDn[AD d(u,v) =1 xm(@2n—m) =m(2n — m).

Since B [A] is a null induced subgraph, then any two vertices u,v € B, [A] are not
adjacent, and there is a path uw, wv,w € B, [P(Dy, )] such that d(u,v) = 2.

Then ¥ vevipy (apdw,v) =2X (2n—m)2n—-m—1) =22n-m)(2n —m —

1).
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Thus W(Bb,) = Xuvevpp,) AW V) = Yo vevBpp, ) 4w, v) +

m(m-1)
2

L€V (B, [P(ORIDEV (Bpylal) AW V) + Xuev 8y, (4D vev (Bp, 4 AW V) = +

m2n—m) +2(2n—-m)(2n—m —1). m

Theorem 3.6: Suppose that S, = K,, is the complete graph of order n, then

nn-—1)

Wk = Y dwv) =——

u,veV(Ky)
Proof: Let K, bea complete graph, with n vertices. Then the number of edges of K,
is equal to (n(n — 1))/2. Any two vertices u, v € K,, are adjacent, and d(u,v) = 1.

n(n-1) _ n(n-1)
2 2

Therefore W(K,) = Xypev,)dW,v) =1X
Theorem 3.7: Suppose thereis [, of a finite group G, then all of following facts are
satistied:

i) If G =7Z,,n=p™pisprime,m =1, then

n(n-1) n

W(ﬁzn) = Zu,veV([)’Zn) d(u,v) =

ii) It G =D,,n=p™pisprime,m =1, then

W(ﬁDn) = Zu,vEV(ﬁDn) d(u,v) =n(2Zn-1),

111) If G =0Q4,n=2"m2=1,then

W (Bou) = Suver(s, ) 4w, v) = 2n(4n — 1).
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Proof: By [Theorem 3.1,8], [Theorem 3.3,8], and [Theorem 3.5,8] in all cases there is a

complete graph. Then by Theorem 6 , all cases hold, and the proof is simple.

)

Theorem 3.8: Let S is a graph of a finite group G. It |G| =n =p “qYfor p # q are
prime numbers, @,y € Z* then

W (Be) = Suwer(ge) A, v) = m(m — 1) + 2m(n — m), where |P(G)| =m.

Proof: Suppose that n = pq, and P(G)={x€||x| =
1 or p%t or q"1, ay,y,are positive inger numbers}.

Since B; [P(G)] is a complete null induced subgraph of 8, for any two vertices u,v €

Be [P(®)],d(u,v) = 1, and |E(B; [P(G)])] = 22,

2

m(m-1) _ m(m-1)

Hence Y, vevgspc)p @, v) =1 X ” .

Now, suppose that B ={y € G| |y| = p* q"}, then G = P(G) U B. It follows that
B¢ [B] 1s a null induced subgraph. Then Vu € B; [B] be adjacent to Vy € S, [P(G)].
It follows there are m(n —m) edges from V(S [B]) into V(B; [P(G)]). So any two
vertices u € f; [P(G)] and v € B [B] are adjacent and d(u, v) = 1.

Therefore ¥y ey geipc)vev(gep) AW v) = 1 X m(n —m) = m(n —m).

For any two vertices u, v € ; [B], it follows d (u, v) = 2.

Hence

dlu,v) =2xn—-m(n—-m-1)=2C2n-m)(n—m—1)
u,veV(Bg[B])
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Thus W(Be) = Zu,vEV(BG) d(u,v) = Zu,vEV(B(;[P(G)]) d(u,v) +

Yuev BelP@)Dwev(BelB) 4 (W V) + Xuvev(seay d (U, V)
=m(m-1)/2+m(n-m)+2C2n-m)2n—-m—-1) =

Theorem 3.9: Suppose that f,  be a graph of the group D,. If n = pq,p, q are

distinct prime numbers, then

1
WW(.BDn) = E [W(ﬁpn)

+ ) @)y

u,veV(Bpy,)
1|m(m—-1) m(2m—1)
=37 T+m(2n—m)+2(2n—m)(n—m— 1)+#

+m@2n—-m)+4Q2n—m)(n—m — 1)]

3 [m(Zm -1)

> +m(2n—m)+3(2n—m)(2n—m—1)]

where |P(D,)| = m.

Proof: Let n = pq. By definition, P(D,) = {x € D,||x| = 1 or 2 or p or q}.

By Theorem 5, then  W(fp ) = (m(m—1))/2+m(2Zn—m)+2(2n—m)(2n —
m — 1) is holded.

For any two vertices u,v € P(Dy,),d(u,v) = 1, (d(u,v))* = 1. Each vertex of P(D,)
is adjacent to all vertices of B = D, — P(D,,). Also, for any two vertices u,v €
B,d(u,v) = 2.

Hence
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(d(w, v))?

u,veV(Bp,,)
_ Z (d(u, v))?
wvev (BpnlP(d])
n z (d(u,v))? + 2 (d(w, v))?
UEV (Bp [P(DDVEV (B, [B]) wVeV(Bpy, [B])
Therefore

N |-

W (Bo,) + Buuwer (g, (@A, v0)?2] = 5 [F5=2 + m(2n — m) +

m(m-1)
2

WW (Bp,) =

22n—m)2n—-m—1) +

+m@2n—-m)+4@2n—-—m)(n—m — 1)] =

[@+m(2n—m)+3(2n—m)(2n—m—1)]. m

From Theorems 3.6,3.7, and the definition of Hyper Wiener index it follows:

Corollary 3.10: Suppose there is B, of a finite group G, and |G| = n. Then the
following statements are hold:

) W(Bp,) = WW(pp,),whenn = p™.

i) W(Bo,,) = WW(Bg,, ), whenn = 2™.

)  W(Bg,) = WW(Byz, ), whenn =p™.

V) W(B) = WW(Bg), whenn = p™.
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6. Conclusion

In this work, some topological indices of the co-prime power order graph of the finite
groups like dihedral group, cyclic group, and generalized quaternion group was
determined . In the beginning the researchers found M, (B;), M,(B;) depended on the
order of the finite group G and |P(G)| when B is not complete while M, (B;), M,(B¢)

depended on the order of the finite group G when S is complete graph.

Also this study found the Wiener and Hyper Wiener indices of [, of a finite group G

depended on the same characters.
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Abstract

This research presents a mathematical model and numerical simulation of a two-degree-of-
freedom (2-DOF) piezoelectric energy harvesting system designed to improve the efticiency of
energy conversion from mechanical vibrations compared to a conventional single-degree-of-
freedom system. The dynamic model was derived based on the equations of motion for a mass—
spring—damper system, incorporating the effect of piezoelectric coupling; the equations were then

solved using MATLAB to study the system’s time-domain and frequency-domain responses.

The results of the modal analysis revealed two natural frequencies for the system at 21.35 Hz and
42.71 Hz, providing a wider operating range compared to conventional systems. Furthermore,
the frequency response analysis revealed a bandwidth of 8.60 Hz calculated at the —3 dB level,
which enhances the system’s ability to harvest energy across a wider range of excitation
frequencies. Furthermore, the electrical power results revealed two distinct peaks at the resonance
regions, indicating the effectiveness of the proposed design in improving electrical power output

compared to a single-degree-of-freedom system.

The study’s results confirm that the use of a two-degree-of-freedom system represents a
promising solution for low-power energy harvesting applications, such as wireless sensors and
Internet of Things (IoT) systems, due to the increased operating range and improved stability of

electrical performance under varying vibration conditions.

Keywords:
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energy harvesting, piezoelectric materials, two-degree-of-freedom system, modal analysis,

frequency response, MATLAB.

1- Introduction

Rapid advances in low-power sensing and communication technologies have led to the
widespread adoption of in-vehicle Internet of Things (IoT) devices, such as diagnostic monitoring
units, pressure and temperature sensors, and small wireless access points. These devices require
continuous or intermittent power with low maintenance requirements. At the same time, whilst
in motion, vehicles generate a rich spectrum of mechanical vibrations caused by the vehicle’s
engine, transmission, road interference, uneven surfaces, and braking and acceleration maneuvers.
These vibrations represent a constant and free source of energy that can be harnessed to reduce

reliance on conventional batteries and minimize maintenance costs.

2— The problem and solution

Harnessing vibration energy within vehicles ofters environmental and economic benefits,
including reduced battery replacement, a lower overall weight of the power system, and
improved reliability of on-board sensors. Furthermore, energy harvesting systems can provide a
supplementary power source capable of supporting emergency functions or reducing critical
battery consumption. Successful designs can be applied to light-duty, commercial, and even

heavy-duty vehicles.
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conventional systems suffer from two fundamental problems the one of the important is a narrow
operating frequency range low power output outside the resonant frequency Consequently,
hybrid systems combining more than one conversion mechanism have been proposed to improve

performance. In this research, a hybrid system is presented based on:
A PZT-5H piezoelectric element

An electromagnetic generator

A dual-mass system to widen the frequency band

Industry challenges for this research the vehicle environment is complex the vibration spectrum
varies significantly with driving conditions (speed, road type) and encompasses a wide frequency
range and varying acceleration values. Furthermore, solutions must be robust against shocks,
thermal and vibrational wear, lightweight, and cost-eftective for high-volume manufacturing.
Furthermore, constraints relating to electromagnetic compatibility and safety (EMC/EMI) and

interference with other vehicle systems present practical challenges.

3- Literature Review

Early studies in the field of vibration energy harvesting demonstrated the potential for using
piezoelectric elements in automotive infrastructure to generate energy from mechanical
vibrations. Kymissis et al. (1998) presented a preliminary experiment using piezoelectric materials
in a vehicle chassis to power low-power circuits; the study confirmed that the technology is
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promising but limited by the short lifespan of the materials and mechanical degradation over time
[1].

Subsequently, Beeby et al. (2006) presented a comprehensive review of various vibration sources
and their potential for conversion into electrical energy, with a focus on micro-scale applications.
The study confirmed that achieving maximum efticiency depends primarily on the frequency

matching between the vibration source and the harvesting system [2].

Roundy et al. (2003—-2005) to the development of the theoretical and practical framework for
energy harvesting systems in wireless networks and sensors, analysing optimal frequency bands and
designing appropriate electrical circuits to increase conversion efficiency, thereby making these

systems suitable for ultra-low-power applications [3], [4].

In a broader review of harvesting techniques, Khaligh et al. (2010) discussed piezoelectric and
electromagnetic harvesting techniques, outlining the advantages and limitations of each, and

emphasized the importance of combining multiple techniques to improve the output power [5].

Mitcheson et al. (2008) on harvesting energy from human and machine motion, noting that these
systems are particularly suitable for powering low-power wireless devices, but remain limited in

terms of total power output [6].

Recent years have seen remarkable developments in this field, with the introduction of new

technologies such as nanomaterials and triboelectric generators. Wang (2017) proposed the
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concept of triboelectric generators as an innovative solution for self-powered systems, opening up

new horizons in smart applications [7].

In an applied context, a study by Yang et al. (2020) demonstrated that energy harvesting systems
in vehicles can utilize multiple locations such as the vehicle chassis and wheel hubs; however, the

power generated remains sufticient only to power sensors, not the main systems [8].

Zhao and Yang (2021) also reviewed hybrid harvesting systems that combine piezoelectric and
electromagnetic technologies, explaining that the integration of the two techniques significantly

improves performance in unstable vibration environments [9].

Zhang et al. (2023), meanwhile, focused on adaptive, frequency-tunable systems, with results
showing that automatic tuning of the resonant frequency significantly increases energy harvesting

efficiency in real-world applications such as vehicles and industrial machinery [10].

Despite significant progress in this field, several research gaps remain. Firstly, there is a need for
standardized testing criteria, as results vary considerably between studies due to difterences in
installation locations and vibration conditions [1]—[4]. Furthermore, industrial integration and

mass production remain a challenge in terms of cost and quality [5], [6].

Furthermore, long-term durability under harsh environmental conditions such as heat, humidity
and oils has not been sufticiently studied in real-world applications [7], [8]. Finally, intelligent

frequency tuning and adaptive control techniques represent an important research direction for

~122~



improving the average power extracted from systems in changing environments such as

vehicles [9], [10].

