Bahaidarah, H. M. S., Sahin, A. Z.: Thermodynamic Analysis of Fluid Flow in ...
THERMAL SCIENCE: Year 2013, Vol. 17, No. 3, pp. 813-822 813

THERMODYNAMIC ANALYSIS OF FLUID FLOW IN CHANNELS
WITH WAVY SINUSOIDAL WALLS

by
Haitham M. S. BAHAIDARAH and Ahmet Z. SAHIN *

Mechanical Engineering Department, King Fahd University of Petroleum and Minerals,
Dhahran, Saudi Arabia

Original scientific paper
DOI: 10.2298/TSCI110403200B

Entropy generation in channels with non-uniform cross-section that can be found in
many fluid flow systems is an important concern from the thermodynamic design
point of view. In this regard, the entropy generation in channels with periodic wavy
sinusoidal walls has been considered in the present study. The flow is assumed to be
2-D steady laminar and the main parameters considered are the Reynolds number,
height ratio H,/H.. and module length ratio L/a. The fluid enters the channel
with uniform axial velocity and temperature. The wall of the channel is assumed to
be at uniform temperature which is different that of the fluid at the inlet of the chan-
nel. The distribution of the entropy generation as well as the total entropy genera-
tion has been studied numerically. It is found that the Reynolds number and the geo-
metric parameters, height ratio and module length ratio have significant effect on
both the local concentrations of entropy generation as well as the total entropy gen-
eration in the channel. Flow separation and re-circulation size, strength and loca-
tion of flow are found to be major concern in determining the local entropy genera-
tion.
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Introduction

Entropy generation has been the subject of investigation in many engineering applica-
tions for the purpose of improving the second law efficiency and providing sustainability. Since
the entropy generation is related to not only the thermo-physical properties of materials but also
the geometry of the thermal system, study of entropy generation is carried out on individual
bases. It is known that any design modification made in a thermal system to enhance for example
the heat transfer directly affects the entropy generation within the system. Among the many in-
vestigations that can be found in the literature in this regard, Sahin [1, 2] studied the effect of the
cross-sectional geometry of a fluid flow duct on the entropy generation in an effort to minimize
the entropy generation.

Heat transfer enhancement has been an extremely important consideration for heat
exchanger applications that can be found in numerous engineering processes ranging from mi-
cro size medical to huge power plant systems. It is very common to use wavy channels to en-
hance the heat transfer in particularly compact heat exchangers. The fluid flow and heat transfer
characteristics in wavy channel for the case of 2-D steady laminar fluid flow have been studied
by Bahaidarah et al. [3]. The subject of the present work is to investigate the entropy generation
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for the same geometry and study the effects of various geometric parameters of the wavy sinu-
soidal channel on the entropy generation.

The subject of heat transfer enhancement is extremely important for heat exchanger
applications. Numerous publications have been devoted to the study of creative ways of increas-
ing the heat transfer rate in compact heat exchangers [4]. The symmetric corrugated or
wavy-walled channel is one of several devices utilized for enhancing the heat and mass transfer
efficiency. The characteristics of the flow and heat transfer in a channel with such a configura-
tion have been the subject of several investigations including Nishimure ef al. [5], Nishimura et
al. [6], Ali and Ramadhyani [7], Wang and Vanka [8], Stone and Vanka [9], and Niceno and
Nobile [10]. However, none of these works have included the second law analysis or the en-
tropy generation in the channel.

On the other hand entropy generation in channel flow has been studied by many re-
searchers. Abbasi ef al. [11] analyzed the entropy generation in Poiseuille-Benard channel flow
with the use of the classic Boussinesq incompressible approximation. They found that the maxi-
mum entropy generation is localized at areas where heat exchanged between the walls and the
flow is the maximum. They observed no significant entropy production in the main flow.

Haddad et al. [12] studied the entropy production due to laminar forced convection in
the entrance region of a concentric cylindrical annulus. They found that the entropy generation
is inversely proportional to both Reynolds number (Re) and the dimensionless entrance temper-
ature. They also observed that increasing Eckert number and/or the radius ratio will increase the
entropy generation.

