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Abstract

The convective heat transfer performances of sweeping jets impinging on
a heated thin foil are experimentally investigated. The analysis is per-
formed by employing the Infrared Thermography technique coupled with
the heated thin foil heat flux sensor. Two sweeping jet devices, char-
acterized by different mixing chamber lengths, are employed and their
heat transfer performances are evaluated for non-dimensional nozzle-
to-plate distances H/w ranging between 2 and 10. Furthermore, in
order to analyse different head losses conditions, the geometry of the
feedback channels of the device characterized by the longest mixing
chamber length has been varied. In particular, the non-dimensional
parameter g/w, which represents the dimensionless minimum passage
area of the feedback channel, has been introduced; six different val-
ues of g/w have been taken into account (g/w = 1, 0.83, 0.67, 0.50,
0.33, and 0.17). Time-averaged and phase-averaged analyses have been
carried out in order to characterize the heat transfer behaviour of the
sweeping jet devices and highlight the influence of the nozzle-to-plate
distance, of the mixing chamber length and of the feedback chan-
nel head loss on such behaviour. This work shows that an excessive
reduction of the mixing chamber length causes the suppression of the
jet oscillation and a consequent variation in the Nusselt number dis-
tribution; furthermore, the convective heat transfer interests a wider
area of the target plate as the the nozzle-to-plate distance increases
while the opposite trend is observed by increasing the head losses.

Keywords: Sweeping jets, impingement heat transfer, influence of geometric
parameters
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1 Introduction

Sweeping jet fluidic oscillators are devices which convert a steady jet into
an oscillating jet due to intrinsic flow instability mechanisms and without
requiring any moving parts, piezo-electrical or electromechanical elements [1].
Because of their simplicity, reliability, and low maintenance costs, the interest
in fluidic oscillators has remarkably grown over the last few years, especially
for active flow control purposes [2], for applications in the field of heat transfer
and in applications such as gas turbine, electronic devices, and metallurgy [3,4].
Fluidic oscillators are, in fact, small, do not contain any moving parts and are
capable of exerting high momentum. The oscillations are entirely self-induced
and self-sustaining [2].

In order to obtain an efficient convective heat transfer over a surface, arrays
of stationary jets are required, owing to their limited region of influence, which
is centred on the impacted region. The increased penalty in pressure loss, typ-
ical of the application of arrays of stationary jets, is one of the main reasons
which motivates researchers to explore alternative impingement strategies,
such as sweeping jets [5–7]. Indeed, sweeping jets can extend the spatial region
of impingement flow and are characterized by a more efficient convective heat
transfer with respect to the performances of conventional circular jets [8].

Despite the technology of fluidic oscillators was developed more than 50
years ago, these devices have mostly been used with liquids as working fluid [9],
for applications like sprinklers, shower heads, and Jacuzzis. Recent research on
separation control [10], noise reduction [11], combustion control [12], and film
cooling [13] employed air and other gases as a working fluid.

It is then possible to comprehend that understanding the internal dynamics
of fluidic oscillators and the external properties of oscillating jets is of crucial
interest for a wide range of possible applications.

Several actuator designs have been proposed. Three main categories are
suggested in [14]: feedback-free oscillators, oscillators with one feedback chan-
nel and oscillators with two feedback channels. The design with two feedback
channels [15], as shown in Figure 1, is the most popular [16,17].

With reference to Figure 1, the fluid supply (1) is the inlet section where the
air mass flows into the oscillator. The power nozzle (2) connects the air supply
to the mixing chamber (4). The feedback channels (3) are the fundamental
parts of the fluidic oscillator; they link the last section of the mixing chamber
to the exit of the power nozzle. The control port (5) is the part where the
flow that comes from the feedback channel mixes with the main flow from the
power nozzle. Lastly, the flow exits the oscillator from the outlet nozzle (6).
As a consequence of the interaction between the jet in the mixing chamber
and the jet from the feedback channels, the jet oscillates between the two most
deflected positions in the external flow field domain.

