
Measurement Science and Technology

Meas. Sci. Technol. 31 (2020) 065301 (13pp) https://doi.org/10.1088/1361-6501/ab75b1

Oil droplet sizing and velocity
determination using a fiber-optic
reflectometer

Jitae Do1, Wei-Liang Chuang2 and Kuang-An Chang1,3

1 Department of Ocean Engineering, Texas A&M University, College Station, TX 77843, United States
of America
2 Department of Marine Environment and Engineering, National Sun Yat-sen University, Kaohsiung 804,
Taiwan
3 Zachry Department of Civil and Environmental Engineering, Texas A&M University, College Station,
TX 77843, United States of America

E-mail: kchang@tamu.edu

Received 1 October 2019, revised 24 January 2020
Accepted for publication 12 February 2020
Published 13 April 2020

Abstract
This study attempts to apply a single-probe fiber-optic reflectometer (FOR) to determine the
velocities and sizes of oil droplets rising in a static water column. The concept proposed by
Chang et al (2003 Rev. Sci. Instrum. 74 3559–65) was employed to derive the oil droplet velocity
from a signal acquired using the FOR technique. An oil plume in a vertical water column was
set up to verify the applicability in the oil–water mixture flow. A high-speed imaging technique
was applied to provide control data sets for quantitative validation. The droplet velocity,
residence time, and chord length measurements were validated by comparing with the results
from high-speed images using the bubble image velocimetry technique and the image gradient
method. To extract the oil-phase residence time, a double-threshold method was applied. It was
found that the velocity measured by the FOR probe has an error of approximately 8%, while the
measured chord length has an error of 13% and 8% in direct and indirect comparison with
images, respectively. Furthermore, to evaluate the applicability of droplet size estimation using
the present cleaved-tip single-optical-fiber probe, droplet–probe interaction was studied to
examine the lower limit of the measurable range using dominant dimensionless parameters. The
lower limit was found as roughly 20 times the diameter of the optical-fiber probe.
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1. Introduction

Oil droplet sizing is a common challenge in various dis-
ciplines, such as petroleum engineering, chemical engineer-
ing, food science, and the pharmaceutical industry. The tech-
nique for measuring oil droplet size distribution is consistently
being developed or improved by engineers and scientists. Not
limited to land, oil droplet sizing is also of great interest in
ocean environmental studies, particularly the oil and gas blo-
wout on the sea floor at deep water level. When oil is released
in deep water and breaks up into droplets, owing to buoyancy
and surface tension, larger droplets with diameters ofO(1 mm)

may rise and reach the sea surface faster, resulting in oil slick
formation, while the smaller ones with diameters of O(1 µm)
tend to rise more slowly and can be transported long distances
from the discharge location [1]. As a result, the oil droplet
size distribution is a very important factor in the fate of oil in
an ocean environment. Understanding of both the physical and
chemical properties of the distribution are generally expected
to provide necessary knowledge to the development of coun-
termeasures.

To measure oil droplet size, optical techniques are often
viewed as the most robust approaches with the advantage
of non-intrusiveness. The optical techniques can be typically
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categorized into two methods: imaging methods and light-
scattering methods. The imaging method is to extract the
droplet size from captured images by applying image pro-
cessing or analysis schemes. For example, Tan and Yao [2]
conducted an experiment in the laboratory to measure the
distribution of oil droplets in a water column from laser-
illuminated images. In that particular experiment, they found
that 98% of oil droplets were less than 78 µm and the max-
imum diameter of the dispersed oil droplets was 113 µm. The
imaging method was also employed with a combination of
remotely operated vehicle (ROV) and video cameras to obtain
the in-situ oil droplet size distribution from a field experiment
in which gas and oil mixtures were released from a depth of
844 m at 125 km off the coast of central Norway [1]. In the
report, the maximum droplet diameter was 8–10 mm and the
oil droplets with diameter greater than the critical diameter no
longer increased with droplet size.

A light-scattering method may be preferred when a higher
data rate and more detailed statistical properties are desired.
For the scattering methods, a laser is typically employed in
combination with an optical transmitter and an optical receiver
which collects light scattered by droplets passing through the
sampling volume. Lunel [3] conducted a field experiment to
measure the oil droplet size distributions below oil slicks using
a phase Doppler particle analyzer (PDPA) with a measurable
range of 1–300 µm. Lunel found that the mean droplet dia-
meter was no greater than 50 µm and the maximum droplet
size was around 100 µm. More recently, laser in-situ scatter-
ing and transmissometry (LISST)was employed for oil droplet
size measurement in the laboratory to study droplet breakup
and effectiveness of dispersant injection on a small scale [4]
and a large scale [5] with a measurable range from 2.5 to
500µm in diameter.With an upper detection limit of 500µm, a
significant droplet size fraction was reported outside the meas-
urable range in some cases [4]. Another application of the
scattered methods is in the focus beam reflectance method
(FBRM). The measurement principle of FBRM is based on
backward light scattering using a focused beam of laser light
that scans across a particle passing in front of the probe win-
dow to take measurements. Boxall et al [6] conducted meas-
urements of droplet size distribution in water-in-oil emulsions
using FBRMcomparedwith a particle videomicroscope. They
concluded that water droplets with diameter up to 2 mm can be
measured with a typical average error of less than 20% when
using FBRM.

Although several successful applications of both ima-
ging methods and light-scattering methods for measuring oil
droplet size distribution have been reported, both methods are
subject to overlapping interference when the droplets are in
high concentration. Furthermore, the scattering methods have
an upper limit which is not adequate to cover a wide range of
droplet sizes in the order of 1 mm in diameter. More import-
antly, these methods do not provide the droplet velocity distri-
bution. For such purposes, intrusive probes may be preferred.