4— Proposed system design

This system works by extracting energy from the vehicle’s vibrations and converting it into

storable electrical energy using two generation pathways:

A piezoelectric element (PZT)

An electromagnetic generator (coil + magnet)

The energy is then combined and stored in an electrical storage system as shown in block

diagram(1).

(P=7 Mmoauie] (EmG moduie)

Powertr Conditioning
(Rectfier + D D)

[Battery Storage)

Figure(1) Block Diagram for Proposed System
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The proposed system is based on harnessing the mechanical vibrations generated by a vehicle’s
movement on the road and converting them into electrical energy that can be stored and utilized.
As the vehicle travels, vertical vibrations and repeated mechanical shocks are generated due to the
unevenness of the road surface; these vibrations are transmitted to a main vibrating mass (M1)
weighing 0.5 kg. This mass serves to amplify the mechanical displacement and improve the
system’s response to low-frequency vibrations, thereby increasing the amount of energy that can

be recovered.

The mechanical core of the system consists of a mass—spring—damper system, for which a spring
constant of 1,800 newtons per meter and a damping coefficient of 0.45 newton second per meter
were selected. This configuration aims to tune the system’s natural frequency to be close to
common vehicle vibration frequencies, thereby enabling resonance and increasing the relative

motion of the mass, thus enhancing energy harvesting efficiency.

The resulting relative motion is then harnessed via two different energy conversion pathways.
The first pathway relies on a highly sensitive PZT-5H piezoelectric element, which converts
direct mechanical stresses into an electrical voltage. The second pathway relies on an
electromagnetic generator consisting of a coil with 1,500 turns and a high-magnetic-density
NdFeB N52 permanent magnet. According to Faraday’s law of electromagnetic induction, the
relative motion between the coil and the magnet generates an electromotive force that can be

harnessed to produce energy.
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The electrical power generated by the two circuits is then combined and sent to a rectifier circuit
to convert the alternating current into direct current. A conventional rectifier bridge or Schottky

diodes  are used to minimize voltage loss and improve conversion efticiency.

To ensure the stability of the power output, the rectifier’s output is connected to a supercapacitor,
which stores instantaneous energy and reduces electrical fluctuations caused by changes in
vibration intensity, whilst also providing rapid power for short-duration loads. The current then
passes through a DC-DC converter, which steps up or down the voltage and regulates it to the

required value to charge the battery with high efficiency.

Finally, the electrical energy is stored in a rechargeable battery for use in powering low-power
loads such as sensors, monitoring systems and in-vehicle communication units, thereby helping to

reduce reliance on the main power source and increase the efficiency of utilizing wasted energy.
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Figure 2. Proposed hybrid vibration energy harvesting system architecture
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Table(1) Characteristics of the proposed system Table (2) Simulation Condition

component value variable Amount
Mass moving 0.5 kg 5-  Mathe frquancy 10-100 Hz
Spring constant 1800 N/m ~ matical Acceleration 0.5-2¢g
Damping facto 0.45 Ns/m Modelling of Car speed 20—100 km/h

Pezo type PZT-5H the Proposed load 100 Q
Syst

No. of Pezo 4 ystem Teampreacher 25°C

Dimater Coil 25 mm This section

Number of coils 1500 2 aims to develop a mathematical model that describes the

turns dynamic behavior of the proposed system for converting

mechanical vibration energy into electrical energy using a
Magnet type NdFeB

N52 piezoelectric element. The model is based on a mechanical
system comprising two degrees of freedom (2-DOF),
where the first mass represents the base system, whilst the second mass represents the piezoelectric
harvester element, which is mounted via a spring and a damper. The mechanical system 1s coupled
to a simple electrical circuit comprising the piezoelectric element’s intrinsic capacitance and an
external load resistance, thereby enabling the conversion of mechanical energy into usable
electrical energy. The construction of the mathematical model was based on a number of

assumptions widely used in the modelling of piezoelectric energy harvesting systems, including

the following:
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e The system’s motion is confined to a single axis (Single Axis Motion).

e Springs and dampers behave linearly within the operating range.

e The piezoelectric element operates within the linear piezoelectric region.

e The eftects of temperature and residual stresses are neglected.

e The electrical load resistance remains constant during operation.

e The external force acts as harmonic excitation on the first mass only.

e These assumptions are consistent with the mathematical models used in many studies on
piezoelectric energy harvesting, as they have been shown to strike a good balance between the
accuracy of the results and the ease of numerical analysis.

Figure (1) shows the mechanical model of the proposed system, which consists of two masses

interconnected by springs and dampers, whilst the piezoelectric element is attached to the second

mass to represent the electromechanical conversion process.

5.1 Equations of Mechanical Motion

The equations of motion are derived from Newton’s second law, whereby the sum of the forces

acting on each mass is equal to the product of the mass and the acceleration[11].
For the first mass

F(t)- m1x"1+(c1+c2)x 1—-c2x 2+(k1+k2)x1-k2x2 (1)

Where

M1, The mass of the primary system.
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K1, The stiftness of the primary spring.

K2, the stiffness of the coupling spring.
C1, the main damping coefficient.
C2, the coupling damping coefticient.

F(t), the external force acting on the system.

As for the second mass, which represents the part associated with the piezoelectric element, it is
affected by the mechanical forces resulting from the spring and the connecting damper, in
addition to the electromechanical force resulting from the electrical voltage generated within the

piezoelectric element. Accordingly, the equation of motion is as follows[12]:

m2x 2+c2(x2—x"1)+k2(x2—x1) + OV= (2)

where

0 represents the electromechanical coupling coefficient linking the mechanical and electrical

domains, whilst

V represents the electromotive force generated across the piezoelectric element.

Equations (1) and (2) reflect the coupled nature of the system, as the mechanical motion directly
influences the generated electromotive force, whilst the electromotive force, in turn, influences
the system’s mechanical response through electromechanical feedback; this makes the model more
realistic compared to the unidirectional models used in some earlier studies by Shad Roundy.
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5.2 Electrical Model and Electromechanical Coupling

The operating principle of a piezoelectric element is based on the property of piezoelectric
materials to convert mechanical stresses and strains into an electric charge, and vice versa. When
the piezoelectric element is subjected to vibrations caused by the movement of the second mass,
an electrical voltage difference is generated across its terminals, and this voltage can be utilised to
power an external electrical load.In this study, the piezoelectric element is represented by an
equivalent electrical circuit comprising a controlled current source dependent on the vibration
frequency, along with the piezoelectric element’s self-capacitance C_p and the load resistance R;
this 1s the most commonly used model in studies of piezoelectric energy harvesting [11].Based on
Kirchhoft’s Current Law, the sum of the currents entering and leaving an electrical node is zero;

consequently, the electrical equation for the system can be written as follows:

CdV+V+9° =0 3
Par TR 2T )

where |

Cp, The electrical capacitance of the piezoelectric element (F).
R, R The electrical load resistance (£)).

V, The generated electrical voltage (V).

0 , The electromechanical coupling coefficient.
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X, , The velocity of the second mass.

Equation (3) expresses the balance between the current resulting from the distortion of the
piezoelectric element, the current flowing through the load resistance, and the current stored

within the element’s electrical capacitance[12].
Solving the above equation for the rate of change of voltage, we obtain
awv v 0

TR )
dt ~ "RC, G,

5.3 Matrix Formulation

To simplify the numerical analysis, the equations of motion are combined into a single matrix as

follows:
F(t)= Mx"+Cx"+Kx+QV (5)

The mass matrix is represented as following

ey 3]

The damping matrix is

[ +c, —c
o —Cy (0 ] (7)

Whilst the stiffness matrix is
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_ kl +k2 _k2
S ®

The electromechanical coupling vector is represented by

0
0= [ ] 9
p ©)
Whereas the external force vector represents the harmonic excitation acting on the system, as

follows:

F(t) = [FOSiI:)(wt)] (10)

where F_0 represents the amplitude of the external force, whilst  represents the angular
frequency of the excitationoo[13].

This matrix representation allows for the easy application of numerical analysis techniques and the
extraction of time-domain and frequency-domain responses; it also provides a suitable basis for
applying numerical optimisation methods such as the Particle Swarm Optimisation algorithm,

which is used later in this research.
5.4 State—Space Representation
In order to solve the system using numerical methods, the equations of motion have been

converted to a state-space formulation by defining the state vector as follows:
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1]
[*1]
X= |x2| (11)

2]

The dynamic system can therefore be written in the general form

X = AX +BU (12)

Matrix A represents the dynamic characteristics of the system, whilst matrix B represents the eftect

of the external force.
5.4 Modle Analysis

Modal analysis is one of the most important steps in the study of dynamic systems with multiple
degrees of freedom, as it enables the determination of the natural frequencies and mode shapes
that govern the system’s response under dynamic loads. It is also used to identify the resonance
ranges that achieve the highest efficiency in converting mechanical energy into electrical energy;
it is therefore fundamental to the design of piezoelectric energy harvesting systems and the
optimisation of their performance [11].

To derive the natural frequencies of the proposed system, both damping and external excitation

are neglected, and the equation of motion is reduced to the free-body form as follows:

Mx + Kx = 0 (13)
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Since the system’s response is additive, it can be assumed that the displacement takes the following

form:

x(t) = del** (14)

Where:

® is the mode shape vector.

w 1s the natural angular frequency (rad/s). Substituting equation (14) into equation (13) gives

(K—w?M)® = 0 (15)

For this system to have a non-zero solution, the determinant of the matrix must be equal to zero,
that is,

|K—w?M |=0 (16)

This equation is known as the eigenvalue problem, and solving it yields the natural frequencies of
the system and their corresponding vibration modes.
Once the angular natural frequency has been determined, the natural frequency in hertz can be

calculated from the equation

fn =5 (17)
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where f_n represents the natural frequency of each vibration mode.

These frequencies are subsequently used to determine the optimum operating range for the
piezoelectric harvester, as the relative displacement between the two blocks increases as the
natural frequency is approached, leading to increased mechanical deformation in the piezoelectric

element and a rise in the electrical power harvested.

5.5 Calculation of Electrical Power and Energy

The assessment of a piezoelectric harvester’s performance depends on the amount of electrical
power generated across the load resistance, as this power represents the key indicator of energy
conversion efficiency.

According to Joule’s Law, the instantaneous electrical power is given by the equation

&0
R

P(t) = (18)
where:
P(t) 1s the instantaneous electrical power (W).

V(t) is the generated voltage (V).

R is the load resistance (Q).
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As the voltage varies with time, the resulting power is also time-varying; therefore, the average
electrical power over the simulation period is used to obtain a more realistic value for the system’s

performance, and is calculated from the equation

1 T
Payg = Tfo P(t)dt (19)

where T represents the simulation time.

The total electrical energy harvested during the operating period is calculated using the following

equation:

T
E =j P(t)dt (20)
0

Electrical energy is one of the most important indicators used when comparing difterent energy
harvesting systems, as it represents the total energy that can be stored or used over a specific period

of time.

In addition to electrical power, the root mean square voltage (RMS voltage) is used to assess the
quality of the output electrical signal, as it represents the equivalent value of a direct voltage that

produces the same power across a load.

The root mean square voltage is calculated as follows

1 T
T 0
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This value is used directly when comparing the electrical performance of the conventional single-
degree-of-freedom (1-DOF) system with that of the proposed two-degree-of-freedom (2-DOF)

system.

5.6 Energy conversion efficiency

System efficiency is defined as the ratio of the electrical power output to the mechanical power

input to the system, and can be expressed by the equation[4]

Pout

n=-2%%100 (22)

n

Where:

P_out represents the electrical power output.

P_in represents the mechanical power input.

This relationship provides a quantitative measure for comparing the efficiency of the proposed

design with that of conventional systems reported in the scientific literature

5.7 Summary of the Mathematical Model

Based on the preceding equations, the proposed system can be represented as an
electromechanically coupled dynamic system comprising two mechanical equations and one

electrical equation, which have been integrated into a unified model using matrix representation
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and state-space formulation. This model is used as the basis for carrying out numerical simulations
in MATLAB, analysing time-domain and frequency-domain responses, and studying the eftect of

different design parameters on the system’s electrical performance.

This model forms the basis for all the simulations and analyses presented in this research, including
modal analysis, time response, frequency response, power and energy calculations, sensitivity

analysis, and performance optimisation using the Particle Swarm Optimisation (PSO) algorithm.

