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1 Final publishable summary report 

1.1 Executive summary 

NIOPLEX has contributed to the development of non-intrusive experimental flow diagnostics to 
improve the aerodynamic analysis capabilities in wind tunnels. The particular objective of the project 
is to develop an unprecedented comprehensive diagnostic approach, achieved by a simultaneous 
measurement of the surface pressure distribution on a model and the velocity and pressure field 
around it.  

Currently, Particle Image Velocimetry (PIV) is used as the major diagnostic technique to obtain the 
mean flow field and turbulent fluctuations. The present project has focused in particular on the 
method of “pressure measurement by PIV” and has pursued how it can be further developed to a 
stage that makes it ready for application to industrial problems. Different methodologies for this 
purpose, that have been previously proposed or are currently under development, have been 
assessed as to their performances. Furthermore, a comparison with Pressure Sensitive Paint (PSP) 
was undertaken, to investigate if the PIV-based approach may be regarded as complementary to PSP 
or as a possible or partial replacement. 

The project ultimately aims to support the design of improved aeronautical transport systems by 
better and more flexible flow-pressure diagnostics, suitable for aerodynamic performance analysis. 
These capabilities can impact the design process at an early stage with the use of additional 
experimental data and diagnostic capabilities during the development cycle. 

NIOPLEX is coordinated by TU Delft and brings nine leading research teams in this area together in a 
consortium to achieve these objectives. The measurement procedures have been demonstrated on 
test cases relevant to industrial research. Specific measurement protocols were formulated and 
evaluated to ease their use. The results will be made of wide impact by extensive dissemination 
activities within the academy and among industry. The results of the project are expected to provide 
a clear scenario on viable technologies for an enhanced pressure analysis capability in aerodynamic 
flows and in this way assist potential users of the use of the technique in practice. 

1.2 Summary description of project context and objectives 

Europe has expressed its ambitions to support an environmentally sustainable and cost efficient air 
transport, by setting specific targets for the reduction of fuel consumption, emissions and noise 
production. Simultaneously, cost efficiency is pursued, in both the aspects of aircraft development 
and operational costs, and with a further relevance to maintain industrially competitive with respect 
to other existing or emerging markets.  In order to achieve these goals a significant technological 
innovation effort is needed, which requires the support from dedicated upstream research that 
should provide the necessary instruments to develop and assess these innovative designs, enabling a 
short development time and a high level of accuracy to be reached. Many of these issues may need 
to be optimized to an unprecedented level of accuracy and reliability, whereas at the same time the 
new and unconventional configurations proposed for these innovations will require to use the 
existing analysis instruments (both experimental and computational) beyond their common envelope 
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of application. This explains why increasing demands will be set on the capabilities of experimental 
diagnostic techniques, either for the direct assessment of aerodynamic configurations, or by 
providing accurate validation data for numerical simulation techniques.  

The past decades have demonstrated that the introduction of new diagnostic techniques in wind 
tunnels, like Particle Image Velocimetry (PIV) and Pressure Sensitive Paint (PSP), has significantly 
enriched the range of diagnostics with major tools for the understanding of critical aerodynamic 
phenomena. Subsequently the CFD tools to improve aerodynamic performance could be extended in 
their simulation envelope and lead to optimized aircraft configurations or subsystems.  

In this context NIOPLEX aims to contribute to the development of innovative non-intrusive 
experimental flow diagnostics in order to improve the aerodynamic analysis capabilities in research 
and industrial wind tunnels. The particular focus of the project is to contribute to the development of 
an unprecedented comprehensive diagnostic approach, achieved by a simultaneous measurement of 
the surface pressure distribution on a model and the velocity and pressure field around it.  

Currently, PIV is used as the major diagnostic technique to obtain the mean flow field and turbulent 
fluctuations. The surface pressure can be measured non-intrusively with PSP, but there is essentially 
no means to conveniently access the pressure inside the flow. The present project targets in 
particular on the method of “pressure measurement by PIV” and pursues how it can be developed to 
a stage that makes it ready for application to industrial problems. Comparison with PSP will 
determine if the PIV-based approach may be regarded as complementary to PSP or as a possible or 
partial replacement. 

One of the enabling achievements of NIOPLEX is that of providing an international collaboration 
platform for several research groups which act on the forefront of these developments, together 
with a commercial developer of PIV systems and software (LaVision), which will make these new 
innovations more easily available for new users in research and industrial environments.  

Specific objectives and focal points addressed in the NIOPLEX project are: 

• the development and assessment of new approaches to pressure extraction from velocity 
data, with emphasis on methods that can provide instantaneous pressure 

• comparative assessment of different approaches, based on synthetic experimental data, such 
that reference pressure is available for validation  

• validation of methods under experimental conditions 
• demonstration in several challenging fluid-dynamic applications, with practical relevance, 

such as turbulent flow, unsteady wing flow with large-scale separation and high-speed flows 
• investigation of the joint/combined use of PIV and PSP 

The consortium brings together a number of teams with proven expertise in the relevant areas. The 
project is coordinated by TU Delft, and the project consortium consists of a further 7 partners from 
EU countries (CNRS, SOTON, UNIBW, ONERA, LAVIS and TUB), one from Turkey (ITU) and one from 
Canada (UCLG). Additionally, a scientific and industrial Advisory Board (with members from DNW, 
DLR, CIRA and Airbus DS) has been established in active support of the consortium.  
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1.3 Description of the main S&T results/foregrounds 

The research in NIOPLEX was structured in four Work Packages. WP2 Concept Analysis is directed 
towards exploration and systematic assessment of load and pressure determination procedures. 
Attention is given to the experimental requirements as well as to user-related issues such as 
implementation of procedures, reliability and robustness. Where the assessment in WP2 relies on 
verification against numerical benchmark data, WP3 Experimental Validation addresses the testing of 
the procedures in a controlled experimental environment, against other validated experimental 
methods. These two WPs are to be considered to establish the first exploratory phase of the project, 
while the other two work packages are dedicated to demonstration of the procedures in specific 
application fields: WP4 Unsteady Wing Aerodynamics and WP5 High-Speed Flight.  

In the following subsections an overview of the different activities and results will be given for each 
Work Package, while a synthesis with “lessons learned” will be provided in section 1.4. 

As an introductory explanation, the background of the working principle of PIV-based pressure 
determination technique is briefly outlined here. The concept relies on the link between pressure 
and velocity as expressed by the momentum equation (when neglecting the viscous term): 

  Dp
Dt

uρ∇ ≈ − ⋅   

This equation allows to connect the pressure gradient to the material derivate, which can be 
obtained experimentally from flow field velocity measurement. The pressure field itself is 
subsequently obtained by integration of the pressure gradient, commonly achieved by solving the 
Poisson equation for pressure, which is obtained by taking the divergence of the above equation, 
with appropriate boundary conditions. A recent review of the background of the method and its 
application can be found in (van Oudheusden, 2013). 

1.3.1 WP2:  Concept Analysis 

Objectives: the exploration and systematic assessment of the most important parameters involved in 
the accuracy and robustness of pressure and load determination procedures; what are the different 
key elements in the measurement chain and how do they influence the end result; requirements on 
the temporal and spatial resolution; extension to compressible flow conditions; theoretical analysis 
by means of synthetic experiments and CFD simulations. With the feasibility of the basic principles 
confirmed in previous works, a specific focus of attention was put on alternative approaches.   

Task-2.1 Pressure determination in turbulent convective flows based on Taylor’s hypothesis 

As an alternative to the classic Eulerian (EU) and  Lagrangian (LA)  approaches for computing the 
material derivative, SOTON evaluated a technique based on Taylor’s hypothesis (TH). It had been 
previously implemented on 2D velocity data to map temporal information into spatial information 
(de Kat and Ganapathisubramani 2013). The present work examines whether TH can also be applied 
when 3D velocity fields are available, but time information is missing. The method was tested on a 
DNS turbulent flow database (John's Hopkins University Channel flow, Graham et al. 2013). As an 
illustration, Figure 1 presents a 3D volume of the DNS pressure field, together with the best results 
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for the different methods, for zero noise and highest resolution. All methods represent the field with 
good accuracy, with TH and LA being smoother than the Eulerian approach, but a little less accurate. 
However, their accuracy is severely degraded when noise is added or the resolution decreases. 

