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Implementation of Drop-Based Oil Flow Interferometry to Estimate

Wall Shear Stress in Three-Dimensional Flows

Advait Shashank Borole

(ABSTRACT)

This thesis introduces a simplified drop based oil-film interferometry (OFI) approach using
silicone oil droplets to measure wall shear stress in three-dimensional flows. Wall shear stress
is a critical parameter in fluid dynamics, significantly affecting aerodynamic drag and tur-
bulent flow behavior. Accurate measurement for wall shear stress is essential for validating
computational fluid dynamics simulations and improving engineering designs. Traditional
techniques such as Pitot static tubes, Preston tubes and force balance methods have limi-
tations due to their point-based measurement, intrusive nature of measurements and they
become extremely complex to implement on curved surfaces. To overcome these challenges
researchers have explored other advanced measurement techniques such as microelectrome-
chanical sensors (MEMs), liquid crystal coatings, and oil-film based techniques. Among
these oil-film based techniques have been extensively studied in the past and are proven
to be accurate. Additionally implementing oil-film based techniques is much easier and
are significantly cheaper than the other mentioned. Although oil-film based techniques are
becoming increasingly popular to measure skin friction, it has its own challenges. One of
the major challenges is the knowing the direction of surface streamlines on complex three-
dimensional surfaces. Many researchers have in the past have tackled this problem, some
have had a dedicated separate runs to acquire streamline data before implementing the oil-
film based techniques, a few have suggested doping the oil with tracer particles in order to

get the streamline direction in a single run. However all these methods require intense post



processing methods in order to quantify streamline data, and can quickly increase the com-
plexity of the method. We introduce a simplified version of the OFI technique using silicone
oil droplets. By applying small oil droplets, the local streamline direction is determined via
droplet trajectories, eliminating the need for separate flow visualization runs. Interferogram
pattern formed due to thinning oil films are then analyzed with an area-averaging technique,
providing a more comprehensive use of the interferogram data to compute wall shear stress.
Experiments at Reynolds numbers of 250,000 and 650,000 are performed in the Virginia
Tech’s Stability Wind Tunnel. The method is validated using laser doppler velocimetry
(LDV) measurements and with the classical oil flow visualization technique (OFV). At low
Reynolds number the drop-based OFI measurements and LDV measurements demonstrate
agreement within 4% in magnitude and 3% wall shear stress direction. The local stream-
line directions predicted by drop-based OFI method agree with OFV for both the Reynolds
numbers. A comparative study between experiments and CFD predictions using k-1 SST
model is also presented which show similar trends of wall shear stress across the entire hill
geometry. At low Reynolds number the mean deviation between experiments and CFD de-

viated was 4%, and at high Reynolds number the mean deviation between experiments and

CFD was 3%.



Implementation of Drop-Based Oil Flow Interferometry to Estimate

Wall Shear Stress in Three-Dimensional Flows

Advait Shashank Borole

(GENERAL AUDIENCE ABSTRACT)

Understanding how air flows over surfaces is crucial for designing better airplanes, cars,
and other vehicles. One important factor in this process is wall shear stress which is also
known as "skin friction”. Wall shear stress is the resistance encountered by a object in due
to air moving around it. Accurate estimates of wall shear stress help engineers create more
efficient designs and improve computer simulations that predict how air behaves around
complex shapes. Traditional methods for measuring wall shear stress involve installing de-
vices directly on the surface, which can disturb the original air flow and are difficult to use
on curved surfaces. Researchers have developed more advanced techniques to overcome the
limitations of traditional techniques, but they are often too expensive and require exten-
sive data processing algorithms. This thesis introduces a simpler and more cost-effective
method to measure skin friction on complex three-dimensional surfaces. We use small drops
of silicone oil placed on a specially designed model shaped like a hill, known as the NASA
BeVERLI hill. As air flows over the model, the oil droplets start to thin out, forming fringe
patterns that can be recorded with a camera. By applying simple data processing techniques
on the fringe patterns, we can determine the direction of the airflow and calculate the wall
shear stress without needing complex equipment or procedures. We compared our results
with those from other measurement technique, Laser Doppler Velocimetry (LDV), which

uses lasers to measure the speed of particles in the air, and with computational simulations.



