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Fluid flows occur due to internal or external forces such as wind, gravity, pressure
gradients, side-wall motion, MHD, and free convection. This study examines how
meanders impact heat transfer by studying the behavior of viscous fluid flow with
streamwise vortices in a sinusoidal wavy meandering channel of non-uniform
radius. The study simplifies the motion and energy equations governing the fluid
flow using novel transformations and a regular perturbation method. By plotting
graphs for different parameter values, such as Pr, Re, and Ec, it reveals that
decreasing the wavelength leads to flow separation near the channel surface.
However, the stream moves forward with a sudden meander disturbance, causing
the flow to become rectilinear and independent of vertex-generating centrifugal
forces. The study identifies a stream function using standard and established
relations. The fluid flow patterns and temperature distribution behavior are shown
in various plots, highlighting the significant impact of meanders on fluid flow.
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1 Introduction

There are infinitely many possible types of meanders, and here we consider only a special
type of meandering channel, i.e., the sinusoidal meandering channel. These channels are
influenced by various agents that cause fluid motion, with the most common being the
pressure gradient. In some cases, the pressure gradient may be mechanical in nature. The
flows within these channels are predominantly induced by the pressure gradient, and they
have numerous practical applications (Webb and Bergles, 1981; Bergles and Webb, 1985;
Jensen et al, 1997; Ligrani et al, 2003). The partition of escalation structures can be
performed on those that are responsible for necessary changes in the thermal and physical
properties of fluids under consideration and the ones marked by perfection in fluid maxing
(Fiebig, 1995a; Fiebig, 1995b; Jacobi and Shah, 1995). Mixing with improved mechanics is
the point of attention in engineering devices functioning at small Reynolds numbers (Re)
with laminar patterns (Fiebig, 1998). Commonly, it is understood that improved mixing can
be done via compelling the fluid from the laminar state into a turbulent one or by the
formation vortex generators. Vortex generators are functional but have significant pressure
in their drag drawback (Patera and Mikic, 1986; Fiebig and Chen, 1999).

For nearly a century, centrifugal instability has been observed in shear layers. Previous
studies focused on simple geometries and canonical flows, making it easy to calculate the
curvature or meander of flow patterns. One example is the flow of fluid motion between
rotating cylinders, where (Floryan, 1991) investigated the stability states of the distribution of
rotation in an inviscid mechanism. In (Mohammadi and Floryan, 2013), addressed a highly
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viscous problem was addressed, and the critical conditions of the
secondary flow onset were determined. In (Xu et al, 2016),
comparable instability in curved channels was analyzed, and
(Rayleigh, 1917) presented a case of boundary layer flows on
concave sheets, taking into account centrifugal instability. In
(Taylor, 1923), it was found that the special type of instability is
prominent for fluid flow over concave and convex sheets, subject to
the condition that the velocity components are non-monotonic in
nature. In (Ghalambaz et al, 2016; Hayat et al, 2017
Srinivasacharya and Sibanda, 2020; Mahmud and Uddin, 2021),
numerical simulation and analysis of different types of nanofluids
flowing past various types of surfaces in the context of fluid flow and
heat transfer in different channels was performed (Khan and
Ahmed, 2015; Alsaedi et al., 2016; Nadeem et al., 2016; Izadi and
Pourmehran, 2017; Khan et al., 2017; Sheikholeslami et al., 2017).
These studies explore the impact of various factors such as thermal
radiation, magnetic fields, bioconvection, entropy optimization, and
chemical reactions on flow and heat transfer characteristics. As such,
these articles are highly relevant for those interested in studying the
behavior of nanofluids. All of these results apply to constant
meanders and establish a clear relationship between streamline
meanders and the wall meander. Consequently, the
demonstration of this special type of stability revealed that it is
represented by a single parameter, which is one possible way to
describe this meandering with a single parameter.

