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Abstract

The present work numerically investigates the thermo-fluidic and entropy generation characteristics for laminar forced
convective flow through wavy channel at different Prandtl number (Pr). Results are presented for the following range of
parameters: Reynolds number 5 < Re < 200, Prandtl number 0.72 < Pr < 100, dimensionless amplitude 0.3 < a < 0.7 and
dimensionless wavelength 0.5 < A < 1.5. It is observed that with increase in Pr, the thickness of the thermal boundary layer
at trough region decreases slowly for smaller Re, whereas at higher Re, the rate of decrement is higher. The average Nusselt
number increases with Pr for all amplitude, wavelength and Reynolds number. The relative heat transfer enhancement com-
pared to equivalent plane channel is presented in terms of enhancement ratio (ER), and it shows a non-monotonic variation
of ER with Pr at lower Re and a monotonic one at higher Re. The combined alteration of rate of heat transfer and pressure
drop as compared to plane channel is enumerated by performance factor (PF), and the variation of PF with Pr shows non-
monotonic behaviour at lower Re and monotonic one at higher Re. The variation of PF shows non-monotonic variation with
Re for higher Pr and for smaller wavelength, whereas it monotonically decreases for all Pr at higher wavelength. Thermal
entropy generation contribution is higher over the viscous one for all the cases considered. The local thermal entropy genera-
tion distribution varies with Re, Pr and geometrical configuration of the channel. For smaller amplitude (a=0.3), the total
entropy generation is minimum in the considered range of Re and Pr.
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Introduction

The continuously increasing demands of energy for differ-
ent industrial applications and the higher cost of energy
motivate the researchers to develop energy efficient com-
pact thermal devices [1-6]. The losses of energy in those
industrial applications are mainly due to the heat exchang-
ing process. Accordingly, researchers have put their effort
to develop compact thermal systems capable of transfer-
ring heat at a higher rate. In this context, two methods of
heat transfer enhancement are commonly used for different
applications: one is active method [7] and another one
is passive method [8—10]. Active methods need external
perturbation for the heat transfer enhancement other than
the applied pumping power, and the passive methods of
heat transfer enhancement include surface modification,
addition of baffles [11, 12], use of obstacles in flow path,
uses of twisted or helical tapes [13—15], addition of nano-
particle [16—18], porous media [19], etc. The passive heat
transfer enhancement techniques are used for many heat
exchanging applications, like solar water heater, nuclear
reactor, and petroleum pre-heater, etc. [20-28].
Numerous works have been reported describing the
effects of modification of the channel geometry to develop
compact thermal devices. Rush et al. [29] experimentally
investigated the heat transfer enhancement through sinu-
soidal passage in laminar regime and found that the local
heat transfer rate enhances due to the formation of recir-
culation zone in the wavy part. To analyse the heat trans-
fer mechanism in wavy channel more precisely, numerical
simulations were performed by the Wang and Chen [30]
for laminar regime (100 < Re < 700) with different chan-
nel amplitudes and two different Prandtl numbers 0.72 (air)
and 6.93 (water). It is found that the size of recirculation
zone increases with increase in amplitude. The maxima of
local Nusselt number and skin-friction coefficient exist at
the peak of the wavy wall, whereas minima is located short
distance downstream and upstream near to the maximum
cross-sectional area. Pati et al. [31] numerically studied
the thermo-hydraulic characteristics for flow through the
raccoon and serpentine channels in laminar regime for
Reynolds number in the range 5 < Re < 100 and Pr=6.93.
It is found that the thermo-hydraulic performance factor is
always higher for the serpentine channel in the considered
range of Reynolds number and all geometrical configura-
tions. Mehta and Pati [32] numerically investigated the
effect of geometrical parameters on the thermo-hydraulic
characteristics for the flow of air (Pr=0.72) through tri-
angular corrugated channel. It is found that the perfor-
mance factor is higher for higher amplitude (a = 0.4)
when wavelength is smaller (4 = 0.5), in the considered
range of Reynolds number. For larger wavelength (1 = 2)
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performance factor is higher for @ = 0.3 when Re < 200
and for a=0.2 when Re > 200. Mohanraj et al. [24]
reviewed different types of artificial neural networks
(ANN) method to predict the heat transfer rate and fric-
tion factor for different types of heat exchanger, viz. corru-
gated heat exchanger, helical tubes, and straight tube with
internal fins and reported that the Nusselt number for heat
exchanger having corrugated channel predicted by multi-
layer feed forward network (MLFFN)-ANN model with
4-5-1 configuration has maximum and minimum relative
difference with 10% and 0.25%, respectively; along with
less than 3.36% mean relative difference. In recent times,
numerous numerical and experimental investigations have
been reported by various researchers on passive heat trans-
fer techniques, which include wavy and corrugated walls,
helical-twisted tapes, baffles [11-15, 30-34]. Apart from
the heat transfer enhancement, the performance of the heat
exchanging system should be analysed, as it is essential
for the economic use of devices. In this context, Mohan-
raj et al. [25] experimentally studied the energy perfor-
mance of heat pump with photovoltaic—thermal evaporator
(PV-TE) with triangular and circular tubes configuration.
They found that the triangular configuration enhances the
energy performance over the circular one. The perfor-
mances of a solar water heater and two-stage cascade heat
pump (TSCHP) heating system have been studied numeri-
cally by Yerdesh et al. [27]. For forced convective flow
through heat exchanging system with corrugated or wavy
channel, pressure drop increases as compared to the plane
channel. Hence, for such systems the relative enhancement
of heat transfer with relative increase in pressure drop pen-
alty as compared to the plane channel has been studied by
number of researchers [31, 32].

It is important to mention here that the heat transfer for
forced convective flow not only depends on the Reynolds
number but also on the working fluids. Numerous works
are available in the literature exploring the convective heat
transfer using fluids of various kinds having different Prandtl
numbers [35-42]. The common working fluids for different
heat transfer processes are generally air, water, water-glyc-
erol solutions, etc. [41]. Prandtl number for air and water is
0.72 and 6.93 [30-32], respectively, in normal atmospheric
conditions, whereas for water—propylene-glycol solution
Prandtl number varies from 18 to 160 [41].

The irreversibility generated during any heat exchange
process is one of the parameter that decides the effective-
ness of the process. The useful energy for the any heat
transfer devices is destroyed by the generation of irrevers-
ibility. The useful energy for the heat exchanging system is
termed as “exergy”. Recently, Kumar et al. [26] and Arun
et al. [28] experimentally studied the exergy analysis for
the forced convective thermal system having solar air heat-
ers using pin—fin absorber plate, and solar cabinet dryer,
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respectively. According to the second law of thermodynam-
ics, the irreversibility cannot be fully diminished, but it can
be minimized [43-45]. Numerous researchers worked on to
explore the entropy generation for flow through wavy chan-
nel. Akbarzadeh et al. [46] numerically studied the effect
of corrugated profile on the entropy generation characteris-
tics for laminar regime with the range of Reynolds number
400 < Re < 1400 and found that the percentage decrement
in thermal entropy generation for the increase in Reyn-
olds number from 400 to 1400 is 111%, 100%, and 116%,
respectively, for sinusoidal, trapezoidal, and triangular cor-
rugated channel. It is also found that the thermal entropy
generation is dominated over the viscous contributor even
at higher Reynolds number (Re =1000). Esfahani et al. [17]
numerically investigated the effect of wave number, ampli-
tude, nano-particle volume fraction for flow through the
sinusoidal wavy channel for Reynolds number in the range
300 < Re < 900 and found that the total entropy generation
reduces when wave number changes from 4 to 6, and the
trend is opposite when wave number changes from 6 to 8. It
is also found that the thermal entropy generation decreases
with increase in Reynolds number. Mehta and Pati [32]
numerically found that the maxima of total entropy genera-
tion is achieved at critical Reynolds number for flow through
the triangular corrugated channel for 5 < Re < 500. They
reported that the critical Reynolds number decreases with
an increase in wavelength and moreover for any given wave-
length, there is no effect of amplitude on critical Reynolds
number.

