C}‘
Documenta 2.
Acustica

o

=)

¥
X

COVER PAGE

Document downloaded by @DAEL

Fri Oct 16 14:17:11 2026
For personal use

When automatic English translation is provided, only the original document
is authentic.
The EAA cannot be held responsible of any translation error

Bibliographical reference

Role of Plate Length on Noise from Wall Jets, Rahul S. Arackal and T. J. S.
Jothi, Acta Acustica vol. 105 (Number 6), 2019, pp. 928-942

DOl
https://doi.org/10.3813/AAA.919374



ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 105 (2019) 928-942 DOI 10.3813/AAA.919374

Role of Plate Length on Noise from Wall Jets

Rahul S. Arackal, T.J. S. Jothi
Department of Mechanical Engineering, National Institute of Technology Calicut, 673601 India.
tjsjothi @nitc.ac.in

Colour Figures: Figures in colour are given in the online version

Summary

The present study experimentally investigates the effect of the growth of inner layer on noise emission charac-
teristics of wall jets. The plate length L considered for the current study vary in the range of L/h = 2.5 to 30,
where 4 is the nozzle height. The jet is issued from a nozzle having the exit dimensions of 20 cm in width and
2 cm in height h. The jet Reynolds number, based on the nozzle height and jet exit velocity U;, is varied up to
7.0 - 10*. Acoustic measurements revealed the distinct variations in the noise levels with different plate lengths.
The L/h = 2.5 wall jet has an increase in noise levels by around 10 dB compared to that of a free jet (background
noise). Wall jets in the range of L/h = 5 to 20 radiate higher noise levels compared to other plates, while the
least noise emissions are observed from fully developed wall jets (L/h > 20). The significant sources identified
for noise emissions are the trailing edge and the secondary shear layer in the wall jets. The low frequency noise
corresponding to the Strouhal number (based on /) below 0.2 is characterized as the trailing edge noise. The
spectra of the wall jets collapse in the Strouhal number range (based on the inner layer thickness of wall jets)

of~0.2 to 1.0 indicating the secondary shear layer noise of wall jets.

PACS no. 43.28.Ra

1. Introduction

A high momentum jet tangentially flowing over the sur-
face of a rigid flat plate is termed as a wall jet. The wall jet
has wide applications in engineering, such as in cooling
of turbine blades, combustion chamber walls, electronic
chips, and so on. The schematic of a wall jet is shown in
Figure la. As observed from the figure, the wall jet has
two regions, namely the inner shear layer and the outer
layer. The former layer is due to the interaction between
the jet and the solid surface of a plate, and the outer layer
is due to the interaction between the jet and the ambient
fluid. The inner layer initiates from the wall surface, and
extends up to the location of maximum streamwise ve-
locity, thus resembling a boundary layer (Figure 1a). The
outer layer region is between the maximum streamwise ve-
locity and the ambient flow velocity, thus representing a
free shear layer [1]. Wall jet development is divided into
three regions, namely, the potential core, transition, and
fully developed regions [2]. The region where the maxi-
mum velocity is equal to the jet exit velocity is called the
potential core [3], and typically, the potential core length
is approximately four to eight times the nozzle height [4].
Downstream of the potential core, the wall jet undergoes
a transition in the range of 10 < x/h < 20, where # is
the nozzle height, [5]. The outer layer has a larger entrain-
ment rate, leading to the higher velocity decay. Following
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is a fully developed region for x/h > 20, where the inner
and outer layers grow along the downstream and merge to
form a unified flow field [6, 7]. The velocity profile at the
fully developed region is skewed, as shown in Figure la
due to the faster growth in the outer layer compared to the
inner layer. The dimensionless growth rate studies carried
out by various researchers at different Reynolds number
and nozzle exit dimensions are found to vary within the
range of 0.073 £0.002 [8]. Numerous flow and acoustic
studies have been carried out in the field of wall jets that
are discussed in the following.

2. Background

In this section, the literature on research works carried out
in the past with respect to the flow and acoustic character-
istics in the wall jets, including the jet-surface interactions,
are discussed.

Eriksson et al. [9] used LDV for studying the flow char-
acteristics of wall jets using water as the working fluid.
They found that mean velocity profiles are self-similar
within 40 < x/h < 150. They concluded that turbu-
lent intensity is higher in the inner region of the wall jet
compared to other wall-bounded flows like the flat plate
boundary layer, channel, and pipe flows. Tachie ef al. [10]
carried out experiments on turbulent wall jets over the
smooth and rough plates to measure the variation of ve-
locity half-width, inner layer thickness, and velocity pro-
files. They estimated the spread rate to be around 0.085
at higher Reynolds number, and 0.09 at lower Reynolds
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Arackal, Jothi: Noise from wall jets

Velocity profile
Shear layer A

Inner layer from wall Outer
o region

Vin

== l - /NTiner region
/ Potential core region Transition region Fully developed region
0<xh<8 10 <x/h =20 20 <x/h <30
(a) L

Entrainment Inner layer
[ . Free shear layer
! Potential core 7

N

| —

(b) Wall Secondary

Entrainment shear layer

Figure 1. (a) Schematic of a (a) fully developed wall jet and (b)
wall jet in a smaller plate.

number. Chab and Tachie [11] experimentally studied tur-
bulent wall jets at different values of Reynolds number of
5000, 10000, and 20000 from a circular nozzle using PIV.
They observed that the mean velocity profiles and turbu-
lence statistics become self-similar and independent of the
Reynolds number, respectively, beyond 20 to 40 times the
jet exit diameter. Panidis ef al. [12] presented the role of
vorticity in the near-field region of a turbulent rectangu-
lar wall jet at the Reynolds number of 23000. The wall jet
velocity distribution is seen as a distorted dumbbell shape
with a saddleback profile due to the presence of the wall.
The wall jets are observed to contract along the spanwise
direction and expand in the lateral direction. Furthermore,
due to the Coanda effect, the wall jet is attracted towards
the surface. Tang et al. [13] experimentally studied the ef-
fect of surface roughness on the mean flow characteristics
of a wall jet. The inner layer of the rough surface wall jet is
found to be much thicker compared to the smooth surface
wall jet. A fully rough surface increased the growth rate
of the inner layer by approximately 4% compared to the
smooth surface. Roy et al. [14] carried out experiments in
a water channel to investigate the behaviour of eddies dur-
ing the turbulent jet interaction with a horizontal rigid flat
surface placed at a distance of 2.5 cm away from the noz-
zle. At an intermediate location, the interaction between
the jet and the rigid surface increases the axial velocity
fluctuations. A new mixing layer is observed in the tran-
sition region, and the region below this mixing layer is
treated as the shear less mixing region.

