creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

i
T
{8
=
2
IS

Determination of Void Fraction in Concentric Annular and

Stratified Two Phase Flows Using Impedance Technique

PPN 2 BN 1

oA TR

T

20104 12H



Determination of Void Fraction in Concentric Annular and

Stratified Two Phase Flows Using Impedance Technique

oz AHE o] 4T Y UL HFF

o] W= LE MHLEAT FmeE fEie

2010 & 12 H

|

ERghE S T8 MRy Gmils WRMESH

FOELRAR WO | ED
%= B B B
% B 4@ {5 H

AP 2N T

2010 4 12 H

@ jeju



Determination of Void Fraction in Concentric Annular and

Stratified Two Phase Flows Using Impedance Technique

Min Seok Ko

(Supervised by Professor Sin Kim)

A thesis submitted in partial fulfillment of the requirement
for the degree of Master of Engineering
2010. 12

This thesis has been examined and approved.

(Name and Signature)

Department of Nuclear and Energy Engineering
GRADUATE SCHOOL

JEJU NATIONAL UNIVERSITY

@ jeju



Contents

LIST OF FIGURES I
LIST OF TABLES v
8 o \Y
SUMMARY VI
I. INTRODUCTION 1
II. MOTIVATIONS AND COVERAGE OF THIS WORK 3
III. MATHEMATICAL BACKGROUND 4
1.  CONCENTRIC ANNULAR FLOW......oiiiiiitttaittittaiitteeaiiteeeattteeeaetteeeastteeeaateeeaanateeeaneeeeesanteeeaanns 5
(1) Capacitance Method ...........................c..oooiiiiiiiiiiii e 5

(2) ReSIStance MELROU........................ccc.....eneeeeeeeeeeeee e e e se e e e 8

2. STRATIFIED FLOW .....citiutitteaiittteantteeaattteeeaitteeaateeeaaateeessaaseeeaamtaeeeamtteeesnntteeeanstaeeannnneeesanees 10
IV. DETERMINATION OF THE SIZE OF THE SENSOR 13
V. EXPERIMENT AND RESULT 19
VI. CONSIDERATIONS FOR REAL APPLICATION OF CAPACITANCE SENSOR.............. 26
1.  CAPACITANCE SENSOR FOR VOID FRACTION MEASUREMENT OF BREAK FLOW IN ATLAS .....26

2.  CONSIDERATIONS FOR ANALYSIS OF SENSOR SIGNAL FOR VOID FRACTION MEASUREMENT ...27
(1) Effect of insulator on capacitance Signal......................cccc...occccuueiiiieianiiiiiiieeaeeeiiiiieeaenns 27

(2) Effect of the temperature-dependent insulator on capacitance signal................................ 31

(3) Effect of the temperature-dependent behavior of water on capacitance signal................... 36

VII. CONCLUSIONS 43
REFERENCES 45

@ jeju



List of Figures

FIGURE 1: CONCEPTUAL DIAGRAM OF THE IMPEDANCE METHOD ......iiiiiiiitiieeeeeieeeiieeeeeeeeeenineeeeseseennnnnns 2
FIGURE 2: SCHEMATIC OF CONCENTRIC ANNULAR FLOW ....ciiiiiiiiiieeieeiiieieeeeeeeeeeeaaeeeeeeeeeasananseeeessennnnnns 5
FIGURE 3: SCHEMATIC OF STRATIFIED FLOW.......ciiitiitiitieeeeeeiieeieeeeeeeretassaeeeeeeeeessnneseeeeessnnnnnseesssssnnnnnns 10

