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1. Introduction 

 

The conductance or optical fiber four-sensor probe is 

a widely used intrusive technique for the measurement of 

local two-phase flow parameters, such as void fraction,  

bubble velocity, interfacial area concentration (IAC) and 

Sauter mean diameter (𝐷32 ) measurement [1–5]. The 

accuracy of such IAC-based 𝐷32 measurements depends 

on both the selected IAC model [1-3] and the axial rear-

sensor configuration, which governs the time-delay 

resolution and the geometric characteristics of the four-

sensor probe. In addition, in high-pressure and high-

temperature two-phase flow conditions, sensors may 

deform or fail during experiments, leading to sensor-tip 

displacement and signal loss, which can degrade 

measurement reliability. Most previous studies have 

adopted a conventional sensor configuration for a four-

sensor probe comprising one front sensor and three 

coplanar rear sensors. However, this configuration 

becomes unusable if the front sensor fails, since the 

required front–rear time delays are no longer available. 

Therefore, the development of a new four-sensor probe 

array designed to address such situations is required.  

This study aims to investigate the measurement 

performance of new four-sensor configurations for 

bubble parameters according to the axial distances 

between the three rear sensors using a Monte Carlo 

simulation [5]. A displacement robustness metric was 

introduced to quantify the sensitivity to axial sensor-tip 

displacement, and recovery strategies for single rear-

sensor failure cases were examined. Based on the 

combined evaluation, an array-selection guideline was 

developed that accounts for measurement accuracy, 

displacement robustness, and fault handling. 

 

2. Development of New 4-Sensor Configuration  

 

2.1 Four-sensor configuration and measurement method 

 

This study considers a four-sensor probe consisting of 

one front sensor (𝑆0) and three rear sensors (𝑆1−3) as 

shown in Fig. 1. The sensor layout on the x–y plane is 

fixed to a square, and candidate arrays are generated by 

varying only the axial rear-sensor spacings Δ𝑧𝑘(𝑘 =
1,2,3). The reference axial spacing 𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡 is defined as 

the maximum of the three rear-sensor spacings, and the 

normalized axial spacings are defined as follows: 

 

Δ𝑧𝑘
′ = 𝑛

Δ𝑧𝑘

𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡
, 𝑘 = 1,2,3 (1) 

 

where Δ𝑧𝑘
′  denotes the discretized nondimensional axial 

spacing defined on an integer grid by dividing 𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡  

into 𝑛 equal segments. In this study, 𝑛 is set to 4, and 

only arrays including at least one Δ𝑧𝑘
′ = 4 are evaluated 

so that all candidate arrays share the same 𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡  for 

fair comparison. This constraint yields a total of 37 

candidate arrays. Array-to-array comparisons are 

performed based on (Δ𝑧1
′ , Δ𝑧2

′ , Δ𝑧3
′ ). In addition, arrays 

that make the denominator of the velocity-calculation 

equation equal to zero (e.g., Δ𝑧1 + Δ𝑧3 = Δ𝑧2 ) are 

excluded, since the axial velocity cannot be computed in 

such cases. 

Time delays ∆𝑡𝑘  (𝑘 = 1,2,3)  are extracted from the 

bubble–sensor contact signals, and local bubble velocity 

is evaluated using an established four-sensor procedure 

that combines multi-sensor geometry with the time 

delays [4]. The axial component of the bubble velocity, 

𝑉𝑎𝑥𝑖𝑎𝑙  is used as the primary velocity metric. Bubble size 

is quantified by the IAC-based 𝐷32. IAC is obtained by 

applying established IAC models [1-3] to the locally 

measured void fraction (α) and velocity, and 𝐷32  is 

defined as follows: 

 

𝐷32 =
6𝛼

𝐼𝐴𝐶
  (2) 

 

 

2.2 Monte Carlo simulation conditions and error metric 

 

For each array, Monte Carlo simulations were 

performed by generating bubble events and computing 

𝑉axial  and IAC-based 𝐷32  for each event. The bubble 

generation and calculation procedure follows Moon et al. 

 

 

(a) Cartesian coordinates (b) x-y plane 

Fig. 1. Four-sensor probe configuration 
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[5]. To ensure consistent array-to-array comparison 

under different axial spacings, the bubble size is 

normalized using the reference length 𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡: 

 

𝐷′ ≡
𝐷30

𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡
 (3) 

 

where 𝐷30 is the volume-equivalent spherical diameter. 

