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Abstract r )

Biological systems use fluid dynamics to coordinate group movements and spatial arrangement, which affect
both their own dispersion and the dynamics of their surroundings. This behavior has been documented in a
number of biological systems, such as bacterial colonies, algal blooms, and microbial suspensions. The current
study examines the flow of a nanofluid via a vertical thin needle used in medical surgery. The nanofluid is
composed of three types of nanoparticles: Fe304, copper oxide (CuQO), and copper (Cu) that are dispersed in a
base fluid of blood. Additionally, the nanofluid contains gyrotactic bacteria. Furthermore, in the presence of a
magnetic field, the incompressible liquid conducts current. The nanofluid model considers both Brownian motion
and thermophoresis. The Runge-Kutta and shooting approach is used to numerically solve transformed ODZEs
resulting from the group method. The present study looked at the effects of several factors, including Prandtl
number, Brownian motion coefficient, thermophoresis diffusion coefficient, microorganism diffusion coefficient,
concentration difference, temperature difference, Schmidt number, bioconvection Peclet number, Lewis number,
and magnetic diffusivity. The findings indicate that velocity decreases with rising Pr, Lb and Sc and increases with
Dpg, D, Dy, dc, 6t, and Pe. In contrast, temperature decreases with increasing Pr, Dpg, and dc and increases
with rising ét. Bacterial density, on the other hand, decreases with rising Pr and Dp and increases with D,
Dy, and Sc. Whereas the magnetic field grows as ng increases. We will also use graphs to illustrate the physical
significance of the current parameters.
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1. INTRODUCTION

The phenomenon of fluid motion or convection, known as “bioconvection”, is brought about by the combined activity
of microorganisms such as bacteria or algae inside a fluid medium. The synchronized migration of microorganisms
causes the fluid to take on patterns, currents, or flow structures. Microorganisms in bioconvection exhibit directed
motion due to their own movement, which is frequently accomplished by using cilia or flagella. As they move, these
microorganisms push or pull on the fluid around them to create fluid flow. Large-scale flow patterns are formed as a
result of the interaction between microorganisms and fluid.

Nanofluids are colloidal suspensions of nanoparticles scattered throughout a base fluid. These fluids have better
qualities than the basic fluid alone, making them appropriate for a variety of uses. Nanofluids remain an important
area of study, with continuous studies aimed at improving their characteristics, discovering novel nanoparticle mate-
rials, and broadening their uses across industries. Physical Characteristics of Specific Nanoparticles:

1. Magnetite (Fe30,):
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Because Fe30, is superparamagnetic, it may be controlled by applying external magnetic fields. This feature is espe-
cially helpful in medical settings where localized heating can improve therapeutic efficacy, such as focused medication
administration and the treatment of hyperthermia. Fe304 is also appropriate for in vivo research due to its biocom-
patibility, which lowers the possibility of negative bloodstream responses.

2. Copper Oxide (CuO):

Excellent heat conductivity and antimicrobial qualities are well-known attributes of copper oxide. Its absorption into
the blood may improve tissue temperature control, which is important for doing surgery or treating localized infections.
Moreover, CuQ’s antibacterial properties can aid in lowering the risk of infections related to implants and medical
equipment.

3. Copper (Cu):

One characteristic that sets copper nanoparticles apart is their unique electrical and thermal conductivity. Cu nanopar-
ticles can enhance heat transmission characteristics when dissolved in blood, which may be advantageous for treating
hyperthermia. Furthermore, copper has the ability to improve cellular respiration and oxygen transport, which is
advantageous for medicinal applications, especially for disorders needing increased metabolic activity.

4. Blood Dynamics-Related Relevance:

Red blood cells, white blood cells, platelets, and plasma make up the complex biological fluid known as blood. Main-
taining appropriate circulation and oxygen supply depends on its rheological characteristics. These characteristics
change when FesO4, CuO, and C'u nanoparticles are added, which may result in better flow characteristics and better
heat management.

