
33rd EUROPEAN ROTORCRAFT FORUMKazan, Russia - September 11-13, 2007Conditional Averaging Methodology for PeriodiData with Time Jitter and Spatial SatterBerend G. van der Wall, Oliver ShneiderDLR, Inst. of Flight Systems, Braunshweig, GermanyThe onditional averaging methodology is shown to be mandatory to proper averageessentially periodi data that are biased by spatial satter and time jitter e�ets whih arealways present in both ight and wind tunnel test. This is demonstrated at various dataof ompletely di�erent physial origin as obtained from the Higher Harmoni ControlAeroaousti Rotor Test (HART II) performed in the Large Low-Speed Faility (LLF) ofthe German/Duth Wind Tunnel (DNW): blade position and tip vortex ow �eld data(both obtained instantaneously and with optial measurement tehniques), blade surfaepressure and aousti data (measured ontinuously by absolute pressure transduers andmirophones, respetively).1 IntrodutionIn heliopter rotor experimental data - either originating from the ying heliopter or from the wind tunnelmodel - periodi and non-periodi motions of the test vehile are present due to gusts and transient motionof the heliopter or due to exibility of model support and unsteadiness in the wind tunnel environment.These motions usually are of low-frequeny nature ompared to the rotor rotational frequeny, but theyslightly hange the aerodynami environment revolution by revolution. Consequently the data like rotorblade position, blade pressure, vortex position, mirophone pressure exhibit disturbanes in spae and/ortime that must properly be addressed in data analysis, espeially when the time (or spae) averaged dataare to be omputed. These averaged data (veloity �elds, position or pressure time histories) are the basisfor ode validation e�orts and thus speial algorithms must be applied to eliminate these spatial satterand/or time jitter e�ets appropriately.The most frequently used method of averaging is the so-alled simple (= arithmeti) averaging. Pro-vided that a number of periods Np (one period = one rotor revolution) have been reorded for eah sensor- favorably with a onstant number of samples Ns per period and additionally eah sample yi at the samephase loation  i within eah period (whih is usually the ase in rotary wing data that are triggered tothe main rotor azimuth  with 1/rev as the dominating frequeny) -, suh an algorithm to ompute anaverage sample �yi(j); i = 1; 2; :::; Ns of a time history reads in a generalized form�yi = mvuut 1Np NpXj=1 ymi (j) i = 1; 2; :::; Ns (1)withm = �1 harmoni averagem! 0 geometri averagem = 1 simple (arithmeti) averagem = 2 quadrati average (or e�etive value)and yi;min � �yi(m = �1) � �yi(m! 0) � �yi(m = 1) � �yi(m = 2) � yi;maxThe simple average (m = 1) is widely used in statistial analysis of variations in the individual samplesand eliminates noise in a proper manner in order to obtain a smooth time-averaged history. The harmoniaverage is often used for data that ontain a referene to a unit like veloities m=s; km=h or densities1



