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Abstract

The pressure field of an impinging synthetic jet has been computed from time-resolved, three-dimensional,
three-component (3D-3C) particle image velocimetry (PIV) velocity field data using a Poisson equation-
based pressure solver. The pressure solver used in this work can take advantage of the temporal derivative
of the pressure to enhance the temporal coherence of the calculated pressure field for time-resolved velocity
data. The reconstructed pressure field shows sensitivity to the implementation of the boundary conditions,
as well as to the spatial and temporal resolution of the PIV data. The pressure from a 3D Poisson solver that
does not consider the temporal derivative of the pressure shows high random error. Invoking the temporal
derivative of the pressure eliminates this high-frequency noise, however, the calculated pressure exhibits an
unphysical temporal drift. This temporal drift is affected by both the temporal resolution of the PIV data
and the spatial resolution of the PIV vector field, which was systematically evaluated by downsampling
the instantaneous data and increasing the interrogation window size. It was observed that decreasing the
temporal resolution increased the drift, while decreasing the spatial resolution decreased the drift.

1 Introduction

The pressure field in a flowing fluid is an important dynamic property as this quantity can be used to analyze
surface loads and other hydrodynamic conditions. Traditionally, pressure measurements have been limited to
surface pressure measurements, where conventional taps or microphone transducers are used to measure the
static or fluctuating values, respectively (Van Oudheusden, 2013)). Acquiring pressure measurements within
the flow field is considerably more difficult than collecting surface pressure measurements by traditional
means. Physical pressure probes are intrusive, must be oriented properly with respect to the unknown flow
direction, and can only provide local point measurements. The use of physical sensors limits the ability to
capture the dynamic aspects of the flow as pressure field information is limited to either coarse, instantaneous
measurements provided by a probe array or ensemble-mean statistics provided by a traversing probe (T'suji
et al., 2007)).

PIV is an established, non-intrusive flow field measurement technique. With advancements in imaging
technology and data processing methods, the accuracy and resolution of PIV has evolved to the level where
calculation of derived flow quantities, such as vorticity or divergence, are possible. Volumetric PIV tech-
niques, such as tomographic (tomo-) PIV (Elsinga et al., 2006) and Shake-the-Box (STB) (Schanz et al.,
2016), have been developed to enable time-resolved three-dimensional, three-component (3D-3C) measure-
ments to fully characterize the fluid velocity field.

Reconstruction of a pressure field from PIV data was first investigated by Jensen et al.| (2001). The
method has since been applied to obtain measurements of pressure fluctuations in a turbulent boundary
layer (Ghaemi et al., [2012), pressure on an airfoil (Violato et al., 2011)), and pressure loads on wind tur-
bine blades (Villegas and Diez, 2014; [Lignarolo et al., [2014). PIV-based pressure reconstruction has also
been used for biological fluid dynamics problems, including embryonic heart (Bark et al.,|2017) and glottal
channel studies (Oren et al.| 2015)).



Though PIV-based pressure reconstruction is now considered to be a quantitative measurement tech-
nique, assessments of the uncertainty and its dependence on various experimental and numerical parame-
ters, namely the spatial and temporal resolution and the boundary conditions, have been limited. It has been
shown theoretically that for a 2D pressure Poisson solver, the propagation of Gaussian errors from the veloc-
ity field to the pressure field is affected by the shape and area to volume ratio of the flow domain, boundary
conditions, and the velocity error level in the field and in the boundary (Pan et al,2016). The work by [Pan
et al. (2018)) also shows that for Poisson equation based pressure solvers, the numerical truncation error 1s
dominant in coarse spatial resolution and the experimental error is dominant in fine spatial resolution.

Temporal resolution must also be considered for Poisson equation based pressure solvers that use La-
grangian tracking to estimate the material acceleration of the fluid. A recent Poisson equation based pressure
solver (Jeon et al., 2017)) uses the convection velocity of the flow structures to calculate the temporal deriva-
tive of pressure and then compute the pressure fields from time resolved PIV data. The pressure solver uses
boundary conditions of pressure at specific boundary points or as an average pressure in a specified volume
in the measurement domain. Except for the locations of the specific pressure, Neumann type boundary
conditions are used for all other boundary points. The boundary conditions can be provided either at the
beginning of the time series or as constant across every time step.

In this work, time-resolved tomo-PIV measurements of an impinging synthetic jet in a water filled tank
are used to calculate the pressure field using a Poisson equation based pressure solver. The periodic nature of
the synthetic jet velocity field makes it an ideal case for studying PIV-based pressure reconstruction results
as one can expect the pressure at any location to repeat each cycle. The effect of different implementations of
the boundary conditions is evaluated by directly comparing the pressure calculated from PIV at a particular
surface location with that obtained from a pressure sensor at the same location. In addition, the effect of
temporal and spatial resolution (relative to the major flow scale) on the calculated pressure field is examined
by varying the frequency and the displacement amplitude of the synthetic jet.

