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Abstract 

 

An optical fiber probe (OFP) is an intrusive but useful device for bubble/droplet 

measurement in gas-liquid two-phase flows. Although previous researchers have invented 

various types of OFP and established their own probe systems, few techniques have been 
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applied to measurements in practical machinery. In particular, successful examples of 

OFP for droplet measurement are extremely rare. We invented a single-tip OFP (S-TOP) 

for size/velocity measurement of submillimetre droplets. The difficulty of using S-TOP 

measurement in droplet flows, as is true with other OFPs and electric conductivity probes, 

is how to discriminate touch positions of the S-TOP on the droplet. To solve this difficult 

problem and improve the accuracy of the S-TOP, signal analysis of S-TOP was performed 

based on 3D ray tracing. Our ray-tracing simulation successfully revealed a very hopeful 

characteristic signal (named the post-signal) from a seemingly noisy peak; its intensity 

corresponded to the S-TOP’s touch position. Based on this characteristic of the post-signal, 

we developed a method of signal processing for practical measurement of droplet velocity, 

chord length, and number density through the S-TOP. This new method considerably 

reduced the difference in the measured results between the chord lengths and velocities 

through the S-TOP and through visualization, to less than 10%. 

 

 

1. Introduction 

 

Spray atomization is an important engineering process; examples include fuel 

injection in gasoline/diesel engines, decontamination in healthcare environments, surface 

cleaning processes, and hot metal cooling. Improving the performance of spray atomizers 

is essential to reducing the discharge of greenhouse gases. For this specific purpose, a 

deep understanding of spray flows is needed. In hot metal cooling processes, for instance, 

the flow of cooling water through a control valve is a dense dispersed spray with rapidly 

changing spatial and temporal characteristics. To characterize these kinds of dispersed 

two-phase flows, several laser-based techniques, such as Phase Doppler Anemometry 

(PDA) (Sommerfeld 1993), Interferometric laser imaging (ILIDS) (Hess 1998; 

Kawaguchi et al. 2002) and optical fiber probe (Miller and Mitchie 1970) have been 
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developed to measure the size and velocity of droplets. Non-intrusive techniques like 

PDA and ILIDS, however, are not necessarily feasible for industrial measurements. For 

instance, PDA cannot observe droplets positioned deep inside the flow if the droplet 

number density is high. In such cases, droplets close to the detectors can easily blind the 

observation window, making measurements impossible due to the scattering of light.  

Optical fiber probing (OFP) is an intrusive measurement; hence, it successfully 

detects droplets even if the number density is high. This optical measurement is almost 

free of electrical noise and intrinsic response time limitations compared to other phase 

detection techniques (resistance, capacitance, and thermal probes) (Cartellier 1991). It is 

adaptable not only for laboratory equipment but also for practical equipment. In OFP, one 

end of the fiber is usually a sensing tip that is smoothly ground by an abrasive plate, while 

the other end is connected to the optics. Laser beams propagated through the fiber reflect 

at the sensing tip, and some of the reflected beams are propagated back again through the 

same fiber. After reflection off a beam splitter, the return beams are detected by optical 

sensor. The returned light intensity depends on the difference in the refractive indices 

between the gas and liquid phase around the sensing tip; hence, the output signal is 

basically a type of on-off signal (Figure 1). From this on-off signal, various quantities, 

such as the velocities, sizes, number density, volumetric and number density fluxes, and 

interfacial area density, are calculated. 
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Figure 1. Schematic diagram of droplet measurement using an optical fiber probe. 

 

OFPs are used extensively in bubbly flows (Abuaf et al. 1978; Aprin et al. 2007; 

Barrau et al. 1999; Harteveld 2005; Higuchi and Saito 2010; Vejratzka et al. 2010; Xue 

2004). For droplet measurement, however, OFPs have rarely been employed. This is 

because the conventional type of multi-tip OFP is too large to pierce the small droplets (a 

few hundred micrometres or less in diameter) that commonly appear in droplet spray. 

