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I. Introduction

◆ Importance of measuring local bubble parameters

❖ Two-phase flow is a key phenomenon in nuclear thermal-hydraulic systems

❖ Interfacial transfer terms depend on bubble parameters (Two-fluid model)

• Void fraction (𝛼), bubble velocity (𝑣𝑔), interfacial area concentration (IAC, 𝑎𝑖), bubble diameter (𝑑𝑏)

❖ Accurate local bubble parameter data are essential for model development and validation

◎ Bubble behavior under the boiling condition ◎ Measurement of bubbles using OFP sensor
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I. Introduction

◎ Working principle of optical fiber sensor◎ Optical fiber sensor

10 μm

125 μm

DAQ system

Voltage signal

◎ Typical bubble signal measured from OFP

◆ Optical fiber probe sensor (OFP)

❖ Working principle

• Phase detection by refractive-index difference

• Back-scattered light intensity → voltage signal

❖ Applicability and characteristics 

• Electrically non-conducting fluid / Fast response (> 500kHz)

• High-temperature applicability (< 350˚C)
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I. Introduction

◆ Bubble detection using a 4-sensor OFP

◎ Bubble signal measured from 4-s OFP

o

Front sensor

Rear sensor 1
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b : (a+∆𝑡1)
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Rear sensor 2
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◎ Schematic of bubble measurement using 4-s OFP◎ 4-s optical fiber probe

Front sensor
Rear sensor
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◆ Measurement of Void fraction (α)

❖ 𝛼 =
Total bubble residence time

Total measuring time
=

σ 𝜏𝑏

𝑡𝑡𝑜𝑡𝑎𝑙

◆ Calculation of Sauter mean diameter (𝐷32)

❖ Interfacial area concentration (IAC, 𝑎𝑖)

• 𝑎𝑖 = interfacial area/unit volume

• ഥ𝑎𝑖 ∝
1

Ω
σ
𝑗=1

𝑁𝑒𝑓𝑓 1

𝑉𝑛𝑜𝑟𝑚𝑎𝑙

• 𝐷32 =
6𝛼

𝑎𝑖
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I. Introduction

◆ Calculation of the Bubble velocity (𝑉𝑏)

❖ 1 pair of front-rear sensor

• 1-D velocity

• 𝑉2−𝑠𝑒𝑛𝑠𝑜𝑟 =
∆z

∆𝑡

❖ 3 pair of front-rear sensor

• 3-D velocity vector

◎ Schematic diagram of velocity vector
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◎ Bubble signal measured from 4-s OFP
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◆ Limitation of coplanar 4-sensor configuration

❖ Damaged OFP in high-temperature water (over 300℃) conditions

• Penetration of high-temperature water into coating interface

• Degradation of the sensor tip may occur

➢ Sensor-tip displacement or signal loss may occur

❖ If front sensor is not working, bubble parameters cannot be measured

• 𝑉 =
∆z

∆𝑡
→ ∆𝒛 = 𝟎

◎ Configurations of the 4-sensor probes
: coplanar (left) and new (right)

◎ Damaged optical fiber probes 
in the high temperature water

I. Introduction
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◆ Objective

❖ Evaluation of displacement-robust and 

fault-tolerant 4-sensor probe configurations
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II. Proposal of New 4-s configurations and Evaluation Method

◆ Setup of evaluated 4-sensor probe configurations

❖ Axial spacings between front-rear sensors (∆z𝑘 , 𝑘 = 1,2,3)

• 43 − 33 = 37 configurations were evaluated

◎ Configuration of the 4-sensor probes
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◎ Normalized axial spacing between front-rear sensor
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II. Proposal of New 4-s configurations and Evaluation Method

◆ Monte-Carlo simulation

Generate bubble
(𝑉𝑏 , 𝐷𝑏)

Simulate bubble-sensor 
contact

Extract ∆t1, ∆t2, ∆t3
Compare input and 

output value

Calculate 𝑉𝑏, IAC, 𝐷32
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II. Proposal of New 4-s configurations and Evaluation Method

◆ Specifying flow conditions

❖ Input parameters for Monte Carlo simulation

• Fixed Bubble velocity ( ത𝑉)