From the exhaustive literature survey as presented for
forced convective flow through wavy channel, it is found
that the effects of Prandtl number on the thermo-hydraulic
and entropy generation performance for wavy channel have
not been investigated till now. Therefore, the objective of the
present work is to study the thermo-hydraulic transport char-
acteristics along with the irreversibility analysis for the flow
of different working fluids having different Prandtl numbers
through the wavy channel.

Theoretical formulation
Fluid at a uniform temperature of 7, and uniform velocity of

u enters into the channel as represented in Fig. 1. The flat part
of the channel is insulated, whereas wavy wall is maintained at

Fig. 1 Physical model and the
coordinate system

the constant temperature T, (> T, ) The equation of the wavy
profile of the walls is defined as [31]:

S1op() = L+ Assin 2z(x — 3L)/ 7) 1)

SBottom®) = —L —Asin 2z(x — 3L)/ ) )

Here, L is the average half height, A is the amplitude, and y
is the wavelength of the channel.
The normalized equation of the undulated wall is given as:

StopX) = 1 + asin[z(X - 3)/1] 3)

Saonom ) = —1 — asin[z(X — 3)/A] @

Here, S(X) is the normalized profile of the wavy wall, nor-
malized as:S(X) = s(x)/L,a =A/L,A=y/2L, X is dimen-
sionless axial coordinate, normalized with L.

The flow through the wavy channel is considered to be two-
dimensional, steady and incompressible [30]. Working fluid
is considered as Newtonian, and for numerical analysis we
consider different Prandtl numbers (=0.72, 6.93, 20, 50 and
100) [30-32, 41]. The viscous dissipation and radiation effects
are neglected for the present analysis [31, 32, 46]. The tem-
perature-independent thermo-physical properties are taken for
the simulations. For the present study, the value of maximum
temperature difference is less than 10 K so that we can neglect
the effect of temperature on the thermo-physical properties
which is in line with the previous works [30-32, 46] related to
the forced convective flow through wavy channel.

The governing transport equations are presented in dimen-
sionless form as follows [31]: Continuity equation:

V.-U=0 4)
Momentum equation

(U-V)U = —-VP + (1/Re)V*U (6)
Energy equation

U- V0 =[1/(Re Pr)|V-(V0) )

where V = (i0/ 0X +jo/ oY) and
U= (uz + vj)/ﬁ = Ui+ Vj. Different normalized param-
eters for the above equations are: X =x/L, Y =y/L,
U=u/u,V=v/ia,P=p/pi*.0 =(T-T,)/(T,-T,

w m)’
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where P is the normalized pressure, i is the average inlet

velocity. Note that p, u, k and c,, are density, dynamic vis-

cosity, thermal conductivity and specific heat capacity of the

fluid, respectively. Reynolds number and Prandtl numbers

are defined as Re = (pitl)/ u and Pr = (uc,)/k, respec-

tively. The imposed boundary conditions are the following:
At the inlet:

U=1, V=0, 6=0 8)
At the outlet:

oU/0X =0V /0X =00/dX =0, )
At the walls:

U=V=0 (102)
=1 for X, <X<X, (10b)
00/0Y =0 for X<X, or X>X, (10c)

The calculated temperature field is characterized by local
Nusselt number as defined by [31]:

Nu = —06/0n (11)

Here, n is the outward normal on the wall.
Average Nusselt number is calculated as [31]

X=15 X=15
Nu = /NudS/ /dS (12)
X=3 =3

Enhancement ratio (ER), pressure ratio (PR) and perfor-
mance factor (PF) are calculated as [32]:

ER = mwavy/mplane (13)
PR = APwavy/ APplane (14‘)
PF = ER/ (PR)"/3 15)

Here AP is the pressure drop.

Important to mention here that flow processes through
any thermal devices generate irreversibilities and accord-
ingly to analyse the related irreversibilities associated with
the heat transfer and fluid flow through the wavy channel,
entropy generation analysis has been done. There are two
types of irreversibilities present for the current work. First
one is the thermal entropy generation caused by the local
temperature gradients, and second one is the viscous or fric-
tional entropy generation caused by the conversion of flow
energy into the intermolecular energy [32, 47, 48]. The com-
bination of local thermal equilibrium with linear transport
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theory, the local entropy generation for the work considered
here is given by [49]:

m_ k oT \? oT 2
=g 5+ ()
H ou\? av g Jdv  du g
PG () (e ]

where T, is the mean temperature, defined as
Tw=(Tyn+T,)/2.

Here, first and second terms are called local thermal
entropy generation and local viscous or frictional entropy

generation, respectively. The dimensionless form of Eq. (16)
can be written as:

00\*  (00\?
V= 1(5x) + Gy
[ ox) T\oy
2 2 2
o (35) G5+ (3 3)
0X oY oX oY a7
Here, @ = (uT,,/k)(a/ (T, — T ))2 is termed as irre-
versibility distribution ratio [49, 50]. When @ > 1, viscous
entropy generation is dominated over the thermal entropy
generation and opposite is the case for @ < 1. For the lami-
nar flow, the value of @ is much less than unity [51]. For the

present study value of @ is fixed and taken as 10~* [51]. The
dimensionless local entropy feneration is normalized as

N = (S"’)/ (k(TW - Tin)2 TiL2>. The volumetric total
entropy generation can be calculated as [32]:

[/' NH/Q

Area

ffd.Q

Area

NTotal = (1 8)

Here, d€2 is the elementary area of the present physical
domain.

The local contribution of thermal entropy generation over
the total entropy generation is defined by a term called Bejan
number. Mathematically it is defined as [32, 51]:

"
B Thermal

€= N/// + NN/

Thermal Viscous

19)

Bejan number physically signifies the dominant con-
tributor of entropy generation locally. If Be > 0.5, thermal
entropy generation dominates and for the case Be < 0.5, fric-
tional entropy generation dominates locally [32, 51].

Numerical method and model validation

Finite volume method is implemented to solve the trans-
port equations numerically using ANSYS Fluent 14.0 [52].



Numerical study of thermo-hydraulic characteristics for forced convective flow through wavy... 2433

Initial guess P*, U*, V*, T*
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Fig.2 Flow chart for numerical simulation

The gradients are computed by the least squares cell-based
gradient evaluation method. To achieve the higher order
accuracy, the momentum and energy equation are discre-
tized by second-order upwind scheme. To take care of the
pressure—velocity coupling, SIMPLE algorithm [53] is used.
The flow chart for the numerical simulation procedure is
presented in Fig. 2. The non-uniform mesh is considered for
the numerical analysis, and mesh is dense near the wall. The
relative residual criteria for convergence are taken as 107°
for velocity and temperature. The grid sensitivity test has
been done for all geometries to confirm that the presented
results are insensitive with the grid system. The results of
grid independency test for all geometries are presented in
Tables 1-3 for A = 0.5, 1 and 1.5, respectively, at Re=100
and Pr=>50. It can be seen that the percentage difference
in average Nusselt number is less than 0.39% compared to
the very fine mesh system (M). The selected mesh systems
(M) for different geometries are M3, M7, M11, M15, M19,
M23, M27,M31 and M35.

