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• Porosity-based blockage correction method for bluff bodies tested in Kevlar
test sections.

• Aerodynamic force scaling law for wall-mounted flat plates.

• Scaling law differs from existing laws for inclined plates in freestream.

• Quantification of maximum errors in aerodynamic loads scaling law compared
to experimental data.

• Scaling law for integrated acoustic intensity determined as a function of velocity
and projected frontal area.

• Acoustic scaling with projected area reveals two distinct scaling regimes de-
pending on the deflection angle ranges.
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Abstract

Inclined flat plates mounted on horizontal surfaces have applications in the aerospace,
renewable energy and automotive sectors. While previous studies have examined
how aspect ratio and proximity to a mounting surface affect aerodynamic loads on a
plate, a systematic investigation of scaling laws for aerodynamic loads and acoustics
is lacking. This paper establishes scaling relationships for the aerodynamic loads and
the flow-induced noise generated by a wall-mounted flat plate inclined to the flow.
Wind tunnel experiments were conducted using a Kevlar-walled test section, with a
wall-mounted flat plate deflected between 10◦ and 90◦ across various Reynolds num-
bers. A correction method based on the bluff body blockage corrections of Maskell
and calibrated using open test section wind tunnel data is presented in this work to
account for solid and wake blockage effects in the Kevlar test section experiments.
For aerodynamic loads, the normalised normal force coefficient collapses when scaled
with projected frontal area, converging to a fixed value of the drag coefficient at 90◦.
This provides a simple predictive methodology for the aerodynamic loads with max-
imum errors of ∆CD = 0.073 and ∆CL = 0.081. The scaling law presented in this
work is unique for wall-mounted flat plates and differs for flat plates in freestream.
Aeroacoustic analysis reveals broadband noise without coherent vortex shedding.
The noise scales approximately, but not perfectly, with the sixth power of velocity.
The slight variations in the value of the velocity exponent at different deflection an-
gles highlight that it does not simply scale as a compact dipole but other effects are
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present, including non-compactness and edge scattering effects. The acoustic scaling
with projected area exhibits different behaviour at low and high deflection angles. At
low deflection angles, the plate is partially immersed in the boundary layer, reducing
the acoustic intensity variation with deflection angle. At higher deflection angles
(> 30◦), the acoustic intensity scaled with the projected area to a power of 1.2 again
indicating additional sources besides the scaling of pure compact dipole sources.

Keywords: Wall-mounted flat plate; Kevlar-walled hybrid test section; Wind
tunnel experiments; Aerodynamic load scaling, Aeroacoustic scaling; Dipole
sources; Horseshoe vortex; Ground edge vortex; Boundary layer.

1. Introduction1

Flat plates at different angles of incidence have been studied extensively in the2

field of aerodynamics to characterise two- and three-dimensional bodies [1, 2, 3, 4, 5, 6].3

The aerodynamic performance of flat plates can be primarily determined by the an-4

gle of incidence (deflection), δfp, of the plate with respect to the freestream, which5

strongly influences the drag characteristics [7]. At low incidence angles, the drag is6

dominated by the viscous forces, whereas at larger incidence angles, pressure drag7

becomes dominant. The transition between these two regimes is highly dependent8

on the plate’s aspect ratio (AR) [8] defined as the span-to-chord ratio of the plate9

(b/c).10

Early work presented by Fage and Johansen [9] on two-dimensional flat plates in11

freestream identified two regimes in the variation of the normal force coefficient, CN ,12

with incidence in the direction of the freestream velocity. At low incidence angles13

(< 9◦), CN increases rapidly. Above 9◦, the rate of increase diminishes, reaching a14

plateau at high incidence angles (> 80◦) corresponding to the drag coefficient of a15

plate normal to the flow.16

Subsequent studies investigated the three-dimensional effects for flat plates up to17

an aspect ratio of 5 [10, 11, 12], highlighted that reducing the aspect ratios yields18

lower normal force coefficients, corresponding to a reduction in the drag coefficients,19

CD, at large incidence angles. This three-dimensional effect stems from edge vortices20

originating along the spanwise edges of the plate. For low aspect ratios, these vor-21

tices extend toward the plate’s mid-span section [13]. The lower pressure along the22

downstream base region, compared to the freestream, induces inward flow deflection23

from the edges towards the centreline, resulting in increased average base pressure,24

Cpb , near the edges.25

Experimental research conducted for flat plates and cambered plane wings [8, 14, 15]26

up to an aspect ratio of 8 along the pre-stall region of the plate, highlighted an in-27

2



crease in the lift curve slope, with an increase in aspect ratio. The plates exhibited28

a more linear lift slope for AR > 1.25 as a result of a reduction in the influence of29

the induced velocity along the suction surfaces, generating additional lift as a result30

of the influence of the edge vortices. Gutierrez-Castillo et al. [15] proposed a semi-31

empirical correlation for the prediction of the lift curve slope as a function of the32

aspect ratio and Reynolds number. The correlation is based on Prandtl’s lifting line,33

but includes the influence of Reynolds number, and is capable of predicting lift up34

to pre-stall angles of incidence.35

Recent studies have considered the influence of ground proximity on the aerody-36

namic load characteristics of inclined three-dimensional plates. Pieris et al. [6] and37

Ortiz et al. [7] highlighted that proximity effects are particularly pronounced near the38

angle corresponding to maximum lift. However, the sensitivity is highly dependent39

on the aspect ratio of the plate and the direction of plate deflection. Pieris et al. [6]40

highlighted that ground proximity did not fundamentally change the loading trends41

with respect to the deflection angle compared to the freestream case. It was shown42

that plates having an aspect ratio of 2 and deflected in the direction of the freestream43

velocity vector showed negligible differences to the freestream results, irrespective of44

the proximity ratio between the leading edge of the plate and the ground.45

In many practical applications, such as aircraft spoilers [16], photovoltaic panels46

[17, 18], and deflector plates on automobiles [19], plates are wall-mounted rather47

than in the freestream. Wall-mounted flat plate aerodynamics is more complex due48

to additional governing parameters, including the ratio of incoming boundary layer49

thickness to plate chord (δ/c), the plate deflection angle (δfp), the aspect ratio (AR),50

the yaw angle relative to freestream (ψ), and the clearance ratio defined as the height51

of the plate’s leading edge above the mounted planar surface (g/c) [8, 7, 13, 20].52

Parnis and Angland [16] defined the flow topology around a wall-mounted inclined53

flat plate spoiler at a deflection angle of 30◦ using numerical simulations. The flow54

topology in terms of the Q-criterion iso-volume representation is shown in Fig. 1.55

The presence of the plate generates an adverse pressure gradient upstream, causing56

the incoming boundary layer to separate and form a horseshoe vortex structure that57

wraps around the inclined plate, moving downstream toward the trailing edge of the58

mounting plate. The strength of this horseshoe vortex depends on the deflection59

angle of the inclined plate. Additionally, two ground-edge vortices are generated60

from the side-edges of the inclined plate. These are located inboard of the horseshoe61

vortex and rotate in the opposite direction.62
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Figure 1: Flow topology for a wall-mounted flat plate on a non-lifting surface at a deflection angle
of δfp = 30◦, highlighting the main vortical structures generated by the inclined plate [16].

