
HAL Id: hal-01792112
https://hal.science/hal-01792112

Submitted on 20 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Thermo-hydraulic characterization of a self-pumping
corrugated wall heat exchanger

Kevin Schmidmayer, Prashant Kumar, Pascal Lavieille, Marc Miscevic,
Frederic Topin

To cite this version:
Kevin Schmidmayer, Prashant Kumar, Pascal Lavieille, Marc Miscevic, Frederic Topin. Thermo-
hydraulic characterization of a self-pumping corrugated wall heat exchanger. Energy, 2017, 128,
pp.713-728. �10.1016/j.energy.2017.04.048�. �hal-01792112�

https://hal.science/hal-01792112
https://hal.archives-ouvertes.fr


lable at ScienceDirect

Energy 128 (2017) 713e728
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Thermo-hydraulic characterization of a self-pumping corrugated wall
heat exchanger

Kevin Schmidmayer a, *, Prashant Kumar a, Pascal Lavieille b, Marc Miscevic b,
Fr�ed�eric Topin a

a Aix Marseille Univ, CNRS, IUSTI, 5, Rue Enrico Fermi, 13453 Marseille Cedex 13, France
b Laboratoire LAPLACE, CNRS UMR 5213, Universit�e de Toulouse, 118, Route de Narbonne, 31062, Toulouse Cedex 9, France
a r t i c l e i n f o

Article history:
Received 2 January 2017
Received in revised form
18 March 2017
Accepted 10 April 2017
Available online 14 April 2017

Keywords:
Heat transfer enhancement
Wall morphing
Dynamic deformation
Pressure gain
Mobile heat exchanger
* Corresponding author.
E-mail address: kevin.schmidmayer@univ-amu.fr

http://dx.doi.org/10.1016/j.energy.2017.04.048
0360-5442/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

Compactness, efficiency and thermal control of the heat exchanger are of critical significance for many
electronic industry applications. In this view, a new concept of heat exchanger at millimeter scale is
proposed and numerically studied. It consists in dynamically deforming at least one of its walls by a
progressive wave in order to create an active corrugated channel.

Systematic studies were performed in single-phase flow on the different deformation parameters that
allow obtaining the thermo-hydraulic characteristics of the system. It has been observed the dynamic
wall deformation induces a significant pumping effect. Intensification of heat transfer remains very
important even for highly degraded waveforms although the pumping efficiency is reduced in this case.

The mechanical power applied on the upper wall to deform it dynamically is linked to the wave shape,
amplitude, frequency and outlet-inlet pressure difference. The overall performance of the proposed
system has been evaluated and compared to existing static channels. The performance of the proposed
heat exchanger evolved in two steps for a given wall deformation. It declines slightly up to a critical value
of mechanical power applied on the wall. When this critical value is exceeded, it deteriorates signifi-
cantly, reaching the performance of existing conventional systems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Due to growing demands of energy in various industrial sectors,
design and conception of heat exchanger devices are very crucial
for performance of numerous energetic systems. Heat exchanger
devices are present at various scales. Their applications can be
found in large scale industries, e.g. power plants, to mini scale in-
dustries, e.g. electronic industries.

The temperature control and associated heat flux management
is crucial in many applications: microelectronics, embedded or
fixed power electronics systems, power station, air conditioners,
heat pumps, as well as in the field of industrial thermal processes
metallurgy, chemistry, food, etc. The will to increase the perfor-
mance and efficiency of these systems greatly amplifies this need
as, in many situations; it becomes the limiting factor in optimizing
system performance. Moreover, lifetime and reliability of many
(K. Schmidmayer).
systems are very strongly related to the quality of the thermal
management.

This situation is clearly identified, for example, in power elec-
tronics where the electrical power passing through an elementary
component could be increased by a factor 10 or more (thus
reducing the number of elementary components) if the perfor-
mance of cooling system allowed evacuating the produced heat
flux (Mohan et al. [1]). Adding the fact that the main systemmass is
contained in the copper plate for the heat dissipation, and the fact
that the planar architecture of the electronics is imposed by the
cooling system, one understands the stakes in terms of compact-
ness, performance and weight reduction.

It is nowadays common to meet chemical or thermal systems
whose channels have sub-millimetric hydraulic diameters. This
trend towards miniaturization is mainly due to the increasing de-
mands of newand effectivemixing or heat transfer technologies for
various industrial fields, associated to the increasing need to con-
trol highly exothermic or explosive chemical reactions (Kandlikar
[2,3]).

If these systems can improve the compactness, one major
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drawback is the difficulty to disturb the boundary layers as flow is
mostly laminar in such small devices. Consequently, the net gain in
terms of mass or heat transfer is principally due to the increase in
the exchange surface per unit of volume. But, such devices lead
usually to very high pressure drops. Indeed, to address the problem
of heat and mass transfer coefficients, high velocities of the fluid
must be achieved, leading to high pressure losses and consequently
to large mechanical power consumed by the pump. The flow dis-
tribution in the heat exchanger may be also difficult to control,
potentially generating additional pressure losses.

Earlier studies to investigate the effect of corrugated channels
were carried out numerically by Sunden and Trollheden [4]. These
authors investigated laminar convective flow and heat transfer in a
corrugated two-dimensional channel under constant heat flux
conditions. Heat transfer coefficient was found to be increased
when Prandtl number was high (Pr ¼ 5) while the pressure drop
was very significant.

Kanaris et al. [5] studied numerically the flow and heat transfer
in a triangular corrugated channel. The corrugations were on the
upper wall while the lower was flat. A constant temperature was
imposed on the lower wall. Turbulence model (SST: Shear Stress
Transport) was used to solve the heat transfer and flow equations
for Reynolds number ranging from 400 to 1400. The authors found
that the performance depends on the Reynolds number and is
better than the one obtained with a smooth channel.

Naphon [6] conducted a numerical study on various corrugation
geometries arranged in in-phase and out-phase layouts (e.g. flat
plate, arc-shaped, trapezoidal and V-shaped) to enhance the ther-
mal performance. He obtained that for a given air flow rate, V-
shaped corrugated channel has the most significant effect on the
enhancement of the heat transfer.

Zhang et al. [7] studied the impact of roughness in micro-
channels that were represented by triangular, rectangular and
semicircular roughness elements, respectively. These authors
found that these roughness elements contribute significantly to the
heat transfer rate and to the pressure drop as compared to smooth
channel. Thermo-hydraulic performances decrease considering
successively semicircle, triangular and rectangular roughness ele-
ments. It was also revealed that the roughness elements induce
stronger recirculation and flow separation when increasing the
roughness height. These effects are dominant with semicircular
and triangular roughness elements while they are weaker with
rectangular roughness element.

Mohammed et al. [8] numerically investigated the fluid flowand
heat transfer characteristics in a 2-D V-shape corrugated parallel
channels in turbulent regime (8000<Re< 20000). The effects of
geometrical parameters such as the wavy angle, wavy height and
channel height on the flow and thermal fields were examined. It
has been found that pressure drop increased with the increase in
the wavy height, and wavy angle while it decreased with the in-
crease in the channel height. Similarly, heat transfer increased with
the increase in the wavy channel and wavy angle while it decreased
with the increase in the channel height.

