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ABSTRACT ARTICLE HISTORY
This article studies the impact of laser radiation and chemical reaction Received 2 November 2021
with electromagnetic field and electroosmotic flow of hybrid non-  Accepted 23 March 2022

Newtonian fluid via a sinusoidal channel. A mathematical model is KEYWORDS

i i -li ial differential equations : :
used to simulate the arisen non linear partial dl’ q Hybrid nanofluid; laser
(PDEs). By employing the suitable transformations, the system of radiation; electroosmotic

PDEs is then transformed to a non-linear system of ordinary differen- forces; electromagnetic
tial equations (ODEs). The impact of the pertinent parameters on the effect; chemical reaction;
pressure rise, velocity profile, streamlines and temperature distribu- heat transfer

tion has been discussed. It has been noticed that the laser parameter
enhances the fluid flow and the temperature distribution. This result
occurs due to the impact of laser radiation that decreases the blood
viscosity which in turn implies an increase in the fluid velocity lead-
ing to an enhancement in the heat transfer inside the fluid layers. The
technique of laser radiation plays an important role in treating many
viral and autoimmune diseases. The current study of radiation has the
intention to help inhibit bacterial growth, increase oxygen binding to
the blood, transport oxygen to organs and activate white blood cells.

1. Introduction

The practice of irradiation of blood outside the body began to spread in the 1920s with
ultraviolet radiations. Such practices were initiated by Emmet Knott [1], who treated the
contagious sicknesses in the blood using the properties of ultraviolet radiation germs. This
approach has also been used to cure some autoimmune and aggressive diseases. The con-
clusions of this bloody radiation combined destroying and inhibiting bacterial germination,
increasing oxygen linkage to the blood and transporting oxygen to body parts, dilata-
tion of blood vessels, arousal of white blood cells, stimulating cellular immunity, lowering
blood viscosity, improving microcirculation, decreasing platelet aggregation, etc. In the
1990s, some Russian scientists started using laser beams for injecting blood irradiation. For
instance, Stulin et al. [2] recorded a fruitful treatment for vascular blood irradiation to the
schizophrenic syndrome using a drug that is resistant to depression. These results were
reported on the basis of the blood ability in destroying the active metabolic leukocytes. This
experiment specified that laser beams are very effective in such situations. Dang Siposan
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and Adalbert Lukacs [3] demonstrated the results of laser radiation (LR) on the blood com-
ponents of humans in vitro and studied its effects on the blood that is separated from
the vessels. They reported that the effects of LR could be beneficial in helping maintain
blood, in the revitalization of saved blood and in the operation of stimulation of immunity
in related syndromes. Laser treatments are further capable of stimulating intracellular bio-
logical responses, stimulating the production of adenosine triphosphate, nitric oxide and
reactive oxygen species. It also facilitates the permeability of a membrane.

Nanomaterials have been of great interest to engineers as well as to scientists during
the previous decades. As a matter of fact, nanomaterials are known to enhance the thermal
conductivity of base fluids. The first one who suggested the addition of carbon nanotubes
and solid particles in base fluids was Maxwell [4]. The results achieved were motivational,
however, some problems were raised such as pressure drop enhancement and pipe ero-
sion. Then, Choi [5] proposed the notion of carbon nanotubes and nanoscaled particles in
base fluids and named them as nanofluids. Metals, such as Ag and Cu, and metal oxides,
such as Al;03 and CuO, are the most widely used nanoparticles. Improved nanofluids’ ther-
mal conductivity has important applications not only in domestic heating but also in heat
exchangers and cooling systems. Nanofluids, discovered by Choi [6], are colloids composed
of nanoparticles and base fluid. Nanoparticles have thermal conductivity, typically greater
in magnitude than base fluids and significantly smaller in size than 100 nm. The work of
nanoparticles greatly improves the heat transfer efficiency of the base fluids. Basic fluids can
be water, synthetic liquids, fats, lubricants and blood. Nanoparticles are synthetic materials
with substantial use in biomedicine because of the special manner in which they inter-
act with matter. Another particular type of nanofluid is called hybrid nanofluid, these are
formed by the suspension in the base fluid of two or more kinds of nanoparticles with
hybrid nanoparticles. Suspended nanoparticles help improve fluid flow and heat transfer
of the underlying fluid and chemical characteristics of different materials at the same time
and has been commonly used in the production of anti-tumor medicines. Some studies that
discuss nanofluids and hybrid nanofluids are reported in [7-18].