                  

Figure 1. Comparison of all methods - Pressure volumes (𝜺𝒖/𝑼𝒎𝒎𝒎=0%, 𝒍+=12). 
 

Task-2.2 Pressure determination in compressible flows 

This task concerns the particular challenges when extending the pressure determination to the high-
speed flow regime, where the commonly used time-resolved method for obtaining flow acceleration 
information is not feasible in view of hardware (laser and camera) capabilities. Two alternative 
approaches have been investigated here: (1) a multi-pulse measurement procedure and (2) a 
physics-based CFD procedure to extract the acceleration from a single flow image. The procedures 
were tested on a numerical dataset of a transonic flow (see Figure 2), similar to the configuration 
tested in WP5, for which ONERA provided an existing numerical database. The numerical approach is 
ZDES (Zonal Detached Eddy Simulation), see Deck (2012).  

 

Figure 2. Sketch of the base flow model geometry; coloured area depicts the streamwise velocity 
component in the simulated PIV experimental domain.  

To represent the result of tomographic PIV measurements, synthetic PIV measurement data were 
generated to provide a reference dataset. Various noise sources affecting a real tomographic PIV 
experiment were replicated by simulating the entire tomo-PIV measurement chain. The settings used 
for generating the synthetic images, volume reconstruction and PIV processing are chosen such to 
closely represent the conditions of the actual experiments. Below only the basic principles of the two 
methods are commented, for more results see Task-2.5, where they have been included in a more 
extensive test case in which also other methods for pressure determination were considered. 
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1. Pressure determination from 4-pulse multiple-snapshot PIV 
In the multiple-snapshot approach the material derivative follows from multiple PIV velocity fields, 
such that time derivatives can be computed from velocity data obtained from four consecutive times, 
with sufficient short interval values to capture the time scales relevant for the flow dynamics. A 
number of error sources contributing to the final accuracy were assessed. Figure 3 (left) shows the 
mean evaluated pressure field with the reference data shown on the right for comparison.  

 
Figure 3. Centre-plane mean pressure coefficient; result of pressure evaluation using velocity 
data from the synthetic PIV experiment and assuming adiabatic flow (left) and reference data 
(right); Lagrangian approach, ΔT= 20µs 

2. Instantaneous pressure evaluation using tomographic PIV (single-snapshot approach) 
In contrast to the multi-snapshot approach, the single-snapshot approach approximates the velocity 
material derivative, and hence the pressure, from a single-snapshot by involving knowledge of the 
flow physics. For this, the vorticity transport equation is used, which is integrated over a single time-
step with the “Vortex-in-cell” (VIC) method. For validation, the single-snapshot results are compared 
to the reference pressure, and to the results of a simulated time-resolved experiment. For a more 
detailed discussion of the method and the current test case, see Schneiders et al. (2014). Examples of 
instantaneous pressure fields are given in Figure 4, as calculated by the time-resolved (middle) and 
the single-snapshot (right) methods, in comparison to the reference pressure (left). This shows good 
qualitative correspondence of the results, with the expected smoothing due to PIV filtering of the 
velocity vectors, validating the feasibility of this single-snapshot approach.  

 
Figure 4. Instantaneous pressure field; reference (left), time-resolved (middle) and single 
snapshot VIC (right).  
 

Task-2.3 Pressure determination by data assimilation 

The work of TUB addresses the determination of instantaneous pressure fields from PIV data in 
compressible flows by an adjoint-based data assimilation approach (Lemke & Sesterhenn, 2016). The 
data assimilation combines the current capabilities of PIV with the model-based regularising 
properties of numerical fluid dynamics. The iterative data assimilation procedure is shown 
schematically in Figure 5. It involves the solution of the full Navier-Stokes equations, without any 
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simplification, and the corresponding adjoint system. The computational effort restricts the 
technique currently to two-dimensional problems. The amendment of a boundary driven data 
assimilation (Lemke et al., 2016) promises to enable the technique also for three-dimensional 
problems. The derived framework was applied successfully to synthetic and experimental two-
dimensional, compressible flow configurations.  

  
Figure 5. Iterative data assimilation procedure. Computationally expensive tasks are marked by 
a grey box. The variable q subsumes the primitive variables as q = [p,uj,s]. 
 

Task-2.4 Non-intrusive loads determination for wings 

In this task the estimation of the pressure field and of the aerodynamics loads from 2D and 3D 
velocity fields is considered, with validation against reference data. Four approaches from CNRS have 
been tested against a 2D DNS of the flow around a Naca0012 wing and a 3D DNS of a flapping wing in 
revolving motion, while the method of Calgary was tested against an analytical vortex. The presence 
of a body (wing) inside the flow increases the difficulty to evaluate the pressure field and different 
strategies were developed to tackle this. Integral approaches for solving the pressure field by 
improving the material acceleration determination or by using a decomposition of the flow on a 
polynomial basis have been tested. The Poisson equation has been used with a Smoothed Particle 
Hydrodynamics method, with data assimilation in a CFD code. Finally, a Voronoi Tessellation-Based 
Networking algorithm was tested.  

1. FTEE + Spatial Integration 
A polynomial trajectory describing a fluid motion across multiple particle images can provide velocity 
and material acceleration (Lynch and Scarano 2013). Similarly, FTEE (Fluid Trajectory Evaluation 
based on Ensemble-averaged Cross-correlation; Jeon et al. 2014) is a PIV interrogation algorithm 
designed to obtain these properties with reduced measurement error. To improve the dynamic 
range, FTEE takes an ensemble-averaged cross-correlation along the trajectory (Sciacchitano et al. 
2012). The pressure field is reconstructed by the iterative spatial integration of the pressure gradient 
on sequential sub-domains to prevent a propagation of erroneous pressure values from a less 
reliable region to relatively stable regions (Tronchin et al. 2015).  
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Figure 6. Comparison of PIV results with numerical data.  

2. Pressure-Field Extraction on Unstructured Flow Data using a Voronoi Tessellation-Based 
Networking Algorithm 
This proof-of-principle study explored the extraction of pressure directly from unstructured 
Lagrangian data without interpolation. Previous studies have mostly focused on extracting pressure 
from flow data on a structured 2-D or 3-D grid, even when the Lagrangian material derivative was 
determined by reconstructing particle trajectories. In comparison to this, performing all operations in 
the Lagrangian frame on a particle network eliminates filtering and interpolation error, and preserves 
the local spatial particle density throughout the measurement volume. The feasibility of technique 
was demonstrated with a simple analytical flow field, see Figure 7 (Neeteson and Rival, 2015). 

 
Figure 7. The Voronoi network based pressure determination: sample extracted pressure fields 
for the analytical vortex, for three orders of magnitude of normalized spatial particle density. 
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Task-2.5 Methods assessment and integration.  

During the project and on suggestion of the Advisory Board, a comparative assessment of different 
methods was undertaken using a common data base. This aspect forms a unique characteristic of this 
study in that for the first time a variety of different methods are applied to the same velocimetry 
data base and with pressure reference data available for validation. For this purpose, ONERA 
provided a new simulation of the transonic base flow configuration, similar to the one considered in 
Tasks 2.1 and 5.1. The simulation data were used to generate a synthetic 3D PIV/PTV experiment, by 
constructing particle image data, which were subsequently processed to yield 3D vector fields 
("tomo-PIV”) or 3D particle tracking data (“3D-PTV”), the latter further processed by DLR with the 
novel “Shake-The-Box” (STB) technique (Schanz et al. 2016). In total four different data sets were 
generated, simulating either time-resolved or multi-pulse experiments, and with clean data or with 
added noise.  