– Scale of velocity only changes time scale (𝑉 =
∆z

∆𝑡
)

– No ∆𝑡 error in simulation

• Maximum fluctuation ratio(𝐻𝑚𝑎𝑥) : 𝐻 =
ഥ𝑉′

ഥ𝑉

– 𝐻𝑚𝑎𝑥 = 0.0, 0.2

• Bubble diameter(D30) 

– 𝐷∗ =
𝐷30

𝑧𝑟𝑒𝑓
= 0.1~5.0

• Aspect ratio (β =
𝑐

𝑎
) : 1

• Bubble number : 250,000/case

a
c

◎ Bubble movement with fluctuation 

◎ Effect of bubble velocity in Monte-Carlo simulation

◎ Normalized bubble diameter and bubble shape
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III. Evaluation results

◆ Measurement accuracy of bubble velocity(𝑉𝑏)

◎ Configuration of the 4-sensor probes
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III. Evaluation results

◎ Configuration of the 4-sensor probes
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◆ Measurement accuracy of bubble diameter(𝐷32)
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◆ Displacement(δ) sensitivity analysis

❖ 𝑉𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 = 𝑉original + 𝜹𝟏𝑲

𝐾 ∝
𝑉

∆𝑧1−∆𝑧2+∆𝑧3

➢ 𝑬𝑽𝒃 , 𝑬𝑫𝟑𝟐
∝

𝟏

∆𝒛𝟏−∆𝒛𝟐+∆𝒛𝟑

IV. Analyses of Displacement and Sensor-Failure

◎ Schematic of axial sensor-tip displacement ◎ Effect of displacement on 𝑽b, 𝑫𝟑𝟐 measurement
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IV. Analyses of Displacement and Sensor-Failure

◆ Correction methods for single-rear sensor failure condition

1. 2-sensor method

• Using 1 pair of front-rear sensor

• 𝑉2−S =
∆z

∆𝑡

2. Interpolated 4-sensor method

• Assume ∆t ∝ s

• Δ𝑡2
𝑖𝑛𝑡𝑒𝑟𝑝

= Δt1 + (s2 − s1)
Δt3−Δt1

s3−s1

3. Analytical 4-sensor method

• Derived from V4−𝑠 equation

• 𝛥𝑡2 = − 𝑧1 − 𝑧2 + 𝑧3 /𝑉4−S + 𝛥𝑡1 + 𝛥𝑡3

➢ Δ𝑡2
𝑎𝑛𝑎 = − 𝑧1 − 𝑧2 + 𝑧3 /𝑽𝟐−S + 𝛥𝑡1 + 𝛥𝑡3

• Estimation of 𝑉4−𝑆
𝑎𝑛𝑎

◎ Measurement with 2-sensor probe
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𝛥𝑡1 𝑥2𝑦3 − 𝑦2𝑥3 + 𝛥𝑡2 𝑥3𝑦1 − 𝑥1𝑦3 + 𝛥𝑡3 𝑥1𝑦2 − 𝑦1𝑥2

◎ Reconstruction of ∆t (interpolation)
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◎ Sensor-fault situation
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IV. Analyses of Displacement and Sensor-Failure

◆ Evaluation result of sensor-failure correction methods (optimized 4-sensor configuration)

❖ Analytical 4-sensor method showed the lowest error (𝑉𝑏:1.7%, 𝐷32:10.3%)

◎ Evaluation results of correction methods 
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V. Experimental validation using high-speed camera visualization

◆ Validation experiment using high-speed camera visualization

◎ Experimental setup 

C

Pump Valve

Storage

Tank

Coriolis

Flow meter

Air-water 

Separator

Compressed

air line

Vent

Optical Signal 

Analyzer
Oscilloscope

Halogen light

High-speed 

camera

High-speed 

camera

PC

Bubble generator

◎ Schematic of experimental loop ◎ 4-s OFP used for experiment 
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V. Experimental validation using high-speed camera visualization

◆ Results of validation experiment

◎ Measurement results of 𝑽𝒃, 𝑫𝟑𝟐
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VI. Conclusions

