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ABSTRACT

Synthetic jets are produced by devices that enable a suction phase followed by an ejection phase. The resulting

mean mass budget is hence null and no addition of mass in the system is required. These particular jets have

especially been considered for some years for flow control applications. They also display features that can become

of interest to enhance heat exchanges, for example for wall cooling issues. Synthetic jets can be generated through

different mechanisms, such as acoustics by making use of a Helmholtz resonator or through the motion of a piston as

in an experience mounted at Institut Pprime in France. The objective of this specific experiment is to understand how

synthetic jets can enhance heat transfer in a multi-perforated configuration. As a complement to this experimental

set up, Large-Eddy Simulations are produced and analysed in the present document to investigate the flow behavior

as well as the impact of the synthetic jets on wall heat transfer.

The experimental system considered here consists in a perforated heated plate, each perforation being above a

cavity where a piston is used to control the synthetic jets. Placed in a wind tunnel test section, the device can be

studied with a grazing flow and multiple operating points are available. The one considered here implies a grazing

flow velocity of 12.8 m.s −1, corresponding to a Mach number around 0.04, and a piston displacement of 22 mm

peak-to-peak at a frequency of 12.8 Hz. These two latter parameters lead to a jet Reynolds number of about 830.

A good agreement is found between numerical results and experimental data. The simulations are then used

to provide a detailed understanding of the flow. Two main behaviours are found, depending on the considered mid-

period. During the ejection phase, the flow transitions to turbulence and the formation of characteristic structures is
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observed; the plate is efficiently cooled. During the suction phase the main flow is stabilised; the heat enhancement

is particularly efficient in the hole wakes but not between them, leading to a heterogeneous temperature field.

INTRODUCTION

Synthetic jets can be induced by a moving device, such as a piston or a piezolectric membrane at the bottom of a cavity.

An acoustic excitation can also be used as employed by a Helmholtz resonator. These specific jets are characterized by the

succession of suction and ejection phases, leading to a null mean mass budget. This particular behaviour has been proven

very useful for flow control [1] or electronic cooling [2,3], and is naturally present in acoustic liners of fan ducts [4].

The formation and the aerodynamic characteristics of synthetic jets have been studied for a few decades. Holman et

al. [5] investigated synthetic jets and gave a formation criterion: the inverse of the jet Strouhal number should not be

lower than a threshold depending on geometric parameters. Below this threshold, the flow emitted during this ejection

phase is entirely sucked back within the cavity during the aspiration phase, thus no jet is formed. Smith and Swift [6, 7]

experimentally studied the flow behaviour in the presence of synthetic jets and compared it to continuous jets. They showed

that, while synthetic and continuous jets are quite similar in the far field, they present different behaviours in the near field,

due to the vortex pairs created at the ejection phase. Synthetic jets are wider and slower than continuous jets. Leschziner

and Lardeau [8] delivered a review of the state-of-the-art in numerical simulation of synthetic jets, targeting flow control

applications. They distinguished slot jets from round jets, and detailed the flow behaviour in these cross-flow configurations.

Lardeau and Leschziner [9] also focused on round synthetic jet interactions with a turbulent boundary layer, considering the

separation from a rounded ramp. Such configurations of synthetic jets were facing a crossflow. Their behaviour could thus

be compared to that of classic continuous jets in cross-flow [10,11].

The synthetic jets impact on the boundary layer flow was studied targeting flow control applications. Amitay and

Glezer [1] experimentally considered the aerodynamic performance of an unconventional airfoil, while controlling the flow by

use of synthetic jets. Nae [12] performed numerical simulations of the unsteady flow control around the NACA 0012 airfoil

and a circular cylinder with synthetic jet actuators. Wen and Tang [13] investigated the hairpin vortices formed by the jets,

in laminar and turbulent cross-flow boundary layer configurations. Helmholtz resonators have also been investigated as a

passive system to trigger synthetic jets necessary for the flow control. Yang and Spedding [14] considered this specific as-

pect experimentally and Bodart et al. [15] numerically. Targeting a different application, Zhang and Bodony [16] numerically

studied the impact of different grazing boundary layers on the performance of honeycomb acoustic liners.