Extensive validations have been done prior to conduct
numerical simulations. First validation has been done to

Table 1 Grid independence test for A = (0.5 at Re = 100 and Pr = 50

Mesh type No. of Elements Ny %
Difference

a=03 M1 73,156 13.183  3.65

M2 103,546 12.834  0.90

M3 213,445 12732 0.102

M4 356,134 12719 -
a=0.5 Mi13 94,636 13.812  5.77

M14 142,324 13.268 1.6

M15 234,952 13.093 0.26

M16 314,213 13.059 -
a=0.7 M25 56,156 19.118 4.81

M26 193,282 18331 0.5

M27 255,496 18.266  0.14

M28 314,197 18.24 -

Table 2 Grid independence test for A = 1 at Re = 100 and Pr = 50

Mesh type No. of Elements Nu %
Difference

a=0.3 M5 71,060 12.124 7.04

M6 113,104 11.651 2.9

M7 200,300 11.3328 0.06

M3 349,406 11.326 -
a=0.5 M17 77,655 13.283 8.15

MI18 126,468 12.75 3.81

M19 223,204 12.33 0.39

M20 306,177 12282 -
a=0.7 M29 45,358 18.008 8.05

M30 87,817 16.964 1.79

M31 205,108 16.713 0.28

M28 314,197 18.24 -

Table 3 Grid independence test for A = 1.5 at Re = 100 and Pr = 50

Mesh type No. of Elements Ny %
Difference
a=03 M9 70,432 10.575 15.70
MI10 104,272 9.5834 485
MIl11 199,086 9.1492  0.11
MI12 344,810 9.1391 -
a=0.5 M21 88,410 12.767  10.1
M22 138,206 11.774 1.53
M23 222,594 11.598 0.009
M24 300,731 11.597 -
a=0.7 M33 41,282 16.495 6.77
M34 84,487 15.694 1.58
M35 202,496 15.452 0.019
M36 339,846 15449 -

@ Springer



2434

S.K. Mehta, S. Pati

verify the heat transfer enhancement in wavy channel. The
local Nusselt number is compared with the results of Wang
and Chen [30] for the sinusoidal wavy channel for Pr=6.93,
Re=100 and a=0.2. Validation has also been done by
comparing the results of Nusselt number for flow of water
through sinusoidal channel with the experimental results of
Rush et al. [29]. Both the validations have been presented in
[31]. A separate validation is presented in Fig. 3a showing
the variation of Nusselt number with the results of Kumar
and Dhiman [54]. The result is compared for the flow of air
through the backward facing step at Re=50 and 100. The
results of the present model is also compared with the exper-
imental results of Farhanieh et al. [55] by comparing the
local Nusselt number for the flow of air through the grooved
channel at Re =620 as shown in Fig. 3b. The third valida-
tion is done by comparing the local entropy generation with
the results of Esfahani and Shahabi [56] for flow of higher
Prandtl number fluid through the circular pipe in laminar

(@

Re =50, l':’resent result '

® Re =50, Kumar and Dhiman [54]
Re = 100, Present result
¥ Re =100, Kumar and Dhiman [54]

1.8 A

Nu

regime. The comparison of the variation of local entropy
generation at the wall of the pipe is reported in Fig. 3c for
inlet velocity 0.02 m s~!, dimeter of the pipe 0.025 m, length
of the cylinder 1 m and Prandtl number 13,400. From the
comparisons of Nusselt number and entropy generation
with the reported works [29, 30, 54-56], the accuracy of
the scheme used in this work is confirmed.

Results and discussions

The thermo-hydraulic and entropy generation characteristics
have been studied for steady, incompressible and laminar
flow of Newtonian fluid through the wavy channel by vary-
ing different parameters in the following range: Reynolds
number 5 < Re <200, Prandtl number 0.72 < Pr < 100,
dimensionless amplitude 0.3 < @ < 0.7 and dimensionless
wavelength 0.5 < 4 < 1.5) [30-32, 46, 57-59].

(b) 25 r r :

Present study

A Experimental result,
Farhanieh et al. [55]

20 +

0 10 20 30 40 4 8 12 16 20
X X
(c) T T T T T
2000 4 B
M Esfahani and Shahabi [56]

Total entropy generation/W K'm3

Present study

1000 +4 [
500 -
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
x/m

Fig.3 a Comparison of local Nusselt number for the present case
with the numerical results of Kumar and Dhiman [54] for the forced
convective flow through the backward facing step at Pr=0.71 and,
Re=50 and 100, b Comparison of local Nusselt number with the
experimental results of Farhanieh et al. [55] for the forced convective
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flow of air through the grooved duct at Re=620. ¢ Comparison of
local entropy generation at the wall of circular pipe with the results of
Esfahani and Shahabi [56] for inlet velocity of 0.02 m s~! and diam-
eter of 0.025 m
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Fig.4 Contours of streamlines for Re=35, 25 and 100 (left to right) at
a=0.5,1=0.5

Fig.5 Isotherms contours for Re=5

Pr=6.93 (top) and 100 (bottom)
for Re=5, 25 and 100 (left to
right) at a=0.5, A=0.5

Pr=6.93

Pr=100

To understand the flow physics for flow through the wavy
channel, contours of streamlines are presented in Fig. 4 for
Re=35, 25 and 100. The wavy diverging section allows flow
in the direction of adverse pressure gradient, and there is a
flow reversal when the momentum loss is higher, thereby
forming recirculation zone [57-60]. When the amplitude
of the wavy wall is larger and wavelength is smaller (e.g.,
a=0.5 and 1=0.5), a tertiary flow zone is also formed at
the tip part of the trough as can be seen from Fig. 4 because
of the excessive momentum loss. With the increase in Re,
the size of the recirculation zone and strength of the vorti-
ces formed increase as the advection strength increases. The
recirculation zone enhances the fluid mixing [32, 54, 55],
and hence there is an increase in heat transfer rate.

To understand the variation of temperature field in the
wavy channel for different Prandtl number and Reynolds
number, isotherms contours are presented for Pr=6.93 and
100 for Re=35, 25 and 100 in Fig. 5. For any given Prandtl
number, the increase in Reynolds number results in the grav-
itation of smaller values of isotherms towards the hot wall.
This is because of the fact that as increase in the advection
strength allows more cold fluid in the core region. On the
other hand, at higher Reynolds number, the higher strength
of the recirculation zone allows more cold fluid to flow in

Re =25 Re =100
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the trough region. At the tip region, intensity of isotherms
is very high due to the presence of tertiary flow region. The
increase in Prandtl number allows easier transport of heat
for a given convection strength as thermal Peclet number
(Pep) increases. In other words, the increase in Prandtl num-
ber allows to decrease the thermal boundary layer thick-
ness (TBL) as for flat surface (TBL/L) ~ (l/PeT)O'5 or
(TBL/L) ~ (1/(Re Pr))**[61]. Therefore, the attraction of
smaller values of isotherms towards the hot wall is higher
at higher Re and Pr.

The local heat transfer enhancement can be represented
by local Nusselt number, and the corresponding variation at
top wall of the channel is presented in Fig. 6 at two different
Reynolds numbers (Re=35 and 100) for different values of
Prandtl numbers.