So, miniaturization of thermal systems involves finding dedi-
cated solutions to maintain acceptable pumping power of the fluid
simultaneously with high heat transfer and mixing efficiency. L�eal
et al. [9] presented an excellent review focused on active heat
transfer intensification methods. One possible way to simulta-
neously disturb the boundary layers and to integrate the pumping
function within the heat exchanger is to generate a dynamic
deformation of at least one of the channel's wall. Indeed, the
disturbance of the boundary layer can be achieved by using pro-
gressive wave deformation of the wall (similarly to what is done in
a peristaltic pump).

A few authors have conducted a series of experiments and
numerical simulations to study unsteady fluid flow and heat
transfer in corrugated channels. Nakamura et al. [10] investigated
numerically the influence of the wall oscillation on the heat
transfer characteristics in a two-dimensional channel. Comini et al.
[11] studied the effect of space ratio (defined as channel height to
length of a corrugation module) and corrugation angle on con-
vection enhancement in unsteady state in wavy channels. These
authors found that both the friction factor and the Nusselt number
increase continuously when the corrugation angle increases (cor-
responding to more waves along the channel length) while they
increase only up to a certain value when space ratio increases.
Hossain and Islam [12] studied thermo-hydraulic properties in
unsteady state in a sinusoidal wavy channel. They obtained a crit-
ical Reynolds number that depends on geometric configuration. It
has been observed that flow becomes unsteady at lower Reynolds
number while decreasing the channel height. They also found out
that increasing the amplitude for a given channel height intensifies
the instabilities and thus results in high heat transfer rate and
pressure drop. However, impact of unsteadies was found to be
almost insignificant on global results when changing by 20% the
corrugation wavelength.

Kumar et al. [13] studied heat transfer inside circular millimeter
size tubes with both static and moving sinusoidal corrugated walls.
Numerical analyses were performed to study the effect of spatial
wavelengths (l ¼ 1/2, 2/3, 1, 2 mm), Reynolds number (1e120) and
amplitude (1e20% of tube diameter) on heat transfer and pressure
drops. The heat transfer coefficient for the moving wavy walls
(standingwaves) had a higher value for all frequencies compared to
the static wall case (up to 35e70%). A sharp decrease in pressure
drop (by a factor of 1.2e5) was also obtained at high amplitudes.
Mainly, heat transfer and pressure drop values apparently changed
erratically with wall frequency. No general trends of heat transfer
and pressure drop values with respect to operating parameters
were found.

L�eal et al. [14] presented a numerical study to determine both
fluid flowand thermal performanceswhen one of the channel walls
of a heat exchanger was set in motion in a sinusoidal way. The
considered virtual prototype was a dynamically deformed rectan-
gular channel. The pressure difference between the ends of the
channel was imposed, as well as the heat flux on one of the wall
(static). The second wall was adiabatic and dynamically deformed
to generate a travelling wave, similarly to what can be observed in
peristaltic pumps. It was then demonstrated that the pumping
function could be integrated in the heat exchanger allowing
enhancing the heat transfer in a significant way. Moreover, as the
flow rate and the heat transfer coefficient were found to be closely
correlated to both the amplitude and the frequency of the travelling
wave, it becomes possible to control independently the value of
pressure drop and the value of the heat transfer coefficient. Thus,
this technique involving a dynamic deformation of one of the
channel wall may be considered for practical applications.

According to these studies, the dynamic deformation of a wall
efficiently enhances the heat transfer. Additionally, if the amplitude
of the deformation is high enough, a peristaltic pumping can be
obtained. It therefore appears possible to realize an interesting
multifunctional device using such a deformable system to enhance
the heat transfer performance as well as eliminate the requirement
of an external pump. Indeed, the configuration proposed by L�eal
et al. [14] was an academic one in the sense that both the geometry
and the boundary conditions were idealized. For instance, it was
considered that there were no boundary effects on the wave shape,
while in practical applications the deformable wall has to be fixed
on channel borders. It was also assumed that the pressure differ-
ence between the ends of the channel was very low (and constant
in their study). Such an assumption involves that there is no
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pressure drop in the rest of the loop whatever the flow rate is.
The aim of the present paper is to study the thermo-hydraulic

performances of a mobile corrugated channel within a heat
exchanger by taking into account realistic boundaries and geome-
try. The chosen application is the cooling of electronics devices in
which the quality of heat exchange between wall and fluid as well
as pumping effect are very critical. So, the chosen length of the
active channel is 5 cm which is slightly higher than usual CPU
(central processing unit) cover size. As previously indicated, more
realistic connection between the deformed wall and the static one
at the boundaries has to be taken into account, as this transition
between fixed and mobile wall zone could impact the flow
behavior. As the dynamic device should be connected to the static
tubing, two zones have also been added, at the inlet and outlet of
the actuated zone. This allows modelling the transition between
actuated and static parts of the system and so providing realistic
velocity profiles at the ends of the heat exchanger.

3-D numerical simulations were performed using commercial
software StarCCMþ [15] based on finite volume method in tran-
sient laminar regime. Parametric studies were performed on both
straight and dynamic corrugated channels, both from local and
global points of view for various imposed pressure differences and
deformation parameters. The pumping performances as well as the
thermo-hydraulic behaviors were systematically investigated for a
millimeter scale heat exchanger as described in the following
section.

2. Virtual prototype of dynamic corrugated channel

In order to study fluid flow and heat transfer characteristics in
small-scale heat exchanger, a virtual prototype based on a flat and
straight channel and further transformed in a corrugated channel
has been developed as presented in Fig. 1. Such a dynamically
deformed corrugated channel allows us gaining a better under-
standing of heat transfer and pumping performances that are
influenced by several operating parameters.

In the studied configuration, the lower wall was fixed and
subjected to a constant and uniform heat flux over the imprint of
heating zone length (length, L of 50 mm), facing the actuated zone
on the upper wall. The upper wall (also called “membrane” in the
following) was dynamically deformed to define five sinusoidal
periods along this length. This upper wall and the sidewalls were
kept adiabatic. The height (d) of the channel, defined as the average
distance between the two walls, was 1 mmwhile the width (W) of
the channel was 50 mm. The upper wall deformation is progres-
sively damped along inlet and outlet zones. In order to avoid nu-
merical bias induced by reverse flow effect across boundaries, the
lengths of inlet and outlet sections (reservoir zones) that were
static in nature have been chosen sufficiently long (50 mm) to
ensure a hydro-dynamically established flow at the entrance of the
heated zone and to minimize boundary constraint at the exit of the
actuated zone. Furthermore, a no-slip conditionwas imposed on all
the physical walls.

In case of dynamic (moving) corrugated mini-channel, a me-
chanical power (WP) was applied on the upper wall (see Fig. 1b).
During the operation of dynamic corrugated mini-channel, WP is
dissipated into two forms: PP (pumping power) and WF (viscous
dissipation) i.e.WP ¼ WF þ PP . In the present study, the functioning
of dynamic corrugated mini-channel was obtained by imposing
different values of positive pressure differences (DPs¼Pout � Pin >0)
between outlet and inlet of the exchanger. This pressure difference
is used to mimic experimental conditions where the device is
inserted between two fluid reservoirs at different altitudes (the
upper reservoir being at the outlet). It then explains why a reverse
flow can occur if pumping effect is not sufficient. In this latter case,
an additional pump is required for the fluid to flow in the direct (or
desired) direction as it could be with a conventional approach in
classical heat exchangers.