Acoustic scaling laws for wall-mounted bodies have mainly been developed for63

cylindrical and prismatic geometries [21, 22, 23, 24]. Building upon Curle’s acoustic64

analogy [25], Phillips [26] demonstrated for two-dimensional cylinders that the mean65

square acoustic pressure radiated by the body is predominantly governed by lift66

fluctuations and exhibits a U6
∞ velocity scaling, characteristic of a dipole-like source.67

The scaling has been confirmed for both wall-mounted geomatries, including cylinders68

[21, 27] and prisms [24]. Maruta and Kanagawa [28] extended the analysis to the69

flow-induced noise of flat plates in freestream at large angles of incidence, where70

the largely separated wake induces unsteady pressure fluctuations. However, noise71

scaling with the deflection angle of wall-mounted flat plates remains lacking.72

The flow topology around wall-mounted bodies exhibits complex three-dimensional73

fluid phenomena. Acoustic research conducted for wall-mounted spoiler plates by74

Parnis and Angland [16] showed that the acoustic sources for a wall-mounted flat75

plate can be characterised by the pressure fluctuations due to the upstream horse-76

shoe vortex, the ground edge vortices and the turbulent wake. For a deflection angle77

of δfp = 30◦, the ground edge vortices and the flat plate side-edge were found to78

be the dominant acoustic noise source, in particular at high frequencies. The up-79

stream horseshoe vortex is analogous to those seen in junction flows of wall-mounted80

prisims [29], formed due to upstream boundary layer separation due to the adverse81

pressure gradient induced by the inclined flat plate, whose strength is dependent82

on the deflection angle of the flat plate. This upstream separation vortex structure83

induces unsteady wall pressure fluctuations along the separated region, reaching a84
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maximum intensity at flow reattachment lines [30]. These substantial on-surface85

pressure fluctuations contribute to the formation of an additional broadband noise86

source upstream of the body along the base mounting plate [22, 23, 31].87

While aerodynamic scaling laws for freestream plates are well established [6, 7, 9, 10, 11],88

no equivalent scaling framework exists for wall-mounted inclined plates, where ad-89

ditional wall-induced effects influence the aerodynamic and noise characteristics of90

the inclined plate. This knowledge gap motivates the present study, which aims91

to establish scaling relationships for aerodynamic loads and far-field acoustics of a92

wall-mounted inclined flat plate with a fixed aspect ratio. This work examines how93

aerodynamic loads and aerodynamically generated noise varies with deflection an-94

gle, projected frontal area, and freestream velocity to provide both design guidance95

and insight into the flow–acoustic mechanisms of these commonly used industrial96

geometries.97

The paper is structured as follows. Firstly, the experimental methodology is98

presented, describing the wall-mounted flat plate wind tunnel model used and the99

experimental acquisition methods. Since the experiments were performed in a Kevlar100

test section, a correction method is introduced and calibrated with experimental data101

to correct the aerodynamic forces for solid and wake blockage. The results section102

investigates the scaling relationship of the aerodynamic loads and far-field acoustics103

for the baseline wall-mounted inclined flat plate with an aspect ratio of 2.3 as a104

function of flat plate deflection angle, δfp. The acoustic relationship is determined105

as a function of the integrated acoustic intensity, LI , for variations in projected area106

and freestream velocity.107

2. Experimental Approach108

The experiments were conducted at the anechoic wind tunnel facility at the Uni-109

versity of Southampton (SotonAWT). The tunnel is an open jet, closed return wind110

tunnel with a nozzle cross-section of 0.75 m × 1 m. In an empty test section, the111

maximum freestream velocity of the tunnel is approximately 80 m/s. The anechoic112

chamber is fitted with acoustic wedges and is anechoic down to a frequency of 250113

Hz. These wind tunnel experiments were conducted at a freestream velocity up to114

70 m/s.115

2.1. Kevlar-Walled Hybrid Test Section116

The experiments were performed in a hybrid Kevlar test section shown in Fig.117

2. The reason for choosing this configuration of wind tunnel over the open jet118

configuration was to minimise the effect of wake deflection on the background noise.119
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The background noise is typically measured with an empty test section. The flat120

plate model deflected the open jet depending on the deflection angle of the plate.121

This jet then interacted differently with the collector of the wind tunnel, depending122

on the deflection angle, resulting in some uncertainties of the background noise levels,123

especially at low frequencies. In order to minimise these uncertainties, a Kevlar test124

section was used, which constrains the deflected wake and behaves more like a closed125

wall test section while still allowing acoustic waves to propagate through the Kevlar126

panels, albeit with some attenuation. However, the effect of the Kevlar test section127

is to introduce some solid and wake blockage effects on the aerodynamic forces.128

Force data was also collected in an 3/4th open test section configuration in order to129

be able to quantify the effect of wake confinement on the aerodynamic forces. The130

aerodynamic corrections, done to correct for the solid and wake blockage, are based on131

the bluff body corrections done in closed test section wind tunnels, firstly introduced132

by Maskell [32] and later expanded on by Hackett [33]. These are extended, in this133

work, to account for the permeability of the Kevlar test section.134

The hybrid Kevlar test section, shown in Fig. 2, extends the nozzle of the open-135

jet wind tunnel using tensioned acoustic-permeable Kevlar panels in place of solid136

walls. The test section’s structure is made of an aluminium skeleton connected to the137

existing nozzle of the open jet wind tunnel. This maintains the internal dimensions of138

the nozzle. The length of the test section is 2.3 m allowing for a small gap between the139

test section and the collector. Custom-designed panels support plain-weave Kevlar140

cloth (0.12 mm thickness, 61 g/cm2 specific weight) tensioned at 1500 N/m. Acoustic141

corrections were implemented to account for the influence of the Kevlar test section142

on the results. Acoustic corrections are based on work done by Devenport et al.143

[34], and have been implemented to correct for acoustic transmission loss through144

the tensioned Kevlar material and through the thin boundary layer growing along145

the Kevlar panels.146

2.2. Wall-Mounted Inclined Flat Plate Model Configuration147

The finite span, wall-mounted flat plate rectangular model was constructed from148

a thin steel plate with a chord of c = 106 mm and a span b = 247 mm. The aspect149

ratio of the plate is equal to 2.3. The thickness of the plate is t = 6 mm. In addition,150

no edge rounding was performed on the flat plate’s sharp edges.151

To analyse the effects of deflection along the direction of the incoming flow stream,152

two brackets were connected to the base region of the downstream face of the flat plate153

at a spanwise location of ±0.22b from the flat plate’s centre line. The brackets were154

designed to minimise any aerodynamic interference occurring with the downstream155

flow field of the plate. To allow for aerodynamic load transfer from the plate to the156
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Figure 2: Kevlar-walled hybrid test section.

load cell, the brackets were connected to a mounting block fixed on the inertial frame157

of the wind tunnel structure. The plate was deflected through a deflection angle, δfp158

between 10◦ and 90◦ at 10◦ intervals. The angles were positively located using pre-159

manufactured holes along a mounting block, providing good repeatability for the160

deflection angle of the flat plate. The flat plate model schematic is shown in Fig. 3,161

with the deflection angle, δfp, measured between the flat plate (deflected in the same162

direction as the freestream velocity vector) and the base mounting plate. The test163

was conducted at freestream velocities of 40 m/s to 70 m/s. These correspond to a164

Reynolds number between 2.9× 105 and 5.1× 105 based on the chord length of the165

plate.166

The model was mounted on a base plate positioned in the upstream section of the167

Kevlar test section as shown in Fig. 4. The plate’s leading edge was flush-mounted168

with the nozzle flange, with tensioned Kevlar panels installed along the remaining169

sides of the test section, allowing for acoustic measurements to be done along the170

overhead arc. The flat plate was located 702 mm downstream of the beginning of171

the Kevlar test section (dimension xLE in Fig. 3).172
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Figure 3: Wall-mounted flat plate model schematic.

