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Abstract This work presents a detailed study of the

turbulence flow statistics of a jet mounted with its axis

parallel to a rigid flat plate. Hot-wire constant tem-

perature anemometry has been used to measure the

single-point and two-point statistics of the axial velocity

component at several locations within the jet flow field.

Results show that the jet mean flow near the plate sur-

face is subjected to a local acceleration and redirection

due to a Coandă-type effect. The propagation of these

effects downstream of the plate trailing edge are strongly

dependent on the plate position. Regarding the velocity

fluctuations, the mean turbulence intensity levels are

seen to decrease as the radial distance between the jet

and surface decreases. Analysis of the single-point power

spectral density data on the shear layer close to the plate

shows that the reduction in magnitude of the low fre-
quency content of the energy spectrum is responsible

for the decrease in turbulence intensity. Additionally,

the characteristic time and length-scales computed from

two-point measurements reduce as the plate is mounted

closer to the jet centre-line. The axial eddy convection

velocity is seen to increase in the region of high turbulent

kinetic energy in the shear layer adjacent to the surface.

Empirical models for turbulence characteristic scales

and eddy convection velocity are presented. These find-

ings suggest that both the amplitude and distribution

of the jet mixing noise sources are affected when closely

installed next to a surface. This paper is a continuation

of a recent investigation on the turbulence statistics of

isolated jets presented in Proença et al. (2019).
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1 Introduction

Modern ultra-high-bypass ratio (UHBR) turbofans are

expected to be installed in a close-coupled position un-

derneath the wings of commercial aircraft. In these

configurations, the exhausted jet will likely interact os-

tensibly with wing and high-lift devices. When a jet

interacts with a solid boundary, both the flow field and

the hydrodynamic pressure field will be somewhat mod-

ified. Two main questions, therefore, arise: (1) by how

much are these two fields modified, and (2) what is the

impact on aerodynamic performance and noise genera-

tion? Researchers in industry and academia have been

investigating this topic in order to mitigate issues re-

lated to the reduction in aerodynamic efficiency and

noise augmentation.

Jet-surface interaction effects are present in a broad
range of applications. Impinging jets have been studied

extensively for short take-off and landing (STOL) sys-

tems (Korbacher, 1974; Ho and Nosseir, 1981; Nosseir

and Ho, 1982) and cooling systems for turbine vanes of

blades (Gauntner et al., 1970) are just two examples.

Research has also been conducted on water installed jets

(Madnia and Bernal, 1994; Tian et al., 2012; Roy et al.,

2018), showing significant changes in the jet mean flow

and turbulence intensity. These surveys, however, are

usually limited to very low Reynolds numbers and fo-

cused on regions far away from the main noise-producing

regions of the jet (i.e. x/D > 30).

Recently, research has been carried out on installed

jets based on realistic jet-wing geometries. Most ef-

forts have been directed at detailed investigations of
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the far-field pressure from installed jet configurations

(Lawrence et al., 2011; Brown, 2013; Cavalieri et al.,

2014; Khavaran, 2015; Zaman et al., 2015; Faranosov

et al., 2019; Meloni et al., 2020). Jet installation effects

for relatively simple flat plate surface geometries and sin-

gle stream jet flows are reasonably well understood and

various jet-surface interaction noise models have been

successfully developed (Lyu et al., 2017; Vera, 2018;

Bychkov and Faranosov, 2018; Dawson et al., 2020).

However, these models incorporate three key assump-

tions: (1) the jet remains axisymmetric below the surface,
(2) the surface is located outside of the jet’s rotational

hydrodynamic field, and (3) the jet turbulent field is not

modified by the surface. These hypotheses are likely not

valid for particularly closely coupled configurations (i.e.

when the vertical separation between jet and surface

trailing edge is small). Furthermore, following Lighthill’s

pioneering discovery (Lighthill, 1952, 1954), it is well-

known that jet mixing noise is proportional to the vol-

ume integral of the Reynolds stresses within the jet and,

thus, any changes to the turbulence statistics of installed

jets should be included in any acoustic analogy-based

noise prediction methodologies.

In comparison to the acoustics, research on the aero-

dynamics of installed jets is much more limited. Investi-

gations into the mean flow development of a jet beneath

an infinitely-long flat plate show that the turbulence

statistics are strongly modified in locations where the

plate restricts the growth of the jet shear layer (Di Marco

et al., 2013; Mancinelli et al., 2017). Similar results

for finite plate configurations have also been published

(Smith and Miller, 2013; Brown and Wernet, 2014; Cava-

lieri et al., 2014), however most of the plate locations are

unrepresentative of future UHBR geometries. Finally, as

far as the authors are aware, no exhaustive description
of the two-point statistics has been attempted thus far.

In this work, a simplified version of the complete

installed jet problem is studied via a small-scale experi-

ment. A single-stream, unheated jet is mounted adjacent

to a flat plate at a range of locations representative of

full-scale aircraft and several jet Mach numbers are stud-

ied (M = 0.2 to 0.8). The trailing edge of the plate is

positioned at four locations, all chosen based on standard

configurations used in recent industrial research projects

(JERONIMO, HARMONY). The unsteady velocity field

was measured using hot-wire anemometry across several

planes of the jet. Single-point and two-point measure-

ments were performed. The flat plate induces changes

in the mean velocity, the mean turbulence intensity and

the characteristic turbulence length and time-scales. Re-

sults presented here extend findings recently published

in Proença et al. (2019) and Proença et al. (2020), where

only isolated jets were considered.

This paper is structured as follows. In Sect. 2, key

information about the facility, equipment, data process-

ing and parameter definitions are presented. Results are

then examined in the three subsequent sections. Firstly,

in Sect. 3, changes in the statistical central moments of

the unsteady velocity field due to the presence of the

plate are investigated. Then, in Sect. 4, two-point statis-

tical data are used to study the characteristic scales of

the isolated and installed jet turbulence both in the time

and frequency domains. Finally, in Sect. 5, a discussion

concerning viscous effects near the plate surface region
is presented.

2 Experimental methodology

2.1 Experimental facility and experimental hardware

Experiments were performed in the ISVR Doak Labora-
tory at the University of Southampton, UK. The facility

has dimensions of, approximately, 15-m long by 7-m

wide by 5-m high. The air jet is supplied by a high pres-

sure compressor-reservoir system. A labyrinth plenum is

located inside the anechoic chamber, upstream of the jet
nozzle exit. The flow then leaves the facility passively

via a collector located on the wall opposite to the jet rig.

The jet rig is capable of achieving a controlled exit Mach

number ranging from M = 0.15 up to M = 1. Single

stream jet tests can, therefore, be carried out on flow

regimes characteristic of civil aircraft. The key features

of the laboratory and an image of the static jet rig are

illustrated in Fig. 1.

The jet nozzle used in this study is a 38.1mm-diameter,

convergent nozzle with a relatively high convergence an-

gle of 14◦. The acoustics and aerodynamics, as well

as information about the nozzle geometry of the jet

have been published in previous work Lawrence (2014);

Proença (2018). As the bypass ratio of modern aircraft

engines increases, the larger secondary unheated mass

flow is expected to dominate the jet-wing interaction

physics such that one can neglect the hot core flow. Thus,

single-stream unheated jets are capable of representing

the pertinent physics of the full-scale problem.

Installation effects were studied by mounting a flat

plate in the vicinity of the jet plume. The flat plate

used has a span of 1.1 m (i.e. over 14 jet diameters

either side of the jet centre-line) and chord of 0.762

m (i.e. 20 jet diameters). The plate was made of 6.4

mm-thick aluminium. Two additional bars of aluminium

were welded along the span-wise length of the wing to

ensure rigidity, especially at the trailing edge. The plate

was then attached to the jet pipe upstream of the nozzle

exit.
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(a)

(b)

Fig. 1 (a) Schematic showing the Doak Laboratory static
jet rig and sensors; (b) Image of the jet-plate configuration
during hot-wire calibration.

To survey the aerodynamics, two ISEL traverse sys-

tems were mounted next to the jet. One of the traverses

was configured with three motor power modules, allow-

ing independent movement along the x, y and z planes.

This 3-axis traverse was used for the single-point mea-

surements and for the moving probe in the two-point

measurements. The second traverse system had two mo-

tor power modules for moving along the x and y planes.