These data were then supplied to the different parties involved in this comparison, and the resulting 
pressure data collected. A variety of state-of-the-art pressure determination techniques were applied 
to the test case to assess their capability to reconstruct the reference pressure field, without pre-
knowledge of the pressure solution provided. Figure 8 and Figure 9 display the results for the time-
resolved experiment with noise added, for the PIV and PTV based methods respectively (note the 
differences in the colour bar scale indicating the error), showing the instantaneous results in the 
central plane and the total error averaged over the width of the domain. The global errors (averaged 
over the entire volume) are collected in Table 1 for the time-resolved data case with noise. 

Table 1. Global pressure errors for the case of time-resolved input data (with noise added).  

Pressure reconstruction method Source of input data Global error [× 10-2]  
Vortex-in-Cell (VIC+) STB  0.63 
Flow Fit 1 (FF1) STB  0.78 
Flow Fit 2 (FF2) STB  0.78 
Iterative Lagrangian (ILAG) STB  0.91 
Voronoi (VOR) STB  1.66 
Iterative Lagrangian (ILAG) PIV (9 snapshots)  1.69 
Euler (EUL) PIV (2 snapshots)  2.09 
Taylor’s Hypothesis (TH) PIV (1 snapshot)  2.54 
Instantaneous Vortex-in-Cell (IVIC) PIV (1 snapshot)  2.99 
 
Conclusions from this comparative assessment are: 

1. All methods are able to reconstruct instantaneous pressure fields from PIV/PTV input data 
with acceptable accuracy (below 3% r.m.s. error). 

2. The particle-tracking-based techniques (STB) produce systematically more accurate pressure 
results  (<1%) than those based on PIV (>1%). This difference is attributed to a combination 
of higher spatial resolution of the input data and better use of time-series information. 

3. The use of longer series of time-resolved input data allows more accurate reconstructions of 
the pressure field. Nevertheless, in light of practical difficulties in obtaining multi-pulse or 
even time-resolved data for high-speed flows, it is encouraging that it appears to be possible 
to reconstruct the main features of the pressure field already from a single velocity field.  
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4. Noise in the input data reduces the accuracy of the reconstructed pressure fields for all 
methods, but none proved to be very sensitive to the amount of noise added in the test.  

5. It should be added here that the particle-tracking is performed by the advanced STB method, 
whereas all PIV methods rely on a relatively standard image correlation. For a complete 
picture the extent to which PIV-based methods are improved with advanced correlation 
techniques (like FTC or FTEE) should be evaluated. 

The results have been presented at the 18th Int. Symposium on Applications of Laser Techniques to 
Fluid Mechanics, 4-7 July 2016 in Lisbon (Blinde et al 2016) and an accompanying paper has been 
submitted for publication to Experiments in Fluids. The particular contribution of DLR for performing 
the STB processing is gratefully acknowledged. 

 

Figure 8. Results for PIV-based pressure reconstruction techniques with time-resolved input 
data. 
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Figure 9. Results for PTV(STB)-based pressure reconstruction techniques with time-resolved 
input data.  
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1.3.2 WP3:  Experimental Validation 

The specific objective of WP3 is to test and assess the performance of the techniques experimentally 
under well-controlled conditions. Several activities are linked to the demonstration experiments 
carried out in WP4 or WP5. The experiment of SOTON deals with the experimental validation for 
turbulent flow, which sets specific demands on the resolution and dynamic range capabilities.  

Task-3.1 Base-flow experimental validation 

This experiment of a low-speed (10 m/s) axisymmetric base-flow, shown in Figure 10, is intended as a 
baseline for the high-speed case studied in WP5, in which limited optical access and lower quality 
flow seeding set more challenging PIV measurement conditions. For the PIV-based pressure 
determination, time-resolved thin-tomo PIV is used at 1 kHz acquisition frequency and measurement 
volume of 75 mm × 35 mm × 3.5 mm. Concurrent with the PIV measurements, the unsteady pressure 
is recorded with microphones, while the mean pressure is obtained with static pressure ports.  

 

Figure 10.  Low-speed axisymmetric base flow experiment (model support is not to scale). 

Figure 11 shows results for the measured velocity and the corresponding pressure, for a standard 2-
frame scheme. Comparing the extracted surface pressure to the reference pressure good agreement 
was found for the mean pressure, but the pressure fluctuations from PIV were substantially higher. It 
was concluded that the determination of the instantaneous pressure, especially near the surface, is 
critically depending on the accuracy of the PIV data and its subsequent processing to determine the 
material acceleration. Significant improvement was obtained by use of a multi-frame (FTC) scheme. 

 

Figure 11. Low-speed base-flow experiment; velocity (top) and pressure (bottom) fields: 
instantaneous, mean and RMS results (left to right).  
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Task-3.2 Combined use of PIV and PSP 

This task of UNIBWM validates the combined application of PSP and PIV, in particular for their joint 
application under transonic conditions. The experimental conditions were chosen in order to push 
the application performance to their individual limits, with the following tests: (1) PSP measurements 
across a rotor disc with high temperature gradients; (2) Simultaneous PSP and 2D2C PIV 
measurements on a turbine airfoil; (3) Individual PSP and PIV measurements on a backward-facing 
step in transonic flow (see Figure 12).  

As expected a joint use of both techniques is quite challenging and many are the problematics that 
occurs, such as contamination and wall reflections. Through the conducted experiments different 
cautions could be extrapolated which have to be taken into account when combining the two 
techniques. These can be summarized as follows: 

1. A laser light sheet configuration tangent to the model surface is recommended in order to 
minimize near-wall reflections as a consequence of the diffuse PSP reflectance.  

2. A careful adjustment of the seeding density is required (the lower, the better) in order to 
preserve the PSP layer from contamination and ageing. 

3. The use of a dual-luminophore pressure-sensitive coating is strongly recommended in order to 
minimize measurement errors introduced by contamination or surface temperature gradients.  

4. The presence of reference pressure taps for the in-situ correction of PSP is essential especially 
for the simultaneous application of PIV and PSP measurement techniques.  

 

Figure 12. PIV and PSP data: color-coded surface pressure distribution and centre line velocity 
field across a backward-facing step model at transonic flow conditions.  
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Task-3.3 Validation for unsteady wing loads determination (CNRS/ITU/UCLG) 

The main objective of this task was the validation of pressure and load determination for unsteady 
flow around wings. A Lagrangian-based technique has been validated by the group of UCLG.  

1. Comparative assessment and validation of pressure and loads extraction techniques 
Comparing the different methods from Eulerian (structured) velocity fields developed by CNRS in WP 
2 showed that the sequential integration of the Poisson equation from the pressure gradients 
estimated by FTEE or by a polynomial basis give the best results (Figure 13). The results have been 
compared with pressure tap data in the flow around a fixed NACA0015 wing model. The loads have 
been also estimated from the velocity and acceleration fields, by the impulse equation (ITU) and by 
the momentum equation (CNRS) for different flow configurations, such as a wing in plunging motion 
(ITU) or the turbulent flow around a fixed model (CNRS) and compared to direct load measurements. 
These approaches can provide results that are in agreement with the direct force measurements, but 
have shown sensitivity to the control volume and the uncertainty in the material acceleration. 

 

Figure 13: Unsteady flow around a NACA0015 airfoil (AoA = 30° and Re = 105): velocity field 
and extracted pressure field, using the FTEE + sequential integration approach (CNRS). 

To evaluate the impact of three-dimensional flow effects, tomographic PIV measurements were 
carried out at an image acquisition framerate of 2.0 kHz. Particle volumes were reconstructed in a 
volume of about 12 mm thick. Velocity fields were obtained from 7 successive particle volumes using 
the FTEE method and the material acceleration fields are recalculated based on the iterative pseudo 
Lagrangian tracking. The pressure fields are then spatially integrated with the sequential Poisson 
solver with pre-defined subdomains (Jeon et al. 2015). Figure 14 shows a set of pressure fields, 
illustrating that leading edge vortices and a shed vortex are moving downstream.  

