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A B S T R A C T

Synthetic jets are produced by the oscillatory movement of a membrane inside a cavity, causing the Tuid to enter
and leave through a small oriSce. The present study is focused on investigating the cooling capabilities of a syn-
thetic jet enclosed between two parallel isothermal plates with an imposed temperature difference. The unsteady
three-dimensional Navier-Stokes equations have been solved for a range of Reynolds numbers from 50 to 1000
using time-accurate numerical simulations. A detailed model based on an Arbitrary Lagrangian-Eulerian (ALE)
formulation is used to account for the movement of the actuator membrane. All the resulting Tows are inherently
three-dimensional and dominated by two major vortices, which Snd their counterparts inside the actuator cavity.
A new structure, which is not found in open cavities, appears as an interaction of the synthetic jet Tow with the
bottom wall and results in a change on the jet's heat transfer mechanisms. Analysis of the outlet temperature has
shown that assuming a uniform proSle is reasonable if the Reynolds number is high enough, however, the outlet
jet temperature is significantly higher than the cold plate temperature. Finally, this study proposes correlations
for the heat transfer at the hot wall and the outlet temperature with the Reynolds number, which can be used to
account for the cavity effects without the computationally expensive ALE model.

1. Introduction

Synthetic Jet (or Zero Net Mass Flow) Actuators [1 6] (SJAs) con-
sist of a cavity with a mechanically moving diaphragm. Its actuation
changes the cavity volume periodically, causing external Tuid to enter
and leave through a small slot. Under certain conditions, the advected
vortices are too far to be ingested back. If so, a train of vortices (and
eventually a jet) are created without the addition of mass Tow, allowing
the transfer of kinetic energy and momentum to a Tuid medium without
the need of piping systems.

Smith and Glezer [6] investigated the formation and evolution of
SJAs. They deSned the concept of stroke length and proposed a SJA
characteristic velocity based on this definition. It was found out that the
evolution of the SJA Tow near the oriSce is dominated by its time-pe-
riodic formation and advection of vortex pairs that roll up and become
part of the jet. These vortices eventually become turbulent and lose
coherence. It was also observed that their mean trajectory scales with
the stroke length. On a later stage, Utturkar et al. [7] and Holman

et al. [8]. proposed a jet formation criteria (JFC) that has to be greater
than a constant K that depends on geometric factors.

The Tow patterns resulting from the interaction of the currents en-
tering and leaving the cavity are very complex and have been the
subject of many numerical and experimental studies. To mention just
a few: Kral and Donovan [2] performed early studies on an incom-
pressible laminar and turbulent two-dimensional synthetic jet using a
URANS model (Spalart-Allmaras). They realized the importance of se-
lecting an adequate boundary condition to simulate an isolated SJA and
succeeded in implementing the oriSce as a suction/blowing boundary
condition. Their simulations presented a good correlation with that of
Smith and Glezer. Kotapati et al. [9] performed span-wise periodic di-
rect numerical simulations (DNS) of a synthetic jet previously analyzed
with particle image velocimetry (PIV) by Yao et al. [10]. in the frame-
work of the NASA LaRC Workshop, 2004. Despite simplifying the ac-
tuator geometry, it was found out that the results closely agree with
the experimental results. Secondary structures surrounding primary vor-
tices were found to cause transition to turbulence at a short distance
from the oriSce. In addition, large time scales were found and a sam-
pling time of the order of 100 cycles was estimated to be required to
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obtain accurate statistics for the external Tow. Due to the aforemen-
tioned vortical nature of the SJA Tow, the analysis of the vortices be-
comes a key parameter for the understanding of the Tow dynamics.
Silva-Llanca et al. [11]. compared different techniques for identifying
coherent structures in synthetic jets and selected the Q-criterion [12] as
a vortex presence indicator.

Synthetic jet impingement is of interest in heat transfer and has been
the subject of many studies [13 17]. In particular, Silva-Llanca et al.
[11,18]. performed several investigations on SJAs, both experimental
and numerical. Experimental investigations were performed on two-di-
mensional impinging synthetic jets, managing to decouple the effects of
Reynolds and Stokes numbers, thus varying independently the jet veloc-
ity and the jet driving frequency aiming for a better understanding of
the jet dynamics. Good correlation was obtained between experimental
and numerical results (using a simpliSed actuator model). They investi-
gated the impingement phenomena for different aspect ratios and found
out that for a jet-to-surface spacing of 5 could be optimal for their SJA
conSguration. As for jet-to-surface spacings greater than 5, the merg-
ing of consecutive vortex pairs occurs prior to the impingement and
diminishes the overall heat transfer. Later [11], a canonical geometry
was proposed in order to investigate the Tow of a purely oscillatory jet,
where a new formulation for the jet characteristic velocity was intro-
duced. They observed that vortex coalescence reduces the heat transfer
capacity of the jet and that secondary vortices with opposite circulation
are generated when the vortex pair arrived near the heated wall. This
was in good agreement with Ghaffari et al. [19], who experimentally
investigated different jet-to-surface spacings using the PIV technique. It
was found that the optimal ratio of jet-to-surface spacing that maximizes
heat transfer is between 5 and 10.