Ongoing research is helping to better understand the bioconvection and its significance in biological and ecological
systems. S. Siddiga et al. [53] examined Numerical solutions of gyrotactic microorganism-induced nanofluid biocon-
vection along a vertically wavy cone. B. Shen et al. [52] studied temperature fluctuations and velocity slip during the
bioconvection thermal transfer of a nanofluid across a stretched sheet. S. A. A. Shah et al. [51] investigated the impact
of bioconvection on the motion of Prandtl hybrid nanofluid across a sheet of stretched fabric using chemical reaction
and a motile microbe. S. Saleem et al. [49] examined the phenomena of magnetic Jeffrey nanofluid bioconvection
over a revolving vertical cone caused by gyrotactic microorganisms. A. Rashad and H. A. Nabwey [42] examined the
gyrotactic combined bioconvection movement of a nanofluid while investigating the convective boundary condition of
a circular cylinder. M. V. S. Rao et al. [41] examined how gyrotactic microorganisms in a convectional nanofluid flow
around an isothermal vertical cone embedded within a surface that is porous, holding chemically reactive substances
might cause bioconvection. C. S. Raju and N. Sandeep [40] studied two distinct methods for handling unstable mass
and heat transfer in a bioconvection flow that is going to approach a rotating cone or plate in a rotating fluid. C.
Raju and N. Sandeep [39] examined the mass and heat transfer through a spinning disk or cone with cross diffusion
in a non-Newtonian magnetohydrodynamic (MHD) bio-convection flow. V. Puneeth et al. [38] examined the effect
of bioconvection on a pseudoplastic nanofluid’s free stream flow past a rotating cone. P. Patil et al. [37] investigated
the effects on bioconvective periodical MHD Eyring-Powell flow of fluid around a rotary cone of various diffusions and
oxytactic microorganisms. D. Pal and S. K. Mondal [36] examined MHD nanofluid bioconvection between gyrotactic
microorganisms and heat radiation across an exponentially stretching sheet. W. N. Mutuku and O. D. Makinde [35]
explored the phenomena of gyrotactic microorganism-induced hydromagnetic bioconvection of the nanofluid over a
porous vertical plate. A. V. Kuznetsov [29] used oxytactic microorganisms to study the phenomena of nanofluid
bioconvection in media that is porous. A. V. Kuznetsov [30] examined oscillatory instability in water-based solutions
including nanoparticles and oxytactic microorganisms during nanofluid bioconvection. A. Kuznetsov [28] looked at
the interaction of microorganisms, oxytactic up-swimming, dispersion of nanoparticles, and subsurface heating/cooling
are all involved in nanofluid bioconvection. W. A. Khan et al. [27] examined the gyrotactic microorganism-containing
truncated cone’s spontaneous bioconvection flow across a nanofluid. W. Khan and O. Makinde et al. [26] investigated
how MHD nanofluid bioconvection across a stretched sheet heated by convection is affected by gyrotactic microor-
ganisms. P. P. Humane et al. [25] examined the impact of bioconvection on the movement of a chemically reactive
nanofluid made by Casson flowing through an inclined. N. Begum et al. [13] investigated changing thermophysical
characteristics of nanofluid bioconvection. C. S. Balla et al. [12] examined bioconvection in an oxytactic microbial
culture in a porosity square cavity saturated with nanofluid. A. U. Awan et al. [11] employed an exponential source
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of heat and motile microorganisms, the impacts of bioconvection were examined on Williamson nanofluid flows on a
stretched sheet. M. I. Asjad et al. [10] examined the effects of chemical reactions and bioconvection on the flow of
MHD nanofluids because of the exponential stretching sheet. O. Anwar Bég [9] examined models and computation
for nonlinear multiphysical laminar nanofluid bioconvection flows. N. A. Amirsom et al. [8] looked the multidimen-
sional bioconvection flow of nanofluid from a bi-axial sheet of stretching caused by isotropic slip. R. Alluguvelli et
al. [6] investigated the bioconvection of nanofluids in porous enclosures with viscous dissipation. B. Ali et al. [5]
examined the Cattaneo-Christov and bioconvection effects in micropolar dependent nanofluid flow simulation using
finite elements over a vertically extended sheet. K. A. M. Alharbi et al. [3] examined the numerical solution for the
Maxwell-Sutterby nanofluid flow in a sheet that was stretched with thermal energy. S. A. Alavi et al. [2] examined
an algorithmic approach to fractional optimum control issues with the Mott polynomial operational matrix. A. R.
Haghighi and N. Aliashrafi [18] analyzed pulsatile blood flow via a stenosed artery under the influence of a magnetic
field, mathematically modeled. A. R. Haghighi and R. Pralhad [20] studied blood flow mathematical modeling under
the influence of body forces and magnetism on the human body. A. R. Haghighi and N. Aliashrafi [19] examined and
analyzed mathematical simulations of pulsatile blood flow and heat transmission in a vibrating and magnetic envi-
ronment. A. R. Haghighi et al.[21] evaluated a tacit method for the micropolar fluid model of blood flow in response
to bodily acceleration. Additional studies on bioconvection have been conducted [4, 7, 14-17, 22-24]. This study
investigates the flow of a nanofluid through a vertical thin needle used in medical surgery. The nanofluid is made up
of three types of nanoparticles FesOy4, CuO, andCu, which are scattered in a base fluid of blood. Furthermore, the
nanofluid contains gyrotactic microorganisms. Furthermore, in the presence of a magnetic field, the incompressible
liquid conducts electricity. The nanofluid model takes into account both Brownian motion and thermophoresis. The
current study examined the impacts of many elements, including Prandtl number, Pr, Brownian motion coefficient,
Dp, thermophoresis diffusion coefficient, Dy, microorganism diffusion coefficient, D,,, concentration difference ratio,
0C temperature difference, At , Schmidt number, Se¢, bioconvection Peclet number, Pe , Lewis number, Lb , and
magnetic diffusivity, 7.

2. MATHEMATICAL FORMULATION

Bioconvection is the collective motion of microorganisms, which occurs in response to environmental gradients
such as light, temperature, or concentration differences. The cone model is a mathematical framework that describes
bioconvection in suspensions of swimming microorganisms. The goal of this study is to investigate the steady flow
of a viscous, incompressible nanofluid along a thin, vertical needle containing gyrotactic bacteria and three distinct
nanoparticles. The magnetic field characteristics imparted to the nanoparticles cause their electrical conductivity.
The radius of the needle is r = R(z). Figure 1 shows that the axial component is z, and the radially oriented
component is r. The electric conductivity and density of the hybrid nanofluid are denoted by the symbols o, and
Phny, respectively, while the cone temperature is represented by 7,,. The symbols u and v indicate the velocity
of the fluid components. The concentration continuity equation calculates a volumetric proportion of nanoparticle
concentration, c¢. To complete the mathematical framework of the current work, a microbe continuity equation is
provided. For the mathematical model, Equations (2.1) through (2.7) define it, whereas Figure 1 depicts the precise
model.