The main objective of this study is to investigate the flow of a
viscous fluid in a meandering channel with wavy walls driven by a
pressure gradient. The equations of motion, including the
conservation of the mass and momentum equations and the
energy equation, are utilized to analyze the fluid flow and
temperature distribution within the channel. The boundary
conditions are imposed on the channel walls and at the center of
the channel to maintain symmetry. Dimensionless variables are used
to transform the governing equations into a dimensionless form for
easy tracking of units. Additionally, the study explores special types
of instabilities and their significance. In the first part, an assumption
of fixed pressure gradient is imposed, assuming direct channel flow
with parallel plates, and sinusoidal channel flow is driven by an
identical pressure gradient. Flow rate variation is used to supplement
the flow losses associated with the meandering channel. The
generalized model is solved using perturbation method, and the
stream function is calculated and examined using other techniques.
The temperature distribution behavior is illustrated through various
plots depicting different dimensionless parameters, such as Pr, Re,
and Ec.

2 Geometry of the problem

Consider the flow of a viscous fluid in a meandering channel,
which consists of two wavy walls separated by a fixed gap. The
classical model for laminar flows in channels, tubes, and ducts is
provided by Poiseuille. The flow in such a channel is primarily
induced by a pressure gradient. There are various types of flows that
pass through ducts and channels, and they have significant practical
importance. The classification of scaling structures can be conducted
based on those that have variations in the effective thermophysical
properties of fluids, and the pursuit of optimal fluid mixing can lead
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to an infinite number of possible meander types. In this study, we
will focus on the simplest sinusoidal channel, whose geometry is
illustrated in Figure 1, where the superscript H denotes the upper
and G denotes the lower walls of the channel. The channel extends
along the x-axis from negative infinity to positive infinity, and the
flow is driven by a pressure gradient.

3 Governing equations and their
non-dimensional form

The general form of continuity equation for incompressible
viscous flow is:

divv =0 (1)

The velocity vector, denoted as V, has three components for
three-dimensional flow. Similarly, the general form of the
Navier-Stokes equations applies to steady and viscous flows of
constant viscosity.

p(V-V)V = —VP + uV?V, )

The variables p, p, and P represent density, viscosity, and
pressure of the fluid, respectively. To define the dimensionless
variables, we use asterisks and reference length L and velocity U,
as follows:

A\ p
V=LV, V* = — and P* = —, (3

U pU
After substituting the non-dimensional variables, which are
defined in Eq. 3, into Eqs 1, 2, we obtain the dimensionless

continuity and Navier-Stokes equations:

divv* =0, (4)

U? U? U
P ve (vrve) = P pepe  Engey, 5)

L L L2

The above equation is multiplied by p%’ and when simplified
we get:

1
= (V*. V¥) V¥ = —V*P* ¢ R—V*ZV*. (6)
e

where Re = &HL represents the Reynold’s number.

4 Modeling of the problem

Let us consider that for flow in a straight channel and for two-
dimensional flow, the velocity is represented by the velocity V,
pressure by Py, the stream function of the flow is denoted by v, and
Qo is the flow rate representative. Then, the continuity equation in
two dimensional is transformed to:

auo+%:
ox dy

0, (7)
The x- component of the Navier-Stoke equations is:

o | Ouy du_ Oy [Du T
PUar ""%x "%y ) T Tox TH o T o2 |
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yH =1+ 2S5 cos(ax)

y¢ = —1+ 2S cos(ax)

X 25: the amplitude of the
meander

A =27/ ¢ : the wavelength
of one cycle of meandering

FIGURE 1
Geometry of meandering channel and flow field under consideration.