Hong et al. (2004) studied how to simultaneously measure diameter, volumetric flux, and 

local liquid fraction of a 2D co-current planar liquid-gas jet (UG = 60 m/s, UL = 0.52 

m/s) using a mono-fiber-optical probe, and concluded that the measurement uncertainty 

was within 15%. We independently developed a different type of mono-fiber-optical 

probe called the single-tip optical fiber probe (S-TOP), which is able to measure tiny 

droplets (Saito et al. 2009) using well-controlled conditions in terms of size, velocity, and 

trajectories of the droplets. The measurement range for velocity is up to 20 m/s, and the 

one for equivalent diameter is from 50–200 µm. The difference in average values between 

the S-TOP and visualization is less than 10%.  

Although droplet measurement using the S-TOP under well-controlled conditions 

was successful, we could not estimate probable values of the velocity and size of droplets 

in three-dimensional (3D) dispersed flows. In Fig. 1, for example, droplet size is evaluated 

from a dwelling time (the time when the probe tip is positioned in a droplet), resulting in 

the pierced chord length as a droplet axis. However, the chord length is not necessarily 

equal to the droplet minor axis; it will vary depending on the pierced position. Moreover, 

it is impossible to discriminate pierced positions by existing signal processing. If we could 

directly detect the pierced position from the signal, droplets in a dispersed spray could be 

successfully measured with a high degree of accuracy. Our challenging new method 

utilizes a “post-signal” that appears before the S-TOP pierces a droplet’s rear surface (see 

Figure 3 [a]).  



- 5 - 
 

The aim of the present study is to improve the accuracy of droplet measurement using 

the S-TOP. Our 3D ray-tracing simulation (Sakamoto and Saito 2012) analyses a droplet 

signal of the S-TOP, and reveals physical meanings hidden in the signal. Combined with 

experimental results, we found that a post-signal intensity closely relates to the pierced 

position. We thus propose a post-signal method for direct detection of the pierced position, 

and discuss its effectiveness. 

 

2. Single-tip optical fiber probe (S-TOP) 

 

Figure 2 shows the S-TOP used in the present study. The S-TOP was composed of a 

synthetic silica optical fiber (external diameter, 230 µm; core diameter, 190 µm; cladding 

thickness, 15 µm; core refractive index, 1.46). The silica optical fiber was sharpened 

using a micropipette puller (P-2000, Sutter Instrument Company). The tip was 

subsequently cut into a wedge shape with an angle of 30° to the fiber axis by a 

micropipette beveller (BV-10, Sutter Instrument Company).  

 

 

 

 

 

Figure 2. Zoom view of the probe tip. 

 

Figure 3 shows a typical output signal of a single droplet measurement by the S-TOP. 

First, the gas-phase level VGas and the liquid-phase level VLiquid were determined 

(Sakamoto and Saito 2011). Second, the high- and low-threshold levels, Vthh and Vthl, were 

selected (see Section 3.2). Finally, the gradient of the leading edge through the Vthh (P1) 

and Vthl (P2) was calculated by equation (1). 
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 . (1) 

The droplet velocity UD (in a strict sense, the average interface velocity of a droplet during 

measurement) was calculated from, 

=  , (2) 

where α is a proportionality constant between the interface velocity and grd (Fig. 4, 

obtained by preliminary penetration experiments [Mizushima and Saito 2012]). The 

measured chord length LD was calculated as follows, 

=  , (3) 

where ts and tf are the starting and finishing time of the S-TOP’s contact with a droplet. 