For intrusive probes, conductivity probes [7–10] and
optical-fiber probes [11–26] have been utilized for several dec-
ades to estimate the size, velocity, and volumetric fraction of
air bubbles. The conductivity probes utilize the difference in

electrical conductivity, while the optical-fiber probes detect
the transition between different refractive indices. Compar-
ing between conductivity and optical-fiber probes, the optical-
fiber probes are generally preferred since their signal-to-noise
ratio and sensitivity are much higher than those of the conduct-
ivity probes [24]. Furthermore, the optical-fiber probes have
the advantages of simplicity of use, near non-intrusiveness due
to their miniature dimensions (of the order of 100 µm), and
very short response time (of the order of 10 ns).

Intrusive probes have been successfully employed in the
study of aerated flows. In these applications, obtaining the air-
phase residence time (and therefore the air volumetric frac-
tion) is relatively straightforward but determining the bubble
velocity is not. To determine the air bubble velocity, dual
[19, 27–29] or quadruple [24–26] optical-fiber probes are
commonly applied and the probe signals are cross-correlated.
However, the use of multiple probesmay alter or even break up
the air bubble formation. In such cases, the probe configuration
becomes a challenge in which its interference to the flow must
be minimized. Furthermore, the interaction between rising air
bubbles and multiple optical-fiber probes may disturb velo-
city measurements [27, 28]. The influence may result in large
uncertainty in the velocity estimation and in turn affect the
measured chord length and volumetric fraction. To overcome
these issues [20], proposed the fiber-optic reflectometer (FOR)
technique, which only requires a single optical-fiber probe to
derive air bubble as well as seeding particle velocities. Lim
et al [23] further extended the technique to measure sizes of
air bubbles in an aerated flow.

Compared to the literature on air bubble sizing and velocity
determination using conductivity or optical-fiber probes, the
number of studies on oil droplet sizing and velocity determin-
ation in oil–water mixture flows is relatively limited. Among
some valuable works [30–33] employed dual conductivity
probes to measure the velocity, volumetric fraction, and size
distribution of oil droplets. Using a single cleaved optical-fiber
probe [34], first demonstrated the possibility of measuring
oil-phase residence time in a vertical kerosene–water mixture
flow. Subsequently [35], applied dual optical-fiber probes to
measure velocity and estimate oil droplet size. Hamad and He
[36] later reported a validation study by comparing the results
obtained by hot-film probe, further confirming the feasibility
of measuring velocity, volume fraction, and droplet size with
dual optical-fiber probes. More recently [37, 38] employed
quadruple optical-fiber probes to measure the size and three-
dimensional velocity of oil droplets. In the process, a rather
complicated algorithm based on two assumptions is required
to complete the measurements. They assumed that (i) the velo-
city and size of droplets are constant during the probe penetra-
tion, and (ii) the oil droplets are spherical. Such assumptions
allow themeasurable droplet size to be up to 4mm in diameter.

To the authors’ knowledge, the examination of oil droplet
sizing and velocity determination using a single optical-fiber
probe with its range of applicability and intrusive effects
remains unattempted. As mentioned earlier, obstruction by the
intrusion of the probes, although small in dimensions, remains
a concern due to the viscous nature of the oil droplets. The
less intrusive nature of the single-probe approach thus features
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great advantages over the multiple-probes setting. Hence, the
success of using a single fiber-optical probe for simultaneous
velocity and size measurements of oil droplets in an oil–water
mixture flow would be promising.

This study aims to develop an optical-fiber-based technique
with a single probe for measuring the velocity, residence time,
and size of oil droplets in oil–water mixture flows. It employed
the FOR technique developed by Chang et al [20] and exten-
ded the velocity and size measurements of air bubbles pro-
posed by Lim et al [23] in a bubble plume to those of oil
droplets in an oil plume rising in an otherwise static water
column. An oil plume in a vertical water column was set up to
examine the technique. A high-speed imaging technique was
employed to provide control data sets for quantitative valida-
tion. This paper is organized as follows: (i) experiment condi-
tion and principle of FOR; (ii) derivation and validation of oil
droplet velocity; (iii) validation of residence time and chord
length measurements; (iv) discussion on droplet–probe inter-
action to investigate the limit of measurable range using this
technique. These are then followed by conclusions to summar-
ize the findings of the study.

2. Experiment condition and principle

2.1. Experiment condition

A square-cross-section water column with oil released by four
nozzles at the bottom was set up to test the FOR technique.
The test condition simulates an underwater oil plume in a con-
fined space. Figure 1 illustrates the experimental setup, includ-
ing the optical-fiber probe, high-speed photography, and the
constant-head configuration for maintaining a constant pres-
sure head (in both the water column and the reservoir) and oil
flow rate. The oil employed in this study is Penreco Conosol
C-200, and its physical properties, as provided by the manu-
facturer, that are essential to the FOR application are listed in
table 1. The acrylic square column, with a wall thickness of
4 mm, has dimensions of 1000 mm height and 50 mm width.
Before releasing oil in each test, the column was filled with
water to a depth of 693 mm. The oil flow rate was regulated
by an electronically controlled pump that connects an oil reser-
voir and a one-to-four splitting tube evenly distributing the oil
flow to the four nozzles. The nozzles, with circular openings,
were evenly located at the four corners of the column. The
center of each nozzle is 10 mm from each side of the inner
column wall. An opening on one of the column walls 100 mm
below the top was designed to allow overflow of oil to return to
the reservoir. Through this, the fluid head and the oil flow rate
were kept constant throughout the experiment.