SJAs have been proposed for cooling of circuit boards and minia-
ture electronics [19,20], among other applications. These studies con-
sider an open conSguration in which the synthetic jet impinges to a
hot wall using a simpliSed actuator model, as the heated Tow is not
ingested back inside the actuator and the temperature at the SJA out-
let can be assumed constant [21 23]. The present study, however, is
devoted to a conSguration where the jet is enclosed between two par-
allel plates. Experimental investigations of this conSguration were per-
formed by Vukasinovic and Glezer [24] on an axisymmetric synthetic
jet. It was found that the temperature of the jet at the expulsion is
significantly above the ambient temperature due to a countercurrent
in the Tow formed by the conSning plate. Moreover, the cooling efS-
ciency of the jet was observed to decrease with the spacing between
the parallel plates. Very recent numerical studies of opened and en-
closed conSgurations of an axisymmetric synthetic jet, using moving
mesh techniques for the membrane description, have been performed
by Hatami et al. [25]. Noticeable differences were found in the Tow
and heat transfer capabilities between the enclosed and opened conSg-
urations. In particular, the advected vortices were found to stretch ax-
ially on the enclosed conSguration whereas in the opened conSgura-
tion they stretch radially. This has been found to produce more coher-
ent vortices in the opened conSguration compared with the enclosed
conSguration. As aforementioned, under these circumstances, the ex-
ternal Tow interacts with the Tow inside the SJA cavity as is ingested
back inside the actuator, thus making the conditions at the actuator out-
let hard to estimate. Therefore, a formulation that imposes the move-
ment of the membrane position through Arbitrary Lagrangian-Eulerian
(ALE) formulation is proposed to describe a canonical synthetic jet ac-
tuator geometry. ALE formulation has been successfully used to model
the time-dependent movement of the SJA membrane [26]. Other imple-
mentations in the literature for realistic models of the SJA membrane
are Chimera grids [27], virtual forces to emulate the effect of a mov-
ing boundary [28], the mass-spring analogy method [29], and dynamic
mesh methods [25]. ALE allows imposing physically realistic boundary

conditions for the momentum and energy equations at the actuator
membrane. The other closures that exist in the literature, for example,
imposing an inlet velocity [9] or the velocity at the SJA outlet [18,22],
would not be suitable for the present conSguration. In addition, the pre-
sent study also devotes to understand the impact of the turbulence in-
side the cavity to the external Tow and the impingement.

The objectives of this paper are threefold: (i) Firstly, to provide a bet-
ter understanding of the SJ Tow enclosed between two parallel plates
for the range of Reynolds numbers from 50 to 1000 by studying the
vortices formed in the external and internal Tow. (ii) Secondly, to pre-
sent a formulation and to provide a detailed model of the SJA mem-
brane movement using ALE techniques that allow to study the Tow and
heat transfer mechanism inside the actuator cavity, aiming to provide a
better approximation of the Tow and temperature at the SJA neck. (iii)
Thirdly, to provide a correlation of the Nusselt number and the averaged
outlet temperature with the Reynolds number for a given jet-to-surface
spacing of 5 and JFC = 3, as well as velocity and temperature proSles
at the actuator outlet for the Reynolds numbers studied.

This paper is structured as follows: Firstly, the geometry of the case
is deSned in detail. Then, the mathematical and numerical models are
discussed, highlighting the formulation used for the membrane move-
ment and performing a domain and grid sensitivity analysis. Afterwards,
the results are examined, starting by a study of the instantaneous Tow
evolution and an analysis of its temporal spectrum to Snd which are the
dominant frequencies of the Tow. This is followed by an investigation
on the time and phase averaged Tow to show the main structures of
the Tow, as well as the velocity and temperature proSles at the actuator
outlet. Finally, the discussion closes with an inspection on the jet heat
transfer at the hot wall.