◆ Summary

❖ New 4-sensor probe configuration was proposed considering possible sensor damage

❖ An optimized 4-sensor array was identified to reduce displacement-induced error

❖ The analytical 4-sensor method is recommended for single rear-sensor failure conditions

❖ Simulation results were validated using high-speed camera visualization

◆ Future works

❖ Development of corrosion tolerance coating OFP sensor

❖ Application of developed multi-OFP methodology to high-pressure and temperature boiling water flow conditions
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Thank you for attention

20



21/18

∆𝑧3

∆𝑧1

∆𝑧2

x

y

z

𝑆0
𝑆1

𝑆2𝑆3

< ∆𝑧1=④ fixed  >

0.30% 0.21% 0.26% 0.50%

0.33% 0.20% 0.11% 0.11%

0.27% 0.17% 0.07% 0.04%

0.23% 0.14% 0.05% 0.03%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

Appendix
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Appendix

◆ Measurement accuracy of bubble velocity

Array (∆z1, ∆z2, ∆z3) 𝐸𝐻𝑚𝑎𝑥=0.0 𝐸𝐻𝑚𝑎𝑥=0.2

Coplanar (4,4,4) 0.03% 0.70%

V-1 (4,1,4) 0.23% 0.08%

◎ Configuration of the 4-sensor probes
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③
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Appendix

◆ Measurement accuracy of Sauter mean diameter(D32)

❖𝐻𝑚𝑎𝑥 = 0.0

129.41% 109.74% 106.33% 97.27%

125.08% 98.65% 94.17% 91.98%

123.95% 98.22% 93.46% 92.54%

123.65% 98.46% 93.69% 91.84%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

121.97% 103.39% --% 97.27%

103.28% --% 86.75% 91.98%

--% 86.67% 90.66% 92.54%

96.51% 91.35% 91.60% 91.84%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

130.01% 124.11% 123.89% 123.65%

109.20% 98.07% 98.64% 98.46%

106.02% 93.74% 93.60% 93.69%

96.51% 91.35% 91.60% 91.84%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

86.67

95.34

104.01

112.68

121.35

130.02

MAPE [%]

45.11% 36.87% 35.22% 31.65%

42.89% 31.63% 29.46% 28.33%

42.35% 31.06% 28.73% 28.15%

42.55% 31.28% 28.92% 28.07%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

42.35% 34.34% --% 31.65%

34.21% --% 26.10% 28.33%

--% 26.15% 27.49% 28.15%

31.47% 28.19% 27.78% 28.07%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

45.01% 42.49% 42.51% 42.55%

36.58% 31.24% 31.50% 31.28%

35.21% 28.93% 28.74% 28.92%

31.47% 28.19% 27.78% 28.07%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

26.1

29.91

33.72

37.53

41.34

45.15

MAPE [%]

4.66% 5.72% 4.54% 4.70%

3.83% 6.31% 5.72% 5.27%

3.91% 5.49% 5.79% 5.05%

3.53% 5.87% 5.87% 5.48%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

5.71% 4.20% --% 4.70%

4.01% --% 4.27% 5.27%

--% 4.20% 5.05% 5.05%

4.91% 4.82% 5.18% 5.48%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

4.25% 3.71% 3.80% 3.53%

5.72% 5.90% 5.94% 5.87%

4.74% 5.67% 5.61% 5.87%

4.91% 4.82% 5.18% 5.48%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

3.52

4.08

4.64

5.2

5.76

6.32

MAPE [%]

48.97% 46.36% 44.75% 38.52%

48.27% 44.00% 42.47% 40.79%

47.71% 43.51% 42.10% 41.38%

47.85% 43.85% 42.33% 41.41%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

48.73% 42.42% --% 38.52%

42.37% --% 37.01% 40.79%

--% 37.08% 40.41% 41.38%

38.34% 40.76% 40.94% 41.41%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

49.06% 47.77% 47.77% 47.85%

46.06% 43.60% 43.97% 43.85%

44.65% 42.00% 42.06% 42.33%

38.34% 40.76% 40.94% 41.41%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

37

39.41

41.83

44.24

46.66

49.07

MAPE [%]