Ko and Cheng [13] investigated the developing laminar forced convection and en-
tropy generation in a wavy channel. They considered the effects of aspect ratio (///H) and the
Reynolds number on entropy generation. They found that the case of W/H = 1 provided the
minimal entropy generation. In addition, the higher Re is found to be beneficial for obtaining
the lower values of the total resultant entropy generation in the flow field. Accordingly, the
case with W/H =1 and higher Re is suggested to be used so that the irreversibility resulted
from the developing laminar forced convection in the wavy channel could be the least. In an-
other paper, Ko [14] studied the effects of corrugation angle on the developing laminar forced
convection and entropy generation in a wavy channel. He analyzed flow characteristics in-
cluding re-circulating flows, secondary vortices, temperature distributions, and friction factor
as well as Nusselt number. He discussed the effects of corrugation angle on the distributions
and magnitudes of local entropy generation resulted from frictional irreversibility and heat
transfer irreversibility.

Heat transfer and fluid flow characteristics inside a wavy walled enclosure were stud-
ied numerically by Mahmud and Sadrul Islam [15]. They applied the second law of thermody-
namics to predict the nature of irreversibility in terms of entropy generation. They carried out
simulation for a range of wave ratio, aspect ratio and angle of inclination.

Mahmud and Fraser [16] studied the entropy generation inside a cavity made of two
horizontal straight walls and two vertical wavy walls of sinusoidal shape for the case of laminar
natural convection. In their analysis the horizontal straight walls are kept adiabatic, while the
vertical wavy walls are isothermal but kept at different temperatures.

Ko [17] investigated numerically the entropy generation in a double-sine duct, which
is frequently used in plate heat exchangers. He concluded that the entropy generation, in cases
with larger Re and smaller heat transfer is dominated by the entropy generation due to frictional
irreversibility; whereas the entropy generation is dominated by the entropy generation due to
heat transfer irreversibility in cases with smaller Re and larger heat transfer.
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The purpose of the present study is to examine the effects of geometric parameters on
the 2-D developing fluid flow and heat transfer characteristics as well as the entropy generation
in symmetric wavy channels and steady laminar flow. The flow is assumed to stay laminar and
stable throughout the wavy channel, i. e. no bifurcations occur within the Re range considered in
the present paper. Vortex instability and travelling wave instability that would normally occur
for the case of high Re are not considered and can be found in other works such as refs. [18, 19].

Geometric configurations

The geometric configuration considered is the sinusoidal channel as shown in fig. 1.
The governing independent parameters influencing the fluid flow and heat transfer through a pe-
riodic array of wavy passage are the Re, height ratio (H,;,/H,,,x), and module length ratio (L/a).
Table 1 shows all configurations considered in this study. Each case is assigned a unique name
and is studied for Re values of 25, 100, and 400.

- L - Table 1. Parameters used in the sinusoidal
configuration
1 “\\\ //' //’ - A .
L / | [2;\\\\ S \\\\H Configuration L/a H,io/H, ok
M [ L4-H3 4 0.3
™~ ‘ o x\ s \ s L4-H'5 4 0.5
b ~ ~ L4-H7 4 0.7
Figure 1. Periodic sinusoidal channel and the relevant L-8-H3 8 03
parameters used in this study L-8-H'5 8 0.5
L-8-H7 8 0.7
Since the boundaries of the physical domain L16-H-3 16 03
are irregular or represent complex geometries, a L16-H5 16 05
body-fitted grid or non-orthogonal grid system
. . L-16-H7 16 0.7
was developed to generate the grid for the domain

of interest. The grids shown in fig. 2 were gener-
ated using algebraic grid-generation techniques.
The physical domains illustrated in fig. 1 can be
discretized using the algebraic sheared transforma-
tion. The x co-ordinate was discretized into equally
spaced points. The y co-ordinate was discretized
into equally spaced points at each x location by the
normalizing transformation technique as:

y=[Llle(x> 1<n<nm (1)

max Figure 2. Grid distributions for one module

of wavy sine-shaped channel
where Y(x) is the upper boundary, which is the sine
function for the sinusoidal shaped channel. This kind of grid-generation technique produces
regular or structured grids. The reader is referred to Hoffman [20] for further details.