2. De%nition of the case and mathematical model

A simpliSed rectangular actuator in an homogeneous domain in the
x3 direction as in Fig. 1 is considered. The domain is wide enough (
L/d = 60) so as not to interfere with the development of the jet. The
jet impinges on an uniformly heated wall located at a jet-to-surface dis-
tance H/d = 5, imposed according to the optimal distances for cooling
applications [13,18,19], and causes convective heat transfer from the
wall to the jet. A depth of D/d = 6 is considered to allow the full de-
velopment of the three-dimensional Tow, as reported in Ref. [9]. This is
further conSrmed by the autocorrelations presented in Section 2.2. The
dimensionless actuator cavity width W/d is set to impose a certain jet
formation criteria (JFC = 3), as later discussed. The other dimensions
of the SJA are selected as in Liu [30], with b/d = 0.3 and B/d = 1.67.

The Navier-Stokes and energy equations are used to model the Tow.
Incompressible regime is assumed as the ratio of the Helmholtz fre-
quency of the actuator and the drive frequency assumed to be less than
0.5 [31,32]. The present study focuses on situations where the jet veloc-
ity is high enough to disregard natural convection, i.e., the Richardson (
Ri) number, deSned as the ratio of the buoyancy term to the Tow shear
term, is low enough. Experimental and numerical studies [23] show that
buoyancy effects become relevant for Richardson Ri > 0.01. Also, for
the present work, thermal radiation is neglected. Under these hypothe-
ses, the incompressible Navier-Stokes equations are

(1)

(2)

2
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Fig. 1. Studied conSguration geometry (not to scale). (a) Schematic view of the whole domain. (b) Detail of the actuator geometry.

(3)

where xi are the spatial coordinates (or x, y and z), ui are the
cross-stream, stream-wise and span-wise velocity components (or u, v,
w), p is the pressure and T is the temperature. is the density, is the
dynamic viscosity, cp is the speciSc heat coefScient at constant pressure
and k is the thermal conductivity of the Tuid.

The Reynolds number is deSned along the standard set by Smith and
Glezer [6] as

(4)

where d is the oriSce diameter (see Fig. 1) and U0 is a characteristic
velocity deSned in terms of the stroke length L0 as U0 = L0f0, and f0 is
the SJA membrane oscillating frequency. In turn, the stroke length is de-
Sned as

(5)

where u2 is the instantaneous dimensional vertical velocity at the oriSce
(x2 = 0) and is the period. The Prandtl number is Pr = ( cp)/k and
takes an assumed value of 0.71, whereas the Strouhal number Sr is

(6)

As an alternative to the Strouhal number, some authors [7,9,18] de-
Sne the Stokes number as

(7)

that can also be used to characterize the Tow.
The relationship between Reynolds, Strouhal and Stokes numbers is

given by the jet formation criteria (JFC) [7,8], which is deSned as

(8)

and is based on a time and space averaged velocity at the SJA exit
during the expulsion stroke ( ). For the span-wise periodic rec-
tangular jets considered in the present work, if the JFC is lower than an
approximated value of 2 [8], the jet is not formed.

In the present work, rather than imposing a velocity at the SJA neck
as a boundary condition, the membrane position is modeled as

(9)

where (x1) is a shape function. A mean amplitude can be deSned as

(10)

where W is the actuator cavity width (see Fig. 1). Then, the characteris-
tic velocity U0 can be related to the mean amplitude and the drive fre-
quency , thus coupling f0 and U0. Also, under this defini-
tion, the jet formation criteria becomes a purely geometrical parameter.

(11)

Therefore, as seen by Smith and Glezer [6], when the motion of the
actuator membrane is time-harmonic the formation parameters of the
jet depend only on the amplitude of the actuator, and cannot be varied
independently. High amplitudes and large jet cavity aspect ratios favor
the formation of jets, independently of the frequency, while changing
the drive frequency has no effect on the JFC. The present work is based
on keeping JFC at a constant value of JFC = 3 and focusing the study
on the effects of the Reynolds number.

2.1. Numerical model

The Reynolds numbers considered are
. For , DNS are per-

formed, whereas, for Re > 100, simulations are carried out using
Large-Eddy Simulations and the Sltered equations are used instead

(12)

3
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(13)

(14)

where denotes the Sltered magnitudes. Eqs. (13) and (14) include the
sub-grid scale (SGS) stress tensor and scalar Tux that must be
modeled. The present paper uses the wall-adapting local eddy viscosity
model (WALE) [33] to close the formulation for the SGS stress tensor.
This model is formulated in a way that it is suitable for unstructured
grids and has the property of not acting near the walls or in two-di-
mensional Tows. Moreover, its dissipation is relatively small in tran-
sitional Tows. Regarding the SGS scalar Tux, a gradient diffusion ap-
proach [34] is used. A fractional step approach is selected to solve the
pressure-velocity coupling. The set of equations is time-integrated using
an energy-conserving fourth-order Runge-Kutta explicit method [35].
With this approach, numerical stability imposes a maximum time-step
that is estimated as described in Ref. [36]. In order to simplify the
notation, when discussing the results the symbol will be dropped
if Re > 100. Moreover, the results will be expressed in dimensionless
form where is the dimensionless spatial coordinates,
the dimensionless velocity components and
the dimensionless temperature and Twall denotes the temperature at the
heated wall and T∞ the bulk temperature.