FIGURE 4: COMPARISON OF THE NORMALIZED CAPACITANCE-VOID FRACTION RELATIONSHIP BETWEEN
NUMERICAL CALCULATION AND APPROXIMATE FORMULA.........ccviiiiiureeeeierieeeeitreeeeetneeeeeneeeeeenneeeens 12
FIGURE 5: COMPARISON OF THE NORMALIZED RESISTANCE-VOID FRACTION RELATIONSHIP BETWEEN
NUMERICAL CALCULATION AND APPROXIMATE FORMULA .........uvviieiureeeeineeseeinreeessnneeeennseeeesnneeeens 13
FIGURE 6: CAPACITANCE RESPONSE TO THE VOID FRACTION WITH RESPECT TO THE ANGLE BETWEEN
SENSORS FOR CONCENTRIC ANNULAR FLOW ....uvvitiiieeaiiiiriieeeeeeessirsseeeeeseesassssreesseessssssssssesssesnnnnnes 14
FIGURE 7: RESISTANCE RESPONSE TO THE VOID FRACTION WITH RESPECT TO THE ANGLE BETWEEN SENSORS
FOR CONCENTRIC ANNULAR FLOW ...0eieiutitieiiureeeeiuteeeenirseeessereeeessseeesssssesessssssssssssesesssssessassssssennns 15
FIGURE 8: CAPACITANCE RESPONSE TO THE VOID FRACTION WITH RESPECT TO THE ANGLE BETWEEN
SENSORS FOR STRATIFIED FLOW ...eeeiuuutiteeitreeeesireeeeaouseeessasseeesssasssssssssassessesssnssesssssssesessssessssssesens 17
FIGURE 9: RESISTANCE RESPONSE TO THE VOID FRACTION WITH RESPECT TO THE ANGLE BETWEEN SENSORS
FOR  STRATIFIED FLOW ..uuuttiitteeeeseiiutttteeeeeeasantuneeeeeessnnnnssseesessssssnnssssesesssssnssssseeeessssnnssssseeeesens 17
FIGURE 10: ACRYL RODS FOR DESCRIPTION OF VOID FRACTIONS ......uuitiieeeeeeessnnnnrnreeeeeesnnnnnreeeesessnnssnseeees 20
FIGURE 11: SENSOR FOR STATIC EXPERIMENTS OF CONCENTRIC ANNULAR FLOW. (A) ACRYL ROD; (B)
SENSGRE ......................... DL B O ... O ... &% 20
FIGURE 12: PHANTOM FOR STATIC EXPERIMENTS OF STRATIFIED FLOW. (A) SENSOR; (B) WATER............... 21
FIGURE 13: CAPACITANCE RESPONSE TO VOID FRACTIONS FOR CONCENTRIC ANNULAR FLOW AT IMHZ ...22

FIGURE 14: RESISTANCE RESPONSE TO VOID FRACTIONS FOR CONCENTRIC ANNULAR FLOW AT 1IMHzZ ...... 22

FIGURE 15: CAPACITANCE RESPONSE TO VOID FRACTIONS FOR STRATIFIED FLOW AT IMHZ..................... 23
FIGURE 16: RESISTANCE RESPONSE TO VOID FRACTIONS FOR STRATIFIED FLOW AT IMHzZ........................ 23
FIGURE 17: CAPACITANCE SENSOR FOR VOID FRACTION MEASUREMENT OF BREAK FLOW IN ATLAS......... 26

FIGURE 18: GEOMETRY FOR SIMULATIONS. (A) AIR; (B) WATER; (C) SENSOR; (D) CERAMIC INSULATOR;

(E) OUTER PIPE ...couutiiiiitiiteeitt ettt eeittesatee ettt et et e st e sttt st e e bt e sateesabeesabeeeateesaneesebeesabeeeabeeenaeee 28
FIGURE 19: EFFECT OF INSULATOR ON CAPACITANCE SIGNAL FOR CONCENTRIC ANNULAR FLOW .............. 30
FIGURE 20: EFFECT OF INSULATOR ON CAPACITANCE SIGNAL FOR STRATIFIED FLOW.....ccvvteuieieeieeieennenn 31

FIGURE 21: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
g,/€,=0.0125 INCONCENTRIC ANNULAR FLOW ......coeueueuimiiiuereriarnneeueiestnteseeesenescanesseeneneaeans 32

FIGURE 22: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR

g,/€,=0.0167 INCONCENTRIC ANNULAR FLOW ......cceueuiuimiirimererinrsneeieuestaesseesesestanesseeneneneans 33

