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Abstract:

Sweeping jet impingement is an attractive solution for high-performance heat transfer applications, as it can
achieve thermal performance comparable to steady impinging jets at short nozzle-to-surface distances, while
providing a larger impact area and a more uniform heat dissipation over the target surface. In parallel, porous
media have received considerable attention in heating and cooling technologies due to their high thermal
conductivity and large specific surface area. When combined with jet impingement, porous structures can
significantly enhance local heat transfer by effectively coupling convective and conductive mechanisms.
Traditionally, open-cell metallic foams have been employed in such configurations; however, their complex and
irregular pore morphology poses challenges for experimental characterization and numerical modeling of the
internal flow. In this context, the present work explores an alternative approach based on lattice-structured
porous media, which can reproduce the favorable thermo-fluid characteristics of metallic foams while offering
enhanced control over pore geometry and reduced flow complexity. The study investigates the flow dynamics
and heat transfer performance of a sweeping jet impinging on two aluminum lattice-structured porous media
with distinct pore sizes and pore densities, while maintaining equal overall porosity. The flow field is
experimentally characterized using a two-dimensional Particle Image Velocimetry (2D-PIV), allowing detailed
identification of jet—porous-medium interaction mechanisms and associated turbulent structures both above
and within the porous media. Heat transfer performance was evaluated through direct heat flux measurements
at the heated surface using a heat flux sensor (PHFS-01, FluxTeq). Experiments were conducted for Reynolds
numbers between 1,000 and 3,200, covering laminar-to-transitional/turbulent conditions. The results show that
the presence of the lattice-structured porous media induces vortices on both sides of the central core of the
jet. The oscillation amplitude of the jet increases with the Re, being negligible in the laminar regime. Thus, the
observation of stable recirculation structures is reduced at higher Re. The porous nature of the target surface
allows partial flow penetration through the porous structure, reducing the intensity of the main vortices. This is
influenced by the pattern of the porous structure. Among the tested geometries, the low pore density (LPD)
configuration provided the highest Nusselt number at all Reynolds numbers, with enhancements of 18%
relative to the bare plate and up to 13% relative to the HPD configuration. This indicates that larger pores favor
a more effective balance between flow penetration into the porous matrix and preservation of external jet
momentum.

Keywords: Flow dynamics; Heat transfer; Jet impingement; Lattice-structured porous media; Particle
Image Velocimetry.

1. Introduction

Fluidic oscillators have recently garnered attention as an alternative to traditional steady jets in heat transfer
applications, as they are capable of generating a continuous sweeping jet without moving parts [1]. In contrast
with stationary impinging jets, sweeping jets provide a wider impact region and improved surface coverage
due to their spanwise oscillatory motion [2]. This motion enhances mixing and promotes the disruption of
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thermal boundary layers, potentially improving convective heat transfer performance [3]. However, the
oscillatory nature of the jet also promotes the formation of vortical structures along the shear layers, which
may lead to momentum dissipation, particularly when these structures develop near the stagnation region [4].
Previous studies have shown that reducing the nozzle-to-surface distance enhances the effectiveness of
sweeping jets, allowing them to outperform steady jets under confined conditions [5]. Additionally, the heat
transfer performance of sweeping jets has been shown to increase with Reynolds number and decrease with
nozzle-to-plate spacing [6]. Zhou et al. [6] used a high-resolution PIV system to characterize the flow field of a
sweeping jet and correlate it with heat transfer measurements, confirming that performance improves with
increasing Reynolds number and decreasing nozzle-to-plate spacing.

In a similar fashion, porous media show promise as a tool for enhancing the heat transfer capabilities of
impinging jets. Typically, the porous media used in these applications are metallic foams. Metallic foams are
cellular structures composed of solid materials with interconnected pores [7]. Open-cell metallic foams are
especially popular, due to their high permeability, increased specific surface area and thermal conductivity [8].
The interaction between the jet and the porous surface redistributes the flow, as part of the fluid penetrates the
porous matrix while the remaining portion is deflected along the external surface. The balance between
convection and conduction depends on both the properties of the porous medium and the jet flow conditions.
The height of the porous surface used affects how easily the flow can penetrate it [9]. As the porous layer
height decreases, a larger fraction of the flow is able to penetrate the structure, leading to heat transfer
behavior that approaches that of a flat surface under jet impingement. A similar effect is observed with
increasing Reynolds number, as higher flow momentum enhances penetration into the porous medium,
whereas lower Reynolds numbers limit this behavior [10]. Previous studies [9-15] indicate that porous surfaces
can improve the thermal performance of impinging jets, although this enhancement is highly dependent on
porous morphology. In general, lower porosity and smaller pores increase flow resistance and pressure losses,
whereas higher porosity facilitates penetration but may reduce the intensity of fluid—solid interaction required
for effective heat transfer enhancement.