Any vertical z-plane movement was performed manu-

ally. This 2-axis traverse was used to support the fixed

probe during the two-point measurement campaign. The

unavoidable uncertainty arising from the alignment be-

tween the traverse system and jet nozzle alignment is

one of the main source of error. Extra care was taken

to find the optimal alignment of the system and all test

points were measured with the same traverse reference

origin, so errors are consistent between builds. Further

information concerning the traverse systems and nozzle

alignment procedure can be found in Proença (2018).

The ambient chamber properties were measured us-

ing an Omega HX94V probe, for temperature and rel-

ative humidity, and a Druck DPI-142 barometer. The

total temperature and pressure of the flow upstream of

the nozzle exit were measured in the plenum using an

Omega K-type thermocouple and a Druck PDCR-820 1

bar transducer, respectively.

2.2 Hot-wire anemometry

A Dantec hot-wire constant temperature anemometry

(CTA) system was used to measure the unsteady velocity

field. The four main advantages to using CTA are: (1)

high spatial resolution (compared to multi-hole probes)

(2) low cost, (3) high frequency resolution (essential for

small-scale experiments) 1, and (4) fast post-processing

(compared to optical techniques). The main disadvan-

tages are probe interference effects and time due to the

requirement to make point-wise measurements. Probe

interference effects are only significant in high jet ve-

locity regions, i.e. in the quasi-laminar potential core

region (Proença et al., 2019), which is not of interest

for installed jet research.

Single miniature hot-wire probes (Dantec 55P11)

were used in this experiment to measure the instanta-

neous resultant velocity field. It is common practice,

however, to assume that the hot-wire measures the

stream-wise component of the flow when the probe stem

axis is aligned with the jet axis (Laurence, 1956; Davies

et al., 1963; Bruun, 1995; Harper-Bourne, 1999, 2003;

Morris and Zaman, 2010; Proença et al., 2019). Thus, all

the data presented herein refers to the axial component

of the velocity field.

The hot-wire probes were calibrated in-situ using a

Dantec StreamLine Manual Calibrator over the range of

velocities of interest (i.e. 5 to 300 m/s). The calibration

coefficients were extracted from a 4th order polynomial

curve-fit. A temperature probe was mounted near the

hot-wire sensor to account for temperature fluctuations

present during both calibration and test point measure-

ments. The estimated relative expanded uncertainty in a

velocity sample is within ±2.5% (see Wang et al. (2020)

for more details).

The voltage fluctuation measured by a CTA hot-wire

system is associated with the fluctuations in momentum

flux, ρu. Providing that the local density fluctuations

are small in comparison to the velocity fluctuations,

compressibility effects are negligible and the calibration

curve converts voltage data to velocity. This is partic-
ularly true for low and moderate subsonic air jets as:

1) the velocity fluctuations dominate the density fluctu-

ations by at least one order of magnitude, and 2) the

structure of the shear layer turbulence is unaltered up

to sonic Mach numbers (Bradshaw, 1977). Additionally,

most measurements carried out in the present work were

1 Strouhal numbers up to 10 are of interest, or frequencies
below 70 kHz for the 1/50th-scale model used in this work
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performed in the jet shear layer, particularly along the

lip-line, where U ≤ 0.6Uj (maximum local Mach number

M = 0.36). Both the single and two-point statistics of

the isolated jet turbulent velocity field studied here are

seen to collapse at least up to M = 0.8 (Proença, 2018).

2.3 Data acquisition and post-processing

Data was acquired using a 24-bit National Instruments

dynamic signal acquisition system. An eight-channel NI

PXI-4472 was used to acquire ambient chamber and flow

data. These signals were sampled at 1 kHz and used to

compute the nominal jet and flight exit velocities.

Hot-wire measurements were recorded using a sam-

pling rate of 50 kHz. All data test points were acquired

for a total time of ten seconds. The hot-wire voltage

signal was corrected for temperature fluctuations dur-

ing measurements as described by the manufacturer

(Jørgensen, 2002). The corrected voltage was then con-

verted to velocity using the polynomial curve-fit ob-

tained in the calibration procedure. Statistical central

moments up to the fourth-order were then calculated

and stored in matrices.

The power spectral density (PSD) was calculated us-

ing Welch’s method. The velocity time series was divided

into segments, each segment containing 4096 samples. A

50% overlap between segments and a Hanning window

were used. The fast Fourier transform (FFT) of each
segment was then calculated and averaged. The PSD

was then computed by the product of the averaged FFT

multiplied by its complex conjugate. The cross power

spectral density (CPSD) was computed similarly, except

the averaged FFT calculated for the first probe was mul-

tiplied by the complex conjugate of the FFT obtained

by the second probe. Finally, correlation functions were

obtained by applying the inverse FFT to the PSD and

CPSD results.

2.4 Coordinate system and test matrix

The origin of the coordinate system used in this work is

located at the centre of the jet nozzle exit. The shear

layer above the centre-line of the jet (i.e. y > 0) is hence-

forth referred to as the ‘upper shear layer’ or ‘shielded

side’. Locations where y < 0 are referred to in the text

as the ‘lower shear layer’ or ‘unshielded side’. Figure 2

displays the coordinate system and the key parameters

used to describe the jet-plate configuration.

During a preliminary test, in addition to the isolated

jet case (i.e. Build 0), four installed jet plate ‘height’,

h, and plate ‘length’, l, combinations were investigated,

as shown in Table 1. This preliminary study suggested

 

Fig. 2 Coordinate systems and parameters used in this work:
(a) jet regions and jet-plate configuration; (b) schematic of
the separation vector relative to the reference probe location
ζ(ξ, η, ϕ); (c) separation vector in the x-y plane; and (d)
separation vector in the y-z plane. Square symbols represent
reference probe locations for the two-point measurements.
Circles illustrate some positions of the moving sensor along
the separation axes.

that the velocity fields of the configurations with the

shortest plate lengths (i.e. Builds 3 and 4) did not differ

significantly from the isolated jet case (Proença et al.,

2017). This suggests that the plate did not restrict the

development of the jet. In the final test campaign, there-

fore, the majority of measurements were performed for

Builds 0, 1 and 2 in order to understand if and how the

jet development had been altered.

Table 1 Definition of plate configurations investigated in this
work

Build ‘B0’ ‘B1’ ‘B2’ ‘B3’ ‘B4’
h/D - 0.67 1.00 0.67 1.00
l/D - 4.00 4.00 2.00 2.00

Single-point hot-wire measurements were performed

from the nozzle exit down to x/D = 15, at one jet diame-

ter intervals. Radial mean velocity profiles were obtained

along both the y-axis and the z-axis. Additional radial

mean velocity profiles were acquired in locations close to

the plate surface in an attempt to describe the boundary

layer generated on the plate due to the jet. Two-point

hot-wire measurements were performed in the locations

illustrated in Fig. 2 (i.e. with the reference sensor lo-

cated at x/D = 2, 4, 5, 8; y/D = 0.5, 0.0, and −0.5).

For each reference sensor location, the moving sensor

was positioned at 8 points along the y-axis and 12 points

along the x-axis, as shown in Fig. 2(c) and (d). The

12 reference sensor locations defined above were cho-

sen based on recently published experimental (Proença

et al., 2019) and large eddy simulation (Wang et al.,
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2020) works. For subsonic isolated jets, the turbulence

statistics are seen to collapse both within the nominally

laminar potential core and the transitional region of the

shear layer. Measurements were carried out at the fol-

lowing Mach numbers: M = 0.2, 0.4, 0.6, 0.8, except for

the two-point test where it was not possible to achieve

robust data at M = 0.8 due to a significant amount of

probe vibration, often resulting in hot-wire damage.

3 Results: Statistical moments

Firstly, results of the single-point statistics are presented

and discussed. The first four central moments are ex-

amined in the next three subsections. For particular

configurations, the statistical moments indicate signifi-

cant changes to the velocity and turbulence structure

of the jet due to the presence of the plate. To explain

the physical flow structure behind the change in turbu-

lence level, the PSD spectra are also presented. Finally,

higher-order statistics (i.e. skewness and kurtosis) are

used to study the degree of flow non-uniformity and

intermittency near the plate surface.

3.1 Jet mean velocity

Due to the high convergence angle of the nozzle used, the

spreading rate of the isolated jet is relatively high, β =

0.12 rad (Proença et al., 2019). This angle suggests that

the jet plume impacts on the plate surface at x/D = 1.41

in Build 1. The jet would ‘just miss’ the plate trailing

edge in Build 2, as the edge of the shear layer for the

radial distance r = D is at the axial location x/D = 4.15

(as illustrated in Fig. 2(a)). However, the presence of

the plate causes two effects on the jet mean flow that

change that picture, that is, 1) a jet local acceleration

and 2) a jet redirection.