Oil droplets were generated by the nozzles with four differ-
ent inner diameters: 3, 2, 1, and 0.5 mm (hereafter termed as
Cases I, II, III, and IV, respectively). The setup of the optical-
fiber probe followed the method in Chang et al [20], in which
the velocity and residence time of rising air bubbles in a bubble
plume were measured using a single optical-fiber probe. The
optical-fiber probe was fixed pointing vertically downwards
with its tip at 634 mm above the column bottom. As the oil
plume was confined by the narrow column, the droplets had

Figure 1. Schematic diagram of the experimental setup for
measuring the rising oil droplets using FOR and imaging. Note that
HSC indicates a high-speed camera, and the diagram is not to scale.
The units are in mm.

been homogenously distributed before reaching the measure-
ment position, confirmed by visual examination and inspecting
camera images. A needle made of stainless steel with an inner
diameter of 1 mm was used to direct and support the optical
fiber. The fiber end tip protruded out of the needle by 5 mm
to avoid oil residue around the needle end, while the optical
fiber remained sufficiently stiff when encountering droplets.
The setup followed previous FOR applications in violent wave
impacts [39, 40], and was further verified by video examina-
tion in preliminary tests.

For visual examination and validation purposes, a high-
speed imaging technique using two high-speed cameras (Vis-
ion Research Phantom M340) was employed and synchron-
ized with the acquisition of the FOR signal. The side-looking
arrangement for both cameras is also illustrated in figure 1. The
center of each camera field of view (FOV) targets the fiber end
tip, and the measurement planes are normal to each other. In
doing so, the three-dimensional motion of oil droplets and the
location of penetration when encountering the fiber tip can be
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Table 1. Oil type and physical properties essential to FOR
application.

Oil type
Density
(kg m−3)

Kinematic
viscosity
(m2 s−1)

Refractive
index

Penreco Conosol C-200 818 2.36 × 10−6 1.452

inferred. In the experiment, the camera framing rate was set
to 500 frames per second. Both cameras were mounted with
a Nikon Micro-Nikkor 60-mm f /2.8D lens with an f stop of
f /8.0. The FOVs were set to 32 × 32 mm2 for Case I and
34× 34 mm2 for Cases II, III, and IV. The camera has a resol-
ution of 1024× 1024 pixels. This results in a spatial resolution
of 0.032 mm pixel–1 for Case I and 0.033mm pixel–1 for Cases
II, III, and IV, and depth of field (DOF) of 2.8 mm and 3.1 mm,
respectively. Note that the FOVs cover approximately 80% of
the inner flume width.

To measure velocity using a single optical-fiber probe, a
very high sampling rate is required. This was achieved by
using a high-speed digitizer (NI 5112, National Instruments),
while 5 MHz was estimated to be a sufficient sampling rate
(details to follow). Due to the memory limitation in the high
speed cameras, only 15 s of time series data were recorded
when using such a high sampling rate. To acquire a sufficient
number of oil droplet encounters for subsequent analysis, 40
repeated tests were conducted consecutively for each of the
four cases, leading to a 600 s equivalent recording length based
on the well-mixing condition for each case. Table 2 summar-
izes the test conditions with the nozzle size, number of droplet
encounters, droplet encounter frequencies, fraction ratio from
phase transition measured by FOR signals, and average dia-
meters of droplets obtained from the high-speed images. Note
that an edge-detection technique using Canny edge detector
was performed to measure the area and thus the average dia-
meter of the droplets.

2.2. Principle of FOR technique

In this study, the FOR technique proposed by Chang et al
[20] was applied. The light source of the technique was a
multilongitudinal-mode diode laser with a 1 mWoutput power
and 1310 nm wavelength (λ). The optical waves sent from the
laser are then divided by a 2× 2 single-mode fuse fiber coupler
with a splitting ratio of 50:50. Two paths from the coupler lead
the optical waves to two optical fiber patches—one termin-
ated as a flat-cut end tip and the other terminated as an angled
physical contact (APC). The APC end serves as a reference,
while the flat-cut end tip serves as the probe end. Note that
the flat-cut end tip was processed by a cleaver that ensures a
normal angle surface at the fiber end tip. The SMF-28 (single-
mode fiber-28), a standard telecommunications-grade optical
fiber, was used in this study. The SMF-28 fiber has a core
dimeter of 8 µm cladded by a protection layer with a diameter
of 125 µm. The detected signal is acquired by a high-speed
digitizer.

The amplitude of the detected signal represents the reflec-
ted optical power due to Fresnel reflections off the fiber–
fluid interface at the fiber tip. The power of light reflected
from the fiber–fluid interface using Fresnel reflectivity can be
expressed as

P1 = P0α
2R;R=

(
n− nf
n+ nf

)2

(1)

where P1 is the detected power of the light reflected from the
fiber–fluid interface, P0 is the laser power (1 mW), α is the
splitting ratio of the fiber coupler (α = 0.50),R is the Fresnel
reflectivity, and nf is the refractive index of the optical fiber
(nf = 1.444). Note that the n value of pure water (nw) and Pen-
reco Conosol C-200 oil (no) are 1.333 and 1.452, respectively.

2.3. FOR signal signature in oil droplet encounter

Figure 2 shows a sample raw FOR signal with 13 encounters of
oil droplets together with a pair of snapshots captured by the
two high-speed cameras, HSC1 and HSC2, which visualize
one of the oil droplet encounters. Unlike the always-positive
square-like FOR signals in a bubble plume reported by Lim
et al [23], positive, negative, and fluctuating as well as non-
bell-shaped oscillating signals were all observed as demon-
strated in figure 3. It should be noted that signals in 27% of
the encounters were found to be of negative, square-like sig-
nal type, while a similar proportion of 25% of the encounters
were of oscillating signal type. As a result, the typical crossing
method with a single threshold used in bubble identification is
insufficient to identify the oil droplet encounters. Before dis-
cussing the signals in detail, it is worth pointing out that [41]
discussed the wetting film effect on a cleaved-tip optical-fiber
probe. They reported that the measured reflectivity, when it is
immersed in the non-wetting phase, fluctuates according to the
thickness of water wetting film and possibly the inclination of
the wetting film. Applying standard thin-film theory [42] to
equation (1) can be expressed as follows:

P2 = P0α
2R ′;R ′ =

(
nnf − n2w
nnf + n2w

)2

(2)

where n, nf, and nw are the refractive indices of the dispersed
phase (oil for the present study), optical fiber, and water film
wetting on the optical fiber tip, respectively, andR ′ is the cor-
responding Fresnel reflectivity.