The time, ts, is defined as the intersection point of the straight line (i.e., the gradient is 

grd), and the gas phase level at the leading edge. Meanwhile, tf is defined as the time at 

which a “post-signal” takes the maximum value (see Section 3.2). tf was determined by 

using a biphasic method [e.g., Achleitner,U., et al. 2001]. 
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3. Analysis of the signal from the S-TOP 

 

3.1. 3D ray-tracing simulation 

Figure 3. A typical signal of the S-TOP, in droplet measurement. 
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In this study, we interpret the S-TOP signal using a 3D ray-tracing simulation. Ray 

tracing is a technique for rendering images with computers. The idea behind ray tracing 

is that physically correct images are composed by light, and that light will usually come 

from a light source and bounce around (i.e., reflect) as light rays in a scene before hitting 

our eyes or a camera. The probe signal is also led by reflection. By reproducing in a 

computer simulation the path followed from a light source to a photo multiplier, we are 

able to produce physically relevant meanings of the signal. 

Cartellier and Barrau (1998) carried out 2D ray-tracing simulation for optimizing the 

sensing tip of a mono-fiber optical probe. Sakamoto and Saito (2012) developed 3D ray-

tracing simulation for analyzing signals of the S-TOP, and this simulator was in good 

accord with experiment results. In addition, the non-axial symmetry of the S-TOP invoked 

very hopeful and unique phenomena. 

A light wave propagating in the fiber was simplified as discrete ray segments. 

Conditions of the target optical setup of the S-TOP are: that there be no magnetized object; 

that the step-index optical fiber be homogeneous and lossless; and, that the probe diameter 

(inlet tip: 230 μm, sensing tip: 60 μm) be a sufficient amount larger than the source light 

wavelength (650 nm). The path and energy of the rays were calculated by considering the 

incident angles and refractive indices of the mediums. The path of a reflecting/refracting 

ray was calculated as a vector in consideration of a reflection/refraction angle. The 

reflection angle is the same as the incident angle. The refraction angle is given by Snell’s 

law, 

sinθt

sinθi
= ni

nt
	 ,	 4 	

where θi, θt, ni, nt are the incident angle, the refracting angle, the refractive index of the 

incoming media, and the refractive index of the transmitting media, respectively. 
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The energy of a reflecting/refracting ray was calculated from the 

reflectivity/transmissivity governed by Fresnel’s equation, 

RP= tan2(θi-|θt|)

tan2(θi+|θt|)
 , (5) 

RS= sin2(θi-|θt|)

sin2(θi+|θt|)
 , (6) 

 

where RP and RS are reflectivities of parallel and perpendicular polarization, respectively; 

for transmissivity, 

TP= sin(2θi)sin(2|θt|)

sin2(θi+|θt|)cos2(θi-|θt|)
 , (7) 

TS= sin(2θi)sin(2|θt|)

sin2(θi+|θt|)
 , (8) 

where TP and TS are the transmissivities of parallel and perpendicular polarization, 

respectively. Here, we assume that the interfaces are optically smooth enough to neglect 

random reflection. All the ray energy that returns from the sensing tip was summed up as 

the output voltage. 

Figure 5 is a flow chart of this computation. The objects of the computation were 

categorized and rendered into three primitive types: BODY, SURFACE, and RAY. Every 

object possessed particular information that corresponded to the optical phenomena of 

the S-TOP system and was needed for the ray-tracing calculation; i.e., a BODY had a 

homogeneous refractive index, a SURFACE had its 3D shape information, and a RAY 

had its root point and direction. Owing to good linkage among the objects, the 

computational cost was successfully lowered. Moreover, we were able to easily track the 

history of every light path and energy in the fiber. 
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3.2. Signal analysis and sensitivity length 

 

3.2.1 On/off signal 

 

In this section, we analyze the S-TOP signals based on the simulation results. At point 

(1) in Fig. 3 (a), the sensing tip is in the air phase. Some beams reaching the sensing tip 

reflect and return due to the large difference in the refractive indices of the fiber (1.46) 

and air (1.00). About 2% of the inlet rays are detected as the air-phase level (VGas). At 

point (2), the S-TOP penetrates the droplet, and the tip is positioned in liquid. Less than 