rug + rv, +v =0, (2.1)
n 0 O'BQU, —
e+t + vy = EL S () - T2 g (-7 ) - PPl 0 - )
TPhng OF Phnf Phnf
Pm — Pf NeHQ
———2¢g(N—Ny)+ Hy, + Hy,), 2.2
L LN~ Noo) o o (i, + H,) (22)
QXhny O Qhnf 2 QpppoBRu?
T +uT, + 0T, = — (rT;,) + nt (up)” + 2207
‘ or ( ) Khnf Hhnf ( ) khnf
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FiGURE 1. Fig. 1: Physical illustration of the problem.
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Subjected to:

1

At r=R(z) = (MTOQc) ,

Uy + Uoo

:| = D’I’LN’I"I‘7

U = Uy, ’U:O, H1:H1w7 H2:H2w7 T:Tun C:Cw; N:Nwa

At r — oo,

UZO, H1:0, HQZO, T:Too, C:Coo,

Normalization process:

u(z,r,t) = u*(z,7,t) uy(x,t),
v(z,rt) = (m,r, t) vy (x,t)

Hl(l‘,’l",t) (1‘ Tvt) le(ﬂf,t),
HQ(Z',T, t) (]J T, t) HZ’w(xat)v
T = ATO+ T,

C = ACC* + coo,
N = ANN* + N...

(2.9)
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Equations (2.1)-(2.7) can be transformed to:

8uw * *
*Z W - - LT 2.1
Ut + Uy o + TV 5 + v*v, =0, (2.10)
Oy ou* . L Oy . ou* . ou* Hhnf ou* Whnf ou*
ot —&-uwﬁ + U uyu S +u uwuwa—m +v Uwuwﬁ Py Uy T 92 " Uy o
B2u*u,, - oy — JHy Hay . OHy,
T2 M go(ATO) + 2Ll g (ACC) + P LL g (ANNY) — He2 2w g #0811 (2.11)
Phnf Phnf Phnf AT ppn Ox
ueHg*ng 8H1* ILLeHQ*sz 8H1*
- H - H =0
AT phn g w9y 4T Phn g Lo ’
@ + u*u % + v @ —a 8720 _ Qhnf 90 Chnf dur\’
ot e Yor Mo T Tr ar T ATKpns M\ " or
Ao BE (u*uy,)? L1 (16U*T§’o> 920 L1 (16g*T§O) a0
_ ) 22 - 2 | — 2.12
ATkhnf (pcp)hnf 3k or? (pcp)hnf r 3k or ( )
Dr (09)2 Dp 80 0C* Qo
rZIAT () —r B DA - 0 g,
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AC—— A AC—— = DA AT— 2.1
C’8—|—uuw08 vaar Bcar2+ T Pk (2.13)
ON* ON* ON* 9*C” N, 0%C" oC* ON* O*°N*
— w—— bw.N* bwe o ——— . - D, =0, 2.14
ot Tty P Ue T N p b T e F e o2 (2.14)
O0H 8H * 0H,,, OH* OH.* 0°H,*
Hy* 2 4 Hypym— + ¥ uy Hy " C FutuyHyy—— 4 Ulewil—Tlon —
m . OHLT
r Hiw or 0,
OH. OH. 0H,,, OHy* OHy* 0% Hy*
Hy* 2w + Hop—— 2 bt uy Ho" =22 4wty Hayy e + 0 0 Hayy e — o Hayy — o
) OH>"
- OH?“’ 8: =0
At r=R(z) = < Vhnt >
Uqy + Uoo
wt =10 =0,H," =1, Hy" *—1,N*=1, (2.17)

At r — oo,
uw'=0H"=0,H"=0,0=0,C*"=0,N"=0,

3. MODIFICATION OF SYSTEM INVARIANT GROUP

A two-parameter group topology (a1, as) is used to transform the mathematical model into a system of similar
ODEs based on the similarity variable, 7.
an
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3.1. Similarity Transformation. Let’s take the group structure in the form:
G:S=K*(ar,a2) S+ Q%(a1, a). (3.1)

The system variables are represented by the letter .S, and the differential coefficient functions are represented by the
actual values of K* and Q°. The typical way to represent partial derivatives is as follows:

_( fs )-ij}i:r,x,t, and j =r,z,t. (3.2)

3.2. The Analysis of the problem.
Equation (2.10), using the previous relations (3.1) and (3.2), becomes:

Oy ou* D 0 du* Iv*
U g Tl e T e Uy = Hi (o, @2) |10 Y 4y G A 0 e 00, | (3.3)

0T oz or ox ox or

H; (a1, a2) is the equivalency parameter, and the slashes denote the adjusted variables. By combining (3.1) and (3.2)
into (3.3), the following results can be obtained:

kTR ke Ouy, N K"k kv Ou* N K"KV kUe vt R

U TUy — + ———— Ty TV Uy
k= ox k= ox k" or

Uy ou* *

+ Uy —— F+ TV

ox ox or

*
+ V Uy

= H; (a1, a9) |ru*

Similarly, equations ((2.11)-(2.16)) become:

EC kY Ouy, K k% Ou Jrk“*k“wk“*k“w . .
u Uy —F— ——————U UyU

kt ot kt ot k= ox k=
kY ke ke ke ou* gy kTR ke OPu* ppny kY kY Out
F U VU — 3 7 — Uy 5
kT or Tpang (kT or TPhnf KT or

Oy, K kM kY ke | ou*
+

u u?l) u'll) ax

Uy T

B2 ¥ - * m *
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k" kH2e QM. R kHzo  QH,* kY ke e g OH
H2* 2w + » 2 + u*ung* 2w
kt ot kt ot k* oz
kY kv H2" e OHy™ KV kvwktz pHzw OHy"
* wH w * wH w o
+ k= w2 8x+ k" v twi2e Ty,
LH2" pH2w for 02 Hy* o LH2" o H2w OH5*
— o P} HQw 5 2 HQw
(k) or r (k) or (3.10)
0H, OH5* 0H, OH>" OH>"
=H , Hy* C + Hoypy— Uy Ho™ © Uy Ho gy ——— v Hoyy——
7(”“2)[ 2Ty Ty T el T T e T U e T
0?Hs*  mo OHy"
—noHoyy—— — —Hopy——— |-
N0 4124 972 P L
The following outcomes arise from the invariance condition:
Kquu*:Kz _ Kv*Kvw:K'r‘ _ Kt — KN* _ KC* _ KG — KHQWKH;:KleKHf: 17 (3 11)
Quw _ Qu* _ va _ Qv* _ QC* — Q9 _ QH; _ QHf — Qle _ QHQw _ QN* =0. :
Finally, the structure of the group, G, becomes:
T=z+Q",
Gi{rT=r+ Qy,
t=t+Q",
C*=C",
7=,
N* = N*,
Uy = Kuwuwa
G: Ty = K0y, (3.12)
G2
le = Klele?
Hy, = KH2“’H2w,
u* = k" u*,
vF = kYo%,
H" = K" Hy",
Hy* = KH2" Hy*.
3.3. The complete conversion of the system’s variables.
The relation shown below, which is motivated by Morgan’s theorem [34], is used to alter the system variables:
14
9qi
Si + 6; =0. 3.13
> (5 + 00 5 (313)

i=1

The methodology minimizes the number of independent variables by employing a single similarity variable. The sys-
tem’s original variables are denoted by the symbol S;, while the dependent variables u*, ue, Uy, V*, Ve, Vo, w, c* , 0, N*, H*,

(=)=
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H,., Hy*, Hs, become new, invariant variables. At this point, the coefficients v; and §;, are defined as follows:

- OKSi (a)

L 9

5 — 00%(@) (3.14)
? o

3.4. The modification of independent variables.

Equation (3.13) has been used to combine the independent variables (r, z, and t) into a single similarity variable. By
using the same procedures as described in references [31-33, 43-48, 50], the variables are provided by:

n=mw(z,t)r (3.15)
Moreover, the dependent variables are changed to:
ut = w(z,t)F(n),
v =((z, 1) En),
Hy" =T(x,t)H(n),
= Az, 1)J (n),
Uy = Uy (T, 1),
V= Uy (, 1) (3.16)

Hyy = Hyy(z,t),
Hy,, = Hyy(2,t),
0 =0(n),

cr =C"(n),

N* =9(z,t)g(n),

where 7(z,t),w(x,t),(x,t), [(x,t), M, t), uy (2, t), vy (2, 1), Hiy(x,t), Hay(x, t), and ¢(z,t) are the unknown func-
tions that will be evaluated throughout the reduction process. The system (2.10)-(2.16) can be formulated as follows:

”F+ $F+ o p o g +— 0, 3.17
rog T T (3.17)
Oy om dw Buw o dw
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w 1 B2 AT AC
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L+ o = PPl Q)N*iu 2l treAHa,, Hy =t
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A Hy 28 AHz Hy T
,“2—18:1;JH _ BeA2wlw? g (3.18)
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B oB2 (o.)uw)2 (F)? + (pcp)hnf 3k o 4 (pcp)hnf 3k 97 B TT—:;AT (9,)2
AT]C;mfﬂ' Qhnf Qpnf n Qpnf
Qo
Dgp Py
_ By (pe )’”‘; 6=0, (3.19)
Apnf ApnfT
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87'r or Dt
(O ' _ ' BEAT
o+ — nC* F EC* —C* L = 3.20
Dg e Dy t Dar Dp ’ (3.20)
om oY or
ot ! ot Wy 5, oz /F Uy 8;c F CU’LU E / bwc C*“
Dot o2 T Dy M +D¢2 It D9t I
waAN " bwc oy 12
+ =0ty — g =0 3.21
Dot D, ; (3.21)
OH.1y o or OH:,, o wu T
ot H + ot H/ ot W Jx FH U aw F H/ w 69: FH
nH' + +2
noHy,, no T3 no I'm? noH1, ™ no T3 no I'n?
v H'
Qg g H (3.22)
770 ™
OHy o or OH> on !
w == vs wu - Uy wu. J
e O Jip+ —PLJ 0o pj4 —0zppy wagFJ+CwEJ’ J' - =0,
noHz, ™ Mo ™ no AT noHz,, T no 0 AT n
(3.23)
where AT =T, — T, AC = Cy — Cso, AN = N, — No. Dashes are used to represent derivatives with regard to 7.
The following relations must be followed to properly turn the Equations (3.17)-(3.23) into an ODE system:
g properly q Y
Al _ wagzw 9 wag% 5= Uw g: A4 _ 8(191«7;) A5 — ?977; A6 %;)
waC 1T ¢ T Trog¢ M T Ty AT e T T
OUy o ow 2
_ Yo T _ Uwgy _ Quy __0B;g
A7 = MhnfqC 2 Ag = Bhnf 7:3’ Ay = Bhnf = a2’ Ao = Bhnf 3 An = Lih 2
Phnf Phnf Phnf Phnf nf
Ay = B9AT) 0= pg(BO) (o = p)g(AN)
’;;ﬁ Uy W2’ Hhn flly W2 o f Uy W2
OH
PR s fieAH 2., Hy,, T 9% o fieAH ., Hy 95
AT [ f Uy WTT2 AT [ f Uy WTS AT i, Uy T2
Arg = HedHyw BT 19 = o Ao = Wi G Ao = athy
AT [ f Uy WT Qpn TS’ App s’ Ap T (3.24)
Qo
1 o B2 (wuy,)? (pey) 9m
Agp = ——— Upw)”, Agg = —2 L = kel Agy = O
22 ATK,, ,Uhnf( w ) 23 ATkhan2 ahnfﬂ'z 25 DB7T3
Ao — Wy gg A Cuy Ao — o Moo — a—f wuwg—g B wuwg—i’
26 — D 27 = .DB’/T’ 28 — Dnﬂ_?)a 29 anﬂ_za 30 Dn7T3 9 31 — Dn’ll)'/TQ,
A — (U b, T _ ale 4 %—7{ _ on Wy ag;'“’
32 Dor’ 33 Dov 34 = 770H1w o0 Ass = 3 A36 o T2’ 37 moHry 2
o or OHg,, o
WUy 22 Wl S oz
Agg = ——28 Agg = —=02, 40=7va71441=73t 5, Asp = 2,
no T no I'm Mo noHz, T no T
43 = o = O o Agy = 22 o 16 = it s a7 = oo
no A2’ noHzy 72 no o A2’ no ™
Similarly, formulae (3.17)-(3.23) enable the following analysis-based conclusions to be drawn:
™=C1, Uy = 6460%02t7 w = c5e—c§02t’ w = (g, Hlu) = 09€C§014t7 I'= ClOe_cfc“tﬂ (3 25)
oy, = = c11€1050 X = ¢ppem TSt CUy = c7. .
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The final form of the ODE system is shown below:
E

E += =0, (3.26)
n
’ 1 1 ’ 82 AT - : AC
L pp o ip e B p B9AT) (b, — p1)ol 2)0*
Phnt n Hhnf C1 phny €5 C4€1 HhnfCs C4C1
— AN e
n (P — P1)Y( ! )c Bt Coencr g (3.27)
[hnfCs C4C1 4T ppngcs cacy
Cr ’ iz 9, 1 2 " 2 O'Bg (C5 64)2 2
B -0 - - (F) - S S (F
QpnfCl n  ATKpny Hhng (€5 Ca) ATkppnyp ¢1? )
1 (160*T§o) 1 (160*T§O) b Qo
c 3k* ,, c 3k* 9/ TELAT , N2 Dr , 7 c,
PGy o 4 s T (9 ) _ DBy ”)h”ge —0,  (3.28)
Qpnf Qhnf n Qhnf Ahnf Qpnf C1
/ " &AT
c7 T. "
ECY —C* ——=—0 =0 3.29
Doer i ; (3.29)
0 M ot MR qur | Moo 0 (3.30)
Dncl g Dn g DnCS Dn g =0 ’
HI
T EpH - H' - =0, (3.31)
Mo €1 n
J/
iy o Ry ") (3.32)
Mo €1 n
The boundary condition are changed to:
At r = R(z),
F=1,FE=0,H=1,J=1,0=1, C*=1, g=1,
(3.33)
At r — oo,
F=0, H=0,J=0, =0, C*=0, g=0.
The following relationships, however, are used to get the nanofluid parameters.
M
Hhnf = X - 5 (3.34)
(1= 6n1)*° (1= ¢n2)™° (1 = ¢n3)*”
Phnf = Pf [(1 - ¢n1) ((1 - ¢n2) [(1 - ¢n3) Pf + ¢n3pn3] + ¢n2pn2) + ¢n1pn1] ) (335)

(Pep g = (0ep) [(1= 6u) (1= dm2) [(1 = 603) (pep)  + Bus (pep)y] + b (pep)s) + b (pep)y |, (3:36)

R (km + (n = ks — (0= D (ks — km) (k (1= ks — (= Do (ks — m))
hnf f kni + (n— 1)k + ¢n1 (kf — kna) kn2 + (n— 1)ks + dpna (ky — kn2)
<k‘n3 + (n — 1)]€f — (n — 1)¢n3 (kf — kn3)>

kns + (n — 1)kg + ¢ns (ky — kn3) '

(3.37)

4. RESULTS AND DISCUSSION

Equations (3.26) through (3.32), which are subjected to the boundary conditions in (3.33), are numerically solved
using the MATLAB package using the Runge-Kutta procedure and the shooting technique. The present study looked
at the effects of several factors, including Prandtl number, Pr, Brownian motion coefficient, Dg, thermophoresis
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tion.

diffusion coefficient, D7, microorganism diffusion coefficient, D,,, concentration difference, dc, temperature difference,
0t, Schmidt number, Sec, bioconvection Peclet number, Pe, Lewis number, Lb, and magnetic diffusivity, ng.

