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PIV methodology for small scale measurement
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Abstract. Measurement of velocity fields by PIV method is often limited by the scale of the measured model.
This is doubly true for the stereo PIV method. Problems of measurement in small (but still macroscopic)
scales are associated with optical distortions in the optical path of the camera. Additionally, there is a

calibration problem for stereo PIV. Therefore, this paper is devoted to the description of PIV methodology
for measurement in small geometrical scales. The idealized transparent model of hemodialysis vascular access
was used in this paper. This model had realistic vascular access dimensions (6 mm in diameter). A special
working blood-mimicking fluid (BMF) was mixed with a refractive index matching that of the model. The
refraction and distortion of light passing through the interface between the model and the fluid was so small,
that it was possible to calibrate the stereo PIV outside the measured model. The accuracy of this calibration
is discussed and verified by measuring the velocity field on a straight section of the vascular access model for

laminar flow.

1 Introduction

Method Particle Image Velocimetry (PIV) and its
modifications are often used in fluid mechanics to
measure velocity fields. The successful use of this
measuring method is conditioned by a large number of
assumptions. The sources of PIV measurement
uncertainty are generally connected either with the
method of data analysis or with the experimental setup.
The former uncertainty sources are discussed in
[12],[2],[9] the latter are, for example, the correct
selection of marking particles to be added to the fluid,
sufficient and uniform illumination of the measurement
surface, or quality optical access to the entire
measurement area. The necessity to ensure good optical
access to the measurement area limits the model
dimensions in which the PIV method can be used
successfully. With the small dimensions of the model, it
is difficult to ensure good optical access because the small
dimensions of the model are associated with areas of large
optical deformation. These optical deformations result in
significant errors in the measurement. In the case of a
modification of the PIV method, where all three
components of the velocity (stereo PIV) are monitored in
the measured area, it is necessary to perform calibration
before the measurement itself. Calibration in the small
size model is very difficult, even impossible.

Optical distortions are due to the curvature of the
measured model in which the measurement is performed.
Of course, the greater curvature of the model in the
measured area also leads to greater optical deformations
that occur at the interface of the two materials. Reflections
are another optical defect associated with light reflection
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at the interface of two materials. These reflections
introduce the signal deterioration into the measurement.

When using the stereo PIV method for the
measurement, the measured area is monitored by the two
cameras. These cameras track the measurement area at an
angle, which allows measuring, in addition to the two
velocity components, the third velocity component that is
perpendicular to the measured area. Therefore, in order to
evaluate all velocity components from the captured
images of the measured area, the calibration is required
[11], [10]. The transformation matrix can be calculated
from the recording of the target image in several
predefined positions in the measured model. There are
several ways of calibration. The most commonly used
calibration is the use of a calibration target, which is
located in the measured area. For example, the calibration
target consists of an array of circular dots with the
precisely defined dimensions. By recording the image of
the calibration target at several predefined positions in the
measured model, it is then possible to calculate the
transformation matrix. For small-scale stereo PIV
measurements, calibration has several problems: an
optical distortion problem distorting the calibration target,
realizing the movement of the target in the model, and
creating the calibration target itself.

Despite these difficulties, it is possible to measure
velocity fields by the stereo PIV in the small size models.
First of all, it is necessary to remove optical deformations
from the model / fluid interface. The removal of the
optical defects is dealt with in several works [15], [4], [7],
[1], namely by the change of the refractive index of used
fluid. Specifically, this means that the refractive index
value of the fluid is changed so that the refractive index
of the light of the fluid is identical (very similar) to that of

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 269, 01026 (2022)
EFM 2019

https://doi.org/10.1051/epjconf/202226901026

the refractive index of light of the model. The smaller the
difference between the refractive indices of the light, the
smaller the optical deformation. The refractive index of
light of the fluid can be changed by adding an additive to
the fluid that is soluble in the fluid. The choice of additive
that changes the refractive index of light is also associated
with the requirements for the properties of the resulting
working fluid. The elements used for changing the
refractive index of light are, for example, sodium iodide
[1], [8], zinc iodide [4], potassium thiocyanate [3] or
glycerine [15]. The refractive index of the light of the
material from which the measured model is made must
also be taken into account. The material of the model
should be chosen so that it has a refractive index similar
to that of untreated fluid [5]. Generally speaking, it should
have the lowest possible refractive index of light. Such
material is, for example, Sylgard 184. If accordance of the
refractive indexes of light are very good, it is possible to
make the calibration outside the measured model and then
use the obtained transformation matrices for measurement
in the model [14].

This thesis deals with the accurate description of the
calibration for the stereo PIV measurement in the small
size model and its evaluation. The vascular access model
is used for the measurement, which is used as well in
hemodialysis, maintaining the realistic dimensions of the
vein and the dialysis needles. The diameter representing
the diameter of the vein is 6 mm. Measurement of the
velocity field for the comparison with the theory and thus
confirmation of the success of the calibration is performed
on the straight part of the model, where the flow is not
influenced by the inserted needles.

