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ABSTRACT

Nanofluids have shown significant promisetiie thermal enhancement of many industrial systems. They
havebeendevelopedextensively in energy apphtions in recent years. Solar energy systems are one of
the most promising renewables available to humanity and thesaecaeasinglybeing re-designed to
benefit from nanofluids. Most designs of solar collectors involve fixed (rigid) geometries whichena
cylindrical, parabolic, tubular or flgblate types. Modern developments in biomimetics have identified that
deformable conduit structures may be beneficial for sustainable energy systems. Motivated by these aspects,
in the current work we present aowel model for simulating a biomimetic peristaltic solar
magnetohydrodynamic nanoflulthsed pump. The working fluid is a magnetized nanofluid which
comprises a base fluid containing suspended magneticpatioles. The novelty of the present work is
theamalgamation of biomimetics (peristaltic propulsion), magnetohydrodynamics and nanofluid dynamics
to produce a hybrid solar pump system motligat is transferred via distensibility of the conduit in the
form of peristaltic thermal wavesnd buoyancy effgs An externally applied magnetic field achieves the
necessary circuit design for generating Lorentzian magnetic body force in the fluid. A variable viscosity
modification of the Buongiorno nanofluid modelemployedwhich features thermophoretic botlyrce

and Brownian dynamic effect$o simulate solar loading conditions a thermal radiative flux model is also
deployed. Arasymmetrigporouschanneis investigated with multiple amplitudes and phases for the wall
wavy motion The channel also containdhiamogenous, isotropic porous medium which is simulated with

a modified Darcy model. Heat generation/absorption effects are also exaftirazlectricallyconducting

nature of thenanofluid invokes magnetohydrodynaméffects. The moving boundary valueoptem is
normalized and linearized using the lubrication approach. Analytical solutions are deriaeidifgelocity,
temperature and nanoparticle volume fraction. Validation is conductedMaipte numerical quadrature
Furthermore, the salient featur@spumping andrapping phenomena discoutsgefly. The observations
demonstrate promising features of the solar magnetohydrodynamic persalbituid pump which may

also be exploited in spacecraft applications, biologo@hrtdrug delivery etc.

KEYWORDS: Peristaltic solar pump; magnetohydrodynamics; nanofluidgprous mediumthermal radiation
perturbation analysis.
1. INTRODUCTION

Modern trends in renewable and sustainable energy systaweswitnessed a proliferation of
novel designs. Premirent in such systems is the solar energy collector which explogskey
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energy source available to the earth, namely theRaneering studies afadiative transport in

solar collectors and surface properties were leHdayel at MIT from the 1930s tthe 1960snd

much of this work is summarized in an excellent monogfaphSince 197@& worldwide effort

has been underway to increase the durability, resilience and thermareffi@f solar collector

systems. Solar technology lagisequenthnfiltrated a vast array of devicexluding ®larponds

[2], solar absorption chillerf3], solar towerd4], solar cooling systemgb], CHP refrgeration

solar hybrid plantf6], solarpetrodiemical steam control plartg], green bidings (photovoltaic

facades)8] andsolarautomobileqd9]. Another important application of solar technology is the
solarpoweral pump[10] which has many uses including heating, waste transport, medical
fermentation batch processing etc. A significant development in solar technology has also been
the advent of nanofluiddlanofuids were introduced bghoi[11] constitute a significant advance

in fluid dynamics technology and are synthesized by dopamyentional base fluids (e.g. water,

mineral oil, air, etc.) with carefully designed naparticles. The resulting suspension achieves
improved thermal conductivity and modified viscosity properties. VieUIDFH DUHD SHU XQL
RI QDQRSDRMWHORDOPM QAU LRQV RI WLPHVY WKDQ WKDW RI FRQY'
QXPEHU RI VXUIDFH DWRPV SHU XQLW RI LQWHULRU DWRP
F KD U D F \8aH heleXplditeB Wh many complex systems including medical engineerimgy ene
engineering and materials processing. Nanofluids have infiltrated into many aesees @y and

also biomedical technology as they may be manipulated to yield more biologically friendly,
sustainable and durable produdthanafer and Vafajl2] presented a lucid summary of solar
nanofluid device applications, emphasizing teificiency of any solar thermal sgshis dictated

by thermophysical propertigwiscosity, density, thermal conductivity and specific hedt)he

operating fluid and the geometrcharacteristicsCritical features of nanofluids famproving

solar collector and pump efficiency asges of the nanoparticlegmetallic based work best e.g.

copper, silver, titaniumpanoparticles volumetric concentration in the base fluid and the nanofluid
viscosity and conductivityThe inclusion of copper nanoparticles consideraidyates thdeat

gain @pacity ofa solarpump Carbon nanotub@anofluids not only improve the efficiency of

solar collectorbut have the added advantage of decrea@@gemissionslt should also be noted

that there are a diverse range of mathematical models availabletdasing nanofluid transport
phenomena which have also been addressed in Khanafer and[Afarhese includehe

Buongiorno twecomponent model [13vhich emphasizes thermophoretic forces and Brownian



motion dynamics as the key contributors to thermal conductivity enhancérherdther popular
model is Tiwari anddas mode[14] which simulates the nanoscaleesff based on volume fraction
(concentration) of the narmarticles. This model prioritizes thermal conductivity and viscosity of
the nanofluid by appropriate functions formulated in terms of the nanoparticle volume fraction.
However, it is restricted onlyp a momentum and energy balance and does not feature a separate
species concentration balance equation for the -particles. The TiwarDas model has the
serious drawback of confining the nanoparticle contribution to volume fraction rather than via a
separate species conservation equation. The Buongiorno model therefore while it ignores volume
fraction effects does compensate for this by a discrete equation for theardiote concentration
diffusion and is more comprehensive therefore for complex 8mmaulations where Brownian
motion can be modelledVlany recent studies have been communicated on nanofluid solar pumps
and collector systems iluding Shamshirgaran et §.5] (onenergydynamics of copper nanofluid

flat plate collectors)Owlabi et al.[16] (on integrated silver oxide doped nasaar cells),
Cingarapu et al[17] (on tinrbased nanofluid$or solarpumping designs), Ravindrda8] (on
nancfuels for rocket propulsin and solar power), Abid et dlL9] (on saltbased ionic nanofluids

for parabolic collecta) and Alashkar and Gada]20] (focused on gold and zinc oxide nanofluids

for solar power pumps). All these studies confirmed the considerable elevation in thermal
efficiency and sustaability of solar power designs attained with judicious deployment of metallic

nanoeparticles.

Another important renewable pump design is the magiydtodynamic (MHD) pump21, 22].