Table 3 summarizes the reflected power P1 and P2 cal-
culated using equations (1) and (2), and power changes ∆P1

and ∆P2 from the continuous phase (water). If the wetting
effect of the thin film on the tip is large, the power change
from oil to water, ∆P2, is positive, as shown in figure 3(a).
If the effect is small, the power change from oil to water,
∆P1, is negative, as shown in figure 3(b). A fluctuating sig-
nal in the oil phase is also observed, as shown in figure 3(c).
This could imply the wetting water film thickness may change
during penetration. Sun et al [38] also observed the negat-
ive and fluctuating signals in 40% octanol–kerosene and water
mixture flow. For non-bell-shaped oscillating signals as shown
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Table 2. Test conditions.

Test Nozzle inner diameter (mm) No. of encounters Encounter frequency (s−1) Fraction ratio (%) Average diameter (mm)

Case I 3 1562 2.6 6.1 6.6
Case II 2 1671 2.6 5.3 4.8
Case III 1 1150 1.9 3.0 3.3
Case IV 0.5 157 0.6 0.3 1.6

Figure 2. Sample raw FOR signal with 13 encounters of oil
droplets, and images from HSC1 and HSC2 for a sample droplet
encounter with the fiber end tip.

in figure 3(d), Lim et al [23] reported that the oscillating sig-
nal emerges when the penetration occurs around the lateral
side of the air bubbles and the pattern of the oscillating signal
is bell-shaped. Our visual examination confirmed that similar
signal patterns applied to oil droplets but the shape of the sig-
nal was not bell-shaped. Compared to the FOR signal from
air bubbles in the water column [23], the appearance of neg-
ative signals, fluctuating signals, and non-bell-shaped oscillat-
ing signals was notably different. This wetting film issue may
not be a problem for air bubble signals since the power change
from the air (water film) to water phase is much higher than
the reflected power in the water phase, while the wetting issue
would not be negligible in oil–water mixture flows since the
power change from oil (water–film) crosses over the reflected
power in the water phase. This also implies that the single-
threshold detection method may fail to discriminate between
the oil and water phases. This will be discussed in section 4 in
detail.

3. Determination of oil droplet velocity

3.1. Principle

In an air-bubble plume [20], reported that, shortly before the
fiber tip is in contact with an air bubble and the contact angle is

nearly normal to the optical fiber end-tip surface, a coherent-
beat signal was received by the FOR probe. This oscillat-
ory signal is the result of coherent mixing of scattered signal
from the bubble with Fresnel reflection signal from the tip of
the optical fiber. The period of the signal provides necessary
information to determine the air bubble velocity. The same
concept may be applicable to measuring the oil droplet velo-
city. This section will demonstrate the works that follow the
algorithm and application elucidated by Chang et al [20] and
Lim et al [23], as well as the validation by comparing with the
result measured by bubble image velocimetry [43].

According to Chang et al [20], the velocity determination
of an approaching interface by the oscillation signature can be
formulated as

u=
∆d
T

(3)

where T is the period of the oscillation, and ∆d is the travel
distance of the interface for one complete oscillation cycle, or

∆d=
λ

2nw
(4)

where λ is the laser wavelength (λ= 1310 nm), and nw is the
refractive index of water (nw = 1.333). In this study, ∆d was
calculated as 492 nm.

3.2. Determination of oil–water interface velocity

A very high sampling rate of O(1 MHz) is required to
reveal the signature of periodic oscillation in the FOR sig-
nal acquisition. Based on Chang et al [21], the minimum
required sampling rate, determined by the Nyquist frequency,
is approximated as 4|ue| MHz where ue is the maximum
expected velocity in m s−1. Figure 4(a) presents a FOR sig-
nal with the coherently mixing feature, as shown in its close-
up in figure 4(b), of an oil droplet encounter. Indeed figure
4(a) is the close-up of the signal at around t = 120 ms in fig-
ure 3(a). It should be pointed out that the presence of analyz-
able oscillation signature in the FOR signal highly relies on
the location of penetration. For example, figure 3(a) shows an
ideal penetration scenario—the fiber tip approached and then
pierced roughly at the center of the curved interface of an oil
drop as the droplet was rising in the water column. As shown
in Lim et al [23], an encounter position too far from the cen-
ter of an air bubble tends to result in weak reflective signals
that in turn would create poor oscillation signature and hamper
its velocity determination. Such a critical condition consid-
erably limits the number of analyzable signals over detected
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Table 3. Reflected power and power changes.

P1 (µW) P2 (µW) ∆P1 (µW) ∆P2 (µW)

Water Oil Air Oil (water film) Air (water film) Oil–water Air–water Oil (water film)–water Air (water film)–water

0.39 0.003 8.13 1.32 2.63 −0.39 7.74 0.92 2.23

Figure 3. Three general types of FOR signal in oil droplet
encounters: (a) positive square-like signal, (b) negative square-like
signal, (c) fluctuating signal, (d) non-bell-shaped oscillating signal.
The ‘high pulses’ in (a), (b) and (c) were the results of droplets
approaching the fiber end tip and, after penetration, leaving the fiber
tip. Note that X1 and X2 represent the upper and lower thresholds
applied in the signal processing, respectively.

droplet events. Nevertheless, the limitation also implies all
effective encounters occurred when the probe is piecing nearly
through the center of the droplets. Accordingly, the resulting
chord length, which can be calculated through the measured
velocity and residence time, does not deviate too far from the
actual diameter of the droplet. This chord length may in turn
be used to present the diameter of the droplet with uncertainty
to be quantified in the next section.