To further discuss these effects, key mean velocity

profiles are shown in Fig. 3. Data for the isolated and

installed cases are displayed. The local mean velocity U
is normalised by the maximum velocity measured along

the jet centre-line, Uj . The nominal jet Mach number for

all profiles illustrated in this figure is M = 0.6. Similar

trends were observed for the other jet velocities studied.

The installed cases displayed are Builds 1 and 2 as

defined in Table 1.

In Fig. 3(a), a small difference in the jet mean ve-

locity values is seen in the upper shear layer of installed

configurations compared to the isolated case. Data mea-

sured upstream of the axial location x/D = 2 (e.g.

x/D = 0, 1, and 1.5) were seen to produce similar

curves for the different configurations. Thus, although

not directly measured, the jet is expected to wet the

plate at x ≈ 1.4D in Build 1, which is the location

calculated from the jet spreading rate.

Further downstream, the mean velocity is consis-

tently higher in the upper shear layer of installed con-

figurations. This is illustrated in Fig. 3(b), where the

profiles are measured at x/D = 4. The following three

main conclusions can be drawn from that sub-figure: 1)

the local mean flow accelerates significantly in Build

1 (red curve) at locations y > 0; 2) the jet mean flow

actually interacts ostensibly with the plate in locations

close to the trailing edge of Build 2 (blue curve), and 3)

isolated and installed jet mean velocity values collapse

well in the shear layer opposite to the plate.

Two different physical mechanisms are responsible

for claims 1 and 2 mentioned above. In Build 1, the

plate restricts the development of the jet from x = 1.4D.

Momentum in the direction perpendicular to the plate

is transferred to the flow momentum in the spanwise

and longitudinal directions. This local acceleration effect
produces the ‘skewed’ profile of Build 1 seen in Fig. 3(b),

resembling a wall jet flow development (Gupta et al.,

2020). Mean velocities near the trailing edge of the plate
are as much as 10% higher in Build 1 compared to an

isolated jet.

For Build 2, a local acceleration is also seen in loca-

tions close to y = D, a narrower region in comparison

to this effect on Build 1. The mean velocity profile indi-

cates that the mean flow impacted on the plate surface

in a location upstream of the plate trailing edge. This

was not expected from the isolated jet spreading rate.

Therefore, an extra mechanism must have acted upon

the jet, redirecting the mean flow towards the plate.

An explanation for this phenomenon is the change in

the entrainment process caused by the presence of the

plate. The plate restricts the amount of flow entrainment

causing the jet to move towards the plate - a behaviour

referred to as the Coandă effect (Tritton, 1988).

Analysis of figures 3(c) and 3(d)) show that the local

acceleration effects seen on Build 1 reduces in locations

downstream of the plate trailing edge. Redirection effects

on Build 2 are clearly identifiable at x/D = 10, but the

maximum difference in comparison to the isolated case is

not more than 3% of the jet exit velocity. It is important

to stress that the uncertainty of the present experiments

is ±1.5% on the velocity sample (as discussed in Sect.

2.2).

For the shorter plate length builds (i.e. Builds 3 and

4 with l = 2D), the mean velocity data are seen to match

that of the isolated jet case. In summary, the mean axial

velocity of a jet is modified by a plate either when the

flow impacts the plate surface, creating a wall jet-type

profile, or when the surface is sufficiently close to the

jet, thus changing the jet entrainment and inducing
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(a) x/D = 2 (b) x/D = 4

(c) x/D = 6 (d) x/D = 10

Fig. 3 Jet mean velocity profiles measured for Builds 0, 1 and 2. The profiles shown were measured are at a) x/D = 0; b)
x/D = 4; c) x/D = 6; and d) x/D = 10. Black, dashed lines for the isolated jet (B0); red, solid lines for the h = 0.67D, l = 4D
installed jet (B1); blue, dotted lines for the h = D, l = 4D installed jet (B2). Nominal jet Mach number M = 0.6.

a Coandă effect. In the following subsections, higher

order statistical moments are analysed to investigate

the changes to the structure of the turbulence.

3.2 Jet turbulence levels

In comparison to the isolated case, the turbulence levels

of installed jets are consistently seen to decay in the

upper shear layer, principally close to the plate surface.

Fig. 4 displays the turbulence levels of Builds 0, 1 and

2 measured along two axial locations (Fig. 4(a)) and

along the centreline and lipline (Fig. 4(b)). Note that the

turbulence intensity (TI) profile is consistently skewed

at the jet nozzle exit. This asymmetry is believed to be

the result of a small misalignment between the traverse

system and the jet nozzle. The difference in peak TI

level either side of the jet centre-line, however, does not

exceed 0.01Uj. As discussed in Sect. 2.2, this difference

is within the uncertainty bounds of the experiment.

Regarding the radial profiles shown in Fig. 4(a), the

turbulence intensity of all three configurations collapses

well at the jet nozzle exit and decreases consistently at

the shielded side as the plate moves closer to the jet. The
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turbulence intensity of the installed configurations tends

to recover symmetry in locations further downstream.

This is indicated by the data measured along the lipline

illustrated at Fig. 4(b). The variation of the turbulence

intensity along the jet centreline due to the presence of

the plate is negligible.

(a) Turbulence intensity radial profiles

(b) Turbulence intensity axial profiles

Fig. 4 Jet turbulence intensity. (a) radial profiles at the
nozzle exit and at x/D = 4. (b) axial profiles along the jet
centreline and jet lipline. Black, dashed lines for isolated jets
(B0); red, solid lines for installed h/D = 0.67, l/D = 4 jet
(B1); blue, dotted lines for installed h/D = 1.00, l/D = 4 jet
(B2). Nominal jet Mach number M = 0.6.

Additionally, immediately downstream of the trail-

ing edge of the plate, a distinct rise in the turbulence

intensity is seen. This is hypothesised as the detachment

of the boundary layer developing on the surface of the

plate. Note that this feature does not occur in the other

installed configuration (h/D = 1.00, blue, dashed line).

In configurations in which the jet flow field does not

interact ostensibly with the solid boundary, the flow sep-

aration effect is expected to be weak and the turbulence

levels do not rise significantly further downstream.

The local acceleration alone does not provide a fully

explanation to the lower turbulence intensity in the
upper shear layer in comparison to the lower shear

layer. In fact, it implies the opposite: an increase in

the local Reynolds number by the means of a higher

local velocity would be responsible to an increase in

the velocity fluctuations. Thus, the effect of the plate

blockage on the development of the turbulence structures

should also be addressed. The rigid surface interrupts the

development of the large, coherent turbulence structures

which are responsible for the injection of energy in the

turbulence spectra. The eddy structure which grows with

the shear layer width in isolated jets ‘breaks down’ and

is confined by the surface in the installed configurations.

To exemplify this hypothesis, Fig. 5(a) and Fig. 5(b)

shows radial profiles of the PSD of isolated and installed

configurations for Strouhal numbers 0.1 and 1, respec-

tively. To keep consistent with Fig. 4(a), data in Fig. 5

was obtained at the trailing edge location, x/D = 4.

To put it simply, the low-frequency content of the PSD

resembles the results seen in the time domain, that is,

the energy of large-scale structures decreases as the

plate moves closer to the jet centreline. Less evident

differences are seen at high-frequencies. However, at the

location of the peak seen in Fig. 4(a), a slight increasing

trend is also seen for relatively high Strouhal numbers at

h = 0.67D in Fig. 5(b). Although this is not definitive, it

is a likely indication of the flow separation of a coherent
structure with different scale of that found in the jet

shear layer.

A possible second mechanism explaining the lower
turbulence levels of installed jet configurations is the

transfer of energy of the streamwise component of the

velocity fluctuations to the transverse components of the

velocity. This is believed to be secondary to the results

presented above and further experiments or numeri-

cal simulations should be investigated to provide more

information about this turbulence intensity behaviour.

The clear change of turbulence intensity in the shielded

side of a installed jet configuration suggests that, for

example, the jet mixing noise sources are altered. Thus,

it is expected that understanding how a rigid surface

(i.e. wing) alters the pure jet mixing noise in installed jet

configurations is essential to predict full-scale jet noise

accurately.
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(a) St = 0.1

(b) St = 1.0

Fig. 5 Power spectral density of the square of the axial
velocity fluctuations. Data displayed for Builds 0, 1 and 2. (a)
St = 0.1 and (b) St = 1. Axial location x/D = 4 and jet Mach
number M = 0.6.