The y- component of the Navier-Stoke equations is:

aVO + aVO + aVO _ apo + 821/0 + aZVO (9)

Plor T"%x "%y ) T oy TH e T oy |
The boundary conditions for the problem are established by
utilizing the no-slip condition, along with considering the

geometry of the problem. Thus, the boundary conditions can
be written as:

u=0aty=x= 1. (10)

Equations 7-9 represent the continuity and the x&y-

momentum equations, a one-dimensional

straight channel. These equations can be greatly simplified by

respectively, for

making certain assumptions, namely, that (u # 0andv, =0).
With this assumption, the solution for the governing equations
for straight channel flow can be obtained by combining the axial
velocity (), normal velocity (vy), and pressure (Py), which can be
expressed as follows:

Vo = [20(n),0] = [1 = 7,0]
5 (1)
,P() = R—j + Cl,
Note that Eqs 1-11 for the fully developed flow in a straight
channel has been in F.M. White [31] and
Schlichting [32].

The volume flow rate for the channel flow of fixed width is:

reported

1
Q= [ wolmdn =3 (12)

The stream function (y,) is simply evaluated as:

3
%"’;"zuo(n)z%:—%wwz. (13)

In a meandering channel, where the fluid flow moves in the
positive x-axis direction, the Reynolds number is defined based
on the maximum x-velocity and channel half-height.

The velocity field and other related field quantities for the
fluid motion in the meandering channel can be expressed as
follows:
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Vi = Vo + Vi =[wo(n),0] + [e1 (& 1) vi (&),
Pb (f) 71) = 7DO (£)+Pl (g) 71)) (14)
v, = Yo () + ¥, (61), Q= Qo + Qs

In the context of the meandering channel geometry, the velocity
Vi, pressure P;, stream function v, and flow rate Q; are
quantities that are adjusted accordingly.
Additionally, the velocity vector Vi = (w4, V) is decomposed.

dimensionless

These components are further decomposed as follows:

wy, = [0 (), 21 (& )] and vy = [0,v, (&, 7)), (15)

This is achieved by substituting the new variables for the velocity
field in the dimensionless governing equations, i.e., Eqs 4, 6, and
eliminating pressure term.

The continuity equation Eq. 4 in the new variable is:

a‘l//h aVb _

—+—=0, 16
o oy (16)
and now using the decomposed forms of «;, and v;, from Eq. 15, we have:

aul avl

3675"'67’1:0, (17)

Note that z¢( and v, are defined in Eq. 15, and some derivatives vanish:

auo _ aVO _

T

The dimensionless x— momentum Eq. 6 for new variables becomes:
9,0\, 9(,0), 0 duw]), 0f du
an\ "2t ) Tan\“ag ) o\ "oy ) Ton\ "oy

627)1 i R671 { 33u1 ¥ aS‘LLl}
oon ot’on o |’

(18)

The dimensionless y— momentum Eq. 6 for new variables becomes:

o) ov, d oV, 0 o,
afg uoaig +af£ ulafg +875 Vlaiﬂ

P, L[ v
+Re"" {— s
ooy

oF ok (19
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The pressure term is eliminated by expending the terms

o,
on’

(1)

Substituting in Eq. 20, we get:
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FIGURE 3
Variations of the pressure gradient correction Re[(dP_1)/dx] = -0.002.

T(n.$)

—1.0 —0.5 0.0 0.5 1.0

FIGURE 4
Temperature distribution is uniform and smooth from 0 to 1 in the direction of n, whereas its behavior in § direction is periodic in nature. For fixed
values of S = 0.0125, Re = 10, a = 0.1, Pr = 1, and Ec = 1.

From the above continuity Eq. 22, we have: wo(yu (f); +uy E& Yu (f); =0, éf: yu(§) =0,
2 éL(f) +u (& (8)=0,v (& yL () =0. (25)
iaa) + m =0=u, 9y + m = duy + m =0. (23) Reconsidering the total stream function:
o0& on o0& oy o oy 3
¥ (v () + v, (& yu (D) = 7
By substituting in Eq. 22, we have: v, (. (©) + v, (& yL (&) = 0. (26)
9 Pu d Floryan (1997) used the Fourier expansion for the simplification
oy, - S T Rty f the ab tion:
3EY i ap oF 1 of the above equation:
0 (o 0 J0/(0 0 " /N inak
= 1= - -— (= — 1) = , 27
% {af (ze1v1) + n (Vlvl)} n (ag (e12e1) + an (u1v1)>. v, (&) nzzooﬁb (n)e 27)
(24)

where ¢" = ¢(™" represents the conditions, and the star identifies
The no slip boundary conditions: the complex conjugate.
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FIGURE 5