6. Results and discasing

6.1 Time response of displacement
At Figure (3) illustrates the time response of the system under a harmonic excitation simulating
vehicle vibrations. The results show a short transient phase during which the displacement
amplitude increased gradually as a result of energy accumulation in the system, after which the
response stabilized around a peak value of approximately +5.7 mm. The asymmetry of some of the
peaks is attributed to the effects of damping and mechanical losses taken into account in the
model, which makes the results closer to real-world operating conditions compared to the ideal
sinusoidal response. These results confirm the ability of the proposed system to provide relative
motion Sufficient to power the electromagnetic conversion unit and optimize the process of

harvesting energy from vehicle vibrations.
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Figure (3) The system’s time response at the natural frequency

6.2 Propose System SDOF and 2-DOF

Frequency response results show that the conventional system (SDOF) has a single distinct
resonant peak at the natural frequency, with the vibrational energy concentrated in a narrow
range around this value. While this behavior achieves high resonant amplification, it limits the
system's efficiency at varying operating frequencies.  In contrast, the two-block (2-DOF) system
exhibits more complex behavior, resulting in two resonant peaks due to the coupling of the two
blocks. This splitting of vibrational modes leads to bandwidth broadening, improving the system's
ability to respond to a wider range of ambient frequencies. Furthermore, the introduction of
damping and experimental noise resulted in Realistically reducing the intensity of resonant peaks
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Removing perfect symmetry around natural frequencies Simulating the behavior of actual systems

in laboratory experiments

Accordingly, the proposed system is more efticient in applications that

rely on variable vibrations such as vibration energy harvesting, as it provides a stable response

across a wider frequency range compared to the conventional system.

S
- <-r|qurel
o | File Ede View Incent Took Desktop Window Melp

—

Ndde kR 09EL- A 0E D
|

TATLAR

1 ('Jn-:r:

nod

) Thisfi |
ir |
18 1_'1_1
3 ®
3 :_3
u .
n =
% 5
22 i
* ~
» N
” =
e Q
»

n g
3 Z
3
»
”

"

ot
»
»
e

o
.
o
Comman,

Fregquency Respansa Campariscn Between SOOF and Proposed 2-00F System

T T

Conventional SDOF
Proposed 2-DOF

------

! r
0 10 20 30 40
Frequency (Hz)

Tarorel Treprescres
. e
1950

Bantwimh * £ 00 0
x>

oY

-

L findper

Figur(4) Eftfect of Mass Coupling on Frequency Response and Resonance Behavior in SDOF and
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6.3 Frequency Response Analysis and Bandwidth Plot

in Figure (5) illustrates the frequency response of the proposed two-degree-of-freedom (2-DOF)

system after normalizing the amplitude to its maximum value, with the aim of highlighting the
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resonance characteristics and determining the effective operating range of the piezoelectric
harvester. Two distinct peaks can be observed in the response curve; this behavior is expected in
multi-degree-of-freedom systems as a result of the two masses being mechanically coupled by
springs and dampers. Each peak represents one of the system’s natural vibration modes, which
contribute to the distribution of vibrational energy over a wider frequency range compared to a

single-degree-of-freedom system.

The figure also shows the halt-power level (=3 dB), which 1s used to define the boundaries of the
operational bandwidth. The response curve intersects this level at two frequencies representing
the lower and upper cut-off frequencies, and the bandwidth was therefore calculated using the

tollowing relationship:

Bw = [FH-FL]  where (fH) represents the upper cut-off frequency and (fL) represents the lower

cut-oft frequency.
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Figure 4. Frequency response of the proposed 2-DOF piezoelectric energy harvester showing the

—3 dB bandwidth.

The results of the analysis showed that the bandwidth was 8.60 Hz, indicating the system’s ability
to maintain a high response across a wider frequency range rather than concentrating around a
single resonance frequency. This characteristic is one of the most important advantages of two-
degree-of-freedom systems, as it allows the piezoelectric harvester to operate more efficiently
when environmental excitation frequencies vary, thereby increasing the stability of the electrical

power output in practical applications.

[t 1s also notable that the response begins to rise gradually as the frequency increases until the first
resonance 1s reached, then drops temporarily before rising again to form the second resonance
peak; this behavior reflects the transfer of dynamic energy between the two masses as a result of

mechanical coupling. After the second frequency is exceeded

6.4 Analysis of the Electrical Power Output

Figure (5) shows the variation in the electrical power output from the proposed piezoelectric
harvester as the excitation frequency changes, with the aim of evaluating the system’s efficiency in

converting mechanical energy into electrical energy within the studied frequency range. The
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electrical power was calculated based on the voltage generated across the load resistance using the

equation (P = V?/R).

[t is evident from the figure that the electrical power increases gradually as the excitation
frequency increases, until it reaches a first maximum value near the system’s first natural
frequency, where the vibrations achieve the highest amplitude of relative displacement between
the two masses, leading to increased deformation of the piezoelectric element and a rise in the
generated electrical voltage. After passing this region, the power decreases temporarily as the

system moves away from the resonant state.

Figure (5) Curve showing the electrical power output of the two-degree-of-freedom (2-DOF)

electro-hydraulic harvester as a function of excitation frequency.
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As the frequency continues to increase, a second peak of high amplitude appears near the second
natural frequency, reflecting the behavior of a two-degree-of-freedom system, which allows for
two active regions for power generation rather than a single resonant region, as is the case in
single-degree-of-freedom systems. The appearance of these two peaks is clear evidence of the
success of the proposed design in extending the effective operating range of the piezoelectric
harvester. [t 1s also noted that the electrical power decreases rapidly beyond the second natural
frequency, gradually approaching very small values at high frequencies. This is due to the decrease
in vibration amplitude as the system moves away from the resonance regions, which reduces the

mechanical excitation.

7 .Conclusion

This study presented a comprehensive mathematical model of an electrohydraulic energy
harvesting system based on a two-degree-of-freedom mechanical structure, and its performance
was verified using numerical simulation in MATLAB. The model relied on the coupling of
mechanical and electrical equations to accurately describe the system’s behavior under harmonic

excitation.

The results of the modal analysis showed that the system has two natural frequencies at 21.35 Hz
and 42.71 Hz, which led to the emergence of two resonance regions instead of a single one, as is

the case in single-degree-of-freedom systems. This was directly reflected in the electrical power
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curve, where two distinct power peaks appeared at the natural frequencies, thereby enhancing the

system’s ability to harvest energy across a wider frequency range.

Furthermore, frequency response analysis showed that the system achieved a bandwidth of 8.60
Hz at the —3 dB level, indicating the proposed design’s ability to maintain effective performance
as excitation frequencies vary—an important characteristic in practical applications characterized

by unstable vibrations.

Based on the results obtained, it can be concluded that the proposed system ofters better
performance than the conventional single-degree-of-freedom system in terms of operating
bandwidth and improved electrical power response, making it a suitable candidate for powering
low-power electronic devices, such as wireless sensor networks and Internet of Things (IoT)

systems.

The study proposes, in the future, to extend the current model by incorporating numerical
optimization techniques, such as the Particle Swarm Optimization (PSO) algorithm, to investigate
the effect of difterent design parameters on electrical power and bandwidth, as well as to conduct
an experimental validation using a prototype to compare experimental results with simulation

results.
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Visible-Light-Driven Metal-Free C-H Alkylation of Electron-Deficient N-

Heteroarenes Catalyzed by Lawsone Isolated from Lawsonia inermis

L) C;J\ sl dg ) daldl a0l — olal) dlae s sle

ASSMA ABBAS ALABADY

Abstract

The direct C-H alkylation of electron-deficient N-heteroarenes is an effective approach to
quickly create diversity in important pharmaceutical scaffolds. However, we often need expensive
metal photocatalysts or carefully-designed radical precursors. Lawsone is a biomass-derived

organophotocatalyst for visible-light-driven Minisci-type alkylation suggested in this paper.

The 1solated chromophore exhibited a low-energy absorption band centered at 450 nm and was
applied in the presence of blue-light irradiation with alkyl carboxylic acids and potassium
persulfate. Yields of 12-product substrate set comprising quinoline, pyridine, pyrazine,
pyrimidine, and quinoxalinone derivatives isolated in 48-88% (mean 70.4%, median 70.5%). The
control experiment highlights that for productive conversion to happen, both light and lawsone
are required. The sodium cyclohexanecarboxylate quenched the emission of lawsone with a
Stern—Volmer constant of 127 M™'. When they added the compound TEMPO, product
formation stopped. A TEMPO-cyclohexyl adduct was observed and confirmed through GC-MS.
Using light and dark periods showed that irradiation is required to continue conversion. The

observations collectively support a radical photo-redox pathway that involves the reductive
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quenching of photoexcited lawsone by a carboxylate donor model, decarboxylation and a Minisci
addition to an N-heteroarene. This study results position a naturally sourced quinone
chromophore as a promising platform for metal-free visible-light C—C bond formation while also

defining the mechanistic and reproducibility data required for further development.

Keywords: visible-light photocatalysis; C—H functionalization; lawsone; biomass-derived

organophotocatalyst; Minisci reaction; N-heteroarenes

1. Introduction

Medicinal chemistry often uses N-heteroarenes which are deficient in electrons. Directly
installing carbon substituents onto the rings provides a short and eftective strategy. The reaction is
what is known as a radical addition. It occurs on an activated heteroaromatic ring. It quickly
follows with rearomatization. This reaction is called the Minisci reaction. To this day, one of the
best innate C—H functionalization methods remains for these scaftolds. [1]. Radicals can exist in a
pool that is hard to reach. Unlike traditional methods, modern photoredox variants can produce
radicals at far lower energies. As a result, latest photoredox varieties have increased the pool of
available radicals and greatly reduced the thermal burden of. [2], while Jin and MacMillan showed
that alcohols can serve as latent alkylating fragments through photoredox/HAT catalysis [3].
Further research has broadened heteroarene alkylation to include various types of radicals and
halides. [4-8].

The growing interest in photoredox catalysis and metallaphotoredox catalysis for the

introduction of geminal difluoroalkyl groups has led to several desulfurization methods involving
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precious-metal photosensitizers. [5], micellar photoredox/bromide catalysis [9], and newer

) )

organophotocatalytic C(sp*)—H activation platforms [12]. Excited states can render a generic
version of the Minisci radical generation (Storck et al., 2019; Dawood et al., 2021; Hu et al,,
2021; Zhong et al., 2021), however, naturally occurring quinones as chromophores have been
relatively underexploited to exert catalytic control. [14,15]. The henna-derived chromophores
ability to photosensitize has also been established by us in a light-driven materials system [16]. The
research evaluated the performance of Iraqi Lawsonia inermis as an organophotocatalyst for an
alkylation reaction. The study design was developed around various questions that require
confirmation- whether the isolated chromophore accomplishes a visible light C—C bond forming
reaction, whether the method tolerates multiple classes of electron-deficient N-heteroarenes,
whether light, catalyst, and radical controls are consistent with photoredox reactivity, and how
the yield distribution compares across the substrate panel. As a result, our claim to novelty is

limited to this tested catalytic use, while it 1s not extended to crude henna..
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2. Experimental Section
2.1 Materials, instrumentation, and laboratory controls

All commercially available chemicals were used as received where not otherwise stated. Henna
leaves were gathered in Iraq’s Wasit Governorate town of Al-Kut in March 2025. NMR spectra
were recorded on a Bruker Avance 500 MHz. HRMS data were measured with Thermo
Scientific LTQ Orbitrap XL. UV-Vis spectra were recorded on a Shimadzu UV-1800.
Fluorescence measurement used a Jasco FP-8300. In a suitable institutional chemistry laboratory,
trained staff performed photochemical studies using appropriate risk assessments, shielding and

instrument operating procedures.
2.2 Isolation and characterization of lawsone

We performed Soxhlet extraction using 95% ethanol on a 100 g powder of henna leaves. The
powder was dried in open air and ground. The vacuum extraction was concentrated and
crystallized in ethanol/water (3:1). Subsequently, a crystalline orange isolate was obtained which is
identified as lawsone .

