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The 2-D periodically fully developed laminar forced convection fluid flow and heat
transfer characteristics in a horizontal channel with staggered fins are investigat-
ed numerically under constant wall heat flux boundary condition. Study is per-
formed using ANSYS Fluent 6.3.26 which uses finite volume method. Air (Pr =0.7)
and Freon-12 (Pr = 3.5) are used as working fluids. Effects of Reynolds number,
Prandtl number, fin height, and distances between two fins on heat transfer and
friction factor are examined. Results are given in the form of non-dimensional av-
erage Nusselt number and average Darcy friction factor as a function of Reynolds
number for different fin distances and Prandtl numbers. The velocity and tempera-
ture profiles are also obtained. It is seen that as the fin distance increases, behavior
approaches the finless channel, as expected. Also, thermal enhancement factors
are given graphically for working fluids. It is seen that heat transfer dominates the
friction as both the distance between two fins and Prandtl number increase. It is
also seen that fins having blockage ratio of 0.10 in 2-D periodically fully developed
laminar flow is not advantageous in comparison to smooth channel without fins.
Key words: laminar flow, heat transfer, parallel plate channel, fin,
periodic flow, ANSYS Fluent

Introduction

Many compact heat exchangers operate in the laminar flow regime owing to small
velocities and passage sizes. In addition, the passage lengths are too long. Hence, the flow is
fully developed over much of the duct’s length.

The laminar flow and heat transfer characteristics in 2-D channels with baffles or fins have
been studied by many investigators. The investigation of forced convection in the 2-D duct attracts
much interest due to its wide applications in many industrial systems, such as heat exchangers, nu-
clear reactors, and electronic cooling systems. To increase the heat transfer rates over the laminar
fully developed values, devices such as ribs, fins or baffles that interrupt the development of the
boundary-layers are usually placed on the channel walls with in-line or staggered arrangement.

When two series of fins are placed on the respective walls of a channel, the flow is ex-
pected to reach a periodic fully developed character after a short entrance length [1, 2]. A com-
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prehensive review of laminar flow results up to the eighties was performed by Shah and London
[3]. Webb and Ramadhyani [4] carried out numerical investigation of laminar forced convec-
tion conjugate heat transfer in two parallel plates mounted baffles on the surfaces with staggered
arrangement. Constant heat flux boundary condition was applied on the top and bottom surfaces
of the parallel plates. Periodically fully developed flow condition was observed in the channel.
Different Reynolds numbers, Prandtl numbers, and geometries were investigated. Kelkar and
Patankar [5] investigated numerically the flow and heat transfer in two parallel plates mounted
baffles with staggered arrangement on the surfaces under constant wall temperature condition.
It was observed that periodic flow condition was obtained in the channel at a certain distance
from inlet of the channel. Lazaridis [6] investigated the heat transfer in a parallel plate channel
with staggered fins. An equation was generated from data of Kelkar and Patankar [5]. Cheng
and Huang [7] investigated numerically laminar forced flow in two parallel plates having fins
with staggered arrangement. The channel walls are kept at uniform but different surface tem-
peratures. Velocity and temperature distributions of the periodically fully developed flow were
examined through a stream function-vorticity method with a finite difference scheme. Based
on the obtained solutions of flow field, the effect of Reynolds number and other geometric
parameters on the heat transfer coefficient and the friction factor were evaluated. Luy et al.
[8] conducted a 2-D numerical study to investigate the effect of series of fins, mounted on the
bottom wall, on laminar fluid flow, and heat transfer. Two walls are kept at constant temperature
but unequal temperature. Kim and Anand [9] studied numerically the laminar fully developing
flow condition in the two parallel plates mounted blocks on the surfaces. Surfaces were isolated,
and heat generating blocks were placed in the channel. Numerical investigation was conducted
for different Reynolds numbers, block heights, thicknesses of the blocks, and thermal conduc-
tivities of the blocks. Wang et al. [10] examined numerically heat transfer for unsteady flow in
parallel plates mounted fins with staggered and in-line arrangements. Yuan et al. [11] carried
out a numerical study for the periodically fully developed flow in 2-D channels with stream-
wise-periodic round disturbances on its two walls. Tehrani and Abadi [12] investigated numer-
ically laminar flow and heat transfer in the entrance region of a 2-D horizontal channel, with
in-line ribs, for constant surface temperature boundary condition. Results were obtained for
the Reynolds numbers ranging from 100 to 500, Prandtl number of 0.7, and different blockage
rates ranging between 0.1 and 0.3. It was reported that periodically fully developed condition
for air takes place after the third to the sixth rib depending on the Reynolds number. Mousavi
and Hooman [13] numerically investigated 2-D laminar fluid flow and heat transfer in the en-
trance region of a channel with staggered baffles at constant temperature boundary condition
for Reynolds numbers between 50 and 500 and baffle heights ranging from 0 and 0.75. Onur
et al. [14] conducted 2-D numerical analysis of laminar forced convection fluid flow and heat
transfer between two isothermal parallel plates with baffles. Baffles were placed in staggered
arrangement in the channel. The effect of the number of baffle and Reynolds number on flow
and heat transfer was examined for hydrodynamically fully developed and thermally develop-
ing flow. It has been seen that the number of baffles and Reynolds number have important effect
on flow and heat transfer. Results have also shown that increase in the Reynolds number and
baffle number causes an increase in average Nusselt number and friction factor. Sripattanapipat
and Promvonge [15] presented a numerical study of 2-D laminar periodic flow in a channel con-
taining staggered diamond shaped baffles. Turan and Oztop [16] analyzed 2-D laminar flow in a
channel containing cutting edged disc using finite volume technique. Xia et al. [17] numerically
studied periodically fully developed laminar flow in parallel plate channel for three groups of
crescent-shape protrusions. Garg et al. [ 18] numerically investigated 2-D laminar flow and heat
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transfer in a channel having diamond-shaped baffles. Turgut and Kizilirmak [19] conducted a
numerical study to investigate the turbulent flow and heat transfer in a circular pipe with baffles.
It was reported that the flow shows periodic behavior after a certain baffle.