The computational domain is divided into three individual regions. Those regions are
the entry region, the periodic wavy modules, and the exit region. A uniform orthogonal grid is
used for both the entry and exit regions. The grid distribution shown in fig. 2 can be repeated
successively to generate the domain of periodic wavy modules. In this study, six consecutive
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modules are included in the computational domain. The scalar and velocity variables are stored
at staggered grid locations. All thermo-physical properties are stored at the main grid locations,
while the velocity variables are stored at the interface of each control volume.

Mathematical formulation

Consider the 2-D periodic sinusoidal cross-sectional channel, as shown in fig. 1. The
thickness of the channel is neglected and the thermal boundary condition on the surface of the
channel is assumed to be uniform wall temperature 7. Fluid enters the channel with uniform
axial velocity u = U, and uniform temperature 7; Both hydrodynamic and thermal boundary
layers start developlng The purpose is to study the volumetric entropy generation rate distribu-
tion throughout the fluid in the channel. This requires solution of velocity and temperature fields
in the fluid. The governing equations and the boundary conditions for this steady problem are
[217:

— continuity
@Jrﬂ:o )
ox Oy
— momentum
u@+v@=—l@+ﬂ ﬂ_Fﬂ (3)
ox oy p oOx ox?  0y?
2 25,
Wy v __1op puf G 4)
Ox 0y p 6y p ox?
— energy
2
pC, u£+v£ 6 T ®)
) Ox oy
— entropy generation rate
2 2
Sé,e,:n =i E + E +EQ) (6)
T2 |\ ox oy T

where the dissipation function @ is given by:

2 2
D=2 8u + v + u + o @)
ox oy Jy Ox
The first term in eq. (6) represents the entropy generation due to heat conduction in the

radial and axial directions. The last term, on the other hand, accounts for the fluid friction contri-
bution to the entropy generation.

Boundary conditions

A no-slip boundary condition was assigned at the walls, where both velocity compo-
nents are set to zero (e. g., u =v = 0). The channel was subjected to a constant wall temperature
(T'=T,,) condition. A uniform inlet velocity profile was assigned at the inlet boundary condition
(u = U,,). A constant inlet temperature (7 = T},), different than the wall temperature, was as-
signed at the channel inlet. The streamwise gradients of all variables were set to zero at the outlet
boundary to attain a fully developed state in which no change takes place in the flow direction.
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Convergence criteria

The discretization equations obtained by integrating the governing partial differential
equations resulted in a set of linear algebraic equations for each variable which need to be solved
iteratively. The set of linear algebraic equations were solved sequentially within each iteration.
A set of these equations was solved by using the line-by-line method, which is a combination of
the tridiagonal matrix algorithm and the Gauss-Siedel procedure. Convergence could be de-
clared if the maximum of the absolute value of the mass residues was less than a very small num-
ber¢ (e. g., 107). In this study, convergence was declared by monitoring the sum of the residues
at each node. Since the magnitude of u; and u,, are not known a priori, monitoring the relative re-
siduals is more meaningful. The relative convergence criteria for u; and u,, are defined as:

Z:nodes|aeu§,e _Zanbucf,nb _buNo _Ae(PP _PE )| <

R, = . ®)
) Z:nodes| aeué,e| :
E _Znodeslanun,n _Zanbun,nb _buNo _An(PP _PN )| <g (9)
u, - “un
! znodes|anun,n|

In the pressure equation, it is appropriate to check for mass imbalance in the continuity
equation. The convergence criterion for pressure was defined as:
Rp = X|b+byol<ép (10)

nodes

The convergence criterion for temperature was defined as:

Ry =% |bpTp _zaannb_bT,NO|S8P (11)
nodes
The numerical iteration criterion required that the normalized residuals of mass, mo-
mentum, and energy be less than 10~ for all cases considered in this study.