0.01% of the inlet rays are return beams, and the rest are discharged into the water phase 

due to the small difference in refractive indices of fiber (1.46) and water (1.33); as a result, 

the output level drops to almost zero (VLiquid). At (3), the S-TOP finishes piercing the 

droplet, and the sensing tip is positioned in the air phase again. The output returns to the 
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(2)

(2)

(3)
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Figure 5. Flow chart of the 3D ray-tracing simulation. 
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air-phase level. Thus, an on/off signal is obtained. Many researchers have been trying to 

maximize the VGas/VLiquid ratio to minimize the influence of the probe presence on flows 

and to measure smaller bubbles by shaping the sensing tip into a U-type, convex-type, 

prism-link-type, cone-type, or wedge-type (Cartellier 1991).  

To provide the validity of these types of optical fiber probe, the sensitive length, Ls, 

of the probe is important, a notion first introduced by Cartellier (1990). Ls is the length 

over which the probe provides most of the voltage change during the penetration. Figure 

6 shows the relationships between I (the light intensity distribution contributing to VGas), 

V (the output value of the S-TOP), and h (the distance from the S-TOP tip). I is the result 

of the ray-tracing simulation. Vgas is described with I and h, 

VGas=  . (9) 

When the interface moves up a distance of x from the tip, V is calculated as 

	=	VGas  . (10) 

The gradient of V is largest in the area from Q1 to Q2, where the most intensive light 

contributing to VGas is distributed. V|at Q1 and V|at Q2 correspond to 80% and 60% of the 

VGas‒VLiquid amplitude, respectively. Here, V|at Q1, V|at Q2, and the length of the Q1Q2 

segment are the high- and low-threshold value (Vthh and Vthl were thus defined) and LS. LS 

indicates the spatial resolution; therefore, it should be smaller than the measurement 

object. In this study, LS of a wedge-shaped tip is expressed by α (= 5.6 μm) in Eq. (2). 

This is a favorable value for the measurement of submillimetre droplets. 
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3.2.2 Post-signal 

  

In the inset of Fig. 3, a small peak is found after the S-TOP pierces a droplet (i.e., 

before the S-TOP pierces the droplet rear surface); we call this a post-signal. A typical 

computation result of the post-signal is shown in Figure 7. Fig. 7 (i) is a calculated output 

signal of the S-TOP. At point (b), the post-signal shows a short peak, as in the experiment. 

In tracking the history of the light path contributing to the post-signal, we discovered that 

the output signal is a superposition of the on/off signal (Fig. 7 [ii]) and the post-signal 

(Fig. 7 [iii]). Clearly, the former is reflected light at the sensing tip and the latter is 

reflected light at the rear interface of the droplet. According to Fig. 7 (iii), the reflected 
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Figure 6. Sensitivity length of the S-TOP. 
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light at the rear interface re-enters the S-TOP before the S-TOP finishes piercing the 

droplet. After the tip touches the droplet rear surface, a meniscus is formed around the S-

TOP tip. As a result, the intensity of the re-entered light decreases. Hence, the time of the 

peak exactly indicates the finishing time of a droplet measurement (tf was thus defined). 

 

 

 

 

 

 

 

 

 

 

 

The post-signal gives us information not only on the accurate event time but also on 

the contact positions of the S-TOP on the droplet. According to Eq. (3), the chord length 

obtained by the S-TOP is very similar to the droplet’s minor axis when it pierces the center 

region of the droplet. However, chord length depends entirely on the touch position on a 

droplet; therefore, it is very difficult to measure a droplet’s axial length in a droplet flow. 

Hong et al. (2004) conducted a statistical correction for the error of droplets’ axes 

measured through a mono-optical probe. They analyzed signal responses in various 

droplet conditions (droplet size and incoming position or angle of probe), improved their 

signal processing, and progressed to successful measurement of the droplet with OFP. 