The vascular access model was made using the casting
technology, where the template representing the internal
geometry was made with the water-soluble material. The
template was made by using 3D printing and its surface
was modified to be hydraulically smooth.

2 Removal of the optical defects

Changing the refractive index of the light of a fluid is
difficult for several reasons. Substances added to the fluid
can fundamentally alter its rheological properties, often
being chemically hazardous to the environment or they
are expensive. Therefore, it is advisable to select the
material of the model so that the refractive index of the
light is as close as possible to the base component of the
working fluid solution. The distilled water is the most
often used liquid as the base component of the working
fluid. The refractive index of the light of the distilled
water is 1.33 (1). In this work, the measured model was
made by silicone elastomer with the trade name Sylgard
184. This material was chosen due to its low refractive
index of the light compared to the other commonly used
materials for the model making. The refractive index of
the light of this silicone elastomer is 1,414 (1) [15]. The
working fluid was mixed from the distilled water,
glycerine and sodium iodide. The weight ratio of these
components was 47.38% distilled water, 36.94%
glycerine and 15.68% sodium iodide [15]. The resulting
refractive index of the light of the working fluid was 1.413

(1). In Figure 1 there is a comparison of the optical
deformation in the model with the water-glycerine
solution (refractive index of light 1.387 (1)) and the
optical deformation in the model with the working fluid.
The model with the given solutions was placed on a black
and white checkerboard. This makes it possible to assess
the optical deformation. Although the refractive index of
the water-glycerine solution is close to the refractive
index of the material of the model, optical distortion is still
visible in the image. The second solution (working fluid)
shows that there is no visible optical deformation of the
measured area. The refractive index of the working fluid
and the model material was practically identical.
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Fig. 1. Optical deformation of the measured area. a.) the model
with the solution of distilled water and glycerine. b.) the
model with the solution of distilled water, glycerine and
sodium iodide.

3 Calibration

When the refractive index of the measured model and the
working fluid is identical (very similar), the optical
distortions are removed. This makes it possible to
calibrate the stereo PIV as if it was an external flow. This
means that the model is replaced by the calibration target.

In this work the calibration target consisting of the
circular dots was used (Fig. 2). The central dot had a
diameter of 0.6 mm, the four dots determining the
direction of the ,,x” axis and the ,,y” axis had a diameter
of 0.3 mm, and the remaining dots had a diameter of 0.45
mm. The spacing between the dots is 0.75 mm. The total
number of dots on the calibration target was 225 dots. The
calibration target was placed in a equipment that delimited
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the location of the target in the ,,y” direction. The
equipment was placed on the two feets. The first feet
allowed movement of the calibration target in the ,,x”
direction. The second feet allowed movement of the
calibration target in the ,,z” direction. The calibration
target placed in the equipment was positioned by the
displacements to the starting position. The starting
position was in the measured plane and the calibration
target was positioned so that the central dot was in the tube
axis of the measured model. The pair of calibration target
images were created in this position. The target was then
shifted twice 0.5 mm in the direction of ,,z" axis in the
positive and negative directions from the starting position.
The pair of calibration target images were obtained at each
new position. The transformation matrices for both
cameras were evaluated from the obtained images of the
calibration target at all positions by using the Dantec
Dynamic studio software. After calculating the
transformation matrices, a self-calibration was performed
to improve the transformation matrices. The self-
calibration has partially suppressed errors that could have
been caused by improper placement of the calibration
target in the equipment (eg small rotation of the
calibration target).

. Standard dot @ 0,45 mm
- Axis dot @ 0,3 mm
'~ Central dot ® 0,6 mm
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Fig. 2. Calibration target.

4 Setup of the experiment

Scheme of the experiment for the verification
measurements is shown in Figure 3. The measured area of
the model is illuminated by a laser sheet. The cameras
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Fig. 3. Scheme of experiment.

capture the measured area at an angle. The angle between
the cameras was 90 °. The Scheimpflug condition was
met. The volumetric flow rate was adjusted using a
flowmeter and a valve downstream of the flowmeter. The
measured model was made of Sylgard 184, which has a
refractive index of 1,414 (1). The working fluid was a
mixture of the distilled water, glycerine and sodium
iodide [15]. The refractive index of the light of the
working fluid was 1.413 (1) and the dynamic viscosity
was 4.31 mPa.s [15]. The measurement confirming the
feasibility of the calibration outside the measured model
was performed on a straight section of the vascular access
model. The measured mode was characterized by
Reynolds number Re = 1000.

5 Results

Figure 4 shows images of the calibration target from both
cameras and their transformed images. The
transformation matrices obtained by the calibration were
used to transform the image. These images can be used as
a first indicator of whether the calibration itself has been
performed correctly. It is clear from the recorded images
of the target that the spatial deformation occurs due to the
angle at which the cameras capture the area with the
calibration target. Transforming these images leads to the
elimination of the spatial deformation and the calibration
target takes the shape and the dimensions, like when
viewed perpendicularly to the calibration target. The
transformed image of the calibration target indicates that
the computed transformation matrices work. The success
of the image transformation (or transformation matrices
obtained from calibration) was determined by the
difference of distances (,,Ax”") between individual dots in
the x-axis direction and the difference of distances (,,Ay”)
between individual dots in the x-axis direction ,, y”

Dewarping image - camera 2 Dewarping image - camera 1
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Fig. 4. Transformed images from camera 1 and camera 2.

