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Abstract

Although electrical resistance tomography has been successfully applied to visualise gas-water
two-phase flow in many applications, its capability on detérmination of the sharp interfaces
between gas bubble and water is still under the engineering, expectation, which impedes
effective estimating of fluid characteristics and flow regimes. Thresholding value method
applied to tomogram was demonstrated a splendid view to most flow regimes, especially a large
bubble but may present a challenge on its correctness in practice since the thresholding value
was determined empirically. In this paper, a size projection algorithm is proposed for imaging
a large bubble with distinctive boundary, where the optimal thresholding value is automatically
determined by minimising the projection error. between measured voltages and computed
voltages via a forward numerical solution, which»specifically focuses on imaging of large
bubble. The accuracy of imaging large bubble is evaluated by simulating the typical cross-
sectional configurations of common pipeline flow regimes. Experimental results are reported
in the paper, which were conducted on both harizontal and vertical pipelines engaged with
typical gas-water flow regimes, including stratified, plug, slug and annular flow regimes. The
results are also compared with the images obtained from wire-mesh sensor system and high-
speed camera videos recorded through & transparent photo-chamber lined in the test rig.

Keywords: electrical resistance tomography, gas-water flow, distinctive large bubble, threskialde, projection error
minimisation.

offering a non-intrusive and cost-effective solution with a high
1. Introduction temporal resolution (sub-millisecond) [6], it has been

Gas-liquid two-phase flow is:a common and important procﬁsccessfully applied to gas-liquid two-phase applications.
r

in many industries, where the measuring of flow paramet Qwever, tis normally incapable for determining sharp gas-

: o . . |ofuid interfaces because of its relatively low spatial resolution
for understanding flow dynamics in process equipment is O

0 o ) o
significancesfor “operation, analysis and design of the(sueD to_s@ 2], Wh'_Ch _|mpedes effectively characterizing and
Isualising of gas-liquid two-phase flows.

equipmet [1,2]. Large and growing of researches have b&e ) : . .

quipment [1,2]. Larg growing ot . v hresholding value methods, a kind of image segmentation
conducted to develop robust and effective techniques for gﬁa1 - )
- . TR ‘method, were successfully applied to enhance the
liquid flow measurement and visualisation in the past, whmﬂ " f visualisation f iauid fi hich
can'be. categorised by invasive and non-invasive techniqe getiveness ot visualisation for -gas-liquid Tlow, whic

[3,4,5].- Due 'to electrical resistance tomography (ERﬁfmonstratedasplendid view to most flow regimes, especially

XOOK-XOKK! X XOOOKXK 1 © x0x |OP Publishing Ltd
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for a distinctive large bubble. The thresholding value methotethod feasible for visualisation of flow regimes in developed
is simple but the determination of thresholding value in th&eline flows. With the ignoring of small bubbles’inthe case
methods is based on engineering experience or empiri&| the size projection-based algorithm was | proposed, for
results. Wang [7,8] utilised a fixed empirical value to estimaggtracting gas-water interface of large‘bubbles, which may
the air-core size in a separator, and Xie [9] and Yan [l@Fo enhance the visualisation performance of distinctive
employed a pre-set multiplication coefficient obtained frobubble in stated flow cases of (2) and (3).

simulation and mean reconstructed value as thresholding

value for objects extraction. These kinds of threshold valdel Sze projection algorithm

selection are often arbitrary, and may not be adaptive aIrhde thresholding value methods, /such as the empirical-based

optimal for other cases. Some histogram-based methods ?rehistogram-base d methods, work well for approximate
also proposed for selecting of threshold value with various '

o ) iSualisation of gas-water two-phase,flow, but would be
model-fitting methods [11,12]. The histogram was used as {he on of gas-water. bhas .
. . o . .~ struggled in its precision in identification of large bubble size.
basic selection criterion to automatically select optlm;rl

threshold by modelling histoaram curve as Gaussian mixt ro improve the precision of bubble size, the multistep image
y ning histog urv ussl XU mentation is utilised o determine/an accurate threshold for
model [13], maximising the entropy of histogram, or

imising th bility of itant cl ) lev) aging large bubble. The procedure of forward solution has
maximising the separabllity of resuttant classes in grey fev 8Sbe employed to compute the boundary data of segmented

[14,15]. However, the histograms of reconstructed Imagesbu(?)ble, and a projection, error, that is the difference between

not often fit a clear model well in practice, and the .
. ) . measured boundary data and computed boundary data, is

reconstructed images may be polluted by artifacts noise due o . o

S S . . %enerated as thresholdiselection criterion.

limited projection data and unavoidable measurement noise.

In this paper, a size projection algorithm is proposed f: " 1 Formulation. of projection error function.

imaging a large bubble with distinctive boundary, where t eferring to'the error.concept in error function decomposition

optimal thresholding value is automatically determined Wethod [20], therequation (1) is used to represent the

minimising the projection error between measured VOItagﬁ%jection Bror
and computed voltages via a forward numerical solution, /

1t 1¢ ~(P)
which specifically focuses on imaging of large bubble: P = VJ‘(U)_”i(Uk ) @
Simulation is conducted for evaluating the accuracy of 7 V(o) w(6L”)

imaging large bubble based on the typical cross-sectiomﬂere,e}p) is the projection error at projectiomjth respect
configurations of most flow regimes. Then, results aﬁg the pth step segmentatio;(a,) andV/(a’) are the
t J

reported for visualisation of typical flow regimes in bo measured reference voltage and measurement voltage, i.e
horizontal and vertical pipelines with 50mm-diameter, 9 ge, 1.e.