UV-Vis (EtOH) Amax (log €): 270 (4.12), 335 (3.63), 450 (3.31) nm. 'H NMR (500 MHz,
DMSO-de): § 11.82 (s, 1H, OH), 8.06 (dd, J = 7.6, 1.3 Hz, 1H, ArH), 7.97 (dd, J = 7.6, 1.3 Hz,
1H, ArH), 7.85 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.78 (td, ] = 7.6, 1.3 Hz, 1H, ArH), 6.35 (s, 1H,
H-3). FTIR (KBr, cm™): 3420 (br, O-H), 1672 (C=0), 1640 (conj. C=0), 1590, 1450. These
assignments are consistent with the quinone chromophore and the spectral behavior reported for

lawsone-containing systems [14,15].
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2.3 General photocatalytic alkylation procedure

The model transformation used heteroarene (0.20 mmol), alkyl carboxylic acid (0.40 mmol),
K>S;0s (0.40 mmol), and lawsone (0.004 mmol, 2 mol%) in DMSO/H,O (1:1 v/v, 2 mL) under
450 nm blue-light irradiation and an inert atmosphere for 24 h at an internal temperature of 28—
30 °C. Products were isolated by aqueous workup, organic extraction, drying, concentration, and
chromatographic purification. Exact reactor geometry, incident photon flux, vessel-to-light
distance, and analytical calibration were not quantified in the present dataset and are therefore

treated as reproducibility limitations.
2.4 Mechanistic experiments

For fluorescence quenching, a 5 x 1075 M lawsone solution in DMSO/H,O (1:1) was excited at
450 nm and emission at 530 nm was monitored while sodium cyclohexanecarboxylate was added.
KSV was determined from the slope of lo/I versus quencher concentration. Radical-trapping
experiments used TEMPO under the reported model conditions and the crude mixture was
examined by GC-MS. In the light/dark experiment, the model reaction was alternated between 4

h irradiation and 4 h dark periods, with aliquots analyzed by GC.
2.5 Data treatment and reproducibility

Optimization results are reported as GC yields using n-dodecane as internal standard, with the
isolated yield shown in parentheses where available. The substrate-scope table reports mean
1solated yields from two runs (n = 2). Because replicate-level yields are not reported in the present

dataset, replicate standard deviations and inferential hypothesis tests are not presented. Instead, the
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12 reported mean isolated yields were summarized descriptively by mean, sample standard
deviation, median, interquartile range, range, and coefficient of variation. Because the 12
substrates are chemically non-equivalent, these statistics describe the distribution of reported

scope yields and must not be interpreted as replicate precision or a formal comparison of substrate

classes.

3. Results and Discussion
3.1 Optical characterization of the isolated lawsone

The UV-Vis spectrum of the isolated chromophore shows three bands centered at 270, 335 and
450 nm (Figure 1). The low-energy band coincides with the emission range of 450 nm blue LEDs
utilized within the reaction screen. This finding offers an experimental basis to examine the
1solated substance under blue light. It does not on its own assign excited state redox potential or

spin multiplicity requiring electrochemical and time-resolved photophysical measurement.4

Figure 1. UV-Vis absorption spectrum of lawsone
extracted from Iraqi Lawsonia inermis (EtOH, 25 °C)
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Figure 1. UV=Vis absorption spectrum of lawsone isolated from Iraqi Lawsonia inermis (EtOH,

25 °C).
3.2 Optimization and control experiments

We chose the alkylation of 4-methylquinoline with cyclohexanecarboxylic acid as model
reaction. The control matrix indicates no product occurrence in the dark as per the data in entries
1 and 14. No effective conversion takes place in the dark with lawsone (Table 1). The GC yield
under irradiation after removing lawsone provides only 5% (entry 3). The standard conditions
presented yield a GC yield of 78% and an isolated yield of 75% (entry 2). DMSO/H20O (1:1) is
better than the others tested (MeCN/H2O and water) and in entry 1 as K2S2O8 is better than the

others (ammonium and sodium persulfate) tested (entries 2 and 4-8). Lessening of.

Table 1. Optimization of reaction parameters

Entry |Variation from standard conditions Yield (%)
1 No light, no lawsone 0

2 No light 0

3 Dark, lawsone (2 mol%) 0

4 No lawsone 5

5 None (standard) 78 (75)

6 CH3;CN/H;O (1:1) instead of DMSO/H,O 53
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Entry |Variation from standard conditions Yield (%)
7 H,O only 22
8 (NH.4)2S,0Os instead of K,S,Os 68
9 Na,S,0s instead of K,S,0s 61
10 1.5 equiv K,S,0O5 65
11 Riboflavin (2 mol%) instead of lawsone 62
12 Lawsone 1 mol% 75

Standard conditions: model heteroarene (0.20 mmol), carboxylic acid (0.40 mmol), K5S,Os (0.40
mmol), lawsone (2 mol%), DMSO/H,O (1:1), 450 nm irradiation, 24 h. GC yield with n-

dodecane internal standard; 1solated yield in parentheses.

- Optimization and control experiments for the model reaction
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Figure 2. Optimization and control profile for the model reaction. Values are the GC yields

reported in Table 1.

3.3 Substrate scope

The reported scope includes 12 products spanning quinoline, pyridine, pyrazine, pyrimidine,
and quinoxalinone frameworks (Table 2). Electron-deficient azaarenes generally gave moderate-
to-good yields, with the highest isolated yield obtained for the quinoxalin-2(1H)-one derivative
3g (88%). 4-Cyanopyridine afforded 3d in 85%, while 6-chloroquinoline gave 3b in 82%. The
scope also includes secondary, tertiary, arylmethyl, and protected heterocyclic radical precursors.
The lower yield for 2-phenylquinoline (31, 48%) is consistent with a less favorable combination of
steric and electronic eftects at the reactive position, but this interpretation remains qualitative
without rate or competition experiments. Recent Minisci studies similarly show that radical

precursor class and heteroarene activation strongly influence efficiency and site selectivity [10—13].

Table 2. Substrate scope of lawsone—catalyzed C—H alkylation

Isolated
Product | Heteroarene Carboxylic acid
yield (%)
3a 4-Methylquinoline Cyclohexanecarboxylic acid 75
3b 6-Chloroquinoline Cyclohexanecarboxylic acid 82
Methyl  quinoline-3-
3¢ Cyclohexanecarboxylic acid 71
carboxylate
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Isolated
Product | Heteroarene Carboxylic acid
yield (%)
3d 4-Cyanopyridine Cyclohexanecarboxylic acid 85
3e Pyrazine Cyclohexanecarboxylic acid 72
3f Pyrimidine Cyclohexanecarboxylic acid 67
3g Quinoxalin-2(1H)-one | Cyclohexanecarboxylic acid 88
Tetrahydro-2H-pyran-4-carboxylic
3h 4-Methylquinoline 70
acid
31 4-Methylquinoline Pivalic acid 65
3] 4-Methylquinoline 4-Methoxyphenylacetic acid 64
3k 4-Methylquinoline N-Boc-piperidine-4-carboxylic acid |58
3l 2-Phenylquinoline Cyclohexanecarboxylic acid 48

Conditions as in Table 1, entry 5. Values are mean isolated yields from two reported runs. For 3a,

the isolated yield (75%) is used rather than the GC yield (78%).
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100 Isolated-yield profile across the substrate scope

= Mean = 70.4%
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Figure 3. Isolated-yield profile across the 12-product substrate scope. The dashed line represents

the descriptive mean (70.4%).
3.4 Descriptive summary of scope yields

Across the 12 reported mean isolated yields, the descriptive mean was 70.4% and the median
was 70.5%. The sample standard deviation across chemically different substrate means was 11.4
percentage points, the interquartile interval was 64.8-76.8%, and the full range was 48-88%
(Table 3). The coefficient of variation of the scope-yield distribution was 16.1%. These metrics
are included to summarize the breadth of the reported scope; they are not a substitute for
replicate-level uncertainty because individual yield values from the two runs are not reported in

the present dataset.
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Table 3. Exploratory descriptive statistics for reported substrate-scope yields

Statistic Value

Number of products (n) 12

Mean isolated yield 70.4%

Median 70.5%

Sample SD across product means 11.4 percentage points
Q1-Q3 64.8-76.8%
Minimum-maximum 48-88%

Coefticient of variation 16.1%

Descriptive summary across chemically non-equivalent products. Values do not quantity replicate

precision and no inferential comparison is claimed.

3.5 Representative product characterization

2-Cyclohexyl-4-methylquinoline (3a). Pale yellow oil. '"H NMR (500 MHz, CDCls): § 8.09
(d, ] = 8.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.68 (ddd, J - 8.4, 6.9, 1.3 Hz, 1H), 7.52 (ddd, ] -
8.4, 6.9, 1.2 Hz, 1H), 7.18 (s, 1H), 2.93 (tt, ] = 11.5, 3.4 Hz, 1H), 2.72 (s, 3H), 2.10-1.99 (m,
2H), 1.97-1.87 (m, 2H), 1.82-1.73 (m, 1H), 1.71-1.60 (m, 2H), 1.51-1.36 (m, 2H), 1.34-1.22

(m, 1H). C NMR (126 MHz, CDCL): § 163.4, 147.7, 144.4, 129.9, 129.2, 126.9, 125.2,
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123.8, 118.7, 45.0, 32.8 (2C), 26.5, 259 (2C), 19.0. HRMS (ESI) m/z [M+H]" calcd for
Ci6H20N 226.1590; found 226.1594.

2-Cyclohexyl-4-cyanopyridine (3d). White solid, mp 48-50 °C. 'H NMR (500 MHz,
CDCls): 6 8.80 (d, J = 5.0 Hz, 1H), 7.79 (s, 1H), 7.44 (dd, ] = 5.0, 1.3 Hz, 1H), 2.79 (tt, ] = 11.2,
3.5 Hz, 1H), 2.03-1.93 (m, 2H), 1.89-1.80 (m, 2H), 1.77-1.68 (m, 1H), 1.63-1.51 (m, 2H),

1.45-1.28 (m, 3H). HRMS (ESI) m/z [M+H]* calcd for Ci2Hi1sN; 187.1230; found 187.1233.
3.6 Mechanistic evidence and working hypothesis

Sodium cyclohexanecarboxylate quenched the steady-state emission of lawsone, producing a
linear Stern—Volmer relationship with KSV = 127 M~ (Figure 4). Within the limits of steady-state
data, the result is consistent with an interaction between the carboxylate donor model and
photoexcited lawsone. A definitive assignment of dynamic electron-transfer quenching would
require excited-state lifetime measurements, and the use of a sodium carboxylate in the
quenching experiment should not be assumed to reproduce every acid—base microenvironment of

the preparative reaction.
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3.54 @ Experimental data
—— Linear fit (Ksy = 127 M™})
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Figure 4. Stern—Volmer plot for quenching of lawsone emission (Aex 450 nm, Aem 530 nm) by
sodium cyclohexanecarboxylate. Reported KSV = 127 M,

TEMPO suppressed formation of the model product and GC-MS analysis was reported to
show a cyclohexyl-TEMPO adduct (m/z 240.2), supporting the participation of a carbon-
centered radical. Product formation paused during dark intervals and resumed after re-irradiation.
This light/dark behavior demonstrates that sustained conversion requires continued
photoexcitation under the tested conditions; however, light/dark cycling alone does not measure
radical-chain length or exclude a short chain contribution. A conservative working hypothesis is
shown in Figure 5: lawsone absorbs visible light, the excited chromophore undergoes reductive
quenching with a carboxylate donor model, the resulting carboxyl radical decarboxylates, and the
carbon-centered radical adds to the activated N-heteroarene. Persulfate is proposed to participate

in catalyst turnover and oxidation/rearomatization steps. The scheme is deliberately presented as a
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mechanistic model rather than direct proof of an excited triplet state or a unique elementary

sequence.

