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Abstract A new technique (fat-sheet ‘Tomo-PIV’) is presented to measure instantaneously the full 3Dvelocity gradient tensor in a light sheet plane, which is an important quantity e.g. for turbulent research. So
far this tensor has been measured by dual-plane Stereo-PIV, fast scanning PIV (only for slow flows), and
with less spatial resolution by 3D-PTV and digital holographic PIV. The experimental setup of Tomo-PIV is
similar to Stereo-PIV but using three cameras and a somewhat thicker sheet. First the intensities of all voxels
within the light sheet are reconstructed using a MART tomographic reconstruction algorithm (Elsinga et.al.
2005). Then the volume is split into two parts, z < 0 and z > 0, and for each part a three-dimensional crosscorrelation is done to compute two planes of 3C-vectors and all 9 components of the velocity gradient tensor.
First the accuracy of the proposed method computing only a single vector plane is compared to standard
Stereo-PIV using synthetic and real data. It is quantified how the spatial resolution and accuracy of StereoPIV is limited by the laser sheet thickness and in-plane and out-of-plane flow gradients due to non-identical
interrogation volumes for both cameras. Tomo-PIV does not suffer from this limitation, but has other error
sources mainly from imperfect reconstruction due to optical defects. For synthetic data Tomo-PIV has less
errors and better spatial resolution than Stereo-PIV especially for thicker light sheet needed e.g. for crossflow measurements. For real images Stereo-PIV was about a factor of 2 better in low gradient regions.
Then it is shown for synthetic and real data how Tomo-PIV can compute two closely-spaced vectors fields
and the 3D-strain tensor using a thicker light sheet. Using synthetically generated images the out-of-plane
gradients are measured within 5-10%, for real images within 10-20%. This is similar to what has been
reported for dual-plane Stereo-PIV requiring 4 cameras and two double-pulse lasers, where the errors depend
strongly on accurate laser sheet profile and position determination.

1. Introduction
For better understanding of three-dimensional flow structures, for turbulent research, and e.g.
vortex identification by λ2 or Q-criterion the full 9-component gradient tensor is of great
importance. Conventional planar Stereo-PIV can only provide six of the nine velocity gradients,
since no information about the out-of-plane gradients of the displacements is available. When
computing mean gradients it is sufficient to measure the flow field in two close planes one after the
other (Özcan et.al. 2005). Using high-speed cameras and fast scanning optics one can measure two
or more light sheets almost instantaneously (Brücker 1996, Hori and Sakakibara 1994) which works
well for slow flows.
Truly instantaneous gradient measurements can been achieved using dual-plane stereoscopic PIV
(Kähler and Kompenhans 2000, Hu et.al. 2001, Mullin and Dahm, 2006a, 2006b) with 2 full StereoPIV-systems consisting of a total of 4 cameras and two dual-pulse laser. The two light sheets are
separated by polarisation or wavelength. Precise alignment and calibration of the two light sheets is
necessary since it affects directly the accuracy of the out-of-plane gradients.
Volumetric flow measurement techniques like 3D-PTV (Dracos 1996) or digital holographic PIV
(Pu et.al. 2004) can also provide the full gradient tensor, but usually with much less spatial
resolution. Recently Volume-PIV with tomographic particle reconstruction has been developed
(Elsinga et.al. 2005, 2006) which uses the same optical setup as 3D-PTV with typically 4 cameras
and a volume illumination but allows much higher seeding densities and spatial resolution. Velocity
-1-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper #1064

fields with more than 100.000 vectors have been computed (Scarano et.al. 2006).
The planar method presented here is based on the same tomographic reconstruction algorithm but
limits itself to a light sheet whose thickness is somewhat thicker than for standard Stereo-PIV. Two
planes of vectors are calculated. For briefness the new method is called fat-sheet ‘Tomo-PIV’. A
high in-plane spatial resolution can be achieved while at the same time measuring the out-of-plane
gradients and thus the full velocity gradient tensor. Details of the method are given in the following
section.