. . oo . iaeti ~(0) 1¢ (D)

including stratified, plug, slug and annular flow fegimes. THaeasured boundary projection datg g, °) andw;(,) are
results are also compared with high-speed«€amera_vidéscomputed reference voltage and measurement voltage with
recorded through a transparent photo-chamber and imagspect to the conductivity distributicz?io) and&,ﬁp), ie.

obtained from wire-mesh sensor (WMS) system. computed boundary data from forward solutioanfl krefer
to the projection number and the pixel number of finite mesh,
2. Methodology respectively. The equation (1) transforms the relative change

Considering fully developed. gas-water flows in botAf mMeasurement domain to a simulation domain, which

horizontal and vertical pipelines [1,16], the'gas distributiofignificantly reduces the error effects from measurement

can be characterized as three cases of.(1)ssmall bubbles E@.ﬁ.e* electrodes inconsistency and field dimensions [21].

bubbly regime), or (2) only a lafge bubble (e.g. stratified, slug, he error function of in the error functllon Qecomposn}on
plug or annular regimes), or (3) a large bubble with few Smg]pthod was yseq tq evaluate the approximation of nonlinear
bubbles in its tail (e.g. slug or plug regimes). According {8verse solut.|on in literature [20]. However, the .con.cept of
bubble merging principle{17,18], thelarge bubble is main p&H " evaluation is employed to rgpresent the prolect|on error
in the determining of/gas void fraction, In general, thedargue to_the effect of thresholding value’s difference for
bubbles, if exist, also pldy a dominant role in tomograpti¥@luating the similarity between segmented bubble
imaging, and the influénce from small bubbles is mos%’mbuyon. and real bubble dIStrI.bUtIO-n.In th.IS paper, where
depressed in Aomograms since they are normally f propctlon error should reach its minimal if the segmented
accompanied (with a large bubble in these typical floybPle is close to the real one. . _
regimes. Therefore, the reconstructed tomographic flowCiven a measured fielgy with respect to a finite mesh in
regimes of developed pipeline flows may be approximatedi@ixels, and a reconstructed concentration(sever @y
either a large bubble or small bubbles without the loss of fi§lf- 9aS concentration tomogram), the concentration values

regime features./ This approximation makes the propo§é8 defined as
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C={c}k=1,2,..,N 2) _ TiaTin
Due to unavoidable noise from measurement and image Bi = T (12)

reconstruction, the concentration set may contain some Pirt = Tirt — BiPr (13)

. 15 15 L
abnormal data, e.g. negative values. Therefore, the dataagd the above procedures, the approxifhate solution of nodal
have to be filtered first to fit the meaningful concentratiappitage vectorv is reached, and the computed botndary
range, i.e. [0.0,1.0]. A simple filter is defined by voltage vectom'(d) with respect to the threshaldcan be

0.0 <0 obtained by following a specific sensing strategy (adjacent
Fle) = 1616 0< C; f 1 (3) sensing strategy is used in this paper, i.e.»104 independent
0 Ck

measurements).

Following equation (1), the projection error vecier
corresponding to the threshotds calculated: With adjusting
the threshold:, the converted binary conductivity vecayr
ar[%re computed boundary (voltage vecwf(a) , and the

projection error vectoe,vary. Given' a definition domain
(4) [0.0,1.0] relative to the range of gas concentration values, the
projection error function of threshold is defined as the

Then, let a thresholding value g [0.0,1.0], employed to
convert the reconstructed concentrationGs@torresponding
to a blurry image) to a binary concentration &t
(corresponding to an image in which gas bubble-w
interface having a sharp boundary), as expressed by

~ _ (00 ¢, <x
Ck = {1.0 = x
Equation (4) describes that thahkpixel is fully occupied by :
gas if gas concentration value beyond the given thresholdormulation
and otherwise it is occupied by water. By introducing the e =F(x) x€[00.10] L (14)
conductivity of dispersed gas phase (0e.S/m) and the where, theF(x)/maps athreshold to a projection erroe.

conductivity of continuous water phase (i.e. referenge . L I
conductivity, g,), the conductivity vectot of segmented 5'1'2 Thresholiiggelection by minimising projection

image can be obtained with filling water conductivity int6""0r- dFollowing the'definition of projection error (equation
water occupied pixels and filling gas conductivity into ga@))* the minimum:of projection error means the closest size

occupied pixels, which is expressed by of the bubble in'segmented image to the real one. Therefore,
R 0 ¢ =10 equation (14)-transforms the threshold selection problem to
Ok = {Go ¢, = 00 5 optimisation problem of minimising projection error, as
For the binary conductivity distribution vectar with expressed by
respect to the threshotd, the forward solution Can. be min F(x), s.t. x€[00,10] (15)

approximately represented by the finite element meth@gbiecting to the definition domain [0.0,1.0], formulation (15)

(FEM) model, which can be solved by the following lined¥lengs to nonlinear unconstrained optimization problem.
equations [22,23] For an example in figure 1, a bubble is located at the centre