(b) 8o

—-—Pr=20
——Pr=100 3
=z

Re = 100 N pr='o_72I 10 ' ' :

51

X Top wall
S | L
3 5 7 9 11 13 15
x/L

Fig.6 Variation of local Nusselt number along the top wavy wall for
different values Prandtl number at a Re=5 and b Re=100. The addi-
tional local maxima of local Nusselt number at higher Pr (=20 and
100) and Re=100 can be seen in zoomed view in the inset
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Two Reynolds numbers are so chosen such that at lower
Reynolds number (Re =5) no recirculation zone is formed
and at higher Reynolds number (Re =100) recirculation
zones are formed on the wavy part of the channel. Figure 6a
depicts the local Nusselt number variation at top wall for
different Pr (=0.72, 20 and 100) at a=0.5 and 1=1. At
Pr=0.72, high value of Nusselt number is found near the
inlet side throat region and beyond the first two wavelength
of upstream side, local Nusselt number approaches the zero.
This is happened because the hot fluid is present near the
hot wall for the combination of smaller Reynolds number
and Prandtl number as discussed (see Fig. 5), whereas a
high value of Nusselt number is obtained near the inlet
side because of the effect of cold fluid and higher velocity
gradient at throat. For Pr=20 and 100, the frequency of
the local minima and maxima of local Nusselt number is
same as the wavy wall profile. The local minima of Nus-
selt number exists at the trough section, whereas maxima
exists at the throat. It can be explained from the fact that
the flow retardation takes place at trough, while at throat
the flow is accelerated because of the change in the flow
path area. It can be noted that the local maxima of local
Nusselt number decreases in downstream direction, whereas
minima of local Nusselt number is almost invariant. It is
because of the enhancement in mean temperature of fluid
increases the thermal boundary layer thickness in equivalent
wavy cross section for upstream wavelengths at the throat
where flow is accelerated. Hence, the maxima of local Nus-
selt number at throat decreases in downstream direction,
whereas at trough fluid deceleration and higher temperature
intensity approaches zero heat transfer rate. The increase
in Prandtl number increases the maxima of local Nusselt
number and no such effect of Prandtl number is found for
local minima. It is because the increase in Prandtl number
decreases the thermal boundary layer thickness at throat,
and the thermal boundary layer thickness becomes almost
invariant at trough. Figure 6b depicts the variation of local
Nusselt number at Re =100 at top wall for Pr=0.72, 20 and
100 with ¢=0.5 and A= 1. For this case, the attachment and
detachment of the primary flow with hot wall play an impor-
tant role for the local variation of Nusselt number. Before
the throat, local Nusselt number starts increasing in down-
stream direction up to the primary flow attachment point just
before the throat and attains maxima as the attachment of
primary cold flow enhances the heat transfer rate. Beyond
this point, local Nusselt number decreases up to the primary
flow detachment point. Before primary flow detachment
point, local Nusselt number variation is same for all Prandtl
number. Before primary flow detachment point, local Nus-
selt number is invariant in downstream direction up to the
next primary flow reattachment point for Pr=0.72, whereas
for Pr=20 and 100, local Nusselt number increases due to
the flow of reversed cold secondary flow attachment along
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the hot wall and attains local maxima (see inset of Fig. 6b).
For Pr=0.72, the reversed secondary flow is not so cold
due to the poor capacity of heat transfer as thermal Peclet
number is small. Beyond the new local maxima, local Nus-
selt number decreases up to the trough. Hence, for higher
values of Reynolds number and Prandtl number additional
local maxima and minima are induced. For Re =100, the
increase in Prandtl number increases the minima of local
Nusselt number due to the presence of recirculation zone and
moreover the temperature intensity depends on the Prandtl
number. Hence, the corresponding change in thermal bound-
ary layer at trough enhances the local Nusselt number with
Prandtl number.

The effect of Prandtl number on average Nusselt number
for different Reynolds numbers is presented in Fig. 7 for
a=0.3 and 1=1. Increase in Reynolds number enhances the
advection strength, and increase in Prandtl number allows
easier heat transfer for a given advection strength; therefore,
average Nusselt number increases with the increase in Reyn-
olds number and Prandtl number for a given geometrical
parameter.

The relative enhancement of heat transfer rate as com-
pared to the plane channel is expressed in terms of enhance-
ment ration (ER), and corresponding variation of ER with
Prandtl number at different wavelengths is presented in
Fig. 8 for two different Reynolds numbers (Re =25, left
side) and (Re =100, right side) with different amplitudes
(@¢=0.3 to 0.7, top to bottom). For all cases, the value of
ER is greater than unity signifying that an enhancement of
overall heat transfer rate is obtained in wavy channel over
the plane channel because of better fluid mixing. For lower
Reynolds number (=25), ER initially increases with Prandtl
number and attains a maxima at critical Prandtl number (Pr,)

30 T T T T T T T T
, | —m—pPr=072
°1 —e—Pr-693
| —&— Pr=20
204 —y—Pr=50
1 —e— Pr=100
=)
= 154
10 4
5 4
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Fig.7 Average Nusselt number versus Re at different Pr numbers
with a=0.3 and A=1.0

and then decreases with increase in Pr. The slope of decre-
ment of ER with Prandtl number increases with a or A. This
variation of ER with Prandtl number can be explained from
the following parameters: strength of recirculation zone,
increase in size of recirculation zone with «a, increase in
the number of recirculation zone with decrease in 4 and the
corresponding change in thermal boundary layer thickness
(TBL) for the plane and wavy channel. The smaller strength
of recirculation zone at lower Reynolds number causes trap-
ping of larger quantity of hot fluid in the trough region which
causes resistance in heat transfer. The increase in Prandtl
number causes only minor decrement of hot fluid trapping
region area (see Fig. 5 at Re=35). For the throat region, the
decrement of TBL thickness is higher and heat transfer rate
enhances in this region with a larger rate with increase in
Prandtl number, whereas for plane channel, the absence of
recirculation zone causes uniform decrement of TBL thick-
ness with Prandtl number. Hence, for lower Prandtl num-
ber, ER shows an increasing trend as the thicker TBL in
the plane channel is the main cause of the increase in ER,
whereas at higher Prandtl number, the thickness of TBL for
the plane channel is narrower and for wavy channel narrow-
ness increases significantly only at throat for lower Reynolds
number. Hence, ER decreases at higher Pr. The increase in
amplitude increases the size of the recirculation zone and
hence increases the fluid mixing and the decrement slope
of ER decreases with increase in «, whereas the decrement
of wavelength increases the undulation, thereby decreas-
ing the size of the recirculation zone and also increases the
number of hot fluid trapping zone. Hence, the resistance to
heat transfer rate increases and it leads to increase the slope
of decrement of ER curve with decrease in A. The value of
Pr, is constant for all wavelength for a given a and increases
with a. For example, at #=0.3 and 0.7, the values of Pr, are
6.93 and 20, respectively, for Re=25. It can be explained
by the fact that the higher mixing at higher amplitude results
in increase of ER up to higher value of Pr. At higher Re
(=100), the extent of increasing ER takes place for all val-
ues of Prandtl number because of the fact that the strength
of recirculation zone is very high at higher Reynolds num-
ber,. For example, at @=0.5 and 1=0.5, the recirculation
zone strength increases 4.11 times when Reynolds number
changes from 25 to 100 (see the value of v, ,, in Fig. 4).
Hence, ER monotonically increases with Prandtl number at
Re =100 for all geometrical configuration. It is important to
mention that the difference in ER at different 4 increases for
given a and with increase in a, the rate of increment ampli-
fies to a large extent.

To analyse the percentage enhancement in heat transfer
rate in wavy channel compared to the plane channel, the

percentage difference in average Nusselt number (Aﬂ%)

is presented in Table 4 for different Reynolds numbers,
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to bottom)

Prandtl numbers, normalized amplitude and wavelength. The
mathematical representation of ANu% is defined as
ANu% = 100(Nuy,, — Nu

/ Nu

from the table that the variation of ANu% is non-monotonic
with Re for lower amplitude (a = 0.3) and monotonic for
higher amplitude (¢ = 0.5 and 0.7). For @ = 0.3, at lower
value of Prandtl number (Pr = 0.72), ANu% increases with
Re monotonically at the lower wavelength (4 = 0.5), whereas