This virtual prototype (see Fig. 1) intends to be representative of
what could be a physical one. In the case of a physical prototype, the
actuated wall has to be soft enough to be deformed with a
reasonable force. It could be made with a thin metallic plate or a
polymer membrane for instance. This membrane has to be fixed on
its borders to ensure the sealing. Necessarily, a zone exists where
the amplitude of the deformation evolves from the amplitude of
the actuators to zero in the border zones. To take into account this
constrain, damped deformation zones have been considered in the
simulation, as described in the following (section 2.2). The force can
be provided using, for instance, piezoelectric actuators, each of
them being controlled by an electronic control unit.

To be really representative of a physical prototype, the main
difficulty concerns the wave shape. Indeed, in a physical prototype,
the number of actuators will be limited. It will then be difficult to
obtain a perfect sinusoidal wave. Nevertheless, as the wave shape is
intimately correlated with the number of actuators and the way
they are fixed on the membrane, we chose to consider a sinusoidal
wave shape in the present work.

3-D numerical simulations were carried out using the com-
mercial software StarCCMþ. This software allows modelling fluid
flow and heat transfer in dynamically deformed structures. The
flowwas considered transient, three-dimensional and laminar. The
working fluidwas liquid water (at 27 �C) whose all thermo-physical
properties were supposed constant for systematic studies. More-
over, impact of variations in thermo-physical properties was
studied for some configurations. The imposed heat power (G) on
the imprint (heated zone) was 125 W. Parametric studies were
carried out for the cases where the wave amplitude varies from 60%
up to 98% of the channel height (d) with an imposed frequency of
50 Hz. The average height of the channel i.e. the mean height of the
membrane (d) is kept constant. The change in amplitude thus
changes the extreme distance betweenmembrane and heated wall.
The results presented focuses on the “active zone” namely between
S1 and S2 sections (see Fig. 1). All representative thermo-hydraulic
quantities were calculated in this zone. The influence of relative
amplitude (A) at various DPs for a given frequency (fr) and wave-
length (l) on thermo-hydraulic performances is studied.

2.1. Governing equations

The incompressible laminar and transient conjugate flow and
heat transfer problemswere solved considering that the dissipation
source term is negligible and considering that the physical prop-
erties of the fluid are constant and uniform, using the classical
combination of continuity, momentum and energy equations:

V
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vt

þ r
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(3)

where, r is the density, u! is the velocity vector, P is the pressure, T
is the temperature, m is the dynamic viscosity, Cp is the specific heat
capacity, kf is the thermal conductivity of fluid and g! is the gravity
acceleration.

The numerical resolution used a segregated approach with



Fig. 1. The dynamic corrugated heat exchanger. 2-D schema of (a) flat channel where the upper wall is straight and static, (b) corrugated channel where the upper wall is
dynamically deformed. The lower wall is uniformly heated. The upper wall (straight and deformed) was kept adiabatic. A positive pressure difference (DPs ¼ Pout � Pin > 0) is
imposed between outlet and inlet sections of the channel. (c) Top view of half of the channel model. The symmetry plane is the bottom line of this figure.
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implicit second order temporal discretization and ad hoc re-
laxations factors in order to obtain adequate convergence behavior.

2.2. Management of dynamic corrugated wall

Three functions have been used to impose the displacement of
the mobile wall of the channel. The first describes the progressive
sinusoidal wave, while the other two functions damp the move-
ment in the vicinity of the lateral walls, as well as at the inlet and
outlet of the actuated zone.

In the proposed heat exchanger configuration, the average
height of the channel is fixed while the minimum gap (distance
between the lowest point of the membrane and the lower wall)
varies as a function of the relative amplitude. The displacement of
the upper wall (membrane) is defined by:

yðz; tÞ ¼ dð1þ AY1Y2sinð2pðfrt þ uzÞÞÞ; (4)

where, d is a constant displacement used to control the channel
height, A is the relative amplitude of the displacement, Y1 and Y2
are two damping functions that take into account the different
membrane effects in the vicinity of the boundaries of the actuated
zone, fr is the frequency, t is the time and u is the number of waves
per unit length, respectively.

A given point (not damped) on the moving wall stays in average
at d and move vertically from dð1� AÞ to dð1þ AÞ and moreover, for
static and straight channel, A ¼ 0.

In order to take into account membrane fixation on the channel
borders (only one clamped lateral border is shown on the virtual
prototype due to the z-axis symmetry), two damping functions are
defined in equations (5) and (6). These damping functions account
for the deformation due to actuators in the border zones and take
into account the realistic 3-D geometrical configuration of dynamic
heat exchanger.

� For lateral damping, the amplitude is quickly reduced in order to
obtain a realistic behavior corresponding to the transition
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between a central zone where the membrane is fixed to an
external moving device and the border where it is fixed (e.g.
clamped) to close tightly the channel:

if x>0:0015m : Y1 ¼ 1; (5a)

else : Y1 ¼
� x
0:0015

�3
: (5b)
� For longitudinal damping, the sinusoidal wave is progressively
damped in inlet and outlet zones. This was chosen to model a
buffer zone where the “free” membrane oscillations decrease
progressively thus inducing moderate stress on the material:

if z>0:05m and if z<0:10m : Y2 ¼ 1; (6a)

if z>0:10m : Y2 ¼
�
1� z� 0:10

0:05

�4
; (6b)

if z<0:05m : Y2 ¼
� z
0:05

�4
: (6c)

2.3. 3-D numerical simulations and meshing strategy

In the studied configuration, the vertical plane passing through
the central axis of the channel is a plane of symmetry, so only half of
the channel was simulated (W/2 ¼ 25 mm). The imposed power on
the modeled half-imprint was thus 62.5 W to carry out numerical
simulations (see Fig. 1c). This allows us to reduce the number of
mesh cells to optimize computation time by dividing the simulated
configuration by two compared to its actual size. Note that the fluid
flow was considered in z-direction while the width and height of
the channel were considered in x- and y-directions, respectively.

The creation of a convenient mesh in such highly anisotropic
geometrical configuration subjected to large amplitude de-
formations (up to 98% of channel height) was rather tricky while
keeping a computational time low enough to carry out parametric
study without sacrificing precision or convergence of the dynamic
transfer.

As a first step, the rectangular channel corresponding to the
expected minimal height (actuated channel) was meshed. A
structured anisotropic mesh was used as it allows us to fix the
required size along the three spatial directions. This original mesh
was highly anisotropic as the extension of the channel is extremely
large compared to its height. The mesh was globally structured
with refinement near the walls in order to capture boundary layers.
Further, it was then dynamically deformed in order to follow the
desired sinusoidal corrugated shape and movement of the upper
wall. This procedure allowed us to conserve adequate quality of
mesh shape during the whole calculations as it is only elongated
along the height (thus reducing anisotropy of the cells). It also al-
lows keeping a fine enough mesh in the constriction and managing
a reasonable anisotropy of the cells.