Bubble diameters were sampled from a normal 

distribution, and aspect ratios from a log-normal 

distribution to reflect statistical variability [5]. The 

imposed velocity fluctuation level is represented by the 

velocity fluctuation ratio: 

 

𝐻 ≡
𝛥𝑉

𝑉
 (4) 

 

where Δ𝑉 denotes the magnitude of the imposed velocity 

fluctuation [5]. In the Monte Carlo simulation,  𝐻   is 

uniformly sampled within [0, 𝐻max]. For consistent array 

comparison under typical experimental scales (𝑉 in m/s 

and sensor axial spacing in mm), a normalized velocity 

is defined as 

 

𝑉′ ≡
𝑉

𝑉𝑟𝑒𝑓
  (5) 

𝑉𝑟𝑒𝑓 = 103  𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡

𝑡𝑟𝑒𝑓
;  𝑡𝑟𝑒𝑓 = 1 𝑠 (6) 

 

In the Monte Carlo simulation, the normalized velocity 

is fixed to 𝑉′ = 1.0 to focus on sensor-spacing effects. 

In the present framework, changing 𝑉 primarily rescales 

the time delays ( Δ𝑡 ∝ 1/𝑉 ) and does not affect the 

estimation error of computed quantities ( 𝑉axial , 𝐷32 ) 

under the continuous-time assumption. In addition, 𝑉′ is 

used only to define the simulation conditions, while the 

velocity used in the event-wise calculations follows the 

original formulation [4]. The Monte Carlo simulation 

conditions are summarized as follows: 

 

 𝐷′ range: 0.1–5.0, binned into 𝑁case = 50 cases 

 𝑁𝑏 = 250,000 bubbles per case 

 𝐻𝑚𝑎𝑥 = 0.0, 0.2 

 𝑉′ = 1.0 

 

Prediction accuracy was quantified using mean 

absolute percentage error (MAPE), and the results of 

𝐻max = 0.0 𝑎𝑛𝑑 0.2  were combined with equal 

weighting. 

 

2.3 Displacement robustness and sensor-fault correction 

 

To emulate practical uncertainties, small axial 

displacement 𝛿  is imposed on the rear-sensor tip 

positions (𝑘 = 1,2,3) . From a first-order sensitivity 

analysis of the four-sensor 𝑉axial  formulation, the 

displacement sensitivity index ( 𝐾 ) is expressed as 

follows: 

 

∣ 𝐾 ∣=
1

∣Δ𝑧1−Δ𝑧2+Δ𝑧3∣
 (7) 

 

Since Δ𝑧𝑘
′  scales with ∆𝑧𝑘 , a larger ∣ Δ𝑧1

′ − Δ𝑧2
′ +

Δ𝑧3
′ ∣ implies lower displacement sensitivity and a more 

robust array. 

A single rear-sensor fault scenario is considered 

( 𝑆fault = 1,2,3 ), where one of the three rear sensors 

becomes unavailable. Three strategies are evaluated: (i) 

two-sensor fallback [3]; (ii) interpolation method, which 

reconstructs the missing time delay Δ𝑡𝑘,missing  by 

assuming a linear proportionality between Δ𝑡𝑘  and 

Euclidean distance 𝑠𝑘  for each front-rear sensor pair, 

using Eq. (8); and (iii) analytical method, which 

estimates Δ𝑡𝑘,missing  using the functional form of the 

four-sensor axial-velocity equation together with the 

array geometry, using Eq. (9). 

 

Δ𝑡𝑐,𝑚𝑖𝑠𝑠𝑖𝑛𝑔
𝑖𝑛𝑡𝑒𝑟𝑝

= Δ𝑡𝑎 + (𝑠𝑐−𝑠𝑎)
𝛥𝑡𝑏−𝛥𝑡𝑎

𝑠𝑏−𝑠𝑎
 (8) 

𝛥𝑡1,𝑚𝑖𝑠𝑠𝑖𝑛𝑔
𝑎𝑛𝑎 =

(𝛥𝑧1−𝛥𝑧2+𝛥𝑧3)

𝑉𝑎𝑥𝑖𝑎𝑙
+ 𝛥𝑡2 − 𝛥𝑡3 (9a) 

𝛥𝑡2,𝑚𝑖𝑠𝑠𝑖𝑛𝑔
𝑎𝑛𝑎 = −

(𝛥𝑧1−𝛥𝑧2+𝛥𝑧3)

𝑉𝑎𝑥𝑖𝑎𝑙
+ 𝛥𝑡1 + 𝛥𝑡3 (9b) 

𝛥𝑡3,𝑚𝑖𝑠𝑠𝑖𝑛𝑔
𝑎𝑛𝑎 =

(𝛥𝑧1−𝛥𝑧2+𝛥𝑧3)

𝑉𝑎𝑥𝑖𝑎𝑙
+ 𝛥𝑡2 − 𝛥𝑡1 (9c) 

 

where a and b denote the available front–rear pairs and c 

denotes the missing pair. Here, Δ𝑧𝑘
′  is used only for 

normalized array-to-array comparison, while Δ𝑧𝑘 

denotes the physical axial spacings used in Eq. (9). 