 
Figure 14: Pressure results for different instances: temporal interval between each field is 5 ms.  
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2. Comparative assessment of a novel Lagrangian pressure extraction technique 
The primary objective of this work is to demonstrate and evaluate a novel pressure extraction 
technique, termed Lagrangian FVM (Finite Volume Method), by comparing it to a previously-
developed Lagrangian pressure extraction technique (Neeteson and Rival, 2015) as well as a 
contemporary Eulerian pressure extraction technique (Jeon et al., 2014). The evaluation is performed 
in two stages. First, all three techniques are evaluated by applying them to the Taylor-Green vortex 
analytical case and assessing the accuracy with which they can extract the pressure field as a function 
of spatial particle density. Second, a sensitivity analysis and quantitative comparison is performed 
using experimental velocimetry data collected in the wake of a NACA0015 wing at angle of attack of 
25° and a chord-based Reynolds number of 96,000. The sensitivity of each technique is evaluated by 
adding Gaussian noise to the material derivative fields and observing the mean disturbance to the 
pressure field, as well as comparing the extracted pressure fields to point pressure measurements 
taken in the wake using a pressure probe. Finally, the sensitivity of the pressure field to disturbances 
in the positions of the measured particles is evaluated for the Lagrangian FVM technique only. This 
work is currently in-progress; Figure 15 displays preliminary results from the analytical and 
experimental analyses. In addition to this work, Lagrangian pressure-extraction techniques were 
experimentally validated using dense 4D-PTV data (Neeteson et al. 2016). 

 

 
Figure 15. (A) Comparative accuracy analysis conducted with the Taylor-Green vortex 
analytical flow case. (B) Monte-Carlo simulations testing the sensitivity of pressure fields, using 
the Lagrangian FVM technique, to disturbances to the material derivative field on flow data 
from the wake of a stalled NACA0015. (C) A sample pressure field in the wake of the stalled 
NACA0015, extracted using an Eulerian technique, and (D) a pressure field extracted from the 
same flow data, using the Lagrangian FVM technique.  
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Task-3.4 Turbulent flow experimental validation 

The purpose of this study is to experimentally validate pressure estimation with Taylor’s hypothesis 
(TH) in turbulent flows, see also Task-2.1, in comparison to Eulerian (EU) and pseudo-Lagrangian 
(pLA) methods which require time information whereas the Taylor approach does not.  

In the present activity, the three methods were first applied on snapshot and time-resolved 
tomographic PIV velocity data of a turbulent boundary layer and comparison with DNS supports the 
observations from the numerical assessment (Laskari et al. 2016). In the experimental approaches 
consistently too high r.m.s. values of the pressure were found, and the results have been corrected 
by subtraction of the minimum level, observed in the freestream. Figure 16a shows the influence of 
the time separation on the error of the pressure r.m.s., indicating that for both EU and pLA the 
optimum value for 𝑑𝑑+ is around 10. The second graph provides the (corrected) r.m.s. pressure 
profiles, obtained with the different methods. Both TH and pLA provide a match with the DNS 
dataset, even for TH with only 2D velocity data, while EU has the poorest performance.  

(a)    (b)                  
Figure 16. Turbulent boundary layer pressure statistics: comparison of all methods against 
reference DNS results; (a) error dependence on time step; (b) r.m.s. pressure profile.  

To further validate the application of Taylor’s hypothesis, especially when using planar PIV data, the 
method was applied to 2D PIV snapshots of a turbulent flow over a surface mounted rib of varying 
length and the results were compared to simultaneous wall-pressure measurements (Van der 
Kindere and de Kat, 2015), see Figure 17 . Both experiments demonstrate that Taylor’s hypothesis 
can be used to extract pressure in absence of time information, even in separated flow regions. 

 
Figure 17. Pressure statistics for the turbulent flow over a 2D rib of 𝑳/𝑯 = 𝟒. 



 

 

  
 

 
Version Final 30-11-2016 20 of 40 
 

1.3.3 WP4: Applications I: Unsteady Wing Aerodynamics  

The unsteady aerodynamics of moving, flapping and/or deforming, flexible wings is currently a topic 
receiving increased attention. In the analysis of the associated flow phenomena, the non-intrusive 
pressure and loads determination methods provide a convenient way to extract these data and 
relate them to the observed flow and wing-deformation phenomena. As demonstration, the present 
work package addresses this application area in a number of generic highly-unsteady wing studies. 
The particular interest in this WP is twofold: (1) application and verification of the experimental 
pressure-analysis approaches based on PIV in complex flow situations, which involves the formation 
of large interacting vortical structures and (2) assessing the extent to which the additional pressure 
information provides an enhanced understanding of the fluid phenomena. 

Task-4.1 Highly deformable wing 

This study explores the flow field and fluid-dynamic loads generated by revolving low-aspect-ratio 
flat plate wings undergoing a revolving motion starting from rest in a water tank. Three wings with a 
different degree of chordwise flexural stiffness were tested, using phase-locked tomographic PIV and 
simultaneous force measurements. The repeatability of the flow allows the use of a phase-averaging 
approach to generate time-resolved volumetric velocity data, from which the pressure is 
reconstructed (see Figure 18). Using a control volume approach, the spanwise distribution of the 
section forces can be evaluated as well. The PIV measurements reveal a vortex system that develops 
from the start of the motion onwards. The vortex system structures encompass a low pressure 
region which has a high correlation with the vortical structures. While the sectional lift along the full 
span is comparable for the different wings, the sectional drag is significantly reduced at the outboard 
wing locations for increasing flexibility. 

 

Figure 18. Top and size view representations of vortical structures and reconstructed pressure. 
Isosurfaces of Q-criterion: white; isosurfaces of pressure: blue (low) and red (high). 
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Task-4.2 3D-wing in hovering condition (CNRS) 

CNRS has performed PIV flow field measurements in combination with detailed pressure field 
reconstruction and integral loads determination. Different configurations at low Reynolds number 
(Re=1000) were studied. The flow around a flapping rigid NACA0012 in revolving motion was 
analysed regarding the load evaluation and the vortex structure extraction. Flows induced by 
symmetric and axisymmetric motion kinematics (Figure 19) were compared for a rigid wing. For the 
same symmetric motion, the flows around rigid and flexible wing were also examined to evaluate the 
influence of the flexibility.  

 

 

 
 
 
 

Figure 19. Symmetric and axisymmetric motion kinematics applied to the NACA0012 wing. 

Previous numerical and experimental results have suggested that rotational effects contribute to 
leading edge vortex attachment along with the efficiency of asymmetrical kinematics. The wing is 
subject to two types of flapping kinematics, symmetrical and asymmetrical. The upstroke is realized 
either with an angle of attack of 45° or with an angle of 20° and for the downstroke the angle is 
maintained at 45°. From time-resolved scanning PIV at each location during the upstroke and 
downstroke and by phase-averaged analysis, volumetric velocity fields (Figure 20), acceleration 
fields, and pressure fields are calculated by FTEE with good accuracy. The results show strong 
variations between the two wing motion kinematics and suggest that asymmetrical kinematics are 
better for the flapping flight. This is confirmed by the analysis of the efficiency (𝐶𝑦���/𝐶𝐷����) during the 
flapping period which increases with the asymmetry of the motion which maintained an attached 
leading edge vortex during the upstroke. 
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Upstroke 45°/45° motion kinematics 20°/45° motion kinematics 

Figure 20. Velocity fields and λ2 criteria (-0.1,-0.3,-1) for the upstroke at t/T=0.1 and 0.25. 

For studying the effect of wing flexibility, two NACA0012 wings with different material properties 
(Translux resin and Polyurethane) and a chord of 60 mm have been moulded and a flat plate of 60 
mm length in PET has been made. The symmetrical kinematics (45°/45°) has been applied to these 
three different wings and the flow was recorded with the time-resolved scanning PIV approach at 
each location during the upstroke and downstroke.  The analysis of the instantaneous volumetric 
velocity fields (Figure 21), of the acceleration fields, and of the pressure fields suggests modifications 
of the loads which have to be confirmed later with the phase-averaged results. 