Fluid flow investigation in bio-microfluidic systems is implemented by the electroosmo-
sis process. The latter is the principal instrument for the stream activation in a wide scope of
utilization. This electroosmotic transition takes place in such a way that, as long as the polar
outer layer is connected to the electrolyte device, the counterparts of the electrolyte should
be allowed to pass through the surface of the capacitor and ultimately to build a membrane
with a high convergence of counteractors, which is commonly named after the Stern layer.
In addition to the exterior diffuse coat, the electric double layer (EDL) is produced in the
area of the charged board. Applying the ambient electrical field to the electroosmotic flow
(EOF), the functional particles in the dispersed area of the EOF are induced to travel and
accomplish fluid displacement, which is typically known as the ‘EOF’. Propelled by the mon-
umental use of the stream of the electro-assimilation, various experiments are investigated
[19-23].

Another significant nonmechanical micropump is the electromagnetohydrodynamic
(EMHD) which has different applications, some of which are fluid mixing and pumping
along with flow control in microfluidic systems [24-26]. Lorentz force is generated because
of an electric field force applied across the channel in the presence of a perpendicular
magnetic field force. The integration between latter fields is known as the electromag-
netic forces. In comparison to the various types of non-mechanical micropumps, the EMHD
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micropumps have a range of points of concern, specifically simple production processes,
bidirectional siphoning ability and consistent flow power.

Motivated with the aforesaid discussion, our aim is to study laser radiation effects on
the peristaltic flow of non-Newtonian hybrid nanofluid with the electroosmotic effect and
the electric field that occurs due to the application of a magnetic field. The corresponding
numerical and analytical approaches are used to determine the physical parameters of the
system according to sufficient constraints. The contribution of the related parameters will
be addressed graphically.

In this research, Section 1 represents the introduction, Section 2 presents the mathe-
matical formulation, Section 3 shows the mathematical method as well the appropriate
analytical solutions to the problems, while Section 4 includes the discussion and results.
Last, Section 5 shows the limitations of our article and summarizes the main points.

2. Mathematical formulation

Consider an EMHD and electroosmotic flow of a hybrid non-Newtonian nanofluid with heat
transfer transient through a two-dimensional conduit. The movement in the channel is
stimulated by imposing sinusoidal traveling waves of reasonable amplitude on the compli-
ant walls of the channel. The flow is triggered by the Lorenz force,f x B, thatis produced by
two fields (magnetic field E(O, By, 0) and electric field E(O, 0, Ep)). The current density for the
nanofluid is known asf =o*(E + V x B)andthe velocity is known as V(@,w).The geometry
of the channel wall is mathematically given by

.2
y=d=+ <d+asm T(x—ct))

where d is the channel mean-half width, A is the wavelength, tis the time, a is the amplitude
and c is the phase speed of the wave, see Figure 1.

Different hvbrid nano
particles Au,Al, 04

Laser radiation Laser radiation

Figure 1. Schematic diagram of the problem.
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2.1. Electroosmotic flow

The density of charge pe in the fluid per a unit volume is known as

~

+_ inh 122 | - B pt T
pe = ge(nNT —n~) = —2geng sinh ,N~ = ngeksTav n™ = nge*sTav, (1
B'lav

where eis the valence of ions, n™ and n™ are, respectively, the density numbers of the posi-
tive and negative ions, eis the charge of electron, kg Boltzmann constant and T, is the local
absolute temperature of the electrolytic solution and ng is the bulk volume concentration
for the positive or negative ions.

By making use of the principle of Debye-Huckel linearization {seq’/kgTq, < 1},
Equation (11) reduces to

—€ _
Pe = WQO, (2)

where K = (¢e) ™" (ekgTa,/2n0) is Debye—Huckel’s parameter that describes the thickness
properties of the EDL. The electroosmotic potential distribution can be attained by utilizing
the Poisson-Boltzmann equation:

%2 3%¢ 1
ox2 9y K2

where ¢ and ¢ are, respectively, the electroosmotic potential function and the dielectric
constant.

