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Abstract: The study of gold nanoparticles (AuNPs) in the blood flow has emerged as an area of
interest for numerous researchers, due to its many biomedical applications, such as cancer radio-
therapy, DNA and antigens, drug and gene delivery, in vitro evaluation, optical bioimaging, radio
sensitization and laser phototherapy of cancer cells and tumors. Gold nanoparticles can be amalga-
mated in various shapes and sizes. Due to this reason, gold nanoparticles can be diffused efficiently,
target the diseased cells and destroy them. The current work studies the effect of gold nanoparticles
of different shapes on the electro-magneto-hydrodynamic (EMHD) peristaltic propulsion of blood
in a micro-channel under various effects, such as activation energy, bioconvection, radiation and
gyrotactic microorganisms. Four kinds of nanoparticle shapes, namely bricks, cylinders and plate-
lets, are considered. The governing equations are simplified under the approximations of low Reyn-
olds number (LRN), long wavelength (LWL) and Debye-Hiickel linearization (DHL). The numeri-
cal solutions for the non-dimensional equations are solved using the computational software
MATLAB with the help of the bvp4c function. The influences of different physical parameters on
the flow and thermal characteristics are computed through pictorial interpretations.

Keywords: bioconvection; activation energy; gyrotactic microorganisms; gold nanoparticles; phys-
iological flow; electroosmosis

1. Introduction

Recent developments in nanotechnology have motivated the creation of various na-
noparticles [1-4]. Among the existing nanoparticles, metallic nanoparticles have been
used widely in biomedical treatments and, among them, AulNPs attract extreme attention,
due to their inherent characteristics, such as surface plasmon resonance (SPR), and their
physicochemical, electronic and optical fields, which can be easily modified by converting
the particle characterizations, such as environment, aspect ratio, size and shape. This leads
to the provision of extreme functionalization properties, of use in many applications in
diverse categories of biomedicine, for instance, in imaging, targeted drug delivery, sens-
ing, bioimaging, photodynamic and photothermal therapy. Gold nanoparticles have been
greatly used for diagnostics of disease, therapeutics [5], tumor necrosis factor, transmis-
sion electron microscopy, scanning electron microscopy, polyethylenglycol and plas-
monic photothermal therapy [6]. In the last few decades, many researchers have shown
the various applications of gold nanoparticles in diverse areas. For instance, Elahi et al.
[7] provided a short review on the various applications of gold nanoparticles. In their
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study, they have concluded that gold nanoparticles have many applications in biomedi-
cine, such as oncological diseases, certain skin or infectious diseases, hyperthermia, X-ray
imaging and photoacoustic imaging. Daraee et al. [8] proved the AuNPs can play an ex-
cellent role in solving the problems of bioimaging (optical coherence tomography, confo-
cal laser microscopy and resonance scattering dark-field microscopy). Bansal et al. [9] pro-
vided a review on the achievements in and the importance of AuNPs in the biomedical
field. AuNPs are widely used in nanoelectronics, as has been shown by Homberger and
Simon [10]. In light of the aforementioned reviews and experimental works, more re-
cently, investigators have started working on nanofluid flows suspended by gold nano-
particles from a biological point of view. Mekheimer et al. [11] provided a theoretical
study on the peristaltic propulsion of blood flow with gold nanoparticles as a third-grade
nanofluid in a catheter, which is applicable in cancer therapy. Koriko et al. [12] presented
MATLAB bvp4c solutions for the blood—gold Carreau nanoliquid flow. Ellahi et al. [13]
used the homotopy perturbation method to study the blood flow of a nanofluid in com-
posite stenosed arteries. Riaz et al. [14] studied the Jeffrey nanofluid flow in two eccentric
asymmetric annuli with the help of the homotopy perturbation method. Elnaqeeb et al.
[15] discussed the propulsion of gold nanoparticles in the blood in overlapped stenosis.