Our drop based method showed good agreement with both of these techniques, demonstrat-
ing that it can effectively measure wall shear stress on complex shapes. In conclusion, this
new approach offers a practical and affordable tool for researchers and engineers to measure
skin friction. It simplifies the process, reduces costs, and can help in designing more efficient

vehicles by providing accurate information on how air interacts with their surfaces.
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Wall shear stress is a crucial parameter in fluid dynamics. It is one of the main contributors
to aerodynamic drag and is essential to understanding the turbulent behavior of complex
flows, which is vital to improving the design of aerospace vehicles and other engineering
systems [1, 2]. Furthermore, with the rapidly increasing demand for computational fluid
dynamics (CFD), accurate wall shear stress data are very important to validate various
turbulence models because there is a direct correlation between predicted wall shear stress
and the accuracy of the turbulence models [3, 4]. Therefore, the experimental measurement

of wall shear stress has become an important problem for the fluid dynamics community.

Despite the need for accurate wall shear data, measuring it experimentally in complex three-
dimensional flows is a challenging problem. Traditional methods include pressure taps,
Preston tubes, and floating balances for wall shear stress measurements. However, these
techniques have limited applications and are intrusive, disrupting fluid flow and causing
measurement inaccuracies. Moreover, due to their nature of providing only point-wise data,
these methods can be extremely time-consuming to implement on large models. Furthermore,

implementing them on three-dimensional surfaces is also difficult [5].

In the past 30 years, many advanced techniques have been developed to measure wall shear
stress, including microelectromechanical systems (MEMS), liquid crystal coatings, and oil-
film interferometry (OFI), to overcome the challenges of traditional methods. Naughton

and Sheplak [6] and Winter [7] have provided a detailed review of all the mentioned tech-
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niques. MEMS are miniature sensor systems that can only be fabricated using silicon-based
micromachining methods. These sensors are often equipped with a small floating element.
Incoming fluid flow-induced deflections proportional to the shear stress are subsequently
transduced into electrical signals to measure the wall shear stress. Due to their miniature
size, these sensors can provide spatial resolution up to 100 microns for wall shear stress mea-
surements. Figure 1.1 shows an example of a MEMS sensor developed by Ng et al., utilizing
a piezoresistive sensing scheme. However, these sensors are sensitive to the temperature and
humidity in the wind tunnel. Furthermore, because of its complex manufacturing processes,
the implementation of these sensors on large-scale models or three-dimensional surfaces can

be very expensive.

Plate Thickness = Spm

Figure 1.1: Schematic of a MEMS wall-shear sensor with axial piezoresistive sensing (adapted
from Ng et al.[8]).

Liquid crystal techniques offer a unique approach to wall shear stress measurement by ex-
ploiting the optical properties of liquid crystals. They primarily work by observing changes
in the color or intensity of the liquid crystal coatings applied to a surface, which are sensitive

to the magnitude and direction of wall shear stress. These techniques can provide qualitative



and quantitative insight into wall shear stress and are also an effective tool for flow visualiza-
tion. However, color calibration of these coatings to various wall shear measurements is very
difficult. Furthermore, quantitative measurements of wall shear stress using these techniques
have only been conducted on flat models. Their extension on three-dimensional surfaces has
not been thoroughly explored, primarily because of the sensitivity of liquid crystal coatings
to illumination and observation angles on three-dimensional surfaces. Finally, the need for
a system of multiple cameras for quantitative measurements poses a significant challenge for
many wind tunnels. The reader is referred to references [9, 10, 11, 12, 13] for a detailed
review on liquid crystal techniques for aerodynamic measurements. Figure 1.2, shows this

method implemented by Reda et al. [14] to study wall jet flows.

