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Abstract. This paper shows the study about pressure fluctuations and velocity results from the wakes of two cylinders 

side-by-side in a bistable flow. The experimental measurements were conducted in an aerodynamic channel with a pair 

of 25mm cylinders located in the test section, with a p itch to diameter p/D of 1.26. The tested Reynolds Number is 

25.7x10
3
, based on diameter and free stream velocity. The pressure fluctuations were measured using condenser 

microphones positioned in the upper channel wall and the velocity signals were acquired using hot wire anemometry. 

In order to perform the analysis of the acquired data, Hilbert -Huang transform is used, as well as continuous wavelet 

transforms, and PDF (Probability Density Function). The results show the presence of the bistable flow in the raw 

signal, the PDF shows the changes in the wake modes with the deviation in the pressures occurrences . The continuous 

wavelet present high energy under 150 Hz and can be associated to the cylinders vortex shedding. Comparing the 

techniques is observed that Wavelet transform better represents the bistable signals, showing the phenomena and the 

main frequency ranges. Hilbert-Huang transform shows all the instantaneous frequency modulations present in the 

signal, the EEMD represents the important oscillations of the flow, and the bistable phenomenon is identified. The 

Hilbert spectra show the locations of those oscillations on time and amplitude, but the bistable phenomenon is not 

visible in the spectra. 

 

Keywords: Pressure fluctuations, turbulence, Hilbert-Huang transform, Wavelet transform, PDF.  

 

1. INTRODUCTION 

 

The phenomena of the flow around cylinders is  found on a large group of engineering applications like heat 

exchangers, chimneys, nuclear reactors, pipe lines, with direct influence in project development, particularly as regard 

the behavior of vortex shedding and fluid-structure interaction. The association of cylinders generates additional 

phenomena and can amplify the effects in structures (Päidoussis et al., 2011). 

When two cylinders of equal diameter placed side-by-side are submitted to a transversal flow, the wake can present 

peculiar characteristics caused by the interaction of the wakes. The first characteristic observed is a gap flow deviated to 

the back of one or the other cylinder, this characteristic is present on p/D < 2, being D the diameter of the cylinder and p 

the distance between cylinders center. The second characteristic, consequence of the gap flow deviated, is the formation 

of two wakes, a narrow wake and a wide wake, presenting distinct velocities and fluctuations. In some cases, the 

configuration of wake, changes randomly and is called bistable flow. This characteristics are described by (de Paula and 

Möller, 2013), (Alam et al., 2003), Afgan et al. (2011) and Zhou and Alam (2016).  

The flow over cylinders can be analyzed using velocity signals from the wakes and monitoring the pressure. Many 

studies are observed in the literature as the one presented by  Endres and Möller (2001), where the authors 

experimentally studied the pressure and velocity fluctuations in tube banks with triangular and square arrangements, 

and four different aspect ratios p/D= 1.60, 1.26, 1.16 and 1.05. They used hot wire anemometry for the velocity 

fluctuations and a pressure transducer for pressure fluctuations. They concluded that the RMS values of the wall 

pressure fluctuations scaled with the velocity measured in the center of the narrow gap between the tubes, have 

approximately the same magnitude for both triangular and square arrays and that they are differently influenced by the 

gap spacing. For triangular arrangements the lower p/D configurations did not presented a local maximum; only 

p/D = 1.60 presented a local maximum at 60°. In the square arrays the two largest p/D presented local maxima at 30° 

and 45°. The reductions in the gap spacing distributed more uniformly the wall pressure fluctuations. Square arrays also 

presented the same decay pattern after a Strouhal number St = 0.1 in the dimensionless auto spectral densities, this did 
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not occur in the triangular arrays. Except for the triangular arrangement with p/D 1.05, where the highest values of 

pressure fluctuations were found at 0°, all the other results have almost uniform distributions . 

Alam and Zhou, 2007, presented an experimental investigation  in the structure of flow using two cylinders 

alternating the spacing p/D = 1.10, 1.13 and 1.20, to understand the physics of each spacing p/D. The Authors applied 

analysis of pressure distributions, the pressure on the surfaces of the cylinders were measured using a pressure 

transducer and the surface oil technique is employed for flow visualization on the cylinder. Applying those techniques, 

the authors found that two distinct flow structures occur in p/D = 1.10 and 1.20, and, that the lift coefficient shows a 

sudden change. The spacing flow in p/D = 1.10 is highly bistable, forming a clear region of separation in the data. At 

p/D = 1.20 the separation region is much smaller. For the case of p/D = 1.13 there are two discontinuous changes in 

flow structure: one is similar to results for pacing p/D = 1.10 and the other to the results for p/D = 1.20, presenting thus 

4 bistability modes for lift coefficients. 

