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Abstract

Submerged and confined multiple jet impingement is widely implemented in cooling applications since it provides high
heat transfer coefficients and uniformity over the target plate. Its performance depends on several variables that make it
complex and difficult to control. To understand the physical phenomena and characterize the flow field, an in-depth study,
using Particle Image Velocimetry (PIV) technique and an heat flux sensor, is conducted in this study. The PIV provides
relevant data, but the accuracy of the measurements depends on an effective experimental setup and a careful selection of
the most appropriate tracer particles. Therefore, this work presents the purpose-built experimental apparatus and comprises
an analysis of the efficiency of different seeding particles. The results demonstrate that olive oil particles are appropriate
to track turbulent flows since particles with about 1 pm diameter are obtained by the seeding generator. PIV measurements
highlight the complexity of the jet flow impinging on a step surface, which induces a strong flow reversal that affects the jet
flow development and the interaction with the adjacent jets. The large-scale structures induced in the vicinity of the target
plate are captured by the PIV, as well as the strong fountain flows generated between the adjacent jets. Compared with the
flat geometry, the turbulence intensity at the central jet is around 25% higher for the 1 D step, while for the 2 D step, this
increase reaches 7.5%. The increased turbulence intensity leads to an heat transfer enhancement. For the 2 D step plate, the
Nusselt number recorded is 25% greater than the flat plate. Through this study, relevant insights for several engineering
applications that use multiple jet impingement are provided, highlighting that the combination of PIV and heat flux sensors
are appropriate to characterize the jet’s flow dynamics and the heat transfer of this complex process.
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n Amplitude ratio (-)

p Density (kg/m®)

c Standard deviation (-)

v Kinematic viscosity (m?/s)
0] Dimensionless vorticity (—)
Q Angular frequency (1/s)
Subscripts

) Ambient air

j Jet

max Maximum

RMS  Root mean square

w Wall

1 Introduction

Submerged and confined multiple jet impingement process
has been implemented in several engineering applications
since it allows high heat transfer rates and a uniform cool-
ing or heating of the target surface (Ekkad and Singh 2021).
However, the complexity of this flow continues to encourage
researchers to provide scientifically-based solutions to the
industry that reduce product defects and increase process
efficiency. The multiple jet impingement is a forced convec-
tion process that involves several variables, from the jet flow
parameters (velocity and temperature) to the target surface
and process geometry (nozzle-to-plate distance, ribs, etc.)
(Barbosa et al. 2023). The correct combination of these pro-
cess variables enhances the flow interactions and increases
the heat transfer performance. In this context, several experi-
mental and numerical studies have been conducted to fully
characterize the flow field and heat transfer of the multiple
jet impingement process (Brakmann et al. 2016; Shariat-
madar et al. 2016; Spring et al. 2012; Caliskan et al. 2014;
Xing et al. 2010; Yong et al. 2015; Weigand and Spring
2011). The flow complexity is increased if submerged and
confined multiple jets are implemented. This configuration is
mainly used for the cooling or heating of surfaces in reflow
soldering and drying processes. However, the detailed char-
acterization of this convective process is challenging due
to the strong interactions between jets combined with the
complexity of the target surface. Some relevant studies in
this domain are discussed below.

Geers et al. (2004) studied the velocity field and turbu-
lence fluctuations in a hexagonal array of circular jets and
observed that the central jet has the highest turbulent kinetic
energy, highlighting the strong interaction with the adjacent
jets. Goodro et al. (2007) analyzed the effect of Mach num-
ber and Reynolds numbers on an array of jets and concluded
that the jet impingement presents a strong dependence on
Mach number when greater than 0.2. Xing et al. (2010)
characterized numerically and experimentally, through
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TLC (Thermochromic Liquid Crystals), the heat transfer
of inline and staggered arrays and concluded that, inde-
pendently of the crossflow, the inline pattern outperforms
the staggered one. Ichikawa et al. (2016) studied the flow
of multiple circular impinging jets through PIV and found
that small impinging distances (H/D) and jet-to-jet spacings
(8/D) increase the jet’s momentum around the impingement,
inducing a larger and stronger roll-up vortex structure. Terzis
(2016) analyzed the flow field and surface heat transfer using
PIV and Liquid Crystal Thermography (LCT) and observed
that the increase in thermal transport and near-wall mixing
promotes heat transfer. Li et al. (2018) studied the flow and
heat transfer of parallel multiple jets impinging on a flat
surface using numerical transient simulations and experi-
mental oil flow visualization and found that grooves induced
over the target plate are mainly triggered by the jet’s inter-
action. They also combine TLC technique to study the heat
transfer distribution of multiple jets impinging on a half-
smooth and half-rough target plate. Their results show an
enhancement of more than 50% using half-rough surfaces.
Tepe et al. (2020) experimentally investigated the effect of
the rib-roughened surface on jet impingement cooling using
a TLC technique. The authors found that the highest aver-
age Nusselt number is obtained for H/D =3 at Re=32,500
while for Re <27,100 the optimized heat transfer coefficient
is obtained for H/D =2. In their turn, Ren et al. (2021) exper-
imentally investigated the influence of micro-cooling units
on jet impingement, inducing an increase of 20-300% as the
height of these microstructures increase. Lo and Liu (2018)
applied transient target plate and found that the pressure loss
is not increased by microstructures on the plate but the heat
transfer is improved. Barbosa et al. (2022) analyzed the jet’s
flow structure by PI'V and observed that thicker wall jets are
induced for lower H/D due to stronger interactions between
jets and the surrounding air in a confined space. It seems that
by increasing H/D, larger primary vortices with a weaker
magnitude are generated.