—Nu

wavy It can be seen

plane plane *
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for the higher values of wavelength (4 =1 and 1.5), it
increases up to Re = 50 and small reduction is observed
beyond this limit. This observation can be explained as fol-
lows. The smaller wavelength allows higher undulation, and
it causes higher rate of enhancement of Nu for wavy channel
compared to the plane channel for all Re, whereas for the
higher wavelength, the smaller undulation allows higher rate
of enhancement in Nu for wavy channel up to Re = 50, and
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Table 4 Percentage difference — — — —
in average Nusselt number for ANu% = 100 (Nuwavy - Nuplanc) / Nugjane
wavy channel compared to the
equivalent plane channel Re a=03 a=0.5 a=0.7
(ANu% for different Prandtl
1=0.5 Ai=1 A=15 1=05 1=1 A=15 1=05 i=1 A=15
numbers, Reynolds numbers,
amplitude and wavelength Pr=0.72 5 11.60 1156 725 31.60  21.88 15.63 47.89 4023  23.09
25 22.88 1574  10.22 62.96 34.66 2541 116.64 57.89 45.34
50 26.65 16.93  10.93 79.32 42.33  31.11 164.78 80.76 64.62
100 27.47 16.18  10.09 87.93 46.21 34.09 198.94 98.25 78.34
Pr=20 5 26.60 17.56  12.23 81.77 43.05 32.11 179.07 81.79 65.20
25 2448 12.97 8.12 85.48 46.98 3294 203.09 108.76 87.03
50 26.18 13.63 7.27 93.78 5591 39.84 235.76  127.50 105.43
100 31.33 17.35 9.50 111.52 68.27 49.28 287.70 144.04 127.16
Pr=100 5 2146 13.45 9.82 75.44 37.28 2793 170.77 76.59 59.91
25 2381 10.51 5.81 92.96 56.51 3743 255.80 14421 114.66
50 32.07 16.34 7.50 127.97 84.58 59.16 353.19 19428 157.19
100  56.60 37.07 21.63 181.00 117.87 84.12 428.93 237.90 198.60

beyond that the rate of increase in Nu for wavy channel
reduces as the higher strength of recirculation zone with
smaller Pr creates higher intensity of hot spot (see Fig. 5)
and resists the heat transfer enhancement. For a = 0.3, at
Pr = 20, the value of ANu% decreases with Re up to some
critical value and again increases for all wavelength. It can
be explained as follows. The absence of recirculation zone
along with the easier heat transfer rate due to the higher
Pr (= 20) and fluid acceleration at throat at lower Re allows
higher heat transfer rate in wavy channel, whereas with
increase in Re, the deceleration and formation of smaller
strength of recirculation zone up to that critical Re resist the
rate of increase in Nu for wavy channel compared to the
plane channel. Hence, decrement in ANu% is found up to
that critical Re, whereas at higher Re, the higher strength of
recirculation zone enhances the fluid mixing and enhances
the rate of increment in Nu for wavy channel. Therefore,
ANuY% increases at higher Re for @« = 0.3 and Pr = 20. For
the case of @ = 0.3 and Pr = 100, the variation of ANu% with
Re is same as the above discussed case for higher wavelength
(A =1 and 1.5), whereas for smaller wavelength (4 = 0.5),
ANu% increases monotonically with Re as the rate of reduc-
tion in Nu due to the deceleration of fluid at trough is com-
pensated with the enhancement due to the fluid acceleration
at the throat by higher undulation. It can be noted that at
smaller Re (=5) the value of ANu% increases with Pr when
it changes from 0.72 to 20, whereas decrement is found
when Pr changes from 20 to 100 for all amplitude and wave-
length. This can be explained by the fact that the thin ther-
mal boundary layer at higher Pr for the plane channel has
triggered the corresponding heat transfer rate, whereas the
absence of recirculation zone at lower Re (=5) enhances the
rate of heat transfer at throat due to the fluid acceleration;

however, the stagnant hot spot (with change in Pr) at lower
Re (see Fig. 5) reduces the rate of increase in heat transfer
rate for wavy channel. Hence, ANu% reduces for Re =5
when Pr changes from 20 to 100. For the higher amplitude
(¢ = 0.5 and 0.7) the value of ANu% increases with Re
monotonically for all wavelength as the higher amplitude
enhances the rate of increment of Nu for wavy channel. It
can be also noted that the value of ANu% increases with a
and decreases with A. The maximum value of ANu% is found
for @ = 0.7 at Pr=100. For higher amplitude, the value of
ANu% is more than 100% for some cases (smaller wave-
length and higher Re).

The effect of pressure drop penalty in wavy channel is
presented in terms of pressure ratio (PR). It is the ratio of
pressure drop at outlet in wavy channel to the correspond-
ing pressure drop in plane channel. The variation of PR
with Re is presented in Table 5 for different wavelengths
and « = 0.3, 0.5 and 0.7. It can be seen that the increase
in amplitude or decrease in wavelength increases the value
of PR for all Re. It is because the increase in amplitude or
decrease in wavelength increases the flow resistance and
increases the need of pumping power to maintain the given
advection strength (i.e., given Re). The value of PR is
always more than unity indicating that the pumping power
requirement for wavy channel is always more than that
for the equivalent plane channel. It can be noted that PR
increases with Re for lower value of Re up to the critical
limit and beyond this limit PR decreases with Re. It can be
explained that for the lower value of Re, the rate of incre-
ment of pressure drop in wavy channel is higher as com-
pared to plane channel and hence the increasing trend of
PR is found at lower Re, whereas at the higher value of Re
the rate of increment of pressure drop in wavy channel is
nearly similar to the rate of increment in pressure drop for
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Table 5 Variation of Pressure
R =

ratio (PR) at different € PR APW*“’V/ APP]a"e

amplitudes (a) and wavelength a=03 a=05 a=07

(4)

A=0.5 A=1 A=15 A=05 A=1 A=15 A=05 A=1 A=15

5 2.27 1.84 1.62 542 397 3.28 18.78 12.36 9.88
25 2.61 2.22 1.99 6.66 5.39 4.60 25.07 18.92 15.58
50 343 3.00 2.71 8.99 7.63 6.69 33.97 27.35 23.25
100 3.31 2.99 2.74 8.80 7.81 7.05 32.66 27.80 24.50
200 1.84 1.71 1.59 4.98 4.58 4.22 18.09 16.17 14.64

the plane channel (even the pressure drop in wavy channel
is much higher in the plane channel). Hence, the overall
effect decreases the value of PR at higher Re.

The wavy channel gives higher heat transfer rate at the
cost of increase in pressure drop due to the flow retarda-
tion at trough as well as by flow reversal in the diverging
part of the channel. Hence, the combined effect of relative

=03 a=0.5 =07
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Fig.9 Performance factor versus Re for different values of Pr for a=0.3 to 0.7 (left to right) and A=0.5 to 1.5 (top to bottom)
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enhancement in heat transfer rate with an increase in rela-
tive pressure drop as compared to equivalent plane chan-
nel is analysed in terms of performance factor (PF). The
variation of PF with Reynolds number at different Prandtl
numbers is presented in Fig. 9 for different geometrical
configurations. For a given Prandtl number, the increase
in a or the decrease in A decreases the PF as pressure drop
penalty is significant over the enhancement in heat transfer
rate due to the flow reversal. It is interesting to see that at
lower Reynolds number, PF shows non-monotonic trend
with change in Prandtl number, whereas at higher Reyn-
olds number, the variation is monotonic and it increases
with Prandtl number for a given configuration of the geom-
etry. It is because of the non-monotonic variation of ER
with Prandtl number at lower Reynolds number and mono-
tonic variation at higher Reynolds number and the rela-
tive pressure drop monotonically increases with Reynolds
number. It is important to mention that for a given a, the
decrease in 4 causes non-monotonic behaviour of PF vari-
ation with Reynolds number at higher values Prandtl num-
ber and PF decreases up to critical Reynolds number (Re,)
and increases again. This increment is due to the higher
values of ER at higher Prandtl number compared to rela-
tive pressure drop. The value of Re, shows a decreasing

Fig. 10 Dimensionless thermal
entropy generation contour

for different Prandtl numbers
(Pr=0.72, 6.93, 20 and 50) at
a=0.5 and 1=1 for two values
of Reynolds number: smaller

Reynolds number (Re =25, left {3
side) and higher Reynolds num- =
ber (Re =100, right side) I
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trend with increase in a. It is because the increase in
amplitude allows stronger recirculation zone at smaller
Reynolds number, thereby increasing the heat transfer. It
is important to mention that the use of water-glycerol solu-
tions with higher Prandtl number (Pe = 100) allows higher
performance factor with higher heat transfer enhancement
rate at the higher value of Reynolds number compared to
the use of pure water. It can be noted that Pati et al. [31]
concluded that for water (Pr=6.93) as a working fluid,
the value of performance factor decreases with Reynolds
number, whereas present study predicts the increasing
trend of performance factor at higher value of Reynolds
number for the higher value of Prandtl number. Similarly,
Mehta and Pati [32] concluded that flow of air (Pr=0.72)
through the triangular corrugated channel decreases the
performance factor for higher Reynolds number. There-
fore, present result suggests that the use of fluid having
higher Prandtl number is better even for higher Reynolds
number for forced convective flow through wavy channel.