3D3C-crosscorrelation
t2
t1

tomographic
reconstruction
t1

t2

Fig. 1. Computation of dual-plane vector fields by fat-sheet Tomo-PIV.

In section 3 a direct comparison between Stereo-PIV and single-plane (thin-sheet) Tomo-PIV is
provided using real data and synthetically generated images. The accuracy of the measured velocity
field is computed as a function of camera viewing angles, thickness of the light sheet and
wavelength of the displacement variations. For Stereo-PIV the two cameras are looking from
different viewing directions, therefore computing projected vectors from different interrogation
volumes. Especially for thicker sheets and larger angles between cameras this can lead to large
errors in the computed displacements in the presence of both in-plane and out-of-plane velocity
gradients. Finally the capability of Tomo-PIV to measure out-of-plane gradients is investigated both
for synthetic and real data.

2. Tomo-PIV Principle
The experimental setup is the same as for Stereo-PIV, except that a third camera is used viewing
the light sheet from some other angle as shown in Fig. 1. Data processing is done using a
tomographic reconstruction algorithm as described by Elsinga et.al. (2005). This is reviewed briefly
with attention to the differences when applying this technique to rather thin sheets instead of full
volumes. Using three cameras is a compromise between instrumental effort and accuracy. One
could even use only 2 cameras, but as shown by Elsinga et.al. (2005) using more cameras greatly
improves the reconstruction accuracy. Four cameras (or more) are definitely recommended for
larger volumes, but as will be shown later 3 cameras are usually sufficient for planar fat-sheet
Tomo-PIV measurements. For comparison, dual-plane Stereo-PIV requires two double-pulse lasers
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and 4 cameras.
The illuminated light sheet is divided up into small volume elements (‘voxels’) where the initial
calibration step provides an accurate mapping of each voxel to camera pixel coordinates of camera
1-3. A voxel has about the same dimension as a camera pixel.
For 2D-PIV and Stereo-PIV the light sheet thickness is typically chosen such that only a small
fraction of the particles enter or leave the light sheet between two exposures. Given typical in-plane
and out-of-plane displacements of 5-10 pixels the light sheet should be at least 10-20 pixels thick
such that the number of unmatched particles does not exceed 50%. For cross-flow measurements
with high out-of-plane motions and the need to measure small in-plane fluctuations with sufficient
dynamic range the light sheet thickness is often much larger. Thicker sheets reduce the in-plane
spatial resolution of the vector field as shown later in section 3.1. For fat-sheet Tomo-PIV the light
sheet thickness is typically twice as thick in order to measure z-gradients of the velocity field with
sufficient accuracy.
The intensity of each voxel in the illuminated volume is tomographically reconstructed using an
iterative MART-algorithm (Elsinga et.al. 2005). This process is the most critical of all processing
steps as it requires good optical conditions, a well-chosen seeding density and accurate mapping
functions. Details are given by Elsinga et.al. (2005) stating that the calibration error should not
exceed 0.4 pixel. Indeed with today’s advanced calibration procedures and subsequent selfcalibration an accuracy of <0.1 pixel can be achieved (Wieneke, 2005) even by relaxing the
requirement of placing the calibration plate exactly parallel to the light sheet center plane. Selfcalibration is highly recommended since it also gives an exact value for the light sheet thickness
needed for defining the volume for reconstruction.
After tomographic reconstruction the two volumes originating from both light pulses are crosscorrelated in three dimensions which is the same procedure known from processing reconstructed
volumes in holographic-PIV (Pu et.al. 2004). Advanced iterative algorithms with deformed
interrogation volumes (Scarano et.al. 2006) have been implemented by extending the successful
techniques known from 2D to 3D.
For the in-plane spatial resolution the user can specify an arbitrary in-plane interrogation volume
size and overlap, while the volume is always split in z-direction into two halves without overlap
computing two vector planes (Fig. 13) from which the z-derivatives are computed by a simple
difference. It is important to keep the median vector validation and the predictor-corrector scheme
during the iterations at 2D (in-plane) since e.g. intermediate vector smoothing/averaging along the
z-direction prevents the algorithm to converge to the true z-gradients. The result is a planar vector
field as the average of the two vector planes together with a z-gradient field. In-plane x- and yderivatives are computed in the usual way. This provides all 9-component of the velocity gradient
tensor.

