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Abstract

This numerical study aims to investigate the effects of a horizontal baffle on the heat transfer characteristics of pul-
sating opposing mixed convection in a parallel vertical open channel. The influences of the dimensionless pulsating fre-
quency Strouhal number and magnitude A, Prandtl number and baffle position Lb on the velocity and temperature
distribution and long-time average Nusselt number hNui variation for the system at various Re and Gr/Re2 are explored
in detail. Our results show that the channel with both flow pulsation and a baffle gives the best heat transfer. With a
larger Re, the inlet flow pulsation dominates the whole velocity field in the channel. hNui always increases with a larger
Re, pulsation magnitude A and Prandtl number. Maximum hNui occurs at some specific imposed pulsating frequencies
which can be considered to be the natural frequency of the system.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In the past several decades, the capacity of electronic
equipments has significantly grown owing to the more
compact and quicker IC components contained within
a remarkably reduced size. The requirement accompa-
nied with the benefit is to expel the generated heat to
the environment in time; otherwise, the IC chip will
not function due to overheating. Therefore methods to
effectively enhance heat transfer are of interest for many
researchers now. Among the heat transfer enhancement
schemes, those related to the mixed convection within a
vertical channel receive much attention because it often
occurs in practice such as in electronic cooling equip-
ments, cooling passages of turbine blades and heat
exchangers, etc.
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
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However, in our previous study [1], we found that in
a typical situation of opposing mixed convection, the
heat transfer is worse if the heat transfer surface is cov-
ered by recirculation. It is attributed that heat energy
must be first transferred to the recirculating working
fluid, then to the cold main stream outside the recircula-
tion by conduction. This conductive heat transfer is
owing to that no fluid is exchanged between the main
stream and the recirculation. In a later work [2], we uti-
lized a horizontal baffle to alter the direction of the main
stream to enhance the heat transfer rate. Again, the re-
sults reveal that the flow recirculations beside the heated
surface still limit the heat transfer. So, in this article, in
additional to installing a horizontal baffle on the channel
wall, a periodic inlet velocity oscillation is employed to
further increase the heat transfer rate.
A comprehensive review of fundamental flow dynam-

ics and heat transfer of mixed convection can be found
in Refs. [3,4].
ed.
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Nomenclature

b channel spacing
B
!

buoyancy force vector
d baffle height
f oscillatory frequency
g gravitational acceleration
Gr Grashof number, gbqHb

4/km2

h convective heat transfer coefficient
k thermal conductivity of fluid
‘ length of the heated section
‘b x-direction distance of the baffle from the

heated section
L dimensionless length of the heated section
Lb dimensionless x-direction distance of the

baffle from the heated section
Nu local Nusselt number
Nu space-average Nusselt number
hNui long-time average of Nu
p pressure
P dimensionless pressure, ðp � qgxÞ=q�u2e
Pr Prandtl number, m/a
qH imposed wall heat flux
Re Reynolds number, �ueb=v
St Strouhal number, f � b=�ue

T temperature
Te inlet temperature
u,v dimensional velocities in the x and y direc-

tion
ue inlet velocity
�ue average inlet velocity
U,V dimensionless velocities in the X and Y

direction
~V

�
provisional velocity vector

x, y Cartesian coordinate
X, Y dimensionless Cartesian coordinate

Greek symbols

a thermal diffusivity
b volumetric thermal expansion coefficient
d dimensionless baffle height, d/b
m kinematic viscosity
h dimensionless temperature, h = (T�Te)/

(qHÆb/k)
q density of fluid
s dimensionless time
Ds time increment
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Habchi and Acharya [5] numerically studied the
mixed convection of a heated block on a vertical channel
to simulate the hot IC component on a vertical PC
board. They found that Nu would be reduced if a block-
age exists. Besides, a recirculation is observed down-
stream of the blockage with a small temperature
difference inside the recirculation. Changing the height
of the blockage 0.1–0.2 times of the channel height does
not affect the heat transfer rate. Heat transfer of a
heated obstacle in a horizontal channel was studied by
Young and Vafai [6] via a finite element formulation.
The existence of the obstacle results in a significantly
changed velocity field and induces recirculations both
up- and downstream of the obstacle. Heat transfer rates
of upstream and top faces are better than that of the
downstream face of the obstacle. Yan et al. [7] used a
transient liquid crystal thermograph to investigate the
heat transfer enhancement of three in-line, surface-
mounted obstacles. Three shapes of obstacles—circular,
square, and diamond—are examined. Detailed local
heat transfer enhancement was obtained. Besides,
through the local heat transfer variation, the flow struc-
ture can be reasonably interpreted.
Martinuzzi and Havel [8] experimentally investigated

the flow structure between two in-line cubic obstacles.
They emphasized the influence of the gap between two
obstacles. They found a large recirculation with low tur-
bulence if S/H < 1.4 where S and H are the distances of
the gap and obstacle height, respectively. The separated
shear layer produced by the upstream obstacle will
impact the downstream obstacle with 1.4 < S/H < 3.5.
With an S/H larger than 3.5, the wake of the upstream
obstacle will reattach in the gap; therefore, a second
horseshoe vortex system is found around the down-
stream obstacle. Valencia and Cid [9] employed the j–
e model to simulate the turbulent hydrodynamic and
heat transfer characteristics of two side-by-side square
bars in a channel. Herman and Kang [10] adopted the
curved vane behind the heated block to alter the flow
direction and observed a 1.5–3.5 times enhancement in
heat transfer but, in turn, the pressure penalty is 3–5
times larger.
Transitional (Re = 3400) and fully turbulent (Re =