4.1. Validation of the obtained results.

The updated outcomes are checked out with those of Ahmad et al. [1] for validation reasons. The influence of Prandtl
number Pr, which was employed as a measure of comparison showing a high level of agreement, as depicted in Figure
2. Moreover, the impact of employing one, two, or three nanoparticles is illustrated in Figure 3.

4.2. Convergence of the method and Error Analysis. Due to the fact that the mathematical model and its
invariant system of ODEs have no analytical solution, a reference value of step h = 0.001 is used to compare the
results with a coarser step. The global error at each point is calculated. The reference step value is h,.y = 0.0001.
These results and global errors are illustrated in Tables 1 and 2.

4.3. Prandtl number’s significance. The Prandtl number is a dimensionless parameter that describes the relative
magnitudes of momentum diffusivity (kinematic viscosity) and heat diffusivity in a fluid. The impact of the Prandtl
number on many fluid parameters, including velocity, temperature, nanoparticles, and the density of bacteria, may be
explained as follows:

e Velocity: The Prandtl number impacts the fluid’s momentum diffusivity. A higher Prandtl value indicates
that momentum diffuses slower than thermal diffusion. As a result, the velocity profiles of the fluid can be
altered. For example, a higher Prandtl number fluid has a larger momentum boundary layer, which influences
velocity distribution at solid borders or interfaces.

e Temperature: Thermal diffusivity is the main factor that influences the Prandtl number. Thermal diffusion
is thought to be slower than momentum diffusion when the Prandtl number is larger. As such, the Prandtl
number can have an impact on the fluid’s temperature profiles. Fluids with a higher Prandtl number often
have slower heat transfer rates and a more noticeable temperature boundary layer.

e Nanoparticles: The behavior of suspended nanoparticles in a fluid is indirectly influenced by the Prandtl
number. The temperature distribution and, thus, the thermal energy transfer to the nanoparticles can be
influenced by the Prandtl number. As such, the temperature field can affect the nanoparticles’ Brownian
motion, propensity to aggregate or disperse, and interaction with the surrounding fluid.
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TABLE 1. Compared values at different step values, h.

n € [0,2]
using n =1
h3 =0.025 hy=0.05 h; =01 h.p=.0001

Y2 0.0833 0.0863 0.0849 0.0831
Y3 -0.1507 -0.1554 -0.1532 -0.1504
Y4 0.1300 0.1339 0.1320 0.1298
Y5 -0.1880 -0.1919 -0.1901 -0.1878
Y6 0.5000 0.5101 0.5051 0.5000
Y7 -0.5027 -0.5045 -0.5034 -0.5030
Y 0.0210 0.0220 0.0215 0.0210
Y9 -0.0479 -0.0493 -0.0481 -0.0480
Y10 0.1301 0.1339 0.1321 0.1299
Y11 -0.1929 -0.2012 -0.1931 -0.1930
Y12 0.1301 0.1339 0.1321 0.1299
Y13  -0.1881 -0.1919 -0.1901 -0.1878

TABLE 2. The global error of each variable.

n €10,2]
using n=1

hs =0.025 hy =0.05 h;=0.1
Error in Y2 0.0002 0.0032 0.0018
Error in Y3 0.0003 0.0050 0.0028
Error in Y4 0.0002 0.0041 0.0022
Error in Y5 0.0002 0.0041 0.0023
Error in Y6 0.0000 0.0101 0.0051
Error in Y7 0.0003 0.0015 0.0004

Error in Y8 0.0000 0.001 0.0005
Error in Y9 0.0001 0.0013 0.0001
Error in Y10 0.0002 0.004 0.0022
Error in Y11 0.0001 0.0082 0.0001
Error in Y12 0.0002 0.004 0.0022

Error in Y13 0.0003 0.0023 0.0023

e Density of bacteria: The Prandtl number affects temperature, which in turn affects fluid density indirectly.
The fluid's thermal expansion or contraction may be influenced by the Prandtl number, which also has an
impact on temperature profiles. Temperature distribution variations can result in equivalent changes in fluid
density, which can have an impact on buoyancy effects, density-driven flows, and the general behavior of fluid
flow. These observations are shown in Figures 4-10.

4.4. The significance of Brownian motion coefficient Dp.

The diffusion of particles or molecules caused by Brownian motion is measured by the Brownian motion coefficient,
often known as Dpg. It is affected by a number of variables, such as temperature and density, and measures the
random movement of particles floating in a fluid media, such as bacteria or nanoparticles. For particles moving in a
Brownian motion, the velocity, and the Brownian motion coefficient are inversely correlated. Particles diffuse faster
with increasing Dp, leading to greater velocities. Brownian motion is also essential to the behavior of nanoparticles in
suspension. The rate of dispersion and diffusion of nanoparticles in a fluid medium are determined by the Brownian
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motion coefficient. Increased dispersion and a more even dispersion of nanoparticles are caused by higher D gvalues.
This feature is frequently used in applications like medication delivery, where the motion of the particles affects how
they are transported and targeted inside biological systems. Figures 11-17 illustrate these observations.

