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Abstract


Strongly driven fluid and combustion systems typically contain a few, nonlinearly coupled, major flow constituents. It is necessary to identify the flow constituents in order to establish the underlying dynamics and to control these complex flows. Due to non-trivial boundary condition in realistic systems and long-range coupling, it is often difficult to construct accurate models of large-scale reacting systems. The question then arises if these flow constituents can be identified and controlled through analysis of experimental data. The difficulties in such analyses originate in the presence of high levels of noise and irregularities in the flow. A typical time series contains high-frequency noise as well as low-frequency features originating from the near translational invariance of the underlying fluid systems. We propose a pair of approaches to study such data. The first is the use of auto and cross correlation functions. Auto-correlation functions of the time series from a single transducer can be used effectively to demonstrate the low dimensionality of the flow. Second, we show that multi-point time series from appropriately placed transducers can be used to establish spatial characteristics of these flow constituents. The novelty of the approaches lies in the establishment of geometric and dynamic features of the primary flow constituents based on sensor data only, without the need of expensive imaging tools. These methods can potentially identify changes in flow behavior within complex propulsion systems, such as aircraft engines, by utilizing data collected from embedded transducers.
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1. Introduction


As industrial-scale reacting systems or engines are driven toward increased power or fuel efficiency, they often develop undesirable thermo-acoustic instabilities for example from feedback between chamber acoustics and unsteady flame heat-release. Nonlinearity of flow dynamics initiates secondary instabilities such as eddies and swirls, further complicating the flow patterns [1,2,3]. Maintaining regularity of industrial processes requires identification and, when possible, suppression of these instabilities. However, accurately modeling these typically large-scale systems is extremely difficult, and consequently the most viable approach to establish the nature of instabilities is through direct analysis of experimental data [4,5,6]. One difficulty in implementing such analyses is the presence of noise and other uncontrollable variations in measurements. Our goal in this paper is to introduce a pair of new tools to implement these tasks and demonstrate their potency through an analysis of a paradigmatic system of combustion flows behind a symmetric bluff body.



Bluff bodies are utilized as flame holders in many high-speed combustion applications. The low-pressure recirculation zone behind the bluff body anchors the flame as incoming fresh reactants mix with combustion products from a recirculation zone. This mixture then ignites and flows downstream through the shear layer. Therefore, through the enhancement of mixing and combustion residence times, the recirculating region enables anchoring the flame [7,8,9]. The flows behind a bluff body are known to contain two major constituents. The first is symmetric vortex shedding, where pairs of vortices are shed periodically from either edge of the bluff body simultaneously. The second constituent is asymmetric shedding, where vortices are once again shed periodically, but from alternate edges of the bluff body. Lieuwen et al. [7] summarized the conclusions from these investigations in an extensive review on vortex interaction in the bluff body shear layer. They also discussed the influence of acoustic excitation on bluff body shear layer and concluded that incident longitudinal acoustics (i.e., streamwise propagating) induces a symmetric instability of the shear layer [10].



Traditionally, combustion flows in complex configurations are measured through pressure transducers, hot-wire anemometers, or thermocouples, which provide high frequency single-point or multi-point measurements of flow variables. A plethora of examples based on single-point measurement have been reported. They have been employed in pressure [11,12,13,14], flow velocity [15,16,17,18,19], and thermal conductivity [20,21,22,23,24] measurements.



Flow characteristics are often classified through power spectral analysis and time-delayed phase portraits [25]. The power spectrum provides the most significant frequencies in a time series [26,27], combinations of which is assumed to be associated with a flow constituent. Time-delay plots provide a geometrical view of trajectories [28]. For example, phase-space reconstruction can establish if the underlying signal is periodic, quasi-periodic, or chaotic [29,30,31]. However, as we illustrate below, high frequency noise and slow variation in measurement baseline, nearly always present in experimental signals, complicates inferring the nature of the underlying dynamics. One way to mitigate these effects is through the use of short-time correlation functions, either auto-correlation functions for single time-series or cross-correlation functions for multiple time-series. We illustrate how correlation functions can be used to infer the nature of the dynamics associated with the principal flow constituents.



