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This paper deals with the study of 2-D, laminar, pulsating flow inside a heated rectangular cavity with
different aspect ratios. The cooling liquid (water with temperature dependent viscosity and thermal con-
ductivity) comes and leaves the cavity via inlet and outlet ports. The flow topology is characterised by the
large recirculation regions that exist at inner corners of the cavity. These low velocity regions cause the
heat transfer to be small when compared, for instance, to that of a straight channel. We study the effect
that a prescribed pulsation at the inlet port has on the cavity heat transfer. This pulsating boundary con-
dition, of the unsteady Poiseuille type, is described by its frequency and the amplitude of the pressure
gradient. The time averaged Reynolds number of the flow, based on the hydraulic diameter of the inlet
channel, is 100 and we consider that the dimensionless pulsation frequency (Strouhal number) varies
in the range from 0.0 to 0.4. We show that the prescribed pulsation enhances heat transfer in the cavity
and that the mechanism that causes this enhancement appears to be the periodic change in the recircu-
lation flow pattern generated by the pulsation. Regarding the quantitative extent of heat transfer recov-
ery, we find that appropriate selection of the pulsation parameters allows for the cavity to behave like a
straight channel that is the configuration with the highest Nusselt number.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Natural, forced or mixed convection inside rectangular enclo-
sures is a subject of practical interest in quite a number of indus-
trial applications. These applications are as diverse as, for
instance, design of food processing systems, MEMS manufacturing,
or heat exchanger optimisation. Because of this fact, a large num-
ber of papers have been recently published on this specific subject
in the specialised literature. Also, a cavity with non-aligned inlets
and outlet ports could be seen as an abrupt deviation in an other-
wise straight channel. This situation appears, for example, when
designing integrated cooling systems for electronics applications.
If the micro-cooling system is merely placed on top of the electron-
ics components, the micro-channels that make up the micro-heat
exchanger are normally straight. However, if the goal is to come
up with an integrated setup and the micro-channels are to be
placed inside the electronics hardware itself, it is possible that they
cannot be kept straight because of a number of product design
constrains.

The natural convection regime inside a cavity has been analysed
extensively. Two of the most recent articles that deal with this sit-
uation, and that include a heated body inside the enclosure, are
those of Angeli et al. [1] and Kim et al. [2]. The case of an adiabatic
body located inside the enclosure has been addressed by Ha et al.
ll rights reserved.

quez).
[3]. In these three references, the authors analysed the flow topol-
ogy and its influence on heat transfer. Also, they provided local
information on the Nusselt number at the enclosure walls and in
the case of reference [1] they summarised the information in the
shape of general correlations. Unsteady periodic natural convec-
tion in a square cavity with no inner body has been studied by
Kalabin et al. [4]. Mixed convection inside a square enclosure with
an internal partition has been addressed by Mahapatra et al. [5].
The influence of different aspect ratios of the cavity has been ana-
lysed by Guo and Sharif [6].

In the references mentioned above, the cavities were closed. A
different type of problem appears whenever inlet and outlet ports
are present. Saeidi and Khodadadi [7] have analysed the steady
laminar forced convection inside a square cavity for different rela-
tive positions of the inlet and outlet openings. They studied the
flow topologies in the range of Reynolds numbers from 10 to 500
(based on the hydraulic diameter of the inlet channel) and
searched for configurations that maximise heat transfer while
minimising pressure drop. This is important in practical engineer-
ing applications because the pressure drop is related to the cost to
operate the system. For example, this pressure drop is important,
as the author points out, in the design of microfilters [8] and piezo-
electric microvalves [9]. Pulsating flow in a heated cavity has been
recently studied, also, by Saeidi and Khodadadi [10]. In this paper,
the authors consider an oscillating laminar flow inside a fixed
geometry enclosure. In particular, inlet and outlet port sections
have a width that is 15% of the side wall length. In practice, this
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Nomenclature