24000) incoming flow in a periodically ribbed duct was
experimentally examined by Acharya et al. [11].
Different heat transfer behaviors were found due to the
resulting turbulence levels. Kim and Anand [12] used a
two-dimensional j–e turbulent model and a double cyc-
lic condition to simulate the periodically fully developed
flow. They found that the conduction within the sub-
strate plays an important role because of its ability to
redistribute the heat transfer and decrease the overall
heat resistance. Hwang and Liou [13] discussed the heat
transfer and friction in a horizontal channel with perfo-
rated ribs on the top and bottom plates. The best ther-
mal performance was found with 44% open-area ratio
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perforated ribs. In a later study [14] they examined the
effect of thickness of single perforated ribs. Their results
reveal that a thinner and taller perforated rib can pro-
duce a better heat transfer. Kilicaslan and Sarac [15]
experimentally examined the effect of cylindrical and tri-
angular ribs with holographic interferometry. The heat
transfer with ribs is much higher than that without ribs.
The differences of heat transfer and pressure drop be-
tween cylindrical and triangular ribs are negligible. Pres-
sure drop penalty dramatically increased with Reynolds
number. Yun and Lee [16] conducted an experiment to
investigate several kinds of fin-and-tube heat exchangers
with interrupted surfaces in home air conditioners.
Webb et al. [17] provided the correlations of Colburn j
factor and the fanning friction factor f of seven helically
ribbed with several parameters such as rib height, num-
ber of start and helix angles.
Greiner et al. [18] used a spectral element technique

to explore the heat transfer of a grooved channel. They
found that the grooves could enhance the heat transfer
but also increase the pressure drop. However, the
grooved channel can provide a better heat transfer rate
under the same, given pressure drop. Later, in [19], they
discuss the effect of flow rate oscillation with a low Rey-
nolds number. The results disclose that a better heat
transfer and a lesser pumping power, are obtained when
the imposed exciting frequency approaches the natural
frequency.
Roughnesses and ribs enhance the heat transfer by

breaking the thermal and momentum boundary layers.
On the other hand, fins and baffles alter the main flow
direction to increase the heat transfer rate. Maughan
and Incropera [20,21] numerically and experimentally
studied the dependence of heat transfer performance
on the periodically longitudinal fins. The results reveal
that the gap between the fins dominates the flow pattern
and heat transfer. Specially, a worse heat transfer
rate was noted with a narrow gap. Dutta and his co-
worker [22,23] explored the influences of different shapes
and arrangements of perforated baffles. Their results
indicate that the increase or decrease of heat transfer
rate depends on the assigned parameters. Over their
investigated ranges, a variation in Reynolds number
produces a significant difference. Guo and Anand [24]
performed a three-dimensional, numerical simulation
to study the effect of installing a baffle near the entry
of a horizontal duct. The heat transfer of the upstream
surface of the baffle is better than that of the rear surface
due to the flow impingement. Wang et al. [25] numeri-
cally investigated the heat transfer enhancement result-
ing from the staggered and/or in-line arrangements of
baffles in a periodical, fully developed channel flow.
They found a self-sustained unsteady oscillation with a
Reynolds number between 100 and 200. This oscillation,
in turn, increases the mixing rate between the core flow
and the near-wall fluid and, therefore, increases the
heat transfer rate. Habib et al. [26] carried out an exper-
imental investigation with Re ranging from 8000 and
18000. Their results show the flow deflection and
impingement upon the fin�s response for the heat trans-
fer enhancement.
The characteristics of the pulsating flow and heat