Literature survey showed that most of the investigations stated above investigated the
entrance region problem for air at constant temperature boundary condition. However, different
behavior is anticipated when Prandtl number is greater than unity. Also, boundary condition af-
fects the heat transfer performance in laminar flow. Therefore, in this study, periodically fully de-
veloped forced convection laminar flow and heat transfer characteristics in a 2-D horizontal chan-
nel mounted fins on the surfaces with staggered arrangements have been investigated numerically
at constant wall heat flux boundary condition. The ANSYS Fluent 6.3.26 commercial code is used
for numerical study. This investigation has been carried out for seven different Reynolds numbers
(100 <£Re < 500), two different Prandtl numbers (0.7 and 3.5), one fin height (F/H = 0.10) and the
special case of finless state (F/H = 0), and five different distances between two fins (1.0 < S/H <
4.0). This study is motivated by the increasing use of compact heat exchangers in industry.

Numerical investigation

When two series of fins are placed on the respective walls of a channel, flow is expect-
ed to reach a periodic fully developed regime, where the velocity field repeats itself from mod-
ule to module, after a short entrance
region [1, 2]. It is, therefore, possible Computational region

to calculate the flow and heat transfer ;ﬁé i D

in a typical module such as ABCD

shown in fig. 1, without the need for Fi H T J7/ J HOutIet

the entrance region calculation. The —>—————— S i =

computational domain of numerical yT H \L ‘ H
|H||$

investigation is designated in fig. 1. o B
The fins with fin height, F, are placed
uniformly at a pitch, L, in each fin
series. Thickness of the fin, ¢, and
channel height, H, are kept constant Figure 1. The computational model of the problem
and their values are 0.0015 m and
0.060 m, respectively. The values of other four parameters are varied in the following range:
S/H=1.0-4.0,Pr=0.7,and 3.5, Re = 100-500, and F/H =0 and 0.10. Flow is assumed laminar at
Re = 500, because Berner et al. [2] indicated that flow is laminar for the Reynolds number of
600. Thus, blockage ratio, F/H, changes from 0 (smooth channel) to 0.10.

Numerical solutions are obtained using commercial software ANSYS Fluent 6.3.26.
Air (Pr=0.7) and Freon-12 (Pr = 3.5) are used as working fluid.