A inlet and outlet channels height
a2 control parameter for pressure gradient at inlet section
B step height
C cavity length
Cp_inlet specific heat at inlet section
dt computational time step
D length of the heated portion downstream of the outlet

port
Dh hydraulic diameter of the inlet channel
Gr Grashof number
k dimensionless thermal conductivity
k0 thermal conductivity
kinlet thermal conductivity at inlet section
kwall thermal conductivity at wall temperature
n direction normal to a surface
P dimensionless pressure
P0 pressure
Pr Prandtl number
QC normalised heat transfer in the cavity
QD normalised heat transfer in the heated portion down-

stream of outlet port
Q 0i dimensional heat transfer per unit of span element ‘i’
Qref dimensionless heat transfer in the reference straight

channel
Q 0T dimensional heat transfer in a whole wall
QT normalised heat transfer in the cavity plus a down-

stream portion
Re Reynolds number based on Dh and u1
Red0 Reynolds number based on the Stokes thickness
St Strouhal number
t dimensionless time

t0 time
t* dimensionless pseudo-time
T dimensionless fluid temperature
T0 temperature
Tinlet fluid temperature at inlet section
Twall temperature at cavity walls
Twall+1 temperature of the fluid in the grid point closest to cav-

ity walls
u dimensionless horizontal velocity component
u0 horizontal velocity component
uinlet mean horizontal velocity component at inlet section
v dimensionless vertical velocity component
v0 vertical velocity component
x dimensionless horizontal co-ordinate
x0 horizontal co-ordinate
y dimensionless vertical co-ordinate
y0 vertical co-ordinate

Greek symbols
b pseudo-compressibility parameter
d0 Stokes layer thickness
D increment
Dk grid spacing parallel to the wall
D\ grid spacing perpendicular to the wall
l dimensionless dynamics viscosity
l0 dynamic viscosity
linlet dynamic viscosity at inlet section
m0 kinematic viscosity
qinlet density at inlet section
x dimensionless pulsation frequency
x0 dimensional pulsation frequency
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means that they have a flow topology characterised by a recircula-
tion region that fills in most of the cavity volume. For this geome-
try, the authors performed a series of computations covering a
rather wide range of Strouhal numbers (from 0.1 to 10) and they
report that, in all cases, heat transfer is enhanced when inlet flow
oscillation is enforced. Steady mixed convection inside a cavity
where a heated rectangular cylinder is present has been analysed
by Shuja et al. [11]. In particular, these authors focussed on the
influence of the heated body size and the position of the exit port.
Steady mixed convection in a rectangular cavity with differentially
heated walls and inlet and outlet sections was studied by Singh
and Sharif [12]. In this paper, the authors gave indications regard-
ing the most efficient configuration from the heat transfer point of
view. A practical application of the study of forced convection in a
rectangular cavity has been presented by Verboven et al. [13]
where they study the airflow and heat transfer inside a microwave
oven and their influence on the quality of the cooked material.
Finally, it is to be noted that heat transfer inside a cavity has also
been studied in the context of heating/cooling of a near critical
fluid [14] and in connection to the use of acoustic waves to
enhance thermal effects [15,16].

In the present paper, we consider the problem of a pulsating
laminar flow inside a heated cavity that has inlet and exit ports.
Our working fluid is water with temperature dependent viscosity
and thermal conductivity. The reason is that, when planning for a
future experimental campaign, it is necessary to account for the
fact that water viscosity changes by a factor of 3 in the range from
20 to 80 C. We study heat transfer as a function of the pulsation
frequency and aspect ratio of the cavity. When compared to a
straight channel, a cavity is characterised by the fact that large flow
recirculation regions appear at the corners and that heat transfer
degrades in these regions. The questions that we ask in this paper
are: (a) is it possible to recover the high heat transfer rates of the
straight channel by pulsating the flow that comes into the cavity?,
(b) up to what extent is this recovery possible?, and (c) what is its
dependency on the enclosure aspect ratio and pulsation fre-
quency? Regarding paper organisation, the problem description
is addressed in the next section; problem formulation and numer-
ical methodology come next and, then, results and conclusions are
presented.

2. Problem description

We consider the unsteady laminar flow of water in a 2D cav-
ity with inlet and outlet ports, see Fig. 1. The height A of both
inlet and outlet channels is the same and we consider different
values of the step height (B) and horizontal length of the cavity
(C). In particular we study eight possible geometry cross-combi-
nations: B = 0.0, 0.5A, 1.0A and 1.5A, and C = 2.0A, and 4.0A. This
causes the cavity aspect ratio to change in the range from 0.80
up to 2.66. The cases with B = 0.0 represent a straight channel
and are used as a baseline for comparison purposes. We define
the flow Reynolds number Re as: qinletuinletDh/linlet, where qinlet,
uinlet, Dh and linlet are inlet section density, average velocity,
hydraulic diameter and viscosity, respectively. We consider the
case of Re = 100 that could be practically achieved (for inlet tem-
perature equal to 293 K) with an inlet height of 500 lm and an
inlet velocity of 0.1 m/s. The cavity walls (see Fig. 1) have con-
stant temperature of 353 K. A short portion D = C downstream
of the outlet port is also heated. Walls are adiabatic upstream
of section a–e and downstream of section d–i (see Fig. 1). Be-
cause of the dependency of water transport coefficients with



Fig. 1. Overview of the generic configuration of the problem.
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temperature in the range of 293–353 K, we assume temperature
dependent viscosity and thermal conductivity.

