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Abstract: The current work experimentally investigates the flowfield characteristics of an
under-expanded turbulent jet impinging on a solid surface for various nozzle-to-plate distances
2.46Dj, 1.64Dj, and 0.82Dj (Dj is the jet hydraulic diameter), and nozzle pressure ratios (NPRs)
ranging from 2 to 2.77. Planar particle image velocimetry (PIV) measurements were performed
in the central plane of the test nozzle and near the impingement surface. From the obtained PIV
velocity vector fields, flow characteristics of under-expanded impinging jets, such as mean velocity,
root-mean-square fluctuating velocity, and Reynolds stress profiles, were computed. Comparisons
of statistical profiles obtained from PIV velocity measurements were performed to study the effects
of the impingement surface, nozzle-to-plate distances, and NPRs to the flow patterns. Finally,
proper orthogonal decomposition (POD) analysis was applied to the velocity snapshots to reveal the
statistically dominant flow structures in the impinging jet regions.

Keywords: under-expanded impinging jet; velocity measurements; particle image velocimetry;
proper orthogonal decomposition

1. Introduction

The impinging jet configuration has received many considerations from researchers due to its
widespread use in many industrial applications. For example, the impinging jets can be used for cooling
of hot surfaces such as turbine blade (Saddington et al. [1], Hadžiabdić and Hanjalić [2]), as rocket
engine or vertical and short take off and landing aircraft (Krothapalli et al. [3], Cabrita et al. [4],
Saddington et al. [5,6], Wilke and Sesterhenn [7]), and as torque generator in turbomachinery system.

The flow characteristics of impinging jets, despite the geometrical simplicity, are very
complex and have posed challenges to numerical simulations, particularly for turbulence
modelling (Hadžiabdić and Hanjalić [2]). The jet flow configurations discussed in this paper
are under-expanded, subsonic and supersonic free jets, i.e., jets exhaust in a quiet medium,
and jets impinging on a solid surface, that are commonly found in aerospace engineering
applications and turbomachinery systems. An under-expanded jet may occur when the jet
nozzle releases a fluid at a pressure greater than the ambient pressure. A comprehensive
review of free under-expanded jets can be seen in Franquet et al. [8]. The flow configuration of
supersonic impinging jet has rich and complex flow structures (Henderson [9]) that are originated
from the compressibility and turbulent flows (Weightman et al. [10]). Besides, the supersonic
impinging jet is a highly resonant flowfied that is governed by a well-known aeroacoustics
feedback loop (Weightman et al. [10], Uzun et al. [11], Akamine et al. [12]). The feedback loop initiates
as instability waves in the jet shear layer, then grow into large-scale vortices as they travel
downstream (Brown and Roshko [13], Tam and Ahuja [14], Henderson and Powell [15]). The impact
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of the large-scale vortices on the solid surface produces pressure fluctuations and acoustic waves
propagating upstream (Krothapalli et al. [3], Henderson [16], Henderson et al. [17], Sinibaldi et al. [18],
Gojon et al. [19]). These upstream propagated waves reach the nozzle outlet and generate the
instability waves, closing the feedback loop (Henderson and Powell [15], Ho and Nosseir [20],
Nosseir and Ho [21]).

In the current communication, we experimentally study the under-expanded turbulent impinging
jets featuring in many important applications of turbomachinery and aerospace engineering.
Particularly, the test model is a convergence-divergence nozzle, which is typically installed in
turbomachinery systems of many power plants in United States. When in operation, the nozzle
will exhaust gas (air and/or steam) to the turbine blades and induce rotations for the turbomachinery
shaft. It should be noted that at this stage, the flow configuration presented in this paper is unheated,
under-expanded air jets impinging on a flat surface that can be considered as a simplified version of
the practical system. Nevertheless, it is still a valuable benchmark to gain a proper understanding of
the flow mixing between the subsonic and supersonic jet flows and an ambient surrounding fluid with
and without the presence of the impinging surface.

Researchers at Texas A&M University have conducted isothermal velocity measurements of
subsonic and supersonic under-expanded free jets and impinging jets. The general purpose of these
tests is to perform high-spatial resolution measurements of the velocity fields for different flow
configurations of under-expanded jets. The experimental activities provide an experimental database
of velocity measurements suitable for validating system-level codes and developing the computational
fluid dynamics (CFD) models that are currently considered for subsonic and supersonic jet flows.

The objective of our study is to investigate the flow characteristics of under-expanded turbulent
jets impinging on a solid surface with various nozzle pressure ratios (NPRs) ranging from 2 to 2.77,
and different values of nozzle-to-plate gaps. These spatial distances are e = 10 (mm), 20 (mm),
and 30 (mm), that are typical in the practical turbomachinery systems. The resulted non-dimensional
gap spacings, defined as e/Dj (Dj is the jet hydraulic diameter), are 0.82, 1.64, and 2.46, respectively.
The flowfield characteristics in the central plane of the test nozzle and near the impingement surface
are obtained by using the two-dimensional two-component (2D2C) particle image velocimetry
(PIV) technique. The PIV measurements will provide the full-field flow characteristics of the flow
mixing between the under-expanded free jets, impinging jets and surrounding areas. The obtained
experimental results at high-spatial resolutions can be then used for validation of theoretical and CFD
models, and for providing technical supports to the system design. The structure of this paper is
as followed. The experimental facility of impinging jet configuration and PIV experimental setup
to acquire the velocity are presented in Section 2. From the obtained PIV velocity vector fields
corresponding to various spatial gaps and NPRs, statistical results including the first- and second-order
flow statistics, such as mean velocity, root-mean-square fluctuating velocity and Reynolds stress,
are discussed in Section 3. Effects of the impingement surface and NPRs to the flow patterns
and comparisons of statistical profiles are discussed in Section 3.2. Finally, proper orthogonal
decomposition (POD) analysis is applied to reveal the statistically dominant flow structures that
play important roles to the flow dynamics and acoustic characteristics of impinging jets. Results from
the velocity decomposition are discussed in Section 4, followed by the conclusions in Section 5.

2. Experimental Facility and Particle Image Velocimetry (PIV) Experimental Setup

2.1. Experimental Facility of Impinging Jet

In this section, we describe the experimental facility of an under-expanded turbulent jet impinging
on a solid surface. Figure 1a shows the experimental rig, while Figure 1b illustrates the PIV
experimental setup, and Figure 1c,d depict a close-view and dimensions of the test nozzle used in this
study. It is noted that the test model is a convergence-divergence nozzle, which has been removed from
a turbomachinery system used in a power plant. The test nozzle, therefore, had few minor geometrical
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distortions due to mechanical stresses from the installation, maintenance and operating conditions
of the system. The jet nozzle had a throat diameter of 12.2 mm, a square cross-section outlet with
rounded edges, and an overall length of 50 mm as shown in Figure 1c,d. The hydraulic diameter of the
test nozzle was estimated using the throat diameter Dj = 12.2 (mm).

