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Introduction

Fluid pressure is d irectly relevant to phenom ena like surface load ing and sound generation (aeroacoustics) and as such an im portant quantity in m any engineering problem s. The quantification of m ean and flu ctuating pressure is therefore of relevance for efficient d esigns.

While surface pressu re can experim entally be d eterm ined w ith pressure transd ucers and pressure-sensitive paint (PSP), the novel approach of PIV-based pressure d eterm ination (van Oud heusd en 2013) offers unique new capabilities. Com pared to the m ore established m easurem ent techniqu es, PIV-based pressure d eterm ination does not require instrum entation or surface preparation of the w ind tunnel m od el. This allow s for pressure d eterm ination in configurations w here such m od ifications are not practical, e.g. very thin (or m em brane-like) airfoils. In m ore regular configurations, it avoid s the installation of large num bers of p ressure transd ucers w hich is a com m on practice to obtain reliable surface load d istributions. Another unique feature of PIV-based pressure d eterm ination is its inherent ability to provide sim ultaneous velocity and pressure d ata in the full flow field , w hich enables a better insight in the relation betw een fluid d ynam ics and surface load s or sound field s.

Given these beneficial features, there has been a long and increasing interest in PIV-based pressure d eterm ination. In recent years, m oreover, the technique has becom e increasingly feasible and appealing, especially d ue to the d evelopm ent of (tim e-resolved ) volum etric d iagnostic capabilities, such as tom ographic PIV [START_REF] Elsinga | Tom ographic particle im age velocim etry[END_REF][START_REF] Scarano | Tom ographic PIV: principles and practice[END_REF] and Lagrangian particle tracking [START_REF] Schanz | Shake-The-Box: Lagrangian particle tracking at high particle im age d ensities[END_REF]. Many stud ies have ad d ressed d ifferent im plem entations of this technique (van Oud heusd en 2013). With the m aturing of the m ethod , its scale-up from sm all-size research environm ents is currently receiving attention in collaborative European fram ew ork program s like 'AFDAR' and 'N IOPLEX'. The particular w ork d escribed in the current paper reflects a joint effort by partners in 'N IOPLEX', and to the authors' knowled ge establishes the first system atic com parative stud y, in w hich m u ltiple groups are involved that w ork on the sam e test case for pressure d eterm ination (sim ilar as in the "PIV challenges").

Basic w orking principle

In PIV-based pressure d eterm ination, velocity d ata obtained w ith PIV is used to com p ute the local pressure grad ient (∇p) from the m om entum equation (equation 1), w ith pressure being subsequently obtained through spatial integration.

∇p = -ρ D𝐮 Dt (1) 
H ere ρ is the d ensity and D𝐮 Dt ⁄ is the m aterial acceleration, w hich is the acceleration of a fluid particle in a Lagrangian perspective, and w hich is obtained from the flow field m easurem ent.

For incom pressible flow the d ensity is a constant, w hile und er com pressible flow cond itions, the d ensity can be elim inated as ind epend ent variable by com bining the m om entum and energy equations [START_REF] Van Oud Heusd En | Evaluation of integral forces and pressure field s from planar velocim etry d ata for incom pressible and com pressible flow s[END_REF]. Also note that by tim e-averaging of equation 1, m ean pressure field s can be obtained from uncorrelated velocity field s (e.g. van Oud heusd en et al.

2007).

The experim ental d eterm ination of the m aterial acceleration from PIV m easurem ents has been subject of extensive research, for w hich d ifferent m ethod s have been proposed . Using tw o or m ore velocity field s closely separated in tim e, the m aterial acceleration can be d eterm ined via a Lagrangian form ulation by tracing im aginary fluid particles over subsequent velocity field s (e.g. [START_REF] Liu | Instantaneous pressure and m aterial acceleration m easurem ents u sing a fourexposure PIV system[END_REF] or via an Eulerian form ulation by separately d eterm ining local tem poral and spatial velocity d erivatives from the structured velocity m easurem ent grid (e.g. [START_REF] Baur | PIV w ith high tem poral resolution for the d eterm ination of local pressure red uctions from coherent turbulence phenom ena. 3rd Int. Work[END_REF]. To alleviate the need for tim e-resolved velocity d ata, m ethod s have been proposed to calculate the m aterial acceleration from velocity d ata at a single tim e instance by em ploying physical m od els (e.g. de Kat and Ganapathisubram ani 2013; [START_REF] Laskari | Full-field pressure from snapshot and tim eresolved volum etric PIV[END_REF][START_REF] Schneid Ers | Pressure estim ation from single-snapshot tom ographic PIV in a turbulent bound ary layer[END_REF]). Alternative to taking velocity field s as a starting point, the m aterial acceleration can also be obtained from the record ed particle im ages, by tracing ind ivid ual particles (PTV) or particle patterns (e.g. FTEE, [START_REF] Jeon | Fluid trajectory evaluation based on an ensem ble-averaged cross-correlation in tim e-resolved PIV[END_REF]). The PTV-based strategy includ es conventional tracking approaches that rely on relatively low particle seed ing concentrations (e.g. [START_REF] Malik | Particle tracking velocim etry in three-d im ensional flow s[END_REF]) as w ell as m ore recently proposed ad vanced approaches that avoid this d raw back (e.g. N ovara and Scarano 2013; [START_REF] Schanz | Shake-The-Box: Lagrangian particle tracking at high particle im age d ensities[END_REF]. Also for the integration of the pressure grad ient, d ifferent proced ures have been suggested and tested , such as d irect spatial integration (e.g. [START_REF] Baur | PIV w ith high tem poral resolution for the d eterm ination of local pressure red uctions from coherent turbulence phenom ena. 3rd Int. Work[END_REF]Köngeter 1999, Tronchin et al. 2015) and Poisson form ulations (e.g., de

Kat and van Oud heusd en 2012).

