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This paper presents a study on the statistics of wall pressure fluctuations with the so-
called TNO-Blake model. The focus is on the statistics which have essential importance
for the surface structural vibration, such as the one-point and wavenumber-frequency
spectra, the coherence lengths and the convection velocity of the wall pressure field. The
turbulent-boundary-layer (TBL) parameters which needed for the model are provided
by RANS calculations. Calculations were carried out for zero pressure gradient flows
with two velocities and an adverse pressure gradient flow, illustrating Reynolds num-
ber and pressure gradient effects. The effects on the one-point spectra, especially the
contribution from different wall-normal positions across TBL, and on two-point statis-
tics are discussed. Furthermore, the impact of different formulations for the velocity
spectrum and moving axis spectrum on the wall pressure statistics is demonstrated.

I. Introduction

Turbulent boundary layer (TBL) induced wall pressure fluctuations are a major noise source for many
engineering applications, such as aircraft cabin noise and wind turbine noise. Generally, noise generation
is related to both one- and two-point statistics of the wall pressure fluctuations. The former represents
the source power, and the latter determines the noise generation efficiency.

The major research focus on the one-point statistics is the wall pressure one-point spectra. Based on
an extensive measurement database, Goody! proposed a wall pressure spectra model for zero pressure
gradient (ZPG) flows. The model reveals the Reynolds number effect on the wall pressure spectra, char-
acterized by an extended overlap range with increasing Reynolds numbers. Recently, more investigations
have been made on flows under pressure gradients.> * In general, adverse pressure gradients (APG) affect
the wall pressure fluctuations stronger than favorable pressure gradients (FPG). The APG increases the
spectral peak magnitude and steepens the spectral roll-off at medium frequencies.>” The contribution
from different wall-normal positions across the turbulence boundary layer (TBL) is also of interest which
helps understand the physical mechanism of the wall pressure fluctuations production. Blitterswyk and
Rocha® and Széke et al.” measured the coherence between the velocity fluctuations across TBL and the
wall pressure fluctuations for low Reynolds number flows, indicating that the buffer layer contributes
significantly to the wall pressure fluctuations over the entire frequency range. Blitterswyk and Rocha
showed that the log region becomes more important with an increasing Reynolds number.

The two-point statistics describe the space-time characteristics which can be represented by the
wavenumber-frequency spectra. The important parameters for the wall pressure field are the coherence
length and convection velocity. With these parameters, the wavenumber-frequency spectra can be formu-
lated.'% 11 A larger coherence length denotes a stronger correlated wall pressure field, which generally
increases the noise generation. Hu'? showed that the coherence length increases with an increasing
Reynolds number. The APG reduces the streamwise coherence length while increasing the spanwise
length. The Reynolds number and APG effects are more pronounced in the streamwise direction. The
convection velocity has great importance for the flow-induced surface vibration, especially for velocities
close to a coincidence between the structure and the wall pressure field.'® % Smol’yakov!'® proposed
a convection velocity model for ZPG flows. It has been found that the APG significantly reduces the
velocity magnitude. This effect was considered in the model proposed by Catlett® through modifying
the Smol’yakov model.
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The wall pressure fluctuations can be analytically calculated with the TNO-Blake model.'% 17 The
needed TBL parameters, such as the mean shear velocity, Reynolds stress, length and time scales, can
be obtained by CFD results. The model provides solutions for one-point spectra, wavenumber-frequency
spectra and, furthermore, physical insights. Contributions from different wall-normal positions across
TBL for the wall pressure fluctuations can be obtained. Panton and Linebarger'® and Peltier and
Hambric!® demonstrated the pressure gradient effects on the source distribution. Furthermore, the
Reynolds number effect on the wall pressure one-point spectra can be predicted by the model.!®

In the present work, wall pressure fluctuations are calculated with TNO model for two ZPG cases
and one APG case. The above introduced one- and two-point statistics, such as the one-point spectra,
source distributions, coherence lengths and convection velocities, are obtained. Reynolds number and
APG effects are discussed. Furthermore, the impact of the length and time scales on the wall pressure
fluctuations is demonstrated.