The following literatures discuss the research works car-
ried out on the noise emissions from the turbulent bound-
ary layer of the flow over a rigid flat surface. Curle [15]
proposed a theory on the influence of solid surface on
noise emissions and corroborated that the noise from tur-
bulent boundary layer behaves like a quadrupole, and un-
steady pressure fluctuations due to the surface roughness
behave like a dipole. Philips [16] reported that a uniform
flow over a semi-infinite flat plate generates a dipole radi-
ation. This radiation is found to decrease along the down-
stream of the plate and becomes insignificant. Hardin [17]
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theoretically studied the noise emissions from the turbu-
lent boundary layer flows at a low Mach number. He ob-
served that the fluctuating Reynolds stresses are equiva-
lent to a quadrupole noise source, which contributes to the
boundary layer noise. In addition, the horse-shoe like vor-
tices in the boundary layer are identified as the significant
noise source. Interestingly, it is also noted that the turbu-
lent boundary layer noise sources are less efficient than
a free jet. Howe [18] reported the empirical models for
wall-pressure spectrum and radiated sound in a turbulent
boundary layer. In low Mach number flows, a similarity is
observed between the wall-pressure spectrum and far-field
frequency spectrum. He observed that the smooth wall be-
haves as a passive acoustic reflector of noise sources due
to turbulent eddies compared to the rough wall.

Farabee and Casarella [19] experimentally studied the
wall pressure fluctuations in a turbulent boundary layer.
They established a scaling law for low, mid, and high fre-
quency region of the pressure spectrum. Using velocity
data and scaling law, they found that major turbulent con-
tributions to low and high wave numbers are from the outer
and inner layers, respectively. Lauchle [20] theoretically
predicted the noise radiation from the boundary layer flow
over an infinite rigid flat plate. Of all the noise sources gen-
erated, namely, the dipole, quadrupole, and octupole, the
dipole is found to be efficient compared to the remaining
sources at low Mach number flows. Further, it is noted that
the shear stress fluctuations in the transition region leads to
the generation of the dipole noise source. The noise level
increases by 6 dB/octave at lower frequencies and drops
at 6 dB/octave at high frequencies. Noise emissions due to
the flow interaction with smooth and rough surfaces are
theoretically studied by Smol’yakov [21]. He estimated
the acoustic source to be a dipole in a rough plate and
a quadrupole in a smooth plate. Smith and Morfey [22]
numerically analysed the noise directivity in the bound-
ary layer by placing an acoustically compact piston source
near the wall. It is noted that the boundary layer thick-
ness of 1/100th of the sound wavelength can significantly
change the acoustic efficiency. The sound radiated from
the turbulent boundary layer propagates upstream, and
acoustic intensity is found to be lower for larger bound-
ary layer thickness. Liu ef al. [23] estimated the acous-
tic field from the turbulent boundary layer as a dipole
using phased array microphones. The source strength of
rough and smooth plates was compared using beamform-
ing. Rough plates showed higher source strength than the
smoother ones. Trailing edge noise of the rough plate was
higher compared to a smooth plate due to increase in fric-
tion velocity and boundary layer thickness. Noise radi-
ated from turbulent boundary layer was computed by Glo-
erfelt and Berland [24]. Their main observation is that
low frequency acoustic emissions are due to the hairpin-
like vortices inside the turbulent boundary layer and ra-
diation of these low frequency sources is in the direction
opposite to the flow. Di Marco et al. [25] experimentally
investigated velocity and pressure fluctuations in an in-
compressible jet flow over a tangential flat plate placed
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at different radial positions from the nozzle axis. They
identified three regions along the streamwise direction of
the flow based on the root mean square pressure fluctu-
ations ¢, and mean pressure coefficient c,. In the first
region, ¢, - increases and c, remain constant. In the sec-
ond region, ¢, is constant, and c, reaches the maximum,
and in the third region both decay. Further, the above au-
thors extended their work to measure the velocity fluctu-
ations and wall pressure fields simultaneously [26]. Cross
statistical analysis between the two signals revealed the
presence of the Kelvin-Helmbholtz Instability in the flow
field at small axial distances. Moreover, the wavelet anal-
yses of the wall pressures indicated the breakdown of the
large scale structures along with the plate. Blitterswyk and
Rocha [27] conducted studies on wall pressure fluctua-
tions in the turbulent boundary layer at low Reynolds num-
ber using a microphone array. They estimated that 42% of
low-frequency noise originates from the buffer layer of the
boundary layer, 17% is contributed by the structures above
the logarithmic region. Data correlation within the buffer
layer shows the low and high frequency peaks, which in-
dicates the large and small scale structures, respectively.
Mancinelli and Camussi [28] investigated the acceleration
of the incompressible jet over the flat plate experimentally.
They showed a significant correlation between the accel-
eration and wall-pressure signals within the potential core
that is related to the Kelvin-Helmholtz instability mode.

Finally, the following literature discussions on the noise
emissions from wall jets are illustrated. Yu and Tam [29]
reported an experimental work describing the noise gener-
ation from a turbulent wall jet over a flat plate of 12.75 cm
in length with a sharp trailing edge. They observed that
the convecting large-scale quasiorderly disturbance in the
outer layer region of the wall jet over the trailing edge
is the reason for the dominant trailing edge noise gener-
ation. Smith and Carpenter [30] proposed a method to the-
oretically model the noise generation from turbulent shear
flows near a solid wall surface. They applied the method to
model the noise in a plane wall jet and noticed a destruc-
tive interference at specific points along the wall surface.
Because of this, the power emission is noted to be high-
est slightly away from the end of the potential core. De-
venport et al. [31] experimentally investigated the rough-
ness noise from a turbulent wall jet by varying the surface
roughness from hydrodynamically smooth to fully rough
surface having the grit size of 180 to 20. They found that
the noise emitted from rough surfaces is broadband, and
shifts towards the higher frequency with an increase in the
flow speed. Chong and Vathylakis [32] experimentally in-
vestigated the radiated noise from the turbulent flow over a
flat plate with straight trailing and serrated trailing edges.
They reported that noise radiated from the serrated trailing
edge is lesser by 0.5-1.0 dB compared to the straight edge
trailing edge in the frequency range of 1 < f < 2.5kHz
that is attributed to the boundary layer alteration for differ-
ent edges.