2.2. Non-Newtonian Casson fluid equation

The isotropic rheological equation of the Casson fluid statement for the incompressible
flow is given by

P
2ej; (,ug + ﬁ) ;T < Tle,
Tjj = p
2ej (MB + —y> , T < Te.
2

Here, Py is the fluid stress,  represents the product of the deformation rate component
with itself (= ejjej), me is the product critical value on the basis of the given non-Newtonian
model, ;i is the (i,j)th deformation rate component and p3 is the plastic viscosity of the
fluid. It is worth noting that the current system reduces to a Newtonian one when the yield
stress vanishes, i.e. when P, = 0.

2.3. Governing equation with laser radiation

The governing equations for mass, motion, heat conservation and concentration for the 2D
unsteady flow of incompressible Casson fluid with electromagnetic field, electroosmotic
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flow, laser radiation and chemical radiation are given by [16,17,271:

au v

T + 7 =0, (5)
Phnf (% + u% + vg—;> = —g—'; + Khnf a;;* + 3§;y + 0EgBy — 0 Byii
+ peEz + (0 )hnfg(T — To), (6)
Ohnf (2—: + u% + V%) = —g—'; + Whnf 8;? + aa% , (7)
(PO)hnf (%—: + D% + vg—D = Knn (g% + g%) + IpQoe ™ — aa—‘;’ (8)

where (u, V) are the components of velocity, pe is the density of charge, o the electrical con-
ductivity, ppnr is the viscosity of the hybrid nanofluid, kp,r is the hybrid nanofluid thermal
conductivity, ppnr is the hybrid nanofluid density, (oC)ppr is the heat capacitance of hybrid
nanofluid, Iy, Q¢ are the laser radiation and y is the thermal expansion coefficient.

According to the Rosseland approximation [28,29], the radiative heat flux takes the
following form:

such that o’ is the constant of Stefan-Boltzmann and k is the coefficient of mean absorp-
tion.

Since the difference in temperature through fluid flow is small, then T4, using Taylor
series, can be written as follows:

T = To* + 4To> (T — To) + 6To* (T — To)> + . ..,
Neglecting the higher order terms with respect to (T — Tp), we get
T4 = 4T3T — 373,

The blood thermophysical properties with nanofluid model are given by [30,31]

S C S
put = pr (1 o+ ("—)) (POt = (PO (1 P (—(" ) ))
Pf (pO)f

(py)s)> Knf 1
= T—¢+ " 1 — 2
(0¥ )nf = (PV)r ( o+ ((p)’)f ue (1= g)?*

knf _ ks + 2ke — 2¢ (ks — ks)
k¢ ks + 2ke + ¢ (ke — ks)
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where the thermophysical properties for the hybrid blood nanofluid can be written as

1

M= ;

(1= ¢)**(1 — ¢p2)>>

(Y)hnf = (PY)f ((1 — $52) <(1 — be1) + be1 (Py)si ) n z(W)SZ),
(oy)f (0Y)f

Kpne  ks2 + (0 — Dk — (0 — Vpsa (kf — Ks2)

kot ks 4 (n— Dkf + dpsa(ks — k)
@=ks1+(n_1)kf_(n_1)¢s1(kf_ks1) (10)
ke ks1 + (n — Dks + ¢s1(kf — k1)

such that ¢s1 and ¢s; are the volume fraction for Au and Al,O3 nanoparticles respectively.

2.4. Non-dimensional physical parameters

Introducing the transformation between the wave frame (x, y) and laboratory frame (X Y)
in order to facilitate the solutions:

x=X—-c, y=Y, u=U—-¢, p=P an

Introducing the following dimensionless parameters:

2

u X y % a a D ca akE
u=Sdx=2y=Y Yo L ps—9 9 _0 g9 p _T0 [
C A a 8¢ ACLLf A e f c V ur
2 /
a(Ty — T, T—T 16
Ha = aBo |~ Gr = PV99 (1 = T0) O Rn=—_2_153. (12)
Mt 0ia Th—To 3 kufcr

By employing suppositions, small Reynolds number and long wavelength, Equa-
tions (5)-(8) become

P hnf [ 1 } 9%u 2 (0¥ ) hnf
0= —— + 14 — | — + EsHa — Ha(u + 1) + m*Uysd (y) + ——2Gré (y)
X puf B dy? (oY)f
(13a)
9
0= ——p, (13b)
ay
920 .
0= hnf(1 + Rnpr)— + Day*e™%%", (130
k¢ dy?
3%y
ay

where y* and Q* are the laser parameters, Da is the electrical Raleigh number, g is the non-
Newtonian fluid parameter, Rn is the parameter of chemical reaction, m is the electroos-
motic parameter, Es is the parameter of electrical field strength, H a is the Hartmann number
and UHs is the Helmholtz-Smoluchowski velocity (i.e. maximum velocity of electroosmosis).
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The boundary conditions at the walls in the fixed frame are