The literature review shows that although several studies
have been conducted in the multiple jet impingement field,
looking at the influence of different process variables on heat
transfer performance, fewer studies characterize the flow
structures over complex surfaces and make the correspond-
ence with convective heat transfer. In this context, the pre-
sent study contributes to the scientific field by focusing on
the analysis of the flow dynamics of multiple air jets imping-
ing on a plate with a step, using a 2-D PIV system combined
with a heat flux sensor. The results are compared with a flat
plate to highlight the relevance of the plate geometry in both
heat transfer and jet flow structure. The measurements pro-
vide relevant insights regarding the velocity, vorticity, and
turbulence intensity profiles. Moreover, the 2nd invariant
field is analyzed, providing important information regard-
ing the flow structure induced between the jet orifice and
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the target plate. The average Nusselt number over the target
surfaces is obtained from heat flux data and the plate geom-
etry that ensures higher heat transfer rates are identified.
This study provides relevant data that can contribute to solve
industrial problems, as is the case of the reflow soldering
process. Reflow soldering is one stage of the Surface Mount
Technology (SMT) used to produce Printed Circuit Boards
(PCBs) integrated into all electronic devices that make part
of our daily lives (Whalley 2004). Considering the complex-
ity of the PCBs and the complicated thermal response as the
PCBs are heated and cooled inside the reflow oven, solder-
ing failures such as cold and/or hot spots, insufficient wetting
and overheating joints occur, leading to a productivity loss
corresponding to roughly 30-50% of the total manufacturing
costs (Costa 2015; Tsai 2012). To enhance the process and
minimize product defects, it is crucial to characterize both
flow dynamics and heat transfer in the vicinity of the step
structure. Therefore, this work is conducted using a Reyn-
olds number equal to 5000, which corresponds to that imple-
mented in the industrial process, providing specific insights
for a real-case scenario.

2 Experimental methods

In this section, the experimental setup, specially designed
and constructed to conduct the heat transfer and PIV meas-
urements, is presented. Besides the experimental setup, rel-
evant details of the PIV technique are described, focusing on
the selection of the appropriate seeding particles to conduct
accurate measurements.

2.1 Experimental setup

The experimental setup was specially built to conduct PIV
and heat transfer measurements of submerged and confined
multiple air jets impinging on a target plate. The test rig,
presented in Fig. 1a, is composed of a setup structure, the
2-D PIV system (laser, CCD camera, and computer for data
processing), the seeding generator, and the heat flux sen-
sor. Figure 1b and c¢ shows with higher detail the measur-
ing zone. The laser sheet crosses the central jet as well as
two adjacent jets located on both sides. However, even if
the effect of the jets located at the front and back rows are
not directly captured by the camera, these jets influence the
overall jet flow development since a staggered configuration
is implemented. As shown in Fig. 1d and e, the heat flux sen-
sor is mounted over the target plate to provide data regarding
heat transfer. The position of the jets regarding the heat flux
sensor is schematically presented in Fig. 1f, showing that
a total of 7 jets impinge the sensor. Therefore, the average
heat transfer presented in this work refers to these same jets.

The experimental setup consists of a centrifugal fan that
blows downward ambient air into an acrylic plenum to sta-
bilize the flow and reduce turbulence. The seeding particles
are introduced inside this box, to ensure a uniform mixing
with ambient air. A honeycomb structure is placed at the
top of the tube to promote the uniformization of the flow.
At the bottom of this tube, a nozzle plate with an array of
circular orifices is placed to generate the air jets. The seeded
air flows through the circular nozzles with 5 mm in diam-
eter, spaced by /D=3, and impinges a target plate spaced
H/D =2. These parameters are selected based on a Design
of Experiments (DoE), using Taguchi’s method, conducted
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Fig. 1 Experimental setup: a test rig; b measurement zone; ¢ impinging region; d target plate; e heat flux sensor; f location of the jets impinging

over the heat flux sensor
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by Barbosa et al. (2021), which shows that the combination
between these variables lead to an higher heat transfer rate.
The measuring area is surrounded by an acrylic box that
minimize the interference of the environment. The transpar-
ency of this box is crucial to ensure the correct operation
of the PIV since a clear passage of the laser beam provides
a correct illumination of the measuring region. Moreover,
the refraction of light is another important parameter, being
important to ensure that the test section walls and the seed-
ing particles have closely matched refractive indices to mini-
mize measurement errors. According to Merzkirch (1987),
and considering that the laser emits light at a wavelength of
532 nm, the refractive index (n) of the acrylic material is
approximately 1.49, while n of seeding particles is addressed
in Sect. 3.

To ensure a uniform heating of the target plate, a 1000 W,
200 x 200 mm mica heater is placed between two support
plates. The control of the target plate temperature is ensured
by a thermocouple connected to a Selec TC544 tempera-
ture controller. To measure the convective heat transfer, an
OMEGA® HFS-4 thin film heat flux sensor, rated at a maxi-
mum of 94,500 W/m?, is mounted at the center of the target
surface, as it can be observed in Fig. 2. Two target plate
configurations are studied, a flat plate, Fig. 2a and a non-flat
plate Fig. 2b. The second case involves two different step
heights corresponding to y/D equal one a two.

2.2 Heat transfer measurements

The OMEGA® HFS-4 thin-film heat flux sensor provides
data regarding the mean heat flux, according to Eq. (1).
- AT
7=*4(55)
The mean heat flux, g, is given by the temperature differ-
ence, AT, measured across the electrically insulating layer,
Kapton®, with a thickness of A6= 0.18 mm and a thermal
conductivity, k,_f, of 0.045 W/m-K (Assaad et al. 2008).
The information provided by the manufacturer shows that
the output given by the heat flux sensor at 21.1 °C is equal
to 2 uV/(W/m?). Considering a correction factor that varies
with the operation temperature, a value of 1.8 pV/(W/m?)
is considered since the sensor will operate at temperatures
close to 120 °C. Taking this information into account, the
Seebeck coefficient is equal to 4.01 pV/°C.

ey

Fig.2 Target plate configura-
tions: a flat plate; b non-flat
plate. Figures show the location
of the heat flux and each num-
ber correspond to the location
of thermocouples
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2.3 PIV measurements