The literature review reveals that ample research works
have been carried out in the field of flow characteristics of
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wall jets. Acoustic studies from such jets are emerging in
large, and works have been carried out to understand the
acoustic emissions due to surface roughness [31], pressure
fluctuations in the boundary layer [25, 27]. It is noted that
most of the works in literature are discussed on the fully
developed wall jets with the plate lengths of L/h > 20. In
such jets, the inner layer and the free shear layer merges to
form a unified flow field [6, 7] as seen in Figure 1a. In the
case of plates with smaller lengths (L/h < 20), the inner
layer interactions at the trailing edge can significantly con-
tribute to the noise emissions (Figure 1b). Further, an inner
layer can generate a secondary free shear layer by entrain-
ing the air stream beneath the plate, thus resulting in addi-
tional noise emissions [33]. Therefore, the effect of inner
layer growth over the plate and its interactions at the trail-
ing edge, and the formation of the secondary shear layer
resulting in the noise emissions are concentrated in this
paper. This lacuna in the literature motivated the authors
to investigate the role of plate lengths on noise emissions
in wall jets. Further, this study enhances the researchers’
insight into the variation of noise emission characteristics
from a free jet to a fully developed wall jet. The spectral
measurements and sound pressure levels analyses are car-
ried out to investigate the noise from wall jets with the
smaller plates.

3. Experimental methodology

3.1. Test facility

Experiments are performed in a semi-anechoic chamber
having a cut-off frequency of 300 Hz. The schematic and
photographic views of the experimental set-up are shown
in Figure 2. The wedge tip-to-tip dimension of the ane-
choic chamber is 2.6 m x 2.6 m. The wedges attached to
the chamber are 30 cm in depth. The setup consists of an
open jet wind tunnel facility, and the air-flow is powered
using a 10 HP centrifugal blower. The maximum flow ve-
locity of 65 m/s is achieved at the nozzle exit, and the ve-
locity is controlled by a variable frequency drive (VFD)
unit using a computer. The jet is issued from a converging
nozzle having a contraction area ratio of 10:1 with noz-
zle exit dimensions of 20 cm in width and 2 cm in height.
A cubic contraction profile of the nozzle is considered to
deliver a smooth flow out of the nozzle with a uniform ve-
locity profile.

3.2. Plate models for wall jet study

The length L of the plates considered for the study are 5,
10, 20, 30, 40, 50, and 60 cm, corresponding to the non-
dimensional lengths in the range 2.5 < L/h < 30, where
h is the nozzle height. For the different plate lengths con-
sidered, the corresponding trailing edge terminates in the
different flow regimes of the wall jet, namely the (i) po-
tential core (& 7h) (ii) transition, and (iii) fully developed
(> 20h) regions, and the respective acoustic disturbance is
captured and analysed. Photograph of plate models con-
sidered for the study is shown in Figure 3a. The plates
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Flat Plate

Anechoic Wedges

(b)

Figure 2. (a) Schematic and (b) photograph of the experimental
setup.

(b) 20 mm Plate

Figure 3. (a) Photograph of the wall jet plates. (b) Dimensions
of the wall jet plate.
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Figure 4. (a) Schematic of the measurement grid for flow and
acoustic measurements (dimensions are not to scale). (b) Spec-
tral comparison of L/h = 10 wall jet with and without tripping
boundary layer at Re = 7.0 - 10*.

are fabricated using the CNC machine, and the surface is
micro-finished to ensure a smooth flow over the plate. The
surface roughness’s values of the plates are tabulated in
Table I, and are in the same order of magnitude, varying in
the range of 0.21 to 0.356 um. The span length and thick-
ness of the plates are 250 and 5 mm, respectively. A curva-
ture is provided at the trailing edge of the plates to prevent
the vortex shedding (Figure 3b). These model plates are
attached to the nozzle, as shown in the figure.

3.3. Experimental procedure

Experiments are carried out for jet exit velocities U; rang-
ing from 35 to 55 m/s. The corresponding Reynolds num-
ber, calculated based on the jet exit velocity and nozzle
height, varies in the range of 4.5-10* to 7.0-10*. The veloc-
ity measurements are carried out at different locations of
wall jets, as shown in Figure 4a using a Pitot-static probe
connected to a digital anemometer. The streamwise veloc-
ity measurements are taken along the plate length with an
interval of x/h = 1. The lateral measurements are in the
range of 0.25 < y/h < 7.5, with an interval of y/h =
0.05. The acoustic measurements are carried out at mid-
field distance of 30k from the jet axis using a quarter-
inch free-field condenser microphone (PCB378C01) and
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Table 1. Surface roughness of different plates used for the study.

Plate length L/h Surface roughness, um
25 0.28
5 0.21
10 0.26
15 0.31
20 0.30
25 0.28
30 0.36

array microphone (GRAS 40PH). The microphone is tra-
versed along the streamwise direction from the nozzle exit
(x/h = 0) to the trailing edge of the plate and beyond
for the given wall jet in the range 0 < x/h < 45 (Fig-
ure 4a). The signal is acquired using a NI PCI-6143 sam-
pling card at the rate of 150kSa/s for the duration of 1s.
The acquired time signals are processed to obtain the fre-
quency spectrum, sound pressure levels, and overall sound
pressure levels variation along the streamwise direction.
All the data acquisition and the post-processing are car-
ried out using the LabView and MATLAB, respectively.
The bin-size of 4096 points is considered for the Fourier
transform that provides the spectra at a frequency reso-
lution of 36.6 Hz. The experiments are repeated for 5-7
trials, and the sound pressure levels are found to be repeat-
able within =1 dB. The uncertainty estimate for the ve-
locity measurements is accurate within £2.5%. The tem-
perature variation inside the anechoic chamber is £1°C.
The microphone is accurately positioned within +1 mm.
In the current study, the background noise refers to the jets
without the plates, therefore, corresponding to a free jet.
The spectra of the acoustic data are represented in terms of
power spectral density in Pa?/Hz, and the frequency com-
ponents are shown up to the value of 10 kHz. Experiments
are also carried out by continuously varying the jet exit
velocity/Reynolds number in small intervals by using the
computer controlled VFD unit.