U=0,T =Ty ¢ = taty = h(x),
U=0,T=T,¢=¢aty=—h(xt). (14a)

The corresponding dimensionless boundary conditions, in the wave frame, become

u=-1,6=1,9 =1aty = h(x),
u=-1,60 =09 =1aty = —h(x). (14b)

3. Model solution

By making use of the boundary conditions that are given by Equation (14b), Equations (13)
can be written as

cosh(my)

P = cosh(mh)’ 1o
0(y) = ﬂ(_ZQh(wQ*DGQ*h(y) + GQ*(2h+y)DaQ*(h -y
2hmZ2(k* + Rn)
+eP Q2 (k" + Rn)(h — y) + €2 YDaQ* (h +y)),
u cosh *Ha coshm
uy) = (Ha? _H;*mz) <_ cosh E%Hag coshmi) (156

—e P (—2eﬁYhsz*2(—(Ha2 — Q") ((py)*Gr + 2(EsHa + Ha* — p))(k* + Rn)
+ 2DaQY* (py)*Gru* cosh(2*h)) cosh (,/M*Hay) sinh (w/y,*Ha h)

+ sinh (2,/M*Ha h) (cosh(By)(2Das*(py)*Gr h Ha?

+ Q"2 (—Ha® + Q**u*)(k* + Rn)((py)*Grh + 2EshHa — 2 hp — Gy)

+ 2DaS2* (py)*Gr(Ha? — Q*211*) (—h cosh(Q*h) + y sinh(2*h)))

+ (—2DaQ¥* (py)*Gr h Ha? + Q*2(—Ha* + Q2 1*)(k* + Rn)((oy)*Grh
+2EshHa —2hp — Gy)

+ 2DaS2* (py)*Gr(Ha? — m?u*)(—h cosh(2*h) + y sinh(Q*h))) sinh By)

+2eM (py)*Gr h*2 cosh (\/M*Ha h) ((—Ha? + "2 *) (k* + Rn)

+ 2DaQ* ii* sinh(Q*h)) sinh (\/EHay)), (15¢)

where u* = ppnr/ s, K* = kpne/ke, (0¥)* = (0¥)nnf/ (pY )£, and g = Q*/2.
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Table 1. Thermophysical characteristics.

Fluid phase (F) Solid nanoparticle phase (S)
Physical properties Blood Au Al,03
p(kg/m3) 1063 19,300 3970
k(W/mK) 0.492 400 40
y (1/K) 0.18 1.42 8.9

3.1. Rate of volume flow and pressure rise

The appropriate dimensionless physical forms for the volume flow rate and the pressure
rise may be defined as

4. Limitations

Laser radiation and chemical reaction with peristaltic mechanism for a non-Newtonian
hybrid nanofluid with the electroosmotic effect and the electric field is investigated. The
movement in the channel is stimulated by imposing sinusoidal traveling waves of reason-
able amplitude on the walls of the channel. There are limitations associated with this study
which needs to be discussed here:

e The analysis uses a plane of two-dimensional model.

e The theoretical analysis begins with the most general form of the Navier-Stokes
equation for fluid motion and is followed with some assumptions to solve these
equations.

e Long wavelength approximation is considered § = a/A < < 1in our results and with
small Reynolds number Re = prca/ uis.

e Thermophysical characteristics for nanofluids and hybrid nanofluids are considered
in Table 1 with specific shapes (spheres, bricks, cylinders).

e The principle of Debye-Huckel linearization K = (ge) ™' (ekgTay/2n0) < 1is taken into
consideration.

e The difference in temperature through fluid flow is small, so that T# = 4T¢3T — 37,3,

5. Results and discussion

Detailed schematic frameworks have been determined with the help of arithmetic calcu-
lations to obtain closed-form solutions that express the proposed hemodynamic velocity
and propagation of temperature through the stream. A study was conducted to address
the impact of chosen parameters on the blood vessel section with the effect of laser radi-
ation and chemical reaction. Particularly, we investigate the impact of laser parameters
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Table 2. Shapes of nanoparticles with their

shape factors.