Keogh and Meskell (2015) described the experimental analysis carried out on tubes with triangular arrangement and 

spacing p/D = 1.375. The analysis took into account the pressure obtained on the test section wall and in the wall of two 

cylinders instrumented with several pressure points. In addition, they used PIV to capture images of the flow. The study 

covered Re = 0.63 × 10
4
 to Re = 1.27 × 10

4
. The authors verified that in certain flows the pressure signals of each 

instrumented cylinder present high correlation, they also concluded that at certain speeds the behavior of the pressure 

changes, resulting in the occurrence of a bistable flow through the tube bank and operates in a three -dimensional 

arrangement that changes with the flow field mode. 

Zhou and Alam (2016) executed a review of previous studies on the wake of two cylinders relating the center-to-

center spacing, orientation of the two cylinders with respect to incident flow and Reynolds number. The authors 

presented the full picture of the flow in terms of a number of regimes. The physical aspects in each regime are 

discussed, covering the flow structures, Strouhal numbers, pressure distributions, fluid forces, heat and momentum 

transport characteristics, and Reynolds number effect. 

Hilbert-Huang transform (HHT) has found many applications for non-linear and non-stationary data, being applied 

in many areas of research, i.e. financial analysis (Huang et al., 2003), biological data (Tsai et al., 2016), seismic and 

geophysics (Battista et al., 2007), among others. There are many examples of applications of HHT in analysis a study of 

pressure fluctuations: in blood flows (Lo et al., 2008), hydraulic turbines (Wang et al., 2018), hydrofoils (Benramdane 

et al., 2007), but just a few on pressure fluctuations in turbulent flow. 

Debert et al., 2011 applied the Ensemble Empirical Mode Decomposition (EEMD) as a tool for a detailed analysis 

of time and space characteristics of wall pressure fluctuations in a turbulent flow. The experiment was conducted in an 

anechoic wind tunnel, and the pressure fluctuations were measured using a linear array of 64 microphones mounted in a 

flat plate. The EEMD was applied in two experimental configurations. First they measured the wall pressure 

fluctuations under a turbulent boundary layer flow and analyzed some space time representations of the raw signals, 

also a wave-frequency analyses was used in order to get a better understanding of the physical content of each IMF 

mode. Second, they combined artificially the turbulent boundary layer wall pressure data with an airborne diffuse sound 

field data, and then performed the EEMD analysis for signals containing both acoustic and hydrodynamic phenomena. 

For the first set of data the EEMD proved to be an efficient tool, they observed some merging and splitting phenomena, 

which could be highlighted when considering specific IMFs, however, the acoustic energy produced by the turbulent 

boundary layer was not detected in the data. For the second set of data, the observed that the low-order IMF capture the 

small-scale hydrodynamic fluctuations, high-order IMF mainly capture the large-scale acoustic fluctuations and the 

residue predominates the acoustic fluctuations. Therefore EEMD is an efficient tool for performing the separation of 

hydrodynamic and acoustic phenomena that are potentially present in experimental data. 

(Meng et al., 2012) studied the features of turbulent flow in a Kenics Static Mixer (KMS) using the Hilbert -Huang 

transform, based on the Empirical Mode Decomposition (EMD). They used 6 pressure transducers installed on different 

positions on the walls of the mixer to measure the gauge pressure fluctuations. The medium was deionized water and 

the measurements were made at a range of different Reynolds numbers (Re = 1756~3512) considered to be in turbulent 

flow regimes in KSM. They also analyzed the pressure fluctuations under different axial and radial positions. They 

concluded that Hilbert spectral analysis shows the variations in the pressure fluctuations, identifying the maximum 

energy and the vortex scales, as well as the largest pulsation amplitudes, being a good tool to describ e the flow 

behavior. 