Single-point time-series, in general, cannot yield information on spatial characteristics of the underlying flow constituents. The next issue we address is if spatial characteristics can be inferred through multi-point measurements. Fric and Roshko [32] utilized multi-point hot wire anemometry to examine structural features resulting from the interplay of a turbulent jet issuing perpendicular into a uniform stream. Multiple-arrayed surface-pressure measurements have been carried out in the downstream region of an axisymmetric, backward-facing step to examine the evolution of coherent structures in the flow-field [33,34,35,36]. Array of hot wires was employed to sense velocity fluctuations in the free stream on vortex shedding behind a normal plate [37]. Xu et al. [38] experimentally investigated the vortex shedding behavior in an oscillating cylinder wake using laser-induced fluorescence (LIF), particle image velocimetry (PIV) and hot-wire techniques. In particular, they used time-series from two symmetrically placed hot wires to examine the phase relationship between vortices shed from the alternating sides of the cylinder. Phase difference between those hot wire measurements was shown to be zero, confirming the symmetries of binary vortices. Behera et al. [39] analyzed the power spectral density (PSD) functions of pressure fluctuations measured at multiple locations along a pipeline conveying powders. PSD of the signals obtained from transmitters on the top and bottom surfaces were similar leading the authors to conclude that distinguishing flow modes at upper and lower portions of the pipeline was not possible; the phase difference between the two signals was not investigated further. Complex nature of the flow constituents calls for a strategic placement of transducers for multi-point-analysis. We show how cross-correlation functions of time series from pairs of symmetrically placed transducers can be used to deduce the symmetry/anti-symmetry of flow constituents.



The outline of the paper is as follows: Section 2 summarizes the bluff body experiment, highlighting the placement of pressure transducers. It also shows how the onset of the secondary asymmetric instability in lean mixtures can be established most directly through root-mean-square pressure fluctuations. Section 3 illustrates the high levels of noise in typical experimental flows and how they prevent the classification of dynamics. We show how the use of auto-correlation functions can help eliminate both high frequency noise and slow variations in the measurement baselines. The low dimensionality of the flow dynamics of the major flow constituents is thus established using time-delay plots of auto-correlation. In particular, dynamics in higher equivalence ratio mixtures are found to be periodic while those in lean mixtures are quasi-periodic. In Section 4, cross-correlation functions are introduced to infer the symmetry/anti-symmetry of these flow constituents. In the last section, we discuss potential applications of the analytical tools introduced here.




2. The Bluff Body Experiment


The experimental arrangement of bluff body stabilized combustion chamber is shown in Figure 1. The chamber is a rectangular duct with cross section 152.4 mm (W) × 127 mm (H) and the flow passes a symmetric bluff body, of D = 38.1 mm equilateral-triangular cross-section, the axial location of whose trailing edge is set to be   x = 0  . The bluff body spans the entire depth (W) of the test section. The flow is measured using a set of pressure transducers at locations x = −17D, −8D, −4D, 0D, 1D, 5D, 7D, 8D, and at the exit   ≈  14D at the bottom surface and at 0D, 1D and 5D at the top surface (see Figure 1). High frequency pressure transducers (model: Kulite XTE—190; pressure range 0–25 psi, dynamic range ~80 dB) were used with high quality National Instruments data acquisition system (NI-DAQ, model NI 6366: 16 bit). The sensors can resolve signals on the order of microvolts, translating to fraction of a Pascal in resolution. Pressure measurements in each transducer are made for 20 s at 20 kHz. Interactions between flow and flame are imaged using simultaneous 10 kHz formaldehyde     ( C H   2   O )   planar laser-induced fluorescence (PLIF), OH-PLIF, and particle image velocimetry (PIV). Detailed explanation of imaging optics and measurement techniques can be found in Fugger et al. [40]. Here, we confine our analysis to measurements from pressure transducers 1–9. Table 1 shows the critical experimental parameters related to this study.



The dominant excited constituent of our studies is the quarter-wave acoustic mode of the chamber [41]. Flow instabilities are studied at temperatures 100 F, 265 F, 350 F, 440 F, 560 F, 620 F at equivalence ratios (i.e., the fuel-to-oxidizer ratio compared to its stoichiometric value) ranging from 0.6 to 1.0. The flow in rich mixtures (i.e., at higher equivalence ratios) consists primarily of symmetric vortex shedding, where pairs of vortices are shed periodically from both edges of the bluff body. As the mixtures are made leaner (lower equivalence ratios), the flows develop a secondary instability, the asymmetric vortex shedding, where vortices are shed periodically from alternate edges of the bluff body.



We will study signatures of the onset of a secondary instability (asymmetric vortex shedding). It is most easily established through the root-mean-square (RMS) of pressure variations. Prior to the transition, the flow consists of only symmetric vortex-shedding, during whose passage the pressure at a transducer experiences large periodic variations, reflected in high RMS. Beyond the transition, the flow consists of both symmetric and asymmetric shedding. Shedding rates of the two types of vortices are incommensurate, and consequently, although the overall dynamics is more complex, the temporal variations themselves are modulated; the RMS decreases beyond the transition.