Nanoparticle shapes Shape factor
Spheres 3

Bricks 3.7
Cylinders 49
Platelets 5.7

Q* and y*, electrical Raleigh number Da, non-Newtonian fluid parameter 8, chemical reac-
tion parameter Rn, electroosmotic parameter m, the electrical field strength parameter Es,
the Hartmann number Ha and the Helmholtz-Smoluchowski velocity UHs. We use the
MATHEMATICA software so that we compute the pressure rise numerically. We have also
established a comparison between the hybrid nanofluid and nanofluid. The thermophysi-
cal data for the basic thermal power, thermal conductivity and density of the blood with Au
and Al,O3 nanoparticles are given in Table 1 [6,31]. The shapes of the nanoparticles with
their corresponding factors of shape are also seen in Table 2 [31].

5.1. Hemodynamic blood velocity

Figures 2-7 are graphed to discuss the effect of different parameters (2*, y*, Da, B, Rn, m,
Es, Ha, and UHs) on the velocity behavior. From Figure 2, it is found that when the laser
parameters, Q*andy ™, are reduced in the blood viscosity, the fluid velocity is enhanced.
Also, itis shown that when Q* = 0, the velocity, u(y), behaves symmetrically and by enhanc-
ing the value of the laser parameter, the behavior is reversed. In Figure 3, the effect of
electric Raleigh number is presented where we find that an increment of electric Raleigh
number increases the blood velocity. This is because the effect of Da that reduces the den-
sity of the fluid causes the liquid particles to move freely, and this leads to an increase in
the flow of fluid. As shown in Figure 4, the hemodynamic velocity of the nanofluid and
hybrid nanofluid is compared. It is seen that the hemodynamic distribution of velocity of
the hybrid nanofluids is greater than that of a nanofluid, which in turn means that mixed
nanofluids are more beneficial in the medical pumps to deliver the drug. It also appears that
the increase in the non-Newtonian parameter causes an increase in the speed of blood cir-
culation. Figure 5 elucidates the hemodynamic velocity distribution for sundry values of
heat radiation (chemical reaction). It is depicted that the uniform chemical reaction causes
the flow to decelerate. This physical influence is due to the cumulative effect of the ratio of
buoyancy between species, thermal diffusion and the frequency of the chemical reaction.
Also, it is found that velocity behavior curves are converged with the increase of chemical
reaction. From Figure 6, it is seen that as the magnetic field is increased, the hemodynamic
velocity is reduced, i.e. as Ha increases the braking Hartmann number grows and that can
be considered as an increment in the magnetic viscosity, consequently, the fluid moves as
a whole mass of constant velocity. In Figure 7, it is observed that the hemodynamic veloc-
ity distribution increases by an increase in Es, m, and UHs. Figure 7(d) presents the effect
of nanoparticles’ different forms on hemodynamic motion. One may report that the veloc-
ity of spherical nanoparticles reduces relative to that of rods, bricks and platelet-shaped
nanoparticles.
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Figure 2. Variation of velocity component vs. y for different values of Q* and y*.

Tu(y)

0.2

-1.0 -0.5 0.0 0.5 1.0

—y—
Figure 3. Variation of velocity component vs. y for different values electrical Raleigh number Da.

Tu(y)

PELLL
3
5 v .

—y—

Figure 4. Variation of velocity component vs. y for different values non-Newtonian parameter 3.
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Figure 5. Variation of velocity component vs. y for different values electrical Raleigh number Da.
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Figure 6. Variation of velocity component vs. y for different values non-Newtonian parameter .

5.2. Trapping mechanism

The mechanism of trapping is an important aspect of hydrodynamic properties in aneurysm
and stenosis. Trapped bolus can better be thought of through plotting contours. The sys-
tem of trapping is transmitted by the circulating bolus internally. The volume of the flowing
bolus through the fluid is surrounded with the streamlines. The trapping for Q*and y*, Da,
Rn, m, Es, Ha and UHs is discussed in Figures 8-15. In Figures 8 and 9, it is found that as *
and y * increase, the number of the circulating bolus increases in the flow. Figure 10 studies
the effect of Da where it is seen that an increment in Da implies an increase in the size and
number of the circulating bolus in the lower channel and to a decrease in the size of the
bolus in the upper region of the channel. From Figure 11, it is found that an increment in
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Figure 7. Variation of velocity component vs. y for different values of m (panel a), E; (panel h), Uys (panel
¢), and different shape of nanoparticles n (panel d).