These pumps employ th@®rentz magnetic body force effect, based on the injeaifan electric
current into two electrodes located at sidewalls facing each other in a microchannel. This charge
injection produces a significant transversal iomarrent in the microchannel, which is
simultaneously subjected to a magnetic field oridrgean angle of 90° to the current direction

and microchannel axis. Conventional MHD micropumps can generate only small values for pump
rate and achievable pressure and the performance is strongly controlled by the ionic conductivity
of the pumping fluid.n DC MHD pumps in particular, electrolytic bubble generation at the
injection electrdes can is a key problef23 £5]. However recent studies with magnetized
nanofluids have largely mitigated these and other issues and have simultanebiesigdihe
marked enhancement in pump efficiency and longevity. Impogfotts in this regardnclude

the work of Shahidian et gl26] which explored the impact of different electrical conductivities



of naneparticle dopedonic fluids on overalkfficiency. Further studies emphasizing the promise
of nanofluidbased MHDpumps includs Qian and Bay27], Shahidian et a[28] and Joo and
Lee[29]. Another exciting development in renewable energy has been the amalgamation of solar
pump technology with magnetohydrodynam{tMHD). Recat Work at RP[30], has established
that due tohigher temperaturegeneated solar MHD pumps attain a demonstrablygreater
efficiency than standardsolar thermal pump technologiesvhich only operateat a much lower
temperatureT his newbranchof renewabless termedconcentratingolar MHD PowerUtility and

is currentlybeing commercializedn the USA. It combinesthe benefitsof high energyradiative
powersourcegsolar)with excellentflow controlabilitiesof magnetohydrodynamigumps Other
excellentinvestigationsof this technologyinclude Satyamurthy et a[31] (for liquid metal solar
MHD pumps, based omaextension of the Faraday law of induction to liquid nsfdfaushik et
al.[32] (on solarpowered liquid metal LMMHD power generation systems with smaller cost per
unit of installed pwer), Romero an@GonzalezAguilar [33] (on MHD concentrating solar thermal
(CST) central tower systems

Although purely nanofluid media have been exploited to great effect in modern solar and solar
MHD pumps, it is ao possible to enhance heat transfer characteristics via the incision of a porous
material in the pumping duct (channel). Solar porous absorbers have demonstrated exceptional
benefits in regulating flows in such pumps and concurrently elevating thermstktrafficiencies.

Wang et al[34] showed the optimal performance was possible in solar collectors containing a
variable porosity medium. Other examples of porous media solar pump systems includarthe sol
pondstudied by Shi et a]35] (wherehydrodynamic stability is controlled more effectively with
permeability)andRen et al[36] who observed thgiorous mediaolar pumps anceceivers with

larger thicknesproduce better retention of sothermal energyasiliev et al[37] have explored

the advantages of porous mediaahasigas solid sorption heat pumpAl-Nimr et al. [38] have

analyzed the benefits of porous media matricegbeless solar collectors and pumps.

A critical aspect of accurately simulating and designing solar pumps is the proper simulation of
thermal radiative heat transfdRadiation is the dominant mode of heat transfesunlight and is
themost complex modef thermal transport. It involves many complex features including spectral
effects, optical thickness, reflection, absorption, transmission etc. To simulate radiative heat

transfer problems, very sophisticated numerical algorithms must be employed rtdocade



multitude of thermephysical phenomena which is both thoensuming and expensive. Many
approaches have been developed to overcome this challenge and popular models emerging in
engineering sciences include the MHBddington approximation, Chandekhar discrete
ordinates method, P1 differential approximation, SchuStémwartzchild tweflux model and the
Rosseland diffusion model. These methods convert the intffieoential radiative equation into
either partial differential equations or algeior flux equations which are much easier to
implement. Many simulations have been presented using these radiative armatiele lucidly
summarized inTien and Vafa[39]. Radiative (optical) properties of nanofluids are also crucial in
their efficient implementation in solar yer technology. Said et 440] described the application

of a drect absorbing nanofluid (suspension formed by mixing nanoparticles and a liquid) for
harvesting solar thermal energy, providing extensive details of radiative properties of nanofluids
(optical thickness, scatteg codficients etc). Du and Tanftl] elaborated on thegEansmission

and scattering characteristics ofinéuids with agglomeration effectBéget al.[42] utilized both
network electreehermal and finite difference algorithnie simulate thermal convection and
radiation heat transfer in amnular porous medium solar energy absorber withthD X J PR W {1V

radiative differential approximation

Recent trends in engineering design have strongly gravitated towardisspied desigs.
Biological systems have perfected many intricate mechanisms which can be applied to upgrade
conventional engineering systems to a new level of performance and endurance. One of these
mechanisms is known as peristalsis and features in an impressitreispetnatural phenomena.
Peristalsis embodientinuous contraction and expansion of a flexible halkolvular structure
containing fluid. Peristaltic pumpinguses this mechanism whed&ect contact of any insiel

moving parts with the fluids undesiable or inefficient. It is ideal for transferring fluids from
lower pressure to higher pressure regidrhis mechanisns obseved in reptilian breathingt3],

robotic endoscopj44], intestinal physiadgy[47], human peech (laryngeal phonat) [45], and
multidrug efflux pumps to export toxic substrates through their cell membfd6kesMany
excellent mathematical models for peristaltic pumping dynamics havedesetoped. Pal and
Brasseul{47] who showed that irsophageaperistalsis, local pressure and shear stress in the
contraction zone are strongly diminished via local longitatishortening (LLS)and that a
peristaltic wave of local longitudinal muscle contraction coordinated with the circulsclenu

contraction wave has servéal concentrate circular muscle fibers and reduces the magnitude of



contractile force required to trgport a parcel of trapped fluid (bolus), collectively enhancing
circular muscilar efficiency. Tsui et al[48] conducted numerical computations on peristaltic
pumping in a finite length distensibd@annein which the unstructurecbmputational grid mowe
according to the oscillation of the walobrolyubov and Douchy49] developed a theory of
peristaltic waves based on the travelling deformation waves and wave mass transfeKthreary

et al [50] presented perturbation solutions foerigtaltic transport due to a sinusoidal wave
traveling on the boundargf a permeabldube filled with an incompressible fluiMoradi et al.
[51] described aspectrally accurate algorithfior peristaltic flows in annular geometriesid
deployed a nmerical discretizatiomethod based oRourier and Chebyshev expansions in the
streamwise and radial directigrehowing that modifications the mean axial pressure gradient
vary proportionally to the second power of the wave amplitude for waves with small enough
amplitudesFurther Newtonian viscous peristaltic pumping modellioglies include Reddy et al.
[52] andMandviwdla andArcher[53]. Ramesl54] considered magnetohydrodynamic thermo
solutal peristaltic pumping of a Stokesian couple stressNwwtonian fluid in a twadimensional
inclined channel containing a permeable medilinpathi and BéJ55] presented closefibrm
solutions for timedependent peristaltic magnetohydrodynangathransfer through a finite length
channel Nanofluid peristaltic pumping has also been addressed in recentBégrand Tripathi
[56] presented the first analytical study of therswdutal nanofluid peristaltic dynamics in a
channel, explicitly considering thermal and species Grashof number buoyancy effetttsr Fu
investigations have considered Adewtonian effectsand titanium nangarticles[57], shape

geometric effectfb8], combined electricand magnetic field effec{§9].

