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reconstruction techniques applied to a low-speed base flow

P.L. van Gent, V. Gentile, B.W. van Oudheusden and F.F.J. Schrijer
Delft University of Technology, Faculty of Aerospace Engineering, The Netherlands

1. Introduction

Quantification of surface pressure is critical for the efficient design of aerospace structures. One way
of measuring pressure is PIV/PTV-based pressure reconstruction [1]. In this approach, PIV/PTV data
are used to determine the material acceleration and subsequently pressure via the momentum
equation. In recent years, the technique has become increasingly feasible and appealing due to the
development of (time-resolved) volumetric diagnostic capabilities, such as tomographic PIV [2] and
Lagrangian particle tracking [3]. The performance of a variety of state-of-the-art techniques was
recently assessed for the case of a transonic base flow within the collaborative European framework
programs 'NIOPLEX' [4]. Since the NIOPLEX test case considers a simulated experiment, it does
not necessarily demonstrate the actual capabilities of PIV/PTV-based pressure reconstruction
techniques for realistic measurement conditions.

The present study overcomes this limitation by reconstructing pressure from actual PIV/IPTV
measurements of a flow that is similar to the NIOPLEX test case, i.e. an axisymmetric step albeit in
a low-speed flow, facilitating comparison. Reference measurements are obtained using microphones
and static pressure sensors to provide a source for comparison.

2. Experimental arrangements and measurement techniques

Measurements were conducted in the low-speed wind tunnel (W-Tunnel) of the Aerodynamics
Laboratories of Delft University of Technology. The freestream velocity (U,,) of the flow is 10 m/s
and the Reynolds number based on the model diameter (Rep) is about 35,000.

The model is an ogive-cylinder with a diameter (D) of 50 mm equipped with an afterbody with a
diameter of 20 mm (0.4 D) and a length of 90 mm (i.e. 1.8 D). (see Fig. 1). The afterbody contains
pinholes with a spacing of 10 mm (0.2 D) for measurements of pressure fluctuations via
microphones and of the mean pressure using static pressure ports. The model is supported by a wing-
shaped airfoil (NACA 0018, 60 mm chord length).

PIV measurements are performed in a thin volume located
downstream of the step above the pinholes (see Fig. 1). The size
of the measurement volume is 1.5D x 0.7D x 0.07 D (75 mm x
35 mm x 3.5 mm, L x H x W). The flow uniformly seeded by a
SAFEX smoke generator with particles of 1 um. The typical
seeding concentration is 0.05 particles per pixel (ppp). Particles
are illuminated by a Quantronix Darwin Duo Nd-YLF laser (2 x
25 mJ/pulse at 1 kHz). Particle images are recorded by four
Photron FastCAM SA1.1 CMOS cameras (maximum resolution

Fig. 1. Wind-tunnel model 1024 x 1024 pixels, 20 um pixel pitch) placed at opposite sides

of the test section. All cameras are placed at a yaw angle of

about 30° to receive forward scattered light. Two cameras, equipped with a 60 mm Nikon objectives,

are located at the same height as the base of the model at either side of the field of view. The two

other cameras are placed to view from above at a pitch angle of about 40°. These cameras are

equipped with 105 mm Nikon objective. The aperture is set to f; = 5.6. The magnification is 0.25 and
the resulting digital resolution is 12.3 pixel mm™.

10 m/s
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Images of 1024 x 512 pixels are recorded at 10 kHz in single-frame mode, leading to a time
separation of 100 ps, corresponding to a maximum particle displacement of 12 pixels. The
recordings consist of 10,941 images over a time span of about 1.1 second.

Particle images are enhanced by subtracting the local minimum intensity over a 101 image-sized
kernel and subtracting the minimum intensity within 31 voxel-sized kernels. The resulting intensity
is normalised by a min-max filter with a kernel of 6 voxels. Gaussian smoothing and sharpening is
applied to obtained more better defined particles. This approach was empirically found to reduce the
number of outliers in the velocity fields obtained after further processing. The resulting particle
image size is about 2.5 pixels, leading to a source density (Ns) of about 0.25.

After volume self-calibration [5], reconstructed volumes are obtained by 25 iterations of the
SMART algorithm after initialisation by the MLOS algorithm [6]. 3 x 3 x 3 Gaussian smoothing
applied after each iteration, excluding the final iteration. Voxels with intensities below 0.01 counts
are not updated. The resulting reconstructions have a signal-to-noise ratio (SNR) of about 5.