transfer in a circular pipe with a porous-medium layer
in the pipe surface was numerically studied by Guo
et al. [27]. The pulsating flow is driven by the pressure
gradient oscillation at the inlet. Brinkman–Forchhei-
mer–extended Darcy mode is adopted for the porous
medium. An optimal porous layer thickness is found
and related to the ratio of the effective thermal diffusiv-
ity. The temperature history inside a porous medium
with a periodically oscillating inlet velocity was investi-
gated by Paek et al. [28]. Their results reveal that the
temperature history is little affected by the pulsating
flow. Hemida et al. [29] found that introduction of a pul-
sating flow results in a slight decrease of heat transfer in
thermally fully developed regions, while in a thermally
developing region, heat transfer rate could either in-
crease or decrease depending on the thermal boundary
conditions. Camci and Herr [30] employed a communi-
cating loop before a nozzle to produce a self-oscillating
impinging planar jet to enhance the forced convection
heat transfer. Kim et al. [31] numerically studied the
forced convection heat transfer from two heated blocks
in a horizontal channel with a uniform and oscillating
velocity at the channel inlet. Their results indicate that
the natural shedding induced by the upstream block will
increase the heat transfer of the downstream block.
There is a dominant peak of heat transfer enhancement
when the pulsating frequency changes.
Azar [32] utilized a mechanical shaker at the inlet of a

vertical channel to enhance the heat transfer of elec-
tronic components. Without external forced air, using
the shaker will cause a local partial reversal of flow
and retard the heat transfer. However, if external forced
air is supplied, the temperature of the electronic compo-
nents will be significantly reduced. Besides, this effect
can act both on the upstream and downstream compo-
nents. Fu et al. [33,34] broke the thermal and momen-
tum boundary layers on a horizontal heated surface by
a moving block and a swinging fin to increase the heat
transfer.
The above literature review indicates that most of the

articles concern about the forced convection in a hori-
zontal channel. However, low speed convection in a ver-
tical channel with a large temperature difference
occurring in heat exchangers, cooling of electronic
equipments, etc., has not been paid enough attention.
This fact motivates the present numerical study. Our
objective is to explore the characteristics of heat transfer
and hydrodynamics behaviors of the low Reynolds, pul-
sating mixed convection in a vertical channel with a
baffle.
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2. Analysis

Fig. 1 schematically shows the two-dimensional
physical system considered and the coordinates adopted.
A vertical parallel channel consists of two infinite plates
with spacing b. A finite section (0 6 x 6 ‘) of the left
wall is heated by a uniform and constant heat flux qH.
The rest of the left wall and the whole right wall are ther-
mally insulated. A downward, forced flow enters the
channel at temperature Te in the far upstream and is as-
sumed to be fully developed. Its magnitude may change
sinusoidally with time. An infinitely thin baffle is in-
stalled on the right wall. Viscous dissipation is consid-
ered to be negligible. Dimensionless governing
equations for the unsteady two-dimensional opposing
Fig. 1. Schematic diagram of physical system.
mixed convection for a Boussinesq�s flow through a ver-
tical channel with a baffle are:

Continuity equation:

oU
oX

þ oV
oY

¼ 0 ð1Þ

X-momentum equation:

oU
os

þ U
oU
oX

þ V
oU
oY

¼ � oP
oX

þ 1

Re
r2U þ Gr

Re2
h ð2Þ

Y-momentum equation:

oV
os

þ U
oV
oX

þ V
oV
oY

¼ � oP
oY

þ 1

Re
r2V ð3Þ

Energy equation:

oh
os

þ U
oh
oX

þ V
oh
oY

¼ 1

Re � Prr
2h ð4Þ

and the associated initial and boundary conditions
are

U ¼ 6ðY � Y 2Þ; V ¼ 0; h ¼ 0 at s < 0

U ¼ 6ðY � Y 2Þ½1þ ASinð2pStsÞ; V ¼ 0; h ¼ 0 at

x ! �1
oU
oX

¼ oV
oX

¼ oh
oX

¼ 0 at x ! 1

oh
oY

¼ �1;U ¼ 0; V ¼ 0 at Y ¼ 0; 0 6 X 6 L

oh
oY

¼ 0;U ¼ 0; V ¼ 0 at Y ¼ 0;X < 0 or X > L

oh
oY

¼ 0;U ¼ V ¼ 0 at Y ¼ 1

ð5Þ

The plate spacing b and average inlet velocity ue are used
to non-dimensionalize the above governing equations
and boundary conditions. The baffle is assumed to be
infinitely thin. So, dimensionless temperature and heat
flux are both continuous across the baffle. The dimen-
sionless velocitiesU and V are zero on the baffle surfaces.
The local and space-averaged Nusselt numbers of the
heated section can be evaluated from the equations

Nu ¼ hb
k

¼ 1
h

0 6 X 6 L ð6Þ

Nu ¼ 1
L

Z L

0

Nudx ð7Þ

Since it is possible to have an unsteady Nu, we also
define a time-average Nusselt number

hNui ¼ St
Z sþ1=St

s
Nuds for a periodic flow

¼ 1

s2 � s1

Z s2

s1

Nuds for a statistical steady flow
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where s1 and s2 are two time instants between which is a
long enough time interval to have the statistical steady
flow.
3. Solution method

A well-developed and verified program was modified
to numerically solve the time-dependent governing equa-
tions and the associated initial and boundary conditions.
More details can be found in [1,2]. We briefly describe the
numerical method. The projection method [35,36] is em-
ployed to numerically integrate the coupled momentum
and continuity governing equations, by two steps. First,
a provisional velocity vector ~V