It is well known that the magnetic field can be used to treat various diseases. The
Arabian physician Avicenna used magnets to treat diseases of the liver in about 1000 A.D.
The Persian physician Abbas wrote a book named “Perfect Book of the Art of Medicine”
and claimed that magnetism can cure gout and spasms. Later, the Swiss physician Para-
celsus used magnets to treat hernias, dropsy and jaundice [16]. Magnetic fields can cure
many ailments and is used in the hyperthermia treatment of cancer, as an MRI contrast
agent, drug delivery method, in magnetic bio-separation and nervous disorders [17]. Roth
[18] provided a review on the applications of magnetic forces in medicine, such as mag-
netic resonance imaging, magneto-acoustic tomography, Hall effect imaging and mag-
neto-acoustic imaging. Zablotskii et al. [19] proved that magnetic fields affect cell life and
discussed their many applications in targeted stem cell delivery, cell therapy, cell biology,
and nanomedicine. In view of the aforementioned applications, many researchers have
started working on magnetic fields towards the achievement of physiological vessels.
Eldabe et al. [20] used the differential transform method to investigate the MHD Carreau
nanofluid flow in a peristaltic channel suspended by gold nanoparticles, which was useful
in destroying cancer cells. Abdelsalam and Bhatti [21] provided the analytical results of
the MHD peristaltic nanofluid flow with suspended gold nanoparticles and concluded
that their findings may be useful in in eradicating tumor cells. Akram et al. [22] obtained
the exact solutions for the nanofluid flow through a peristaltic channel under a uniform
magnetic field. El-Dabe et al. [23] utilized a numerical technique, named the Runge-
Kutta—Merson method, to discuss the motion of a nanofluid during inclined peristalsis.
Devaki et al. [24] discussed the MHD nanofluid flow in an artery with mild stenosis and
concluded that their findings may be helpful in destroying of the stencils. Reddy and
Makinde [25] used the Runge-Kutta-Fehlberg method to depict the results of MHD ]Jef-
frey nanofluid motion in an asymmetric channel.

In the last few decades, the level of electromagnetic fields (EMFs) of natural and man-
made origin has continuously increased, due to their wide variety of applications in di-
verse research fields, such as wound healing, cartilage/bone repair, pain control, inhabi-
tation of cancer growth, plastic surgery, electro-chemotherapy, gene therapy, non-thermal
ablation, tendon injuries [26]. Ryan et al. [27] provided an experimental study on electric
field simulation for tissue engineering applications. Cen and Chen [28] presented electric
field applications found in pulsed electric field treatments in vitro and in vivo. There are
other applications that have been shown in transcranial magnetic stimulation and nerve
electrophysiology with respect to electric and magnetic fields [29]. Moatimid et al. [30]
discussed the influences of electroosmosis on nanofluid flow in a peristaltic micro-channel
and that are useful in cancer therapy. Tanveer et al. [31] presented a theoretical investiga-
tion on the motion of a nanofluid under electroosmosis and peristalsis. Sharma et al. [32]
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provided analytical solutions for nanofluid flow in a fluidic peristaltic channel with elec-
troosmosis and their findings can be useful in particle filtrations and cell therapeutics.
Prakash et al. [33] studied the motion of a tangent hyperbolic nanofluid via peristaltic
pumping with electroosmosis effects with the help of the perturbation method. Noreen et
al. [34] discussed the flow of an EMHD nanofluid in an asymmetric microfluidic channel.
Mekheimer et al. [35] used gold nanoparticles in a base fluid to discuss the flow charac-
teristics in an EMHD peristaltic channel.

Motivated by the aforementioned investigations, the effect of electroosmosis, mag-
netic field, activation energy, bioconvection and radiation on the gold-blood nanofluid
flow in an asymmetric peristaltic channel is considered in the current article. The different
shapes of nanoparticles are considered in the present model since the nanoparticles show
characteristic colors and properties with variations in size and shape, which can be uti-
lized in cutting-edge materials, biological imaging and biomedicine [36]. The governing
equations are simplified under the lubrication approach and Debye-Hiickel linearization
process. The resulting highly non-linear system of differential equations area solved nu-
merically under the mathematical computational scheme MATLAB bvp4c. The pictorial
representations for the velocity, temperature, nanoparticle volume fraction, shear stress
and microorganism concentration are presented for sundry parameters.

