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Abstract. Modern functional nanomaterials coating processes feature
an increasing range of intelligent properties including rheology, biolog-
ical (bio-inspired) modifications, elaborate thermophysical behaviour
and complex chemical reactions which are needed for the precise syn-
thesis of bespoke designs. Such manufacturing flow processes are ex-
tremely complex and involve both heat and multiple mass transfer
(species diffusion) phenomena. Intelligent nano-coatings are particu-
larly attractive since they exploit magnetic nanoparticles which can be
manipulated by external magnetic fields, Recently, Boeing Aerospace
have explored the use of micro-organisms for intelligent aircraft coat-
ings. Mathematical models provide an excellent analysis for elucidat-
ing the response characteristics of such coating dynamics processes,
With this motivation, the present analysis is indented to develop a
new mathematical model to examine the axisymmetric, magnetohydro-
dynamic, chemically reactive, gyrotactic bioconvection flow of a tan-
gent hyperbolic nanofluid past a eylinder saturated with Darcy porous
medium, as a model of smart-coating enrobing How. The influence of
Cattaneo-Christov heat flux (non-Fourier thermal relaxation param-
eter), thermophoresis and Brownian motion are taken into considera-
tion. The steady-state, boundary layer, partial differential conservation
equations are rendered dimensionless via appropriate transformations
and the subsequent nonlinear, coupled, system of governing equations
is numerically solved by employing implicit Keller box method. The im-
pact of various factors such as modified Hartmann magnetic number,
Welssenberg viscoelastic parameter, Prandt! number, non-Fourier ther-
mal relaxation parameter, thermophoresis, Brownian motion, micro-



arganisms concentration difference variable. chemical reaction. biocon.
number on the How. heat transfer, mass transfer, motile density, local
friction factor, local heat transfer rate. local mass transfer rate and local
microorganism density number wall gradient is vissalized graphically.
Validation with earlier studies is included. Further valxdation with a 6.
nite element method (FEM) code (SMART-FEM) is presented. Results
reveal that the heat transfer upsurges for amphfying the Weissenberg
number and Hartmann magnetic oumber. Microorganism concentra.
tion distribution of the non-Newtonian nancfiuid coating diminashes
for amphifying the bicconvection Schmidt number and Peclet number.
Magnifying the power law index parameter reduces the momentum
boundary layer thickness of tangent hyberbolic nanofluid while there
= an acceleration in the fluid How near the surface of the cylinder.
Nanoparticle Sherwood number rises with higher values of homogenous
destructive chemical reaction parameter. The computations provide a
solid benchmark for further CFD modelling

1 Introduction

The continnous demand for functional materials in the 21" century has catalysed sig-
d&mmw-mmlmwmﬂa[llvhkhmmwyw
deployed In a wide range of industries to provide enhanced protection under extreme
loading environments. These intelligent or functional materials are highly tunable
and synthesized to other size or shape. In addition, these functional materials have
the quality to convert energy from one wavelength to another wavelength [2]. An im-
portant sub-category of modern smart coating materials are electroactive polymers
(EAPs) which combine magnetic particles with polymer melts to create responsive
liquids that are essily deposited on engineering components and can be manipu-
lated by external magnetic fields [3]. This permits improved supply chaln monitoring
and integrity for performance, for example, high temperature corrosive environments.
Within this group of EAPs there are also temperature-active magnetic hydrogels and
magnetic memory polymers which can sense thermal, mechanical, electric, and mag-
netic stimull and respond by changing shape, position, stiffness, and other static and
dyvnmmical characteristics. These polymers are rheclogically complex and comprise
colloldal suspensions of particles form structural chalns which can be otientated with
respect to the applied magnetic fleld. Now-a-days, many excellent studies of such
functional smart fubds bave recelved much attention. These combine the sclence of
magretohyvdrodynamics (MHD) and non-Newtondan fluld dynamics. Butt et al [4]
examined the magnetic field effects on non-Newtoolan fluid flow over a stretching
surface with slip condition. The two dimensional Now-Newtonian flukd flow through
an artery with uniform magnetic fleld was discissed by Saleem and Munawar [5).
Weldner [6] investigated the dynamics of ferroflukd coatings with the lmpact of
transverse magnetic field when electric current flows over a horizontal cylinder in the
axial direction, The resultant Lorentz foree acts on the radial direction and signifl-
cantly affect the dipoles of the ferrofluid. He interpreted that the surface tension effocts
cause some viariations ln thickness of the coating. The magnetic fleld enforced i the
transverse direction lmproves the coating performance by diminishing the variations
in thickness of the coating. In recent years with the advent of sanotechnology, elec-
troactive polymers have boen produced which feature embedded nanoparticles and
nanostructures (tubes, rods) ete. These provide even further advantages including
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[8]. ete. Many nanofluids have been Invented with enhanced magnetic properties, for
example, Ni — TiN hybrid magneto-nanofiuids (9. Co — Fe manocrystals in mag-
netic polymers [10], Ni — Mo [11], chitosan /sodium phytate/nano-Fe 0, for layvered
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hanced thermal resistance due to the exceptionally high melting point of titanium.
In general, various chemical reactions arise during the manufacturing processes of
several smart pano-coatings. These are used to engineer specific products with cus-
tomized properties for different applications e.g. coatings for fuel cells, gas turbine
blade surfacing, marine vessel hull finishing etc. Many excellent studies on resctive
pano-coating materials have been reported in the literature. For example, Vorobyey et
al. [14] analysed the chemical reactions in silver nanoparticles thin film synthesis. He
et al [15] examined the H,0,-mediated oxidation of silver nanoparticles. Feng et al.
[16] studied the impact of catalytic reactions in platinum-silver nano-hybeid coatings.
An excellent appealsal of laboratory methods for chemically reactive nanomaterial
synthesis is given by Murr [17]. Further insight into the fabrication of nano-coatings
using carbon nanotubes{CNTs) via chemieal vapour depasition (CVD) s provided
by Kumar and Ando [158]. Commercial procedures are described lucidly by SkySpring
Nanomaterialy [19], a leading nanocoating company based in Houston, Texas.
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methodology reported by Das et al. [20)] was lmplemented in many diverse aress
of smart coating technology over the past decade or so. These include hydropho-
bie nanostructured plasma-polymerized intelligent magnetized coatings (21, Nickel-
cobalt-stlicon carbide electroconductive coatings with enhanced wear properties in
manufacturing engineering (22, Nickel-phosphorus and PTFE hybrid magnetic coat-
Ings for metallic component surface finishing (23] and ttanhum-ahuninium- vanadiom
magnetic nanofluld lubrecants for surface grinding heat control. Various formulations
for shmulating nanoffuld trassport have been developed, notably by Buongiorno |
at MIT, Koo [25] and LI [26] at North Carolina State University, USA and TV
and Das [27) at the Indian Institute of Technology. All these models provide robust
approaches for simulating the thermophysical properties of nanoflukds, for example,
thermal conductivity enhancement of nanoflulds. It s to be noted that in addition
to momentim and energy conservation equations, Buonglornos model lnchudes the
nanoparticle species diffusion equation. Further, this model emphasizes the domi-
nance of thermophoresia body force and Brownlan diffusion on nanoflukd heat transfer
analysis. The Koo and LI models are modifications of the Tiwark Das volume fraction
model. It is to be poted that Tiwark-Das model does not include the nanoparticle
species diffusion equation. However, this model permits the analysis of nanoparticle
type or shape effects which ks not possible in the Buongiorno model. As such the Koo
LI and Tiwark-Dias models are more realistic for smart magnetic coating Bows where
different magnetic nanoparticle species can be studied. Buosgiornos model however
can compute the distribution of nanoparticle species diffusion in nanofluids. Beg ot al.
[28] analysed the mpact of wall thermal slip on Willlamson viscoolastic fluld flow and
peesonted several coating shmulations of magnetic nano-polymers. Shukla et al. (29|
examined the second law thermodynamic optimization of magnetic nano-coatings.