Despite the recognized potential of porous media to enhance jet-impingement heat transfer, the interaction
between sweeping jets and porous structures remains insufficiently characterized, particularly regarding the
coupling between jet oscillation, momentum redistribution, vortex dynamics, and partial flow penetration into
the porous matrix. This limitation is even more relevant in the case of conventional metallic foams, whose
stochastic internal morphology hinders a more detailed interpretation of the flow structures. In this context, the
present study investigates the flow dynamics and heat transfer behavior of a sweeping jet impinging on lattice-
structured porous media with controlled pore geometry. Two aluminum porous structures with distinct pore
sizes and pore densities, but similar global porosity, are analyzed experimentally through two-dimensional
Particle Image Velocimetry (2D-PIV) and direct heat flux measurements. The use of lattice-structured media
makes it possible to examine how pore architecture influences jet penetration, recirculation patterns, and
thermal performance under Reynolds numbers in the laminar-transitional range. The main goal is therefore
not only to compare two porous configurations, but also to clarify the physical mechanisms by which an
organized porous structure modifies external jet development and the resulting heat transfer. In this way, the
study contributes to the understanding of flow—thermal coupling in sweeping jet impingement on porous
surfaces and supports the design of more controllable porous targets for thermal management applications.

2. Materials and Methods

2.1. Experimental apparatus

An experimental setup was deweloped to perform Particle Image Velocimetry (PIV) measurements of the
sweeping jet flow, allowing the analysis of both free and confined jet configurations. The setup consists of four
main components: a seeding generator, a stabilization chamber, a fluidic oscillator, and a support structure.
The seeding generator produces tracer particles through the controlled vaporization of oil using a liquid
resenoir, a peristaltic pump, and a heating probe. The stabilization chamber promotes the mixing of air and
tracer particles, ensuring a uniform seeding distribution before entering the test section. This chamber is
supplied with compressed air. The flow is driven through a Double Feedback Channel Oscillator (DFO), which
generates the sweeping jet. The oscillator has a hydraulic diameter of D, = 9.75 mm and is mounted on a
support structure that allows precise positioning along the three Cartesian directions, ensuring repeatability of
the experimental conditions. The nozzle-to-plate spacing was fixed at H = 60 mm, corresponding to
H/D, = 6.15, this spacing was selected to ensure confined impingement while preserning the oscillatory jet
development. The PIV laser sheet illuminates the flow field below the oscillator exit, while a HiSense Zyla CCD
camera is positioned perpendicular to the laser sheet to capture the velocity field from the nozzle exit to the
target surface. The porous media are placed directly above the heat flux sensor mounted on the heated plate.
An owerall view of the test facility is presented in Figure. 1.



Figure. 1. Experimental facility.

2.2. Lattice-structured porous media

The porous media used in this study were manufactured in-house and consist of lattice-structured aluminum
plates with an organized cubic pore geometry, as shown in Figure. 2. This regular structure provides a
simplified and controllable alternative to stochastic metallic foams, allowing improved control over geometric
parameters and facilitating flow analysis. Two porous configurations were investigated. The first is a low pore
density (LPD) structure, with 5 pores per inch and pore size of 4 mm. The second is a high pore density (HPD)
structure, with 10 pores per inch and a pore size of 2 mm. Both samples were designed to maintain a similar
global porosity of approximately 92%, ensuring that the main differences arise from pore size and pore density
(PPI). The porous plates were produced using a hybrid manufacturing process that combines additive
manufacturing and assisted investment casting. Initially, resin models were fabricated via SLA 3D printing and
subsequently used to create plaster molds. These molds were subjected to a thermal cycleto remove the resin
and form the casting cavity, followed by aluminum casting through an assisted investment casting process.
Some manufacturing imperfections were observed, mainly due to the small characteristic dimensions of the
structural elements (1-2 mm), which limited both printing resolution and casting reliability. Howewver, these
imperfections were not considered to significantly affect the representativeness of the flow behavior, as
sufficiently large undamaged regions were available for analysis.