Figure 10 depicts the distribution of dimensionless local
thermal entropy generation (N%’}iermal) for different Prandtl
number at two Reynolds number (Re =25 and 100) with
fix geometrical parameter a=0.5 and 1=1. For all cases,

N’T’lg _ is higher near the throat section, as higher fluid
ermal

RS

5 10 15 20

Re =100
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acceleration at this region enhances the temperature gradi-
ent, whereas with increase in Prandtl number, the region of
this maxima intensity develops along the wavy wall towards
the upstream converging section. It is shown by the green
ellipse for the case of Re=25. This is because of the effect
of primary cold flow attachment and flow acceleration by
converging cross section, along with the easiness in heat
transfer by increase in thermal Peclet number. For Re =100,
relative large value of N}’}iermal exists at diverging section for
Pr=20 and 50. Again, this intensity increases, when Prandtl
number increases from 20 to 50. The existence of large value
of N’;{}iermal in diverging section is due to the decrease in tem-
perature of recirculation zone at higher values of Prandtl
number (see Fig. 5). Hence, the diverging section also has
significant temperature gradient due to the hot wall and rela-
tively cold recirculation zone at higher values of Prandtl
number. The core region of the channel has zero intensity
of Ni/ . because the inlet cold fluid gives rise to zero
temperature gradient. This zero thermal entropy generation
zone increases with increase in Reynolds number or Prandtl
number. For a given Prandtl number, the increase in advec-
tion strength with Reynolds number allows more cold fluid
to flow in the core region, whereas for a given Reynolds
number, increase in Prandtl number allows easier advective
transport of thermal energy and less heat accumulation in
the domain. Therefore, penetration of temperature gradient
towards the core decreases at higher Prandtl number. Hence,
the increase in Prandtl number or Reynolds number allows to
increase the core zero thermal entropy region. The effect of
interaction between primary and secondary flow on N7/
distribution is summarized below. The secondary flow exists
near the hot wall. Therefore, its temperature is relatively
higher compared to the primary flow. Hence, the interaction
between these two flows allows to increase the temperature
gradient. This is shown by green rectangular box for the case
of Re=100. Whether, this temperature gradient is significant
or not, it depends on both Reynolds number and Prandtl
number. For smaller Reynolds number the smaller second-
ary flow strength increases the uniformity of temperature
between two flows and for smaller Prandtl number, the poor
heat transfer allows more heat accumulation in the domain
and hence increases the uniformity of temperature between
two flows. Both cases allow smaller intensity of N7/
at interface region. For example, no interfacial intensity
of N%:ermal is found for Re=25 and Pr=0.72, even though
the presence of recirculation zone. It is also noted that, for
other cases (except Pr=0.72 and Re=25), the increase in
Reynolds number and Prandtl number decreases the thick-
ness of interfacial N}’ﬁermal region. It can be explained by
the fact that there is an increase in temperature uniformity
in recirculation zone with increase in Reynolds number or
Prandt]l number (see Fig. 5). Hence, the jump of temperature
difference from secondary to primary flow zone is abrupt for
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higher Reynolds number and Prandtl number allows narrow
and higher magnitude of interfacial value of N7} . The
existence of temperature uniformity in the secondary flow
zone allows nearly zero N/ .

The effect of amplitude and wavelength on Nr/ dis-
tribution is presented in Fig. 11 for Pr=100 and = 6.93 with
Re=100. The effect of amplitude on N;// s presented
in Fig. 11a. For Pr=6.93, the increase in amplitude allows
higher intensity of interfacial value (for primary and sec-
ondary flow) of Ni/  and the thickness of interfacial
(for primary and secondary flow) Ni['_  region decreases,
whereas for Pr= 100, the intensity of interfacial (for pri-
mary and secondary flow) N}’}germal is same and thickness
of the region decreases with increase in amplitude. It can
be noted that the existence of tertiary flow zone for a=0.7
allows another interfacial N}’éermal region for Pr=100, as
shown by green ellipse. At Pr=6.93, additional interfacial
region of N is not formed even for the same amplitude
due to the smaller gradient of temperature. For Pr=100 and
a=0.3, converging and diverging sides of wavy wall have
significant value of N"i“/l:ermal continuously along the wavy
surface, whereas for Pr=100 and @ =0.7, there is a break up
of significant N’T’ﬁermal region at wavy wall for trough region
(shown in green rectangle). It is because of the existence of
tertiary flow zone. As the tertiary flow zone is close to the
wall, the temperature of this zone is very high and uniform.
Therefore, zero temperature gradient allows to generate zero
thermal entropy region. The effect of wavelength on N1/
distribution is presented in Fig. 11b. For Pr=6.93, the distri-
bution of N’T’}:ermal is same for both 1=0.5 and 1.5; only the
frequency of similar pattern of N;"' s higher for 1=0.5
in given length of the channel. For Pr= 100, the distribution
of N}’éermal is different for 1=0.5 and 1.5. For this case, at
A=0.5, the existence of tertiary flow zone breaks the N/’

Thermal
distribution near the wall (shown in green rectangle) and
continuous for 1=1.5, due to the absence of tertiary flow
zone.

The distribution of dimensionless viscous entropy genera-
tion (NY/ ) at different amplitude is presented in Fig. 12
for 1=0.5 and Re=100. It can be noted that for present
study we fix the value of irreversibility distribution ratio
(®). Therefore, Ny’ is invariant with change in Prandtl
number. The intensity of Ny is higher only at throat for
a=0.3, whereas for higher amplitude (a¢=0.5 and 0.7), the
higher intensity of N\’/’i’Scous is found at the interfacial zone of
two flows. The higher intensity of N is found due to
the existence of higher velocity gradient. At the interface of
two flows, the directions of primary and secondary flows are
opposite and generate higher intensity of N(,’i’scous.

To analyse the irreversibility associated with the heat
transfer and fluid flow through the wavy channel, total
entropy generation should be discussed. The variation of

dimensionless total entropy generation (NTotal) with Prandtl
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Fig. 11 a Dimensionless
thermal entropy generation
contour at different amplitudes
with A=1 and Re=100, b
Dimensionless thermal entropy
generation contour at differ-
ent wavelengths with a=0.5
and Re =100; for two values
of Prandtl number: smaller
Prandtl number (Pr=6.93, left
side) and higher Prandtl number
(Pr=100, right side)
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number for Re =25 (left) and 100 (right) is presented in
Fig. 13 with different values of A at =0.3, 0.5 and 0.7 (top
to bottom). It should be noted that in the present study, the
order of viscous entropy generation is small (107 70 10%)
compared to the contribution of average thermal entropy for
the present study. Similar order of average viscous entropy
generation is found from the literature for flow through wavy
or corrugated channel in laminar regime [32, 46]. It can be
seen from Fig. 13 that the Ny, increases with increase in
Prandtl number for all values of a, A and Re. It is because
of the increase in local intensity of N1/ at throat region
and increase in intensity of interfacial N7} region with
Prandtl number. The increase in Reynolds number also
enhances Ny, because of increase in temperature gradients
at throat and flow interface through increase in advection
strength. The increase in amplitude and decrease in wave-
length enhance Ny, at higher values of Prandtl number, as
increase in amplitude at higher Prandtl number enhances the
temperature gradients. However, for Pr=0.72, the increase
in number of waves has not significant effect on Ny, as the

higher intensity of NI/ only exists at the small region

EET e

N;;'ﬂma] [-]0 5 10 15 20

(b)

of throat for any Reynolds number. Similar effect can be
observed with increase in amplitude for Pr=0.72. It is
because of the small increment of intensity of N at
throat with @ at Pr=0.72.

