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Abstract
Statistics of tip vortex core pressure are estimated from instantaneous Stereo PIV measurements of the
velocity field. The tip vortex was generated by a rectangular planform (aspect ratio 2), elliptically-loaded
fin with a NACA66 foil shape. A set of 500 velocity field realizations were acquired at each of three
angles of attack. Estimates of pressure for each measured velocity field were computed using a finiteelement scheme that minimized error propagation from the measured velocity field. Histograms of core
pressure show that the mean core pressure followed expected scaling with vortex strength, and that the
width of the distribution is inversely proportional to vortex strength.

Introduction
This paper presents estimates of tip vortex core pressure from instantaneous velocity fields measured in a plane
intersecting a tip vortex (TV) flow over a rectangular planform. It has been proposed [1] that TV pressure coefficient
fluctuations, relative to the mean, affect the mean incipient cavitation number. By non-intrusively acquiring a large
number of velocity fields, and by estimating the pressure field associated with each [2], statistics of the TV pressure
coefficient are derived.
Many studies have reported non-intrusive velocity measurements of a tip vortex flow over a stationary lifting surface
[3-14,] but only a few include simultaneous velocity and load cell measurements [10-14]. Each study characterized
vortex strength using velocity field measures, e.g., circulation, core radius, or core velocity profile shape. Of these,
only Stinebring, et al., [9] estimated the vortex core pressure field using their velocity measurements. However,
because the velocity field was measured point-by-point using Laser velocimetry, the pressure filed could only be
estimated in an ensemble-averaged sense, and could only estimate an average departure from the mean using turbulent
kinetic energy.
Here, a combination of load measurements and Stereo PIV measurements of velocity on a plane intersecting the TV
are presented [14]. Using a finite element estimation technique [2], an instantaneous pressure coefficient, Cp,min,
denoting pressure drop across the vortex core for each snapshot of the flow, was computed. From this ensemble of
pressure coefficients, the probability density function and its first two moments (mean and standard deviation) are
computed.
Methods
Flow measurements were conducted in the round test section of the 12inch water tunnel, located in Penn State Applied
Research Laboratory's Garfield Thomas Water Tunnel facility [14, 15]. The tunnel test section flow speed ranges 080ft/s, and the independently controlled operating pressure ranges from 3-35psi, with free stream turbulence intensity
to less than 0.5%. The tunnel test section is 18 inches long. The test section is optically accessible on three sides
through flat, transparent acrylic windows. The fourth side is composed of a base plate on which the fin is mounted.
A rectangular planform (aspect ratio 2) fin generated the tip vortex. The fin had a NACA 66(mod) profile and a
spanwise twist distribution giving elliptical loading profile, and a rounded tip. The quarter chord was centered on the
fin base/load cell axis of rotation.
Twenty-four pressure taps are located along the test section, between each window/baseplate, at 6 axial locations. A
Kiel probe, located in the plenum, was used to measure total pressure. All pressures were measured using Heise DXD
series, 100 PSIA digital pressure transducers. Tunnel speed was estimated using the total pressure, test section entrance
pressure, and the cross section areas of the tunnel at the pressure probe locations. An AMTI Model MC1-6-250-5763

*Corresponding Author, Michael Krane: mhk5@arl.psu.edu
572

Downloaded from http://asmedc.silverchair.com/ebooks/book/chapter-pdf/3823118/861851_ch109.pdf by guest on 17 August 2022

Keywords: tip vortex, cavitation, pressure estimation

10th International Symposium on Cavitation - CAV2018
Baltimore, Maryland, USA, May 14 – 16, 2018

CAV18-05117

six-axis load cell measured the forces and moments applied to the fin during the experiment. Load cell strain gage
voltages, all tunnel pressures, and water temperature data were all recorded digitally with a National Instruments DAQ
system.

Figure 1. Schematic of SPIV setup, showing cameras, optical path (pink), prisms (gray) imaging laser sheet (green), and fin [14]. Flow is from
right to left.