To simulate pulsating conditions, we prescribe an unsteady
Poiseuille solution at the entrance of the inlet channel. This solu-
tion is described by two parameters: the pulsation frequency x0

and amplitude of the pressure gradient. In this study we have
selected the largest amplitude that avoids flow reversal at the
end of the outlet channel. Regarding frequency, we considered
(for each of the eight different geometry cases) six different dimen-
sionless pulsation frequencies x = x0Dh/uinlet. These dimensionless
frequencies could be regarded as the Strouhal number of the prob-
lem. The different values of the frequencies were: x = 0.0, 0.10,
0.15, 0.20, 0.30 and 0.40. That is, we covered the range from the
steady case (x = 0) to the moderately unsteady regime (x = 0.4).
For all cases we computed the heat transfer and compared the
results obtained with different combinations of parameters.
3. Problem formulation and solution procedure

The equations of the problem are the 2D unsteady laminar
Navier–Stokes equations with temperature dependent viscosity
and thermal conductivity. In dimensionless form, these equations
are:
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Dimensionless variables are defined as:

u ¼ u0

uinlet
; v ¼ v0

uinlet
; P ¼ P0

qinletu
2
inlet

; T ¼ T 0

T inlet
ð5Þ

x ¼ x0

Dh
; y ¼ y0

Dh
; t ¼ t0uinlet

Dh
ð6Þ

where ‘prime’ denotes the dimensional variables. T1 is the temper-
ature at the entrance section of the inlet channel. We have assumed
that viscosity and thermal conductivity depend on temperature as a
second-order polynomial. The coefficients of the polynomials have
been adjusted via least squares by using the experimental data pro-
vided by Incropera and DeWitt [17]. The functional correlations are:

l ¼ l0

l0293 K
¼ 1� 5:646 � ðT � 1Þ þ 12:259 � ðT � 1Þ2 ð7Þ

k ¼ k0

k0293 K

¼ 1þ 0:786 � ðT � 1Þ � 1:176 � ðT � 1Þ2 ð8Þ

With regard to the boundary conditions, we have followed the for-
mulation used previously [18] in our study of the flow past a back-
wards facing step. In particular, the inflow boundary condition for
the horizontal velocity is the unsteady Poiseuille flow:

uðy; tÞ ¼ u1ðyÞ þ u2ðy; tÞ ð9Þ

where u1(y) and u2(y, t) are defined by the following relations:

u1ðyÞ ¼ �24 y2 � y
2

� �
ð10Þ

u2ðy; tÞ ¼ Real
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with

a1 ¼
48
Re
; w ¼ ði2pxReÞ1=2

; a ¼ ew=2 ð12Þ

And for the remaining variables:

v ¼ 0 ð13Þ
o2P
ox2 ¼ 0 ð14Þ

T ¼ 1 ð15Þ

The outflow boundary conditions are:

ou
ox
¼ ov

ox
¼ o2P

ox2 ¼
oT
ox
¼ 0 ð16Þ

Finally, at solid walls we have:

u ¼ v ¼ 0 ð17Þ

Either T ¼ Twall or
oT
on
¼ 0 ð18Þ

Pressure at the walls is extrapolated form the interior by using a
discretised version of the momentum equations with one sided
derivatives.

In the model described above, we have assumed laminar behav-
iour even though the flow is pulsating. Laminar turbulent transi-
tion in these types of flows in straight channels has been studied
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by Das and Arakeri [19], Akhavan et al. [20,21] and Hino et al. [22].
They provided transition criteria based on the Reynolds number
defined by using the Stokes layer thickness: d0 = (2m0/x0)1/2, where
m0 is the kinematics viscosity, as the characteristic length. The tran-
sition threshold value is in the range from 500 to 1200 depending
on the author. In our case, for the practical application described in
the previous section, we have Reynolds numbers based on the
Stokes layer thickness that are of the order of 50, well below the
above stated transition value. It is clear, of course, that the criterion
reported in references [19–22] refers to a straight channel and it is
not directly applicable to a cavity. However, given the fact that we
are more than one-order of magnitude below the threshold, we be-
lieve that we could still assume laminar flow. Also, we did not in-
clude buoyancy terms in out model. The reason is that these terms
scale as Gr/Re2, where Gr is the Grashof number, and are of the or-
der of 1.0e�4 in our case.