As noted earlier in solar magnetohydrodynamic pumps, radiative heat transfer is a key
consideration. The purpose of the present work is to further modify this concept to include
biomimetic channel wall features, sp@ally deformability of the walls. Peristaltic
magnetohydrodynamimanofluid solar pumpsmust therefore feature wall distensibility,

nanofluid behavior, magnetohydrodynamics and radiative heat transfer characteristics. The current
study uses a Rosselangtically-thick radiative flux model to simulate udirectional thermal

radiation effects. This approach has been utilized in many analyses of peristaltic pumping
including Bhatti et al[60] for two-phase viscoelastic warlg fluids and Hayat et a[61] for

magnetic nanofluids. A variable¢é LVFRVLW\ PRGHO LV HPSOR\HG IRU WKH (

employedto simulate porous medium drag effects. Heat source/sink and buoyancy effects are



included. The conservation equations for mass, momentum, energy angantacle volume
fraction (concentration) are transformed from a stationary to a moving coordirsseensyith
lubrication theory. The resulting nalimensional twepoint boundary value problem is solved

with both a perturbation method and an efficient numerical quadrature technique (Maple 17). The
influence ofrelevant physical parameteos axial velocty, temperature, nanoparticle volume
fraction andstream function distributions are depicted and discussed bilteffyenvisaged that

the current theoretical and computational model will motivate solar engineers to conduct
laboratory investigations of ofar MHD nanofluid peristaltic pumps and accelerate the

implementation of this promising technology in the near future.
2. MATHEMATICAL FORMULATION

Let us consider twaimensional flowof magnetitenanofluids driven by peristaltic pumping
throughanasymméric channekontaining a homogenous, isotropic porous wafer mataritie

presence ofn externally applied transversgagneic field. The channel walls are propagating

with constant wave velocitfg) as sinusoidal wave trainsetY H,,andY H, be respectively
the left andright wall boundaries of the asymmetric channelWwadth(d, d,). The temperature
(T ) andnanoparticlevolume fraction(C) are prescribed values of, C, andT,, C, atY H,

andY H,respectively.The geometry ofhe biomimetic solar magnédtgdrodynamic nanofluid

pumpis depicted irFFig.1 and mathematically expressed as:

2S5 §
H, X,t d alcos—OX cté, (1a)

2S
H, X,t d, azcos—OX ct /Z (1b)

in whicha,, a,, Gtand /are the amplitudes of theft and right waves, wavelength, dimensional
time and phase difference, furth&ra,, d andd, satisfythe inlet of the condition

& a 2adcos/d d d° ")
% XRQJLR3 @&igI\is deployed fothe nanofluid. This emphasizes thermophoretic forces

and Brownian motion dynamics as the key contributors to thermal cividuenhancementhis
model which has the advantage of being very easily incorporated into the framew&oofs



fluid dynamics It also allows the inclusion of a species diffusion (concentration) boundary layer
equation which is not possible withhetr models such as the Tiw&ras mode[14]. It is atwo-
component laminar fougquation norfhomogeneous equilibrium model for mass, momentum, and
heat transport in nanofluidsghlights the dominance @rownian diffusion and thermophoresis
over other naoscale mechanisms edjffusion-phoresis Magnus effect, fluid drainage, micro
convection and ballistic collisiond.he model further assumésat energy transfer via nano

particle dispersion is negligidland that Dufour (diffusthermal) effects may beegated.

vAg
<] >
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Fig.1. Schematic diagram of the solar magnetic nanofluid peristaltic pump (asymmetric channel)

Implementingthe Buongiorno formulatiofil3] the resultinggoverningunsteadyequationsfor
conservation of massnomena (incorporatingexterral magnetic ield andDarcy porous matrix
resistancg energy and nanoparticimlume fraction (nangpeciesconcentratiohin an , Y)
coordinate system emerge[&g]:

u wv

X owy O 3



(4)

Fv%/N_y _ur ﬂu, (5)

ow W Yw: Y ¥ wX X W
sSW T Tw Tw *TPw §C W @ T2w
C fkr U— v l’%f <2 2 M le DB PV TRV EERYA
W X Ywt XPw o Y2 X X, W Yiw
2 % (6)
D 8T v % o ww
T, ©OX *1 & gt YW

\C @ ., C® a2Cw *CWD, 2T wWT
— U— V— B 2., @ WP B g
WX Y& CoXw Y w, T £ wy

(7)
where,U , V are the velocity components 4, Y directions, {/ is fluid density,P is pressure,
PT is temperature dependent viscosityk, is the permeability parametel/i is electrical
conductivity B, is transversenagneticfield, g isacceleration due to gravity£is volumetric
thermal expansion coefficient of the fluids is volumetric solutal expansion coefficient of the
fluid, {fisthe nanofluid density at the reference temperaflye (/ is nanoparticle mass density,
¢ is heat capaity of fluid, k, is thermal conductivity (& c is effective heat capacity of

nanoparticleD; isBrownian diffusion coefficient); isthermophoretic diffusion coeffient, ,Q,

is theconstant heat addition/absorptidrfe further note that in the solar MHD nanofluid pump
circuit, thedirection of the current densifydetermines whether the system behaves as a pump or
as a generatowhen electricurrent passes through an electricalgutral conducting medium in

the presence of a magnetic field, a vector body force per unit vaiuiner’) affects the medium.

Fis referred to as Lorentz force and is givensiB.2u i.e. the fifth term on the rigkhand side of

the Xx-momentum equation (4). We consider the case where the current density accelerates the
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flow i.e. works as a pump (the opposite case of a generator is produced when the current density
is reversed and as a result so is the Lorentz boaef. We neglect magnetfield leakageand

assume that the magnetic field is uniform during opera8orce the magnetic Reynolds number

of the flow is taken to be very small, the induced magnetic fielte@igible and it is further
assumed that no ethal electric field is appliedrhereforethe electric field due to polarization

of charges is negligible so that no energy is added or extracted from the fluid by electrical means.
Ohmic (Joule) heating is neglected as are Soret and Dufourdiffusgon effects.The radiative

heat flux @,) is givenby usingRosselad  ¥pproximation This approximation is valid for

optically-thick fluids which can absorb or emédiation at their boundari¢$].

q 4+ W*
"3k* W
Here ¥ and k* are the StefaBoltzmann constant and the mean absorption coefficient,

(8)

respectively. We assume that the temperatuferdifice within the flow isdequately smallThe
term T*is expanded aa Taylor series about a free stream temperakyr@ndignoring higher

order terms in the first order iff  T,), we get

16T W
© e w ©)

The transformationfrom the fixed frame of referenc,(Y) to the wave frame of referencg (

Y) aregiven by
X X ct,y Yu U ¢v \andp(X) P X t. (10)

After utilizing the transformations (10), equations{{j) retract to he following form:

— %o, (1)
X Wy

a v We T T oW - RIT
Yo oM g W Py Vo Tow oy Svoud - B

- W Wiy, Xwoxw XS wy w Ty, ok (12)