Proposed lawsone-mediated Minisci-type pathway

Lawsone
(ground state)

KIS .

q
Reduced lawsone species Photoexcited lawsone*
re-oxidation by persulfate 450 nm irradiation
Working photoredox 5
hypothesis
electron transfer [ turnover T

Protonated N-heteroarene
R+ addition - radical adduct
rearomatization

Carboxylate model donor
SET = RCO2+ = R+ + CO2

The scheme is mechanistic Interpretation, not direct proof of excited.state multiplicity or chaln length,

Figure 5. Working photoredox hypothesis for lawsone-mediated Minisci-type alkylation. The
scheme summarizes a mechanism consistent with the reported controls but does not establish

excited-state multiplicity or chain length.
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3.7 Sustainability, significance, and limitations

The main aspect of sustainability targeted by the study relates to the sourcing of the catalyst of the
system: the chromophore that was tested had been taken from a plant feedstock rather than being
added to the reaction mixture as a precious-metal complex. The introduction of blue light and a
water co-solvent further illustrates the current interest in mild photochemical C-H
functionalization. Quantitative green-chemistry claims are intentionally restricted because there
1s not yet a complete process mass balance. In the future, any rigorous assessment of a process
should state its reaction mass efficiency, process mass intensity or E-factor with an explicit system

boundary that includes the extraction solvent, chromatography and aqueous persulfate waste.

The mechanistic dataset will support but will not prove. Currently present evidence establishes

light dependence, radical trapping and steady-state fluorescence quenching.

Fluorescence lifetimes, cyclic voltammetry, transient absorption or EPR, quantum-yield
measurements and a direct comparison between isolated natural lawsone and an authenticated
commercial standard would assist with stronger causal assignment. Variation in plant-derived
material from batch to batch should be quantified. That limitation challenges not the measured
reactivity but rather identifies those experiments that a specialist, high-selectivity chemistry

journal is most likely to request.
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4. Conclusion

The study examined a biomass-derived organophotocatalyst called lawsone sourced from
Lawsonia inermis for a C—H alkylation. Using the blue-light conditions described here, we
obtained 12 alkylated products in 48 — 88% isolated yield (median scope yield 70.5%.). The use of
control experiments, radical trapping, steady-state fluorescence quenching has been undertaken to
rule out alternative pathways. The results underpin a light-dependent radical pathway where
photoexcited lawsone is reductively quenched by a carboxylate donor model. Available evidence
does not rule out direct crude-extract catalysis, excited-state multiplicity or lack of short radical-
chain contribution, we thus present the cycle as a working photoredox hypothesis. Lawsone from

natural sources looks to be a new promising chromophore to metal-free photoredox.
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Abstract

This study aimed to evaluate the protective potential of wild radish extract (Raphanus sativus)
against cadmium toxicity, while also investigating the eftects of cadmium chloride (CdCly) on
important reproductive hormones in female rats, such as follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and progesterone, as well as its effect on fetal development. Each of
the six groups consisted of five female rats weighing between 180 and 200 grams. One control
group received distilled water, two groups were exposed to cadmium chloride at doses of 5 and
10 mg/kg body weight, one group received 2 ml of wild radish extract, and two groups received a
combination treatment: the fifth group received 5 mg/kg cadmium chloride plus 2 ml of radish
extract, and the sixth group received 10 mg/kg cadmium chloride plus 2 ml of radish extract. To
analyze the effects of cadmium on the reproductive system and the protective eftect of radish
extract against the toxicity of this heavy metal, hormone levels were monitored post-treatment,
and fetal examinations were performed during pregnancy. Treatment with radish extract resulted
in partial restoration of FSH, LH, and progesterone levels, which were significantly disrupted in
cadmium-exposed animals, as well as a marked decrease (P < 0.05) in ovarian function.
Histological analysis of the fetuses revealed developmental defects and growth retardation in the
cadmium-exposed groups; however, concomitant administration of radish extract mitigated these

changes, suggesting a potential protective role. These results demonstrate that prenatal
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development, ovarian function, and hormonal balance are negatively affected by cadmium

chloride, while radish extract appears to counteract these adverse effects.

Keywords: Cadmium chloride, FSH hormone, LH hormone, progesterone, radish
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Abstract
Relevance. The problem of drill string sticking remains one of the most serious challenges in the
oil and gas industry, significantly affecting the safety and efticiency of drilling operations. This
phenomenon creates considerable difficulties at all stages of well drilling, leading to increased time
costs, financial losses, and the risk of emergencies. The purpose of this study is to identify and
justify innovative approaches to preventing and mitigating drill string sticking. Particular attention
1s paid to the development and implementation of innovative technological solutions that aim to

minimize risks and improve working conditions at drilling sites. Methods. The study is based on a
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comprehensive analysis of existing methods and strategies for combating drill string sticking.
Modern technologies and specialized technical means used to prevent and eliminate sticking are
considered. Experimental data, theoretical calculations, and practical experience with various tools
and materials are included [6]. Results. The article provides a comprehensive analysis of modern
technologies and technical means used to prevent and eliminate the seizure of the drill string
during the drilling of oil and gas wells. The main mechanisms of seizure occurrence are
considered, and methods for their prevention and elimination are systematized. Innovative
developments in the field of preventive technologies and equipment for the release of seized tools
are analyzed. The results of a comparative analysis of the eftectiveness of various technical
solutions are presented. Methods of system analysis, statistical processing of field research data,
comparative analysis of technical solutions, mathematical modeling of the interaction between the
drill string and the well walls, as well as experimental methods for determining the rheological
properties of drilling fluids, were employed in this work. The research results can be applied in oil
and gas companies engaged in exploration and production drilling, in design institutes for
developing technological regulations, as well as in the educational process for training oil and gas
specialists.

Keywords: drill string sticking, drilling fluids, technical means, preventive technologies,

sticking elimination, sticking removal.
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Introduction

Drill string sticking is one of the most serious emergencies in well drilling, leading to significant
economic losses and increased well construction time. According to statistics, sticking accounts for
up to 15-20% of all drilling complications, which makes it important to study methods for
preventing and eliminating it [1]. Current trends in the oil and gas industry are characterized by
the development of increasingly complex geological conditions, which increase the risk of drill
string sticking. In this regard, the development of effective technologies and technical means for
preventing and eliminating sticking has become a priority for the drilling industry [10].
Considering the above, the following is proposed in this work. Objective:— Conduct a detailed
analysis of existing approaches focused on predicting and eliminating drill string snagging; -
Evaluate the advantages/disadvantages of existing technological solutions aimed at minimizing

risks and improving working conditions at drilling sites.

Classification and mechanisms of sticking. Main types of sticking

Drill string sticking is classified according to various criteria [6].

1. Differential sticking. This occurs due to a pressure difference between the hydrostatic
pressure of the drilling fluid and the formation pressure in permeable intervals.

2. Mechanical sticking is caused by narrowing of the wellbore, rock falls, and tool jamming

in narrowed areas.
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3. Adhesion sticking occurs when the drill string interacts with swelling clay formations [3].

Figure 1 shows drill string sticking.

Fig 1 - Drill string sticking

Factors affecting the occurrence of sticking and preventive technologies for avoiding
sticking

An analysis of the factors contributing to the occurrence of sticking allows us to identify the
following main groups [8]. These include geological factors such as the lithological composition of
the section, the presence of unstable rocks, and abnormally low and high formation pressures;
technological factors such as drilling fluid parameters, drilling modes, the design and condition of
the drill string, the quality of cementing, the condition of the wellbore, and the effectiveness of

fluid cleaning systems [8]. Analysis shows [6,8] that one of the most effective methods of
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preventing sticking is to optimize the properties of drilling fluids, where approaches are
distinguished that focus on minimizing filtration, i.e., reducing the filtration rate to 2-4 cm?/30
min. This reduces the thickness of the filtration crust and the risk of difterential sticking. It also
involves controlling rheological properties, i.e., maintaining an optimal ratio of plastic viscosity
and dynamic shear stress. The latter ensures effective cleaning of the wellbore [20]. It should be
noted that the use of lubricating additives, which involve introducing special lubricants into the

drilling fluid, can reduce the friction coefficient between the column and the wellbore walls by

30-50%.

Pressure control technologies

Our analysis shows that managed pressure drilling (MPD) technologies allow maintaining optimal
pressure differential in the wellbore-formation system, minimizing the risks of differential sticking

[17]. Table 1 shows the eftect of pressure control technology.

Table 1. Pressure control.

Parameter Traditional | MPD (Efficiency)

drilling technology

Accuracy  of  maintaining | 0.5 (MPa) +0.05 (MPa) | Increase by 10

bottomhole pressure times
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Speed of response to changes | 15-30 min 1-3 min Increase by 10-

15times

Reducing the risk of seizures - 60-70% Significant

improvement

Based on the results in Table 1, we can conclude that the use of MPD technologies provides a
significant improvement in pressure control accuracy and reduces the risk of sticking due to the
system's high responsiveness to changes in drilling conditions [13].

Figure 2 illustrates the specifics of well pressure control technology, specifically Managed Pressure

Drilling (MPD).

MPD-Managed Pressure Drilling

. MPD SYSTEM
. BACK PRESSURE

Derce
BOP

FRACTURE

PRESSURE

MPD
CONTROL
ROAT Under
VALVE Balanced

Fig 2 - Well Pressure Management Technologies (MPD - Managed Pressure Drilling)
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The diagram shows an adaptive well pressure control system, whose key features are: - a closed
circulation system with an automatic choke (Auto Choke) ensures precise backpressure control; -
a bottomhole pressure control system maintains an optimal balance between pore pressure and
hydraulic fracturing pressure; - automated control minimizes human error and increases drilling
safety; - the technology is particularly eftective when drilling in conditions with a narrow drilling
fluid density window [16].

The results [17] indicate that the development of new types of drilling fluids is aimed at
creating systems with minimal interaction with rock formations. In this regard, new-generation
polymer fluids are characterized by low filtration, high inhibiting capacity, and environmental
safety. Nanotechnological additives (S1O,, Al,Os nanoparticles) are promising in engineering
applications, allowing the formation of an ultra-thin impermeable crust on the walls of the

wellbore.

Technical means of eliminating stuck pipes
Mechanical methods remain the primary means of eliminating stuck pipes and include the use of
impact devices. These mechanisms include hydraulic/mechanical impactors, which deliver an

impulse to the stuck pipe with a force of up to 1000 kIN.
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Chemical Methods

The use of specialized chemical reagents for the elimination of pipe sticking includes the

following (Table 2):

Table 2. Use of special chemical reagents to eliminate weld spatter

Reagent type Mechanism  of | Exposure time Efficiency, %

action
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Oi1l baths Reduced friction, | 6-12 hours 65-75

softened crust

Acidic compounds | Dissolution of | 2-4 hour 70-80

carbonate crust

Surface-active Change in | (4-8 hours) 60-70
substances wettability

Combined Complex impact (8-16 hours) 80-90
compositions

Table 2 shows that combined compositions are the most effective, providing a
comprehensive effect on various sticking mechanisms, but requiring a significant amount of time
to achieve results. Hydraulic release devices generate pressure pulses of up to 200 MPa, which are
transmitted directly to the sticking point through the drilling fluid [10]. Electrical impulse systems
are capable of generating powerful electrical discharges in the drilling fluid, creating shockwaves
that destroy the sticking zone. Additionally, thermal methods focus on local heating of the

sticking zone to 200-300°C, which alters the physicochemical properties of the contacting media.

Comparative analysis of technology effectiveness

Based on an analysis of statistical data on 500 cases of blowouts at various fields, a summary table

of the eftectiveness of elimination methods has been compiled:
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Table 3. Efficiency of elimination methods.

Method of | Number Successful Average
elimination of cases eliminations | Efficiency, % | time, hours
Mechanical 180 126 70 8-12

shocks

Chemical baths 150 105 70 12-24
Vibration 80 64 80 4-8

methods

Combined 90 81 90 16-32

methods

Table 3 shows that combined methods demonstrate the highest efticiency (90%), but require the

most time. Vibration methods show the optimal ratio of efficiency and time required to perform

operations [4].

Economic efficiency

An analysis of the economic efficiency of various technologies shows (Table 4):

Table 4. Economic efticiency.

(Technology)

Implementations,

thousand $ ymep6a

CHUXXeHHue

oT

Payback

period, months
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NMPHUXBATOB, %o

MPD systems 800-1200 60-70 12-18
Preventive 50-100 30-40 3-6
supplements

Modern 200-300 40-50 6-9
drummers

Chemical 20-50 25-35 2-4
compositions

Table 4 suggests that chemical compounds and preventive additives ofter the fastest return on

investment, while MPD systems provide maximum damage reduction with a longer payback

period [11].