Regarding the inflow boundary conditions (9)–(14) we have
chosen a functional behaviour (the unsteady Poiseuille flow) that
is solution of the Navier–Stokes equations. This selection has the
advantage of leading to a well posed problem. For example, if the
inlet flow profiles do not fulfil the Navier–Stokes equations, algo-
rithm stability problems may arise (which may require larger val-
ues of the artificial viscosity terms) and, in any case, a longer inlet
channel computational domain may have to be selected so as to be
sure that the flow entering the cavity does indeed fulfil the Navier–
Stokes equations. When thinking of a practical application, it is not
possible to choose the inlet boundary condition a priori because, in
this situation, the pulsating pump (most probably of a reciprocat-
ing nature with two pistons because of cost, robustness and avail-
ability) becomes part of the flow system and the fluid variables at
the cavity inlet port depend on the specific pump characteristics.
Therefore, since we are studying a physical effect, we have selected
a configuration that is independent of the pump and consistent
with the basic equations. What we expect, but this will have to
be assessed in a future experimental work, is that the qualitative
engineering behaviour of the system does not depend very much
on the details of the pulsating pump.

Concerning the solution procedure, an overview of the com-
putational domain is presented in Fig. 2. As it has been described
before, spatial co-ordinates are rendered dimensionless by using
the hydraulic diameter of the inlet channel (twice the channel
height) as the reference length of the problem. The numerical
algorithm follows a finite point set approach for computation
of the spatial derivatives as described in references [18,23]. This
formulation leads to second-order accuracy in space. We used a
Cartesian grid with spacing equal to 0.02 for both x- and y-co-
ordinates all over the computational domain. We had 21,438
points in the computational domain with the smallest cavity
and 25,863 points in the one with the largest cavity. The use
of Cartesian grids is not very efficient from the computational
standpoint, and grid clustering should be used for practical
industrial applications. However, since we focussed in this study
on the physics aspects, we have opted for a robust, if not very
efficient, computational approach. Continuity equation is treated
by using a pseudo-compressibility formulation [24] with dual
time t* integration. A description of the actual system of numer-
ical equations being solved, including the physical time t and
Fig. 2. Outline of the computational domain.
the pseudo-time t*, is provided in Eqs. (26)–(29) of reference
[18]. In those equations, b is the pseudo-compressibility parame-
ter. A semi-implicit dual time Runge–Kutta approach has been
followed for the nested required computational time integration.
Details of this formulation are given in Eqs. (30) and (31) of ref-
erence [18]. Artificial dissipation terms are used to stabilise the
convergence process. In particular, second-order Laplacian and
fourth-order bi-Laplacian pressure terms are used for the conti-
nuity equation, and fourth-order bi-Laplacian velocity and
temperature terms are used in the moment and energy equa-
tions, respectively. With this approach, time integration has a
second-order accuracy.
4. Results

We have computed 48 cases that correspond to the following
combination of parameters (see Fig. 1):

� Re = 100; Pr = 6.62.
� T0 = 293 K at inlet (T = 1).
� T0 = 353 K at walls a–b–c–d and e–f–g–i (T = 1.2).
� A = 0.5.
� B = 0.0, 0.5A, 1.0A, 1.5A.
� C = 2.0A, 4.0A.
� D = C.
� a2 = 1.5; x = 0.00, 0.10, 0.15, 0.20, 0.30, 0.40.

The time step and artificial compressibility parameter were
dt = 2.5e�4 and b = 200, respectively. Second- and fourth-order
artificial dissipation parameters, see [18], were taken as 2.5e�4
and 1.0e�3, respectively.

We started by computing the reference cases that correspond to
the straight channel (B = 0), and we found that, in these cases, pul-
sation does not affect the time averaged heat transfer. This result is
in agreement with the previous findings of Yu et al. [25] and
Chattopadhyay et al. [26].