< Kataoka et al. (Emin = 86.67%) > < Revankar & Ishii (Emin = 26.10%) >

< Kim et al. (Emin = 37.01%) >< Le Corre & Ishii (E𝒎𝒊𝒏 = 𝟑. 𝟓𝟑%) >
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◆ Measurement accuracy of Sauter mean diameter(D32)

❖𝐻𝑚𝑎𝑥 = 0.2

< Kataoka et al. (Emin = 83.83%) > < Revankar & Ishii (Emin = 23.98%) >

< Kim et al. (Emin = 32.49%) >< Le Corre & Ishii (E𝒎𝒊𝒏 = 𝟒. 𝟑𝟖%) >

132.94% 112.67% 107.01% 99.85%

127.61% 102.25% 96.47% 91.92%

127.58% 101.26% 96.66% 94.26%

129.11% 102.02% 97.20% 94.88%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

123.74% 100.01% --% 99.85%

100.72% --% 84.07% 91.92%

--% 83.83% 91.91% 94.26%

91.33% 92.75% 95.20% 94.88%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

132.44% 126.61% 127.53% 129.11%

112.57% 101.16% 100.71% 102.02%

106.30% 95.78% 95.79% 97.20%

91.33% 92.75% 95.20% 94.88%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

83.82

93.65

103.47

113.3

123.12

132.95

MAPE [%]

44.06% 36.64% 33.90% 27.40%

41.58% 31.24% 28.64% 26.59%

40.73% 30.56% 28.23% 26.93%

40.64% 29.88% 27.84% 26.70%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

41.13% 31.59% --% 27.40%

32.06% --% 24.17% 26.59%

--% 23.98% 26.56% 26.93%

27.60% 26.89% 27.27% 26.70%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

44.12% 40.95% 40.85% 40.64%

36.15% 30.92% 30.03% 29.88%

33.47% 28.17% 27.65% 27.84%

27.60% 26.89% 27.27% 26.70%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

23.97

28

32.03

36.07

40.1

44.13

MAPE [%]

4.90% 6.01% 4.61% 8.06%

4.76% 6.72% 6.51% 5.01%

4.59% 6.85% 6.34% 5.89%

5.17% 6.56% 6.62% 6.13%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

5.57% 4.79% --% 8.06%

4.86% --% 5.18% 5.01%

--% 5.09% 5.36% 5.89%

7.63% 5.19% 5.78% 6.13%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

4.72% 4.38% 4.96% 5.17%

5.92% 6.41% 6.35% 6.56%

4.69% 5.61% 6.21% 6.62%

7.63% 5.19% 5.78% 6.13%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

4.37

5.11

5.85

6.59

7.33

8.07

MAPE [%]

49.04% 46.69% 43.54% 32.49%

48.19% 44.55% 42.53% 39.44%

47.84% 44.27% 42.60% 41.25%

48.42% 43.95% 42.62% 41.52%

1 2 3 4

1

2

3

4

Dz'1=4

Dz'3

Dz'2

48.19% 38.75% --% 32.49%

39.34% --% 34.17% 39.44%

--% 33.97% 40.08% 41.25%

32.68% 39.84% 41.66% 41.52%

1 2 3 4

1

2

3

4

Dz'2=4

Dz'3

Dz'1

48.91% 47.54% 47.92% 48.42%

46.31% 44.07% 43.64% 43.95%

43.08% 41.97% 42.09% 42.62%

32.68% 39.84% 41.66% 41.52%

1 2 3 4

1

2

3

4

Dz'3=4

Dz'2

Dz'1

32.48

35.79

39.11

42.42

45.74

49.05

MAPE [%]
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◆ Existing IAC measurement models

Researcher IAC measurement model Features

Kataoka et al. ഥ𝑎i =
1

Ω
σ
𝑗=1

𝑁eff 1

𝑉normal,j

Did not consider velocity fluctuation and bubble size distribution

Errors caused by missing bubbles

Revankar & Ishii ഥ𝑎i =
1

Ω
σ
𝑗=1

𝑁eff 1

𝑉normal,j
+

𝜏𝑏

Ω

𝑙𝑑

𝑠𝑝

Accounted for missing bubbles using probe geometry (𝑙𝑑 , 𝑠𝑝) and

bubble residence time (𝜏𝑏)

