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MHD viscous oscillating type blood flow through lumen in arteries and varicose veins
motivating to the study of blood flow in disordered blood vessels and veins. The blood flow
in disordered nervous system, like varicose veins and other micro arteries in respiratory
system is modeled geometrically in the shape of tapered curvy walls of varying cross
section which is the new approach in this problem and the same has advantage compared
to the other geometrical channel shapes. Blood taken as viscoelastic and optically thick
fluid flowing through porous structure. Magnetic force considered in normal direction to
the nervous system. Viscous dissipation and chemical reaction effects on blood flow are
analyzed.
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1. Introduction

Blood flow or hemodynamic problems played a vital role in medical biology and physiopathology.
Blood is mixed with many substances like nutrients, oxygen, carbondioxide, proteins, minerals etc. and
composed of plasma with water and glucose. Blood circulation performs different types of function,
transports unwanted metabolic particles. In fluid flow analysis, in earlier days, the blood had been
considered as vital fluid. Later, since the plasma in blood acts as a Newtonian fluid and it exerts shear
thinning behaviour in haematocrit and it is necessary to consider it as non Newtonian fluids. Blood
portrays laminar characteristics, its velocity is high in the center of the channel and comparatively
low near walls. Various studies about blood flow include measuring velocity of the blood in many
different circumstances. Authors those who are interested in blood flow analysis studied with various
geometrical aspects, convections and with different category of fluids.

Ramachandra Rao et al. [1] discussed MHD oscillatory flow of blood in which blood has been
considered as Newtonian, homogeneous viscous fluid. He studied its unsteadiness while the fluid flows
through the channels of unsteady cross sections. These flows reveal a constant streaming component
corresponds to non-linear equations governing the motion. Ogulu et al. [2] analyzed the blood flow
characteristics in a cardio vascular system with diseased artery and the effects of heat transfer. The
results are further analyzed and compared with blood characteristics.

Norsarahaida et al. [3] studied magneto-hydrodynamic flow of blood as an electrically conducting
fluid which flows in axis symmetric through an irregular multi stenosis arteries. The governing equa-
tions have been solved by marker and cell and over-relaxation methods. The inference of the results
has significant clinical implications. Hatami et al. [4] analyzed the heat transfer effect of blood flow,
where blood is considered as non-Newtonian nano fluid moves in a porous medium subject to magnetic
field. The governing equations are solved using 4th order RK method and concluded that the velocity
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is decreased, the concentration of nano particles and the temperature increased with the increase of
MHD parameters.

Shit et al. [5] studied blood flow while the transfer of heat which flows through an over lapping
constricted artery. Here it has been considered as Newtonian fluid and assumed the viscosity depending
on temperature and tried to match with the original biological system. Adhikary et al. [6] studied
oscillatory magneto-hydrodynamic flow of blood through which the arteriole has been considered as
porous medium. The effect of heat and mass transfer has been investigated with the influence of
chemical and magnetic fields.

Ali Abbas et al. [7] combined the blood flow effects of slip and MHD, peristaltic in nature with
varying porous medium which resembles the nature of blood flow in a diseased blood vessel and to
study critical real situations.

Pooria et al. [8] has studied the pulsatile laminar flow of MHD in a porous arteries where the
blood is considered as non-Newtonian fluid which is incompressible. The acceleration of the body and
the pressure gradient are periodically influenced by this flow has been studied numerically. Misra et
al. [9] presented a study of the unsteadiness in blood flow with temperature change in permeable vessel
subject to magnetic field and the impact of thermal slip due to varying heat source with respect to
velocity slip near the wall which resembled with the real time situations. Mirza et al. [10] studied the
electro magneto-hydrodynamic approach for the blood flow with suspensions occurred by the particles
through the vessel involved in surgery which accompanies in getting relieved from pains and solved for
the dimensionless velocity of blood and its particles by using Hankel transforms. Kai-Long Hsiao et
al. [11] studied the MHD effect and the energy management of applied thermal system influenced by
the magnetic field and the viscous dissipation. The micropolar and nano fluids are combined together
and the 2D flow of incompressible fluid has been considered in a semi-infinite stretching plate and
effect of change with heat and mass transfer has been derived.