The dimensional heat transfer Q0 per unit of span at any element
‘i’ of the walls is:

Q 0i ¼ �KwallDk
T 0wallþ1 � T 0wall

D?
ð19Þ

where Dk and D\ are horizontal and perpendicular grid spacing at
the wall (that are the same in our simulation), and the subscript
‘wall + 1’ stands for the grid point next to the wall. The previous
expression, written in dimensionless variables and extended to
the ‘‘m” wall points reads as:

Q ¼ Q 0

KwallT1
¼
Xm

i¼1

ðTwall � Twallþ1Þ ð20Þ

Normalised heat transfer, QC, in the cavity (wall segments a–b–c
and e–f–g in Fig. 1) as a function of the pulsation frequency for dif-
ferent values of the step height is presented in Fig. 3. Normalization
has been achieved by dividing the heat transfer values computed by
using expression (20) by the reference heat transfer value, Qref, of
the straight channel (B = 0). This figure shows that, in the steady
case, the higher the step the lower the heat transfer in the cavity.
In fact, a step height equal to one half of the inlet channel causes
the heat transfer to drop by a factor of 25%. When the step height
is equal to the inlet channel height, steady heat transfer in the cav-
ity degrades by a factor of 30%. Further increments in the step
height do not seem to degrade heat transfer more significantly.

An impression of the extent of the steady-state recirculation
regions in the cavity for the case with B = 0.75A is presented in
Fig. 4. The situation changes when pulsation is prescribed at the
entrance section of the inlet channel. Looking, again, at Fig. 3 it could
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Fig. 4. Streamlines in the cavity in the steady-state case.

Fig. 5. Evenly time spaced series of streamlines’snapshots along a pulsation cycle
for the case: B = 0.75A, C = 4.0A, x = 0.2. Time reads top to bottom and left to right.
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Fig. 6. Normalised total heat transfer as a function of the dimensionless pulsation
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B = 1.0A with constant fluid viscosity and thermal conductivity. C = 4.0A for all
cases.
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be seen that heat transfer increases as a function of the dimension-
less frequency with a resonant behaviour. That is, heat transfer
increases up to a certain frequency (x = 0.2) and decreases after-
wards. Also, a distinctive feature in this case is that the higher the
step height the more favourable the effect of pulsation. An evenly
spaced sequence of streamlines fields along a cycle for the case of
x = 0.2 is presented in Fig. 5. In this figure, time reads top to bottom
and left to right. In top right corner of the cavity, a recirculation
region appears, grows, disappears, and appears again as a function
of the time along the cycle. In the bottom left corner, the flow topol-
ogy is more complex and two bubbles appear and disappear sequen-
tially. It is to be noted that at some time instants, the two
recirculation regions fill in more 50% of the cavity volume. The
growth and decay of these regions also cause the main flow to change
direction locally so it suggests the possibility of using this mecha-
nism for flow control purposes. In this particular case, heat transfer
in the cavity is recovered to the 88% level of the straight channel case
when compared to the 69% level of the steady situation.

We now compute the normalised heat transfer in the cavity
plus the additional wall portions c–d and g–i, QT (see Fig. 1). The
results presented in Fig. 6 show that at x = 0.2 it is possible to re-
cover the heat transfer level of the straight channel. Also in this
case it is apparent that cases with larger step height are more sen-
sitive to the pulsation effects. The case with B = A has also been
computed by using the ideal fluid assumption (constant viscosity
and thermal conductivity) so as to be certain that the behaviour
been described does not depend on the selection of fluid proper-
ties. The results obtained are represented in this Fig. 6 by means
of using a dashed line. It could be observed that the qualitative
behaviour is similar to the one obtained by using real fluid proper-
ties. Quantitatively speaking, the actual level of heat transfer
recovery is different because the local Reynolds number is different
in the vicinity of the heated walls. Figs. 6a and 3 suggest that heat
transfer in the wall portions c–d and g–i is larger that in the corre-
sponding straight channel baseline case. This normalised heat
transfer QD has been plotted in Fig. 7 for the case B = 1.5A. In this
figure, it could be observed that pulsation affects the upper (c–d)
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and lower (g–i) walls in a different way. Heat transfer level in the
steady situation for the lower wall is 38% higher than in the base-
line straight channel case. This heat transfer grows up to the 41%
level at x = 0.1 and, then, it decreases when increasing frequency.
However, heat transfer in upper wall keeps growing along with the
pulsation frequency. The net effect of flow pulsation and flow dis-
tortion at the entrance section c–g of the outlet channel is that
overall heat transfer (dashed line in Fig. 7) is 25% higher than in
the straight channel case.