like mass/volume. In ases like proportionalities or growth rates, where instead of the sum the produtof the samples is to be interpreted, the geometri average m! 0 is often used, that is�yi = NpvuutNpYj=1 yi(j) i = 1; 2; :::; Ns (2)Another important parameter to judge the individual samples on�dene in the relation to the averagevalue is to make use of the standard deviation, whih is de�ned as�i =vuut 1Np � 1 NpXj=1 (yi(j)� �yi)2 i = 1; 2; :::; Ns (3)In a Gaussian normal distribution, whih is expeted in most ases, about 68% of all samples arewithin the range of �yi � �i, about 95% within �yi � 2�i, and about 99.8% within �yi � 3�i.In ase the data are ontaminated by spurious elements being either by far too large and/or toosmall ompared to the majority of samples another proedure should be applied �rst by eliminating thesame fration of Np at both ends of the sale before applying one of the averaging methods mentionedbefore. This is alled the trunated average, but the trunation threshold (usually 5 to 15%) must beadapted manually to the individual distribution of data and thus requires some degree of experiene inorder to distinguish betweeen those data being obviously erroneous and those that should be retained.Often a value between 2� and 3� is used as a threshold to identify those samples as outliers. However,the mathematial formulation requires trunation at both ends of the sale with the same number ofsamples, whih in some ases does not math the physis of the data. Some other higher order variantsof the trunated average exist that use weighing funtions.As an example for instantaneous data that are not available in time rather than in spae the resultof ow �eld measurements like PIV an be seen. Herein neighboring data (veloity vetors) are spae-orrelated. The preproessing of partile images to veloity vetors usually leads to some spurious vetorsthat must be eliminated before analysing the veloity vetor �eld. Their identi�ation is based on statis-tial analysis of a ertain subset of vetors around that one in question. One identi�ed as spurious, thesevetors normally are of signi�antly larger magnitude and di�erent orientation (although the orientationalone annot be used as indiator, for example the orientation naturally hanges to the opposite whenpassing the enter of a vortex) than those vetors omputed orretly, but rarely of signi�antly smallerlength. Thus, lipping the same number of vetors at both ends of the length sale would eliminate a lotof orret samples at the lower end and appears not appropriate to the problem.Another example is given with ontinuous data as obtained from strain gauges, pressure sensorsor mirophones. Within eah sensor time history the individual samples are time-orrelated to form aontinuous urve. Any spikes - like those aused by slip-ring problems or broken ables - an easilybe deteted either by orrelation to the neighboring samples within an individual time history, or byorrelation with the samples at the same phase of the rest of the periods measured. However, in ase thisis a repetetive problem ouring in eah period relying on the latter method alone would not work. Aspae-orrelation must also exist to ontinuous data obtained from another sensor loated lose enough,suh that this information ould also be used to identify spurious data, but are must be taken sine thisoften inludes non-linear phase shifts between the time histories.So far, the averaging methods mentioned are mainly useful when statistially distributed, mainlyone-dimensional, data are to be averaged and no other information about the physis behind has tobe obeyed. Yet, a fundamental problem annot be addressed by those averaging methods, and this isthe spatial satter of individual events of interest. Applying any of the averaging methods mentionedwould result in arti�ially smoothing the individual events whih makes an analysis of these obsolete. Toillustrate the problem see Fig. 1.As an be seen in this example, in eah individual time history an idential event is seen and the�nal goal is to provide an averaged time history as indiated by CA = onditionally average. The linedenoted SA represents the result of simple averaging using Eq. 1 with m = 1 and it is learly visible thatthe individual harateristis are widely lost. In ase this was a measurement of the indued veloitiesof a vortex when passing the probe eah individual analysis would lead to orret ore radius and swirlveloity, but the averaged time history would give ompletely wrong results for both parameters despitea orret average position of the event. The reason is the time jitter of the event that leads to arti�ialsmoothing. In ontrast, the onditional average provides both orret position and retains all information2
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Figure 1: E�et of time jitter on averaged time history (SA - simple average; CA - onditional average).of the individual time history. To irumvent the time jitter e�et, two possible solutions have beenelaborated and used in the past:1. in the spae-time domain: to identify the parameters of the event in eah individual measurementand then apply one of the averaging methods to the parameters identi�es. However, the individualanalysis often is biased or hindered by noise and the result is a set of parameters, but no averagedtime history or spatial distribution of data is available.2. in the frequeny domain: for eah individual period of the time history the Fourier spetrum isomputed, then all spetra are averaged. This is appropriate for the magnitudes of the spetrum,but the time information (= phase) gets lost and again no averaged time history is available.The e�et of time jitter on the results of the spetrum and orretions to it in the frequeny domainwere elaborated, for example by [5℄. In this artile an alternative method is presented known as theonditionally averaging that takes into aount spatial satter and time jitter and as a result providesaveraged spatial distributions or time histories that eliminate noise but still inlude all the informationof the individual event. In time history data, the goal is to generate averaged time histories that have aFourier spetrum similar to the averaged spetrum.2 The HART II data baseAll the analysis methodologies are applied to the HART II test data obtained 2001 in the DNW by DLR,ONERA, NASA Langley, US Army AFDD and DNW. These data enompass measurements of windtunnel data, rotor balane, blade motion, blade pressure, aousti radiation and detailed tip vortex ow�eld data. The HART II test is desribed in [1℄ and details of the test set-up and of the measurementtehniques applied are given in [2℄. Representative results applying part of the tehniques desribed inthis paper are shown in [3℄. These reports and part of the data are available for the rotorraft ommunitywithin the framework of the international HART II workshop held semi-annually at both the AHS Forumand the European Rotorraft Forum [4℄, sponsored by the HART II team.Within HART II a Mah-saled and dynamially saled Bo105 model rotor with Nb = 4 retangularblades at a pre-one of �p = 2:5deg, having a linear twist of �tw = �8deg=R, a radius of R = 2m, ahord of  = 0:121m and a NACA23012 airfoil with trailing edge tab was operated in 6deg desent ightondition that is known to generate strong blade-vortex interation (BVI) noise. The blade rotationalspeed was 
 = 109rad=s and the wind speed V1 = 33m=s, resulting in an advane ratio of � = 0:151.The thrust oeÆient was set to CT = 0:0044 representing a lightly loaded Bo105 and zero hub moments.The setup is shown in Fig. 2.One of the main goals was to identify the physial mehanisms of higher harmoni ontrol (HHC) onnoise and vibration redution by means of extensive ow �eld measurements. Three distintive onditionswere mainly investigated, these are the baseline ase (referred to as BL) with a shaft angle of �S = 5:3degand zero roll and pith moments. The appliation of HHC features two variants trimmed to the sameondition as the BL ase: the minimum noise ase (MN) with 3/rev pith ontrol of �3 = 0:8deg at theblade root at a phase of  3 = 300deg, and the minimum vibration ondition (MV) with the same pithamplitude, but a di�erent phase of  3 = 180deg. These onditions were identi�ed in the �rst HART testof 1994 [8℄. 3



Sine the model rotor operated in 1994 was not available for HART II, another originally uninstru-mented Bo105 model rotor was used where two blades were equipped with in total 51 absolute pressuretransduers prior to the test. The leading edge di�erential pressure at 3% hord ould thus be measuredfrom 40-97% radius at 11 radial setions, and the hordwise pressure distribution at 87% radius ouldbe reorded by means of 17 sensors as skethed in Fig. 2. By hordwise integration of these sensor sig-nals the loal lift time history in terms of the normal fore oeÆient CnM2 or loal blade irulation�b = CnV =2 with V ( ) as the time-varying air speed at the setion an be evaluated. 80 suessiverotor revolutions were reorded, triggered to the rotor azimuth at a data rate of 2048 samples/rev withineah ondition.