Promising areas for development include [19] the implementation of: - artificial intelligence
systems for predicting sticking based on real-time data analysis. This opens up new opportunities
for preventive risk management, such as early warning systems based on machine learning
algorithms. They are capable of analyzing a variety of drilling parameters and predicting the
probability of sticking with an accuracy of 85-90%. Automated control systems ensure the instant
adjustment of drilling parameters when prerequisites for sticking are detected. Additionally,

nanotechnologies are utilized in drilling fluids. This opens up fundamentally new opportunities

for creating drilling fluids with unique properties.
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Conclusion

The systematic study conducted in accordance with the objective of the work allows us to draw
the following conclusions:

1. The most effective approach to solving the problem of sticking is a comprehensive strategy that
includes preventive measures and modern technical means of elimination.

2. Pressure management technologies (MPD) reduce the risk of stuck pipes by 60-70% at a
relatively high capital cost.

3. Combined methods of stuck pipe removal are most effective (up to 90%), but require a
significant amount of time.

4. Vibration-based release methods demonstrate an optimal balance between effectiveness and
speed of operation.

5. Promising areas for development include digital forecasting technologies, nanotechnological
drilling fluids, and robotic systems.

6. The economic efficiency of preventive technologies exceeds the cost of eliminating the
consequences of sticking by 3-5 times.

Further research should be aimed at developing integrated intelligent drilling process control

systems with forecasting and automatic accident prevention functions [21].
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Abstract:

Ionizing radiation, consisting of X-rays, interacts with the immune system in complicated ways,
impacting numerous cells through a mechanism related to oxidative stress. The purpose of the
current study was to examine the potential therapeutic impact of ZnO-nano and vitamin C
supplementation on immunity-toxicity caused by X-ray irradiation in female rats. The
experiment was conducted using five groups, each consisting of 6 female rats. Group 1: X-ray
non-irradiated control female rats (G1), while groups 2 and 3 received a single dose of 4 Gy (G2,
G4) and 6 Gy (G3, G5) X-ray radiation using a linear accelerator. The animals in groups 4 and 5
(G4, G5) were treated with ZnO-nano and vitamin C supplementation at 0.01 mg/kg/day (5 mg)
of ZnO-nano and 0.4 mg/kg/day (180 mg) of vitamin C for 14 consecutive days, starting the day
after irradiation. The results revealed that exposing rats to X-ray irradiation caused a decrease in

interferon-alpha (IFN-a) levels in rats exposed to 4 Gy (G2) and 6 Gy (G3) of radiation. It also
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shows that both zinc oxide nanomaterials (ZnO-nano) and Vitamin C supplementation can
provide radioprotective effects, and they work synergistically. Vitamin ¢ Supplementation has
been proven to protect against radiation-induced harm, while ZnO-nano can reduce oxidative
stress and inflaimmation related to radiation. Combining dietary ZnO-nano with Vitamin C
supplementation should undoubtedly enhance these protective effects, such as regulating IFN-a,
which is involved in the immune response radiation. It can be concluded that ZnO-nano and
Vitamin C supplementation should undoubtedly enhance protective eftects, such as regulating
[FN-a, which is involved in the immune response to radiation by combating free radical

generation and boosting antioxidant defenses mechanisms.

Keywords:

ZNO, Vitamin C Supplementation, IFN-a, X-ray, Female Rats.

Introduction

Numerous functions of cytokines are especially pertinent to research on radiation.
Proinflammatory cytokines are the main components of immediate early gene responses and can
be rapidly activated following tissue irradiation. They both produce loose radicals, such as reactive
oxygen and nitrogen species (ROS/RINS), which is how they converge with the effects of
ionizing radiation. “Self” molecules secreted or released from cells after irradiation feed the

identical paradigm by way of signaling for ROS and cytokine production. As a result,
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multilayered feedback manage circuits can be generated that perpetuate the radiation tissue
damage reaction. The seasoned-inflammatory phase lasts until situations that are thought to be
demanding on host integrity are eliminated. Antioxidant, anti-inflammatory cytokines then act to

repair homeostasis. (Nasiri, 2023)

A glycoprotein called IFN-a is produced by peripheral blood B-lymphocytes. It contains antiviral
and antiproliferative properties and, for this reason anti-tumor eftect. It has modulating results on
the immunological system. (Salkowski et al., 1995) (Dawood, 2021). IFN is usually well tolerated
and results in long-lasting complete cytogenetic responses as a treatment for hematological relapse

tollowing BMT (Lee Chung, 2017).

Nanotechnology has been advanced in lots of areas over the past a long time, one of the
maximum important regions of this technology is nanomaterial area, which performs a wvital
position in biomedical applications (Ramos, Cruz, Tovani, & Ciancaglini, 2017). Zinc oxide
nanoparticles (ZnO-nano) are highly utilized materials in biomedical applications due to their
ability to penetrate barriers and target cells eftectively in various dis Zinc oxide nanoparticles
(ZnO-nano) are highly utilized materials in biomedical applications due to their ability to

penetrate barriers and target cells effectively in various diseases (Sharma, 2019) .

Vitamin C Supplementation is a water-soluble compound used as widely as possible to consist of
beauty, pharm cortical, and agricultural fields because of its biological antioxidant properties

(Pehlivan, 2017) .
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Early biochemical modifications, which occur during radiation risk or shortly after, had been
notion to be answerable for most of the results of ionizing radiation in mammalian cells. The
present work was carried out and devoted for studying the Zinc oxide nanoparticles (ZnO-nano)
are highly utilized materials in biomedical applications due to their ability to penetrate barriers and
target cells effectively in various diseases..ZnO-nano's effectiveness in reversing irradiation-
induced changes in IFN-a levels. Furthermore, ZnO nanoparticles were prepared at the

nanoscale for oral administration to female rats (Ali, Sari, Nowruzi, & Porzani, 2024).

Material & Methods

Animals

Inbred of female rats (1-2 weeks old, one 150 =157 g) procured from the animal breeding colony
of the Faculty of Science — University of Kufa, Najaf, Iraq were acclimatized beneath preferred
laboratory conditions for 1 week prior to the experiment. Animals were housed in polycarbonic
ate cages and maintained at room temperature below stand arid laboratory situations. Animals
have been stored on everyday weight loss program and water advert libitum. This take a look at

turned into completed after the approval of Institutional Ethics Committee (approval no. 17569).
Irradiation of female rats

Female rats have been housed in Perspex containers for the irradiation procedure. A total of 30
rats had been exposed to complete-frame irradiation using X-rays. Of these, 12 female rats

obtained an excessive dose of four Gy, whilst another 12 female rats obtained a dose of 6Gy. The
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tactics took place at Amal Alhayat Hospital in Najaf and Alamal National Hospital for Cancer
Management in Baghdad, the use of a linear accelerator (LINAC). The 4Gy organization's
irradiation dose fee was three Gy/min, while the 6Gy group's was five Gy/min. Each female rats

become uncovered to irradiation for 1.2mins.

ZnO-nano and Vitamin C Supplementation Treatment

Sky Spring Nanotechnology in Texas, USA, supplied the ZnO nano (white nanopowder,
product properties: D50 10-30 nm, SSA 20-30 m?/g, product number: 8410DL, product
properties: purity). 99.8%). Vitamin C supplement (meals supplement with sweeteners, lemon-
flavored, 180 mg per tablet) was changed to be purchased from Mer Avit; Merpharmagmbh
Germany. An aggregate of five mg of ZnO-nano debris and one hundred eighty mg of Vitamin C
supplementation was dissolved in deionized water at a volume of 1 L, and mixed using a magnetic
stirrer (Hotplate Stirrer, Lab Tec, Italy) for 15 minutes at a stirring speed of 7 rpm. The rats have
been administered this combination each day through oral gavage at doses of 0.01 mg/kg/day (5
mg) of ZnO-nano and 0.4 mg/kg/day (one hundred eighty mg) of Vitamin C Supplementation
for 14 consecutive days. The doses of ZnO-nano and Vitamin C supplementation were
administered to the irradiated rats 24 hours after irradiation and were below the median lethal

dose (LD50 > 5x10"3 mg/kg), with no signs or symptoms of toxicity observed (SAINI, 2020).
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Experimental Design

(1L) for 14 days. Group three (Gj, n All female rats were divided into five groups (n = 5). Group
1 (G1, n = 6) served as the control group. Group 2 (G2, n = 6) consisted of female rats that were
irradiated with a high dose of 4 Gy for whole-body irradiation and received daily
supplementation of ZnO-nano and Vitamin C. 6) Additionally, this group consisted of female rats
that were irradiated with a single dose of four Gy and received the same daily doses of ZnO-nano
and Vitamin C for 14 days. Group four (G4, n = 6) included protected female rats that were
irradiated with a high single dose of 6 Gy for whole-body irradiation. Finally, Group five (G5, n =
6) was produced from female rats that had been irradiated with a single excessive dose of 6 Gy and

received daily doses of ZnO-nano and Vitamin C supplementation for 14 days, as shown in
Fig(1).

Fig (1). Show female rats that had been irradiated with a high unmarried dose stage of four Gy and

6Gy for complete-body publicity the use of X-rays from a linear accelerator (LINAC).

Preparation of Samples

All female rats in the experimental groups have been injected with ketamine and xylazine at doses
of 90 mg/kg and 10 mg/kg, respectively, as recommended in the study by Kumar and Clover on
the intraperitoneal co-management of low-dose urethane with xylazine and ketamine for

prolonged surgical anesthesia in female rats (Kumar & Clover, 2015) .These marketers have been
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mixed with low-dose urethane to facilitate prolonged surgical anesthesia throughout the test.
After collecting the blood, allow it to clot undisturbed at room temperature for about 15 minutes.
Remove the clot using a centrifuge set at 2,000 rpm for 15 minutes. If any precipitates appear

during storage, the sample must be centrifuged again.

Immunological Investigation of Interferon-alpha (INF-a): TNE-q levels in serum from female
rats were measured using the Rat Interferon Alpha (INF-o) ELISA Kit from SunLong Biotech

Co., LTD (Hanley & Haydon, 1998).

Statistical Analysis

Statistical comparisons of the data were performed using the SPSS software. The results were
analyzed with ANOVA followed by post hoc comparisons using Tukey's multiple comparisons

test. The statistical values are presented as mean + SD. Adjusted P values were set at P < .05.

Results & Discussion

Results

Reduction in cytokine INF-alpha levels due to radiation exposure was observed in full-body
female rats (G2, G3, and G5) irradiated with X-ray at 4 Gy and 6 Gy, with significant decreases in
INF-alpha levels in G5 compared to controls (Table 1 & 2). Oral supplementation with ZnO-

nano and Vitamin C improved inflammatory factors considerably compared to the irradiated
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group, but their activity and levels still diftered significantly from the control, as shown in table (2)

and Fig (2).

Presents the adjusted significant P value of INF-a levels in serum female rats set at (P= 0.0347<
.05%) for (G4) (Dose 4Gy + ZnO-NPs and Vit.C) compared to the control (G1), and also shows
that the adjusted P values are (ns) for INF-a levels in serum female rats groups (G2, G3, & G5)

compared to the control (G1), as shown in Table (2) and Fig. (2).

Table 1: Mean + SD are shown for Control (G1), Dose 4 Gy (G2), Dose 6 Gy (G3), Dose 4 Gy +

Nano-ZnO and Vit-C (G4), and Dose 6 Gy + Nano-ZnO and Vit-C (G5).

Groups Mean + SD
Control (Gy) 7.79+ 4.98
Dose 4G(G,) 6.33 +2.49
Dose 6G(G;) 3.66+0.9
Dose 4G + Nano Zn and Vit C(Gy) 2.85+1.01
Dose 6G + Nano Zn and Vit C(Gs) 5.05 222
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ZnO-NPs and Vit.C) compared to control (G1). The
adjusted P values are non-significant (ns) for INF-a levels in serum across groups (G2, G3, G5)

compared to control (G1).

Table 2: Presents the adjusted P value of INF-alpha levels in serum of female rats set at (P < .05%),
for groups G1, G2, G3, G4, and G5. The results show significance for the following comparisons:
G1 vs G2 (ns), G1 vs G3 (ns), G1 vs G5 (ns), and a highly significant difterence between G1 and

G4 at (P <) .05).