Yv=c (6) of a circular vessel filled with water, and the gas concentration
where, Y is the admittance matrix with réspect to. therofile (i.e. blue curve in figure 1) contained artifacts was
segmented conductivity distribution vec@r andv is the reconstructed, which could not reflect the bubble size but

nodal voltage vector for obtaining the computéd. boundagpproximately maintain the bubble shape. Supposing a
datau’(d) , andc is the nodal current vector. Since th&uitable thresholding cross-section with respect to threshold
admittance matri¥ has been proven agVax N symmetrical x., the grey shaded area at the thresholding cross-section
and positive|y defined matrix [24]1 the equation (6) can |§@OU|d be simiIarIy projected to that of real bubble in the
solved by conjugate gradient (CG):method. The CG meth@$sel. However, the thresholdsandx, underestimate and
employs the idea of minimising theconstructed functigyerestimate the size of real bubble, respectively. With

f(v) = LoYv — cv through up to Nierations of conjugate adjusting the threshold frof0 t0 1.0, the projected bubble
directior213p Let initial nédal voltagé vector as, and size is firstly close to, and then deviate from the real bubble

o ) L . size, where the projection error function firstly decreases and

calculate the initial searching glrectlp@, as given by then increases. Therefore, the projection error function is an
vo= (01”0 4 v = (00,...0)7 (7)  unimodal function on threshold range [0.0,1.0].

Po =10 = c—Yv, (8) Golden-section search (GS) method provides a general

Carry out the iterations froni= 0 to N —1 with the means of solving the optimization problem as expressed by the

following equations (9)-(13), until the residualis enough equation (15), since the threshold range [0.0,1.0] is a signal

small peak interval oF (x) . The detailed derivation of GS method
rir; can be found in literature [25]. However, the control factors in
G= T ©) GS method are set with a minimum convergence erfice
Pi YD 9 :
Vi1 = v + Py (100  measurement error) and maximum number of searchsteps
Tipq = T — oYy (11)  The process of GS method is illustrated in the appendix A.1.
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Data sources:
Gas concentration ERT reconstructed concentration set €
and measured boundary voltages V'(o")

v

"""""" Data filtering
.:: ---- o é;-_:.Value—Xa | — |
/oG ——— 7 | ey |
/ '_:—-’ "‘/"- - / Reset thresholding value x P
/ ?r//'_/ /‘9' Value - Xc /
/ Thresholding (I | e /
{ gosssetion_J{ : | o W\N__ _ _/ |C0m-’ertct0 binary concentration set:GiP) |

| Update conductivity distribution g(#) ‘

g : y Value - Xb
YA v

Compute boundary#oltages u'(a™™)
via forward golution

v

| Generate projection error () ‘

Profile of gas
concentration

~—\Water
Output:
Vessel boundary The optimal thresholding value x
Figure 1. Segmentation process of the reconstructed bubble. Figure 2. Flow chart of size projection algorithm.

By the application of GS method, the optimal threshold Because/the real velocity field is hardly available from
x(P) is automatically determined for the reconstructgdmography-based methods, statistics-based methods, e.g.
concentration sef. Meanwhile, the binary concentration setross-correlation method, are employed to derive the axial
C™ in segmented image is obtained as well, where t#@ocity as an approximate gas velocity [27]. Given a dual-
segmented bubble size is colse to the real bubble size. Aglage, ERT system whose two parallel-installed electrode
optimal threshold value is determined by comparing tléganes have a fixed interval, axial gas velocity can be derived
computed data of a sized projected bubble with the measusih a direct pixel-to-pixel cross-correlation method by
data of real bubble (i.e. minimising the projection error), the al
proposed tomographic image segmentation‘method is nam&¢z(m) = Z film=n)x f,(m) n=01--N-1 (17)

. . . . m=n+1
as size p_rOJectlon algp rithm. ) .. where,f;(m) is them-th tomogram of-th sensor pland. and
The implementation procedures of gize projecti

. : o Din R, ,(n) are the number of the up-stream and down-stream
algorithm are illustrated in figure 2. * . . . .
sensor planeg] is the image sampling length. Equation (17)
is the general form of cross-section method for tomographic
methods to seek for correlation [28], while its modified form
in [29] is suitable for online calculation by updatiRg,(n)
With the newk-th tomogram, which is expressed by

2.2 Visualisation of large bubble in gasiwater flow

2.2.1 Features extraction of gaswater flow./As well
known, ERT provides a cross-sectional visualisation soluti
for gas-water flow via reconstructing the conductivitnyZ(n) = RGN (n)+ filk —n) x fo(k) n=01--N—1 (18)
tomograme’ with a specific mésh. Then two vital parameter N .
gas concentration and axial'velocity, can be derived from tu seesrcv?glredilrtfeﬁrt](t)nﬁimrlz;ns %7(): aTQL(JjI;tle{?nI:z:rr:ati;ZIevfglromcﬁr
tructed conductivity distributi@nl under the help of . . " P ¢ ean p y
fli/(l)glf)w software [26] distribution, whereas the latter does not, which leads to better
Y . . results for latter equation. Therefore, the local gas velocity is

Based on the simplified Maxwell relationship [19], the d g y

iration t be derived b gaaspproximated by equation (18) in this work.
concentration omogramzcan 2e , erived by It should be noted that due to the nature of certain flow
0-0 — Z0

, (16) regimes and cross-correlation principle, it is extremely
) Got 200 difficult to extract the local gas velocity of these fluids by
where,o, is the conductivity of continuous water phas@r gijrect cross-correlation methods, such as horizontal stratified
and o' arethe “gas_concentration and the reconstrucipgl, annular flow and vertical annular flow. In this case, the

conductivity in each pixel, respectively. Then the local voif serficial gas velocity is used to approximately estimate the
fraction ‘@gzrr can be expressed by the average of gas gas velocity in this work.

concentration. in_each pixel.