2 Pressure from PIV

A common method for calculating a pressure field from PIV data is summarized in (Van Oudheusden, 2013).
This technique uses measured velocity fields to calculate the pressure gradient within the flow. The pressure
field is then calculated from the pressure gradient with the appropriate boundary conditions. Section
explains the general approach for computing a fluid pressure field from a measured velocity field while
section[2.2] describes the pressure solver algorithms used in this study.

2.1 Fluid pressure from a Measured Velocity Field

The relationship between velocity and pressure in a flow field is described by the Navier-Stokes momentum
equation,
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where p, u, t, p, and u denote pressure, velocity, time, density, and dynamic viscosity of the fluid, respec-
tively. The material acceleration, %‘t‘ can be expressed in an Eulerian frame of reference as
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The pressure field can be obtained by spatial integration of the pressure gradient (equation [I)) (Liu and
Katz, 2004). However there are numerical challenges associated with this approach. This study focuses
on the more common Poisson equation based pressure solver. The pressure Poisson equation is derived by
applying the divergence operator to equation [1] and substituting equation 2] for the material acceleration to
yield

Vip=-V-((u-V)u). (3)

Both the viscous and temporal terms are eliminated with continuity for an incompressible flow (V-u = 0),
and the pressure field can be calculated from the velocity field using pressure boundary conditions.

In practice, it can be challenging to determine the pressure boundary conditions to calculate the pressure
field using equation [3] Pressure measurements can be used to determine Dirichlet (pressure as a function of



time at a spatial location) boundary conditions; however, in general, instantaneous measurements synchro-
nized with the instantaneous velocity fields must be obtained at multiple spatial locations, and in many cases
it is not feasible to determine the pressure boundary conditions using only pressure measurements. To ad-
dress the problem of determining pressure boundary conditions, additional information can be determined
from the measured velocity fields. Specifically, if the material derivative can be determined from several
instantaneous velocity fields, a Neumann boundary condition (pressure gradient as a function of time at a
spatial location) can be calculated using the Navier-Stokes equation, and the pressure field can be calculated
using a combination of Dirichlet and Neumann boundary conditions.

When using the velocity field data to calculate pressure boundary conditions, both the spatial derivative
terms of the velocities within the domain using equation (3| and the pressure gradients at the boundary
conditions using equation [I] are calculated. Because the material acceleration is calculated, the pressure
solver may first calculate the pressure gradient throughout the entire measurement domain from the Navier-
Stokes equation using the material acceleration term, and then use the following identity to spatially integrate
the pressure gradient

Vip=V-(Vp). 4)

2.2 Pressure Solver Algorithms Used in This Study

The pressure solver in LaVision DaVis 10.2 was used in this work. This software employs iterative pseudo-
Lagrangian tracking to calculate the material acceleration (Liu and Katz, [2006). The position of the same
group of tracer particles located at the grid points are tracked over multiple vector fields to compute the
velocity and material acceleration using a polynomial trajectory model. The computation cost of material
acceleration calculation increases with the number of velocity fields considered. In this study 5 velocity
fields were used to estimate the velocity and material acceleration. The calculated material acceleration
is then optimized in a least squares manner. There are several other methods to calculate the material
acceleration from PIV velocity fields such as the Eulerian approach (Baur and Kongeter, [1999), Taylor’s
hypothesis approach (De Kat and Ganapathisubramanil, 2013} [Laskari et al., [2016) and the instantaneous
vortex-in-cell (VIC) method (Schneiders et al.l 2016). The iterative pseudo-Lagrangian approach and the
Eulerian approach are purely numeric and therefore require time-resolved data with at least two subsequent
velocity fields as an input to calculate the material acceleration while the Taylor hypothesis approach and
the VIC method incorporate physical flow models so that a single, instantaneous velocity field is sufficient.
Once the material acceleration is calculated the pressure gradient is obtained by adding the viscous terms
from equation[I] and is integrated with a pressure Poisson solver to obtain the pressure field. The LaVision
solver used in this study uses a modified operator (equation [5)) that includes the time derivative of pressure
to calculate the pressure fields from time-resolved PIV velocity fields.
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where V" is a modified operator and & is the weighting factor between the temporal and spatial derivative
of the pressure. This approach eliminates the requirement of at least one Dirichlet boundary condition per
each time-step except the very first time-step.