The static inlet and outlet regions were meshed in a relatively
coarse way to save calculations time as this would not induce bias
on the thermo-hydraulic phenomena in active actuated/corrugated
region. This latter was finely meshed with refinement in the vi-
cinity of the lateral walls while largermesh cells were used near the
symmetry plane (see Fig. 2). “Morpher” capabilities of the com-
mercial software StarCCMþwere used to manage the movement of
thewall as well as the inducedmesh deformations. Thewall motion
redistributes mesh vertices in response to the movement of control
points. This way of mesh morphing allows generating an interpo-
lation field of control points and their associated displacements
throughout the region which can then be used to displace the
actual vertices of the mesh. The displacement of the point within a
single time-step specifies an associated distance vector of each
control point. A corrugated channel obtained after applying pro-
gressive sinusoidal wave equation is presented in Fig. 2.

2.4. Data reduction

In case of dynamic corrugated channel, surface averaged and
volume averaged thermo-hydraulic quantities on over operating
configuration were calculated as follow.

The Reynolds number and hydraulic diameter are defined by:

Re ¼ r u!Dh
m

;Dh ¼ 1
l

Zl

0

4S
p
dl; (7)

where S is the flow fluid passage area along the heated zone and p is
the perimeter of the passage section, respectively.

The local heat transfer coefficient is obtained by the spatial and
temporal averaged fluid temperature and wall temperature on a
wavelength (l ¼ 1=u) and on a period (t ¼ 1=fr):

TwðzÞ ¼ 1
tW

Ztþt

t

Zx¼W

x¼0

Twðx; z; tÞdxdt; (8)

Tmf ðzÞ ¼
1

tdW

Ztþt

t

Zy¼yðz;tÞ

y¼0

Zx¼W

x¼0

Tmf ðx; y; z; tÞdxdydt: (9)

The local heat transfer coefficient and Nusselt number are then
defined as:

hðzÞ ¼ qðzÞ�
TwðzÞ � Tmf ðzÞ

�;NuðzÞ ¼ hðzÞDh
kf

: (10)

In the following, the global heat transfer coefficient and Nusselt
number across the channel are then defined as:

〈h〉 ¼ G

S
�
Tw � Tmf

�; 〈Nu〉 ¼ hDh

kf
; (11)

where, < > denotes volume and surface averages for both fluid
and wall between sections S1 and S2.

2.5. Mesh convergence criteria

The corrugation shape and fluid flow were first initialized for all
studied cases. The chosen time stepmust be small enough to obtain
an accurate description of the wall movement and of the dynamics
of all thermo-hydraulic quantities: typically 20 up to 30 time steps
per period are needed (see L�eal et al. [14]). In the present work, 50
time steps per period were used to allow a precise description of all
quantities. Then, calculations were carried out until a periodic
stationary regime is reached. This latter point was checked by
comparing temporal evolutions of global heat transfer and flow
characteristics. The calculations over a long time have been per-
formed till an excellent estimation of the established conditions is
obtained when the heat transfer coefficient varies by less than 1%.
Consequently, an additional time period was added to extract all
instantaneous and time averaged values of all physical quantities.



Fig. 2. The dynamic corrugated heat exchanger mesh. Left: Overview of mesh: static, damping and fully actuated zones of an overall dynamic sinusoidal corrugated channel. Right:
Corrugated dynamic channel: (i) Zoom view of meshing at minimal channel opening at high deformation, (ii): Zoom view of fixed membrane at the boundary of the channel, and (iii
and iv): Zoom view of fine meshing at crests and troughs at symmetry plane of the corrugated channel. The meshed images are presented for dynamic wall with A ¼ 95%.
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Themesh convergence for a given time step per period is important
to obtain representative results (see Table 1). In fact, if the mesh is
too thin along height, the solver reaches the point where there is no
residual convergence due to cells elongation and thus, no correct
results can be obtained. Reducing significantly the cell size while
keeping constant aspect ratio leads to unreasonable computational
time. On the other hand, coarse meshing does not allow the solver
to provide meaningful results.

From Table 1, it can be seen that the use of very small mesh size
(corresponding to large number of cells) does not impact strongly
on the global properties for different amplitudes indicating a fair
convergence. Based on these observations and the percentage of
variations in the global thermo-hydraulic properties, mesh sizes
have been chosen corresponding to 281072 mesh cells to perform
the systematic studies for dynamic corrugated channels.

3. Global thermo-hydraulic results

The global thermal properties, i.e. heat transfer coefficient with
constant as well as variable thermo-physical properties of the fluid,
were first compared in the case of the dynamic corrugated wall.
Further, thermo-hydraulic characteristics of mass flow rate and
heat transfer as function of the (positive) pressure difference be-
tween exit and entrance sections of the dynamic corrugated
channel are presented in the following sections. In the present
configuration, pressure difference was varied in order to study its
impact on the performance of the system.

3.1. Comparison and validation with literature data

Numerical simulations were first performed on a flat rectan-
gular channel (considering wave amplitude equal to 0). The results
for pressure drops and velocity fields were found to be consistent
with Poiseuille law in the fully developed laminar regime. The value
of Nusselt number (Nu) in the fully developed flowwas found to be
5.62 and compared with the experimental data of Lee et al. [16]
who found Nu ¼ 5.4. Note that these authors reported this value
of Nusselt number for channel aspect ratio � 0.1 while the aspect
ratio of the present channel configuration is 0.02. This excellent
agreement for the straight channel allowed us to explore the
thermo-hydraulic performances of dynamic wall corrugated
channel.

There are a very few data available in the literature for dynamic
heat exchangers and thus, it is very difficult to compare the results
of the present work. L�eal et al. [14] performed numerical studies on
such dynamic exchangers. However, there are a few differences in
terms of corrugated channel configuration and operating parame-
ters between their work [14] and present work. In their work, no
damping zones were used (i.e. not a real 3D geometry), negative
pressure difference between the outlet and inlet sections was
imposed i.e. DPs ¼-20Pa, the channel width was 30 mm and the
number of sinusoidal waves used was 10. In the present configu-
ration, two damping zones are used (allowing the membrane to
seal with the borders), positive pressure difference is imposed, the
channel width is 50 mm and 5 sine waves along the actuated zone
are used. Note that the number of waves per meter is identical in
both studies.

To be consistent with the works of L�eal et al. [14], one set of
numerical simulations on dynamic channel were carried out to
compute the mass flow rate and heat transfer coefficient for fr ¼
50 Hz and DPs ¼-20Pa. The obtained results using these boundary
conditions were compared with the results reported inwork of L�eal
et al. [14] for various relative amplitudes (see Fig. 3).