4.5. Thermophoresis diffusion coefficient’s significance.
The thermophoresis diffusion coefficient, Dr, influences various elements including velocity, nanoparticles, and bacte-
rial density. Let’s investigate the relevance of this coefficient in each of these cases.

e Velocity: Thermophoresis is the mobility of particles in a fluid caused by a temperature differential. The
thermophoresis diffusion coefficient governs the magnitude of this movement. A greater diffusion coefficient
means a stronger thermophoretic action, which leads to faster particle speeds. A smaller diffusion coefficient,
on the other hand, results in weaker thermophoretic motion and slower particle velocities.

e Nanoparticles: Thermophoresis is widely used in the research and manipulation of nanoparticles. The diffusion
coefficient plays an important role in defining nanoparticle behavior in thermophoretic environments. It
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changes the pace at which nanoparticles move in response to a temperature gradient, hence influencing their
spatial distribution and concentration profiles.

e Bacterial Density: The thermophoresis diffusion coefficient indicates the quantity of bacterial mobility caused
by a temperature difference. Bacterial cells can show thermophoretic behavior, which influences their geo-
graphic distribution and population dynamics. The diffusion coefficient impacts the rate at which bacteria
travel over a thermal gradient. Figures 18-23 illustrate these observations.

4.6. The significance of the microorganism diffusion coefficient D,.
The microorganism diffusion coefficient, D,,, is critical in measuring the velocity and density of bacteria in fluids. Let’s
explore how this coefficient affects these parameters.

e Velocity: The velocity at which bacteria move through fluids is directly influenced by the microorganism
diffusion coefficient. The velocity of diffusion is inversely related to the diffusion coefficient and proportionate
to the concentration gradient, as per Fick’s law of diffusion. As a result, microorganisms in the fluid diffuse

an
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bacteria to travel through the fluid more quickly, which facilitates their movement and dispersion.

e Density: The density of bacteria in fluids is also influenced by the microorganism diffusion coefficient. Popula-
tion growth and dispersal are balanced to determine the density of bacteria. Bacteria can spread more readily
across the fluid with a greater diffusion coefficient, which can lead to a more homogenous distribution and
possibly lower local densities. On the other hand, a reduced diffusion coefficient limits the spread of germs,

increasing local concentrations in certain fluid zones. Figures 24-27 illustrate these observations.

4.7. The significance of concentration difference, dc.
The concentration difference, or gradient, has a substantial impact on a variety of fluid properties, including velocity

and temperature. Let’s investigate the consequences of concentration differences in each of these contexts:
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e Velocity: A concentration difference in fluid flow can cause particles, including bacteria, to move through a
process known as advection. When there is a concentration gradient in a fluid, particles tend to migrate from
high concentration to low concentration areas. This movement causes the particles to travel at an advection
velocity. A bigger concentration difference often results in a higher advection velocity since the driving force
for particle motion is greater. As a result, an increasing concentration differential often correlates to higher
bacterial velocities in the fluid.

e Temperature: The concentration difference can also affect the temperature distribution in a fluid. A con-
centration gradient can sometimes cause a temperature gradient as a result of fluid dynamics. Figures 28-31
illustrate these observations.

4.8. The significance of temperature difference ratio, §7'.
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e Velocity: A temperature difference in fluid dynamics can cause fluid movement through a process known as
thermally induced convection. When there is a temperature difference in a fluid, its density changes owing
to thermal expansion or contraction. This density differential causes fluid motion, resulting in velocity. The
magnitude of the temperature differences has a direct impact on the intensity of the convective flow, with
bigger temperatures resulting in higher velocities.

e Temperature: The fluid’s internal temperature distribution is immediately impacted by the temperature dif-
ference. Variations in temperature throughout the fluid might result from a steeper temperature gradient,
which is correlated with a larger temperature difference. Conduction and convection are two heat transmis-
sion mechanisms that can be fueled by a temperature difference and affect a fluid’s total temperature. Figures
32-33 illustrate these observations.
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4.9. The significance of Schmidt number, Sc.
The Schmidt number (Sc) is a dimensionless quantity that describes the relevance of momentum and mass transfer
in fluid systems. It compares the rates of molecular diffusion of momentum (kinematic viscosity) and mass (mass
diffusivity). The effect of Schmidt number on velocity and bacterial density in fluids may be characterized as follows:
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e Velocity: The Schmidt number influences the velocity of fluid flow during mass transfer. Higher Schmidt
numbers imply a slower rate of mass diffusion relative to momentum diffusion. When mass transfer is slower
than momentum transfer (high Sc), fluid flow is dominated by velocity-driven processes. In systems where
mass diffusion is quicker than momentum diffusion (low Sc), mass-driven processes have a greater effect on
fluid flow. As a result, the Schmidt number has an effect on fluid flow velocity by influencing the relative

significance of momentum and mass transfer.

e Bacterial Density: The Schmidt number’s effect on bacterial density is determined by a variety of factors such
as bacterial motility, growth, and mass transfer processes. In high-Sc systems, where momentum diffusion takes
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precedence over mass diffusion, bacterial density can be controlled by fluid flow pattern as well as nutrition
and oxygen supply. Figures 34-37 illustrate these observations.