Sreeparna and Shit [12]| extended their work [5] to the fluid flow through arteries with stenotic
conditions, blood is the fluid considered as Newtonian fluid, assumed rigid wall (arteries), viscous
dissipation and the effect of heat transfer in such situation has been analyzed. The governing equations
have been solved by FEM and Alternating Direction Implicit scheme. Davar Ali et al. [13] studied the
computational fluid dynamics analysis with bone tissue cells by developing its common structure and
porosity levels and compared the results to analyze the permeability.

Building-up of plaque narrows arteries, decreasing blood flow to the heart, causing chest pain,
shortness of breath, or other coronary artery disease signs and symptoms. Recently, by Implementing
Navier—Stokes equations in a cylindrical coordinate system and assuming axial symmetry under laminar
flow conditions, Kafle et al. [14] analyzed the blood flow through curved artery with mild stenosis. Also
Sasikumar et al. [15] discussed the heat and mass transfer effects on MHD Oscillatory flow of a couple
stress fluid in an asymmetric tapered channel. In this paper, it is analyzed about the effects of heat
and mass transfer effects on oscillatory flow of an incompressible electrically conducting viscous fluid
under the influence of couple stress force in an asymmetric channel filled with porous medium.

The analysis made and reviewed about various environments of blood flow analysis by numerous
authors, it has been decided to consider the viscous dissipation effect in blood flow analysis, the flow of
the fluid is oscillatory and the channel in which the fluid flows is tapered asymmetric. As the governing
equations are non-linear, it has been used homotopy perturbation method which is proved to be faster
convergence towards the accurate solution [16,17]. Hence its most reliable method for solving problems
on nonlinear coupled equations which is widely encountered in fluid dynamics research area to solve it
and results discussed. This problem has not been discussed earlier using HPM method by any other
author.
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2. Nomenclature

Dimensional Variables

C* Concentration
Cp Specific heat at constant pressure
Cs,Ct Concentration at the walls
D Mass diffusion
T* Temperature
Ty, T7 Wall temperatures
k* porous medium permeability coefficient
k Thermal conductivity
K Chemical reaction parameter
p* Dimensional pressure
q* Dimensional radiative transfer
t* Dimensional time
u* Axial velocity

Greek symbols

«a Viscosity ratio

Bo | Viscoelastic or secondgrade parameter
51 Thermal expansion coefficient

5o Coefficient of mass expansion

Oe¢ Conductivity of the fluid

y Mass diffusion ratio

€ Periodic parameter coefficient

0 Dimensionless temperature

I Dimensionless wave number

v Viscosity of fluid kinematic viscosity
p Fluid density

%) Dimensionless concentration

P Phase, angle

w Frequency of oscillation

wt Periodic frequency parameter

Non dimensional variables

ai, as amplitudes of the wavy walls By Uniform magnetic field
d Average channel width Ec Eckert number
D Mean half width of the channel G Gravitational force
Ge Modified Grashof number Gr Grashof number
Hy Intensity of magnetic field K | Chemical reaction parameter
M Hartmann number m Taperedness parameter
N Thermal radiation P Pressure
Pe Peclet number q Radiative heat flux
Re Reynolds number S Porous shape parameter
Sc Schmidt number t Time
U Axial velocity

3. Mathematical formulation

MHD oscillatory blood flow has been analyzed by taking blood as second order fluid in presence of
magnetic field. Blood flow through lumen present in veins and arteries considered as porous channel
in tapered wavy shape due to diseased nervous system and its geometry is shown in Fig. 1.

The following assumptions are made:

e Blood is considered as a suspension of micro elements

in plasma and optically thick viscoelastic fluid.

e Blood is assumed to be uniformly dense in the portion
like arteries taken for discussion.
e The inner most layer lumen in the blood vessel can
be taken as porous structure due to the deposit of
substances like lipids and cholesterol.
e Magnetic force is assumed in orthogonal to the blood
channel.
e Rosseland approximations applied with radiative heat
transfer term qr, so that heat flux approximated as
first degree in temperature 1.

Fig.1. Geometry of the asymmetric tapered

channel.