 

3. Results 

 

3.1 Evaluation results of 𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32 measurements 

 

Figure 2 summarizes the MAPE of the axial velocity 

𝑉𝑎𝑥𝑖𝑎𝑙 for candidate arrays under two representative 

velocity-fluctuation conditions ( 𝐻max = 0.0  and 0.2). 

For 𝐻max = 0.0, the error generally decreases as Δ𝑧1
′ , 

Δ𝑧2
′ , and Δ𝑧3

′ increase, and the conventional 

configuration, V-1 (Δ𝑧1
′ , Δ𝑧2

′ , Δ𝑧3
′ )=(4,4,4) array yields 

the minimum MAPE of 0.03%. For 𝐻max = 0.2 , the 

error decreases with increasing Δ𝑧1
′  and decreasing Δ𝑧2

′ , 

while the dependence on Δ𝑧3
′  is less pronounced; 

however, for Δ𝑧2
′ = 1, larger Δ𝑧3

′  leads to a lower error. 

Consequently, the V-2 (4,1,4) array provides the best 

performance with a minimum MAPE of 0.08% under 

𝐻max = 0.2. 

Table I summarizes the best-performing arrays for 

IAC-based 𝐷32  measurement using the three IAC 

models. The Kataoka et al. [1] and Revankar & Ishii [2] 

models show significantly larger minimum errors 

(MAPE = 85.25% and 25.07%, respectively) compared 

to the Le Corre & Ishii (LC) [3] model, which achieves 

approximately 4% MAPE. Therefore, subsequent 

analyses are primarily based on the LC model. For the 

LC model, no clear trend with respect to Δ𝑧𝑘
′  is observed. 

However, arrays including Δ𝑧𝑘
′ = 1  tend to yield 

relatively smaller errors. 
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(a) 𝐻𝑚𝑎𝑥 = 0.0 

 
(b) 𝐻𝑚𝑎𝑥 = 0.2 

Fig. 2. MAPE of 𝑉𝑎𝑥𝑖𝑎𝑙 

 

Table I: MAPE of 𝐷32 

IAC Model Array Δ𝑧1
′  Δ𝑧2

′  Δ𝑧3
′  

MAPE 

[%] 

Kataoka et al. 

[1] 
K-1 2 4 3 85.25 

Revankar & 

Ishii [2] 
R-1 2 4 3 25.07 

Le Corre & 

Ishii [3] 

LC-1 2 1 4 4.04 

LC-2 4 1 3 4.25 

 

3.2 Evaluation of  displacement robustness 

 

To assess displacement robustness, an axial 

perturbation of magnitude 𝛿 = 0.1 𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡  is imposed 

on the rear-sensor tip positions under the same Monte 

Carlo conditions defined in Section 2.2. Three 

representative arrays are selected for comparison: the 

conventional array V-1 (4,4,4), the most sensitive array 

K-1 (2,4,3) with the minimum ∣ Δ𝑧1
′ − Δ𝑧2

′ + Δ𝑧3
′ ∣, and 

the most robust array among the representative arrays V-

2 (4,1,4) with the maximum ∣ Δ𝑧1
′ − Δ𝑧2

′ + Δ𝑧3
′ ∣. 

Fig. 3 presents the displacement-induced error in 

𝑉axial , and Fig. 4 presents the corresponding error in 

IAC-based 𝐷32  (LC model), for a representative case 

where a displacement (+𝛿) is applied to rear sensor 1. In 

both figures, the same trend is observed: the error 

decreases as ∣ Δ𝑧1
′ − Δ𝑧2

′ + Δ𝑧3
′ ∣  increases, supporting 

the use of this quantity as a displacement robustness 

metric. The velocity error remains nearly constant over 

the entire 𝐷′  range, whereas the 𝐷32  error increases as 

𝐷′ decreases. 

For an unbiased comparison, Table II reports the 

overall MAPE averaged over rear sensor index 𝑘 = 1–3, 

both displacement directions (±𝛿), and the full diameter 

range of 𝐷′ , for 𝑉𝑎𝑥𝑖𝑎𝑙  and IAC-based 𝐷32 . The 

consistent ranking among V-2, V-1, and K-1 further 

supports ∣ Δ𝑧1
′ − Δ𝑧2

′ + Δ𝑧3
′ ∣  as a selection metric for 

arrays robust to displacement. 