The PIV technique has been widely used to measure the
velocity field of flow, providing detailed information about
the impinging jet’s flow dynamics (Geers et al. 2004;
Ichikawa et al. 2016; Angioletti et al. 2003; Khayrullina
et al. 2017; Nebuchinov et al. 2017; Gnanamanickam
et al. 2019; Singh and Prasad 2020). Using this method,
it is intended to characterize, at a macro-scale, the flow
behavior over the target surface, but also to identify, at a
micro-scale, the phenomena that occur in the vicinity of
surface transition (such as back steps and forward steps).
The 2D-PIV system applied in this study (Fig. 3) con-
sists of a 145 mJ double-pulse Nd: YAG laser that induces
a light sheet firing on the second harmonic, i.e., green
(532 nm). A two-dimensional laser sheet is obtained by the
two beams previously recombined on the same optical path
by a polarized dichroic filter and expanded in one direc-
tion through a combination of spherical and cylindrical
lenses (Angioletti et al. 2003). The laser sheet illuminates
the measurement region, from the exit of the nozzles to
the target plate over the length of the test chamber. The
light scattered by the seeding particles is captured by the
HiSense Zyla CCD camera, positioned perpendicularly
to the laser sheet. The CCD camera is equipped with a
50 mm Zeiss lens with a pixel resolution of 2560 x 2160
(5.5 Megapixels).

To conduct the measurements, three inputs are intro-
duced: the time between two laser pulses, i.e., the time
difference between the two-particle images, A= 50 ps; the
trigger rate, i.e., the sampling frequency of the PIV setup
(f=15 Hz); and the number of images required for acquisi-
tion (100 images by acquisition). Az was defined by previ-
ous measurements that allow to determine the best com-
promise between At accuracy and the flow velocity. The
measurements are performed using a double frame mode
through which the camera acquires one single frame for
each trigger pulse. Considering that the time between each
pulse defines the exposure time, the camera is triggered
twice in double frame mode giving the double exposure
enough to be able to capture on time the required number
of particles per interrogation area. The data acquisition
and image processing are performed using the software
Dynamic Studio.
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Fig.3 2-D PIV system /II
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2.4 Seeding particle’s size measurements

Seeding particles play an important role in the accuracy of
the PIV measurement. According to Melling (1997), the
tracer particles should not affect the dynamics of the flow
neither changing their properties during the measurement
nor interacting with each other. Furthermore, they must be
randomly and uniformly distributed across the flow with an
appropriate concentration to increase the accuracy of the
measurements. However, achieving an optimum seeding
flow is the most difficult task of the PIV experiments. To
ensure the precise distribution of the seeding throughout
the measurement region, the selection of the proper seeding
particle's size and material is crucial. According to Grant
(1997), a compromise between a small particle size of low
inertia, to improve the flow tracking, and a large particle
size to improve the light scattering, easily detected by the
camera, must be ensured. Moreover, a compromise between
the dimension of the seeding particles and their concentra-
tion is required to obtain accurate velocity fields. Due to the
importance of the selection of tracer particles for the track-
ing of the flow, a seeding characterization is conducted in
this work and the results are presented in Sect. 3.

To measure the particle’s diameter a Laser Diffraction
Technique is applied using a Malvern 2600 HSD. This
method, depicted in Fig. 4, uses a low-power He—Ne laser
that forms a collimated beam of light. If the beam strikes a
particle, light is scattered and it is subsequently collected
by a receiver lens which operates as a Fourier transform
lens forming the far-field diffraction pattern of the scattered
light at its focal plane. This scattered light is subsequently

Camera Data Transfer Cable

gathered over a range of solid angles of scattering, by a
detector that consists of 31 concentric annular sectors. The
unscattered light passes through a small aperture in the
detector and out of the optical system, being monitored to
determine the volume concentration of the sample. The dif-
fraction angle increases with decreasing particle size and the
number of particles can be obtained through the intensity
of the diffracted beam at any angle (Eshel et al. 2004). To
obtain an accurate measurement, it is recommended that the
number of particles in an experiment varies between 100
and 10,000.

To analyze the results obtained by the Malvern 2600
HSD, the Model Independent Analysis is selected (Kowal-
czuk and Drzymala 2016). This mode estimates a volume
distribution based on the measured light energy, assuming
a 15 degree polynomial and new light energy distribution
is calculated using Eq. (2) while the residual difference is
calculated by Eq. (3):

D;=U,V; 2

LogD = L0g10<Z(Dj - Lj)2> 3)

where i is the index of the size band, j is the index of detector
elements, U, ; describes how particles in size band i scatter
light to detector element j. D; is the measured data, V; the
relative volume of material contained in the particles in size
band i and L; the data was calculated from the estimated
volume distribution. A new set of values of L; is calculated
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Fig.4 Experimental setup
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The measurement yields a volume distribution of the dis-
persed material throughout the 32 bands. Since the main
interest of the measurement is to obtain a particle diameter,
the volume distribution must be converted into a diameter.
The derived diameter usually used in this type of measure-
ment is the Sauter Mean Diameter (SMD), D5, since the
ratio of volume to surface area for the Sauter mean is the
same as the ratio for the entire volume of particles (Kow-
alczuk and Drzymala 2016). This parameter is calculated
through Eq. (4), where d, represents the mean diameter of
size band i, n; is the number fraction in band i.
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2.5 Data reduction and uncertainty analysis

To determine the heat transfer induced by submerged and
confined multiple jets impinging on flat and non-flat plates,
the average Nusselt number (Nu) is calculated. In this study,
Nu is obtained by using the data provided by the heat flux
sensor. As expressed in Eq. (5), Nu depends on the aver-
age convective heat transfer coefficient (E), the mean nozzle
diameter (5), and the thermal conductivity of the fluid (k).
While the mean diameter of the nozzle is determined by
averaging the measurement of 10 orifices diameters of the
nozzle plate, k is temperature-dependent obtained directly
from the literature (Cengel and Ghajar 2011).
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k
where h is given by the heat flux, g, measured by the heat

flux sensor, the average plate temperature (7,) and the jet's
average temperature (77), as described in Eq. (6):

7 q
h= —
—_7 (0)
(7.-7)
To estimate the uncertainty of the Nusselt number, the
method presented by the ASME 98 (ASME 1998) for uncer-
tainty quantification is followed, being expressed by Eq. (7).