3. Comparison between Stereo-PIV and single-plane Tomo-PIV
It is instructive to compare directly the response of Stereo-PIV and thin-sheet Tomo-PIV limited
to a single vector plane in the presence of velocity gradients. For standard 2D2C-PIV this has been
done already for in-plane gradients (e.g. case A4 of PIV-Challenge 2005, Stanislas et.al. 2006). The
smallest velocity wavelength detectable is in the order of the interrogation window size with
variations according to the overlap between neighboring windows and on particular algorithmic
details. As shown in case A4 the best PIV-algorithms are able to detect 70% of the true amplitude
for velocity wavelengths as small as 25 to 35 pixels. Most PIV algorithms were using interrogation
window sizes of 32x32 with e.g. 75% overlap, some even smaller windows. Assuming a simple
moving average behaviour one would expect a reduction of 2/π (0.64) in maximum amplitude for a
wavelength of 64 pixels when using 32x32 pixel interrogation window sizes. Obviously the
algorithms with deformed interrogation windows are doing much better than moving average, with
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an effective window size of about 16x16 pixel.
Such a detailed analysis has not been done yet for Stereo-PIV. Assuming the same underlying
2D-PIV-algorithm the difference is the finite thickness light sheet viewed from two directions
violating the basic assumption of a planar measurement technique. For example, in a simplified
case of camera alignment along the x-axis looking at 45 degrees from infinity, the final (u,v,w)components are calculated by
v = (v1 + v2) / 2
u = (u1 + u2) / 2
w = (u1 ─ u2) / 2
with u/v1/2 = horizontal/vertical displacement measured by camera 1 and 2.
For zero thickness light sheets one would indeed have the same wavelength response and errors
as for 2D2C-PIV, for the v-component even a factor of 2 smaller error. But a finite thickness
sheet means that the two cameras are no longer viewing the same interrogation volume (Fig. 2).
This leads to a new class of error whose magnitude is a function of the in-plane and out-of-plane
gradients within the light sheet, the light sheet thickness d, the interrogation window size, and the
viewing angle of the cameras.

Fig. 2. Left: Flow with gradient of v in x-direction. For Stereo-PIV oblique viewing introduces an averaging effect with
reduced measured amplitude. Right: Flow with gradient of u in xz-direction. Stereo-PIV: measured non-zero u1 and u2≈0
leads to small amplitude u- and erroneous w-components.