(a) Model rotor in the LLF of the DNW
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(d) Distribution of SPR markers on the bladesFigure 2: HART II equipment used for measurement of aoustis, blade pressures and blade deetion.Aousti pressure data were reorded 1:1075R below the rotor using an array with 13 mirophonesspaed equally at a distane of 0:225R that was traversed fore and aft of the rotor entre by a range of�2R at 17 downstream loations separated by 0:25R, see Fig. 2. At eah traverse loation mirophonedata were reorded for 100 suessive rotor revolutions at a data rate of 2048 samples/rev, again triggeredto the rotor azimuth. The post-proessing provides noise levels at every loation based on spetral analysisof eah individual revolution reorded. Putting together the result for all positions leads to the radiated4



noise arpet as �nal output.The blade position was measured optially using Stereo Pattern Reognition (SPR) [9℄. Four ameraswere mounted on the oor taking images of the rotor at 24 spei�ed azimuthal loations equally distributedaround the revolution. All four blades were equipped with 18 markers all along the leading edge as wellas along the trailing edge as given in Fig. 2. The omputation of the marker enters by means of imageproessing and a proper alibration resulted in the absolute position in spae of these marker enters withan auray of 0:4mm, whih is 0.33% hord (or 0.02% radius). Sine the ameras ould not measureontinuously rather than were limited by a maximum frequeny of about 10Hz, one image was reordedevery 7th revolution and a minimum of 50 repeats was taken at every blade azimuth position to allow astatistial analysis.The post-proessing is desribed in detail in [6℄ and allows the identi�ation of ap and lead-lagposition of the quarter hord line along the span at eah azimuth. Putting together all azimuthal positionsin sequene the time history of blade motion an be omputed by means of Fourier analysis and synthesisfor intermediate azimuth loations. The elasti deformation is obtained subtrating the pre-one rigidblade position. Di�erentiating the leading edge and trailing edge marker positions provides informationabout the radial distribution of the loal pith angle with an auray of 0:4deg. When subtrating thebuild-in pre-twist and the ommanded blade root pith ontrol the elasti torsion is obtained.Flow �eld measurement were performed using Stereo Partile Image Veloimetry (SPIV od 3C-PIV)[10℄. A large observation area of 0:45m � 0:37m was taken by DNW ameras for the global veloitydistribution and global wake struture analysis and simultaneously a small observation area of 0:15m �0:13m was gathered by DLR ameras for analysis of the blade tip vortex strutures. The pre-proessingof the amera images results in veloity vetor �elds, while the post-proessing is devoted to analysethese vetor maps �rst for the vortex spatial position, then for the vortex properties in order to identifyparameters like the ore radius r, the maximum swirl veloity at the ore radius V and the swirlveloity pro�le Vs(r). Other parameters like vortex irulation may be omputed based on these results.The methods of post-proessing are dexribed in [7℄.

(a) PIV loations, MV (b) Raw data PIV image, BL, Pos. 21, lowerameraFigure 3: PIV measurement positions and exemplary raw data images.As in SPR measurements, the ameras were triggered to the rotor azimuth and reorded an im-age every 7th revolution, with 100 repeats. A traversing system allowed to over the entire rotor diskoutside jyj=R = 0:4 suh that on either side of the rotor disk the tip vorties were traed from theirreation at the trailing edge downstream until the rear end of the disk in lateral planes loated aty=R = �0:4;+0:55;�0:7;�0:85;�0:97. The positions measured are indiated in Fig. 3 at the example ofthe MV ase, where dual vortex systems exist over part of the revolution due to download at the bladetip itself. The right �gure exemplarily shows a raw data image of the BL ase at position 21 where thefull size represents the large observation area and the inner image represents the small observation areawith about three times the spatial resolution.A seondary post-proessing puts together the downstream measurements of the tip vortex whihresults in the vortex trajetory (and loations where the vortex passed the path of the blades), as wellas the aging of the vortex by means of the development of its identi�ed parameters like r or V. Somepreliminary analysis was given in [3℄.
5



3 Body and blade motionBy means of stereo pattern reognition tehnique (SPR) the spatial position of markers attahed toeah of the four blades and to the bottom of the fuselage (Fig. 4) was determined optially. The SPRtehnique is based on a 3-dimensional reonstrution of visible marker loations by using stereo ameraimages. The auray of marker position reognition depends on the resolution and angular set-up of theameras and on the marker shape and size. For the onditions of the HART II test measurement thetheoretial resolution is 0:4mm in x�, y� and z�diretion. A more detailed desription of the method ispresented in [6℄ and [9℄. The ameras were triggered to the rotor azimuth and 50, sometimes 100 repeatsper position were reorded. The data ontain the low frequeny motion of the model as spatial satter.This motion is inreasing with blade radial position sine the air loads generating the blade motion arealso subjet to vary aording to the model motion.