WBu 1 G & T U, ¥C G,
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a_ W _ wW° pw . vV W T W -RT _
v ¢c— v— —P 2— T — )i — —« Vv, (13)
- 1 Wi, YW YW, Y W W X @ Wy
a 0 2 2
c ‘oW W W TW g p SCW TN
"4 W Wy, Xw Y P %, WoyWw (1)
14

C— V— DB«TT)>___- (15)

1 G, ngtdlg TE T (e ;y o)(gdl3 G G Pr CC, Pn 16V‘T03
0 ’ Ps ’ ke 3k* AC, C

2 T T C ua
E&,Nt . Ty D > Nb G G p[%.
T, T, AC,C Ket To Ket

Gr

(16)

Here R,Rn, d, aandb ,M,K,Gr,Br,Pr, ENb,Nt, 7anc Vare the Reynolds number, radiation

parameter, width of the channel, amplitudes of left and waltls, Hartmanmumber, grmeability
parameter, thermal Grashof numplecal nanoparticle Grashof numbétrandtl numberheat
sourcesink parameter3rownian motion parametgthermophoresis parameteondimensional
temperature and nasparticle volume fractiojrespectively

Applying the long wavelength and low Reynolds number approximationsraradiucing the

streamfunctionu ﬂ eqs. (12-15) reduceo:
w

2
0 Wp 2 @ L M8 LW o 17)
yw” K oy wg 1

: (18)

(@]
sls s=ls
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2

0 L RSV \pEW W8 W g (19)
Pr oW ©W yw1 G W1
2

_ Newb (20)
y* Nbwy
Egn.(18)implies hat p is not functioof y. Differentiating Ea. (17)with respect tg, yields:
a 2 o

0 ﬁz P N Yo 1)

W A yw i

Where N? % M2,

The volumetric flow rate in the wave frame is given by:

hy hy
g udy 3(U 1)dy, (22)
hy h

Onintegration,eqgn. (22)yields:
q Q h h, (23

Averagirg the volumetric flow rate along one timeriod, we get:

4 Qdt 3(q h hdf (24
which yields:
4 g 1 d. (25

The appopriate boundary conditiomaay be presented in ti@lowing form:

W

l %, 1, T Oand V Oaty h(X 1 acos2Sx (26a)

W
q w
2w
which satisfythecondition:a®> b*> 2abcos(/)d (1 d¥

| 1, 71and V laty h(X® d kcos 2 xS , (26b)

Solving the Egs. (19-20) subjet to boundary condition (36the temperature and nanoparticle

fraction field areobtaned as

Ty) Ae™ % A, (27)

Xy) Ay AeY A (28)
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3.PERTURBATION SOLUTION

Although in most previous studies of fluid mechanical problems for the sake of simplicity of the
analysis, fluid viscosity has be¢aken to be constant, in mameal MHD pump flows theiscosity

is a function of temperature. Keeping this in mind, in the @estudy temperatudependent

fluid viscosity has beemcluded and simulateas alinear function of temperature. Thusr the

analysis, weadopt Reynold$model of viscosity as:

P T1- DT for DL. (29)

Applying Egn. (29)to Egn. (21), we obtain

3 2 2
0 1 Drﬂ1 2 W pTwES Tl Tow b (30)
W wyw  yYw gy w y wy

The case for aanofluidwith constant viscositgan beretrievedas a pecialcase of the present
investigation when we assunf2 0.Egn.(30) is a highly nonlinear partial differential equation
and it is not possible tderive exact solutios. However we may deploy @erturbation method in

terms of O(viscosity parameterpy expandingl and F in the following forms:
I 1y DI, ol,, (32)
F R O oOF,. (32)

Inserting theabove expressioriato Egn. (30) and boundary conditions E((26), the following

systemsmerge

3.1. For the system of order

4
o LT IS Y (33)
Wy i yw oy w
G W)
\ P 1 at ] 34a
° 2y y h (34a)
G W)
\ o Tb gt . 34b
o Py y h (34b)

3.2. For the system of order 2

) W, w7 Ay N2W,2 L Wy

W Tywyw YW ow Y =
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\, %,— 0 at y h, (36a)

Y oaty h. (36b)

3.3. Solution for system of order 3

Solution of Eq. (33) subject to boundary conditions Eq.(343&an bederived as

W) & GeY LY LeV ¥ €

3.4. Solution for system of order £

UsingEqn.(37) into Eq.(35) andinvokingthe boundary contions (36a & b), wearrive at:

L) & GeV q& LY L LéV Lyd L -
Le” Lyé” Le"’ et
The stream function of theandluid is given by the expression:

| 1, DI, ol,,

Y) & geV Ly = Lev o

N
Le™ Le¥ Lyé” Le*" et o
Axial velocity can also be derived as:
u(y) 2Loy % AL.e® ¢Né¥ ¢ N¥
L, LNy N LN ¢ % ™ g L Ne¥
D Ly N AieNA’y b, N @e”‘ly 2|_3Al\eZA1y
Ly L Ae® -
©

All the coefficientdeatured in the above closéarm solutions,are presented in thgppendix.
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4. VALIDATION WITH MAPLE17

The linear dimensionless twaint moving boundary value problem (BVP) i.e. egns. (19), (20)
and (21) with conditions (26a26b) are easily solvedising RungeXKutta#erson numerical
guadrature to yield temperature, ngrarticle volume fraction and stream functidrhe axial

velocity is then computed in a siteration loop based on thiefinitionu W . The computations

are executed IMAPLE17 software (RK45algorithm). This approach has been extensively
implemented recently inon-Newtoniannanofluidflows [63].The robustness and stability of this
numerical method is therefore well establishiéds highly adaptive since it adjusts the quantity

and location of grid points during iteration and thereby constrains the local error withptaae
specified bounddn the current problem, the wall boundary conditions given in EQGs.,lf) are

easily accommodated. The stepping formulae although designed for nonlinear problems, are even

more efficient for any order of linear differentialuagion and are summarized bel{3]:

k, f X,y , (41)
o hy g 42
G fx Shy Sk ?gzlif@i, 43
o x Bny 22, T Ty
G Fx Ry ook 8k S SUE R (45)
G Fx SRy ok 2K etk ik < R (46)
WEE 1

16 6656 2856 9 2
: - Kk —“K¥ b 48
SR 135% 12825kz 564333(3 50Iﬁ 55@ (48)

Here Udenotedourth-order RungeKutta phase andis the fifth-order RungeKutta phase. An

estimate of the error is achieved by subtracting the two values obtained. If the error exceeds a
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specified threshold, the results can beatculated using a smallstep size. The approach to

estimating the new step size is shown below:

M, §°

_ M 3 (49
2|Zi 1 Y1|©

Mew o
A comparison of the analytical andAPLE numerical quadrature solutior(®lue dots)is
documented irrigs. 2affor pressure rise profile wit variation in (a) O (b) M, (c) K, (d) Rn,
(e) Eand (f) Br and also Figs. 3afor axial velocity distributions (axial velocity vs. tramssge
coordinate) for (aM, (b) Rn, (c) Pr, (d) K, (e) £, (f) L and finally in Figs 4al for
temperature and nanoparticle volumactron profiles with variation in (ak, (b) Nt, (c)Pr,(d)
Rn.Only one case is validated in each plekcellent correlation is achieved in all cases.