The continuity, momentum, and energy equations in Cartesian co-ordinate system for
2-D, steady, incompressible, Newtonian, constant properties, and periodically fully developed
laminar viscous flow of a fluid with negligible body forces, viscous dissipation, and radiation
heat transfer are given:
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Boundary conditions are needed to solve the equations previously given. The velocity
components u and v in a periodically fully-developed flow can be written with:

u(x,y)=u(x+L,y) 4
v(x,p) =v(x+L,y) )
The pressure is expressed by:
P(st’):_ﬁx*'ﬁ(xa)’) (6)
where, the quantity p(x,y) is evaluated:
P(x,y)=px+L,y) (7)

The inlet and outlet temperature boundary conditions can be written:

T(x,y)-T, :T(x+L,y)—TW

®)
T, (x)—T, I, (x+L)-T,
where
TdA
T, (x) :jﬂ”m ©)

Equations (4), (5), (7), and (8) describe the inlet and outlet boundary conditions. Con-
stant heat flux, ¢, =40 W/m?, and no-slip boundary conditions are used on the fin surfaces and
channel walls, i. e.:

o _ 4w
on k

Non-dimensional Reynolds number, average Nusselt number, and average Darcy fric-
tion factor are defined:

u=0, v=0, (10)

Re=M (11)
Y7
h_D

Nu,, “Th (12)
Ap D,

fm=2p§27“ (13)

Average convective heat transfer coefficient can be evaluated as shown in eq. (14):

hy = (14)

=
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where T, is evaluated:
1
To=- [rda

In order to compare the performance of all configurations tested, the results are given
with thermal enhancement factor [20-23]:

Nu

m

Nu
n=——mn (15)

[ﬁnle
o

The physical properties of the fluid are assumed to remain constant and taken at the
bulk temperature of 300 K [24].

Computational method

In this study, a general-purpose finite-volume based commercial CFD software pack-
age ANSYS Fluent 6.3.26 has been used to carry out the numerical study. The code provides
mesh flexibility by structured and unstructured meshes.

Computations are performed for laminar flow conditions. The energy equation is
solved neglecting radiation as well as viscous dissipation effects. Quadrilateral cells are created
with a fine mesh near the walls in Gambit 2.3.

A non-uniform grid distribution was employed. NETRL L T
Typical grid distribution in the vicinity of fin ' 3! 1
and channel wall is depicted in fig. 2. Close to
each wall and fin surfaces, the number of grid
points or control volumes are increased to en-
hance the resolution and accuracy. This is done
to provide a sufficiently clustered mesh near the
duct walls and to avoid sudden distortion and
skewness. :
The grid 1ndep§ndence s:tudy IS P Figure 2. Typical mesh distribution of the
formed for all computational studies by refining  ¢omputational domain
the grid size until the variation in both the aver-
age Nusselt number and the average Darcy fric- 70
tion factor are less than 0.7%. Typical variation
of the average Nusselt number and the average
Darcy friction factor with mesh size is given in
fig. 3 for S'H =2.0, F/H = 0.10, Re = 500, and
Pr = 0.7. Nine grid systems are tested in order %

to investigate the grid size effect for S/H = 2.0, L-%‘O—Q
F/H = 0.10, Re = 500, and Pr = 0.7. Grid siz- 531

es are changed from 789 to 24377. It is seen
that the increase of grid number from 12286 to 50 : : : : :

. . . 0 5000 10000 15000 20000 25000
24377 has no significant effect in the calculated Mesh size
values of average Nusselt number and average  Figure 3. Variation of average Nusselt number
Darcy friction factor. Therefore, grid size is as-  and average Darcy friction factor with mesh size
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sumed to be fixed and equal to 12286 for S/H = 2.0, F/H = 0.10, Re = 500, and Pr = 0.7. For
other parameters analyzed here, the grid independence study is obtained in a similar manner.

Steady segregated solver is used with second order upwind scheme for convective
terms in the mass, momentum, and energy equations. For pressure discretization, the standard
scheme is employed while the SIMPLE algorithm is used for pressure velocity coupling dis-
cretization. No convergence problems are observed. To obtain convergence, each equation for
mass, momentum and energy is iterated until the residual falls below 1-107.