Jets are also widely used to deal with heat tranfer enhancement issues [17]. In this domain, continuous or pulsed

impinging jets have been studied. Synthetic jets also present specific features that could be useful in such cases. An

advantage over continuous or pulsed jets is their zero-net-mass-flux character: no additional duct is required to add flow
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within the system. Persoons et. al [18] proposed a review of impinging jets, focusing on the interests of synthetic jets. Re-

garding impinging synthetic jets, they proposed a correlation for the stagnation point heat transfer performance, depending

on the Reynolds number, the jet-to-surface spacing and the stroke length. Following this study, McGuinn et al. [19] investi-

gated more precisely the flow behaviour of an impinging, axisymmetric synthetic jet, treating wide ranges of jet-to-surface

spacing and stroke lengths. They identified four ”free synthetic jet flow morphology” regimes, depending on the stroke

length, and four ”impinging synthetic jet flow” regimes depending on the ratio of the stroke length to the nozzle-to-surface

spacing. Trávnı́ček and Tesař [3] considered an annular synthetic jet in an impinging configuration and evidenced different

flow behaviours, depending on the driving amplitude level and frequency. Arik et al. [2] found out that, in some impinging

configurations, synthetic jets present a higher cooling performance than steady jets, attributed to vortex shedding.

Considering turbomachinery applications, synthetic jets present some interesting features for the nacelle heat enhance-

ment. Modern civil aircraft engines undergo an increasing core temperature and cooling needs to be more and more efficient.

To do so, it could be of interest to use the synthetic jets formed thanks to the acoustic liners already present within the fan

channel. These liners usually consist of Helmholtz resonator nets where the synthetic jet phenomenon is used to damp the

noise coming from the fan. The configuration differs from an impinging configuration: the wall that would be cooled down by

the jets is the perforated plate supporting the jet actuators, while the jets are facing a grazing flow. Duchaine [4] performed

a sensitivity analysis of the heat transfer within such a configuration with Large Eddy Simulations (LES). This CFD method

is adequate to consider such an unsteady and transitional physical process, compared to other methods: RANS is indeed

not adequate, while DNS would be too expensive [8]. To the authors’ knowledge, this work is among the first studying heat

enhancement within acoustic liners. Both experimental and numerical research on synthetic jets is usually more focused on

isolated, impinging jets. Manning et al. [20] considered synthetic jets cooling the plate they are coming from, in a single-

and a four-orifice configurations, without the presence of a grazing flow. Giachetti et al. proposed to use synthetic jets for

heat enhancement in a crossflow configuration [21]. Then, they extended it to a multi-perforation configuration [22] that

can be seen as a geometric similitude of an acoustic liner in low Mach conditions, where synthetic jets are not induced by

Helmholtz’s resonators but through the motion of pistons. A parametric study on the pistons and main flow velocities was

performed. Comparing their results to the theoretical case of a flat plate without perforation and with a case with steady

pistons (i. e. no synthetic jets) they evidenced the significant impact of the synthetic jets on the wall heat transfer. This

effect increases with the jet velocity on cross-flow velocity ratio. Through LES, the present study aims at reproducing the

multi-perforation configuration they proposed, in order to better understand how the main flow structures impact heat transfer

at wall.

In this paper, after describing the configuration and the numerical models, simulations with two meshes (a coarse and

a finer automatically adapted) are used to describe the flow behaviour and give an overview of the main flow structures.
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They are then compared to the experimental data, and a detailed understanding of the flow is provided, with the study of

the boundary layer development. The aerodynamic impact on the wall temperature and convective heat transfer coefficient

is finally investigated.

EXPERIMENTAL TEST CASE

The experimental set-up consists in a perforated plate, placed within the test section of a wind tunnel (Fig. 1). The

50 holes, whose common diameter is D = 6.25 mm, are distributed in 5 lines of 10 rows. The lateral and spanwise hole

distances equal 2.8D. Under each perforation, a dedicated cavity leads to a piston. A description of the plaque and cavity

dimensions is given in Fig. 2. The 50 corresponding pistons are activated by the same engine and thus follow a similar

movement, that leads to the formation of synchronised synthetic jets. For the present study, this movement is assumed to

be perfectly sinusoidal:

Zpistons(t) = Zmean +Ksin(2π f t), (1)

where Zmean is the mean vertical position of the pistons, and K and f are the amplitude and frequency of the pistons,

respectively. The piston positions and velocities over one period of their motion are shown in a phase diagram in Fig. 3, for

Zmean = 0 mm. Note that the instants described in this figure (t = 0, t = T/4, T = T/2 and T = 3T/4) are the ones used later

on in this paper to describe the flow physics. A more detailed description of the experimental set-up is given in [22], along

with the measurement techniques for aerodynamic and heat transfer.