CERT =
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)

WPzt e S e may be assumed as symmetrical along the axial of pipeline,
the axially-stacked central data columns of tomograms can
5 supply a 2D view of gas-water flow in both spatial“and

= | temporal terms. LeC' = {c,"C ke {1,2,...,N}} denotes the
]

gas concentration sets obtained from ERT system ornWMS
system, wheréis the frame number of gas concentration set,
andN is the total number of ERT-mesh, pixels or WMS
crossing-points. The resultant axially=stacked»image can be
expressed by

- = 1yidk+B-1 .i
A= {al,ilaz,i = pik=ldk  Ck

i/

)

1={12,..,M}
A o CY
where,i is the frame number of gas:concentraion set in total
Q frames and is the row number in tota¥ rows of a
tomogramldk is the starting index ndmber of selected pixels
or crossing-points inth row.of.a tomogranmB is the number
of columns to be averaged in each row of tomogram. An
example of generating an axially-stacked sliced indhgéth
respect to the timenintervil;,t,] is illustrated in figure 3,
‘ﬂj T T P where the data in two central columns of each cross-sectional
P tomogram are extracted, and then the data of each row are
averaged_.to approximately represent the spatial information,
Figure3. Generation process of axially-stacked sliced image. and the spatial. information @ frames are sequentially
stacked to/generated the axially-stacked sliced image. It is
Meanwhile, a wire-mesh sensor (WMS) also provides ti@rth noting that this work focuses on the visualisation of
cross-sectional visualisation solution for gas-water flow Igistinctive large bubble in pipeline, including the axial and
measuring the local conductivity signal at each crossing-pdiaglial information of the large bubble.
of a specific fine wire-mesh [30]. Prasser [31] /made aASs illustrated in section 2.1, the optimal threshoidor
comparison between a 16*16 WMS and an ultra-fast X-ray @&chiconcentration tomograthis accurately determined by
on air-water pipeline fluid with different air-water rates, anapplying the size projection algorithm. Then the axially-
the results from two modalities had a similar tendency etacked sliced imagé can be binarised as a binary imale
radial void fraction profile and a very good correspondence oy following
average void fraction. Olerni [32] also madesa comparison 00 a;< xi
between a 16*16 WMS and a typical ERT /on upwards,air- Qi = {1_0 a; > xl (21)

water pipeline flow, and the results of two systems hadagq.(pé#e’ the 0-1 interface in axially-stacked sliced image

coincidence even not exactly the same on,gas void fractigihresent the gas-water interface between large bubbles and
Therefore, a typical 16*16 WMS was installed at downside @ftinuous water phase.

ERT sensor for providing image reference to estimate the
results of ERT and the proposediapproach,in this work. 3. 9mulation
The gas concentration 98},,,s fromWMS can be derived

by [30] 3.1 9mulation setup

UmEG.S

cwms = 1= T (19)  In order to investigate the performance of multistep image
where,c,,s is the local gas concentration (i.e. void fractiorfegmentation for imaging large bubble, sequences of images
at each crossing-pointi¥sandl™e4s are the time averagedwere reconstructed and compared from COMSOL simulation
sensor signal of a calibration measurément (tap water in fia. Based on the cross-sectional configurations of typical
paper) and the local instantaneous sensor signal of El_'ﬁ‘-?“ne flow regimes, four sequences of Setups were
measured value,-respectively. Then the local void fractiginulated to demonstrate the accuracy of size projection
awus Can be expressed by the average of gas concentratigi@grithm on (a) the water phase level of stratified setups, (b)

EEEEEFEEEEELT--T- -~ [-]

ot t

T Wsixe lereds

each crossing-point. the position of a single bubble setups, (c) the bubble size of a
single bubble setups, (d) the bubble shape of a single bubble
2.2.2 Visualisation of large bubble in gas-water flow. setups, which are given in figure 4(a)~(d).

As the |horizontal gas-water flow may be assumed asHere, the background phase is tap wa@e8XmS/ cm),
symmetricalalong a vertical axial plane, and the vertical flo¥ad the disperse phase is &rn{S/ cm). The boundary was
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Considering the importance of sensitivity back-projection
(SBP) algorithm [34] in current applications, the SBP. was
employed for image reconstruction. Based on' the
reconstructed results of SBP, the proposed size projection
algorithm was employed for image segmentation to extract the
interface between the gas bubble and water. The processes of
image reconstruction and segmentationiwere conducted under
a mesh with 1536 triangular pixels having 96:boundary nodes,
as shown in figure 4 (f).