Depend ing on the follow ed approach, the perform ance of 

D escription of the test case

The test case consists of the transonic flow over an axisym m etric step, w hich form s a sim plified representation of the flow over the base of a launcher d uring its ascent phase. The flow over the launcher base gives rise to flu ctuating sid e load s on the nozzle and quantifying these load s is critical for the efficient d esign of nozzles and surround ing structures. Apart from this ind ustrial relevance, the choice for the test case is further m otivated by its richness in term s of spatial and tem poral flow scales and its challenging nature that is inherent to high-speed three-d im ensional separating-reattaching flow s. It should be rem arked here that not all applied techniques p erform optim al for the flow cond itions und er consid eration and this test case alone therefore does not constitute an exhaustive perform ance assessm ent of the d ifferent m ethod s. These lim itations should be kept in m ind w hen interpreting the results of the stud y.

To have reference d ata available against w hich the pressure results can be valid ated , the test case is based on a nu m erical sim ulation. A PIV experim ent is sim ulated by creating synthetic particle im ages of a virtual m easurem ent volum e. Mod el geom etry (see Figure 3 Synthetic particle im ages are processed using tom ographic PIV algorithm s [START_REF] Elsinga | Tom ographic particle im age velocim etry[END_REF]) as w ell as w ith the PTV algorithm 'Shake-The-Box' (STB, [START_REF] Schanz | Shake-The-Box: Lagrangian particle tracking at high particle im age d ensities[END_REF]. This enables the use of PIV-based pressure d eterm ination techniqu es that require velocity input d ata on a Cartesian grid , as w ell as PTV-based techniques w hich take scattered d ata available at particle positions as starting point. To be able to assess the im pact of m easurem ent noise, processing is perform ed using both id ealized , noise-free particle im ages ('clean') as w ell as particle im ages to w hich a controlled am ount of artificial noise is ad d ed ('noisy').

The test case com prises sequences of four subsequent im ages as w ell as continuous tim e- 

C p = p p ∞ -1 1 2 γM ∞ 2
(2) 

T. I. = √ 1 3 ((𝑢 𝑅𝑀𝑆 ′ ) 2 + (𝑣 𝑅𝑀𝑆 ′ ) 2 + (𝑤 𝑅𝑀𝑆 ′ ) 2 ) U ∞ ⁄ (3) 

Calculation of particle tracks

The PIV m easurem ent d om ain is rand om ly seed ed w ith particles so that the synthetic PIV im ages contain 0.05 p articles per pixel (ppp). The particles are propagated using an explicit, fourth-ord er Runge-Kutta m ethod in com bination w ith spline interpolation in tim e and natural neighbour interpolation in space. Three tim e integration steps are perform ed per sim ulation sam pling tim e step of 2 µs, so that the Courant num ber is sm aller than 1 and the Courant-Fried richs-Lew y (CFL) cond ition is m et in the full d om ain w ith the exception of a thin region in the d irect vicinity of the corner of the step. To allow inflow of new particles, a narrow region surround ing the m easurem ent volum e is rand om ly seed ed w ith particles after each tim e step.

The instantaneous particle velocity is taken equal to the instantaneous fluid velocity at the particle position, w hich is a valid approach for the great m ajority of the flow field , w here the flow tim escales are sm aller than the typical seed ing particle relaxation tim e (τ p ) of approxim ately 2 µs [START_REF] Ragni | Particle tracer response across shocks m easured by PIV[END_REF]. To assess the nu m erical errors from integration and interpolation, particles are integrated one sam ple tim e step forw ard and su bsequently backw ard in tim e. 

Generation of synthetic particle images

The For the PTV processing, particle paths are d eterm ined using the 'Shake-The-box' algorithm (STB, [START_REF] Schanz | Shake-The-Box: Lagrangian particle tracking at high particle im age d ensities[END_REF]). An ad apted version of the STB strategy (N ovara et al. 2015) has been applied

to the m ulti-pulse d ata. All cases w ere processed using DLR in-house cod es.

For the initiation phase of the STB PTV processing, the particle d istribution in the first four im ages is d eterm ined using Iterative Particle Reconstruction (IPR, Wieneke 2013). Four norm al triangulation iterations are perform ed (m = 4), follow ed by tw o triangulation iterations (n = 2) using a red uced set of three cam eras. Seven so-called shake iterations are executed after each triangulation (k = 7). The allow ed triangulation error is 0.7 px. in the clean case and 1.1 px. in the noisy case. The intensity threshold for particle id entification is set to 100 counts and 40 counts, respectively. Tracks are searched in the resulting particle d istributions for the four tim e steps, using a pred ictor field obtained from a tom ographic PIV evaluation. For the tim e-resolved cases, from the fifth tim e-step on this pred ictor is com pletely replaced by pred ictions based on alread y id entified particle tracks and the num ber of triangulation and shake iterations is red uced (m = 3, n = 2, k = 7). Three passes of STB are cond u cted going forw ard s and backw ard s in tim e to extend any non-id entified parts of already d etected tracks and to find any previously overlooked tracks.

In the end , the algorithm find s over 99% of all available particle tracks for the clean case and around 96 % for the noisy case. A B-spline function is fit through the resulting particle tracks to red uce noise and to obtain Lagrangian velocity and acceleration as d erivatives of a continuous function.