It can be seen in Fig. 3 that the simulated values of heat transfer
coefficient are similar while mass flux is consistently higher (by a
factor of 1.18) as compared to the data of L�eal et al. [14]. Current
numerical results are found to follow qualitatively the same trend.
The distinction between the results can be attributed to differences
in the channel configurations, in particular to the effect of the
damping of the membrane in the border regions which was
considered in the present work and not in the work of L�eal et al.
[14]. The comparisons and qualitative trend lend confidence to the
current thermo-hydraulic results.
3.2. Impact of temperature dependent fluid properties

Impact of thermo-dependent properties of water (Faghri et al.
[17]) on mass flow rate and heat transfer coefficient has been
studied for an imposed positive pressure difference of DPs ¼ 50Pa,
as presented in Fig. 4. The variation in mass flow rate (rQv) is about
1.5% in the studied range of the relative amplitude (A) which clearly
suggests that the temperature dependence of the fluid properties
does not significantly influence themass flow rate for the moderate
temperature variations obtained in such systems. Moreover, it can
be observed that the heat transfer coefficient slightly increases for
A< 90% (variation in hz 1%) or decreases for A> 90% (variation in



Table 1
Mesh convergence. Global flow and heat transfer properties in dynamic corrugated channel case for different number of mesh cells for different imposed positive pressure
differences DPs (grey color case chosen to carry out systematic studies).

Positive pressure difference, DPs (Pa) Amplitude Number of cells Mass flow rate (kg=s) Heat transfer coefficient (W :m�2:K�1)

50 60% 43560 9.570E-03 4988
159766 1.317E-02 4957
281072 1.277E-02 4921

80% 43560 1.693E-02 6174
159766 2.053E-02 6136
281072 2.01E-02 6091

95% 43560 e e

159766 2.621E-02 11561
281072 2.58E-02 11477

500 60% 43560 2.320E-03 4149
159766 5.920E-03 4123
281072 5.52E-03 4093

80% 43560 1.546E-02 5877
159766 1.906E-02 5841
281072 1.87E-02 5798

95% 43560 e e

159766 2.579E-02 11340
281072 2.54E-02 11257

1000 60% 43560 2.350E-03 5998
159766 5.950E-03 5962
281072 5.55E-03 5918

80% 43560 1.406E-02 5723
159766 1.766E-02 5688
281072 1.73E-02 5646

95% 43560 e e

159766 2.543E-02 11337
281072 2.50E-02 11254

Fig. 3. Qualitative comparison of (a) heat transfer coefficient, and, (b) mass flux (ru). Note that, the presented results are obtained for DPs ¼-20Pa and fr ¼ 50 Hz for both studies.
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h< 3%) compared to values obtained using constant properties of
fluid.

In the considered amplitude range, 60%<A< 90%, globally, the
temperature difference between wall and water is slightly smaller
compared to constant properties case while for very high ampli-
tude (A> 90%) this difference becomes higher because a temper-
ature gradient starts to establish in the core of the moving
corrugations. This behavior is mainly due to the fact that the flow
structure is strongly driven by the wall movement and thus local
viscosity variation only produces a minor change. Moreover, the
wall displacement completely changes the thermal field compared
to static case and disrupt boundary layers leading to a fairly
homogeneous temperature in the fluid, thus limiting the properties
variation effects.

As the global thermo-hydraulic properties were not influenced
so much by the temperature dependence of the physical properties
of the fluid, systematic studies were further carried out using
constant fluid properties.

3.3. Local analysis

Local analysis is presented for the dynamic heat exchanger with
A ¼ 89% and DPs ¼ 10000 Pa at various times in Fig. 5. During
expansion of the dynamic channel, the fluid moves in the



Fig. 4. Impact of thermo-dependent fluid properties. Global (a) mass flow rate (rQv) and (b) heat transfer coefficient (h) obtained using constant and variable thermo-physical
properties as a function of the relative amplitude for dynamic corrugated channel when DPs ¼ 50Pa and fr ¼ 50 Hz.
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longitudinal direction because of the progressive wave. Wall
movement induces vertical (i.e. towards heated wall) displacement
of the fluid. Due to progressive movement of the channel wall, cold
fluid is moved near the heated wall at every location; this boundary
layer disruption increases sharply heat transfer along with mixing
that takes place within the core flow.

There is an increase of the pressure according to z-direction in
the actuated zone that can be observed as stair like profile contrary
to what is observed in classical flat and straight channel. This
phenomenon leads the fluid flowing in the hydraulic circuit and
thus eliminating requirement of an external pump. Such a longi-
tudinal increase of the pressure in the actuated region helps in
increasing the mass flow rate, which in turn results in high heat
transfer.

3.4. Impact of pressure difference (DPs >0)

In the studied configuration, pressure differ-
encesðDPs ¼ Pout � Pin >0Þ have been applied between outlet and
inlet sections of the channel. This mimics the situation where the
device is placed between two reservoirs located at different alti-
tudes and the aim is to transfer the fluid from the low level reser-
voir (inlet) to the high level reservoir (outlet). In this case, the fluid
flows towards high pressure side due to the pumping action
induced by the dynamic wall contrary to conventional heat ex-
changers (see Fig. 6).

Thus, the proposed heat exchanger generates the pressure gain
to eliminate the need of external pump. The movement of dynamic
wall, amplitudes and pressure differences are coupled with heat
transfer coefficient and mass flow rate. A separate analysis of
thermal-hydraulic characteristics in terms of mass flow and heat
transfer coefficient is presented in the following sections.

3.4.1. Systematic analysis
The systematic studies of mass flow rate and heat transfer co-

efficient for imposed pressure difference are detailed in the
following sections.

3.4.1.1. Mass flow rate. As expected, the mass flow rate depends
primarily on the amplitude of deformation imposed on the mobile
wall. Increasing amplitude thus leads to a proportional increase of
the mass flow rate (see Fig. 7a). However, the mass flow rate de-
creases with the increase of the pressure difference at given
amplitude (see Fig. 7b). Again, this behavior was expected. Indeed,
the pressure difference between outlet and inlet of the exchanger is
positive, corresponding to pressure gain that is induced by the
mechanical power from membrane actuation. A slight decrease in
flow rate (about 25%) was observed for the higher pressure differ-
ence while the prescribed outlet-inlet pressure differences were
varied over several orders of magnitude. The system behaves
therefore, from a hydraulic point of view, as a quasi-volumetric
pump if amplitude is high enough. Indeed, at low amplitude the
actuated zone is limited to a small fraction of the channel section
and the fluid may flow in reverse direction in the lower part of the
channel (i.e. part of the channel far from the sinewaves and close to
the static lower wall). The variations of mass flow rate with pres-
sure differences are of course more pronounced for small ampli-
tude wave, while for a complete occlusion of channel (A¼ 100%), a
perfect volumetric pump behavior would be observed.

3.4.1.2. Heat transfer coefficient. The heat transfer coefficient also
depends on the amplitude for a given average channel height. The
higher the amplitude, the more significant is the heat transfer
intensification compared to cases without deformation/corrugation
(straight channel) as presented in Fig. 8a. This behavior can be
explained by the following considerations:

� Majority of the heat transfer occurs where the thermal re-
sistances are the lowest, i.e. at the strongest constrictions in the
channel. These constrictions are located where the cross section
for the flow is lowest (see Fig. 9a). In this figure, the temperature
field close to the lower wall shows that at these constrictions,
the fluid temperature is significantly lower leading to the
enhancement in heat transfer rate. The value of the heat transfer
coefficient is thus no longer controlled by the average size of the
channel, but by the smallest dimension, leading to very high
values of the heat transfer coefficient.