 

 
Fig. 3. Displacement effect on 𝑉𝑎𝑥𝑖𝑎𝑙 measurement 

 

 
Fig. 4. Displacement effect on 𝐷32   measurement 

 

Table II: Displacement-induced MAPE 

Array |Δ𝑧′1-Δ𝑧′2+Δ𝑧′3| 𝑉𝑎𝑥𝑖𝑎𝑙  
𝐷32 

(LC) 

K-1 

(2,4,3) 
1 40.00 % 26.38 % 

V-1 

(4,4,4) 
4 10.00 % 7.12 % 

V-2 

(4,1,4) 
7 5.71 % 3.52 % 

 

Based on the combined results of Sections 3.1 and 3.2, 

LC-2 (4,1,3) is selected as the recommended array by 

considering measurement accuracy, displacement 

robustness, and practical fault tolerance. Specifically, 

LC-2 achieves a low MAPE of 4.25% for 𝐷32 using the 

LC model and provides accurate 𝑉𝑎𝑥𝑖𝑎𝑙  measurements 

with a MAPE of 0.19%. In addition, LC-2 has ∣ Δ𝑧1
′ −

Δ𝑧2
′ + Δ𝑧3

′ ∣= 6 , indicating reduced displacement 

sensitivity compared to the conventional array (V-1). 

Moreover, the distinct rear-sensor elevations maintain 

usability under rear-sensor faults, using the proposed 

correction methods for single-sensor failure and the two-

sensor fallback for double-sensor failure. 
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3.3 Evaluation of sensor-fault correction methods 

 

Table III compares three correction methods for the 

recommended array LC-2 by reporting the mean MAPE 

of 𝑉𝑎𝑥𝑖𝑎𝑙  and IAC-based 𝐷32 (LC model), averaged over 

the single rear-sensor fault cases (𝑆fault = 1–3) and the 

full 𝐷′  range. For both 𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32 , the analytical 

method yields the lowest MAPE, outperforming the two-

sensor fallback and the interpolation method. Therefore, 

the analytical method is recommended as the primary 

correction strategy for maintaining both 𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32 

measurement accuracy under a single rear-sensor failure. 

 

Table III: Evaluation results of correction methods 

Method 𝑉𝑎𝑥𝑖𝑎𝑙  𝐷32  (LC model) 

2-sensor 2.57 % 13.99 % 

Interpolation 8.34 % 18.14 % 

Analytical 1.72 % 10.28 % 

 

4. Conclusions 

 

The performance of a four-sensor probe was evaluated 

by systematically varying the generalized rear-sensor 

axial-spacing configuration under a normalized 

representation and quantifying the resulting MAPE in 

𝑉𝑎𝑥𝑖𝑎𝑙  and IAC-based 𝐷32  using Monte Carlo 

simulations. Based on the evaluation results, 

representative arrays were selected for 𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32 

measurement. Displacement robustness was then 

assessed using the displacement robustness metric ∣
Δ𝑧1

′ − Δ𝑧2
′ + Δ𝑧3

′ ∣, and the simulation results confirmed 

that increasing this metric reduces the sensitivity of the 

𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32  to axial sensor-tip displacement. 

Accordingly, LC-2 (4,1,3) is recommended as a 

practically implementable array, as it achieves low 

measurement error with reduced displacement sensitivity 

and remains applicable under sensor-fault conditions. 

Finally, three correction strategies for single rear-sensor 

failure—two-sensor fallback, interpolation, and 

analytical methods—were formulated and evaluated, and 

the analytical method yielded the smallest errors for both 

𝑉𝑎𝑥𝑖𝑎𝑙  and 𝐷32. 

 

 

NOMENCLATURE 

 

𝐷30 Volume-equivalent spherical diameter (mm) 

𝐷32 Sauter mean diameter (mm) 

𝐷′ Normalized bubble diameter (–) 

𝐻𝑚𝑎𝑥 Maximum velocity fluctuation ratio (–) 

Ncase Number of cases (–) 

Nb Number of bubbles (–) 

s 3-D distance between front-rear sensors (mm) 

S Sensor 

t Time (s) 

𝑉𝑎𝑥𝑖𝑎𝑙  Axial bubble velocity (m/s) 

x, y, z Cartesian coordinates (mm) 

𝑧𝑙𝑜𝑛𝑔𝑒𝑠𝑡  Longest axial sensor spacing (mm) 

 

Greek symbols 

𝛼 Local void fraction (-) 

∆𝑡𝑘 Time delay between front-rear sensor k (s) 

Δ𝑧𝑘
′  Normalized axial spacing (–) 

δ Axial displacement magnitude (mm) 

 

Subscripts 

k Sensor index (k =0, 1, 2, 3) 

avg Averaged value 

cal Calculated value 

ref Reference value 

original Value without displacement 

distorted Value with displacement 

missing Missing value due to sensor-fault 

 

Superscripts 

′ Normalized parameter 
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