Concerning the m ulti-pulse d ata, an iterative STB approach strategy is applied , w here the sequential application of IPR (m = 4, n = 2, k = 5) and tracking allow s to progressively increase the num ber of reconstructed tracks. The allow ed triangulation error is 0.6 px. and 1.1 px. for the clean and noisy case respectively. The intensity threshold for particle id entification is set to 20 counts for the clean case, w hile an ad aptive threshold is ad opted for the noisy case w here the threshold value is progressively red uced for each of the STB iterations. Three STB iterations are applied for the clean case and four for the noisy case. Approxim ately 99% and 88% of the real four-pulse particle tracks are successfully id entified by STB for the clean and noisy case respectively. A 3 rd -ord er B-spline function w ith a fixed cut-off frequency has been fit through the resulting particle tracks. A m ore d etailed d escription of the processing m ethod is provided by N ovara et al. (2016). m agnitud e as the error estim ate for the particle integration proced ure, suggesting an alm ost perfect reconstruction. For all other cases, the error typically stays below 0.05 voxel. Larger errors occur at the in-and outflow w here not all tracks are im m ed iately id entified and the particle tracks can benefit less from the inform ation from ad jacent tim e instances. Sim ilar features as for the PIV results can be observed but error levels are an ord er of a m agnitud e sm aller (note the d ifferent scale). For a large part this can be explained by the absence of the spatial filtering that occurs in the PIV processing, w hich is especially noticeable in the shear layer. Furtherm ore, it should be realized that the com parison is som ew hat biased in the sense that the current PIV processing is typical for experim entally obtained particle im ages and no m ulti-fram e crosscorrelation techniques have been applied that w ould exploit the ad d itional tim e inform ation available, w hereas the application of the STB algorithm has not yet been experimentally d em onstrated for the present flow case (i.e. a high-speed transonic flow ). 

D escriptions of applied

∇ln ( p p ∞ ) = - 1 RT • D𝐮 Dt = - γM ∞ 2 V ∞ 2 + γ-1 2 M ∞ 2 (V ∞ 2 -V 2 ) • D𝐮 Dt (4)
To provid e a bound ary cond ition to the pressure integration, the isentropic pressure ratio (equation 5) is u sed as Dirichlet bound ary cond ition at the top of the d om ain or as m eans of norm alisation.

p p ∞ = (1 + γ -1 2 M ∞ 2 (1 - V 2 V ∞ 2 )) γ γ-1 (5)
Figure 9 investigates the r.m.s. errors introd uced by the assum ption of ad iabatic flow on tem perature (top -left) and of isentropic flow on the pressure (top -right). The bottom figures show that the im pact of those assum ptions on the pressure solution is an ord er of m agnitud e sm aller than the m agnitud e of the pressure fluctuations present in the flow (com pare Figure 4).

For both assessm ents, the sim ulation d ata w ere first interpolated to the PIV grid points. Material accelerations w ere calculated by taking the spatial grad ient of the reference pressure d ata.

Equation 4 w as su bsequently solved by prescribing the isentropic pressure ratio at the top bound ary and using N eum ann bound ary cond itions at all other bound aries. 

PIV-based techniques

The follow ing four techniques reconstruct pressure field s from velocity d ata on a Cartesian grid , as obtained by PIV. These techniques inclu d e an Eulerian approach (EUL) and an (iterative) Lagrangian approach (ILAG) w hich each require at least tw o subsequent snapshots as inp ut d ata for d eterm ining the m aterial acceleration (multi-snapshot approaches) and the Taylor 's hypothesis approach (TH ) and the instantaneous vortex-in-cell m ethod (IVIC) w hich each only require a single velocity snapshot as input d ata (single-snap shot approaches).

Eulerian approach (EUL)

The m aterial acceleration is evaluated in a stationary reference fram e as being com posed of tem poral and spatial velocity d erivatives (see e.g. [START_REF] Baur | PIV w ith high tem poral resolution for the d eterm ination of local pressure red uctions from coherent turbulence phenom ena. 3rd Int. Work[END_REF]. In the present im plem entation these d erivatives are evaluated using second -ord er finite d ifference d iscretization except at the bound aries w here first-ord er d iscretization is used instead . The pressure grad ient is integrated by first taking the d ivergence of equation ( 4) to obtain a Poisson equation (see e.g. de Kat and van Oud heusd en 2012). N eu m ann bound ary cond itions are im posed on all sid es except for the top surface of the dom ain, w here the pressure as obtained from the isentropic flow relations is prescribed as Dirichlet bound ary cond ition (see equation 5).

The problem is d iscretised using a second -ord er finite d ifference schem e and the resulting linear

Instantaneous Vortex-in-Cell (IV IC)
In the IVIC m ethod , the m aterial acceleration is approxim ated from a single-snap shot by application of the vorticity transport equation to the velocity m easurem ent at a single tim e instant. In sum m ary, the m ethod first evaluates the vorticity tem poral d erivative by solution of the (inviscid and incom pressible) vorticity transport equation. In a next step, the velocity tem poral d erivative is calculated by solution of a Poisson equation and then u sed to construct the m aterial acceleration. A m ore d etailed d escription of the approach can be found in [START_REF] Schneid Ers | Pressure estim ation from single-snapshot tom ographic PIV in a turbulent bound ary layer[END_REF]. The subsequent integration of the pressure grad ient is perform ed sim ilarly as for the Eulerian approach d escribed above.

PTV-based techniques

The follow ing four techniques reconstruct pressure field s from acceleration d ata along particle tracks, as obtained by PTV. These techniques includ e Flow Fit and VIC+ w hich first interpolate acceleration d ata to a Cartesian grid and subsequently solve the m om entum equation for pressure, as w ell as Flow Fit2 and Voronoi-based integration that d irectly d eterm ine pressure field s from the sparse acceleration d ata.

FlowFit in combination with FFT integration (FF1)

The acceleration d ata obtained at the particle positions are interpolated to a Cartesian grid by 'Flow Fit'; an iterative optim ization approach that generates a quadratic B-splines representation of the acceleration field , using spline coefficients from m inim izing a cost function that enforces sm oothness and penalizes the curl of acceleration (Gesem ann 2015). Integration is perform ed in Fourier space. A constant pressure offset is ad d ed to the solution to yield the absolute pressure field (H u hn et al. 2016).

FlowFit2 (FF2)

Flow fit2 represents the scalar pressure field as 3D cu bic B-spline function and estim ates its param eters by d efining a cost function that is m inim ized on the basis of a w eighted sum of:  Squared d istances betw een "fitted " and "m easured " pressure grad ients at all particle positions  Squared d istances betw een "fitted " and isentropic pressure at the top of the d om ain  Squared curvatures of the pressure function as a form of Tikhonov regularization.

