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Abstract: Bubble plumes are important during the process of air-sea exchange. and optical-fiber phase detection is a
suitable way to observe bubble plumes entrained by breaking waves. This paper designs a new optical-fiber probe
(OFP) made of sapphire to overcome the limitations of existing materials (e. g. , high brittleness, poor corrosion
resistance, and narrow bandwidth) and thereby enhance the detection performance of the OFP by improving its
structure. Based on total internal reflection and light refraction, a simulation model of the probe is established in
the Zemax optical design software to optimize the probe tip and matching mode of the two probe tips. The results
show that the optimum OFP tip is a conical sapphire one with a cone angle of 35°. Tests are then conducted on a
bespoke OFP sensor, the results of which are consistent with those predicted theoretically. The simulation results
lay the foundation for the integrated design of OFP sensors and the optimization of their internal optics. The find-
ings could also be applied to OFPs with multiple tips.
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0 Introduction

Air-sea flux is an important parameter for
large-scale atmospheric dynamics, such as air-sea
interaction, global climate change, ocean circula-
tion, hurricane development, generation of ocean
waves, mixing layers, and the seasonal thermo-
cline. In recent years, because of further research
on the ocean surface and lower-atmosphere bio-
geochemistry coupled with physical processes,
air-sea flux has become important also for marine
biologists, water chemists, and physical oceanog-

rapherst’.

During the process of air-sea ex-
change, bubble plumes entrained by the breaking
waves play vital roles in generating sea-salt aero-
sol and wave acoustics and in forming particulate

matter and sestont?,

Therefore, there is much
interest in the mechanism whereby bubble plumes
are entrained by breaking waves. Projects such as
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Joint Global Ocean Flux Study, and the Surface
Ocean and Lower Atmosphere Study are interest-
ed specifically in air-sea interaction, making it a
major part of their research.

Currently, the main ways to observe bubble
imaging,  acoustics, and

plumes involve

probest®.

Imaging is the most intuitive method,
but it becomes prohibitively expensive when at-
tempting to capture plumes processes that require
millisecond time resolution or that are widely dis-
tributed™’.

latter case but do not have sufficient spatial reso-

Acoustic methods are better in the

lution to capture any micron-sized features in
bubble plumes™®. In recent years, optical-fiber
probe (OFP) technology has come into wide-
spread use. It is the best way to observe bubble-
plume entrainment by breaking waves precisely
on millisecond time scales and micron length

scales. Serdula, et al'! and Rojas, et al® pio-
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neered the use of single-tip OFPs to observe
large-diameter bubbles generated in a wave tank.
Blenkinsopp and Chaplin’
proved dual-tip OFP (DT-OFP) to observe large

bubble plumes in a wave tank. However, there is

9191 then used an im-

much scope for improving current OFP technolo-
gy in relation to its performance and structure. In
particular, because of its superior optical, me-
chanical, and chemical properties, sapphire opti-
cal fiber is coming into use for measuring two-

phase flows!!,

Hence, we propose herein a sap-
phire-based DT-OFP, focusing mainly on its two
probe tips (PTs) and how to match them in a sin-
gle probe. We use the Zemax optical design soft-
ware to optimize the design with respect to the

working performance of the DT-OFP.

1 Theory for Measuring Bubble Pa-

rameters with Optical-Fiber Probe

Based on total internal reflection and light re-
fraction, OFP technology can be used to measure
bubble parameters as shown schematically in
Fig. 1. This involves an incident ray I (of ray in-
tensity P), a PT cone angle a, and the refractive
indices of the probe, bubble, and water (n,, n,,
and n, , respectively). The intensity of the ray
reflected from the PT differs according to wheth-
er the PT is submerged in water or has pierced a
bubble. When the PT pierces a bubble, total in-
ternal reflection arises when the incident ray ar-
rives at the probe/air interface. By contrast,

I I

Probe tip n, Probe tip n,

Bubble

(a) Probe tip inside the bubble  (b) Probe tip surrounded by water

Fig.1 Theory of bubble recognition through OFP tech-
nology

when the PT is submerged in water, refraction
takes place because the refractive index of water
exceeds that of the PT. With regard to detecting
bubbles in two-phase flows, the higher-intensity
ray reflected from the PT when it pierces a bubble
causes a higher signal level in the sensor. By con-
trast, the lower-intensity ray reflected from the
PT when it is submerged in water causes a lower
signal level in the sensor'’. The different signals
generated by the sensor are shown in Fig. 2(a).
In Fig. 2(a), t,—t, are the time when the probe
tip (PT) touches the bubble surface and U is the
output voltage of optical-electrical converter ver-

sus time £.