The fluid dynamic behaviour behind the sweeping motion of the issued
jet is depicted in Figure 2. For ϕ = 0◦ the flow emanating from the power
nozzle enters the mixing chamber. The flow touching the entrance wedges,
causes the generation of a recirculation region in the left feedback channel. In
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Fig. 1: Scheme of a fluidic oscillator with two feedback channels. The figure
highlights the main components: fluid supply (1), power nozzle (2), feedback
channel (3), mixing chamber (4), control port (5) and outlet (6).

the downstream area two recirculation bubbles are generated, the right one
pushes the jet off the wall, while the left one remains between the jet and the
left sidewall. At this stage the flow is attached to the left sidewall due to the
Coanda effect; as the flow develops through the fluidic oscillator, some fluid
passes through the throat section and attaches to the diverging nozzle surface
opposite to the sidewall where the Coanda effect occurs. The remaining fluid
enters the left feedback channel and moves upstream to the exit section of the
feedback channel, near the power nozzle, and interacts with the main jet at
the entry of the mixing chamber producing the growth of the left recirculation
bubble and its propagation downstream (ϕ = 60◦). Consequently, the left
recirculation bubble pushes the jet off the wall moving it toward the right
sidewall (ϕ = 120◦) to which the flow attaches again, due to the Coanda effect
(ϕ = 180◦). The growing recirculation region bends the main jet to the other
sidewall of the oscillator, making the jet sweep from one sidewall to another.
This process repeats cyclically [18] and occurs in time with a certain frequency,
generating a sweeping jet exiting the diverging nozzle of the fluidic oscillator.

Fig. 2: Sweeping oscillation mechanism (ϕ is the phase angle of the jet oscil-
lation period) [16].

Depending on the actuator’s geometry, size and supplied flowrate, the oscil-
lation frequency may be of the order of 10Hz [18] up to the order of 20 kHz [19].
Furthermore, as shown in [12, 19], the oscillation frequency is proportional to
the supplied flowrate.
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Some experimental studies and numerical simulations have focused on the
influence of some geometrical parameters of fluidic oscillators on the flow field
characteristics of free sweeping jets [1, 2, 15]. Differently, lower attention has
been paid to their impinging flow field and to the influence of such geometrical
parameters on the heat transfer performances of sweeping jets.

In [20] sweeping jets created by a conventional feedback-type fluidic oscil-
lator are investigated; two different values of the exit nozzle angle were
considered, 70◦ and 102◦. For H/w = 6 it was found that the device with a 70◦

exit nozzle angle provides heat transfer at higher distances along the direction
of the oscillation due to a wider spread of the jet, but the device with a 102◦

exit nozzle angle has a greater heat transfer at the impingement centre.
In [8] experiments were conducted to evaluate the heat transfer per-

formances of a sweeping jet impinging at non dimensional nozzle-to-plate
distances H/w = 0.5, 1.0, 2.0 and 3.0. It was found that as H/w increases, the
heat transfer patterns begin to elongate along the direction of the oscillation,
resulting in a much wider influenced region compared to the one obtained at
H/w = 0.5. Furthermore, it has been observed that the heat transfer per-
formances are significantly reduced as H/w increases; indeed, owing to the
oscillation of the sweeping jet, because of the increase of H/w the jet is able
to cover a larger region of the impinged plate, but the impingement velocity
greatly decreases as H/w increases.

The limited knowledge about the effects of the geometrical characteristics
of the sweeping jet device on its heat transfer performance is the motivation
behind this work, the aim of which is to assess the influence of the nozzle-
to-plate distance, of the mixing chamber length and of the feedback channel
head loss on the heat transfer performances of impinging sweeping jets through
time-averaged and phase-averaged analyses.

2 Experimental setup

In the current section the experimental setup, the operating conditions and
the design of the fluidic oscillators employed in the experiments performed are
described.

2.1 Experimental apparatus and operating conditions

The experimental apparatus is schematically shown in Figure 3.
The air flow that passes through the fluidic oscillator is generated by a

centrifugal blower; an inverter is used to regulate the input shaft power. The
frequency of the inverter is set to 34.5 Hz; the volume flow rate Qv, which is
measured using a flow meter, is equal to 2.6NL/s. Hence, the Reynolds number
is obtained as written in Equation 1:

Re =
4Qv

νπw
= 2.16× 104 (1)

where ν is the kinematic viscosity of the air and w is the hydraulic diameter
of the fluidic oscillator, equal to the width of the throat section.



2.1 Experimental apparatus and operating conditions 5

The test environment is characterized by a temperature of about 27-28 ◦C
and a pressure of about 101-102 kPa. All the experiments are performed at
the same value of the Reynolds number.