Figure 4: SPR image of the downsream right amera at 90degTo get smooth data with redued errors and eliminated vibrations it is neessary to determine averagesof the oordinates. To average the marker oordinates a simple mean value for eah orretly reognizedmarker of all repeats was omputed. In Fig. 5(a) and Fig. 5(b) an example is shown for two di�erentmarkers at the 90deg azimuth position of blade 1 of the base line ase.
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() Standard deviation in x� and z�diretion forleading and trailing edge markersFigure 5: Satter of body and blade markers at 90deg BLAt the loation of the body marker (left �gure) the sattering is by about 4mm in y�diretion (lateral)and 2mm in z�diretion (vertial). Comparing this with the sattering at the blade tip the vertial satter6



is inreased to up to 9mm, aused by varying air loads from one revolution to the other, while in thehorizontal diretion no hange in sattering is visible (the blade is sti� radially).In Fig. 5() the standard deviations � in all diretions are shown for both the leading and trailingedge markers depending on the blade radius. It learly an be seen that there is no dependene of they�satter on the radius due to large radial sti�ness of the blade, it is nearly onstant and only inuenedby the low elastiity of the wind tunnel sting. The x� and z�satter inrease with the blade radialloation beause of the hanging airloads, the blade elastiity in ap, and model motion.The analysis of SPR results requires some post-proessing sine the data ontain only positions of themarkers along leading and trailing edge in spae, i.e. in the wind tunnel oordinate system. The goalsare ap, lead-lag and torsion displaements of the quarter hord line in the shaft oordinate system withorigin in the enter of the rotor hub. To obtain these results, the position of the hub enter must beknown and several proedures have to be applied (Fig. 6).Raw data in the wind tunnel system+Averaging of raw data+Motion and drift ompensation+Rotation by the shaft angle+Rotation by the roll angle+Rotor hub enter x�; y�position identifiation+Rotor hub enter z�position identifiation+Shift of oordinates into the rotor hub enter+Analysis of elasti blade motion+Fourier analysis of the blade motion(a) SPR analysis ow diagram 0 90 180 270 360
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(d) Torsion motionFigure 6: Post-proessing proedure and results of SPR: Elasti tip motion depending on rotor azimuthfor HHC-sweep, blade 1 (measurement auray: 100�z=R = 0:02 in ap and lag; �� = 0:5deg;airfoil thikness: 100�z=R = 0:726)During the measurements dynami marker position displaements due to low frequeny motions ofthe wind tunnel sting, vibrations of the rotor model and of the sting support were present. Also a driftin sting yaw led to a lateral drift of the entire model. To orret this drift (up to 10mm within the 23azimuth loations) the drift of the body markers is used. The di�erene between the mean value at oneazimuth to the mean value from all azimuths de�ne the body drift. Based on this drift all blade markeroordinates were modi�ed. The results have shown that the body marker positions di�er in measurementsof the advaning and retreating side. That is why the drift ompensation was made separately for eahside.After drift ompensation the data in DNW oordinate system have to be transformed into the rotorhub oordinate system to obtain the parameters of blade motion. This is done by rotating the oordinatesby the rotor shaft angle and the rotor roll angle into a oordinate system parallel to the rotor shaft andtransformation (shifting) of all marker oordinates into the rotor hub enter oordinate system. Then theelasti blade motion an be extrated and a smothed distribution of the three omponents ap, lead lagand torsion an be obtained by means of a Fourier representaion (see Fig. 6(a)). In the alibration data,7



