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On commercial aircra s, the adequate pressure ratio between the cabin and the exterior is regulated with circular outflow valves. At an operating pressure ratio equivalent to in altitude, a tonal noise is observed at kHz and higher harmonics. A feedback loop is believed to be responsible for this tonal noise and it is studied on an extruded two-dimensional mock-up representative of the outflow valves including the sealing steps. An spectral analysis is performed on the Schlieren images in terms of pixel intensity for each pixel independently.

is accentuates the aliasing phenomena of the higher harmonics when studying the maximum power spectral density. In order to highlight different pa erns in the flow, phase maps are computed with respect to a particular pixel at kHz and harmonics. Last, the feedback mechanism is visible between the sealing step and the valve with the application of a novel wavelet-based technique on the Schlieren images.

INTRODUCTION

Outflow valves are used in aircra s in order to maintain an adequate pressure ratio between the cabin pressure and the exterior atmospheric pressure and to ensure a sufficient air renewal rate for the passengers to breathe comfortably. ey are typically designed in order to maintain the air cabin pressure at a level corresponding to the atmospheric standard at , , regardless of the flight altitude. In the literature, two types of aircra outflow valves are reported: a flapped outflow valve (as studied by Carbonneau et al. [ ]) and a circular bu erfly outflow valve (see the works of Fetjek et al. [ ]).

Even thought the components of the valves may seem simple, the flow is in reality highly complex. Supersonic or transonic jets develop depending on the pressure ratio through the valve. At transonic and supersonic operating points, the outflow valve generates a significant level of noise that is detrimental to the comfort in the cabin, especially in business jets where the level of ambient noise is an important criteria for the customers and the outflow valve may be located directly under the cabin floor [ ]. Strong tones may be emi ed by the valve, as reported by Hanss et al. [ ]. ere is indeed a need for a be er understanding of the flow physics within bu erfly valves, which may lead to low noise designs and less noise emissions. Unfortunately, only a few studies of aeronautic bu erfly outflow valves can be found in the literature and are briefly introduced in the following.

Addy et al. [ ] have developed on the basis of nozzle

experiments a simplified sudden-enlargement in flow area theoretical model to predict the performance coefficients of transonic and supersonic bu erfly outflow valves. Morris and Du on [ , ] have performed wall static pressure measurements and Schlieren visualization of the flow through a two-dimensional outflow valve equipped with either a biconvex circular arc bu erfly or a flat plate bu erfly at various operating conditions. e study has shown that the flow-field through a bu erfly valve is extremely complex with strong pressure gradient, oblique shock waves and expansion fans, and massive flow separation. By varying the pressure ratio for several opening angles, the occurrence of a massive separation at the downstream edge of the bu erfly for the lowest pressure ratio was observed. e transition from the a ached to the detached flow was related to a peak of the aerodynamic torque, with a strong dependence on the disk geometry near the leading and trailing edges.

Fetjek, Waller and Wong [ ] have performed a CFD analysis of an aircra outflow valve using ANSYS CFX-so ware. e capabilities of the numerical approach were assessed using the above-mentioned two-dimensional test case equipped with the circular arc bu erfly from Morris and Du on. e flow in a real D bu erfly outflow valve was then computed using the same solver parameters, with boundary conditions corresponding to a typical under-floor environment. Results have enlightened the very different behavior of the lower and upper lip jets. e jet issuing from the lower lip is thin and remains adjacent to the duct wall, whereas the jet issuing from the upper lip changes its shape as it extends downstream and concentrates around the median plane of the duct.

is was confirmed by experimental measurements. Noise measurements were taken downstream of the valve and showed high-level broadband noise as well as a tonal emission. e study does not give however any insight into the noise generation mechanism. In addition, the geometry used for the numerical simulation does not include any sealing step on the duct wall, which effect on the development of the jet has been shown to be important [ ].

is may explain why further noise prediction on the same test case a empted by Waller [ ] using the STAR-CD solver coupled with a porous Ffowcs Williams-Hawkings method did not succeed in predicting the existence of a tone.