Validations

The developed code was validated by reproducing solutions for some benchmark
problems. The fluid flow and heat transfer in a parallel-plate channel subjected to constant wall
temperature was predicted. As expected from classical results for this problem, the flow will de-
velop in the entrance region until it reaches fully developed condition, at which no further
changes in velocity profile take place in the streamwise direction. Since the gradient of pressure
in the fully developed region is constant, the velocity profile is parabolic, with the point of maxi-
mum velocity located along the centerline and equal to 1.5 times the mean velocity. The Nusselt
number (Nu) for the fully developed region between two parallel plates subjected to constant
wall temperature is 7.56, which agrees favorably with the Nu 7.54 mentioned by many authors,
such as Incropera and DeWitt [22].

As mentioned earlier, Wang and Vanka [8] studied numerically the 2-D steady and
time-dependent fluid flow and heat transfer through a periodic sinusoidal-shaped channel for fluid
with a Prandtl number of 0.7 for one set of geometric parameters, H,;./H, ., = 0.3 and L/a = 8.
They presented a comparison of the calculated separation and re-attachment points with the exper-
imental data of Nishimura ef al. [6]. They also presented the Nu distribution along the walls of the
sine-shaped channel. Figure 3 shows the local Nu presented by Wang and Vanka [8] for a single
periodically fully developed (PDF) module and the developing flow results generated in the pres-
ent work for six consecutive modules. Disregarding the first module, the next five modules show
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g Dévaloping fleyw for six maculss 5] that the flow has reached the fully developed
o5 > PDFatRe=50.5[g] condition as they have the same behavior and the

results of a PDF can fit to any one of them. The
i local Nu is given by:
'. f / !
| B I | Nu. = 2H av g (12)

I!. I © Ty =Ty 0¥l
I Niceno and Nobile [10] studied numerically
T [ the same flow problem by means of an unstruc-
VARV ERWY tured co-volume method for the same set of
o A geometric parameters, but for two different geo-
1 2 3 4 5 & xm 7 metric configurations, i. e., sinusoidal-shaped
and arc-shaped channels. The flow and temper-
ature fields were studied under the assumption
of fully developed flow, which means that the
10' B0 e =] flow repeats itself from module to module, and
7 f _ the heat transfer coefficient has reached its as-
ymptotic value. Based on this assumption,

L] - Niceno and Nobile [10] analyzed only one mod-

100 s i ule of the geometry. However, in this work, six
| consecutive modules were considered. The
fully developed condition could be reached at
the second or the third module and the results

Figure 3. Local Nusselt number along the walls
of a sine-shaped channel

oL . 0 S D are comparable to those of Niceno and Nobile
| . { [10]. Figure 4 shows the results of the friction

' 5'3;“’ channs | _ =] factors (f) obtained for sine-shaped geometry

(6] - - for the fourth module as a function of Re. The
el | | .| result obtained with the developed code agrees
10! 102 Re with the numerical results of Niceno and Nobile

[10] and the experimental observations of

Nishimura et al. [6]. The friction factor was

computed based on its standard definition:
_[Pm(MI)_Pm(MO)]Hav (13)

(L)2pug,)

where MI and MO stand for module inlet and module outlet, respectively, P, is the mean pres-

sure, H,, — the average channel height (H,, = H,,,/2 + H,,;,/2), and u,, — the average velocity in a

single module in the channel. The Re is defined as:

Figure 4. Friction factor for the fourth module
of a sine-shaped channel

Re — puavHav (14)
u

Grid independence

Structured symmetric grids were used for the computations to ensure symmetric solu-
tions. A grid refinement study was performed in order to assess the accuracy of the results. Table
2 gives a summary of the grid independence test for both sine-shaped and arc-shaped channels at
different Re. It can be seen from the results that the values of friction factor (f) and Nu obtained
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at different grids vary by less than 1.8%, thus demonstrating the adequacy of the grid adopted
and the numerical accuracy of the method. All calculations presented here were obtained with
the finest grid (6,561 grid points).