In the experimental configuration, several operating points are available with different piston velocities and frequencies,

as well as different injected velocities at the inlet. Since the average velocity of a synthetic jet is null, the resulting flow

needs to be characterized by specific, dedicated parameters. For this study, we use the mean ejection velocity as used by

Giachetti et al. [22] and as initially proposed by Holman et al. [5]. The jet velocity w is averaged over the ejection mid-period

T
2 = 1

2 f at the jet exit surface, A:

W = 2 f
1
A

∫
A

∫ 1/2 f

0
w(t,x)dtdA. (2)

With this definition of W and the hole diameter D, three parameters characterizing the synthetic jets can be considered: the
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Reynolds number Re, the Strouhal number St and the dimensionless stroke length L0
D . They are defined as follows:

Re =
WD

ν
, St =

2π f D
W

,
L0

D
=

W
2 f D

. (3)

This study focuses on one specific operating point: K = 11 mm and f = 12.8 Hz, which corresponds to an average

velocity along the ejection mid-period of W = 2.07 m.s−1, leading to Re = 830, St = 0.24 and L0
D = 12.9. The freestream

velocity within the wind tunnel is U0 = 12.8 m.s−1, corresponding to a Mach number around 0.04 and a velocity ratio

W/U0 = 0.16. The velocity profile at the inlet is turbulent, with turbulent intensity equal to 10.5 % in the experimental data.

The plate is heated to study wall heat transfer. A regression method is used by Giachetti et. al. [21, 22] to determine the

convective heat transfer coefficient h. It consists in imposing several heat fluxes while measuring the plate temperature; h is

then fitted using Newton’s cooling law φ = h(Tw−Tre f ).

Finally, the available experimental data consists in the time averaged velocity within the symmetry plane of the configu-

ration, on top of the perforations, and the average convective heat transfer coefficient h field along the perforated plate.

LARGE EDDY SIMULATIONS MODELING

The simulations rely on the use of the AVBP solver, co-developed by Cerfacs and IFPEN. This code solves the compress-

ible Navier-Stokes equations. For the present work, the Lax-Wendroff (LW) numerical scheme [23], 2nd order in time and

space, is used. Predictions are obtained thanks to two different sub-grid-scale models: a classic Smagorinsky model [24] is

used for the first simulation before switching to the σ model [25]. Only the second model reproduces the correct behaviour

of turbulent viscosity close to walls, mandatory for wall resolved simulations as targeted in this study.

The numerical domain considered for the simulations represents a section of the wind tunnel test section: the upstream

part of the test section is not considered and the inlet of the domain corresponds to the location where velocity starts to

be measured. The other boundaries of the domain correspond to the actual transverse and longitudinal dimensions of the

experimental set-up. The frame origin is located at the inlet (the beginning of the perforated plate) for the axial direction, on

the symmetry plane for the transverse direction and at the perforated plate for the vertical direction.

The inlet and the outlet boundary conditions of the numerical domain are treated with the NSCBC (Navier-Stokes

Characteristic Boundary Conditions) formalism [26]. A velocity profile is imposed at the inlet, provided from experimental

data (Fig. 4). A difference that needs to be noticed is the absence of turbulence injected at inlet in the numerical set-up: it

was chosen to neglect its impact in this initial work. Future work will be devoted to specifically address this point. A constant

pressure P0 = 101325 Pa is imposed at the outlet, which is treated with the three-dimensional extension of the traditional
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LODI (Local One Dimensional Inviscid formulation) method [26] developed by Granet et al. [27], using space-averaged

values. The side walls and the ceiling of the test section are treated as slip walls. They are far enough from the zone of

interest, i. e. the plate and cavities, to not interact with the flow at this investigated location. The bottom wall, the perforated

plate and the cavities are non slip walls. To determine the heat transfer coefficient h, two heat fluxes are considered on the

perforated plate: 1500 W.m−2 and 500 W.m−2.

To reproduce numerically the movement of the pistons, a moving mesh methodology is considered. It uses the ALE

(Arbitrary Lagrangian-Eulerian) formalism [28]. The mesh is divided into two parts: the static part, corresponding to the

test section and the upper parts of the cavities, and the moving part, corresponding to the pistons and the lower part of the

cavities. In this latter part, during a cycle, mesh cells are compressed and stretched and velocity is imposed on the piston

walls. The initial position of the mesh is the medium course of the pistons.