Porosity describes the ratio between the woid wolume and the total volume of the porous medium. The porosity
was calculated using Eq. (1). Here, the porosity ¢ is defined as the ratio between the void volume (V;) and the

total volume (V,),

Y (1)
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Figure. 2. Porous media: a) less pore density (LPD), b) high pore density (HPD).

2.3. PIV measurements

The welocity field was measured using a two-dimensional Particle Image Velocimetry (2D-PIV) system. The
system includes a double-pulse Nd:YAG laser with an energy of 145 mJ, operating at a wavelength of 532 nm,
which generates a thin laser sheet to illuminate the measurement region from the nozzle exit to the target
surface. The scattered light from the seeding particles is recorded using a HiSense Zyla CCD camera equipped
with a 50 mm Zeiss lens. The camera has aresolution of 2560 x 2160 pixels and a pixel size of 6.5 pm. It was
positioned perpendicular to the laser sheet to minimize optical distortion [16]. Prior to measurements, the
system was calibrated using a reference scale placed in the measurement plane to establish the spatial scale.
Image acquisition was performed in double-frame mode, where two consecutive images were captured with a



defined time interval (At). The time interval was selected based on the characteristic flow velocity to ensure
sufficient particle displacement while maintaining accurate cross-correlation. In this study, At ranged from
100 ps to 400 ps depending on the flow conditions. The acquired images were processed using DynamicStudio
software. Velocity vector fields were obtained through an adaptive cross-correlation algorithm [4], which adjusts
the interrogation window size based on local flow conditions. The interrogation window size varied between
32x32 and 16x16 pixels to ensure an appropriate balance between spatial resolution and vector validation.

2.4. Heat transfer measurements

Conwective heat transfer was quantified using a thin-film heat flux sensor (PHFS-01, FluxTeg) mounted at the
center of an aluminum heating plate (200 x 200 x 5 mm). A uniform thermal contact was ensured by applying
a thin and uniform layer of Thermalright TFX thermal paste between the sensor and the plate. Uniform heating
of the aluminum plate was achieved using a 1000 W electrical heater (200 x 200 mm), positioned between two
supporting plates and the aluminum plate. The plate temperature was controlled using an OMRON
temperature controller operating in on—off mode. A type K thermocouple was mounted in the aluminum plate
to monitor the local temperature and provide feedback to the controller. The heat flux sensor includes an
integrated type T thermocouple for local temperature measurement. In addition, three type K thermocouples
were installed within the porous medium to monitor their temperature, while an additional thermocouple was
attached to the aluminum plate to validate the temperature readings provided by the control system. All
thermocouples, together with the heat flux sensor, were connected to a National Instruments NI 9213 data
acquisition system. Data acquisition and processing were performed using a LabVIEW -based software
platform.

The heat flux sensor measures heat flux based on the temperature gradient across a known thermal resistance
[17]. The heat flux was determined based on Fourier's law of heat conduction Eq. (2).
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Where g is the average heat flux, AT is the temperature difference across the thin film, Ax = 0.18 mm is the

thickness of Kapton layer and k = 0.045 W/m - Kis thermal conductivity of the Kapton layer.
The average conwective heat transfer coefficient, i, was calculated as:
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where g is the average heat flux measured by the sensor, T, is the average temperature of the aluminum plate,
and T; corresponds to the jet air temperature.

The corresponding average Nusselt number was obtained from Eq. (4):

h D, (4)
k

where D, represents the hydraulic diameter of the oscillator and k is the thermal conductivity of air, evaluated

at the jet temperature. The jet temperature was assumed equal to the ambient temperature for the evaluation
of air thermophysical properties. During the tests, the heated plate temperature was maintained at 110 °C.