As a rule of thumb it is obvious that for Stereo-PIV one should not use interrogation window
sizes smaller than the sheet. But even when the interrogation windows have the same size as the
thickness d, one gets already quite some additional errors to the ones arising anyway from the finite
window size. This effect is due to out-of-plane as well as in-plane gradients and relates to all
velocity components.
For example, Fig. 2 (left) shows a shear flow with a gradient of the v-component in x-direction.
Both sheet thickness d and interrogation window size IW is 32 pixels, and the wavelength of
component v is 64 pixel. Due to oblique viewing of the cameras the measured v-component is
reduced by (2/π)2 = 0.4 assuming a top-hat light sheet intensity profile and a moving average
performance of the correlation algorithm. Standard 2D2C-PIV as mentioned above is only reduced
to 2/π = 0.64. For advanced deformation type algorithms, 2D2C-PIV would recover >0.9 of the
maximum amplitude, while Stereo-PIV would still suffers by about a factor of 0.9 * (2/π) = 0.57.
3.1. Comparison with Synthetic Data
A volume particle generator has been implemented to create extended volumes with gaussian
particles. From the volume the projected camera images are computed using a mapping function
from space to camera pixels for some optical setup of the cameras. For simplicity, the cameras have
been positioned at infinity with camera 1 and 2 at some angle α to the left and right of the sheet
normal along the x-axis, and camera 3 up by the same angle (Fig. 1). Camera 1 and 2 are used for
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Stereo-PIV.
Synthetic data has been generated with different light sheet thickness d and wavelength L. The
volume size (512 x 512 x d) voxels, where the sheet thickness d has been varied from 8 to 64 pixels.
Particle size is 2 pixel and the volume seeding density is chosen such that the camera images have
ideal densities of 0.03 ppp (particles per pixel). If not mentioned otherwise the reference parameter
set includes angle α = 45°, a sheet thickness d of 32 pixel with a gaussian intensity profile dropping
to 1/e at the border, and Stereo-/Tomo-PIV processing by 16x16 pixel interrogation window with
75% overlap.
The velocity field chosen is a simple vertical shear flow which is independent of y and z and only
a function of x (PIV-Challenge 2005, case A4):
v = A0 • sin( 2π•x/L), u = w = 0
The amplitude A0 is 2 pixel and flow wavelength L has been varied from 8 to 256 pixel. At larger
wavelengths both Stereo-PIV and Tomo-PIV are expected to recover the exact flow profile, while
lower wavelength will result in reduced measured amplitude due to the interrogation window size
of 16x16 pixel and additional error sources.
As shown in Fig. 3 for thicker sheets Stereo-PIV has a considerable reduction in the measured
amplitude of the vertical velocity component equivalent to a reduced spatial resolution. E.g. for d =
16 and L = 32 Stereo-PIV is measuring a reduced amplitude ratio A/A0 of 0.56, which is very close
to the expected value of 0.9 * (2/π) = 0.57.

Fig. 3. Reduction in measured amplitude as a function of wavelength L and light sheet thickness d for 2D-PIV (green
lines), Stereo-PIV (blue), and Tomo-PIV (red).

For comparison, the data has been analyzed also by standard 2D2C-PIV by adding all originally
generated voxel intensities over z into a single 2D-image. Shown are the results for interrogation
window sizes of 16x16 and 4x64, all with 75% overlap. The 4x64-curve with vertically elongated
interrogation windows serves as a reference of the best possible result with little averaging effect
due to the size of the interrogation window. For IW=16x16 a wavelength of L=32 can be detected
with 76% amplitude.
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For a typical light sheet thickness of 15-20 pixel one can conclude that the spatial resolution for
Stereo-PIV is about twice as low as for 2D2C-PIV. This disadvantage is, of course, compensated by
the ability of Stereo-PIV to measure the third component.
Tomo-PIV has little dependence on the sheet thickness and provides in all cases a better
amplitude response and spatial resolution than Stereo-PIV, and for L=24 and 32 it is even better
than 2D2C-PIV with 16x16-windows. Only for thick sheets with d=64 there is an amplitude
reduction probably due to less accurate tomographic reconstruction. It is surprising how well TomoPIV performs at least for ideal synthetic data. For real experiments, of course, one expects higher
errors due to different sources of image noise resulting in a less perfect intensity reconstruction of
the volume.
If the velocity gradients involve the u or w-components, the error from oblique viewing is more
complicated to quantify and even higher as the computation of u and w is connected. For example,
as shown in Fig. 2 (right), a pure fluctuation of u might produce erroneous w-components.
3.2. Comparison with Experimental Data
A direct comparison between Stereo-PIV and Tomo-PIV has been done using experimental data
from a ring vortex in air. Three cameras with 1376 x 1040 pixels are recording from angles (αx, αy
αz) of (0.4°,31.7°,-0.6°), (1.2°,-38.0°,-0.6°), and (-26.8°,-1.1°,-1.0°) for camera 1-3, respectively. A
spare 4th camera is positioned head-on to compare the performance of Tomo-PIV with 3 or 4
cameras.

Fig. 4. Raw camera image (left) and after preprocessing (right).