Figure 1. Overview of the experimental facility of the free jet and impinging jet. (a,b) Experimental rig
and PIV experimental setup, (c,d) a close-view and dimensions of the tested nozzle.

The governing parameters of an under-expanded turbulent jet impinging on a surface are the
nozzle pressure ratio (NPR), defined as NPR = pexit/pamb, in which pext and pamb are the pressures of
the jet exit and ambient air, Dj is the nozzle hydraulic diameter, and e is the nozzle-to-plate distance
(Henderson [9], Ho and Nosseir [20]). The experimental test rig consisted of a cylindrical mixing
chamber with an internal diameter of 152.4 mm and a length of 1778 mm. The mixing chamber was
placed horizontally and its inlet was connected to a laboratory air compressor. For the experiments
considered here, this source of compressed air (100 psi) was capable of maintaining a constant inlet
flow rate and pressure throughout each time. The air flow rate was controlled manually using a
ball valve and a pressure regulator. The compressed air was accumulated in the mixing chamber,
whose pressure was adjusted using a pressure regulator maintaining the pressure at the jet exit, pexit.
The mixing chamber was instrumented with a thermocouple and a pressure transducer that were
connected to a National Instrument Data Acquisition system to provide information on the stagnation
conditions. The outlet of the mixing chamber was attached to a circular pipe with a length of 914.4 mm
and a diameter of 19.05 mm, and the test nozzle. The pipe length was chosen so that it exceeded
10 hydraulic diameters of the nozzle to ensure fully developed turbulent flow at the nozzle exit
(Kays [22], Solovitz et al. [23]).

2.2. PIV Experimental Setup

Figure 1 illustrates the experimental setup of two-dimensional two-component (2D2C) PIV
measurements of the impinging jet flow configuration. For the current PIV measurements,
the measured flow area was illuminated by the laser sheet and located at the center plane of the
test nozzle, as shown in Figure 1b. The origin of the coordinate system was at the center of the nozzle
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exit, in which, x-direction is normal to the jet centerline, and negative y-direction is the jet axis. The jet
Reynolds number is defined as

Rej = VjDj/ν, (1)

in which, Vj is the jet velocity at the nozzle outlet, Dj is the jet hydraulic diameter, and ν is the kinematic
viscosity of air. The velocity components corresponding to the x and y directions were U and V for the
time-averaged velocity, and u′ and v′ for the fluctuating velocity, respectively. In this paper, velocity
measurements in the central plane of the test nozzle for the configurations of under-expanded free jets
and impinging jets with various nozzle-to-plate gaps e = 10 mm, 20 mm, and 30 mm, are discussed.

The 2D2C PIV system consisted of a dual-head Nd:YAG laser, a digital charge couple device
(CCD) camera, a synchronizer, and a computer. Each laser beam of the double-pulsed laser was
capable of 200 mJ at a wavelength of 532 nm. These beams were adjusted by using an optical system of
cylindrical and spherical lenses to form a 1-mm-thick laser sheet. For all the experiments, the laser
sheet was positioned at the central plane of the test nozzle. For the current experimental configurations,
it is expected that the impinging jet possessed three-dimensional flow structures that produced particle
displacements perpendicular to the laser sheet (Nguyen et al. [24], Nguyen and Souad [25]). For the
2D2C PIV measurements, these out-of-plane particle displacements could make the loss of pairs
significant, which could strongly reduce the correlation peaks computed from image cross-correlation
calculations, and then reduce the possibility of searching a valid peak from the correlation map.
To mitigate this difficulty, we followed suggestions of Raffel et al. [26] to choose an appropriate laser
sheet thickness and the time interval between the image recordings to accommodate the out-of-plane
displacements of particles. The laser sheet thickness of 1 mm was therefore optimized to be thin enough
to guarantee an adequate particle image intensity but thick enough to reduce the loss of image pairs
due to out-of-plane particle displacements. The PIV double-pulsed image pairs were acquired using the
CCD camera 4MP, which had a maximum resolution of 2336× 1752 and a pixel size of 5.5× 5.5 µm2,
at a sampling rate of 15 Hz. The Zeiss camera lens had a 105-mm focal length and an f/5.6 aperture.
A droplet generator was used with Di-Ethyl-Hexyl-Sebacat liquid to generate particles with a mean
diameter of 1 µm to seed the inlet of the mixing chamber and the jet. Depending on the estimated jet
velocity for various NPRs, the time intervals between the first and second image exposures varied
from 3 µs to 1 µs, yielding maximum particle displacements of 45 pixels. For velocity measurements
of high-speed flows using laser-based techniques, Scarano [27], Alvi et al. [28], and Mitchell et al. [29]
discussed the importance of seeding particles because particle lag could occur in flow regions of very
high velocity gradients, such as shock waves and wall jets. Following the discussions in Raffel et al. [26]
and in the study of Sinibaldi et al. [18], particle response to a constant flow acceleration is defined by

τp =
d2

pρp

18µ
(2)

where dp and ρp are the diameter and density of the seeding particle, and µ is the dynamic viscosity of
the air. The Stokes number (Stk) is defined as the ratio between the particle relaxation time τp and the
characteristics flow timescale τf . Samimy and Lele [30] suggested an estimation of the flow timescale
by assuming the particle maximum slip velocity as Vj (Sinibaldi et al. [18]), as follow

τf = 10
Dj

Vj
. (3)

The seeding particles can be considered to follow the flow properly if the particle relaxation
time τp is much smaller than the flow timescale τf , i.e., Stokes number Stk � 1 (Erdem et al. [31],
Ragni et al. [32]). Providing the properties of the DEHS particles, air properties, and jet velocity for
each experimental measurement in the current study, one can obtain the particle response time is
τp = 2.82× 10−6 s and τf = 3.81× 10−4 s. This yields the Stokes number Stk ' 0.031, thus ensuring
reliable fluid flow detection based on the seeding particles and laser illumination (Sinibaldi et al. [18]).
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Table 1 shows typical flow conditions calculated at the nozzle exit for the free jets and impinging jets at
various nozzle-to-plate gaps and various values of NPRs.

Table 1. Physical exit flow conditions for under-expanded free jets and impinging jets at various
nozzle-to-plate gaps and various values of NPRs.