Figure 2 shows the RMS pressure fluctuations on transducers located on the bottom surface at   x = − 8 D  ,   x = 0 D  , and   x = + 8 D  , for the flow at a temperature T = 440 F. As expected, the RMS values are significantly larger for equivalence ratios between   φ = 0.85   and   φ = 1.0  , when the flows only contain symmetric vortex shedding. Note also the pressure variation is smaller downstream of the bluff body. The pressure field is a direct function of the acoustic resonance mode shape along the length of the combustion chamber. There is a pressure anti-node of the quarter-wave mode near the entrance of the combustor at the back-pressure orifice plate, and there is a pressure node at the combustor exit. Since it’s 1/4 of a sinus function, the pressure is always a bit larger upstream of bluff body than downstream of bluff body. The pressure loss can also be attributed to the presence of the obstacle (bluff body), which restricts the channel’s cross-section. As a result, the fluid accelerates around the obstacle and then decelerates, leading to the pressure drop. Qualitative behaviors at other temperatures are similar although the onset of the transition occurs at lower equivalence ratios and the transition width broadens with increasing temperature.




3. Spectral Analyses of Single and Multi-Point Time Series and Correlation Analysis


Experimental data is “noisy,” by which we mean there is content in the signal that does not follow directly from known principles. Examples of noise include measurement errors, acoustically mediated long-range interactions, or long-term variations in the baseline due to unaccounted-for changes (e.g., ambient temperature) in the experimental set-up. In addition, the near translational invariance of fluid systems cause ‘slosh dynamics’ [42], low-frequency movements of the baseline. Typically, we do not know how to account for these irregular additions in an experimental signal. In fluid and combustion flows, consequences of noise are compounded by nonlinearity, and the consequent sensitive-dependence on initial conditions, of underlying system. A priori, it is not clear how features resulting from the coupling of dynamical modes, coupling between dynamical modes and extraneous ones, or facets like measurement errors are to be delineated. In this section, we illustrate first that the flow data contains significant levels of, what appears to be, noise and show that traditional filtering techniques cannot be used to extract the nature of the underlying dynamics.



Figure 3 shows conclusions derived from the direct analysis of a single-point time series from the transducer at x = 0 (trailing-edge of flame-holder) for two representative flows at 440 F, two of which are prior to the onset of asymmetric vortex shedding and the others following the onset. The spectra contain broadband noise and the time-delay plots (time delay, τ = 500   μ s  ) appear space filling (i.e., high dimensional).



The following observations can be made: the power spectrum for the flow following the transition (  φ = 0.80   a n d   0.70 )   shows two broad spectral peaks centered at approximately     ω   1   ≈ 92   and at     ω   2   ≈ 280   H z   (Figure 3c,d). Spectral peaks prior to the secondary transition (  φ = 0.95   &   0.90 ,   Figure 3a,b) are somewhat sharper. However, the broadband spectra and time-delay plots indicate the presence of high levels of noise [43]. Signals from other transducers exhibit similar characteristics.



Bluff body combustion chamber is a rectangular duct, inside of which acoustic wave travels back and forth. The dominant excited constituent (    ω   1    ) of our studies is the resonant quarter-wave acoustic mode of the chamber. Then wake of the bluff body itself responds to that acoustic field, some of these responses might be symmetric, some of them might be asymmetric flow constituents. So, we have got this complex superposition of acoustic motion and fluid mechanic responses. Resonance of the duct provides some sort of unsteadiness. Consequently, the flame needs to respond usually through vortex shedding which releases some sort of unsteady heat release. These unsteady heat release couples back with the acoustic field, that’s why the symmetric vortex shedding is also     ω   1    .



Next, we attempt to eliminate both high and low frequency irregular variations or noise using conventional filtering approaches. Since filtering out frequency components abruptly in the Fourier domain results in pinging, we use ‘Fermi’ filter as it offers smooth attenuation at the desired cutoff frequency. The mathematical form of the frequency response of a Fermi filter can be represented as:


  H   v   =     1 +   exp        v −   r   f       w   f              − 1    



(1)







Frequency response,   H   v     of the Fermi filter can be characterized by two parameters: Fermi radius (    r   f    ) and Fermi width (    w   f    ). Fermi filter allows the frequencies to pass that lie within the Fermi radius (    r   f    ), the rest are smoothly attenuated to zero. Fermi width (    w   f    ) dictates the sharpness of the cutoff. Cutoff frequencies for the low and high pass filters have been chosen as 600 Hz and 50 Hz respectively. To handle the complex Fourier coefficients, filtering has been performed on both the positive and negative frequencies. Frequency response of the Fermi filter used in this study is shown in Figure 4. Notice the smooth attenuation offered by Fermi filter at the cutoff frequencies.



A small part of the low-frequency variations has been reduced using the z-score (i.e., removing the local average and rescaling by the local standard deviation), which is followed by the application of low pass Fermi filter. Time series of two representative flows before (  φ = 0.95  ) and after (  φ = 0.80  ) the secondary transition have been investigated by applying a low-pass filter with a cutoff frequency of 600 Hz. Power spectra and time delayed plots of low pass filtered time series are shown in Figure 5a–d. Time delayed plots show no sign of improved dynamics for both of the representative flows. In addition, a high-pass filter with appropriate band-pass frequency can also be applied. Time series of the same representative flows have been investigated by applying a high-pass filter with a pass-band frequency of 50 Hz. We find that for both cases   ( φ = 0.95   a n d   0.80 )  , high-pass filtering does not rectify the attractor dynamics, as shown in Figure 5e–h.