— 2 — — 2
U = CACIER I (C\C 2+ MNu, (N
e on " oD " ok

In its turn, h depends on g, T_W and T] meaning that the
uncertainty of measurements of these parameters is propa-
gated to the result and must also be considered. The heat
transfer coefficient uncertainty is obtained by Eq. (8).

— 2 — 2

oh oh
(% oh  _ 8
K \/<aﬁu"> +(aA7u”> ®

In addition, while g, and AT = T_W - Tj, are instantane-
ously recorded by the data acquisition system and analyzed
following the method previously expressed; the uncer-
tainty of D results from the statistical analysis of the meas-
urements obtained with the caliper, leading to an average
value of 4.92 mm with an uncertainty of 2.45x 107> mm.
Regarding k, the theoretical values are obtained from the
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literature (Cengel and Ghajar 2011). Since k varies lin-
early with temperature (20 °C <7< 35 °C), k is calculated
for each air jet temperature recorded by the thermocouple
using Eq. (9).

k=7x107T; +2.366 x 107> )

This shows that, since k is a variable that depends on
T;, the uncertainty of this parameter must also be propa-
gated to the result. The thermal conductivity uncertainty
is calculated through Eq. (10). Equations (7), (8), and (10)
follow the theoretical concepts presented in ASME (1998).

ok 2
e = (oAT”“) (10)

Uz, UpTs Uy Upy,s Uy (Egs. 7, 8, and 10) represent the uncer-
tainty of heat flux, temperature, heat transfer coefficient,
diameter, and thermal conductivity, respectively. Since the
total uncertainty of the Nusselt number is given by both
random and systematic errors the procedure must be applied
for each error type. This means that, u, u AT Up previously
presented are assumed as random uncertainties, while for the
calculation of systematic uncertainties, u up assume
the values presented in Table 1.

Regarding this study, uncertainty related to temperature
measurements is about 0.2%, while, regarding the Nusselt
number, this value is extended to 1.5%.

The velocity measured by the PIV system, U, is com-
posed of two components, in x direction and y direction,
being the uncertainty expressed by u, and uy,, respec-
tively. In this specific case, uy, = uy, = uy, and it can be
obtained by Eq. (11), which depends on the time between
pulses, At, the scale factor variation, ASc, and the parti-
cle’s displacement, Axp.

2 2
B oU oU oU \?
(amm”*) +<a<AxP>“X”> ()
(11)

Since the time between pulses Az, can be considered
infinitely small, for a certain range of flow turbulence, its

7 UaT>

Table 1 Systematic uncertainties

Source Measurement method  Uncertainty

Density Tabled value (Cengel  +3x107° (kg/m®)
and Ghajar 2011)

Heat flux Heat flux sensor +0.58 (W/m?)

Nozzle diameter and Caliper +0.01 (mm)

heat flux sensor area

Target and jets tempera-
ture

Type K thermocouples +0.12 (°C)

contribution to the velocity uncertainty can be neglected,
simplifying the equation in Eq. (11) into Eq. (12):

2 2
oU oU
= 12
" <a<Asc>“S“> ’ <a<AxP>““ﬁ) ”

Sciacchitano et al. (2013) presented a methodology for
uncertainty quantification of PIV systems, known as the dis-
crete window offset technique. This method consists of the
statistical analysis of the matched particle image disparity,
which is the residual distance between two consecutive par-
ticle images obtained after the matching. For more informa-
tion regarding this uncertainty estimation procedure refer to
Westerweel (1997). This method was used to quantify the
uncertainties related to the PIV measurements. Thus, it was
found that the uncertainties related to the Reynolds number
are about 4%, while the mean velocity uncertainties through-
out the domain are approximately 10%.

2.6 Experimental conditions

The experiments consist of air that flows through circular
nozzles spaced H=2 D from the target plate, inducing turbu-
lent multiple jets (Re =5000) which impinge different plate
configurations: a flat plate, and two non-flat plates with 1 D
and 2 D steps. The jets follow a staggered configuration and
are spaced 3 D in both spanwise (Sy) and streamwise (S,)
directions. These geometrical parameters were selected tack-
ing into consideration the study conducted by Barbosa et al.
(2021) that shows that the optimized configuration for multi-
ple air jets impinging on a surface corresponds to a staggered
array, H/D =2 and S/D =3. The row illuminated by the laser
sheet contains the central jet and two adjacent jets, one on
each side. Even if the measuring zone is totally open, the
effect of the outlets on the impingement only can be consid-
ered on the right and left-hand sides of the target plate, since
a total of nine rows (four on each side of the central row) are
used. The mean of the jets and plate temperatures are equal
to 22 °C and 120 °C, respectively. The measured variables—
heat flux, air jets and plate temperatures—were recorded
over a time span of 30 min, and to ensure the repeatability
of the experiments, a total of three tests, for each plate con-
figuration, were carried out consecutively.

3 Results and discussion

This section presents the selection of the seeding particles
based on the experimental measurement conducted with the
Malvern 2600. The PIV measurements are then conducted
and the results are expressed in terms of velocity, turbulence
intensity, vorticity, and 2nd Invariant. Results also include

@ Springer
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the average heat transfer over the three target plates, 2 D
step, 1 D step, and flat.

3.1 Selection of the seeding particles

Three different liquid flows are selected to conduct the
study, Shell Ondina EL oil, Johnson Baby oil, and olive oil.
The Shell Ondina EL oil is typically used with the Concept
Smoke Aerotech system, while olive oil is pointed out by
several authors as a good flow seeding (Melling 1997). Due
to the unpleasant smell released by the vaporized olive oil,
the Johnson Baby oil is also tested in this work.