 
Flexible elastomer NACA0012 wing 
hmax= 7,2 mm, c=60 mm, E= 16 MP 

 

 
Flexible PET plate 

h=0,125mm, c=60 mm, E = 4 500 MPa 
 

Figure 21. Instantaneous streamwise velocity and λ2 criteria at t/T=0.25 for two flexible wings. 
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Task-4.3 Unsteady wings and multiple-wing combinations in forward flight condition (ITU) 

Three categories of experiments have been conducted at Istanbul Technical University (ITU) for 
unsteady wings and multiple-wing combinations in forward flight condition, namely:  

1. plunge motion of a rigid flat plate for various reduced frequency and non-dimensional 
plunging amplitude values, to explore the capabilities on measurement and estimation of 
loads, depending on the occurrence of thrust versus drag, and to investigate the added-mass 
contribution on lift 

2. plunge motion of flexible flat plates to determine the vortex dynamics and associated loading 
on the wing and consequent shape deformation 

3. rigid wing of finite span undergoing transient pitch in freestream in presence of vortex gusts 

In order to provide further insight into the control of micro-air vehicles, flow-structure interactions 
were investigated experimentally in a water channel using simultaneous force and 2D2C PIV 
measurements. Although the flow is three-dimensional and only a sectional quantitative imaging is 
available from the PIV, we aim to understand the performance limits of the load estimation studies in 
low-speed unsteady flows and the applicability of load estimation in the absence of direct force 
measurement, e.g. for the loading on a tail wing, and to obtain instantaneous pressure fields to 
determine the relation between vortex dynamics and shape deformation when flexibility is present. 

Lexan, f = 0.5Hz, Amplitude = 20mm Acetate, f = 0.5Hz, Amplitude = 20mm 

  

  

  

  

Figure 22. Vortex structures and calculated pressure field for two flexible plunging flat plates 

Figure 22 exemplifies the results obtained for flexibility effects. Both flat plates with different 
materials plunge at the same frequency and amplitude. Vortex structures and calculated pressure 
fields are given for an instant corresponding to 19/40 of the motion cycle. Compared to the plate 
made of lexan (left), the acetate plate (right) deforms considerably resulting in lower loading. On the 
other hand, distinct vortices are observed for the lexan plate and the calculated pressure field 
changes accordingly. For the cases where the measured forces are high and reliable, the load 
estimations are also found to be successful.  
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For the experiments on wings under gust, a flat plate undergoing both pitch and plunge is used to 
generate spanwise gusts. A manoeuvring wing is situated downstream of this gust generator. Initially,  
the wing is at condition CL = 0 and then pitches up to 45° of effective incidence, in either 1 or 6 chord 
lengths of travel relative to the fluid (referred to as fast and slow cases), pivoting around its quarter 
chord. Different gusts and encounter times were studied; the results presented in Figure 23 for fast 
and slow manoeuvring of the NACA0012 wing are for the wing motion synchronized with that of the 
gust generator, so at a phase of 0°. PIV reveals that the leading edge vortex (LEV) formation and its 
shedding are affected by the gusts; they are promoted or delayed in time. Figure 23 shows the 
corresponding change in time of the measured lift coefficient in comparison with the estimated one. 
Considering the three-dimensionality, the estimated sectional loads are in general higher than the 
measured forces, however, the extracted force variations are well captured when the estimated 
values are halved. 
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Figure 23. Measured and estimated lift coefficients for a NACA0012 wing with gust (black lines 
represent lift coefficient variations for cases without gust) 
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Task-4.4 Vortex dynamics in flapping wing configurations (UCLG) 

Added Mass Analysis from Pressure and Drift Volume Development 
The study focuses on a canonical starting-vortex problem of an accelerating circular plate. This 
replication of a flapping wing uses the drift volume analysis (Darwin, 1953) to calculate the added-
mass coefficient from the development of a partial drift volume. Lagrangian particle positions are 
measured with 4D-PTV (Shake-The-Box) (Figure 24A) and are spatiotemporally interpolated to 
generate long particle tracks (Figure 24B). During plate acceleration, particles originating from a 
reference plane create a subset of volumes relative to the reference plane that sum to the net partial 
drift volume (Figure 24C). A partial drift volume correction factor (Dabiri, 2005), is used to estimate 
the total drift volume at each time-step in order to contain the entire added-mass affected by the 
acceleration. The mass of fluid enclosed by the drift volume is shown to be within 17% of the added-
mass of the accelerating plate (Figure 24D). Pressure was extracted from the 4D-PTV dataset using 
the Lagrangian finite volume solver. Based on the choice of reference plane position, low pressure 
zones from initial fluid separation are parted from high pressure regions by the drift volume dividing 
line (Figure 24C). 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 24. (A) The experimental setup showing the plate, laser sheet and cameras. (B) Particle 
positions starting at the same y-plane are tracked over the time interval 𝟎 < 𝒕∗ < 𝟎.𝟐𝟎. (C) A 
reference plane (red), selected downstream, marks the positional origin for fluid particles while 
the black line represents the dividing plane between positive drift (1) and negative drift (2). The 
pressure coefficient field is shown in contours. 𝒕∗ = 𝟎.𝟐𝟎. (D) Added-mass coefficients are 
calculated from 10 identical runs of force measurements and compared to those of the drift 
volume calculations. 
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1.3.4 WP5: Applications II: High-Speed Flight  

The majority of practical aerospace applications relate to high-speed flows, hence, extension of PIV-
based pressure analysis to the high-subsonic/transonic/supersonic flow regime is of particular 
interest from the viewpoint of relevance for aerospace industry. This requires to overcome a number 
of challenges that are inherent to high-speed flows: the typically limited optical accessibility in the 
wind tunnel facility, increased temporal resolution requirements, seeding quality, flow tracing 
fidelity, as well as the issue of variable density.  Against this background, WP5 focusses on two 
applications from the field of high-speed flight aerodynamics in the aviation and space-launcher 
technology domain: space launcher afterbodies (WP5.1) and transonic wings (WP5.2).  

Task-5.1: Launcher afterbody (TUD+ONERA) 

Space launcher afterbodies are subject to significant loads acting normally to the thrust direction as a 
result of the separating/reattaching wake flow. These unsteady side-loads are caused by pressure 
fluctuations induced by the massively unsteady and turbulent flow (cf. Figure 25a). To investigate the 
flow of a generic afterbody model (Figure 26, see also Figure 2), TUD performed experiments at 
different flow regimes (transonic and supersonic). The experiments made use of tomo-PIV, while the 
model sting was equipped with pressure ports for validation. ONERA performed URANS and ZDES 
simulations of the transonic afterbody configuration for validation of the PIV pressure determination 
as well as to investigate further details of the spatial organisation of the flow field. 

  
(a) (b) 
Figure 25: (a) Q criterion coloured by the streamwise vorticity - (b) Mean streamwise velocity 
(U) (top) and pressure coefficient (Cp) fields (bottom) for ONERA's ZDES (left) and TUD's PIV 
(right) 

Comparison of averaged PIV snapshots and ZDES data returned both a good qualitative and 
quantitative agreement in terms of characteristic sizes of the recirculation zone, the vorticity 
thickness of the axisymmetric mixing layer as well as streamwise velocity and pressure coefficient 
levels (see Figure 25b). The increased confidence in the PIV-based approach formed the basis for 
follow-up experiments which included a supersonic base flow at M = 1.5 and base flows with 
truncated afterbodies of different lengths and base flows with cold exhaust plumes.  
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Figure 26: Base flow windtunnel model held by a rear-mounted sting with four pressure ports 

Obtaining instantaneous PIV-based pressure fields and fluctuation statistics required the application 
of a novel tomographic four-pulse PIV system, consisting of two double-pulse lasers and twelve 
cameras (Lynch and Scarano 2014). The performance of the system was characterised and typical 
average instantaneous errors were found to be smaller than 0.3 voxel displacement (Blinde et al. 
2015). To provide in-situ validation of the pressure values, fast-response pressure transducers are 
used concurrent with the PIV measurements. From the comparisons it was concluded that improved 
experimental arrangement and processing algorithms are needed to obtain more reliable 
instantaneous pressure results. 