II. Methods and mean flow conditions

Pressure fluctuations within an incompressible TBL are governed by a Poisson equation. The sources
consist of the mean-shear term and the turbulence-turbulence term. Neglecting the turbulence-turbulence
term, the wall pressure fluctuations can be calculated with the TNO-Blake model:*6:17
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where py is the air density, k; is wavenumber component with the subscript 1, 2, 3 denoting the streamwise,
wall-normal and spanwise directions, respectively. The wavenumber k? = k% + k3. The quantity of u/?
is the Reynolds stress of u}, component and u; is the local mean velocity. The wavenumber spectrum
®oo(k1, k3) of ub can be formulated using von Karman spectrum,?® expressed as:

(Bilsk1)? + (Bslsks)?
(14 (Bilsk1)? + (Bslshs)?]7/3

where [, is the characteristic length of the velocity fluctuations and /3; 3 are the anisotropy factor for the
respective flow directions. There are different values of § suggested. For example, 1 = 1 and 83 = 0.9
were suggested by Fischer et al.,>! and 8; = 1 and 83 = 0.75 by Stalnov et al.?> The ratio of /33
determines the level of turbulence anisotropy and a larger value represents a a higher anisotropy level.
For an isotropic spectra, 13 = 1.

The length scale I5 can be obtained based on the RANS result, using

= a vk
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3)

where k; is the turbulent kinetic energy and wy is the specific turbulent dissipation rate. The constant
C,, = 0.09 and ¢ is estimated to be 0.54.% As an alternative to Eq. (3), l5 can be calculated based on
the mixing length /,,, reads'” 2?4

Iln T(1/3)

k /mL(5/6)
with K = 0.41 and [,, = 0.085§ tanh(0.41x5/0.0856).

The parameter Ay in Eq. (1) is the double-sided integral correlation length of ) in the wall-normal
direction, which is obtained with Ay = 2A55. The parameter Ags is the single-sided integral length and
equal to 0.747l, for the Von Karman spectrum.2-2!

The function ¢,,(w — kiu.) is the moving axis spectrum which describes the temporal turbulence
decay during convection. Taylor’s frozen turbulence hypothesis®® is used in most cases for calculating
wall pressure spectra,? 21,24 expressed with the Dirac delta function:

gbm(w — kluc) = 5(&) — kluc). (5)

I, = (4)

Parchen!” suggested the following expression including the temporal decay,
1
Om(w — krue) = avr exp(—(w — kru.)/a), (6)

with a = 0.05UC/A22.
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The moving axis spectrum can also be expressed with a time scale, 75, obtained from RANS. Based on
an assumption of the temporal decay with exp(—7/7) in space-time domain as suggested in Refs.,26:27
the moving axis spectrum can be expressed as:?®

w— kiue) =
d)m( 1 c) T

Ts

(14 (w— krue)?72)’

(7)

with l
S
Ts = Cr N (8)
where the pre-factor ¢, needs to be empirically determined. By comparing the streamwise coherence of
wall pressure fluctuations, Hu et al.?82% suggested ¢, = 1.2 and 2.5. The former value was determined
with a wall pressure fluctuations simulation for a low Reynolds number ZPG flow, and the latter for an
aircraft fuselage flow at cruise conditions. The time scale 7, is an indicator for the turbulence decay rate
and a larger 7, represents a slower decay. For frozen turbulence, 7, — oco.

The turbulent convection velocity u. is set equal to the local mean velocity in this work based on the
results by Kim3°? and Alamo and Jiménez,3! which showed that both velocities are essentially the same
except for the region very close to the wall.