Figure 1.2: Color patterns observed in downstream of a wall jet flow. This figure was
originally published in "Measurement of surface shear-stress vectors using liquid crystal
coatings” by D.C. Reda and J.J. Muratore Jr. [14]

OFT techniques have been significantly developed in the past decade. Squire [15], Tanner
and Blows [5] established that wall shear stress, gravitational forces, and pressure gradient
effects all affect the thinning of oil films. Among these, wall shear is the predominant force
in the majority of cases. This indicates that the thinning oil film should react to the wall

shear stress exerted on it. To quantify wall shear from this technique, oil is applied to the
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surface model, and the thickness of the oil film is measured by interferometry, as suggested
by Tanner and Blows [16], with the known information of oil-film thickness, the thin oil
equation can be employed to quantify the wall shear stress. A detailed theory is presented

in Chapter 2 of this thesis.

The NASA BeVERLI (Benchmark Validation Experiment for RANS and LES Investigations)
hill project aims to produce a dataset to improve and validate the turbulence models used
in CFD simulations in the present, ultimately improving predictions in future engineering
applications. It is an effort between NASA, Virginia Tech, and the University of Toronto
Institute for Aerospace Studies (UTAIS). The BeVERLI hill is a three-dimensional hill ge-
ometry designed by Gargiulo and Duetsch-Patel et al. [17] [18] to study non-equilibrium
separated boundary layer flows. More details about the geometry of the BeVERLI hill
are given in chapter 3. In the past, OFI was employed on the BeVERLI hill to acquire
high-quality wall shear stress data by Sundarraj et al. [19]. Choosing OFI for shear stress
measurements was an obvious choice, as it is easy and affordable to implement on curved
surfaces compared to the other techniques described above. The OFI technique was success-
fully validated by comparing the data with Laser Doppler Velocimetry (LDV) measurements
performed by Duetsch-Patel et al. [20]. One of the major limitations of the study was that
the surface streamline data were obtained from a fine-grid CFD simulation. Additionally,
the study used the line method to post-process the data, which tends to ignore most of the
fringe image and depends heavily on the researcher’s choice of analysis lines. The present
study proposes modifications to overcome these limitations by applying the OFI technique

with discrete oil drops on a three-dimensional surface.
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Squire [15] derived the thin-oil equation in 1961, when he was studying the motion of oil
films to visualize the surface flow patterns. His findings showed that the oil film, when
applied to the surface and subjected to wall shear stress, followed the surface streamlines
with negligible effects due to the boundary layer of the flow. By analyzing a small element
of the oil film, he derived a mass balance equation in a Cartesian coordinate system (Eq 2.1)
that accounted for the convective motion of the oil, where the height of the oil film and the

convective velocity were key parameters.

@h , 0Cwxh?/2 )  @(w:h*/2 ) _

ot ox 02 0 (2.1)

In equation 2.1, X and z are spatial coordinates, t is time, is the dynamic viscosity of the
oil,  is the wall shear stress, and h is the oil-film thickness. From the equation if the wall
shear stress and the oil properties are known, the oil-film thickness can be determined as a
function of time t. Alternatively, the equation can be inverted to calculate wall shear if the

oil-film thickness is known as a function of time.

To determine the height of the oil film, Tanner and Blows [21] were the first to propose
interferometry for determining oil-film thickness. When a thin oil film is illuminated with a
monochromatic light on a reflective surface, a portion of the incident light beam is reflected

back from the oil’s upper surface and a portion of the light is refracted into the oil, before
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reflecting back from the surface beneath it (refer Fig. 2.1). These two beams interfere
constructively and destructively depending on the phase difference  between them. Using
principles of interference optics [6, 22, 23|, and with known phase difference between these

two beams, the height of the oil can be determined using Eq 2.2.

1
(Q—z) (2.2)
nZ nZsin j

h=

4

where Ng and Ny are the indices of refraction of oil and air, respectively, j is the angle
of incidence, is the wavelength of the monochromatic light, and is the phase difference
between the beam reflected at the air-oil interface and the beam reflected at the oil-surface

interface.