For the oil droplets effective for velocity determination, the
experiment counted 14 out of 1562 (or 0.9%), 18 out of 1671
(or 1.1%), and 11 out of 1150 (or 1.0%) for Cases I, II and
III, respectively. Overall, the rate of analyzable encounters is
approximately 1% for oil droplets, mainly due to the low prob-
ability of center-piecing events. Since there is no analyzable
signal in Case IV, processing for velocity measurement was
not performed in Case IV. The main cause is its small droplet
size; more discussion will follow in section 5. Compared to
the air bubble velocity determination by Lim et al [23], the
proportion of analyzable encounters is roughly 50% lower than

Figure 4. Description of oil droplet velocity determination. (a)
Close-up of the rising signal in figure 3(a). (b) Close-up of a
randomly selected 20 µs segment. (c) Spectrum of the signal in (b).
(d) Resulting velocity corresponding to the signal in (a). (e)
Corresponding displacement of the oil droplet with z = 0 being the
end face of the fiber tip. Note that the time moments A, B and C
correspond to z = −175, −125, and 0 µm, respectively.

that for air bubbles (roughly 2%). Since the oil–water sur-
face tension is about one-third of the air–water surface ten-
sion, oil droplets tend to deform more easily than air bubbles.
The deformation of oil droplets could contribute to the reduc-
tion in the number of analyzable encounters. It is also worth
noting that the coherent-beat signals were also observed when
the optical fiber leaves the oil droplets and pierces through
the near center, similar to that reported in Lim et al [23]
for air bubbles. However, those signals were excluded for oil
droplet velocity determination since the viscous effect could
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create a higher uncertainty in comparison to its front-surface
encounter.

The oscillation period T is needed to calculate the droplet
velocity in equation (3). To find T, a constant interval of
20 µs (see figure 4(b)) was assigned to divide the oscillat-
ing signal into several time segments. The assignment of
the constant interval was not randomly selected but determ-
ined by a convergence test. Figure 4(b) shows the received
sample signal within a short duration of 20 µs, featuring sev-
eral coherent beat waves. Fast Fourier transform (FFT) was
then applied to the signal in each segment (see figure 4(c))
to find T by locating the peak frequency in the spectrum
using a cubic-spline method. The same routine was applied
to each time segment so the time series of the oil–water inter-
face velocity, as presented in figure 4(d), can be obtained. As
shown in figure 4(d), the droplet started to decelerate when
it approached the fiber tip due to the viscous effect. The res-
ult is similar to that reported in Lim et al [23] for air bubble
measurements.

3.3. Determination of oil droplet velocity

In principle, the most sensible distance for determining the
velocity of an approaching object is subject to the laser emis-
sion power and interference (mainly due to the viscous effect
of the flow) of the optical fiber. Chang et al [20] reported a
more specific definition by considering the size of the optical
fiber. They concluded that the (nearly constant) approaching
velocity of air bubbles is sensed from 1.4 to 1 times the dia-
meter of the fiber end face (i.e. z = −(175−125) µm) as the
object moves towards the fiber tip, and the average of the
velocity data points within this range represents the object
velocity. Lim et al [23] further gave a thorough description
of how the interaction between the optical fiber tip and an
approaching air bubble can affect the velocity determination.
They also indicated that the velocity averaged over the range
within z = −(1.4–1) times the fiber diameter in front of the
fiber end-tip face may represent the air bubble velocity. In
the present study, the concept proposed by Chang et al [20]
was used to determine the oil droplet velocity. To locate the
arrival time at z = −175 and −125 µm (i.e. 1.4 and 1 times
the fiber diameter) in front of the fiber end tip, namely points
A and B in figure 4, the time series of the droplet displacement
(figure 4(e)) should be determined. This can be simply done
by integrating figure 4(d) over time. As a result, points A and
B can be easily determined, and the oil droplet velocity can
be readily obtained by averaging the data points within this
interval.

3.4. Validation of oil droplet velocity measurement

To validate the oil droplet velocity derived from the FOR sig-
nal, the image-based bubble image velocimetry (BIV) tech-
nique introduced by Ryu et al [43] was employed. The tech-
nique is capable of quantifying multiphase flow velocity
through cross-correlating successive images. Subsequently,
the images captured by HSC1 and HSC2 were processed to
obtain the velocity of the oil–water interface of a droplet. To

resolve the motion of the deforming rim of the oil droplet, a
final interrogation window of 16 × 16 pixels was selected,
reducing from the initial interrogation window of 128 × 128
pixels in the multi-pass algorithm. With 50% overlap between
adjacent interrogation windows, the velocity vectors have a
fine spatial resolution of 0.26 mm × 0.26 mm.

The oil droplet velocity derived from the FOR signal has
a temporal resolution of 20 µs, while the temporal resolution
of BIV is only 2000 µs. To be able to compare the velocities
measured by BIV and FOR, the BIV velocity (WBIV) is extra-
polated using two consecutive velocities before the optical
fiber is in contact with the oil droplet to match up with the
temporal resolution of the FOR velocity (WFOR). Assuming
the droplet velocity is linear in such a short duration, a linear
extrapolation method was employed for BIV velocity calcula-
tion in the range from z=−175 to−125 µmbefore the optical
fiber came into contact with the oil droplet. To evaluate the
uncertainties in the comparison, the MBE (mean bias error),
RMSE (root-mean-square error), MRE (mean relative error),
and RMSRE (root-mean-square relative error) were calculated
as follows:

MBE=
1
N

N∑
i=1

(yi− xi) (5)

RMSE=

√√√√ 1
N

N∑
i=1

(yi− xi)
2 (6)

MRE=
1
N

N∑
i=1

(yi− xi)
xi

× 100 (7)

RMSRE=

√√√√ 1
N

N∑
i=1

(
yi− xi
xi

)2

× 100 (8)

where xi is the reference data (BIV velocity) and yi is the meas-
ured data (FOR velocity) for this velocity comparison. Note
that the MBE and RMSE of the measurements give inform-
ation in the same units as the variable of interest, while the
MRE and RMSRE provide more meaningful comparison of
errors across the populations (i.e. oil droplets generated from
different nozzles).