In the considered range of Reynolds numbers, the wall
jets are found to be turbulent. This is ensured by carry-
ing out the following experiments. The typical turbulent
intensity levels measured at the nozzle exit on the centre-
and lip-lines using the hot-wire anemometer (DANTEC
Make, MiniCTA System) for the jet Reynolds number of
6.4 - 10* are found to be around 1.5% and 10.2%, respec-
tively demonstrating the fact that the flow at the nozzle
exit is turbulent. This is further ensured by acquiring the
acoustic data for L/h = 10 wall jet by attaching a tripping
wire at the leading edge of the plate, and comparing the
same without the tripping wire. Their corresponding spec-
tra shown in Figure 4b are almost similar, thus proving that
the wall jet is turbulent.

4. Results and discussion

In this section, the flow and acoustic characteristics of wall
jets are presented. Flow results are discussed first. Second,
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Figure 5. (a) Velocity profiles at different streamwise locations
for L/h =5 at jet exit velocity of 45 m/s. (b) Velocity profiles at
the trailing edge for different plate lengths at jet exit velocity of
50 m/s.

the evolution of mid-field noise spectra and Overall Sound
Pressure Levels (OASPL) with the Reynolds number are
considered.

4.1. Flow characteristics of wall jets

Figure 5a shows the velocity variation across the wall jet
for different streamwise locations x /A for the plate length
of L/h = 5 at the Reynolds number of 5.8-10*. The veloc-
ity is normalised with the exit jet velocity (U; = 45m/s)
and the distance across the wall jet is normalised with
the velocity half-width y /. The velocity half-width rep-
resents the distance from the wall to the position in the
wall jet, where the streamwise velocity has reduced to half
of the maximum streamwise velocity u,,. From the figure,
the initial reading can be observed starting from a distance
of y/y1/2 = 0.15 since it accounts for the dimensions of
the Pitot-tube that is used for the velocity measurement.
It is evident from the figure that near the nozzle exit, at
x/h = 1, the velocity profile is top-hat. The free shear
layer is seen to increase gradually along the streamwise
direction of the wall jet. Interestingly, the maximum jet
velocity u/U; = 1 is observed up to the axial distance
of x/h = 7 from the nozzle exit. This corroborates the
fact that the potential core of the wall jet extends beyond
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the plate length of L/h = 5. Beyond the axial distance
of x/h = 7, the maximum velocity of the wall jet flow
tends to decrease as the flow experience the free shear
layer from either of its sides. This is also illustrated in the
inset figure (Figure 5a) that indicates the maximum veloc-
ity (u,,) variation along the axial distance of the wall jet
[3]. The free shear layer growth is at a higher rate com-
pared to the boundary layer growth at the plate. For in-
stance, at x/h = 7, the y/y1» in the free shear layer varies
from ~0.4 to 2.0, while on the boundary layer side, the
y/y1,2 variation is found from the wall surface to 0.4. Fig-
ure 5b shows the velocity profiles plotted with different
plate lengths for the jet Reynolds number of 6.4 - 10*. In
this case, the velocity profiles are measured at the trailing
edge of all the plates considered for wall jets. The velocity
profiles within L/h < 10 depicts the region of the poten-
tial core, transition in the range of 10 < L/h < 20, and
beyond, a fully developed region which is in congruence
with the flow literature [4, 5, 6, 7]. The transition in the
range of 10 < L/h < 20 is confirmed from the following
facts. (i) The velocity profile at L/h = 15 shows a larger
decrease in the maximum velocity u,,. (ii) At L/h = 20,
the velocity profile near the wall surface is noted to be flat-
ter compared to those at other L/h. This illustrates that
the inner layer thickness y,, is smaller at L/h = 20 com-
pared to the other cases, albeit this could not be proved
with measurements in the present study. These observa-
tions are in congruence with the literature data of Hsiao
and Sheu [5], which confirms that the region in the range
of 10 < L/h < 20 is in the transition. The variation of ve-
locity half-width y,/,/h in the range of plate lengths L/h
considered is plotted in Figure 6a for Re = 6.4 - 10*. The
obtained values are in congruence with those of Eriksson
et al. [9] and Tachie et al. [10] which are plotted along the
streamwise direction of larger length wall jets. The gradi-
ent of the velocity half-width of the wall jet in the current
study is estimated to be around 0.063, which is comparable
to those of the literature [8, 9], where it is estimated to be
around 0.073. The difference in the estimates between the
present study and the literature data is due to the facts that
(i) the plate lengths considered are smaller for the present
study, and (ii) the variation in the nozzle lip thickness that
affects the growth of wall jets [8]. The variation of inner
layer thickness y,,/h in the range of plate lengths L /h con-
sidered is plotted in Figure 6b for Re = 6.4 - 10*, and is
compared with the data of Tachie et al. [10], which is ob-
tained along the streamwise direction of the wall jet at dif-
ferent Reynolds numbers. The maximum plate length used
in the study is L/h = 30 and the inner layer thickness in
the considered range of plate lengths are seen to match
well with the literature. The inner layer thickness varies
linearly with the plate length. The present and literature
data results indicate that the inner layer thickness does not
depend on the considered range of Reynolds number.