� The dynamic corrugation of the upper wall of the heat
exchanger causes a mixing intensification (see Fig. 9a). In fact,
the upper wall pushes the fluid at the constrictions and then



Fig. 5. Local analysis. Left: Instantaneous pressure field; Right: Pressure profile along the channel length in the dynamic heat exchanger corresponding to instantaneous time. Stair
like profile in actuated zone: Pressure increases in each sinusoidal pocket. Results are presented for A ¼ 89%, DPs ¼ 10000Pa and fr ¼ 50 Hz.
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two phenomena appear that contribute to themixing effect. The
first phenomenon can be described by a local jet which is
flowing in the global reverse flow direction. This is due to the
combined effect of the dynamic wall and the imposed pressure
difference between the outlet and the inlet (see Fig. 9b and c).
Note that, this local jet is stuck to the dynamic wall, which is one
of the major contributions in developing the mixing effect. The
second phenomenon can be described by the stationary fluid in
the wave pocket which is pushed in the global desired flow
direction. Thus, it flows in the opposite direction of the local jet
and the combination of these two phenomena forms a vortex-
like process in the pocket. Therefore, this mixing
intensification causes a disturbance in the establishment of the
thermal boundary layer by bringing colder fluid close to the
heated wall and thus, leading to the intensification in the heat
transfer.

At very high amplitude, the heat transfer coefficient vary neither
as a function of pressure difference nor as a function of the mass
flow rate as shown in Fig. 8b. In fact, for high amplitude and
moderate pressure difference, the system acts as a volumetric
pump and compensates its own viscous losses. The mass flow rate
and consequently the heat transfer coefficient are then relatively
independent from the pressure difference.



Fig. 6. Classical versus new dynamic heat exchanger. Schema of a heat exchanger with an external pump (top) and without external pump (bottom) by integrating dynamic wall in
the heat exchanger.

Fig. 7. Systematic analysis on mass flow rate. (a) Mass flow rate as a function of relative amplitude when DPs ¼ 50Pa, (b) Variation in mass flow rate with imposed pressure
difference for A ¼ 95%. fr ¼ 50 Hz.
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3.4.2. Global analysis
The use of dynamic wall at high amplitudes (A> 90%) allows

obtaining significant heat transfer coefficient for any imposed
pressure difference (see Fig. 10a). No influence of this pressure
difference is found on heat transfer in that case. On the other hand,
it can be observed that the variations in heat transfer coefficient at
lower amplitudes are more difficult to predict when the pressure
difference between the ends of the exchanger increases; the evo-
lution of the heat transfer coefficient is no longer monotonous.
However, when the amplitude is low, a high pressure difference



Fig. 8. Systematic analysis on heat transfer coefficient. Global heat transfer coefficient (h) as a function of mass flow rate for (a) different relative amplitudes and a DPs ¼ 50 Pa, and
for (b) different DPs for a relative amplitude of 95% for the dynamic corrugated channel. fr ¼ 50 Hz. Comparison with flat and static channel is also presented.

Fig. 9. Magnified views of the dynamic corrugated heat exchanger at the symmetry section. (a) Temperature field, (b) Vertical velocity field, and (c) Velocity vectors field are shown.
The images are presented at a given instantaneous time for A ¼ 85%, fr ¼ 50 Hz and DPs ¼ 500Pa.
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(DPs ¼ 5000 and 10000 Pa) leads to a high value of the heat transfer
coefficient compared to the case of small values of pressure dif-
ference. This is particularly visible for amplitude of 75% and DPs ¼
10000 Pa. Indeed, the mass flow rate under the same conditions
(A¼ 75% and at DPs ¼ 10000 Pa) is close to 0 kg/s, involving that the
fluid moves back and forth in the exchanger due to high exit
pressure. Similarly, mass flow rate depends on amplitude as well as
on imposed pressure difference (see Fig.10b). It is observed that, for
high pressures at the exit, the fluid goes in the opposite direction to
that of the desired direction (negative mass flow rate) at low
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amplitudes but remains well controlled for the high amplitudes.
There are significant variations in mass flow rate (negative and
positive) at high values of the pressure difference and low ampli-
tudes, while at high amplitudes; change in pressure difference does
not impact strongly the mass flow rate.

It strongly reflects the fact that the proposed dynamic corru-
gated channel within the exchanger does not have to be coupled
with external pump for the fluid flowwhen pressure at the outlet is
more important than the inlet. Moreover, it seems to perform very
well to generate the fluid flow by its own virtue and have high heat
transfer coefficient.
4. Merit factor

In the studied configuration of dynamically deformed heat
exchanger within mini-channel, the determination of its perfor-
mance is not straightforward. It is therefore, interesting to compare
the performance of the proposed dynamic heat exchanger with a
static corrugated heat exchanger. In this case, the pressure drop of
such system must be obtained in terms of pressure dissipations of
the system.

The pressure drops come from the viscosity effects and thus are
called viscous dissipations, WF . These losses ðWF ¼ WP � PPÞ in the
actuated system can be calculated by obtaining the mechanical
power applied on the actuated surface (WP) and the pumping po-
wer produced by the system (PP).

Since there is no work of the tangential forces on the dynamic
wall, the mechanical power can be simply computed by integrating
the pressure stress on the entire dynamic surface (static part
obviously does not produce any work) and it is expressed as:

WP ¼
Z
Sdw

�� PI$ n!�
$ u! ds; (12)

where, PI is the pressure stress, Sdw is the surface of the dynamic
wall and n! is the normal vector to this surface.

The pressure gain ðDPgÞ in the actuated zone (between sections
S1 and S2) leads in obtaining either pumping gain or loss,
depending on the external conditions in dynamic heat exchanger.
Thus, the pumping power (PP) is computed through the simple
formula below:
Fig. 10. (a) Global heat transfer coefficient (h), and (b) Mass flow rate, as
PP ¼ QvDPg ; (13)

where Qv is the volume flow rate and DPg ¼ P2 � P1. (P2 and P1 are
the pressure values obtained at S2 and S1 sections respectively)

A dynamic heat exchanger may or may not have pumping effect.
This is directly linked to the wave amplitude and imposed pressure
difference (see also Fig. 10b). When there is a pumping effect, an
external pump is not required i.e. direct flow occurs between inlet
and outlet of the exchanger. On the other hand, when there is no
sufficient pumping effect, the heat exchanger remains the classical
one i.e. reverse flow occurs between inlet and outlet of the
exchanger and thus, an external pump is required. Note that, the
heat transfer coefficient is always superior in both cases compared
to static case (see discussion below and Fig. 12c). The occurrence of
these phenomena is graphically presented using a flowchart in
Fig. 11.

Viscous dissipation occurs in any heat exchanger device
whether it is self-pumping or not. To evaluate the performance of a
heat exchanger (static or dynamic), viscous dissipation (WF ) is
required. In case of dynamic heat exchanger, viscous dissipation in
the actuated zone is not relatively straightforward to calculate
compared to classical one (static case) where pressure drop can be
easily determined.