The purpose of the present study is to analyze the features  of the wake velocities and corresponding pressure 

fluctuations in a bistable flow after two cylinders side-by-side with p/D = 1.26, with non-ergodic signals. The analysis 

applies the Hilbert spectral analysis based on EEMD, Probability Density Functions (PDFs), Continuous Wavelets and 

Fourier transform and aims to investigate the principal characteristics observed with each technique applied.  

 

2. METHODOLOGY 

 

Pressure fluctuations result from velocity fluctuations on several points of the flow flied. The Poisson’s equation 

describes the resulting pressure field, obtained from de divergent of Navier-Stokes equation (Endres and Möller, 2001)  
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Introducing Reynolds statement in Eq. 01, representing velocity components and pressure by their time average 

value and fluctuating part, the equation can be rewritten in terms of pressure fluctuation  
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Pressure fluctuations are produced by the interaction of velocity gradients with velocity fluctuations and Reynolds 

stresses (Rotta, 1972). According to Townsend (1976), the amplitude of the pressure fluctuations may be influenced by 

velocity fluctuations at a distance comparable with the wavelength of these fluctuations. The search of form and 

magnitude of pressure and velocity fluctuations, and the interdependence between these quantities  are necessary for the 

comprehension of the phenomena described in this paper. 

In the present study the pressure and velocity signals are analyzed applying statistics moments, as described in 

Tennekes e Lumley (1972), where de first moment is zero because is the temporal mean of fluctuations. The second 

moment is the variance that is the root mean square of the fluctuations. The third moment represents the asymmetry of 

the signal and the fourth moment indicates the flatness of the signal. The cross-correlation also is applied for two 

signals and indicates the relation between the signals. 

The Fourier Transform is the approximation of the temporal signal using sines an cosines sums, this process allow 

the identification of the main frequencies in the signal (Tennekes e Lumley, 1972). The present study applied Fourier 

Transform using the pressure and velocity fluctuations as Endres and Möller (2001). 

The Fourier Transform indicates the main frequencies in the signal, but it does not show the time that the frequency 

is present and how signals from bistable flows are non-ergodic the application of wavelets is important. The wavelets 

show the characteristics in one window time-frequency.  A wavelet function is necessary for the analysis and in the 

present study the Db20 is applied, this function characterizes  turbulent signals, as detailed in Indrusiak (2004);   

Indrusiak et al. (2005). The signals were detailed and analyzed applying wavelet continuous spectrum using wavelet Db 

20 on the frequency range of 1 to 800 Hz with divisions of 3Hz.  

Hilbert-Huang transform is a combination of the Empirical Mode Decomposition (EMD) and the Hilbert Spectral 

Analysis (HSA) that enables the treatment of non-linear and non-stationary data (Huang et al., 1998). The EMD is a 

direct and adaptive method, with a posteriori-defined basis derived from the data (Huang and Shen, 2005). The method 

identifies the intrinsic oscillatory modes by their characteristic time scales in the data; each of these oscillatory modes is 

represented by an intrinsic mode function (IMF). IMF is a function that satisfies two conditions: (1) the nu mber of 

extrema and the number of zero crossings must either equal or differ at most by one; and (2) at any point, the mean 

value of the envelope defined by the local maxima and local minima envelopes, is zero. 

The decomposition follows the assumptions determined by (Huang et al., 1998): i) the signal has at least two 

extrema, a maximum and a minimum; ii) the characteristic time scale is defined by the time lapse between the extrema; 

iii) if the data were totally devoid of extrema but contained only inflect ion points, it can be differentiated one or more 

times to reveal the extrema. The steps involved in the EMD decomposition are describe by many authors, like, (Huang 

et al., 1998, Huang and Shen, 2005; Huang and Wu, 2008; Rilling and Flandrin, 2008); among others. 

The decomposed data can be written in terms of Intrinsic Mode Functions as  
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where ci(t) are the IMF modes and rn(t) is a residue, or trend, which is a monotonic function or has at most one extreme 

point. Several stopping criteria for the sifting process were developed to avoid over-sifting and guarantee that the 

intrinsic mode functions retain the physical sense; herein the standard deviation criterion is adopted (Huang et al., 

1998). Because of the dyadic filter bank property of the EMD, for an N data length, the finite number of steps in the 

decomposition satisfies the relation 2logn N  (Flandrin et al., 2004; Wu and Huang, 2004). 