Results and discussion

Variation of average Nusselt number and average Darcy friction factor with distance
between two fins, Reynolds number, and Prandtl number has been investigated numerically.
Numerical results obtained under steady-state conditions are presented in figs. 4-16.

Before presenting the new results, it is appropriate to validate the solution pro-
cedure to ascertain the accuracy and reliability of the flow and heat transfer results. For this
purpose, the numerical computation is carried out for air flowing in a parallel plate channel at
T . . F/H = 0.10 and S/H = 2.0 for Re = 200. The

able 1. Comparison of numerical . L X
result with literature result of this computation is compared with the
Present|| Kelkar and | Cheng and result of Kelkar and Patankar [5] and Cheng and
study | Patankar [5] | Huang [7] Huang [7] shown in tab. 1. It is seen that the
fRe/(fRe),| 1.23 12 12 present numerical result for Darcy friction fac-
tor is in good agreement with the literature.
Comparison of the x-velocity profile of

1.8

16 S g:‘eizaf;ﬂ:;a"g 711 this present study and the results of Cheng and
g 14l e N | Huang [7] is given in fig. 4 in the fully devel-
121 J g N . oped flow for F/H = 0 (i. e. smooth channel)
1od y \\ . at Re = 100. Figure 4 shows that the results of

present study are in good agreement with those
of Chen and Huang [7].

0.8+
0.6 1

04 ] The typical velocity and temperature dis-
02 | tributions of air-flow in duct for different Reyn-
00 ‘ ‘ ‘ ‘ olds numbers are given in figs. 5 and 6, respec-
00 02 o4 06 ®8 yy 0 tively, for S/H = 1.0. It is obtained that velocity
magnitudes increase with increasing Reynolds

Figure 4. The x-velocity profile in the fully > .
developed flow for F/H =0 number. However, increasing Reynolds number

decreases the magnitudes of the local tempera-
ture at a point in a channel. As can be seen in fig. 5, velocity field is affected due to presence
of fin.

The temperature distribution in duct at Re = 500 for flow of air (Pr = 0.7) and Fre-
on-12 (Pr=3.5) is given in figs. 7(a) and 7(b), respectively, for S/H = 1.0. It is seen in the figure
that the temperature distribution in duct changes with changing working fluid.

Figure 8 shows the typical streamline profiles of the air-flow in the computational do-
main for different Reynolds numbers at S/H = 1.0. After the flow enters the channel, it separates
from fin tip, and re-circulation area occurs after fin. It is seen that large re-circulation region
occurs as Reynolds number increases. Thus, the re-attachment point moves away from fin, on
the bottom wall, when Reynolds number increases. Also, the strength of the re-circulation flow
increases with increasing Reynolds number. As can be seen in fig. 8, flow is deflected due to fins
but do not impinge upon opposite wall.
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The results of the computations are given in figs. 9 and 10 in terms of the ratios
Nu,/Nu, and f, Re/(fRe), where the subscript “o” refers to the unfinned parallel plate channel.
The values of Nu, and (fRe), are 8.23 and 96, respectively [24].
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Figure 8. Streamline profiles of the air-flow
in the duct; (a) Re =100, (b) Re =300, (¢)
Re =500

The normalized average Nusselt number is plotted in figs. 9(a) and 9(b) as a function
of Reynolds number at different S/H for air and Freon-12, respectively. It is seen that increasing
the distance between the two fins increases heat transfer. Nusselt number increases 20 and 16%
as S/H changes from 1.0 to 4.0 for air and Freon-12, respectively. As the fin distance increases,
the behavior approaches that in a finless channel. In other words, Nu, /Nu, approaches unity. As
can be seen in fig. 9, Nu,_/Nu, is less than unity. It is also seen that the ratios Nu_/Nu, slightly
decreases as Reynolds number increases. This result agrees with the results of Kelkar and Pa-
tankar [5] and Tehrani and Abadi [12]. It can be interpreted as that fins with //H = 0.10 do not
have important effect to inflict flow on the opposite walls (please see fig. 8). The length of the
re-circulation region increases as Reynolds number increases (please see fig. 8). That is, direct
contact between fluid and wall decreases as Reynolds number increases. Thus, decreased direct
contact length results in low heat transfer.
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Figure 9. Variation of normalized average Nusselt number with Reynolds number for
different S/H; (a) Pr=0.7, (b) Pr=3.5

