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ABSTRACT Solid phase fraction (SPF) is one of the most important parameters in solid-liquid two-phase
flow, and has been increasingly addressed on most of the measuring techniques. As an effective measuring
technique, Electrical Resistance Tomography (ERT) has been applied tomeasure SPF owing to low-cost, fast-
response, non-invasive and non- radiation characteristics. The ERT-based SPF estimation is greatly affected
by different solid object sizes from the existing methods, but currently there is none efficient method to solve
this problem. In this paper, a mathematical model firstly is proposed to generally approximate various object
sizes and thereby reconstruct all measurements. Therefore, when all solid objects have unevenly distributed
and different sizes, SPF can still be effectively computed. Experiments are implemented in three groups of
actual experiments by a building platform, where the solid objects in each group have individual object size.
Results show that the new method can compute the value of SPF more accurate than the existing method,
and thus provide a more accurate way to SPF computation.

12 INDEX TERMS Measurement reconstruction, solid phase fraction, object size, ERT.

I. INTRODUCTION13

Solid-liquid two-phase flow is widely encountered in process14

industry [1], and solid phase fraction (SPF) estimation in15

flow pipe plays an important role in process detection and16

parameter analysis. The high precision of SPF is necessarily17

required to effectively control and optimize industrial pro-18

cesses. Despite SPF was studied using various tomographic19

modalities, such as a single source γ -ray computed tomogra-20

phy [2], ultrasonically-based detection techniques [3] etc. But21

as a valuably imaging technique, electrical resistance tomog-22

raphy (ERT) [4] provides both the cross-sectional image and23

the SPF value in solid-liquid two-phase flow in a detected24

pipe. Compared with other tomographic techniques, ERT is25

a fast, low-cost, and nondestructive technique in obtaining26

2D/3D distribution parameter information [5].27

The ERT-based phase fraction estimation methods have28

evolved for many years, and each progress provides informa-29

tion of better accuracy and stronger robustness [6]. Various30
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estimation methods can be categorized to hardware refor- 31

mulation and algorithm progress. Our research in this paper 32

focuses on the latter. Almost all the SPF estimation algo- 33

rithms result from the Maxwell-Garnett (MG) formula [7], 34

but its preliminary form is very inaccurate due to inevitable 35

assumptions and complex application conditions. For exam- 36

ple, for the solid-liquid two-phase flow in dredging engineer- 37

ing [8], theMG formula remains rather inaccurate. Generally, 38

there are the following three problems at least: 39

1) Solid and liquid objects are assumedly small-size and 40

evenly distributed, and thereby SPF can be computed by the 41

MG equation. But actual sizes generally are various [9], and 42

thereby the computed value of SPF may be very inaccurate. 43

2) Most the existing methods focus on the gas-liquid two- 44

phase flow whose natural characteristics are different from 45

those of the solid-liquid two-phase flow. And the conductivity 46

difference between gas and liquid is much larger than that 47

between solid and liquid inclusions. Meanwhile, gas is com- 48

pressible but solid is not, leading different SPFs. 49

3) The ERT image is of low spatial resolution by which 50

the small objects are not found at all [10]. Meanwhile, there 51
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are inevitable noises and random artifacts in an ERT image.52