NPR 2 2.2 2.5 2.77

Nozzle Outlet Temperature (K) 287.1 287.0 286.5 274.1

Exit Air Density (kg/m3) 2.46 2.73 3.08 3.42

Exit Air Viscosity (Pa/s) 1.791× 10−5 1.792× 10−5 1.789× 10−5 1.787× 10−5

Ambient Sound Speed (m/s) 339 339 339 339

Free Jet Exit Centerline Velocity (m/s) 273.4 309.1 343.1 353.1
Reynolds number 458,037.3 574,651.6 720,724.8 824,301.7

Impinging Jet Exit Centerline Velocity (m/s) 291.9 326.6 351.1 354.7
e/Dj = 2.46 Reynolds number 489,031.1 607,186.1 737,529.8 828,036.9

Impinging Jet Exit Centerline Velocity (m/s) 285.4 306.8 335.5 336.3
e/Dj = 1.64 Reynolds number 478,141.4 570,375.7 700,558.8 785,082.6

Impinging Jet Exit Centerline Velocity (m/s) 273.1 308.5 334.7 348.1
e/Dj = 0.82 Reynolds number 457,534.7 573,536.2 703,079.6 812,629.4

For the specific values of NPRs and spatial gaps between the nozzle and impinging plane,
sequences of image pairs, ranging from 350 to 1600 pairs, were recorded during multiple experimental
runs. All 12-bit depth PIV double-exposure images were processed by the advanced multi-pass,
multi-grid robust phase correlation (RPC) algorithms (Eckstein et al. [33], Eckstein and Vlachos [34]).
The PIV image processing had four iterations, which started from 196× 196 pixels and ended at
32× 32 pixels, respectively. Particle displacements initially calculated from the previous iteration were
used to shift the interrogation window in the next iteration. All PIV iterations had a 50% window
overlap, yielding the final spatial gap between two adjacent vectors of 0.3 mm. In all the PIV iterations,
particle displacements were computed from the correlation map with a Gaussian peak fit for sub-pixel
accuracy (Raffel et al. [26]). Within each iteration, statistical validations were performed to identify
and replace erroneous vectors. We applied the median filter, proposed by Westerweel [35], and used
the standard deviations of the neighboring vectors to filter out spurious vectors. The resulted blanks
were then filled by velocity interpolation. For all the tests presented in this paper, the percentage of
erroneous vectors, which were defined as the numbers of vectors failed the validation process in the
final iteration, and averaged over the number of velocity snapshots, was less then 5%. The overall
uncertainty in the PIV velocity measurements was estimated approximately 0.1 pixels, yielding less
than 1% to 2% of the mean jet velocity. Performance and uncertainty of the PIV post-processing using
RPC algorithm were evaluated in studies of Timmins et al. [36], Wilson and Smith [37], Charonko and
Vlachos [38], and Boomsma et al. [39].

3. Results from PIV Measurements of Under-Expanded Free Jets and Impinging Jets

The collections of PIV experimental images were processed, and the obtained PIV velocity vectors
were used to compute the flow statistics for various configurations of free jet and impinging jet.
In this section, we present the first-order statistics, i.e., mean velocity, and second-order flow statistics,
such as root-mean-square (RMS) fluctuating velocity, Reynolds stress, and turbulent kinetic energy,
computed for the configurations of free jets and impinging jets with various nozzle-to-plate distances
of e = 30 mm, 20 mm, and 10 mm. In addition, statistical results corresponding to different values
of NPRs, i.e., NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77, are compared. From the
obtained instantaneous 2D2C PIV velocity vector fields, the flow statistics, including mean velocity,
RMS fluctuating velocity, Reynolds stress and turbulent kinetic energy, are calculated as follows.
The mean velocity components U and V are computed as
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U =
1
N

N

∑
i=1

ui V =
1
N

N

∑
i=1

vi, (4)

and the RMS fluctuating velocities, u′rms and v′rms, and Reynolds stress, 〈u′v′〉, are calculated as

u′rms =

√√√√ 1
N

N

∑
i=1

(
u′i
)2 v′rms =

√
1
N ∑N

i=1
(
v′i
)2 〈u′v′〉 = − 1

N

N

∑
i=1

(ui −U) (vi −V) . (5)

Because the current 2D2C PIV measurements were able to measure two velocity components,
turbulent kinetic energy, k, is computed as

k =
1

2N

N

∑
i=1

(
u′2i + v′2i

)
. (6)

In Equations (4)–(6), u and v are the instantaneous velocity components along x and y directions,
u′ and v′ are the fluctuating velocity components, and N is the number of instantaneous
velocity snapshots.

3.1. Experimental Results of Under-Expanded Free Jets for Various Values of NPRs

For the free jet configuration, velocity measurements were performed on the center plane of the
test nozzle without the presence of the impingement surface for various NPRs. Figure 2 illustrates the
results obtained from the 2D2C PIV measurements of the free jet for NPR4 = 2.77. These are the mean
in-plane velocity vectors and color contour of velocity magnitude, color contours of RMS fluctuating
axial velocity v′rms, Reynolds stress u′v′, and turbulent kinetic energy k. The color contours illustrated
the near-field zone of the under-expanded jet. The near-field zone can be divided into two regions,
i.e., the core region and the mixing layer (Franquet et al. [8]). The core region is separated from the
surround fluid region and its characteristics are expressed by the compressible effects. In the mixing
layer, the flow entrainment between the discharged fluid and the surrounding region is characterized
by vortical flow structures. Color contour of velocity magnitude depicted that the jet core region was at
supersonic up to approximately 1Dj. Contours of RMS fluctuating velocity v′rms and turbulent kinetic
energy k showed the jet shear layers formed between the core region and surrounding flow region.
Besides, color contour of Reynolds stress, 〈u′v′〉, illustrated the development of the mixing layer in the
downstream direction.

In Figure 3, the first- and second-order flow statistics, such as mean velocity, RMS fluctuating
axial velocity, Reynolds stress and turbulent kinetic energy obtained along three lines, i.e., Line 1
(y = −2.54) mm, Line 2 (y = −12.7) mm, and Line 3 (y = −25.4) mm, were compared. In the
comparisons, the mean axial velocity, V, and RMS fluctuating axial velocity v′rms, were normalized by
the sonic velocity c, while the Reynolds stress, 〈u′v′〉, and turbulent kinetic energy, k, were normalized
by c2.

In the comparison of normalized mean axial velocity, V/c, it can be seen that velocity profiles
for NPR1 and NPR2 had their maximum values along the jet centerline. On the other hand, velocity
profiles for NPR3 and NPR4 near the nozzle exit (Line 1) showed the maximum velocity along the
nozzle perimeter. For NPR3 and NPR4, the mean axial velocities obtained at the nozzle exit were
343 m/s and 353 m/s, respectively, which were greater than sonic velocity c. This phenomenon
indicated that the jet flows at higher NPRs expanded to atmospheric pressure and experienced the
shock in vicinity of the nozzle exit. For all the values of NPRs, the jet velocities along the center line
reduced further downstream, and only profiles of V/c at high NPRs showed the maximum peaks
along the jet perimeter. The mean axial velocity outside the jet core reduced gradually and became
flatter in the region further downstream, indicating the entrainment mechanisms outside the jet.
For the low-speed cases of under-expanded free jet, the maximum jet velocity is along the centerline,
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the flow entrainment was driven by the centerline jet velocity, which transferred the flow energy to
the turbulent eddies in the jet shear layers (Saffaraval and Solovitz [40]). For the high-speed cases,
the jet velocity remained supersonic in the core region while on either side, the surrounding velocity
is subsonic.