Nu =

2.5. Experimental Conditions

The experiments were carried out at an ambient temperature of 20 °C and at atmospheric pressure. The Air
properties used for all calculations were: p = 1.204 kg/m3, u = 1.825x1075 kg/m - s, and k = 0.02514 W/m.K.
The flow velocity at the jet outlet was measured using a Pitot tube, and the Reynolds number was calculated
based on jet exit conditions:

o PUP (5)

u
Table 1 describes the operating conditions for the PIV and heat transfer measurements.

Table 1. Experimental conditions for PIV and heat transfer measurements.

Supply Flow Rate Reynolds Flow Velocity Regime Time between pulses
(L/min) Number U, (m/s) At (Ws)
9.0 1029 1.74 Laminar/Transitional 400
15.0 1506 2.10 Transitional 300

30.5 3202 5.33 Turbulent 100




2.6. Experimental Procedure

The experimental procedure consisted of two main stages: PIV measurements and heat transfer
measurements.

For the PIV measurements, the initial step was aligning the fluidic oscillator exit nozzle with the laser sheet.
The Hisense Zyla CCD camera was positioned perpendicular to the laser sheet. Calibration was then
performed using a ruler placed in the region of analysis, providing a reference between two points at a known
distance to determine the scale factor. Once all equipment was properly aligned and calibrated, the target
surface was introduced, and tracer particle generation was initiated. The particle smoke allowed sufficient time
to reach an appropriate concentration inside the stabilization chamber. At that point, air was supplied to the
fluidic oscillator at the specified flow rate. This procedure was repeated for each flow regime and target surface
configuration.

For the heat transfer measurements, the nozzle-to-plate spacing was H = 60 mm. The porous media was
positioned over heat flux sensor, and the heater was turned on, after the plate temperature stabilized, air was
supplied to the oscillator at the desired flow rate, and the resulting heat flux was measured over a test duration
of 30 minutes. The procedure was repeated for all flow regimes. Throughout all measurements, the geometrical
placement of the lattice-structured porous media, the nozzle-to-plate distance, and the ambient conditions
were kept consistent.

2.7.Uncertainty Analysis

Ambient conditions are the most significant source of random error since the properties of the jet flow and
tracer particle smoke are affected by the local temperature and pressure. There was undoubtedly a variation
in these parameters during the timespan of the tests. Other natural phenomena such as air currents or varying
natural light also have an impact on the data, as they affect the jet flow and the noise present in the PIV
datasets. The impact of both of these variables was mitigated by minimizing the air flow into and out of the
testing area, and by reducing the natural light present in the room.

To account for the random errors originating from the measurement methods used in this study, the uncertainty
of the welocity results obtained through the PIV method and Pitot tube measurements was calculated. The
random errors in PIV measurements originate from \ertical,o,;,, and horizontal displacement, oy, the resulting

U!
random error, o, was determined using equations (6) and (7) following the method of [16].
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With a sample number, N, of 100 the 95 % confidence level is achieved with a factor of k, = 1.96. Equation
(6) is used for o, and oy, , considering oy, and g, respectively.

With the uncertainty of the PIV measurements obtained, these values were compared with the uncertainty
values related to the Pitot tube measurements, in turn obtained based on the ASME 98 [18] methodology.

These values correspond to the average welocity at x = 0. Table 2 shows the comparison between the Pitot
tube and the PIV values, adjusted for 95% confidence.

Table 2. Uncertainty analysis results
Reynolds Number Mean Velocity Pitot Mean Velocity PIV

U, (m/s) U, (m/s)
1000 1.74 £ 0.35 1.79+ 0.19
1500 2.10 £0.39 2.26 £ 0.34
3000 5.33 £ 0.50 5.62+ 0.54

Good agreement was observed between both methods as the obtained values only deviate between 2.8% and
7.1 % from each other. While the uncertainty increases with an increase in the measured welocity this is not
the case for the percentage value. In the case of the Pitot tube, the uncertainty ranges from 20.1% to 9.4%
and for the PIV measurements this ewolution is between 10.6 and 9.6%.

The uncertainty of the heat transfer measurements was calculated using the method presented by Barbosa et
al. [19], leading to a value of 5%.

3. Results and Discussion



3.1. Confined jet velocity field

The confined jet velocity fields for different Reynolds numbers are shown in Figure. 3. The owerall flow structure
remains similar to that of the free jet in the upstream region, while significant differences arise near the target
surface due to the impingement process.

a) 5)

Figure. 3. Confined jet velocity contour profiles: a) Re = 1000, b) Re = 1500, c) Re = 3000.