In the experimental apparatus employed, the air flow supplied by the blower
moves through a heat exchanger, in order to keep the air temperature equal to
the ambient one. Subsequently, the air passes through the flow meter and into
a plenum chamber, which is internally equipped with two honeycomb grids
that break the vortical structures generated upstream of the chamber itself,
in order to reduce the turbulence naturally occurring across the chamber and
therefore to provide homogeneous inflow conditions. The fluidic oscillator is
connected to the plenum chamber; the flow comes out from the fluidic oscillator
and impinges the thin foil on its bottom face. The fluidic oscillator is mounted
on a translation stage in order to allow the variation of the nozzle-to-plate
spacing H with an accuracy of 0.5mm. The impingement plate is horizontally
positioned by using four fixed supports which do not confine the oscillation of
the jet. The exit section of the fluidic oscillator is placed at a distance H from
the impingement plate itself; the sweeping jet impinges vertically from below.

For the performed analysis, the non-dimensional nozzle-to-plate distance
H/w ranges between 2 and 10.

The temperature distribution over the thin foil is measured by using an IR
camera which looks at the face of the foil opposite to the side where the jet
impinges.

Fig. 3: Schematic of the experimental apparatus.

The impingement plate is a constantan foil and is 200mm wide, 450mm
long and 50 µm thick. The foil is steadily and uniformly heated by Joule effect,
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and it is cooled by the sweeping jet impinging on it. The Joule heating of
the foil is obtained by applying a constant voltage across it with the aid of
a stabilized DC power supply and two couples of bus bars, made of copper,
clamped at the shortest sides of the foil. The large equivalent cross section
(weighted with the electrical resistivity) of the bus bars, with respect to that
of the heated foil, ensures negligible voltage drop through them. The electrical
contact between the bus bars and the foil is enhanced by using an indium
wire (about 0.5mm in diameter). The foil rear surface is coated with a high
emissivity paint (hemispherical emissivity ε = 0.95) in order to increase the
accuracy of the temperature measurements.

The IR camera measures the foil surface temperature with a spatial reso-
lution of 2.48 pixels/mm; for the current experiments an IR camera CEPID
JADE III with a focal plane array of 320x240 is used.

The camera is accurately calibrated with a blackbody for the whole mea-
surement range, with the temperature of the blackbody ranging between 36 ◦C
and 42 ◦C with a spacing of 3 ◦C. The noise equivalent temperature level of the
camera is about 25mK, and the RMS error from the blackbody calibration is
less than 0.1K.

In order to analyse the variation of the convective heat transfer on the
impingement plate, the IR camera sampling frequency fIR is set to 125Hz by
using a trigger signal sent to the camera by a pulse generator; the integration
time is set to 520µs. 5000 images are acquired for each test; the first 500 images
are discarded in order to take into account the camera stabilisation period.
The duration of each test is equal to 40 s.

In order to perform the phase averaged analysis, it is necessary to identify
the phase of the temperature snapshots in the sweeping oscillation and, thus, to
measure a property of the flow in a time-resolved manner; for this purpose, the
pressure drop across one feedback channel is measured by using a differential
pressure transducer connected to two pressure taps located at the centre of
the feedback channel inlet and outlet sections. The sampling frequency of the
pressure signal fs is 10 kHz, therefore 400000 samples are acquired during each
test. It is crucial for the experiment that the IR Camera trigger signal and the
instantaneous pressure signal are acquired simultaneously.

2.2 Design of the fluidic oscillator

The fluidic oscillators investigated in the present work have been made with a
3D Printer.

Figure 4 shows the drafting of the oscillators employed in the experimental
campaign.

The shapes of the devices are referred to the model of the fluidic oscillator
described by Horne et al. [21]. The actuators consist of two parts symmetrical
with respect to the plane of oscillation of the jet, glued and then screwed
together.

Two devices with similar internal geometry have been tested. All the char-
acteristic dimensions of the devices have been designed and scaled with respect
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Fig. 4: Draft of the fluidic oscillator, front view and top view.

to a reference length, which has been chosen to be the edge of the squared
exit nozzle throat, w = 10mm; the reference area is Aref = 100 mm2. Both
the devices employed in the experimental campaign have a width of the feed-
back channels equal to w and a spreading angle of the exit nozzle of 120◦. The
aspect ratio AR of both the devices, defined as the ratio between the throat
height and the throat width, is equal to 1. The length of the mixing chamber
Lf of the two investigated fluidic oscillators is equal to 2.5w and 4.5w; Lf is
here defined as the distance between the centre of the feedback channel exit
and enter sections, as shown in Figure 4.