The normalized average Darcy friction factor as a function of Reynolds number is
sketched in figs. 10(a) and 10(b) at different S/H for air and Freon-12, respectively. As can be
seen from figs. 10(a) and 10(b), increasing the distance between the two fins decreases the fric-
tion factor at a given Reynolds number. In other words, closer spacing causes higher pressure
drop. It is also seen that the ratios f, Re/(fRe), increases as Reynolds number increases. On
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200 300 400

Figure 10. Variation of normalized average Darcy friction factor with Reynolds number
for different S/H; (a) Pr=0.7, (b) Pr=3.5

average, friction factor decreases 24% as S/H changes from 1.0 to 4.0 for both air and Freon-12.
As can be seen in fig. 10, as the fin distance becomes large, the behavior approaches that in a
finless channel. That is, f, Re/(fRe), approaches unity.

Typical average Nusselt number as a function of fin distance is presented in fig. 11(a)
at Re = 100 for Pr = 0.7 and Pr = 3.5. As shown in fig. 11(a), the average Nusselt number for
Pr = 3.5 is higher than that of Pr= 0.7 at a given fin distance. It is seen that as the fin distance be-
comes large, the behavior approaches that in a finless channel. In other words, the value of Nu, /Nu,
approaches unity. The phenomenon is similar to that observed by Kelkar and Patankar [5].

Figure 11(b) shows the normalized average Darcy friction factor as a function of fin
distance at Re = 100 for Pr=0.7 and Pr = 3.5. As shown in fig. 11(b), Prandtl number does not
affect the friction factor. It is also seen that friction factor decreases with increasing distance be-
tween two fins. In other words, as the distance between two fins increases, the result approaches
the result of finless channel and that is, f, Re/(fRe), approaches unity. This result is similar to
that observed by Kelkar and Patankar [5] and Garg ef al. [18].

Effect of Prandtl number on heat transfer and friction is shown in figs. 12(a) and 12(b),
respectively, for S/H=1.0. Attention now is focused to the fig. 12(a). It is observed that aver-
age Nusselt number for Freon-12 (Pr = 3.5) is higher than the average Nusselt number for air
(Pr=0.7). As for the friction factor, it is seen from fig. 12(b) that average Darcy friction factor
is the same for both air and Freon-12. It is also seen that average Darcy friction factor increases
while the Reynolds number increases.

Thermal enhancement factors of the configuration for different S/H are shown as a
function of Reynolds number in figs. 13(a) and 13(b) for air and Freon-12, respectively. It is
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Figure 12. Variation of normalized average Nusselt number (a) and average Darcy
friction factor (b) with Reynolds number for two different Prandtl numbers

seen that thermal enhancement factor of the configuration increases with the increasing distance
between two fins for a constant Reynolds number. It can be explained that heat transfer dom-
inates the friction while distance between two fins increases at a constant Reynolds number.
It is also seen that thermal enhancement factor of the configuration slightly decreases as the
Reynolds number increases. In other words, friction dominates the heat transfer as the Reynolds
number increases at constant S/H. As can also be seen from fig. 13, as the fin distance increas-
es, thermal enhancement factor approaches the finless channel for which # = 1. It is also seen
that the enhancement factor for all S/H is below unity. This indicates that this blockage ratio,
F/H = 0.10, is not advantageous in comparison to smooth channel without fins in periodically
fully developed laminar flow. This result agrees with that of Promvonge et al. [25], he conclud-
ed that enhancement factor for the 90° baffle indicates a decrease trend for blockage ratio less
than or equal to 0.2.
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Figure 13. Variation of thermal enhancement factors of the configuration with Reynolds
number for; (a) Pr= 0.7, (b) Pr=3.5

In order to see the thermal enhancement factor of the configuration with two different
Prandtl numbers, thermal enhancement factors of the configuration are depicted as a function
of Reynolds number in fig. 14 for S/H = 1.0. It is seen that thermal enhancement factor of the
configuration is higher for Pr= 3.5 than Pr=0.7. That is, it can be said that heat transfer domi-
nates the friction while the Prandtl number increases from Pr = 0.7 to 3.5 at constant Reynolds
number.