U/v PTB e S

(2) Timing impulse wave forms calculated (b)) Schematic of bubble
for PT submerged in water or piercing moving upward
a bubble

Fig. 2 Theoretical basis for DT-OFP

The theoretical basis for using a DT-OFP to
measure bubbles entrained by a breaking wave is
shown schematically in Fig. 2(b). Assuming that
the bubbles move at a constant speed (regardless
of any bubble deformation or sideways move-
ment), the bubble velocity can be calculated as

followst

(D

2 2

where v, and v, are the bubble velocities when the

U:vﬂrvbfi( L + L )
t, — b Ly — 3

PT penetrates the upper and lower surfaces, re-
spectively, and L is the difference in vertical posi-
tion between the two PTs.
The chord length /, of the bubble can be cal-
culated from the bubble velocity v as follows
l,=ve (&3 — 1) (2>
It is necessary to apply a statistical correction to

calculate the equivalent bubble size distribu-
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tion”, from which the probability density func-
tion of bubble diameter can be analyzed.
To estimate the void fraction g in a two-phase

flow, we use Eq. (3)

N,
Bg=i2<Tg>, (3)
Tizl

where T, is the bubble residence time at the PT,
T the total sampling duration, and N, the num-

ber of bubbles recorded in time T.

2 Model for Probe Tip

An OFP sensor consists of two main parts,
namely the PT and the photoelectric conversion
module. However, the sensor performance is af-
fected most by the PT. Therefore, to optimize
the design in relation to material, shape, and PT
cone angle, we use the Zemax optical design soft-
ware to simulate the PT. The PT optimization is
aimed at rising the intensity of the ray reflected
from the PT and reducing the coupling loss dur-
ing optical transmission. There are several opti-
mization procedures including establishing mod-
els, optimizing light path and structure parame-
ters.

Depending on the non-sequential pattern in

L4 we perform ray-tracing simulations of

Zemax
the light transmission inside the PT. We begin by
defining the components of the system as a radial
source, a detector, an optical fiber, a PT, a bub-
ble (spherical in this case) and a water tank.
Then, based on practical application, we set the
radial-source output efficiency to 3. 75 mW and
the OFP outer-layer and inner-transmission mate-
rials to LZ NEWGLASS and SILICA(Zemax set-
tings), respectively. We set the PT material as
Al, O initially and its shape as conical (Further
optimization of the PT would be discussed later).
The PT ray-tracing simulation model is shown in
Fig. 3, in which the slender rectangle with a coni-
cal head represents the OFP, the circle represents
a bubble, the bigger rectangle on the right of the
model represents the water tank, and the blue
solid lines are the rays traced by the software.

Finally, we use this model to analyze the in-

Fig. 3 Front view of PT ray-tracing simulation model

tensity of the PT-reflected ray under different
system conditions. A flowchart of the ray-tracing

method is shown in Fig. 4.

Start

Set the location, parameter, ray
tracing sequence of all
components

!

Set the iterative computations of
—| incident ray at the top of the
optical fiber probe

Ray tracing based on simulation
software

New generated ray from
multiple reflection of the
incident ray

Generated files
about ray tracing
and encircled
energy

he ray is inside the
optical fiber probe

Calculate the total power get
from the detector

End

Fig. 4 Flowchart for ray-tracing simulation of light

transmission inside PT

First, it is necessary to determine whether
the PT can distinguish between bubbles and water
in a two-phase flow, namely whether the corre-
sponding difference in reflected ray intensity is
sufficiently large. To assess this, we use the pa-
rameters of total power and peak irradiance (The
peak irradiance is the maximum illuminance in-
tensity per unit area projected in a specific direc-
tion). With the PT submerged in water, we ob-
tain 8. 335X 10 ° W for the reflected ray intensity
and 1.1 W/cm® for the peak irradiance. By con-
trast, we obtain 2.149X10"* W and 1.6 W/cm?,
seperately, with the PT inside the bubble. Ac-
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cordingly, the reflected ray intensity is higher by
one order of magnitude when the PT pierces the
bubble. Therefore, the PT is indeed capable of
detecting bubbles.

3  Optimum Design of Probe Tip

3.1 Optimum choice of material

We use sapphire as the PT material, while
other common PT materials are quartz, glass,

and plastic. Holding all other parameters fixed,

Illuminance / (W * cm™)

Illuminance / (W * cm?)

(c) Plastic

Fig. 5

The calculated values of peak irradiance and
intensity are listed in Table 1 and plotted in
Fig. 6. The sapphire PT clearly performs best.
From the illuminance data,we see that the irradi-
ance is the highest in the center of the detector for
each PT material and decreases toward the edge.
In principle, each type of PT is capable of detec-
ting bubbles. However, glass, plastic, and quartz
PTs have certain inherent limitations. We list
their advantages and disadvantages in Table 2.