3.1. Introduction to Correlation Analysis


One approach to circumvent the extremely slow irregular drift in the signal is through the use of auto-correlation or cross-correlation functions (for multi-point signals). The latter is defined as [44,45]:


  C   r ,   r   '   ; τ   =    ⟨ f ( r ; t ) f ( r ′ ; t + τ )   〉   t     ο   f   r     · ο   f     r   ′           



(2)




where   ο [ f ( r ) ]   represents the standard deviation of the signal   f ( r ; t )  , which is mean centered. The auto-correlation function for the signal from a single transducer at   r   is   C   r , r ; τ    .



We propose the use of correlation functions to establish the low-dimensionality (or lack thereof) of the dynamics. Two observations motivate their use: First, the statistical means of   t  - average out high-frequency noise in the time series. Second, slow variations in the time-series baseline are irrelevant for sufficiently small   τ .   By reducing both high and low frequency noise, we are in a better position to test for the low/high dimensionality of the signal. However, it is important to note that we are unable to deduce the dynamics of the time-series variable through correlation functions.



Prior to implementing correlation analysis on experimental data, we study its application to a synthetic time series with similar spectral characteristics as the experimental pressure signal. We consider a signal comprised of frequencies of 100 & 280 Hz, to which we add Gaussian noise. Time series shown in Figure 6a corresponds to Gaussian noise (SNR = 2); the signal is sampled at 20 kHz to simulate the sampling frequency of the pressure transducers. The Fourier spectrum and space-filling phase-space orbit appear to be qualitatively similar to the experimental signal (Figure 6b,c). However, both the power spectra and phase space appear to be rectified once the signal is subjected to correlation analysis. Auto-correlation of the synthetic data and the corresponding phase space and power spectrum are shown in Figure 6d–f. Even when the signal-to-noise ratio is small, time series of the auto-correlation is able to successfully reveal the underlying quasi-periodic dynamics of the signal.




3.2. Autocorrelation Function of Bluff Body Pressure Time Series


Conducive findings from the analysis of the synthetic data motivate the use of correlation analysis to experimental time series. Auto-correlation functions as a function of the time-delay   τ   and their power spectra for flows at T = 440 F are shown in Figure 7, with the same equivalence ratios as in Figure 3. Prior to the onset of the secondary instability, the auto-correlation function   C   r , r ; τ   ,   Figure 7a,b, appears to be periodic in   τ  , and the time-delay dynamics, Figure 7e,f, low dimensional. The level of broadband noise, Figure 7i,j, has reduced. These observations can be interpreted as follows. Prior to onset of asymmetric shedding, the major flow constituent is periodic, although the time series has significant levels of high and low frequency noise.



The auto-correlation function (Figure 7c,d) and power spectrum (Figure 7k,l) indicate that the flow following the onset of the secondary instability represent noisy quasi-periodic flow; further, the spectra show that the two associated frequencies are     ω   1     and     ω   2   .   However, noise-reduction achieved through the use of auto-correlation function is insufficient to highlight the quasi-periodic nature of the time-delay plot. We also note the presence of a     ω   2    -component of the signal even prior to the onset of the secondary instability. Presumably the downstream growth of the asymmetric vortex shedding requires the amplitude of the mode to be finite, suggesting that the transition is sub-critical. Similar behavior is observed in flows at other temperatures.




3.3. Growth of the Asymmetric Mode with Equivalence Ratio at Various Inlet Temperature Conditions


To conclude this section, we illustrate an additional utility of auto-correlation functions; specifically, to characterize the growth of the secondary instability. The relevant measure is the ratio of spectral contributions from the asymmetric secondary instability (frequency     ω   2    ) and the symmetric primary instability (frequency     ω   1    ) as the equivalence ratio is reduced   φ = 1.00   to   φ = 0.60  . Spectral contributions or ‘strengths’ of       ω   1     and       ω   2     are obtained from the power spectrum of auto-correlation. As shown in Figure 8, the ratio nearly vanishes prior to the onset of the asymmetric shedding, and grows beyond onset. Further, asymmetric shedding dominates the flow at low equivalence ratios.



We extend our analysis to explore the growth of the asymmetric secondary instability (frequency     ω   2    ) for a range temperature condition from 100 F up to 620 F. For all the temperatures, the trend is similar. Ratio of the peaks obtained from the auto-correlation function gradually grows up as the equivalence ratio is scaled down from 1.0 to 0.6.