The velocity (W) comparison by plotting WBIV against
WFOR is shown in figure 5, and the statistical errors in the com-
parison are summarized in table 4. The results indicate that
the FOR technique is capable of measuring oil droplet velo-
city with good accuracy. The RMSE is about 1 cm s−1 and
the RMSRE is less than 8% for all three cases. The error in
the present oil droplet velocity measurements is comparable
to the RMSE value of 1.7 cm s−1 in the air–water flow repor-
ted by Lim et al [23]. Interestingly, the RMSE values of the oil
droplets seem independent of the velocity magnitude, at least
over the range tested. The same observation on bubble velo-
cities was also reported in Lim et al [23].
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Figure 5. Comparison of the oil droplet rising velocity determined
by BIV measurements (WBIV) as a reference velocity and FOR
signal processing (WFOR). Note that the solid line indicates the 45◦

expected values.

Table 4. Statistical errors in the velocity comparison.

W data MBE (cm s−1) RMSE (cm s−1) MRE (%) RMSRE (%)

Case I 0.1 1.1
Case II 0.7 1.2
Case III −0.8 0.9

0.9 7.6

It should be emphasized that the present approach only
requires a single optical-fiber probe for velocity determina-
tion. Compared with the dual-probe [35] and quadruple-probe
[37, 38], approaches for oil droplet velocity measurements,
the single-probe approach not only minimizes the interference
in the flow, but also eliminates the need to identify encountered
droplets. It largely increases the feasibility of the applications
in various fields since the viscosity of oil would affect the velo-
city measurements more significantly when using multiple-
fiber probes. While no direct velocity comparison from results
measured by multiple optical fibers and images in oil–water
mixture flows is available [24], reported a direct velocity com-
parison using dual/quadruple-optical-fiber probes and images
for air bubbles in a water column. From their results, the MRE
between the results using dual- and quadruple-optical-fiber
probes against images were up to −8% and 13%, respect-
ively, depending on the air bubble sizes. Moreover, the stand-
ard deviations from the velocity measurements by the dual-
optical-fiber probe, quadruple-optical-fiber probe, and cam-
era were up to 9.8, 10.6, and 8.4 cm s−1, respectively. They
also pointed out that the deformation of the bubble surface by
the piercing of the probe causes bubble velocity reduction and
the deformation is more obvious for larger bubbles. In con-
trast, using a single optical fiber, no velocity reduction due
to deformation or dependency on the size of oil droplets was
noticeably found.

4. Estimation of oil droplet size

As shown in figure 4, coherent mixing of reflected signals from
the fiber end-tip face and a moving object in front of the fiber
tip provides the velocity information of the object. Lim et al
[23] demonstrated that the contact angle is nearly normal and
the bubble velocity can be determined if the FOR tip penet-
rates near the center of a bubble. They further showed that,
in such a condition, the measured chord length represents the
diameter of the bubble if the bubble is spherical (or the minor
axis for an ellipsoidal bubble). In their work, the chord-length
measurement of air bubbles was calculated by multiplying the
measured air bubble velocitywith the air-phase residence time,
with both values derived from the same FOR signal. The same
concept may still be applicable to the chord-length measure-
ments for oil droplets. The oil droplet velocity determination
has been described in the previous section, and the determina-
tion of the oil-phase residence time will be introduced below.
After that, the presentation of chord length measurements will
be given. Moreover, the droplet–probe interaction will be dis-
cussed to investigate the lower limit of the measurable range
using this technique for oil droplet sizing.

4.1. Residence time of oil phase

The residence time of the oil phase can be determined using the
moments of entry and exit of an oil droplet in the FOR sig-
nal time series. As mentioned earlier, negative, fluctuating,
and non-bell-shaped oscillating signals were present in the
FOR measurements of the oil–water mixture flow, leading to
underestimation of oil phase residence time and/or overestima-
tion of encounter frequencies if the single-threshold detection
method that has been applied to air bubble measurements is
employed here. To address this issue, the concept of a Schmitt
trigger using double thresholds was combined to extract the
time window of the oil droplet passage through the fiber tip.
The concept of the Schmitt trigger is to obtain square waves
from the noisy signal using double thresholds. For example,
the processed signal stays at zero until the FOR signal passes
the upper threshold and the processed signal stays at one until
the FOR signal passes the lower threshold. In this method,
the mean (mw) and standard deviation (sw) of the water-phase
FOR signal were used to define the upper threshold and lower
threshold asmw + 4sw andmw − 4sw, respectively. Then, both
thresholds were applied to identify oil droplet encounters.