3.3 High-order moments

The importance of the higher-order moments in the

present analysis is twofold. First of all, the fourth-order

moment, kurtosis, is significant to jet noise modelling be-

cause it expresses information about the source strength

and the accuracy of assumptions used to model the

turbulent source region. For example, for a normal dis-

tribution, second-order and fourth-order joint moments

are simply related by a power of two (Monin and Ya-

glom, 1975; Batchelor, 1982). In subsonic jets, it then

follows that a one-term exponential function can be used

to model the cross-correlations in both the time and

frequency domains.

Secondly, the third-order moment, skewness, de-

scribes the predominance of intermittent bursts of slow

or fast moving structures. The skewness is, therefore,

proportional to the difference between the eddy con-

vection velocity and the local mean velocity (Fisher

and Davies, 1964). In subsonic jets, a quasi-normal dis-

tribution (skewness ∼ 0 and kurtosis ∼ 3) is seen in

two regions: 1) in the fully-developed turbulence re-

gion, many jet diameters downstream of the nozzle exit,

and 2) in the maximum turbulence kinetic energy re-

gion (Harper-Bourne, 2003; Morris and Zaman, 2010;

Proença et al., 2019), where the joint moments discussed

in the next sections were measured.

Regarding the axial unsteady velocity of an isolated

jet, a negative skewness is seen in the jet inner shear

layer (i.e. −0.5 ≤ y/D ≤ 0.5). This corresponds to more

frequent high velocity flow bursts and less frequent slow
velocity events and it is due to the strong presence of

the nominally laminar, fast potential core. On the other

hand, the skewness is positive in the outer shear layer.
This is a direct effect of the mixing of the jet with the

stationary medium, which generates predominantly slow

flow speeds (Piquet, 1999).

High-order moments of isolated and installed jets are

displayed in Fig. 6. Several skewness and kurtosis radial

profiles are shown in figures 6(a) and 6(b), respectively.

Figures 6(c) and 6(d) illustrate skewness and kurtosis

measured at x/D = 4. The data used in Fig. 6 is for an

M = 0.6 jet.

Within the inner shear layer, the high-order statis-

tics of installed configurations present the behaviour

expected for an isolated jet in most axial locations. The

clear exception is on the trailing edge plane. As can

be seen in figures 6(c) and 6(d), slightly stronger inter-

mittent events are expected in the inner shear layer of

Build 1. One hypothesis to explain this trend is that

the frequency of structures passing at the the end of the

jet potential core is increased due to the presence of the

plate.

In the outer shear layer, two significant changes are

worth mentioning. Firstly, due to the strong Coandă

effect in Build 2, high-order moments decrease near the

edge of the shear layer as the flow is redirect towards

positive y-locations. The predominant local acceleration

effect of Build 2 produces the opposite result, increasing

the skewness and the kurtosis near the edge of the shear

layer. Secondly, a sharp increase in both skewness and

kurtosis occurs near the plate’s trailing edge location

of both installed cases. This result, once more, is con-

sistent with the view of flow separation generating a

strongly intermittent event immediately downstream of
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(a) Skewness radial profiles (b) Kurtosis radial profiles

(c) Skewness at x/D = 4 (d) Kurtosis at x/D = 4

Fig. 6 Skewness and kurtosis distribution of an isolated jet and installed jet configurations. (a,b) Radial profiles at x/D = 2,
4, 6, 8 and 10; (c,d) radial profiles at axial location x/D = 4 (note that the values of a normal distribution are indicated by a
black, solid line). Black, dashed lines for isolated jets (B0); red, solid lines for installed h/D = 0.67, l/D = 4 jet (B1); blue,
dotted lines for installed h/D = 1.00, l/D = 4 jet (B2). All results for jet exit Mach number M = 0.6

the plate trailing edge. As expected, the dynamics of the

flow closed to the surface of a jet-plate configuration is

complex. Results presented here suggest that the change

in the jet mixing noise sources due to this interaction

are highly dependent on the plate location. A similar

analysis on the transverse velocity components and on

the jet pressure field are expected to provide further

insight and will be carried out in future campaign.

In the next Section, the two-point statistics are sur-

veyed and characteristic turbulence scales and eddy

convection velocities are discussed.

4 Results: Turbulence characteristic scales and

eddy convection velocity

4.1 Cross-correlation and coherence functions

Space-time cross-correlation and coherence functions

were used to calculate characteristic time-scales and

length-scales of the jet flow field. Second-order and

fourth-order coefficients, which are based on the ve-

locity fluctuations and on the square of the velocity

fluctuations were calculated. In mathematical terms,

the normalised second-order cross correlation function

is,
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R11(y, ζ, τ) =
u′(y, t)u′(y + ζ, t+ τ)

u′(y)u′(y + ζ)
. (1)

Second-order and fourth-order joint moments were

seen to produce similar trends when comparing isolated

and installed jet configurations. Thus, only second-order

coefficients will be displayed in the study presented

below. The coherence function is the Fourier transform

of the cross-correlation function defined in Eq. 1. These

time and frequency domain coefficients were obtained

by applying the procedure described in Sect. 2.3 to the

velocity discrete time series.

Jet characteristic length and time-scales obtained

from the coefficients of the joint moments described

above are discussed in the next two subsections. For a

more detailed discussion about the joint moments and

sample results of the current database, the interested

reader may refer to Proença (2018) and Proença et al.

(2019).

4.2 Characteristic length-scales

In the time domain, the integral length scale is obtained

along the ordinate axis (i.e. in a fixed-frame of reference,

τ = 0) of the space-time cross-correlation coefficients.

Coefficients along this fixed-frame of reference are also

known as space correlation coefficients. Two popular

definitions of the integral length scales are 1) the integral

of the area under the space correlation coefficients in

the range 0 ≤ ζ ≤ ∞; and 2) the separation distance

in which the fixed frame cross-correlation coefficient is
equals to 1/e. Note that, in the high turbulent kinetic

energy jet region, the space correlation function can

be modelled as a one-term exponential (Proença et al.,

2019). Thus, the 1/e method and the classical definition

of characteristic turbulence length-scales are equivalent.

Translating into mathematical terms, it yields,

L11(t) = ζ (R11 (ζ, 0) = 1/e) =

∫ ∞
0

R11 (ζ, 0) dζ. (2)

Figure 7 illustrate the decay of the space cross-

correlation coefficients for an isolated and two installed

cases. The axial separation distance (ζ(ξ, 0, 0)) is nor-

malised by the shear layer width, δβ measured at the

reference sensor location. The reference sensor is located

at x = 5D, on the lipline of both lower and upper shear

layers. The jet Mach number is 0.6 for all cases. Isolated

and upper shear layer data (y = 0.5D) are illustrated by

closed symbols. Open symbols illustrate the coefficients

of the two installed cases on the lower shear layer.

Fig. 7 Longitudinal space cross-correlation coefficients of
isolated and installed configurations at x/D = 5, y/D = ±0.5.
Closed symbols show data measured on the upper shear layer.
Open symbols measured on the lower shear layer. Jet Mach
number M = 0.6

As the isolated jet case analysed is axisymmetric,

no significant differences were seen for the coefficients

measured at y = 0.5D and y = −0.5D. Thus, only one

location is shown in Fig. 7. The space correlation co-

efficients measured on the unshielded side of installed

configurations collapse well with the isolated coefficients.

On the other hand, the correlation coefficients are con-

sistently lower for installed configurations on the shear

layer close to the plate, indicating a lower characteris-

tic length scale in those locations, as expected. Similar

trends were observed when the reference sensor was lo-
cated at x/D = 4 and 8 and for other jet exit velocities

(M = 0.2 and 0.4).

The axial length scale was obtained by interpolating

the separations distances of the cross-correlation coef-

ficients closest to the 1/e value. Radial and azimuthal

length scales were also calculated. All three Mach num-

bers studied (M = 0.2, 0.4 and 0.6) produced similar

results and the final length scales at each location were

averaged. Table 2 summarises the values found for axial,

radial and azimuthal length scales at x/D = 4 and 8,

y/D = 0.5. The consistent decrease of the characteristic

length scale in the upper shear layer due to the presence

of the plate is in agreement with the decrease in energy

of the large-scale structures discussed in Sect. 3.2. It is a

direct effect of the sudden interruption of the shear-layer

growth imposed by the rigid body.