Compared with the other three types of PT,

we set the PT material as AL,0O,, BK7, PMMA,
and SILICA. We run the simulation in each case

and plot the peak irradiance in Fig. 5 using the
In Fig.5, XY

plane represents area of ray detector in simulation

Origin data-analysis software.

model, Z-coordinate represents illuminance inten-
sity, three-dimensional graphics represent the il-
luminance intensity of each point on the ray de-
tector, and the peak irradiance is the highest for

the sapphire PT.

Illuminance / (W * cm™)

Illuminance / (W * cm )

Illuminance for different PT materials

the sapphire PT has better optical characteristics,
good chemical stability and thermal tolerance. It
is resistant to acidic and caustic corrosion, and is

free from environmental impact. Considering the

Table 1 Peak irradiance and intensity for different probe-
tip materials
Material Sapphire Glass  Plastic Quartz
Peak irradiance/
) 1. 627 1. 161 1. 055 1. 041
(Wecm %)
Intensity/mW 0.215 0.112  0.100  0.088
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Table 2 Advantages and disadvantages of glass, plastic, and

quartz probe tips

Plastics

Total power / mW

Quartz

Peak irradiance and intensity for different PT ma-

Evaluation Advantage Disadvantage
High transparency. High brittleness.,
Glass accurate optical coef- easily broken in spe-
ficient cific environment
Worn  out easily,
. Good flexibility, poor low-tempera-
Plastic . . .
small bending radius  ture resistance, nar-
row bandwidth
High strength, good Minimum intensity,
Quartz light and bending corroded easily in
properties marine use

simulation results and the practical working envi-
ronment, we deem the sapphire PT to have the
best performance. Consequently, we choose sap-

phire as the PT material for marine applications.
3.2 Optimum shape of probe tip

After chosing sapphire as the PT material,
we must optimize the PT shape to improve the
working performance further. Considering that a
PT in actual use affects the surrounding flow, we
are guided by the literature to analyze the follow-
ing PT shapes: Conical, spherical, spherical coni-
cal, parabolic, and ellipsoidal.

We use the standard-lens method to set up
ray-tracing simulation models for the PTs of vari-
ous shapes. In Zemax, the standard-lens coordi-
nate formula is expressed as

. cx’
1+V/1—=A+k) "7
where ¢ is the curvature, x the abscissa value,

For # = 0, the PT

9]

and # the conic coefficient.

shape is either spherical or conical. For k= —1,
the PT shape is a paraboloid, and for 2<Z—1 the
PT shape is a hyperboloid. For —1<C £<C 0, the
PT shape is ellipsoidal.

In the simulation models, we adjust the
standard-lens parameters of thickness, radius,
and conic coefficient to get the various aforemen-
tioned PT shapes. We then run 10° ray-tracing
simulations for each shape, the results of which
are shown in Fig. 7, where the blue lines repre-

sent the rays traced by the software.

(a) Cone

(b) Spherical cone

(c) Sphere

(d) Ellipsoid (e) Paraboloid

Fig. 7 Side views of ray-tracing simulations for the PTs

of various shapes

The various distributions of illuminance are
shown in Fig. 8, plotted by Origin after receiving
the detector data.

Fig. 9 shows the intensity and peak irradiance
for each PT shape, in which the conical PT clear-
ly gives the best performance and the spherical-
cone PT gives the worst.

Analyzing the illuminance for the differently
shaped PTs shows that the irradiance is the high-
est at the center of the detector in each case and
decreases to almost zero at the edge. Further-
more, the illuminance distributions for the vari-
ous PT shapes are similar. As shown in Fig. 8,
higher illuminance is recorded for the conical and
ellipsoid PTs compared to the other shapes.

However, for the conical PT, the illuminance is
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Fig. 9 Peak irradiance and intensity for the differently

shaped PTs

most obviously concentrated at the center of the
detector and the peak irradiance is the highest. By
contrast, the peak irradiance is the lowest for the
spherical-cone PT. Equivalently, the intensity is
the highest for the conical PT and the lowest for
the spherical-cone PT. Consequently, we decided
a cone to be the best PT shape for marine applica-
tions.

3.3 Optimum design of probe-tip cone angle

Based on the theory in Section 2 for recogniz-

ing bubbles using OFP technology, the incident

(b) Spherical cone

w W

2

Illuminance / (W * cm”)

(c) Sphere

T S

Tlluminance / (W * cm™)

(e) Paraboloid

Illuminance for the PTs of various shapes

ray is influenced by the cone angle, thus affecting
the intensity and illuminance distribution received
by the detector. Hence, to improve the PT detec-
tion sensitivity, we should determine the opti-
mum cone angle. We do so in this section, using
Zemax again to further optimize the PT.

In Section 2, we set the OFP radius to
0.3 mm in the simulation model. So, we only
need to adjust the PT length for controlling the
cone angle and hence to ascertain the optimum
value (or range of values) of the cone angle ac-
cording to the simulation results. Considering the
OFP fabrication process, we investigate the cone-
angle range of 30°~—90°. The PT lengths corre-
sponding to various cone angles (in 5° intervals)
in this range are calculated geometrically and lis-
ted in Table 3.