Even though the double-threshold method worked well in
most scenarios, it is possible for multiple processed signals
to occur in a single droplet encounter in such signals as shown
in figures 3(c)–(d). This would underestimate the residence
time and overestimate the encounter frequency. To avoid this,
the mean residence time was initially calculated using the
double-threshold method. The multiple processed signals in
a measured residence time less than one-quarter of the mean
residence time were removed. An example of signal pro-
cessing using the double-thresholdmethod is shown in figure 3
presented in section 2.3. The disadvantage of this method is
that the residence time after signal processing will represent

8
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Figure 6. (a) Comparison of the residence time obtained by FOR (RFOR) and images (RIMG). (b) Comparison of the chord length obtained
by FOR signals (CFOR) and high-speed images (CREF). Note that solid lines indicate the 45◦ expected values for (a) and (b).

a single oil droplet in cases in which the consecutive encoun-
ters of oil droplets are less than one-quarter of the mean meas-
ured residence time apart. This could lead to overestimation of
the residence time but also implies there may be a limitation on
highly concentrated oil–water mixture flows. A better conver-
gence test would improve accuracy in future work, especially
for a very high oil concentration flow.

With the processed FOR signal available, such as the
dashed lines in figure 3, the residence time for each oil droplet
encounter can be readily extracted and collected. To verify the
robustness of the double-threshold method, the result was fur-
ther compared with that obtained from corresponding high-
speed images. As mentioned earlier, the temporal resolution is
2000 µs for the recorded images. An effort was made to inter-
polate to match up the measured residence times from images
and those from the FOR signal. The image gradient method,
an edge-detection technique by detecting the change of image
intensity, was applied to obtain interfaces at the moments of
entry and exit of oil droplets along the axis of the optical
fiber. The comparison is plotted in figure 6(a), with all data
points close to the expected straight line. Table 5 summar-
izes statistical errors for the residence time (R) from the FOR
signal (RFOR) as the measured data and images (RIMG) as the
reference data. Based on the results, the FOR technique has
a capability of measuring the residence time at high accuracy
with an RMSRE error of about 4%.

4.2. Chord-length measurements

With the oil droplet rising velocity (WFOR) and oil-phase resid-
ence time (RFOR) measured, the chord length can be calculated
accordingly (i.e. CFOR = RFORWFOR). To validate the chord
lengths obtained from the FOR signal, two different reference
chord lengths (CREF) were used for comparisons: chord length
from images (CIMG) and chord length calculated from the
measured velocity by BIVmeasurements (VBIV) and residence

time obtained by images (RIMG), i.e. CBIV = RIMGWBIV. For
CIMG measurements, the chord lengths were directly measured
from images using the image gradient method at the interfaces
of the cross-section along the axis of the optical fiber before the
fiber tip comes into contact with oil droplets. CIMG represents
the direct chord-length measurements of droplets before the
fiber comes into contact with droplets from images, whileCBIV

represents the indirect chord-length measurements of droplets
calculated with the approaching velocity to the fiber by BIV
and the residence time from images.

Figure 6(b) plots the chord length derived from the FOR
signal (CFOR) against the two reference chord lengths (CREF),
CIMG and CBIV. As shown in table 5, the MRE and RMSRE
values between CFOR and CIMG were estimated as 0.8%, and
13%, respectively, while those between CFOR and CBIV were
estimated as−0.1%, and 7.6%, respectively. The RMSRE val-
ues between CFOR and CBIV were slightly smaller than those
between CFOR and CIMG. To the authors’ knowledge, no direct
or indirect chord-length comparisons from optical-fiber sig-
nals and images in oil–water mixture flows are available in
the literature. Compared to the air–water flow data [23], the
RMSE of chord-length measurements in the oil–water mix-
ture flow was about 3 (CFOR–CIMG) and 2 (CFOR–CBIV) times
that in the air–water flow (roughly 0.2 mm). In addition, the
RMSRE of chord-length measurements in the oil–water mix-
ture flow is similar for the CFOR–CIMG comparison to the
RMSE of normalized chord-length results in the air–water
flow (11%). Compared to quadruple-optical-fiber data in an
aerated flow [24], reported that theMRE of chord lengths from
optical-fiber probes and images was −10% which implies
that the chord lengths from quadruple optical probes are
10% shorter than those from images. However, the chord-
length measurements using a single-optical-fiber probe does
not result in significant underestimation of the measured chord
lengths (no more than −1% as shown in table 5). This could
be an advantage of the FOR technique because the velocity
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Table 5. Statistical errors in comparison.

R, CFOR–CIMG, CFOR–CBIV

Data MBE RMSE MRE (%) RMSRE (%)

Case I −1.4 ms, −0.6 mm, −0.2 mm 1.7 ms, 0.8 mm, 0.5 mm
Case II −0.1 ms, 0.3 mm, 0.2 mm 1.3 ms, 0.6 mm, 0.4 mm
Case III 0.3 ms, 0.03 mm, −0.2 mm 0.8 ms, 0.3 mm, 0.2 mm

−1.0, 0.8, −0.1 3.9, 13, 7.6

Table 6. Categories of droplet–probe interaction.

Category FOR HSC Wem Ca De/Dop

1 Detected Penetrated Wem > 1.7 × 10−2 Ca > 3.7 × 10−3 De/Dop > 20
2 Detected Penetrated; direction

changed after penetration
Wem > 3.2 × 10−3

Wem ≤ 1.7 × 10−2
Ca > 2.0 × 10−3

Ca ≤ 3.7 × 10−3
De/Dop > 14
De/Dop ≤ 20

3 Not detected Not penetrated Wem ≤ 3.2 × 10−3 Ca ≤ 2.0 × 10−3 De/Dop ≤ 14

measured by the FOR technique is much less affected by
the deformation of the bubbles/drops during the penetration
process so the error in chord-length measurements can be
minimized.

5. Droplet–probe interaction

The velocity, residence time, and chord length measured by
the FOR probewere validatedwith those from images in previ-
ous sections for Cases I, II, and III featuring an average droplet
diameter greater than 3 mm, as shown in table 1. Nevertheless,
the same technique and analysis procedure did not work for
droplets generated in Case IV featuring an average diameter
less than 2 mm. To evaluate the applicability of the FOR tech-
nique in the oil–water mixture flow, droplet–probe interaction
is discussed in this section. To find the limit of the technique,
the droplet–probe interaction is characterized in terms of the
dominating dimensionless parameters based on force balan-
cing during the contact between the optical fiber and the oil
droplet. This analysis followed characterization introduced by
Vejražka et al [44].