It has been shown recently that the shear layer width

collapses the single-point and two-point statistics of iso-

lated jets from the nozzle exit up to at least two po-

tential core lengths (Proença et al., 2019). This claim

is also valid for axial and radial length scales of the

installed configurations studied here. However, the az-



Investigation into the turbulence statistics of installed jets using hot-wire anemometry 11

Scale Isolated h = 0.67D h = 1.00D
x/D 4 8 4 8 4 8
Lξ/δβ 0.31 0.31 0.27 0.29 0.28 0.29
Lη/δβ 0.19 0.19 0.16 0.18 0.18 0.18
L∆θ/δβ 0.14 0.15 0.09 0.13 0.10 0.13

Table 2 Turbulence characteristic length scales calculated
from space cross-correlation coefficients. Results based on the
second-order coefficients, central point on the lipline (shielded
side)

imuthal length scales at x/D = 4 and x/D = 8 of the

installed configurations differ significantly. This is due
to the break in the azimuthal structures close to the

plate surface and it is discussed in more detail in Sec.

4.4.

For jet mixing noise models, it is more practical to

use characteristic lengths scales which are frequency

dependent (Harper-Bourne, 2003; Self, 2004). These are

obtained from the decay of the magnitude of the complex

coherence function, γ. As for the cross-correlation, the

complex coherence is accurately represented by a one-

term exponential function. The frequency dependent
length-scale is given by,

L11(fi) = ζ (γ11 (ζ, fi) = 1/e) =

∫ ∞
0

R11 (ζ, fi) dζ,

(3)

where fi is a predetermined frequency. Based on a low

Mach number jet (M = 0.2), Morris and Zaman (2010)

proposed the following fit to the frequency dependent

characteristic axial length scale,

Lξ/D = [1− exp (−CsStLI/D)] /CsSt, (4)

where LI corresponds to the value of the low frequency

length scales normalised by the jet nozzle diameter and

Cs is a constant adjusted by the experimental results.

In jet regions of high turbulence kinetic energy, the

frequency dependent length scale follows the same trend

as the PSD measured in that region: the low-frequency

region is flat and the relatively high-frequencies will

decay proportionally to a power of the frequency2. It

was then noted in this work that a von Kármán spectrum

type of function can be used to model the frequency
dependent length scale. It is necessary to define two

parameters, namely 1) the value of the largest length

scale normalised by the shear layer thickness; and 2) a

cut-off Strouhal number defined by the intersection of

the St−1 decay of the high frequency content and a flat

line defined by the low frequency scales. Defining these

2 St−1 in this case, as observed by Morris and Zaman (2010).

parameters respectively as LI and St0, the equation for

the frequency dependent axial length scale is written as,

Lξ/δβ = LI

[
1 + (Stβ/St0)

2
]−1/2

. (5)

Results of the measured frequency dependent length

scale are illustrated in Fig. 8. Three axial locations are

shown for the installed builds 0, 1 and 2. To obtain the

parameters LI and St0, the experimental data was fitted

by Eq. 5 using a non-linear least-square solver. The best-

fits to the experimental data (symbols) are illustrated

by lines. Values of LI and St0 derived from the best-fit

are displayed in the captions of each sub-figure.

In Eq. 5 and Fig. 8, the width used to define the

Strouhal number Stβ is the shear layer width at the
reference sensor location. However, scaling the jet fre-

quency dependent lengths scales at different locations

is not as straightforward as the previous properties dis-

cussed in the text. Although this fixed width collapses
well the decay of the length-scales at high frequencies,

the cut-off frequency along the jet lipline varies propor-

tionally to the shear layer width of the moving sensor.

The amplitude of the frequency dependent length-scales

at different axial locations also collapse when normalised

by the time domain length-scale at the same location

instead of the shear layer width. All these properties

have been discussed in Proença et al. (2019).

Instead of discussing the different scaling parameters

here, LI and St0 are used to summarise the differences

in frequency dependent length-scales of the different con-

figurations. LI represents the size of the largest coherent

structures in the flow and St0 is the frequency cut-off.

The frequency cut-off establish the dominance of either

the low-frequency or the high-frequency content of the

length-scales.

Fig. 9 displays LI and St0 of two installed configu-

rations normalised by the isolated case. The solid line

shows data for the plate located at h = 0.67D. Dashed

line represents the h = D configuration. Results in

Fig. 9(a) shows that the plate consistently decrease the

size of the largest structures in the flow. This effect

is stronger closer to the plate trailing edge and tends

to decrease as the jet mixes further downstream. This

result agrees with the time domain study.

Fig. 9(b) also demonstrates a noteworthy trend. In

the installed cases, the frequency cut-off is larger in

comparison to an isolated jet. This suggests that there

is an energy transfer from the low-frequency region to

the high-frequencies. This phenomenon is also more

distinct close to the plate trailing edge, decreasing in

locations farther away from the plate.

In summary, the joint moments and length scales

are affected when a plate is mounted in the rotational
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(a) Build 0

(b) Build 1

(c) Build 2

Fig. 8 Frequency dependent length scales at x/D = 4, 5 and
8, y/D = 0.5. Symbols represent the experimental data and
lines illustrate Eq. 5. Value of the parameters LI and St0
are displayed in the caption of each graph. Jet Mach number
M = 0.2.

field of a jet. This suggests changes in both the coherent

and incoherent sources of jet mixing noise. Quantifying

these changes would require a simultaneous evaluation

of a considerable portion of the jet volume. Nonetheless,

valuable information about changes in the jet statistics

obtained from point-wise measurements has been pre-

sented. No significant difference was appreciated when

comparing an incompressible M = 0.2 jet and a com-

pressible M = 0.6 jet.

(a) LI

(b) St0

Fig. 9 Ratio between the LI and St0 parameters for installed
jets and an isolated jet.

It is also possible to infer changes to the a hypothe-

sised eddy structure by evaluating the eddy’s time-scale
and convection velocity. This is performed in the next

subsection.

4.3 Characteristic time-scale and convection velocity

The characteristic time-scale studied here was defined

from the decay of the space-time cross-correlation peak

coefficients as the separation distance in two-point mea-

surement increase. Using this definition, the separation

of the space-time variables is only possible in the direc-

tion of the flow. Thus, for the axial velocity component,

this time-scale is defined in the separation direction

ζ (ξ, 0, 0). Using the 1/e method, the time-scale T is

computed as,

T11 = τ (max (R11 (ξ, τ)) = 1/e) (6)

The decay of the peak coefficients define a Gaussian-

like function commonly known as the moving-frame

autocorrelation. Analysis of T reveals similar results

presented in Sect. 4.2. In the upper shear layer, the

moving-frame autocorrelation of installed cases decays
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more rapidly in comparison to the lower shear layer and

the jet isolated case. Therefore, in the shielded side, the

jet time-scale decreases consistently as a rigid surface is

mounted closer to the jet centreline. A reduction in the

characteristic time-scale of these installed configurations

was expected due to the local acceleration discussed in

Sect. 3.1.

It is convenient to investigate the eddy convection

velocity Uc at this point. It was mentioned in Sect. 3.3

that the relationship between Uc and the jet local mean

velocity U depends on the local skewness. For an isolated

jet, Uc = U on the region of maximum turbulent kinetic

energy, which is along the lipline for axial locations

approximately up to two potential core lengths. Also,

on this cylinder with radius y = 0.5D, the skewness is

equal to zero.

The eddy convection velocity is obtained from the

relationship,

Uc(ξ,τ) =

(
ξ

τ

)
MFA

, (7)

where MFA is the abbreviation for moving-frame au-

tocorrelation. In Fig. 10, the procedure to calculate

the eddy convection velocity and results for the geome-

try studied are illustrated. Fig. 10(a) shows space-time

cross correlation coefficients as function of the separa-

tion distance and the time delay. Three values of eddy

convection velocity are displayed by lines and the sym-

bols show data for Builds 1 and 2 at x/D = 4, 5 and 8;

y/D = ±0.5. Fig. 10(b) exhibit the Uc value computed

for isolated and installed configurations.