However EMD has some problems, like the frequent appearance of mode mixing, which is usually a consequence of 

signal intermittency. To overcome the mixing mode problem and properly separate the scales, a noise -assisted data 

analysis method was used, called the Ensemble Empirical Mode Decomposition (EEMD). The method is b ased on 

studies of statistical properties of white noise (Wu and Huang, 2004; Wu and Huang, 2009; Tsui et al., 2010; Yeh et al., 

2010). 
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A joint probability distribution, defines the simultaneous behavior of two random variables, the mathematical details 

can be found in (Pope, 1985; Pope, 2000; Montgomery and Runger, 2002 and Haworth, 2010). The PDF (Probability 

Density Function) displays  the number of occurrences relating two or more random variables, in the present analys is 

two variables are related. The PDFs displays the bins as 3-D rectangular bars, and the height of each bar indicates the 

number of elements of the bins related to pressure and velocity signals in study, representing the occurrences o f time, 

pressure fluctuations and velocity.  

 

3. TEST SECTION AND MEASUREMENT TECHNIQUE 

 

The aerodynamic channel used in the experiments, shown in Fig . 1 (a), is made of acrylic glass, with a rectangular 

test section of 0.146 m height, width of 0.193 m and 0.9 m length. The airflow is driven by a centrifugal fan with 1HP, 

and passes through two honeycombs and two screens, to reduce the turbulence intensity to about 1% of the free stream 

velocity in the test section. Upstream the test section, placed in one of the sidewalls, a Pitot tube measures the reference 

velocity of the impinging flow, and this is considered as the average velocity in the channel.  

Condenser microphones with 1/8” diameter (Brüel & Kjaer, Type 4138) flush-mounted with the channel walls in 

the wake region behind the cylinders are applied for the measurements of the wall pressure fluctuations. The 

microphones assembly includes pre-amplifier, conditioner, and an energy source. The output signal in volts is acquired 

with an A/D 16 bits board, model NI USB-9162, with four channels. The microphones are positioned in the cylinders 

wakes, as shown in Fig. 1 (b), with fixed location in the aerodynamic channel top wall. The cylinders with diameter of 

25mm are fixed in the position 0.69 m from the last channel screen, with p/D 1.26. The Reynolds number, based on the 

free stream velocity and cylinder diameter, is 25.7x10
3
. The acquisitions were executed with frequency of 3 kHz and the 

associated error is around 5%. The velocity values from the wake were obtained by hot wire  anemometry technique 

applying two single wire probes (55P11) in the positions presented in Fig. 1 (c), Streamline DANTEC, with acquisition 

frequency of 3 kHz. The pressure and velocity acquisitions were executed simultaneously. The uncertainties of the 

measurements are about 3% in the velocity.  

 

  

 
 

 

Figure 1. Schematic view of (a) the aerodynamic channel, (b) the condenser microphones positions  and (c) hot wire 

probe positions. 

 

4.  RESULTS AND DISCUSSIONS 

 

The pressure fluctuation and velocity time series, for a bistable flow after two parallel cylinders, with pitch to 

diameter p/D = 1.26, are illustrated in Fig. 2. The bistability is seen in the pressure fluctuations, the large amplitudes 

correspond to the narrow wake, while the small amplitudes correspond to the wide wake. The velocity results show the 

modes differences with velocity mean values higher for the narrow wake and smaller for the wide wake.  

The statistic characteristics of each signal are presented in Table 1, where the minimum and maximum values are 

observed and present similar values for the velocity but, a significant difference between the pressure results, this 

difference may be referent to the position of the microphones  and the wake characteristic. The variance is higher in 

pressure signals, due to the magnitude of the fluctuations; in the velocity results U1 presents higher fluctuations, another 

factor of influence is the duration of each bistable mode. The third moment, or skewness, represents the signal 
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asymmetry, with total symmetry when the parameter is zero. The signal P1 presents higher symmetry than P2 and the 

same relation is observed between U1 e U2; this behavior can be related to the wake modes in each signal. The results 

of kurtosis indicate that the signal U1 is the most concentrated while the other s ignals are more disperse.  