In order to quantitatively assess the imaging results, relative
image error (IE) [35], as expressed, by equation (22), was
employed to evaluate the imaging errors of SBP
reconstruction algorithm and size‘projection algorithm.

IE = llo —a’ll (22)
llo’|l
where,a’ is the conductivity vector of true setup, @i the
conductivity vector ‘of reconstructed or segmented image.

3.2 Universality

In order to verify the universality of the proposed approach,
typical setups of'large bubbles in pipeline were investigated,
and size projection algorithm binarised the SBP reconstructed
images and‘extracted the size of large bubbles. Imaging errors
of reconstructed algorithm and size projection algorithm are
compared infigure 5~8, which clearly show that the errors of
segmented images are lower than that of reconstructed images,
that'is, the proposed approach can greatly reduce the relative
image errors (IEs) on all typical setups in figure 4(a)~(d).

For the setups of different levels of water phase in a
S0 harizontal pipe, as shown in figure 5, the two errors reach the

(€) lowest error at around half-pipe of water, while they turned

Figure 4. Sequences of setups in a 50mm-diameternvessel iger at almost full-pipe or empty-pipe of water. For the
COMSOL simulations (the grey and blue colour/represent the g&fups in different positions of a size-fixed bubble from the
phase and water phase) and FEM meshes. (a)'Setups in regageritre to the wall, as shown in figure 6, the two errors have an
different water levels in horizontal pipe (level rangel@-40mm). increasing trend with the bubble shifting from the centre to the
(b) Setups in different offsets of a size-fixed bubble (16mm 5| byt the error of segmented image is smaller one. For the
diameter) from centre to the wall (offset range0d10mm). (C) gong in different sizes of a central bubble, as shown in figure

Setups in different sizes of a centralised/bubble (size rang;e:,[he error of seamented image is quite smaller than that of
r=5~15mm). (d) Setups in oval sha@ebc2) having.a same total '’ Y 9 q

area with round one of setups (c). (€) FEM mesh with 6612 eIeméﬁ@onStrUCted _|mage, and it ke_eps arqund 5% gven the

having 176 boundary nodes for forward 'soldtion in comMsoieconstructed image error has an increasing trend with bubble

simulation. (f) FEM mesh with/1536 triangular pixels having 98ize increasing. For the setups in oval shape bubble having the

boundary nodes for inverse solution. same total areas of the round shape bubble setups at the centre

of pipe, as shown in figure 8, the two errors of oval-shape

set as electrically insulated.and zero initial potential. A pair stups are higher than the round-shape setups, and have an

current terminals were employed forinjecting current into airttreasing trend with the increasing of bubble size.

out of the sensing field. Then the default FEM forward solver

in COMSOL Multiphysies.5.3a [33] was used to compute tf83 Accuracy

simulation boundary voltages under an ultra-fine mesh. Fﬂ{

example, onelof setups (b) was meshed as 6612 elemen ; ) .
ompared with common image segmentation methods, e.g. the

having 176 boundary nodes, as shown in figure 4(e). In ﬁ]xe?d-value thresholding method [7] and histogram-based

simulation, a typical 16-electrode ERT sensor and adjacen thod [14]. Two setups in figure 4 were chosen for the

isnednesw;% dsé:]?tsgli/awgéef;rzgll\(l)%edi'm\:\gfg (;gg:ceilﬁenerate comparison, i.e. (1) a round shape bubble with 5mm-offset
P 9 9 P ' from the centre of pipe, where the bubble diameter is 16mm,

g accuracy of proposed approach was investigated, and
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Figure5. Relative image errors of the setups in different water levelgyure 7. Relative image errors of the setups in different sizes of a
in horizontal pipe (Mean image error of reconstruction algorithmdentral bubble (Mean image. error of<reconstruction algorithm is
30.9% and mean image error of size projection algorithm is 19.5%%.5% and mean image error of'size projection algorithm is 4.9%).
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Figure 6. Relative image errors of the setups in different positions@igure 8. Relative image errors of the setups in round bubble and

a size-fixed bubble from centre to the wall (Mean image error @fal bubble with same total areas at the centre of pipe (Mean image
reconstruction algorithm is 15.9% and mean image error of si@or of reconstruction algorithm of oval setups is 23.6% and mean

projection algorithm is 9.8%). image error of size projection algorithm of oval setups is 12.4%)).

Table 1. The relative image errors (IEs) of segmentediimages frarable 2. Time consumption of image segmentation methods.
different methods.

I mages segmentation method Sear ching Steps Time
Images Setup-(1)  Setup-(2) Fixed-value thresholding method 6.8 ms

Reconstructed image of SBP 14.55% 18.92% Histogram-based method 5 85 ms
Segmented image from fixed-value The proposed method 5 1232 ms

(0.4) thresholding method [7]_ 14:(3%, ~ 14.35%
Segmented image from histogram- o o 3.4 Time consumption
based method (Ostu method [14]) [V°” 17.78% P