Non-Newtonian fluids have received more attention during recent decades owing to
emerging thermal technologies. The nonlinear rheological behaviour of non-Newionian
fluids are obhserved n various fuids which are widely nsed n several industrial and
technological applications awch as energy atorage, oll reservolrs, eryatal growth, milk
production. pharmaceuticals, fiber technology and intelligent coatings for a variety
of engineering systema (naval, asrospace. environmental, biomedical). Many excellent
formulations have been developed for rheolosgical Auids which sapture different char-
acteristics at different shear rate regimes. The characteristics of vardous physiological
fluids which elwcidate the features of non-Newionian fAulds can be exhibited by wsing
the constitutive model of tangent hyperbolic fuid. To list a few, this model robustly
deseribes the characteriatics of several blotechnological Auids |cosmeties, facial and
body ereams for females), painta, blood, respiratory mcus, coatings, and thin film Jde-
positions. Experimentally, it has been revealed that the behaviour of shear-thinning
phenomenon is slmilated more precisely by adopiing the tangent hvperbolic fwid
model compared with other non-Newtonian Aukd models. Shear-thinning beluaebour
18 alsy known as peendoplastie belaviour amd usually exclisdes time-dependent effects,
sibch s thisotropy: shear-thinning fAukds exhibit a redwction o viseosity with alear
strain. Another advantage of the tangent hyperbolic model is, the kinetle molecular
theory is wtilized to derive the constitutive equations for this model. Recent appli-
cationg of this model in coating process 18 recelved considerable attention. Gaffar et
al. [30] examined the hydromagnetic natural convection boamdary laver enrohing of a
pipe exterior. Malik et al. [31] examined the MHD tangent hyperbolic louid fow over
a stretching cylinder and revealed that the velocity of the Auld significantly declipes
with an increment in the Welssenberg number and Hartmann number, Ganesh Kumar
et al. [32] scrutinized the impact of variable thermal properties on time-dependent
soueezing Aubd Aow towards a sheet by adopting the tangent hyperbolic fluid model.
Hayat et al [33] analysed the influences of MHD, Joule heating and internal wall
alip on peristaltic flow in an inclined plasar channe] by utilizing the tangent hypet-
bolic nancfinid model. Further stadies deploy the tangent hyperbolic model, incelode,
Gaffar et al. [34] (on sphere coating with hydrodynamic and thermal slip), Basha et
al. [35] (thermodynamic optimization of magneto-rheological nanofluid from a non-
isothermal cylinder), Gaffar et al. [36) (magneto-convection from a perforated nverted
cone) and Reddy et al. [37] (Falkner-Skan free and forced convection from a wedge).

Several engineering and industrial applications ineluding thermal coating pro-
cesses pay much attention to the heat transfer mechanism [38). Fourber [39] introduced
the heat conduction law as the first model for heat tranafer in solid bodibes. The leat
conduction mechanizm based on well-known Fourders law §s modified by acconnting
the finite heat waves to avold the paradox of thermal relaxation which was finally
resolved over a century later by Cattaneo [40]. Christov [41) described the material
iwvariant rule for Maswell-Cattanesos law by utilizing the QOldrovd apper-convective
derivative. The classical Fourler diffision theory which beeals down in ephenseral
problenss arise at lowest or highest temperatures can be retrieved as a special case
of the Cattaneo-Christow hyperbolic model. The variations in temperature gradient
of the heat flux can be adjusted by meorporating a relaxation mechanbsm in the ly-
perbolic eat conduction equation derived from the Cattaneo-Christoy model. It is
to b nothosd that within the continnum sssumptbon, the hyperbaolic diffision eqiea-
tion can be obtaimed by using this model. In recent wears, with greater interest in
more detailed elaboration of thermal coating processes, many researchers have applied
the Cattaneo-Christoy heat flux model. Interesting studies of thermal convection ws-
ing non-Fourder heat flux models were presented by Stranghan [42, 43). Han et al
|44] adopted the non-Fourier thermal relaxation parameter to examine the transport
properties of viscoelastic fluid. Mishra et al [45] used the Adomian decomposition
method to study the YVon Karman swirling flow between spinning disks with non-



Fourier effects. To scrotinkze the heat transfer characteristics of an ncompressible
finid, Tibullo and Zampoli [46] derived a unigue solution for the heat equation which
is modelled based on Cattaneo-Christov model. Mehmood et al. [47] employed the
Cattaneo-Christoy heat fux model to study the non-orthogomal stagnation flow of
a magnetic polyvmer by adopting the suecessive lnearization method, Numerbeal in-
vestigation to elucidate the characteriztics of viscoelastie fuld flow past a stretching
surface was studied by Khan et al. [48]. Mishra et al. [49] employed the variational
parameter technigee to examine the magnetized mon-Fourier squeesing lubricant Aow
betwesn Riga sensor plates with Olaosle dissipation. Further investigations eonshlering
moi-Fourker thermal conduction, include, Havat et. al, [50] (oo chembeally reacting
electro-conductibve rheological Aow) and Elsasved and Beg |51 (ulirssonic eat transfer
in biclogical tizsne).

The up-swimming deiving movemsent of micro-ongani=ms = now known to be bio-
comvection mechaniam which opens several fascinating pesearch findings. Bloconwves-
tion comprises the propulsion of micro-organisms in peculiar cirenmstances [52-55).
The mestile micro-organisms movensent consists of a maeroscople mothon amd the
process 8 a kind of mescscale phenomenon. The factors such as combined visoous
and gravitatbonal torgues [gyrotaxis), oxygen consumption, light {phototaxis], chem-
leal concenteation, and magnetic felds may act as a driving force for the opward
movernent of the micro-ceganiams. Common micro-organisms include chemotactie
bacteria, gvrotactie (bottom-heavy) algae and oxytactle bacteria. Though there ave
several movel studbes have been reported by eminent researchers, Pedley amd Kessler
[56] hcidly contributed to elicidate the characteristics of bioconvection. It s to be
noted that the biocconvecthon 8 included as one of the new branches of the hiobog-
ieal finid mechanics. Mow-a-davs, the researchers significantly concentrate on green
techmobogies and several stidies are carried out with an intentbon to atilize the mech-
ani=sneE of bistonvection micro-organiam in ecologicallv-orbented engineering syatems.
In the past two decades several theoretical studies have been reported on blooon-
vection but there i3 a lack of engineering interest in this area. In recent dayvs, these
meechaniasms of propulsion are of great potential use in magnetic fmctional coat-
imgs where micro-organibms can be smbedded to achieve very special characteristies
such as anti-fouling, hydrophobicity, repulsion of debris, ete. [57-60]. Additionally,
meotile microorganigms can be added to Aubds for particle ageregation preventhon.
Chiite recently, enginesrs have experinsented n combining nanoparticles with motile
mrero-organisms to achieve duoal benefita. Thermal enhancement is prodweced with
nanoparticles amd Improved mass diffusion and coating homogeneity can be aclibeved
with micro-organiams. These indiustrial developments have msotbvated considerable ac-
tivity in mathematical modelling. Bepresentative stodies of nanofluld bloconvection
(in which the wanoparticles do not interact with the miero-organisms) inelhede Basir
et al. [61) {on transient enrobing coating flow on a stretching eylinder with oxytactic
micro-organisms in dilute nanofinid), Siddiga et al. [62] [on gyrotactic bioconvection
nancfinid boundary layer flow from an undulating wall), Zohra et al [63) (on hy-
decmagmethe oxytactie bloconvection mancfluid swirling flow over a cone with wall
transpiration and slip effects), Sudhagar et al. [64] (on axisymmetric free and foreed
nanofiuid bioconvection along an uwpright cylinder) and Aneja et al. [65] (on miero-
organi=m doped magnethe nanofinid ceatings for solar collectors). In these studies, it
was found among other observations that an angmentation in hioconvection Rayleigh
mmber amd blocomvection Lewis mumber has the tendency to magnify the density
of motile microorganisms. In addition, it = found o these nvestigations that the
meechaniams of motile microongankms and panopartibcles are different since the -
tion of manoparticles 3 caused by the slip mechaniams including thermophoresia and
Brownian motkion but the motion of motile mlcroorganiams & self-propellsd. As a
result, the movensents of motile microorganizms are independent of the movements of




nanoparticles. It is poticed that the eritical Raylelgh nombers may either depress or
ebevate duoe to the nasoparticles while a constant destabilization impasct 8 olserved in
case of micro-organisms. Thermophilic microorganisms, for example, Bacillus thermo
glueoabdasing and Bacillus licheniformis in particular, ave relevant to mano-eoatings
and are currently being explored.