One study of particular interest has been conducted by Hanss and Miklaszewski [ ] who investigated the flow within a bu erfly outflow valve using CFD computations performed with StarCCM+. e study gives a particular focus on the occurrence of a tonal noise reported by experiments, and assesses the effectiveness of geometrical modifications at canceling this tone. e tone is conjectured to be a screech tone, produced by a feedback mechanism between vortices in the shear layer and a standing system of shock waves.

e addition of a half-moon shape part positioned on the upstream side and downstream face of the bu erfly allows to cancel completely the tone experimentally and reduce the intensity of the shocks numerically.

is effect is attributed to the lower extent of the supersonic regions, that may weaken the aero-acoustic coupling at the origin of the screech noise. However, no clear evidence is given to support that interpretation, and the control mechanism remains unclear. Moreover, it is not clear if the total mass flow through the modified valve remains the same, given the fact that the upstream side jet is weaker.

Finally, the CFD study conducted by Smid, Spalart and Breard [ ] should be stressed even if it were on a flapped outflow valve. e authors have indeed used a two-dimensional Unsteady Reynolds-Averaged Navier-Stokes (U-RANS) approach with two different codes in order to successfully investigate the occurrence of tonal noise at several operating conditions, and assess the effect of increasing the roughness at well chosen locations on the walls. e two numerical codes have been found capable of predicting the tone associated to a vortex shedding at the sealing step on the forward door of the valve. e use of roughness was able to prevent the vortex shedding on the step, as well as a boundary layer separation on the a door. As a result, the tone was canceled both numerically and experimentally. e present work deals with a bu erfly outlow valve similar to that of Hanss and Miklaszewski [ ] and Fetjek, Waller and Wong [ ] for which a strong tonal noise has been reported.

e objective is to experimentally put into evidence the aero-acoustic phenomenon that creates the tone by using high-speed Schlieren imaging of the flow through a transparent two-dimensional bu erfly valve, representative of the real test case.

e post-processing techniques performed in this work are based on spectral analysis and wavelet-based techniques. e be er understanding of the tonal noise generation mechanism should allow to identify simple and promising treatments, based on geometrical modification or wall roughness modifications for example. is work is structured as follows. First, the experimental setup and the operational point of the valve are presented in sections and respectively. e analysis of spectral and wavelet-based results is shown in section . Last, the conclusions and outlooks are summarized in section .

. EXPERIMENTAL SET-UP . Channel and pressure measurements e circular outflow valve (OFV) is modeled by a rectangular channel of 10D in length having a inner section of D height and 0.62D large is connected to a vacuum tank of . m 3 (Fig. ), D being the diameter of the actual circular OFV.

An extruded bu erfly of height D is mounted at the entrance of the rectangular duct. e two-dimensional geometry of the rectangular valve, in particular the sealing step and the bell-mouth entrance perfectly match the geometry of the actual circular bu erfly at its mid-section. e aperture angle of the bu erfly can be varied from 0 • to 90 • . When closing the bu erfly, the steps of length L = 2.5 cm compress the bu erfly seals preventing leakages.

A . mm thick mylar membrane is sealed in between the vacuum tank and the rectangular channel to allow the initial depressurization of the vacuum tank to a pressure ratio of . mimicking the outside atmosphere at the maximum flight altitude. e laboratory atmospheric pressure mimics that of the cabin pressure. A Chromel C wire is taped on the membrane. A high tension across the diaphragm results in a burst which initiates the flow in the channel. Even though the duration of an experiment is only a few seconds, the flow sweeps across a wide range of pressure ratios providing a new insight for the OFV manufacturers.