Segmented image from the 9.67% 10.75% The time expenses of image segmentation algorithms were

proposed method tested by an Acer laptop with a 3.2GHz A10-7300 processor

and (2) an oval shapé bubble at the Gentre of pipe, where?fig @ 4G running memory. The programs and all associated
area of bubble 847 mmZand the ratio of the short axis tdibraries (e.g. Mesh generator, Sensitivity matrix calculator,

the long axis is %. The threé image segmentation methfs for forward solution, and GS for searching the best
were employed on the SBP reconstructed images of the fligsholding value, etc.) were coded and run in MATLAB

setups, and the results are compared in table 1. Compa?ﬁ%ware' For a better evaluation, the time expense of SBP for

with the commonhimage segmentation methods, the relatjﬁ%erse solution was also tested as reference, which costed

image errors of the proposed method are smallest, that is 2fg2Ms: Results are shown in table 2. Based on the

proposed method) has a better performance for imésgonstructed image of SBP, the fixed-value thresholding

segmentation. method directly gives the segmented image with a fixed time,.
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Figure 10. Flow regime maps of OLIL flow loop:[38]. (a) Harizontal flow regime map. (b) Vertical flow regime map. Trgdsaapresent
selected test points.

and the histogram-based method.needs several searching ste§s

o N . as-water flow in both horizontal and vertical pipelines
to reach its “best” segmented image. The speed of propose . : .
. were conducted to achieve different flow regimes for the
method is much slower than that of commoen methods, whic : : -
. ; N, .evaluation of the proposed method. Figure 9 gives the sketch
is the product of solving forward solution in each searchin e L .
of the gas-water flow loop facility in Online instrumentation
steps. . . -
From the perspective of imaging adistinctive large bubblgboratory (OLIL) at University of Leeds, where the pipeline
Persp ging 9 S’made of PVC tubes with an internal diameter of 50mm. On

the proposed approachirenhances the ERT visualisaﬁork . . . .
: : oth horizontal and vertical test sections, the instruments were
performance of large bubble by removing the artifacts In

. : . .~ arranged in the same order, that is the pipeline fluid flows
reconstructed images., Comparing with other common imgage

) . . ough a transparent chamber, a ERT sensor and a WMS
segmentation methods, the accuracy of imaging large bubble

. ) - sehnsor, as depicted in the subfigures of figure 9. The V5R ERT
is greatly improved, which indicates the proposed approgch [36] with 312.5 dual frames per secatigs] samplin
can image the'large bubble more accurately. y i P Ping

speed and WMS200 system [37] with 5000 d§asnpling
speed were utilised to collect flow data. Meanwhile, a high-
speed camera was also installed to record the flow structures
through a transparent chamber for comparison.

4. Experiments

4.1 Bxperimental setup
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Table 3. Flow conditions of typical flow regimes calculation [29] in the work. And the fluid travel distarzist
can be derived by
e | ug(mls)  ve,(mis) GVF@e)  Oved Dist = ;- N/ DAS (23)
. =L where,N, is the total number of frames for stacked images,

Horizontal 0.47 0.02 95.9 Stratified flow . o
Horizontal 0.51 0.50 505 Plug flow andDAS is the data aCQI:lI.SItIOI’l speed of WMS system.
Horizontal 2.06 0.20 81.2 Slug flow For a horizontal stratified flow, as shown in‘figure 11(a),
Horizontal ~ 17.00 0.20 98.8  Annular flow all images clearly reveal that the gas‘and water phases are
Vertical 0.50 0.50 50.0 Slug flow  separately flowing at the top part and bottom,part of the pipe.
Vertical 18.42 0.20 98.9

Annular flow e SpA‘image shows the clearly/Sharp gas-Water interface,

In the experiments, the conductivities of gas and watihile the conventional ERT and WMS images only show the
phases were assumed asOmS/cm and 0.35mS/cm blurry gas-water interface. For thetherizontal plug and slug
respectively. The gas flowrate was regulated fi@mto flow, as shown in figure 11(b) and (c), all images clearly
1.0m/ s by a gas mass flow controller (FMA5400, OMEGA5evea| that the gas phase is deformed in.to large bubbles (i.e.
or from 1.0m/ s to 20.0m/s by a frequency-controlled air9@s Plugs or slugs) at the'top of the pipe and some small
blower (X1.32-3.0T, italBLOWERS). The water flowrate walUPbles exist between gas plugsorslugs. However, only SPA
manually controlled by a flow divider (V1 and V2) and driveli"@9€ shows a clear boundary.of large bubble. The situation
by a centrifugal pump (NEMP300/20), where the Watépanges when comes toahorlzontallannular flow, as sh_own in
superficial velocity can be set fro@0m/s to 1.0m/s. figure 11(d), the camerasrecorded image and WMS image
According to the horizontal flow regime map (figure 10(a)3h°‘_"’ S|m.|lar re-_sults, i,e. the gas phas_e is rowmg at the centre
and vertical flow regime map (figure 10(b)) of OLIL rovv_Of pipe with belng surroun@ed by a thin water film. The ERT
loop, several tested points were selected for generating typig§t9e shows athin water film at the bottom, but does not show
flow regimes, including stratified, plug, slug and annuldp€ thin water film atthe top. The SPA image shows clear gas-
regimes in horizontal pipeline and slug and annular regime¥/@ter interface between the centre gas and the bottom water,
vertical pipeline. The detailed information with respect @0 /S0 does not show the thin water film at the top. The

selected flow conditions are listed in table 3. reason is that the top water film is too thin to be identified by
ERT system with SBP reconstruction algorithm.
4.2 Viisualisation results For a vertical slug flow, as shown in figure 12(a), the