A small gap was designed between the leading edge of the flat plate and the173

base plate. This was done to ensure that all the aerodynamic loads on the flat174

plate were fully transferred to the load cell. The gap size, g, between the leading175

edge and the base plate varied with the deflection angle of the flat plate model176

up to a maximum gap ratio of g/c = 0.032. The height of the gap was measured177

using a feeler gauge at three different locations along the span of the flat plate178

model and then averaged. The boundary layer thickness ratio at the position of179

the flat plate’s leading edge is equal to δ/g of 14, and a boundary layer thickness180

to chord ratio δ/c, equal to 0.26. The presence of the inclined flat plate introduces181

an adverse pressure gradient upstream of it as a function of the deflection angle.182

Such an adverse pressure thickens the boundary layer upstream of the flat plate.183

As a result, the gap is immersed significantly within the boundary layer, where the184

velocities are significantly lower than the freestream velocity. In the design of the185

experimental setup, numerical simulations were performed to aid the design of the186

setup. Simulations were performed both with and without the hinge gap present.187

These showed that the effect of this small gap on the aerodynamic loads was very188

small (less than the experimental uncertainty in the loads). The effect on the acoustic189

measurements will be discussed later.190
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2.3. Acquisition Methodology191

Force and acoustic measurements were conducted to analyse the scaling laws at192

different deflection angles and velocities. Aerodynamic loads and moments exerted on193

the model were measured using an ATI Delta 6-component transducer [35] connected194

to the inertial frame of the wind tunnel. The direction of the lift and drag forces were195

along the positive z and x axes, respectively, according to the coordinate axis shown196

in Fig. 3. Measurements were taken at a sampling rate of 1 kHz. The dynamic197

pressure used in the calculation of the force coefficients was acquired using a Furness198

controls FCO332-4W differential transducer, having an uncertainty less than ±0.5%199

of the measured reading. The freestream dynamic pressure in the test section was200

determined using the pressure differential between two static ring measurements201

along the nozzle contraction. The differential pressure was calibrated with respect202

to the dynamic pressure measured at 0.5 m downstream of the nozzle [36]. The203

experimental uncertainty of the aerodynamic loads was assessed by calculating the204

Type A and Type B uncertainties [37]. These uncertainties are shown in the key205

plots as a function of deflection angles and Re number.206

Acoustic measurements of the flow-induced noise generated by the inclined flat207

plate for a given Re number and deflection angle were conducted using an overhead208

far-field microphone array. A total of ten GRAS 1/4" 46BE microphones were used.209

The constant current power, free-field microphones are capable of resolving a fre-210

quency range from 4 Hz to 80 kHz, with a dynamic range of 35 dB (A) to 160 dB211

and a sensitivity of 3.6 mV/Pa. The microphone setup is shown in Fig. 4.212

Ten microphones were set up along the overhead arc of the model to capture a213

polar arc for angles between 67◦ and 113◦, where θ = 90◦ corresponds to the location214

directly above the flat plate’s leading edge. The vertical distance (z) between the215

model’s coordinate system, highlighted in Fig. 2, and the overhead microphone216

was approximately z = 1.33 m. To account for the directivity of the flow-induced217

noise source, the scaling measurements presented were calculated as a function of218

the integrated acoustic intensity from all the microphones along the overhead arc.219

The physical locations of the microphones with respect to the model coordinate axis220

specified in Fig. 2 are provided in Appendix A in Table A.1.221
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Figure 4: Experimental setup schematic, including the Kevlar-walled hybrid test section, showing
the physical location of the overhead far-field microphone array.

3. Aerodynamic Loads and Scaling for a Wall-mounted Inclined Flat Plate222

This section analyses the aerodynamic loads and scaling behaviour of an inclined223

flat plate mounted on a flat surface. The investigation has two primary objectives.224

The first is to provide an understanding of how the loads of a wall-mounted flat plate225

vary as a function of deflection angle and the second is to establish a simple scaling226

law for predicting the drag and lift coefficients of an inclined wall-mounted flat plate227

that can be used for preliminary engineering design work.228

The section is structured in three parts. The first addresses the aerodynamic229

corrections implemented to account for solid body and wake blockage generated by230

the inclined flat plate at varying deflection angles when tested in a hybrid kevlar test231

section. The blockage correction is presented for Re = 4.3 × 105, corresponding to232

U∞ = 60 m/s. The second examines the aerodynamic characteristics in terms of the233

normal force coefficient, CN and the normalised normal force coefficient, CN
∗, where234

normalisation is performed relative to the projected area for a given deflection angle.235

The final part introduces a simple scaling law to predict the aerodynamic coefficients236

of a wall-mounted flat plate where pressure forces dominate.237
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3.1. Aerodynamic Test Section Blockage Correction238

When the model blockage ratio between the projected area of the model and the239

test section approaches values of ≈ 5%, the aerodynamic coefficients obtained from240

wind tunnel testing of wall-mounted bodies require correction to account for solid241

body and wake blockage effects. This section details the methodology to correct the242

aerodynamic measurements obtained in the Kevlar-walled hybrid test section. The243

correction approach combines established bluff body blockage theories with specific244

adaptations to account for the permeability of the Kevlar walls, calculated uniquely245

through optimising agreement with measurements done in an open-test section con-246

figuration.247

Test section blockage corrections for Kevlar hybrid test sections have primarily248

been developed for lifting bodies, as presented by Devenport et al. [34, 38]. In these249

applications, solid-wall interference corrections derived from two-dimensional thin250

airfoil theory for closed test sections [39] have been applied to correct on-surface251

pressure distributions for lifting wings and determine the effective angle of attack252

corresponding to free-flight conditions. To account for the porosity of the Kevlar253

panels, a porosity factor, Ω, is introduced as a multiplier to the solid body correction254

constant, εsolid, as shown in Eq. 1 (assuming rigid porous walls (i.e., negligible wall255

deflection) [40]). Since the blockage constant for a solid test section exceeds that for256

a porous section (assuming small wall deflections), the porosity ratio for a Kevlar257

test section Ω < 1.258

εporous = Ω εsolid . (1)

Compared to a rigid closed test section, the hybrid test section with permeable259

Kevlar panels behaves as an intermediate open/closed configuration. The perme-260

ability of the panels allows some transpiration through the panels. The resulting261

pressure difference across the Kevlar panels may also cause the panels to deflect.262

These deflections can be substantial for certain model geometries, resulting in local263

variations of the test section cross-sectional area. Consequently, the porosity fac-264

tor may diverge significantly from values typically associated with rigid closed wind265

tunnel walls [34, 38]. As a result, no universal Ω exists for a given hybrid test sec-266

tion geometry, necessitating empirical determination of the correction factor for each267

model configuration and test condition.268

For bluff body geometries, such as wall-mounted flat plates, the lifting-body cor-269

rection methodology cannot be used. This is due to the assumption of predominantly270

attached flow on the wind tunnel model. A wall-mounted flat plate generates a large271

separated wake that expands as it convects downstream, constrained by the dimen-272

sions of the test section. This necessitates the application of both solid body and273
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wake blockage corrections. For bluff bodies in solid closed test sections, corrections274

are based on the analysis presented by Maskell [32] and later expanded by Hackett275