4. Cross-Correlation Functions of Bluff-Body Pressure Time Series


Clearly, spatial features of flow constituents cannot be extracted from a single time series; however, as we show in this section, cross-correlation function between signals from appropriately placed transducers can be used to establish symmetries in flow constituents. Pressure variations due to symmetric vortex shedding on any transducer are periodic; harmonics of the fundamental frequency can be expected to increase downstream as highly nonlinear vortices develop. In the absence of noise, time series from the symmetric vortex shedding at transducers located on the top and bottom surfaces at the same axial location will be identical. In asymmetric vortex shedding, vortices are once again shed periodically, however from alternate sides of the bluff body. There is no symmetry between time series at the top and bottom transducers. We show in Appendix A how these differences in signals from transducers placed at the top and bottom surfaces can be used to differentiate between the signals from the two classes of shedding.



The quantity of interest is   Δ C   ≡   C     r   T   ,     r   B   ; τ   − C     r   B   ,     r   T   ; τ   ,   where   C     r   T   ,     r   B   ; τ     represents the cross-correlation between the signal of time series from a transducer at the site     r   T     on the top surface, and the time-delayed signal from a transducer at     r   B   ,   the symmetrically-located point on the bottom surface. Ideally, frequency content associated with symmetric flow constituents should be suppressed completely in the cross-correlation difference (  Δ C  ). However, likely due to noise and nonlinear coupling of vortices, the cancellation was imperfect. Nonetheless, one can expect a larger drop of symmetric components in   Δ C   than the asymmetric components. We investigate the percentages of     ω   1     and     ω   2     strengths in   Δ C   relative to those in   C     r   T   ,     r   B   ; τ    . As shown in Figure 9, it is observed that, regardless of the inlet temperature condition, percentage of     ω   2     in   Δ C   is higher than that of     ω   1     compared to   C     r   T   ,     r   B   ; τ    . For example, in case of 265 F,     ω   2     for   Δ C   is 9% of   C     r   T   ,     r   B   ; τ    , whereas     ω   1     for   Δ C   is only 4% of   C     r   T   ,     r   B   ; τ    ). This behavior is persistent at lower equivalence ratios as well (Figure 10). Therefore, difference of cross-correlation enables distinguishing the time-delayed anti-symmetric flow-constituents from asymmetric ones, something that was not obvious from only cross-correlation. Thus, the presence or absence of spatial symmetries in the flow constituents can be established using time series from two transducers.



The use of   Δ C   required the presence/absence of up/down symmetry in the two constituents. This difference can only be extracted using appropriate placement of transducers. To elaborate, we show in Figure 11 the behavior of       Δ C  ^    = |   C  ^      r   T   ,     r   B   ; τ   −   C  ^      r   B   ,     r   T   ; τ   |   for time-series from the transducer at 0D on the bottom surface and 1D at the top surface. Here, the     ω   2   −   component fails to be enhanced. To reiterate, cross-correlation analyses of time series from appropriately placed transducers can be used to establish spatial symmetries of flow constituents.



It should be noted that secondary instability   (   ω   2   )   might be a separate combustion mode itself, sometimes which is close to     3 ω   1     but generally not. When bluff body responds to the acoustic field through vortex shedding,     ω   2     usually couples back to     ω   1    , that we believe to be a reason as to why     ω   1     doesn’t cancel out in the difference of cross-correlation,       Δ C  ^     . If it’s exactly symmetric, it should cancel.



To strengthen our findings, we refer to the previous work of Roy et al. [46], where they investigated the similar instabilities of bluff body vortices applying robust Dynamic Mode Decomposition (DMD) analysis on two-dimensional images of hydroxyl (OH) behind a bluff body acquired utilizing the PLIF technique. They were able to differentiate between these symmetric and asymmetric shedding analyzing the OH-PLIF images at various equivalence ratios. Unfortunately, these advanced measurement imaging tools are not routinely available in most laboratories; the standard measurement devices used to study fluid flows in nearly every laboratory are transducers, which provide high-frequency single point or multi-point measurements of flow variables. The questions we address in this work is what inferences on the underlying flows can be made on the basis of multi-point measurements utilizing correlation analysis.




5. Discussion


Preventing the onset and growth of instabilities in fluid and combustion flows is critical to optimize their performance. The absence of simple boundary conditions and symmetries in realistic configurations often precludes analytical studies of these systems. The existence of structures on a vast range of scales in strongly driven flows makes computational studies intractable as well. The most promising approach to establish flow constituents and instabilities is via experimental data. Unfortunately, experimental data contains noise, and the task of extracting the primary flow constituents becomes a nontrivial task. Noise levels are especially high in combustion flows, which are enhanced by sensitive dependence on initial conditions.