Two cases for ZPG flow over a flat plate and one APG case are investigated in this work. For the APG
case, the APG flat plate flow was produced with a 400 mm chord length NACA 0012 airfoil, installed
120 mm above the plate.* The leading edge of the NACA airfoil was located at 2; = 850 mm (z; = 0 is
the leading edge of the plate model), and the geometric angle of attack was 10° with the rotation axis at
41% of the chord length. Two-dimensional (2D) RANS calculations for the three cases were conducted
using the differential Reynolds stress model with a g-equation32.33 For details about the measurement
and RANS calculation, the reader is referred to Hu and Herr? and Hu et al.3® The boundary layer
parameters for the selected cases are summarized in Table 1, which were determined at x; = 1210 mm
on the flat plate. The results from RANS are in good agreement with the measurement results, except
for the boundary layer thickness for the APG case which is too thin compared to the measurement result.
This is probably due to the 2D RANS which cannot account for the increased impact of the open-jet
shear layer due to the airfoil on the boundary layer flows.3% 3%

Fig. 1 shows the boundary layer profiles of parameters which are needed for the TNO-Blake model
in z2/0 and :c;r next to it. The mean velocity profile and Reynolds stress of u), show good agreement
between the measurement and RANS results. There is an error that occurred in the sublayer of the
RANS result for the APG case, evidenced by the disagreement with the sublayer profile based on the law
of the wall, see Fig. 1(b). Note, that this error reduces the friction velocity, u,. The value of w, shown
in Table 1 for the APG case is estimated by fitting the log- and wake-region profiles to the measurement
results. This value is also used for all wall unit plots in this paper. The Reynolds stress profiles and the
APG effect on the Reynolds stress are well predicted by the RANS calculation, see Figs. 1(c,d). However,
the Reynolds stress is over-predicted for all cases at about z2/d < 0.5 and under-predicted at a larger
332/5

Figs. 1(e,f) show the length scale, calculated with Egs. (3-4). Two methods have similar results at
x2/6 < 0.2, see Fig. 1(e). At a larger x2/0, the result obtained using Eq. (3) shows difference between
different flow conditions, whereas there is no difference for the cases calculated with Eq. (4). A better
view of the length scale in the near-wall region can be gained with the results plotted in wall units,
see Fig. 1(f). Significantly different values can be observed between two methods at 3 < 30. The
length scale obtained with Eq. (3) drops rapidly in this region, whereas Eq. (4) leads to a linear decrease
approaching the wall.

Figs. 1(g,h) show the time scale, calculated with ¢, = 2.5. The results show that 74 increases with a
larger distance to the wall. Both ZPG cases have a similar trend and the value of 75 at a given x5/6 is
significantly larger than that for the APG case. When 7; is plotted in wall units, the value for the APG
case is larger than that for the ZPG cases at x5 < 200.

ITI. Results

The wall pressure spectra are calculated based on Eq. (1). The input parameters can be determined
differently, as introduced in the last section. All three flow cases are calculated with a reference setting
where the input variables are defined as follows: anisotropic velocity spectrum ®55 is applied with a
larger anisotropy factor, i.e. 81 = 1 and 33 = 0.75.22 The length scale [, is determined using Eq. (4) with
the help of the mixing length [,,. This choice is based on the predicted wall pressure spectrum, which
shows significantly better agreement with the measurement result at high frequencies compared to the
one calculated using Eq. (3). Based on the prediction, ¢,, is calculated using Eq. (7) with ¢, = 2.5.
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Figure 1: Boundary layer profiles, (a, b) mean velocity; (c, d) Reynolds stress of u}, component; (e,
f) length scale; (g, h) time scale.
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Table 1: Boundary layer parameters.