4.2. Acoustic spectra of wall jets

Figure 7 shows the spectra at different Reynolds numbers
of 2.7 - 10*, 4.5 - 10*, and 7.0 - 10* for L/h = 5 and 15
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Figure 6. The variation of (a) velocity half-width (y1/2) and (b)
inner layer thickness (ym) with the axial length of wall jet.

wall jets, and compared with the free jet noise/background
noise. The spectra are captured at the trailing edge of the
plate at a vertical distance of y/h = 30. At lower Reynolds
number of 2.7 - 10*, the wall jet noise is dominant up
to ~1kHz compared to the free jet noise; at moderate
Reynolds number of 4.5 - 10*, the wall jet noise is dom-
inant up to ~2kHz; and at higher Reynolds number of
7.0-10%, the wall jet noise is dominant up to ~3 kHz com-
pared to the free jet. This illustrates that the wall jet in-
duces higher frequency noise components with an increase
in the flow velocity. The noise could be attributed to the
sources such as the flow-surface interaction, scattering at
the trailing edge, free shear layer, and inner layer thickness
that will be discussed in the subsequent sections. Further,
the lower frequency noise of a wall jet is larger by almost
two orders of magnitude than the higher frequency noise
at higher Reynolds number (Figure 7b,c.e.f). The low fre-
quency noise of wall jet increases almost by three orders
of magnitude with an increase in the Reynolds number
while the high frequency noise increases at most by two
orders. In the Figures 7a,b,d,e, a few low amplitude tones
are noted at higher frequencies in the lower and moder-
ate Reynolds numbers for both the background and wall
jet spectra. This assures that these tones are not specific
to the wall jet, and therefore, it is presumed that they are
facility induced, and consecutively neglected in the future
discussions.

Figure 8 shows the waterfall spectra with plate lengths
at different Reynolds numbers. The noise of a free jet
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Figure 7. Comparison of the spectra obtained for wall jets of L/h = 5 and 15 with the background noise (L/h = 0) for Re = 2.7 - 10*

(a,d) Re =4.5-10* (b,e) and Re = 7.0 - 10* (c.f).

(L/h =~ 0) is found to be lowest compared to those of
the wall jets considered. It is observed from the figure that
with an increase in the plate length, the low frequency
noise (0.3 Hz... 1kHz) increases up to L/h = 5, and there-
after decreases over the range of 10 < L/h < 30, however,
with a larger gradient in the range of 20 < L/h < 30
(Figure 8). This variation in the noise is attributed to the
termination of plates at different flow regimes of the wall
jet. For instance, plates with L/h < 5 terminate within
the potential core (Figure 5b) while plates in the range of
10 < L/h < 20 terminate in the transition region, and
plates with L/h > 20 belong to a fully developed wall jets
category. It is conjectured that the smaller plate shields the
potential core from the entrainment from one side of the
wall jet [33] and thus increasing the noise levels at lower

934

Document downloaded by @DAEL, 2026-10-16 14:17:14 - personal use only

plate lengths, as noted in Figure 8. The physical reason for
the variation in the noise levels in a lower frequency range
is attributed to different noise sources in the wall jets. From
the literature, the noise sources identified during the flow
interactions with a rigid surface are dipole and quadrupole
[15,16, 17,18, 19, 20, 21]. The former noise source is pri-
marily noticed at the trailing edge and the transition region
[35, 20]. The latter source is noticed near the wall surface
region [17]. Therefore, with an increase in the plate length
L/h > 10, the momentum of the wall jet inner layer de-
creases, thereby reducing the dipole strength at the trailing
edge compared to the shorter plate wall jet. However, with
an increase in plate length, the turbulent intensity of the
inner layer is observed to increase [5], and the correspond-
ing noise source is seen to increase. This is elaborated in
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Figure 8. Waterfall spectra variation with plate lengths of wall jets at (a) Re= 4.5 - 10* (b) Re = 5.8 - 10* (c) Re = 6.4 - 10* (d)

Re=7.0-10%

detail in Section 4.4. To ensure the correctness of the ac-
quired data, a typical acoustic spectrum for L/h = 5 wall
jet at a jet exit velocity of 35m/s is compared with that
of Chong and Vathylakis [32] at similar conditions, and is
shown in Figure 9. The spectral variation in both the stud-
ies is almost similar up to the frequency of ~3 kHz, where
the noise is broadband. However, higher frequency noise
components (> 3 kHz) are observed in the present study,
which is due to the facility induced noise, as discussed ear-
lier. The noise levels in both the spectra are different, as
they were procured at different positions from the source
(60cm in the present study and 105 cm in the compared
study).

The overall sound pressure levels (OASPL) are plotted
with plate lengths for different Reynolds numbers in Fig-
ure 10 at nozzle exit x/h = 0 and the trailing edge of the
plate. The OASPL trend is observed to be similar at all the
Reynolds number. The maximum OASPL is around 80 dB
in the range of L/h = 5 to 20, and decreases to 75 dB for
L/h = 30 at the Reynolds number of 7.0 - 10*, while the
background noise is around 68 dB at the same Reynolds
number. Figure 11 shows the variation of OASPL with
the Reynolds number for different wall jets of L/h = 5,
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Figure 9. Comparison of acoustic spectrum for L/h = 5 wall jet
at jet exit velocity of 35 m/s.

15, and 25. The OASPL variations at the lower Reynolds
numbers are insignificant. However, beyond the Reynolds
number of ~ 3.0 - 10*, the OASPL is observed to increase
with an increase in the Reynolds number for all the wall
jets. The OASPL is highest for L/h = 5, followed by a
slightly lower value for L /h = 15 and a large reduction for
L/h = 25 wall jet. Importantly, the presence of a plate can
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Figure 10. OASPL comparison for wall jet with L/h for micro-
phone placed at (a) x/h = 0 and (b) trailing edge of different
wall jets.

increase the noise emission by almost 12 dB (compared to
free jet noise) if the plate length considered is within the
potential core to transition region.

4.3. Noise variation along the wall jet

Figure 12 shows an interesting plot at the Reynolds num-
ber of 7.0 - 10* illustrating the OASPL variation along
with the streamwise locations x/h for different L/h wall
jets. The filled markers in the figure represent the acoustic
data acquired within the plate length of the wall jet, and
the unfilled markers represent the one acquired beyond the
plate. The highest x/h with a filled marker corresponds to
the trailing edge for the given L/h. The OASPL variation
with L/h at the trailing edge is shown as the dashed line
in the figure which is consistent with that of Figure 10b.
The OASPL of fully developed wall jets (L/h = 25 and
30) are observed to increase along the plate length by al-
most 3 dB (Figure 12). However, for developing wall jets
(L/h < 20), the OASPL along the plate length is found
to be almost constant. The reason for an increase in the
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Figure 12. OASPL variations along different streamwise at Re =
7.0 - 10*. Filled markes indicate the noise data within the plate
while the unfilled markers correspond to the data beyond the wall
jet.