2. Mathematical Model
2.1. Problem Formulation

Peristalsis is a contraction and relaxation of muscles that propagates in a wave down
a channel/tube. This kind of situation can be seen in many physiological situations, such
as food flow through the esophagus, bile flow through the bile duct and intrauterine fluid
motions. For example, in the digestive tract, peristalsis starts in the esophagus where
strong wave-like motions of the smooth muscle move balls of swallowed food to the stom-
ach. There, the food is churned into a liquid mixture called chyme that moves into the
small intestine where peristalsis continues. We considered the mathematical modeling of
EMHD gold-blood nanofluid flow in a peristaltic asymmetric vessel. The influence of bi-
oconvection, activation energy, thermal radiation, and the different shapes of nanoparti-
cles, such as bricks, platelets and cylinders, were taken into account. The Cartesian (X,Y)
system is assumed transverse and parallel to the path of wave propagation. The motion is
assumed under the electroosmosis and peristalsis behavior. The uniform magnetic field
B, is applied in the transverse direction of the actual fluid motion. It is also assumed that
the left wall of the peristalsis was maintained at temperature, concentrations and motile
organisms as Ty, Cy, Ny. The temperature, concentrations and motile organisms of right
peristalsis wall were considered as Ty, C;, N; (see Figure 1). The geometries of the left and
right peristalsis walls were represented as [37]

H;(X,t) = —d — a, cos? G (X —ct) + (].’)), 1)

H,(X,t) = d + a, cos? (% X - ct)), )

where H, is the left peristaltic wall, H, is the right peristaltic wall, d denotes the width
of the channel, a; represents wave amplitude of left wall, a, is the wave amplitude of
right wall, 1 denotes the wavelength, ¢ is the time, ¢ is the wave speed and ¢ repre-
sents phase difference; for ¢ = 0, the corresponding problem is converted to symmetric
model.
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Figure 1. Schematic flow representation in the presence of EMHD and gold nanoparticles.

The governing equations (continuity, momentum, energy, nanoparticle volume frac-
tion and microorganisms) for the nanofluid flow in the fixed frame are expressed as [38—

40].
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with the corresponding boundary conditions [41-43]:
F /s
— N — — - - —d— 2(_Z(x —
U=01= TT—%LZI@N—NONY—H&— d %am(lﬂ'cﬂ+¢», ©)

U=0,y =§,T =T,C=C,N=N; at Y =H, (= d + a, cos? G(X—ct))), (10)

where U, Vdenote the velocities in Xand Y directions, respectively; p,f is nanofluid ef-
fective density; t is time; uys is the nanofluid dynamic viscosity; g, is the nanofluid
electrical conductivity; (pf),r is the effective thermal expansion; g is the gravitational
force; T is the nanoparticle temperature; p, is density of nanoparticle; p; is density of
the base fluid; N is motile density; N, is ambient concentration of motile organisms; y
is volume of microorganisms; p,, is motile organisms density; p, is electrical charge
density; E, is applied electric field; (pcp)n p is effective heat capacity of nanofluid; ks

is thermal diffusivity of nanofluid; ¢* is the Stefan—Boltzmann constant; k* is mean ab-
sorption coefficient; Dy is Brownian diffusion coefficient; C is nanoparticle concentra-
tion; Dr is thermophoretic diffusion coefficient; T;,, is mean temperature; k, is the rate
of reaction; n is the fitted rate (—1 <n < 1); E, is activation energy; w is the Boltz-
mann constant (8.61 X 107%ev/K); b* is chemotaxis constant; W, is swimming cells
speed; P is pressure; ¥ is the dimensional stream function; F is the dimensional con-
stant flow rate; and D,, is the microorganism diffusion coefficient. In Equation (6), the
radiation effects were considered under the Rosseland approximation and simplified with
the help of Taylor’s series expansion.