In Figure 3b, profiles of normalized RMS fluctuating axial velocity v′rms/c for NPR1 and NPR2

had two local peaks on both sides of the jet flows around X/Dj = 0.33 to 0.36, while profiles of v′rms/c
for NPR3 and NPR4 had two local peaks at X/Dj = 0.4 and an additional local peak at X/Dj = 0.
Similar observations can also be seen in profiles of turbulent kinetic energy, k/c2. The appearances
of additional peaks at X/Dj = 0 in the profiles of v′rms/c and k/c2 can be attributed by the formation
of shock cell at a higher-pressure ratio NPR4. It is noted that profiles of Reynolds stress, 〈u′v′〉/c2

obtained for NPR3 and NPR4 revealed very low turbulence levels in the jet core region.

Figure 2. PIV results obtained from experimental measurements of under-expanded free jets at
NPR4 = 2.77. (a) Mean in-plane velocity field, color contour of velocity magnitude (m/s) and velocity
streamlines, color contours of (b) RMS fluctuating velocity v′rms (m/s), (c) Reynolds stress 〈u′v′〉
(m2/s2), and (d) turbulent kinetic energy k (m2/s2). Vectors were de-sampled for better visibility.
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Figure 3. Comparisons of statistical results obtained from PIV measurements of under-expanded
free jets for various values of NPRs, i.e., NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77.
Profiles were interpolated to Line 1 (y = −2.54) mm, Line 2 (y = −12.7) (mm), and Line 3 (y = −25.4)
(mm). (a) Normalized mean axial velocity, V/c, (b) normalized RMS fluctuating axial velocity v′rms/c,
(c) normalized Reynolds stress 〈u′v′〉/c2, and (d) normalized turbulent kinetic energy k/c2.

3.2. Experimental Results of Under-Expanded Impinging Jets for Various Nozzle-to-Plate Gaps and NPRs

In this section, we present the statistical results obtained from the 2D2C PIV measurements
of under-expanded impinging jets for various nozzle-to-plate gaps e = 30 mm, 20, and 10 mm,
and various values of NPRs, i.e., NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77. Figures 4–6
show the color contours of mean velocity fields, turbulent kinetic energy, and Reynolds stress for
e = 30 mm, 20 mm, and 10 mm, respectively. In addition, for each specific spatial gap e, comparisons
of the first- and second-order statistical profiles computed from the PIV measurements for various
NPRs are presented in Figures 7–9. Detailed discussions on the obtained results are followed.

As discussed in many previous studies, for examples those of Henderson [9], Sinibaldi et al. [18],
Snedeker et al. [41], Donaldson et al. [42], Alvi and Iyer [43], and Wilke and Sesterhenn [7],
the configuration of a turbulent jet impinging on a surface has a complex flow field, which can
be roughly described as three regions. These include an upstream region, where the flow has behaviors
like a free jet; an impingement region, where the flow structure is affected by the presence of the
impingement plane; and a wall jet region, where the flow develops in the radial direction along the
impingement surface. The flow field characteristics of these three regions depend on the values of
NPRs and nozzle-to-plate distance e (Sinibaldi et al. [18]).
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Figure 4. PIV results obtained from experimental measurements of under-expanded impinging jets
with the nozzle-to-plate e = 30 mm (e/Dj = 2.46) and at NPR2 = 2.2 (left) and NPR4 = 2.77 (right).
(a) Mean in-plane velocity fields, color contour of velocity magnitude (m/s) and velocity streamlines,
color contours of (b) turbulent kinetic energy k (m2/s2), and (c) Reynolds stress 〈u′v′〉 (m2/s2). Vectors
were de-sampled for better visibility.

Figures 4(left), 5(left) and 6 illustrate the statistical results of under-expanded impinging jets with
the nozzle-to-plate distances e = 30 mm, 20 mm, and 10 mm, respectively, that were obtained from
velocity measurements at a low-pressure ratio NPR2 = 2.2. It is seen that the mean velocity fields
at NPR2 = 2.2 depict the potential core of the jet, and the deceleration of the jet flow in the axial
direction due to the presence of the impingement plane. Besides, the impinging surface caused a
deflection of the jet flow in the radial direction, which was immediately accelerated after the stagnation
location. The radial wall jets were then formed and the wall boundary regions were established
downstream from the impingement along the lateral direction. Due to a sudden expansion in the
lateral direction at the nozzle outlet, shear layers were created from the nozzle edge and traveled
further downstream until they impinged on the perpendicular surface. Color contours of the turbulent
kinetic energy have shown dominant levels along the jet shear layers near the nozzle exit and on top
of the surface where the shear layers impinged to the plane. The slight asymmetric feature seen in
the k contours could be caused by the minor geometrical distortions of the nozzle outlet. It is noted
that the test nozzle, which was removed from a practical system, had few minor distortions due to
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mechanical stresses from the installation, maintenance and operating conditions. Inside the shear
layers, the maximal turbulence level reached almost 12% of the mean jet velocity Uj at the streamwise
location y1 = −1.5 (mm) near the nozzle exit. The turbulence levels reduced gradually until the shear
layers reached the surface, and peaked again when the flow decelerated and developed as the wall jets.
The negative and positive peaks in color contours of Reynolds stress u′v′ appeared along the shear
layers and their signs indicated the rotational signs of a contour-vortex pair formed downstream of the
nozzle outlet.