However, the accuracy of MG formula is assured only if the53

object size is small enough, which is contradictive to the54

ability of ERT spatial resolution.55

In the past decades, efforts have been made to overcome56

the above problems. Numerical simulations have been present57

for phase volume fraction of solid-liquid multiphase flows58

in horizontal pipe [11]. To raise measurable range of phase59

fraction, various void fractions has been tested [12], and60

the void fraction was estimated based on the polynomial61

regression of measurement voltage values. Recent research62

[13] shows that if the sensitivity matrix in the ERT process63

is carefully determined, the phase fraction estimation can be64

improved by integrating the prior information in practice.65

More related reviews can be found in [14]. However, these66

studies don’t involve the solid object sizes and distributions,67

and thus cannot effectively and accurately find correct SPF68

in the solid-liquid two-phase flow. Specially, the above three69

problems may coexist, and leads to the estimated SPF by70

MG unbelievable. Consequently, it is an emergency task to71

develop feasible and accurate SPF estimationmethod to over-72

come the above problems.73

In this paper, a mathematical model firstly is used to74

estimate the solid object size, and then thereby ERT mea-75

surements are reconstructed and theMG formula is extended76

to a new form associated with various object sizes. Finally,77

the proposed method is validated under a group of actual78

experiments with typical characteristics.79

II. RELATED WORK80

The section includes two parts: ERTmeasuring principle and81

MG formula.82

A. ERT MEASURING PRINCIPLE83

We use a typical 16-electrode ERT system to explain the ERT84

measuring principle. ERT measures the flow parameter in a85

field � by boundary measurements [15].86

Fig. 1(a) shows the ERT measuring process in �. First,87

an exciting current ‘‘I ’’ is added to the electrode 1, and 1588

measurements are obtained in other 15 electrodes; then ‘‘I ’’89

is added to the electrode 2, and 15 measurements are obtained90

again. The process is repeated in turns till all 16 electrodes91

are excited. Therefore, total 240 measurements are obtained92

to compute the parameters in �. These 240 measurements93

construct 16 ‘‘U ’’ shape curves in which each responds to94

the same excitation, as shown in Fig.1 (b).95

The ERT measuring process obeys the general Maxwell96

equation [16]. Let ∂� be the boundary domain of �. The97

boundary measurement u in ∂�, the electrical potential φ,98

and conductivity σ inside � satisfy99

∇ · (σ∇φ) = 0, in �100

s.t.,

{∫
∂�
σ ·

∂φ
∂n ds = I , on exciting electrode at ∂�

φ = u, on measuring electrode at ∂�
101

(1)102

FIGURE 1. The measuring process of ERT and all measurements from 16
electrodes.

where I is the exciting current. The ERT process is tightly 103

close to the inverse problem of the Dirichlet boundary condi- 104

tions [17], which solves σ in � by all boundary value u. 105

The actual measurement in� is required to use a reference 106

field�0 in which all pixels have the same conductivity value 107

[18]. After individually exciting �0 and �, the increments 108

of both σ and u in the two fields are 1σ and 1u, and (1) is 109

further expressed as 110

1u = J1σ + O((1σ )2) (2) 111

where J is a nonlinear relation from 1σ to 1u. Based on 112

finite element method, the linearized and discrete form after 113

neglecting nonlinear item of (2) can be expressed as the 114

following equations, 115

1U=S1σ (3) 116

where σ ∈ Rn×1 is the vector of σ ,1U ∈ Rm×1 is the vector 117

of measurements, S ∈ Rm×n is called as sensitivity matrix in 118

ERT as well, n is the number of pixels in �, and m is the 119

number of measurements. For a 16-electride system, m = 120

240; n is typically taken as 812 due to only 240measurements 121

available. When both1U and S are known, to solve σ can be 122

used to compute all parameters in �. 123

However, the directly analytic solution for (3) does not 124

exist since the ERT inverse problem is both nonlinear and 125

ill-posed. Many algorithms have been proposed to indirectly 126
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solve the above ill-posed problem. The two most used algo-127

rithms are Linear Back Projection (LBP) [19] and Tikhonov128

regularization (TR) [20]. LBP has the highest time resolution,129

while in most applications TR has highest spatial resolution130

among all ERT algorithms if its parameter is optimally cho-131

sen. LBP solves the unknown 1σ in (3) by the following132

form,133

1σ=ST1U (4)134

Alternatively, TR is presented as a following minimization135

function as136

Z = ||1U − S1σ || + µR(1σ ) (5)137

where µ is the regularization parameter and controls the138

tradeoff between the fidelity term ||1U − S1σ || and139

the penalty term R(1σ ). When R( ) is take as an unit140

matrix, the one-step analytic solution of (5) is141

σ= (STS+µI)−1STU (6)142

So far, the two algorithms have widely applied in most143

cases of ET computation process. But the hyperparameter144

µ in TR is difficult to be determined due to dynamical and145

various measuring process in application such as the dredging146

engineering etc [21], [22]. Hence, we only use LBP to the147

ERT process in this paper.148

B. MG EQUATION149

ERT has used for the parameter detection of multiple-phase150

flow, and essentially the computation of dispersed phase151

fraction. Maxwell-Garnett (MG) formula [7] is the most used152

way to compute SPF κ in solid-liquid two-phase flow, it is153

κ =
2σ1 + σ2 − 2σmc − σmcσ2/σ1
σmc − σmcσ2/σ1 + 2(σ1 − σ2)