Two fully tetrahedral meshes are used for the study. The first one, M1, contains only 13 million elements and is used

to initialise the simulations. The second one, M2, contains 66 million elements. Mesh M1 is user-designed. Some refining

effort is made around the plate and cavities, but it is quite coarse. On the contrary, mesh M2 comes from an automatic

adaptation method. The goal is to enhance the mesh within the areas where there is either an important velocity gradient or

an important value of normalized wall distance Y+. The mesh adaptation strategy is inspired from [29]. A first simulation with

the coarse mesh M1 provides fields averaged over six periods of the pistons motion to define a metric that is then used to

adapt the mesh. This metric is a field based on physical quantities that can take any positive values. Wherever it is greater

than 1, the mesh will be coarsened; on the contrary, when it is lower than 1, it is refined. The farther the value is from 1, the

more important is the refinement or coarsening. In this study, only refinement is targeted leading to metric < 1. It is chosen

to fix the maximum value of the metric to εmax = 0.9. Likewise, a minimal threshold εmin = 0.3 is defined to avoid too small

cells. Since the adaptation does not require to be very important far from the perforated plate, the metric is first put to εmax in

the whole domain, and a zone of interest is defined around the perforated plate. Within this zone, results from a simulation

with M1 are used to compute the metric.

The metric used is based on a double criterion: velocity gradients and Y+ at wall. The aim is to refine the mesh within

the boundary layer, especially where it is impacted by the synthetic jets. It is defined from the non-dimensional number Φ :

at walls, if Y+ > Y+
target :

Φ = Y+
target/Y+ (4)
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within the flow:

Φ =

[
1− |

−→
∇ (‖−→U ‖)|− |

−→
∇ (‖−→U ‖)|min

|
−→
∇ (‖−→U ‖)|max−|

−→
∇ (‖−→U ‖)|min

]α

(5)

In the first case, Y+
target = 1 since we are targeting wall resolved simulations. In the second case, the normalized velocity

gradient, |
−→
∇ (‖−→U ‖)|, is defined as:

|
−→
∇ (‖−→U ‖)|= ‖

−−→
grad(

√
u2 + v2 +w2)‖, (6)

where stands for a time average operation, |
−→
∇ (‖−→U ‖)|min and |

−→
∇ (‖−→U ‖)|max are the minimal and maximal values of the

|
−→
∇ (‖−→U ‖)| field, respectively; α is used to control the cell dilatation within the mesh [29], a low value will generate less cells

while a too high value will increase too much their number within the domain. Here it is equal to 50. Finally, with the two

thresholds previously described, εmin = 0.3 and εmax = 0.9, the metric used for grid adaptation is given by:

metric = Φ(εmax− εmin)+ εmin. (7)

For comparison, a cut on the symmetry plane of meshes M1 and M2, focusing on the perforated plate zone (the whole

cavities and the entire test section are not shown), is given on Fig. 5. The adaptation leads to a mesh adequately refined at

wall along the perforated plate, as is confirmed by the Y+ fields (Fig. 6). For the average field, the mean Y+ is equal to 3.7

for M2. The mean Y+ is equal to 3.7 and 3.6 at t = T/4 and t = 3T/4, respectively. Moreover, there are approximately 40

cells in the diameter of a hole for M2 and, considering a 5 mm-high neck, the mean Y+ for the average field is equal to 3.4.

GENERAL DESCRIPTION OF THE FLOW

Figure 7 provides instantaneous views of the axial velocity in the symmetry plane and the wall shear stress along the

perforated plate for the simulation using M2. Four instants are provided, corresponding to the four specific points evidenced

on Fig. 3. For every moment, the shear stress decreases from the inlet to the first row of holes due to an increase of

the boundary layer thickness. Then, the pistons motion induces two different phases: the ejection (Figs. 7a and 7b) and

the suction (Figs. 7c and 7d) mid-periods. The flow behaviour in the perforation region is significantly different between
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these two mid-periods. During the ejection phase, the jets interact with the incoming boundary layer leading to the creation

of unstable shear layers. The boundary layer is thus destabilised with the formation of different coherent structures and

turbulence increases. These structures are then convected by the flow, as seen on Fig. 7a and 7b on the symmetry plane.

Their impact on the plate can be noticed through their footprint on the wall shear stress. In particular, horseshoe vortices

are clearly identifiable around the first row of holes, at t = 0 (Fig. 7a). On the contrary, during the suction mid-period, the

boundary layer is sucked by the jets stabilising it. Between the holes, one can observe the development of an undisturbed

boundary layer until the end of the plate. Within the hole wakes, the boundary layer is clearly seen to be sucked by each

perforation. A new boundary layer then starts to develop after each hole, leading to a local increase of the shear stress.