~219~



Adjusted

Tukey's multiple comparisons test Summary P Value
Control vs. Dose 4 Gy ns 0.8851
Control vs. Dose 6 Gy ns 0.1006
Control vs. Dose 4 Gy + ZnO-NPs and Vit. C[* 0.0347
Control vs. Dose 6 Gy + ZnO-NPs and Vit. Cns 0.4382
Dose 4 Gy vs. Dose 6 Gy ns 0.4151
Dose 4 Gy vs. Dose 4 Gy + ZnO-NPs and

Vit. C ns 0.1803
Dose 4 Gy vs. Dose 6 Gy + ZnO-NPs and

Vit. C ns 0.9150
Dose 6 Gy vs. Dose 4 Gy + ZnO-NPs and

Vit. C ns 0.9832
Dose 6 Gy vs. Dose 6 Gy + ZnO-NPs and

Vit. C ns 0.8843
Dose 4 Gy + ZnO-NPs and Vit. C vs. Dose 6

Gy + ZnO-NPs and Vit. C ns 0.5990
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Discussion

Radiation can affect a wide range of tissues, especially those with high rates of cell division,
leading to infection and necrosis as key factors in the damage caused by high doses of radiation
(Stone, Coleman, Anscher, & McBride, 2003). Several physiological processes may also cause cell
damage under irradiation, but the formation of oxygen free radicals following lipid peroxidation is
likely a major part of this cascade of events. The reactive oxygen species (ROS) interact with
cellular molecules, including DNA, lipids, and proteins(Juan, Pérez de la Lastra, Plou, & Pérez-

Lebena, 2021) .

The current paper clarifies that exposure to X-rays can result in decreased interferon-alpha (IFN-
a) levels in rats exposed to 4 Gy (G2) and 6 Gy (G3) of radiation, as well as changes in the
physiological response volume to oral gavage of ZnO-nano and vitamin C supplementation in
groups G4 (4 Gy) and G5 (6 Gy), probably due to radiation-induced immune system alterations.
This decrease may be part of a broader spectrum of immune system changes, where high doses of
1onizing radiation may lead to immunosuppressive outcomes. lonizing radiation, including X-

rays, interacts with the immune system in complex ways, impacting various cells and soluble

tactors. (Al-Qabandi & Alshammary, 2022).

[FN-a« 1s a type of cytokine known for its role in modulating the immune system and inducing
antiviral innate immune responses. It also plays a role in antitumor activity (L1, Liu, Zhou, & Su,
2009), as well as in inflammation that can disrupt the normal functioning of the immune system,

potentially leading to a decrease in IFN-a production (Ryft & Pestka, 2013). Low doses of

~221~



ionizing radiation may cause subtle changes in immune function, while higher doses are more

likely to be immunosuppressive. (Riickert, Flohr, Hecht, & Gaipl, 2021).

The eftect of mixed ZnO-nano and Vitamin C supplementation on interferon-alpha (IFN-a)
levels in female rats exposed to X-ray radiation has not been immediately studied. However, this
research shows that both ZnO-nano and Vitamin C supplementation can provide radioprotective
effects, and they work synergistically. Vitamin C has been proven to protect against radiation-
induced harm, while ZnO-nano can reduce oxidative stress and inflammation associated with
radiation. Co-administration of dietary ZnO-nano and Vitamin C supplementation should likely
enhance these protective effects, such as the regulation of IFN-a, which is involved in the

immune response to radiation. (Ali, Sari, Nowruzi, & Porzani, 2024) .

Conclusion:

From the results obtained, high-dose X-ray exposure can cause cell damage and infection, which
could disrupt the regular functioning of the immune system, doubtlessly leading to a decrease in
[FN-o production. Although there is no direct examination of diet ZnO-nano and Vitamin C
supplementation on IFN-q levels after X-ray radiation, this paper suggests that their combined
use may ofter significant radioprotective benefits. This is likely due to the individual antioxidant
and anti-inflammatory properties of both substances, and possibly through synergistic interactions

that impact the immune response, including IFN-q levels.
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Abstract:

This study employed a Bayesian estimation of the shape parameter (9) of the Lomax
distribution (also known as Pareto Type II) under a revised version of the singularly censored
sample method-firstly,using non-informative prior and secondly,using an informative prior
[Quasi and Exponential];where three different loss functions [Quadratic(QLF),Degroot
(DLF), and Precautionary(PLF)]were used six simulation experiments were conducted at
various sample sizes. The results from each trial were then compared using the mean squared

error[M.S.E. ] criterion.
1.Introduction:

In many different circumstances, the Lomax (1954)!"?I. A Pareto distribution of type II, also
called Lomax, was originally developed for the statistical modeling of commercial failures.
However, it has evolved to model reliability, life-testing, and in the medical field, as well as the

size distribution of files stored on server computers. The Lomax distribution has proved useful for
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developing new classes of distributions and for being the basis of many generalizations that involve
adding parameters to a well-established class of distributions,!'!l. D K. Dey estimated the Lomax
distribution's parameters and reliability function (complex life) from complete and type (II)
censored samples in (1992)/%. In 2002, Hatem A.Howlader applied Lindlley's theory to Bayesian
estimate of the survival function Lomax distribution®. In (2011), Panahi.A.computed the (stress-
strength), parameter p(y<x), where y and x are independent and both have a Lomax
distribution.!"* In (2015),Dr. Nadia AL-Noor looked into an evaluation on (Lomax) the
estimation of parameters by employing various methods of Bayesian analysis and non-Bayesian
estimation techniques such as non-Bayesian Maximum Likelihood Estimation (MLE)!"!. Also, an
opportunity was afforded through this paper to implement a parametric estimation procedure on
the shape () of the Lomax distribution, assuming that the scale parameter () was known and

equal to 2. As such, the following presents the results of the analysis conducted.

The objective of the study. Here the Bayes approach was utilized to obtain the shape
parameter(9),for the Lomax probability distribution; through [Quadratic
(QLF),Degroot(DLF) precautionary(PLF)]loss functions with Priors:[Quasi and
Exponential] functions and used the mean square error or (MSE) to determine which prior
function performed best with respect to the loss function yielded by the simulations used to obtain
an optimal estimate for the shape estimator(9), for the Lomax distribution(L.D).

2 Aim of research:
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The goal of this study is to identify a superior estimator based on the mean square
error(M.S E.)criterion, for the shape parameter (9) of the Lomax distribution (L.D.), with two

different prior functions and three difterent loss functions, using Type (II) censoring data.
3.Defintion of the distribution:

A vital lifetime distribution in survival analysis is the Lomax distribution which was first

identified and described by Lomax in 19545, The cumulative of this distribution (CDF) from an
. . . x\ 7Y
experiential perspective was published by”l: F(x;9,8) =1 — (1 + E)

Atfterwards, the probability density function (PDF) is:

fo 9, 8) = 5(1 FTE x>0 and 9,8>0
Where is : (9,[) are the shape and scale parameters respectively .
% The characteristics of the Lomax (Pareto type II)distribution "7 .

Here are several Lomax distribution(L.D),characteristics accordingly:

. I\/[ear1=i ,b 0> 1
-1

= Median - (V2 — 1)

n 1 = L
variance - V(X) = G D0 D 9 > 2
= Mode=0
VOB

»  Standard deviation =

— ,9>2
(9-1)y(9-2)
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= Skewnes = 2a+9) 9-2 ,9> 3
(9-3) \I 9

6(93+9%2-69-2)
9(9-3)(9—-4)

= Coefficient of variance = ,1 —g ,(0< 2

Simulating the scale parameter (f8), in this study is recognized equal to(2).So the (PDF) and

s Kurtosis =

,9>4

(CDF), respectively:

Y X
f(x;9) = E(l + E)‘(ﬁ“) , x>0and 9>0 ... (1)
X\~
Fos0) =1—(1+ E) ...... 2)

4.Censored samples [ .

There are some conditional limits on the number of samples we are able to test through life
testing that would be impractical to do. Some of these limits could include monetary costs or
sample quantity, meaning that we will either have to limit how much we spend during life testing

or limit how many samples we test..
4.1. Singly type (II) censored samples -

In cases where there are (n) units to be censored and we desire to censor (r) of those (n) units,

such that(r < n),we will need to stop the testing to obtain the censoring of (r) units. The reason
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being is that a random variable cannot be formed. The following is the(LF),Likelihood function

tor this one kind of samples accordingly

Lu(9]x) = ( r),) (1-Fa))"™ 1_[ ) 3)
(i=1)

Such as : 0< X(l) < X(Z) < X(g) < X(r) < < X(n_l) < X(n)

5.Standard Bayesian estimation:

Sobeit, x), X2)---, Xm 1d., f(x; ), the posterior density allows you to revise your beliefs
concerning the unknown parameter, (9). In Bayesian methodology, the density for each data
observation is treated as if it were a conditional density associated with the posterior. Due to
calculating the posterior density we can update our beliefs related to the parameter (9). The
Bayesian perspective on each observation observed data contain the density as a conditional

Ly (x]9)g ()
Pl g@yas (4)

density. "as:  @(9]x) =

Suchas: Ly (E |19), is the probability of a density function, and g(19) is the function that stands
before a shape parameter ().
6. The loss function'

A loss function L (3, 9)represents losses incurred when we estimate the parameter (9) by 9.
The loss functions using in this research as:
6.1. Quadratic- loss function(QLF) "%

Which is type 1s symmetric as provided by:
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L@ﬂ)=C2;§Z

And estimate to the parameter using Bayesian methods (19) as :

s _ E('x)
TOE@?x)

6.2 .Degroot- loss function(DLF)™!

Given that it is of the asymmetric type:

1 2
a 9-9
L(9.9) = (5°)
Then one that uses Bayes to estimate parameter (9) as: 9y =

E(9%]x)
@ e (6)

6.3. Precautionary —loss function(PLF)"/ .

Additionally, that asymmetric kind is provided by:

(9-9)°
3

L(d,9) =

So the Bayesian approach of estimating parameter (1J) as:

dp = /5(192|§) ...... (7)

7. Bayes analysis with a single type 2 sammple with censoring:

For this kind of data, a likelihood function(LF),given by equation(3), may be found as :

* (1- ]:(xr))(n_r) , by eq.(2) we get :

(-Fe) " = [1=[1-a+ 2] = [as ]
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— (1 + %)—ﬁ(n—r) _ e—ﬁ(n—r)ln (1+"2_‘f)

(1 _F(xr))(n—r) _ o 9(-7n 1+
Now to find [[i_; f(x; ,9), by eq.(1) we get:
 [li=1 f(x; ,9) = Ei:1)[§ 1+ ?)_(19“)]
='29_: [Ty (1 +%)—(19+1) _ z_: H?(”i:1)e—(z9+1)ln a+3
T o@D T In(+35) _ 9 -9 8, In(145) = iy In (143)

27 27

e—¥1(%)

o ey f(xi ,9) = = 9Te %@

Such that: ¥ (x) = Xi_;In (1 +3
Substitute equations (8) and (9) in equation (3) we get:

n! —9(n-r)l Xry g=¥1(%) _
LH(ﬁ/E) _ = e (n-r)ln (1+) — 9T e 9¥1(x)

_o_nt e®10 o —o[n-r)in (147 + s ()]
T (m-r) 2 €

s Ly(9/x) =¥ (x) 9" e7%®

nl e ¥1(®

(n—-r)! 27

where: ¥, (x) =

And ¥, (x) = ((n ~in(1+2)+ ‘I’l(x)>
7.1. The Quasi-Prior posterior distribution!’” :
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The definition of the quasi-prior is:

1
g(ﬁ)=y; 9>0, t>0 L. (11)

By equations(10)and(11)are substituted in equation(4)to obtain a posterior distribution with quasi-

prior.