To determine the size of different seeding particles,
measurements are conducted using the Malvern 2600 HSD
and the Model Independent Analysis, previously presented,
is used for data analysis. The measured seeding particle’s
diameter for each tested flow is presented in Table 2. These
values were obtained for the best combination of tempera-
ture and flow rate of the Concept Smoke Aerotech seeding
generator.

The data show that olive oil yields to the lower seeding
particle size, while the Shell Ondina EL oil presents the
higher value. To determine the ideal particle's diameter for
this specific flow, whose Re=35000, the particle's response
in turbulent flows is analyzed considering the equation of
motion of a suspended sphere (Basset 1888). For particle
response in turbulent flows, the equation of motion can be
expressed by the amplitude ratio, #, and the response phase
p of the instantaneous particle and fluid motions.

According to Hinze (1975), the flow and particle veloci-
ties can be expressed using Fourier integrals, as presented
in Egs. (13) and (14), respectively.

Uy = / (o cos Qt + AsinQr)dQ (13)
0

U, = / n|a’ cos (Qr + f) + Asin (Qt + f)]dQ (14
0

where Q is the angular frequency of the fluid motion. The
second equation shows that the response of the particle to
the fluid turbulence is lagged by f, given by Eq. (15), with
an amplitude corrected by a factor n (Eq. 16), that is below
the unit.

Table 2 Sauter mean diameter (SMD) measured by Malvern 2600

Value +0.01 [um]

Olive oil Johnson baby oil Shell Ondina EL oil

0.82 4.84 14.30
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_ -1 fz(Q)
p=wn (255 (s)
1/2
1=l +r@) +2@] (16)

where f| and f, are expressed in detail in Hinze (1975).
and 7 are values that vary in function of the fluid oscillation
frequencies, the fluid physical properties, and the dimen-
sion of the particles. If p /p,=1, the particles track the flow
regardless of their size. In this study, the seeding particles
used are olive oil with a density of 908.7 kg/m?, at ambient
temperature (Sahasrabudhe et al. 2017), and the flow is air
whose density and dynamic viscosity at ambient temperature
are 1.204 kg/m> and 1.825x 107> kg/m s, respectively. To
analyze the behavior of the olive oil droplets motion in air,
in amplitude and phase, with the variation of the oscillation
frequency, two graphs are plotted and presented in Figs. 5
and 6.

From the concepts presented above, the olive oil droplet
only can be considered an ideal seeding particle for fully
turbulent flows if 7 is close to 1. If the oscillation frequency
of the flow is lower than 10,000 Hz, olive oil particles with a
diameter slightly higher than 1 pm can be applied. However,
if Q>10,000 Hz, a diameter of 1 pm must be ensured. These
conclusions are in agreement with (Melling 1997).

To determine the range of the flow frequency, PIV meas-
urements are conducted and the vorticity magnitude is deter-
mined. Vorticity is defined as the curl of the velocity field,
as expressed in Eq. (17).

&=V Xi (17)

The results show that the flow frequency for Re=15000 is
close to 13,000 Hz. Combining these results with the data
presented in Table 2, it is clear that olive oil is the seeding
particle that complies with the requirements. The last com-
ment related to the seeding particles concerns the refractive
index. As previously mentioned, it is important to ensure
that the materials used for flow visualization, i.e., test section
walls and seeding particles, have closely matched refrac-
tive indices (Merzkirch 1987). Considering that olive oil
has a refractive index varying between 1.44 and 1.47 and
this value for the acrylic walls is equal to 1.49, it can be
concluded that the olive oil particles are a good choice to
conduct the PIV measurements.

3.2 Influence of the target plate geometry
on the jet’s flow dynamics

In this section, attention is provided to the influence of the
target plate geometry on the jet's flow structure. Therefore,



Experiments in Fluids (2023) 64:153

Page9of16 153

Fig.5 Response in amplitude 12

of olive oil droplets in air for
different particles diameter
1.0

0.8
=

0.6

04 1 —1.0 pm
—2.5 pm
—5.0 pm
—10.0 HmM

021 —25.0 im
—50.0 Hm

0.0 T T T " "
1 10 100 1 000 10000 100 000 1 000 000
Q (Hz)
Fig. 6 Response in phase of 0
olive oils in air at different
particles diameter 10 |
-20
-30 1
[<=N
-40
—1.0 pm
-50 A —25 pm
—5.0 pm
60 | —10.0 pm
—25.0 Hm
—50.0 pm
-80 T T T T T
1 10 100 1000 10000 100 000 1 000 000
Q (Hz)

the central row of three different plate configurations is ana-
lyzed, 1 D step, 2 D step, and flat plate.

3.2.1 Time-averaged velocity profiles

The effect of the target plate geometry is analyzed by com-
paring the velocity profiles obtained from the PIV meas-
urements. The results are presented from Figs. 7, 8 and 9,
regarding flat, 1 D step, and 2 D step plates, respectively.
Starting with an overall analysis of the velocity fields, the
data clearly show the effect of confinement on the genera-
tion of the different jet flow regions. The small distance
between the nozzle and the target plate (H/D=2) has a
strong influence on the flow development at the jet axis since
the flow is within the length of the potential core H/D <6

(Livingood and Hrycak 1973). Therefore, maximum veloci-
ties are recorded from the inlet to the surface, and no decay-
ing or fully developed regions are identified. As the flow
gets closer to the wall, the axial component momentum is
converted into an accelerated horizontal component, flow-
ing in direction to the outlets. Along the way, the wall jets
interact, inducing fountain flows at x/D =3, in all figures,
and at /D= —3 and 3, in Fig. 7.