Figure 3 presents the cross-correlation function for pressure and velocity signals . In Fig. 3 (a) the coefficient 

represents the relation for U1 and U2, a correlation coefficient around 0.7 is observed, indicating a strong correlation 

and equivalence between the signals ; with crescent time, the number of points to relate between the signals reduces  and 

the correlation coefficient decreases. The cross-correlation from for pressure P2 and velocity U2 in Fig. 3 (b), presents 

low coefficients due to the different positions where the signals are acquired, the velocity data is obtained from the 

wake after the cylinder in 6mm from the top wall, as indicated in Fig. 1 (c), and the pressure from the channel top wall. 

This distance might not allow high influence from one to another. The effects of the measurement position are also 

visible in the cross-correlation for both pressures , Fig. 3(c), where the coefficient presents a maximum value around 

0.28 indicating a low correlation and decreases along time.  

 

Table 1. Statistic characteristics of each signal 

 

 P1 [Pa] P2 [Pa] U1 [m/s] U2 [m/s] 

Minimum -108,69 -224,22 0,349 0,282 

Maximun 74,42 111,28 27,8 28,4 

Second Moment -Variance 129,13 508,23 23,48 11,39 

Third Moment - Skewness -0,092 -0,21 0,174 1,067 

Fourth Moment - Kurtosis 4,934 5,89 2,198 4,463 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Velocity signals and pressure fluctuations for, (a) microphone 1 (P1), (b) probe 1 (U1), (c) microphone 2 (P2) 

and (d) probe 2 (U2). 

 

The power spectrums of the wall-pressures and velocity are seen in Fig. 4. For both pressure data, P1 and P2, 

Fig. 4 (a), it is possible to observe the presence one main frequency at 79.1 Hz that corresponds to the vortex shedding 

frequency. This frequency generates a Strouhal number (St = fD/U) of 0.126 and is similar to the results showed in 

Blevins (1990) and Alam et al. (2003), for cases with two cylinders side-by-side with small p/D.  The power spectrum 

for velocities signal is presented in Fig. 4 (c) and for both signals a small peak in 79.1Hz is visible. The higher 

frequencies observed in the pressure spectrum may be related to the microphone cover and to the wall alignment, once 

that the cover do not present linear shape. The cover and position can generate noise in the spectrum and present a 

behavior that differs from the velocity results. 
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In the power spectrum, P2 presents higher amplitudes of energy. In addition to the characteristic peaks of the flow, 

the spectra also present various narrow peaks. Running out the difference between P2 and P1, the frequency peak 

corresponding to the vortex shedding is magnified, and lies in the same frequency as in the velocity spectra, the other 

peaks disappear because they have the same phase and intensity and are likely produced by resonances of the test 

section. A similar result was found in tube bundles by (Möller, 1991). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Cross-correlation U1U2, (b) .Cross-correlation P2U2 and (c) cross-correlation P1P2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fourier spectra analysis of (a) the pressure fluctuations P1 and P2; (b) the difference between P2 and P1 and 

(c) velocity fluctuations U1 and U2. 

 

The Ensemble empirical mode decomposition (EEMD) is applied on the wall pressure fluctuations and velocity 

signals. For all sets of data the decomposition generated 16 IMFs and a trend , which is monotonic function from which 

no IMF can be further extracted. Figure 5 shows a 15 seconds fragment of the first eighth IMF components for pressure 

signal P1 and velocity U1, this time interval corresponds to two mode switching in the flow wake. It is also possible to 

identify on the IMF the bistable behavior in the oscillations between IMF C3 and C8, higher orders IMF do not present 

the bistable characteristics. 

The IMF components tend to organize as a filter bank structure, essentially the first mode (C1) is a high pass filter, 

and the higher orders IMF are characterized by a set of overlapping bandpass filters. Consequently, the IMFs are 

distributed from high frequency to low frequency, so the first (C1) contains information with respect to the inertial 

subrange, or the smaller scale measured, IMF C2 to C5 contain the wave modulations of the energy containing range, 

IMF C6 to C8 represent the large scales in the flow, contributing to the fluid motion energy and are related to the 

vortices generated by the channel itself. The higher orders IMF do not contribute significantly with energy to the fluid 

motion and are omitted in this study.  