The post-signal is very useful for improving the robustness and reliability of droplet 

measurement with an OFP. This signal takes the largest value, when the interface against 

the S-TOP axis is “flat” (i.e., the center region of the spherical droplet). Next, we 

Figure 7. Simulation result of the S-TOP penetrating the gas-liquid interface 

from the water to the air. 
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experimentally quantify the relationship between S-TOP touch positions and the 

intensities of the post-signal. 

 

3.2.3 Description of experiments 

 

Figure 8 is a schematic diagram of the experimental setup. Ion-exchanged water was 

introduced into a cylinder and pressurized. Single droplets were injected from a micro 

capillary ([h]; 140-µm inner diameter) placed 10 cm above the S-TOP (a). Free-falling 

droplets were measured with the S-TOP fixed on a three-axis microstage, at controlled 

touch positions of Lprobe/Lmajor = 0, 10, 30, 45%, respectively (Figure 9). The average 

equivalent diameter of the droplets was about 2.0 mm, and their average velocity was 

about 1.0 m/s. We visualized the process of the droplets pierced by the S-TOP using a 

high-speed video camera ([e]; frame rate 10000 fps, exposure time 50 µs, resolution 

1024×512 pixels, and spatial resolution 8.33 µm/pixel) and a halogen light (g). 

 

4. Results and Discussion 

 

Figure 10 shows output signals obtained from the measurements and corresponding 

images. Table 1 lists the measurement results for droplet velocities and pierced chord 

lengths. These signals were similar; however, the measured chord lengths were very 

different. 
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cameras, (f) PC, (g) Halogen light, (h) Needle, (i) Droplet 

Figure 8. Experimental setup for droplet measurement. 
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Figure 9. Conditions of the piercing position in the experiments. 

The touch positions are defined as Lprobe/Lmajor (Lprobe: the distance from the droplet 

minor axis to the touch position of the S-TOP, Lmajor: the length of droplet major axis).
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(a) Center region (Lprobe/Lmajor = 0%) (b) Outer region (Lprobe/Lmajor = 30%) 

Figure 10. Output signals in the experiment. 

Table 1. Difference in measurement results of the S-TOP and visualization. 

(a) Velocity measurements 

The touch position is defined on page 13 and Figure 9. 

US-TOP: The average velocity measured through the S-TOP. 

Uvisualization: The average velocity measured through the high-speed visualization. 

“Difference” is defined by |Uvisualization ‒ US-TOP|/Uvisualization. 

(b) Size measurements 

LD: The average chord length pierced by the S-TOP. 

LMinor: The average length of minor axis measured through the high-speed visualization. 

“Difference” is defined by |LMinor ‒ LD|/LMinor. 

Touch Position [%] 0 10 30 45

Velocity
[m/s]

US-TOP 0.91 0.89 0.82 0.81

Uvisualization 0.95

Difference [%] 4 7 14 15

Touch Position [%] 0 10 30 45

Pierced chord length LD 1.68 1.66 1.17 0.61

Minor axis measured
through visualization

LMinor 2.0

Difference [%] 16 17 41 69
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Experimental results of the relationship between the post-signal intensity and the 

touch position are plotted in Figure 11. The post-signal clearly reached a peak around the 

center region (Lprobe / Lmajor < 5%). Under the other conditions, post-signals were not 

detected. This fact accorded with the intensity distribution of post-signals numerically 

simulated (Figure 12). Apparently, the post-signal sharply peaks at the center region and 

decreases rapidly with shifts toward the outer region.  

