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Abstract—The streamwise variation in the unsteady wall pres-
sure of a turbulent three-dimensional wall jet was examined using
Proper Orthogonal Decompostion. Based on the exit velocity
and the nozzle diameter, the Reynolds number of the wall
jet was 140,000. The fluctuating wall pressure was measured
using a two-dimensional lateral-streamwise array of 89 condenser
microphones from x/D=5 to 15. The instantaneous pressure
fluctuations showed strong lateral antisymmetry, which appeared
to be linked to the lateral development of the flow. Instantaneous
intermittent events convected downstream through the entire
measurement region but were observed to change speed, slow
down, surge forward, and convect laterally. The first two POD
modes were antisymmetric and the next few higher modes
appeared to be associated with lateral meandering of the jet. Low-
order reconstructions of fluctuating wall pressure displayed the
intermittency and meandering observed in the unsteady pressure
field.

Index Terms—Three-dimensional wall jets, unsteady wall pres-
sure

I. INTRODUCTION

Three-dimensional wall jets are flows that exit from finite-
width openings and develop tangentially to a surface. Wall
jets share characteristics with free jets and boundary layer
flows [1]–[3], and are widely used in industry, primarily
for heating and cooling. These jets are unique because they
exhibit a comparatively large lateral growth rate in the far-
field, approximately five to eight times larger than the wall-
normal growth rate [3], [4]. While the mechanisms that cause
this disparity in growth rates are not fully explained, the large
lateral growth has been shown to be caused by strong mean
turbulence generated secondary flows in the jet [2], [4], [5].
These strong secondary flows are oriented to draw the mean
flow downward and eject it laterally outward.

Many researchers have recognized that secondary flow is
linked to the passage of coherent structures in the flow.
Coherent structure models in the wall jet have been developed
in several studies, including those conducted by Matsuda et
al [6], Ewing and Pollard [7], [8], Sun and Ewing [9]–[11],
Hall and Ewing [12]–[16], and Namgyal and Hall [5], [17]–
[19]. In general, most research indicates that there are large
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horseshoe-like vortices, which are responsible for a downward
and lateral ejection of the flow [16], [18]. The present body of
research suggests that these structures are likely asymmetric
with respect to the jet centreline [15], [18], [19]. A recent
coherent structure model formulated by Namgyal and Hall
[18], [19] proposes two dominant types of structures; struc-
tures in the outer shear layer that develop from instabilities in
the vortex rings shed from the nozzle and are responsible for
entraining ambient air, and near-wall structures that persist into
the intermediate- and far-fields of the wall jet. The asymmetric
passage of these structures causes large intermittent lateral
ejections of flow, and Namgyal and Hall [18], [19] theorized
that the interaction between the outer and inner structures
strengthens these lateral ejections.

Although these previous studies have been essential in
developing the coherent structure model for three-dimensional
wall jets, they have limitations. The majority of the analysis
and development of these models was conducted using time-
averaged information; many of the earlier studies [6]–[9],
[11] used single-point or two-point velocity measurements
in conjunction with averaging to develop the models and
make inferences about structure formation. Therefore, the
instantaneous dynamics of the large-scale structures could not
be incorporated into the models. Additionally, these previous
studies [5], [7]–[19] utilized velocity measurements at discrete
streamwise positions and were unable to account for the
temporal-streamwise variation of the structures in the wall
jet. Of the previous models, only Hall and Ewing’s [13]–[16]
incorporated fluctuating wall pressure measured at singular
streamwise positions to deduce structural dynamics dynamics.

In a recent study by Sim and Hall [20], some of these
limitations were addressed through measurements of the fluc-
tuating wall pressure over a two-dimensional array in the wall
jet. Since the microphone array encompassed a large two-
dimensional area, the instantaneous pressure measurements
could be used to assess the streamwise variation in the wall
jet and investigate the continuous evolution of the coherent
structures. On average, the spectral analysis suggested that
the passage of the structures occurred at a fairly constant
convection speed. However, an examination of the instanta-
neous unsteady fluctuating wall pressure suggested that the
convection speed was not constant and that structures did



Fig. 1: Microphone array layout.

not always convect directly downstream [20]. Furthermore, it
was observed that, instantaneously, there were angled regions
of organization that appeared to be associated with lateral
movement of the flow. The current study aims to investigate in
more detail the variation of the unsteady pressure field of the
turbulent wall jet, and in particular the angled nature of the
structures, using Proper Orthogonal Decomposition to better
understand the angled structures and convection speed.