The IMFs were than processed by Hilbert transform, and the Hilbert spectra are showed in Fig. 6. The Hilbert 

spectral analysis shows the instantaneous frequency at each corresponding time and energy amplitude, it can be 

interpreted as a weighted non-normalized joint amplitude-frequency-time distribution, showing the exact occurrence 

time of each flow oscillation. As can be seen most of the energy of pressure signals is concentrated in frequencies lower 

than 20 Hz, this effect is caused by the decomposition process, that creates a number of pseudo -frequencies in the low 

frequency range that have no physical significance or energy contribution to the fluid motion . The important IMF 

components containing information about the flow scales are the ones amidst C1 and C8. Those components consist of 

the higher frequencies and the HSA fails in representing them properly  in respect to the signal characteristics and the 
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occurrence of frequencies far apart in the same oscillation. Notwithstanding one can see a concentration of energy on 

the range of the vortex shedding frequency around 79.1 Hz and in ranges that agree with the presence of a first (158 Hz) 

and second (316 Hz) harmonics, even if dispersed. The bistable phenomenon is not identified in the HSA, since it only 

represents the fluid oscillations located in time and amplitude, not the phenomenon itself. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The Hilbert Spectrum for the IMFs of pressure fluctuation signals P1 and P2. 

 

 

 

Figure 5. IMF components (C1 to C8) and residue (R) for (a) pressure fluctuations P1 and (b) velocity signal U1. 

 

The continuous wavelet spectrum shows the energy distribution in frequency ranges along time. The velocity and 

pressure behavior relating time, frequency and energy intensity are observed at the Figure 7. The wavelet analysis is 

executed with the wavelet function dB20, using increase of 3Hz and upper limit of 800Hz. 

Analyzing the continuous wavelet spectrum for P1, Fig. 7 (a), it is observed that the energy levels reach frequencies 

around 500 Hz for the narrow wake. For the wide wake, the energy levels are about 100 Hz, reach until 200 Hz in some 

regions.  In the signal from P2, Fig. 7 (b), the energy levels are higher than for P1, showing the wide wake with energy 

less than 200 Hz but with some peaks at higher frequencies . The narrow wake shows high values of energy, up to 500 

Hz and peaks of energy at higher frequencies in a few moments , this is probably caused by the characteristic of 

stretching and contracting the wave which causes a distortion on frequencies higher than 500 Hz. The presence of the 

bistable flow is clear comparing the results in both cases and the high energy observed in P2 is related to the pressure 

values on the signal that can be caused by the positions of the microphones .  

Figure 7 (c) presents the wavelet spectrum from the velocity signals and it is visible that the energy levels are lower 

than the ones from the pressure signals, but the same phenomenon is observed. Presents lower energy during some 

periods, representing the wide wake, and higher energy in other periods, represents  the narrow wake. The same 

0 5 10 15
-50

0

50

C
1

0 5 10 15
-50

0

50

C
2

0 5 10 15
-50

0

50

C
3

0 5 10 15
-10

0

10

C
1

0 5 10 15
-10

0

10

C
2

0 5 10 15
-10

0

10

C
3

0 5 10 15
-50

0

50

C
4

0 5 10 15
-20

0

20

C
5

0 5 10 15
-20

0

20

C
6

0 5 10 15
-20

0

20

C
7

0 5 10 15
-10

0

10

C
4

0 5 10 15
-5

0

5

C
5

0 5 10 15
-5

0

5

C
7

0 5 10 15
-5

0

5

C
7

0 5 10 15
-10

0

10

C
8

0 10 20 30 40
-10

0

10

IM
F

(2
)

Time[s]

0 10 20 30 40
-5

0

5

IM
F

(3
)

Time[s]

0 10 20 30 40
-10

0

10

IM
F

(4
)

Time[s]

0 10 20 30 40

-0.2
0

0.2

IM
F

(1
)

0 5 10 15
-1

0

1

R

Time[s]

0 5 10 15
-5

0

5

C
8

0 10 20 30 40
-5

0

5

IM
F

(2
)

Time[s]

0 10 20 30 40
-2

0

2

IM
F

(3
)

Time[s]

0 10 20 30 40
-2

0

2

IM
F

(4
)

Time[s]

0 10 20 30 40

-0.1
0

0.1

IM
F

(1
)

Time[s]

0 5 10 15
10

12

14

R

Time[s]

(a) (b) 



A. P. Ost, R. F. Neumeister and S. V. Möller 
Analysis of Pressure Fluctuations in Bistable Flow  

 

characteristics are observed in Fig. 7(d) for U2, but with opposite energies due the bistable characteristic of the flow 

represented in the signal.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Hilbert Spectrum for the IMFs of (a) pressure fluctuation P1, and (b) velocity U1. 