In order to analyse the effect of the minor head losses on the heat transfer
performances of fluidic oscillators, the device with the longest mixing chamber
length has also been provided with tapped holes on its shortest sides, in which
it has been possible to fasten a screw to reduce the minimum passage section
of the feedback channels. The parameter g/w has been introduced in order to
express the effect of the minor head losses (see Figure 5). In particular, the
investigated values of g/w are: g/w = 1, g/w = 0.83, g/w = 0.67, g/w = 0.50,
g/w = 0.33, and g/w = 0.17. For g/w = 1, i.e. when the minimum passage
area coincides with the width of the feedback channel, the minor head losses
are absent, while the maximum minor head losses condition is characterized
by g/w = 0, when the feedback channel is completely closed (this particular
case has not been analysed in the current work).

3 Data reduction and analysis

The IR camera is used as a temperature transducer in conjunction with the
heated thin foil sensor in order to determine the convective heat transfer coeffi-
cient h by applying a local energy balance to the foil. This method is known as
heated thin foil technique, a widely documented technique in literature [22–24].
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Fig. 5: g/w effect. Focus on the feedback channel section area.

By applying the energy balance to the foil, the convective heat transfer coef-
ficient h, function of the spatial coordinates x and y and of the time t, can be
evaluated as in Equation 2:

h(x, y, t) =
q̇j − q̇r − q̇n − q̇k − ρfoilcδ

dTW

dt

Tw − Taw
(2)

In Equation 2 q̇j is the Joule heat flux, q̇r the radiation heat flux, q̇n
the natural convection heat flux on the rear foil surface, q̇k the tangential
conduction heat flux, ρfoil the constantan density, c the constantan specific
heat, δ the foil thickness, dTw/dt the time derivative of the wall temperature
Tw, and Taw is the adiabatic wall temperature.

Each experiment consists of two acquisitions: a “hot” acquisition with elec-
tric current on, during which the thin foil is heated by a measured q̇j , which
allows to measure Tw, and a “cold” acquisition with electric current off, which
provides Taw. Furthermore, the temperature is considered constant through the
foil thickness, because the Biot number (Bi = hδ/λf , being λf the foil thermal
conductivity) and the inverse of the modified Fourier number (Fof = α/(πfδ2)
where α is the foil thermal diffusivity) are small with respect to unity [25].

The time-averaged convective heat transfer coefficients are obtained by
applying Equation 3, where the upper bar indicates the time-averaged quanti-
ties, evaluated as the average of all the 4500 acquired samples for the current
experiments:

h(x, y) =
q̇j − q̇r − q̇n − q̇k

Tw − Taw

(3)

The phase-averaged convective heat transfer coefficients hϕ are deter-
mined from Equation 4 by replacing the instantaneous quantities with the
corresponding phase-averaged ones (denoted by a hat):
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hϕ(x, y) =
q̇j − ̂̇qr − ̂̇qn − ̂̇qk − ρfoilcδ

dT̂W

dt

T̂w − T̂aw

(4)

The phase-averaged temperature can be expressed as the sum of the time-
averaged temperature T and the phase organized fluctation T̃ . The latter is a
zero-mean periodic function of time that can be developed in Fourier series as
follows:

T̃ (x, y, ϕ) =

∞∑
k=1

Ck cos(kϕ) + Sk sin(kϕ) (5)

where the series coefficients Ck and Sk are computed from the following
equations:

Ck(x, y) =
2

N

N∑
1=1

(Ti − T ) cos(kϕi) (6)

Sk(x, y) =
2

N

N∑
1=1

(Ti − T ) sin(kϕi) (7)

With N being the number of samples, i.e. 4500, Ti the generic temperature
snapshots and ϕi the corresponding phase angle.

The phase ϕi is computed from the recorded pressure signal. For this pur-
pose, the IR Camera trigger output signal and the instantaneous pressure
signal are acquired simultaneously. As a first step, the most probable fre-
quency of the sweeping oscillation f0 is computed from the spectrogram of the
pressure signal; afterwards, the phase angle corresponding to each snapshot is
evaluated by fitting a sinusoid to the pressure signal restricted to a temporal
window centred around the time of the snapshot acquisition and characterized
by a duration equal to 1/f0. Once the phase distribution is known, the pseudo-
Fourier modes Ck and Sk can be computed from Equation 6 and Equation 7.
Then, Equation 5 is used to determine the phase-correlated fluctuation T̃ and
the phase-averaged temperature can be evaluated from the equation T̂ = T+T̃ .
The computation of T̃ implies truncation of the series in Equation 5. In the
present measurements it was observed that coherent patterns of the phase-
averaged temperatures are obtained by limiting the series to the second-order
harmonics (k = 2). Therefore, only the first two couples of modes have been

used to reconstruct T̃ . The phase-averaged balance in Equation 4 is applied to
a number of phases chosen arbitrarily and equal to 60 in the present case.