The associated dimensionless parameters are the modified
Weber number (Wem), representing the ratio between the iner-
tial force of the droplet and the surface tension from the fiber
tip, and the capillary number (Ca), representing the ratio
between the viscous force and surface tension of the droplet.
They can be defined as follows:

Wem =
ρcU2D2

e

σDop
(9)

Ca=WeRe−1 =
µcU
σ

(10)

where ρc is the density of the continuous phase (water in this
study), U is the droplet velocity, De is the equivalent droplet
diameter, σ is the oil–water surface tension, andDop is the dia-
meter of the optical fiber. According to Vejražka et al [44], the
key parameter of the droplet–probe interaction is Wem, which
characterizes the droplet ability to overcome surface-tension

forces arising from the contact with the probe tip. On the other
hand, Ca characterizes the viscous effect of the oil droplet
to be penetrated by the optical-fiber probe. For the calcula-
tion of these dimensionless parameters, two essential inputs
are required: the equivalent diameter and velocity of the oil
droplets. In this study, the equivalent diameter of an oil droplet
was measured using the image gradient method and the velo-
city was measured using the BIV technique.

Table 6 summarizes the categories of applicability for
droplet–probe interaction based on the measurements from
the FOR signal and observations from the HSC images. Cat-
egory 1 represents the region in which the optical fiber pen-
etrates the oil droplet and the FOR signal clearly shows the
entry and exit of the encountered oil droplet. For Category 2,
the optical fiber penetrates the oil droplet, but the direction of
the oil droplet is altered after the penetration, implying that
the inertia force of the droplet is insufficient to overcome the
surface tension during the contact. In this category, FOR sig-
nals were unable to acquire the entry and exit signals for the
encounter. For category 3, there is no penetration and no detec-
ted signal was observed in the measurements. In short, Cat-
egories 1, 2, and 3 indicate that the FOR technique is capable
of obtaining droplet velocity and size, the FOR technique is
capable of obtaining droplet velocity but not size, and the FOR
technique is not applicable, respectively.

Figure 7 plots Wem and Ca against the equivalent droplet
diameter normalized by the optical fiber diameter, De/Dop.
From table 6 and figure 7, the minimum measurable diameter
of the oil droplets is about 20 times the optical fiber diameter
which corresponds to about 2.5 mm. Based on the signals and
images, the droplet–optical-fiber contacts in Category 2 show
that the FOR signal was detected but the optical fiber did not
entirely penetrate the oil droplets. Compared with the modi-
fiedWeber and capillary numbers, allWem values less than and
equal to 1.7× 10−2 are in the region whereDe/Dop is less than
or equal to 20, whereas Ca values less than 3.7× 10−3 are not
always in the region where De/Dop is less than or equal to 20.
This could imply that the ability of penetration of the optical
fiber is more dominant in the inertial force of the oil droplet
to overcome the surface tension on the optical-fiber tip rather
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Figure 7. (a) Relationship between normalized equivalent droplet diameter by optical fiber diameter (De/Dop) and modified Weber number
(Wem); (b) relationship between De/Dop and Capillary number (Ca). Note that Categories 1, 2, and 3 are in the grey, light grey, and white
areas, respectively.

than the viscous force of the oil droplet to the oil–water surface
tension. Note that the optical fiber used in the present study
has a cleaved-tip feature. If the tip were etched into a sharp
tip, the minimummeasurable diameter might be reduced. Fur-
ther studies are needed on expanding the applicability region
by sharpening the fiber tip.

It should also be pointed out that, even though the rate
of analyzable encounters is very low (approximately 1%, as
presented in section 3.2) for oil droplets, the FOR technique is
indeed one of the few techniques that are capable of measuring
the droplet velocity and size in situ and simultaneously. The
single-probe FOR technique is able to obtain only the droplet
chord length which represents the actual droplet diameter. In
comparison with image-based methods, the FOR technique is
not affected by the droplet concentration; it is free from the
overlapping effect created by high droplet concentration. In
contrast, the dual and quadruple probes are able to measure
droplet velocity and chord length, although the data may suffer
from reliability and accuracy due to probe obstruction. How-
ever, the measured chord length does not represent, and prob-
ably cannot be used to obtain, the actual droplet diameter.

6. Conclusions

The FOR technique is capable of measuring the approach-
ing velocity of an oil droplet using coherently beating signals
when the droplet is on the axis of the optical fiber and the fiber
penetrates near the center of the droplet. The residence time
of the droplet can also be obtained by analyzing the phase
changes in the signal. The droplet chord length, which is essen-
tially its diameter, can be subsequently derived. While the
residence time measurement is intrusive, the velocity meas-
urement is non-intrusive because the technique measures the
approaching velocity before the optical fiber influences the
droplet motion and penetrates the droplet. The droplet velocity

and chord-length measurements from FOR were validated
with measurements directly obtained from images.

The limit of measurable droplet size was investigated
using the dominant dimensionless parameters—the modified
Weber number and the capillary number. The result indicates
that there is a certain lower limit of detection for this tech-
nique. For the present cleaved-tip optical fiber employed for
the droplet size measurement, the lower limit of measurable
droplet diameter was found to be about 20 times the diameter
of the optical-fiber probe. This study concludes that the velo-
city and size of oil droplets in an oil–water mixture flow can
be measured using a cleaved-tip single optical fiber for oil
droplets with diameter bigger than 2.5 mm. Compared with
the use of dual or quadruple probes, the FOR technique with
a single probe can minimize the interference and uncertainty
during its contact with oil droplets in both velocity and size
measurements.
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