Temperature distribution T (1, €) is plotted against 5" for fixed values of £ = 0, S = 0.0125, Re = 1, Pr = 2, and Ec = 0.0001 and different values of a.
Note that the Prandtl and Eckert numbers are the choice for water. The temperature profile is increasing with «, whereas each profile changes uniformly.

Moreover, the profile is either linear or close to linear for small values of a.
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02

00
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FIGURE 6

Temperature distribution T (1, £) is plotted against "5" for fixed values of £ = 0, S = 0.0125, Re = 1, a = 0.25, Br = 0.01, and different values of Pr. The
range of Pr in water is 2<Pr >7, and Br = PrEc, the different values for the Prandtl numbers is Pr, the Eckert number becomes Ec = 0.0085,0.0056,
0.00425,0.0034. Note that the Prandtl and Eckert numbers are the choice for water. The temperature profile is increasing in Pr, whereas each profile
changes uniformly. Moreover, the profile is either linear or close to linear for small values of Pr.

By substituting Eq. 27 into Eq. 24, we get:

k=
=D*¢’ + 2a Re Im ZOO kD*(¢™ D¢*)
k=1

0, (28)

where D = %, Im represents the imaginary part. Integrating Eq. 28
w.r.t. ‘7 we get:

k=co
=D*¢’ +2aReIm( ) kD(¢*"D¢") | = ARe,
k=1
where A = aa—? . (29)

Frontiers in Materials

The equations of the model are valid for a constant pressure gradient,
where both the straight and sinusoidal channels are driven by the same
gradient. The flow rate variation is taken into account and measured due to
the extra flow losses that occur in the meandering channel. Additionally, it
is assumed that in Eq. 26, A is equal to zero, and the correction for the flow
rate, Q, can be easily calculated as per Floryan’s work in 1997.

5 Solution of the modified equations

Let us assume that the wavelength is a large quantity,
denoted as a« — 0. We can then obtain a solution for the

frontiersin.org
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FIGURE 7

Temperature distribution T (,§) is plotted against " for fixed values of { = 0, « = 0.5, Re = 1, Pr = 2, and Ec = 0.0001 and different values of S. Note
that the Prandtl and Eckert numbers are the choice for water. The temperature profile is increased in S, whereas each profile changes uniformly.

Moreover, the profile is either linear or close to linear for small values of S.
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T(,§ =0)
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04
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Re =1.20
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FIGURE 8

Temperature distribution T (#,£) is plotted against "5" for fixed values of £ = 0, « = 0.5, S = 0.125, Pr = 2, and Ec = 0.000, and different values of Re.
Note that the Prandtl and Eckert numbers are the chowce for water. The temperature profile is increased in Re, whereas each profile changes uniformly.

Moreover, the profile is either linear or close to linear for small values of Re.

problem. To regularize the flow domain, transformation 6 =
(n—2Scoso) is applied, where o = af represents a slow scale.
With these new variables, the governing equations in
dimensionless form, denoted as Eqs 4, 6, are transformed
into the following set of field equations given as:

ou 0 0
aa—;+280¢sma%+a—lg:0, (30)

. %y 0wy, o uy

- (1+4S8’a’sin’ o) S o’ 32 ? 3690

— 2802 cos 0% + 2SaRe sin ow Ouy +Re 9t (31)
00 *96 "0

0 0
+ aReub% + ocRe% + ZSocResmaa—pe =
Frontiers in Materials 07

2 2
—(1+4Szoczsinza)a—vzb— aavzb 480’ s naaaW—ZS 2 osa%
a o, o, aph
+2$ocResmoubae+Revb¥+ocRe a—+R 30 0,
(32)