Confidence in the present aniidyl solutions is therefore high. Maple quadrature is of comparable
accuracy to many other sophisticated saomerical methods including homotopy analysis
methods (HAM),Adomian decomposition methed ADM), spectral collocation Chebyschev
polynomial metlodsandVariational iterative methods (VIMsyhich accurately compute series
solution,although Maple quadrature is less algebraically rigorouscandbe applied directly for

all types of diferential and integral equations, linear or nonlinear, homogsneur
inhomogeneous, with constant &oeients or with variable cdicients. Another important
advantage is that the method is capable of greatly reducing the size of computation work while
still maintaining high accuracy of the numerical solufi68].

5.NUMERICAL EVALUATION OF RESULTS AND DISCUSSION

The primary aim of thignvestigation is to anakethe influence oftemperaturalependence of the
nanoliquid viscositythermal radiative flux, wafer permeability and heat source/sink effects on
thermal flow characteristics of the solar peristaltic nanofluid magnetohydrodynamicpuoitno.

In this regard, herein welaborate on the impact garious pertinenhydrodynamic, magnetic,
thermal and porous mediuparameters.e. Reynolds number viscosity paramégtér, heat
source/sink parametéd, Prandtl numbgiPr), Hartmann numbéM ), thermal radiatio(Rn) ,

Permeability parametdiK) andlocal nanoparticle Grashof numi§8r) at a predetermined axial

location along the pump channet ( 0.5) on the evolution ofxial velocity of the fluid(u),
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pressure gradientdp/ dx), temperature distributio 7y and nanoparticle volume fraction of the
fluid ( V. The distrbutions are depicted iRigs.2-7. Evaluation of the closed form solutions is

conducted via the symbolic softwakathematica which is very versatile for peristaltiand

hydromagnetic pumpimulations.
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Figure 8. Comparison resultf stream functiorversus transverse axis

5.1. Pumping characteristics

1
The pressure rise per wavelength can be cakdilay using the formp 3ﬂgdx Thepressure
W
0
rise is computed numerically usirtbe symbolicsoftware Mathematica for the perturbation
solutions andVIAPLE17 for the RungeKutta-Merson numerical solutiong he pressure rise

('p) versusmean flow rate( 4) for various values of O M, K, Rn, £ and Br is illustrated in

Figs. 2 (af). Fig.2(a) portrays that the influence of Reynolds viscogiigrametepn the pressure
rise versus the mean flow rate. One can insure that the pressure rise increases with increasing

Reynolds viscositparameter( ) for thepumping region (p ! 0,4 ! 0). Itis alsoevident hat
volumetric flow rate is elevatedfor Newtonian nanofluid( O 0)and depressed for nen
Newtonian nanofluid i.e. for nepero Reynolds viscosity parametdrD! 0). Additionally,

peristaltic pumping is inhibited with increasingtemperaturalependence of the nahad
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viscosity. This is also consistent with the simultaneous deceleration in the axial flow with greater
nanofluid viscosity. Pressure and velocity (linked to flow rate) respond posite ways in
hydrodynamicsthe inverse relationship is clearly demonstrated in all the negative gradients in the
profiles in the plot. Evidently pressure rise is minimized with the Newtonian nanofluid (least
viscosity) and maximized with strongly ndfewtonian nanofluid (highest viscosity). The
implication for solar pump performance is that if greater pressures are required (as opposed to flow

acceleration), this may be achieved via increased doping of the workidgvithi naneparticles.

Choi [11] has highlighted the strong modification nanofluid rheology with increased
concentrations of nanparticles. The change in viscosity is intimately related to heat transfer
enhancement of nanofluids in particular when buoyancy forces are present, as in the present study,
as will be elaborateith due course. Thus viscosity variation as studied by the Reynolds model may
provide a good insight into the improved efficienaiegorted in solar energy systems doped with
nanofluids at higher temperatures as notecimgarapuet al. [17], Alashkar and Gadallg0].
Furthermore, since magnetic pumping is also present it is noteworthy that the present computations
are consistent with the earlier sifations of Shahidian et g26] where rhelogical and higher
viscosity was observed to also generate pressure difference elevation in pump opdrekans.

2(b), we examine the effect of Hartmann numblér on the pressure rise verse mean flow rate.

Clearly pressure riseirdinishes with growing values of Hartmann number for the peristaltic
pumping region (p! 0,4 ! 0). The Lorentz magnetic drag force i:M 2\& I/ w? in eqn. (21)

is generated by the application of magnetic field in tkh#iréction (transversm the axial velocity
direction i.e. the Xdirection). This accelerates the flow and concurrently depletes the pressure rise
in the solar magnetic pump channel. The profiles are all therefore linear decays i.e. with maximum
pressure rise there is a copending minimal flow rate and vice versa. This concurs with t
findings of Lim and Cho[21] for the similar scenario of a tmaimensional channel with side
walled electrodes, although in our study wall deformability is present i.e. the channel walls
propagate peristaltiwvaves (we hag set the amplitudes of left and right walls agh as 0.3 and

0.2 respectively and also the phase difference is prescrib&d)aSimilar observations have also

been reported by Das et §2], Ho [23 and Leboucher et al. #& These studies havésa shown

in agreement with our computations that pressure rise in magnetohydrodynamic pumping is lowest

with strong magnetic field = 0.5) and highest with absence of magnetic field i.e. electrically
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nortconducting nanofluid\l = 0). These trends arestained at all values of volumetric flow rate

(4). Fig. 2(c)depicts the influence of permeability paramete) On the pressure rise versus mean

flow rate distributions. From this figure, we discern that an increase in the pertygeivdéimeter

initially depresses the pressure difference; however, with subsequent increase in volumetric flow
rate the pattern is strongly reversed with a significant upsurge in pressure difference during
peristaltic pumping Permeability is a key charagtstic of porous mediaThis parameter
characterizes the hydrauic transmissivity of the porous medium. It does not however relate to the
porosity of the medium which is connected to the relative volume of voids to the volume of solids.
Permeability featwes in the linear Darcian impedance term in the reduced momentum equation
(21), namely the term¥1/K) W\/w? and this is associated with the retarding effect of the porous
VRODU ZDIHU ILEHUV 'DUF\YfV ODZ LV JHQHUD@®@a. wyiBOLG IRL
applicable for viscoudominated pumping dynamics as opposed to inertddiyinated transport

(this requires a Forchheimextended Darcy model to simulate second or higher order drag effects
and is presently being considered as an exterisidthe current work to extend the operational
range to higher Reynolds numbers). With increasing permeability, the regime solid fibers
progressively decrease. This results in effective enhancement in pressure differences across the

channel length i.e. a bstin 'p. Thisbehaviors sustained for the majority of positive volumetric

flow rates. The initial depletion in pressure rise is more associated with the entry length
hydrodynamics and negative flow rates (back flow) and a threshalanetric flow rate is
necessary to enforce the dominant effect of permeability as elucidated in d&tahlgyet al. [2b
andalso earlier by Nimand Alkam[38] for different solar cell and pump configurations i.e. the
permeability effect is independersitconduit geometry and is controlled by the nature of the wafer
material. The presence of a low permeability porous medium (solar wafef=Del generally
damps the pressure difference generated in the pump whereas higher permealilit(.8e.
induces the opposite effect. It is also pertinent to note that the permeabilities studied are high i.e.
the medium is sparsely packed which obviates the possibility of compressibility effects,
consolidation effects or compaction phenomena, as further higtdigiyt&kenet al. [3§. Fig.