whih were taken innon-rotating ondition, it was found that the model has had a small roll angle and ashaft angle that were non-zero. The roll angle was measured to 0.145deg instead of zero. Due to supportelastiity the rotor shaft angle has had an o�set of about 0.15 deg that was also taken into aount inthe further analysis.Unfortunately the rotor hub enter ould not diretly be measured, sine the SPR ameras were loatedbelow the model. A suitable method for hub enter identi�ation was found in the irular regression ofsingle blade markers (ompute best �t irles of the positions from one revolution to get the x�y�enterpoint). There is one irle enter point obtained for eah blade marker whih resulted in a satteringof about 1:0mm in x�diretion and 1:1mm in y�diretion in all on�gurations. When the hub enterpositions alulated by using di�erent blades are ompared, the maximum deviation is about 0:8mm inx-diretion and only 0:2mm in y�diretion whih is in the order of the SPR measurement auray.After the hub enter oordinates in x� and y�diretion are found, the position in z�diretion of therotor hub enter is in demand. At �rst the oordinate system must be shifted into the hub enter foundso far. This means a transformation of all blade and body markers into a oordinate system with theorigin in the rotor hub x�, y�enter point, while the origin in z is yet anywhere on the shaft axis. Toidentify the rotor hub z�oordinate, a polynomial of fourth order with an additionally onstraint is used.It is assumed that the gradient dz=dr at the position where the blade is �xed is equal to the preoneangle of 2:5deg as a boundary ondition. Finally the oordinats an be shifted into the rotor hub enteroordinate system and the blade motion parameters an be omputed.The elasti blade ap deetion zel (positive up) is omputed by the distane between the quarterhord line and a straight line de�ned by the pre-one angle. Therefore approximately the distane of thequarter hord line z�position to the pre-one line at de�ned radial positions is used. The elasti bladelead-lag deetion yel is given by the distane between the radial position of the quarter hord line anda straight line de�ned by the urrent azimuth position of the blade (lag positive). The pure elasti pithdeformation �el (positive nose up) an be alulated by the distane of the z�oordinate of the front andrear blade marker after subtrating the assoiated pith ontrol angle, the pre-twist angle and the pitho�set in z�diretion due to the di�erent distane of the front and rear blade markers to the quarter hordline.Fig. 6(b), Fig. 6() and Fig. 6(d) show the omparison of the elasti ap, lead-lag and torsion motionof the rotor blade tip for the referene blade depending on azimuth for the on�gurations with higherharmoni ontrol and the base line ase at the blade position r=R = 99%. When 3=rev HHC is applied(ases MN and MV), a 3=rev apping dominates the �gure (Fig. 6(b)) as expeted. We �nd loal ampli-tudes of up to 0:6%R o� the BL position at the blade tip in the minimum noise ase. The results of theblade lag motion show nearly idential values with 1=rev amplitudes of about 0:5%R independent of thehigher harmoni ontrol (Fig. 6()). With 3=rev HHC a strong 3=rev torsion is the response whih wasexpeted due to the natural frequeny in torsion at 3:6=rev of this rotor. The loal amplitudes in torsionare up to 1:5deg o� the BL values in the minimum noise ase and up to 2:5deg in the minimum vibrationase.4 Tip vortex position and ow �eld analysisThe PIV measurements were triggered to the rotor referene blade azimuth suh to obtain images of thetip vortex from the same referene blade and the same observation area in spae and in time for averagingpurposes and statistial analysis.As an example, the tip vortex of the MV ase reated at y = 0:7R on the advaning side at about = 135deg is reated by a loal download with a pretty sharp gradient of the blade irulation towardsthe tip. This vortex is niely shaped right from the beginning and based on the analysis of 100 repeatmeasurements these have a vertial satter of 0:068%R and a horizontal satter of 0:058%R in theobservation area when the vortex is just reated, Fig. 7(a). The vertial satter represents the variationin the blade tip position as given by means of SPR results shown in Fig. 5, while the horizontal satterrepresents the radial position on the blade where the vortex is generated, whih is biased also by bodymotion in this diretion. More than one rotor revolution later the satter has signi�antly grown in bothdiretions due to the so alled vortex wander e�et [3, 7℄ and due to lose enounters with passing blades(BVI), Fig. 7(b). It an also be seen that the distribution of vortex positions is rather homogenous withinthe range of � instead of being lustered with higher density around the mean value and thus does notrepresent a Gaussian normal distribution. The growth trend is progressive as an be seen in both thehorizontal and vertial satter omponents in Fig. 7() and Fig. 7(d), respetively. The initial satter as8