The no-slip boundary and free-stream conditions with the total
flow rate given in Eq. 25 is reduced to the following simplest form:

1

wu,=v=0at0=+1, up,=1at0=0, Qh:J uh(a,G)dq:;—L.
-1

(33)

In Eqs 30-32 are three unknown quantities, i.e., uy, v3,, and Py,
that we need to determine by using the perturbation method. These
unknown quantities are expanded in terms of « by using the
following series:
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wp =g+ ady + iy + 0’ i3+ O(a),
vy =T +ady +a’ b, +a’ b+ O(at),
Pp=a'Py+ Py +aP; + Py +0(a?). (34)

Substituting the values of up, vp,, and P}, from Eq. 34 into Eqs
30-32, we have:

(Xa— (120 +(X121 +062 122 +(X3 123)
o

0
+25asin0% (o +ad, +o @, +a’ i) (35)

+3(170+(X171 +(X21A/2+(X3173) =0,
00
2
-(1 +4Sztxzsinza)ﬁ (Go+ady +aa,+a 4s)
2
7oczﬁ (@o+ady +aa,+a’ @)

2

— 4Sa’* sin o T

(o +ade) + oy + o @s)
o . . . A
—ZSazcosa% (o + ey + 02 iy + & 43)
s - - 2 AN - 2 - 3 .
+2SaResino (&g + ad, +o 4y + u3)%(u0+au1+tx Wyt o i)
N . 25 3.40 . 2 - 5
+Re(ho+ai +a’ 1 +a v3)%(u0+ocu1+oc @y + o’ ds)
N ~ 2 A 3 ~ a ~ ~ 2 7 3 5
taRe(@o+ad, +ad)+a u3)a—(u0+au1+a Wy + o ds)
4
d 175 » 75 275
+ocRe—((x P+ Po+aP+a Pz)
do
; 0 ~17 » » 27
+2$ocResma%(a P+ Py+aP +a 732) =0,

(36)
aZ
- (1+4S%a’sin? 0)@ (D) +a? Dy + o’ 13)

aZ
2 A 2~ 3
& (av +a’ D+ o V3)
00>
2
—480? sin o —=— (a ¥ + o Dy + o V3)

0000

0 . . R
— 2802 cos o3 (D) + o Dy + 0 D3)

+2SaResino (o + a iy + o’ Gy + o Us) — (a P + o’ ¥, + o 3)

00
~ ~ 2 A 3 A~ 0 ~ 2 A 3 A
+Re(ho+at +a* ¥ +a v3)%(av1+rx P+’ )
~ ~ 2 A 3 A 0 ~ 2 A 3 A~
+aRe(ty+ai +a’ i, +a u3)a— (av1+a® vy + o’ 3)
o
O,
+Re—(¢x Pi+Po+aP+« PZ):O.

00
(37)

6 Analysis of heat transfer in a
meandering channel

The analysis of heat transfer in a meandering channel involves
studying the heat transfer mechanisms that occur due to meanders in
the channel. Heat transfer occurs in three modes: conduction,
convection, and radiation. In the present study, a case of heat
transfer through conduction and convection is taken into account.
Conduction occurs when heat flows from regions of high temperature
to regions of low temperature through a solid material. In a meandering
channel, heat is conducted through the walls of the channel. The rate of
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heat transfer through conduction is proportional to the temperature
gradient, the thermal conductivity of the material, and the cross-
sectional area of the channel. Convection occurs when heat is
transferred by the movement of fluids, either liquids or gases. In a
meandering channel, heat is transferred through convection due to the
flow of fluid through the channel. The rate of heat transfer through
convection is proportional to the temperature difference between the
fluid and the channel wall, the velocity of the fluid, and the heat transfer
coefficient of the fluid. The heat transfer is analyzed by using the energy
equation, which relates the rate of heat transfer to the temperature
distribution in the channel. The energy equation is taken into account to
study the conduction and convection mechanisms of heat transfer and
the thermal properties of the meandering channel in the flow of fluids.