The resulting linear least squares problem is solved iteratively. After this reconstruction, the Bspline curve is sam pled at the d esired points. Vortex-in-Cell+ (V IC+) VIC+ reconstructs instantaneous velocity and its m aterial d erivative on a regular grid using both the instantaneous velocity and m aterial acceleration evaluated from Lagrangian particle trajectory m easurem ents. The technique follow s an iterative proced ure that m inim izes a cost function and penalizes d eviations from the instantaneous velocity and m aterial acceleration m easurem ent. A d etailed d escription of the approach can be found in Schneid ers et al. (2015).

The subsequent integration of the pressure grad ient is perform ed via a Poisson equation (see Eulerian approach). Pressure grad ients are prescribed as N eum ann bound ary cond itions u sed on all sid es of the d om ain. In a next step, the solution is norm alised by setting the m ean pressure ratio at the top plane equ al to the m ean isentropic pressure ratio (see equation ( 5)). The m ethod is im plem ented using the STB output for the tim e-resolved case and the output of an in-house tom ographic PTV for the m ulti-pulse case.

Voronoi-based pressure integration (V OR)

A Lagrangian finite-volum e m ethod is utilized to spatially integrate equation ( 4) to obtain pressure values at the particle positions provid ed by STB. First, a Lagrangian network is constructed on the particle field [START_REF] De | Pressure-field extraction on unstructured flow d ata using a Voronoi tessellation-based netw orking algorithm : a proof-of-principle stud[END_REF], so that the pressure m ay be extracted d irectly in the Lagrangian fram e. N ext, equation ( 4) is d iscretized to the Lagrangian netw ork using a finite-volum e m ethod . N eum ann bound ary cond itions are enforced im plicitly at all sid es exclud ing the top w here a Dirichlet bound ary cond ition is enforced by prescribing the isentropic pressure ratio (see equation 5). The resulting problem is expressed in a system of linear equations, w hich is solved for pressure.

Pressure results

Pressure from PIV-based techniques

This section presents the results from applying pressure reconstruction techniques to PIV velocity d ata. Figure 10 The left figures show that all m ethod s are able to reconstruct the general features of the reference pressure field . The centre and right figures show that all reconstructed pressure field s have the highest error in the shear layer and reattachm ent region w here the sm allest tem poral and spatial flow scales occur and the precision of the PIV m easurem ent is poorest (see Figure 7). The single- snapshot approaches (TH and IVIC) can be seen to prod uce less precise pressure reconstructions than the m ulti-snap shots approaches (EUL and ILAG); an expected result as EUL and ILAG use m ore tem poral information. N evertheless, in the light of practical d ifficulties in obtaining m ultipulse d ata in high-speed flow s, it is encouraging that from this assessm ent it appears to be quite feasible to reconstruct the m ain pressure field features from a single velocity snapshot.

Com paring the tw o multi-snap shot m ethod s show s that Eulerian approach (EUL) lead s to less precise pressure reconstructions than ILAG (com pare right figures). Investigation of the tim eresolved sequence of instantaneous results furtherm ore show s highly fluctuating error field s for the Eulerian approach (EUL), w hereas the error field for ILAG evolves m ore grad ually over tim e. This is attributed to the better use of tem poral inform ation by ILAG, w hich in the present im plem entation for the tim e-resolved fits a 2 nd -ord er polynom ial over 9 consecutive velocity Com parison w ith the PIV-based approaches shows significantly low er error levels for the PTVbased approaches. This is in line w ith the low er velocity errors from PTV processing com pared to PIV processing for the present test case (com pare Figure 7 and Figure 8). Another indication that the low er errors are d riven by the better input d ata is that the ILAG approach perform s m uch better w hen using PTV d ata than w hen using PIV d ata because the acceleration is d irectly estim ated from the particle m otion. 

Overview of results

To further quantify and com pare the perform ance of d ifferent m ethod s, the global errors (ε) is obtained by taking the r.m.s. error for all gridpoints (𝑁 𝑝 ) at all tim e instances (𝑁 𝑡 ): Table 3 and Table 4 show s the resulting errors for the clean (left colum ns) and noisy (right colum ns) cases for the tim e-resolved and m ulti-pulse input d ata, respectively. The m ethod s have been ord ered in term s of increasing error. Errors for the noisy case (right colum ns) can be seen to be slightly higher than for the clean case (left colum ns). Where this is not the case, this is attributed to a lack of statistical convergence. The results for the clean and noisy case follow a sim ilar trend w hich suggests that none of the m ethod s is critically sensitive to the am ount of noise ad d ed in this test case. N ote that Table 4 also includ es the result of the VIC+ m ethod using tom o-PTV input d ata. The error w hen using this inp ut d ata rem ains below the PIV results, but is slightly higher than w hen STB is used for particle tracking. This show s that less ad vanced particle tracking m ethod s than STB can still yield acceptable pressure reconstruction quality. The com parison of d ifferent particle tracking techniques w as left outsid e the scope of this assessm ent. 

  d ifferent PIV-based pressure evaluation techniques is influenced by the characteristics of the flow as w ell as the quality of the m easurem ent d ata. The relative strengths, w eaknesses and d epend encies of d ifferent app roaches have been ad d ressed in the past in a num ber of com parative perform ance assessm ents (see van Oud heusd en (2013) for a review ). The present stud y contributes to these efforts by m aking a controlled assessm ent, through the application of a w id e variety of state-of-the-art velocim etrybased pressure d eterm ination techniques (see Table 1) to the sam e test case and em ploying the sam e und erlying synthetic particle-im age d ata. The techniques are classified in PIV-based techniques (1 to 4), w hich rely on the velocity d ata obtained w ith cross-correlation of particle im ages/ volum es betw een tw o tim e instances, and PTV-based techniques (4 to 8), that require tracking of ind ivid ual particles. A further d istinction is m ad e betw een techniques that w ork w ith d ata at a single tim e-instance only (3 and 4) and techniques that require tim e-resolved inp ut d ata (all others).