II. EXPERIMENTAL METHODOLOGY

The experimental set-up is the same as was used in the
previous study by Sim and Hall [20] and utilized a three-
dimensional wall jet exiting from a contoured nozzle. The
details for the experimental set up are outlined in [20]. Based
on the exit diameter, the Reynolds number was Re

D
≈

140, 000, which corresponded to a nominal exit velocity of
Uexit ≈ 54.4m/s. To investigate the streamwise evolution of
the coherent structures in the three-dimensional wall jet, the
fluctuating wall pressure was simultaneously measured by 89
CUI electret condenser microphones in a two-dimensional
array, as shown in Fig. 1. The microphones were positioned
at one-diameter intervals from 5 ≤ x/D ≤ 15 downstream
from the nozzle exit. The lateral positions of the microphones
ranged from −4 ≤ z/D ≤ 4 at one-diameter intervals, which
spanned at least twice the lateral half-width of the jet (shown
on Fig. 1). The microphones had a flat frequency response
from 40Hz − 1 kHz and were simultaneously sampled at a
rate of 10 kHz.

Fluctuating wall pressure statistics were calculated using
1.5 × 107 data points yielding an uncertainty in the standard
deviation of < 0.05% at a 95% confidence interval. Spectra
and correlations were calculated by averaging the results of
1500 one-second blocks of fluctuating wall pressure compris-
ing 1× 104 data points. The uncertainty in the magnitude of
the pressure spectra was < 2.6% at a 95% confidence interval.

III. PROPER ORTHOGONAL DECOMPOSITION

The technique of Proper Orthogonal Decomposition (POD)
can be used to represent the fluctuating wall pressure using a
set of orthogonal basis functions obtained by maximizing the
pressure fluctuations on these basis functions, which yields the
optimal representation for the flow. This technique has been
used by many [16], [21]–[24] to identify coherent structures in
turbulent flows. The functions are the solutions to the integral
eigevenvalue problem given by [25]:∫ ∞

−∞
φ[(x, z), (x′, z′)]ψ(x′, z′)dx′dz′ = λ(n)ψ(x, z), (1)

where ψ(x, z) are the eigenvectors, λ(n) are the eigenvalues
of the n modes, and φ[(x, z), (x′, z′)] is the cross-correlation
tensor with zero time lag (τ = 0). The cross-correlation tensor
is given by:

φ[(x, z), (x′, z′)] = 〈p′(x, z)p′(x′, z′)〉 , (2)

where p′ is the measured fluctuating wall pressure at the
indicated position. The relative pressure energy recovered
using each POD mode is given by:

ζ
(n)
R =

λ(n)

m∑
i=1

λ(m)

. (3)

The coefficients of each POD mode are given by:

a(n) =

∫
p′(x, z)ψ(n)(x, z)dxdz. (4)

The first N POD modes and coefficients can be used to
reconstruct the spatially filtered pressure field using

p′rec,n(x, z) =

N∑
n=1

anψ(x, z). (5)

A low-dimensional reconstruction of the unsteady pressure
field can be generated by using the first N modes for the
reconstruction, per:

p′rec,n=1...3(x, z) =

N=3∑
n=1

anψ(x, z)

= a1ψ(x, z) + a2ψ(x, z) + a3ψ(x, z). (6)

IV. RESULTS AND ANALYSIS

A. Instantaneous Fluctuating Wall Pressure

To gain a feel for the pressure fluctuations in the wall
jet, an unfiltered instant is shown in Fiure 2. The unsteady
pressure field here exhibited asymmetric and antisymmetric
pressure fluctuations about the jet centreline, as shown in Fig.
2. The lateral asymmetry has been previously observed by
[13]–[16] and more recently by Sim and Hall [20]. The lateral
asymmetry appeared over the region of the wall jet examined
and starts at or before x/D = 5. The fluctuations often appear
to be connected across the centreline in an angled fashion.
When these angled regions occur in succession, as shown in
Fig. 3, the strong laterally antisymmetric fluctuations cause



Fig. 2: Example of asymmetry in the unsteady pressure field.

the flow to be driven laterally outward to the right (Fig. 3a)
or the left (Fig. 3b), in a process identified as meandering.

B. Proper Orthogonal Decomposition

The streamwise variation and organization of the unsteady
pressure field was further examined by applying POD to the
fluctuating wall pressure. The relative and cumulative amount
of energy recovered by each POD mode is shown in Fig. 4. The
POD converges relatively quickly, with 50% of the pressure
energy recovered in the first 12 modes, where there are 89
modes in total. The lower modes appear to contain very similar
quantities of energy, with Mode 1 at 5.72% and Mode 12 at
3.16%.

The mode shapes for the first twelve POD modes are shown
in Fig. 5. Modes 1 and 2 are primarily antisymmetric about
the jet centreline, which is consistent with previous work
[13]–[16], [20], and appear to be the inverse of each other.
They have relatively similar energy levels, 5.72% compared
to 5.43%, and appear to have peaks that align with the lateral
half-width of the jet, as indicated by the dashed lines on the
mode shapes.

Mode 3 is loosely symmetric about the centreline; it may be
representative of the connection between regions of organized
pressure across the centreline. However, in the near field at
x/D ≤ 10, Mode 3 and Mode 4 appear to be similar in that
there are larger regions of organized pressure fluctuations that
are tilted outward. Mode 3 appears to have this tilted pressure
angled out to the left (similar to the leftward meander shown
in Fig. 3b), while Mode 4 displays tilted pressure that is angled
to the right (similar to the rightward meander shown in Fig.
3a). Downstream of x/D = 10, the leftward tilt in Mode 3
appears to decrease, while the rightward meander in Mode 4
is accentuated.