Figure 5 shows the deviation of the distance ,,Ax”
from the transformed image of the calibration target from

the actual distance ,,Ax”. The deviation is on the vertical
axis of the graph and it is given in percentage. The
horizontal axis shows the columns between which the
deviation is calculated. Individual deviations then
correspond to the rows of the calibration target. The graph
shows that the shape of deviation that oscillates around
zero is the same for all rows of the calibration target. The
dots in the outer rows of the calibration target show that
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the deviation is increasing (green dashed line), reaching
up to 6%. This is due both, the print quality of the
calibration target and the fact that the endpoints of the
calibration target have not been sufficiently focused. For
other dots of the calibration target, the deviation is within
+ 2%. The red dashed lines then show the progress and
the deviation values at the point where the calibration
target dots are located directly or in close proximity to the
measured area. Here you can see that the deviation is
below 2%. Which is a very good conformity. Figure 6
shows the deviation of the distance ,,Ay” from the
transformed image of the calibration target from the actual

6
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deviation (%)

column of calibration target

Fig. 5. Deviation of the distance between the dots of the
transformed calibration target (,,AX”) in the ,,x” axis direction.
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Fig. 6. Deviation of the distance between the dots of the

transformed calibration target (,,Ay”) in the ,,y” axis direction.

distance ,,y”. The deviation is on the vertical axis of the
graph and it is given in percentage. The horizontal axis
shows the columns between which the deviation is
calculated. The individual deviations then correspond to
the columns where the deviation was evaluated. The
graph shows that the deviation was within + 3%. The red
dashed lines then show the progress and the deviation
values at the point where the calibration target dots are
located directly or in the close proximity to the measured
area. For these dots, the deviation is within £ 2%. The
accuracy of the image transformation achieved by the
calibration matrices obtained from calibration is very

good due to the dimensions of the calibration target and
dimensions of the measured area.

The velocity field was evaluated from the data
obtained from the experiment by the transformation
matrices. Two velocity profiles ,,w” were obtained from
the velocity field. ,,w” is a velocity in z-direction. The first
velocity profile was obtained by horizontal sectioning of
the measured area. The second velocity profile was
obtained by the vertical sectioning of the measured area.
Figure 7a shows a comparison of the vertical section
velocity profile with the theoretical laminar flow velocity
profile. Figure 7b shows a comparison of the horizontal
velocity profile with the theoretical laminar flow velocity
profile. For both velocity profile comparisons, it can be
seen that it copies the theoretical speed profile with a very
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Fig. 7. Comparison of the experimentally measured velocity
profile ,,w” with the laminar theoretical velocity profile. a.)
Comparison in the vertical section through the measured area.
b.) Comparison in the horizontal section through the measured
area.

good accuracy. However, there is a slight asymmetry in
both velocity profiles. The laminar velocity profile is
extremely sensitive to small disturbances due to the heat
convection or the minor misalignments of the tube
segments or the minor irregularities of the tube surface.
These disturbances lead to speed profile asymmetry [13].

Further the normal velocities of the profiles ,,u” and
V"’ were compared. ,,u” is velocity in ,,y” axis direction
and ,,v” velocity in,,x” axis direction. These profiles were
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created in the vertical section through the measured area.
The comparison is made by using the percentage ratio
between the ,,u” and ,,v” velocity profile and the profile
of ,,w” velocity. As a result, there is obtained the
percentage deviation that results from the measurement.
This ratio is created for both ,,u” and ,,v”’ velocities. From
the graph in Figure 8, it can be seen that for both velocities
the measurement deviation was constant and the deviation
increased in the walls vicinity. For the normal velocity,
,Uu’, the average deviation was 1.8%. For the normal
velocity, ,,v”, the average deviation was then 4.3%. These
deviations in the measurement are associated with the
calibration target, where even a slight deviation of the
calibration target from the measured plane results in a
deviation in the measurement [13], [6].
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Fig. 8. Comparison of the normal velocities ,,U” and ,,V”.

6 Discusion

Using the stereo PIV calibration outside the measured
model, it is possible to obtain the transformation matrices
that can be applied to the measured data and obtain
velocity fields in the models with very small dimensions
in order of millimetres. The model used in this work had
a diameter of 6 mm in the measured area. This fact was
confirmed by the comparison of velocity profiles obtained
using these transformation matrices with the theoretical
laminar velocity profile. The main prerequisite for the
success of this method is in a good comparison of the
refractive index of the light of the model material and the
working fluid. Calibration accuracy is largely linked to
the quality of the calibration target. The quality of the
calibration target is more difficult to ensure due to the size
of the calibration target dots. The dots must be of the size
of the sufficient numbers of dots in the measured area.
This method of the calibration also enables the
measurement of velocity fields using the stereo PIV
method in the models with very complex geometry, where
there is not possible to place the calibration target in the
measured area.
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