Focusing in Fig. 7b, the velocity profile near the target
plate shows that the central jet (x/D =0) presents higher
velocities near the stagnation region when compared with
the other adjacent jets. This behavior can be explained by the
wall jet interactions and jet induced crossflow, which gener-
ate a slight deflection of the adjacent jets. The interaction
between the wall jets induces a fountain flow, expressed by

@ Springer



153 Page 100f 16 Experiments in Fluids (2023) 64:153

Velocity magnitude [m/s]
[ -

000 150 3.00 450 6.00 7.50 9.00 1050 12.00 13.50 15.00

—e—Central Jet
[ —o—Right hand-side Jet
—o—Left hand-side Jet

() os

. 06 W

S

= 04

S 02 Ll el

0 - it il
-8 -7 0.25 0.50 0.75 1.00
UlUnax

Fig. 7 Flat plate case velocity profile: a velocity field; b over the target plate at y/D =0.15; c at the jet’s axes

Velocity magnitude [m/s]
[ -
(a) 0.00 150 3.00 450 6.00 7.50 9.00 10.50 12.00 13.50 15.00 (C)

—e— Central Jet
—o—Right hand-side Jet jﬁ
—o—Left hand-side Jet
|
|
|
|
: g 0.00
5 6 7 8 0.00 0.25 0.50 0.75 1.00

UlUmax

Fig.8. 1 D step plate case velocity profile: a velocity field; b over the target plate at /D =0.15; c at the jet’s axes

Velocity magnitude

000 150 3.00 450 600 7.50 9.00 1050 12,00 13.50

v/D

m/s)

15.00

——Central Jet

—0o—Right-hand side Jet

U/Umax

1.00

U/Unax

Fig.9. 2 D step plate case velocity profile: a velocity field; b over the target plate at /D =0.15; c at the jet’s axes

an increase in velocity at x/D = — 3 and 3, as clearly identi-
fied in Fig. 7a. Looking at Fig. 7c, the velocity profile at the
jet axis shows that higher velocities are recorded at the jet
axis, supporting the previous statement.

As the complexity of the target plate increases, the meas-
urements capture stronger flow interactions. Similar results
are obtained near the target plate for 1 D and 2 D step plates,
as it can be seen in Figs. 8b and 9b, with higher velocities

@ Springer

recorded at the central jet. However, higher velocities are
identified at the central jet axis of the 2 D step plate, Fig. 9c,
which is mainly due to the flow reversal induced near the
step, increasing the flow turbulence in the vicinity of the
central jet (x/D =0). The vortex promotes the mixing which
enhances the heat transfer in the central jet stagnation region,
as also observed by Weigand and Spring (2011). Even if the
step affects the flow development for the case of the 1 D step
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plate, the step corner deflects the central jet flow, decreasing
its velocity.

3.2.2 Time-averaged vorticity and turbulence intensity

The vorticity field is a parameter widely used to identify
coherent structures and to capture the local swirling motion
typical for a vortex, but also the shear (Geers et al. 2005),
being previously expressed by Eq. (17). Considering that
a 2D-PIV system is used in this work, a two-dimensional
representation of the vorticity magnitude is presented for
each plate geometry from Figs. 10, 11 and 12. The vorticity
magnitude is nondimensionalized by the maximum value
measured. Therefore, positive values indicate counterclock-
wise flow rotation while negative values imply clockwise
flow rotation.

The results show that maximum values are obtained at
the jet's shear layer, starting immediately downstream of
the orifice edges, highlighting once again the strong flow

Vorticity

-10 -08 -06 -04 -02 00 02 0.4 0.6

(a)

mixing between the jet's flow and the surrounding air. Since
the nozzle-to-plate distance is small, the vorticity profile
at the jet edges is kept through its full length, showing the
influence of the confinement on the vortex generation. How-
ever, it is not possible to identify the variation of the vortex
structures which is explained by the fact that vorticity is sen-
sitive to both shear and local swirling motion (Geers et al.
2005). Intense stretching is captured near the stagnation
point and the jet’s thickness increases with the distance from
the stagnation point which characterizes the wall jet region.
This typical jet structure was also captured by Song and
Prud’homme (2007) and (Angioletti et al. 2003). In addition,
higher vorticity is observed on the left-hand side of each jet,
showing the effect of the jet-induced crossflow, flowing in
direction to the outlet (right-hand side). This crossflow is
intensified by the step that blocks the flow on the left-hand
side. The typical horseshoe vortex structure is clearly iden-
tified on the left-hand side of each jet while on the right-
hand side, this structure is degraded mainly due to the flow
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deflection generated by the strong effects of the jet-induced
crossflow. Moreover, high vorticity levels are reached near
the step by the jet located at x/D =0 at the central row, which
is in agreement with the data presented by the velocity field.
As previously mentioned, the 2 D step produces a flow rever-
sal, leading to the generation of a strong vortex in the vicin-
ity of the plate as demonstrated in Fig. 12a. Regarding the
1 D step, Fig. 11a shows a stronger horse-shoe vortex when
compared with the other geometries, while in the flat plate
case, two symmetric and weak vortices are induced at both
sides of the central jet, as clearly identified in Fig. 10a.

To complement the analysis, the time-average turbulence
intensity, nondimensionalized by the maximum veloc-
ity recorded at the jet’s inlet (U,,,,), was plotted for each
case in the vicinity of the target plate and at the jet’s axes.
This parameter is given by Eq. (18), where ugy;q and vgys
represent the root mean square x-velocity and y-velocity,
respectively.

_ /2 2
TI = < Ugns +vRMS/UmaX>

Focusing on the flat plate case, the data presented in
Fig. 10b show that higher turbulence intensity is recorded
at the adjacent jet, on the left-hand-side. This behavior is
slightly different from the expected one since a similar pro-
file to the right-hand-side jet, with higher TI, where the vor-
tex horse-shoe is located, should be observed. Moreover, the
effect of the central jet interaction on the adjacent jet’s flow
development is clearly identified in Fig. 10c, since higher
turbulence is detected upstream of the impingement in both
left and right-hand-side jets. These data are in agreement
with Fig. 10b since higher turbulence intensity is measured
at the left-hand-side jet. As expected, higher levels of tur-
bulence occur at the stagnation region, at y/D < 1, in which
the flow experiences non-uniform turning and a strong

(18)
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stretching of the vortices, which increase the turbulence.
However, as presented in Fig. 10c, turbulence intensity in
this region is about 30% higher for the adjacent jets com-
pared with the central jet, highlighting once again the effect
of the jet-induced crossflow and wall jet’s interactions on the
increased intensity of the flow over the wall.