As the jet approaches the surface, a stagnation region is formed, followed by radial outflow along the plate, as
shown in Figure. 3. This leads to areduction of the axial velocity component and a redistribution of momentum
along the surface. The extent of the impingement region increases with Reynolds number, indicating that
higher jet momentum enhances lateral spreading over the target plate.

The interaction between the jet and the target surface promotes the formation of counter-rotating vortices on
both sides of the jet core. This behavior can be better understood by analyzing the streamlines presented in
Figure 4. In the confined configuration, these vortices are constrained by the presence of the plate and cannot
connect downstream as in the free jet case. As a result, they remain in the vicinity of the impingement region
and are continuously sustained by the incoming flow, forming stable recirculation structures.

(b)

Figure. 4. Jet streamlines for Re = 1500: a) confined jet, b) free flow

The effect of the porous media on the velocity field is illustrated in Figure. for Re = 1500. The introduction of
the porous structures modifies the jet development, particularly in the central and near-wall regions.
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Figure. 5. Porous media confined jet velocity contour profiles for Re = 1500: a) HPD, b) LPD.

Part of the flow penetrates the porous matrix, while the remaining flow is deflected along the surface. This
results in a redistribution of momentum and a reduction of the axial velocity upstream of the porous layer.
Compared to the flat plate case, the presence of the porous media weakens the primary vortical structures, as
part of the flow is dissipated within the porous structure. Differences between the two configurations are also
observed. The LPD structure allows greater flow penetration due to its larger pore size, resulting in a less
pronounced deviation of the external flow. In contrast, the HPD structure imposes a stronger resistance to the
flow, leading to increased deflection and a wider spreading of the jet over the surface. Compared with the bare
plate, the porous targets reduced the peak axial velocity upstream of the impingement region, with a stronger
attenuation for the HPD structure.

3.2. Turbulenceintensity in a confined jet

The turbulence intensity fields for different Reynolds numbers are presented in Figure 6. Turbulence intensity
is defined as the ratio between the root-mean-square of the wvelocity fluctuations and the local mean velocity
[20]. These contours provide insight into the interaction between the jet and the surrounding flow structures.

Figure. 6. Confined jet turbulence intensity contour profiles: a) Re = 1000, b) Re = 1500, ¢) Re = 3000.

Near the target surface, the turbulence intensity remains relatively low. This region corresponds to the
stagnation zone and the wall jet, where the flow is strongly constrained by the surface and dominated by mean
momentum rather than fluctuations. Similarly, the core region of the jet exhibits low turbulence intensity due to
its relatively stable and coherent structure. In contrast, higher turbulence intensity values are observed along
the shear layers at the edges of the jet. These regions are associated with strong velocity gradients between
the jet core and the surrounding fluid, promoting the dewelopment of instabilities and enhanced mixing.
Additional peaks in turbulence intensity occur in regions where the vortical structures interact with the



surrounding flow, particularly at the interface between the jet and the recirculation zones identified in section
3.1. The influence of the Reynolds number is clearly observed. As the Reynolds number increases, the
turbulence intensity becomes more pronounced and spreads over a wider region, reflecting increased flow
instability and stronger jet—ambient interaction.

The effect of the porous media on turbulence intensity is illustrated in Figure 7 for Re = 1500. The overall
distribution remains similar to the flat plate case, indicating that the porous structures do not significantly alter
the global turbulence patterns.

y/Dh

x/Dh

(b)

Figure. 7. Porous media confined jet turbulence intensity contour profiles for Re = 1500: a) HPD, b) LPD.

Howevwer, local differences are observed near the surface. The porous media disturb the recirculation structures
and modify the interaction between the jet and the wall. The HPD configuration leads to a broader low-
turbulence region near the surface, suggesting a stronger redistribution of momentum and a weakening of the
vortical structures compared to the LPD configuration.

3.3. Heat transfer performance

The heat transfer performance for the different configurations is presented in Figure 8. A clear dependence on
both the Reynolds number and porous structure is observed. In all cases, the Nusselt number increases with
Reynolds number for the bare plate and LPD configurations, reflecting the higher jet momentum and enhanc ed
convective transport.