(7)154

where σ1 is the conductivity of liquid-phase objects (e.g.,155

seawater), σ2 is the conductivity of the detected solid-phase156

objects (e.g., soil or sand), σmc is the averaging conductivity157

of mixtures of solid- phase and liquid- phase objects. In case158

of non-conductive solid-phase objects, σ2(k) is nearly 0 s/m159

and (7) is reduced as160

κ = 6/(2+ σmc/σ1)− 2 (8)161

Equation (8) shows that the rate of σmc/σ1 becomes the only162

variable to compute the value of κ . Since both values of sij and163

ui are known in any ERT process, thus SPF can be estimated.164

Usually, the reference field �0 in MG is directly taken as165

the conductivity of liquid- phase objects σ1 which is known166

in prior, for example, σ1 = 32.5 uS/m in seawater, while σ1 =167

0 s/m in fresh water; Therefore, κ is uniquely determined168

by σmc. When applying LBP, there is the linear relation [23]169

between σmc/σ1 and 1U ,170

σmc/σ1 = a
∑812

j=1

∑240

i=1
sij1ui + b (9)171

FIGURE 2. Computation of effect of object size.

where a and b are two regression parameters to reconstruct 172

σmc from 1σ . Therefore, after taking (9) to (8), it is 173

κ=6/(2+a
∑812

j=1

∑240

i=1
sij1ui + b)-2 (10) 174

However, (10) is irrelative to solid object size in solid-liquid 175

two-phase flow due to the following reasons: 176

1) There is none way to effectively express solid object 177

shapes and sizes. Inmost applications, these objects may have 178
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various sizes and uneven distributions which coexist in the179

same solid-liquid two-phase flow.180

2) The mechanism is unknown that various object size181

affects ERT measurement. Even though there is an effective182

way to express the effect of object size to measurement, how183

to apply it to improve the accuracy of SPF is unknown as well.184

3) The use of σmc to compute SPF in MG in fact assumes185

that solid object size is infinitesimal, but the spatial resolution186

is very limited. The actual size inERT is impossiblemore than187

the size of pixels. Therefore, the assumption in MG doesn’t188

hold.189

4) The real σmc cannot directly be computed by LBP or190

other ERT algorithms, and for various values of σ1, (9) must191

be regressed by available historical measurements. Other-192

wise, the value ofMG cannot effectively be solved.193

In this paper, we propose a mathematical model to express194

object size and object shape, and further solve the above three195

problems in a theoretical and practical way. Since object size196

and distribution in any cross-section in pipe is random and197

fast changing, thus they cannot be fixed in practice. There-198

fore, in our proposed method, object size and distribution199

are approximated in the sense of averaging value, and all200

the measurements are reconstructed in �. Consequently, the201

estimated value of SPF is more accurate and reasonable than202

that ofMG.203

III. THE PROPOSED METHOD204

The proposed method is illustrated by two parts: analytic205

approximation of various object sizes and distributions, and206

the computation of SPF in two-phase flow.207

A. APPROXIMATION OF OBJECT SIZE AND DISTRIBUTION208

Let a detected ERT field�with 16 electrodes be a circle with209

radius R (see Fig. 2(a)). According to the Ohm law [24], any210

measurement (potential difference) is approximately deter-211

mined by two variables: the shortest distance from exciting to212

measuring electrodes and the area that is covered by currents.213

Since each exciting current goes through the same field �,214

thus any measurement is determined by their shortest dis-215

tance. In this following, we simulate the change of object size216

from a large circle to a set of small circles.217

Assume that the object is a large circle �O that is located218

in the center of the field � with radius r (see Fig.2 (a)).219

From an exciting electrodeC to ameasuring electrode E, their220

connection line CE has angle θ to the horizontal line.221

If CE is not intersected to �O, the measurement at E can222

nearly be computed as223

ϕE = I/(4πγ dE ) (11)224

where I is the exciting current intensity, γ is the conductivity225

in �, and dE is equal to the length of segment CE.226

Otherwise, if CE is intersected to � O, dE from C to E is227

computed as228

dE = AB+ CD+ arc(BD) = 2(
√
R2 + r2229

− arcsin(r/R)+ rθ ) (12)230

FIGURE 3. The changing tendency of the measuring sum as r or κ is
changed.