  ) and flow cond itions are d esigned to represent typical experim ental arrangem ents in the 27 × 27 cm 2 transonic-supersonic w ind tunnel at the Aerod ynam ics Laboratory at Delft University of Technology. The m od el m ain bod y has a d iam eter (D) of 50 mm and has an afterbod y of d iam eter (d ) of 20 mm (0.4D), resulting in a step height of 15 mm (0.3D). Wind tunnel w alls are om itted in the sim ulation for sim plicity and robustness. The free stream flow has a Mach num ber (M ∞ ) of 0.7, total pressure (p t ) of 200 kPa and total tem perature (T t ) of 285 K. Using the isentropic flow relations, this correspond s to a free stream pressure of 144,186 Pa, a free stream tem perature of 260 K, and a free stream velocity (U ∞ ) of 226 m .s -1 . The Reynold s num ber based on the m od el m ain bod y d iam eter (Re D ) is 1.3 m illion. The m easurem ent d om ain of the sim ulated PIV experim ent has a size of 1.2D × 0.47D × 0.08D (60 mm × 24 mm × 4 mm, L × H × W).

Fig. 1

 1 Fig. 1 Sketch of the geom etry; Diam eter D equals 50 mm. Filled colou red contours d epict the m ean stream w ise velocity in the virtual m easurem ent volum e for the sim ulated PIV experim ent.

  resolved d ata. This d istinction is m otived by consid erations w ith respect to the lim itations encountered und er actual m easurem ent cond itions. The m ulti-pu lse d ata can actually be m ad e available for high-speed flow s by u sing PIV system s w ith m ultiple ind epend ent laser and cam era system s (e.g.[START_REF] Souverein | Application of a d ual-plane particle im age velocim etry (d ual-PIV) technique for the unsteadiness characterization of a 18th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 4 -7, 2016 shock w ave turbulent bound ary layer interaction[END_REF] Lynch and Scarano 2014a). Continuous series of tim eresolved d ata on the other hand cannot realistically be obtained for the present flow case (i.e. a high-speed transonic flow ) w ithin the lim its of current m easurem ent capabilities. For low -speed flow s, m od ern high-speed laser and cam era equipm ent do however allow sufficiently high sam ple rates to perform tim e-resolved PIV m easurem ents. It is therefore d eem ed insightful to consid er the tim e-resolved d atasets as a m eans to assess pressure extraction capabilities for (lowspeed ) flow cond itions.

Figure 2

 2 Figure 2 show s the organisation of the extracted d atasets w ith the num bering of the velocity snapshots and im ages as w ell as the associated tim e separation. N ote that the sm aller tim e separation of 2 µs is equal to the tim e separation for PIV processing. The larger tim e separation of 10 µs used in the m ulti-pulse d ata w as fou nd to be su itable as tim e separation for d eterm ining the m aterial acceleration based on a prelim inary assessm ent by Blind e et al. (2014).

Fig. 2

 2 Fig. 2 Tim e-separation d iagram s for consecutive particle im ages, 4-pulse d ata (top) and continuous tim e-resolved d ata sets (bottom )

  -Velocity, d ensity and pressure d ata from the num erical sim ulation interpolated to the PIV grid positions Reference STB -Velocity, d ensity and pressure d ata from the num erical sim ulation interpolated to the particle positions 4. D etails of simulated experiment 4.1 Zonal detached eddy simulation (ZD ES) A d ed icated ZDES sim ulation (Deck 2005, 2012) is perform ed build ing on am ple experience w ith applying ZDES to axisym m etric base flow s (e.g. Deck and Thorigny 2007; Weiss et al. 2009; Weiss and Deck 2011). ZDES is closely related to the classical d etached eddy sim ulation. The m ain d ifference betw een the tw o approaches is that w ithin ZDES the user has to select the RAN S and DES d om ains. The selection of the appropriate m od e d epend s on the nature of the flow problem . Given that the flow separation is fixed by the geom etry, a m od e I (i.e. DES) has been retained for the separated area and a m od e 0 (i.e. URAN S) upstream from the separation occurring at the trailing ed ge of the forebod y.

Fig. 3

 3 Fig. 3 Detail of m esh w ith sketch of the geom etry; Filled coloured contours d epict the m ean stream w ise velocity in the virtual m easurem ent volum e for the sim ulated PIV experim ent.

Figure 4

 4 Figure 4 show s the m ean stream w ise velocity, m ean pressure as w ell as the turbulence intensity and the root m ean square (r.m .s) of the pressure fluctuations in a rad ial plane of the sim ulated d om ain. H ere, the pressure coefficient (Cp) and the turbulence intensity (T.I.) are d efined as:

  In these equations γ d enotes the ratio of specific heats, and 𝑢 𝑅𝑀𝑆 ′ r.m.s. of the fluctuating velocity com ponents in x-, y-and z-d irection, respectively. Results have been obtained on the basis of 5000 tim e sam ples and consid ering all planes in azim uthal d irection to im prove the statistical convergence. The bottom left figure show s the location of the m easurem ent volum e for the sim ulated PIV experim ent (see d ashed box). The m ean flow field (top left figure) show s a shear layer that em anates from the corner of the step at y/ D = 0.3 and grow s in d ow nstream d irection. The m ean reattachm ent of the shear layer occurs at approxim ately x/ D = 1.25, w hich is just outsid e the virtual PIV m easurem ent volum e. Below the shear layer, a recirculation region occurs, w here the m ean velocity reaches a m inim um of -0.30U ∞ , w hile the m inim u m m ean pressure (C p,m in ) is -0.23. Dow nstream of the point of m ean reattachm ent, a high pressure region occurs, w here the m axim um m ean pressure (C p,m ax ) of 0.18 is attained at x/ D = 1.50. The figures on the right show elevated levels of turbulence intensity and pressure flu ctuations in the shear layer and the reattachm ent region, w ith m axim a of T.I. m ax = 0.30 and Cp' RMS,m ax = 0.08 located at about x/ D = 1.0D; y/ D= 0.2D.