FIGURE 23: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR

i

Collection @ jeju



g,/&,=0.025 INCONCENTRIC ANNULAR FLOW ......ccoueueuiuimiininiereuiatnneeueuesianesseeiesescasesseeneneaeans 33
FIGURE 24: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
g,/&,=0.05 INCONCENTRIC ANNULAR FLOW .....c.octrtruiuiuimiiniemeieniettneeietesiaeeseeeseseecasesseeneneneans 34
FIGURE 25: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
&,/&, =0.0125 INSTRATIFIED FLOW .....ccoetriruemeuimiiinieuetinttseeseseseeteteeeseuestaseseseseseseasesseeneseaeas 34
FIGURE 26: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
&,/&,=0.0167 INSTRATIFIED FLOW .....ccectrtrueueuimiininieueiinttneeueteseetesseeseseseaseseseseseseasesseeneseaeas 35
FIGURE 27: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
g,/g,=0.025 NSTRETTFIEDRLOR s ... . .. 8 e 35
FIGURE 28: EFFECT OF TEMPERATURE-DEPENDENT INSULATOR ON CAPACITANCE SIGNAL FOR
&,/ &, =0.05 INSTRATIFIED FLOW .....cuuuiuiiiiietiuiteeieteteeteteteuetescateteeeusbes et tene s caseseeeneseaeans 36
FIGURE 29: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =12 INCONCENTRIC ANNULAR FLOW ...c.couiuiiiiuiieuiieniieetetenieueneeseaeesesesteseseeneseesesesastteneneseenenes 37
FIGURE 30: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =15 INCONCENTRIC ANNULAR FLOW......c.ctiueuirieriieniaiarenenieneneenestesesesnesesseseseeseseseeseseenessnenes 37
FIGURE 31: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =20 IN CONCENTRIC ANNULAR FLOW .....c.oveuiuiieriieriaerenesienessenentetesesneseseneseeseseseesesseneneenens 38
FIGURE 32: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =25 INCONCENTRIC ANNULAR FLOW ......ouviuiuiieuiiriaeteeesientstenentetenesseseseneneeseseseeseeessnesnenes 38
FIGURE 33: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =30 INCONCENTRIC ANNULAR FLOW .....ccooveuiuiieuinieniaearenesientstenentetesesseseseneneeseseseesteseneneenenes 39
FIGURE 34: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =12 INSTRATIFIED FLOW ...cooeuiuerieiitenetetiit e it seen it s e s et stentstete e e s saeneeenenesnenesaeseneeneaeenenes 39
FIGURE 35: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =15 INSTRATIFIED FLOW ...c.oeuiuiuiiiiiienuenenessentstentsseneneesesesuesessesessesesestesessenesessesesaeseseeseseenenes 40
FIGURE 36: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
g, =20 INSTRATIFIED FLOW......eoliiiiueuerenteeniecsrensseenesens 0obihts sonthteneacsrestsbentiteneaeneneraensneoneacsrens 40
FIGURE 37: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR
&, =25 INSTRATIFIED FLOW ...o.oouiuiiiiiietiietiaiotettsteteseeteaeetetesaeue e st esesesaes s s e neseseese e neseenenes 41
FIGURE 38: EFFECT OF TEMPERATURE-DEPENDENT PERMITTIVITY OF WATER ON CAPACITANCE SIGNAL FOR

&, =30 INSTRATIFIED FLOW ...c.oouiuiiiiiietiietiaeeteiesteteseeseieetete st e st teseseeae e s enese s seeneaeenenes 41

il

@ jeju



List of Tables

TABLE 1: ELECTRICAL PROPERTIES USED FOR SIMULATIONS ....cceiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeaaeaaeeaenns 14
TABLE 2: SENSITIVITY OF THE SENSORS FOR CONCENTRIC ANNULAR FLOW ....cccocutiiiiiieeeeeeeinnreereeeeeeennnes 16
TABLE 3: SENSITIVITY OF THE SENSORS FOR THE STRATIFIED FLOW......cuuviiiiieeeeiiiiiereeeeeeesennreeeeeeesennnnnnns 18
TABLE 4: SPECIFICATIONS OF SENSOR AND EXPERIMENTAL CONDITIONS......ccceeisiiurrireeeeeeesernrreeeeeeesnsnnnns 19
TABLE 5: PERFORMANCE EVALUATION OF THE SENSOR AND THEORETICAL RELATIONSHIP ....................... 25
TABLE 6: RELATIVE PERMITTIVITY USED FOR SIMULATIONS .....ccceeeiituttrreeeeesanenrrsseeeeeesssnssseeeeesessssssssseeens 30

v

Collection @ jeju



Q
a

o

=

ol-&3 TVl LAY AH dt

=

Zolt}. whebA ATLAS(Advanced Thermal-

2 o

2, 571 A7) 24k

1o}

=

Z
71 M B (MSSV: Main Steam Safety Valve)9] 71

A5 <]

7] WA 7] Ml 3ek(Steam Generator Tube Rupture) Abal Al 3}
ANA AT

=

A Y7

3

hydraulic Test Loop for Accident Simulation)

1t

[e]

g o mK )
l A
B er i ,mﬂ_
os
T X ) )
I =
Eo E#E 71_ .rLL
oF — B )
o= T
G G )
_ZMO ﬂ.V!L X
o X0 & =