Flow Direction_

(0]]
Surface

Figure 2.1: Interference Patterns produced by constructive and destructive interference

Tanner and Blows [21] first explored laser sources for illuminating the thin oil films due to
their monochromatic nature and long coherence length. However, laser sources produced
speckles that introduced noise in the interferogram images. Tanner [16], Siller et al. [24] and
Moonsoon et al.[25] have suggested using non-laser sources, as the height of the oil film is

in the order of microns, and long coherence length is not required. Additionally, non-laser



sources have lower power requirements and lower cost requirements than laser sources.

In the OFT technique, the knowledge of surface streamlines is crucial for three-dimensional
flows because the wall shear stress will have two components. Driver [26] demonstrated that
two components of skin friction could be determined by applying a square patch of oil to
the model, thereby providing two orthogonal sets of interferogram, which can be analyzed
independently. However, applying two orthogonal patches of oil often leads to interference
between the two sets of interferograms; therefore, the number of fringes suitable for analysis
is significantly reduced. Furthermore , Tanner and Blows [21] showed that the streamline
divergence and convergence in three-dimensional flows can influence the thickness of the
oil film. Converging streamlines can increase the thickness of the oil film, while diverging
streamlines lead to additional oil film thinning. They developed an alternative form of the
oil film equation to account for these divergence effects by introducing a factor n, (Eq: 2.1)
along the streamline-based coordinate system that accounted for streamline convergence and

divergence (Eq: 2.3).

Z N 1
h(s;t):fp: — ds (2.3)

wh o w

In equation 2.3, is the dynamic viscosity of the oil, U is the streamline divergence, [ is time,
and [ is the direction along the streamline, and , is the wall shear stress. Naughton and
Brown [27] showed the equivalence between eq. 2.1 and eq. 2.3. Garrison and Ackaman [28§]
further improved the equation to account for variable oil viscosity due to temperature effects.
In their approach, they first determined the height of the oil film using the interferogram

images and then solved Eq 2.3 iteratively to compute wall shear stress (Eq. 2.4).

R
2 (1/Cy)* dx

R 2.4
h“n , 9dt 24)

0:5 —
Cf;i+1 -
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where q is the dynamic pressure, Cg is the coefficient of wall shear stress, X is the distance
from the leading edge of the oil-film, h is the oil-film thickness, t is the time oil film is

exposed to the flow, and n is the streamline divergence.

However, in using this approach, a separate run with oil flow visualization is required to
determine the streamline direction. Over the past decade, researchers have proposed several
modifications to merge the OFI technique and streamline detection in a single run. Naughton
and Brown [29] suggested using a fluorescent tracer in the oil. The tracer is chosen to emit at
a longer wavelength than the illumination source, enabling the simultaneous capture of both
interferogram and surface streamline data through different optical filters. While effective,
this method can be complex and costly; moreover poorly chosen tracer particles can adhere

to the model surface due to excessive thinning of the oil film.

Tanner and Kulkarni [5] noted that even small disturbances or contaminants in the oil can
reveal local streamline directions. Their findings showed that disturbances, such as a thread
or a dust particle, alter the fringes in the interferogram, creating a distinct pattern that
reflects the streamline direction. Based on their findings, Zilliac [30] proposed the use of
discrete oil droplets to infer local streamlines in real time. As the droplets move and spread
under aerodynamic shear, their paths directly indicate streamline orientation, similar to
traditional oil visualization techniques, and validated his method on two-dimensional flow
on a flat plate. This research extends the drop-based OFI method to a three-dimensional
flow over the NASA BeVERLI hill.
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The following chapter describes the experimental setup and methodology for the oil drop
method used in this study. This chapter is divided into four sections; the first two describe the
wind tunnel facility and the geometric details of the BeVERLI Hill model. The third section
explains the implementation of the technique and the data processing steps used to compute
the wall shear stress. Finally, the last section addresses the experimental uncertainties.

Figure 3.1 shows an overview of the oil drop method.