Inzpection of the Hterature has shown that so far no study exists on analvsing the
magnetalydrsdynamic tangent hyvperbolic nanofluld Aow along a vertical evlinder
saturated with Cattaneo-Christov heat flux, Darclan porons medinm, and chemical
regetion impacts with gyrotacthe micro-organianes. Therefore, the present analvais fo-
cuses on this stwdy. Buongiornes two-component dilute nanoscale model i3 considered
with thermophoresis and Brownlan motion features. The tangent hyperbolic model
is mplemented for manoffuld rheology. The steady-state partial differential govern-
ing equations are converted into a non-dimensional system of nonlinear, eoupled,
two-parameter aystem of differential equations with associated wall and free stream
conditions which are solved by adopting the implicic Keller box method. Verification
of computations is achieved with a variational finite alement method oode (SAMART-
FEM) and a special case from the literature. The impact of the key emergent param-
ebers Le. modified Hartmann magnetie number, Welssenberg viscoclastie parameter,
non-Fourier thermal relasation parameter, Schmidt onmber, thermophoresis, Brow-
nian motion, Prandel puber, chemieal reaction, micro-onganisms concenteation dif-
ference variable, hiocomwvection Peclet number and bio-convection Schmidt nwmber
on flukd velocity, heat transfer. concentration. motile micro-organism density noum-
ber, local friction factor, local heat transfer rate, local mass transfer rate and local
microorganism density numbser wall gradient §s visealized graphically.

2 Bioconvection-nanofluid smart coating model

In the coating model developed, the two-dimensional, steady, Incompressible, oninar
flow of an electrically-conducting tangent hyvperbolic nanofluid past a vertbeal evlinder
of radivg, a, doped with micro-organi=ms imomsersed n a Darclan porons medivm in
an [, ) coordinate system is conskdered. This requives a combined panofluid bbo-
copvecthon formulation. The suspension of the napeparticle s considered to be stable
which results in the absence of nasoparticle agelomeration. It is to be noted that the
swimming direction and the swimming velocity of gyrotacthe microorganisms are not
affected die to the presence of nanoparticles when the concentration of the suspended
npancparticles ks less than 1%, Purther, the impact of bloconvection s incited when
the coneentration of the suapended navoparticles ks low. The influepcse of bloconves-
tion s suppressed when the concentration of the suspended nanoparticles is high. The
present analvais =B modelled based on the Oberbeck-Boussinesg approscimation which
is walid for the dilute nanoparticle concentrations. Based on these assumptions, the
conservation equations [63) can be written in generalized vectorial form as follows:
Contimity |(mass conservation] equatbon:

TV =0 (1}
Momentwm equation:

|=

V= —Vp+ [Cap+ (1 - C) {ps (1 - B (T = T )} + N"94gg.  (2)

=

Energy equation:

FNT = anVoT 41 [Dg‘i"f:'.?'f' + (Do) vr.w] (3)
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Fig. 1. Magnetohydrodymamic gyrotactic bioconvection nancfluid smart coating How on
cylindder- a) eod elevation b) front elevsbion

Manoparticle conservation ecuuatbon:
Ve = BeviC + (P ) wiT] (4)

hlicroor gani=sms ecpiiation:
V=10 [5)

The I:I.'I:II:':I'LI-G:Il'q_E;H.'IIi_"HJI_‘i fliase, _'.:_ is considersd as:
FI=MN"T+NV —D_ N [G)

The following linearized momentonm equation is atcained from Eqgn. (2) with an ap-
propriave selection for the referenoe pressare.

—%f" = —Tp+ [{Pp — Pracd (C— O} + 321 — O e (T — T ) + WA g

{T)
V= 1a simplified as follows:

VG, ) = (BW,./ AC) Vi (#)

Here @ = [6W_ /AT (BT M dde ) and & = (B /A0 (T Sy}, where, & s the clemsos-
taxis constant, W, is the maxinum cell swimming speed V iz the namcfubd velocity,
V" k= the avwrage directional swimming vebscity of a microorganison, T is the tem-
peratiere O 5 the nanoparticle concentratbon. @ ks the pressure, N = the density of
msotile microorgani=ms, g, 8 the gravity vector, W2 is the Laplacian operator, I, is
thee diffusivity of microonganksoes (Hill-Fessber- Pedley muedel), K s peroseability of
the homogenoaes, sactropic, saturated porous needivom, 5 = the solimetric solums
expansion coefficient of the nanofuid, @ s the density of the particles. o s the
Auid densicy, g b= the fwid viscoaity, + is the average volume of & micreorganiam, D
is the Browndan diffusion oosefficient | Buongiormo nanoscale model ), O ks the ther-
meoplrorethe diffision coeflcient ( Buocngborne manoscale orocde]). The basosramney e




die to up swimming of micreorganiams in the momsentumn Eqo. (2) and conserva-
thon eqiation for microorganisms (5) 8 popularly wsed, The Eqns. (1) - (5) can be
further extended by incorporating a magnetic body force term, hyperbolic tangent
rthedogieal model amd pon-Fourler (Cattaneo-Christov heat flux) thermophysics, A
uniform strengih of magnetic field By is applied pormal to the cvlinder as shown in
Fig 1. T, and T are the eylindrical surface temperature and ambient fluid tem-
perature (T, = T ). Cw and Ca are the concentration and ambient concentration
(Ce = CL). N and N2 are density of surface concentration of microorganisms and
amblent concentration of microorganisms. Under the boundary-layer approsimation,
in Cartesian coondinates, the governing equations for steady MHD tangent hvperbolic
nanafnid bicconvection coating Aow with magnetic drag |(Lorentz) emerge as:

du b
=t =0 (9)

(-3 = B
*"ﬂa:_:‘l't% _l.rlrlil—nj:lﬂ%,‘f- +|..-'iuf11|l"'-".‘:i" {—-r—s"'-+—"'-}1-.|

Ball - C )T -T, :I——{Pp pplC—C) ., 1
[ (pm — prP(N" ~ NZ) s lz)
WL 4+ ol = e BT f[ngggmgz{w}“]
u-,,—+uﬁ 'r"'[:'ﬁ'il:l""l'n;:}% (11)
EmE& +u?E’§ +tilEI- )
L ﬂ[" i D-r-ﬁ:'T
ane -ﬁ'ﬁ' :‘i'?ﬁ.l bW, [a  foC
1.I¥+1.-'E =Dn?—a [Ehr (E)]- {13:|
The baoumdary restrictbons are:
p=0u=0vr=V, T=T, C=C,, N"=N_
yomw:iu—+0, T2T,, C=C,. NN . (14}

The equation of continuity is satiafied by choosing the stream funetion f as w = iy
amd v = —dfidr. The non-dinensional varlables are considered as follows:

. .
E=-. n==-VGr. fltn)=

T
I'-Tx — G N" — N3
Ben) = g, M) = e, W) = = (19)

Based on Equ. (15), Eqo. (9] 1= eliminated amd Eqos. {100-(13) beeome:
Momentum boundary laver squation:

(L —n) f* + mWef" " + ff" — % — (g + Ha) [’

+I:E—J\r::r—ﬂw:|%"l=£ %:ff_%‘rrrJ (16}



Energy [thermal) boundary laves equation:

” @l -1r)+r]
F+?'|.¢‘B"+NE“+]B’ ST+ ) = ¢ ~ 28 (4 F +1)) (17
' wif [ 257

MNanoparticle apecies boundary layer equation:

Iif"' — Krd+ fo' = -‘E[— ——-af'] (18)
Microorganiam spechs boundary laver equation:
1 " Pe o ias Fomr T v r_ﬂj
Eﬁ' —ﬁ[@'l (N + W) + &' + [ _E[EI ﬂE'i"']. (19}

The corresponding non-dinsesional boundary conditions are:

g=0: f =0, f= fu,0=1d=1F=1
p—rocd ffa0,8 =060 =0 (20

In the above equations, & is the azimuthal coordinate, £ is the dimensionless tan-
gential eoordimate and the primes denote diferentiation with respect to the dinen-

slonless radial coordinate . We (= 22252622 Y (g 1, Welssenberg mumber (satio of

elastic forees to the viscous forees and also the relation of stress relaxation time of the
Huid to a specific process time), F {= 5-‘-?;—"1} is the Prandtl number, Da [= b{ﬁ:]

is & Darcy parameter |dinsensbonless scaled permeability ), N |::= fELL-_-.lTw-T ] i the
Buonglorno thermophoretic body force parameter, N, [:= rElCeCol E‘vr_E :] i= the Buon-

giorng Brownkan motion parameter, Se [:= EL-} is the Schimbdt number (Fatio of moe-
mentum and nanoparticle species diffusion rate), N |::= Tﬁ%] is the
buovaney ratio parameter (ratio of thermal and solutal Le specles boovaney forees),
Lt =g NG N ; _ v )
Hb{ i P v ]:] ia the Moconvection Raylelgh nomber, f I:_ ”J—m} T
the blowing fsuction parameter (eyvlinder surface tranapiration parameter; [, = 0 for
Vi = 0 the sase of blowing), and fi. > 0 for Vo = 0 [ the case of suetion) aod

[ =0 for a solid impervious evlinder), «7 [:= EL‘;’_} thernsal relaxation parame-

ter [Cattame-Chriatoy non-Fourter hyperbaolic paramseter: when 47 — 0, the clasaieal
L — -3 .E:III'I.=I

Fourier maodel 8 retrieved ), Ha {— m] is the modified Hartmann magnetic

_ PafuiTu—Tu o’ )
parameter, G [_ Lﬂ}.—:} ia the Grashof number (free convection parame-
ter Le. ratlo of thermal buovancy to viscous hydrodynamic forees), Pe [:= %ﬂ) is

the bioconvection Peclet mumber . §b (= £ ) s the biotouvection Schmidt number
(ratio of the momentum diffusion ate to the miero-organism species diffusion rate)
amd No, [: N—?‘ i5 the micro-organism concentration difference variable. Toupor-
tant design quantities in manfacturing coating Awid dynamics are the skin-friction



cocfficient, heat transfer rate, mass transfer rate and density number of motile mi-
croorganism at the surface of the cylinder. These are defined respectively as:

(1]

Cf.Gr 3 = (1—ny ) EF"(E.0) + E“"ﬂf{f"{ﬁ-ﬂhf- (21)
NuGr~ VW4 = —g"(0), (22)
Sh Gr~ W4 = —&' (), (23)
NG " = - (0] {24)

3 Solution procedure of Keller box method (KBM)

The dimensionless poolinear, cowpled, partial differential equations as defined by
Equs. (16}-{19) with transformed comnditions (20) are solved mumerically using the
wnconditionally stable second-order aceurate KBM. This technigue §a kleal for non-
linear parabolle diferential equation systems amd therefore an execellent chodee to ex-
amine the characteristics of laminar bonndary laver coating dynamics. The salution
procedure of KBM s given below:

— The first order differential equations are obtained from the higher order differential
equations by ntroducing transformation variables.

— A pentral diference grid approdmation scheme s utilized to discretlze the resal-
tant first order differential eguations.

— Mewton's method s emploved to linearize the algebrale equations.

— The block tri-diagonal elimination system 8 acguired to solve the resultant block
mALTix gystem.

Tahble 1. A grid independence study for local Nusselt number

Htep size Nug
Ay Moe =9 | oo =12 | Qoo = 14
0.5 0.4258 (L4260 (260
.1 0430 4201 (h.4:201
a5 04198 4199 (b 155
LU 04195 4199 (15

In the present problem, the streamwise coordinate [£) and radial (iransverse)
coordinate [g) ranges are considered a5 1 and 9, respectively, following a convergence
stindy. A grid independence study for local Nusselt npumber with different grid sizes
in the radial direction A is elucldated in Table 1. The solution of this asalysis is
obtained by Aixing the increment o the radial divection as 0005 (e g = 005) and
a 20X 180 mesh (grid) is designed for the boundary laver domain. In the present
analysis, the convergence criteria 18 determined as 0000001 at all grid polots,

4 Validation of numerical scheme

A comparison analysis B executed to examine the accuracy of the KBM soluthons
amd the results are docomented in Table 2. The comparison resulis reveal that the
local rate of heat teansfer for variows valuwes of (£) closely matches with the results of
Merkin [(6], Gaffar et al. [30] and Nazar et al. [67].

10
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Fig. 2. Numerical methodology: Keller box algorithm fow chart, Beller box scheme and

boundary layer mesh

Table 2. Comparison of current results with Meskin [66), Gaffar et al [30]. Nazar et al. [67]

for local Nusedt number with varions values of £ when N = N
N= b= Fe=5c= b= Na = kr =1, 5= LG, Ha=1015

1= Ha = We

=mny =

Ny
£ Alerkin IHiJ Cintnr et al |_:3I:I Mazar ot al [[iT] KBM FENX
0" {lower stagmation poind) L4214 04203 0.4%14 04134 | 04123
& (L4161 0.4160 0.4161 04162 | (416l
& IR (0. A0 I IS LT
& LT (L3742 05741 03744 | 0.3743
& [upger stagnntion point ) IREES I u.1%l6 [N E: el IR R

5 Further validation with variational FEM code SMART-FEM

Benchmarking with previous stwdies only afford limived verification of solutions. Fos
example in Table 1, mo less than 12 parameters have to be sot to 2ope to validate



with much simpler earlier studies Le. when Ny = Ny =5]= Ha = We = ny =
N ==PRbk=Pe=58=8= N = Kr =05 =06, Ho = 05, I = 7. The
slutions in Table 1 therefore neglect all nancscale, bioconvection, mass transfer,
non-Newtonlan amd chemieal reaction effects. To validate the full KBM solution of
the general model, an alternative numerical code must be employed. The rolast
variational finite element method (FEM) [68) is therefore deploved. This approach
ia the most popular in engineering sclences amnd has been extensively emploved in
many comples multifimetional materials Auid dynamics simulations- see [69-74], all of
which feature the in-house MATLAB-based program, SMART-FEM. It = to b noted
that the SAMART-FEM comde s equally efficient for solving the ordinary differential
equeations and partial differential equations with initial conditions as well as howndary
conditions. Sinee the boundary value problem s of two-parameter type, gquadrilateral
finite elements are reguired. The formulation 8 briefly describwed as follows:

(i3 k|

ERp
SApF
kg
EEf
e i Hu=il, 5,89, &7
gap
Eap
B3

Bl

i " ' i " T
1 [ ] ] 1] 1 ¥ E] E ] & [ 7 [ ] k]

Fig. 3. Plot of §f’ with various Hartmann Fig. 4. Plot of ¢ with various Hartmann num-
numbers. s,

Varkational formunlation:
The variatbonal form assoclated with Eqns, (16) - (19) over a typical quadrilateral

LE

1

(L5 i

Lk
W =i, 3, 0T kil
=EEp

Bd
WGl 03,08, T
Bip
Ak Bap

B1F

x L B x " " i
[} i F] i 4 -] [ ¥ i ] [} i ¥ Fl 4 & ] ? [ ] b

L)

Fig. 5. Plot of f' with difierent Weissenberg Fig. 8. Plot of @ with wvabous Weissenberg
numbers, numbers
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Fig. 7. Plt of f° bw wvarious tangent- Fig. B. Plot of & for emhancing tangent-
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Fig. 8. Plot of # for various thermophoretic Fig. 10: Plot of & for varions thermophoretic
parameter. parameter.

element in the (£, i) coating boundary layver domaln = given by
Maientinm

(L—m) f™ + mWef'f" + ff" — (g= + Ha) f .
J‘;“ (—jﬂ+{ﬂ Né — Riab) S5 - ['.‘.E.fr ..é;rr])ﬂfﬂri'—ﬂ (25)

Energy

—+ N8 + N8™ 4 o

—*r:j,,l’f‘ﬂ‘ + @) -
j Wi & [ (=1 + 1Y |agay =0, (263}
s '.-;f[ﬂ"ﬂ‘:r I'+1

+if [?{-ﬂ-‘ - zrﬁl;’]
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Fig. 11. Plot of # for different Brownian mo- Fig. 12, Plot of ¢ for different Brownian mo-

tion parameter. tion parameter.

Nano-particle species diffusion

[+ 0" - Kro+ [ .
/ﬂ‘ Wy ( —£ [%ll _: %¢l] ) i = 0, (27)

Gyrotactic micro-organism mumber density

B - [0 (N +9) + 8W] + ¥ )
I “‘( —et%r—%w'] )%-0- (28)

The arbitrary test functions Wy, Wy, W, and W are introduced in order to elucidate
the changes in f, 8, ¢ and ¥. These functions are considered as primary variables since
examining the boundary term in the above equations elucidates that the specification
of the function constitutes the necessary boundary condition. The specification of the
coeficient of the weight functions in the boundary expression constitutes the natural
boundary condition, although secondary variables of the formulation are embedded
with in the conditions.

Shape Functions:

Quadrilateral elements are selected which approximate the boundary layer region
(similar to the rectangular Keller box cells used earlier) well. With an aspect ratio of
unity, the converge of square elements with linear interpolation functions are faster
compared with rectangular or triangular elements. Further details about the descrip-
tion of elements can be found in Reddy [68]. It is to be noted that ¢, ¢ ¢, and
g are considered as linear interpolation functions for a square element 2° which are
excluded here for brevity,

Finite Element Formulation: The structure domain defined as: 0 < £ < 1 and
0 <5 <1is discretized into square elements of the same size with the finite element
approximations:
[=3 5 &n)e=3 8¢, (En),
o= o Enw=3" ¥ (&n), (29)
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[thermal relaxation) parameter.

Here =3, 4. G amd 8. in opder, corresponwds to a linear triangular element, linear
rectangular clement, quadratic triangular element and quadratic rectangular element.
Effectively, for the finite alement model of the problem at band, the following meatrie-
vertor svstem emerges:

KUORn g1 g fer
I s s I i e
[f'n ] = g1l g gl gl Afe) = Iy
O fea
1
']

und'{r’}= ;g ; (30
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Fig. 18. Plot of % with micro-organism con- Fig. 200 Skin  friction distribution with

centration difference parameter. variouns Hartmanm magnetic mmmbers, Weis-
senberg mumbers and  tangent-hyperbaolic
power:law index parameter values.

where

4

fe= Z Wi fe.

i=1

The entire domaln s separated into 100 sguare elements of length 0.1, Every element
is four-noded, therefore, entite domain compeises 121 nodes. Four functions need to
be evaluated at every node. Therefose a avatem of 484 equations = obtained after
introducing the dement equations. The resultant nonlinear equations are sobved by
adopting a sultable iterative scheme. By introducing the suitable known functions, the
system s linearized. The well-knosmn Gansss elimination method i uiilized o solve
the syatem of linear equations with an accuracy of 5 = 107° It is important to mite
that the sccuracy is not affected for nereasing the number of elements by redueing
the size of the elements in the same domain. This indicates that mesh independenes 15
achieved. The comparizon of FEM and KBM = shown in Table 3 with all parameter

4
To=3 thfy (31)
a=1
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Fig. 21. Skin friction profiles with vari- Fig. 22. Skin fiction evolution with -
aus thermophoretic nanoscale pombers, Weis- ims  Brownian motion nanoscale numbers,
semberg numbers  and  tangent-hyperbolic Weissenberg numbers and tangewt-hyperbolic
power-law index parameter values. pewer=law index parameter values.

values set at Ha =05 N =01, Bb =01, Da=1.0 47 =01, N, =03, N, =01,
We =03 Pe=0.1, 8¢ =046, Sh=1 Ny =01, Kr =03 P =T unless otherwise
specified. The comparison results reveal that a good agreement is attained among the
resulis obtaimed by adopting the KBM code and FEM eode.

6 Results and discussion

This section examines the nfluence of all key parameters e, Harfmann magnetic
parameter, Welssenberg number, Brownian motion parameter, thermophoresis pa-
rameter, Darcy parameter, Schmbdi number, chemical reaction parameter, hiooon-
vection Schmbdt nnmber, bioronvection Peclet number and mdcro-organism concen-
tration difference variable on finid Aow, heat transfer, nanoparticle concentratbon and
motile micro-organism density nimsher and presented the results through graphs and
tables. The pertinent parameters of the present computation are fastened with the
following valwes: Ha = 0.5, N = 0.1, B = 01, o = 10, 47 = 01, N = 0.1,
Ny=03, Kr =03, 5S¢ =06, Pe =01, 5= 1, We = 0.3 N, = 0.1, and F. = 7.
This data corresponds to actual functional magnetic nanofluid coatings see [20), [38]
and [T5). The impact of magnetic field parameter Le. Hartmann number (Ha) on
flow amd temperature distributions, in onder, are illustrated in Figs. 3 amd 4. The
resulis reweal that an enhance n the magnetic parameter decelerates the fubd fowe.
However, the opposite trend 18 observed in temperature profiles Le. the heat transfer
is strongly boosted with stronger magnetic feld. Physically, the drag foree { Lorentz
foree) retamds the Auld velocity along the surface of cvlinder. It lmpedes the Bow which
enables enhanced control of the coating regime. However, the femperature 3 magni-
fiedd along the surface of evlinder becase of the dissipated heat due to the ansdliary
effort consumed in dragging the finid against the applied magnetie field. A transverse
retarding body foree s generated dwe to the magnetic field applied in the radial axis
of the evlindrical surface. This declines the Auld fow and seakens the velocity bound-
ary layer thickness, It is an evidence that the magnetic field applied n the radial axis
significantly controls the momentunn development in the coating region. As observed
from the figure, the impact of the magnetic field s prominent near the surface of
cvlinder. On the other hamd, the thermal boundary layer thickness = amplified sice
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power=law index parameter values. power-law index parameter values.

the coating reginse is energized in the boundary layer. The mpact of the magnetic
field is significant in the middle of the thermal bonndary laver. From the liberature, it
is novticed that the heat transfer investigations on MHD non-Newtonian coating Aows
elucidate the similar momentum and thermal boundary layer characteristics. In both
figures and indeed in all other plots versus radial coordinate, asvmptotically smooth
comvergence 8 achieved at outer edge of the bhoundary Laver coating (the free stream)
which confirms the suitability of the KBM finite difference code for adopting the large
values for infinity houndary condition.