Two high-quality glass windows are placed on one side of the channel facing two other similar windows on the other side of the channel.

ey allow the flow visualization by Schlieren or PIV at the lower and upper lips of the D butterfly. Two other windows are located at the top and bo om of the rectangular duct for PIV laser-sheet access. ose × mm 2 and mm thick optical windows provide a maximum transmission in the green light at nm. e channel is made of transparent acrylic to allow flow visualization beyond the optical windows. e background luminosity of the frames is adjusted without flow using both the knife position and the shading (black level) correction function of the camera. At the end of the adjustment, the knife edge as located at the middle of the light dot and the background luminosity seen by the camera is almost uniformly medium grey.

Finally, images are recorded by a Photron Fastcam SA-X . All images are recorded on bits Table summarizes the Schlieren views that have been recorded. Full view gives a large overview of the flow pa ern at the upper lip side. It has been taken using the cm focal distance lens, and a high resolution. e frame-rate and the recording time are then limited by buffer size of the camera. For this view, a frame-rate of , fps has been chosen, which allows recording a . seconds sequence duration. Front step view and Rear step view are focused on the lip and on the upstream edge of the sealing step, and on the downstream edge of the sealing step, respectively. Resolution is smaller which allows longer recording times at a higher frame-rate. Several phenomena can be seen from . Spectral analysis e Fourier transform is used in order to study the frequency content of the Schlieren frames. In particular, a strong kHz component is expected and should highlight the flow behavior that originates the tone.

Each pixel intensity is considered as a one-dimensional data that has been recorded over time at a given frame rate.

en, the Fourier transform is computed for each pixel separately over ms of signal. e Welch's periodogram is used. Segments are ms long, with % overlap and a Hanning window. Amplitude and phase can then be computed at each location.

. . Aliasing effect in Schlieren frames

As a very first insight, the maximum of the PSD of pixel intensity fluctuation over all the pixels in the Schlieren images is e expected peak at . kHz is found in the two cases, and corresponds to the highest amplitude. Another peak exist at . kHz and corresponds to the first harmonic of the tone. Other peaks at . kHz and . kHz for Full , and . kHz and . kHz for Full are present due to aliasing and correspond to the second and third harmonic of the kHz tone. In the following, peaks at frequencies other than kHz and its harmonics will be discarded.

. . Phase maps e cross power spectral density (CPSD) is computed at all pixels of the Schlieren images using point A (and B for Rear step) as reference, using the csd function as implemented in the SciPy package for Python. e amplitude of the CPSD highlights the pixels where the spectrum has a peak at the same frequencies as the reference pixel. In this case, the amplitude only highlights the shocks, the shear layer and the vortex shedding as expected [ ], not giving any relevant information and is thus omi ed. On the other hand, the e full views Full and Full , give information about the shape of the pa erns in a general view, however, the pixel resolution is too low to analyze in detail the shocks and expansion waves. Moreover, the aliasing could alter the e compression waves inside the jet illustrated in Fig.

show smaller wavelengths for increasing frequency as well as a higher number of them. Moreover, at the harmonic, the phase is not coherent outside the jet as it is at kHz. e lambda shock position and phase remains fairly constant at the different frequencies although, as it happens for the compression waves, the shock seems to be split in several. It is unclear, if this is simply a three-dimensional effect of the Schlieren at the shock in the span-wise direction or there are in fact different modes associated to the shock. e phase maps for the Rear step are shown in Fig. with the reference phase computed from point B. At kHz the expansion wave that is formed at the rear step is clearly visible. Moreover, a er the step, the flow is detached and forms a recirculation bubble. In the top part of the picture (y(pi xel ) < 80) the phase shows the same behavior as in Figs. and . e phase goes from positive (red) to negative (blue) passing through the zero (green). However, for values y(pi xel ) > 80 and x(pi xel ) < 50, the opposite phenomena is encountered. In this case, the phase goes from positive (red), to negative (blue).

is could imply that a wave is being propagated in the other direction. At the harmonic, ( 