_ W, (x) 9Tt og—I¥3(x)
Pso (19|§) T Pw r—t ,—9¥3(x)
o P2(x) 9 e 3 d9

9Tt g~I¥3(x) ) (. (x))r—t+1 _ _9
- —Te—oD --<P5Q(19|§)=m o=t e P¥s) . (12)

(P30t

Where : (PsQ('9|£) ~Gamm.[r —t+1,¥3(x)]

All Bayes estimator to a shape parameter (9), utilizing the three unlike functions of loss is

expressed as follows:
7.1.1. Quadratic-loss function/QLF):
From equation(5); estimate using Bayes for (1) given by (1§QQ ¢)» can be obtain as follows:

E@7x)= [0 @5,(Fx )0 L (13)

Substitute the equations (12) in equation (13), we get:

1 © o1 (Wa(x) ! -t -9
E(l9 |£) =f0 ) W 97t e 3(x) ddy

r—t+1 o
_ (‘1?((;63)”1) fo 9r—t=1 =9 ¥:(x) g9
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)T Tr-t W)
S T(r—t+1) (W)t (r—t)

And  E(072|x) = [ 972 @s,(O|x)a® L. (15)

Substitute the equations (12) in equation (15), we get:

0 r—t+1
E(19‘1|§) =f0 92 (‘1?((:31“) 97t e PP 49

r—t+1 o
_ (‘z?((fi)tﬂ) fo 97t=2 g=9¥s(x) g9

W) Tr—t—-1) (P3(x))?
S Tr—-t+1) (W)t =) —-t—-1)

Then by equations (14 and 16 ); Here is the formula to the Bayes estimator of a shape parameter
(0):

.8 5(79_1|£) _r—t-1
Ugos = E(19_2|£) = ww e (17)

7.1.2. Degroot-loss function(DLF):
According to equation(6);estimate using Bayes for () given by (1§DQ ¢)» can be obtain as follows:

E(9%x) = [ 9% ¢s,(O)x ) L. (18)

Substitute the equations (12) in equation (18), we get:

- r—t+1
B(0|) -y 07 Sz 07 €70 ao

= T [ 97 0B
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(W) T(r-t+3)  (r—t+2)(r—t+1)
CTr-t+1)  (W())T T (W3(0))?

And  E(O|x) = [9 @5,(Ox)d® L. (20)

Substitute the equations (12) in equation (20), we get:

o ('P (x))r—t+1 _ _
E(ﬁ|£)=f0 1) mﬁr te 9 ¥3(x) dd

_ (W) roo r 1 9 W (x)
= o fo 9 e 3X) dY9
W) Tr—t+2)  (r—t+1)
CTr—t+1) (P Wi(n)

By equations (19 and 21); then provide the following to the Bayes estimated of a shape parameter

() as:
a 5(192|K) r—t+2
ﬁDQS = E(l9|K) = w.(x)y ( 22 )

7.1.3. Precautionary-loss function(PLF):
Using the equation(7), estimate using Bayes for () given by (1§PQ ¢)» can be obtain as follows:

E(9%x) = [ 9% ¢s,(O)x ) L. (23)

Substitute the equations (12) in equation (23), we get:

- r—t+1
B(87]x) -y 87 SEE - 97t e a9

O o e 0
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)T Tr—t+3)  (r—t+2)(r—t+1)
ST —t+1) ()t (¥3(x))?

By equation(24);then provide the following to the Bayes estimated of a shape parameter (9) as:

1
o Dpgg = /5(192|£) - (“‘t(z)g);“))z ...... (25)

7.2. The Exponential-Prior posterior distribution /-

The previous exponential is defined as:

g) = pe=+? , w,9>0 L. (26)
By equations(10)and(26)are substituted in equation(4)to obtain a posterior distribution with

Exponential -prior.

Mlle (x) 19T 3_19(#"'4,3 (x))

(pSE (19|£) = fooo U, (%) 97 e~ 9(W+¥3(x)) 49

97 e~ 9(u+¥3 )

r(r+1)
(u+¥3(x)r+1

r+1
(pSE(19|£) = % A G 1D (27)

Such that : (pSE(19|£) ~Gamm[r+1,u+ ¥;(x)]

All Bayes estimator to a shape parameter (9), utilizing the three unlike functions of loss is

expressed as follows:
7.2.1. Quadratic-loss function(QLF):

From equation(5);estimate using Bayes for () given by (19Q Eg)» can be obtain as follows:
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E@x)= [97 o, (9|x)a0 L. (28)

Substitute the equations (27) in equation (28), we get:

. r+1
B ) -fy7 07 B o e

— (ut+W5 ()"t f°° 971 e—ﬁ(u+ Y3 (x)) do

r(r+1) 0
RS 2C) N O W R Ac) 29
rr+1)  (u+¥;(x)" r
And  E(072|x)= [[972 @, (O)x)d0 L. (30)
Substitute the equations (27) in equation (30), we get:
E(972|x) = jwﬁ‘z G 100) A,
= 0 rr+1)
_ AP ro p o 9t Wa(x)
T r@r+1) fO vt e T dd
_ @A) -1 @ Wm)? -

rr+1)  (u+ %) r(r—=1
Then by equations (29 and 31 ); Here is the formula to the Bayes estimator of a shape parameter

(9) as:

o _EOTE) e
CBs TEWTx)  w¥s)

7.2.2 Degroot-loss function(DLF):

From equation(6); estimate using Bayes for (9) given by (9, Eg)> €an be obtain as follows:
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E(9%x) = [ 9% @5, (O|x)a® L. (33)

Substitute the equations (27) in equation (33), we get:

I r+1
B(97|x) =fy 0% S 07 €70 dp

— (ut+W5 ()"t f°° 9T+2 e—ﬁ(u+ Y3 (x)) do

r(r+1) 0
_ (u+ws(x)"*1 I'(r+3) _ (r+2)(r+1) (34)
r(r+1) (ut¥3)™3 (s T
And  EM|x)= [79 5,(O)x)a® L. (35)
Substitute the equations (27) in equation (35), we get:
[P WHEONT gr o —0(ut W ()

EM@|x)-f, 9 oy U eV Y

_ (ut¥s)) ro0 1 (u+w3(x)

= o fo ) e 3 d9

+ W3 (x)) ! I'(r+2 r+1

_ (Wt %) c+2 _ @+ 36

rr+1) L+ P30 u+¥s(x)
By equations (34and 36); then provide the following to the Bayes estimated of a shape parameter

() as:

5 E(0%x)  re2

DEs — ED|x) T ut¥s(x)

7.2.3. Precautionary-loss function(PLF):
Using the equation(7), estimate using Bayes for (9) given by (Jpg <), can be obtain as follows:

E(9%|x) = [ 9% @5, (O|x)a® L. (38)
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The Exp. 9 Substitute

the equations

(27) 1n equation (23), we get:

2 © g2 (U+W3(x)"+! —9(u+ .
E(9%x)-f, 0 Wﬁr e VW) gy

_ (M+‘P(3(x)))r+1 fooo 9T+2 =9 (u+¥3(0) 4y
rr+1

(u+ W5(x)) 1 I(r+3) T+ +D)
Fr+1)  (u+¥s(0))*3  (u+¥3(x))?

By equation(40);then provide the following to the Bayes estimated of a shape parameter (9) as:

1
. 8 _ 2 _ ((r+2)(r+1) 2
~ Upgg = /E (9%]x) = (—(M%(x))z) ...... (41)
8 Discussion of Sirnulation:

To find the best estimator for the shape parameter (9),0f the Lomax distribution(L.D) ,using
simulation techniques were used on different sample sizes (small n=15, medium n=65, and large
n=100) in six experiments, where each experiment was repeated (T=1000), using (CDF), it is

Equation (2), to generate different random values(X;), V=F(X,), with (V) being a random variable
-1

in the interval (0,1), Where: x;= 2 [(1 -V)v — 1] ...... (42)

Here, the Monte- Carlo method P°!] was used to generate random data according to the values of

(r=5,45and 95),and (t=1.5),and the default values used in Table (1) below.

Tablel: The parameters the initial settings (9, W)
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1 0.5 3
2 0.5 5
3 1.5 3
4 1.5 5
5 25 3
6 25 5

Next, using (M.S.E.),their best estimation to a shape parameter (:9), is compared as follows:

MSEd)-=3n,(6-9)° (43) Asan
T=[1000], with(M.S.E.),to estimators using equations:(17),(22),(25),(32),(37) and (41), as seen in

the tables below:

r Quasi-prior. The Best

Table2:(M.S.E.) to estimate), for L.D./ Exp. 1

Such that: 9 =0.5, u=3
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Such that:

Qo Do Pq
15,5 0.0639 0.1819 0.1344 Qo
65,45 | 0.0055 0.0063 0.0060 Qo
100, 95 | 0.0025 0.0026 0.0025 Qo Py

Exponential-prior.

Qg Dg Pg
15,5 1.1325 1.4991 1.4847 Qg
65,45 | 1.0956 1.1195 1.1160 Q;
100, 95 | 0.9351 0.9795 0.9720 Q;

Table3:(M.S.E.)to estimate®), for L.D. / Ex.2

n,r Quasi-prior. The Best

p=>5

Table4:(M.S.E.)to estimate®) , for L.D./ Exp.3

Such that: 9 =1.5, u=3
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Qo Do Pq
15,5 0.2006 22774 1.8138 Qo
65,45 | 0.0584 0.8067 0.7617 Qo
100, 95 | 0.0233 0.0254 0.0233 Qo Po
Exponential-prior.
Qg Dg Pg
15,5 0.3896 2.6098 2.0824 Qg
65,45 | 0.0929 1.1598 1.1485 Q;
100, 95 | 0.0687 0.8555 0.8242 Qg
Table5:(M.S.E.)to estimate®), for L.D./ Exp.4
Quasi-prior.
n,r The Best
Qo Dq Pq
15,5 2.8965 3.4548 3.8328 Qo
65,45 | 1.0375 1.5596 1.4639 Qo
100, 95 | 0.0659 0.0684 0.0671 Qo
Exponential-prior.
Qk Dg Pg
15,5 0.5950 0.8950 0.0211 Py
65,45 | 0.3816 0.2006 0.0458
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Such that:

p=>5

100, 95 | 0.1527 0.1377 0.0150 P
Quasi-prior.
n,r The Best
Qo D, Pg
15,5 25635 26104 4.5598 Qo
65,45 | 1.3676 1.8283 1.7463 Qo
100, 95 | 0.0261 0.0255 0.0255 Dy, P,
Exponential-prior.
Qg Dg Pg
15,5 0.0231 0.0648 0.0231 Qr, P;
65,45 | 0.0294 0.0477 0.0199 P
100, 95 | 0.0189 0.0201 0.0098 P

Table6:(M.S.E.)to estimate (9), for L.D,/ Exp.5

Such that: 9 =2.5, u=3
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Quasi-prior.

n,r The Best
Qo D, Py
15,5 4.7742 3.0786 24951 P,
65,45 | 36718 29341 1.7093 P,
100, 95 | 0.0781 0.0720 0.0705 P,
Exponential-prior.
Qe Dg Pg

Table7:(M.S.E.)to estimate (9), for L.D./Exp.6

Such that: 9 =2.5, u=>5
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15,5 1.5709 1.4068 1.2260 Pr
65,45 | 0.9935 0.2464 0.1696 Pr
100, 95 | 0.7694 0.1350 0.0240 Pr

Where:

Q¢: The loss function is Quadratic, with Quasi-prior.

D, : The loss function is Degroot, with Quasi-prior.

P: The loss function is precautionary, with Quasi-prior.
Qp: The loss function is Quadratic, with Exponential-prior.
Dy : The loss function is Degroot, with Exponential-prior.

Pg: The loss function is precautionary, with Exponential-prior.

9. Conclusions:

Results from Tables(2,3and4),for all three experiments(1,2 and 3),show that the Bayes estimator
for shape parameter(9) has a minimal mean square error (M.S.E.) when using a Quadratic loss
tunction with a sample size of (n=15) and (n=65); however, when using (n=100) there is also a
minimum mean square error using Quadratic and Precautionary loss functions. In Table (5),
for experiment number (4),it appears that the optimal Bayes estimator based on a Quadratic and
Precautionary loss functions is when (n=15), and under Precautionary (n=65) and (n=100).

Tables (6 and 7), from Experiment (5) and Experiment (6), indicate that in general the optimal
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Bayes estimator for the shape parameter (9) under type II single censoring will always be based on
a Precautionary loss function, regardless of whether the sample size used for estimating the

Bayes estimator is n=15, n=65, and n=100.
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