 

        

 
 

Figure 7. Continuous wavelet from pressure signal a) P1, b) P2, c) U1 and d) U2 

 

Figure 8 presents the bivariate histograms using equally spaced bins , where the z-axes represents the number of 

occurrences and two variables were related in the x and y-axes. Figure 8 (a) presents the number of occurrences of 

pressure P1 in time, with the representation of the raw signal and clear representation of wake modes. From the signal 

U1, Fig. 8 (b), the occurrences present higher concentration near the mean of each mode and indicating each mode 
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clearer than in the raw signals presented in Fig. 2. The relation between the signals of pressure and velocity are 

presented in Fig. 8 (c), where the wake modes are not visible and the concentration is in the intersection of the each 

signal mean, zero for the pressure and eleven for the velocity. 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 8. 3D bivariate histogram for (a) P1×time, (b) U1×time and (c) P1×U1. 

 

 

5.  CONCLUS IONS 

 

The study presented an analyzes of the features  of the wake velocity and pressure fluctuations for a bistable flow 

after two cylinders side-by-side with p/D = 1.26,  with the objective to compare the techniques of Hilbert spectral 

analysis based on EEMD, PDF, Wavelets and Fourier transform.  

The results show that the statistics moments are highly affected by the bistable flow, the non-ergodic signal 

generates significant changes because of the acquisition positions. The correlation coefficient is high between velocities 

due the coefficients around 0.7, the pressure results indicate low correlation an even lower correlation is observed for 

the pressure and velocity signals. The low correlation for the pressure and velocity signals can be caused by the 

positions of probes and microphones, where microphones are in the wall.  

The analysis using Fourier transform indicates the main frequencies related to the phenomena, but do not indicate 

the presence of the bistability. The pressure results bring levels of energy in the peaks of frequency higher than the 

velocity, although in the pressure signals there are presence of noise due the cover and the wall proximity.    

The EEMD provided a clear identification of the flow modulations containing the bistable phenomenon; those 

frequency modulations  were located mainly from IMF C3 to IMF C8. The higher orders IMF are considered pseudo-

frequencies generated by the decomposition method and do not contribute energetically with the fluid motion.  

The Hilbert spectral analysis represents the energy distribution on the time and frequency. As a characteristic of the 

method, it decomposes the data in IMF, each one containing the instantaneous frequencies of the data. Since bistable 

phenomenon occurs in a wide range of frequencies and amplitudes simultaneously, the same IMF can contain more than 

one frequency at a time, consequently the energy representation of the spectrum becomes  disperse and the frequency 

ranges not clearly distinguishable. Although one can see that the energy tends to concentrates around frequencies that 

correspond to the vortex shedding and its harmonics. 

Continuous Wavelet transform results show the bistable phenomena in clear levels of energy and, as in the 

transform Fourier results, the energy magnitude is  significantly higher in the pressure signals. This characteristic is a 

result of to the variable magnitude, once the pressure fluctuations are higher than the velocity fluctuations. The wavelet 

transform also allow the observation of the main frequencies associated to each signal and in each wake mode of the 

bistable behavior. On the other hand, the wavelet characteristic can distort the signal vertically, and the phenomenon 

influence can be seen in higher frequencies than the ones it actually occurs . Wavelet transform give a uniform 

frequency resolution, consequently time resolution, is also, uniformly poor. 

The PDF results show the bistable flow if one of the random variables is the time, with clear characteristic than the 

raw signal. If the PDF analysis englobe pressure and velocity the observation is the concentration region, that englobe 

both signals mean value and do not indicate the bistable phenomena. 

This study demonstrated the differences and potential results that can be obtained using different analysis methods. 

Wavelet transform appears to be the technique that represents qualitatively the bistable phenomena with more accuracy, 

while Hilbert-Huang transform describes the flow features, allowing the identification of flow scales , instantaneous 

frequencies and amplitudes, and the recognition of flow properties that other tools may neglect or imprecise. The 

combination of more than one method may contribute to the description of turbulent bistable flows.  
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