) ) o camera-recorded image reveals that the slug bubbles have
Figure 11 and figure 12 show the visualisation resuits Qbarly the same cross-section of the pipe and some small
typical flow regimes, where each axially-stacked ERT imagggpples exist at their tails. The WMS image shows similar
consist of 625 frames of concentration data with a time lengffyits, with identifying bullet shape of slug bubbles. The ERT
in 2 seconds and all images of WMS consist 6f 20000 fram@gge only shows the bullet-shaped and blurry boundary of
of concentration data with the same time~length. Thee siug bubble, while the SPA image shows a clear slug
visualisation results were rendered by a conventional eol@yple boundary. For a vertical annular flow, as shown in
mapping method, where the red represents the gas and thefpjiee 12(b), all images reveal that a gas core flows at the
represents the water. In each set of figures;the fourimages.affre of pipe with being surrounded by an annular water film,
produced by concatenating several consecutive screenshofy,pfnly the SPA image shows the gas core with clear gas-
videos from the high-speed camera, the original concentratiphyer interface.
data collected by WMS system, the original concentration datg=rom the perspective of imaging a distinctive large bubble,
collected by ERT system, and the binary ERT concentratipi |arge bubbles in each flow regime are clearly identified
data obtained from the proposed,method (SPA), respectivglith sharp bubble boundary by the proposed method, and the
Here, the camera-recorded image was given to the operatgkgalisation results of large bubbles are kept a high
direct visual reference for anderstanding the flow conditiongnsistency between different methods. Unfortunately, the
and the WMS image was provided as a relatively accurgga| bubbles are incapable to be identified since the proposed
reference for the comparison of ERT and SPA images sifggthod assumed ignoring the influence of small bubbles.
WMS is possible a most/convenient and intrusive imaging

facility [31]. 4.3 Quantitative evaluation
In order to better representation of flow visualisation, the o
average gas focal velocify, is estimated based by thdn order to quantitatively evaluate the proposed method, three

aforementioned, online | cross-correlation method or tﬁléOSS-SGCtIOﬂal images at different positions of the plug flow

superficial.gas velocity’'when the method is not inapplicab@.gure 11c) are selected for quantitative comparison of WMS,
However, the velocity calculation is based on the WI\/IFSRT and SPAresults. They are (1) only a large bubble, (2) the

system since the ERT (V5R) system in the use did not achig) (E)fllarget?]ubble with sgme sr;all bL:Eblfs' antd (fS) few small
the requiredy,.sampling rate for cross-correlated velocy €s in the cross-sections. since the format of camera-.
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(€)
Figure 11. Visualisation results of horizontal pipeline flow‘(Flow direction: from right to left). (a) Stratifieddf 1.6m travelling distance
(vs4=0.47m/s g, =0.02m/s). (b) Plug flow of 3.3m travelling distaneg,c0.51m/sps,,=0.5m/s). (c) Slug flow of 7.7m travelling distance
(vsg=2.06m/s v, =0.2m/s). ). (d) Annular flow of 37m travelling distaneg ~17m/s v, =0.2m/s).
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(b)
Figure 12, Visualisation results of vertical pipeline flow (Flow direction: from bottom to top). (a) Slug flow of 3.1m traveHiagadi
(vs4=0.5m/spg=0:5m/s). ). (b) Annular flow of 46m travelling distaneg =18.42m/sps,,=0.2m/s).

Camera
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ERT

- . .

) (h) @)
Figure 13. Cross-sectional images of WMS tomograms (the top three), of ERT tomograms (the middle), and of binariset&Rins
by SPA (the bottom). (a), (d) and (g) are for only a large bubble; (b), (e).and (h) are for the tad lofilsbig with some small bubbles; (c),
(f) and (i) are for few small bubbles in the cross-sections of horizontalplug flow.

Table4. Mean gas concentrations of selected cross-sectional images WMS image and ERT image (figure 13c and figure 13f)
shows an approximate gas phase distribution, while the SPA

Methods  Case (1) Case(2) Case(3) image (figure 13i) only shows water phase, and the mean gas
WMS 52.60% 13.79% 5.67% concentration of SPA result is 0%. This is the product of the
ERT 53.77% 14.19% 7.09%

SPA 54.74% 10.76% 0% assumption that the effect of small bubbles is ignoring.

recorded image is not the same as the cross=sectional image Gbndusons
tomogram, and the quality of photography of flow patterns As

ize projection algorithm was proposed to enhance the
greatly affected by the transparency and ovelap effect %leity of ERT visualisation on gas-water two-phase flows,

bubbles, it is rather challenging to‘quantitatively represent %ﬁich focuses on imaging the distinctive large bubbles with

bubbles in camera-recorded image. Therefore, only the ot errIO boundary. The simulation results demonstrated the

L T al
three methods are quantitatively:eompared in this work. T?lﬁ : . .
. . . effectiveness of gas-water interface extraction. The
comparison results are shown in figure 13, and their mean I3 lisati , .
. . Sualisation results are also compared with the WMS image
concentrations are comparediin table 4.