In this work, we introduce a pair of approaches to reduce noise and to establish geometric and dynamic features of the primary flow constituents. They were illustrated in combustion flows within a configuration of rectangular cross section and passing a symmetric bluff body. Flow instabilities in such symmetric configurations are known and thus conclusions made on the basis of our studies can be independently validated. However, we emphasize that techniques outlined here do not rely on these symmetries. The data used for the analysis were pressure time-series from 9 transducers, 6 of which were placed on the bottom surface, and 3 on the top surface. One transducer on the top surface was at the axial location of the trailing edge of the bluff body and two downstream of it. Three of the 6 transducers on the bottom surface were at identical axial locations. Hence it was possible to test for symmetries in the flow constituents. The time-series from each transducer was taken at 20 kHz over a 20 s interval.



There is a significant level of high and low frequency noise in the data, as can be inferred from power spectra and time-delay plots. Standard filtering algorithms failed to improve the spectra or time-delayed plots to identify possible low-dimensionality of the dynamics. Our proposal is to use auto-correlation and cross-correlation functions as a function of time delay to determine the low dimensionality (or lack thereof) of the dynamics associated with primary flow constituents. The use of correlation function, through time averages, reduces high-frequency noise. Evaluating them for sufficiently small time delays   τ   prevents effects of slow variations in the baseline caused by feedback. (For example, heat emission in combustion can increase the temperature of the configuration, thus affecting experimental conditions.) These expectations are validated in combustion flows behind the bluff body. Prior to the onset of asymmetric vortex shedding, the auto-correlation function   C   r , r ; τ     is periodic in τ, and the time-delay plots of the auto-correlation function (i.e.,   C   r , r ; τ     vs   C ( r , r ; τ +   τ   0   )  ) appear (nearly) periodic. Its power spectrum is most intense at a frequency,     ω   1   ≈ 100   H z  . Auto-correlation function following the onset exhibits characteristics of noisy quasi-periodic behavior, and its power spectrum contains a second peak around     ω   2   ≈ 280   H z  . We show how cross correlation functions of time series from symmetrically placed transducers can be used to establish symmetries of the flow constituents. The relevant measure is   Δ C   ≡   C     r   T   ,     r   B   ; τ   − C     r   B   ,     r   T   ; τ   ,   the difference between cross correlation functions between the two time series, which suppresses the frequency content associated with symmetric flow constituents. Although the cancellation of symmetric components was imperfect, likely due to noise and vortex coupling, a larger drop of     ω   1     component is observed in   Δ C   than the asymmetric     ω   2     component. We thus inferred that flow constituents with frequencies     ω   1     and     ω   2     were symmetric and asymmetric vortex shedding respectively. Furthermore, a smaller component of frequency     ω   2     is found even prior to the onset of asymmetric shedding, suggesting that the transition is sub-critical.




6. Conclusive Summary


Identifying dominant flow components is essential for understanding the underlying dynamics and effectively controlling complex flows. We demonstrate how correlation functions (either auto-correlation functions for single time-series or cross-correlation functions for multiple time-series) can be strategically employed to reveal the dynamic behavior of the primary flow components by effectively reducing the stubborn noisy features. Methodologies presented here are not dependent on special features, such as uniform boundaries or symmetries, of the experimental configuration. Consequently, the analysis is expected to be applicable to more general configurations. One potentially important example is the detection of changes to flow characteristics in (for example) airplane engines using data from embedded transducers. Such changes could signal imminent damage to the engine from non-visualizable changes such as fatigue or wear-and-tear.
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Appendix A. Differentiating Symmetric and Time-Delayed Anti-Symmetric Constituents


Consider transducer measurements of the bluff-body flow, made from two points on the upper and lower surfaces, at the same axial location. Suppose the signals at the transducers were due to a symmetric (i.e., identical at the upper and lower surfaces) component     g   S   ( t ;   ω   1    ) and to a time-delayed asymmetric (i.e., von Karman shedding) component     g   A   ( t ;   ω   2    ), where the notation signifies that the two signals have frequencies     ω   1     and     ω   2     respectively. (As we see below these are the frequencies identified from the spectral analysis of the signal and the auto-correlation function.) The time-shifted signal at the bottom transducer due to the second signal is     g   A   ( t + π /   ω   2   ;   ω   2    ). Under these assumptions, overall signals on the top and bottom transducers, whose locations are denoted     r   T     and     r   B     are


  f     r   T   ; t   =   g   S     t ;   ω   1     +   g   A     t ;   ω   2     +   η   T     t    



(A1)






  f     r   B   ; t   =   g   S     t ;   ω   1     +   g   A     t +    π     ω   2      ;   ω   2     +   η   B     t    



(A2)




where     η   T     t     and     η   B     t     represent the noise on the top and bottom transducers. The cross-correlation function is


  C     r   T   ,     r   B   ; τ   =      f     r   T   ; t   · f     r   B   ; t + τ       ο   f     r   T       · ο   f     r   B           



(A3)