It can be noted that at smaller amplitude (¢ =0.3) and
lower Reynolds number (Re=25), the change in A has insig-
nificant effect on Ny, for all Prandtl number. For Re =25,
the variations of Np,, with 4 are linear and exponential
for «=0.5 and 0.7, respectively, for Pr > 6.93, whereas for
Re =100, for a=0.3, the variation of Ny, with 4 is linear,
and for a=0.5 and 0.7, it is exponential for Pr > 6.93. This
exponential growth of Ny, at higher value of amplitude and
Reynolds number can be explained by the fact that second-
ary and tertiary flow zones induce interfacial N7/ region
and growth of NI/ region in diverging section.

For the present study, the total entropy generation is
compared with the equivalent plane channel. To assess
the irreversibility associated with heat transfer in wavy
channel compared to plane channel, percentage differ-
ence in total entropy generation compared to plane chan-
nel (ANryy ¢ ) is analysed. Mathematically, it is defined as:
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Fig. 12 Dimensionless viscous entropy generation contour at differ-
ent amplitudes at Re=100 and 1=0.5

ANrtorars = 100(NWavy —Nplane)/Np]ane. The variation of
ANty With Prandtl number is presented in Fig. 14 for
Re =25 (left) and Re =100 (right) and for different values
of wavelength with a=0.3, 0.5 and 0.7 (top to bottom). It
is found that for @ =0.3 ANq,, ¢ varies non-monotonically
with Prandtl number for lower Reynolds number (Re =25)
and any value of A, whereas for higher Reynolds number
(Re=100), it has non-monotonic variation with Prandtl
number only for higher 4. For a=0.5 and 0.7, ANgy, 4
increases sharply up to Pr=6.93 and increases gradually
beyond it. For a=0.3 and Re =25, ANy, ¢ increases with
Prandtl number up to Pr=6.93 and decreases beyond that
critical value. It can be explained as follows. For plane chan-
nel at Re=25, the significant intensity of N7} exists only
near to the inlet side for Pr=0.72 and 6.93, whereas for
higher values of Prandtl number (Pr=20, 50 and 100), the
intensity of N7} is significant at the wall from inlet to
outlet section and its intensity increases with Prandtl num-
ber. On the other hand, for wavy channel with «=0.3, for
lower Prandtl number (Pr=0.72 and 6.93) the intensity of
N exists near the throat regions (see Fig. 10). With

Thermal
an increase in Prandtl number, N’/ intensity at throat

Thermal

@ Springer

increases and the secondary flow region allows nearly zero
N attrough. Some interfacial N7} for two flow zone
is also appeared for Pr=50 and 100. However, at Re =25,
the recirculation strength is weaker; therefore, the intensity
of interfacial N}’l:ermal is much lower than the throat. Hence,
the combined effect is an increase in ANy, o up to Pr=6.93
due to the higher value of Ny, for wavy channel as for
smaller value of Prandtl number generates higher intensity
of N"i“,l:ermal only near the inlet of plane channel and wavy
channel for all throats. Note that ANy, 4 decreases beyond
Pr=6.93, as Ny, for plane channel increases as compared
to wavy channel. Plane channel has higher intensity of
N’T’ﬁermal throughout the channel length, whereas for wavy
channel zero N"i",lgerma] appears at trough section due to the
recirculation zone. With decrease in 4, the interfacial inten-
sity Ni{/_  has significant contribution to enhance Nr,,
as number of undulation increases and this contribution is
amplified when Prandtl number is increased. Therefore, for
A=1.5, negative ANg, ¢ is found for 50 < Pr < 100; for
A=1, negative ANy, 4 is found only at Pr=100 and for
A=0.5 ANrq 4 18 positive for all values of Prandtl number.
For Re=100 and =0.3, at 1=1.5, the value of ANgy; «
decreases with Prandtl number up to Pr=20 and increases
beyond it, whereas for A=1 and 0.5, AN, ¢, monotonically
increases with Prandtl number. This can be explained as fol-
lows. For higher Reynolds number (Re=100), at 1=1.5,
the higher values of wavelength allow smaller interfacial
Ni. . as the smaller amplitude to wavelength ratio allows
gradual wavy curvature and weaker temperature gradient for
relatively gradual flow, whereas at smaller A, higher ampli-
tude to wavelength ratio allows sudden change in wavy cur-
vature and abrupt change in flow allows higher intensity of
N’T’éermal near the interfacial flow regions. In addition, the
increase in Prandtl number, local interfacial N}'ﬁermal inten-
sity is amplified. Therefore, at 1=1.5 the combined effect
decreases ANy, ¢ up to Pr=20 due to the small incre-
ment in difference of Ny, for plane and wavy channel
with Prandtl number, whereas at smaller A, the increase in
interfacial NI intensity even at smaller Prandtl number
in addition with generation of significant N/  intensity
at diverging section at higher Prandtl number allows to
increase ANq,, ¢, monotonically with Prandtl number. For
higher amplitude (@¢=0.5 and 0.7), the increase in inten-
sity of Ni  at throat along with the effect of interfa-
cial (primary and secondary flow, secondary and tertiary
flow) intensity of N"i“/l:ermal and diverging section intensity
of NI, .. for higher Reynolds number allow higher total
entropy generation over the plane channel. All these fac-
tors of enhancing the total entropy amplify at higher Prandtl
number. Therefore, the maximum value of ANy, ¢ is found
30-44% and 84-111% for «=0.5 and 0.7, respectively, when
Reynolds number changes from 25 to 100. For a=0.5 and

0.7, ANtoa 4 increases sharply with Prandtl number up to
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Fig. 13 Dimensionless total entropy generation versus Prandtl number for different values of wavelength for Re=25 (left) and 100 (right) for

a=0.3, 0.5 and 0.7 (top to bottom)

Pr=6.93, as for Pr=0.72, negligible or smaller intensity
of Nr/ . is found at any interfacial zone, whereas signifi-
cant value of interfacial N;',  for Pr=6.93 allows sudden
increment in Ny. Therefore, ANy,  increases sharply up
to Pr=6.93. Beyond this limit, the increase in ANy, ¢ With
Prandtl number is gradual as the core zero thermal entropy

generation region is also expanded towards the wall with

Prandtl number with other factor which increases the value
Of Nrpo Of Wavy channel.