Figures b and 6 indicate that elevation in Welssenberg number strongly depletes
the velocity whereas it elevates the fuid temperature Le. it exerts a similar role to
magnetic field by retarding the axisymmetrle boundary layver axial flow and heating
the coating. The ratio of elasthe forees to viscons forees iz known as Weissenberg num-
ber (We). The caracteristies of Newtonkan fluid 8 observed when the value of the
Welssenberg numbser tends to zero and the characteristics of elastic solid is observed
when the value of the Welssenberg number tends to infinicy. The characteristic of
magnetic polvmerke viscoelastic fluid is observed for the other value of Weissenberg
number. The Auid velocity diminishes for magnifying the values of e becanse resis-
tance to the fow is ralsed when impact of the elastic forces 5 lesa than the viscous
forces [We < 1), The consistent elevation in temyperature transverse to the cylin-
drical surface indicates that strong elastic effects encourage thermal diffusion in the
viscoelastic coating Le. the heat is efficiently propagated for amplifving the Weis-
senberg number {We). Therefore, the thermal bonndary layer thickmess is boosted
for magnifving the valuwes of We Le elastic forees is less than the viseous forces. It 18
tor b notedd that weak viscoelastic coatings (We = (L1) attain higher fuld Aow and
lower heat transfer compared with strong viscoelastie coatings (e = 0.7). Althongh
Welssenberg number generally represents the ratio of elastic forces to viscows forces in
rheodogy, it has various manifestations in the non-Newtonian finid dymamie lierature.
It may also be considered as the product of fluid relaxation time and shear rate. The
Welssenberg number can also be wsed to gquantify the orfentation generated by the
deformation or degree of anisotropy amd s appropriate to characterise the flows with
a comEtant ateeteh history amd henee it can be utilized to express the fleology of amart

18



polvmers. For We = 0, elastic offects become vanishingly small and purely viscous
Newtontan flow 1= retrieved. The parameter values selected in Figs 5 and 6 are hased
o the established understanding that for We < 1 sheas-thinning [psewdoplasticity )
behaviour = exhibited in viseodastle fuwids, whereas for We = 1 shear-thickening
[dilatant) behaviour is present. For e = 1 the elastic and viscous contributions ame
equivalent.
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Fig. 25. Heat transfer rate profiles with Fig. 28. Heat transfer rate profiles with vari-
wvarions Brownian motion nanoscale numbers, ons o Fourier | thermal relaxcation) numbers,

Weissenberg numbers and tangent-hyperbolic Weissenberg numbers and tangent-byperbolic
power:=law index parameter values. peewer=law index parameter values.

Figures T amd 8 depict the characteristic of n) on velocity and temperature distri-
butions, respectively. Initially, an increment In o values induces a notable decrease

BT
q [[E1 1 ] i 2 Il:| Al e i1 1] i (] 14 18

Fig. 2T. Local Sherwood mumber distribawtion with Fig. 28. Heat transfer rate profles with
virious  pon=Fourier  [thermal relaxation) oume various chemical reaction parameters, Weis

bers, Weissenberg numbers and tangent-hyperteolic senbserg numbers and  tangent- hyperhalic
power:=law index parameter values. power=law index parameter valhees.
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i welocities, and this s particularly prominent very near the surface of the cylin-
der (i~ 1. However a reverse tremwd s elucidated forilber away from the surface
of the ecylinder. The parameter n; arises in the modified shear terms in the mo-
neentim boumdary laver Ego. (16). It mepresents the rheological power-law ledex in

the tangent hypeer . e Canchy stress tensor the tangent hy

he h bolie madel. The Canch of the ‘/]E,_Eﬂhnlh:
i
i1
3

fuid is: 7 = [poe + (0 — i) tan (F5)™] Here, 5 = [ 25 5% = where
Eod

2
Il = %rr {gmd‘i-’ + {grdd'.f']T} It s to be poted that the memerical oompaatatibons

can't be carred out when infinite shear rate viscosity is zero Le, p = 0. Further,
the peewdoplastic tangent hyperbolic fluid case is confined which depicts the slear
thinning effects, Le, 7§ < 1 . Based on these assumptions, the form

= pa (P51 5 = g [(1+ 75 — 1)™]5 = g [(1+ my (15 — 1)) is adopted in the
monsentum bowndary laver Ego. (16). Hepe I is the thme dependent material con-
stant, 5 18 the shear rate, amd [T = the second nvariant strain tensor. The valies
considered are 0 < my < 1 which correspond to psewdoplastic coating behaviour.
Clearly, mear the wall (surface of the cyvlinder) stronger pseudoplasticity induces de-
celeration whereas little away from the cylinder, the reverse tremd 8 observed. This
is connected to the relaxation of tensile stresses In the axial direction which induces
a different effect depending on the location within the coating boundary Laver, trans-
verse to the cylindrical surface. Temperaturne 8 owever consistently depressed sinee
the stronger rheclogical bebaviour (L. e, higher ey values) inhibits thermal diffusion in
the regime and suppresses thickness of the thermal boundary layer. It s also notesor-
thy to mentbon that a very raphd decrement in profiles oecurs from the wall to the free
stream indicating that with stronger shear-thinning effect the bouwndary laver is cooled
mrch more effectively companed with weakly peewdoplastic coatings. In eombination
with nanoscale properties (and micro-organi=m embedding ), the psewdoplasticity can
therefore be exploited to dissipate heat more quickly around the periphery of the
cyvlinder and mitigate heat transmission, for example, a propulsion doct to the en-
gulfing components of an alreraft engine. This technology may be of immense benefit
to cofporations speclalizing in thermal coating design for seroapace systems such as
thermal insulation heat shields, for example, 5A Thermal Engineering [T6], Boeing

Aeroapace [77), ete.

Figures 9 amd 10 viswalize the effect of Np on heat and mass transfer profiles,
respectively. 1t s clear that both the temperature and nanoparticle coneentration
fields increase with an incrensent in W, . The particle movement towards a colder zone
dive to the temperature gradient between the hot gas and the cold zone s known as
thermophoresiz. The nanoparticle distribation and variation in temperature are sig-
nificantly controlled by the parameter (N ). The temperature and nanoparticle con-
centrathon distributhon of the maooflubd rise for magnifving the valwes of N and henee
the boumdary layer thicknesses of thermal and nanoparticle concentration [species)
are apgmented. An increase n &, promotes the heat transfer awayv from the wall
amd this aggravates nanoparticle deposition away ioto the nanofuid region, incress-
ing nancparticle concemtrations throughout the boumdary lover o prosdoity to the
siteface of the eyvlinder, although the offect decavs near the free stream. While the
temperature distribations are homogenos throonghout the reghon fransverse to the
wall, the nanoparticle concentrations exhibit a jump closer to the wall. This may be
die to the intensity of motion closer to the surface of the evlinder which has been
moted to be chaotie manifesting in pon-homogenos distributhons of nanoparticles in
the boundary layer, as noted by Keblinski et al [T8, 79]. Figures 11-13 show the influ-
ence of Ny on temperature, concenteation and motile microorganism density numbeer
diztributhons, respectively. Brownlan motion is anplified with increasing N, and the
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Fig. 208. Local pyrotactic microsorganism dens Fig. 30 Local gyrotactic  micro-organism
sity number gradient profles with  hiocomver- density number gradient profles with micro-
tion Peclet numbess, Weissenberg numbers and organism concentration difference  mumbers,
tangent-hyperbolic power:law index parameter vals Weissenberg numbers and tangent- hyperolic

e, power-law index parameter valies,

nanoparticles size 18 altered. 1E = to be noted that larger Np values lmply smaller
nanoparticles. This enconrages thermal diffusion via ballistic collisions which ener-
gizes the regime and elevates temperatures. Conversely, nanoparticle concentration
magnitiudes are suppresssd sinee nanoparticle diffusion rate is redoced with stromger
Brownian motion effect; the boundary laver thickpess of nanoparticle species is also
depleted. Similarly, while heat difusion however is fortified with lesser nanoparticles
{larger Brosmian mothon parameter values), the diffusivity of motile miero-organiams
I8 redueed which manifests in a decrease In motile microonganizm density number and
boamdary laver thickness of microorganizm speches. Therefore, to cool the coating and
eneoirage & moke homogenois migration of nanoparticles and micro-organisns, lapger
nanoparticles are pequired, and Brownian motion should be minduieed.