The equations of asymmetric walls (Hy, Hy) are given by
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2
Hy = —d —mz* — a; sin [Tﬂ(x*) —i-w} ,
* . 27 *
H2 :d—|—m$ +(1251H |:T(IIJ ):| 5

where the non-uniform parameter m represents taperedness of the channel, A is the wave length and
1) is the phase angle of wavy channel.
The parameters aj, a2, d and 1 of the channel geometry are subject to the constraint [18|

a? + a3 + 2a1a; cos(1) < (2d)%

4. Governing equations

Governing equations of the blood flow are given by [6]
Momentum equation:
ou*  10p* 0*u* PPu* vu*  o.Biu*

o~ por Vo TRger T R

+981(T" = 15) + gb2(C* = C5); - (1)

Energy equation:

oT* E 02T* 1 dq* v <8u*>2

o pC, oy pC,ay* ' pC, \ dy*
Using Rosseland approximation [19], the radiative transfer term ¢* may be expressed as
. 4o* OTY
¢ =- o 3)
3x Oy

Substituting the equation (3) in (2), the energy equation becomes
or  k 0°T N 160*T5 0*T
ot pCp0y2  3pCux Oy**’

Concentration equation:
oC* 0?C*
5 :DW—K:(C*—CS% (5)
where the term containing D represents mass diffusion and K term represents the chemical reaction.
The corresponding boundary conditions (BCs) are given by

when y*=hy, v =0, T"=T5, C*"=Cy;
when y* =hy, w*=0, T*=T§+ (Ty —T5)e™, C*=Ci+ (CF —Cpe™.

Introducing non-dimensional variables:

_oox _ oyt - tUy _ u* Upd H; Hy
€x 2\ Yy d’ d u U(]’ € v’ 1 d’ 2 d’
Gr — gBd*(T* — T§)7 Ge — gBcd*(Cf — Cg)’ M2 - 0B3d27
vUy vUy pv 6
g I =To) (€ =Cy) Byl el (©)
(Ty —15)’ (Cy—=Cy)’ pvUp’ vd ’ k

pCp p CpUE dKy . w'd

Pe = —Upd, Ec=—7"——, K= = .
TR %Y T e Sy U 7 T

Applying transformation (6) in (1), (4) and (5), the governing equations in dimensionless form are
obtained after omitting the bars, as
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Momentum equation:

ou  Op 0%u Pu
Re s = ~ar T a2 P o

a0 026 du\ 2

— (s* 4+ M*)u + Gr + Ge ¢;

Energy equation:

Concentration equation:
dp 1 0%¢

E—ga—yz—ffﬁb- (7)

The BCs in non-dimensional form become,
y:h]-? uzO? 9207 ¢:O7

y=hs, u=0, 0 = et t

— eiw

<

5. Method of solution

Taking pressure gradient in the following form, the flow becomes oscillatory type,
—@ = At
ox
For oscillatory flow, solution of periodic nature can be taken as
u(y, ) = uo(y)e™,
0(y,t) = bo(y)e™",
¢(y,t) = do(y)e™".

Solving equation (7), subject to the BCs, concentration distribution obtained as,

blu,t) = sinhmq(y — hy)

sinh mi (hg — hl)

twt

By homotopy perturbation method, solving the following momentum equation and energy equation,
A—Grfy— Ge
!l — PPug — 0 <Z5o’
1+ iwp’

d 2
(1+ N)6!! — iwPefy + PrEc <diy°> = 0.
Subject to the BCs:
y=hi, u =0, 6p=d¢po=0,
y:h27 U’O:la Hl:(b():l-

The solutions representing flow profiles are obtained as

~ 1 A Gesinhmy (y — hy)
o= sy o (A G
u(y,t) = (uo + u1) (Aoe oc™"Y) 1+iwpf" \ P?  sinh(mihg — hy)(m? — P2)
Gr 0o it

+ (Alepy + Ble_Py) e’

1+iwp Q3 — P?