OASPL along x/h for the fully developed wall jets can
be understood from the following explanation. From the
literature, it is noted that the transition in the wall jets
occurs at an axial distance of x/h =~ 20, and the shear
stresses in the region are found to be higher compared to
the other regions [5]. Thus, the OASPL is seen to increase
up to x/h & 20, and a decrease in the further downstream
(Figure 12). These characteristics is also observed in Fig-
ure 13 that compares the spectrum between the locations,
x/h = 0 and the mid-plate location of different plates at
the Reynolds number of 7.0 - 10*. At L/h = 25 and 30
(Figure 13e&f), the noise levels in the frequency range of
0.3—1.5kHz are found to be higher in the latter location
compared to the former one. Further, Figure 12 also illus-
trates that the OASPL beyond the plate is comparatively
lower than that within the plate for most of the L/h wall
jets. To analyse this behaviour, the acoustic spectra are
compared at the mid-plate location and beyond the plate



Arackal, Jothi: Noise from wall jets

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 105 (2019)

(a) — xlh=0

PSD (Pa?/Hz)

3 4
10 Frequency (Hz) 10

(©) —xh=0
- -xh=75

PSD (Pa?/Hz)

3 4
10 Frequency (Hz) 10

() —xih=0
= =xh=125
=-=xh=35

PSD (Pa®/Hz)

10° Frequency (Hz) 10

PSD (Pa’/Hz)

(b) —x/h=0

3 4
10 Frequency (Hz) 10

() —xh=0
= =xh=10
=-=xh=30

PSD (Pa’/Hz)

3 4
10 Frequency (Hz) 10

—xh=0
® = =xh=15
=-=xh=45

10° Frequency (Hz) 10

Figure 13. Spectral comparison at x/h = 0, mid-plate and beyond the wall jet (locations are shown in the inset) for (a) L/h = 5; (b)
L/h=10;(c) L/h=15;(d) L/h =20; (e) L/h =25; (f) L/h =30at Re =7.0 - 10*.

in Figure 13 for all the wall jets. In the lower frequency
range of around 300-3000 Hz, the noise emissions within
the plate length of wall jets are found to be higher com-
pared to that beyond the plate, while the spectral difference
is insignificant at a higher frequency range of above 3 kHz.
This is attributed to the noise due to the flow-surface inter-
action within the plate compared to that beyond the plate.
Interestingly, the difference in the low frequency range is
higher for wall jets of L/h = 15 to 30 compared to those
at smaller L/h, as the surface area is larger for the former
plates (Figure 13).

4.4. Noise source identification

To analyse the contribution of flow-surface interaction in
noise emissions, the noise measurements are carried out at
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the locations, y/h = 30 (above the plate) and y/h = =30
(beneath the plate), as shown in Figure 4a. The above-plate
microphone and the beneath-plate microphone are placed
at the trailing edge (same x/h). A similar technique is han-
dled by Brown [34] and Bastos et al. [35] to identify the
noise sources. Figure 14 shows the spectral comparison
of wall jets having the plate lengths of L/h = 5 to 30 at
Re = 7.0 - 10*. In most of the spectra, noise beneath the
wall jet is slightly higher than that of the above plate in the
low frequency range of around 300-1500 Hz (Figure 14).
It is conjectured that the noise sources in this frequency
range are the trailing edge interactions and the secondary
shear layer. The arrival to this conclusion is from the fact
that the beneath microphone captures the noise from the
direct vicinity noise sources, which in the present case
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lengths of (a) L/h = 5; (b) L/h = 10; (c) L/h =15;(d) L/h =20; (e) L/h = 25; (f) L/h =30at Re =7.0-10*

are the above-mentioned, compared to the above-placed
microphone [35]. A further illustration is depicted in the
form of a cartoon in Figure 15. The inner layer is expected
to grow along the plate length, and interacts at the trail-
ing edge to generate noise. Further, the secondary shear
layer region is formed due to this inner layer and entrain-
ment that radiates noise, as shown in Figure 15. An addi-
tional interesting fact observed in Figure 14 is that above
~3 kHz, a decrease in the noise levels is observed with the
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beneath-plate microphone compared to its counterpart. It
is speculated that this noise is the contribution from the up-
per free shear layer of the wall jet. The reason to arrive this
conclusion is that the above-plate microphone is in the di-
rect vicinity of the upper shear layer while its counterpart
is shielded by the plate thus preventing the acoustic waves
from travelling beneath the plate (Figure 15). This fact can
also be encountered from the spectrum of a free jet that es-
sentially should capture this high frequency noise from the
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Figure 15. Cartoon representing the flow and acoustic regions, and corresponding spectra of a typical wall jet.

shear layer. The inset in Figure 15 proves the above point
where the high frequency noise of free jet above 3 kHz al-
most matches with that of a wall jet. In addition, the noise
above 3 kHz is also attributed to the surface roughness of
the plate. Therefore, this analysis results in a conclusion
that the low frequency noise (< 3 kHz) augmentation is
due to the trailing edge and secondary shear layer, and the
high frequency noise (> 3 kHz) contribution is from the
upper free shear layer.

Albeit the noise dominates in the frequency range of
300-3000 Hz for all wall jets, the effects of trailing edge
interaction on noise emission remain unclear. This section
investigates the above perspective by carrying out a sim-
ple tripping wire experiment at the trailing edge. A very
thin wire (~0.2 mm) is adhered along the span at the trail-
ing edge of the L/h = 5 plate, and the noise of wall jet
is captured at Re = 7.0 - 10*. The spectra variation with
Strouhal number (based on the nozzle height) comparing
the noise emissions without and with tripping is shown
in Figure 16. Tripping the flow near the trailing edge in-
creases the noise levels in the Strouhal number range of
0.1-0.18. This ensures that the noise up to the frequency
range of ~600 Hz is due to the flow interactions at the trail-
ing edge. Brown [34] and Brooks and Hodgson [36] no-
ticed the trailing edge noise in the lower frequency range
corresponding to the Strouhal number less than 0.2, while
in the present study, the corresponding Strouhal number
is found to be around 0.18 that is in congruence with the
former. The dominance of the trailing edge noise can also

Document downloaded by @DAEL, 2026-10-16 14:17:14 - personal use only

“““““ — Tripping at trailing edge
=+=-Without tripping
Trailing edgd o
0
< 10
I
NS
©
e
3 10"
o
107
10 ‘
107" 10°