Seeding particles are water droplets with a size of ~5 µm. The field-of-view is 80 x 50 mm, light
sheet thickness is 1mm = 16 pixel, and the maximum in-plane velocity is about 10 m/s (~10 pixel
displacement). Since the ring vortex extending in the x-z-plane is recorded slightly off-axis, there is
an out-of-plane velocity of ±2.5 m/s. Stereo-PIV processing is done on images of camera 1 and 2,
Tomo-PIV on all three cameras. In Fig. 4-left is shown a portion of the image with the left core of
the ring vortex, which is almost depleted of seeding particles. For Tomo-PIV image preprocessing
has been done consisting of:
- subtraction of local background intensity
- subtraction of pixel minimum over all images
- local intensity normalisation both within a camera image as well as between cameras
- 3x3 gaussian smoothing
The background subtraction is important for the reconstruction process since non-zero
background leads to considerable ghost streaks in the reconstructed volume. Hot pixel, window dirt,
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Fig. 5. Comparison of Stereo-PIV (top) with Tomo-PIV with image preprocessing (bottom). Background color =
vorticity (left) or w-component in z-direction (right).

or laser reflections are removed efficiently by the second operation which subtracts for every pixel
the minimum intensity in all recordings. Intensity normalisation with a base function size of
typically 10x10 pixel equalizes camera intensity differences arising from e.g. forward/backward
scattering differences or laser profile variations as well as correcting seeding problems. As shown in
Fig 4-right the core of the vortex is well enhanced so that particles inside are reconstructed with
sufficient intensities and are not drowned in noise. The 3x3 gaussian smoothing also improves the
reconstruction process especially when the particle images are small (<2x2 pixel) or noisy. Similar
processing has been proposed by Elsinga at.al. (2005, 2006).
Stereo-PIV processing has been done with DaVis 7 (details see Wieneke 2005) which was used
also in the PIV-Challenge 2005 (Stanislas et.al. 2006). Self-calibration on 100 recordings is done to
locate and correct the true light sheet
position within 0.1 pixel with a measured
light sheet thickness of 1 mm (16 pixel). For
both Stereo-PIV and Tomo-PIV the final
interrogation window size is 32x32 pixel
with 75% overlap. Tomo-PIV always uses
an interrogation volume depth of 16 voxel
and computing a single plane of vectors.
The result is shown in Fig. 5 for a single
image with vorticity or out-of-plane wcomponent as background color, and in Fig.
7 as an average over 20 images. Only every
6. Tomo-PIV without image preprocessing.
4th vector in x/y is displayed. Shown is an Fig.
Background color = vorticity.
AOI of 52x45 mm (1044x900 pixel)
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Figure 7. Comparison of Stereo-PIV (top) with Tomo-PIV (bottom). Average of 20 vector fields with background
color = vorticity (left) and w-component (right).

containing the interesting ring vortex. The size of the complete image is 82x57 mm. When no
image preprocessing has been applied the errors for Tomo-PIV are much larger (Fig. 6).
The agreement between Stereo-PIV and Tomo-PIV is very good, the rms-difference averaged
over 20 images is (0.22,0.22,0.30) pixel or ~3% of the maximum velocity for components (u,v,w),
respectively, except in the core of the vortices. The difference between Stereo-PIV and Tomo-PIV
of the measured maximum vorticity in the vortex core (Rmax~10000 s-1) is about 10- 30% in a single
recording, which is probably due to the observed sparse seeding and high noise. In the outside
laminar regions the error for Stereo-PIV can be estimated to be 0.13 pixel, and for Tomo-PIV about
0.20 pixel based on local vector variation. The processing has been redone for Tomo-PIV with the
spare 4th camera, but the results are essentially the same indicating that only 3 cameras are sufficient
here for accurate tomographic reconstruction.
The average w-component is about 10% larger for Stereo-PIV, while the maximum vorticity for
Stereo-PIV is slightly lower. Given the previously discussed averaging effect due to oblique camera
viewing for Stereo-PIV in case of strong gradients (see Fig. 3), it is difficult to say which approach
is the most accurate, probably Stereo-PIV in more laminar regions and Tomo-PIV in regions of
high gradients.This confirms the validity of the tomographic reconstruction approach for computing
accurately all three flow component. For single plane measurements the more robust Stereo-PIVmethod is still preferred, since tomographic reconstruction requires good optical conditions and
seeding control, a third camera, and 5-10 times longer processing time. Tomo-PIV shows its full
potential when applied to thicker volumes and computing dual-plane vector fields as investigated in
the next section or for full volume vector fields (e.g. Scarano et.al. 2006).
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Figure 8: Amplitude reduction in δv/δz (left) and total rms-noise (right) for fat-sheet Tomo-PIV as a function of light sheet
thickness d and wavelength L for synthetic data. Seeding density n = 0.03 ppp. 3 cameras (‘3C’) used.