 

Figure 27: 12-camera/2-laser tomographic PIV system (left); experimentally obtained 
instantaneous pressure field (right) 

The data from the numerical simulation provided a useful source of comparison for the fluctuating 
pressure coefficient (Cprms) as well as the main features of the flow dynamics (cf. Figure 28). In 
particular this includes the dimensionless frequencies (i.e. the Strouhal number StD based on the 
forebody diameter) driving the flow dynamics (see Figure 28). The frequencies have been related to 
the spatial organisation of the fluctuating pressure in the flow field and at the wall. In particular, the 
flapping motion of the axisymmetric shear layer, the vortex shedding motion and the oscillation of 
the reattachment point of the recirculation area have been clearly related to the Strouhal numbers 
StD ≈ 0.1, StD ≈ 0.2 and StD ≈ 0.6, respectively, as in a similar former configuration (see e.g. Weiss et al. 
2009).  
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Figure 28: Normalized PSD f.Gp(f)/σ² for the static pressure (top) and fluctuating pressure 
coefficient (Cprms) fields (bottom) for ONERA's ZDES  

 

Task-5.2 Transonic wing (UNIBWM+TUB)  

UNIBWM has used the PIV-PSP combination for the investigation of a wing under subsonic/transonic 
conditions. Data-assimilation calculation was performed by TUB for the UNIBWM experimental 
configuration.  The transonic wing chosen was a NACA 0012 airfoil with a chord length of 150 mm.  
During the experiments the surface pressure was measured by means of 45 pressure taps distributed 
over the wing circumference serving as reference. Additionally, the pressure distribution on the 
centre part of the top surface was measured by using a PtTFPP based binary pressure-sensitive paint 
with very small temperature dependence. The paint is composed of a reference dye emitting at λ = 
540±40 nm and an active dye emitting at λ > 650 nm. It was illuminated with a 10 Watt high-power-
LED operating in pulse mode at 400 nm. Two 11 MPx CCD PCO 4000 cameras were used to capture 
the reference signal and the pressure signal simultaneously in order to compute the mean surface 
pressure distribution. The mean velocity distribution on the plane of symmetry was measured by 
means of planar PIV. Figure 29 shows an example of the measurement results for a Mach number of 
0.6 and an angle of attack of 6°. 



 

 

  
 

 
Version Final 30-11-2016 29 of 40 
 

 

Figure 29. Pressure and velocity field at Mach 0.6 and 6° angle of attack 

For the data assimilation, the experimental setup for the NACA 0012 airfoil is represented by the 
compressible Navier-Stokes equations solved on a two-dimensional grid with a resolution of 400x305 
equidistantly distributed points. The airfoil is modelled by means of a volume-penalization approach. 
The boundary conditions of the computational domain are initially chosen corresponding to the 
experimental setup and assimilated within some iteration. The data assimilation framework aims the 
adaptation of the velocities in the measurement region towards the experimental data. After 45 
iterative loops of the adjoint-based framework the velocity deviation between the numerical solution 
and the experimental velocity data is reduced to the noise level of the PIV data. Thus, the pressure is 
determined under the constraint of the Navier-Stokes equations. The resulting field is shown in 
Figure 30 together with the comparison to the PSP measurements. It can be seen that the resulting 
numerical solution provides the pressure reference values on the airfoil with an accuracy of about 
10%. Near the trailing edge the error increases with increasing distance to the evaluated 
measurement region. 

 

Figure 30. Left: Pressure field reconstruction, Right: pressure surface distribution from PSP 
(black) and from the data assimilation process (red) for Mach = 0.6 and α = 2°. 
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1.4 Synthesis and lessons learned 

It has been the particular objective of NIOPLEX to assess and advance methods for non-intrusive 
pressure and load determination, especially in the context of the “pressure from PIV” approach. The 
assessment has clearly revealed that the critical issues for the pressure determination are the 
accuracy and (spatial) resolution of the velocity and material acceleration, as well as the accuracy of 
the boundary conditions for the pressure integration and the correctness of the assumptions 
involved (steady flow, incompressible flow, adiabatic flow, etc.).  

Overview of methods 

Over the years, different procedures for pressure extraction have been proposed and used, and 
several have also been tested within NIOPLEX, in different experiments and notably in the 
comparative synthetic test case. All techniques rely essentially on the recorded particle images as a 
starting point. When following a PIV-based approach, velocity fields are determined by cross-
correlation based on a single pair of particle images (“standard PIV”), or by using multiple particle 
image pairs, as in FTC (Lynch and Scarano 2013) or FTEE (Jeon et al. 2014). In the case of tomographic 
PIV the correlation is performed on reconstructed volumes, possibly enhanced with motion tracking 
(Novara et al 2010, Novara and Scarano 2013, Lynch and Scarano, 2015). The material acceleration is 
subsequently determined from structured velocity fields, using either a (pseudo-)Lagrangian or 
Eulerian formulation. In the Lagrangian method, also referred to as pseudo-tracing, fluid trajectories 
are reconstructed by tracing imaginary fluid particles over subsequent velocity fields. In the Eulerian 
method temporal and spatial velocity derivatives are determined separately. Alternatively, the 
material acceleration can be obtained from directly tracking particle patterns using multi-frame 
correlation as mentioned above.  To alleviate the need for time-resolved velocity data, inherent to all 
the previous approaches, alternative methods have been proposed that calculate the material 
acceleration from velocity data at a single time instance (“single snapshot method”) by employing 
physical models, like the Taylor’s hypothesis approach (de Kat and Ganapathisubramani 2013; Laskari 
et al. 2016) or the Instantaneous Vortex-in-Cell (Schneiders et al. 2016). After thus obtaining 
acceleration data on a structured grid, the local pressure gradient is calculated from the momentum 
equation and the pressure is subsequently obtained through spatial integration, usually through a 
Poisson solver approach.  

When following a particle-tracking-based approach, individual seeding particles are located and 
tracked over subsequent images to obtain velocity and acceleration values at the particle positions. 
Conventional PTV tracking approaches typically use 2D-peak detection in combination with 
triangulation to find particle locations and rely on relatively low particle seeding concentrations to 
determine tracks, which limits the range of application. More advanced approaches recently 
developed  alleviate this drawback allowing higher seeding concentrations to be employed by using 
alternative ways to determine particle locations (e.g. Iterative Particle Reconstruction (IPR), Wieneke 
2013) and/or by using velocity/acceleration data as predictor for particle locations at the next time 
step (e.g. Shake-the-Box (STB), Schanz et al. 2016). These methods have proven their potential for 
impressive performance improvements at low speed flow conditions, and the assessment and 
further development for industrial conditions is ongoing. A subsequent key challenge in the particle-
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tracking-based approach is to obtain pressure from sparse and unstructured acceleration data. One 
approach is to first interpolate the acceleration data to a structured grid and then integrate as in the 
PIV-route (e.g. Gesemann 2015, Schneiders and Scarano 2016). Another approach is to directly 
perform spatial integration upon the sparse data, which includes Voronoi-based (Neeteson and Rival 
2015) and spline-fitting (Gesemann 2015) integration.     

The critical issues for pressure determination were further substantiated by the assessment carried 
out in WP2, which addressed a synthetic test case for the comparison of a variety of pressure-
reconstruction techniques. The most critical element in the measurement chain is indeed found to be 
the accuracy of determining the material acceleration. Accordingly, higher performance was 
observed for those techniques that make better use of time information (time-resolved data) and 
localised information (particle-track data) in the particle image source data. This can be directly 
connected to the aspects of measurement noise and spatial resolution, respectively. On the other 
hand, it was shown that also methods that use the information of only a single time snapshot and 
hence do not need time-resolved measurement capabilities, can provide useful results albeit at lower 
accuracy. It should be added here that for a complete picture the extent to which the PIV-based 
methods are improved with advanced correlation techniques (like FTC or FTEE) should be evaluated.  