2.2. Electrohydrodynamics

In a micro-channel, the Poisson equation is defined [44] as:

Vg = —Le
% (11)

where @ denotes the electric potential, & is the dielectric permittivity, and p, represents
the total charge density.
The net charge density p, follows the Boltzmann variation [45] and is

pe = —zye(n” —7"). (12)

The anions (n ) and captions ("ﬁ+) are distinct by p, of the Boltzmann equation:

ezy —
ﬁi = noe(iTavKB(p>' (13)
where, N, denotes bulk concentration, Kz the Boltzmann constant, z, the charge bal-
ance, e the electronic charge and T, is the average temperature. Employing Debye-
Hiickel linearization estimation [45], Equation (11) revolves to

dz(p 2

d_yz = K°Q, (14)
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where K represents the electroosmotic expression. The analytical solution of Equation
(14) with boundary conditions (BCs): ¢ = {; at y=h; and ¢ = {, at y = h, was
reached as:
G, sinh(xh;) — ¢; sinh(xh,) G, cosh(xh,) — ¢; cosh(kh,)
= , cosh(ky) — .
sinh(x(h; — hy)) sinh(x(h; — hy))

> sinh(xy). (15)

2.3. Thermophysical Properties and Geometries of Nanoparticles

The thermophysical characteristics of gold blood nanofluid are given in Table 1, and
are expressed via equations as follow [41,46,47]:

Pnf = Pr ((1 —¢1) t ¢ (ﬁ—i)) (16)

0By = (0B); ((1 —p)+ o (%j) , )
(pco),; = (pep) | A= 01) + ¢ (% : (18)
Hnp = b (1 + A1y + Ay0D), (19)

ke = ks <k” Z:i _(51)_k]; )_kf“: _(p?(‘li’; (—k];c p‘)"p)) 20)
Oy = 0p | 1+ 3%_1)% (21)

[ (% _ ’
G+2)- (G 1)e

Table 1. Thermophysical properties of gold nanoparticles and base fluid (blood) [43,47].

Properties Gold Blood
k(W /mK) 314 0.492
c,(J/kgK) 129 3594
p(kg/m3) 19,320 1063

a(S/m) 4.52x10’ 0.667

B(1/k) x 10~° 14 0.18
(kg/m.s) - 0.0004
Pr - 21

2.4. Non-Dimensional Governing Equations and Boundary Conditions

We introduce the transformations between the wave and fixed frame:
x=X—ct, y=Y, u=U-—c, v=V, p=P,N=N, T=T,C=C. (22

Additionally, the non-dimensional quantities were:
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The analysis was carried out under the assumption that the width of the channel is
small compared to the wavelength of peristaltic waves. This assumption is usually called
long wavelength approximation. Such consideration is realistic when peristalsis for ure-
ter, chyme movement in intestine and spermatozoa in ductus efferences are considered.
The Reynolds number was taken low. The long wavelength and low Reynolds number
approximations are used extensively in the analysis of peristaltic flows. It should be
pointed out that the theory of long wavelength and zero Reynolds number remains appli-
cable for case of chyme transport in small intestine [48].

Using the aforementioned theory, and assumptions (long wavelength and low Reyn-
olds number), the appropriate non-dimensional governing equations (in wave frame) are
written as:

0* 02 20 ] ]
bong 00 _ Ong o O Gr<<f)ﬂ>nf_ e Rb_X>
pr 0y*  op Oy (pB)s 0y dy dy

¢, sinh(xh,) — ¢; sinh(xh,)

sinh(}c(h1 — hz))

+Kk3Uys < )sinh(lcy) 24

<g2 cosh(kh,) — ¢; cosh(xh,)

sinh(ic(h1 — hz)) )COSh(Ky) =0

Fnt a%o 86 90 (6_6)2 _
(kf +RnPr> ay2+Nb Prayay+Nt Pr ) = 0, (25)
9%c Nt 0%0 E
552+ Npayr ~ SCEo(L+pO) exp (— — ,89) — 0, (26)
X _p (X+n)aza pe2X9% _ g 27)
9z ¢ a?: Cayay

with the corresponding dimensionless boundary conditions
F oy

_E’a =-1,0=0,0=0,y =0 at y = h;(= =1 — acos?(mx + ¢)), (28)
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F
lp_

T2

d
,%=—1,9=1,0=1,)(=1 at y = hy(= 1+ b cos?(mx)), (29)

where Q(=F + 2+ (a + b)/2)is the time mean flow rate in the fixed frame and F =
f:l 2(0y/0y)dy is the time mean flow rate in the wave frame.