�
is explicitly computed

from previous velocity field ~V
n
by ignoring the pressure

gradient,

~V
� � ~V

n

Ds
þ ~V

n � r~V
n � 1

Re
r2V n �~B ¼ 0 ð8Þ

where ~V
n � r~V

n
denotes the convective term, and~B is the

buoyancy force. Then, ~V
�
is corrected by including the

pressure effect and by enforcing the mass conservation
at the next step n + 1,

~V
nþ1 � ~V

�

Ds
þrPnþ1 ¼ 0 ð9Þ

and

r � ~V nþ1 ¼ 0 ð10Þ
Substituting Eq. (9) into Eq. (10) yields the pressure
Poisson equation,

r2Pnþ1 ¼ 1

Ds
r~V

� ð11Þ

Once we solved pressure Poisson equation for Pn+1,
we substitute it into Eq. (9) and explicitly calculate
~V

nþ1
. The central difference is used to approximate all

the derivatives except the convective terms when discret-
izing the above equations. To enhance numerical stabil-
ity and accuracy, a third-order upwind scheme [37] is
employed to discrete these convective terms. The
power-law scheme [38] was used to discrete the energy
equation with the time derivative treated implicitly. By
using the Conjugated Gradient Squared method [39] to
solve the resulting finite-difference equation system, the
temperature can be quickly calculated to a very high
accuracy. The flow is considered to be steady if the rel-
ative error of consecutive iterations is less than 10�5

for U, V and h and the overall energy balance is within
0.1%. If the flow cannot reach the steady state, the cal-
culation procedure will continue for a long enough time
to obtain a periodic solution or a statistical steady state.
Some verifications of the numerical code can be found in
[1]. Furthermore numerical verification evidences were
given in [2]. We ensure that a 480 · 48 gridlines system
is suitable in the present work.
4. Results and discussion

The foregoing analysis shows that the pulsating,
opposing mixed convection in the vertical channel with
a baffle is governed by eight dimensionless parame-
ters—the Prandtl number Pr, Reynolds number Re,
ratio of buoyancy to inertia forces Gr/Re2, length of
the heated section L, inlet velocity pulsating frequency
St, inlet velocity pulsating magnitude A, baffle position
Lb and baffle height d. In order to focus on the effects
of baffles and inlet flow pulsation, we assign L = 20
and d = 0.5 in this study. More details about the influ-
ences of the two parameters can be found in [2]. In this
study, computations were carried out over wide ranges
with Gr/Re2 from 0 to �3.3, Re from 100 to 500, St from
0.033 to 5, A from 0.05 to 0.8, Lb from 1 to 19.
We first present the results without baffles in order to

establish a basic understanding. It is well known that the
opposing buoyancy force slows down the flow beside the
vertical heated section and reverses the flow direction if
the buoyancy force is strong enough. Therefore, the heat
transfer is reduced and then increased. The velocity and
isotherms of a typical case with Re = 250, Gr/Re2 =
�2.3, Pr = 0.71 at s = 500 is shown in Fig. 2(a). The
ratio of the X and Y axes is set to 1:2 to clearly display
the details. The minimum value and increment of the
plotted isotherms are both 0.05 in Fig. 2(a) and hereaf-
ter. It is illustrated that two recirculations exist beside
the heated section, one extends from X = 0 to X = 15
and the other ranges from X = 16 to X = 25. If a recir-
culation exists at any cross-section, for example, at
X = 5, the velocity U beside the heated section will be
less than zero. Therefore, in order to satisfy the mass
conservation at that cross-section of the channel, the
maximum velocity U of the main stream is greater 1.5.
However, this accelerated velocity does not have any
advantage to the heat transfer because the major heat
transfer mechanism is heat conduction between the
recirculation and the main stream.
Between the two recirculations, the main stream at-

taches to the heated section, and produces a better local
heat transfer as can be seen from the denser isotherms
around X = 16 in the isotherm plot. In addition,
through a careful examination of the velocity vector,
we found that only a small range upstream of the heated
section is affected by buoyancy since the velocity looks
like a fully developed velocity profile at X = �4.
We next present a series of isotherm and velocity vec-

tor plots to illustrate the effect of flow pulsating in Fig.
2(b) with Pr = 0.71, Re = 250, Gr/Re2 = �2.3, A = 0.5
and St = 0.1. The sinusoidal inlet velocity is assigned as:

UðY ; sÞ ¼ 6Y ð1� Y Þ½1þ A sinð2pStsÞ at X ! �1

where 6Y(1�Y) is the Y-dependent velocity profile, A
the dimensionless pulsating magnitude and St the Strou-
hal number, dimensionless pulsating frequency. Since
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Fig. 2. Isotherms and velocity vector plots of Re = 250, Gr/Re2 = �2.3, Pr = 0.71. (a) Without baffle and flow pulsation; (b) A = 0.5,
St = 0.1, without baffle; (c) A = 0.5, St = 0.1 and single baffle at X = 5.
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St = 0.1 implies the time period of the cycle being 10, we
draw 11 isotherm plots to show a complete cycle. The
time interval between two consecutive plots is one
dimensionless time unit. To ensure the plotted cycle
being periodic in time, we ran this case for a long enough
time and checked the velocity history of the six sampling
points. The corresponding dimensionless time instants
are labeled above each plot. Considering the oscillating
manner of the inlet velocity, we can call the time interval
between s = 502.5 and 507.5 the decelerating phase
and the rest of the cycle the accelerating phase [40]. Dur-
ing the decelerating phase, the inlet velocity gradually
decreases; therefore, the isotherms around the beginning
of the heated section (X = 0) gradually move upstream
as shown in Fig. 2(b). In the meantime, the isotherms ex-
tend transversely. On the other hand, during the acceler-
ating phase, the inlet velocity gradually increases from
the minimum to the maximum average inlet velocity
and the isotherms are compressed downstream and the
heated section. The lower plots are the velocity vector
plots at corresponding time instants. We note that more
recirculations are generated beside the heated section
during the decelerating phase then destroyed during
the accelerating phase.
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Fig. 2(c) demonstrates the effects of installing a hor-
izontal baffle into the vertical channel at X = 5 with the
same parameters in Fig. 2(b). First of all, the existence of
the baffle alters the main stream direction and an obvi-
ous concave of isotherms occurs beside the heated sec-
tion around X = 5. During the decelerating phase, the
thin thermal boundary at s = 202.5 gradually becomes
thicker and penetrates upward. More recirculations are
generated downstream. On the other hand, during the
accelerating phase, the thermal boundary layer at the
leading edge of the heated section is compressed and
the downstream recirculations are swept out. It is worth
noting that we observed a time lag between the inlet
velocity pulsation and velocity field response during
both the accelerating and decelerating phases.
To give more transient behaviors of the fluid, we

recorded the local velocity U at six significant locations.
These sampling positions are located on the inlet
(X = 0), middle (X = 10) and exit (X = 20) of the left
(Y = 0.141) and right wall (Y = 0.859) walls, respectively.
Fig. 3 displays the transient behaviors of velocityU at

six sampling points with different Gr/Re2 with Re = 250
and Pr = 0.71. Fig. 3(a) shows the steady state results
with a low opposing buoyancy, Gr/Re2 = �0.9. Beside
the heated section, i.e., at Y = 0.141, the velocity U is re-
duced by the opposing buoyancy force. The degree of
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Fig. 3. Velocity U transient behaviors of (a) Gr/Re2 = �0.9, (b)
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velocity reduction increases as the fluid flows downward.
On the other hand, the velocities at Y = 0.859 are accel-
erated and are larger than those of the fully developed re-
gime. Another fact which should be noticed is that the
negative velocity at X = 10 and 20 at steady state implies
a recirculation existing over the heated section.
We next increase the opposing buoyancy force to

Gr/Re2 = �2.3 while the other parameters remain un-
changed and the results are shown in Fig. 3(b). After a
violent transient stage, the velocities seem settled down.
But, after carefully examining the data, we found that
the flow field oscillates slightly and does not approach
a steady state. At the starting of the heated section,
i.e., X = 0, both at Y = 0.141 and Y = 0.859, the veloc-
ities U are still larger than zero, so there is no recircula-
tion. However, at X = 10 and X = 20, we observe much
larger negative velocities and this fact indicates a much
strong recirculation.
By further increasing the opposing buoyancy force to

Gr/Re2 = �2.5 as shown in Fig. 3(c), the spontaneous
oscillation of the velocity is observed at all the sampling
locations. At X = 10, the oscillating is of a period of
about 68.7. A 180� phase lag is found between oscilla-
tion history at Y = 0.141 and Y = 0.859. Much different
behaviors occur at X = 20, and some ripples or bursts
are seen at the transient history. This is an evidence sug-
gesting that the flow becomes transitional around
X = 20. The ripples have also been observed in temper-
ature transient history, which is not shown here. We ex-
plain the mechanism causing the occurrence of ripples as
follows. There is a secondary recirculation downstream
similar to the one in Fig. 2(a). With a larger opposing
buoyancy Gr/Re2 = �2.5, the recirculation occupies
more space, consequently, accelerating the main stream.
The induced velocity gradient between the main stream
and recirculation is great enough to trigger the outside
edge of the recirculation to oscillate. Wavelets are peri-
odically generated along the streamlines. When the
wavelets travel downstream, they might be amplified
or damped out. If they are amplified, some ripples are
recorded at X = 20. Otherwise, smooth velocity behav-
iors were found there.
Fig. 3(d) illustrates the transient characteristics with