17

16 A —&—Bare —@— HPD —@—LPD

15 A

14 A

12 1

Awerage Nusselt Number

10

500 1000 1500 2000 2500 3000 3500

Reynolds number

Figure. 8. Average Nusselt number as a function of Reynolds number for bare plate, HPD, and
LPD configurations.



As Reynolds number increases, the impingement region becomes more energetic and the interaction between
the jet and the surface intensifies. This leads to stronger mixing and improved heat transfer, which is consistent
with the increased turbulence intensity and jet spreading observed in Sections 3.1 and 3.2.

Significant differences are observed between the porous configurations. The LPD structure yielded the highest
thermal performance throughout the tested Reynolds range, with Nu enhancements of approximately 18%
relative to the bare plate and up to 13% relative to the HPD configuration. This behavior indicates that the LPD
configuration provides a more favorable balance between flow penetration and surface interaction. In the LPD
case, the larger pore size allows greater flow penetration into the porous matrix, promoting internal mixing
while presenving sufficient momentum in the external flow. This results in enhanced fluid—solid interaction and
improved heat transfer performance. In contrast, the HPD configuration shows a different trend, with heat
transfer increasing from Re = 1000 to Re = 1500, followed by a decrease at higher Reynolds numbers. This
behavior suggests that the HPD structure imposes excessive resistance to the flow at higher Reynolds
numbers, leading to reduced penetration and increased flow deflection along the surface. As a result, the
interaction between the jet and the porous structure is weakened, limiting the heat transfer enhancement.
Overall, these results indicate that an optimal porous structure must balance flow penetration and momentum
preservation. Excessive resistance reduces internal mixing, while excessive permeability weakens surface
impingement. Therefore, thermal performance is governed by the coupling between jet dynamics and porous
morphology.

4. Conclusions

This study investigated the flow dynamics and heat transfer behavior of a sweeping jet impinging on lattice-
structured porous media using 2D-PIV and heat flux measurements.

The results show that the confined jet structure is strongly influenced by the impingement process, leading to
the formation of a stagnation region and stable recirculation zones near the target surface. The turbulence
intensity is mainly concentrated along the shear layers and increases with Reynolds number, reflecting
enhanced flow instability and mixing. The introduction of porous media modifies the jet dewvelopment by
redistributing momentum and allowing partial flow penetration into the structure. This interaction weakens the
external vortical structures and alters the near-wall flow behavior. From a thermal perspective, heat transfer
performance is governed by the balance between flow penetration and momentum preservation. This confirms
that optimal thermal performance results from the coupling between internal mixing and external jet coherence.
The LPD configuration consistently achieved higher Nusselt numbers, indicating that larger pore sizes promote
a more effective interaction between the jet and the porous structure. In contrast, the HPD configuration
exhibited reduced performance at higher Reynolds numbers due to increased flow resistance and limited
penetration. Overall, the results demonstrate that the thermal performance of porous media under sweeping
jet impingement is controlled by the coupling between jet dynamics and porous morphology. These findings
highlight the importance of optimizing pore geometry to achieve an effective balance between permeability
and flow interaction, providing useful guidelines for the design of porous structures in thermal management
applications.

Amongst the configurations tested, the LPD structure consistently provided the highest Nu, demonstrating that
larger pores promote a more favorable balance between internal penetration and external jet coherence.

These conclusions are restricted to the tested pore structures and nozzle-to-plate spacing.
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Nomenclature

Acronyms

CAD  Computer-Aided Design
DFO  Double Feedback Oscillator
LPD  Lower Pore Density

HPD  Higher Pore Density

PIV Particle Image Velocimetry
2D Two-Dimensional

3D Three-Dimensional



Latin Symbols

T
U
u

|4

Diameter, m

Turbulence intensity

Thermal conductivity, W/m - K

Mean heat flux, W/m?

Reynolds number

Temperature, K

Velocity, m/s

Root mean square of velocity fluctuations, m/s
Volume, m?

Greek Symbols

AT Temperature difference, K
At Time between pulses, s
Ax Thickness, m

€ Porosity

Y7 Dynamic viscosity, Pa/s
o Density, kg/m?
Subscripts

f Fluid

h Hydraulic

t Total
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