4. Dual-plane Fat-Sheet Tomo-PIV

%

First the accuracy of dual-plane fat-sheet Tomo-PIV is determined by processing synthetic
images of known vertical shear flow as described in section 3.1 but computing within the volume
two planes of vectors, from which an averaged single-plane three-component vector field and the
three vector field gradients in z are calculated. Images have been generated for a sheet thickness of
16, 32, and 64 pixel, an image seeding density of 0.01, 0.03, and 0.1 ppp, particle size of 2 pixel and
a vertical shear flow of amplitude A0 of ±2 pixel from front to back of the light sheet and with
varying wavelengths L of 16 to 256 pixels in x-direction:
v = A0 • (2z/d) • sin( 2π•x/L), u = w = 0
Tomo-PIV computes two vector
30,0
rms-error of dv/dz for L=512
fields, one with v-amplitude -A0/2 at
d=16 3C IW=32
d=32 3C IW=32
position –d/2 and one with amplitude
d=64 3C IW=32
+A0/2 at d/2. The in-plane
25,0
d=16 4C IW=32
d=32 4C IW=32
interrogation window size is 16x16
d=64 4C IW=32
and 32x32 pixel with 75% overlap.
20,0
The result in form of amplitude
reduction (= bias) of the out-of-plane
shear δv/δz = (2A0/d) • cos( 2π•x/L) is
15,0
shown in Fig. 8-left for a seeding
density of 0.03 ppp. Fig. 8-right
10,0
shows the total rms-error between
true and measured gradients in
percent of the maximum gradient. As
5,0
expected, processing with IW=16x16
can still detect a wavelength of L=32
0,0
pixel, but for larger L the vector and
0,01
0,03
0,10
gradient errors are generally higher
Seeding density [ppp]
than for IW=32x32. A larger window
size is needed to overcome the Figure 9: Relative error in δv/δz as a function of seeding density. A 4th
camera (curves with ‘4C’) is recommended for high seeding densities.
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averaging effect of imperfect reconstruction (‘ghost’ particles). For IW=32x32 and light sheet
thickness d of 32 and 64 pixel the error in the z-gradient is ~4% for larger wavelengths L.
Component v as an average of the two vector planes is zero within ±1.3% of A0 (±0.025 pixel).
Components u and w are zero within ±0.8% (±0.016 pixel). For d = 16 pixel with a large gradient of
0.25 pixel/pixel the error of δv/δz increases to 8%. Interestingly for even larger gradients with e.g.
A0 = 5 pixel the results become more accurate again since ghost particles interfere less with the true
correlation peak which has a size of twice the particle size. Fig. 9 shows the dependence on particle
seeding density. The best results are obtained for 0.03 ppp. For a relatively high density n of 0.1
ppp the reconstruction produces significant ghost intensities increasing the errors significantly
unless a forth camera is used as confirmed by Elsinga et.al. (2005). As a rule of thumb more than 30
to 50% of all pixels in the recorded camera images should be zero for a reliable tomographic
reconstruction. For 0.1 ppp below 20% of all pixels are zero.
4.1. Comparison with Experimental Data
For the same experimental setup as in section 3.2 a thicker light sheet of about 3.7 mm has been
illuminated with a 120 mJ laser. The out-of-plane gradients are smaller than the in-plane gradients,
so a rather thick sheet equivalent to 75 pixels is chosen to measure the out-of-plane gradients with
higher accuracy. The in-plane interrogation window size is 48x48 pixel with 75% overlap.
The measured in-plane vector field (Fig. 10) agrees well with the one from section 3.2 (Fig. 5 and
7, not exactly same z-position). All 9 gradient fields are shown for a single recording (Fig. 11) and
for an average of 50 images (Fig. 12). Since the vortex position is stable within 10-20 pixels, the
rms of the averaged gradients is a good estimate of the error for single recordings at least in regions
away from the vortex cores. The errors for the velocity components are estimated this way as ±0.04
pixel or about 0.4% of the maximum velocity – smaller than in section 3.2 mainly since the
interrogation window is larger. And for both in-plane and out-of-plane gradients the absolute error
of the gradients is around ±0.002-0.0035 pixel/pixel (~40-70 s-1). Since the maximum in-plane
vorticity in the vortex cores is about 0.42 pixel/pixel (~8500 s-1, with 32x32 interrogation windows
as in section 3.2 the maximum was 10000 s-1), the dynamic range is >100. Outside the vortex cores
average gradients are much lower in the range of 200 to 500 s-1, typical errors here are around 1030%.