2(d) presents the impact of thermal radiation flux on pressure rise versus mean flow rate profiles.

It is remarked that there is a strong presence of positive pumgiddand'p ! 0) whenRn 0

as compared witRn ! 0. Thermal radiation is the most significant contribution from solar heat
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loading [1]. The parametdnarises in the augmented energy equation (19) i.e. in theRerm

WT w2,

5RVVHODQ G { Vedr&iatie©ednivvivfrPand that the nanofluid has gray properties which

are pgular in solar pump designg X UWKHUPRUH 5RVVHODQGYVY PRGHO DVV
the blackbody intensity at the nanofluid temperature and since it is generally ednfm
incompressible flows it is particularly appropriate for low speed transport characteristic of porous
media hydromagnetic pumping. The parame®r embodies the relativeeontribution of

conduction heat transfer to thermal radiation transfer. It iswsly known in thermal physics as

the Stark number and RossalaBoltzmann numbefl]. LargeRnvalues imply small radiation
contribution and smalRnvalues correspond to high radiative flux. Res : WKHUPDO UDGLD\
AX][ FROQWULEXWLRQ YDQLVKHY DQG WKH GRPLQDQW PRGH RI
with smallerRnvalues, thermal radiation is stronger than thermal conduction (the contribution is

only equal for both modes of heat traersivhenRn 7TKHUPDO UDGLDWLRQ VXSSO
thermal conductivity via the energy equation and serves to increase temperatures, simultaneously
reducing momentum transfer which serves to decrease pressure difference at positive flow rates
(the cowerse effect is induced at negative flow rates). The influence of radiative flux on velocity,
temperature and nasparticle volume fraction distributions is described in due course. The

variation in pressure rise for different values of heat source/sirdinetier £ is illustrated in

Fig. 2(e).It is evident that pressure rise is assisted with an increase in heat source (generation)
parameter in all the peristaltic pumping regions. The maximum peristaltic pumping is achieved

when E!0 as compared with the least efficient pumping attained itl0. Generally, the

presence of heat generation (mimicking for example thermal hot spot zones in solar pumps)
strongly elevates temperatures (see fig 4a). Thig assists in momentum development and
manifests in pressure difference depletion. The influence is maintained at both negative and
positive flow rates i.e. whether correct pumping or reverse flow is present. The observations are
consistent with the findirggof Tien and Vafai [3Q The heat source effect is also particularly
relevant to gpundheat source solar pumps [3B works effectively to energize the pumping fluid

and aids in increasing thermal pumping efficierteigs. 2(f) display the influence dhe species
buoyancy force (simulated via local nanopatrticle i.e. solutal Grashof nBnpen the pressure

rise ('p)versus mean flow ra(4). Br arises in the species buoyancy term in the redluc

momentum eqn. (21) i.e. Bfand this term couples the momentdigld with the naneparticle
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species concentration field described by egn. (20). It represents the relative magnitude of the
species buoyancy force to the viscous hydrodynamic force inhdnenel. WherBr o0 species
(solutal) buoyancy effects vanish. Thermal Grashof numBe&)y (s prescribed a value of 2
implying the thermal buoyancy force is double the magnitude of the viscous hydrodynamic force.
Pressure rise is considerably elevated witleasingsolutal Grashof numb@r . This applies at

both negative and positive flow rates and in the pumping regior Q), the augmented pumping
region (‘p < 0), and the free pumping regionp(= 0). Pressure rise is clearly gupssed with
absence of species buoyancy forces indicating that the presence gfanticies is beneficial to

solar peristaltic pump performanddanoparticle solutal buoyancy is shown therefore to be a
critical characteristic which modifies the pumpdhydynamic regime. It is also judicious to
mention that positive values Bir correspond to nanrparticle transfer from the channel wsaby
natural species convecti@arrents which implies a reduction in wall mass transfer rate (channel

wall nangpatrticle concentration gradient).

5.2. Axial Velocity distribution
The effects of the principal flow parameters i.e. Hartmann magnetic number, thermal conduction

radiation parameter (Stark number), Prandtl number, permeability parameter, heat source

parameter ath Reynolds viscositparameter on axial velocity distributic(u u, Zu,)are

visualized inFig. 3 (af) at the axial locaticx 0.5. It is observed that the axial velocity
distributions exhibit a parabolic nature in which the mmaxm/minimum axial velocity appears at
the core zone of the channel. However, there is a sligigydsnetry which is a manifestation of
the differentamplitudes of left and right walls i.e, b as 0.3 and 0.2 respectivelg. the profiles

are either skeed to the left or to the right wallhe influence of Hartmann numk(M) on axial

velocity distribution versus transverse coordinate is plotteBligr3 (a). It is noticed that the
performance of axial velocity near the channel waligl at the core part of the channel
demonstrates a reflective symmetry approximately about the channel centne if®3. (Axial

velocity enhances with an increase in Hartmann number near the lower deformable channel wall.
However, it reduces in the coregion of the porous medium channel and all profiles merge
towards the upper wall i.e. there is invariance in the magnetic field effect near the upper wall. The
presence of magnetic field in the electricalynducting magnetized nanofluid, as explained

ealier, mobilizes the Lorentz magnetic force. This acts to resist the channel flow in magnetic
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generator operations but accelerates the flow in magnetic pumping operations (as considered here).
Fig.3 (b) shows the effect of thermal radiation on axial velpdistribution. It is noticed that

velocity is depressed in the lower channel half spacey « >1.07, 0.2499 whereasit is

enhanced in the upper channel half space, with incre Rnng. with decreasing thermal radiative
flux. Energization of the nanofluid with stronger solar radiative flux therefore decelerates the
pumping flow. The Prandtl number effect on the axial velocity distribution is plottEdyiB(c).