(a) (b)

Fig. 10 (a) Space-time cross-correlation coefficients as func-
tion of time delay and separation distance. Symbols show
data for Builds 1 and 2 at three axial locations and on
y/D = ±− 0.5. (b) Eddy convection velocity computed from
Eq. 7 of isolated and installed jets along the lipline.

In summary, the difference between the Uc along

the upper shear layer lipline of installed and isolated

configurations are much greater than on the local mean

velocity. This difference reduces further downstream of

the nozzle exit. This clearly indicates the reduction in

the characteristic time-scale of installed jets discussed

above.

Finally, an eddy convection velocity can also be

estimated from the time-scale obtained from single-point

autocorrelation coefficients and the fixed-frame length-

scale presented in Sect. 4.2. In mathematical terms,

Uc,frozen =
Lξ
TFF

. (8)

This is known to be a reasonable approximation only

for frozen turbulence, locally isotropic flows. Table 3

displays the results computed for the fixed-frame time-

scale and the eddy convection velocity calculated from

equations 7 and 8. Axial locations x/D = 4 and 8 are

shown for Builds 0, 1 and 2.

Isolated h = 0.67D h = 1.00D
x/D 4 8 4 8 4 8
TFF/δβ 0.55 0.55 0.38 0.52 0.47 0.52
Uc(ξ,τ)/Uj 0.56 0.54 0.68 0.57 0.61 0.56
Uc,frozen/Uj 0.56 0.56 0.71 0.56 0.60 0.56

Table 3 Turbulence characteristic time scale, convection ve-
locity calculated from space correlation coefficients and from
assuming Taylor’s hypothesis. Results based on the second-
order coefficients, central point on the lipline (upper shear
layer)

Although the turbulence is highly non-frozen and

the unsteady velocity field show a degree of anisotropy,

the convection velocity calculated from space-time cross-

correlation coefficients and in a fixed frame of reference

agree well for both isolated and installed cases. In the jet

region analysed, this is expected to present best results

along the lipline, as this is the centre of rotation of

large-scale structures developing on the jet shear layer

and where u′ ∼ v′ ∼ w′ (Harper-Bourne, 2003; Proença,

2018).

The largest difference between the two eddy convec-

tion velocities computed, although not significant, was

seen at x/D = 4 of the closest-mounted jet-plate config-

uration. From the dataset used in this work, transverse

correlation coefficients will be used to survey further

the region close to the plate surface. Analysis of the

behaviour of the cross-correlation coefficient of radial

and azimuthal separations offer interesting suggestions

about qualitatively changes in the eddy structure and

it is carried out in the next subsections.
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4.4 Changes in turbulence structure

Space-time cross-correlation coefficients obtained from

radial separation traverses are illustrated in Fig. 11.

Results shown are for an M = 0.2 isolated jet. The

reference sensor is located on the jet lipline, at x/D = 2.

A positive ζ (0, η, 0) means the second sensor moves

towards the jet centreline (see Fig. 2).

Fig. 11 Second-order space-time cross-correlation coefficients
of radial separations carried out for an isolated jet. The ref-
erence sensor is located at x/D = 2, y/D = 0.5. The moving
sensor traverses towards the jet centreline. Jet exit Mach
number M = 0.2

As seen in Fig. 11, the cross-correlation peak coef-

ficients represented by the cyan diamonds do not sit

on the fixed frame of reference (yellow circles). This is

caused by the mean velocity gradient existing between

the two sensors. Put simply, the coherent part of a ve-

locity signal first reaches the sensor where the local

mean velocity is higher (in this case, the moving sensor,

which is travelling towards the jet centreline). As the

separation increases, there is a gradual change in the

peak location. This is understood as the limit in which

the two sensors lay within a correlated region of the

flow, or eddy. In the example shown in Fig. 11, the peak

change occurs around 0.15 < η/D < 0.18. This is the

location where the moving sensor leaves the shear layer

and enters the jet potential core. When the reference

sensor is located on the shear layer at an axial loca-

tion downstream of the end of the potential core, the

two sensors are uncorrelated when the moving sensor

reached the jet centreline (η > 0) or the edge of the jet

shear layer (η < 0).

Fig. 12(a) shows the normalised time delay of the

peak coefficients as function of η for an isolated jet

at four axial locations. The reference sensor is always

located at y/D = 0.5. The time delay of the peak co-

efficient is consistently negative for η > 0, unless the

moving sensor enters the jet potential core (indicated by

Xc for x/D = 2 and 4) or is beyond the jet centreline.

As expected, the time delay of the peak coefficient is

consistently positive when η < 0, as the local mean

velocity of the reference sensor located on the jet lipline

is higher than the local mean velocity in the locations

of the moving sensor which is closer to the undisturbed

ambient medium.

Fig. 12 Time delay of the peak coefficient obtained from
two-point radial separations. (a) Build 0, four axial locations;
(b) Builds 0, 1 and 2, x/D = 5 ; and (c) Builds 0, 1 and 2,
x/D = 8.

Regarding the difference between isolated and in-

stalled jet configurations, an interesting difference occurs

at x/D = 5 (Fig. 12(b)). Build 1 presents a significant

phase change in between the lipline and the centreline of

the jet. This further advocate to the eddy break-down

mechanism due to the presence of the plate. Further

downstream, however, the radial peak coefficients of all

configurations studied present the same behaviour (see

Fig. 12(c), for example), suggesting installed configura-

tions recover the jet similarity.

Azimuthal separations also provide insights into the

jet turbulence structures. For example, following the

result presented in Fig. 12(c), the phase of the coher-

ence obtained from azimuthal separations is presented

in Fig. 13. The reference sensor location and jet condi-

tions are the same as in Fig. 12(c). Fig. 13(a) displays

data for an isolated jet and Fig. 13(b) for an installed

configuration.

The phase of the coherence function offers infor-

mation about the frequencies which contribute to the

correlation coefficients. For small separation distances,

signals from the two sensors are in phase for a wide

range of frequencies (e.g. ϕ < 15◦). As the separation

increases, relatively high frequencies become uncorre-

lated and only the very low frequencies still contribute
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(a) Isolated jet

(b) h = 0.67D, l = 4D

Fig. 13 Azimuthal coherence phase of Builds 0 and 1. Ref-
erence sensor located at x/D = 5, on the lipline. Jet Mach
number M = 0.2.

to the correlation between the two sensors. When the

separation distance exceeds the hypothesised boundary

of an eddy, the signals are in anti-phase (ϕ = 30◦ in

Fig. 13(a)) and the cross-correlation coefficient is zero
(Proença, 2018).

The presence of the plate is seen to slightly reduce

the azimuthal separation distance in which the two hot-

wire signals are in anti-phase. The largest difference, as

for the radial separation coefficients, were seen at the

location shown in Fig. 13, at x/D = 5. In all joint mo-

ments studied, the relative difference between installed

and isolated configurations is seen to be considerably

lesser in the azimuthal direction in comparison to ax-

ial and radial separations. The evidence presented here

essentially advocates that the azimuthal structure is

recovered quickly downstream of the trailing edge of the

solid boundary. Thus, the presence of the plate has a

stronger effect on the jet statistics along the longitudinal

in comparison to the transverse direction.

So far, the investigation presented has focused on the

region of maximum turbulent kinetic energy on the jet

shear layer. To conclude the analysis of the turbulence

statistics of the installed configurations, the flow field

close to the plate surface has also been studied. The

main results are discussed in the next Section.

5 Plate boundary Layer analysis

A survey has been attempt to study the boundary layer

on the plate surface, downstream of the jet flow impact

point. Additional single-point hot-wire traverses were

performed in this region. These extra tests were aimed

at identifying any significant changes to the jet devel-

opment due to viscous effects acting in the jet-plate

interaction region.

For the configurations analysed, this problem does

not resemble either a wall-jet or a classic boundary layer

problem. The flow interacting with the plate is non-
uniform and reaches the plate with an oblique angle

(β). Additionally, the length in which the rotational

field-plate interaction occurs is narrow, even for the

closest-mounted plate (∼ 2.5D). Nonetheless, it has

been seen that close to the plate trailing edge of Build

1 the jet mean velocity profile would present a change

in the rate of decay near the plate. These two decay

regions are illustrated in the sketch shown in Fig. 14.