4.10. The significance of Peclet number, Pe.

The Peclet number (Pe) is a dimensionless metric that describes the relative significance of convective vs diffusive
transport in fluid systems. It connects the rates of convective transport (advection) to those of diffusive transport
(molecular diffusion). The effect of Peclet number on velocity, temperature, nanoparticles, and bacterial density in
fluids may be characterized as follows:

e Velocity: The Peclet number has a direct effect on fluid velocity. A higher Peclet number indicates that
convective transport (advection) is more dominant than diffusive transport (molecular diffusion). In high-Pe
systems, convective transport is the dominant cause of fluid motion, whereas advection dominates fluid flow.
Figure 38 illustrates these observations.
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4.11. The significance of Lewis number Lb.

The Lewis number affects the behavior of fluids containing nanoparticles and is mostly utilized in the research of trans-
port phenomena, including heat and mass transfer. In particular, the Lewis number can affect a fluid’s nanoparticle
dispersion and velocity as follows:

Through its impact on the heat and mass diffusivities, the Lewis number influences the velocity of nanoparticles
in a fluid. When compared to mass diffusion, heat diffusion is more prevalent when the Lewis number is larger.
Consequently, the fluid tends to transfer heat faster than the nanoparticles. This may result in a situation where the
distribution of nanoparticles is less diversified than the fluid temperature. As a result, the fluid’s velocity may be
reduced for the nanoparticles. Figures 39-40 illustrate these observations.

4.12. The significance of magnetic diffusivity 7.

Magnetic diffusivity (n9) is a parameter that describes a material’s ability to conduct magnetic fields. Magnetic
an
BE
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diffusivity refers to the rate at which magnetic fields disperse or propagate inside a conducting material. Higher levels
of magnetic diffusivity equate to quicker diffusion, implying that magnetic fields can spread across longer distances in
less time. Figures 41-42 illustrate these observations.

5. CONCLUSION

In this work, a vertical thin needle used in medical surgery is employed to observe the flow of a nanofluid.” The
three different types of nanoparticles that make up the nanofluid are scattered in a base fluid, blood, including
Fe304 CuOandCu. Gyrotactic bacteria are also present in the nanofluid. An understanding of this kind of flow
property might be useful for minimally invasive surgery or medication distribution, two surgical techniques that
depend on nanofluid flow. Besides, the incompressible liquid conducts current when there is a magnetic field existing.
This nanofluid model takes thermophoresis and Brownian motion into account. The current study examined the
impacts of many elements, including Prandtl number, Pr, Brownian motion coefficient, Dpg, and Thermophoresis
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diffusion coefficient, Dr, microorganism diffusion coefficient, D,,, concentration difference, dc,temperature difference
ratio, 6t , Schmidt number, Sc, bioconvection Peclet number, Pe, Lewis number Lb, and magnetic diffusivity, 7g.

e An increase in Pr values cause a decrease in temperature, heat flow, nanoparticles, and bacterial density.

e As Dp values increase, there is a decrease in temperature, heat movement, and bacterial density, while velocity
and nanoparticles rise.

e As Dy values grow, so do the temperature, heat flow, and bacterial density, while nanoparticle levels decrease.

e An analysis of the effects of the microbe diffusion coefficient reveals that both the velocity and the density of
bacteria increase with D,,, levels.

e Upon analyzing the impact of concentration differences, we see that as dc values climb, velocity increases and
temperature falls down.

e An analysis of the effects of temperature changes reveals that as 0t values increase, so do temperature and
velocity.
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When the Schmidt number, S¢, is examined, it is demonstrated that higher Sc values lead to higher bacterial

AHMED S. RASHED, EHSAN H. NASR, AND S. M. MABROUK

densities and lower velocities.

Analyzing bioconvection’s impacts Peclet number shows that increasing Pe values lead to higher velocities.
A study of the impact of Lewis number Lb indicates that decreasing velocity and nanoparticles are correlated

with increasing Lb values.

An analysis of the effect of magnetic diffusivity reveals that a rise in 1y values corresponds to an increase in

the magnetic field.

TABLE 3. Nomenclature.

Latin Characters

U, v Components of Velocity
Uy Vg Stretching velocity
H,, Hy Components of magnetic field
z,rt Independent variables
Hy, Hay Stretching magnetic flux
k* Mean absorption coefficient
g Acceleration due to gravity
Khng Thermal conductivity of hybrid nanofluid
Dp Brownian diffusion coefficient
Dy Thermophoresis diffusion coefficient
T Temperature of nanoparticles
Tw Temperature at wall
Too Ambient temperature
c Concentration of nanoparticles
Cw Concentration at wall
Coo Ambient concentration
N Microorganisms' concentration
Ny, Microorganisms at wall
N Ambient microorganisms
Dy Prandtl number
Qo Volumetric rate of heat generation/absorption
n Shape factor
Sc Schmidt number
Lb Lewis number
We Cell swimming speed
By Magnetic field strength
b Thermal relazation constant
Pe Bioconvection Peclet number
Dy Microorganism diffusion coefficient
ot Temperature difference
éc Concentration difference
K, Q° Differential coefficient functions
S System variables
G Group structure
S Original dependent variables of the system
C1,C2,C3,y 4,4, Constants
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[1]
2]
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Greek Characters

e Magnetic Permeability
Phnf Density of hybrid nanofluid
Hhnt Viscosity of hybrid nanofluid
Qhnf Thermal diffusivity of hybrid nanofluid
70 Magnetic diffusivity
Pp Density of microorganisms
pf Density of base fluid
o* Coefficient of mean absorption
o Electrical conductivity
(PCp) ¢ Volumetric heat capacity of hybrid nanofluid
i Similarity variable
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