We have also computed the corresponding series of cases with
C = 2A and the results are presented in Figs. 8 and 9. The tendency
is similar to that of cases having C = 4A, although there is a distinc-
tive effect associated to the shortening of the cavity length. When
considering normalised heat transfer inside the cavity (Fig. 8) it
could be observed that it increases along with the pulsation fre-
quency. However, in the case with B = 0.75A the resonance region
is flatter than in the case with C = 4A. In the remaining two cases
(B = 0.50A and B = 0.25A) the heat transfer still increases at the
maximum frequency x = 0.4 that we have considered. When heat
transfer is analysed including wall segments c–d and g–i (Fig. 9) it
is found that the pulsation allows, again, for recovering the original
heat transfer level associated to the straight channel. Furthermore,
in this case we have observed that a slight increase of 5% above the
reference level is obtained.

At this point, one of the questions that arise is why pulsation
sometimes affects heat transfer and sometimes it does not. To
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Fig. 8. Normalised cavity heat transfer as a function of the dimensionless pulsation
frequency. . B = 0.5A, j B = 1.0A, and d B = 1.5A, C = 2.0A.
summarise the results that we have obtained so far: (a) we have
previously found (reference [18]) that pulsations enhances heat
transfer downstream of a backwards facing step, (b) in the work
presented in this paper we observe that pulsation enhances heat
transfer inside a cavity, and (c) in the work presented in this paper
we observe that pulsation does not exert influence when a straight
channel is considered (in agreement with the results of references
[25,26]). To try to gather additional information on the subject, we
have performed an additional series of unsteady computations on a
forward facing step. We have considered the basic geometry and
computational domain used in reference [18]. In this case, all walls
are adiabatic except in a portion downstream of the forward facing
step. We computed the case with Re = 100 at different pulsation
frequencies in the range x = 0.0–0.4 and found that the time aver-
aged heat transfer is equal (within an error smaller than 1%) to the
heat transfer in the steady case. In all these cases, the pattern of
streamlines in the vicinity of the heated wall regions remained
constant all along the pulsation cycle. Fig. 10 shows the streamline
pattern at two different times of the pulsation cycle for x = 0.4. A
very small recirculation region was observed right downstream of
the step (where the wall was heated) but its length was of the or-
der of one unit distance between grid points, and it did not signif-
direction

Heated
Region

directiondirection

Heated
Region
Heated
Region

Fig. 10. Two snapshots of the streamlines’ field along a pulsating cycle for the
forward facing step case at x = 0.4.



Table 1
Results of the sensitivity analysis of the solutions obtained as a function of time step,
artificial viscosity parameters and artificial compressibility parameter

Case dt m2 m4 b Qcavity Qtotal

S_ref 2.50e�4 1.00e�3 4.00e�3 200 0.78 0.96
S_01 2.50e�4 1.00e�3 4.00e�3 225 0.78 0.97
S_02 2.50e�4 1.00e�3 4.00e�3 250 0.79 0.97
S_03 1.25e�4 5.00e�4 2.00e�3 200 0.79 0.97
S_04 6.25e�5 2.50e�4 1.00e�3 200 0.79 0.97
S_05 6.25e�5 5.00e�4 2.00e�3 200 0.77 0.95
S_06 2.50e�4 6.67e�4 2.67e�3 200 0.79 0.97
S_07 2.50e�4 5.00e�4 2.00e�3 200 0.79 0.97
S_08 2.50e�4 2.50e�4 1.00e�4 200 0.79 0.97
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icantly affect heat transfer. Therefore, it seems that for pulsation to
take effect it is needed that the flow topology (streamlines
topology) in the vicinity of the heated wall regions changes over
time. This kind of evidence has also been provided by Chung and
Tucker [27] in their study of laminar flow around a U-turn where
a self-sustained separated oscillatory motion that promotes heat
transfer is generated by placing a fin close to the turn. However, what
we have just discussed is no proof at all and it is clear that the subject
needs further investigated. For example, we have found out that heat
transfer is also modified in the lower wall downstream of the outlet
port (see Fig. 7 and section g–i in Fig. 1) where the streamlines
pattern does not change significantly (see Fig. 5).