(a)  V = 5:5deg, Pos. 17a (b)  V = 425:5deg, Pos. 22a, b: satter of vortex entre position at di�erent vortex age, MV, y=R = 0:7
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(d) Standard deviation of vortex vertial positionFigure 7: Tip vortex position satter (observation area oordinates).well as the growth of satter is found to be similar for all three ases and independent of applying ativeontrol or not.Two methods of averaging have now been applied: the simple averaging (SA), and the onditionalaveraging (CA) method. The SA is suspeted to lead to inreasingly erroneous results in terms of vortexproperties like ore radius, swirl veloity and vortiity when the vortex position satter is growing. Toirumvent these problems, a onditional averaging must be applied as desribed in [7℄. The SA needsno further explanations sine it applies the arithmeti averaging to the 100 data sets on every individualvetor of the �eld. The CA method �rst identi�es all individual vortex entre oordinates, then shiftsall individual vorties with their entre to the average entre position (= alignment of the entres) and�nally averages all individual measurements for eah vetor. Due to the shifts, the vetors at the borderof the observation area are not overed by eah data set suh that the resulting �eld is based on anon-homogenous number of samples. However, this does not a�et the vortex analysis as long as thevortex is lose to the image entre, whih is the ase in virtually all measurements. The ow hart ofpost-proessing the individual vetor maps is illustrated in Fig. 8. Most options an be swithed on or o�using ontrol parameters, and an automati proessing is possible in most of the data available. Manualontrol however, is neessary in triky ases, for example, when a blade has passed very lose to thevortex and a deision must be made whih of the vorties to selet for averaging.The e�et of averaging methodology on the resulting veloity �eld is shown next at the example for avortex of the MN ase on the advaning side. Due to ative ontrol this vortex is generated by a higherblade loading at the point of vortex reation, ompared to the BL ase. In Fig. 9(a) and Fig. 9(b) the�rst individual measurements at a vortex age of  V = 5:5deg and 335:5deg, respetively, are shown foromparision with the averaging methods. In-plane veloity omponents are shown as vetors and theross-ow veloity is olor-oded. They are noisy due to ow turbulene and measurement unertainty.For the very young vortex the di�erenes between the averaging methods appear negligible in both the9
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Figure 8: Post-proessing ow diagram for 3C-PIV data.in-plane veloity omponents and the ross-ow veloity, see Fig. 9() and Fig. 9(e). This means theposition satter is small enough ompared to the dimensions of the tip vortex and the shear layer behindthe rotor blade. The ore radius, indiated by the irle, is essentially the same in both averaging methods,and the measurement noise is also suessfully suppressed by both methods. For the old vortex, however,the di�erenes beome visible in all parameters. The axial veloity in the vortex enter is muh morepronouned and the ore radius is signi�antly smaller in the result of the CA method, Fig. 9(f), omparedto the SA method in Fig. 9(d). In this ase the position satter is signi�antly exeeding the dimensionsof the ow struture to be observed and thus CA must be applied.This result is further demonstrated at the veloity pro�les in a horizontal ut through the vortex entrefor the same data sets. For the young vortex in Fig. 10(a) and the old vortex in Fig. 10(b) the resultof the SA and the CA method are ompared with eah other and with the �rst 5 of the 100 individualmeasurements. Due to the small spatial satter the young vortex allows the appliation of the SA method,but this is obsolete for the old vortex with large satter where the SA method leads to arti�ially largeore radii and smaller swirl veloities than any of the individuals. In ontrast, the CA method retainsboth the ore radii and the swirl veloity. These spatial distributions of the swirl veloity are an analogonto the priniple shown in Fig. 1, and sine the vortex entre is sattered in both diretions this e�etis visible in both veloity pro�les u(z) and w(x). Thus, a two-dimensional orretion has to be applied,whih is represented by the CA method.It must be reognized that this spatial satter in two dimensions will be reeted two-fold in the bladeaerodynami loading and onsequently in the aousti time histories. First, the vertial vortex positionsatter will be visible in a satter of BVI-related pressure peaks (and the assoiated CnM2) and thusa satter of BVI intensity, whih an be handled using standard averaging proedures. In ontrast, thehorizontal vortex position satter will translate into azimuthal variations of where this BVI happens. Inthis ase, a standard averaging proedure arti�ially smoothes the BVI signature and again a derivativeof the CA method must be applied.5 Blade pressure and setion loading time historiesDuring the HART II test, blade pressure data were reorded by means of absolute pressure sensors witha data rate of 2048=rev, triggered to the rotor azimuth. 80 ontinuous revolutions were taken suh thatlow frequeny osillations of the model are diretly visible in these data. The vortex wander addressedin the last setion leads to a twofold e�et: First, the vertial position satter translates into a satterin the magnitude of blade-vortex interation (BVI) strength due to di�erent blade-vortex miss-distanes10



(a) 1st individual (b) 1st individual

() simple average (SA) (d) simple average (SA)

(e) onditional average (CA) (f) onditional average (CA)a, , e: Pos. 17a,  V = 5:5deg b, d, f: Pos. 22,  V = 425:5degVetors: in-plane veloities u and w; olor-oded: ross-ow veloity v. Mean values are subtrated,observation area oordinates. The ore radius is indiated by the irle, every 5th vetor shown.Figure 9: E�et of averaging method on the veloity �eld, MN, y=R = 0:7.revolution by revolution. Seond, the horizontal position satter of the vortex translates into an azimuth(or time) jitter for blade pressure time histories, without magnitude e�et. All these e�ets ombine toprodue both a magnitude satter and a time jitter of these BVI-events in eah revolution. A simpleaveraging would lead to arti�ial smoothing of suh BVI-events (as is the ase for PIV analysis), whilethe onditional averaging method applied to the time histories is able to ompletely eliminate the timejitter before averaging only the magnitude satter.The omputations were made using the fore oeÆient normal to the hord enter line, CnM2, for11



(a)  V = 5:5deg, Pos. 17a (b)  V = 425:5deg, Pos. 22Blak solid: CA, dashed: SA; red: 5 individual; mean values are subtrated, observation areaoordinates.Figure 10: E�et of averaging method on the swirl veloity, MN, y=R = 0:7.the three operational onditions BL, MN and MV. To get a physially orret averaged blade pressuretime history of all 80 onseutively measured rotor revolutions with respet to BVI phenomena (whihare in the frequeny range of about 20� 200=rev), it is not enough to simple average the CnM2 valuesat eah sample (for rotor loading purposes, whih are overing the frequeny range of about 0� 6=rev,simple averaging is by far suÆient). Further, a more detailed view on the raw data is needed to get theorret time history by onditional averaging. For alulation of the normal fore oeÆient CnM2 thepressure time histories at a radius of r=R = 0:87 of 11 Kulite sensors on the upper side and 6 on thelower side of the referene blade were available. The hord-wise distribution is shown in Fig. 11.Corretion of defet sensor signals+CnM2 omputation+Band pass filter from 20 to 250/rev+Simple average (SA) of 80 revolutions as referene+Definition of BVI events as referene positions+Convolution of individual with SA time history ) QC+Shift value defined at maximum QC+Corretion of individual time histories+Conditional average (CA) of 80 orreted time histories(a) Pressure analysis ow hart .32
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(b) Airfoil setionFigure 11: Chord wise blade pressure sensor distribution as used in HART II, r=R = 0:87In [3℄ aliasing problems are desribed for distint frequenies of spei� multiples of the sampling rate.Isolated spikes were found at 128=rev, 256=rev, 512=rev, and 768=rev with about 20dB magnitude morethan the signal should exhibit. An explanation of this problem ould be very high frequeny signals insome data aquisition ables that lead to disturbed pressure signals. To remove the disturbed frequeniesa harmoni analysis of the aording pressure signal is made for eah frequeny whih has to be orretedto get the sine and osine oeÆients. Thereafter, by using a harmoni synthesis, all parts of thesefrequenies are added together and �nally subtrated from the original time history.To �t all individual time histories together for orreted amplitude and phase width of the averagedtime history a ouple of proedures are needed (Fig. 11(a)). The main problems are the di�erent loationsof the entre of a BVI-event (=its time satter) and thus the satter in loation of the assoiated minimumand maximum peaks (beginning and ending of a BVI-event) whih is aused by utuations in rotationalspeed and varying vortex loations due to vortex wander when passing the blade. The typial BVIsignature at the advaning side has a steep inreasing ank aused by the swirl veloity �eld of the vortex12