The reason why the post-signal intensity appears only when the S-TOP touches the 

center region of a droplet is explained geometrically. Figure 13 (a) is a numerical result 

of the spatial distribution of light energy of discharged beams from the S-TOP tip to the 

surrounding water. The discharged beams have directional characteristics against the S-

TOP axis. When the S-TOP touches a droplet interface almost perpendicularly, as shown 

in Figure 13 (b), beams reflected at the interface are effectively collected. On the other 

hand, the beams are immediately reflected off of the S-TOP axis when the interface 

inclines (i.e., the pierced position moves from the center region) (Figure 13 [c]). These 

tendencies apply to arbitrary spherical or spheroidal droplets. These tendencies apply to 

arbitrary spherical or spheroidal droplets. We normalized output signals after determining 

the gas-phase (air phase) level and the liquid-phase (water phase) level by using the 

histogram method and the median method [Sakamoto and Saito 2012]. We automatically 

obtained the corresponding normalized threshold level of the post-signal in proportional 

allotment. In addition, on the basis of preparatory experiments' results and the 3D ray-

tracing simulation performed under the same conditions as those used for the experiments, 

the uncertainty of the normalized post-signal intensity was estimated at approx. ±2%. 

If the post-signal appears, we immediately know that the S-TOP has touched a droplet 

at the vicinity of its pole (Lprobe/Lmajor < 5%), and can calculate the velocity and chord 

length. Inversely, if no post-signal appears in an S-TOP signal, we can understand that 

the signal is insufficient for correct measurement due to an incomplete piercing condition 

and ignore the signal as null.  
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According to Table 1 (a), the post-signal measurement promises accurate velocity 

measurement within ± 5% uncertainty. This kind of uncertainty was discussed in our 

Figure 11. Relationship between the post-signal intensity and touch position. 
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Figure 12. Intensity distribution of the post-signal using the 3D ray tracing 

simulation (Ipost is a normalized post-signal intensity). 
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Figure 13. Intensity distribution of the discharged beams from the S-TOP tip to 

surrounding water (Iwater is a normalized discharged beam intensity), and reflection 

off the inner interface of the droplet. 
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previous studies (Mizushima and Saito 2012), and we contend that it should be considered 

within an allowance. In the diameter measurement of a droplet by the optical fiber probe, 

the uncertainty raised by the randomness of the touch position; in addition, the penetration 

angle was large (as shown in Table 1 (b)). In order to numerically analyze this uncertainty 

and to numerically demonstrate the effect of the post-signal method, we performed a 3D 

ray-tracing simulation with consideration of the Monte-Carlo method (Fig. 14a). In this 

analysis, the droplet diameter was given from 1 mm to 1.5 mm randomly, and the 

normalized touch position (Lprobe/Lmajor) was also given from 0% to ±45% randomly. The 

penetration angle was given randomly from 0° to ±15°. Figure 14 shows the results of the 

above numerical simulation for discussing the uncertainty of the chord length 

measurement. Using the post-signal method, Lminor/LD is remarkably reduced from 30% 

to less than 3%. Reliable sample sizes for these values are also enhanced from 200 to 10 

droplets, which suggests the high degree of accuracy of this new method. Note that this 

discussion does not include the uncertainty of droplet motions (oscillation and 

deformation) during measurement. In fact, the difference of LD and Lminor essentially 

remains 10% even at the center region (Table 1 [b]) due to random oscillations of the 

droplet (Saito et al. 2009). The remainder of the difference is attributed to bias errors of 

the velocity measurement and surface deformation during piercing (Mizushima and Saito 

2012). 

The post-signal method is qualified to measure for spherical or spheroidal droplets 

in the flow. According to Clift et al., if interfacial tension and/or viscous forces are much 

more dominant than inertia forces, a droplet will stably shape into a sphere at moderate 

Reynolds number (e.g., Re < 600; droplets falling freely in systems of practical 

importance). In this case, the droplet size must be measured within 5% uncertainty (bias 

error) only due to the surface deformation. In this study (Re = 2000), an uncertainty of 

10% essentially remains in LD, because although the droplet keeps the shape of a sphere, 

it becomes slightly instable. Hence, we can measure droplet sizes to within 10% 
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accuracy in a droplet flow of Re ≤ 2000 only by using the post-signal method. Provided 

that the droplet shapes are a sphere or spheroid (diameter range in an air-water system: 

approximately 50 μm ‒ 3 mm), the post-signal method is helpful to OFP measurements.  