[33] to include the impact of wake distortion.276

The methodology presented by Maskell [32], presents a dynamic pressure correc-277

tion formulation as shown in Eq. 2.278

qc
qu

=
CDu

CDM1

= 1 + εsolidCDu(S/C) . (2)

In Eq. 2, CDu , represents the measured pressure drag, qu the measured dynamic279

pressure, qc the corrected dynamic pressure, and CDM1
is the corrected drag coefficient280

based on the single-stage Maskell Equation. The correction incorporates the model281

blockage ratio in terms of the model’s projected area, S and the test section cross-282

section area, C. For flat plates, the bluff body blockage constant, εsolid for a solid283

closed test section can be estimated using Eq. 3, where AR represents the projected284

aspect ratio of the plate at a given deflection angle (defined in Eq. 4). Since the285

profile drag of wall-mounted plates is dominated by pressure drag, CDu is considered286

equivalent to the drag coefficient measured directly in the hybrid test section.287

ε = 0.96 + 1.94 exp(−0.06AR) . (3)

AR =
b

c sin δfp
. (4)

Hackett [33] expanded Maskell’s analysis by decomposing the correction into two288

components: blockage-induced incremental velocity (correction of the incoming dy-289

namic pressure) and a drag increment due to wake distortion due to wake constraint290

effects (based on assumptions established in [32]). This decomposition enables more291

accurate drag correction [40]. The resulting two-step version of Maskell’s analysis292

yielding CDM2
is presented in Eq. 5.293

CDM2
=
CDu +∆CDM

qc/qu
=

CDu +∆CDM

1 + εsolid(CDM1
−∆CDM)(S/C)

. (5)

In Eq. 5, CDM2
represents the corrected drag coefficient derived from the extended294

two-step Maskell analysis, and ∆CDM denotes the drag increment attributable to295

wake distortion. A closed form of the equation of the drag increment, ∆CDM is296

presented in Eq. 6.297
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∆CDM =
CDu

(1 + εsolidCDu(S/C))
+

[
CDu

2εsolidCDu(S/C)

] [
1−

√
1 + 4εsolidCDu(S/C)

]
.

(6)
The lift coefficient correction CLc (expressed in Eq. 7) is applied solely based on298

the dynamic pressure correction of the incoming flow field, as determined by Eq. 2.299

It is important to note that this formulation to determine the CLc only addresses300

solid and wake blockage through dynamic pressure correction, but does not account301

for lift interference and streamline curvature errors induced by flow containment by302

the hybrid test section walls [41].303

CLc =
CLu

qc/qu
. (7)

Figure 5: Comparison of drag coefficient (CD) as a function of deflection angle (δfp) at Re =
4.3 × 105. uncorrected data measured in the hybrid test section, data measured in an open
test section, corrected results using Eq. 5 [33] with a porosity factor Ω = 1.

Figure 5 presents a comparison of the uncorrected and corrected drag coefficients304

calculated using the correction method described by Eq. 5, as a function of deflection305

angle, δfp, at Re = 4.3 × 105. Since blockage correction varies with the projected306

aspect ratio (defined in Eq. 4), the correction magnitude is small for deflection angles307
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below δfp = 40◦, becoming progressively greater at larger angles where the blockage308

ratio between model and test section area increases. This results in a maximum309

correction of ∆CD = −0.12 at a deflection angle of δfp = 90◦.310

To assess the validity of the blockage correction calculated, Fig. 5 compares311

the corrected CD results calculated in the Kevlar hybrid test section with those312

obtained for a similar configuration tested in an open test section configuration,313

where the model was flush mounted to the nozzle of the open jet wind tunnel, forming314

a 3/4th open test section. Ewald [40] highlighted that the measurements in open test315

sections typically exhibit minimal blockage effects compared to closed test sections,316

and hence open test section results can be used as a representative data set to assess317

the influence of the permeability of the test section.318

The open test section dataset comprises a subset of drag coefficient, CD mea-319

surements at three distinct deflection angles of δfp = 10◦, 30◦ and 90◦. Comparison320

between these measurements and the corrected hybrid test section data reveals that321

the implemented blockage correction over-corrects at high deflection angles, while322

showing good agreement at low deflection angles where blockage effects are minimal.323

The over-correction at large deflection angles can be attributed to using a porosity324

factor of Ω = 1, suggesting that the walls of the test section are completely solid.325

This is not the case for the permeable Kevlar panels.326

In this work, the porosity factor, Ω, is calculated using a similar methodology327

that Devenport et al. [38] used for lifting bodies, but with two unique differences328

due to the bluff body investigated in this work. The first is that the correction is329

based on the bluff body blockage corrections of Maskell [32]. The second is that open330

test section experimental data is used to determine the porosity factor, Ω, instead of331

numerical simulations for a lifting wing in free-field conditions. The porosity factor,332

Ω, corrects for the difference between the drag measured in a hybrid test section333

and that obtained, for a similar configuration, measured in an open test section.334

While theoretically the value of the porosity factor constant will be different for335

every deflection angle, consistent with Devenport et al. [34], a single value is used336

for this study. Hence, the calibration of this constant was done for a deflection angle337

of δfp = 90◦, which showed the largest deviation from the open test section results.338

Due to the decrease in projected frontal area as the deflection angle reduces, the339

blockage correction becomes less significant at lower deflection angles. Considering340

Eq. 2, the value of Ω can be calculated by equating the corrected drag coefficient,341

CDM1
to the measured drag coefficient at δfp = 90◦ in an open test section, CDopen .342

The final equation is expressed in Eq. 8.343
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(a) Drag Coefficient, CD

(b) Lift Coefficient, CL

Figure 6: Comparison of the drag coefficient and lift coefficient as a function of deflection angle
(δfp) at Re = 4.3×105. uncorrected data as measured in the hybrid test section, data measured
in an open test section, corrected results using a porosity factor Ω = 0.45.
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CDu

CDopen

= 1 + ΩεsolidCDu(S/C) . (8)

In Eq. 8, CDu is the uncorrected drag coefficient measured in the hybrid test344

section, εsolid is the solid body correction, S is the model’s projected area, and C is345

the test section cross-section area. This result yields a porosity factor of Ω = 0.45,346

which aligns with values reported in literature for lifting wings where wall deflections347

were limited [38]. Figure 6(a) demonstrates that drag forces corrected using this348

porosity factor show excellent agreement with the open test section dataset, at all349

three different deflection angles where open test section data was available. The350

agreement in the lift force is not as good between the open test section results and351

the corrected hybrid test section results as shown in Fig. 6(b). The corrected data352

is closer to the open test section data than the uncorrected data, but still under-353

predicts it slightly. The current methodology only addresses solid and wake blockage354

through a dynamic pressure correction, but does not account for lift interference and355

streamline curvature errors induced by flow containment [41]. This is a limitation of356

the proposed method.357

3.2. Reynolds Number Scaling for Inclined Flat Plates358

The influence of the Reynolds Number, Re, on the aerodynamic performance of359

the inclined plate across various deflection angles is shown for the corrected drag360

coefficient, CD and lift coefficient, CL results in Figs. 7(a) and 7(b), respectively. A361

representative subset of the deflection angle range studied is presented. All of the362

deflection angles follow a similar trend.363

Hoerner [13] found that the drag coefficient for flat plates in freestream was inde-364

pendent of Reynolds number. This behaviour was attributed to the fixed separation365

points along the edges of the inclined plate. The independence with Reynolds number366

is seen in the force data for a wall-mounted flat plate in Fig. 7(a) and Fig. 7(b) for367

most deflection angles. There are slight deviations in both lift and drag at the lowest368

Reynolds numbers for some specific deflection angles, e.g. at a deflection angle of369

90◦. However, these deviations are within the uncertainty in the force measurements,370

which increase at lower Reynolds numbers. Therefore, within the experimental un-371

certainty of the force data, both the lift and drag are approximately independent of372

Reynolds number for this wall-mounted case, similar to what is seen for flat plates373

in freestream.374
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Figure 7: Variation of the aerodynamic load coefficients with Re number based on chord length, as
a function of flat plate deflection angle, δfp.