It is apparent that the axial velocity is raised with an elewath Prandtl number over the lower

channel hakspace rangy « >1.07, 0.2386(, however, in the upper channel half space range

velocity is strongly decreased with increasing Prandtl numblee. neslip condition requires that

WKH ARZ YHORFUMDFBEBVWR WMWK KH FKDQQHO ZDOOV LV JHUR DQG \
equal to the surface temperature. Prandtl number defines the relative rate of momentum diffusion

to energy (heat) diffusion in the regime. For Prandtl number of unity, both heat@ndntum

diffuse at the same rate. In the entry length zone of the magnetohydrodynamic solar pump channel,
for Prandtl number below unity, the thermal boundary layer is thicker than the velocity boundary
layer. The flow is also accelerated with increagtngndtl number in the lower channel half space

since this is closer to the entry length zone whereas the converse effect is induced in the upper
channel half space. As elaboratedSimahidian etla[26] it is unfeasible to achieve a consistent
acceleratia or deceleration throughout the entire magnetohydrodynamic pump with purely an
increase in Prandtl numbefig.3 (d) displays the axial velocity distribution for three different

value of the permeability parame(& 0.1,0.2 and1). It is viewed that the axial velocity is
suppressed in the regigne[ 1.07, 0.2846, whereas it is magnified in the region

y ¢[ 0.2846 0.64]. The switchover for this behavior is located to the left of the channel centre

line. Maximum axialflow is generated miavay within the upper channel half space with
maximum permeability i.e. minimal Darcian retarding force. Increasing permeability parameter
results indepletionin resistance of the solid fibers to the percolating nanofluid. This erate$

the nanofluid pumping and increases the shearing effect at the channel walls leading to greater
shearing stresses at these boundariesk As WKH SRURXV PDWUL[ GLVDSSHDU\
EHFRPHV SXUH QDQRAXLG KQ WK IR PSFOULNVPHS @ URPIHVID BDLVO L W\
the pump is completely filled with solid material preventing pumping operations. Many studies

including Vasiliev et b [37] and Ramesh B have confirmed that optimum solar and peristaltic
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pump performance and flow control is attainable with high but not excessive permealfiijes.
3 (e)shows the influence of the three different values of heat source pari( £ 0,0.5and1l)
on the axial velocity distribution for the fixed values of other parameters. It is evident that with

increasing heat source/sink parameterthe axial velocity field is depleted in thener channel
half spacey « >1.07, 0.4046( where as it is enhanced in the upper channel half space in the
range y « >0.40460.64( The influence of the Reynolds viscogit}) parameter onuis

presented irFig. 3(f). Axial velocity distribution ) reduces with the increase in Reynolds

viscosity effec{ O in the lower channel half space (here the boost in viscosity inhibits strongly the

entry flow in the solar pump channel duct) whereas térary behavior is computed in the upper
channel half space (right hand side of the channel geometry). This trend is consistent with several
studies on nanofluid neNewtonian viscosity behavior, including Choi [LahdShahidian et al.

[26, 29. The later investigation has confirmed@erimentally that viscosity abnormally increases
when an increase in volume concentration of Agawdicles is present and this leads to deceleration

in flows earlier in micrechannels with subsequent acceleration.

5.3 Temperature and Nanoparticle volume fraction distributions

In Figs.4 (ad) the evolution of nanofluid temperature distribut ( 7) and nanoparticle volume
fraction ( Wwith respectively different values of heat source pakhwW H U WKHUPRSKI

nanoscale parameteNt), Prandtl number (Pr) and conducticadiation Stark numbelR{). A
significant feature of the temperature distributions is the concave upward profile whereas a
downward concave topology is exhibited by tlenoparticle volume fraction distributions. The

heat source parameter influences on temperature and nanoparticle fraction distributions are
presented irfrig. 4(a) It is evident that the temperature increases with enhancing the heat source
parameter effds (since thermal energy is imparted to the nanofluid with heat source in the pump)
whereas the nanoparticle volume fraction (i.e. Apadicle concentration magnitude) is clearly
reduced with increasing the heat source parameter. The implication thdhagat generation

effect only assists thermal distribution homogeneity in the channel whereas it is guodigstive

for the diffusion of nangnarticles. The temperature and nanoparticle volume fraction distributions

for the various values of thermoptesis parametéNt) are presented iRig.4 (b). Inspection of

the graph reveals that the temperature distribution increases with an increase in the thermophoresis
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parameter. It also noticed from this figure that the nanoparticle voltamgdn reduces with an
increase in the thermophoresis parameter. Different nanoparticles types transport differently under
the thermophoretic force which is associated with migration of 4panticles from hot to cold
surfaces. This is of great utility solar magnetic nanofluid pumpstf28] since via selection of
specific naneparticles, customized performance may be achieved. It is further of interest to
consider the mechanism of thermal enhancement in nanofluids under solar radiative conditions. It
is also noted that the Brownian motion paramelih) (s fixed at 0.6. Since Brownian dynamics

is also present, the nanofluid molecules are organized into an ordered layer at tpartialeo
solid-liquid interface which results in thermal conductivity irat ordered layer being lower than
thermal conductivity of the soligharticles but larger than that of the base fluid. essier
suggested by Buongiord3], this interfacial layer is a solitike structure, and it is referred to as
nanolayer. This hypothetical nanometigeslayer is considered as a thermal layer between the
solid particle surface and the base flaidd to the current state of knowledge of nanofluid
mechanics, this nanolayer is one of the most probable mechanisms producing the popular thermal
conductivity enhancement. Infact the existence of even a thin nanolayer at relatively high
Brownian motion peameter values still may contribute markedly to the elevation in thermal
conductivity of nanofluids, mainly when the particle diameter is smaller thanml0Oin
conjunction with thermophoresis, the extra energy transport of nanoparticles is due tofresult o
Brownian motion. The relative motion between nanoparticles and base fluid molecules generates
micro-convection which when summated over the entire body of the nanofluid results in an
effective boost in heat transfer i.e. temperatures. The present it@loresults confirm these
observations. However, it is sincerely hoped that experimental solar engineering researchers will
be motivated to verify actual performance in both laboratory models andugcal®cesses to

actual implementation of the currestlar magnetic biomimetic nanofluid pump configuration.

The influences of four different value Brandtl number (i.e., Pr = 1, 2, 3 andof)temperature

and nanopatrticle volume fraction are computeBigs. 4(c).In is found that elevation in Prandtl
number leads to a strong enhancement in fluid temperature whereas it de@atasdparticle

volume fraction.* HQHUDOO\ KLJKHU 3U QDQRAXLGYV ZLOO KDYH UHC
which will suppress thermal conduction heat transfer from the wall and reduce thermal boundary
layer thickness, resulting in higher nanofluid temperatures throughout the cekpaceSmaller

valuesof Prare equivalent to increasing thermal conductivities, and therefore heat is able to diffuse
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away from the deformable pump walls more rapidly than for higher vall&sidénce in the case

of smallerPrthe boundary layer is ttker and the rate of heat transfer to the wall is reduced. This
has important implications in practical solar pump operationsign4(d), we observe that with
increasing thermal radiation (lowBnvalues) there is a substantial elevation in fluid teratpee.