Typical dimensionless axial velocity profiles «/U, for air are plotted along channel
height in fig. 15 at x = 0.002 m distance after the fin on the bottom wall for S/H = 1.0 at
Re =100 and 500. Axial velocity values are scaled to the inlet velocity. The negative velocities
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indicate the presence of re-circulation behind 076

the fin on the bottom wall. It is seen from in- 7 DA
set, fig. 15, that the intensity of reverse flow 074 ] '

increases with increasing Reynolds number,
thus reverse flow with high intensity results
in high pressure loss and high friction factor.
This conclusion can also be seen in fig. 8.
The variation of dimensionless reat-
tachment length x,/H, evaluated from after
the bottom baffle in the flow direction, with 0.68 ‘ : . .
. . 0 100 200 300 400 500 600
Reynolds number is shown in fig. 16 for Re
S/H = 1.0. Tt is seen that the re-attachment  gigyre 14. Variation of thermal enhancement
length increases as Reynolds number increas-  factor of the configuration with Reynolds number
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es. This result can also be seen from fig. 8. for air and Freon-12
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Figure 15. Typical dimensionless axial velocity =~ Figure 16. Re-attachment length
profiles after the fin on the bottom wall for air vs. Reynolds number
at Re =100 and Re =500

Conclusions

In this study, 2-D laminar fluid flow and heat transfer characteristics between two hor-
izontal parallel plates with staggered fins are investigated numerically under periodically fully
developed conditions. The ANSYS Fluent 6.3.26 commercial code is used in this investigation.
Constant heat flux boundary condition is applied on the surfaces of the channel and fins. Study
is implemented for one fin height (#/H = 0.10) and the special case of finless state (F/H = 0),
different Reynolds numbers (Re = 100-500), Prandtl numbers (Pr = 0.7 and 3.5), and different
distances between two fins (S/H = 1.0-4.0). It is obtained that heat transfer in the channel slight-
ly decreases with increasing Reynolds number, but it increases with increasing fin distance for
the blockage ratio of 0.10 in 2-D periodically fully developed laminar flow. It is also seen that
heat transfer in the channel for Pr = 3.5 is higher than that of Pr = 0.7. Friction factor increases
with increasing Reynolds number. However, it decreases with increasing fin distance. It is seen
that friction factor is the same for both air and Freon-12. Thermal enhancement factor of the
configuration increases with fin distance and with the range of investigated Prandtl number, but
slightly decreases with Reynolds number. It is concluded that fins having blockage ratio of 0.10
in 2-D periodically fully developed laminar flow is not advantageous in comparison to smooth
channel without fins.
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Nomenclature

A — channel cross section area, [m?] S — distance between two staggered fins, [m]

D, — hydraulic diameter, (= 2H), [m] T — temperature, [K]

F  — fin height, [m] T, - bulk temperature, [K]

/.. — average Darcy friction factor, [] T, — inlet temperature, [K]

f. — average Darcy friction factor in T, — outlet temperature, [K]

finless duct, [] T, — wall temperature of the duct, [K]
H - channel height, [m] t  — fin thickness, [m]
h,, — average convective heat transfer U, - inlet velocity magnitude, [ms™']
coefficient, [Wm=K™] u, v — the velocity components in x- and

k - thermal conductivity, [Wm'K™] y-co-ordinates, [ms™]

L — length of the periodic zone, [m] x, — re-attachment length, [m]

Nu,, — average Nusselt number, [] x, y — Cartesian co-ordinates

Nu, — average Nusselt number in finless duct, [-] Greek symbols

Pr — Prandtl number, [—]

p — fluid pressure, [Pa] a  — thermal diffusion coefficient, [m?s™]

Ap — pressure loss, [Pa] f  — global pressure gradient, [Pa-m™']

p — periodic variation term, [Pa] n  — thermal enhancement factor, [-]

g.. — heat flux, [Wm?] i — dynamic viscosity, [kgms™]

Re — Reynolds number, [] v — kinematic viscosity, [m?s™]

p  — density, [kgm~]
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