) LA

0

wox P g
o No

13 3
o X |
wo D o
_m "N uwo
K
o}/ Tl
BT
o
B o ML H
‘_leﬁ ﬁo ;0:; mﬂ_
N m LEPO ul
w do o)

o ® X
I = B G

L
s o
TR X
T ~ B
~ o
T

A -
Nr r = F

| (acrylic

R

2

%

=

Collection @ jeju

phantom)



Summary

In case of STGR(Steam Generator Tube Rupture) break flow is one of the key parameters
which have significant effects on thermal-hydraulic phenomena such as depressurization of the
reactor coolant system, increase in water level and pressure in the secondary part of the steam
generator and MSSV(Main Steam Safety Valve) switch of the steam generator, etc. Therefore, it
is essential to precisely measure the break flow for accurate analysis of thermal-hydraulic
phenomena in STGR simulation based on ATLAS. This study, as a preparatory research,
proposes the relationship between the normalized capacitance or resistance and void fraction for
the void fraction measurement in concentric annular flow and stratified flow in an effort to
develop the break flow measurement technique. In proposed method the normalized capacitance
or resistance is expressed as a function of the void fraction, and the sensor size as well as
internal properties is a significant factor in determining the sensitivity of the sensor. This work
also verifies the relationship between the normalized capacitance or resistance and void fraction
by comparing with static phantom experiments, and performs the numerical analysis on

considerations for real application of this method.
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I. Introduction

Two-phase flow is a highly general phenomenon in various engineering systems including
thermal-hydraulic systems of the nuclear power plant. In particular, the void fraction in two-
phase system is one of the most significant parameters to be considered for efficient system
design and analysis.

There have been various methods proposed for monitoring the void fraction. These void
fraction monitoring techniques are mainly classified as either intrusive method or non-intrusive
method. The intrusive method has an advantage in providing the local information such as the
behavior of turbulent flow, however, it has a disadvantage of introducing flow disturbance at the
same time. The non-intrusive methods such as radiation scattering, laser, ultrasound and NMR
do not disturb the flow field. But, they are difficult to apply the case in which fast transients
occur due to slow response time.

The Impedance method, on the other hand, has a number of desirable characteristics. In
particular, the impedance method: (1) reduces the uncertainty of the experimental information
since this method dose not disturb the flow field, (2) is possible to be applied to thermal-
hydraulic system of the nuclear power plant which goes through fast transition due to
sufficiently fast response to the void fraction, (3) is effective for large and small structures.

The electrical impedance method is based on the fact that the liquid and gas have different
conductivity and permittivity values. In the electrical impedance method, the measured
electrical impedance across an electrode pair is generally resistive when the frequency of the
excitation signal is sufficiently high. For higher frequencies the behavior of the electrolyte tends

to be capacitive. For this reason the impedance method is classified as either the resistance or

@ jeju



capacitance method according to the applied frequency. In the impedance method, resistive or
capacitive response of two-phase field is measured for the injected current or applied voltage
and then the resultant resistance or capacitance is used to directly estimate the void fraction as

given in Fig. 1.

SRSQTAL BV bubble

resistance

current / voltage

capacitance e

Figure 1: Conceptual diagram of the impedance method

Various designs of sensors for the impedance method have been proposed. Shu et al.
(1982) suggested the curved plate-type sensor fitted to the outer wall of the pipe and derived an
analytical relationship between the normalized capacitance and void fraction for concentric
annular flow. Song et al. (1998) designed a conductance sensor flush-mounted to the inner wall
of the pipe in order to measure the void fraction for bubbly and slug flow regimes in a vertical
air-water flow. Davia and Fossa (2003) designed ring-type conductance sensor focusing on
distance between sensors, which leads to different conductance signals. Zheng et al. (2008)
proposed combination of turbine flowmeter and ring-type conductance sensor for gas-liquid two

phase flow measurement.
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II. Motivations and Coverage of this work

In case of SGTR (Steam Generator Tube Rupture) accident, the coolant in the primary
system of the steam generator is released to the secondary system. In the early stage of the
accident the single phase critical flow can occur due to the difference in pressure between the
primary and secondary system of the reactor, however, as the pressure difference decreases this
single phase critical flow is converted to water-steam two-phase flow. In SGTR accident break
flow is one of the key parameters for thermal-hydraulic phenomena. Therefore, it is very
important to precisely monitor break flow for the analysis of thermal-hydraulic phenomena and
safety analysis.

In an effort to develop an impedance sensor for monitoring the void fraction of break flow
in ATLAS (Advanced Thermal hydraulic Test Loop for Accident Simulation), which has been
developed to investigate the thermal-hydraulic behavior for OPR1400 and APR1400, this work
suggests theoretical relationship between the normalized capacitance or resistance and void
fraction, and also deals with several considerations for the analysis of a capacitance signal in the
sensor, for example, the effect of the temperature-dependent insulator and water on capacitance
responses.