The influence of non-Fourier (thermal relaxation) parameter 47 on velocity and
temperature profiles are depicted in Figures 14 and 1%, respectively. It s ascertained
that the thickness of momentum and thermal boundary lavers redsee with higher
values of 47, In case of findte-speed heat comduction, Fourers law of heat eondoe-
thon s physbcally pealistie and i obtaimesd when of 97 — 0. In this case the eneegy

bowundary layer Equn. [16) reduces to the Fourier 'l.remlun-.'}T': + N d'd + N&° + i =

E{%f" - %fﬂ"}r For 57 = 0, the so-called relaxation process results from the fi-

nite time necessary for molecules to diffuse between adjacent shearing lavers in the
medinm. The adjacent [local) sone surrounding the nanoparticle highly inflienoes the
diffision time of a panoparticle. The random molecular diffision mature s cansed by
the intrinsieally hetersgeneons featires of peal coatings. Higher valivs of non-Fourber
{thermal relaxation) parameter therefore better approsimate a finite apeed of leat
propagation. The peault i3 that both velocity and temperatures are sedioesd with
higher values of 5. The trends are sustaimed across the boundary layer transverse to
s face of the evlinder. The momentum boundary layer thickness s therefore dimin-
Ialed while thickness of the thermal boundary layer 18 diminished.



Table 3. Variation in Cfz, N, Sk, N at £ = 1 b non=-Newtonian bi-nano-coating
[KBM and FEM sohitions).

£=1

Parametes A Nz Shy Wi
RO | FEM | ROM | FEM | ROM | FEM | REMT | FEM
00 | oals | ho21d | AL7E | WATTR | AR | odm | .admy | oo |
Ha [ 003 | 04061 | 04003 | 02T | 04053 | 04757 | 05T | Oa1R | ol
05 | 04754 | 04754 | (L3885 | 09883 | 04727 | 04728 | 030176 | (L3174
0.1 | 04736 | 04734 | 0.3504 | 03593 | 0.4726 | 04724 | 08179 | (L3177
We [ 03 | 0Iad | 0052 | LarRs | UOBEr | 0173y | 0T | 0alin | LT |
s | Ol [ Od L | Damy (R | ol | I | oard | G
0.1 | 04937 | 0,493 | 03780 | 03781 | 0.4745 | 04746 | 03150 | L3152
ny | 0.3 | L4562 | (L4561 | 04004 | 04002 | 04707 | 04700 | 00504 | oG
o | LAI06 | 0ATE | ARG | 000 | anen | LIl | nams | Lins
0.1 | 04935 | 0.4953 | 0.3780 | 03781 | 0.4747 | 04746 | 08152 | (L3168
T\ O O O L O R e T W bl S e B 2
05 | 04124 | 0412 | 042095 | 04205 | 4652 | 04652 | 00265 | (L3266
0.0 | 04768 | 04765 | 0.3884 | (3886 | 04733 | 04737 | 03197 | (L3108

~ [ 00 | 0AT54 | 04754 | 03885 | 003884 | 0.4727 | 04729 | 0.3176 | (L3174
T2 | IATa0m | 0Ld740 | TLarst | Uekn | AT as | U048 | u.alan | ILilas
0.0 | Bdrod | 04752 | D.GrRs | UGskd | 04727 | 04728 | 08076 | (LELGE
Ny [02 [ 04006 | 04004 | 0am0 | 09271 | OLAR2S | 04827 | 05280 | (LE28G
0.3 | D.0a0 | 0606 | 02758 | 02753 | o207 | 05297 | 0.5497 | (LidE7
0.0 | 04553 | 0.4553 | 0.4502 | 04002 | 03300 | O.k30d | 0.2045 | (L2048
Ny [08 [ TCIO0T | (LA0dT | TLanes | Oges | Lolsn | OUeIRD | O.adle | (LEd |
05 | 520l | 05201 | O.ITar | 01787 | OoWG | UG8 | 08516 | LslT

The impact of Se and Shon mass transfer and density nember of motile microor-
gank=m are lestrated in Figures 16 and 17, Evidently hoth nanoparticle coneenteation
amnd ot ile mbcroorgani=m magnitudes are decressed with larger Schmidt mumber and
bioeonvection Peclet number. Generally, mass diffusivity is inversely proportional to
Schonddt mumber. Larnger Se values dilute the mass diffusivity and have the tendency
to decrease the nanopartiele concentration. Higher concentration magnitwdes are ol-
served for gaseous diffusion in polvmers (Se < 1) becanse the speches diffision pate
dominates the momentum diffusion rate. However, In the present scenario, metallic
nanopartickes embedded b a rheologheal coating are assumed, for which Se = 1 18 qon-
sldered; e, the specles diffusion rate 8 dominated by the momentom diffusion pate
amnd this will prodiece a depresaion o mass tramafer profiles. When Se¢ = 1 the monsen-
turn amwd namwe-particle species diffusion rates are equal and the thicknesses of the re-
gpective boundary lavers are equivalent. The diffusivity of nanoparticles Le. molecular
gpecies in the coating plavs an important pole in assuring the homogenous distribation
of the nanoparticles throughout the soating amd providing total as well a8 conslstent
protection to the eyvlinder. It 3 noteworthy that the species diffusion 8 assumed o
obey Fickian diffusion, although in the future non-Fickian diffusion, which has also
been reported In amart ecating, may be examined. OF course, the present analyvais ia
confined to lamisar flow which ks sustainable with the damping in the velocity field in-
dieed by radial magmnetie field. This s conteary to ordimary apray deposition processes
while faster are inherently turbubent and do oot achieve the same degree of honeo-
genelty of the coatings. Spray coating usually emplodvs thermal (Hame) deposition
technology for metallie-based coatings, and this leads to heterogenois copstitution of
the fimal prodect which 8 not desirable for high tech applications in seroapace. The
bboronvection number i3 a unlgue parameter where micro-organiam dyvnamics eccurs
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simultaneoasly with momsentum transfer. Whereas the ordinary Schmidt numbser S
expresses the ratio of momentum and nanoparticle species diffisivity, the blocomvec-
tion Schimbdt mumber embodies the ate of momentum diffision to mlcro-organkam
species diffushon. These two eates are rarely equal for the consbdered (56 = 1) range
of valies, When 56 = 1 both diffusion rates are ddentical, and the motile (gyrotactic)
nuero-organism copcentration (denaity nmsher ) 8 maximnm. However, for S5h = 1 the
muero-organism diffusivity is dominated by the momsentum diffusivicy amd this leads
to a depletion in propulsion of micro-organisms in the coating. The boumdary layer
thickness of micro-organism species is therefore diminkshed for increasing the biooon-
vection Schmidi number. Overall, both mass difusivity of nanoparticles and species
diffusivity exert a substantial influence on diffusion characteristics in the coating.