The time derivative of pressure is estimated by making the assumption that the pressure does not change
on the convective frame which provides the following expression for the temporal derivative of the pres-
sure (Jeon et al,2017)
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where u, is the estimated convection velocity of the vortical structures. Additionally, the solver allows
the temporal derivative term in equation (5) to be omitted by setting & to a small value. In this case, the
convection velocity of the flow structure is not calculated and is equivalent to computing the pressure field
separately for each of the instantaneous velocity fields. Taking the time derivative of pressure to be zero
is similar to computing the pressure field separately for each of the velocity fields. The weighting factor
§ allows studying the effect of the enforcement of strong or weak temporal coherence on the calculated
pressure. Considering the modified operator, equation 4 takes the following form

Vlzp = fexpv (N
where the f,, term is calculated from the experimental velocity field.



3 Experiment

The experimental facility used in this work is described in section [3.1]and the experimental parameter space
is outlined in Section Iﬁl

3.1 Experimental Facility and Measurement

Figure T]shows a schematic diagram of the experimental facility, which consists of a synthetic jet impinging
on a circular plate contained in a hexagonal water-filled tank. The hexagonal sides of the aquarium act as
water prisms to improve the camera viewing angles. An electromagnetic shaker oscillates a piston inside
of a cylinder and pushes water through an orifice in the bottom surface of the tank, producing a synthetic
jet, which generates vortex rings that travel upwards through the stagnant water in the tank towards the
impingement surface.

The impingement plate is fitted with three pressure sensors to provide capability for both Dirichlet
boundary conditions and validation measurements for the pressure calculated from PIV as shown in figure[I]
In the initial experimental arrangement, the jet was positioned near the right edge of the measurement
volume. However, this setup allows the vortices to cross the boundary of the measurement volume as it
propagates upwards which subsequently intensifies the temporal drift that is discussed below in section [{.1]
To avoid the high temporal drift of the calculated pressure, the setup was modified to place the jet near the
center of the measurement volume.

Measurement Volume

Laser Volume

i Shaker

Figure 1: Schematic diagram of the experimental facility. The thickness of the measurement volume is 20
mm. S1, S2 and S3 are the locations of the pressure sensors. The S1 pressure sensor is at the impingement
point.

Frame-straddled, time-resolved images of the flow field were captured with four high-speed CMOS
(Complementary Metal-Oxide-Semiconductor) cameras. The flow was seeded with neutrally buoyant phos-
phorescent micro plastic particles of 50 um diameter. A measurement volume of 60mm X 55mm X 22mm
was illuminated by a dual-cavity Nd:YLF (Neodymium-doped Yttrium Lithium Fluoride) laser. The raw
images from the four cameras were processed by a multi-pass, 3D cross-correlation algorithm with a fi-
nal interrogation volume of 32 x 32 x 32 voxels. A 75% interrogation volume overlap resulted in a vector
spacing of 0.41 mm. The temporal resolution of the PIV data is 1 ms. The velocity field obtained with tomo-
graphic PIV is well resolved to capture the flow features of the synthetic jet propagation and impingement.



[ s2

(®)

E 025
€ o
— 10
>

&

() (b)

Figure 2: The velocity field obtained by tomographic PIV. The synthetic jet has a displacement amplitude of
40 mm. (a) Slice of the vector field at the mid xy-plane. The background colors represent the out of plane
vorticity with red and blue denoting the counter clockwise and the clockwise motion respectively. (b) Iso

surfaces of the streamwise velocity in 3D.

3.2 Experimental Parameter Space

The test facility was operated to produce three synthetic jets with similar velocities and therefore similar
pressure, but unique frequencies and displacement amplitudes, Ly (the distance traveled by a fluid particle
during the forward stroke of the cycle). This enabled the effective temporal resolution of the PIV measure-
ments relative to the flow scale to be varied while maintaining constant data acquisition parameters and a
similar pressure at the impingement location. Table[I| summarizes the specifications of the jets.

Table 1: Parameter space of the experiment
Unar (m/s)  Frequency, f (1/s) Displacement Dynamic Pressure Orifice Diameter,

amplitude Change (Pa)

Ly (mm) Dy (mm)
2 2.5 80 750 4
2 5 40 750 4
2 10 20 750 4

4 Results and Discussion

4.1 Effect of the Boundary Condition Implementation

To evaluate boundary condition options for each jet, the pressure field was computed by providing the
pressure from the S2 sensor at the initial time step only and also by providing the time-averaged pressure
from the S2 sensor at every time step, which is reasonably steady (table [2). The former results in pure
Neumann type boundary condition for every time step subsequent to the initial time step and the latter
results in mixed boundary conditions for all the time steps. For both conditions, the pressure is calculated

[s/w] A Aypojap



with convection velocity estimation turned on and off. This results in four experimental cases which are
summarized in table 3l