In the 3rd section, the theoretical relationship between the normalized capacitance or
resistance and void fraction for concentric annular flow and stratified flow is proposed. This
theoretical relationship is compared with static experiments in the 4th section. In the last section
several factors to be considered for successful application of the capacitance sensor to real

situations are taken care of.
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III. Mathematical background

In the impedance method the phase distribution of two-phase flow is regarded as the
distribution of electrical properties. Therefore, if electrical properties are once given, boundary

voltage is determined by Maxwell equation with given boundary conditions:
V.-oVu=0, (1

where o is the conductivity of the region of interest and u 1is the potential distribution to be
determined. The resistance method uses the resistance response to the void fraction and this is
accomplished by simply calculating the resistance on the sensor from Ohm’s law.

In the capacitance method, on the other hand, boundary charge is calculated by the following

Laplace equation with given boundary conditions:
V-eVu=0, 2

where ¢ is the permittivity of the region of interest and u is the potential distribution to be
determined. The capacitive method similarly focuses on the capacitance response to the void
fraction and this is carried out by calculating the capacitance from the relationship between the

charge and capacitance.
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1. Concentric annular flow

(1) Capacitance method

Annular flow is a multiphase flow regime in which the lighter fluid flows into the center of
the pipe, and the heavier fluid is contained in a thin film around the pipe wall. This occurs at
high velocities of the lighter fluid. Figure 1 shows the schematic of concentric annular flow
composed of water background and air. Their permittivity values are expressed as &, and ¢,
respectively, and they are assumed to be constant. Two identical sensors attached to the inner
wall are located in the opposite side. The radius of the pipe is R; mm and the angle between

sensors is 26 . Voltages are applied to the left and right sensor with V;and —V), respectively.

%9)

water o,,€,

Figure 2: Schematic of concentric annular flow
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In each region, the potential distribution satisfies the Laplace equation:

V-g Vu, =0 for R <r<R, 3)

V-eVu,=0 for 0<r<R 4

where subscripts ‘w’ and ‘a’ denote the water and air region, respectively. The governing

equations are subjected to the following boundary conditions:

V=V, on 0Q, (5)
V==V, on 0Q, (6)
ou
¥ =0 oQ 7
g, = on < (7)
s Ou, - ou, ®)
ar r=R ar r=R

Here, 0Q; and 0, denote the left and right sensor, @€, represents the gap between

sensors. In Fig.2 or Egs.(3) and (4), R, and R, are the radius of the sensor and air region. If
the charge and voltage on the sensor are Q0 and V', then the capacitance C is Q/AV, and

here Q is evaluated from the charge density on the surface of the sensor. Now, we introduce

the normalized capacitance C” :

C = . ©)

where C is the capacitance response to an arbitrary void fraction o which is defined as

Collection @ jeju
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C, and C, are the capacitance value for o =1 and o =0, respectively.

Kim et al. (2009) proposed analytical relationship between the normalized capacitance and
void fraction with plate-type sensor attached to the inner wall of pipe. In that study, the
normalized capacitance is expressed as a function of only void fraction for given relative

permittivity and size of the sensor. That is, the normalize capacitance is given by

2 2a”" sin2nd
. C-C, ngd(l+lc)+(l—lc)a” n’
C*= = — (11)
C, 788 Zsm2n5
2
n=odd n

where «a is the void fraction given as Eq.(10) and A is the ratio of the permittivity or the

capacitance, that is,

A = (12)

This ratio is experimentally obtained. That is, the ratio of capacitance measurement for o =1

to =0 is used as A since the capacitance is directly proportional to the relative
permittivity as given in Eq.(12). Therefore, it is very important to obtain accurate reference

capacitances for the estimation of the void fraction based on the normalized capacitance.
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(2) Resistance method

In the same manner as the capacitance method, the domain consists of two regions, the air

and water as shown in Fig.2. Their conductivity values are expressed as o, and o, they are

also assumed to be constant. The potential distribution in each region satisfies the Maxwell

equation:

V.-o,Vu, =0 for R <r<R, (13)

V.o,Vu,=0 for 0<r<R, (14)

The governing equations are subjected to the following boundary conditions:

V=V, on 0Q (15)
V==V, on 0Q, (16)
Ou
¥ =0 on 0Q 17
g or £ 1n
o ou,, o, ou, (18)
a}" r=R a}" r=R