In order to simplify the expression, we note first that when the frequencies     ω   1     and     ω   2     are incommensurate,       g   S     t ;   ω   1     ·   g   A     t + π /   ω   2   ;   ω   2         vanishes. This is most easily seen by Fourier expanding the fields,


    g   S     t ;   ω   1     =   ∑  m        g  ^    S     m       e   2 π i m   ω   1   t      



(A4)






    g   A     t ;   ω   2     =   ∑  n        g  ^    A     n       e   2 π i n   ω   2   t      



(A5)




and noting that


      g   S     t ;   ω   1     ·   g   A     t + τ ;   ω   2       =   ∑  m , n        g  ^    S     m           g  ^    A     n       e     2 π i n ω   2   τ       e   2 π i   m   ω   1 +   n   ω   2     t      



(A6)







Since     ω   1     and     ω   2     are incommensurate,     ∀   m , n     m   ω   1 +   n   ω   2     ≠ 0  , and hence,       e   2 π i ( m   ω   1 +   n   ω   2   ) t     = 0  ; thus,       g   S     t ;   ω   1     ·   g   A     t ;   ω   2       = 0 .  



Second, we assume that noise is uncorrelated to the signals     g   S     t ;   ω   1       and     g   A     t ;   ω   2      , i.e.,       g   S , A     t ;   ω   1     ·   η   T , B     t     = 0  . If this were the case (an unlikely case, as we point out later),


  C     r   T   ,     r   B   ; τ   =        g   S     t ;   ω   1     ·   g   S     t + τ ;   ω   1       +     g   A     t ;   ω   2     ·   g   A     t +   π     ω   2     + τ ;   ω   2         ο   f     r   T       · ο   f     r   B           



(A7)







Subtracting from the corresponding expression for   C     r   B   ,     r   T   ; τ     expresses the difference   Δ C   as


  Δ C =        g   A     t ;   ω   2     ·   g   A     t +   π     ω   2     + τ ;   ω   2       −     g   A     t + τ ;   ω   2     ·   g   A     t +   π     ω   2     ;   ω   2         ο   f     r   T       · ο   f     r   B            ,  



(A8)




implying that the signal   Δ C   has no spectral components at     ω   1    . Realistically, noise in fluid systems is rarely uncorrelated to the flow dynamics; for example, velocity gradients, and hence energy cascades to smaller scales, is large near vortices and eddies. Consequently, the levels of pressure fluctuation at such sites may be expected to be larger as well. However, if the frequency     ω   2     results from an asymmetric signal, one may expect the corresponding spectral component of   Δ C   to be relatively large compared to that in   C     r   T   ,     r   B   ; τ    .






Appendix B. Dynamic Mode Decomposition Applied to Spatio-Temporal Data


Dynamic mode decomposition (DMD) is a standard technique of identifying ‘coherent structures’ by analyzing fluid or combustion flows [47,48,49], unlike Proper Orthogonal Decomposition (POD), which categorizes coherent structures according to correlations. Each DMD mode corresponds to a spatial structure that oscillates with a single frequency, making it a natural approach to extract periodic flow constituents, such as symmetric or asymmetric vortex shedding. Robust DMD, an effective extension of conventional DMD, aims to identify robust (configuration-independent) and non-robust constituents of the flow. Characterizing robust constituents is crucial to develop reduced-order models as well as to control the flow. Detailed mathematical explanations and applications of robust DMD analysis can be found in [46,50,51].