7 Formulation of the problem

The problem is modeled using the Navier-Stokes equations, along
with the continuity and energy equations. To obtain a non-linear,
simple partial differential equation, a defined set of transformations is
applied. The regular perturbation technique is utilized to expand the
heat transfer, T}, in terms of " « " in the meandering channel.

The energy equation is:

pcp%]; =kV’T + @, (38)
where T is the temperature distribution, p is density, c, is specific
heat, k is thermal conductivity, and @ is the dissipation term. The
boundaries condition of the problem is at the upper wall, T =T},
and at the lower wall ,T = T,.

Consider the following dimensionless variables in order to
transform the energy equation into dimensionless form:

T-T,

~ 0
TT, =Ty

U2y’

*

T (39)

The dimensionless numbers that appear in Eq. 38 are the
Reynolds and Prandtl numbers, which are defined as:

UL UL 1 k
Re =25 pr = HP pepr - P22 - . (40)
U k k "RePr pULc,
or* or* 1 [o°'T* o'T*] E
WtV e = — [+ + =S, (41)
0x*  0y* RePr|ox* Oy* Re

Equation 41 is the dimensionless form of the energy equation.
On the other hand, the boundaries conditions for the temperature
distribution in the dimensionless form are obtained, and the
dimensional boundary conditions are given by taking:

T-T
T*(x’y) = Tl _'1—?0’

(42)

The temperature at the upper wall is T' = T, so using definition
from Eq. 42:
T-T, T,-T,
Ti-Ty Ti-To

y=LT=T,T*(x,y) = LT (x,y) =1, (43)

The temperature at the lower wall is T' = T}, so using definition
from Eq. 42:
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T-Ty To-T,
— 1T =To, T*(x, y) = -
Y o T (o)) =1 =T, o,

The temperature of a flow in a straight channel is denoted by T,

LT (x,y) =0, (44)

and so we have:

o aTO L[0Ty 9Ty
“0ox Y3y ~ RePr| dx* = 0y
Ec Jug ? o7 ? vy  Oug :
+—2(=— ) +2[=— | +|=—+=) |,
Re ox oy ox dy

(45)

The boundaries condition for the temperature at the upper wall,
fo =1, and at the lower wall, fg =0.
Putting Eq. 11 into Eq. 45, after simplification we have:

o'To
— = —4PrEcy2, (46)
0y?
Integrating Eq. 46 twice w.r.t ” y” we get:
_PrEc
T()( ) y +C1y+C2, (47)

where C; and C, are the constant of integration, which can be
determined by using the boundary conditions imposed at the upper
wall of the channel, To(1)=1, and at lower wall of the
channel, T (~1) = 0.

- PrEc

To(y) =

As the Vi, (X) = Vo (X) + V; (X) and T} (X)
where V,(X) =
temperature of the total flow, respectively, and V;(X) = (uyi +

(1= +5 (1+) (48)

Vo (X) =Ty (X) + T (X),
(upi+vpj) and Ty (X) are the velocity and

Vi f) and T (X) are the velocity and temperature induced by the
channel geometry, respectively.

It is assumed that « is a small quantity, and for this choice of «
we expand the unknown quantities of T, by using the regular
perturbations to find f’b. The dimensionless form of the energy
equation is transformed and expanded using the following
transformation and expansion:

n=y-2scas(§),& = ax, (49)
’fb = TO + (X’fl + (XZ Tz + O(a3); (50)
We get:
) or, of, ,aT, or, of, ,oT,
w[asesino (oo G o G e+ )

+a2u2[23asin(f)<%+a%+a BT2> + <8T0 aTl an)]
am Yt o8 TYor T e
oty + oc% + ZB—TZ]

on on on

27 .
482 a*sin’ (§) TO a L +a 2 L
811 o’