. Wavelet analysis

Spectral analysis shown in the previous section are well adapted for signals with periodic components. However, the signal is not always fully periodic and some intermi ent events that produce noise at particular frequencies appear in time. In order to keep the discretization in time, the wavelet transform can be performed. e wavelet-based technique [ ] is applied in this work to extract the signature through e initial signal q (t) (pixel intensity from the Schlieren images) is decomposed into the wavelet domain at a reference pixel using the continuous wavelet transform as

w (s,τ) = 1 √ |s| +∞ -∞ q (t) ψ * t -τ s dt, ( )
where τ is the translation parameter, s is the dilatation or scale parameter and ψ * t-τ s is the complex conjugate of the daughter wavelet ψ t-τ s obtained by the translation and dilatation of the so-called mother wavelet ψ 0 (t). In this work, the non-orthogonal continuous wavelet transform was carried out using the Morlet mother wavelet [ ] defined as

ψ 0 (η) = π -1/4 e iω 0 η e -η 2 /2 , ( )
where ω 0 = 16 in this study. e reference scale s can be expressed in terms of frequency f (s) as

f (s) = ω 0 + √ 2 + ω 0 4πs . ( )
e decomposed signal gives a map of the wavelet power |w (s,τ)| 2 , which is function of time and scale (or in this case, frequency). e map is used to localize peaks in time and frequency that are above a predefined threshold.In this work, the event detection method compares the local wavelet power |w (s,τ)| 2 with a defined background spectrum energy at all scales as

SIG(s,τ) = |w (s,τ)| 2 σP k χ 2 2 , ( )
where σ is the variance of the signal q (t), P k is the normalized Fourier power spectrum of a background white noise and χ 2 2 is the value of the chi-squared distribution at %. e reader is referred to the work of Torrence and Compo [ ] for further details.

Once the events have been selected (values of SIG above ) and well localized in the time domain a conditional average can be performed at each scale or at the scale of interest which in this work is . kHz. At each time location t i corresponding to a peak of energy (event) it is possible to extract a window of fixed time-length t W from the target signal g (t). e conditional-average {q; g} can be calculated from the average of this set of windows as

{q; g} = 1 N N i=1 g (ξ i ) , ( )
where

ξ i ∈ ti -t W 2 , ti + t W 2
is the interval surrounding each peak, and N is the number of events used for the conditional average which can be lower than the total number of events detected. Indeed, a filtering window centered at t i of size . s is used to discard events grouped in time.

e result is a temporal characteristic signature representing the most probable shape of the most energetic events at the frequency (scale) of interest.

In this work, the conditional averaging is applied to the full Schlieren images by averaging all the images that lay at the times where the events are detected at the reference pixel.

e result is an image where the influence of the events detected at the reference pixel are highlighted and the other scales are averaged out (if a sufficient number of events/images is used for the averaging). e resulting images are normalized by the standard deviation at each pixel independently in order obtain comparable amplitudes at all locations. Because of the Schlieren technique, the pixel intensity and thus the events that are captured, are a measure of the density gradients in the axial direction (according to the knife orientation) averaged in the span-wise direction.

e analysis is performed at point A and point B on Full , Front step and Rear step from Table . e interest of studying pixel A comes from the fact that several compression waves traveling upstream are visible when analyzing the Schlieren images when the tonal noise at . kHz is present. e two-dimensional cross-conditioning is shown in Fig. (top) where red corresponds to positive normalized values (white in the Schlieren) and blue to negative normalized values (black in the Schlieren).

e black contour lines indicate the regions where the values are higher (solid) and lower (dashed) than one positive or negative standard deviation respectively. From Fig. (top) it can be seen that when the event detects a maximum the different regions of the lambda shock are well defined showing that a determined pa ern that could be responsible of the tonal noise appears in the shock region. Moreover, a footprint with a lower color intensity can be discerned over the step with the same wavelength as in section . . On the other hand, if the reference pixel is taken far from the shock region (pixel B in Fig. (b)) the above-mentioned background pa ern is now clearly visible (Fig. (bo om)). Furthermore, the boundary layer that is formed on top of the step shows a horizontal discontinuity that ends at the rear step with the separation of the boundary layer and possibly a recirculation bubble. When the reference pixel is taken far from the shock region, no areas with values higher than the standard deviation appear in the shocks, even though they are still evident.