 Conventional multi-tip optical fiber probes such as a four-tip optical fiber probe 

affect the droplet velocity due to their high resistance at the piercing of a droplet, and 

their multiple piercings deform the droplet shape. It is also very difficult for these probes 

to detect the touch position. Our new method has a smaller effect on the droplet velocity, 

providing less deformation of the droplet shape and the accurate detection of the touch 

position. The detection of the touch position has long been the most difficult problem to 

Figure 14 (a). Flow chart of the 3D ray-tracing simulation with consideration of 

Monte-Carlo method. 
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solve. S-TOP with this new method (which we have named the "post-signal method") 

enables the accurate measurement of small droplets, which have been difficult to measure 

with the conventional multi-tip optical fiber probes. We have demonstrated the good 

performance of the post-signal method. This new method is very simple, but more 

effective than any other statistical approach. 

 

 

 

 

 

 

 

 

 

 

 

Concluding remarks 

 

Our purpose was to improve the accuracy of droplet measurement through the S-TOP. 

We carefully analyzed output signals of the S-TOP, using 3D ray-tracing simulation, and 

discovered a potentially useful relationship between the intensity of the post-signal and 

the S-TOP’s touch position on a droplet. The post-signal intensity peaked when the S-

TOP touched the center region of a droplet. Applying these overlooked characteristics to 

signal processing in S-TOP measurement, we established the post-signal method. We then 

worked continuously to improve the S-TOP’s measurement accuracy, e.g., by identifying 

whether the S-TOP had touched a droplet at the vicinity of its pole or not. This newly 

developed method can reduce the difference between the measured chord length and the 
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Figure 14 (b). Variation of measured chord lengths based on Monte-Carlo simulations.
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length of the minor axis of a droplet remarkably, even in a dispersed flow. In addition to 

touch position detection, finding the peak of the post-signal is a reasonable indication of 

tf (finishing time of the S-TOP’s contact with a droplet). Consequently, we can measure 

the droplet sizes to within 10% accuracy in the droplet flow of Re ≤ 2000. More 

quantitative study of the limitations of this new method is needed. Despite a limited range 

of applicability, the post-signal method has robust potential for the inevitable problems 

of OFP measurement in practical droplet flows. 

 

 

Nomenclature 

 

grd gradient of the S-TOP signals (1/s) 

h dimensionless distance from the S-TOP tip (dimensionless) 

I light intensity of the beams returned from the S-TOP tip (dimensionless) 

Iwater  normalized discharged beam intensity from the S-TOP tip positioned in 

water (dimensionless) 

Ipost normalized post-signal intensity (dimensionless) 

LD pierced chord length of S-TOP (mm) 

Lmajor length of droplet major axis (mm) 

Lminor length of droplet minor axis (mm) 

LS sensitive length of S-TOP (μm) 

Lprobe distance from the droplet minor axis to the touch position of the S-TOP 

(mm) 

n refractive index (dimensionless) 

P end of line segment (dimensionless) 

Q end of line segment (dimensionless) 

R reflectivity (dimensionless) 
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t time (s or ms) 

T transmissivity (dimensionless) 

U velocity (m/s) 

V output value of the S-TOP signal (dimensionless) 

x arbitral value of h (dimensionless) 

 

Greek symbols 

α proportionality coefficient (mm) 

θ degree (deg.) 

 

Subscripts 

D droplet 

f end of touch 

G gas phase 

Gas gas-phase level 

i incident ray 

I gas–liquid interface 

L liquid phase 

Liquid liquid-phase level 

P p-polarization 

s start of touch 

S s-polarization 

t transmit ray 

thh high threshold level 

thl low threshold level 
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