The value of ϕE can still be computed after taking (12) to 231

(11), but it is smaller since dE has an increment and becomes 232

larger than the length of CE. 233

Generally, if all objects are m randomly distributed circles 234

with the same radius r in � (see Fig.2 (b)), ϕ1, ϕ2, . . . , 235

ϕ15 are 15 relative measurments from the same excitation 236

C to 15 other measuring electrodes. They have indiviudal 237

segments lengths from C to 15 measuring electrodes, d1, 238

d2,. . . , d15, respectively. 239

Note that the 15 segments at C are intersected to m circles 240

in� at a certain proability. In terms of width 2r , the covering 241

area of ith segment in� nearly is 2rdi(see Fig. 2(b)), and thus 242

the proability that anyone of m circles intersects to the line is 243

2rdi/(πR2). Hence, the number that all m circles intersects to 244

the ith segment probabilistically is 245

2mrdi/πR2
1
=Ni, i = 1, 2, . . . , 15 (13) 246

In practice, the following problems must be considered: 247

1) These actual circle sizes usually are neither identical nor 248

circle-shaped, but it is impossible to construct an accurate 249

model to approximate these sizes and shapes. 250

2) Anyone of the m circles intersects 15 segments have 251

different lengthes. If the segment of the ith measurement 252

is not intersected to any circle, di is equal to the segment 253

length. Otherwise, for di, the shortest distcane from C to ith 254
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TABLE 1. The measuring sum under various values of r .

TABLE 2. The solved range of q under various γ and K .

mearuing electrode must have an increment whose largest255

value is (π-2)r , as shown in Fig.2(c).256

For the first poblem, we assume tha the effect of vari-257

ous sizes and differnet shapes in measurements can still be258

approximated by m circles with the same size r . Neverthe-259

less, any segment will intersect to Ni small circles according260

to (12). Consequently, for the second problem, assume that261

the increment of di relative to Ni intersecting circles obey262

a decreasing geometric series with common ratio q, and263

whereby the Ni increments on di are (π −2)r , (π −2)rq1,. . . ,264

(π − 2)rqNi−1. Their sum is265

si = (π − 2)r(1− qNi )/(1− q), s.t., 0 < q < 1, (14)266

So the shortest distance of ith measment is added to (di+ si),267

ϕi in (11) is turned to268

ϕi =
I

4πγ {di + (π − 2)r(1− qNi )/(1− q)}
,269

i = 1, 2, . . . , 15 (15)270

Equation (15) originally recovers the interrelation between271

measurement and object (circle) size. To observe the effect272

of object size, we fix κ when objects are m circles, it is273

mπr2/(πR2) = κ ⇒ m = κR2/r2 (16)274

Taking (16) into (13), it is275

Ni=2κdi/(πr), i = 1, 2, . . . , 15 (17)276

Equation (15) bocmes277

ϕi =
I

4πγ {di + (π − 2)r(1− q2κdi/(πr))/(1− q)}
,278

i = 1, 2, . . . , 15 (18)279

Therefore, 15 measurements can be computed when all 280

objects are evenly and randomly distributed in �. Equation 281

(18) shows that eachmeasurement ϕi is a nonlinearly decreas- 282

ing function on object size r , whereas the measurement in 283

the MG formula is not related to r , leading to inaccurate 284

estimation of κ . 285

Note that the sum of all measurements can reflect their 286

global changing tendency. As r increases from 0 to R in� but 287

the value of κ is fixed individually at three different values, 288

Fig.3 (a) shows the three curves of measuring sum from (18). 289

Note that it is impossible that r tends to an infinitely small 290

value due to the limitation of pixel size. For example, the 291

typical number of pixels in� is 812, and thereby the minimal 292

pixel size rmin isπR2 by 812. Fig. 3(a) shows that rmin is much 293

larger than zero, and the measuring sum decreases globally as 294

r increases. 295

Alternatively, according to (16), (18) is rewritten along κ 296

to 297

ϕi =
1

4πγ {di + (π − 2)R
√
κ/m(1− q2di

√
κm/(πR))/(1− q)}

298

(19) 299

Equation (19) shows that each measurement is determined 300

by m and κ after r is fixed. But m is far larger than κ , thus 301

m plays a key role in the computing measurement. As κ 302

increases but m is fixed individually at four different values, 303

Fig.3 (b) shows four curves of measuring sum from (19), 304

which are globally decreasing. 305

Table 1 further shows the effect of the object size r to all 306

measurements in COMSOL Multiphysics [25], where κ is 307

fixed to 25%, 30%, and 40%, respectively. The change of 308

all measurements is evaluated by their sums. For each fixed 309
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TABLE 3. Fundamental characteristics of solid and liquid objects.

FIGURE 4. Determination of range of q in the proposed method.