Contrary to the Spectral analysis from section . , the wavelength obtained from the pa erns on the background does not vary if the events are computed at . kHz. is can be explained if both frequencies are highly correlated in time. Because the wavelet-procedure keeps the discretization in time, and the cross-conditioning is performed on the Schlieren images, the events that have a higher amplitude (those at kHz) will overlap with others with lower amplitudes (those at kHz).

e signature from Fig. is obtained by averaging the Schlieren images corresponding to the times when the events were detected in the reference pixels A and B. In order to obtain a temporal information about these events, a time shi can be applied to the points in time prior to the averaging (±δt). is is performed for Front step and Rear step and shown in Figs. and for the front and rear steps respectively. e cross-conditioning is performed for the shi s ranging from -6∆t to +3∆t, where ∆t is computed according to the acquisition frequency of the setup (see table ) and 0 ∆t corresponds to the peak of the event. is range corresponds to about one period for the frequency of interest of . kHz. can be seen to originate in the lambda shock, they move upstream inside the wall jet, and die under the lip. Indeed, the train of compression waves changes the sign under the lip at the fundamental frequency of . kHz. e compression wave located at x/L = -0.53 (-6∆t) moves upstream and merges with other compression waves located at x/L = -0.6. However, from these pictures, it looks as if a pa ern was moving upstream as well. Actually, the compression waves that travel upstream and change the sign under the lip appear to be moving outside the shearlayer, close to the vane and then traveling downstream. is wave that travels downstream and is seen in Fig.

(bottom) will have an effect inside the wall jet and thus show some kind of phenomena that travels upstream. Finally, the shear-layer seems to be flapping vertically and changing sign with the displacement of the compression waves (image at -2∆t against +3∆t). e flapping and the waves convected downstream increase the intensity of the lambda shock (starting at -3∆t) which sheds the compression waves that travel upstream.

On the rear step (Fig. ) the pa erns from Fig.

(bottom) can be seen to travel downstream at a convective speed of . m/s for the frequency at kHz. is wave appears to travel first through the boundary layer on the step as it can be seen in the images from -5∆t to -3∆t, then it is stopped by the expansion fan that occurs at the first corner of the step (x/L = -0.5) and merged with the wave that travels in the channel. is pa ern also travels through the expansion fan inside the boundary layer (images from -2∆t). Moreover, from images 0∆t to 3∆t it seems that it is also moving upstream at the end of the boundary layer.

is could be due to either a recirculation bubble on the boundary layer or acoustic waves that are reflected at the expansion wave which travel upstream.

. CONCLUSIONS AND OUTLOOKS

Schlieren imaging has been obtained for a valve representative of realistic outflow valves used in commercial aviation.

ese high-speed Schlieren imaging allows to study the tonal noise that appears at . kHz. e Schlieren images are analyzed using spectral analysis and wavelet-based analysis.

e power spectral density of the Schlieren images presents an aliasing phenomena when the acquisition frame rate is lower than kfps. In this instance, the higher harmonics of the tonal noise are aliased. e phase maps are computed using as reference a pixel inside the wall jet.

e phase maps show several background pa erns with wavelengths of mm and mm at the frequencies of . kHz and . kHz which correspond to convective velocities of . m/s and . m/s respectively. When studying the detailed views with frame rates higher than kfps, compression waves located in the wall jet also show different wavelengths for the frequencies . kHz, . kHz and . kHz. Moreover, the harmonics do not show any difference in phase for the lambda shock and the coherence of the pa ern is lower outside the jet.