Figure 4 .

 4 Figure 4. Mean stream w ise velocity (top -left), m ean pressure (bottom -left), turbulence intensity (top right) and root m ean square of norm alised pressure flu ctuations (bottom -right); Top left figure: black solid line ind icates zero m ean stream w ise velocity; vectors have been subsam pled for clarity; Bottom -left figure: d ashed box ind icates the m easurem ent volum e of the sim ulated PIV experim ent.

Figure 5 d

 5 Figure 5 d epicts a representative realisation of the instantaneous stream w ise velocity, density, pressure and stream w ise m aterial acceleration. Especially the m aterial acceleration field (bottom right) show s sm all-scale flow structures originating from the corner of the step that break d ow n tow ard s the reattachm ent region w hich is characterised by the presence of interacting flow structures w ith a variety of length scales.

Figure 5 .

 5 Figure 5. Instantaneous velocity (top left), d ensity (top right), pressure (bottom left) and stream w ise m aterial acceleration (bottom right)

  Com paring the resulting position w ith the original position yield s a local error estim ate of below 10 -5 U ∞ , (< 0.0001 voxel d isplacem ent). In a second test, targeted at quantifying the errors d ue to interpolation, particle positions are integrated one sam ple tim e step forw ard in tim e using the original sim ulation d ata and the sim ulation d ata subsam pled at half the spatial and tem poral resolution. Com paring the resulting positions and assum ing that the error scales w ith 2 4 of the spatial and tem poral resolution (valid for 4th-ord er m ethod s), yield s typical local r.m.s. error estim ates of <0.003U ∞ (<0.03 voxel d isplacem ent).

  settings used for generating the synthetic im ages are chosen to represent typical PIV m easurem ents of a transonic flow. Particle im ages are record ed every 2 μs by four virtual cam eras w ith a chip size of 1624 × 800 pixels and a pixel pitch of 4.4 µm. The three-d im ensional particle positions are projected onto the two-d im ensional sensors via a pinhole cam era m od el.The four cam eras are placed in a cross configuration w ith yaw and pitch angles of +/ -30° to correspond to a total system aperture of 60°, an optim al configuration for tom ographic reconstruction[START_REF] Scarano | Tom ographic PIV: principles and practice[END_REF]. They are equipped w ith lenses w ith a focal length of 75 mm . The cam eras are placed at a virtu al d istance of 0.83 m resulting in a m agnification of 0.12 and a d igital resolution of 22.9 voxel.m m -1 . The resulting particle d isplacem ent in the free stream is about 11 voxel.Particle im ages are obtained using stand ard 2-D Gaussian integration. Tw o sets of im ages are generated : a set of id ealized particle im ages (Figure6, left) and another set of noisy particle im ages (Figure6, right). The id ealized im ages contain particles w ith a d iffraction spot size of 2 pixels, resulting in a source d ensity (N s ) of 0.16, and a peak intensity of 512 counts. The intensity of the background is zero. The noisy particle im ages contain particles w ith a larger d iffraction spot size of 2.5 pixels, resulting in a source d ensity (N s ) of 0.25, and a low er nom inal peak intensity of 342 counts. The seed ing is m od elled to consist of TiO 2 particles w ith a p rim ary crystal size of 55 nm w hich are know n to form agglom erates w ith a m ean size of about 400 nm (Schrijer et al. 2006). H ere, we rand om ly generate particle d iam eters from a Gaussian d istribution w ith m ean of 400 nm and a stand ard d eviation of 100 nm . The d istribution is truncated at tw o standard d eviations, to eliminate extrem ely sm all and large particles. The peak intensity is m od elled to vary w ith the 4th pow er of the physical p article d iam eter (Ad rian and Yao 1985), resulting in particle peak intensities range from 21 to 1731 counts. The particle d iam eter and peak intensity is attributed to a particle once and d oes not change through tim e or per cam era. Tw o noise sources are ad d ed : shot noise and therm al noise. Shot noise is d epend ent on the pixel intensity and is im plem ented so that for every pixel the intensity is a rand om realisation from a Poisson d istribution w ith m ean that is equal to the intensity of the noise-free image. Therm al noise is ind epend ent of the intensity and is generated as rand om realisations from a Poisson d istribution w ith a constant m ean across the im age. Mean therm al noise is subtracted before further processing.

Fig 6 .

 6 Fig 6. Extracts of a particle im age; clean (left) and noisy after subtraction of m ean noise intensity (right). In this exam ple, the extracts d epict the sam e region at the sam e tim e instance

Fig 7 .

 7 Fig 7. Centre-plane r.m.s error of velocity com ponents, expressed in voxels d isplacem ent obtained by PIV processing of the clean (left) and noisy (right) particle im ages; stream w ise (top), w all-norm al (mid d le) and out-of-plane (bottom ) d irection

Fig 8 :

 8 Fig 8: Centre-plane r.m.s. error of velocity com ponents, expressed in voxels d isplacem ent obtained by STB processing of the clean (right) and noisy (left) particle im ages; stream w ise (top), w all-norm al (mid d le) and out-of-plane (bottom ) d irection. N ote the d ifference in scale w ith respect to Figure 7.

  s rely on the m om entum equation (equation 1) to d eterm ine the pressure grad ient from the m aterial acceleration, w hich is com puted from the flow kinem atic d ata. To account for com pressibility effects, the m om entum equation is rew ritten to elim inate d ensity as ind epend ent variable, und er the assum ption of inviscid and ad iabatic flow (van Oud heusd en et al. 2007). The high Reynold s num ber of the current flow justifies the inviscid flow approxim ation, w hile the absence of heat transfer from the m od el supports the ad iabatic assu m ption.