Before Run After Run During Run

| Camera Intrinsic Calibration

Determination of

streamline direction | Capture Images |

Camera Calibration Determination of
1 fringe spacing Silicon oil drops are
Camera Extrinsic Calibration g a.pzl'ed’ ’
Determination of oil and wind tunnel is
film height turned on
Implement Garrison-Ackman R d
approach to compute shear ecor
stress Freestream Data

Figure 3.1: Flowchart of processing method
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The experiments were conducted in the Stability Wind Tunnel (SWT) facility of Virginia
Tech. SWT is a closed-circuit, single-return subsonic wind tunnel. This wind tunnel has a
rectangular test section with dimensions of 7.3 meters x 1.85 meters x 1.85 meters. The fa-
cility features two interchangeable test section configurations, one equipped with aluminum
hard walls for aerodynamic testing and the other equipped with kevlar walls for aeroacoustic
testing. For these experiments, the aluminum hard wall configuration was used, featuring
modular sidewalls for easy installation of the BeVERLI Hill model. The tunnel is powered
by a 4.3 meters diameter propeller equipped with a 0.45 MW DC motor, controlled by the
Emersonon VIP ES-6600 SCR drive. The tunnel is capable of a maximum flow speed of 80
m/s, which translates to a 5 million per meter Reynolds number. The freestream turbu-
lence level intensities range from 0.0102% at 20 m/s to 0.0230% at 70 m/s. The boundary
layer thickness at the center of the test section is about 0.1 meters. Dynamic pressure was
measured with an Esterline 9816/98RK pressure scanner, which carries a manufacturer’s
uncertainty rating of £0.05%. The flow temperature was measured using an Omega 44004
thermistor type sensor, which has an uncertainty of 0.5 K. A schematic of the wind tunnel
is shown in figure 3.2, and additional details about the facility can be found in papers by

Duetsch-Patel et al. [31] and Vishwanathan et al [32].

Oi0 0oOdobt 4ol ooo

The BeVERLI hill geometry was proposed by Gargiulo et al. [17], it uses a fifth-degree
polynomial to define the centerline and spanwise profiles, ensuring smooth and continuous

curvature along the surface. A key characteristic of the BeVERLI Hill is the inclusion of
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Figure 3.2: Stability Wind Tunnel Schematic [19]

four flat regions strategically placed at the center, both on the windward and leeward faces
of the hill. The equations for these profiles, along with their corresponding coefficients, are
comprehensively documented in [17]. The model has a maximum height of H = 0:1868
meters and a width of W = 0:9347 meters. To provide a standardized frame of reference,
a global coordinate system is adopted to describe the BeVERLI hill geometry shown in
figure 3.3a. In this system, X corresponds to the streamwise coordinate aligned with the
freestream flow direction, Y denotes the wall-normal coordinate, and Z denotes the spanwise

coordinate. The hill model exhibits a 90 rotational symmetry about the Y axis.

The model was fabricated from high-density epoxy foam as the base material through CNC
machining. The model has four acrylic windows contoured to conform to the BeVERLI hill’s
polynomial profile. Two windows are polished and treated with a black reflective coating
to facilitate OFI measurements. The remaining two windows are transparent to facilitate
optical measurements. This dual-window configuration permits the simultaneous capture
of near-wall velocity and wall shear data. The hill model is mounted on the port wall
6.88 m downstream of the boundary layer trip in SWT. These experiments were done at
Reynolds numbers, based on the hill height (H), of Rey = 250;000 and Rey = 650; 000.

Previous studies [17, 20, 19] primarily employed a symmetric 45° yaw orientation, whereas
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Y axis +
Surface Normal |
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Figure 3.3: (a) Geometric dimensions and coordinate system of BeVERLI hill, (b) 30° ori-
entation of the hill model, and (¢) BeVERLI hill mounted on the port wall of SWT

the present work adopts an asymmetric 30° yaw orientation relative to the freestream flow

(Refer to figures 3.3b and 3.3c).

00 DoUibooobbiiiou too oouooo

The OFTI instrumentation for this experiment consisted of several key components.