In the following, data is reduced in the form of Nusselt number distribution,
being the Nusselt number defined as in Equation 8:

Nu =
hD

λ
(8)

where h is the convective heat transfer coefficient and λ is the air thermal
conductivity.
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4 Results

The aim of the current investigation is to analyse the heat transfer perfor-
mances of two sweeping jet devices, characterized by different mixing chamber
lengths, impinging on a thin foil, varying the non-dimensional nozzle-to-plate
distance H/w. For each device values of H/w equal to 2, 4, 6, 8 and 10 have
been investigated. Furthermore, in order to investigate the effect of the head
loss on the convective heat transfer behaviour of the fluidic oscillator hav-
ing the longer mixing chamber length, the screws have been fastened into the
tapped holes of the device to reduce the section of the feedback channel.

A total of 30 different configurations obtained by combining the values of
H/w, Lf/w and g/w have been tested; for the device having Lf/w = 2.5 only
the parameter H/w has been varied.

This section aims to present the results in terms of the time-averaged Nu
and phase-averaged Nusselt number Nuϕ. Since no significant phase-organized
fluctuations are computed for the case Lf/w = 2.5, phase-averaged results are
presented only for the device having Lf/w = 4.5. Indeed, as also found with
numerical simulations in [1], an excessive reduction of the mixing chamber
length causes the suppression of the jet oscillation.

In the following sections the effect of the nozzle-to-plate distance, of the
mixing chamber length and of the feedback channel head loss over the heat
transfer performances of impinging sweeping jets has been analysed.

4.1 Effects of the nozzle-to-plate distance

In the current section the effect of the nozzle-to-plate distance over the heat
transfer performances of impinging sweeping jets has been investigated.

Firstly, the configuration with g/w = 1 (i.e. absence of minor head losses)
for the device having Lf/w = 4.5 has been considered, varying the nozzle-to-
plate distance.

The oscillation frequency of the device characterized by Lf/w = 4.5 is
approximately equal to 50Hz.

In the following figures the phase-averaged Nusselt number distribution
Nuϕ for H/w equal to 2 and 6 are illustrated for the sweeping jet device char-
acterized by Lf/w = 4.5. A sequence of 6 snapshots evenly spaced from each
other is extracted from 60 phase-averaged snapshots. The acquired snapshots
cover a complete oscillation cycle of the sweeping jet, with phase angles ranging
between ϕ = 0◦ and ϕ = 300◦, with a spacing of 60◦ from each other.

In Figure 6 the phase-averaged Nusselt number distribution Nuϕ for 6
phases at the nozzle-to-plate distance H/w = 2 is depicted.

In the Nuϕ maps at H/w = 2 a well-defined spot of the maximum convec-
tive heat transfer can be seen, due to the small distance between the exit nozzle
and the plate. The Nuϕ takes a minimum value at the foil edges and reaches
its maximum value at the impingement centre, differently from the cases at
higher H/w, where the maximum Nuϕ is reached far from the impingement
centre, due to a larger spread of the jet.
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Fig. 6: Phase-averaged Nusselt number maps for H/w = 2, Lf/w = 4.5,
Re = 2.16× 104.

Due to the small distance from the plate, it is not possible to visualize a
clear oscillation of the sweeping jet. A double lobe is visible along the axis
orthogonal to the direction of the sweeping motion (i.e., z-axis). This might be
due to geometrical defects of the device caused by the 3D printing technology
and by a potential imperfect alignment between the two symmetrical parts of
the actuator.

During the cycle, the jet sweeps from the right side to the left side of the
flow field; specifically, it is possible to see that at ϕ = 0◦ the jet is on the right
side of the field, while at ϕ = 120◦ the jet is in the process of sweeping to the
opposite side. At ϕ = 180◦ the jet is halfway through the cycle, it reaches the
left side and afterwards it comes back to the starting position.

Since the results of the phase-averaged Nusselt number distributions over
the foil are similar for the nozzle-to-plate distances H/w = 4, 6 and 8, for
brevity, only the results obtained for H/w = 6 have been illustrated.