Uy 1) o* 0 H Uy Reg Re,
(m/s) (mm) (mm) (mm) 6*/0 (m/s) =Ub/v =ud/v

ZPG 1, RANS 30.1 20.0 3.34 242 138 1.13 4730 1468
ZPG 1, Measurement  30.2 19.7 3.51 2.49 1.41 1.13 4889 1439
ZPG 2, RANS 58.8 17.9 2.9 215 135 214 8209 2487
ZPG 2, Measurement  58.7 18.5 3.13 2.28 1.37 2.08 8685 2499
APG, RANS 30.4 19.7 5.05 293 172 0.83 5784 1062
APG, Measurement 30.4 28.7 7.68 439 1.75  0.75 8670 1388

To demonstrate the impact of the length and time scale on predicted results, the wall pressure
fluctuations are calculated for the ZPG 1 case with ®45 and ¢,,, determined using different formulations.

A. One-point statistics

The wall pressure spectrum is calculated by integrating ®,,(k1, ks,w) over k; and ks,

9 ?—
Ppp(w) = 4p§/// {ualez] uf (w2) Ao () Do (K1, ks, w2) (9)

—00 —00

Gim(w — kyue(ze))e”2F122 dky dks das.

The integration over k; is performed prior to x5 for determining contributions (integral spacing of Axy =
0.1%0) from different wall-normal positions. Figs. 2(a-c) show the calculated wall pressure spectra
compared to the measured results,* along with the contributions from selected positions. Overall, a
good prediction is achieved for all three cases. Although the magnitude is slightly underpredicted, the
spectral shape is in good agreement with the measurement. The calculated spectrum for the ZPG 2 case
shows an extended mid-frequency range with a constant slope (overlap region) compared to the ZPG 1
case, see Fig. 2(d), which is known as the Reynolds number effect on the wall pressure spectra.! The
effect of APG that increases the peak magnitude and steepens mid-frequency roll-off is well represented.
Note, that the measured high-frequency spectrum for the ZPG 2 case was contaminated by the Helmholtz
resonance measured with a pinhole-mounted sensor.

The individual contributions from different wall-normal positions illustrate that small eddies close to
the wall dominate the high-frequency wall pressure fluctuations and also significantly contribute to lower
frequencies. The larger eddies further away from the wall contribute to the wall pressure spectra at lower
frequencies. However, the results show that the contribution from x2/d = 0.4 is negligible for the ZPG
cases. The APG increases the importance of the larger eddies for the wall pressure fluctuations, indicated
by the larger magnitude of the contributed spectra at 25/§ = 0.15 and 0.4, see Figs. 2(c,d). The increased
contribution from these positions raises the peak magnitude of the wall pressure spectrum and results in
a steeper mid-frequency roll-off compared to the ZPG case. Fig. 2(d) shows that the peak position of the
individual spectra contributed from the same x5/ position does not depend on the Reynolds number
and pressure gradient. For example, all spectral peaks for 2/ = 0.01 occur at wd /Uy ~ 3.5. Note, the
same 79 /d position has different z3 values for different flow conditions. For the ZPG cases, 73 increases
with an increasing Reynolds number from 15 to 25 for x2/0 = 0.01. This indicates that the spectrum
contributed from the same x3 shifts to a higher frequency for a larger Reynolds number flow.

A better view of the source distribution can be gained by gathering all contributions across the TBL.
Fig. 3 shows the frequency-space map of the source distribution for the wall pressure spectrum referenced
to the maximum magnitude of each frequency among all contributions. This source map reveals the
importance of different wall-normal positions. The result shows that the main contribution to ZPG
wall pressure fluctuations comes from x2/0 < 0.2, see Figs. 3(a,b). The wall unit plots demonstrate
that the buffer layer (5 < y* < 30) dominates the contribution for the wall pressure fluctuations over
the entire frequency range. This result agrees with the findings of Blitterswyk and Rocha® and Széke
et al.? who measured coherence between wall pressure and TBL velocity fluctuations, indicating the
source distribution. The log region contributes mainly to medium frequencies and the x2 value of the
source ridge increases with decreasing frequency. The source range is extended to a larger z3 for a larger
Reynolds number (the ZPG 2 case), corresponding to the extended log region. Consequently, the log
region becomes more important due to its increased source weighting, e.g. see the source distribution at
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Figure 2: Wall pressure spectra including contributions from different wall-normal positions, (a) ZPG 1;
(b) ZPG 2; (c) APG; (d) comparison between different cases.