If the current and voltage on the sensor are / and V', then the resistance R is AV /I, and
here [/ is evaluated from the current density on the surface of the sensor. Now, we introduce

the normalized resistance R :

R =" (19)
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where R is the resistance response to the void fraction which is defined as Eq. (16) and R, is

the resistance value for a =0.
Due to the similarity between the governing equation and boundary conditions of these two
methods, the analytical relationship given as Eq. (11) can be simply extended to the resistance

method. That is, if the conductivity of the air and water and the angle between sensors are o,

a

o, and 26 as shown in Fig. 2, then the relationship between the normalized resistance and

w

void fraction for the case of concentric annular flow can be expressed as

3 2(1-2,)a" sin2nd
2.

_ n 2
R*:%:l_ =, (1+lr)w+(1. A)a" n 20)
Z sin 2né
n=odd }'l2

here, A  is the ratio of the air conductivity to water conductivity or the resistance, that is,

4, =2a = 1)

Since the ratio A, is close to zero for air-water two phase system Eq. (20) is simplified as

2 2a" sin2nd

n 2
R* i Rw =1- n=odd 3 (Z n (22)
R i sin 2nd
n=odd n2

From Eq.(22) it is seen that the normalized resistance is expressed as a function of the void
fraction for given half angle between sensors. However, it should be noted that Eq.(22) is only

valid for air-water two phase flow. For other two phase flow systems Eq.(20) is recommended.
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2. Stratified flow

Stratified flow is a multiphase regime in the horizontal pipe in which the fluids are
separated into different layers, with lighter fluids flowing above heavier fluids. The stratified

flow generally occurs at low flow rates. Figure 3 shows the schematic of stratified flow.

Figure 3: Schematic of stratified flow

The potential distribution in each region satisfies the Laplace equation given in Egs. (3)
and (4) or (13) and (14), and also these governing equations are subjected to Egs. (5) ~ (8) or
(15) ~ (18) in the same manner as concentric annular flow. However, resistive or capacitive

responses for different expression of the void fraction which is given as Eq. (23) are calculated.

0 —sinf, cos6, (23)

a=1-
T

where 6, is the angle created by the radius of the pipe and water level.

10
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For stratified flow the lack of axial symmetry of two phases makes it difficult to derive the
analytical solution of the Laplace equation. Shu et al.(1982) and Wael H. Ahmed (2006)
adopted the concept of simple equivalent circuit to analyze this problem. In this method two
phases are regarded as series or parallel capacitors. That is, if the total differential capacitance is

dC and the differential capacitance of water and air region are dC, and dC,, the total

differential capacitance is given by

dC=dC, +dC, (24)
where
dC, =¢, L af@ , 0<60<0, (25)
2sin @
dCr= gyl af@ , 0,<0<m-0 (26)
2sin @

Integrating Eqs. (24) over 6 from 6 to 7 —&, we have

C= e, L In tan(6, /2) - g, L n tan(zz —0 /2) 27)
2 tan(o / 2) % tan(6, / 2)

Since 8, =7—-06 at a=0 and 6,=6 at a =1, wehave

C,=-¢,LIn[tan(5/2)] (28)
and
C,=-¢,LIn[tan(5/2)] (29)
11

Collection @ jeju



Therefore, the normalized capacitance becomes

{h{m(@a/z)} +2In[tan (5 / 2)]} +2.In {WM}
C* e c-C, _ tan(d / 2) tan(@, /2) (30)
S C-C, 2(1-2,)In[ tan(5/2)]

Applying this concept to the resistance method we have the normalized resistance:

n { tan(6, / 2) }

R*:&:— tan(o / 2) G31)
R, 21n[tan(5 / 2)]

where A is the ratio of the air to water permittivity. Figure 4 and 5 show the relationship
between the normalized capacitance or resistance and void fraction for 6 =0.025 based on

Egs.(30), (31) and numerical calculation.

1 T T T T T T

0.9l numerical solution
approximation(Eq.(30))

0.8F

0.7

0.6

0.5

0.4

void fraction, ¢

0.3

0.2

0.1

—5 i i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
normalized capacitance, C*

Figure 4: Comparison of the normalized capacitance-void fraction relationship between

numerical calculation and approximate formula

12
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1 L — T T T T T T T

numerical solution -
approximation(Eq.(31))

0.8F

0.7

0.6

0.5

void fraction, ¢

0.4

0.3

0.2

0.1F

0 i i i i i i s i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

normalized resistance, R*

Figure 5: Comparison of the normalized resistance-void fraction relationship between numerical

calculation and approximate formula

It should be noted that this simple model which is based on one-dimensional equivalent
circuit cannot give exact results but just provide approximate trend of the normalized
capacitance or resistance for the void fraction. Therefore, this study deals with stratified flow

problem using a numerical method.