Fig 9 .

 9 Fig 9. R.m .s. Errors from assu m ing ad iabatic tem perature (top -left) and isentropic pressure (topright) as w ell as r.ms. im pact on pressure solution (bottom figures)
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Fig 10 .

 10 figure. Each other row correspond s to a d ifferent technique. Left figures show sam ple instantaneous (reconstructed ) pressure field s in the centre-plane, w ith the correspond ing instantaneous errors in the centre figures. Right figures show the r.m .s. errors from all available tim e steps and planes in z-d irection. As the error of the reconstructed pressure field s generally increases tow ard s the outer planes, this app roach slightly increases the r.m.s. error level w ith

Fig 11 .

 11 Fig 11. Results and errors from applying PIV-based pressure reconstruction techniques to m ultipulse inp ut d ata. (Reconstructed ) instantaneous pressure field s in the centre-plane (left colum n), instantaneous error in the centre-plane (centre colum n) and r.m.s. errors for all 11 planes (right colum n).

18th

  International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 4 -7, 2016

  figures) has been ad ap ted w ith respect to section 6.1 to better visualize the error d istribution. The scaling of r.m.s. error field s (right figures) rem ains u nchanged to facilitate d irect com p arison w ith the PIV-based techniques.

Fig 12 .

 12 Fig 12. Results and errors from applying STB-based pressure reconstruction techniques to tim eresolved input d ata. (Reconstructed ) instantaneous pressure field s in the centre-plane (left colum n), instantaneous error in the centre-plane (centre colum n) and r.m.s. errors for all 11 z-planes (right colum n); r.m.s. error for Voronoi-based integration consid ers 5 z-planes only.

Fig 13 .

 13 Fig 13. Results and errors from applying STB-based pressure reconstruction techniques to m ultipulse inp ut d ata. (Reconstructed ) instantaneou s pressure field s in the centre-plane (left colum n), instantaneous error in the centre-plane (centre colum n) and r.m.s. errors for all 11 z-planes (right colum n); r.m.s. error for Voronoi-based integration consid ers 5 z-planes only.

  for d ifferent PIV-based and PTV-based pressure evaluation techniques has been d eveloped by constructing a sim ulated experim ent from ZDES sim ulation d ata. Important experim ental error sources are replicated by sim ulating the entire measurem ent chain. To enable an assessm ent of the im pact of m easurem ent noise, the test case includ es both cases w ith and w ithout ad d ed artificial noise. The test case includ es m u lti-pulse d ata (4 particle im ages; 2 velocity snapshots), w hich is representative of the acceleration m easurem ent proced ure available in high-speed flow s, as w ell as longer series of continuous tim e-resolved d ata w hich are typically achievable only for low -speed flow s. Both tom ographic PIV algorithm s and the STB algorithm have been applied to enable the testing of both PIV-and PTV-based pressure d eterm ination proced ures. A variety of state-of-the-art pressure d eterm ination techniques has been applied to a single test case consisting of a transonic flow over an axisym m etric step. The w orking principles as w ell as the im plem entation of these techniques have been d escribed . Using the test case, the techniques have been assessed in term s of their capability to reconstruct the reference pressure field as w ell as the im pact of noise in the input d ata and the benefit of using tim e-resolved d ata. This led to the follow ing m ain conclusions: 1. A range of suitable m ethod s exists that can reconstruct instantaneous pressure field s from a variety of PIV/ PTV input d ata. The m ain features of the p ressure field s can be

Table . 1

 . Overview of pressure evaluation techniques consid ered in this stud y.

	N o. Abbrev. Velocity	D etermination of material	Integration of pressure
			measurement	acceleration	gradient
	1	EUL	PIV	Eulerian approach	Poisson solver
	4	ILAG	PIV	Iterative least-square pseud o-	Poisson solver
				tracking	
	2	TH	PIV	Taylor 's hypothesis approach	Poisson solver
	3	IVIC	PIV	Instantaneous Vortex-in-Cell	Poisson solver
	5	FF1	PTV ('Shake-The-Box') + Flow Fit	FFT
	6	FF2		PTV ('Shake-The-Box')	Flow Fit2
	7	VIC+	PTV ('Shake-The-Box') + Vortex-in-Cell-plus	Poisson solver
	8	VOR		PTV ('Shake-The-Box')	Voronoi-based
					integration

Table . 2

 . Overview

	of datasets. 'Clean' and 'N oisy' refer to the cases w ithout or w ith artificial
	noise ad d ed to the particle im ages. The 'clean' and 'noisy' cases consid er d ifferent tim e instances,
	so that the exact noise levels cannot be obtained by com paring the tw o cases.
	Type	D escription
	Continuous tim e-	-Particles im ages at 42 consecutive tim e instances
	resolved d ata	-41 velocity snapshots obtained through PIV processing.
	('clean' and 'noisy')	-Velocity and acceleration d ata at particle positions at sam e 21 tim e
		instance as PIV velocity field s, obtained through STB processing.
	4-pulse d ata	-21 sets of particle im ages at 4 consecutive tim e instances
	('clean' and 'noisy')	-21 sets of 2 consecutive velocity snapshots obtained through PIV
		processing
		-Velocity and acceleration d ata at particle positions at the m id d le tim e
		instances of the sets of particle im ages/ velocities, obtained through
		STB processing.

Table . 2

 . Overview of datasets (continued ) 

	Type	D escription
	Velocity statistics	-Mean and r.m.s. velocity field s based on full d ataset (5000 snapshots)
		obtained through PIV processing of 'clean' p article im ages
	Cam era calibration	-Calibration im ages for four virtual cam eras
	Reference PIV	

Table 3 .