These trends were also confirmed in the experimental investigations carried out in the context of 
WP3: the use of longer track length/multiple images leads to improved pressure determination. On 
the other hand, it is also found that for flows dominated by large-scale 2D structures, a 2D (planar-
PIV) approach for pressure computation can give quite acceptable results. This is advantageous as it 
would allow for a drastically simplified experimental configuration (as opposed to tomographic PIV 
for example). It has therefore to be concluded that in practice the optimal choice for the 
experimental configuration depends on the characteristics of the flow, the type of information 
required (e.g., mean or instantaneous pressure) and its desired level of accuracy. An indicative 
summary of the required strategies is provided in the next section. 

System requirements for acceleration/pressure determination 

As mentioned above the optimal choice for the experimental configuration to be used in practice 
depends on the characteristics of the flow, the type of information required (e.g., mean or 
instantaneous pressure) and its desired level of accuracy. Below a summary is given that describes 
indicative system requirements for pressure determination from PIV or particle-tracking, in relation 
to flow regime and properties of interest. 

property of interest low flow speeds 
below O(10 m/s) 

high flow speeds 
above O(10 m/s) 

 flow approx. 2D flow strongly 3D flow approx. 2D flow strongly 3D 
mean pressure LR + 2C/3C LR + 3C3D LR + 2C/3C LR + 3C3D 

instantaneous pressure 
and r.m.s fluctuation level 

HR + 2C/3C 
or 

LR + 2C/3C + SS 

HR + 3C3D 
or 

LR + 3C3D + SS 

MP + 2C/3C 
or 

LR + 3C3D + SS 

MP + 3C3D 
or 

LR + 3C3D + SS 
pressure time series and 
spectra HR + 2C/3C HR + 3C3D not feasible* not feasible* 
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LR = low repetition rate system; rate = O(10 Hz) 
HR = high repetition rate system; rate = O(1 kHz) 
MP = multi-pulse; dual system 
2C = planar 
3C = stereo 
3C3D = volumetric (tomo PIV or 3D particle tracking) 
SS = single-snapshot method (like IVIC or TH) 
* only the large time scales may possibly be resolved 

Combined use of PIV and PSP 

Best practices on the (combined) use of PIV/PSP were achieved: use tangent laser illumination to 
minimize near-wall reflections due to the diffuse PSP reflectance; apply careful adjustment of the 
seeding density to preserve the PSP layer; use a dual-luminophore pressure-sensitive coating to 
minimize measurement errors introduced by contamination or surface temperature gradients; use 
reference pressure taps for the in-situ correction of PSP. 

Application show cases 

The flapping-wing experiments performed in WP4 provide a strong demonstration of the capabilities 
of the velocimetry-based pressure and load evaluations. The particular added value of the non-
intrusive approach is that pressure and load determination by traditional means is often problematic 
(if not impossible) to achieve under these conditions (small forces, thin flexible wings).  

WP5 addressed pressure estimation from PIV measurements under the harsh conditions imposed for 
the high-speed regime (limited optical access, short runtimes, insufficient data acquisition rates, 
seeding issues). This is all relevant in view of typical measurement conditions encountered in 
aeronautical and industrial practice. Results from the TUD task shows that acceleration can be 
measured with a multi-pulse system. At the present stage, the mean pressure to be captured quite 
well, but the accuracy for the fluctuating pressure is not yet sufficient.  In the airfoil experiment 
carried out at UNIBWM, PSP provides (mean) surface pressure and PIV the flow field around the 
model, although the near-wall region is not well resolved (laser reflection, particle slip). As a 
consequence PIV-based pressure needs to be extrapolated towards the wall. Reasonable results are 
obtained in regions where the flow (airfoil surface) curvature is small. As alternative, the measured 
PIV field is used as input for data-assimilation by TUB to provide the surface pressure. 

Readiness for industrial application 

With the acceptance of PIV as flow diagnostic technique by industrial wind tunnel operators, the 
perspective of also exploiting it for pressure measurement has become a realistic one. Mean 
pressure can be achieved with relative simple systems (stereo-PIV) and is as such in direct reach.  The 
feasibility of fluctuating pressure measurement has also been demonstrated, however, the use of the 
elaborate tomographic or volumetric multi-camera systems that are required for this, may be 
prohibitive at the present stage of wind tunnel operations practice. It will need further development, 
in terms of system simplification (hardware) and user-friendly procedures (software).  
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1.5 Potential impact 

Expected impact on aviation  

With respect to the Work Programme 2013 the impact of NIOPLEX has been targeted to the aspects 
of “The greening of air transport” and “Improving Cost Efficiency”. The Work Programme 2013 has 
emphasized Europe’s ambition for an environmentally sustainable and cost efficient air transport. In 
order to achieve these goals a significant technological innovation effort is needed, which requires 
the support from dedicated upstream research that should provide the necessary instruments to 
develop and assess these innovative designs. Therefore, increasing demands will be set on the 
capabilities of experimental diagnostic techniques, either for the direct assessment of aerodynamic 
configurations, or by providing accurate validation data for numerical simulation techniques.  

The unique feature of NIOPLEX in this respect is that of enabling a comprehensive diagnostic 
approach for the analysis of the aerodynamic behaviour, by means of a simultaneous measurement 
of the flow velocity field, the flow-field pressure distribution and the surface pressure distribution. 
Note that whereas the use of PIV and PSP as separate techniques have already greatly revolutionized 
the way in which aerodynamic studies are carried out, also at an industrial scale, the results of 
NIOPLEX can assist to their extension and/or combination, so as to achieve the combined analysis 
mentioned. Not only does this provide a unique measurement approach of very different flow 
properties in combination, allowing a better understanding of the flow phenomena associated, but 
also it will do so effectively, reducing the burden and associated cost  of model instrumentation and 
possibly, reducing wind tunnel operating time for the development cycle of the aircraft. By reducing 
development time and simultaneously achieving a design that is more efficient from the 
aerodynamic viewpoint, both development costs and operating costs of the aircraft can be reduced.  

NIOPLEX has been instrumental in the further development of such methods for pressure 
determination based on flow field velocity measurements, such as PIV and Lagrangian particle 
tracking. Compared to the state-of -the-art status at the start of the project, the proposed technique 
has made significant advances. Different scenarios have been proposed and investigated, both 
regarding required input data and post-processing strategies, which will enable users to select the 
analysis method that is most suited depending on the flow case and the available measurement data. 
In this context, the various experimental results that have been obtained serve as a validation 
database that can be built upon and extended. In particular the common test case has been valuable 
in providing a side-by side comparison of several methods, enabling a direct comparison of the 
strengths and weaknesses of each approach. This well-organised effort can be put forward as one of 
the strong achievements of the NIOPLEX project. It is very promising to see that all methods provide 
useful results, demonstrating in part the robustness of the underlying principles and that pressure 
determination from PIV or particle tracking constitutes a viable diagnostics method.  

One of the important achievements of NIOPLEX is that it has provided an international collaboration 
platform for several research groups which work and interact on the forefront of these 
developments, together with commercial PIV software and system developers (LaVision, in 
particular). The involvement of LaVision also channels the different methods towards practical 
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implementation. This will facilitate to make these new innovations more readily available for new 
users in both research and industrial environments, in the form of tested commercial products. 
These activities provide a potential to improve the competitiveness of European user-groups since 
these methods are non-trivial to develop.  

Furthermore, the involvement of several junior scientists in the project, who have become 
acquainted with these new developments, has provided the opportunity to bring them to a high level 
of skill and knowledge in a European environment. One can therefore be confident that the 
advanced measurement approaches developed within the project cannot only find their way into 
routine applications, but also that they can be handled with efficiency by this new group of experts. 
Their expertise will accordingly be available to strengthen industry and research organizations in 
their competitiveness at the international level.  