κ the object size r is taken as a set of increasing values,310

but these measuring sums are very different. The curve of311

each measuring sum has a decreasing trend as r increases,312

and these curves under different values of κ have different313

distributed ranges. Therefore, their maximal difference of314

κ computed by MG attains 36% original value of κ along315

various object sizes.316

B. THE COMPUTATION OF κ317

The value of q in (15) principally ranges in the interval (0, 1)318

but it must be determined in advance. The existing researches319

FIGURE 5. Reconstructed measurements of the mixture with various sizes.

[26] has proved that the difference between ϕrefi in �0 and 320

ϕ
full
i in � is subject to 321

ϕ
ref
i−2 < ϕ

full
i < ϕ

ref
i+2, i = 3, 4, . . . , 13 (20) 322

Fig. 4(a) simulates a two-phase flowing field that consists 323

of blue objects and red backgrounds, and (b) shows their 324

measurements ϕrefi and ϕfulli , respectively. After solving (20), 325

the range of q can be restricted to a more accurate interval 326

than (0, 1). 327

Table 2 shows a group of solutions of q according to (20) 328

when the background conductivity γ is individually taken 329

as 32.51, 18.52, and 0.055 uS/cm along a group of values 330

of κ . It is seen that the solved range of q is very small, and 331

the resultant relative error between maximal and minimal 332

measurements is small as well. Meanwhile, Table 2 shows 333

that the range of relative error nearly is reduced as γ decreases 334

or κ rises. 335

After determining q and r , κ in (18) can be solved from ith 336

measurement ϕi as 337

κi =
πr
2di

logq(1−
(1− q)I − 4π (1− q)γ diϕi

4π (π − 2)γ rϕi
), 338

i = 1, 2, . . . , 15 (21) 339

If all solid objects are evenly distributed in �, the computed 340

value κi by (21) are mutually equal among all measurements. 341
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Then any measurement can principally determine the value342

of κ . However, there are at least the three reasons such that343

(21) may be inaccurate when using a single measurement:344

1) It is impossible that all object sizes are consistent.345

Objects with various sizes may randomly appear in � every-346

where, which must lead to nonlinear change of the related347

measurements. So, these measurements will work out differ-348

ent values of κ from (21).349

2) The computed value by (15) may have error compared350

with actual value, and the actual exciting current can depart351

way from the shortest way from any exciting to measuring352

electrodes. Meanwhile, although all currents go through the353

same field �, but each of them may have various intensity in354

individual pass-by area.355

3) The assumption of a decreasing geometric progression356

in our method may be inaccurate tow some extent. Due to357

the existence of parasitic resistance in the voltage-driven ERT358

system [26], each ERT measurement are inevitably affected359

more or less.360

To overcome the above problems, we compute κ using the361

mean of solved SPF values by (21) along all measurements362

in the ERT system. It is363

κ =
∑240

i=1
κi/240,364

s.t., κi =
πr
2di

logq(1−
(1− q)I − 4π (1− q)γ diϕi

4π (π − 2)γ rϕi
)365

(22)366

In practice, the values of di, γ , r must be determined in367

advance. Finally, after taking all the actual measurements368

into (22), κ can be computed effectively.369

Hereafter, we call the extend MG formula as EMG. The370

MG formula must be calibrated by (9), whereas EMG must371

be done by the value of q.372

IV. EXPERIMENT373

Experiments were carried out at a constructed platform.374

It consists of a closed square pipeline with 8000mm length375

and 800mm pipe diameter. A pump in the pipe provides flow-376

ing power, whereas an ERT system obtains measurements in377

real time (see Fig.5 (a)). The soil/sand particles (objects) and378

water were filled into the pipe to generate solid-liquid two-379

phase flows, and flow velocity was adjustable by means of380

the pump. The averaging flowing velocity was 1.5–2.7 m/s,381

where the setting of the lower bound 1.5m/s aims to make all382

solid objects be under floating state. Therefore, the two-liquid383

flow is nearly even-distributed in any cross section in the pipe.384

The ERT system with 16 electrodes and 68dB SNR is made385

in Tianjin University, China, which is used to collect all386

measurements in experiments (see Fig.5(b)),387

The volume capacity of the pipeline is 82.5cm3, whereas388

the added solid particles and water are measured by a cylinder389

(see Fig.5(c)). Hence, the mean of solid phase fraction κ at390

each cross section can be computed by the rate of the cumula-391

tive particulars and water volumes. κ is adjusted from 0.10 to392

0.25. And a floating object is putted into the two-phase flow to393

FIGURE 6. Comparison of the reconstructed and real measurements
along various values of q.