Figure 5. PIV results obtained from experimental measurements of under-expanded impinging jets
with the nozzle-to-plate e = 20 mm (e/Dj = 1.64) and at NPR2 = 2.2 (left) and NPR4 = 2.77 (right).
(a) Mean in-plane velocity fields, color contour of velocity magnitude (m/s) and velocity streamlines,
color contours of (b) turbulent kinetic energy k (m2/s2), and (c) Reynolds stress 〈u′v′〉 (m2/s2). Vectors
were de-sampled for better visibility.
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Figure 6. PIV results obtained from experimental measurements of impinging jets with the
nozzle-to-plate e = 10 mm (e/Dj = 0.82) and at NPR2 = 2.2 and NPR4 = 2.77. (a) Mean in-plane
velocity fields, color contour of velocity magnitude (m/s) and velocity streamlines, color contours of
(b) turbulent kinetic energy k (m2/s2), and (c) Reynolds stress 〈u′v′〉 (m2/s2). Vectors were de-sampled
for better visibility.
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Figures 4(right), 5(right) and 6 illustrate the statistical results of under-expanded impinging jets
with the nozzle-to-plate distances e = 30 mm, 20 mm, and 10 mm, respectively, that were obtained
from velocity measurements at a high-pressure ratio NPR4 = 2.77. It is noticeable that the color
contours of velocity magnitude revealed the presence of a stand-off shock (normal shock) accompanied
with a stagnation bubble in the impingement region. As the nozzle-to-plate distance decreased, the jet
potential core ended in the region of flow deflection, where the axial and radial velocity components
significantly decreased and increased, respectively. This region is also called stagnation flow region.
In addition, color contours of turbulent kinetic energy clearly depict the peak values in the region of
the stand-off shocks rather than in the shear layers as previously shown for the low-pressure ratio
measurements. Such observation suggests that the turbulence fields can be also used as the indicator
for the location of the stand-off shock (Cabrita et al. [4]). Krothapalli et al. [3] performed experimental
studies of flow field and noise characteristics of an axisymmetric supersonic jet issuing from a sonic
and a Mach 1.5 converging-diverging nozzle and impinging on a ground plane. These authors found
that the stand-off shock was not always present in their experimental conditions with e/Dj < 8. In fact,
Krothapalli et al. [3] discussed that the size, shape and presence of stand-off shock strongly depended
on the values of NPRs and e/Dj. Their experimental results of flow and acoustic characteristics
have shown that the appearance and disappearance of the stand-off shock and the stagnation region
could importantly contribute to the local aerodynamics and acoustic fields created by the sonic and
supersonic impinging jets. In the experimental investigation by means of acoustic, velocity and wall
pressure measurements of under-expanded impinging jets for NPRs from 2 to 3 and e/Dj = 2, 3,
and 4, Sinibaldi et al. [18] described that behind the stand-off shock wave, there were a subsonic region
and a supersonic region, and those were separated by a sonic line. In case that the pressure in the
impingement region is small enough and the jet flow cannot overcome the maximum pressure, the jet
flow is deflected and impinged at a certain distance from the surface to the stagnation region, which is
formed by the outwards radial flow separating from the solid surface. In the mean flow field and
turbulent kinetic energy obtained from PIV measurements in this study, it can be observed that the
axial extension of the stand-off shock from the impingement surface increased when the nozzle-to-plate
distance decreased.

Statistical profiles obtained from PIV measurements of under-expanded impinging jets various
nozzle-to-plate distances e = 30 mm, 20 mm, and 10 mm, are compared in Figures 7–9, respectively.
The statistical results were computed from velocity vector fields corresponding to different values of
NPRs, i.e., NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77, and interpolated along the jet
centerline and three radial lines.

Figures 7–9a show the centerline axial velocity variation with downstream distance for various
configurations of impinging jets. For the impinging jets at NPR4 = 2.77, the mean centerline
velocities remained nominally constant up to |Y|/Dj = 1.82, 0.93, and 0.32 for e = 30 mm, 20 mm,
and 10 mm, respectively. Further downstream, the axial velocity gradually reduced, which indicated
the deceleration of the flow approaching the impingement plate. The presence of the stand-off shock
in vicinity of the impingement surface is shown by the appearances of maximum peaks in profiles of
v′rms/c. It can also be seen that for e = 30 mm, axial locations of v′rms/c peaks obtained for all values of
NPRs are almost identical. However, when the nozzle-to-plate distance reduced to e = 20 mm and
10 mm, the axial locations of v′rms/c peaks were found to move further away from the solid surface at
higher values of NPRs. For instance, peaks of v′rms/c were found at |Y|/Dj = 0.72, 0.62, and 0.53 for
PIV measurements of e = 10 mm with NPR1, NPR3, and NPR4, respectively.
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Figure 7. Comparisons of statistical results obtained from PIV measurements of under-expanded
impinging jets with e = 30 mm (e/Dj = 2.46) for various values of NPRs, i.e., NPR1 = 2, NPR2 = 2.2,
NPR3 = 2.5, and NPR4 = 2.77. (a) Normalized mean axial velocity V/c and normalized RMS
fluctuating axial velocity v′rms/c along the jet centerline (x = 0); (b,c) showed normalized statistical
profiles of V/c and v′rms/c, respectively, obtained along Line 1 (y = −2.54) mm, Line 2 (y = −12.7) mm,
and Line 3 (y = −27.46) mm.

In comparisons of normalized mean axial velocity, V/c, and normalized RMS fluctuating
axial velocity, v′rms/c, along radial lines, it can be seen that these statistical profiles along Line 1
(y = −2.54) mm did not reveal significant difference compared to those obtained from velocity
measurements of free jets. This indicates that the flow structure near the nozzle outlet was not strongly
influenced by the presence of the impingement surface. Further downstream of the nozzle outlet,
the comparisons of statistical profiles showed an increase in RMS fluctuating velocity, and particularly
the presence of local peaks at the jet centerline. An explanation for such observation could be the
oscillation of the stand-off shock appeared on the solid surface (Sinibaldi et al. [18]).
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Figure 8. Comparisons of statistical results obtained from PIV measurements of under-expanded
impinging jets with e = 20 mm (e/Dj = 1.64) for various values of NPRs, i.e., NPR1 = 2, NPR2 = 2.2,
NPR3 = 2.5, and NPR4 = 2.77. (a) Normalized mean axial velocity, V/c and normalized RMS
fluctuating axial velocity v′rms/c along the jet centerline (x = 0); (b,c) showed normalized statistical
profiles of V/c and v′rms/c, respectively, obtained along Line 1 (y = −2.54) mm, Line 2 (y = −12.7) mm,
and Line 3 (y = −17.46) mm.
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Figure 9. Comparisons of statistical results obtained from PIV measurements of under-expanded
impinging jets with e = 10 mm (e/Dj = 0.82) for various values of NPRs, i.e., NPR1 = 2, NPR2 = 2.2,
NPR3 = 2.5, and NPR4 = 2.77. (a) Normalized mean axial velocity, V/c and normalized RMS
fluctuating axial velocity v′rms/c along the jet centerline (x = 0); (b,c) showed normalized statistical
profiles of V/c and v′rms/c, respectively, obtained along Line 1 (y = −2.54) mm, Line 2 (y = −3.35) mm,
and Line 3 y = −7.46 (mm).
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4. Proper Orthogonal Decomposition Analysis to the Free Jet and Impinging Jet Flows

This section describes the proper orthogonal decomposition (POD) analysis of the 2D2C PIV
velocity snapshots using to extract the dominant flow structures that play important roles in the flow
dynamics and acoustic characteristics of under-expanded free jets and impinging jets. The velocity
vector fields were obtained from the flow measurements of free jets and impinging jets for various
values of NPRs and nozzle-to-plate distances.