wd* /Uy = 0.5 between Figs. 3(c,d). This observation agrees with the measured coherence by Blitterswyk
and Rocha, which indicated increased importance of the log region for a larger Reynolds number flow.
Furthermore, the source ridge shifts to a larger wd*/Uy with an increasing Reynolds number, which
may explain the increased spectral overlap range, see Fig. 2(d). For example, the overlap region ends
at wd* /Uy ~ 4 and wd* /Uy ~ 7 for the ZPG 1 and ZPG 2 cases, respectively. From these frequencies
upwards, the spectra drop faster. Figs. 3(d,e) show that the peak of the ridge is located at :175Ir ~ 12 for
these frequencies. This indicates that the end of the overlap region corresponds to the x; location of the
source ridge. Thus, the source ridge shift to a larger wd* /Uy due to increasing Reynolds numbers may
extend the overlap range of the ZPG wall pressure spectrum.

Figs. 3(c,f) show that the outer layer (z3 > 110, x5/d > 0.1) becomes more important for the APG
case and dominate the contribution below wd* /Uy ~ 0.6. According to Eq. (9), the increased contribution
from the outer layer is due to the increased quantities of Qui/dz2 and u, refer to Figs. 1(a-d). The
obtained result is essentially consistent with the finding of Jaiswal et al.?® who calculated the source
distribution of wall pressure fluctuations for an airfoil flow under adverse pressure gradients. There is
some difference between the two calculations at low frequencies. The present result shows that the buffer
layer contributes significantly at frequencies wd* /Uy < 2 which was not the case in Ref.3¢ This is probably
because Jaiswal et al. calculated the wall pressure spectrum using frozen turbulence assumption which
could significantly reduce the contribution of the buffer layer to low frequencies. This phenomenon will
be demonstrated in the following discussion.

The effects of the length and time scales on wall pressure fluctuations are investigated by using
different formulations of ®55 and ¢,,. Fig. 4(a) shows the wall pressure spectra calculated with isotropic
turbulence, i.e. 81,3 = 1, or anisotropic turbulence but using [, obtained according to Eq. (3). Compared
to the calculation with anisotropic turbulence, the spectral level is slightly increased with isotropic
turbulence, agreeing with the result by Grasso.?? The spectrum calculated with [, obtained using
Eq. (3) drops much faster at medium frequencies compared to the reference spectrum. This is due
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Figure 3: Source distribution, level between -10 dB and 0 dB with an interval of 1 dB (same scale applied
to all following contour plots), (a,d) ZPG 1; (b,e) ZPG 2; (c,f) APG.

to the significantly reduced contribution from the near-wall area which is related to the smaller value of
ls at 25 < 100, refer to Fig. 1(f).

Fig. 4(b) shows the result for the moving axis spectrum ¢, calculated using Eq. (7) with ¢, = 1.2,
Eq. (6) and Eq. (5). The function ¢,, represents the temporal turbulence decay. In general, a larger
75 leads to a slower turbulence decay. With 7, — oo, Eq. (7) becomes to Eq. (5), representing frozen
turbulence. A smaller ¢, gives a smaller 75, resulting in a faster turbulence decay. The result obtained
with Eq. (6) is comparable with the frozen turbulence case, indicating the formulation corresponding to
a very large 7.