In the above expressions, 6 is nanoparticle temperature; ¢ is nanoparticle concen-
tration; y is motile microorganisms; M is Hartmann number; Re is the Reynolds num-
ber; § is the wave number; Rb is the bioconvection Rayleigh constant; Gr is the thermal
Grashof number; Nr is the buoyancy ratio constant; Rn is the radiation parameter; 7 is
the effective heat capacity ratio of nanoparticle material-to-liquid heat capacity; Pr is the
Prandtl number; ¢ is the reaction rate constant; Sc is the Schmidt number; g is the tem-
perature ratio parameter; E is the activation energy parameter; Nb is the Brownian mo-
tion parameter; Nt is the thermophoresis parameter; Pe is the Peclet number; 2 is the
concentration difference constant for the microorganisms; Uys is the Helmholtz—-Smolu-
chowski velocity; « is the electroosmosis parameter; ¢; and ¢, are the zeta potentials; F
is the volume flow rate in the wave frame; and ¥ is stream function.

The standard non-dimensional shear stress at the left wall can be represented as

_tar (22

30
i \ay (30)

y=hq

3. Numerical Procedure

The numerical solution of Equations (24)—(27) along with (28)—(29) can be represented
with bvp4c scheme. The mechanism behind bvp4c MATLAB software is the finite differ-
ence method. The system of higher order differential equations is renovated into an ordi-
nary differential equation, representing ¥ = y;, ¥’ =y, " =y, 9" =vy,,0 =y5,0" =
V6,0 =Y7,0 =Yg, X = Yo, X = ¥10. Thus Equations (24)—(29) can be expressed as

Y} =Y
V2 = V3
Y3 = Ya
a;M?y; — Gr(asys — Nryg — Rby,)
vi=—| ¢, sinh(khy) — ¢4 sinh(ichz)) ) B ((;2 cosh(xhy) — ¢, cosh(zchz)) ,
1|~ Uns ( Sinh(ic(h1 — hz)) sinh(ry) sinh(K(h1 — hz)) cosh(icy)
Y5 = Ve, (31)
l=—— _(NbP Nt Pr(ye)?
Y6 = oy 2y VD Py ys + Nt Pr(ye)®)
Y7 = Vs
) Nt | n E
g =~ Ve 158y, (14 Bys)" exp (— 1580 Bys)'
Yo = Y10,
Y10 = Pe(x + 2)yg + Peygyio
with the following boundary conditions:
F
yi(hy) = —E:YZ(hl) = —1,y5(hy) = 0,y;(hy) = 0,y9(hy) = 0; @)
32

Y1(hs) = 2, ¥2(he) = =1,y5(hs) = 1,y;(hy) = 1,¥5(hy) = 1.
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4. Results and Discussion

In the current section, pictorial representations are presented for the velocity u, tem-
perature 6, nanoparticle volume fraction o, microorganisms y, shear stress 7, and
Nusselt number Nu for the various parameters with various ranges, such as the Hart-
mann number M(range 0 — 6); thermal Grashof number M(range 0 — 6); Helmholtz—
Smoluchowski velocity Uyg(range — 3 — 9); shape factor s (nanoparticle shapes are pro-
vided in Figure 2, and the values of the shape factors can be found in Table 2); radiation
parameter Rn(range 0.1 — 0.7); thermophoresis parameter Nt(range 1 —9); Brownian
motion parameter Nb(range 0.1 — 0.9); activation energy parameter E(rangel—4);
temperature ratio parameter f(range 0 — 3); Peclet number Pe(range 0 — 0.9); electroos-
mosis parameter k(range 2 — 2.3); zeta potential ¢;(range 1 — 1.6); bioconvection Ray-
leigh constant Rb(range 1 — 1.6) and buoyancy ratio constant Nr(range 1 — 1.6). Figure
3 presents the influences of various parameters, such as the Hartmann number M, ther-
mal Grashof number Gr, Helmholtz—Smoluchowski velocity Uys and the shape factor s
on the velocity distribution. It can be concluded from Figure 3 that the profiles are para-
bolic in nature and the highest velocities are noticed in the middle portion of the peristaltic
waves. The velocity reduction is noticed with higher values of the Hartmann number in
the middle part of the channel and the trend is reversed near the walls (see Figure 3a). In
the presence of a magnetic field, a force called the Lorentz force arises in the flow domain
and it leads to a reduction in the fluid flow rate. Moreover, larger velocities are noticed in
the absence of the magnetic field. It can be observed in Figure 3b that, with the increasing
values of the thermal Grashof number, the velocity of the nanofluid rises near the right
wall and reduces near the left wall. It can also be determined that buoyancy forces play a
significant role in peristaltic movement. They support the fluid flow along the microchan-
nel. The trend is reversed in case of the Helmholtz—Smoluchowski velocity (see Figure 3c).
Figure 3d represents the effects of various nanoparticle shapes, such as bricks, cylinders
and platelets, on the velocity profile. It can be seen that the larger velocities are observed
in the flow of the nanofluid containing brick-shaped nanoparticles near the right wall, and
later the sequence is followed as cylindrical and platelet-shaped nanoparticles, respec-
tively.