Table 2. Grid independence study

Grid 1 Grid 2 Grid 3
(1,681 grid points) (3,721 grid points) (6,561 grid points)
f 0.4153 0.4124 0.4115
Re =100
Nu 9.176 9.1527 9.1463
f 0.3096 0.3039 0.3010
Re =150
Nu 9.4428 9.3689 9.3355

Results and discussion

The computational domain consists of six modules of sinusoidal shape wavy channel.
The effect of Re, H,;,/H,,..«» and L/a on the local as well as total entropy generation is discussed.
The effect of each of these parameters on the velocity profile, streamline, normalized tempera-
ture field, normalized pressure drop, and module average Nu indicated that in most of the cases
considered periodically fully developed profiles are attained downstream of the first two or
three modules [3]. Thus, one module (the fourth module from the inlet) has been selected as a
representative module to discuss the details of entropy generation.

The streamlines in the fourth module from

- - - . T, P P
the inlet are shown in fig. 5 for fixed height ratio P TR P 1,-920_95“;\& - d%g\\_
Hinin/ Hina = 0.3 and module length ratio La = = Shsy08 = = 8 Tos— ~fdos ¢ih
. ) =g 04— — — Yy _vao
= 8. As Re is increased the flow separation and &' 40 \‘3"’5 o o A% eF
. . . — ~=0.015" NS
circulation increases and moves towards the = 8
{a) Fe = 25 (b} Re = 100 (e} Re = 400

exit of the module. This indicates that the veloc-
ity gradients attain greater values and their posi-  Figure 5. Effect of Re on the streamlines for
tion moves as the Re is increased. For low Re sinusoidal channel conﬁguration, fourth module,
(Re = 25) the circulation ceases and no separa-  Hmin/Hmax=0.3 and L/a =8
tion is observed. In all cases the flow symmetry
is observed as a result of symmetrical geometric configuration. For the case of low Re the velocity
gradients are maximum at the inlet and exit locations where the cross-sectional areas are mini-
mum. For larger Re, however, larger velocity gradients may be obtained within the module away
from the inlet and exit locations as a result of the flow detachment and re-circulation.

The effect of Re on the temperature variation within the fourth module is shown in fig.
7. Dimensionless isotherms are shown for fixed height ratio H,,;,,/H,,,, = 0.3 and module length
ratio L/a = 8. For low Re the temperature gradients are concentrated around the inlet region. In
most of the remaining domain the gradients are small. As the Re is increased however the tem-
perature gradients increase in the whole domain except along the flow centerline where the gra-
dients are minimal as a result of insufficient time for the temperature penetration. Next to this
centerline region the temperature gradients are relatively high. Temperature gradients along the
surface of the channel near the exit location also increase as the Re is increased.

The velocity and temperature gradients shown in figs. 5 and 6 indicate the location
and the strength of the entropy generation in the module. The variation of the entropy generation
in the fourth module for the same height ratio and module length ratio as given in those figures is
shown in fig. 7. As can be seen from fig. 7(a), the entropy generation in the entire domain is very
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Figure 6. Effect of Re on the isotherms for
sinusoidal channel configuration, fourth module,
H i/ Hpax = 0.3 and L/a =8

{a) Re=25 (b} Re=100 (e} Res -1»00

Figure 7. Contour plots of entropy generation for
fourth module, H,,;,/H ,.x = 0.3 and L/a = 8
(for color image see journal web site)

@ @«

(a) Hoy/Hyy = 0.3 (b) MMy = 05 (6) Hyu/Hoo = 0.7

v O
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Figure 8. Contour plots of entropy generation
fourth module, L/a = 8 and Re =100
(for color image see journal web site)

(a) Liamd b) Lawg (c) L/aw 16

Figure 9. Contour plots of entropy generation for
fourth module, H,;,/H,.x = 0.3 and Re = 100
(for color image see journal web site)

small and uniform. There are no concentrations
of the entropy generation is observed. This is
due to the uniform distribution of the velocity
gradients with no flow separation and re-circu-
lation and low temperature gradients. As the Re
is increased the entropy generation rate around
the inlet and exit locations increase, figs. 7(b)
and 7(c). Along the centerline, the entropy gen-
eration is minimum within a certain region of
flow thickness depending of the Re. This re-
gion of flow thickness decreases as the Re is in-
creased. It should be also noted that there is a
region of low entropy generation in both sides
of the channel near the wall where the
cross-section is large. This is due to the low ve-
locity and temperature gradients due to the
flow re-circulation activity taking place further
downstream. As the Re is increased further, the
concentration of the entropy generation in-
creases around the thin centerline fluid jet and
near the wall of the channel around the exit lo-
cation. The symmetrical distribution of the en-
tropy generation is also noted.