These phenomena are visible at t = T/2 and even more clearly at t = 3T/4, respectively in Figs. 7c and 7d.

Looking at coherent structures thanks to the Q criterion (Fig. 8), horseshoe vortices can be seen along the first row of

cavities at t = 0 (A in Fig. 8a). Their presence is due to a blockage effect, linked to the presence of the jets: the incoming

grazing flow gets blocked by the jets, and thus circumvents them. Some structures that seem to be counter rotating vortex

pairs are visible (B in Fig. 8a). These structures are charateristic of jets in cross-flow [10,11]. Downstream the jets, several

rows of bigger structures can be spotted on top of the others (C in Fig. 8a), corresponding to vortices generated around the

first rows of jets before t = 0 and then convected. We identify these as shear layer vortices. These structures are mainly

created by the unstable shear layer at the jet interface with the main grazing flow. They are also similar to hairpin vortices,

such as the structures showed by Wen and Tang [13], on a different operating point. Downstream, the flow seems more

turbulent and mixed. Only smaller, mixed structures can be spotted. This turbulent zone is the result of the destabilisation

and interaction between the upstream structures and the jets. The first rows of jets is the first to be impacted by the incoming

boundary layer: the following jets are impacted by a flow that is already more turbulent. All these different structures are

convected by the main flow, as can be seen through the comparison of the Q criterion at t = 0 (Fig. 8a) and t = T/4

(Fig. 8b). It can also be noticed that the structures are at first concentrated within the hole wakes, the space between the

perforations being free of any structures, at least until the third row of holes (Fig. 8a). Then, at the end of the ejection period

(Fig. 8b), the mixing of the flow has been enhanced by all the structures that are not any more aligned in the axial direction

and spread laterally on the whole plate.

As seen on Fig. 9, the flow behaviour is not as detailed with M1 than with M2. Indeed, M2 is more refined within the

boundary layer, targeting a wall resolved simulation. Moreover, the σ model is used for the simulation with M2, in place of

the Smagorinsky model with M1, leading to better flow predictions near the wall. Velocity gradients are sharper with M2 and

the axial velocity field contains more flow structures with M2 than with M1. During the ejection mid-period, some of these

structures impact the plate temperature Tw fields that show significant differences from one mesh to the next.
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COMPARISON WITH EXPERIMENTAL DATA

Velocity fields are compared to the available experimental data on the symmetry plane of the domain in Fig. 10. To do

so, only time averaged fields are considered, the numerical results being averaged over five periods of the pistons motion.

Convergence has been checked by comparing 3- and 4- to 5-period averaging. The experimental uncertainty is estimated

at 4% for the mean velocities, and at 8% for the root mean square (rms) values [22]. Figures 10a to 10d present the mean

axial, mean vertical, rms axial and rms vertical fields, respectively. The corresponding dimensionless velocity profiles are

shown on Fig. 10e to 10h. The six profiles are taken at the following positions: the beginning of the plate (x/D = 0), the

center of the first row of holes (x/D = 8), the center of the fourth row of holes (x/D = 16.4), the center of the seventh row

of holes (x/D = 28.4), the center of the tenth (and last) row of holes (x/D = 33.2) and finally dowstream the perforated plate

(x/D = 40). Note that the x/X0 part of the dimensionless velocity profiles is just a way to artificially shift the profiles, for the

sake of clarity. X0 is equal to 0.1 for axial mean and rms profiles, and 0.05 for the vertical mean and rms profiles.

The averaged velocity fields show that the boundary layer thickens faster than a boundary layer on a flat plate. Some

fluctuations can be seen as early as since the first row of holes, leading to a progressive thickening of the boundary layer.

This behaviour of the boundary layer is also visible with the velocity profiles. These velocity fields also show that the

simulation with M1 reproduces the good orders of magnitude, especially far from the plate, but tends to overestimate the

boundary layer displacement, as well as the jet penetration heights within the main flow. The simulation with M2 produces

much better results if compared to the experimental data. This is confirmed by the velocity profiles: M1 overestimates

velocities within the boundary layer, while M2 reproduces the flow behaviour quite well. Vertical velocity profiles are not

as well predicted as the axial velocity profiles. A second level of refinement or a higher order numerical scheme would

probably help to better capture the profiles. Nonetheless this is out of the scope of the present study for which the results

are satisfactory.