Table 2. Shape factors and coefficients of the nanoparticles [47,49].

Nanoparticle Shapes Shape Factor (s) Ay A,
Bricks 3.72 1.9 471.4
Platelets 5.72 37.1 612.6
Cylinders 4.82 13.5 904.4

Gnoparticle sha[D

» Bricks & Cylinders ., Platelets

N, y

Figure 2. Different nanoparticle shapes.
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Figure 3. Variations in the velocity profiles for (a) the Hartmann number, (b) Grashof number, (c)
Helmholtz-Smoluchowski velocity and (d) shape factor.

Figure 4 presents the variations in the temperatures for various values of the radia-
tion parameter Rn, activation energy E, thermophoresis parameter Nt and shape factor
s. From the temperature profiles, it can be observed that the structure is likely to be per-
ceived as parabolic in nature. It is clear from Figure 4a that the temperature decreases with
the rising values of the radiation parameter. Activation energy increases the temperature
(see Figure 4b). A lower thermophoresis parameter produces a lower temperature, and a
higher thermophoresis parameter produces a higher temperature (see Figure 4c). Figure
4d depicts the temperature profile for different nanoparticle shapes. It determines that a
higher temperature is noticed in the nanofluid flow suspended by brick-shaped nanopar-
ticles and a lower temperature is depicted for platelet-shaped nanoparticles. Figure 5 pre-
sents the behavior of the nanoparticle volume fraction with different parameters, for in-
stance, the Brownian motion parameter Nb, activation energy parameter E, radiation pa-
rameter Rn and shape factor s. It is clear from Figure 5a that the nanoparticle volume
fraction increases with the rising values of the Brownian motion parameter. It can be ob-
served that the nanoparticle volume fraction enhances the activation energy (see Figure
5b). From Figure 5¢, it can be observed that as the radiation parameter increases, the na-
noparticle volume fraction increases. Figure 5d shows the nanoparticle volume fraction
with different nanoparticle shapes in the nanofluid. A lower nanoparticle volume fraction
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is observed for the nanofluid flow with brick-shaped nanoparticles in the nanofluid, and
a higher nanoparticle volume fraction is seen in the case of platelet-shaped nanoparticles
in the nanofluid.

1
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-1 0.5 0 0.5 1 -1 0.5 0 0.5 1

(c)

y
(d)

Figure 4. Variations in temperature profiles for (a) the radiation parameter, (b) Prandtl number, (c)
thermophoresis parameter and (d) shape factor.
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Figure 5. Variations in nanoparticle volume fraction profiles for (a) the Brownian motion parameter,
(b) activation energy parameter, (c) radiation parameter and (d) the Shape factor.