St

Figure 16. Spectral comparison of L/h = 5 wall jet with and
without tripping at the trailing edge at Re = 7.0 - 10*,

be observed in the spectral comparison of all wall jets in
Figure 17 at Re = 7.0 - 10*. The low frequency acous-
tic amplitude for L/h = 5 wall jet is found to be higher
compared to all other wall jets. With an increase in the
plate lengths, this noise amplitude is observed to decrease.
The spectra in the range of ~750-1250 Hz reveal that the
noise increases with an increase in L/h. This noise can be
understood as the contribution from the secondary shear
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Figure 18. Normalized spectra in one-third octave bands for (a) Re = 4.5-10%, (b) Re = 5.1-10* (¢) Re = 6.4-10* and (d) Re=7.0-10*.

layer (Figure 15). Since the secondary shear layer growth
depends upon the inner layer thickness at the exit of the
plate, the former increases with the plate length, thus emit-
ting higher noise. Further, the scaling analysis of the ob-
tained acoustic spectrum is carried out to study the sec-
ondary shear layer noise. Therefore, the acoustic spectrum
obtained for the different plate lengths is normalised using
the Equation (1) which is used by Brooks and Marcolini
[37], and Moreau and Doolan [38] for scaling of the noise.
In this equation, the scaling is done with the inner layer
thickness y,, by considering the one-third octave band of
the spectrum.

SPL1/3n0rm = SPLy/3 — 501log,, (M)

—101og,o (ymb/r?). (1)
where SPL 3 is the acoustic spectrum in one-third-octave
bands, M is the Mach number based on jet velocity U;, b
is the span length of the plate, and r is the distance of the

microphone from the trailing edge. The normalized spec-
tra are plotted against the Strouhal number, Equation (2),

940

Document downloaded by @DAEL, 2026-10-16 14:17:14 - personal use only

defined based on the inner layer thickness.

S Vm
St,, = . 2)
Vi UJ

The inner layer thickness values of different plate lengths
are obtained from the curve fit shown in Figure 6b. The
normalised spectra are shown in Figure 18 for different
Reynolds numbers which collapses in the Strouhal number
range 0.2... 1.0 that corresponds to the frequency range of
a secondary shear layer noise.

From the findings in the preceding section, the noise in
the frequency range of 300-750Hz is categorised as the
trailing edge interaction noise; 750-3000 Hz due to the
secondary shear layer; and 3 to 10kHz due to upper free
shear layer. The present discussion illustrates their sound
pressure levels (SPL) at different plate lengths. These
noise components are shown in the spectrum in Figure 19
at Re = 7.0 - 10* of L/h = 5. Figure 20a shows the sound
pressure levels in the frequency range of 300-750 Hz with
L/h for different Reynolds numbers. The maximum SPL
is observed to be for L/h = 5 (~80dB) compared to
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Figure 19. Area considered under power spectrum of L/h = 5
wall jet at trailing edge of the plate at Re = 7.0 - 10* for calcula-
tion of various noise levels.

other wall jets at higher Reynolds numbers. With further
increase in L/h, the trailing edge scattering noise is ob-
served to decrease up to 73 dB for L/h = 30. Figure 20b
shows the sound pressure levels in the frequency range
of 750-3000 Hz with L/h for different Reynolds number
that is designated to the secondary shear layer. The figure
clearly illustrates that the maximum noise level increases
gradually from 74 to 77 dB up to L/h = 20 and decreases
to around 71dB at L/h = 30.

5. Conclusions

The present paper elaborates on the importance of the plate
length on noise emissions from wall jets. The lengths of
the plates considered for the study are in the range of
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Figure 20. (a) Trailing edge noise and (b) secondary shear layer
SPL variations with L/h for different Reynolds number.

2.5 < L/h < 30. The trailing edge of these different plates
terminates in the different flow regimes of the wall jet,
namely the potential core, transition, and fully developed
regions, and their respective acoustic disturbance are cap-
tured and analysed. Mid-field acoustic measurements led
to the following important conclusions. The wall jet with
the smallest plate length of L/h = 2.5 increases the noise
levels by around 7-12 dB compared to the free jet noise,
which is due to the flow-surface interaction. The OASPL
is observed to increase along a fully developed wall jet due
to the higher shear stress in the transition region of the wall
jet [5].

The noise emissions are further categorized into low
and high frequency noise. The significant noise contribu-
tion is from the lower frequency range (< 3kHz) that is
mainly due to the (i) trailing edge interactions, and (ii) sec-
ondary shear layer. Results from various experiments re-
vealed that the noise emissions up to 750 Hz are attributed
to the trailing edge. This noise level is found to be higher
for lower plate length wall jets and found to decrease with
an increase in the plate length. The corresponding Strouhal
number (based on nozzle height) is found to be around
0.18. Scaling studies showed that the noise emissions in
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the Strouhal number (based on the inner layer thickness)
range of 0.2 to 1.0 are attributed to the secondary shear
layer. As the plate length increases up to L/h = 20, the
turbulent shear stress in the inner layer increases, and thus,
the noise from the secondary shear layer is seen to in-
crease. The high frequency noise emissions above 3 kHz
are identified as the contributions from the upper shear
layer noise of the wall jet.

Acknowledgement

The authors would like to thank the anonymous reviewers
for their valuable comments and suggestions for improv-
ing the manuscript.

References

[1] D. Ahlem, G. Brethouwer, A. V. Johansson: Direct numeri-

cal simulation of a plane turbulent wall jet including scalar
mixing. Phys. Fluids 19 (2007) 065102.

[2] R. Narasimha, Y. K. Narayan, S. Parthasarathy: Parametric
analysis of turbulent wall jets in still air. Aeronaut J. 77
(1973) 355-359.

[3] G. Padmanabham, B. H. Lakshmana Gowda: Mean and
Turbulence Characteristics of a Class of Three-Dimen-
sional Wall Jets. Part 1: Mean Flow Characteristics. J. Flu-
ids Eng. 113 (1991) 620.

[4] N. V. Chandrasekhara Swamy P. Bandyopadhyay: Mean
and turbulence characteristics of three-dimensional wall
jets. J. Fluid Mech. 71 (1975) 541-662.