An instantaneous pressure field was estimated from each velocity field acquired, using a finite element formulation
[2]. This method reduces the error propagation from the measured velocity into the estimated pressure field, and
allows for more flexibility in applying pressure boundary conditions on the region containing the measured velocity
field. The pressure and pressure gradient on the border of the measurement region was estimated using the velocity
field. Finite-differencing of the velocity field was used to estimate the normal pressure gradient, at all but one point
on the boundary, where the pressure was estimated using the total pressure measured in the plenum, and the measured
local velocity vector, and the Bernoulli equation. This point was chosen such that it was the least likely to be located
on a streamline that had passed through an upstream region containing vorticity. For each vector field, a pressure
coefficient is defined in terms of the difference between minimum core pressure and ambient pressure:
𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
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As illustrated in Figure 1, Stereo Particle Image Velocimetry (SPIV) measurements were performed on a plane
oriented at a right angle to the tunnel axis, roughly centered on the location of the tip vortex, approximately 0.50 chord
lengths downstream of the trailing edge. The plane was illuminated with a dual head Nd:YAG Solo PIV laser, operated
in double pulse mode, at a frequency of 15Hz. Images were captured with two Sensicam cameras operating in
doubleshutter mode. A combination of LaVision Scheimpflug lens mounts and acrylic prisms pressed onto the
window exterior minimized optical distortion. The spatial calibration was performed using a 200mm2 dual-plane, dualside calibration target (TSI, Inc.) with markers spaced vertically and horizontally 10mm apart, and a 1mm
displacement between planes. Image pairs were acquired using INSIGHT 3G software (TSI, Inc.) and processed using
standard, multipass stereo-cross-correlation software (DAVIS 8.0.5, LaVision). In the final pass, a 32x32 pixel
correlation window, with 50% overlap, was used, resulting in a 19x33 point vector field (627 total vectors) over the
field of view.
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Results
Velocity was measured in a plane located one half chord downstream of the trailing edge, nominally centered on the
tip/trailing edge corner location, at U∞ = 30 ft/s, for three angles of attack (α = 0o, α = 2.5o, and α = 5o). At each angle
of attack, 500 image pairs were acquired. For each resulting velocity field snapshot a corresponding pressure field was
computed as described above. A typical result is shown in Figure 2. The minimum pressure coefficient Cp,min was
then computed from each field.

Figure 2. Instantaneous snapshot of velocity and pressure fields of tip vortex, measured one-half chord length downstream of fin trailing edge.
α = 0o, U∞ = 9.2m/s. Vectors show velocity projected onto measurement plane, colormap shows pressure coefficient.

Summary
This paper presents statistics of tip vortex core pressure, estimated from instantaneous velocity measurements in a
plane intersecting the vortex core. The vortex was generated using an elliptically-loaded fin. Pressure estimation
was performed using a finite element scheme that minimizes propagation of velocity error into the pressure
estimation. For the three fin angles of attack studied, pressure statistics were presented. These show that the mean
core pressure coefficient follows the expected trend with vortex strength, and that the variations of core pressure
relative to the mean have an inverse proportionality with vortex strength.
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Figure 3 shows tip vortex pressure difference statistics as a function of tip vortex strength. Figure 3a shows probability
density functions of –Cp,min for each of the three angle of attack conditions tested. Figure 3b shows variations of the
mean and standard deviations of –Cp,minas a function of tip vortex strength CL2Re0.4 [see, e.g., 16]. These results show
that mean vortex core pressure coefficient increases, while variations about that mean decrease, with angle of attack
(vortex strength). These results indicate that the minimum core pressure variation can be higher than 10% of the
mean.
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Figure 3. Tip vortex core pressure statistics as a function of tip vortex strength. (a) Probability density functions of –Cp.,min for the three test
conditions: blue: α = 0o, pink: α = 2.5o, yellow: α = 5o. (b) variation with tip vortex strength ~ CL2Re0.4: *: mean –Cp,min, o: standard deviation of
–Cp,min. Blue and green lines indicate one and two standard deviations from the mean, respectively. Note that as vortex strength increases, the
mean core pressure difference increases, and the variation of core pressure difference decreases.
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