0(y.t) = (6o + 61) = | (Coe?¥ + Doe?1Y) + (C1e91Y + Dye™ @)

1+N 2@

B < PrEc ) P2(e2PVAZ 4 e2PYB2) 1 A2 AZcosh(2mi(hy —y))
4P2? — Q3 2Q? 2Q? — 8m?
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AP ePy—mi(h1—y) ePy+mi(hi-y)
TEAN@Em)?-Qf QF - (P - m)?
+ Ay By P em 7Py ePv=mihi=v) \ (2my(hy —y)) | 240BoP? \ | i
200 - )
(P+m)?=QF Qf—(P-mi)? ) 207 -8m] Q7
sinhmi(y — h1)
t) =
¢<y7 ) sinh ml(hg — hl) ¢
All the constants appearing in the above solutions are given by
— iw+ K
1= Sc )
1 A A Gr A
Ay — A Phe—2n) [ N 8T\ Py A Pm
0= 2(1+ iwB)sinh P(hy — hy) [P2e PP o) TPt

1 A Gr A 1
By= —— - o Phy 7t Pho
T T ¥ iws [(PZ i P2> ‘ P2 | 2sinh P(hy — hy)’

1 e~ Q1
C == =
0 e@1h2 _ £2Q1h1—Q1h2 eQ1(h2—h1) _ o=Qi(h2—h1)’
_e@1h1
Do = eQ1(h2—h1) _ ¢=Qi(h2—h1)’
A — Gre Fm 1
"7 2sinh P(hy — hy) (1 + iwp)(Q% — P?)’
B _ —CGrefm 1
T (14 iwB)(Q% = P?) 2sinh P(hy — hy)’
C3e—Q1h2 _ 0262Q1(h1—h2)
Cr = 1 — e2Q1(h1—h2) ’
C2eQ1(h1+2h2) _ C3eQ1(2h1+h2)
Dy = e2Q1h2 _ 2Q1h ’
A — mq Ge 1
T+ iwp')(m? — P2) sinh[mq(hg — hy)]’
. P2 (e*Pm A% + e2Ph BY) A2 1 A2
2 = —_— —_——
4P? — Q7 20 - 8mi 20
A P( ePh1 ePh1 >
AP -7 - (P-m)?
A B P < e~ Pm e~ Ph ) 2AoB()P2
— A2D0 - )
(P+mi)?—Qf Qf—(P—m)? Qi
Oy = p? (€2Ph2A(2) + B_ZPhQBg) B lA_% B A% cosh(2m1(h1 — hg)) n 2AoB()P2
4P? — Q? 2Q? 2Q% — 8m? Q3
ePh2+m1(h1—h2) €Ph2_m1(h1_h2)
+ AgAs P —
@G- P-m)? (P - Q7
e—PhQ—ml(h1—h2) eml(h1—h2)—Ph2
— Ay By P — ,
QP P rm)? - @
p2_ s%+ M? + iwRe
B 14+iwp
o wPe
Q=7 + N’
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6. Results and discussion

In this problem on the analysis of MHD oscillatory blood flow, the impact of different parameters on
flow profiles are presented.

6.1. Velocity profiles

Velocity profiles drawn for various flow parameters with ¢t = 0.1, m = 0.5, Re=0.5, K =1, Gc = 0.5
and Ge = 1.

0.2 0.12

0.1

0.15
0.08

01 0.06

0.04

0.05
0.02

I I I I I ~0.02 I I I I I

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Yy y
Fig. 2. Visco elastic influence on velocity for Pr = Fig.3. Hartmann number influence on velocity for
0.7,Pe=03, H=1,5=1, N=0.5, A=1. Pr=0.7,Re=0.5,Pe=03,5=1,5=1, N =0.5,
A=1.
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0.15 PPNt LLLLL LTI . N
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-0.021 "“\\‘ /’/ ..'. B 0 m=2 E
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00251 R - - - w=25|
e o Trmw=s -0.05
003} LT = “=35] ] :
0035 ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘ ‘
-1 -0.5 0 0.5 1 15 -15 -1 -0.5 0 0.5 1 15
y y
Fig. 4. Oscillation influence on velocity for t = 0.1, Fig.5. Non uniform channel parameter influence on
m = 0.5. velocity for =1, Pr=0.7, Pe=0.3, H=1, S =1,

N =05 \=1.