Lumley [44] introduced POD, i.e., also called or Karhunen-Loéve decomposition, into turbulence
flow studies to identify statistically dominant flow features (coherent structures) in acquired
experimental data and numerical simulations. For a given flow, the velocity field u(x) is decomposed
into a set of spatially orthogonal modes and a set of temporal coefficients, which vary, respectively, only
in space and time (Nguyen et al. [45]). The POD modes extracted from the velocity vector fields yield
an optimal representation of the flow field such that, for any given number of modes, the two-norm of
the truncation error between the original velocity data and the projection of the original velocity data
onto such modes is minimized (Berkooz et al. [46], Holmes et al. [47]). In addition, the original velocity
fields can be approximated or reconstructed using the few lowest-order POD modes that capture the
highest amount of flow kinetic energy and the associated temporal coefficients (Nguyen et al. [48]).
Detailed descriptions of the POD analysis can be reviewed in Berkooz et al. [46], Holmes et al. [47],
and Sirovich and Kirby [49]. A brief review of the snapshot POD of the velocity fields is provided here.
A POD analysis of a given velocity vector field u(x, 0 ≤ t ≤ T) (T is a finite time direction) can be
described as

u(x, t) ∼=
N

∑
k=1

ζk(t)ψ(x), (7)

where N is the number of velocity snapshots, ζk(t) and ψ(x) are the POD temporal coefficients and
POD basis functions, respectively. ψ(x) are the eigenfunctions of a two-point correlation matrix
R(x, x′) defined as

R(x, x′) =
1
T

∫ T

0
u(x, t) · u(x′, t)dt. (8)

It is common that velocity vector fields obtained by experiments and numerical simulations are
discrete, the snapshot POD (Sirovich and Kirby [49]) is usually used. In the current study, we apply
the snapshot POD analysis to the collections of 2D2C PIV velocity vector fields obtained from PIV
measurements of free jets and impinging jets corresponding to various values of nozzle-to-plate
distances e and NPRs. First, a correlation matrix is defined as

Cij =
1
N

∫
u(x, ti) · u(x, tj)dx, (9)

and the POD temporal coefficients and POD basis functions are computed as

Ψk(x) =
N

∑
i=1

αkiu(x, ti)ζk(tj) = N
N

∑
i=1

αkiCitj . (10)

In the above equations, coefficients αki are defined as

αki =
υk

i√
N ∑N

m=1 ∑N
r=1 υk

mυk
r Cmr

, (11)

where υk
i is the ith element of the eigenvector υk associated to the eigenvalue λk of the matrix C.

The correlation matrix C is built from instantaneous velocity snapshots, therefore, a derived eigenvalue
λk associated with a POD mode k represents the flow kinetic energy contained by that mode.
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In our POD calculation, the eigenvalue λ associated with each POD mode is proportional to the
kinetic energy contained in that mode. The decomposition yields statistically dominant flow structures
in the few lowest-order POD modes. These modes capture most of the flow’s kinetic energy and are
typically associated with large-scale structures. Besides, the POD basis functions computed from these
velocity snapshots yield an optimal representation of the flow field in the sense that, for any given
number of basis functions, the Hilbert norm of the truncation error between the original velocity data
and the projection of the original velocity data onto these basis functions is minimized. The present
PIV setup allows us to capture several hundred instantaneous velocity fields. A set of few hundreds
PIV realizations suffice for a POD analysis to reveal the statistically dominant structures of the flow
(Nguyen et al. [24]).

Figures 10–13 illustrate results from the POD analysis of velocity fields obtained from 2D2C PIV
measurements of free jets and impinging jets for various nozzle-to-plate distances of e = 30 mm, 20 mm,
and 10 mm, respectively. The results are also presented for various values of NPRs. Figures 10–13a,b
show the energy spectra and the cumulative kinetic energy computed from the POD analysis of
PIV instantaneous velocity vector fields for NPR1, NPR2, NPR3, and NPR4. In addition, the kinetic
energy fractions contained in low-order POD modes 1–4, i.e., Ψ1–Ψ4, are listed in Table 2 for different
nozzle-to-plate distances e and for values of NPR1, NPR2, NPR3, and NPR4.

Table 2. Flow kinetic energy fractions contained in low-order POD modes obtained from POD
velocity decomposition to 2D2C PIV velocity vector fields for free jets and impinging jets with various
nozzle-to-plate distances e = 30 mm, 20 mm, and 10 mm, and different values of NPRs, i.e., NPR1 = 2,
NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77.

Free Jets Impinging Jet (e = 30 mm)

NPRs Ψ1 (%) Ψ2 (%) Ψ3 (%) Ψ4 (%) NPRs Ψ1 (%) Ψ2 (%) Ψ3 (%) Ψ4 (%)

2 85.65 1.5 0.85 0.65 2 84.48 1.39 0.66 0.45

2.2 88.8 1.12 0.59 0.44 2.2 86.03 1.18 0.60 0.44

2.5 91.8 0.80 0.42 0.33 2.5 88.43 1.13 0.42 0.34

2.77 94.37 0.58 0.26 0.25 2.77 90.44 0.78 0.30 0.24

Impinging Jet (e = 20 mm) Impinging Jet (e = 10 mm)

NPRs Ψ1 (%) Ψ2 (%) Ψ3 (%) Ψ4 (%) NPRs Ψ1 (%) Ψ2 (%) Ψ3 (%) Ψ4 (%)

2 84.07 1.81 0.72 0.48 2 81.72 2.37 0.85 0.59

2.2 86.21 1.29 0.62 0.46 2.2 85.67 1.84 0.73 0.44

2.5 90.28 0.8 0.42 0.29 2.5 88.10 1.21 0.70 0.46

2.77 90.51 0.68 0.43 0.27 2.77 87.07 1.78 0.71 0.47

In all the POD analysis to the PIV velocity fields of under-expanded free jets and impinging
jets, the kinetic energy fractions contained in the first POD modes were found to increase when
the NPRs increased. It is noted that the first POD modes are considered approximately equivalent
to the time-averaged velocity fields and such observations can be confirmed in the representation
of POD Mode 1 displayed in Figures 10–13c. For instance, in the POD analysis of impinging jets
with e = 30 mm (e/Dj = 2.46), the kinetic energy in the first POD modes increased from 84.5% to
90.4% when NPRs increased from 2 to 2.77. In comparisons among the first POD modes of the
velocity decomposition for the free jets and impinging jets with different spatial gaps e, it is seen that
for the same values of NPRs, POD Mode 1 of the under-expanded free jets had the highest energy
fractions. Besides, it is found that the POD Mode 1 captured lower levels of the flow kinetic energy
when the spatial gaps e reduced from 30 mm to 10 mm. For all the POD velocity decompositions of
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under-expanded free jets and impinging jets, the kinetic energy levels of the low-order POD modes 2,
3, and 4 were less than 3%. This observation indicates that the flow fields of the free jets and impinging
jets in this study are highly turbulent and the flow kinetic energy is widely distributed over many
flow-structures whose scales are smaller than the time-averaged flows.