Table 2: Mean and standard deviation of S2 sensor pressure data for different jets
Jet displacement Mean Pressure (Pa) Standard deviation of pressure (Pa)
amplitude (mm)

0 93
40 0 95
20 0 84

Table 3: Experimental cases
Case S2 Boundary Condition Convection Estimation Boundary Condition type Line color

1 Constant off mixed red

2 Constant on mixed green

3 Initial off Neumann orange
4 Initial on Neumann black

The pressure data from the S1 sensor and pressure calculated from PIV at the impingement location for
each jet using these different boundary conditions are plotted in figure [3| It can be observed that when the
convection velocity estimation is turned on, both case 2 and case 4 show a temporal drift. The pressure
calculated without the convection velocity estimate (case 1 and case 3) does not show any temporal drift,
however the computed pressure at the impingement location exhibits more random error. Also the constant
S2 boundary condition case (mixed type boundary condition) with convection velocity estimate turned on
shows a drift similar to the initial S2 boundary condition (pure Neumann condition) case with convection ve-
locity estimate turned on. Furthermore, the temporal drift increase with decreasing displacement amplitude
of the jet.
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Figure 3: Pressure from PIV for a synthetic jet for three different displacement amplitudes and frequencies
but similar dynamic pressure change. a) Ly = 80 mm, f=2.5 Hz, b) Ly =40 mm, f =5 Hz, ¢) Ly = 20 mm,
/=10 Hz. The impingement pressure is 750 Pa for all three cases. The numeric value of & for convection
velocity estimate on cases and convection velocity estimate off cases are 1 and 0.0001 respectively.

4.2 Pressure from PIV and Temporal Resolution

Figure [3] also shows that when the convection velocity is used, the temporal drift increases with increasing
displacement amplitude of the synthetic jet. Since these data were obtained at the same acquisition rate,
this trend indicates that the calculated pressure field is related to the effective temporal resolution of the PIV
data. To systematically investigate this trend, the pressure field was recalculated in a way so that all three jets
have the same number of velocity fields per cycle. This reduces the temporal resolution of the Ly = 80 and
Ly = 40 jets by a fourth and a half, respectively, yielding an equivalent relative temporal resolution for all
three jets. Figure [ shows the pressure at the impingement location from the S1 sensor and from PIV for all
three jets. The reduced temporal resolution in the Ly = 80 and Ly = 40 jets results in a higher temporal drift.
However, even with the same effective temporal resolution, the temporal drift still increases with decreasing
displacement amplitude.

4.3 Effect of Spatial Resolution

In order to investigate the effect of spatial resolution on the calculated pressure field, the PIV images were
reprocessed with a larger final pass interrogation window size of 40 x 40 x 40 voxels which results in a
coarser spatial resolution. Figure[5]shows the pressure from PIV for reduced spatial resolution for all three
jets. It can be observed that the reduced spatial resolution lowers the temporal drift.
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Figure 4: Effect of temporal resolution on the pressure calculated from PIV with 98 vector fields for each
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case. a) Lo =80 mm, f=2.5Hz,b) Ly =40 mm, f =5, c) Lo =20 mm, f = 10 Hz.
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Figure 5: Effect of reduced spatial resolution on the pressure from PIV. a) Ly = 80 mm, f =2.5 Hz, b) Ly =
40 mm, f =5,c) Ly =20 mm, f =10 Hz
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5 Conclusion and Future Work

In this study, the pressure field for an impinging synthetic jet is reconstructed from PIV velocity fields using
a Poisson equation-based pressure solver. The solver has the option to estimate the temporal derivative of
the pressure for time resolved PIV data via estimation of the convection velocity of flow structures. The
pressure solver can also reconstruct the pressure field from individual velocity fields without considering the
time derivative of the pressure which is similar to traditional 3D Poisson solvers. The reconstructed pressure
with the estimation of the time derivative of the pressure demonstrates a temporal drift. While the pressure
without the temporal derivative estimation does not show any drift, it exhibits much larger random errors.

The reconstructed pressure also shows sensitivity to the temporal resolution of the PIV data and the spa-
tial resolution of the PIV processing. This current study shows that the temporal drift in the reconstructed
pressure is lower for a coarse spatial resolution. Future work will include the extension of the parameter
space to identify any optimal spatial resolution for the pressure reconstruction as described in |[Pan et al.
(2018)). Pressure field reconstruction from the velocity field obtained by cutting edge particle tracking meth-
ods, such as Shake the Box, (STB) (Schanz et al.l 2016) and the study of the relevant parameters on the
pressure field will be included in future studies. Furthermore, as the uncertainty quantification of the STB
velocity field becomes available, the propagation of velocity field uncertainty into the pressure field and
quantify the uncertainty in the reconstructed pressure field will become possible.
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