 3 Global errors for tim e-resolved input d ata. Values are based on 171 × 67 × 11 d ata points w ith the exception of VOR w hich is based on 165 × 61 × 6 d ata points

Pressure reconstruction Source of input data Global error [× 10 -2 ]

  

			Clean	N oisy
	VIC+	STB	0.68	0.63
	FF1	STB	0.72	0.78
	FF2	STB	0.72	0.78
	ILAG	STB	0.90	0.91
	VOR	STB	1.70	1.66
	ILAG	PIV (9 snap shots)	1.43	1.69
	EUL	PIV (2 snap shots)	1.52	2.09
	TH	PIV (1 snap shot)	2.23	2.54
	IVIC	PIV (1 snap shot)	3.44	2.99

Table 4 .

 4 Global errors for m ulti-pulse input d ata. Values are based on 171 × 67 × 11 d ata points w ith the exception of VOR w hich is based on 165 × 61 × 6 d ata points.

	Pressure	Source of input data	Global error [× 10 -2 ]
	reconstruction		Clean	N oisy
	VIC+	STB	0.70	1.02
	FF1	STB	0.81	1.07
	FF2	STB	0.86	1.10
	ILAG	STB	0.99	1.23
	VIC+	Tom o-PTV	0.95	1.36
	ILAG	PIV	1.67	2.01
	EUL	PIV	1.80	2.11
	VOR	STB	3.57	2.35
	TH	PIV (1 snap shot)	2.66	2.78
	IVIC	PIV (1 snap shot)	3.34	3.39
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system is subsequently solved for pressure. The m ethod is im plem ented using pairs of snapshots w ith a tim e separation of 10 μs for both the multi-pulse and the tim e resolved case.

Iterative least-square pseudo-tracing (ILA G)

Im aginary particles are traced through subsequent velocity field s (see e.g. [START_REF] Liu | Instantaneous pressure and m aterial acceleration m easurem ents u sing a fourexposure PIV system[END_REF]. In the present im plem entation, im aginary particles located at the grid points are integrated forw ard and backw ard in tim e in com bination w ith linear interpolation. The m aterial acceleration is obtained from a first-ord er least-square fit through the velocity values at the positions of the im aginary particles, d isregard ing any particle positions outsid e the d om ain. For tim e-resolved PIV, it could also be estim ated w ith the FTEE algorithm [START_REF] Jeon | Fluid trajectory evaluation based on an ensem ble-averaged cross-correlation in tim e-resolved PIV[END_REF]. The m aterial acceleration is used to obtain a better estim ate of the im aginary particle track in a next iteration.

The tem poral length of each trajectory is 9 tim e steps for the case of tim e-resolved input d ata and 2 tim e steps for the case of m ulti-pulse input d ata. In ord er to com pensate the exclud ed outw ard fluid m otion at the volum e bound ary and to prevent correspond ing d ecrem ent of the d ynam ic range, the tem poral trajectory length is extend ed tow ard the opposite sid e. The spatial integration of the pressure grad ient is cond ucted by solving the Poisson equation form ulated as a least-square error cost function on a staggered grid . N eum ann bound ary cond itions are im plicitly integrated . A Dirichlet bound ary cond ition w ith a value of 0 is prescribed in a single grid point. In a next step the solution is offset using the isentropic pressure ratio (see equation 5) sam pled over a region selected based on the Frobenius norm of the m aterial acceleration tensor.

A d etailed d escription of the present im plem entation can be found in [START_REF] Jeon | Least-square reconstruction of instantaneous pressure field around a bod y based on a d irectly acquired m aterial acceleration in tim eresolved PIV[END_REF]. The m ethod is im plem ented for both PIV and STB input d ata. In case of the latter, the tem poral length is 2 tim e steps for both the cases of tim e-resolved and m ulti-pulse input.

Taylor's hypothesis approach (TH)

Taylor 's hypothesis consists of the assum p tion that ad vection d ue to turbulent circulation is sm all and that 'frozen' turbulence therefore ad vects w ith the flow. Ad opting Taylor 's hypothesis enables the estim ation of the m aterial acceleration from a single velocity snapshot. The choice of convection velocity is crucial for the accuracy of this m ethod and is taken here as the m ean stream w ise velocity, averaged in z-d irection. A d etailed d escription of the im plem entation of this approach for pressure d eterm ination can be found in de Kat and Ganapathisubram ani (2013) and [START_REF] Laskari | Full-field pressure from snapshot and tim eresolved volum etric PIV[END_REF]. The subsequent integration of the pressure grad ient is perform ed sim ilarly as for the Eulerian approach d escribed above.

reconstructed from a single PIV velocity snapshot w hile highly accurate pressure reconstructions can be obtained by using PTV approaches in com bination w ith m ore ad vanced techniques.

2. For the present input d ata, the PTV-based techniques prod uce m ore accurate pressure reconstructions than the PIV-based approaches. This d ifference in perform ance is attributed to a com bination of higher spatial resolution of the input d ata and better use of tim e inform ation in the d ata sets. It should be realized how ever that the com parison is biased in the sense that the PIV processing used here is typical for experim entally obtained particle im ages and no m ulti-fram e cross-correlation techniques have been applied w hereas the application of the STB algorithm has not yet been experim entally d em onstrated for high-speed flow cond itions.

3. The use of longer series of tim e-resolved input d ata allow s m ore accurate reconstructions of the reference pressure field . N evertheless, in light of practical d ifficulties in obtaining m ulti-pulse d ata for high-speed flow s, it is encouraging that it appears to be possible to reconstruct the m ain features of the pressure field alread y from a single velocity field . 4. N oise in the input d ata typically red uces the accuracy of the reconstructed pressure field s, but none of the m ethod s proved to be critically sensitive to the amount of noise that w as ad d ed in the present test Given these conclusions on the availability and perform ance of pressure reconstruction algorithm s and their d epend ence on suitable experim ental d ata, future ad vances are best attained through d em onstration and further developm ent of experim ental capabilities.
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