e phase map of the rear step depicts clear pa erns mainly at . kHz. Furthermore, a change in sign direction appears close to the step which suggests that a wave is moving upstream at this location.

e wavelet analysis is used in order to compute the twodimensional spatial signature of events detected at reference points. When the reference point is inside the jet, the only pa erns highlighted are those located on the shocks, on the other hand, if the reference point is located downstream, the same background pa erns found with the phase maps using Fourier are obtained with the same wavelengths and convection speeds as for . kHz. is wavelet procedure is not able to obtain the different pa erns at the harmonics due to the difference in amplitude of the harmonics and the fact that they have a high temporal correlation. Nonetheless, when studying the detailed view at the shocks a feedback loop is discerned between the vortical structures shed on the shear-layer of the jet and the compression waves inside the jet. ese vortical structures are convected downstream and perturb the lambda shock by injecting energy and changing the shape in such a way that compression waves are shed inside the jet and travel upstream until they reach the lip. Once they have reached the lip, they perturb the shear-layer and generate new vortical structures. Moreover, the compression waves are transformed into acoustic waves that are convected upstream outside the valve and heard in the farfield. e analysis on the rear step shows how the pa ern reaches the expansion wave generated at the backward step through the boundary layer first. When the signature reaches the expansion fan, it moves upstream which confirms the results obtained with the phase maps.

e Schlieren technique is able to provide many insights to the flow and a feedback loop can be discerned, however, it is uncertain if this phenomena is purely aerodynamic or an aero-acoustic feedback loop. Moreover, what is recorded are density gradients which are not simple to analyze. e events detected with the wavelet transform are based on the pixel intensity related to the gradients and not the actual events. Moreover, the Schlieren technique averages the three-dimensional box of the channel which could result in misleading information, in particular, if span-wise modes appear in the experimental facility. In order to answer these open questions, other post-processing techniques such as Proper Orthogonal Decomposition and Dynamic Mode Decomposition will be performed on the experimental results and on future numerical simulations. 

e

  Schlieren arrangement is shown in Fig. . A dual-field lens Schlieren arrangement using a monochromatic greenlight LED at nm. A first lens of cm focal distance and cm diameter allows illuminating the flow field in the channel with parallel beam. e light then goes through a second lens before the converged beams are vertically cut

Figure .

 . Figure . Setup of the simplified OFV equiped with Schlieren imaging mock-up. (a) Rectangular channel with D extruded bu erfly. (b) Wall static pressure probes. (c) Schlieren mock-up. (d) Microphone located at m in front of the channel.

Figure .

 . Figure . Dual-field lens Schlieren arrangement adapted from Se les [ ].

  Figure . Full fields of view of Schlieren sequences

  Figure . Partial fields of view of Schlieren sequences

Figure .

 . Figure . Maximum of PSD of pixel intensity over the full view, for Full (in red) and Full (in black) Schlieren captures. Do ed lines highlight the peaks that can be explained by an aliasing effect.

Figure .

 . Figure . Map of the phase compared with point A, for Full Schlieren capture.

  Fig. (b)), the phase becomes less coherent even though the shortened wavelength (in the (a) . kHz (b) . kHz

Figure .

 . Figure . Map of the phase compared with point A, for Full Schlieren capture.

Figure .

 . Figure . Map of the phase compared with point A, for Front step Schlieren capture.

Figure .

 . Figure . Map of the dephasing compared with point B, for Rear step Schlieren capture.

Figure .

 . Figure . Normalized two-dimensional cross-conditioning of pixel intensity using as reference the events detected at the black dot at . kHz for different ∆t. e results are normalized by the local standard deviation e contours depict where the values are equal to (solid) or -(dashed).
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 . Figure . Normalized two-dimensional cross-conditioning of pixel intensity using as reference the events detected at the black dot at . kHz for different ∆t. e results are normalized by the local standard deviation e contours depict where the values are equal to (solid) or -(dashed).
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