passing the blade, whih is downwards, when the blade is approahing the vortex. After passing the vortexentre the swirl veloity is direted upwards whih produes an inreasing CnM2. At the retreating side,the BVI signature is the other way round sine the blade approahes the vortex from the opposite side.A steep dereasing ank is present while passing the vortex entre. The azimuth loations where BVItakes plae are strongly dependent on the operating ondition and an best be visualized by the highfrequeny ontent of the blade leading edge pressure along radius and azimuth. For the ases investigatedhere, they are mainly between  = 10deg and  = 90deg at the advaning side and between  = 270degand  = 350deg at the retreating side.To �nd the BVI-events where a orretion of the time phase is needed a band pass �ltering between20=rev and 250=rev is done for all individual CnM2 time histories in order to eliminate the large low-frequeny ontent and thus to leave over only the interesting frequeny range of BVI-events. Therein,the signature of one BVI-event time history is haraterized by a dereasing ank followed by a steepinreasing ank and again a dereasing ank at the advaning side and the other way round at theretreating side due to the physis of vortex interations as desribed above. The simple averaged timehistory already provides the orret loation of BVI-events, but neither the orret magnitude nor theorret azimuthal extension to the right and left of the event itself. It is used as referene for a onvolutionwith the individual time histories. The vortex entre of a BVI loation is de�ned using the simple averageddata where CnM2 = 0. For eah BVI-event there is one onvolution funtion (= CF ), whih is de�nedby the band-pass �ltered values of the simple averaged time history between the aording starting andending point of a BVI-event. For the onvolution itself, the region of interest of eah individual CnM2time history is multiplied with the CF to get a quality riteria (= QC). The starting point is shifted from�15 samples to +15 samples (�2:6deg of azimuth), whih overs the maximum shift of events observed.The resulting QC (Eq. 4) is a measure for the oinidene between both the individual and the simpleaveraged time histories. QC(j) = +15Xj=�15 BV IendXi=BV IstartCF (i) � CnM2(i+ j)! (4)This proedure, applied to all BVI-events, leads to individual values of shift for the advaning andretreating side aording to the number of BVI-events. In general, the shift values obtained di�er byabout 5.5 samples, whih orresponds to about  = 1deg of rotor azimuth. It was found, that there isno dependeny between the values of shift of the advaning and the retreating side. For one individualrotor revolution the shifts of advaning and retreating side are ompletely di�erent and no systematibehaviour is visible in all three ight ases. On the other hand the shift is nearly onstant within eahside, thus, the phase shift orretion has to be applied independently on the advaning and retreatingside. When all shifts of eah BVI-event are known, the phase orretion an be done. The orretionis made by the assumption that the referene loation is at an integer sample number at the positionwhere the steep inreasing ank (advaning side) or steep dereasing ank (retreating side) has a valuenear CnM2 = 0. To displae the CnM2 values in time a linear strething or ompression (depending onpositive or negative shift) between two referene points is used. Sine the required shifts found have realindees an interpolation is neessary to get �nally the new CnM2 values depending on an integer timeindex (whih is needed for averaging).All individual time histories are orreted (shifted and interpolated) that way and a new mean valuean be omputed. In Fig. 12 all 80 CnM2 time histories are plotted for the retreating side of the BL asebefore (Fig. 12(a)) and after (Fig. 12(b)) the time phase orretion. After orretion, the loation of thesteep dereasing ank is nearly idential for all time histories and the maximum and minimum peaks areat the same loations as well. Finally, the average time history an be omputed, whih is now alled theonditionally averaged time history.For omparison between the simple averaged and onditional averaged time histories, the peak-to-peakamplitudes and peak-to-peak time di�erenes for the seleted BVI-events were investigated. Changesould be found with respet to the peak-to-peak amplitudes between the onditional average and thesimple average, whih led always to inreases of up to CnM2 = +3:6 � 10�3 or +8:4% around the BVI-events. However, these values are not so muh expressive, sine the magnitude of the amplitudes are verydi�erent. The peak-to-peak azimuthal distanes between the CnM2 extreme values of the onditionalaveraged CnM2 values ompared to the peak-to-peak azimuth width of the simple averaged values showdereases of up to �1:8 samples (�0:32deg). The perentage di�erenes are between +0:3% up to �7:8%(see also Fig. 13(a)).In any ight ase, the onditional average has larger CnM2 amplitudes at the BVI-events, while thepeak-to-peak azimuth distane between the extreme values of the BVI-event mostly is smaller ompared13
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rotor hub enter are x = 2:0m, y = �1:34m for mirophone 4 and x = 0:01m, y = 1:81m for mirophone11. These loations were hosen beause they are very lose to the maximum peaks of the noise ontour(Fig. 14), one at the advaning and one at the retreating side.