a still greater opposing buoyancy force Gr/Re2 = �2.9.
On comparing Fig. 3(c) and (d), we found similar re-
sponses at X = 0 and 10. However, at X = 20, ripples
occur all the time. It is worth noting that there exists a
sudden deceleration then acceleration process as indi-
cated by ellipse A in Fig. 3(d). Then it followed by a ser-
ies of bursts in ellipse B. After animating our transient
flow field and temperature distribution, the process can
be briefly described as follows. At the beginning, the
recirculation around X = 20 elongates downward to
about X = 26. It becomes slender and the outside edge
suffers from the instability and starts to vibrate horizon-
tally. As the horizontal displacement of the outside edge
becomes larger and larger, finally the slender recircula-
tion breaks into two recirculations. The upper recircula-
tion moves backward around X = 20. The lower
recirculation is convected downstream by the main
stream. This elongation then broken process results in
the decelerating then accelerating of velocity at X = 20.
Next, we will discuss the effects of the periodical inlet

velocity on the velocity transient responses of the mixed
convection heat transfer. Fig. 4(a) and (b) illustrates the
periodic variation of U with dimensionless time at six
sampling locations. Re, Pr, A and St are 250, 0.71, 0.5
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| Gr / Re2
 |

0 1 2 3 4
2

3

4

5

< Nu >

Pr = 0.71
Re = 250

no baffle
A = 0

single baffle
A = 0.5

single baffle
A = 0

no baffle
A = 0.5

Fig. 5. Effect of various Gr/Re2 on hNui with Re = 250, Pr =
0.71.

4198 T.-S. Chang, Y.-H. Shiau / International Journal of Heat and Mass Transfer 48 (2005) 4190–4204
and 0.1, respectively. Since the period of one cycle is
reciprocal of St, the dimensionless period is 10 in Fig.
4. After a transient variation, all six sampling locations
are of the same oscillation frequency equaling the im-
posed inlet velocity frequency. Therefore only a com-
plete cycle is presented in Fig. 4. However, different
behaviors are observed at different locations. In Fig.
4(a), Gr/Re2 = �0.9 at the starting of the heated section
(X = 0), almost identical velocity histories at Y = 0.141
and Y = 0.859 are recorded and indicate a symmetri-
cally, longitudinal oscillating at X = 0. Similar velocity
oscillation with different magnitudes are noted at the
middle of the heated section (X = 10). The waveforms
are of a similar pattern but the magnitudes are different
at Y = 0.141 and Y = 0.859. At the end of the heated
section (X = 20), out of phase velocities on both the
sides appear from s = 200 to s = 203. Fig. 4(b) displays
the results with a higher opposing buoyancy Gr/Re2 =
�2.3. With a high opposing buoyancy force, the velo-
city–asymmetry range is extended upstream about
X = 10. Although the oscillation is not sinusoidal but
still remains periodic at X = 10 and X = 20.
Fig. 4(c) and (d) shows the velocity variation on

installing a horizontal baffle on the insulated plate at
X = 5. A comparison of Fig. 4(a) and (c) discloses that
a greater oscillation is observed at X = 10 in Fig. 4(c).
However, at X = 20, the oscillation magnitude is smaller
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than that in Fig. 4(a) and the time duration with a neg-
ative velocity at Y = 0.141 is greatly reduced. With a
higher opposing buoyancy Gr/Re2 = �2.3, Fig. 4(d)
has a similar trend as in Fig. 4(c).
Fig. 5 gives the influence of flow pulsation and a baf-

fle on the long-time average number with various Gr/
Re2. Some cases can reach a steady state. For those peri-
odic cases we carried out a time average of the space-
average Nusselt number within a complete cycle. For
those aperiodic cases, we carried out a long enough cal-
culation to have a statistical-steady average Nusselt
number. To provide a basic-line for the parametric anal-
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Fig. 6. Effects of Re and baffles on the velocity U transient responses
and St = 0.1.
yses and for further comparison, the results without baf-
fles and flow pulsation (A = 0) in Fig. 5 is firstly
considered. hNui is decreased then increased with the in-
crease of jGr/Re2j. The increasing opposing buoyancy
force reduces the positive velocity beside the heated sec-
tion and the heat transfer becomes worse. But if the
opposing buoyancy force is strong enough, the negative
velocity is large enough to recover the heat transfer. The
minimum hNui occurs of about Gr/Re2 = �2.3. We next
activated the inlet flow pulsation with A = 0.5 and
St = 0.1, but did not install the baffle. A better heat
transfer is obtained with jGr/Re2j larger than 1.2. In
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at sampling locations with Pr = 0.71, Gr = 6.25 · 104, A = 0.5
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contrast, when jGr/Re2j 6 1.2, hNui without flow pulsa-
tion will be larger than that with flow pulsation. Hence,
we have an either increased or decreased mixed convec-
tion heat transfer depending on the magnitude of Gr/Re2

if the inlet flow pulsation is presented.
A horizontal baffle is installed on the right plate at