62T0 + aazﬁ + ocZBZT + 40*S sin (£) ZTO +a BZTI + cxzaZTz
1]
o8 o8 | o& o0 B{ onoé onoé

aT1 00 (9T, OT) asz
o) (6 557 )
() s 2 4o %)(22)
+4SSm(E)<au°><ZV’1‘>+2<%> + 8Ssin( E)(au")(‘;”;)
(3) 2 G)%)) o)

+ocv1[

~ RePr

+ 2842 cos (f)( 7;10

(51)
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The boundaries condition on the upper wall is y = h =1, and
the boundaries condition on the lower wall is y = —h = -1 for the
small a.

To(1)=1,T,(1) =0,T,(1) =0, (52)
To(-1)=0,T,(-1) = 0,T,(-1) = 0, (53)

8 Results and discussion

With the solution represented as a power expansion in terms of
o and by equating the coefficients, we have:
@o(0)=1- e, %, (0,0) =

4
0, %2(0,6) = S0 cos o (1 - ),

w;(0,0) = iReS Osing (0° —1)(6* +21S0(8” - 4) cos o + 6 — 34),

0(0,0) = 0,9, = -2Ssing (1 — 6),9,(a,0) = 0,

1
¥3(0,0) = 58(92 -1)(6° - 1 +8S0cos o) sin o,
. 2 .
P1(0) = —— +Co, Py = C,

Re

P, (0,0) = —4Re™'S (2S¢ — O sin o — Ssin 20),

. 263 &
P, (0,60) =2Scos 0‘(9 -—

11
+ —8% cos 20,
3 5 15

To( ) PrEc(l_ )+%(1+’1)’
T\ (n) = 12160 sin (§)PrRe (=1 + ) (~1 + 77)[-105(=5 + 7?)
A +8EcPry(-11 — 115% + 107*)],
T, = 7160 gpr Re* (-1+S)cos (&) (-1* +1)

+1176EcPrS (—;1 +1)cos (§) +4EcPr’ Re* (-1+8) (1 =) cos (£)
10
+ ?EcPr3 Re? (=1+8) (-1° +n)cos (&)

+88EcPr’ Re? (=1+S)* (17 — 1)sin? (£)
+420Pr? Re* (=1 +8)* (1 —17)sin? ()

4
+3EcPr (11Pr* Re* (1+8)* +37808%) (—7* + 1)sin” (£)

+56EcPr’ Re* (=1 +8)* (—1° + 1)sin? (§)
+20Pr*Re* (-1+S)* (1 —n)sin® ()
+50EcPr’ Re? (-1+8)* (11* — 1)sin* (£)

+ 19%2E(:Pr3 Re* (-1+8)* (=" + 1)sin’ (&)
+84PrRe (~1+8) (=1’ + 1) sin(§){~Scos (§) + 2PrRe (~1+S) sin (&)}

+§Pr2Re(—1 +8) (#° - 1) cos (£){Re — 32EcSsin (&)}

+§Pr(—;73 +7)cos (E){Ec(-11Pr* Re* (-1 +S) —21008)
+630Re (—1+S)Ssin (&)}
+ % (-7* +1) cos (£){105(~5Pr* Re* (-1 +S) +245)

—352EcPr*Re(—1+8)Ssin (&)}
+20EcPr* Re(~1+8)S(—4® + 1) sin (28)].
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Stream function v (o, 0)
The stream function y(o,60) is used to define the velocity
components such that:
4G

oy (0,6
= y(0,6)

00

9y (0, 0)
oo

sV = —2aSsin o + (54)
By integrating «; with ‘@’ and after finding the constant of
integration, we get:
1
1260
+reSa’ (-1+ 02)2 (-67+26" + 0" )sinc

+4(146)*(-105(-2+6)

v(0,0) = (42080’ (-1 +92)2 coso

+reS2a® (10-200+306° — 126° - 60" +36°) sin20)).