The result shows that the turbulence decay increases the low- and high-frequency magnitude of
individual contributions while losing the peak magnitude slightly. Hu et al.?® argued that considering
the turbulence decay, ¢,, changes from the Dirac delta function to a broader form. Thus, the energy
of the frozen turbulence spectrum is spread into neighboring frequencies. In this case, from the peak
to lower and higher frequencies. This phenomenon significantly increases the contribution from the
near-wall region to lower frequencies and raises the low-frequency slope flatter than the classic w?.!:16

Figs. 5 and 6 show the source distribution for the ZPG 1 case plotted in wall units, calculated with
the settings as discussed in Fig. 4. The result for the isotropic turbulence approach is comparable with
the anisotropic turbulence case. For the case with [, calculated with Eq. (3), the outer layer becomes
significantly more important due to the loss in the contribution of the near-wall area. The turbulence
decay mainly changes the contribution from the buffer layer to lower frequencies (wd * /Uy < 1), see
Fig. 6. The smaller the turbulence decay, the irrelevant the buffer layer for lower frequencies.

B. Two-point statistics

Fig. 7 shows the calculated wavenumber-frequency spectra at wé* /Uy = 1 using Eq. (1) with the reference
setting. The convection ridge is well identified. The spectra are comparable for the ZPG cases and become
broader in the k; direction in APG, agreeing with the literature.3”

The convection velocity U.(w) can be determined based on the wavenumber-frequency spectra, using
U.(w) = w/ky. The value of k; denotes the peak position of the convection ridge. The obtained convection
velocity is consistent with the result derived from a LES dataset,?* see Fig. 8 . The APG reduces the
velocity magnitude which is also represented in the prediction. There are some discrepancies at low
frequencies, where the peak position is predicted at a lower frequency compared to the LES result.

The streamwise and spanwise coherence lengths are calculated by the integration of the coherence
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spectrum in the respective directions,

l1’3(w> = /Fpp(Tl’g,w) d7‘1’3 s (10)
0
where the coherence can be determined by taking the 2D Fourier Transforms of the wavenumber spectra,
Tpp(ri,rs,w) = / / D, (k1, ks, w) exp(—ikir ) exp(—iksrs) dky dks. (11)
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Figure 7: Wavenumber spectra at wd*/Uy = 1, (a) ZPG 1; (b) ZPG 2; (c¢) APG.
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Figure 8: Convection velocity.

Fig. 9 shows the calculated coherence lengths compared to the measured results.'? Overall, good
prediction accuracy is achieved for both directions and all test cases. The spanwise coherence length
is slight over-predicted. The magnitude of the streamwise coherence length is well predicted, except
for a slight over-prediction at medium frequencies. The effects of APG and Reynolds number are more
pronounced in the streamwise direction. The streamwise coherence length increases with an increasing
Reynolds number and reduces significantly due to APG. The change of the streamwise coherence length
corresponds to the difference of the time scale values in z5/J, see Fig. 1(g). As discussed in the last
section, a smaller 75 increases the temporal turbulence decay during convection, resulting in a smaller
streamwise coherence length. Furthermore, Fig. 2(d) shows that the spectra produced from the same
x2/6 contribute mainly to the same frequencies for all test cases. Thus, it may be concluded that the
smaller 7, values in x5/d for the APG case reduce the streamwise coherence length. Note, that the
75 values for the ZPG 2 case are slightly larger than the ZPG 1 case, see Fig. 1(g), which may lead
to a small increase in the streamwise coherence length. Another factor that may affect the coherence
lengths in both directions is the source distribution. Figs. 3(d,e) show that the log region becomes more
important for the wall pressure fluctuations with an increasing Reynolds number, which also means that
the importance of the buffer layer drops. The reduced importance of the buffer layer may increase the
coherence lengths because the wall pressure fluctuations contributed from the buffer region decay faster
and have a smaller correlated structure.

The effect of different input parameters on the calculated wall pressure fluctuations is investigated in
the same way as is done for the one-point statistics. Figs. 10 and 11 show the results of the convection
velocity and coherence length for the ZPG 1 case, calculated with different settings. Note, that the
spectra above 1 kHz for the frozen turbulence case (Eq. (5)) are cut because the numerical noise increases
significantly, probably related to applying the Dirca delta function. The obtained convection velocity
is comparable between all settings. It seems that the velocity magnitude increases slightly with an
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Figure 9: Coherence length, (a) streamwise direction; (b) spanwise direction.
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Figure 10: Convection velocity for the ZPG 1 case, (a) different formulations of ®99; (b) different
formulations of ¢,.

increasing turbulence decay, see Figs. 10(b).