X = 5 and the steady fully developed velocity is imposed
at the channel inlet, i.e., without flow pulsation. A much
higher hNui is noted over the jGr/Re2j range. This con-
tributes to the alteration of the main stream as shown
in Fig. 2(c). Generally speaking, hNui first decreases then
increases with a minimum occurring at about Gr/Re2 =
�1.8.
Finally, when both installing the baffle and imposing

flow pulsation, a further higher hNui will be achieved.
Additionally over the investigated jGr/Re2j range, hNui
smoothly and monotonically decreases with an increase
in jGr/Re2j and there is no hNui minimum. The results
shown in Fig. 5 clearly indicates that the optimum heat
transfer scheme among the four proposed schemes is the
one with both active (flow pulsation) and passive (baffle)
methods. Surprisingly, the inlet flow pulsation is not the
key point to enhance heat transfer. As clearly shown in
Fig. 3(b), the flow pulsation may cause the temperature
distribution to vary periodically but the basic heat trans-
fer phenomenon did not change, i.e., most of heated sec-
tion surface is covered by the recirculations.
Fig. 6 shows the effects of baffles and various Rey-

nolds numbers on the velocity U under the action of
the inlet periodic velocity with Gr = 6.25 · 104, Pr =
0.71, A = 0.5 and St = 0.1. First, we discuss the results
without a baffle and Re varied from 100 to 500 as shown
in Fig. 6(a)–(c). Generally speaking, with a fixed Gr, a
larger Re implies a stronger inertia force, accordingly,
the inlet velocity dominates the entire velocity field. In
Fig. 6(a), much different velocity behaviors have been
observed at six sampling locations due to the compli-
cated interaction between low inertia force (Re = 100)
and high opposing buoyancy force (Gr = 6.25 · 104).
On increasing Re to 300 as shown in Fig. 6(b), we note
much order oscillations at six locations, although their
magnitudes still differ from each other. On further
increasing Re to 500 as shown in Fig. 6(c), not only
the magnitudes but also the waveform are nearly identi-
cal. This fact implies that the inlet velocity controls the
whole flow field inside the channel and the influence of
the opposing buoyancy force can be neglected.
Fig. 6(d)–(f) is illustrated to depict the effects of

installing a horizontal baffle. On comparing Fig. 6(a)
and (d), similar velocity variations are noticed at X = 0
and X = 20, but more regular and sine-like oscillation
is found at X = 10. As Re is raised to 300, due to a larger
velocity and narrower cross-section area, the local veloc-
ity around X = 5 significantly increases and a dramatic
oscillation of the velocity was seen at X = 10 in Fig
5(e). Out of phase velocity oscillation is obvious at
X = 10. A similar phenomenon is found at X = 20,
too. The results of Re = 500 are close to those of Re =
300, except for the further larger flow oscillation at
X = 10 in Fig. 6(f).
The influences of the baffle and flow pulsation on

the long-time average Nusselt number with various
Reynolds numbers with Pr = 0.71, Gr = 6.25 · 104 are
summarized in Fig. 7. We first discuss the effects of flow
pulsation only. As shown in Fig. 7, when Re ranged
from 100 to 250, flow pulsation does not produce an
apparent difference due to the strong, dominate oppos-
ing buoyancy force and the weak inertia force. However,
with Re larger than 250, the imposed flow pulsation does
reduce the heat transfer, for example, 12% when Re =
500. After carefully examining the results, we found that
there exists an additional recirculation around X = 20
during the decelerating phase and the heat transfer de-
creases if the flow pulsation is activated (A = 0.5).
We next discuss the results with both flow pulsation

and a baffle. Obviously, employing both the active (flow
pulsation) and passive (installing a horizontal baffle)
schemes can dramatically enhance heat transfer. By
using a baffle, the cold main flow can be directed toward
the heated section to increase the heat transfer. Flow
pulsation may change the velocity field around the
heated section and the baffle and further increase the
heat transfer. We obtain a 42% increase of hNui at
Re = 500. Also shown in Fig. 7 is a correlation to ac-
count for the influence of varied Re on hNui as follows:
hNui ¼ 0.0859Re0.7

for Re varying from 100 to 500, with A = 0.5, St = 0.1,
and a single baffle installed at X = 5.
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Since the flow pulsation may play an important role
in the opposing mixed convection in a vertical channel,
we will discuss the effects of pulsating frequency and
magnitude.
Fig. 8 illustrates the effects of varying the pulsation

magnitude A with Re = 250, Gr/Re2 = �2, Pr = 0.71
and St = 0.1. The results without baffles are shown in
Fig. 8(a)–(c). It is obvious that the imposed flow pulsa-
tion takes control of the flow field when the magnitude
increases from 0.05 to 0.8. Hence, the velocities U at
six sampling locations gradually approach to the similar
waveform. The same observation is noted in Fig. 8(d)–
(f) in which case a horizontal baffle is installed at
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Fig. 8. Effects of pulsating magnitude A and baffles on
X = 5. More violent flow oscillation is found at X = 10
in Fig. 8(e) and (f) because of the baffle and a larger pul-
sation magnitude.
We now focus on the variation of hNui with pulsation