Le Corre & Ishii
ഥ𝑎i =

1

Ω
σ
𝑗=1

𝑁eff 1

𝑉normal,j

1

1− 2.4𝑟N−1.5𝑟N
2

Divided signals into missing and effective signals

Used the ratio of missing signals to total signals ( 𝑟N ) for

correction

Kim et al. ഥ𝑎i = ഥ𝑎i f,eff
𝑁tot
𝑁f,eff

+ ഥ𝑎i r,eff
𝑁tot
𝑁
𝑟,eff

Divided average ഥ𝑎i values into front and rear interface
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◆ Measurement accuracy of bubble diameter(𝐷32)

IAC Model

Best array

𝐸𝐻𝑚𝑎𝑥=0.0 [%] 𝐸𝐻𝑚𝑎𝑥=0.2 [%] 𝐸avg [%]

(∆z1, ∆z2, ∆z3)

Kataoka et al. (2,4,3) 86.7 83.8 85.3

Revankar & Ishii (2,4,3) 26.2 24.0 25.1

Le Corre & Ishii

(2,1,4) 3.7 4.4 4.0

(4,1,3) 3.9 4.6 4.3

Kim et al. (1,4,4) 38.5 32.5 35.5

➢ Le Corre & Ishii model showed the lowest 𝐷32 error

∆𝑧3

∆𝑧1

∆𝑧2

x

y

z

𝑆0
𝑆1

𝑆2𝑆3
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◆ Detail of displacement robustness analysis

• 𝑉4−𝑠,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 =
𝑉𝑛𝑜𝑟𝑚𝑎𝑙

𝑐𝑜𝑠𝜂𝑧𝑣
=

𝐴0

𝐴3
=

𝑥1 𝑦2𝑧3−𝑧2𝑦3 −𝑦1 𝑥2𝑧3−𝑧2𝑥3 +𝑧1(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3

• 𝑉4−𝑠,𝑆1 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 =
𝑥1 𝑦2𝑧3−𝑧2𝑦3 −𝑦1 𝑥2𝑧3−𝑧2𝑥3 +(𝑧1+𝛿)(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3

= 𝑉4−𝑠,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 + 𝛿
(𝑥2𝑦3 − 𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3

− 𝑦3
𝑆2
𝑉2

− 𝑦1 𝑥2
𝑆3
𝑉3

− 𝑥3
𝑆2
𝑉2

+ 𝑡1 𝑥2𝑦3 − 𝑦2𝑥3

• 𝐾1 =
(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3
=

𝑥2𝑦3−𝑦2𝑥3
𝑆1
𝑉1

𝑥2𝑦3−𝑦2𝑥3 +
𝑆2
𝑉2

𝑥3𝑦1−𝑥1𝑦3 +
𝑆3
𝑉3

𝑥1𝑦2−𝑦1𝑥2

⁻ 𝑥1, 𝑦3 = 0

⁻ 𝑥2, 𝑥3, 𝑦1, 𝑦2 = d

➢𝐾1 =
−d2

−d2
𝑆1
𝑉1
+d2

𝑆2
𝑉2
−d2

𝑆3
𝑉3

=
1

𝑆1
𝑉1
−
𝑆2
𝑉2
+
𝑆3
𝑉3

=
𝑉

𝑆1−𝑆2+𝑆3
, 𝑉1 ≈ 𝑉2 ≈ 𝑉3 ≈ 𝑉

= 𝐾1

y

x

𝑆0,𝑥𝑦(0,0) 𝑆3,𝑥𝑦(d,0)

𝑆2,𝑥𝑦(d,d)𝑆1,𝑥𝑦 (0,d)
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◆ Detail of analytical method derivation

• 𝑉4−𝑠,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 =
𝑉𝑛𝑜𝑟𝑚𝑎𝑙

𝑐𝑜𝑠𝜂𝑧𝑣
=

𝐴0

𝐴3
=

𝑥1 𝑦2𝑧3−𝑧2𝑦3 −𝑦1 𝑥2𝑧3−𝑧2𝑥3 +𝑧1(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3