In Figure 7 the phase-averaged Nusselt number for the nozzle-to-plate
distance H/w = 6 is represented.

From the analysis of Figure 7 it is possible to observe that the maximum
values of the Nuϕ are lower than the ones assumed at H/w = 2. Furthermore,
during the jet transition phases the values of the Nuϕ are lower than the values
assumed at the extreme points reached by the sweeping jet; this could be due
to the high speed of the oscillation in these phases, which does not allow an
efficient convective heat transfer.

In the Nuϕ maps at H/w = 6, an elongated shape of the region of higher
Nuϕ can be seen; this may be due to a larger spread of the jet into the surround-
ing environment, caused by a higher nozzle-to-plate spacing. Indeed, higher
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Fig. 7: Phase-averaged Nusselt number maps for H/w = 6, Lf/w = 4.5,
Re = 2.16× 104.

H/w values allow the jet to reach extremal positions along the axis of oscilla-
tion (y-axis) further from the impingement centre, resulting in the formation
of two regions of maximum convective heat transfer, the positions of which
are almost symmetrical with respect of the impingement centre, in agreement
with the results found by Zhou et al. [8] and by Agricola et al. [20].

From the analysis of the results obtained it has been possible to observe
that at low nozzle-to-plate distances (H/w < 4), the flow impinging the plate
causes high heat transfer in the impingement central area, while at higher dis-
tances (H/w ≥ 4), the impingement flow widely spreads into the surrounding
environment, causing a convective heat transfer pattern with maximum values
of the Nusselt number in the extremal areas of the plate. This phenomenon
might be due to the fact that the oscillation of the jet is not limited by the
plate as H/w increases and this implies a different organization of the oscil-
lations, which leads to higher values of the Nusselt number in the extremal
areas along the direction of the oscillation.

Furthermore, while for H/w = 4, 6 and 8 the transition phase from an
extremal position to the other is clearly visible, for H/w = 10 (see Figure 8)
the Nuϕ maps have localized spots on the right and on the left with respect
of the impingement centre during the same phase. This phenomenon might
be due to the fact that increasing the nozzle-to-plate distance the coherence
of the oscillating phenomenon is lost and the impinging flow field results from
the superposition of a time-averaged component and of a random turbulent
fluctuation only.

In Figure 9 the maps of the time-averaged Nusselt number Nu at the
non-dimensional nozzle-to-plate distances H/w equal to 2, 4, 6, 8 and 10 are
illustrated.
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Fig. 8: Phase-averaged Nusselt number maps for H/w = 10, Lf/w = 4.5,
Re = 2.16× 104.

Fig. 9: Time-averaged Nusselt number for H/w = 2, 4, 6, 8, 10, Lf/w = 4.5,
Re = 2.16× 104

AtH/w = 2, it is possible to observe a central zone with higher Nu which is
slightly elongated in the direction of the oscillation of the sweeping jet. As the
nozzle-to plate distance increases, the Nusselt number values decrease. Indeed,
due to the momentum diffusion, increasingH/w the jet velocity reduces, result-
ing in a decrease of the maximum phase-averaged and time-averaged Nusselt
number values. It is also possible to see that, increasing the nozzle-to plate
distance, the distribution of the Nusselt number drastically changes; indeed,
for H/w ≥ 6 two lobes can be seen in the direction of the jet oscillation. In
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fact, greater nozzle-to-plate spacings allow the jet to diffuse in the surround-
ing environment, leading to enhanced heat transfer performances in the region
of the foil far from the impingement centre.

Furthermore, an asymmetry with respect to the axis perpendicular to the
direction of the oscillation in the Nu distributions is notable; this is probably
due to geometric internal asymmetries of the device.

4.2 Effects of the mixing chamber length

In the current section the effect of the mixing chamber length on the heat trans-
fer performances of impinging sweeping jets has been analysed. As previously
said, the heat transfer performances of two sweeping jet devices, characterized
by different mixing chamber lengths, have been investigated.

Differently from the configuration characterized by a mixing chamber
length equal to Lf/w = 4.5, at lower mixing chamber length Lf , no oscil-
lation has been detected in the phase-averaged Nusselt number distribution;
therefore, only time-averaged analysis have been performed for the device hav-
ing Lf/w = 2.5. Indeed, for the shorter sweeping jet actuator no coherent
oscillation could be detected from the analysis of the pressure signal.

In Figure 10, the time-averaged Nusselt number distributions for non-
dimensional nozzle-to-plate distances H/w ranging between 2 and 10 are
represented for the device having Lf/w = 2.5.