Cross-correlation analysis is performed using 2 consecutive particle volumes as well as using 9
consecutive volumes with the fluid trajectory correlation algorithm (FTC [7]). All correlation
analyses employ iterative multi-grid volume deformation (VODIM, based on [8]), symmetric block
direct correlation [9] and Gaussian volume weighting. After each correlation step, spurious vectors
are identified by universal outlier detection [10] and replaced using linear interpolation. Intermediate
vector volumes are filtered before the next iteration by Gaussian smoothing. The final three
iterations are performed with an interrogation volume size of 16 x 16 x 16 voxels with a 75%
overlap, resulting in a vector spacing of 0.33 mm (4 voxels). Each final volume contains about 7
particles.

Based on comparison to solonoidal filtered results, the uncertainty of the obtained velocity values
from 2-frame correlation is estimated to be smaller than 0.5 voxel displacement The uncertainty
estimate for the FTC-based velocity is about 0.1 voxel lower.

The instantaneous pressure is obtained via the momentum equation for inviscid flow (eq. 1).
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where p is the static pressure, p the density and Du/Dt the S AT 1
material acceleration which is obtained from the PIV ;;:_7002_ _ .
velocity data as the slope of a 1%-order least-square fit & | e woPLEX, Evierian
through velocities along imaginary particle tracks (see [11, g‘ F T MOPLEX Par. ord
12]). Tracks are calculated over 15 snapshots based on the -oo4f WIDIM, Ps4r, 1*-ord,
relation between track length and resulting global pressure Vi e e e
fluctuations (see Fig. 2). A iterative integration procedure is e ey e
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employed while ensuring that the CFL condition is met
throughout the domain. Equation (1) is then solved for
pressure by first casting it into a Poisson equation (see e.g.
[13]), which is then discretized using a second-order finite difference scheme. Pressure gradients are
prescribed as Neumann boundary conditions on all sides of the domain except for the top. There the
mean pressure as obtained from the isentropic flow relation (Bernoulli equation) is prescribed as
Dirichlet boundary condition. The resulting linear system is solved using the Matlab algorithm
midivide.

Fig. 2. Change in pressure
fluctuations with track length

3. Results

Results include an investigation of mean flow topology, mean pressure distribution (Figure 3),
turbulence intensity and distribution of pressure fluctuations (Figure 4). PIV-based results are
validated by comparison to static pressure sensor/microphone measurements and literature.
Comparison showed the need for applying a low-pass filter to the PIV-based pressure signal.
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Fig. 4. Turbulence intensity (left), pressure fluctuations in fov (centre) and on the afterbody (left)

Further comparison of the instantaneous PIV-based pressure values to the microphone signal showed
reasonable agreement (Figure 5). Cross-correlation yielded normalised correlation coefficients up to
0.8 depending on the cut-off frequency of the low-pass filter and microphone (Figure 6).
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Fig. 5. Example of instantaneous P1V-based pressure field (left) and comparison to microphone
signal (right)

A spectral analysis of the PIV and microphone pressure signals was performed to investigate the
dependence of the agreement on the chosen frequency band. The coherence (Figure 6) and power
spectra (Figure 7) showed a reasonable agreement for frequencies Stp <1.0. For higher frequencies
the PIV signal contains mainly noise, which is attributed to the lack of spatial and temporal
resolution of the PIV processing and pressure reconstruction. The poor frequency response for
Stp>1.0 is in agreement with guidelines proposed by [13]. A clear cut-off frequency of the PIV-
signal can be identified at Stp=3.0, which corresponds to the number of snapshots used in the
pseudo-tracking approach.
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Fig. 6. Normalised cross-correlation coefficient between PIV and microphone pressure signal (left)
and coherence (right)
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Fig. 7. Estimated normalised power spectral density of microphone and PIV pressure signals

4 Conclusions

Time-resolved, tomographic PIV measurements downstream an axisymmetric step were used to
reconstruct instantaneous pressure fields. Validation was provided by comparison to static pressure
measurements microphone measurements and literature. Instantaneous PIV results showed
reasonable agreement with microphone signals for frequencies Stp<1.0. Depending on the low-pass
filtering applied, cross-correlation coefficients reached values up to 0.8. Poor agreement for
frequencies St;>1.0 could be related to poor spatial and temporal resolution. Future work focusses
on providing a broader theoretical basis for quantifying the frequency response of PIV-based
pressure reconstruction and uncertainty of the obtained results for different implementations of the
approach.
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