IV.Determination of the size of the sensor

For both concentric annular and stratified flow, the potential distributions are evaluated by
COMSOL Multiphysics which is based on the finite element method. From the solutions of the
Laplace equations the resistive and capacitive responses to variations of the void fraction are

assessed as mentioned in the previous section.
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In order to find the optimal size of the sensors, a number of simulations have been
performed with respect to the angle between sensors, that is, 6 =1.4", 2.8", 42", 5.6, and
7.0". The applied voltages used for simulations are 1 for the left sensor and -1 for the right
sensor, and commonly used conductivity and permittivity values are used to define each region

as given in Tablel.

Table 1: Electrical properties used for simulations

Electrical properties Air region Water region
Relative permittivity, &, 1 80
Conductivity, o (S/cm) 10e-10 0.0005

Figures 6 and 7 show the relationship between the normalized capacitance or resistance

and void fraction with respect to the angle between sensors for concentric annular flow.

0.8F

0.71

0.5r

void fraction, ¢

0.4

0.2

0.1

i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 ] i i
normalized capacitance, C*

Figure 6: Capacitance response to the void fraction with respect to the angle between sensors for

concentric annular flow
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Figure 7: Resistance response to the void fraction with respect to the angle between sensors for
concentric annular flow

According to Figs.6 and 7, the relationship between the normalized capacitance or
resistance and void fraction becomes linear as the angle between sensors increase, on the
contrary, the decrease in the angle causes the sensitivity of the sensor to be higher for high void

fraction region. For the quantitative evaluation of the effect of the sensor size, we introduce the

sensitivity:
. AC
Sensitivity = = (32)
Aa
and
Sensitivity = —— (33)
Aa
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Table 2 shows the sensitivity of the sensors for given void fraction regions in concentric

annular flow.

Table 2: Sensitivity of the sensors for concentric annular flow

Half angle between
sensors(5) 1.4° 2.8° 4.2° 5.6° 7.0°

Capacitance method:
<03 0.197 0.227 0.251 0.268 0.285
03<a <07 0.249 0.283 0.309 0.324 0.338
a=0.7 0.449 0.373 0.323 0.288 0.260

Resistance method:
<03 0.199 0.229 0.252 0.270 0.287
03<a<0.7 0.249 0.283 0.309 0.324 0.338
=07 0.552 0.488 0.439 0.406 0.375

From Figs 6, 7 and Table 2, for both methods the smaller angle between sensors is more
advantageous in monitoring the void fraction above 0.7. For the void fraction below 0.3, on the
other hand, the bigger angle between sensors is more competitive. Since the void fraction is
generally above 0.8 in annular flow, the smaller angle is recommended, that is, 5 =1.4".
Similarly, for stratified flow several simulations are carried out to demonstrate the relationship
between the void fraction and normalized capacitance or resistance with respect to the size of
the sensor. The same electrical properties and angle between sensors which are adopted for
simulations of concentric annular flow are considered.

Figures 8 and 9 show the relationship between the normalized capacitance or resistance

and void fraction for stratified flow.
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Figure 8: Capacitance response to the void fraction with respect to the angle between sensors for

stratified flow
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Figure 9: Resistance response to the void fraction with respect to the angle between sensors for

stratified flow
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We also introduce the sensitivity of the sensors with respect to the angle between sensors

for both methods using Eqs.(32) and (33).

Table 3: Sensitivity of the sensors for the stratified flow

Half angle between
sensors( ) 1.4° 2.8° 4.2° 5.6° 7.0°

Capacitance method:
<03 0.449 0.442 0.436 0.431 0.426
0.3<a<0.7 0.121 0.138 0.153 0.164 0.175
=07 0.430 0.420 0.411 0.405 0.398

Resistance method:
<03 0.447 0.439 0.433 0.428 0.423
03<a<0.7 0.110 0.126 0.140 0.150 0.160
=07 0.443 0.435 0.427 0.422 0.417

According to Figs. 8, 9 and Table 3, for both methods the smaller angle between sensors is
slightly more advantageous in determining the void fraction above 0.7 and below 0.3. However,
for the void fraction region between 0.3 and 0.7 adopting bigger sensor is more reasonable way.
In short, if the high void fraction is dominant in the system, the bigger sensor is more reliable
for determining the void fraction based on the normalized capacitance or resistance regardless
of flow patterns. On the other hand, if the low void fraction is of interest, the smaller sensor is

more realistic.
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V. Experiment and Result