Ha reduces the size and the number of the circulating bolus and the blood fluid moves as
a bulk. Figure 12 describes the effect of chemical reaction parameter on the streamlines.
It is seen that as the chemical reaction increases, the number and size of the fluid bolus
decrease. As shown in Figures 13 and 14, the increase of Es and UHs implies an increase
in the number of circulating bolus in the lower area of the channel. An opposite behavior
is found in the upper region of the channel. Figure 11 describes the effect of the chemical
reaction parameter on the streamlines, it is seen that as the chemical reaction increases, the
number and size of the fluid bolus are reduced.

5.3. Pumping properties

Pressure rise is an important mechanism in a human body that supports movement of
various biofluids (i.e. transport of urine, cilia motion, blood pumping, etc.). In biomedi-
cal engineering, various ways are developed on the basis of the phenomenon of stenosis



WAVES IN RANDOM AND COMPLEX MEDIA 13

a b
0.26— L Rokal
038 0.32 038 0.32
034 02 st = 02
p2 = 0:38 p2 0.36
0.4 — . 04 g T =
044 .
0.44——— R — - — — = - -
0.42 0.42
D4 04
0.36 0.38 0.36 0.38
034 0.32 034 0.32
0.26 0.3] 0.28 03]
p28 024 0.22 0.26
0.22 0.6 24 =
= g 0.2 0.18 02
0.14
0.42 — Q14 1 006
0.04 ~ -05 it e
lo-48. ( ) ( 0.02
0.08", 0.1 0.1 0.18 \
) 0.23
0.24 - 024 2 032 _004 -
o ~0.06- £ 0.2 0.24 < 0.16 0.2 03
032 028 02 023 03 032 93532 028 o a2
022 o 2
026 026 oy -
C
026
0.34 ~ 038 a2
0.2
PE P— 036
= 0.4 g— ——— =
— A Ty
04a ) ~
0.42
04 0.38
o34 0.32 ="
03
0.26 ool
024 0.2
0.18 0-22
p.46—— sJ-08 0.14
o=l 0.12 o =
16 ( 0.02 ) )
0.06 / 04 0.1¢
0.24 % 004 0.24
3 Sialss 2 0.2¢
P3-932028 oo 025 03 32
026 e 026

Figure 8. Streamlines for different values of Q* (= 0.1,0.3,and 0.5 in panels a, b, and c respectively).

pumping. Figure 15 indicates the pressure increase versus z for various values of Q*, y*, Da,
B, Rn, m, Es, Ha and UHs. These plots are broken down into four zones i.e. peristaltic pump-
ing Ap > 0;Q > 0, retrograde pumping Ap > 0;Q < 0, co-pumping Ap (0; Q) 0 and free
pumping Ap < 0;Q < 0. It can be seen from Figures 15(a,b) that as Q*andy* increase, the
pressure rise increases. A different effect is seen in Figures 15(c,d) with an enhancement in
the chemical reaction and electroosmotic parameter. In Figure 15(e), a comparison is made
among nanofluid and hybrid nanofluid. The rise in pressure for hybrid nanofluid is seen to
be greater than that of nanofluid which is physically beneficial for drug delivery. Also, in this
Figure 15(e), itis seen that the rise in pressure is increased with an increase in Uys. In Figure
15(f), a Casson parameter is studied, it is found that Ap increases in the region of retrograde
pumping and decreases in the regions of peristaltic pumping and free pumping. As seen in
Figure 15(g), as electrical Raleigh increases, the pressure rise increases.

5.4. Temperature distribution

Figure 16 is plotted to investigate the behavior of heat transport with y for sundry values
of the Q* and y*, Da, Rn and n. A comparison is made for the nanofluid versus the hybrid
nanofluid. It is observed from Figures 16(a,b) that an increment in Q* and y* implies to an
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Figure 9. Streamlines for different values of y* (= 0.5, 1, and 1.5 in panels a, b, and c respectively).