Results on velocity distribution due to the impact of Hartmann number (M), frequency of oscillation
(w), viscoelastic parameter (), non-uniform parameter (m), Grashoff number (Gr) and radiation (V)
are discussed in Figs. 2-7. The impact of viscoelastic parameter () on velocity is shown in Fig. 2. With
the increase in viscoelastic parameter () velocity is observed to be decreasing and taking maximum
near middle of the channel. Variation in velocity is lesser for values of viscoelastic parameter ()
around 2 compared to the variations for 5 < 1.5.

When the parameter Hartmann number (M) increases, velocity is decreasing and verifying Hart-
mann’s result on Lorentz force, as seen in Fig. 3. From Fig. 4, as the parameter frequency of oscillation
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(w) increases velocity decreases and observed that magnitude of velocity is greater for w = 2. As
w increases from 2.5 to 3.5, velocity diminishes rapidly taking minimum value at the middle of the
channel.

0.3 0.2 T T

~0.05 I I I I I ~0.05 I I I I I

y y
Fig.6. Grashoff number influence on velocity for  Fig.7. Radiation influence on velocity for Pr = 0.7,
Pr=07, K=1,Pe=03, H=1,8=1,5 =1, K=1,Pe=03,H=1,5=1,=1,A=1.
N =05 A=1.

With the increase in non-uniform parameter (m), velocity distribution is increasing, reaching max-
imum near the right boundary y = hy, as seen from Fig. 5. From Figs. 6,7, the velocity distribution is
observed to be increasing and taking maximum value at y = 0.4 when the parameter Grashoff number
(Gr) (or) radiation (V) increases.

6.2. Temperature profiles

Temperature profiles drawn for various flow parameters with Pe = 0.3, t = 0.1, m = 0.2 and N = 2.

Graphs plotted in Figs. 8-12 are prepared to analyze the response of temperature due to the impact
of parameters associated with energy profile. As Fig. 8 shows the influence of non-uniform parameter
(m) on temperature as non-uniform parameter (m) increases, temperature diminishes due to increase
in taperedness of the channel. From Fig.9, as frequency of oscillation (w) increases temperature is
diminishing and not showing much variation in temperature.

12

0.8

0.6

04

0.2

_____ w=3
..... w=4

~0.2 I I I I I I I I 02 I I I I I
-1 -0.5 0 0.5 1 15 2 25 -1 -0.5 0 0.5 1 15

Fig. 8. Non uniform channel parameter influence on  Fig. 9. Frequency of oscillation influence on tempera-
temperature for Pr = 0.7, Re =05, K =1, 8 =0.5, turefor Pr=0.7,Re=0.5, K =1, 8=0.5, Gc = 0.5,
Gec=05,Gr=1,S=1,H=1,d=1,w=1,A=1. Gr=1,5=1,H=1,d=1,A=1.
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Pe=1
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06" 0.4
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021
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-1 -0.5 0 0.5 1 15 -2 -15 -1 -0.5 0 0.5

Fig. 10. Peclet number influence on temperature for ~ Fig.11. Eckert number influence on temperature for
Pr =07 Re =05, K =1, 8 =05, Gc =05, Pr =07 Re =05 K=1, 5= 0.5, Gc = 0.5,
Gr=1,5=1,H=1,d=1,A=1. Gr=1,S=1,H=1,d=1L,w=1 =1

With the increase in Peclet 12—
number (Pe), temperature dis- B
tribution is observed to be de-
creasing with reduced variation
in temperature for Pe > 2 as
shown in Fig. 10. In Fig. 11, as
Eckert number (Ec) increases,
temperature is increasing for
—2 < y < 0 and then tempera-
ture decreases for 0 < y < 0.9.
As seen from Fig. 12, tempera-

ture increases due to increase 03 ‘ ‘ ‘ ‘

in radiation (N). Tempera- ! e v, " ' .
ture distribution reaches max- Fig.12. Radiation influence on temperature for Pr = 0.7,
imum as radiation increases to Re=05 K=1,8=05 Gc=05Gr=1,S=1, H=1,
the value 2. d=1,w=1,t=0.1, A= 1.

6.3. Concentration profiles

Concentration profiles drawn for various flow parameters with ¢ = 0.1 and m = 0.5.