Roy et al. [46] reported the symmetric and asymmetric modes obtained by utilizing robust DMD analysis on the OH-PLIF images of bluff body vortex shedding. At a low equivalence ratio of   φ   = 0.8, they were able to identify both symmetric and asymmetric flow constituents. In the current study, we have been able to detect similar symmetric and asymmetric instabilities utilizing correlation analysis of the pressure transducer data. We also repeated robust DMD calculation using available OH-PLIF imaging data and detected similar instability modes (Figure A1) obtained by Roy et al. [46].
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Figure A1. Robust DMD analysis on bluff body OH-PLIF imaging data. (a) Real and (b) imaginary parts of the symmetric mode   Φ   (x) with the largest energy, for the reacting flow at equivalence ratio 0.8. Pair of vortices shed periodically from both edges of the bluff body. (c) Real and (d) imaginary parts of the asymmetric mode with the highest energy, where the vortices shed periodically from alternate edges of the bluff body. (Flow direction is from left to right). 
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Figure 1. Schematic of the bluff body combustion chamber with locations of pressure transducers. The trailing edge of the symmetric bluff body is assigned to be at   x = 0  , downstream locations being positive. Note that transducers 7, 8, and 9 are placed opposite to 4, 5, and 6 respectively. 
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Figure 2. Root-mean-square pressure fluctuations. The central curve shows the RMS pressure variation for the transducer at x = 0 as a function of the equivalence ratio φ for combustion flows at T = 440 F. Blue (upper) and green (lower) curves correspond to RMS values for transducers at   x = − 8 D   and   x = + 8 D  . 
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Figure 3. Flow characteristics of the signal. Power spectra (a–d) and time-delayed plots (e–h) for representative combustion flows at 440 F. Plots (a,b,e,f) correspond to equivalence ratios φ = 0.95 and 0.90, prior to the onset of asymmetric vortex shedding, while (c,d,g,h) correspond to φ =0.80 and 0.70 respectively, following the onset. At the larger   φ  : (a,b) the flow is found to have sharp spectral peaks at frequencies     ω   1   ≈ 110   H z  ,     2 ω   1    , and     ω   2   ≈ 280   H z  , and (e,f) the overall dynamics appears to be high dimensional. For smaller   φ  : (c,d) the spectral peaks are broadened and centered at     ω   1   ≈ 92   and     ω   2   ≈ 280   H z  . The time-delayed maps are (g,h) irregular. 
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Figure 4. Frequency response of a fermi filter. (a) Low pass filter (b) High pass filter. Note that filtering has been done on both positive and negative frequency components. 
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Figure 5. Low-pass and High-pass filtering of the raw time series. (a,b) illustrate the power spectra and time delayed plots of the low pass filtered (cutoff frequency 600 Hz) time series corresponding to   φ = 0.95   respectively. It is clear that low-pass filtering falls short in improving the attractor dynamics. In (c,d), similar outcome is observed for the representative flow of   φ = 0.80   following the secondary transition. Results of high-pass filtering (cutoff frequency 50 Hz) on the same time series are shown in (e–h). Like the low-pass filtering case, high-pass filtering is also unable to reveal the underlying dynamics of the flow. 
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Figure 6. (a) Synthetic time series with added Gaussian noise. (b,c) show the corresponding time delayed plot and power spectrum respectively. Outcomes of the auto-correlation analysis are shown in figs (d–f). Quasi-periodic nature of the signal is reflected in the phase space attractor. Power spectra is also cleaned up once the auto-correlation technique is employed. 
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Figure 7. Auto-Correlation functions for flows prior to (  φ = 0.95   &   0.90  ) and following (  φ = 0.80   &   0.70  ) the onset of asymmetric vortex shedding. The top row shows   C   r , r ; τ     as a function of   τ  . The strong periodicity in   C   r , r ; τ     is seen prior to onset, while the spectrum following the transition exhibits features associated with quasi-periodic motion. The second row shows the time-delayed map, which is periodic prior to the onset. The bottom row shows the spectra     C  ^    r , r ; ω    . Clear spectral peaks of frequency     ω   2       can be seen even prior to the onset of asymmetric vortices. However, its spectral content increases significantly following its onset of secondary instability. 
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Figure 8. Results from a correlation-based analysis of the growth of the secondary instability. At higher equivalence ratios, ratio of strengths (       ω   2       ω   1      )   is small, implying the domination of symmetric shedding on the dynamics. As the flame decouples from the chamber acoustics with decreasing equivalence ratio, contributions from both shedding modes are observed, with asymmetric constituent overshadowing the symmetric one near blow-off (       ω   2       ω   1      > 1  ). 
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Figure 9. Difference of Cross-Correlation Functions at various inlet temperature conditions prior to the onset of secondary instability: (a) 265 F, (b) 440 F, (c) 620 F. The spectrum of the difference   Δ C   ≡   C     r   T   ,     r   B   ; τ   − C     r   B   ,     r   T   ; τ     of cross correlation functions is overlaid with cross-correlation   C     r   T   ,     r   B   ; τ     at various inlet temperature cases prior to the onset of asymmetric shedding. Percentages of     ω   1     and     ω   2     strengths in   Δ C   compared to those in   C     r   T   ,     r   B   ; τ     are reported. Percentage strength is always higher for     ω   2     in   Δ C   compared to     ω   1    , indicating that     ω   2     arises from an asymmetric flow constituent. 
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Figure 10. Difference of Cross-Correlation Functions (  Δ C   ≡   C     r   T   ,     r   B   ; τ   − C     r   B   ,     r   T   ; τ    ) at lower equivalence ratios for inlet temperature 620 F: (a)    φ = 0.75  , (b)   φ = 0.70  , (c)   φ = 0.65  . These plots indicate that the trend of higher percentage strength for     ω   2     in   Δ C   compared to     ω   1     persists at lower equivalence ratios as well. 
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Figure 11. The     ω   2    -spectral component for time-series is enhanced only when the transducers are placed at symmetry-related points. 
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Table 1. Critical parameters related to experimental measurement.
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	Parameter
	Value





	Combustion chamber size (mm)
	152.4 × 127



	Equivalence ratio (  φ )  
	0.6–1.0



	Inlet temperature (F)
	100, 265, 350, 440, 560, 620



	Transducer recording rate (kHz)
	20
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