FIGURE 7. Evaluation of transient values of κ under the three sets of
experiments.

observe and compute flowing velocity owe to the transparent 394

pipe. The floating object-based velocity is denoted as FV. 395
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σmc/σ1 =


0.003808

∑812
j=1

∑240
i=1 sij1ui − 0.1072, in fine sand

0.005584
∑812

j=1
∑240

i=1 sij1ui − 0.5908, in small stone

0.005068
∑812

j=1
∑240

i=1 sij1ui − 0.4717, in mixed particle

(23)

TABLE 4. Comparable SPF from MG and EMG along various object sizes.

And thus, FV is accurate and reliable although it cannot396

reflect transient velocity at each cross section. When the397

solid-liquid two-phase fluid at lth experiment attains a steady398

flow state, the mean of κ along all sampling times must399

be a constant, denoted it as K (l), l = 1, 2, . . . , L. The400

transient value of κ must be change around K (l). If the401

value of EMG or MG is accurate, their mean must be equal402

to K (l), l = 1, . . . , L.403

Three kinds of solid particles are used including fine404

sand, small stone, and sand-stone mixture, respectively. Their405

conductivities are nearly zero but have individual averaging406

radius 0.00234, 0.0232, and 0.0165 cm. After adding salt407

to water, its conductivity is modulated to 0.035, 16.0, and408

32.5 uS/cm, respectively. Table 3 shows the fundamental409

characteristics of solid and liquid (water) objects in the exper-410

iments.411

According to the above characteristics, the accuracy and412

applicable range of EMG are evaluated compared with MG413

under three sets of experiments.414

To compute κ by MG, the relation between σmc and u in415

(9) is required to determine after salt water of γ is taken416

individually as 0.035, 16.0, and 32.5 uS/cm. According to417

the three sets of sampling measurements on pairs (σmc, u),418

the necessary relation is solved as (23), shown at the top419

of the page.420

In term of the same measurements, q in (22) is deter-421

mined along the above three groups of fundamental char-422

acteristics. Fig.6 shows that three curves that consist of423

computed measurements under different values of q when424

γ=32.5 uS/cm, r = 0.00234. It is seen that the reconstructed425

measurements are very consistent to the actual ones in a426

wide range of q. In the following experiments, we uniformly427

fix q to 0.90.428

Table 4 shows that the computed mean of κ by EMG is429

more consistent with the actual ones than that by MG at the430

three sets. Larger size the objects have and larger error MG431

has. We thus conclude that MG only is effective when r tends432

to small enough, and else is erroneous very much. These433

results recover the reason why MG is inaccurate under larger434

size, but the difference betweenMG and EMGbecomes small435

as r decreases.436

With a close look on the accuracy of (22) along various 437

sizes of r, Fig.7 shows that computed transient values of κ by 438

MG and EMG when κ(l)=0.15, 0.20, and 0.25, respectively. 439

The mean of EMG is closer to the value of κ(l) than that of 440

MG. And Each EMG curve fluctuates around the correspond- 441

ing line of κ(l), whereas MG does not fluctuate along the 442

line. Meanwhile, the amplitude of the computed values using 443

EMG is much smaller than that of MG. Therefore, EMG is 444

more accurate no matter which object size is encountered. 445

However, when the applicable condition of EMG is not meet, 446

it must include errors. There are inevitable noisy measure- 447

ments in an ERT process, leading to the error between the 448

computed values of κ and the actual ones. 449

In summary, the above experimental results demonstrate 450

that EMG can provide higher accuracy to compute κ along 451

various object sizes if its applicable condition is meet. 452

V. CONCLUSION 453

The current SPF estimation methods based on ERT are prob- 454

lematic in solid-liquid two-phase flow since these methods 455

have three inevitable limitations. Our proposed method can 456

decrease the negative effect of these limitations. To our 457

knowledge, so far there is none formulas that can effectively 458

compute SPF along various object sizes. The preliminary 459

results presented in this paper show that the proposed method 460

is comprehensive and effective for estimating the SPF values. 461

But the proposed method in this paper sometime is uncom- 462

plete and inaccurate under complex flow conditions, such 463

as changeable liquid conductivity and uneven objects distri- 464

butions in cross-section in a pipe. Meanwhile, the mean of 465

object size is necessarily known in prior. To overcome these 466

problems is just the work we are focusing on in present. 467
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