Figure 10: Instantaneous vector field for thick-sheet Tomo-PIV at similar z-position as Fig. 5 and 7 with
vortcity as background color (left) and w-component (right).
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Figure 11: All 9 vector gradients of above vector field. Note that gradients outside ±1500 s-1 are truncated to
the highest/lowest color of the color bar. Maximum vorticiy inside vortex core = 8500 s-1.

These errors should be compared to dual-plane Stereo-PIV which is the most accurate technique
so far to measure the 3D-strain tensor instantaneously. The different error sources for the velocity
gradients especially in the out-of-plane direction are different for both methods. For dual-plane PIV
it is essential to determine the intensity profile of each laser sheet in order to compute an average zposition of the sheets which is the z-position of a measured vector. Then the out-of-plane gradients
are computed by dividing the velocity components by the laser sheet separation.
Probably the most accurate dual-plane Stereo-PIV measurements have been done by Mullin and
Dahm (2006a, 2006b) determining the laser sheet intensity profile of each sheet in an elaborate
procedure with an extra photodiode by sectioning the sheet with a knife edge. The average local zposition of each light sheet was determined within +-25µm with a light sheet thickness of
~400/800µm for both sheets. The separation of the sheets was ~400µm and relative rotation < 1°.
This leads to an error in δV/δz of >6%.
In addition for instantaneous measurements one needs to consider the actual position of the
seeding particles within each light sheet. If each vector would be calculated from a single particle
within a light sheet of thickness d, the z-position of the calculated vector would vary by ±0.5d.
Given e.g. 20 particles per interrogation window, this uncertainty is reduced to about ±0.5d / 20 =
0.1d, leading to additional errors in δV/δz of > 5-10%.

- 11 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper #1064

δu/δx

δu/δy

δu/δz

δv/δx

δv/δy

δv/δz

δw/δx

δw/δy

δw/δy

s-1

Figure 12: Same as Fig. 11 averaged over 50 vector fields.