In Figs. 13,14, concentration diminishes with the raise in (K) (or) in frequency of oscillation (w).
From Fig. 15, as Schmidt number increases from Sc = 1 to Sc = 4 concentration increases, with less
variations for Sc > 2. From Fig. 16, as Schmidt number increases from Sc = 0.1 to Sc = 1.2, it is
observed that concentration increases. For Sc > 0.2, concentration shooting up with large variation.
For smaller values of (Sc) around 0.1, concentration is constant in the region between left boundary
y = hs to middle of the channel. In the other half of the channel concentration increases exponentially.

Table 1. Sherwood number values obtained by Venkateshwaralu [20] and in the present work.

Venkateshwaralu Present work
Schmidt number (Sc) | Sherwood number (Sh) | Sherwood number (Sh)
0.1 1.1780 1.1912
0.2 1.0927 1.1071
0.3 1.0613 1.0589
0.4 1.0464 1.0415
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Fig.13. Chemical reaction influence on concentra- Fig.14. Oscillation Influence on Concentration for
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Fig.15. Schmidt number influence on concentration Fig.16. Schmidt number influence on concentration
forw=1 K=1, Sc=1. forw=1, K=1,Sc=1.

7. Conclusion

The following are the important findings derived out of this study on MHD oscillatory blood flow, an-
alyzing influence of various parameters on velocity (u), temperature (6) and concentration (¢) profiles.
Velocity (u) distribution enhances with increase in Grashoff number (Gr), non-uniform parameter (m)
and radiation (N). Temperature (6) distribution reduces with the increase in m, w and Pe. Increase
in Eckert number (Ec) impacting very little variation in temperature (¢). Raise in radiation (),
increases the temperature (#) distribution. The impact of (K) on (¢), reduces (¢) with minimum
variation for larger values of K. Frequency of oscillation w reduces the concentration (¢) profiles. For
smaller values of Schmidt number (Sc), concentration (¢) shows variation of larger magnitude and as
Schmidt number (Sc) takes larger values, variations in ¢ are lesser. In the present work, taking limit
as a,b,m — 0, Ec — 0 results are coinciding with work done by Venkateshwaralu [20].
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Bnaune ximiuHunx peaKu,m Ta B'a3koi aucunauyii Ha MI'] konnsHnii
KPOBOTIK Y KOHIYHOMY acMMeTpU4YHOMY KaHaJli

Cacikymap k., Cenrxamapait P.

Daxysomem mamemamury, Inocenepno-mernoro2ivnut xonreooic,
Inemumym nayku © mexnonozits SRM, Kammanxysamyp—603 208,
Pation Yeneaanammy, Tamisnady, Indis

MT/I B’st3kmit KOJIMBHUIT KPOBOTIK Yepe3 MPOCBIT apTepiil 1 BAPUKO3HUX BEH CIIOHYKAE IO
BUBYEHHsI KDOBOTOKY B yPasK€HIUX KPOBOHOCHUX CyJIMHAX 1 BeHax. KpoBOTIK y HEBIOPS KO-
BaHilf HEPBOBIHl cucTeMi, SIK-OT BAPUKO3HE PO3MIMPEHHS BEH Ta IHIMUX MiKpoapTepiit y au-
XaJIbHIN CUCTEMI, MOJIETIOETHCSI TEOMETPUIHO V' (hOpMi 3BYKEHUX BUTHYTUX CTIHOK Pi3HOTO
MIOIIEPEYHOTO TIEPEPI3Y, IO € HOBUM ITiIXOIO0M JI0 ITi€T TpobyieMu Ta Ma€ epeBary mopiBHIHO
3 iHmmMy reomeTpruaHuME hbopMamu KaHasry. KpoB BBaXKaroTh B’ I3KOIPY2KHOIO i OIITUYHO
T'YCTOIO PIIUHOIO, IO MPOTiKaE Yepe3 MOPUCTY CTPYKTYpy. MaruiTHa cuia po3rigaaeThes B
HOPMAJILHOMY HAIIPSIMKY 70 HepBOBOI cucrtemu. [IpoanasizoBaHo BILINB B’sI3KO1 IUCHTIAIIT
Ta XIMIYHUX peakIliifi Ha KPOBOTIK.

Knto4voBi cnoBa: xposomik, onmuuno 2ycma piouna, TIMINHa Pearyia ma 6 a3xa oucu-
NAULA.
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