For only a large bubble existing, the WMS image and EI'-?‘Fd camera-recorded video, presenting a high consistency

. ! : L . between them. The proposed method is actually an optimal
image (figure 13a andfigure 13d) show similar results, "Ctfeshold based method which overcomes the challenge from
large bubble with blurry/boundary, while the SPA ima g

. e determination of the thresholding value in use of the
(figure 13g) shows sharp bubble boundary. The mean gas . . :
; irical thresholds and low robustness of histogram-based
concentrations of three methods are very close. For the talmoo els

plug bubble with some small bubbles, the situation of cross- . . .
. . However, few aspects still require more efforts. Firstly, the
sectional images does not change, but the mean aa

as .
concentration’ of SPArresult tends to underestimate it. This iorted ERT concentration sets need to be reconstructed

. o . .. with suitable tomographic algorithms since the accuracy of
mainly because the contribution of small bubbles is attribute grap 9 Y

to the large bubble. When there are only few small bubbl foposed method highly re_||es on the reconst_ruct_lor_l accuracy.
or example, SBP algorithm has a certain limitation on

11
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vertical annular flow if the water film is too thin. Secondly4] Boyer C, Duguenne A M and Wild G 2003 Measuring

the proposed method relies on the distinguishability of inverse techniques in gas-liquid and gas-liquid-solid readtitem
solution, that is, the proposed method might give different ENg- Sci57 3185-3215 .
results based on differently reconstructed images. For teBaker R C 200¢low Measurement Handbook: Industrial
cases of multiple bubbles, the proposed method based on th esigns, Operating Principles, Performance, and Applications

. . . R st ed (Cambridge University Press)
higher-resolution reconstructed image has better swtablllty&f Wang M, Ma Y, Holliday N, Dai Y, Williarfis R A andiLucas G

imaging multiple bubbles. However, the multiple bubbles are >0g5 A high-performance EIT systdEEE Sens. J 289-299
combined into a larger bubble by SBP algorithm in most cag§g$.wang M, Dickin F J and Williams R A 1995 A'study on
Thirdly, due to the limited resolution of ERT, the disperse cyclonic separators using electricalimpedance tomography
small bubbles is hardly identified and is mixed in the Proc. 2nd International Conference on Multiphase Figato,
reconstructed artifacts of the existing large bubble, which Japan

would put the contribution of disperse small bubbles on ti Wang M, Dickin F J and Williams R A"1995 Air core definition
large bubble in the proposed method. Fourthly, too much time " MARCODEMS separators using electrical resistance
consumption is caused by many threshold-searching step tomographyProc. Internatignal’Sympsium on Measuring

. . . . SI'echniques for Multiphase Flows, Nanjing, China
since GS method is a linear convergence method. The t ie C G 1992 Electrical capacitance tomography for flow

consumption could be relieved by employing efficient line” jmaging: system model for development of image

search methods, e.g. Newton or parabolic method. reconstruction algorithms and design of primary sensors.
Circuits Devices.& Systems.lee Proceeding$3389-98
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Appendix [12] Bankman | N 200#Handbook of Medical Image
Processing and Analys{Elsevier)

A.1 Process of GSmethod [13] Lai € and Tseng D 2005 A hybrid approach using

Gaussian smoothing and genetic algorithm for multilevel
The process of GS method for best threshold selection bythresholdingnternational Journal of Hybrid Intelligent Systems
minimising the projection error in this paper is given below:, 1143-152 .
Step 1: Determine the threshold regigm, ,x,]}, minimum [l Otsu N 1979 A threshold selection method from gray-
convergence errar> 0, and maximum step level histogramslEEE T Syst. Man Cys 9 62-66

) _ — . . [15] Kim B S, Khambampati A K, Kim S and Kim K'Y 2011
Step 2 Letp = 0. Calculate the initial thresholgifg tentatlvé Image reconstruction with an adaptive threshold technique in

value xo = (x, + x;)/ 2, and the initial projection €ffor  gjecyrical resistance tomographigas. Sci. Techno22 104009

e(xo). [16]  HEWITT G F 1970Annular Two-phase Flowst ed

Step 3. If |lell, <& or p> P, stopsand, export the (Pergamon)

corresponding threshold Otherwise, go to step 4« [17] Luo X, Lee D J, Lau R, Yang G and Fan L S 1999

Step 4: Calculate left and right thresholding tentative values Maximum stable bubble size and gas holdup in high-pressure

x; = x, + 0.382(xy — x,), x, = X4 0.618(ey<x,), ?Eggﬁ:ﬁg;?&?&gilwd Mechanics and Transport

and the corresponding projectiont erre(s, ), e(x.). Letp = [18] Razzaque M M 2005 Bubble size distribution in a large

p+ 1. . diameter pipeliné’roc. 5th IMEC & 10th APMDhaka

Step 5: If [le(x;) 1l < lle(x;) llz, go to step 6. Otherwise, 9919] Jia J, Wang M and Faraj Y 2015 Evaluation of EIT

to step 7. systems and algorithms for handling full void fraction range in

Step 6: Letx, = x4, e(xy)=e(x,), andx;, = x,. Goto step 3. two-phase flow measuremevieas. Sci. Technok6 015305.

Step 7: Letx, = x,, e(¥,)=e(x,), andx, = x,. Go to step 3. [20] Wang M 2002 Inverse solutions for electrical impedance
tomography based on conjugate gradients methigds. Sci.
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