Fig. 14 Schematics of the installed jet mean velocity profile
measured at x/D = 4. Build 2 (h = 0.67D). ’A’ shows the
expected mean velocity decay on the shear layer and ’B’ repre-
sents the velocity decay were viscous effects are non-negligible

Preliminary traverses along the y-axis were per-

formed at axial locations x/D = 3.5, 3.75 and 3.9 and

transverse locations z/D = ±0.26 ,0.52 and 0.79. This

would provide information about the importance of the



16 A. Proença et al.

viscous effects developing in the streamwise and span-

wise directions. However, it was not possible to move the

hot-wire close enough to the plate surface in the current

configuration. As the plate is clamped to the nozzle,

nozzle vibration with small amplitudes would propagate

along the plate surface and the plate collided with the

probe. Extra traverses were then performed immedi-

ately downstream of the plate trailing edge, allowing

the acquisition of data in the viscous region. Fig. 15

displays the hot-wire during tests in the two axial lo-

cations further investigated (x/D = 3.9 and 4.03). All
measurements were performed for a jet Mach number

M = 0.6.

(a) x/D = 3.9 (b) x/D = 4.03

Fig. 15 Axial location of the hot-wire during measurements
upstream of and downstream of the plate trailing edge.

Mean velocity and turbulence intensity profiles mea-

sured at three transverse locations are displayed in

Fig. 16. Symbols represent data measured upstream of

the plate trailing edge, whilst lines show data measured

downstream of the plate trailing edge. It is seen that

the mean velocity profiles measured at the two different

axial locations are complementary. The transverse loca-

tion closest to the jet centreline (z/D = 0.26) suggest

the viscous effects are seen from y/D ∼ 0.66. In other

words, in that particular location and for the physical

dimensions of the present experiment, the importance

of viscous effects are confined in a region smaller than

0.5 mm. Note also that, for data at x/D = 4.03, an

inflection point appears in the mean velocity and turbu-

lence intensity profiles. This is a signature of the flow

separation occurring downstream of the plate trailing

edge.

The small region where viscous effects are dominant

can also be inferred from the changes in the PSD of

the velocity fluctuations near the plate surface. This is

shown in Fig. 17. The PSD data displayed is measured

immediately downstream of the plate trailing edge and

perpendicular to the jet centreline. As only this location

(a) mean velocity

(b) turbulence intensity

Fig. 16 Jet mean velocity and turbulence intensity profiles.
Three spanwise locations are shown and indicated in the
graphs. Symbols represent measurements performed upstream
of the plate trailing edge. Lines show data for traverses down-
stream of the plate trailing edge.

is shown, the frequency has been normalised by the jet

nozzle exit diameter.

Analysis of Fig. 17 confirms that the PSD decays

as f−5/3 in locations ∼ 0.02D away from the plate

surface and then continuously change slope to a power

close to −1. Assuming that the universal inertial sub-

range decay represents the dominance of the jet shear

layer stresses, a conclusion that any viscous effects are

indeed limited to a restricted to a very limited region

close to the plate. Thus, regarding the modelling of jet

mixing noise changes due to the presence of a rigid body,
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Fig. 17 PSD of the velocity fluctuations near the plate. Tra-
verse along the y-axis, at x/D = 4.03 and z = 0.

boundary layer effects are negligible for high-Reynolds

number applications.

6 Conclusions

This paper has presented an experimental investiga-

tion into the turbulence statistics of both isolated and
installed flat-plate jets. Constant temperature anemom-

etry was used to measure the unsteady axial velocity of

a jet exhausting from a 38.1mm-diameter nozzle. Single

and two-point hot-wire measurements were performed

and the central and joint statistical moments were dis-

cussed in detail. Measurements were performed for sev-
eral jet exit Mach numbers ranging from low-subsonic

(M = 0.2) to high-subsonic (M = 0.8) velocities. The

central and joint moments analysed have not shown any

significant dependence on jet exit velocity for both the

isolated and installed jet cases. Normalising the single-

point and two-point statistics with the maximum jet exit

mean velocity collapses the data both for the isolated

and installed jet configurations at all Mach numbers.

One isolated and four installed jets were studied. For
the two installed cases where the trailing edge of the

plate was located two jet diameters downstream of the

nozzle, the flow statistics were found to be similar to

those observed for the isolated jet. For the other two

installed configurations where the plate trailing edge

was situated four jet diameters downstream of the nozzle

exit, three significant changes were observed in the flow

data. Firstly, a redirection of the jet plume is observed

via a Coandă effect. Secondly, a local acceleration of the

mean flow is seen close to the plate surface. Thirdly, a

restriction of the growth of the turbulent structures.

For configurations with a four diameter chord plate,

the solid body clearly restricts the amount of flow en-

trainment into the jet and, thus, a reduction in mixing

results. The Coandă effect is observed most clearly at

h = D, when the plate trailing edge is located almost

completely outside of the jet plume. The asymmetry of

the flow created by this Coandă continues to be observed

further downstream of the plate trailing edge at least

as far down as ten jet diameters.

The second change is clearly seen at h = 0.67D,

where the rotational hydrodynamic field of the jet is

seen to interact strongly with the rigid surface. The jet

impacts the plate relatively close to the jet nozzle exit,

at ∼ 1.4D. The flow near the plate surface undergoes

a local acceleration as a direct effect of the change

in momentum due to the constraining presence of the

surface. In other words, the flow that would ordinarily

spread radially towards the plate is redirected towards

the longitudinal and spanwise directions along the plate

surface. Calculation of the eddy convection velocity near

the plate shows that Uc is considerably higher in the

upper shear layer in comparison to the unshielded side.

The last effect studied also justifies the significant

changes to the eddy convection velocity. The plate in

the two l = 4D builds, restricts the development of the

jet and, therefore, the development of larger coherent

structures in the upper shear layer. Two key conse-

quences of this confinement were discussed, including:

(1) a decrease in the low-frequency PSD energy of the

unsteady velocity field, and (2) a decrease in both the

characteristic length-scales and time-scales. The turbu-

lence intensity is seen to decrease consistently in the

upper shear layer of both installed configurations. Using

the PSD, it has been seen that only the low-frequency

content of the unsteady velocity changes due to the pres-

ence of the plate. The turbulence characteristic scales

are also consistently lower near the plate surface. These

changes have been quantified in the text.

Additionally, a qualitative approach has been used

to study the cross-sectional structure of the jet. Key

results from this analysis suggest that, although radial

and azimuthal structures are modified near the plate

surface, the length scales in the transverse direction

recover self-similarity faster than the longitudinal scales.

This is a good indication for jet noise prediction methods

which rely on axisymmetric statistics. Finally, a survey

of the unsteady velocity field near the plate surface

indicates that the boundary layer developing on the

plate surface is no more than 0.0125D thick and it is

not expected to play an important role as a noise source

at frequencies of interest.

The configurations studied, although simplified in

terms of geometry, were selected with the full-scale jet-

wing problem in mind. This investigation is a first at-

tempt at understanding the behaviour of the turbulence

flow field of jets interacting with aircraft wing surfaces
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based on subtly different jet-surface positions. These

results will be used to further investigate changes to the

far-field jet mixing noise in closely-coupled installed con-

figurations as well as to help account for changes to the

near-field jet-surface interaction noise source. Further

research regarding the transverse shear stresses, realistic

wing geometries, and wing angle of attack will also be

carried out to complete this survey.

Acknowledgements A. Proença would like to acknowledge
financial support from the CAPES Foundation within the
Brazilian Ministry of Education (Grant BEX-9333-13-4).

Conflict of interest

The authors declare that they have no conflict of interest.

References

Batchelor GK (1982) The Theory of Homogeneous Tur-

bulence. Cambridge Science Classics, Cambridge

Bradshaw P (1977) Compressible turbulent shear layers.