Finally realistic Stereo-PIV errors are at least in the range of e.g. 0.03 to 0.1 px (PivChallenge
2005, Stanislas et.al. 2006) which for typical displacements of 5-10 px and in- and out-of-plane
gradients of 10 % - in terms of change in displacement between neighbouring vectors divided by
their distance – lead to errors of about 10% for all derivatives. Additional errors are expected in
case of large gradients due to the fundamental limitation of Stereo-PIV due to non-overlapping
interrogation windows as discussed in section 3.1 (Fig.3).
All error sources combined for dual-plane PIV one expects the errors of instantaneous
measurements of out-of-plane derivatives to be larger than 10-20% and about 2 times higher than
for in-plane derivatives depending how much care is taken with light sheet alignment and position
measurement.
Some improvements can be expected by self-calibration techniques (Willert 1997, Scarano et.al.
2005, Wieneke 2005) which are able to measure light sheet positions with less than 0.2-0.5 pixel
error using a cross-correlation between dewarped camera 1 and 2 images. This can be done on a
sufficiently large set of the actual recorded images and does not require an extra light sheet profiling
step.
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Fat-Sheet-Tomo-PIV on
the other hand lacks some of
the above errors sources
completely while being
d
sensitive to other ones. Selfcalibration again can be used
to measure accurately the
light sheet position and
thickness in order to
z
determine the volume range
to
be
tomographically
y
x
reconstructed.
The out-of-plane gradients
are also not dependent on the
Figure 13. An accurate gradient of e.g. δu/δz can be fitted by deformed
instantaneous
particle interrogation volumes even in case of uneven seeding particle distribution and
distribution throughout the laser profile intensity variations.
light sheet, since the iterative
volume deformation algorithm described in section 2 automatically computes a slope of the velocity
components fitted over both vector planes. The fitted slope is to first order independent on the
particle distribution inside the interrogation volume as shown in Fig. 13. This situation is similar to
standard 2D-PIV where uneven particle distribution inside an interrogation window can be
compensated either by vector relocation based on determining an average vector position from the
particle distribution in space (Lindken et.al. 2003) or is automatically compensated for by the
iterative window/image deformation techniques which have become standard in state-of-the-art PIV
algorithms (see e.g. Scarano et.al. 2000, and PIV Challenges 2001-2005, Stanislas et.al. 2006).
Important, of course, for Fat-Sheet-Tomo-PIV is a highly accurate calibration mapping function
with less than 0.4 px error (Elsinga et.al. 2005, 2006) in order to minimize errors for the
tomographic reconstruction process. Such an accuracy can be achieved by standard Stereo-PIV
calibration techniques using accurately machined calibration plates and a subsequent selfcalibration step (Scarano et.al. 2005, Wieneke 2005).

5. Summary
Fat-sheet ‘Tomo-PIV’ is based on the tomographic reconstuction of voxel intensities in a light
sheet, followed by three-dimensional cross-correlation of interrogation volumes (Elsinga et.al.
2005). With a slightly thicker sheet one can compute two planes of vectors from which the full 3Dvelocity gradient tensor can be derived. This is an important quantity e.g. for turbulent research and
vortex identification. The experimental setup is the same as for Stereo-PIV by adding a third camera
for more reliable volume reconstruction. With synthetically generated flow fields with varying flow
gradients it can be shown that Tomo-PIV can perform considerably better than Stereo-PIV
especially in case of thicker light sheets needed for large out-of-plane motion, because Stereo-PIV
suffers from non-identical interrogation volumes for both cameras looking at the light sheet from
different directions. Tomo-PIV, on the other hand, is sensitive to optical imperfections and noise
resulting in less accurately reconstructed volumes.
The ability to compute two (or more) planes of vectors makes Tomo-PIV an ideal tool for
measuring the instantaneous full velocity gradient tensor as an alternative to dual-plane Stereo-PIV
requiring 4 cameras and two double-pulse lasers together with the need for highly accurate
determination of sheet profile and separation. Synthetic data has been generated to validate the
tomographic approach with errors in velocity of less than 0.05 pixel and in gradients of <5-10%
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while maintaining a high in-plane spatial resolution comparable to Stereo-PIV. In first experimental
tests a dynamic range in gradients >100 could be measured with relative errors of <20% for out-ofplane gradients. This is comparable to reported values for dual-plane Stereo-PIV (Mullin and
Dahm, 2006a, 2006b). Further work is in progress to improve the stability and accuracy of the
tomographic reconstruction and correlation process and to reduce the overall computation time,
which is 5-10 times longer than for Stereo-PIV.
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