3.3. Aerodynamic Load Scaling Analysis375

One of the objectives of this work is to define aerodynamic scaling laws for a wall-376

mounted flat plate inclined in the direction of the freestream flow as a function of377

the deflection angle, δfp. Figure 8 illustrates a schematic of the force decomposition378

acting on the inclined plate configuration, where the lift force, L, acts perpendicular379

to the freestream velocity and the drag force, D, acts parallel to it. In reality,380

due to the pressure difference, the flat plate produces downforce. Fig. 8 presents a381

generalised force decomposition applicable to various flat plate geometries at different382

ground clearances. To quantify the impact of deflection angle on aerodynamic loads,383
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the scaling analysis is conducted in terms of normal force, N , which is calculated as384

a function of the drag and lift force components acting on the inclined flat plate and385

directly measured by the load cell.386

Figure 8: Generalised schematic of the force decomposition of the lift, L and drag, D forces and
the normal, N and tangential, T forces acting on an inclined wall-mounted flat plate.

The equations relating normal and tangential forces to the lift and drag forces387

produced by the inclined flat plate are given in Eq. 9 and Eq. 10. As discussed later,388

the tangential force, T , generated by the plate was found to be negligible compared389

to the normal forces for the wall-mounted configuration.390

N = D sin(δfp)− L cos(δfp) , (9)

T = −D cos(δfp)− L sin(δfp) . (10)

The aerodynamic normal force coefficient CN , as a function of the deflection angle391

is shown in Fig. 9(a). Results were calculated for a reference planform area, Aref ,392

which was a constant for each deflection angle. The reference area, equal to the393

product of chord and span of the model (c× b = 0.026 m2) was used to calculate CN394

according to Eq. 11.395

CN =
N

(q∞ × Aref)
. (11)

The results (Fig. 9(a)) show an increase of the normal force coefficient with in-396

creasing deflection angle approaching a value which is a maximum at CN = 90◦.397

These findings are compared with published data for 2D inclined flat plates in398

freestream [9] and 3D inclined flat plates, with similar aspect ratios, in freestream399
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[6, 7]. Although the aspect ratios of the 3D flat plates differ slightly, Fail et al. [20]400

demonstrated that for normal low-aspect-ratio plates in freestream, changes in aero-401

dynamic performance (drag, base pressure and recirculation bubble length) are small402

for aspect ratios up to 10. The data for the wall-mounted case collapses with the403

freestream plate values in literature (for similar aspect ratios AR ≈ 2) at deflection404

angles δfp > 30◦. For lower deflection angles, where the CL becomes dominant in405

the CN equation (Eq. 9), the experimental data for the wall-mounted plate shows406

lower CN values than those reported in literature for plates in freestream. This dis-407

crepancy arises from the fundamentally different lift generation mechanisms for both408

the wall-mounted cases and the freestream cases at low deflection angles (δfp ≤ 30◦).409

Another important distinction between the wall-mounted and freestream configura-410

tions is the presence of the base mounting plate that constrains the growth of the411

wake compared to the freestream case. In spite of these differences, at a deflection412

angle of 90◦, the differences in normalised normal force coefficient, CN
∗, are relatively413

small.414

For an inclined plate in freestream, the flat plate behaves similar to a thin airfoil,415

with lift generated by the pressure difference between the suction side (downstream416

face) and the pressure side (upstream face). At low to moderate angles of attack, the417

flow separating at the leading edge of the plate typically reattaches on the suction418

surface, producing negative lift or downforce [6]. In contrast, for a wall-mounted419

inclined plate, the leading edge is immersed in the upstream boundary layer, resulting420

in substantially reduced flow velocity through the gap between the mounting surface421

and the leading edge compared to freestream velocity. As a result the downstream422

face of the inclined flat plate is exposed to the base pressure of the massively separated423

flow downstream of the plate. Consequently, this leads to smaller lift magnitudes424

for the wall-mounted configurations. While, the normal force coefficient for a wall-425

mounted plate was similar to the values for plates in freestream at high deflection426

angles (for plates with similar aspect ratios), the main differences occurred at low427

deflection angles due to the changes in the lift force discussed above.428

When comparing the wall-mounted experimental data with that for a 2D inclined429

plate (AR = ∞) in freestream from literature, a similar trend is observed at low de-430

flection angle as shown in Fig. 9(a) where larger values of normal force are generated431

at low deflection angles. The difference in the plateau value of the CN at high de-432

flection angles between the 2D plate in freestream and the wall-mounted 3D plate is433

due to the increase in the CD with increasing AR [42].434

To assess the scaling behaviour of aerodynamic loads for the wall-mounted plate, a435

normalised normal force coefficient, CN
∗ was calculated with respect to the projected436

frontal area, Aproj for each deflection angle (defined in Eq. 13). This normalisation437
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Figure 9: Normal force coefficient, CN and the normalised normal force coefficient, CN
∗ for a wall-

mounted inclined flat plate as a function of deflection angle at Re = 4.3×105. Results are compared
with data from literature for inclined flat plates in freestream for a 2D case [9] and similar aspect
ratios in freestream AR ≈ 2 [6, 7].
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approach was implemented to evaluate how the projected area influences aerody-438

namic loads on the flat plate model. The normalised coefficient, CN
∗ is calculated439

using Eq. 12.440

CN
∗ =

N

(q∞ × Aproj)
, (12)

where,441

Aproj = c× b× sin(δfp) . (13)

Figure 9(b) demonstrates the collapse of the normalised normal force coefficient442

data when scaled with the projected frontal area. For deflection angles above the443

stall angle, where the downforce begins to decrease (δfp ≥ 40◦), the experimental444

data converges to an approximately constant CN
∗ value equal to that observed at a445

deflection angle of δfp = 90◦. This convergence is represented by the dashed trend-446

line in Fig. 9(b) for each dataset. This value corresponds to the maximum drag447

coefficient obtained when the plate is normal to the flow at a deflection angle of 90◦.448

A similar collapse is observed for the freestream plate data in literature with similar449

aspect ratios at high deflection angles.450

For deflection angles below 30◦, the data diverges from the maximum CN
∗ value451