In the proposed configuration, the total mechanical power
applied to the actuators is split into two effects. Globally, it can be
transmitted into pumping power and viscous dissipation (see
Fig. 1b). From the viscous dissipation, pressure drop in the actuated
zone (between sections S1 and S2) of dynamic heat exchanger can
be easily calculated.

The viscous dissipation (WF ) in the actuated zone of the dy-
namic heat exchanger is deduced using the following expression:

WF ¼ WP � PP ; (14a)

WF ¼
Z
Sdw

�� PI$ n!�
$ u! ds� QvDPg: (14b)

For given amplitude (data presented for an amplitude of 89%), it
can be observed that the mechanical power (WP), the pumping
power (Pp) and the viscous dissipation (WF ) increase with
increasing imposed pressure differences (see Fig. 12a and Table 2).
a function of relative amplitude for different DPs > 0 and fr ¼ 50 Hz.



Fig. 11. Flowchart representation to describe direct and reverse flows in dynamic heat
exchanger.
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In fact, increasing the imposed pressure difference can be trans-
lated as increasing the flow resistance in the external system. Thus,
the work on the dynamic corrugated wall has to increase to oppose
this resistance, and subsequently, leading to increase in the
pumping power and the viscous dissipation in return.

From the viscous dissipation (WF ), the equivalent pressure drop
(DPd) inside the actuated zone of the dynamic exchanger has been
obtained using the following expression:

DPd ¼ WF=Qv: (15)

The higher the imposed pressure difference is, the higher is the
pressure drop in the system (see Fig. 12a and Table 2). The higher
value of external pressure drop limits the pumping effect of the
system and thus, higher pumping power has to be generated by the
system for the fluid to flow in the wave direction. Moreover, higher
external pressure drop reduces the mass flow rate in the system. A
simple explanation is that for low pressure difference, the fluid
globally moves with the wave and circulating mainly where the
section is maximal; the fluid velocity being very low in constricted
zones. Thus, the velocity gradient and consequently, viscous dissi-
pations are small. On the other hand, when the pressure difference
is high, it leads the fluid to attempt to backflowwith a high velocity
below the constricted zone (depending on the amplitude) and thus,
the velocity gradient and viscous dissipation increase leading to
decrease the efficiency of the device. In order to get an optimal
behavior, the amplitude has to be chosen according to the expected
pressure difference in such a way that it ensures a direct flow
through the device. Globally, it means that amplitude has to in-
crease with pressure difference in order to keep the efficiency to a
high value.

The easiest way to compare heat transfer rate andmass flow rate
of static and dynamic corrugated channels (having the same
geometrical configuration) can be performed at constant values of
equivalent pressure drop (for a given amplitude). To do this,
equivalent pressure drop obtained from dynamic channel (see
Table 2) is applied on the static corrugated channel with and
without lateral damping (Y1 ¼ 0 in case of no lateral damping). For
the amplitude of 89%, heat transfer coefficients and mass flow rates
were calculated for static corrugated channels and compared with
the proposed dynamic channel (see Table 3). Note that, static
corrugated wall without any lateral damping is the real 1-D case. To
not forget that in the case of static channels, there is no self-
pumping, contrary of the dynamic corrugated one. A comparative
analysis of mass flow rates and heat transfer coefficients of different
heat exchangers (static and dynamic) is presented in Fig. 12 (b and
c) as a function of imposed pressure differences for different
equivalent pressure drops.

Mass flow rate and heat transfer increase with increase in
pressure drop in classical static corrugated heat exchangers as ex-
pected (see Fig. 12b and c). On the other hand, in case of dynamic
corrugated exchanger, the behavior of mass flow rate is exactly
opposite where it decreases slightly with increase in pressure drop
and could attain the same value at very high pressure drops as in
static corrugated case (see Fig. 12b). However, the values of mass
flow rate in dynamic heat exchanger are always higher than static
wall case (up to a factor of 37) between 50Pa and 1000Pa and then,
it starts to decrease dramatically reaching almost the same value at
very high pressure difference (z 10000Pa). Heat transfer coeffi-
cient doesn't vary significantly as a function of pressure drop (or
imposed pressure difference) in case of dynamic wall. Compared to
static corrugated channel case, our proposed dynamic exchanger
assists in very high heat transfer (up to a factor of 3e4) for a
pressure drop less than 1000Pawhile heat transfer coefficient tends
to attain almost same values as of static corrugated case (see
Fig. 12c) at very high pressure drop (z 10000Pa). In fact, for static
corrugated exchangers, the heat transfer coefficient increases with
pressure drop as the flow is moving faster and it is then increasing
the mixing and brings low temperature fluid close to the wall.

A comprehensive analysis of overall performance of the pro-
posed heat exchanger has been performed and also compared with
that of static corrugated channel. Many researchers use of the
Colburn factor (j) to characterize heat transfer, rather than the
Nusselt number (Nu) with friction factor (f ). A surface having a
higher j=f factor is ‘‘good’’ because it requires lower free flow area
and hence a lower frontal area for heat exchanger (Kuppan [18]).
The performance of heat exchangers can be evaluated as follows:

j
f
¼

Nu
RePr1=3
DPd
L Dh

1
2 r u
!2

; (16)

where, DPd is absolute value of pressure drop (DPd < 0).
Merit factors (j=f ) of dynamic and static (with and without

lateral damping) heat exchangers have also been evaluated for
given amplitude of 89% and are presented in Fig. 12d (see also
Tables 2 and 3). For each configuration (static and dynamic), friction
factor is calculated from equivalent pressure drop and velocity
(obtained from mass flow rate) while Nusselt number is calculated
from the heat transfer coefficient (see Tables 2 and 3). Due to almost
invariant values of heat transfer coefficients and decreasing trend
of mass flow rate at different pressure drops, the performance of
dynamic heat exchanger decreases with increasing pressure drop.
On the other hand, increase in merit factor is obtained as expected
in case of classical static corrugated channel as a function of pres-
sure drop. It can be noticed that the proposed heat exchanger
performs greatly and has higher overall performance (j=f ) by a
factor of 35e115 compared to static corrugated channels for the
pressure drops below 1000Pa. Contrary to this effect, the overall
performance of dynamic exchanger starts to decrease significantly
with increasing pressure drop. Further, it reaches the same per-
formance than static corrugated case.



Fig. 12. Performances of the dynamic corrugated heat exchanger. Presentation of (a) the mechanical power, the viscous dissipation, the pumping power and the equivalent pressure
drop, (b) the mass flow rate, (c) the global heat transfer coefficient, and (d) the merit factor (j=f ) for corrugated moving, static with and without lateral damping. The data are
presented for different imposed pressure differences for relative amplitude of 89% and fr ¼ 50 Hz.

Table 2
Performances of the dynamic corrugated heat exchanger. Presentation of various global heat transfer and flow properties (when DPs > 0). Pumping power, mechanical power,
viscous dissipation, equivalent pressure drop, and merit factor are also presented.