Finally, the issue of the sensitivity of the results obtained with
regard to the computational parameters has been addressed and
the results are given in Appendix A.
5. Conclusions

First, we have shown that, as expected, steady-state laminar
convective heat transfer in a rectangular heated cavity degrades
as a function of the aspect ratio between cavity height and inlet
port height. This degradation is associated, basically, to the large
recirculation regions that appear in the flow field, in contrast to
the equivalent straight channel topology that presents the highest
heat transfer rate.

We found that pulsation of the inlet flow allows for a recovery
of heat transfer rate inside the cavity. The extent of this recovery
depends on both the pulsation frequency and amplitude of the
pressure gradient. In particular, we found that in the case when
the cavity aspect ratio (length versus height) is in the range from
2.66 to 1.60 the time averaged heat transfer shows a resonant
behaviour characterised by the fact that there is a specific fre-
quency that causes the heat transfer to reach its maximum value.
In fact, further increments of this resonant frequency tend to de-
crease the heat transfer rate. In the case of shorter cavities, with as-
pect ratios in the range from 1.33 to 0.80, the behaviour is
qualitatively similar although it appears that, in some cases, the
resonant frequency lies beyond the range that we have considered.
Also, we have found out that the presence of the cavity has the
additional effect of improving heat transfer downstream of the
outlet port. On the average, this improvement is of the order of
25% when compared to the reference straight channel. Regarding
its dependency on frequency it shows an asymptotic behaviour;
that is, no additional increments are gained for dimensionless pul-
sation frequencies above 0.15.

When selecting the appropriate pulsation frequency, heat trans-
fer in the cavity could be recovered up to the 88% level of the
straight channel. If heat transfer is also measured downstream of
the outlet port in a distance equal to that of the cavity, the total
heat transfer (cavity plus additional section) is equal to that of
the equivalent straight channel.

Summarising, we found that pulsation does not affect heat
transfer in the cases of a straight channel and a forward facing step.
However, pulsation does indeed affect heat transfer in the cases of
a cavity and of a backwards facing step. One possible explanation is
that for pulsation to exert an influence it is necessary that the
topology of the streamlines in the vicinity of the heat transfer re-
gion changes over time. In the cases of the straight channel and
the forward step, flow velocity changes its time-dependent level
but streamlines do not change. In the cases of the cavity and the
back step, the streamline pattern changes significantly over time.
This conclusion is in partial agreement with other results pre-
sented in the specialised literature. However, this is no proof,
and it seems clear to us that the subject needs to be further inves-
tigated in more detail. Specially, because we also found out that
heat transfer is modified in the lower wall downstream of the out-
let port where streamlines do not change significantly.
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Appendix A

Finally, we address the issue of the sensitivity of the results that
have been presented with regard to different computational
parameters. To this end, we have performed an additional series
of computations where the following parameters have been chan-
ged: grid spacing, time step, artificial compressibility parameter
and artificial viscosity terms. First, we have generated a new com-
putational domain for the case B = A and C = 4.0A. For this new
computational domain we also used a Cartesian grid but, now,
the spacing between points was 0.0125 instead of 0.02 that was
used for the reference case. The number of total points for this
new grid was 62,241 while in the reference case we used 24,651
points. We computed the most critical pulsation frequency from
the computational standpoint (x = 0.4) and we obtained norma-
lised values of the heat transfer in the cavity and in the cavity plus
the portions g–i and c–d (see Fig. 1) of 0.80 and 0.97, respectively.
The values obtained with the reference grid (see Figs. 3 and 4) were
0.78 and 0.95, respectively. That is, differences were of order of 2%
so we could consider our computations as grid converged. Regard-
ing the sensitivity study on the other computational parameters,
we have selected as reference case (S_ref in Table 1) the combina-
tion of parameters that yield the largest recirculation regions
(B = 1.5A, C = 4.0A) at the highest pulsation frequency x = 0.4. The
definition of the different cases and the results obtained are pre-
sented in Table 1. It is to be noted in this table that when we de-
crease the time step we also decrease the actual value of the
dissipation terms. The reason is that, in our discretization scheme
[18], dividing the time step by a certain factor causes, implicitly,
the viscosity terms to go up by the same factor. The results pre-
sented in Table 1 show that the computations could be considered
as converged with regard to time step, artificial compressibility
parameter and numerical diffusion terms. Changes of the order of
400% in some of these parameters caused the computational re-
sults to change by a actor of less than 2% when compared to the
reference case.
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