For the under-expanded free jets, the total flow kinetic energy levels contained in the first
100 low-order POD modes varied between 96.4% and 98.3% when NPRs increased from NPR1 = 2 to
NPR4 = 2.77. Analogously, for the under-expanded impinging jets, these values ranged from 94.5% to
96.1% with e = 30 mm, from 95.4% to 96.7% with e = 20 mm, and from 94.6% to 96.17% with e = 10 mm
when NPRs increased from 2 to 2.77, respectively. Sirovich and Kirby [49] suggested a 99% of total flow
energy as a cutoff to accurately represent the flowfield, while Palacios et al. [50] discussed that a 75%
of total flow energy could be sufficient for a reasonable representation of the system. Moreno et al. [51]
applied POD analysis to PIV velocity vectors obtained from experimental measurements of supersonic
rectangular convergence-divergence jet at a Mach number of 1.44. The authors quantified the accuracy
of low-order flow reconstruction using the first two POD modes capturing 90% of the total flow energy.
They reported the mean square error of less than 1.2%, thus concluded that the reconstructed flowfield
using two modes is a good representation of the flowfield (Moreno et al. [51]). In the current study,
it is found that for the under-expanded free jets, the total flow kinetic energy captured by the first
two POD modes are 87.15%, 89.92%, 92.6%, and 94.95% corresponding to NPR1 = 2, NPR2 = 2.2,
NPR3 = 2.5, and NPR4 = 2.77, respectively. These values are comparable to those reported in the
study of Moreno et al. [51].

Figures 10–13c–f show the in-plane components of the low-order POD modes 1, 2, 3, and 4
extracted from the POD velocity decomposition for the under-expanded free jets and impinging jets
with e = 30 mm, 20 mm, and 10 mm, respectively. In these figures, results from the POD analysis of
velocity fields for various NPRs are also illustrated for comparisons. It is noted that in the current
POD velocity decomposition, the POD spatial functions, i.e., POD modes, were non-dimensional.

It is obviously seen that the first POD modes displayed flow structures that are statistically
similar to the time-averaged velocity fields for all the studied cases. For the specific values of the
spatial gap e and NPR, lower-order POD modes illustrated the statistically dominant flow structures
with larger shapes and sizes compared with those structures depicted by the higher-order POD
modes. In addition, for a specific value of e, while the spatial flow structures illustrated by POD
mode 1 are similar when NPRs increased, the dominant flow structures revealed by POD modes 2,
3, and 4 were not entirely analogous. One may also find that for results from the POD analysis to
velocity fields of NPR1 = 2 and NPR2 = 2.2, the extracted dominant flow structures are the same,
while those extracted from the POD analysis to velocity fields of NPR3 = 2.5 and NPR4 = 2.77 are quite
similar. This indicates the differences in large-scale flow structures and transition of energy-contained
eddies when the under-expanded free jet and impinging jet flows have undergone from near sonic to
supersonic conditions.

It is noticed that the presence of stand-off shock is captured in the visualization of POD mode 2,
especially for the value of NPR4 = 2.77. Additionally, one may find that the POD modes 2, 3, and 4
obtained for lower NPR values displayed the large-scale flow structures with considerable large
shapes and sizes compared to the nozzle diameter Dj and spatial gaps e. Furthermore, spatial locations
of these structures are found to distribute within the jet core and the inner sides of the shear layers.
On the other hand, for higher values of NPRs, the statistically dominant flow structures depicted by the
low-order POD modes 2, 3, and 4 were likely the resemblances of stand-off shock near the impingement
surface and the jet shear layers. Such observations confirmed the discussions on the characteristics of
flow fields and acoustics of the supersonic impinging jets in many of previous studies, for examples
studies of Krothapalli et al. [3], Tam and Ahuja [14], Henderson and Powell [15], Henderson [16],
Sinibaldi et al. [18], Ho and Nosseir [20], Nosseir and Ho [21], Wilke and Sesterhenn [52], and Wilke
and Sesterhenn [7], to name a few. In their experimental and numerical investigations, these authors
studied and described the mechanism of acoustic generation as a feedback loop in supersonic flows.
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For instance, Tam and Ahuja [14] and Henderson and Powell [15] discussed that the instability waves
appeared in the jet shear layers supplied the energy for the feedback loop. Generated by acoustic
excitation in the vicinity of the nozzle outlet, these waves propagate further downstream and grow in
size as the large-scale flow structures that are captured in flow visualizations of Krothapalli et al. [3],
and in our experimental velocity vector fields. Moreover, Krothapalli et al. [3], Henderson [16] and
Sinibaldi et al. [18] suggested that when these large-scale vortical structures impinging on the solid
wall, they generate coherent pressure fluctuations, yielding acoustic waves at significant strengths.
Later, the resulted acoustic waves travel in the upstream direction and eventually reach the nozzle
outlet. Such interactions excite the jet shear layers and cause the generation of instability waves,
thus close the feedback loop (Krothapalli et al. [3]). Using direct numerical simulations of subsonic and
supersonic impinging jets, Wilke and Sesterhenn [52] and Wilke and Sesterhenn [7] have intensively
shown that primary vortices are generated in the jet shear layers and initially transported with the
flows. The impact of the jet shear layers to the solid surface generates new vortices (secondary vortices)
that pair with the primary ones. Wilke and Sesterhenn [53] also discussed that the formation of
primary and secondary vortices is a periodical phenomenon associated with a characteristic frequency.
The flow mode can be distorted due to interactions between large-scale flow structures in the jet and
shear layers, and the feedback waves resulted from the impingement.

Although the current 2D2C PIV measurements were not able to provide the temporal evolution of
the large-scale structures, their existences can be confirmed in Figures 10–13 as the results of velocity
decomposition via POD analysis. The results from the POD velocity decomposition have revealed
the appearances of statistically large-scale flow structures in the regions of stand-off shock, i.e., in the
vicinity of impingement surface, and in the regions of jet shear layers. It is found that the first POD
modes representing the mean flow fields of the free jets captured higher kinetic energy levels than
those of the jet impinging on the solid surface. However, the flow kinetic energy levels contained
in the low-order POD modes, presenting the coherent large-scale structures, increased when the
nozzle-to-plate distances decreased. The statistically dominant large-scale structures with considerable
sizes and shapes are found within regions between the jet core and shear layers for lower NPRs.
However, for higher NPRs, the large-scale structures are resemblances of the stand-off shock near the
solid surface and the jet shear layers.