Positive pressure
difference, DPs (Pa)

Heat transfer
coefficient
(W :m�2:K�1)

Mass flow rate,
rQv ðkg=s)

Pressure gain,
DPg ¼ P2 � P1ðPaÞ

Pumping power,
Pp ¼ Qv:DPg ðWÞ

Mechanical
power Wp (WÞ

Viscous
dissipation,
WF ðWÞ

Equivalent pressure
drop, DPdðPaÞ

j
f ð�Þ

50 8129.00 2.35E-02 676.05 1.59E-02 2.86E-02 1.27E-02 539.38 1.426
100 8096.60 2.34E-02 718.42 1.68E-02 2.98E-02 1.29E-02 552.81 1.381
500 8022.97 2.27E-02 1075.47 2.45E-02 3.87E-02 1.42E-02 625.68 1.175
1000 7928.47 2.20E-02 1531.35 3.37E-02 5.03E-02 1.66E-02 755.89 0.929
5000 7456.99 1.74E-02 5276.14 9.18E-02 1.45E-01 5.28E-02 3036.29 0.172
10000 8632.59 1.35E-02 9957.09 1.34E-01 2.63E-01 1.29E-01 9538.39 0.049
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After the evaluation of performances of the same heat
exchanger using two different imposed positive pressure differ-
ences (DPs >0), it is thus important to know the limits of direct and
reverse flow in the hydraulic circuit. This way of determining fluid
flow direction in the exchanger would allow us to capitalize
necessary pumping effect to assimilate additional pressure drop in
external circuit of the heat exchanger. Such an analysis of deter-
mining minimal amplitude (Minimal
amplitude¼ ðA� A0Þ=ðAmax � A0Þwhere A is the used amplitude, A0
is the amplitude for zero mass flow rate and Amax is the maximum
amplitude i.e. 100%) as a function of positive pressure difference is
presented in Fig. 13.

From the present study, it has been found out that dynamic
deformation of the upper wall at lower amplitudes does not pro-
duce any pumping effect even if the pressure difference is very low.
The higher the pressure difference value is, the more is the possi-
bilities of fluid to be in reverse direction in the exchanger for the
amplitudes lower than 80%. This suggests that the device is not able
to produce significant pumping power. Either the momentum
transmitted to the fluid in such conditions stays low or the viscous



Table 3
Performances of the static corrugated heat exchanger. Presentation of various global heat transfer, flow properties and merit factor.

Positive pressure
difference, DPsðPaÞ

Equivalent pressure
drop, DPdðPaÞ

Static corrugated channel with lateral damping Static corrugated channel without lateral damping

Heat transfer coefficient
(W :m�2:K�1)

Mass flow rate,
rQvðkg=sÞ

j
f ð�Þ Heat transfer coefficient

(W :m�2:K�1)
Mass flow rate,
rQvðkg=sÞ

j
f ð�Þ

50 539.38 2091.94 1.70E-03 2.656E-
02

2609.486 6.31E-04 1.232E-
02

100 552.81 2106.46 1.72E-03 2.649E-
02

2621.472 6.55E-04 1.253E-
02

500 625.68 2184.86 1.86E-03 2.623E-
02

2686.254 7.84E-04 1.358E-
02

1000 755.89 2323.62 2.11E-03 2.614E-
02

2801.166 1.01E-03 1.514E-
02

5000 3036.29 4471.33 6.06E-03 3.597E-
02

4635.211 4.54E-03 2.794E-
02

10000 9538.39 7662.84 1.36E-02 4.395E-
02

8011.447 9.63E-03 3.263E-
02

Fig. 13. Zones of direct and reverse flows. Critical limits curve of direct and reverse
flows as a function of DPs in the hydraulic circuit for the studied dynamic channel. Note
that this presentation is shown for fr ¼ 50 Hz.
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dissipation dominates. In this case (WF > PP), an external pump is
needed for the fluid movement in the device for such reverse flows
(see also Fig. 11). This would increase overall input power given to
the system which would lower down the overall performance. On
the other hand, the possibility of fluid to be always in desired di-
rection (direct flow) of hydraulic circuit due to pumping effect
when the positive pressure difference is small (50 <DPs < 1000) in
the amplitude range of 65%. Importantly, direct flow in the heat
exchanger can always be achieved at higher amplitudes (A> 80%)
irrespective of any value of imposed pressure difference. For a given
thermo-hydraulic constraint, minimal amplitude can be easily ob-
tained using the simple mathematical expression presented in
Fig. 13 where fluid flow direction in the exchanger can be evaluated
using two different zones.

5. Conclusion

A new concept of heat exchanger at millimeter scale is proposed
that consists in dynamically deforming one of the walls. The pro-
posed system at miniature scale is capable of performing extremely
well in low Reynolds number range (up to Re ¼ 600) contrary to
existing systems. The enhancement in heat transfer and mass flow
rate as a function of imposed pressure differences were investi-
gated in single-phase flow. It was observed that the heat transfer
coefficient and mass flow rate increases with increase in amplitude
when positive pressure difference was applied. The current results
show that the requirement of external pump could be completely
eliminated and thus, increasing the overall performance of the
system. The system performance is always significantly high while
it starts to deteriorate at high imposed positive difference and tends
to reach the similar performances of static corrugated and straight
channels. Based on the operating and mechanical constraints, the
performance of the proposed millimeter scale heat exchanger can
be easily exploited and thus, a substantial gain in terms of inte-
gration can be achieved.
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Nomenclature

A Relative amplitude (�)
Cp Volumetric thermal capacity (J:m�3.K�1)
Dh Hydraulic diameter (m)
f r Frequency (Hz)
f Friction factor based on pressure drop, DPd < 0 (�)
h Mean heat transfer coefficient at the heated wall

(W :m�2.K�1)
h Global heat transfer coefficient at the heated wall

(W :m�2.K�1)
j Colburn factor (�)
kf Thermal conductivity of fluid (W :m�1.K�1)
Pr Prandtl number (�)
L Imprint length of heated zone (m)
_m Mass flow rate (kg:s�1)
Nu Mean Nusselt number (�)
Nu Global Nusselt number (�)
q Heat Flux (W :m�2)
Qv Volumetric mass flow rate (m3:s�1)
DPd Equivalent pressure drop in actuated zone (Pa)
DPg Pressure gain in actuated zone (Pa)
DPs Pressure difference between outlet-inlet sections (Pa)
PP Pumping power (W)
p Perimeter of the channel passage (m)
S Exchange surface (m2)
t Time (s)
Tfm Mean fluid temperature at a given axial position in the

channel (K)
Tfm Mean fluid temperature in the channel (K)
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Tw Mean wall temperature on a heated zone position in the
actuated zone (K)

Tw Mean wall temperature in the actuated zone (K)
u! Average velocity (m:s�1)
V Volume of channel (m3)
W Channel width (m)
WF Viscous dissipation (W)
WP Mechanical power (W)

Greek symbols
d Average distance between walls (m)
r Density (kg:m�3)
l Wavelength (m)
G Imposed power (W)
u Number of waves per unit length (m�1)
Y1 and Y2 Threshold functions (�, Eq. (4))
m Dynamic viscosity (kg:m�1:s�1)
t Period (s�1)
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