Looking at rms fields and profiles, some differences are observed between the experimental data and the numerical

results. It should be reminded that no turbulence is injected at the inlet of the simulations, which is different from the

experimental case. The measurement techniques can also explain some of the observed differences. Indeed, fluctuations

are observed for the left part of the experimental data that come to a certain extent from the lack of seeding particles far

from the plate. Differences between the experimental data and the numerical results very close to the plate can also partly

be explained by the measurement technique, that is also restricted when too close to walls.

Despite known limitations from the experience and the simulations, these comparisons enable us to be quite confident

about the results given by the simulation on M2. In particular, the flow behaviour within the boundary layer is well reproduced.

Using this simulation, the next section investigates the flow development in the presence of the synthetic jets.

Soizic Esnault, Florent Duchaine, Laurent Gicquel and Stéphane Moreau - TURBO-20-1005 - 9
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ANALYSIS OF THE FLOW DEVELOPMENT

To better understand the impact of synthetic jets on wall heat transfer, the flow development on the plate is analysed

more deeply hereafter. In particular, the development of the boundary layer is considered. The axial velocity profiles are

compared at different instants and positions and the flow footprint on the plate is observed through the wall shear stress.

Finally, the plate temperature is considered at different instants and confronted to these elements, and the mean convective

heat transfer coefficient is printed against experimental results. Note that all this part of the study is made using only

simulations obtained with M2.

Boundary layer development

As pointed out previously, an undisturbed boundary layer develops from the inlet to the first row of holes, while the flow

around the perforations presents two distinct behaviours which depend on the considered mid-period. Figure 11 compares

these evolutions, at t = T/4 and T = 3T/4, by looking at the axial velocity profiles at different positions along the plate. The

profiles are taken at the same axial positions as for the comparisons of averaged fields, in Fig. 10. Figure 11 also compares

the wall shear stress over two different lines (the symmetry line and inbetween the holes) on the plate that are described in

Fig. 2 and correspond to the same instants. Note that the grey dashed vertical lines correspond to the limits of the holes

where the wall shear stress cannot be computed.

During the ejection mid-period, the jets induce the presence of unstable shear layers that lead to the creation of vortices

such as the structures previously described and turbulence generation. The velocity profiles at t = T/4 (Fig. 11a) show

some perturbations illustrating the chaotic behaviour of the flow. Meanwhile, the wall shear stress presents important

fluctuations all along the plate (Fig. 11c), due to the flow structures. Looking back to the wall shear stress field along the

plate in Fig. 7, it can be seen that the whole perforated area of the plate is impacted. The wall shear stress appears to be

quite higher inbetween the holes than in the hole wakes, implying that the structures impact on the plate is higher in the

hole periphery than in their wake. This is coherent with the mixing enhancement that was observed when considering the

Q criterion.

The boundary layer remains undisturbed on the entire plate during an important part of the suction phase, as can be

seen on the axial velocity profiles at t = 3T/4 on Fig. 11b. Indeed, the profiles inbetween the hole lines are characteristic

of the development of a boundary layer on a flat plate: its thickening lead to a decrease of the wall shear stress. Within the

hole wakes, the profiles are different: the flow is sucked within the cavities and the boundary layer restarts at the end of each

perforation. The wall shear stress globally increases but, despite the important fluctuations, a small decreasing tendency

can be spotted between two following holes, in accordance with the idea that the boundary layer restarts after a hole. Finally,

after the ten rows of perforations, the wall shear stress within the hole wakes starts decreasing again, corresponding to a
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developping boundary layer.

Resulting plate wall temperatures and heat transfer

In the previous section, different flow parameters were studied to better understand the development of the boundary

layer and the impact of the synthetic jets on the perforated plate. It can now be used to consider the wall heat transfer.

Figure 12 gives the wall temperature along the plate at the different instants previously described, for a 1500 W.m−2 wall

heat flux. Two elements, coherent with the previous results, can first be pointed out:

- the temperature field from the inlet to the first row of holes corresponds to a developping thermal boundary layer;

- the ejection and suction phases present distinct behaviours.