Fig. 10: Time-averaged Nusselt number for H/w = 2, 4, 6, 8, 10, Lf/w = 2.5,
Re = 2.16× 104.

The region with the maximum convective heat transfer does not have an
elongated shape along the horizontal axis, but it is characterized by a circular
lobe located at the centre of the impinging plate, except for H/w = 2. At this
distance, indeed, a sort of double lobe in the vertical direction can be identi-
fied; this phenomenon might be due to geometrical defects of the device, as



4.3 Effects of the feedback channel head loss 15

previously explained for the device with the longer mixing chamber. Further-
more, with the increase of the nozzle-to plate distance, it is possible to observe
that the circular pattern tends to assume an elliptical shape; this may be due
to the fact that there is still a preferential direction in the jet spreading caused
by the diverging geometrical characteristic of the exit nozzle.

As for the device having Lf/w = 4.5, it is possible to notice that the
increase of the nozzle-to plate distance causes the Nusselt number values to
decrease. In Figure 11 the values assumed by the Nusselt number along the
axis of the oscillation for the two analysed devices are depicted; it is possible
to observe that, compared with the device characterized by Lf/w = 4.5, the
device which has Lf/w = 2.5 allows to have a greater convective heat trans-
fer at the impingement centre for non-dimensional nozzle-to-plate distances
H/w > 2. Nevertheless, the device with the longer mixing chamber provides
heat transfer at higher distances along the direction of the oscillation due
to a wider spreading of the jet for non-dimensional nozzle-to-plate distances
H/w > 2.

(a) Lf/w = 4.5. (b) Lf/w = 2.5.

Fig. 11: Behaviour of Nu with y/w for H/w = 2, 4, 6, 8, 10.

4.3 Effects of the feedback channel head loss

The main aim of the current section is to investigate the effect of the head loss
on the convective heat transfer behaviour of the device having Lf/w = 4.5 by
fastening the screws into the tapped holes in order to reduce the section of the
feedback channel. The same nozzle-to-plate distances (H/w = 2, 4, 6, 8, and 10)
have been tested for different values of the g/w parameter. The configuration
with g/w = 1 has already been analysed, therefore the results obtained for the
other values of the parameter g/w will be discussed in comparison with the
results obtained for g/w = 1.

It was observed that the evolution of the phase-averaged Nusselt number
over an oscillation cycle for the case g/w = 0.83 is very similar to the evolution
previously analysed for the case g/w = 1. Therefore, since the results obtained
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for g/w = 0.83 exhibit many similarities with the results obtained for g/w = 1,
the former are not here reported.

From the analysis of the results obtained for g/w = 0.67 it is remarkable
the evolution of the phase-averaged Nuϕ for 6 phases at the nozzle-to-plate
distance H/w = 4, depicted in Figure 12.

Fig. 12: Phase-averaged Nusselt number maps for H/w = 4, Lf/w = 4.5,
g/w = 0.67, Re = 2.16× 104.

Indeed, there are no significant differences in the maximum and minimum
values assumed by the phase-averaged Nuϕ in comparison with the case g/w =
1, while it is possible to note that the elongation of the region characterized
by higher values of the Nusselt number is lower than the one relative to the
case of g/w = 1. Therefore, it is remarkable that by increasing the head losses
the spreading of the jet into the surrounding environment decreases.

Furthermore, for H/w ≥ 8 and for g/w = 0.67 it has not been possible to
detect a clear oscillation in the phase-averaged Nusselt number snapshots.

For the case g/w = 0.50, it has been possible to detect an oscillation in the
phase-averaged Nusselt number only for the nozzle-to-plate distance H/w = 2.
For greater nozzle-to-plate spacings no clear oscillation could be detected in
the phase-averaged Nusselt number distribution.

From the configuration characterized by g/w = 0.50 and H/w = 2, when
decreasing the g/w value or increasing the H/w one (or both), it has not
been possible to detect a clear oscillation in the phase-averaged Nusselt num-
ber distribution; therefore, only time averaged analysis have been performed
in order to investigate the effect of the g/w parameter on the heat transfer
performances of impinging sweeping jets.
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In particular, in Figure 13 the values assumed by the time-averaged Nusselt
number Nu along the axis of the oscillation for the analysed values of g/w and
for H/w = 2 and 6 are depicted; furthermore, the values of Nu for the device
having Lf/w = 2.5 have been also depicted.