• 𝑉4−𝑠,𝑆1 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 =
𝑥1 𝑦2𝑧3−𝑧2𝑦3 −𝑦1 𝑥2𝑧3−𝑧2𝑥3 +(𝑧1+𝛿)(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3

= 𝑉4−𝑠,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 + 𝛿
(𝑥2𝑦3 − 𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3

− 𝑦3
𝑆2
𝑉2

− 𝑦1 𝑥2
𝑆3
𝑉3

− 𝑥3
𝑆2
𝑉2

+ 𝑡1 𝑥2𝑦3 − 𝑦2𝑥3

• 𝐾1 =
(𝑥2𝑦3−𝑦2𝑥3)

𝑥1 𝑦2
𝑆3
𝑉3
−𝑦3

𝑆2
𝑉2

−𝑦1 𝑥2
𝑆3
𝑉3
−𝑥3

𝑆2
𝑉2

+𝑡1 𝑥2𝑦3−𝑦2𝑥3
=

𝑥2𝑦3−𝑦2𝑥3
𝑆1
𝑉1

𝑥2𝑦3−𝑦2𝑥3 +
𝑆2
𝑉2

𝑥3𝑦1−𝑥1𝑦3 +
𝑆3
𝑉3

𝑥1𝑦2−𝑦1𝑥2

⁻ 𝑥1, 𝑦3 = 0

⁻ 𝑥2, 𝑥3, 𝑦1, 𝑦2 = d

➢𝐾1 =
−d2

−d2
𝑆1
𝑉1
+d2

𝑆2
𝑉2
−d2

𝑆3
𝑉3

=
1

𝑆1
𝑉1
−
𝑆2
𝑉2
+
𝑆3
𝑉3

=
𝑉

𝑆1−𝑆2+𝑆3
, 𝑉1 ≈ 𝑉2 ≈ 𝑉3 ≈ 𝑉

= 𝐾1

y

x

𝑆0,𝑥𝑦(0,0) 𝑆3,𝑥𝑦(d,0)

𝑆2,𝑥𝑦(d,d)𝑆1,𝑥𝑦 (0,d)
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◆ Displacement(δ) sensitivity analysis

❖ 𝑉𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 =
𝑥1 𝑦2𝑧3−𝑧2𝑦3 −𝑦1 𝑥2𝑧3−𝑧2𝑥3 + 𝑧1+𝜹𝟏 𝑥2𝑦3−𝑦2𝑥3

𝛥𝑡1 𝑥2𝑦3−𝑦2𝑥3 +𝛥𝑡2 𝑥3𝑦1−𝑥1𝑦3 +𝛥𝑡3 𝑥1𝑦2−𝑦1𝑥2
= 𝑉original + 𝜹𝟏𝑲

𝐾 ∝
𝑉

𝑧1−𝑧2+𝑧3

➢ 𝑬𝑽𝒃 , 𝑬𝑫𝟑𝟐
∝

𝟏

𝒛𝟏−𝒛𝟐+𝒛𝟑

Appendix

◎ Configuration of the 4-sensor probes

𝑧3
𝑧1𝑧2

x

y

z

𝑆0
𝑆1

𝑆2𝑆3

𝛿1

◎ Effect of displacement on 𝑽b, 𝑫𝟑𝟐 measurement

MAPE =
1

𝑁
෍

𝑖=1

𝑁
𝑥𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 − 𝑥𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

𝑥𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
× 100

ഥ𝑎𝑖 ∝
1

Ω
σ
𝑗=1

𝑁𝑒𝑓𝑓 1

𝑉𝑛𝑜𝑟𝑚𝑎𝑙

𝐷32 =
6𝛼

𝑎𝑖
 

δ = 0.1𝑧𝑟𝑒𝑓

Coplanar

𝟏

𝒛𝟏−𝒛𝟐+𝒛𝟑
× 𝑧𝑟𝑒𝑓 (-)

Abs. Error

Rel. Error

𝑆3

𝑆2𝑆1
y

x

𝑆0