During the ejection mid-period, the impact of the different structures that have been identified can be observed in the

temperature field. The blockage effect is visible at t = 0 (Fig. 12a): the horse-shoe vortices can be detected around the first

line of holes and the circumvention of the jets appears clearly in the temperature field. The vortices bring the cold incoming

flow nearer to the hot plate, leading to a higher thermal gradient and a thinner thermal boundary layer. The alignment of

the structures, followed by their mixing along the plate during the ejection mid-phase and the increase of turbulence, that

have been noticed with the study of the Q criterion (Fig. 8) is also retrieved here, when comparing the temperature fields

at t = 0 (Fig. 12a) and t = T/4 (Fig. 12b). Comparing the wall temperature field within the perforated area of the plate

with unperforated regions on the lateral sides, it can be stated that the vortices generated during the ejection mid-period

contribute to efficiently cool down the plate. The temperature within the perforated area is indeed lower at the end of the

mid-period compared to the side regions.

In a similar way, the temperature evolution during the suction period can be understood through the previous observa-

tions of the boundary layer development. The hole wakes present a significantly lower wall temperature than the rest of the

plate; the space between the holes presents a rising temperature once the impact of the vortices has been convected by the

main flow. Coming back to the axial velocity profiles at t = 3T/4 (Fig. 11b) and corresponding wall shear stress (Fig. 11d),

the boundary layer development explains the phenomenon. Within the hole wakes, the flow gets sucked by the jets within

the holes and the boundary layer becomes thinner, starting again at the end of each hole. The wall shear stress increases.

This contributes to a thin thermal boundary layer within the hole wakes, and thus colder temperatures. On the contrary,

between the hole lines, the flow is not disturbed by the jets, leading to a developing boundary layer. The thermal boundary

layer develops in a similar way, thickening along the plate and leading to higher wall temperatures.

The plate temperature field averaged over five periods of the piston motion is given in Fig. 13. The developping boundary

layer at the inlet is retrieved. The effects of both mid-periods can be noticed, in a smoother way than for instantaneous fields.

The blockage of the jets appears at the first row of holes. The temperature is cooler within the hole wakes, which is due to
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Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received January 08, 2020;
Accepted manuscript posted February 13, 2020. doi:10.1115/1.4046545
Copyright © 2020 by ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/doi/10.1115/1.4046545/6489851/turbo-20-1005.pdf by C
ER

FAC
S user on 05 M

arch 2020



Journal of Turbomachinery

the strong temperature gradients observed during the suction phase.

The wall heat transfer can also be considered through the study of the convective heat transfer coefficient h. Figure 14

compares the numerical results, averaged over five periods, with the mean experimental data, along the symmetry line.

There, similar conclusions to what was stated regarding the aerodynamic fields can be drawn: simulations with M1 predict

the main tendencies but overestimates the levels. On the contrary, simulations with M2 are close to the experimental results.

Here again, the results are coherent with the other elements previously described: the boundary layer is developping

between the inlet and the first row of holes, leading to a decreasing heat transfer coefficient; in the holes area, the transfer

increases, due to the enhanced turbulence creating vortices; finally, downstream the holes, the heat transfer coefficient

starts to decrease.

CONCLUSION

Synthetic jets present interesting features for heat exchange enhancement. Pprime laboratory developed an experimen-

tal set-up to study their impact on heat transfer, in a crossflow, multi-perforation configuration. In the present study, Large

Eddy Simulations of this set-up were presented. A user-defined, coarse mesh was used for a first simulation that led to an

automatically adapted mesh generation, targeting wall-resolved simulations. Comparisons between the experimental data

and the numerical results showed that this second mesh is fine enough to retrieve the correct behaviour of the boundary

layer. A simulation run on the refined mesh was used to investigate the boundary layer development. In particular, the axial

velocity and wall shear stress were considered. Results showed two distinct flow behaviours, regarding the considered jet

mid-period. During the ejection mid-period, the jets trigger unstable shear layers that lead to the formation of vortices, and

the level of turbulence increases. The overview of the Q criterion enabled the identification of different flow structures cre-

ated by the jets during this phase. On the contrary, during the suction mid-period, the flow is sucked within the cavities: the

boundary layer is stabilised and a significant rise of the wall shear stress is induced within the hole wakes. These different

parameters were then compared to the wall temperature field to better understand the synthetic jets impact on the wall heat

transfer. It appears that the vortices created during the ejection bring the cold incoming air nearer to the plate, leading

to a thinner boundary layer and lower wall temperatures. During the suction mid-period, the cooling becomes particularly

efficient within the hole wakes, because of the boundary layer suction. A new boundary layer restarts at the end of each

hole. On the contrary, between the hole lines, the boundary layer is still developping. Thermal gradients are thus high in the

transverse direction: temperatures are high between the holes, but low within their wake. This leads to an average temper-

ature field where the synthetic jets lead to global cooling of the perforated plate, marked by the suction mid-period thermal

gradients and some of the ejection mid-period structures. Finally in the hole wakes a good comparison with experimental

data and numerical simulation is found on the convective heat transfer coefficient, and these results are coherent with the
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analysis of the boundary layer development.
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NOMENCLATURE