Non-slip boundary conditions are imposed at the top ( ) and
bottom ( ) of the discharge cavity as well as at the actuator walls
including the SJA actuator membrane ( ). Free-Tow boundary con-
ditions are prescribed at all the vertical boundaries with . Regard-
ing the energy equation, the cavity top wall is hot ( ) and the bot-
tom wall is cold ( ). The lateral boundaries are considered adia-
batic ( ). The SJA walls ( ) are assumed to be cold. Peri-
odic boundary conditions are set between the front ( ) and back (

) faces. The SJA membrane movement has been modeled using
Eq. (9) and using ALE methods [37].

Statistically accurate representations of the Tow are needed in or-
der to understand the SJA Tow. However, the overall system contains
very slow temporal scales related with the low velocity zones, despite
the intense mixing in the jet vicinity. This results in a very large com-
putational time for the Tow to reach statistical stationary conditions.

vFor this reason, precursory two-dimensional laminar (for )
and URANS (for Re > 100) simulations using the k SST [38] model
with a large time-step have been analyzed to estimate the time scales
associated with the process. Fig. 2 (a) shows the temporal evolution of
the temperature at maximum expulsion (t = 0) and maximum ingestion
(t = /2) for one precursory simulation at Re = 500 and reveals that
about 100 actuator cycles are needed to reach stationary conditions.
Therefore, the Tow has been initialized using these precursory simula-
tions in order to reduce the computational time. With this strategy the
statistical stationary state is reached with about 50 actuator cycles,v as
can be seen in Fig. 2 (b).

Moreover, the initial conditions for the Sner meshes are generated
from the solution obtained with coarser grids, which in turn reduced
the initial transient by 20 cycles. Once the statistical stationary state is
reached, the simulations are run for 30 actuator cycles, using the last 20
to obtain relevant time and phase averages of the Tow and the Nusselt
number.

The parallel multi-physics code Alya [39] is used to compute the so-
lution Seld for the Tuid. Alya is based on the Finite Element method
and is designed for large-scale parallel applications [40]. vAlya has been
extensively validated for many applications. In particular, the present
formulation using WALE and ALE has been successfully used to model
vortex-induced vibrations in a cylinder [41].

2.2. Appropriateness of the domain and grid sensitivity analysis

The computational grids have been designed by extruding a two-di-
mensional grid (see Fig. 3) along the x3 axis for a certain number of
planes for a Sxed depth of . The coarsest grid considered (for

) has 6,125 nodes per plane with 32 planes, resulting in
196,000 nodes; whereas the Sner grids (for ) have
44,000 and 50,000 nodes per plane with 50 and 80 planes, result-
ing in 2.2 and 4.0 million nodes respectively. A mid-size grid (for

) has 15,625 nodes per plane and 40 planes, resulting in
625,000 nodes.

Extensive grid convergence studies have been carried out for each
Reynolds numbers considered. As an example, Fig. 4(a c) shows the grid
study for Re = 500. The span-wise and time averaged stream-wise ve-
locity proSles at different heights are compared in Fig. 4 (a) showing
good agreement between them with minimal differences at the points
of maximum and minimum span-wise velocity. A good agreement is
also achieved between the centerline time averaged temperatures pre-
sented in Fig. 4 (b). Finally, Fig. 4 (c) presents the Nusselt number at
the hot wall for the grids considered. Good agreement is observed be

Fig. 2. Time evolution (in actuator cycles) of the temperature at the SJA oriSce at Re = 500 for maximum expulsion (t = 0) and maximum ingestion (t = /2) parts of the cycle. (a)
URANS k SST and a large time-step; (b) LES starting from URANS solution.

4



UN
CO

RR
EC
TE
D
PR
OO

F

A. Miró et al. International Journal of Thermal Sciences xxx (2018) xxx-xxx

Fig. 3. Computational grid detail, only shown from to and one plane for
clarity. (a) Coarse grid: 196,000 nodes with 32 planes. (b) Mid-size grid: 625,000 nodes
with 40 planes.

tween the mid-size and Sne grids compared with the coarse grid. In this
sense, the mid-size grid presents a good compromise between accurate
results and computational time. vRegarding the time step, as aforemen-
tioned, in the present code it is evaluated at each time step [36]. As an
example, for Re = 500 and Re = 1000 the number of time-steps per ac-
tuator cycle is about 13400 and 25200 respectively.