(a) Simple average (b) Spetra averageFigure 14: Noise diretivity ontour base line ase (BVI-SPL)The spetrum of the simple averaged mirophone time histories then leads to signi�antly lower noiselevels than the individual spetra, sine the peaks of pressure are smoothed unrealistially large. To overthe problems assoiated with this time jitter, in the past the average of all individual spetra was usedas being representative for the averaged noise spetrum. Eah of the mirophone pressure time historiesshow four typial events within one rotor revolution. These events are aused by the BVI-events of therotor blades and sine the model rotor is four-bladed there are four main events at eah mirophone perrevolution. As mentioned in Set. 5 the simple averaged time history already provides the orret loationof BVI-events, but not the orret magnitude nor the orret azimuthal width of the event itself. Again, aonvolution is made and the best onvolution funtion to be ompared to a single time history is assumedto be the simple averaged time history of all the 100 revolutions. It is also used to set the referene pointsrespetively the referene azimuth loations. For the mirophone data no �ltering is neessary, sine thereare only pressure osillations around the stati pressure. Here the referene points were hosen to be onthe steep inreasing ank at the zero rossing between the minimum and the following positive maximumvalue of a BVI-event. Shift to over main BVI events+Simple average (SA) of 100 revolutions as referene+Definition of BVI events as referene azimuth loations+Convolution of individual with SA time histories ) quality riterion QC+Shift value defined at minimum QC+Corretion of individual time histories+Conditional average (CA) of 100 orreted time histories+Calulation of power spetra+Calulation of BVISPL and BWISPLFigure 15: Post-proessing ow diagramm for mirophone data15



For �nding the individual shifts between eah individual time history and the simple averaged timehistory at the main BVI-events again a onvolution is made in a range of �32 samples around theaording referene point (RP) to have best oinidene. By means of the least error squares methoda quality riteria QC(j) is omputed where CF is the onvolution funtion extrated from the simpleaveraged time history. The onvolution is made in a range of �16 samples, whih overs the maximumshift of events observed (Eq. 5). At the shift value where the individual time history best �ts with theCF the QC at this sample is minimal. To �nd the minimum QC, a best �t polynomial of 2nd order isomputed by means of regression analysis using �ve values around the minimum.QC(j) = +16Xj=�16 RP+32Xi=RP�32(CF (i)� p(i+ j))2! (5)Sine four main events are present within one rotor revolution, this proedure has to be applied toall of them. Finally we get four individual shift values for eah mirophone time history. All BVI-eventshave nearly the same shift values within one revolution. As in blade pressure data the shift values di�erby about �5:5 samples in maximum, whih orresponds to about  = 1deg of rotor azimuth. Comparingthis magnitude to the shift results found in the CnM2 analysis in Set. 5 a similar behaviour is found.The utuations in rotational speed and varying vortex loations, whih lead to these shifts, are presentat the blades as loation of noise soure as well as at the mirophone positions. Finally the adjustmentof the individual time histories is done aording to the proedure (by linear strething/ompression)mentioned in Set. 5 and a new average an be omputed - now alled the onditional average. In Fig. 15the post-proessing ow hart for mirophone data is shown and Fig. 16 shows the omparison of the rawdata and the orreted mirophone pressure time histories.
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BV ISPL = 20 � log0�vuut 160Xi=24�p(i) � 1pref1A (pref = 2 � 105Pa) (6)At �rst the power spetra (SPL) are alulated by means of a FFT for both the simple and ondition-ally averaged time histories (Fig. 17(a)). Additionally the spetra average is plotted, whih is the averageof the individual spetra from eah of the 100 time histories. The onditional average spetrum, omparedto the simple average spetrum, shows higher amplitudes in the lower frequeny ranges as expeted andthus is loser to the average spetrum. To have a better relation between the three spetra only the peaksat multiples of the blade passage frequenies are seleted and plotted in the BVI-SPL frequeny range asthe upper envelope in Fig. 17(a). It learly an be seen that the onditional average is very lose to thespetra average and thus more apable to get aurate BVI-SPL alulations.Finally the BVI-SPL results an be ompared (Fig. 17(b)). The values satter by about 2 to 2:5dBfor both mirophone data. While for mirophone 4 the BVI-SPL of the simple averaged data is 0:38dBlower than the spetra average BVI-SPL (111:66dB), the BVI-SPL of the newly omputed onditionalaverage is only 0:1dB lower. The same tendeny ould be found in the mirophone 11 results , wherethe di�erene to the spetra average BVI-SPL (113:56dB) now is redued from 0:64dB (SA) to 0:18dB(CA). Even the blade wake interation (BWI) noise spetrum is muh better omputed based on theonditional averaged pressure time histories, ompared to simple averaging.
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