Figure 6 is plotted to judge the variation of microorganism concentrations for various
parameters, such as activation energy parameter E, temperature ratio parameter f3, Peclet
number Pe and shape factor s. It is clear from these figures that the behavior of the mi-
croorganism concentration is parabolic. From Figure 6a, it can be observed that the motile
microorganisms reduce in the channel of the peristalsis with the rising values of the tem-
perature ratio parameter. Activation energy increases the microorganism concentration
profile in the peristaltic flow. Microorganism concentration is a decreasing function of the
Peclet number (see Figure 6c¢). In Figure 6d, it can be observed that the platelet-shaped
nanoparticles involved in the nanofluid present the highest microorganism concentration,
and the brick-shaped nanoparticles involved in the nanofluid present the lowest concen-
tration. Figure 7 presents the effects of the electroosmosis parameter, zeta potential, bio-
convection Rayleigh constant and buoyancy ratio constant on the shear stress distribution.
Shear stress distribution provides a wave-like form due to peristalsis. It is noted from Fig-
ure 7a that the electroosmosis parameter displays the mixed behavior in the channel.
Moreover, it is observed from Figure 7b—d that the shear stress increases with the increas-
ing values of the zeta potential, bioconvection Rayleigh constant and buoyancy ratio con-
stant. The present study is in good agreement with the existing literature by Sridhar and
Ramesh [50] (see Figure 8).
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Figure 6. Variations in the motile microorganism profile for (a) the temperature ratio parameter, (b)
activation energy parameter, (c¢) Prandtl number and (d) shape factor.
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Figure 8. Comparison of the velocity profiles of the present study and [51].

5. Conclusions

In the current article, the influence of activation energy and bioconvection on the
propulsion of gold-blood nanofluid is considered in an asymmetric peristaltic channel.
The effects of the magnetic field, radiation and electroosmosis were also considered. The
system of non-dimensional highly non-linear differential equations were solved by utiliz-
ing computational software MATLAB with the help of the bvp4c function. The graphical
results were presented for the velocity, temperature, nanoparticle volume fraction, micro-
organism concentration and shear stress with respect to the sundry parameters. The main
findings of the current study are the following:

e The velocity of nanofluid flow suspended by brick-shaped nanoparticles is higher
near the right wall, compared with platelet= and cylinder-shaped nanoparticles.

e A higher magnetic field strength suppresses the velocity of the nanofluid.

e  Temperature is an increasing function of activation energy and the thermophoresis
parameter.

e  The radiation parameter reduces the temperature profile.

e  The nanoparticle volume fraction increases with the rising values of the Brownian
motion parameter and radiation parameter.

e  Microorganism concentration increases with the rising values of activation energy.

e  Shear stress is an increasing function of zeta potentials and the bioconvection Ray-
leigh constant.
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Nomenclature
(X,Y) axial and transverse directions of the flow
By uniform magnetic field
T, temperature at left wall
Co concentration at left wall
Ny motile organism concentration at left wall
T, temperature at right wall
C, concentration at right wall
N, motile organism concentration at right wall
H, left peristaltic wall
H, right peristaltic wall
d width of the channel
a, wave amplitude of left wall
a, wave amplitude of right wall
A wavelength
t time
c wave speed
[0)] phase difference
U,V velocitiesin X and Y directions, respectively
Pny nanofluid effective density
Hns  mnanofluid dynamic viscosity
0,  nanofluid electrical conductivity
(PB)rns  effective thermal expansion
g gravitational force
T nanoparticle temperature
Pp density of nanoparticlesp,,
Py density of base fluid
N motile density
Ny ambient concentration of motile organisms
Y volume of microorganisms
Pm motile organism density
Pe electrical charge density
E, applied electric field
(Pcp)nf effective heat capacity of nanofluid
ks thermal diffusivity of nanofluid
o’ Stefan-Boltzmann constant
Kk mean absorption coefficient

Brownian diffusion coefficient
nanoparticle concentration
thermophoretic diffusion coefficient
mean temperature

rate of reaction

fitted rate

activation energy

Boltzmann constant
chemotaxis constant
swimming cells speed
pressure

dimensional stream function
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F dimensional constant flow rate
D,,  microorganism diffusion coefficient
0 nanoparticle temperature
4 nanoparticle concentration
X motile microorganisms
M Hartmann number
Re Reynolds number
6 wave number
Rb bioconvection Rayleigh constant
Gr thermal Grashof number
Nr buoyancy ratio constant
Rn radiation parameter
T effective heat capacity ratio of nanoparticle material-to-liquid heat capacity
Pr Prandtl number
3 reaction rate constant
Sc Schmidt number
B temperature ratio parameter
E activation energy parameter
Nb Brownian motion parameter
Nt thermophoresis parameter
Pe Peclet number
n concentration difference constant for microorganisms
Uys Helmholtz-Smoluchowski velocity
K electroosmosis parameter

¢1,62  zeta potentials
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