The computational domain in the span-wise direction has been de-
signed so as to contain the largest scales of the Tow. Span-wise two
point correlations are used to verify if the assumed size is correct for all
Reynolds numbers considered in this work. They are deSned as

(15)

where denotes a time average and . The values for the two
point correlation must tend to zero for the turbulent cases as they ap-
proach the half-size of the domain. Fig. 4 (d) presents the span-wise two
point correlations for u 3u 3 at and for all the Reynolds
considered in this study. This position has been selected as a rep-
resentative point where the jet scales have been fully developed. As
seen in the Sgure, all correlations approach zero at the domain half
size, conSrming that a domain width of D/d = 6 is enough as to con-
tain the largest and more energetic scales, except for Re = 50. This
could indicate the presence of quasi-laminar structures and a larger do

Fig. 4. (a) Span-wise and time averaged stream-wise velocity at different heights ( , and , each shifted 0.7 units upwards) for Re = 500. (b) Span-wise and time
averaged temperature at the jet centerline ( ) for Re = 500. (c) Span-wise and time averaged Nusselt number at the hot wall ( ) for Re = 500. (d) Two point correlation for
u 3u 3 and different Reynolds numbers, using the Snest grid, at , .
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main would be needed. However, D/d = 6 has been maintained for
Re = 50 as a good compromise of computational time.

3. Results discussion

The Tow on a synthetic jet is very complex. Vortices roll up from
the actuator lips and move upwards, where they start to lose coherence
and undergo transition to turbulence. Full coalescence is not achieved
before the vortices impinge into a hot wall at , and there is a
heat exchange between the Tuid and the hot wall.

3.1. Instantaneous =ow

Typical instantaneous vortical structures of the SJA Tow for
Re = 1000 are shown in Fig. 5. The vortical structures have been iden-
tiSed by means of Q-isocontours [42] where Q is the second invariant
of the velocity gradient tensor and is deSned as

(16)

The condition Q > 0 has been found to be effective in identifying re-
gions of coherent vorticity [11,12]. As expected, these regions become
more apparent and smaller with the Reynolds number. Four different
instants (or phases) can be appreciated: Fig. 5 (a) and (c) are the maxi-
mum expulsion (t = 0) and maximum ingestion (t = /2) phases, while
Fig. 5 (b) and (d) are the maximum positive (t = /4) and negative (
t = 3 /4) membrane displacement phases.

A large amount of vortical structures can be observed, mostly con-
centrated in the zones near the neck, both outside and inside the syn-
thetic jet actuator cavity. During the ejection stroke, cold Tuid is ex-
pelled from the actuator oriSce and reaches the top wall at about
t = /4 (Fig. 5 (b)). Then, the heated Tuid is taken inside the actua-
tor during the suction stroke, where it is cooled (t = 3 /4) before being
ejected again (Fig. 5 (d)).

The instantaneous dimensionless temperature at the SJA outlet is
shown in Fig. 6 for all Reynolds numbers. The outlet temperature is
quite hot, with about for and about for
Re > 100. Moreover, the peak to peak temperature variation is large
for all Reynolds numbers studied, although the amplitude of the Tuc-
tuations decreases with Reynolds due to the enhanced mixing in both

cavities. In the present conSguration, the Tuid cannot be cooled com-
pletely inside the cavity, even assuming that the whole cavity bound-
aries are at T∞. vThis results in a decrease of the cooling efSciency
of the jet, as seen by Vukasinovic and Glezer [24]. However, as previ-
ously seen, this effect stabilizes with time and a stationary state can be
reached.

Due to the temporal scales associated with the low velocity zones
(see also Section 2.1), it is interesting to identify the frequencies re-
lated to these zones as they have an impact on the averaged Tow sta-
tistics. To do this, a set of numerical probes have been located at differ-
ent zones of the domain and the signal of the independent variables has
been recorded during the whole simulation. These numerical probes are
located in the following matrix: , and
for each plane in the direction.

The signal of different probes at Re = 500 located at the same ver-
tical distance from the bottom wall but at different distance
from the jet centerline are plotted in Fig. 7. The energy spectrum of
these signals is plotted in Fig. 8. As can be seen from the Sgures, the sig-
nal of probe located in the centerline of the jet is dominated by the pe-
riodicity of the ejection and suction events. Notice also the amplitude in
the Tuctuations of both velocity and temperature, which are the largest
of three set of probes. As the Tow moves away from the jet centerline,
the footprint of the cyclic ejection/suction event can still be observed
but also a low frequency modulation in the signal. This is more evident
if the signal of the temperature is inspected.