Fig. 11(a) shows that the coherence length calculated using I obtained with Eq. (3) increases in both
directions. This is due to the significant reduced contribution from the near-wall area, refer to Figs. 4(a)
and 5(b). The wall pressure fluctuations contributed from positions closer to the wall have a smaller
coherence length because the eddies in this region are smaller and decay faster. Surprisingly, there is
almost no difference between the results for anisotropic and isotropic turbulence. Generally, one may
expect that with anisotropy turbulence the spanwise coherence length would reduce due to the smaller
vortex size in the spanwise direction. To understand this unexpected result, the anisotropy effect on
the velocity spectra and the resulting pressure spectra for x5/d = 0.05 and wé* /Uy = 1 is analyzed as
an example that represents the effect for other positions and frequencies as well. Figs. 12(a,d) show
the vortex stretching in the velocity wavenumber spectra, indicated by the extended contour in the k3
direction for the anisotropic turbulence approach. Note, that a broader wavenumber spectrum represents
reduced coherence in the space domain. However, the stretching effect disappears after multiplying with
the factor, k3/ k2e—2lklz2 in Eq. (1). Consequently, the anisotropy effect on the obtained wall pressure
wavenumber spectra cannot be identified.

Fig. 11(b) illustrates the effect of turbulence temporal decay on the coherence length, which mainly
affects the streamwise coherence length. A smaller decay (larger ¢, ) increases the streamwise coherence
length over the whole frequency range, except for the frozen turbulence case (Eq. (5)). A further increased
magnitude compared to the case calculated with Eq. (6) occurs only at low-frequencies. This is probably
because Eq. (6) provides a very small decay effect close to frozen turbulence, as indicated in Figs. 4(b)
and 6(b,c). Furthermore, the reduced turbulence decay decreases the contribution from the near-wall
area to low frequencies, which may result in the increased low-frequency magnitude in the spanwise
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direction.

IV. Conclusion

Wall pressure fluctuations were calculated using TNO-Blake model with input parameters provided by
RANS results. Two zero pressure gradient (ZPG) flows with different Reynolds numbers and one adverse
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pressure gradient (APG) flow were studied. The one-point spectra and the contribution from individual
wall-normal positions across the turbulent boundary layer (TBL) were analyzed. The convection velocity
and coherence length were calculated based on the obtained wavenumber spectra. The calculated results
for both one- and two-point statistics agree with the literature. The Reynolds number and APG effects are
well predicted. Furthermore, different formulations for the velocity spectrum and moving axis spectrum
were applied to investigate the effect of length and time scales on the wall pressure fluctuations.

The major findings of this work are summarized as follows:

e The results show that the buffer layer contributes significantly to the ZPG wall pressure fluctua-
tions over the entire frequency range, agreeing with the measurement results.®? Larger temporal
turbulence decay increases the contribution from the buffer layer to low frequencies. Consequently,
the low-frequency slope becomes flatter and departs from the classic w? increase.!® Furthermore,
the increased turbulence decay can significantly reduce the streamwise coherence length.

e The source map reveals that the source ridge contributed to the overlap region of the ZPG wall
pressure spectral ends at similar 23 values. A larger Reynolds number shifts the source ridge to
a higher frequency, which may result in an extended overlap range. Furthermore, the log region
becomes more important with an increasing Reynolds number, which may be a reason for the
increased coherence lengths.

e The APG significantly increases the contribution from the outer layer, which causes a steeper mid-
frequency roll-off of the APG wall pressure spectra compared to the ZPG spectra. The smaller
time scale across TBL may explain the reduced streamwise coherence length.
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