As far as the 1 D step plate is concerned, the results dem-
onstrate that, compared with a flat plate, the left-hand-side
jet flow, is highly compressed against the nozzle plate due
to the reduced distance between the step and the upper plate
(/D =1). Therefore, higher T1 values should be expected
but this is not the case, as it can be observed in Fig. 11b
and c. This must be due to the reduced accuracy of the
images captured by the PIV system, due to the small space
between the step and the nozzle plate, which induce some
optical interference near the wall. Focusing on the central
jet, Fig. 11c, data show that higher turbulence intensity is
recorded at the jet axis compared with the 2 D step plate,
Fig. 12c. This is mainly explained by the strong deflection
induced by the step corner, which does not occur in the 2 D
step case. However, the behavior of the right-hand-side jet is
similar in both cases. Compared with the flat geometry, the
turbulence intensity at the central jet is around 25% higher
for the 1 D step, while for the 2 D step, this increase reaches
7.5%. Moreover, in the vicinity of the central jet axis, tur-
bulence intensity is more uniform and about 30% higher
between 0.5 <x/D < 1.2, compared with the flat plate. Such
higher turbulence levels, for the case of a non-flat geometry,
will be expressed in heat transfer enhancement compared
with the flat plate.

3.2.3 Mean Q-criterion
The second invariant of the velocity gradient tensor, Q, pro-

vides additional information to detect the vortices induced
throughout the impingement. According to Melling (1997),
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Q is the value by which vorticity magnitude exceeds strain
rate magnitude (S) and can be expressed by Eq. (19). This
equation shows that Q>0 indicates rotation-dominated
regions, while O <0 identify strain-dominated regions.

0 = 3 (lol* - IISIP) (19)

The results, depicted in Fig. 13, present the Q-criterion
nondimensionalized by the maximum Q value measured.
Through these data, it is possible to identify, with higher
detail, the vortical structures, compared with the vorticity
field, since Q is not affected by the local shear.

Starting with a global analysis, the data reveals that along
the jet centerline, Q is around zero, as expected. The vorti-
ces grow in size as they progress into the flow, being highly
influenced by the jet’s flow interactions and the jet-induced
crossflow. The region characterized by the stronger shear
is the stagnation region since the flow decelerates and the
vortices are stretched. As the flow develops over the wall,
the structures break up, and regions characterized as shear-
dominated and rotation-dominated appear. This can lead to
non-uniform heat transfer coefficients in the vicinity of the
target surface. The Q-criterion field also demonstrates that
the collision between the wall jets induces fountain flows
in the middle region between jets, as it can be confirmed in
Fig. 13a and b at x/D =3, as well as Fig. 13c at x/D= -3
and x/D =3, where local stagnation points are clearly identi-
fied. As observed in all cases, the jet-induced crossflow has
a strong influence on the development of the vortices along
the surface. This crossflow, directed to the outlets, affects
the jet flow field symmetry, moves the stagnation points, and
disturbs other wall jets. This effect is even more pronounced
over a non-flat plate, as observed in Fig. 13. Focusing on
the jets located near the outlets, while in the non-flat plate,
the horseshoe vortex has a stronger magnitude on the left-
hand side, for the flat-plate case, this increased value is also

Fig. 13 Q-criterion: a 2 D step
plate; b 1 D step plate; ¢ flat
plate

vD

observed on the right-hand side of the jet located near the
right outlet.

Looking in detail to the 2 D step plate case, Fig. 13a, the
Q-values highlight the generation of two similar eddies at
both sides of the central jet located at x/D =0 and a second-
ary vortex with the same size, close to the left-hand side
vortex, induced by the flow reversal due to the step. This
is a region where high heat transfer rates are expected to
occur since strong turbulence is recorded. As the flow moves
toward the outlet, it encounters the wall jet of the adjacent
jet and a stagnation point is identified in this collision region
located at x/D =3. The combination of the increased tur-
bulence due to the 2 D step geometry and the jet-induced
crossflow lead to a strong deflection of the adjacent jet flow.
Therefore, the stagnation point is moved to the right due to
the asymmetry of the two vortices induced on both sides of
the adjacent jet axis.

Even though the complexity of the flow development is
also identified in the 1 D step plate, Fig. 13b, some differ-
ences are observed when compared with a 2 D step plate.
The flow deflection induced by the step corner produces
strong shear due to vortex stretching. The central jet stagna-
tion point is moved to the right and the flow of the adjacent
jet is also deflected to the right. Even if a large vortex is
induced at the right-hand side of the central jet, lower turbu-
lence is observed in the vicinity of the target plate compared
with the 2 D step plate.

Regarding the jet flow development over the flat plate,
Fig. 13c, results show a suitable symmetry of the vorti-
ces induced at the central jet, while the stagnation point
is located in line with the jet axis. This difference, when
compared with a non-flat plate, is mainly due to the flow
deflection due to the step as well as flow reversal that does
not occur in this case. As the flow moves through the out-
lets, wall jet collision occurs and the effect of jet-induced
crossflow leads to a deflection of the adjacent jets toward the

Q-criterion
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outlet. The shear regions near the wall are more pronounced
in this case when compared to the non-flat plates, mainly due
to a lower degradation of the flow structure.

Overall, these results show an intensification of the flow
turbulence due to the step plate, therefore high heat transfer
rates are expected to be obtained over a non-flat plate. This
is presented in the following section.