This behavior can be better detected in the spectrum of Tuctuations
of these signals (see Fig. 8). The SJA main frequency can be seen at
all numerical probes, marked in the Sgures as driving frequency. Yet
the energy contained in this peak decreases as the signal of the Tow
is recorded away from the jet centerline. Notice that both velocity and
temperature Tuctuations spectra also contain harmonics of the main
peak, at frequencies 2f/f0 and 3f/f0. This is especially evident in the
signal registered in the jet centerline. However if the spectrum of the
probes located oU the jet centerline is analyzed, a broadband low-fre-
quency signal, also marked in the Sgures, can be seen corresponding
to the slow motion of the largest scales of the Tow. This peak is cen-
tered around f = 0.0075 for Re = 500, which roughly corresponds with
about 7 actuator cycles. These frequencies are also related with the vi-
bration frequencies of the larger structures that have been identiSed in
the Tow, as it will be later seen. Moreover, as a result of this low-fre-
quency motion, well-converged statistics of the Tow far from the jet

Fig. 5. Q-isocontours (Q = 1) colored by the dimensionless temperature at different phase instants for Re = 1000. (a) phase t = 0; (b) t = /4; (c) t = /2; (d) t = 3 /4.
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Fig. 6. Time evolution of the span-wise averaged temperature in the SJA neck.

centerline require a longer time integration of at least a few slow-mo-
tion full cycles.

3.2. Time and phase averaged =ow

Time and phase averaged magnitudes are computed by averaging
the last 20 actuator cycles in order to obtain time-accurate statistics (see
Section 3.1). Four major vortices ( 1 to 4) have been identiSed in the
time averaged Tow, displayed in Fig. 9 for Re = 500, selected as repre-
sentative of all the Reynolds numbers studied.

The result of the coalescence of the vortices ejected from the actua-
tor lips that impinge into the wall is a large clock-wise rotating vortex,

1. A second vortex, 2, already reported by Ref. [24], is characteristic
of the enclosed conSguration and is not present in the open conSgura-
tions, e.g., of Silva-Llanca [11]. These two major vortices, 1 and 2,
dominate the external Tow Seld. They have been identiSed as regions
where Q > 0 (shadowed grey areas in Fig. 9) and the positions of their
centers, identiSed by the point where there is a local maximum of Q,
have been plotted in Fig. 10 (a), where an increase on the x1 direction
with the Reynolds number can be seen. This fact is also seen in the jet
half-width or wake, deSned as the distance from the centerline where
the velocity deScit has decayed to one-half of its maximum value, repre-
sented in Fig. 10 (b), which widens with the Reynolds number. Regard-
ing the latter, it can be seen that for Re 300 the jet width is similar,
which could be indicative of the turbulent Tow being fully developed.

The dynamics of the Tow can be appreciated from the phase and
span-wise averaged Tow in Fig. 11. During the ejection (Fig. 11 (a),
t = 0), a vortex is expelled from the SJA outlet. This vortex is denoted
as 1 following the convention set by Silva-Llanca [11]. It eventually
merges with the vortex expelled in the previous cycle ( 0) at the mo-
ment of the impingement (Fig. 11 (b), t = /4). At this point and when
the suction stroke begins (Fig. 11 (c), t = /2), an additional vorti-
cal structure ( s) is created near the impingement point. It sweeps the
surface from left to right until it is dissipated. Moreover, s is identi-
Sed as the main heat transfer enhancement mechanism for jets in the
near wall region, which is consistent with the results published in Refs.
[11,13,22,43]. The counter clock-wise 2 vortex, that is created and de-
stroyed twice per cycle (Fig. 11 (c) and (d)), is also particular of the en-
closed conSguration. It merges with s while the latter is sweeping the
heated wall and this has implications in the heat transfer mechanism, as
it will be further discussed.

The Tow inside the SJA cavity is also complex and similar to the
external Tow. Two major structures (see Fig. 9), 3 and 4, appear as
a result of the Tow being ingested back into the cavity. The coherent

Fig. 7. Temporal evolution of different probes at Re = 500 for the span-wise averaged stream-wise velocity (a,b,c) and the span-wise averaged temperature (d,e,f). Probe locations are:
(a,d) , ; (b,e) , ; (c,f) , .
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Fig. 8. Energy spectrum of different probes at Re = 500 for the span-wise averaged stream-wise velocity (a,b,c) and the span-wise averaged temperature (d,e,f). Probe locations are: (a,d)
, ; (b,e) , ; (c,f) , .