It is noted that in this study, the velocity snapshots were obtained from PIV measurements with
a sampling rate of 15 Hz, facilitating the POD analysis to the statistically independent snapshots to
form the POD spatial basis functions. The current experimental setup, however, is not able to provide
transient behavior of the flowfield and acoustic characteristics of under-expanded supersonic free jets
and impinging jets. Even at moderate supersonic speeds, it is still a challenge for current time-resolved
PIV systems to obtain large enough numbers of velocity snapshots that could enable low-dimensional
analysis (Berry et al. [54]). An experimental setup combining a PIV system for velocity measurement
and microphone system for acoustic measurement could provide details about the flowfield and noise
characteristics of supersonic free jets and impinging jets. Experimental measurements of flowfield
and acoustics as can be reviewed in numerous studies of Krothapalli et al. [3], Henderson [16],
Henderson et al. [17], Sinibaldi et al. [18], Alvi and Iyer [43], and Guariglia et al. [55], to name a few.
With the recent improvement in digital imaging cameras, high-speed schlieren is enable to acquire large
datasets of time-resolved flowfield information (Berry et al. [56]), although the measured quantities are
scalars derived from density gradients (Berry et al. [54]). The statistical dominant flow structures and
dynamical evolution of large-scale flow structures can be extracted from the time-resolved schlieren
images or from the time-resolved velocity fields obtained from large-eddy simulations using POD
(Weightman et al. [10], Berry et al. [54], Nair et al. [57], Berry et al. [58], Weightman et al. [59]), spectral
POD (Karami and Soria [60]), and dynamic mode decomposition (DMD) (Berry et al. [56]) techniques.
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Figure 10. POD analysis of the velocity fields obtained from the 2D2C PIV measurements of
under-expanded free jets for NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77. (a) Kinetic
energy spectra; (b) cumulative energy. Low-order POD velocity modes (c) Ψ1, (d) Ψ2, (e) Ψ3, and (f) Ψ4.
Vectors were de-sampled for better visibility.
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Figure 11. POD analysis of the velocity fields obtained from the 2D2C PIV measurements of
under-expanded impinging jets with e = 30 mm (e/Dj = 2.46) for NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5,
and NPR4 = 2.77 (a) Kinetic energy spectra; (b) cumulative energy. Low-order POD velocity modes
(c) Psi1, (d) Ψ2, (e) Ψ3, and (f) Ψ4. Vectors were de-sampled for better visibility.



Aerospace 2019, 6, 4 22 of 28

0 5 10 15 20 25
10

-4

10
-3

10
-2

10
-1

10
0

NPR1

NPR2

NPR3

NPR4

0 10 20 30 40 50

0.85

0.9

0.95

1
NPR1

NPR2

NPR3

NPR4

(a) (b)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

(c)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

-15 -10 -5 0 5 10 15

X (mm)

-20

-15

-10

-5

0

Y
 (

m
m

)

(d)

Figure 12. Cont.
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Figure 12. POD analysis of the velocity fields obtained from the 2D2C PIV measurements of impinging
jets with e = 20 mm (e/Dj = 1.64) for NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77.
(a) Kinetic energy spectra; (b) cumulative energy. Low-order POD velocity modes (c) Ψ1, (d) Ψ2; (e) Ψ3,
and (f) Ψ4. Vectors were de-sampled for better visibility.
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Figure 13. POD analysis of the velocity fields obtained from the 2D2C PIV measurements of impinging
jets with e = 10 mm (e/Dj = 0.82) for NPR1 = 2, NPR2 = 2.2, NPR3 = 2.5, and NPR4 = 2.77.
(a) Kinetic energy spectra; (b) cumulative energy. Low-order POD velocity modes (c) Ψ1, (d) Ψ2; (e) Ψ3,
and (f) Ψ4. Vectors were de-sampled for better visibility.

5. Conclusions

In this paper, we obtained 2D2C PIV measurements of free jets and impinging jets with various
nozzle pressure ratios (NPRs) ranging from 2 to 2.77. The velocity profiles, RMS fluctuating velocity,
and Reynolds stress distributions were obtained for different values of nozzle-to-plate distances
e = 10 mm, 20 mm, and 30 mm. The mean axial velocity profiles obtained at low NPRs had maximum
values along the jet centerline, while those at high NPRs showed the maximum velocity along the
nozzle perimeter. Profiles of RMS fluctuating axial velocity for NPR1 and NPR2 had two local peaks
on both sides of the jet shear layers, while profiles of v′rms for NPR3 and NPR4 had an additional
peak at X/Dj = 0. Results obtained from the PIV measurements of impinging jets have shown the jet
flow deflection caused by the impinging surface. The jet shear layers were created from the nozzle
outlet and traveled further downstream until they impinged on the solid surface. The turbulent kinetic
energy contours illustrated significant high levels along the shear layers near the nozzle exit and on
top of the solid surface, where the jet shear layers impinged. At the high NPRs, the presence of a
stand-off shock and a stagnation region was observed in the color contours of velocity magnitude,
and the peaks of turbulent kinetic energy was found in the region of stand-off shock. In comparisons
of statistical profiles obtained from PIV measurements of impinging jets for various values of spatial
gaps and NPRs, the presence of stand-off shock was shown by the appearances of maximum peaks of
v′rms profiles in the vicinity of impingement surface. Such phenomena were caused by the oscillation
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of stand-off shock appeared on the solid surface. In addition, it is found that the axial locations of v′rms
peaks moved further away from the impingement surface at higher values of NPRs.

Finally, we applied the POD analysis to the velocity snapshots obtained from PIV measurements of
free jets and impinging jets for various values to nozzle-to-plate distances e and nozzle pressure ratios
(NPRs) to reveal the most dominant flow structures that play important roles in the flow dynamics
and acoustic characteristics of subsonic and supersonic jets. The POD velocity decompositions have
shown that the coherent large-scale structures extracted from the velocity fields of NPR1 = 2 and
NPR2 = 2.2 were different when compared to those extracted from the velocity fields of NPR3 = 2.5
and NPR4 = 2.77. This indicated the differences in large-scale flow structures and transition of
energy-contained eddies when the impinging jet flows have undergone from subsonic to supersonic
conditions. For high values of NPRs, the presence of stand-off shock was revealed in the visualization
of low-order POD modes, while the large-scale structures were found to distribute within regions
between the jet core and shear layers for lower NPRs.
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