3.3 Heat transfer

The mixing between the ambient air and the hot air that
comes from the target plate is increased by the temperature
difference, increasing the jet flow velocity over the surface as
well as between the nozzle and the target plates. This effect
promotes the heat transfer over the impinging surface and
can be explained by the increase of flow driving forces in the
vertical direction due to stronger buoyancy forces. While in
turbulent flows the buoyancy effect can be neglected, in lam-
inar flows the impinging regime may fall in natural, forced,
or mixed convection, depending on the relative strengths of
the inertia/viscous forces and the buoyancy forces involved
(Nada 2009). Since the Reynolds number applied in this
work is not very high, it is important to quantify the effect
of natural convection on the heat transfer process. To quan-
tify this effect, the Richardson number is determined using
Eq. (20). If Ri< <1 the forced convection regime is domi-
nant, while Ri> > 1, natural convection prevails, and if Ri
~ 1, the flow is in a mixed convection regime.

_Gr

Ri
Re?

(20)

According to Nada (2009), the Grashof number (Gr) can
be determined by Eq. (21):

_gf (T, = T )H’
= >

Gr @1
where H is the nozzle-to-plate distance, g is the acceleration
of gravity, f* is the coefficient of volumetric expansion (for
gases, 1/T), and v the air kinematic viscosity. In this case, the
air properties are considered at film temperature.

Considering that the average temperature of the tar-
get plate (T,,) is 120 °C and the air jet temperature at the
exit of the nozzle (T,) is 22 °C, T is equal to 71 °C, thus
*=0.014 and v=1.995 x 107> m?/s. These values lead to
a Gr=33817.2, and considering that Re =5000, Ri takes a
value of 0.001. These results show that, even if the Reynolds
number is not very high, forced convection is dominant and
the effect of natural convection is reduced.

The heat transfer performance for each plate geometry is
quantified by the average Nusselt numbers obtained from the
heat flux measurements, according to the scheme presented
in Fig. 1f. The results are presented in Table 3, as well as the
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Table 3 Average Nusselt number over the target plate

Plate configuration Nu

Flat 29.9(0)+0.45
Non-flat—step 1 D 32.7(2)+0.49
Non-flat—step 2 D 37.3(9)+0.56

uncertainty of the measurement, using the analysis imple-
mented and presented in Sect. 2.5.

The average Nusselt numbers show that the heat trans-
fer increases as the target plate complexity increases. These
observations are in agreement with the velocity, vorticity,
turbulence intensity, and Q-criterion data presented in the
previous sections. Near the step, where the heat flux is
located, high vorticity magnitude occurs due to the strong
flow reversal induced in this region. Moreover, the step
increases the confinement between the nozzle and the target
plates compared with the flat plate, increasing the overall
turbulence intensity. This turbulence promotes the mixing
between the jet’s flow and the surrounding air, increasing the
heat transfer rates in the vicinity of the target plate.

Although the sensor measures an average heat flux, the
flow dynamics profiles allow to understand the heat transfer
behavior over the area impinged by the jets and measured by
the sensor. The horse-show vortex induced in the vicinity of
the step entrains air, which is trapped between the jet and the
step, this increases the local turbulence intensity compared
to the flat plate. The vorticity profile shows that this vortex
is in a clockwise rotation and increases the vorticity of the
shear layer. As a result, a non-uniform heat transfer profile is
expected to be induced, with higher values recorded near the
step. The effect of non-uniformity of the local heat transfer
is more pronounced for the case of the 1 D step plate since
the deflection induced by the step corner increases the tur-
bulence intensity on the right-hand side of the jet axis. For
the case of the 2 D step plate, the increase of the local heat
transfer is mainly due to the combination between a larger
stagnation region and a strong flow reversal. As depicted
by the Q-criterion profile, this interaction between the jet
flow and the step generates two vortices, one close to the
jet axis and another near the step. The collision between
these two structures induces an increase in the average turbu-
lence intensity and consequently, an increase in heat transfer.
Comparing these two cases with the flat plate, a smoother
flow interaction between the jets and the plate is observed.
Vortices with a reduced magnitude are generated, leading to
a low turbulence intensity that conducts to a lower average
heat transfer in the vicinity of the wall.

The flow dynamics help to characterize the heat transfer
values obtained by the heat flux sensor. Compared with the
flat plate, this leads to an increase of the Nu by about 10%
for the case of the 1 D step plate and by 25% for the 2 D
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step plate. This difference between the 1 D and the 2 D step
geometries is mainly due to the flow deflection induced by
the step corner at the 1 D step plate case, which breaks up
the main flow structure, reducing the heat transfer, as previ-
ously presented by the jet’s flow dynamics. The increased
turbulence in the vicinity of the step is more pronounced for
the 2 D step case, inducing a higher average heat transfer
over the target plate.

4 Conclusions

The present study describes a specially built experimental
setup to conduct 2-D PIV and heat flux measurements in
order to characterize the flow dynamics and heat transfer of
multiple jets impinging on a surface with a step. Besides pro-
viding relevant insights regarding this complex heat trans-
fer process, the seeding particles are also approached since
they are crucial to ensure accurate PIV measurements. From
the different tracking particles analyzed, olive oil proved to
be the best option compared with Johnson Baby and Shell
ondina oils. To characterize the jet’s flow dynamics, velocity,
vorticity, turbulence intensity, and the Q-criterion are the
parameters used. The results highlight the flow complexity
and the effect of the plate geometry on the flow develop-
ment over the target plate, which is intensified by the com-
bination between the high confinement, staggered jet pat-
tern, and reduced distance between jets. From the analysis
conducted, it was demonstrated that as the complexity of
the plate geometry increases, higher turbulence intensity is
recorded over the wall. The results show a horseshoe vortex
with a strong magnitude at the left-hand side of the central
jet due to the flow reversal induced by the step, while the
central jet that impinges the flat plate presents a symmetric
behavior with weaker vorticity when compared with the non-
flat plates. In all cases, the effect of the jet-induced cross-
flow combined with the proximity to the outlets leads to an
intensification of the flow turbulence, clearly expressed by
the strong magnitude of the vortices produced at both sides
of the jet located near the outlet. The occurrence of these
physical phenomena leads to an increase of the heat transfer
by about 10% for the case of the 1 D step plate and by 25%
for the 2 D step surface, compared with the flat plate.
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