Fig. 9. Time and span-wise averaged velocity streamlines for Re = 500 with the regions
with Q > 0 highlighted in the background (right-hand half of the computational domain).

structure 4 is the analogous of 2 but inside the cavity. Regarding the
Tow dynamics, a vortex, 3, rolls down from the actuator lips and im-
pinges into the actuator membrane (Fig. 11 (c), t = /2), where heat
transfer occurs. Eventually another coherent structure, 4, appears due
to the aforementioned process (Fig. 11 (d), t = 3 /4).

The conditions at the SJA outlet (both for the Tow Seld and the
temperature) are important in order to understand the jet dynamics. In
this line, span-wise and phase averaged stream-wise velocity and tem-
perature proSles at the SJA neck are shown in Fig. 12. Although there
is a similarity when comparing the stream-wise velocity proSles (due
to having considered the same JFC), the Tow is not symmetrical be-
tween the ejection and suction strokes. During the Srst one (t = 0), the
stream-wise velocity shows a sinusoidal proSle due to the effect of the

SJA neck, while in the latter (t = /2) the proSle is nearly plug-like .
Moreover, during the transition between ejection and suction (t = /4
and t = 3 /4), the Tow is reversed at the vicinity of the wall, having
implications for the development of models for the Tow at the SJA out-
let. This behavior is in line to what Kotapati et al. [9] observed when
modeling the SJA cavity. Regarding the temperature Seld, a notable dif-
ference of temperature between ejection and suction parts of the cycle
is again observed. In addition, the temperature Seld becomes more uni-
form with the Reynolds number, due to the increase in turbulent mix-
ing. This fact strongly supports the validity of an uniform model for the
outlet temperature proSle for turbulent Reynolds numbers Re > 100.

An expression for the temperature at the SJA outlet with the
Reynolds number can be obtained from space averaging the data in Fig.
12. The correlation, shown in Figure Fig. 13, is

(17)

where the coefScients are a = 0.075 and b = 0.137.
The agreement is fair for all Reynolds numbers (relative error below

6%) although the result from the correlation is more representative of
the Tow at Re > 100 as the temperature at the outlet presents a Tatter
proSle at larger Reynolds numbers. This data can be used to generate a
boundary condition for the temperature at the SJA outlet for JFC = 3
vand a H/d = 5. Hoewever, for other H/d ratios or actuator geometries
the outlet temperatures could differ significantly.

3.3. Heat transfer analysis

The instantaneous local Nusselt number at the hot wall is deSned as

(18)

and is shown in Fig. 14 for various phase instants at Re = 50, Re = 500
and Re = 1000. The thermal footprint can be clearly seen on
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Fig. 10. (a) Coordinates of the vortex centers for different Re. (b) Jet half-width with the domain height for various Reynolds numbers.

Fig. 11. Phase and span-wise averaged velocity streamlines for Re = 500 with the regions with Q > 0 highlighted in the background (right-hand half of the computational domain). (a)
phase t = 0; (b) t = /4; (c) t = /2; (d) t = 3 /4.

the hot wall, which intensiSes with the Reynolds number, as expected.
The maximum heat transfer occurs at the moment of the impingement
(t = /4) and lasts until the start of the suction cycle at t = /2. The
high Nusselt number regions spread along the heated wall, reaching
more homogeneous values thanks to the effect of s sweeping the wall.
The footprint of the turbulent (or transitional for the lower Reynolds
number) large-scale elongated vortices can also be seen in the image as
regions of high and low heat transfer coefScient following the vortex
patterns. The spanwise size of these vortices decreases as the Reynolds
number increases. However, the footprint of these structures is lost

when averaging the signal and the span-wise and time averaged Nusselt
distribution is symmetric.

The time and span-wise averaged local Nusselt number ( ) is
shown in Fig. 15. It is presented for each Reynolds number considered,
as well as the results from Ref. [18] at Re = 508, Sk = 12.7 (equiv-
ale to JFC = 3.15) for an open conSguration. As can be seen, for
Re = 500, near the stagnation point the agreement with the experi-
mental results is quite good, despite the difference in the conSgura-
tion and JFC. However, the Nusselt number decays significanly faster
than in the open conSguration for distances roughly larger than the jet

9
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Fig. 12. Phase and span-wise averaged velocity and temperature proSles at the actuator lips for all the Reynolds studied. (a) phase t = 0; (b) t = /4; (c) t = /2; (d) t = 3 /4.