Figures 18 and 19 peesent the offects of Pe and N on motile micro-organkam
profiles, Tt s olserved that magnifving the valies of Pe and N, diminish ¥. Both
parameters arkse in the same clistersd term,

—&F [&" [Ny + &) + ¢'#'] in the micro-organism species boundary layer. As noted by
Pedley and Kessler [56]. Zohra et al. [63]. and Aneja et al. [65), bioconvection Peclet
number {Pe) s a critheal parameter in propulsion dymamics of micro-organisms fos
smart coatings. It is to be nodted that Pe = 8WW_ /D, and therefore Pe expresses the
impact of diffusivity of micre-organiams (1), maximom swimming apeed of miceo-
crgani=m (W) and clemot axis constant (b). The motile micro-organism fow patterns
consbderably vary for varving the Pe as elucidated in Fig. 18, The concentratbon of
microorganisms dilutes for amplifving the Peclet numbser becaigse microorganisms
propel faster with higher microorganisms swimming speed. Alternatively, the micno-
organi=m concentration in the nanoflnid boundary laver rises for decreasing tle vales
of Peclet mumber becanse mobility of the micro-organiams diminkshes for lower values

of Peclet number. Ny, = ‘E.l'—t'l."- is the micro-organism concentration difference vari-

able and this augments the micro-organksm diffusion term, " (N, + %). Although
micro-organisms propel more efficiently with larger N, the distribution is redweed
e gvrotactic mlcro-organksms concentration B redueed and the sssociated apeckes
boamdary layer thickness s depleted.

Figures 2030 present the distrbotions for skin friction (local evlindrical surface
alwsar stress), local Musselt number, bocal Sherwood number and local meotile micoo-
organi=m density number wall gradient, with axdial (stream wise) coordinate, £. Fig-
ures 20-22 show the influence of Ha, N, and N, on gkin friction coefficient for both
non-Mewtonlan and MNewtonlan cases. It is clear from these figures that friction fac-
tor comEkstently enbanees with increasing valoes of asdal coordinate €l £ == 1.7 and
then friction factor diminkshes. Results reveal that skin friction rlses with magnify-
ing values of N and Ny while it declines for amplifving values of Ha. Further, it is
notbeed from these figures that the friction fsctor values of Newtomian fluid = higles
compared with non-MNewtonian fuid. Figures 23-26 visualize the impact of Ha, N,
Ny and 47 on local heat transfer rate. Nusselt number, decreases for larger values
of Brownian motion parameter, thermophoresis parameter, amd magnetie feld pa-
rameber but the reverse behaviour s detected for larger values of 5. It s pertinent
to mobe that using the Fourler mode] leads to an under peedictbon in local Nusselt
number to the surface of the evlinder Le over-prediction in temperatures, IE is ob-
served from Fig, M that adopting the non-Fourler mode]l with thermal relagation,
provides better accuracy compared with the Fourier model. Fignres 27 and 38 (lis-
trate the sherwood number variation for < amd K, respectively. 1t is apparent from
these figures that the local sherwood number lessens for higher values of 4] whereas
it elevates with higher values of Ar. In general, the chemical reactions are majorly
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classified inbo two types, namely heterogeneons chemical reactions amd homogeneosus
chembeal reactions. Chemical changes occurring with gases or lgoids depend on the
tyvpe of interactions of these dhemical substances. Homsogensous reactions happen in
single stage only whereas heterogeneoes reactions happen in at least two phases, For
destripctive bomsogenons reactbons, a8 considered bere, nanoparticles react to prodioce
a different species. Figures 20 and 30 abow the vadation of motile micro-organi=m
demsity gradient with stream wise coondinate for different values of Pe and N, re-
apectively. An increment in both paramseters (msotile micro-onganism oomoenteation
differemce (V) and bioconvection Peclet number [(Pe)) elevates the rate of transfer
of pyrotactic micro-organiams o the surface of the cylinder.

The numerical valies of friction factors, heat transfer rate, local Sherwood oumbser
amd microorganiam density number gradient for tangent hyvperbolie non-Newtonian
finid are shown in Table 3. It i3 notioed that the fiction factor = boosted with an
elevation in Webssenberg number (e), Brownian parameter (V) and thermophore
sl parameter (V) whereas the contrary peaponse 8 detected with an nerement in
Hartmann magmetic number (Ha), tangent hyperbolie power-law cheological indes
{7y ), mon-Fourier thermal relaxation parameter (57) and buovancy ratho parameter
() (eatioof thermal and nanoparticle solatal baovancy forees ). It 12 noteworthy that
higher We valwe implics a larger relaxation time, which in turn produces higher asso-
clated tensile stresses in the coating. This accelerates the coating fow and results in a
bt b skin frictbon factor. Local Musselt number intensifies with higher values of ),
4y . amd N, whereas it suppresses with larger values of Hartmann magnetic number
(Ha) Le. stronger radial magmeetic field. Mass transfer rate increases with an increase
in We, N, and N,. Density mumber of motile microorganism gradient enhances with
boosting valuwes of my, N, amd N indicating that a more Intense migration of gyro-
tactic micro-organiams arizes from the boandary laver coating regime to the surface
of the evlinder. It is ohserved from this table that the results obtained by using the
Keller bax method code and SMART-FEM code are similar for all the considepesd
effecta.

7 Conclusion

Motivated by developments in novel blological nanc-smart coating technologhes for
ihe acrospace, naval and medical indostries, n this artiele, axisymosetric magnet olyy-
dreodynamic gyvrotactie bisronvectlon Aow of a tangent-hyperbolie psewdoplastic non-
Newtonian nanofinid from a evlindrical surface immersed in a Darey porons medinm
with chemical reaction. is amalyzed. The bapact of Cattaseo-Christoy heat fux (non-
Fourier therneal relaxation paramseter], Brownlan mothon and themmophoresis arve
taken lnto consideration. The tangent hyperbolie mwodel s deploved for nanofld
rlecdogy. The steady-state partial differential conservathon boundary laver eguathons
are rendered dimsensbonless via appropeiate teansformations and the resulting oo
pled, nonlinear two-parameter partial differential boumdary value problem = aolwed
computatiopally with the secomd order accurave, implicit Keller box method and the
resulis are illustrated graphically. The effect of pertinent paranseters such as mod-
ified Hartmann magnethe mumber, Welssenberg viscoelastic parameter, non-Fourber
ithermal relaxation parameter, Brownlan motion, thermophoresis, Schimidt number,
chembeal reaction parameter, micro-organisms concentration difference variable, bio-
cotvectbon Peclet mumber and bio-convection Schmidt nmber on the Aow, eat trans-
fer, mass tranafer, neotile density, loeal skin friction, heat transfer pate, nanoparticle
s tramafer pate and local mieroorganiam density number wall gradient = visual-
imed graphically. Validation with earller studies is included. Further validation with
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a variational finite element meethod eode (SMART-FEM) i5 also presented. The key
findings of the present lnvestigation are as follows:

— The temperatuee of tangent yberbolie manoffuld coating decreases with nereasing
values of non-Fourler (thermal relaxation) parameter.

— Wery mear the surface of the cvlinder (h ~ 1), tangent hyberbolie nanofuwid eoat-
ing velocity decresses with higher values of the psewdoplastic power law index
parameter whereas a reverse trend B elucidated forther away from the awrfece of
the cylinder.

— The comcentration of gyrotactic motile micro-organim mimber density = de-
cheased with an nceement in Bloconvection Peclet nonmber and mleroorganiams
concentration difference parameter.

— Heat transfer rate is suppeessed with boosting valises of Hartosaon magnetic -
rameter |[radial magnetie field), thermophoresis paramseter and Brownkian motion
parameter.

— Magnifving the chemical reaction parameter amplifies the mass transfer rate.

The present study has neglected electromagnethe Induction effect. These may be con-
sidered in foture stwdies,
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