magnitude A as shown in Fig. 9. First of all, we observe
that hNui slightly changes with A varied from 0.05 to 0.8
if the baffle does not exist. This is because the flow pulsa-
tion may change the flow field and temperature distribu-
tion but the long-time, space-average Nusselt number
hNui is little affected. In contrast, the existence of a
baffle at X = 5 can significantly increase the local veloc-
ity around the baffle, sweep out the recirculation
beside the heated section and enhance the heat transfer.
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hNui with Re = 250, Gr/Re2 = �2 and Pr = 0.71.
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Furthermore, this effect becomes more evident with lar-
ger magnitudes of A. Therefore, the heat transfer
enhancement is monotonically increased with A. The
enhancement is about 23% and 52% for A = 0.05 and
0.8, respectively. Based on these numerical results, we
propose a correlation of hNui versus A:
hNui ¼ 3.577þ 0.962A for A from 0.05 to 0.8

with Re = 250, Pr = 0.71, Gr/Re2 = �2 and St = 0.1.
The variation of hNui with pulsation frequency St is

shown in Fig. 10 with Re = 250, Gr/Re2 = �2, Pr =
0.71 and A = 0.5. hNui has local maximuma at St =
0.25 and 0.055 for the cases without a baffle. Therefore
St
10-2 10-1 100 101
2
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4

< Nu >

no baffle

single baffle at X = 5

Pr = 0.71

Re = 250

Gr / Re2 = -2

A = 0.5

Fig. 10. Dependence of hNui on pulsating frequency St with
Re = 250, Gr/Re2 = �2, A = 0.5 and Pr = 0.71.
St = 0.25 can be considered to be the natural frequency
of this system under the parameter settings. Meanwhile
we must point out that a situation with a larger St does
not imply a higher heat transfer, at least, over the inves-
tigated range. We next discuss the results with a single
baffle at X = 5. Obviously, better heat transfer is noticed
and there are three local maxima with St = 0.7, 0.333
and 0.115, respectively. Similarly, an imposed flow pul-
sation with a too small or too large St will produce a
worse heat transfer.
Fig. 11 shows the dependence of long-time average

Nusselt number on the Prandtl number with Re = 250,
Gr/Re2 = �2, A = 0.5 and St = 0.1. hNui always mono-
tonically increases with Pr and the cases with a baffle at
Gr/Re = �2, A = 0.5 and St = 0.1.
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Fig. 12. Dependence of hNui on the baffle position Lb with
Re = 250, Gr/Re2 = �2 and Pr = 0.71.
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X = 5 have a greater heat transfer. In the meantime, the
enhancement of heat transfer also increases with Pr. An
insignificant difference of hNui is found for the cases with
or without a baffle when Pr = 0.01. On the other hand,
90% heat transfer enhancement is noted when Pr = 100.
Finally, we present the effects of changing the baffle

position Lb on hNui with Re = 250, Gr/Re2 = �2, and
Pr = 0.71 in Fig. 12. Generally speaking, a baffle on
the upstream will result in a better heat transfer. As the
baffle position moves downstream, the heat transfer is
reduced. This trend is more evident when the flow pulsa-
tion is activated. Additionally, with Lb < 12, flow pulsa-
tion is useful to increase heat transfer. However, with
Lb > 12, flow pulsation seems to give a worse heat
transfer.
5. Conclusions

In this study, a pulsating mixed convection heat
transfer in a vertical open channel with a baffle has been
numerically investigated. Attention is focused on the ef-
fects of the Reynolds number, Gr/Re2, Prandtl number,
dimensionless pulsating frequency St and magnitude A,
and the baffle position Lb on the velocity variation and
long-time average Nusselt number. The major results
are drawn as follows.

1. The pulsating mixed convection with a baffle gives
the greatest heat transfer among the four kinds of
combination as shown in Fig. 5 when Gr/Re2 ranges
from �0.1 to �3.9, Re = 250, Pr = 0.71. A non-pul-
sating flow with a baffle has a secondary best heat
transfer. The stationary or pulsating inlet velocity
condition does not affect hNui significantly if a baffle
is not installed.

2. The imposed flow pulsation gradually dominates the
velocity oscillation in the channel when Re increases.
The heat transfer enhancement increases with Re.

3. hNui increases with a greater Re, pulsation magnitude
A and Prandtl number Pr. Again, the channel with
both flow pulsation and a baffle will generate a better
heat transfer.

4. The largest hNui occurs at some certain imposed pul-
sating frequency, for example, St = 0.333 and 0.25
for the channel with and without a baffle installed,
respectively. These dimensionless pulsating frequen-
cies can be considered to be the natural frequency
of the physical systems.
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