Fig. 13. Phase and space-averaged SJA outlet temperature during suction for different
Reynolds numbers. The dashed line correspond to the correlation in Eq. (17).

wake. This is due to the aforementioned effect of s merging into 2.
While in the open conSguration s can freely sweep the heated wall and
produce a heat transfer enhancement effect, in the conSned conSgura-
tion this is prevented by 2.

The time and space averaged overall Nusselt number ( ), inte-
grated between , for different Reynolds numbers is shown in Fig.
16. A correlation is proposed following the work in Ref. [21].

(19)

where a = 0.115 and m = 0.682. As a means of comparison, the ex-
perimental points for the open conSguration tested in Ref. [18] at
JFC = 3.15 are plotted in Fig. 16. Note that in the Sgure only the ex-
perimental data for H/d = 5 is included. For the lower Reynolds num

bers, the conSguration here studied yields lower values for the Nusselt
number than for the open cavity but even though the Tow conSguration
is different, in terms of the average Nusselt number both conSgurations
yield quite close results, specially within the zone where the be-
havior of the local Nusselt number is similar, as observed in Fig. 15.

4. Conclusions

A synthetic jet enclosed between two large parallel plates and im-
pinging into a hot plate has been studied for

and JFC = 3. For the lower Reynolds
numbers DNS of the Tow have been performed, whereas for Re > 100
, LES using the WALE SGS model have been carried out. The proposed
formulation accounts for the time-periodic movement of the SJA mem-
brane using an ALE method, therefore, the actuator frequency f0 and ve-
locity U0 are coupled and the jet formation criteria becomes a geometri-
cal parameter. A simpliSed rectangular actuator in an homogeneous do-
main in the x3 direction has been studied with a oriSce to cavity height
of H/d = 5.

The resulting Tows are quite complex, and a large number of ac-
tuator cycles has to be integrated in order to reach a statistically sta-
tionary state. This study shows that, for the present conSguration, the
far Tow Seld is dominated by frequencies about 7 times lower than the
driving frequency, resulting in the overall system having slow tempo-
ral scales. The Tow is inherently three dimensional, even for the lowest
Reynolds numbers considered, which has an effect on the Nusselt num-
ber and the size of the vortices. The external Tow in the enclosed con-
Sguration is dominated by two major structures, 1 and 2, that have
a counterpart inside the actuator, 3 and 4. The largest of them, (i.e.,

1), has been identiSed in both open and enclosed conSgurations and
is the result of the coalescence of the vortices expelled by the actua-
tor. However, the second structure (i.e., 2), is speciSc of the enclosed
conSguration and appears as a result of the Tow interacting with the
bottom wall. It plays a major role in limiting the jet's heat transfer en-
hancement mechanism, which results in a higher decay of the Nusselt
number far from the stagnation point when compared with the open
conSguration. It has been determined that, as an average, the outlet jet
temperature is 1/5 of the temperature difference between the hot and
bottom plates. Thus, the imposition of an outlet temperature equal to
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Fig. 14. Instantaneous local Nusselt number at the hot wall for Re = 50 (top), Re = 500 (mid) and Re = 1000 (bottom). Phases: (a) t = 0; (b) t = /4; (c) t = /2; (d) t = 3 /4.

Fig. 15. Time and span-wise averaged Nusselt number for various Reynolds number. The
dashed line corresponds to the jet wake half-width for Re = 500. The black circles are the
experimental results from Ref. [18] (open conSguration) at Re = 508, Sk = 12.7.

Fig. 16. Nusselt number correlation with Reynolds number. The dashed line corresponds
to the correlation presented in Eq. (19). The triangles correspond to the experimental
points presented in Ref. [18] for an open conSguration at Sk = 12.7 (JFC = 3.15).
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the cold temperature in numerical simulations might result in an over-
estimation of the Nusselt number in the hot wall.

In addition, the model proposed allows to compute accurate veloc-
ity and temperature proSles at the actuator neck, values that are gen-
erally unknown when considering other SJA models, and that have an
impact on the heat transfer. The analysis of the conditions at the out-
let has shown that: (i) the outlet temperature is about 1/10 to 1/5 of
the temperature difference between the hot and cold plates depending
on the Reynolds number; (ii) there is a similarity between the different
Reynolds numbers considered at the same JFC; (iii) a strong asymme-
try appears in the Tow between ejection and suction phases; (iv) uni-
form-like temperature outlet proSles have been obtained for Re > 100,
thus supporting the validity of a uniform outlet temperature model. Cor-
relations of outlet temperature and Nusselt number have been obtained
for the enclosed conSguration. The former can be used as a model for
the outlet jet temperature in the present conSguration.
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