(a) H/w = 2. (b) H/w = 6.

Fig. 13: Behaviour of Nu with y/w for g/w = 0.17, 0.33, 0.50, 0.67, 0.83, 1
(Lf = 4.5) and for Lf = 2.5.

From the analysis of Figure 13 it is possible to notice that the maximum val-
ues assumed by the time-averaged Nusselt number for g/w = 0.17 are greater
than the ones obtained for all the other values of g/w, at each nozzle-to-plate
spacing. Furthermore, from the comparison of the values assumed by Nu for
the device with Lf/w = 2.5 and for the one with Lf/w = 4.5 at different head
losses conditions, it is possible to point out that for H/w = 6 the values of Nu
near the impingement centre for the device with Lf/w = 2.5 are greater than
the ones for the device with Lf/w = 4.5; this behaviour is opposite to the one
observable for H/w = 2. Indeed, in the latter case the greatest values of Nu
near the impingement centre are generated by the device with Lf/w = 4.5
and g/w = 0.17; this result is in agreement with the results obtained by Park
et al [7], who found out that a sweeping jet shows superior capability of heat
transfer if compared to a steady jet for H/w = 1 and for a fluidic oscillator
characterized by an exit nozzle angle of 100◦ and by an aspect ratio AR = 1.

Another effect of the increase of the head losses concerns the Nu distribu-
tion. Further in details, as the g/w value decreases, the dimensions of the single
circular lobe of the maximum convective heat transfer at the impingement cen-
tre of the plate progressively reduces for all the values of the non-dimensional
spacings H/w.

Moreover, from the comparison of the time-averaged Nusselt number dis-
tributions over the foil at H/w = 8 and at H/w = 10 for the different values
of g/w considered it is noteworthy that by increasing the head losses the two
typical lobes of the Nu distributions gradually approach to each other until,
for g/w = 0.17 the two lobes tend to merge, thus generating a sort of an ellip-
tical shape which develops along the direction of the oscillation. Indeed, it is
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possible to observe that the increase of the head losses causes a decrease of
the spreading of the jet in the direction of oscillation over the plate.

From the analysis of the spectrogram of the pressure signal (see Figure
14) it has been possible to determine the most probable frequency of the
sweeping oscillation; it has been found that with the increase of the head losses
the frequency of the oscillation f0 increases. This result is contradictory to
the results obtained by Bobusch et al. [17], who found that the increase of
the pressure loss across the feedback channels determines a decrease of the
oscillation frequency.

Fig. 14: Spectrogram of the pressure signal for Lf/w = 4.5.

5 Conclusions

In the current work the influence of the nozzle-to-plate distance, of the mixing
chamber length and of the feedback channel head loss over the heat transfer
performances of impinging sweeping jets have been analysed.

Time-averaged and phase-averaged analyses have been carried out in order
to characterize the heat transfer behaviour of the sweeping jets.

From the analysis of the results obtained it has been possible to deduce
that the increase of the nozzle-to-plate distance causes a decrease of the val-
ues assumed by the Nusselt number and that the distribution of the Nusselt
number over the plate drastically changes.

As regards the influence of the mixing chamber length, it has been possi-
ble to observe that a too small value of this geometric parameter causes the
suppression of the jet oscillation and a consequent variation in the Nusselt
number distribution. Furthermore, with respect to the device characterized
by Lf/w = 4.5, the device which has Lf/w = 2.5 allows to have a greater
convective heat transfer at the impingement centre for non-dimensional nozzle-
to-plate distances H/w > 2, whereas the longer device provides greater heat
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transfer at higher distances along the direction of the sweeping oscillation for
H/w > 2.

Analysing the distribution of the Nusselt number over the foil for different
conditions of head losses in the feedback channel has allowed to comprehend
that by increasing the head losses the spreading of the jet into the surrounding
environment decreases. Furthermore, it has been found that for g/w < 0.5
and for H/w > 2 no clear oscillation could be detected in the phase-averaged
Nusselt number distribution; therefore, only time averaged analysis have been
performed for these configurations in order to investigate the effect of the
g/w parameter on the heat transfer performances of impinging sweeping jets.
Moreover, it has been possible to notice that the maximum values assumed
by the time-averaged Nusselt number for g/w = 0.17 are greater than the
ones obtained for all the other values of g/w, at each nozzle-to-plate spacing.
Finally, from the analysis of the spectrogram of the pressure signal it has
been found that with the increase of the head losses the sweeping oscillation
frequency increases.
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