ACRONYMS

ALE Arbitrary Lagrangian Eulerian

CFD Computational Fluid Dynamics

DNS Direct Numerical Simulation

LES Large-Eddy Simulation

LODI Local One Dimensional Inviscid

NSCBC Navier-Stokes Characteristic Boundary Condition

TTGC Two-Step Taylor Galerkin C

rms Root Mean Square

GREEK LETTERS

Φ Non-dimensional value for the metric [−]

α Parameter for the metric to control the cell dilatation [−]

εmin,εmax Thresholds for the metric [−]

φ Wall heat flux [W.m−2]

ν Kinematic viscosity of air [m2.s−1]

SYMBOLS

A Perforation area [m2]

D Perforation diameter [m]

f Pistons frequency [Hz]

h Convective heat transfer coefficient [W.m−2.K−1]

K Pistons amplitude [m]

L0 Synthetic jet stroke length [m]
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Nu Nusselt number [−]

Re Reynolds number [−]

St Strouhal number [−]

T Period of the pistons motion [s]

Tw Wall temperature [K]

t Time [s]
−→
U Velocity [m.s−1]

U0 Freestream axial velocity [m.s−1]

W Average jet vertical velocity along the ejected mid-period [m.s−1]

u,v,w Axial, transverse and vertical velocity components [m.s−1]

x,y,z Axial, transverse and vertical coordinates [m]

Y+ Normalized wall distance [−]

Zpistons Pistons vertical position [m]

Zmean Pistons mean vertical position [m]
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(a) Test section (solid and dashed lines) and numerical
domain (solid lines only)

(b) Underview of the numerical domain, focus on the
perforated plate and cavities

FIGURE 1: Geometry
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FIGURE 2: Perforated plate, cavities and pistons

FIGURE 3: Pistons motion along a period T
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FIGURE 4: Axial velocity profile injected at inlet

FIGURE 5: Comparison of M1 and M2 on a cut along the symmetry plane of the domain; focus on the perforated plate zone
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FIGURE 6: Comparison of wall Y+ fields on the perforated plate, for meshes M1 and M2; fields averaged over five periods

(a) t = 0 (b) t = T
4

(c) t = T
2 (d) t = 3T

4

FIGURE 7: Instantaneous axial velocity field in the symmetry plane with wall shear stress along the perforated plate, at
different times distributed on a period T , mesh M2
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(a) t = 0 (b) t = T
4

FIGURE 8: Q criterion colored by the axial velocity (m.s−1), during the ejection mid-period. Simulation run on mesh M2.
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(a) Mesh M1

(b) Mesh M2

FIGURE 9: Meshes M1 and M2, axial velocity on the symmetry plane and plate temperature instantaneous fields, t = 0
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(a) Mean axial velocity (m.s−1) along symmetry plane (b) Mean vertical velocity (m.s−1) along symmetry plane

(c) rms of axial velocity (m.s−1) along symmetry plane (d) rms of vertical velocity (m.s−1) along symmetry plane

(e) Mean axial velocity profiles (f) Mean vertical velocity profiles

(g) rms of axial velocity profiles (h) rms of vertical velocity profiles

FIGURE 10: Comparison of numerical results on M1, M2 and experimental data. Fields averaged over several periods of the
pistons motion
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(a) t = T
4 (b) t = 3T

4

(c) t = T
4 (d) t = T

4

FIGURE 11: Instantaneous axial velocity profiles and wall shear stress along the perforated plate, at different times distributed
along a period T . Simulation run on mesh M2.
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(a) t = 0 (b) t = T
4

(c) t = T
2 (d) t = 3T

4

FIGURE 12: Instantaneous plate temperature field along the perforated plate at different times distributed along a period T .
Simulation run on mesh M2.
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FIGURE 13: Plate temperature field averaged over five periods. Simulation run on mesh M2.

FIGURE 14: Comparison of mean convective heat transfer coefficient, numerical results on M1 and M2 (averaged over five
periods) and experimental data, along the symmetry line
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