(55)

The streamlines in the area adjacent to the lower wall are shown
in Figures 2A, B, where S = 5 (‘amplitude), (Reynolds number) = 1,
o = 10, while Figures 2C is plotted for the whole channel, which
determines that a diminution of the meandering wavelength results
in the establishment of separation zones in the troughs. Figure 3
illustrates the variations of the pressure losses as a function of S and
a. From Figure 2, the area adjacent to the lower wall is complex and
exhibits a variety of behaviors. The fluid experiences both pressure and
shear forces. The pressure forces result from the changes in the height of
the channel, while the shear forces arise due to the velocity gradient near
the channel walls. As a result of these forces, the streamlines in the area
adjacent to the lower wall exhibit the behaviors of separation and
reattachment. As the fluid flows over the wave crest, the pressure forces
cause the flow to separate from the lower wall, resulting in a region of
recirculating flow or eddies. As the fluid flows over the wave trough, the
pressure forces cause the flow to reattach to the lower wall, resulting in a
region of reversed flow. In addition to the primary flow along the
channel axis, the pressure and shear forces are also induced the
secondary flows perpendicular to the channel axis. These secondary
flows create complex patterns of vortices and recirculation zones, as
shown in Figure 2, which affect the overall flow behavior. The complex
flow behavior in the area adjacent to the wall also leads to flow
instability, such as the formation of Kelvin—-Helmholtz instability
waves, which can cause the flow to break down into smaller-scale
vortices. Overall, the streamlines in the area adjacent to the lower wall of
a meandering channel in a viscous fluid flow exhibit a variety of
complex behaviors, which have an important implication for fluid
transport and mixing in microfluidic and other applications.

9 Conclusion

The periodicity of the meandering channel affects the flow
pattern and turbulence intensity of the fluid. A higher periodicity
leads to a more regular flow pattern, while a lower periodicity leads
to a more chaotic flow pattern. The presence of periodicity also leads
to the development of secondary flows, such as Dean vortices, which
affect the mixing and heat transfer characteristics of the flow. The
Prandtl number relates the momentum diffusivity to the thermal
diffusivity of a fluid. In a meandering channel, a higher Prandtl
number results in a thicker thermal boundary layer, which affects
the heat transfer characteristics of the flow. A lower Prandtl number,
on the other hand, results in a thinner thermal boundary layer and a
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more efficient heat transfer. As shown in the Figures 4-8, the Eckert
number relates the kinetic energy of a fluid to its thermal energy. In a
meandering channel, a higher Eckert number results in a more
energetic flow, which can lead to an increase in turbulence intensity
and mixing. A lower Eckert number results in a less energetic flow,
which leads to a more laminar flow pattern and reduced mixing. The
Reynolds number represents the inertial forces to the viscous forces
in a fluid. In a meandering channel, a higher Reynolds number
results in a more turbulent flow pattern, with increased mixing and
heat transfer. A lower Reynolds number results in a more laminar
flow pattern, with reduced mixing and heat transfer. The effects of
periodicity and the Prandtl number, Eckert number, and Reynolds
number on fluid flow in a meandering channel are complex and
interrelated.

In future, the flow and heat transfer in wavy meandering channels
could include investigating the thermal profiles, skin friction, and
Nusselt number calculations for various flow parameters. This could
provide insights into the heat transfer characteristics of the flow and
help optimize the design of such channels for specific applications.
Additionally, examining the effects of different geometries and materials
on the flow and heat transfer could yield valuable results.
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Nomenclature

2h
u,v

7§

Pr
Ec
Re

vZ
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Velocity of the flow profile
Dynamic viscosity
Similarity transformation
Kinematic viscosity
Amplitude of the meandering
Stream function
Wavelength of one cycle
Cartesian coordinates
Half-length of the channel
Total length of the channel
Velocity of the components
Transformed coordinates
Fluid density

Pressure

Temperature distribution
Prandtl number

Eckert number

Reynolds number

0/0x* +0/9y?

0/0xi + 0/0yj
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