(shown by the dashed line in Fig. 9(b)). Since the downforce generated by wall-452

mounted flat plates at low deflection angles is substantially smaller than that gener-453

ated in freestream conditions, the difference between the CN
∗ values at low deflec-454

tion angles and the maximum value at δfp = 90◦ remains below CN
∗ < 0.4. This455

behaviour is different to that observed for flat plates in freestream. Since the nor-456

malised normal force coefficient CN
∗, varies so little for the wall-mounted case, it is457

possible to propose a scaling model for the lift and drag forces on wall-mounted flat458

plate configurations. The same scaling model cannot be used for plates in freestream459

due to the differences in CN
∗ at low deflection angles, resulting from the larger lift460

forces generated by plates in freestream, as discussed previously.461

To develop a prediction method for wall-mounted flat plates, and assuming neg-462

ligible viscous forces compared to pressure forces (and thus negligible CT ), the aero-463

dynamic loads of a flat plate inclined at a given deflection angle can be predicted464

using the following procedure. First by substituting the value of the CD at δfp = 90◦465

in Eq. 14 the value of the predicted normal force coefficient, CNpred is determined.466

CNpred = CN
∗ sin(δfp) = CDmeas(90◦) sin(δfp) , (14)

Subsequently, as the tangential force (CT ) is assumed to be negligible, the dimen-467

sionless tangential force equation (Eq. 10) can be written as,468
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CT = 0 = −CDpred cos(δfp)− CLpred sin(δfp) , (15)

Solving for the predicted lift coefficient gives,469

CLpred = −
CDpred

tan(δfp)
. (16)

Substituting the predicted lift coefficient (Eq. 16) into the dimensionless form of470

the normal force equation (Eq. 9) gives the following relationship for the predicted471

normal force coefficient,472

CNpred = CDpred sin(δfp)−
(
−

CDpred

(tan δfp)

)
cos(δfp) . (17)

Noting that CNpred is simply calculated using Eq. 14 and the drag force at a deflection473

angle of 90◦, the predicted drag can be solved as follows,474

CDpred =
CNpred

sin (δfp) +
cos (δfp)

tan (δfp)

= CNpred sin (δfp) . (18)

Substituting the result of Eq. 18 in Eq. 16, CLpred
can be simplified as shown in Eq.475

19.476

CLpred = −
CNpred sin (δfp)

tan(δfp)
= −CNpred cos (δfp) . (19)

The procedure is to calculate the predicted normal force using Eq. 14 and the477

drag force at a deflection angle of 90◦. The predicted drag, CDpred , is estimated using478

Eq. 18. Finally the predicted lift, CLpred is estimated using Eq. 19.479

The results of the force scaling laws are shown in Fig. 10. The scaling relationship480

demonstrates good agreement between the measured and the predicted values, with481

maximum absolute errors of ∆CD ≤ 0.073 and ∆CL ≤ 0.081 across the calculated482

angle range. It is important to note that the scaling law is only for wall-mounted flat483

plates. It can also be used for plates in freestream for high deflection angles beyond484

stall (δfp > 40◦), where the normalised normal force coefficient, CN
∗ collapses with485

the drag coefficient, CD at a deflection angle of 90◦. However, for low deflection486

angles (δfp ≤ 40◦), plates in freestream generate higher lift, leading to the measured487

CN
∗ values to be significantly larger than those calculated using the method proposed488

above.489

This scaling law provides designers with a practical method to estimate the aero-490

dynamic performance of wall-mounted inclined plates with aspect ratios AR > 1.5,491
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(a) Drag Coefficient, CD.

(b) Lift Coefficient, CL.

Figure 10: Comparison between the measured and the predicted aerodynamic coefficients as a
function of deflection angle at a Re = 4.3× 105.

by requiring only the drag coefficient of the plate at δfp = 90◦. Such an approach492

is particularly valuable during preliminary design stages when rapid assessment of493

various configurations is needed without requiring extensive computational or exper-494

imental resources.495
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4. Far-field Acoustic Scaling for Wall-mounted Flat Plates496

The previous section detailed how the aerodynamic forces on a wall-mounted497

flat plate varied with Reynolds number and deflection angle. A scaling law was498

proposed for how the aerodynamic forces varied as a function of deflection angle.499

For some engineering applications, the noise generated by wall-mounted flat plates is500

also an important design consideration. The goal of this section is to provide acoustic501

scaling laws. A similar structure to the previous section is followed here. Firstly, the502

acoustics generated by the inclined wall-mounted flat plate are analysed for various503

deflection angles and Reynolds numbers. For the aerodynamic loads analysis, a504

scaling relationship existed that can approximate the aerodynamic loads for a flat505

plate at a given deflection angle with the projected frontal area of the flat plate.506

The second part of this section is to determine similar scaling laws for the far-field507

acoustics for wall-mounted flat plates. There are two different scaling laws for the508

acoustics. The first relationship is with respect to the freestream velocity, U∞, and509

the second is as a function of the projected frontal area of the plate. Consequently,510

the conclusions from the two scaling relationships can be used to provide initial511

estimates of the noise generated by the wall-mounted inclined flat plates, but also to512

give an insight into the noise sources responsible for the far-field noise.513

The spectrum of a wall-mounted flat plate is broadband in nature and does not514

contain discrete narrowband tones [16]. Due to the shear layer of opposite sign515

vorticity being inhibited from forming due to the mounting plate, there is no coherent516

bluff body vortex shedding in the wake. This is also consistent with the findings for517

plates adjacent to bounding surfaces placed normal to the flow [43]. Therefore, only518

one-third octave band data is presented here. The acoustic data was processed using519

a Hamming windowing function with 75% overlap at a sampling frequency of 25.6520

kHz and an FFT block size of 4096.521

The noise generated by the flat plate has a directivity. Plates in freestream522

typically have a dipole directivity pattern [28]. The normal force on the flat plate523

varies with deflection angle and therefore the dipole axis also rotates as a function of524

deflection angle. This consequently alters the direction of maximum sound radiation.525

These changes in directivity mean that measurements taken at a fixed microphone526

location may give inconsistent scaling laws due to the changes in directivity for527

different deflection angles.528

To account for the changes in directivity of the noise source at different deflection529

angles, the scaling was done in terms of the integrated sound intensity level, LI int,530

obtained by integrating the acoustic intensity from 67◦ ≤ θ ≤ 113◦ in the arc shown531

in Fig. 4. Due to the limited number of microphones, the true source power level532

cannot be determined, and hence some directivity characteristics of the noise source533
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may still not be fully captured. However, the integrated acoustic intensity is more534

robust than simply taking fixed microphone positions, as some directivity effects are535

included.536

The quantity presented in the analysis is the integral of the acoustic intensity537

over the range of polar angles measured, assuming a homogenous medium and that538

the wave fronts lie normal to the microphone arc plane.539

LI int = 10 log10

(
i=10∑
i=1

(
p2i /(ρ a)

) ∆Si

1× 10−12

)
. (20)

In Eq. 20, ρ is the density, a is the speed of sound, pi is the acoustic pressure540

measured at each microphone, i is the microphone index, and ∆Si is the surface area541

of the microphone arc shown in Fig. 4.542

One-third octave spectra of the integrated acoustic intensity for different flat plate543

deflection angles are presented in Fig. 11. These measurements are obtained at Re544

= 4.3× 105 (corresponding to U∞ = 60 m/s). The flow around a wall-mounted flat545

plate is characterised by an arch-type broadband wake without any coherent vortex546

shedding. There is a horseshoe vortex that originates upstream of the flat plate and547

wraps around both sides of the flat plate. Inboard of the horseshoe vortex, there548

is a pair of ground vortices with the opposite sign vorticity to the horseshoe vortex549