Annual Review of Fluid Mechanics 9(1):33–52, DOI

10.1146/annurev.fl.09.010177.000341

Brown CA (2013) Jet-Surface Interaction Test: Far-

Field Noise Results. Journal of Engineering for Gas

Turbines and Power 135(7), DOI 10.1115/1.4023605,

071201

Brown CA, Wernet MP (2014) Jet-surface inter-

action test: Flow measurement results. In: 20th

AIAA/CEAS Aeroacoustics Conference, AIAA, DOI

10.2514/6.2014-3198

Bruun HH (1995) Hot-Wire Anemometry: Principles and

Signal Analysis. Oxford science publications, Oxford

Univ. Press, Oxford

Bychkov O, Faranosov G (2018) An experimental

study and theoretical simulation of jet-wing inter-

action noise. Physical Acoustics 64:437–452, DOI

10.1017/jfm.2016.747

Cavalieri AV, Jordan P, Wolf WR, Gervais Y

(2014) Scattering of wavepackets by a flat plate

in the vicinity of a turbulent jet. Journal of

Sound and Vibration 333(24):6516 – 6531, DOI

https://doi.org/10.1016/j.jsv.2014.07.029

Davies POAL, Fisher MJ, Barratt MJ (1963) The char-

acteristics of the turbulence in the mixing region on a

round jet. Journal of Fluid Mechanics 15(3):337–367,

DOI https://doi.org/10.1017/S0022112063000306

Dawson MF, Lawrence JLT, Self RH, Kingan

MJ (2020) Validation of a jet–surface in-

teraction noise model in flight. AIAA Jour-

nal 58(3):1130–1139, DOI 10.2514/1.J058639,

URL https://doi.org/10.2514/1.J058639,

https://doi.org/10.2514/1.J058639

Di Marco A, Camussi R, Bernardini M, Pirozzoli S

(2013) Wall pressure coherence in supersonic turbu-

lent boundary layers. Journal of Fluid Mechanics

732:445–456, DOI 10.1017/jfm.2013.410

Faranosov G, Belyaev I, Kopiev V, Bychkov O (2019)

Azimuthal structure of low-frequency noise of in-

stalled jet. AIAA Journal 57(5):1885–1898, DOI

10.2514/1.J057476

Fisher MJ, Davies POAL (1964) Correlation mea-
surements in a non-frozen pattern of turbulence.

Journal of Fluid Mechanics 18(1):97–116, DOI

https://doi.org/10.1017/S0022112064000076

Gauntner JW, Livingood JNB, Hrycak P (1970) Survey

of literature on flow characteristics of a single tur-

bulent jet impinging on a flat plate. In: TN D-5652,

NASA

Gupta A, Choudhary H, Singh AK, Prabhakaran

T, Dixit SA (2020) Scaling mean velocity in two-

dimensional turbulent wall jets. Journal of Fluid Me-

chanics 891:A11, DOI 10.1017/jfm.2020.132

Harper-Bourne M (1999) Jet near-field noise prediction.

In: 5th AIAA/CEAS Aeroacoustics Conference

Harper-Bourne M (2003) Jet noise turbulence measure-

ments. In: 9th AIAA/CEAS Aeroacoustics Conference

and Exhibit

Ho CM, Nosseir NS (1981) Dynamics of an im-

pinging jet. part 1. the feedback phenomenon.

Journal of Fluid Mechanics 105:119–142, DOI

10.1017/S0022112081003133

Jørgensen FE (2002) How to measure turbulence with

hot-wire anemometers - a practical guide. Technical
Report, Dantec Dynamics, Skovlunde, Denmark

Khavaran A (2015) Jet surface interaction – scrubbing

noise in a transversely sheared mean flow. Interna-

tional Journal of Aeroacoustics 14(3-4):373–412, DOI

10.1260/1475-472X.14.3-4.373
Korbacher GK (1974) Aerodynamics of powered high-lift

systems. Annual Review of Fluid Mechanics 6(1):319–

358, DOI 10.1146/annurev.fl.06.010174.001535

Laurence JC (1956) Intensity, scale, and spectra of tur-

bulence in mixing region of free subsonic jet. In: TR

1292, NACA

Lawrence J (2014) Aeroacoustic interac-

tions of installed subsonic round jets. PhD

thesis, University of Southampton, URL

https://eprints.soton.ac.uk/367059/

Lawrence J, Azarpeyvand M, Self R (2011) Interac-

tion between a flat plate and a circular subsonic

jet. In: 17th AIAA/CEAS Aeroacoustics Conference

(32nd AIAA Aeroacoustics Conference), AIAA, DOI

10.2514/6.2011-2745



Investigation into the turbulence statistics of installed jets using hot-wire anemometry 19

Lighthill MJ (1952) On sound generated aerody-

namically i. general theory. Proceedings of the

Royal Society of London Series A Mathematical

and Physical Sciences 211(1107):564–587, DOI

10.1098/rspa.1952.0060

Lighthill MJ (1954) On sound generated aerodynam-

ically ii. turbulence as a source of sound. Proceed-

ings of the Royal Society of London Series A Mathe-

matical and Physical Sciences 222(1148):1–32, DOI

10.1098/rspa.1954.0049

Lyu B, Dowling AP, Naqavi I (2017) Prediction
of installed jet noise. Journal of Fluid Mechanics

811:234–268, DOI 10.1017/jfm.2016.747

Madnia CK, Bernal LP (1994) Interaction of

a turbulent round jet with the free surface.

Journal of Fluid Mechanics 261:305–332, DOI

10.1017/S0022112094000352

Mancinelli M, Di Marco A, Camussi R (2017) Multi-

variate and conditioned statistics of velocity and wall

pressure fluctuations induced by a jet interacting with

a flat plate. Journal of Fluid Mechanics 823:134–165,

DOI 10.1017/jfm.2017.307

Meloni S, Mancinelli M, Camussi R, Huber J (2020)

Wall-pressure fluctuations induced by a compressible

jet in installed configuration. AIAA Journal 0(0):1–10,

DOI 10.2514/1.J058791

Monin AS, Yaglom AM (1975) Statistical Fluid Mechan-

ics, Volume II: Mechanics of Turbulence. Dover

Morris PJ, Zaman K (2010) Velocity measurements in

jets with application to noise source modeling. Jour-

nal of Sound and Vibration 329(4):394 – 414, DOI

http://dx.doi.org/10.1016/j.jsv.2009.09.024

Nosseir NS, Ho CM (1982) Dynamics of an impinging jet.
part 2. the noise generation. Journal of Fluid Mechan-

ics 116:379–391, DOI 10.1017/S0022112082000512

Piquet J (1999) Turbulent Flows - Models and Physics.

Springer-Verlag Berlin Heidelberg, DOI 10.1007/978-

3-662-03559-7
Proença A (2018) Aeroacoustics of isolated and in-

stalled jets under static and in-flight conditions.

PhD thesis, University of Southampton, URL

https://eprints.soton.ac.uk/426880/

Proença A, Lawrence J, Self R (2017) A survey of

the turbulence statistics of a model-scale installed

jet at low and moderate mach numbers. In: 23rd

AIAA/CEAS Aeroacoustics Conference, AIAA, DOI

10.2514/6.2017-3705

Proença A, Lawrence J, Self R (2019) Measurements of

the single-point and joint turbulence statistics of high

subsonic jets using hot-wire anemometry. Experiments

in Fluids 60(4):63, DOI 10.1007/s00348-019-2716-3

Proença A, Lawrence J, Self R (2020) Experimental

investigation into the turbulence flow field of in-

flight round jets. AIAA Journal 0(0):1–11, DOI

https://doi.org/10.2514/1.J059035

Roy S, Debnath K, Mazumder BS (2018) Turbulence

statistics and distribution of turbulent eddies for jet

flow and rigid surface interaction. Archives of Mechan-

ics 70(1):55–88

Self RH (2004) Jet noise prediction using the

lighthill acoustic analogy. Journal of Sound

and Vibration 275(3–5):757 – 768, DOI

http://dx.doi.org/10.1016/j.jsv.2003.06.020

Smith MJ, Miller SA (2013) The effects of surfaces
on the aerodynamics and acoustics of jet flows. In:

19th AIAA/CEAS Aeroacoustics Conference, AIAA,

DOI 10.2514/6.2013-2041

Tian J, Roussinova V, Balachandar R (2012) Character-

istics of a Jet in the Vicinity of a Free Surface. Journal

of Fluids Engineering 134(3), DOI 10.1115/1.4005739,

031204

Tritton D (1988) Physical Fluid Dynamics. Oxford Sci-

ence Publ, Clarendon Press

Vera J (2018) Modelling jet noise installation effects

associated with close-coupled, wing-mounted, ultra

high bypass ratio engines. PhD thesis, University of

Southampton

Wang ZN, Proenca A, Lawrence J, Tucker PG, Self

R (2020) Large-eddy-simulation prediction of an in-

stalled jet flow and noise with experimental validation.

AIAA Journal 0(0):1–10, DOI 10.2514/1.J058921

Zaman KBMQ, Fagan AF, Bridges JE, Brown CA (2015)

An experimental investigation of resonant interaction

of a rectangular jet with a flat plate. Journal of Fluid

Mechanics 779:751–775, DOI 10.1017/jfm.2015.453