We need to adjust only the PT length while
keeping the other parameters unchanged. similar
to optimizing the PT shape. For the conical PT,
the peak irradiance and intensity received by the
detector are shown in Fig. 10 for the different
cone angles.

From Fig. 10, the intensity slowly decreases



No. 2 Hang Tianyuan, et al. Zemax-Based Optimum Structural Design of Probe of--+ 315

Table 3  Relationship between probe-tip length and cone
angle
Angle/ (*) 30 35 40 45 50
Length/mm 1.12 0.95 0.82 0.72 0. 64
Angle/ (*) 55 60 65 70 75
Length/mm 0.58 0.52 0.47 0.43 0. 39
Angle/ (*) 80 85 90

Length/mm 0.36 0.327 0.3

—=— Peak irradiance (W/cm’)
Total power (mW)

Angle/ (°)

Fig. 10 Peak irradiance and intensity for conical PT with

different cone angles

initially with cone angle, reaching a minimum
around65°. It then begins to rise rapidly at rough-
ly 70°, reaching a maximum around 80°. If we
consider the simulation results only, the best per-
formance should be achieved with a PT cone angle
of 80°. However, given the practical working en-
vironment, the bubbles in the plumes entrained
by the breaking waves could be any shape or size.
The smaller the PT angle is, the more easily the
PT pierces the bubbles, thus improving the sensi-
tivity and accuracy of the PT and making it easier
to detect smaller bubbles. Given that Fig. 10
shows a relatively high intensity for a cone angle
of 35°, we choose this value for our conical PT.
From the simulation results, the intensity of
the reflected ray received by the detector is of the
order of 10 nW. Hence, we choose the OPT101
optical-electrical converter for the OFP sensor be-
cause it is a monolithic photodiode with an on-
chip transimpedance amplifier. The OPT101 out-
put voltage V,, is calculated as
Vi =1pRr + Vi (5)

where I is the photodiode current, Ry an internal

feedback resistance of 1 MQ, and V a pedestal
voltage of approximately 7. 5 mV. Using this re-
sistance, the photodiode responsivity is approxi-
mately 0. 5 A/W at a wavelength of 940 nm.
Hence, we calculate a theoretical output voltage
of approximately 3. 6 V based on the simulation
results.

We then establish the OFP sensor using
OPT101 and the optimally designed OFP tip with
a conical sapphire tip of cone angle 35°. The de-
tection system of the OFP sensor is shown in
Fig. 11 and a picture of the sapphire OFP is
shown in Fig. 12. The OPT101 is powered by a
regulated power supply, and the output voltage as
measured by a multimeter is 3. 2—4. 5 V. The
test results are subject to two major uncertain-
ties: The output power of the infrared laser fluc-
tuates around the set value, and the OPTI101 is
sensitive to the ambient lighting. When the out-
put power of the infrared laser is lower Chigher)
than the set value and the ambient lighting is
weak ( strong ), the minimum ( maximum )
OPT101 output voltage is 3.2 V (4.5 V), and
the theoretical value lies in this range of output
voltage. Note that we obtained the peak irradi-
ance and intensity of the optimized OFP by simu-
lation to choose an appropriate optical-electrical
converter. As long as the experimental and theo-

retical values are of the same order of magnitude,

the experimental output value can be used to

Left: Air pump and infrared laser. Center: Water tank,
sapphire OFP, and OPT101. Right: Multimeter and reg-
ulated power supply

Fig. 11 Detection system of the OFP sensor
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Fig. 12 Sapphire OFP

process signal as input signal of microcontroller.
Therefore, the test results are reasonable consid-
ering the influence of the external environment
and the measurement error of the experimental

apparatus.

4 Conclusions

In this paper, after analyzing the limitations
of the existing OFPs regarding their optical and
mechanical properties, we demonstrated that the
optimum OFP design is the conical sapphire tip
with a cone angle of 35°. According to Zemax, an
OFP of this design could be used to observe bub-
ble plumes entrained by breaking waves. We then
tested a bespoke OFP sensor and obtained results
that were consistent with those predicted theoret-
ically.

However, several shortcomings must be con-
sidered. For example, we optimized the structure
of only one PT of a DT-OFP without considering
the overall operating efficiency of the two PTs.
When using a DT-OFP to detect bubble plumes,
the simulation results obtained herein would be
applied as if the probe had a single PT. In addi-
tion, the spatial distribution of the two PTs of
the DT-OFP requires further simulation and tes-
ting. Hence, future work should concentrate on
optimizing the integrated design of the DT-OFP.
Furthermore, the present simulation results

could be considered to apply to a multiple-tip
OFP as well.
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