[16]. This flow topology is shown in Fig. 1. The noise sources have previously been550

identified to be the broadband bluff body wake, the horseshoe vortex, as well as the551

ground edge vortices and the flat plate side-edges [16]. The upstream separation552

bubble and consequent horseshoe vortex formation will vary with deflection angle.553

The spectra can be divided into three distinct frequency regimes, as highlighted554

in Fig. 11. Regime I encompasses frequencies below 1 kHz. In general, an increase555

in noise generated by the flat plate is observed with increasing deflection angle, with556

up to 11 dB difference between the lowest and highest deflection angles in the low557

frequency regime (below 1 kHz). However, the change in noise with deflection angles558

varies as a function of frequency. Numerical simulations done by Parnis and Angland559

[16] for a wall-mounted flat plate at δfp = 30◦ revealed that low-frequency noise is560

dominated by the pressure fluctuations on the base mounting plate as a result of the561

flow field generated by the deflected flat plate. The noise contribution from pressure562

fluctuations on the flat plate surface itself was found to peak at approximately 1.25563

kHz. This corresponds to Regime II, spanning 1 kHz≤ f ≤ 3 kHz. Regime III564

contains the higher frequencies above 3 kHz.565

As previously discussed, there was a small hinge gap between the mounting base-566

plate and the inclined flat plate in order to measure the aerodynamic forces (Fig. 3).567

Supplementary experiments were performed to see the effect of this gap on the acous-568
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Figure 11: Integrated acoustic intensity (defined in Eq. 20) as a function of deflection angle (δfp)
at Re = 4.3× 105.

tic measurements by blocking this gap with tape (data omitted here for brevity). At569

deflection angles δfp > 20◦, there was an excellent agreement between the spectra,570

over the whole frequency range measured, suggesting this small gap immersed in571

the boundary layer was not a significant source of noise. At the smallest deflection572

angles (δfp < 20◦), there was some additional noise generated from 1 kHz to 5 kHz573

by the flow through the small gap. Outside of this particular frequency range, the574

agreement was very good for the acoustic spectra with and without the gap. This575

additional gap noise can be seen in the integrated acoustic intensity data in Fig. 11576

for δfp = 10◦, centred around a one-third octave band of 1.25 kHz.577

4.1. Acoustic Scaling as a Function of Velocity578

An analysis of the acoustic scaling with respect to freestream velocity was con-579

ducted to assess the noise source mechanisms of an inclined wall-mounted flat plate.580

The integrated acoustic intensity was plotted as a function of 10 log10(U∞) to de-581

termine how the integrated acoustic intensity scales with freestream velocity as a582

function of deflection angle. For a simple compact dipole source, the acoustic inten-583

sity should scale as U6
∞ [44]. This analysis was integrated across the entire frequency584

range. The experiments were conducted in the Kevlar-walled hybrid test section585

specifically to reduce the additional background facility noise that changed with de-586

flection angle when the deflected flat plate’s wake interacted with the wind tunnel587
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collector, as explained previously. Results for deflection angles ranging from 10◦ to588

90◦ in 20◦ increments are presented in Fig. 12. Not all deflection angles are included589

to improve the clarity of the figure. The trend is similar at the other deflection590

angles.591

Figure 12: Freestream velocity scaling plot for the overall integrated acoustic intensity for different
deflection angles (10◦ ≤ δfp ≤ 90◦).

Linear regression analysis was performed for each deflection angle to quantify the592

acoustic velocity scaling. Table 1 summarises the velocity scaling exponent, nU∞ , as a593

function of deflection angle. As discussed above, the theoretical value for the velocity594

scaling exponent is 6 for a pure compact dipole. The slope of these regression lines595

for the wall-mounted flat plate varies approximately but not perfectly with U6
∞. The596

imperfect collapse suggests that the noise generation mechanism for a wall-mounted597

flat plate is more complex than a simple dipole source, as the velocity exponent varies598

as a function of deflection angle.599

At low deflection angles (δfp ≤ 20◦), the velocity exponent is less than 6. The600

theoretical value for the velocity exponent for a pure edge scattering source is 5.601

Therefore, the noise source mechanism is a mixture of pure dipole and edge scattering.602

This behaviour changes as the deflection angle increases and a stronger separation603

bubble forms upstream of the flat plate. For higher deflection angles (δfp > 30◦), the604

velocity exponent is slightly higher than the expected value for a pure compact dipole605

source. This is attributed to the turbulence modification along the upstream surface606

of the flat plate due to the additional impingement of the upstream separation bubble607
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Table 1: Variation of the velocity scaling exponent, nU∞ as a function of deflection angle, δfp from
10◦ to 90◦.

.

δfp [◦] nU∞

10 5.5
20 5.9
30 6.2
40 6.3
50 6.3
60 6.2
70 6.2
80 6.2
90 6.3

on the upstream face of the inclined flat plate. Similar behaviour was observed by608

Sundeep et al. [45] for square obstructions in a turbulent boundary layer where the609

height of the obstacle was larger than the incoming boundary layer. Due to the610

complexity of the flow topology and resultant acoustic sources for wall-mounted flat611

plates, i.e. horseshoe vortex and ground edge vortices (shown in Fig 1), the scaling612

with velocity is not a simple compact dipole source.613

4.2. Acoustic Scaling with respect to the Projected Area614

To analyse the influence of the deflection angle on the flow-induced noise from615

wall-mounted flat plates, the integrated acoustic intensity was plotted as a function of616

10 log10(Aproj/Aref), where Aproj is the projected frontal area and Aref is the planform617

area. Since this ratio is proportional to sin(δfp), the analysis provides an insight618

into how the integrated acoustic intensity scales with deflection angle. For a simple619

compact dipole source, the acoustic intensity should scale as a function of area to620

the power of unity [44]. In this case, the projected frontal area is used as this is the621

quantity that varies with deflection angle. Similar to the velocity scaling analysis622

presented above, the scaling with projected area is expected to differ slightly from the623

theoretical value for a simple compact dipole due to the additional acoustic sources,624

non-compactness effects, edge scattering etc. The scaling analysis presented here will625

quantify this.626

The integrated intensity spectra shown in Fig. 11 demonstrate that the scaling627

relationship for wall-mounted flat plates is not trivial and depends on both the fre-628

quency regime and the deflection angle of the flat plate. The velocity scaling in629

Section 4.1 identified that the noise source, while exhibiting scaling close to a dipole,630
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is in reality a mixture of sources and the velocity scaling was dependent on the631

deflection angle.632

(a) Projected area scaling for overall integrated acoustic intensity as a function
of different Re numbers.

(b) Projected area scaling for the overall integrated acoustic intensity
normalised to a reference velocity, Uref = 60 m/s (Re = 4.31× 105).

Figure 13: Projected area scaling for overall integrated acoustic intensity.

Performing area scaling across the overall frequency range (shown in Fig. 13(a))633
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reveals two distinct scaling laws. One is for low deflection angles (10◦ ≤ δfp ≤ 30◦)634

and other is for higher deflection angles (40◦ ≤ δfp ≤ 90◦). Linear regressions were635

performed separately within each deflection angle range to determine the scaling636

exponent as a function of projected area. The corresponding slope variations across637

Re numbers are summarised in Table 2.638

Table 2: Projected area scaling exponent, nA over the entire frequency range as a function of Re
number and δfp.