Two low-pressure sodium vapor lamps with two 18-watt SOX-E18 Philips bulbs each pro-

vided monochromatic light at a 589 nm wavelength. Using monochromatic light eliminates
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Figure 3.4: Foam Swap for application of the oil on surface

the complexities arising from varying wavelengths and is therefore producing clear and inter-
pretable fringe patterns. These lamps were positioned on either side of the hill on the port
wall of SWT. Furthermore, to enhance light diffusion, white contact paper was applied to the
starboard wall of the test section, creating a matte surface that scattered light and reduced
direct reflections that could be caused by the aluminum panels of the test section walls.
Diffusing the light in this way prevented glare and ensured that the illumination incident on

the oil film is sufficiently uniform to generate clear and consistent fringe patterns.

Silicon oil (Clearco Polydimethylsiloxane fluid) was used in this experiment. Silicon oils are
colorless, odorless, and have low viscosity variation with temperature. The low viscosity
variation with temperature ensures a consistent oil film behavior in a run and reduces the
temperature uncertainty in the measurement. Furthermore, the colorless nature of the oil
ensures clear visibility of interferogram images and that there is no interference in the light
path. Oils with viscosities of 20, 50, and 100 centiStokes (cSt) were chosen for different flow
conditions. The oil was applied in a cluster of small drops, using a foam swab with a pointed
tip (commonly used in PCB cleaning applications), with a base diameter of 3 mm and a tip

diameter of 1 mm (Figure 3.4).

To capture the interferogram images, the imaging system consisted of a Canon Rebel T3
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camera equipped with a CMOS sensor and 12.2-megapixel resolution. The camera system
was mounted on a custom-made acrylic panel on the starboard wall of SWT, allowing for
quick transitioning of camera positions based on measurement locations. Due to the large
width of SWT, the camera was coupled with a 70-300mm telephoto zoom lens to provide
sufficient magnification for capturing interferogram images. The interferograms were viewed
in real time on a computer using Canon EOS Utility software before capturing the images

to ensure the clarity of the images. Figure 3.5 shows the complete setup in SWT.

®

Flow Direction

White Contact paper
(For Light diffusion)

“Sodium Lamﬁs ‘
(Monochromatic light source) \
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Figure 3.5: Experimental Setup in Stability Wind Tunnel (SWT)
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Two-step camera calibration procedure was implemented to map the three-dimensional BeV-
ERLI Hill surface coordinates into the two-dimensional coordinates of the interferogram

images.

The first step involves the determination of camera intrinsics, which include focal length,
principal point, skew coefficient, and radial and tangent distortions of the captured image.
Intrinsic calibration is done using a 6mm checkerboard pattern and the Matlab Camera
Calibration program. Fifteen images of the checkerboard pattern are captured at arbitrary
orientations. The second step involves the determination of camera extrinsics to get a rigid
transformation from the camera coordinate system to the BeVERLI Hill coordinate system.
Extrinsic camera calibration is performed using a custom-designed dot grid pattern to the
size of the BeVERLI Hill window. The dot grid pattern consisted of 5mm diameter dots
with 10mm spacing between each dot. The dot grid pattern was first placed on the window,
and an image was captured through the camera. This image, along with the intrinsic camera
parameters determined earlier, was then used to solve the collinearity equations to compute
the extrinsic camera parameters. Figure 3.6 shows the checkerboard pattern and the dot

grid pattern used for the intrinsic and extrinsic camera calibration, respectively.
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The processing methodology comprises two steps: (1) determining the local streamline di-
rection, (2) determining the oil film thickness, and computing the wall shear stress from the

interferogram images.

The direction of the local streamline in this study is determined by tracing the path of
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Figure 3.6: Camera calibration patterns for intrinsic and extrinsic camera calibration

the oil drops. As the wind tunnel reaches the test flow speed, each droplet travels along
the local surface streamlines dictated by the underlying flow pattern (Figure 3.7). This
approach eliminates the need for separate flow visualization to determine the direction of the
streamline. Simultaneously, monochromatic illumination from sodium vapor lamps creates
an interferogram pattern within the thinning oil film, and these patterns are recorded through
high-resolution, time-stamped images using the image acquisition system described in Section

3.3. Using the camera calibration parameters (discussed in Section 3.4), the angle of the local
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