[5] F. B. Hsiao, S. S. Sheu: Experimental studies on flow tran-
sition of a plane wall jet. AeronautJ. 100 (1996) 373-380.

[6] J. W. Hall, D. Ewing: The rectangular wall Jet. Part 1: The
effect of varying aspect ratio. 43rd AIAA Aerospace Sci-
ences Meeting and Exhibit, AIAA, 2005, p.115.

[7]1 B. Smith: Wall jet boundary layer flows over smooth and
rough surfaces. Ph.D Thesis, Virginia Polytechnic Institute
and State University, 2008.

[8] B. E. Launder, W. Rodi: The turbulent wall jet. Prog.
Aerosp. Sci. 19 (1981) 81-128.

[9] J. G. Eriksson, R. I. Karlsson, J. Persson: An experimental
study of a two-dimensional plane wall jet. Exp. Fluids 25
(1998) 50-60.

[10] M. F Tachie, R. Balachandar, D. J. Bergstorm: Roughness
effects on turbulent plane wall jets in an open channel. Exp
Fluids 37 (2004) 281-292.

[11] M. A. Chaab, M. E Tachie: Characteristics of turbulent
three-dimensional wall jets. J. Fluids Eng. 133 (2011)
021201-1.

[12] Th. Panidis, R. Schwab, A. Pollard: The role of vorticity in
the near field development of sharp-edged rectangular wall
jets. Int. J. Heat Fluid Flow 67 (2017) 3-22.

[13] Z. Tang, D. J. Bergstrom, J. D. Bugg: A plane turbulent
wall jet on a fully rough surface. Int. J. Heat Fluid Flow 66
(2017) 258-264.

[14] S. Roy, K. Debnath, B. Mazumder: Turbulence statistics
and distribution of turbulent eddies for jet flow and rigid
surface interaction. Arch Mech. 70 (2018) 55-88.

[15] N. Curle: Influence of solid boundaries upon aerodynamic
sound. Proc. R Soc. Lond. A 231 (1955) 505-514.

[16] O. M. Phillips: On the aerodynamic surface sound from a
plane turbulent boundary layer. Proc. R Soc. Lond. A 234
(1956) 327-335.

942

Document downloaded by @DAEL, 2026-10-16 14:17:14 - personal use only

(7]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(25]

(26]

[27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

Arackal, Jothi: Noise from wall jets

J. C. Hardin: Acoustic sources in the low mach number tur-
bulent boundary layer. J. Acoust. Soc. Am. 90 (1991) 1020.

M. Howe: Surface pressures and sound by turbulent flow
over smooth and rough walls. J. Acoust. Soc. Am. 90
(1991) 1041-1047.

T. M. Farabee, M. J. Casarella: Spectral features of wall
pressure fluctuations beneath turbulent boundary layers.
Phys Fluid Dynam. 3 (1991) 2410-2420.

G. C. Lauchale: On the radiated noise due to boundary layer
transition. J. Acoust. Soc. Am. 67 (1998) 158.

A. V. Smol’yakov: Noise of turbulent boundary layer flow
over smooth and rough plates at low Mach numbers.
Acoust. Phys. 47 (2001) 218-225.

M. G. Smith, C. L. Morfey: Directivity and sound radiated
by a source under a boundary layer. AIAA J. 44 (2006)
2630-2635.

Y. Liu, A. P. Dowling, H. C. Shin: Measurement and simu-
lation of surface roughness noise using phased microphone
arrays. J. Sound Vib. 314 (2008) 95-112.

X. Gloerfelt, J. Berland: Turbulent boundary-layer noise:
radiation at Mach number 0.5. J. Fluid Mech. 723 (2013)
318-351.

A. Di Marco, M. Mancinelli, R. Camussi: Pressure and ve-
locity measurements of an incompressible moderate Rey-
nolds number jet interacting with a tangential flat plate. J.
Fluid Mech. 770 (2015) 247-272.

M. Mancinelli, A. Di Marco, R. Camussi: Multivariate and
conditioned statistics of velocity and wall pressure fluctua-
tions induced by a jet interacting with a flat plate. J. Fluid
Mech. 823 (2017) 134-165.

J. V. Blitterswyk, J. Rocha: An experimental study of the
wall-pressure fluctuations beneath low Reynolds number
turbulent boundary layers. J. Acoust. Soc. Am. 141 (2017)
1257.

M. Mancinelli, R. Camussi: Acceleration and wall pressure
fluctuations generated by an incompressible jet in installed
configuration. Comptes Rendus Mécanique, 346 (2018)
919-931.

J. C. Yu, C. K. W. Tam: Experimental investigation of the
trailing edge noise mechanism. AIAA J. 16 (1978) 1046—
1051.

C. Smith, P. W. Carpenter: The effect of solid surfaces on
turbulent jet noise. J. Sound Vib. 185 (1995) 397—413.

W. J. Devenport, D. L. Grisom, W. N. Alexander, B. S.
Smith, S. A. L. Glegg: Measurement of roughness noise.
J. Sound Vib. 330 (2011) 4250-4273.

T. P. Chong, A. Vathylakis: On the aeroacoustic and flow
structures developed on a flat plate with a serrated trailing
edge. J. Sound Vib. 354 (2015) 65-90.

G. O. Schrecker, J. R. Maus: Noise characteristics of jet
flap type exhaust flows. NASA Contractor Report, 1974.
C. A. Brown: Jet-surface interaction test: far field noise re-
sults. J. Eng. Gas Turb. Power 135 (2013) 1-7.

L. P. Bastos, C. J. Descamps, A. R. da Silva: Experimental
investigation of the far-field noise due to jet-surface inter-
action combined with a chevron nozzle. Appl. Acoust. 127
(2017) 240-249.

T. F. Brooks, T. H. Hodgson: Trailing edge noise prediction
from measured surface pressures. J. Sound Vib. 78 (1981)
69-117.

Thomas F. Brooks, Michael A. Marcolini: Scaling of Air-
foil Self- Noise using Measured Flow Parameters. AIAA J.
23 (1985) 207-213.

Danielle J. Moreau, Con J. Doolan: Noise Reduction Mech-
anism of a Flat-Plate Serrated Trailing Edge. AIAA J. 51
(2013) 2513-2521.