The geometric parameters, namely the
height ratio H,,;,/H.x and module length ratio
L/a, have a considerable influence on the distri-

bution of entropy generation. Figure 8 shows
the effect of the height ratio H,;,/Hpnax on the
entropy generation in the channel. As the
height ratio is increased the distribution of the
entropy generation increases and becomes
more uniform throughout the major part of the
domain.

Figure 9 shows the effect of the length ratio
on the distribution of the entropy generation.
For lower length ratio, the entropy generation

is concentrated in the regions close to the inlet and exit regions. This is due to the increase of the
internal volume of the module and decrease of the velocity gradients within the module. Ther-
mal and velocity gradients in this case occur around the inlet and exit locations where the flow
cross-section is the minimum. On the other hand, when the length ratio is increased the entropy
generation within the module volume increases in most parts of the domain except along the axis
where the fluid flow attains high speed with smaller velocity gradients. The maximum entropy
generation is observed along the wall surface of the channel with the exception of the location
upstream of the region where flow separation and recirculation is observed. It should be noted
that in the limit where the height ratio approaches infinity, the channel geometry approaches to
that of straight channel in which the entropy generation will be concentrated near the channel
wall and will seize along the centerline of the channel.
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Conclusions

Entropy generation in a channel with periodic sinusoidal wall is considered in the pres-
ent study. The flow is considered to be laminar and the thermal boundary condition is assumed
to be uniform temperature. The conclusions obtained from the present work can be summarized
as follows.

The fluid attains a steady periodic laminar flow after a developing region that extends
through one or two modular segments of the channel.

Re has a considerable effect on the local and overall entropy generation rate in the
channel. In general, the entropy generation rate is concentrated around the inlet and the outlet
sections of the periodic modules of the channel. As the Re increases flow separation and re-cir-
culation occurs in the module resulting in local concentrations of the entropy generation within
the channel.

The height ratio of the channel mainly affects the distribution of the entropy genera-
tion in the channel module. As the height ratio is increased the distribution of the entropy gener-
ation becomes more uniform in axial direction. Entropy generation rate in the transversal direc-
tion shows considerable fluctuations whose magnitude depends on the strength of the
re-circulation of fluid flow in the module.

The module length ratio also affects the distribution of the entropy generation rate in
the module volume, although the effect of it on the overall entropy generation is minimal. As the
length ratio is decreased the re-circulation of fluid flow increases causing higher concentrations
of local entropy generation in the channel module.

The distribution of the entropy generation rate in the wavy sinusoidal channel be-
comes important in designing the geometric configuration of fluid flow passages used in many
engineering devices such as compact heat exchangers.
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Nomenclature Greek symbols
A — area of heat transfer surfaces in a F — convergence criteriam
modulus, [m?] n, &  — contravariant components of velocity,
a — coefficients [ms—1]
b — source term o u — viscosity, [Nsm ]
C, — specific heat, [Jkg 'K'] P — density, [kgm]
H — height, [m] .
h — heat transfer coefficient, [szK’l] Subscripts
k — thermal conductivity, [Wm 'K '] av — average
L — length, [m] b — bulk
Nu — Nusselt number (= hH/k), [-] E,N - adjacent points to the main point P
P — pressure, [Pa] e,w, — adjacent faces to the main
R — residue n,s point P
Re — Reynolds number (= puH/u), [-] i — module number
S — entropy, [klkg '"K™] in — inlet
T — temperature, [K] nb — neighboring points
u,v  — Cartesian velocity components, [ms’l] NO — non-orthogonal
w — width, [m] w — wall

— Cartesian co-ordinates, [m]

=
<
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