Re 10◦ ≤ δfp ≤ 30◦ 40◦ ≤ δfp ≤ 90◦

3.6× 105 0.3 1.2
4.3× 105 0.4 1.2
5.1× 105 0.5 1.2

For the overall frequency range, the regression slope, nA, demonstrates a clear639

difference between high and low deflection angles. At higher deflection angles (δfp ≥640

40◦), nA is approximately equal to 1.2. This is close to the theoretical value of unity641

expected for a simple compact dipole source. However, just like the velocity scaling642

determined previously, it is more complicated than a simple dipole scaling law.643

In contrast, at lower deflection angles (δfp ≤ 30◦), the scaling exponent reduces644

significantly to approximately 0.4 at U∞ = 60 m/s. This deviation from dipole-like645

scaling is due to more of the plate being immersed in the boundary layer compared646

to when it is at higher deflection angles. This changes the scaling with respect to647

the projected area and explains why there was only a relatively weak dependency648

on projected area at low deflection angles. The evidence that the lowest flat plate649

deflection angles are influenced by being immersed in the boundary layer is also shown650

in the scaling exponent data in Table 2 for different Reynolds numbers. At deflection651

angles above 40◦ the scaling exponent with projected area is 1.2 and does not change652

with Reynolds number. Conversely, at low deflection angles, where the height of the653

boundary layer relative to the projected height of the plate is greater, the scaling654

exponent varies much more. The boundary layer is a function of the Reynolds number655

and therefore is expected to have a greater effect on the low deflection angles. This656

difference in behaviour between low and high deflection angles was also seen in the657

aerodynamic force data, where the normalised normal force coefficient (CN
∗) (shown658

in Fig. 9(b)) approached a limiting value at high deflection angles, but deviated659

significantly from this limiting value at deflection angles less than 30◦.660

To see how the velocity normalised data scaled, Fig. 13(b) shows the overall LI int661

values normalised by velocity using the scaling law values previously determined and662
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referenced to Uref = 60 m/s (equivalent to Re = 4.31 × 105). The velocity scaling663

exponent nU∞ , was varied for each deflection angle, using the values tabulated in664

Table 1. The results demonstrate a good collapse of the three datasets, confirm-665

ing the two distinct scaling relationships observed in Fig. 13(a). Linear regression666

analysis, over the two defined angle ranges, reveals that for higher deflection an-667

gles (40◦ ≤ δfp ≤ 90◦), nA ≈ 1.2, consistent with values obtained for scaling at668

each individual Reynolds number. For smaller deflection angles (10◦ ≤ δfp ≤ 30◦),669

the collapse is not as good, due to the Reynolds number dependencies in this angle670

regime previously discussed. The value was nA ≈ 0.4, which lies in the mid range of671

the values previously presented in Table 1 for each Reynolds numbers.672
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5. Conclusions673

This work investigated scaling laws for the aerodynamic loads and aeroacous-674

tic noise of wall-mounted inclined flat plates for different deflection angles ranging675

from 10◦ to 90◦. The experiments were conducted in a hybrid Kevlar-walled test676

section, which offered significant advantages over traditional open-jet configurations677

for acoustic measurements by constraining the wake expansion downstream of the678

flat plate and reducing background noise due to the interaction of the wake with the679

collector in an open test section wind tunnel, and increasing the signal-to-noise ratio.680

This was particularly important at high flat plate deflection angles.681

While advantageous for acoustic measurements, the use of a Kevlar test section682

necessitated aerodynamic corrections for solid body and wake blockage effects. A683

procedure based on a correction method for lifting wings in a Kevlar test section684

was extended for bluff body flows. It differed in two key aspects. The first is that685

the correction was based on the bluff body blockage corrections of Maskell. The686

second was that the porosity factor was calculated by optimising agreement with687

experimental open jet data where blockage effects were negligible. The optimum688

value of this porosity factor, determined experimentally, was Ω = 0.45 for the inclined689

plate at a deflection of δfp = 90◦. This is consistent with previous findings in690

literature for lifting wings in Kevlar test sections.691

The normalised normal force coefficient exhibits a good collapse when scaled692

with the projected frontal area. For deflection angles above 50◦, the normalised693

normal force coefficient converges to a value equal to the drag coefficient of the694

plate at a deflection angle of 90◦. For deflection angles below δfp = 30◦, a slightly695

worse agreement was observed. However, due to the wall-mounted flow topology, the696

downforce generated at these angles is smaller than that generated in freestream,697

resulting in only small variations from the maximum value at δfp = 90◦. This scaling698

behaviour applies to flat plates where the pressure forces dominate. It provides a699

simple predictive method requiring only knowledge of the normal drag coefficient at700

δfp = 90◦. Due to the difference in the lift mechanism generated between plates701

in freestream and wall-mounted plates, this scaling relationship does not apply to702

plates in freestream. The defined scaling relationship demonstrated good agreement703

between the measured and predicted aerodynamic loads, with maximum absolute704

errors of ∆CD ≤ 0.073 and ∆CL ≤ 0.081 across the deflection angle range.705

The analysis of the flow-induced noise by an inclined wall-mounted flat plate706

revealed a non-trivial scaling relationship, which suggests a more complex noise gen-707

eration which varies across different deflection angles and frequency ranges. The708

noise generated by a wall-mounted flat plate is broadband in nature without distinct709

low-frequency peaks corresponding to coherent bluff body vortex shedding. The ra-710
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diated noise scales approximately but not perfectly with the sixth power of velocity,711

consistent with dipole characteristics. However, the exact velocity exponent varied712

with the deflection angle. At lower deflection angles (δfp ≤ 20◦), the exponent was713

less than six, indicating a mixture of dipole and edge scattering sources. At higher714

deflection angles (δfp ≥ 30◦), slightly higher velocity exponents were observed, consis-715

tent with other findings in the literature for wall-mounted square obstacles partially716

immersed in a turbulent boundary layer.717

Projected area scaling for the noise revealed two distinct scaling relationships718

corresponding to low (10◦ ≤ δfp ≤ 30◦) and high (40◦ ≤ δfp ≤ 90◦) deflection719

angles. For the overall frequency range, the integrated acoustic intensity at higher720

deflection angles scaled with an exponent approximately equal to 1.2. While this is721

close to the theoretical dipole scaling value of unity, it exceeds it, indicting a more722

complex scaling relationship. Previous work has identified the acoustic sources for723

a wall-mounted flat plate to be associated with the broadband bluff body wake, the724

horseshoe vortex, as well as the ground edge vortices and the flat plate side-edges.725

These sources do not scale simply with the projected area of the flat plate. At lower726

deflection angle, the exponent reduced significantly to 0.4, with variations across727

different Reynolds numbers as a greater proportion of the flat plate was immersed728

in the boundary layer.729
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Appendix A. Microphone Location740

Table A.1: Microphone locations with respect to the model axis shown in Fig. 3.

Microphone x (m) y (m) z (m)
1 -0.602 -0.21 1.343
2 -0.452 -0.21 1.341
3 -0.302 -0.21 1.339
4 -0.152 -0.21 1.337
5 -0.002 -0.21 1.335
6 0.148 -0.21 1.333
7 0.298 -0.21 1.331
8 -0.413 0 1.344
9 0 0 1.337
10 0.305 0 1.333
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