Higher number modes (Modes 5, 6, 8, 9, 10, and 12)
also appear to contribute to or to also be representative of
lateral meandering in the wall jet. Modes that appear to be
associated with the meandering exhibit stronger organization
on one side of the wall jet, and usually appear to strengthen
with downstream position. There are other modes (Modes
7 and 11) that are localized to the centreline and shows
regions of organization of different size. These modes could be
associated with changes in structure size or convection speed
at the centreline, and could be linked to structures of different
frequencies, which were previously suggested by Hall and
Ewing [13], [16].

In order to investigate how POD recovers the lateral me-
andering in the the wall jet, the two-dimensional unsteady
pressure field was reconstructed using specific modes. The
modes used for the reconstructions were selected because
the appeared to be connected to either leftward or rightward
meandering in the wall jet. These modes displayed stronger
fluctuations on one side of the centreline and/or angling in
the regions of organized pressure fluctuations consistent with
the lateral angling shown in the instances in Fig. 3. There
were modes selected for reconstructing to show leftward and
rightward meandering in the unsteady pressure field; these
reconstructions in addition to the corresponding unfiltered
pressure instants are shown in Fig. 6 (Figures 6a, 6d, 6g, and
6j).

The sequences shown in Fig. 6 show instants leading up
to and after the leftward meandering field shown in Fig. 3b.
To illustrate the effect of the selective mode choice in the
reconstructions, the reconstructed pressure field is shown in
Fig. 6 using two sets of modes: those that appear to correspond
to leftward meandering and those that appear to correspond
to rightward meandering. Leftward meandering appears to be
connected to the contributions from Modes 2, 3, 5, 6, and
9, and is shown in the middle sequence in Fig. 6 (Figures
6b, 6e, 6h, and 6k). There are other higher modes that would
also contribute to leftward meandering, especially at increased
downstream distances, but these lower modes show the angled
growth of the wall jet in the near field and capture 22.43% of
the energy in the flow.

Not as apparent in this sequence, the pressure has also been
reconstructed with modes associate with rightward meander-
ing, shown in right column of Figure 6 (Figures 6c, 6f, 6f, and
6l). Modes 1, 4, 8, 10, and 12 contain approximately 20.73%
of the energy and appear to be linked to rightward meandering.
Since the unfiltered sequence shown in Fig. 6 is associated
with leftward meandering of the wall jet, it is expected that the
reconstruction with these modes would contain lower compa-
rable energy and organization. Although not shown here for the
sake of brevity, reconstructions with these modes do indicate
that these are tied to rightward meandering. This sequence and
reconstructions with these sets of modes show pressure fields
that are consistently laterally angled or meandering primarily
in one direction, either leftward or rightward. Therefore, it
suggests that there are specific modes or sequences of modes
that are representative of meandering in the wall jet; targeting



(a) Rightward meandering (b) Leftward meandering

Fig. 3: Meandering in the three-dimensional wall jet.

Fig. 4: Relative and cumulative pressure energy recovered
using POD.

these modes could amplify lateral jet development.

V. CONCLUSIONS

The fluctuating wall pressure was experimentally measured
in the three-dimensional wall jet. Instantaneously, there was
strong lateral asymmetry and antisymmetry observed in the
unsteady pressure field. The strong antisymmetry is linked
to angled packets of organized pressure and strong lateral
meandering that contribute to the lateral development of the
wall jet. The organization of the unsteady pressure field of
the three-dimensional wall jet was further analyzed using
POD. Low-order reconstructions allowed lateral meandering
in the wall jet to be examined further. Reconstructing the
unsteady pressure field with select modes allowed meandering

on either side of the wall jet to be isolated; there were specific
modes associated with leftward meandering and other modes
associated with rightward meandering.

The future aims of this study are to apply spectral POD to
the fluctuating wall pressure to allow further insight into the
link between lateral meandering in the wall jet and frequencies.
Since it appears that specific modes are connected to lateral
jet development, determining the characteristic frequencies of
these modes would potentially allow control of lateral growth
in the jet. Identification of key frequencies in the flow would
provide a basis for targeted active flow control, similar to the
work of [26].
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(a) Unfiltered p′ (b) Σp′n, n = 2, 3, 5, 6, 9 (c) Σp′n, n = 1, 4, 8, 10, 12

(d) Unfiltered p′ (e) Σp′n, n = 2, 3, 5, 6, 9 (f) Σp′n, n = 1, 4, 8, 10, 12

(g) Unfiltered p′ (h) Σp′n, n = 2, 3, 5, 6, 9 (i) Σp′n, n = 1, 4, 8, 10, 12

(j) Unfiltered p′ (k) Σp′n, n = 2, 3, 5, 6, 9 (l) Σp′n, n = 1, 4, 8, 10, 12

Fig. 6: Instances of reconstructed pressure compared to the experimentally measured fluctuating wall pressure.