As the smaller irreversibility compared to plane chan-
nel is found for @ =0.3, therefore the variation of ANgy 4
with Reynolds number for all Prandtl number is presented
in Fig. 15 at A=0.5 to 1.5. It can be seen that for all 4,
the increase in ANg, ¢ is found with Reynolds number
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monotonically for Pr=0.72, whereas for higher Prandtl
number ANy, 4 decreases up to the critical Reynolds
number and again increases for all A except for the case of
Pr=6.93. The variation can be explained as follows. For all
cases at Re =35, the increase in Prandtl number increases
ANt Up to Pr=20 and decreases beyond it. It is because
at Re=35, the sharp increase in difference in Ny, for plane
and wavy channel is found for 0.72 < Pr < 20, whereas N,

@ Springer

increases exponentially for all Prandtl number for plane
channel. Hence, the overall effect increases it up to Pr=20
and decreases beyond it. It can be noted that for Pr=0.72
at Re=35, the value of ANy, ¢ is zero for all values of 4.
It is because of the existence of N/ intensity for both
wavy and plane channel only at small part near the inlet wall.
Therefore, the difference in Ny, for plane and wavy chan-

nel is so small and leads to zero ANy, . The difference
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in Ny, for plane and wavy channel for Pr=0.72 is nearly
zero for Re =25 as for this case the significant intensity of
Ny is found only for two wavelengths for wavy channel
and small region near the wall of plane channel. For 1=0.5,
with increase in Reynolds number up to Re =25, the differ-
ence in Nq,, for plane and wavy channel increases sharply
for Pr=6.93 and gradually for Pr=20 to 100, whereas
the increase in Ny, for plane channel is very high for all
Prandtl number. For Pr=6.93, all wavy throats have sig-
nificant intensity of N7/ and for higher Prandtl number
(Pr>6.93) only flow interfacial N;/_  intensity increases
with Prandtl number significantly. Hence, the combined
effect increases ANgy, ¢ sharply with Reynolds number
for Pr=6.93 and decreases for Pr> 6.93 up to Re=25. For
Re > 25, the magnitude of difference in Ny, for all values
of Prandtl number increases sharply compared to increase
in Nip,,-0f plane channel. At higher Reynolds number, there
are multiple locations of growth of N"/F/l/lermal as already dis-
cussed. For A=1 the difference in Ny, for plane and wavy
channel increases for Pr< 6.93 and decreases for higher val-

ues of Prandtl number (Pr> 6.93), with Reynolds number

up to Re=25. The rate of decrement in difference of Ny,
with Reynolds number up to Re =25 increases with Prandtl
number. It is because of the recirculation zone, which creates
zero Ny region in wavy channel along with the small
number of recirculation zone at A=1 compared to 1=0.5.
On the other hand, for plane channel, the thickness of sig-
nificant intensity of N}'}germal increases with Prandtl number.
Combined effect allows the decrement in difference of Ny,
and attains some negative value for Pr=100 at Re=25. The
discussed effect is visible in corresponding plot of ANy, ¢
at A=1. Beyond Re > 25, the difference in Ny, for plane
and wavy channel increases with Reynolds number. Hence,
the same effect is also visible on ANy, ¢ for Re > 25.

For the case of A=1.5, less number of waves allows
smaller accumulation of interfacial N}’ﬁermal intensity. Hence,
the difference in Ny, for plane and wavy channel is nega-
tive for two higher values of Prandtl number (Pr=50 and
100). For Pr=100, the difference is negative in the range of
25 < Re < 50 and for Pr=>50 at Re=25. The corresponding
effects are visible in the plot of ANy, ¢ at 4= 1.5. For this

case, the variation of ANy, ¢ is similar for the case of A=1.
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Fig. 16 Bejan number contour
for higher (Pr=6.93, top)

and lower (Pr= 100, bottom)
value of Prandtl number for (a)
wavy channel with a=0.5 and
A=1, and (b) Plane channel,
with higher (Re =25, left side)
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Figure 16 depicts the local variation of Bejan number
for wavy and plane channel at Pr=6.93 and 100 with two
values of Reynolds number equal to 25 and 100. The zero
Bejan number cone is appeared in the core for all geom-
etry as the core cold fluid creates zero thermal entropy
region. This cone has grown to rectangular shape when
Prandtl number increases to 6.93—-100 for any geometry and
Reynolds number. It is because of the fact that increase in
Prandtl number allows higher thermal entropy generation
region only near to the wall for given geometry and Reyn-
olds number. It can be noted that the zero Bejan number
cone is smaller for wavy channel for any Reynolds num-
ber and Prandtl number. It is because of the existence of
wavy throat, the significant magnitude of Bejan number is
found in the core region for the case of wavy channel. It is
important to mention that at Re =25 and Pr=6.93, there is
no decrement in Bejan number inside the trough section,
whereas for Re=25 and Pr=6.93, small intensity of Bejan
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Re =100

(b) Plane channel

number is found in trough section. It is because at Re =25
and Pr=6.93, the intensity of thermal entropy generation
is so small in trough due to the recirculation zone com-
pared to the throat thermal entropy generation intensity
(as we named this region as “zero thermal entropy genera-
tion region” on the basis of relative magnitude of thermal
entropy generation at throat); however, the order of viscous
entropy generation is much less than the smaller intensity of
thermal entropy generation in this region. Therefore, unity
Bejan number in trough is found for this case. For the case
of Pr=6.93 and Re =100, the relative decrement in thermal
entropy generation in recirculation zone as temperature uni-
formity enhances in this region. Therefore, moderate value
of Bejan number is found for this region. For the case of
Pr=100, for both Re =25 and 100, the exactly zero ther-
mal entropy generation in recirculation zone allows zero
intensity of Bejan number. This zero Bejan number region
at trough is expanded with Reynolds number as it enhances
temperature uniformity and expands the zero thermal
entropy generation region.
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Conclusions

The thermo-hydraulic and entropy generation analyses are
carried out for flow of Newtonian fluid through the wavy
channel by varying the amplitude, wavelength, Reynolds
number and Prandtl number. The effects of these parameters
on the flow and temperature fields are discussed in terms
of contours of streamlines and isotherms, Nusselt number,
enhancement ratio, pressure drop, performance factor, ther-
mal entropy generation, viscous entropy generation and total
entropy generation. The main findings from the present work
are summarized as follow:

e The decrement of the thickness of the thermal boundary
layer with Prandtl number at trough is less compared to
throat for lower Reynolds number. The average Nusselt
number increases with Prandtl number for all the geo-
metrical configurations.

e For smaller Reynolds number, enhancement ratio (ER)
increases with Prandtl number, attains a maximum value
at critical Prandtl number (Pr.) and decreases again with
further increase in Pr. Critical Prandtl number is inde-
pendent of wavelength and depends on the amplitude.
The value of Pr, is higher for higher amplitude. For
higher Reynolds number, ER monotonically increases
with Prandtl number.

e At lower Re, the performance factor (PF) shows a non-
monotonic trend with Prandtl number, whereas at higher
Reynolds number, it monotonically increases with
Prandtl number for any given combination of the geo-
metrical parameters. For a given amplitude, the decrease
in A causes non-monotonic variation of PF with Reynolds
number at higher values of Prandtl number and moreover,
PF decreases up to the critical Re (Re,) and increases
again. The value of Re, shows a decreasing trend with
increase in amplitude.

e Local thermal entropy generation (N ) is always
higher at the throat of the wavy channel and increases its
value with increase in Reynolds number or Prandtl num-
ber. The higher intensity of N/ region is expanded
along the wavy wall converging section towards upstream
with increase in Prandtl number. At higher Reynolds
number and Prandtl number, the significant intensity
of N7y . is also found in the diverging section and
its intensity increases with Prandtl number. For higher
Reynolds number, the interface between secondary and
tertiary flow creates significant intensity of N}’}germal and
its intensity increases with Prandtl number.

¢ Total entropy generation (Nq,,,) increases with increase
in amplitude and wavelength, Reynolds number and
Prandtl number. For higher amplitude and Reynolds

number, Ny, increases exponentially, whereas it is lin-
ear for smaller amplitude and Reynolds number.

For a=0.3, the irreversibility is smaller as compared to
the plane channel. The difference in total entropy genera-
tion (AN, «) for plane and wavy channel is negative for
two higher values of Prandtl number (Pr=50 and 100) at
higher wavelength with a=0.3.

The zero Bejan number cone is present at the core region
of the channel. This core region expands with Reynolds
number and Prandtl number. This zone is smaller for
wavy channel compared to the plane channel. For higher
value of Reynolds number and Prandtl number, zero
Bejan number zone is induced inside the recirculation
zone.
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