Societal impact 

With respect to the objectives defined in accordance to the Work Programme 2013, impact of the 
achievements of NIOPLEX can be foreseen for a variety of industrial and societal areas. The most 
immediate is that in the domain of measurement and testing equipment for industry. The 
improvement of PIV capabilities integrated in commercially available PIV software packages does not 
only provide benefit to potential buyers and users of these products, but will also improve the 
competitiveness of these companies by process innovation for the international market. Similarly, as 
one of the main category of users of these techniques, the large industrial wind tunnel institutes will 
be able to offer advanced capabilities of aerodynamic analysis to potential customers from the 
aeronautical industry and beyond. This in turn will improve competitiveness and demand for these 
facilities on the international market. Subsequently, the aircraft industry, but also many other 
industries (propulsion and power sector) where fluid-dynamics efficiency plays a role, will benefit 
from these developments: being offered the opportunity of a better analysis at reduced costs in view 
of the lower costs of wind tunnel models and of reduced wind tunnel operating time. Airline 
operators and subsequently passengers will be provided with safer and comfortable air travel, at 
reduced impact on the environment.  

As stated above, the fluid-dynamic analysis for the optimization of aerodynamic efficiency and 
reduction of noise production is not exclusive to the domain of aviation, as it plays an important role 
also in applications such as wind energy, road transport and many others. This allows fuel-economy 
optimization to be achieved in all varieties of transport (air/road/rail), permitting society as a whole 
to make a balanced use of the different modalities of transport.  The development of the integrated 
velocity-pressure analysis may also constitute a milestone of paramount importance in other 
research areas of applied fluid-dynamics, such as in biology and biomedical research. 
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1.6 Project website 

1.6.1 NIOPLEX public website 

A public website for the project has been created at the address: http://nioplex.eu/. The website is 
used for communication with the public and was kept up-to-date by the webmaster with the latest 
news and events.   

1.6.2 Contact details 

For information on the NIOPLEX project, please contact: 
 
Scientific Coordinator Project Manager 

Dr. Bas van Oudheusden 
Associate Professor in Aerodynamics 
TU Delft / Faculty of Aerospace Engineering 
Kluyverweg 1 
2629 HS Delft 
T +31 (0)15 27 85349 
E B.W.vanOudheusden@tudelft.nl 

Dr. Ni Yan 
Project Manager European Collaboration 
 TU Delft / Valorisation Centre (VC) 
Mekelweg 4 
2628 CD  Delft 
T +31 (0)15 27 83059 
E n.yan@tudelft.nl 

 

1.6.3 Project logo  
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1.6.4 List of beneficiaries   

The list of beneficiaries with the corresponding contact names can be found on the NIOPLEX website: 
http://nioplex.eu/?page_id=19. 

The main scientific contacts of each beneficiary are listed below: 

1. Delft University of Technology (TU Delft) – The 
Netherlands 

 
Bas van Oudheusden b.w.vanoudheusden@tudelft.nl 

2. Centre National de la Recherche Scientifique 
(CNRS) - Institute PPRIME – France  

          
Laurent David laurent.david@univ-poitiers.fr 

3. University of Southampton – United Kingdom 

 
Bharath Ganapathisubramani G.Bharath@soton.ac.uk  
Roeland de Kat R.De-Kat@soton.ac.uk 

4. Universitaet der Bundeswehr Muenchen 
(UNIBW) – Germany 

 
Christian Kähler christian.kaehler@unibw.de 

5. ONERA-Meudon – France  
 

 
Sebastien Deck  sebastien.deck@onera.fr  
Pierre-Elie Weiss  Pierre-Elie.Weiss@onera.fr 

6. Istanbul Technical University – Turkey 

 
Oksan Cetiner cetiner@itu.edu.tr  

7. Lavision GMBH (LAVIS) – Germany  

 
Bernd Wieneke bwieneke@lavision.de  
Dirk Michaelis dmichaelis@lavision.de  

8. Technische Universität Berlin – Germany  

 
Jörn Sesterhenn  Joern.Sesterhenn@TU-Berlin.de  
 

9. University of Calgary – Canada 

 
David Rival  d.e.rival@queensu.ca   
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2 Use and dissemination of foreground 

The existing knowledge and skills in the field of non-intrusive measurement techniques (PIV, PSP) 
were already represented at a very high expertise level by the different consortium partners. This 
situation has promoted activities for the spreading of excellence among them, for example through 
active networking and mobility of individual researchers, which further strengthened the 
competences and multi-disciplinary skills within the consortium. Furthermore, through the different 
partners the consortium possesses a strong international network at scientific and industrial level, 
with other research institutes and companies. This has facilitated that new knowledge and expertise 
generated within the consortium through the specific activities in the context of the NIOPLEX project, 
was quickly and efficiently absorbed by and disseminated throughout this network to beyond the 
consortium itself.  

It is of paramount importance that the knowledge and excellence generated within the project 
comes to the benefit of all possible European stakeholder groups within the society as a whole. The 
most important specific instruments and actions with which this dissemination has been pursued and 
accomplished are: 

• the project web site: first of all a platform for results communication among the participants 
during the project (in the confidential sharepoint section of the web site), but also allowing 
that general information on the structure of the project, its objectives, activities (internal and 
public) as well as end results to be made accessible to the public, both during the project and 
afterwards. 

• scientific publication of the work in peer-reviewed international scientific journals and 
conference presentations (mostly under open access). Results were notably exposed at 
major scientific events relevant to the field of research, such as the biannual PIV Symposium 
and the biannual “Lisbon laser conference” (International Symposium on Applications of 
Laser Techniques to Fluid Mechanics). For giving exposure to the application potential of the 
project outcomes and their possible impact on aeronautical design practice, presence was 
targeted also on the larger international and European aerospace congresses.  

• in addition, a number of specific dissemination actions was undertaken, by means of the 
organization of dedicated workshops. These (public) workshops were organized either as a 
stand-alone event or in conjunction with an existing conference (e.g. special session):  

1. (TUB) Workshop “Data assimilation”, Berlin, 26 February 2015 
2. (SOTON) Workshop “Pressure determination in turbulent flows” incorporated in the 

PIV2015 International Symposium, Santa Barbara, USA, 14-17 September 2015 
3. (CNRS) NIM2015 “NIOPLEX International Workshop on non-intrusive measurements 

for unsteady flows and aerodynamics” Poitiers, 27-29th October, 2015 
4. (UNIBWM) Workshop “PIV/PTV-based pressure determination, PIV/PTV pressure 

challenge and Uncertainty quantification” Munich, 2 June 2016 
5. (DLR/TUD) Workshop on “CFD Processing Techniques for Particle Image and -

Tracking Velocimetry” Lisbon, Portugal, 3 July 2016. 
6. (TUD) NIOPLEX Final Symposium,  Delft, 25-26 October 2016 
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Overview of participant background: 

 WS #1 
(Berlin) 

WS #2 
(Santa 

Barbara) 

WS #3 
(Poitiers) 

WS#4 
(Munich) 

WS #5 
(Lisbon) 

WS 6 
(Delft) 

Academic 18  45 8 30 26 
Research Establishments 1  4 2 15 7 
SME 1  1 1 2 2 
Industry   1 6  3 
other      1 
Total 20 ~250 51 17 47 39 
 

2.1 Section A 

The dissemination measures have been described in the bulleted list in section 2. The detailed list of 
dissemination through publications in international peer reviewed journals as well as at international 
conferences is included in templates A1 and A2 respectively. The data has been input directly 
through the ECAS website. 

The complete list of A1 (publications) and A2 (dissemination activities) can be found online. 

• A1: List of all scientific (peer reviewed) publications relating to the foreground of the project. 
• A2: List of all dissemination activities. 

Overview of publications and dissemination activities realized within project duration (submitted and 
pending publications not included) 

type of publication amount 
journal papers 7 
conference papers 54 
oral presentations (without paper) 14 
organisation of workshops 6 
 

2.2 Section  B 

The research conducted within NIOPLEX can be brought to the public domain to most of its extent.  
Apart from the above cases, the consortium activities have been distributed among consortium 
partners and disseminated worldwide by means of publications. Because of this, no exploitable 
foreground has been left for patents, which was the specific strategy chosen within NIOPLEX as a 
project that should provide upstream technology developments for further exploitation by research 
centres and industry, without restriction or confidentiality and with the widest form of accessibility. 

3 Report on societal implications (see online version) 
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