It is also noticed that the thermal radiation effect suppresses nanoparticle volume fraction
magnitudes i.e. countacts diffusion of nangarticles, which has been confirmed in many

experimental investagions including Said et al. [#@nd Du &ad Tang [41

5.4 Trapping phenomena

A unique characteristic of the present solar pump design is the peristaltic wave feature achieved
with distensible channel walls. This generates an intriguing phenomenon known as trapping, the
formulation of an insideirculating bolus of nanofluid which migrates together with the wave at a
fixed mean flow rateln axisymmetric peristaltic flows, the positive motion displacing fluid
forward manifests in a torus shape. The bolus is trapped by the wave and therefogatpsopa
forward with the same speed as that of the wave. Howemére current analysis, nesymmetric
peristaltic pumping is studied owing to the differencanmplitudes of left and right walls i.e. a, b

as 0.3 and 0.2 respectively. Howewersingle phse difference of34 between the left and right

wall peristaltic waves is assumed. Although asymmetric peristaltic flows may gerefhatgor
retrograde flux), that is, reversed motion of fluid in the opposite direction opposite to the net flow
(i.e. inthe negative xdirection) this has not been observed in the current work. The streamlines

for different Reynolds viscosity parametef) , heat source/sink parametéd and Hartmann
magnetic numbe¢M ) for fixed values of other parameters are illustrateligs.57. Fig. 5(ab)
indicate that with increasingeynolds number viscosify) the size of trapped bolus increases in

amplitude in the right part (upper half space) of the nehand the reverse situation is generated
in the left part (lower half space) of the channel wall. The impact of two different values for heat

source parametdr£ Oand £ 0.5) on trapping is shown iRig. 6(ab). One can ntice that the

size of the bolus increases in the vicinity of the right part of the channel with increasing heat source

parameter.Fig. 7(ab) clearly reveals that the size of tapped bolus increases with magnetic field
effect i.e. as Hartmann number incsea from the nomagnetic casdM 0 to the strongly

magnetic case (M=1) trapping is more potent in the channel regime.
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5.5Further Validation with Published Literature

Fig.8 is explained to authenticate the results of proposed modebuwitbuoyance forces
Br Gr 0, Permeability parametefk) andReynolds numbeviscosity parametérD) with

existing resuk Srinivas and Kothandapani |64 the asymmetric channel. It is perceivbdt the
results ofproposed model is significantly close to that described hyiv&s and Kothandapani
[64] in the entirewidth of the channel.

6. CONCLUDING REMARKS
A theoretical study has been presented to simulate the influence of tempdegtensnt
viscosity, thermal radiation flux, nanoscale phenomena, heat generation, solutgbdrzcie)
buoyancy force and magnetic field on the fimensional flow, heat and species diffusion in a
solar biomimetic (peristaltic) magnetohydrodynamic nanoffuichp containing a homogenous,
isotropic porous mediumA modified Buongiorno [13]nanofluid model is deployed which
emphasizes thermophoretic body force and Brownian dynamic effects. To simulate solar thermal
loading conditions the Rosseland radiativéfugion flux model is implemented and heat
generation is included. Mtiple amplitudes and phases are considered for the deformable channel
walls. The moving boundary value problem is stbmensionalised and perturbation solutions are
derived foraxial vdocity, temperature and nanoparticle volume fraction. Validation is conducted
with Maple numerical quadrature and volumetric flow rate, pressure difference and streamline
distributions are also computed. The impact of Reynolds nunisewsity( J , heat source/sink
parametef A, Prandtl number (Pr), Hartmann numgdr) , thermal radiatio(Rn) , permeability
parameter(K) andlocal nanoparticle Grashof numl§8r) on thermal and flow characteristics is
visualized. The important findings in the current study may be summarized as follows:

% The free pumping flux for a fluid with variable viscosity is greater than that for a fluid

with constant viscosity.
¥, Greater peristaltic work has to be expended versus a greater pressure for a fluid with
constant viscosity when compared with that fluid of variable viscosity.
% Pressure rise increases as Reynolds viscosity of nanofluid and the heat generation

effects arencreased.
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Fluid axial velocity distribution is only enhanced with Reynolds viscosity increasing,

in the inner core zone of pump channel, owing to the lesser impact of shear stress (wall
friction) in the inner core.

The nanopatrticle fraction distributiexhibits the reverse behavior as compared with
the temperature distribution under the influence of thermophoresis, Reynolds viscosity,
Prandtl number and magnetohydrodynamic Hartmann number.

With increasing Reynolds viscosity, the size of trapped bolasdses in amplitude in

the left section of the channel whereas the opposite behavior is observed in the right
channel half space.

Increasing radiation solar flux significantly heats the nanofluid whereas it inhibits
nanaparticle diffusion in the regime.

Increasing magnetic Hartmann number serves to reduce pressure differences in the
pumping channel with a corresponding acceleration in the axial flow.

Excellent accuracy, stability and convergence is achieved with both the perturbation
solutions and MAPLE7 computations.

Pressure difference is strongly boosted with increasahgtal Grashof number at both
negative and positive flow rates and in all three solar peristaltic pumping regimes i.e.
the pumping region'(p > 0), the augmented pumping regioip(< 0), and the free
pumping region (p = 0).

Solar thermal radiation flux energizes the nanofluid in the pump and elevates
temperatures via the augmentation of the nanofluid thermal conductivity; hqwever
increasing radiation flux acts to reduce pressuremdihce at positive flow rates (the
reverse trend is computed at negative flow rates).

The presence of a low permeability porous medium (solar wafer) is observed to
strongly decelerate axial flow and suppress pressure difference generated in the pump
whereas higher permeability manifests in flow acceleration and pressure difference
elevation.

At all values of Pressure rise in magnetohydrodynamic pumping is stifled with strong
magnetic field whereas it is enhanced for electrieatip-conducting nanofluidsi.e.

whenthe external magnetic field in the pump circuit is switched off).
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The present study constitutes a first attempt to simulate a novel hybrid solar magnetohydrodynamic
nanofluid micrepump for implementation in astronautics, biomedical systems and
environmentallysustainable energy generation. Promising results have been obtained. However,
the current work has been confined to #hmensional opticalhdense nanofluids. Future work

will consider threadimensional numerical simulationgiith ANSYS CH software and
furthermore will explicitly explore the impact of more complex thermal radiation effects. In this
regard optical thickness and absorption coefficient are key aspects to study since they quantify
how much a given medium retards the passagffgeomal radiation. Radiative intensity falls by an
exponential factor when optical thickness is unity. Physically optical thickness will be a function
of theabsorption coefficient, medium density and propagation distance in actual solar pumps. It
may ke advantageous to explore the P1 radiative flux model which although more computationally
expensive predicts the actual influence of solar radiative flux more accurately than the Rosseland
model and also is applicable to ngray nanofluids although it mayightly overpredict radiative

fluxes from localized heat soces or sinksNon-Darcy porous media effects are also being
considered in order to extend the operatidd@ynolds number range for the current solar pump

to higher values encroaching into theertially-dominant range.Finally, supplementary
electromagnetic phenomena may also be examined in refinements of the present solar magnetic
nanofluid peristaltic pump model, including Hall currents, Maxwell displacement currents,

magnetic inductionJode heatingand ion slip.
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APPENDIX 1: ANALYTICAL SOLUTIONS
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