Figure 10. Streamlines for different values of Da ( = 0.1, 0.3,and 0.6 in panels a, b, and c respectively).
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Figure 12. Streamlines for different values of Rn ( = 0and 5 in panels a and b, respectively).

enhancement in the heat transfer. This is because the laser parameters reduce the blood
viscosity, and, consequently, the fluid velocity increases causing a rise in the heat transfer.
This result is very interesting in treating many viral and autoimmune diseases. In Figure
16(c), it is observed that the heat transfer is greater for hybrid nanofluid when compared
to a nanofluid. This last approach recognizes that hybrid nanofluid improves the thermal
conductivity in a fluid that helps to destroy the virus or tumors. It is also found that an
enhancement in Da results in an increase in the fluid heat transport. It is observed from
Figure 16(d) that the chemical reaction decreases the heat transfer in the blood flow. From
Figure 16(e), it is seen that the temperature is reduced for spherical nanoparticles than that
of the other shapes of nanoparticles such as bricks, platelets and rods.
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Figure 13. Streamlines for different values of Es ( = 2, 2.5 and 3 in panels, a, b and ¢, respectively).

Figure 14. Streamlines for different values of Uys ( = -2, 0 and 2 in panels, a, b and ¢, respectively).
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Figure 15. Variation of pressure rise vs. Q for different values of * (panel a), y* (panel b), Rn (panel c),
m (panel d), Ugs (panel e), B (panel f), and Da (panel f).
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Figure 16. Variation of heat transfer vs. y for different values of Q* (panel a), y* (panel b),
Ups (panel ¢), Rn (panel d), and n nanoparticles shapes (panel e).

6. Concluding remarks

In this work, we investigate laser radiation with the peristaltic mechanism for a non-
Newtonian hybrid nanofluid with the electroosmotic effect and the electric field. Solutions
are derived to investigate the effects of the physical parameters of interest. Research has
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been performed to examine the impact of selected structural properties. The impact of the
pertinent parameters is explored graphically. The main findings are found as follows:

The mixed nanofluids are useful in the medical pumps of the delivery of drugs
since the hemodynamic velocity of the hybrid nanofluid is greater than that of a
nanofluid.

. The flow decelerates in the presence of a uniform chemical reaction.
. The electroosmotic parameter, electrical field strength parameter and maximum

electro-osmotic velocity have an increasing effect on the hemodynamic velocity.
Unlike the effect of the electrical Raleigh parameter Da on the trapped bolus in the
upper region of the conduit, Da tends to increase the size and number of circulating
bolus in the lower region.

As the chemical reaction increases, the number and size of the circulating bolus of
the fluid decrease.

VI. The heat transfer is smaller for a nanofluid than that of a hybrid nanofluid.

VII. The temperature is reduced for spherical nanoparticles when a comparison is set
with other nanoparticles of different shapes such as rods, bricks and platelets.

VIII. When the laser parameter Q* vanishes, the velocity shows symmetry and by
enhancing the value of the laser parameter, that behavior is reversed.

IX. The present model can be reduced to a Newtonian model if we set the yield stress
Py =0.

X. The laser radiation enhances the fluid temperature as well as the flow velocity.

Xl. Inthe absence of the laser parameters (2* = 0 and y* = 0) through a clear Newto-
nian fluid, our results are in good agreement with that obtained by Bandopadhyay
etal.[32]

Nomenclature
a,v) the components of velocity
Pe the density of charge
o the electrical conductivity
Ihnf the viscosity of the hybrid nanofluid
kpnf the hybrid nanofluid thermal conductivity
Ohnf the hybrid nanofluid density
(O hnf the heat capacitance of hybrid nanofluid
lo, Q0 the laser radiation
y the thermal expansion coefficient
7 the current density for the fluid
Eq the electric field
Bo the magnetic field
d the channel mean-half width
A the wavelength
t the time
a the amplitude
c the phase speed of the wave
Pe the density of chargee  the valence of ions
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nTandn~ are the density numbers of the positive and negative ions
e the charge of electron
kg the Boltzmann constant
Tav the local absolute temperature of the electrolytic solution
no the bulk volume concentration for the positive or negative ions
K the Debye-Huckel's parameter that describes the thickness properties of
the EDL
@ the electroosmotic potential function
€ the dielectric constant
ar the radiative heat flux
o’ the constant of Stefan-Boltzmann
k the coefficient of mean absorption
b5 the volume fraction for Au nanoparticles
®s2 the volume fraction for Al,O3 nanoparticles
Greek symbols
y*and Q* arethe laser parameters
Da is the electrical Raleigh number
B is the non-Newtonian fluid parameter
Rn is the parameter of chemical reaction
m is the electroosmotic parameter
Es is the parameter of electrical field strength
Ha is the Hartmann number
Uxs is the Helmholtz—-Smoluchowski
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