For the verification of this method to estimate the void fraction based on the normalized
capacitance or resistance, several experiments with a static phantom have been performed. A
cylindrical acryl pipe of inner radius 40 mm is employed for experiments. Two stainless steel
sensors are attached to the inner wall of the pipe. The height of sensors is 40 mm. The gap
between sensors is 2 mm (5 =1.4") and this gap is electrically insulated. The reference

capacitances in Eq. (9), that is, C, and C,, are measured by using an acryl rod with 40 mm

radius and by using the pipe filled with water only. For concentric annular flow, ten acryl rods
are designed to describe the void fraction of 0.1, 0.2, ..., 0.9 and 0.95 as given in Fig. 10. The
capacitances are measured with the Agilent 4284A LCR meter. The signal frequencies of the
LCR meter are 1000 kHz for both capacitance and resistance method. The applied voltage is 1
V for both methods. The sensors are connected to the LCR meter with 1m long dedicated shield

cables, Agilent 16089B Kelvin Clip Leads. Table 2 summarizes experimental setup and

conditions.
Table 4: Specifications of sensor and experimental conditions
Capacitive or resistive method
Radius of the pipe 40mm
Number of sensors 2
Height of sensors 40mm
Angle between sensors 1.4°
Signal frequency 1000 kHz
Input voltage v
Operating temperature 20C
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For stratified flow, static experiments have been carried out by simply holding the sensors
horizontally and by adding a measured volume of the water under the same experimental
conditions as the case of concentric annular flow. Figures 11 and 12 show a photograph of the

cylindrical acryl pipe with two stainless steel sensors for concentric annular and stratified flow.

Figure 10: Acryl rods for description of void fractions

Figure 11: Sensor for static experiments of concentric annular flow. (a) acryl rod; (b) sensor

20
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.

Figure 12: Phantom for static experiments of stratified flow. (a) sensor; (b) water

For the static experiments of concentric annular flow, a flange has been designed to locate
acryl rods in the exact center so that any unnecessary errors do not occur. In the static
experiments of each case, annular and stratified type, 100 measurements are repeated for the
given void fractions. The measured capacitances range from 7.0 pF (¢ =1) to 127.5 pF (a =0),
and their standard deviations are less than 0.05%. In the case of resistance method, the measured
resistance ranges from 622Q (a=0) to 2445Q (a =0.95), and their standard deviations are
below 0.07%. Figures 13,14,15 and 16 show the comparison between theoretical and

experimental results.

21

Collection @ jeju



0.9

0.8

0.5

0.4

void fraction, ¢

0.3

analytic solution
numerical solution
® experiment =

0.2

0.1

1 1 i i 1 1 i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
normalized capacitance, C*

Figure 13: Capacitance response to void fractions for concentric annular flow at IMHz
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Figure 14: Resistance response to void fractions for concentric annular flow at IMHz

22

@ jeju



1 T T T T T T

numerical solution
® experiment

0.9

0.8

0.7F

0.6

0.5

void fraction, ¢

0.4

0.3

0.2F

0.1F

m i I 1 1 I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

normalized capacitance, C*

Figure 15: Capacitance response to void fractions for stratified flow at IMHz
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Figure 16: Resistance response to void fractions for stratified flow at IMHz
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The comparison results show that experimental results approximately match the predicted
behavior. For the performance evaluation of the theoretical relationship and the sensor we

introduce the error as follows:

> (Chews ~Coap)’ > (Roeoy Ry

Err = or Err= (34)

> (Chany ) > (Rias )

where C.

* . . . .
neory and C - are theoretical and experimental normalized capacitance value for

given void fractions. Similarly, R and R:Xp are theoretical and experimental normalized

*
theory

resistance value. According to Table 5, maximum error between the theoretical relationship and
experimental results is approximately 14%, and this occurs in concentric annular flow. This
error is thought to be caused by not considering the effect of contact impedance in the
theoretical relationship as well as small mismatch of the sensor size or gap between sensors.
The contact impedance is a small resistive component which occurs at the interface between the
surface of the sensor and fluid. This is mainly affected by the condition of the sensor and
electrical properties of the fluid. Therefore, sophisticated fabrication is essential along with

consideration of contact impedance for the impedance method.
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Table 5: Performance evaluation of the sensor and theoretical relationship

Flow pattern Error

Concentric annular flow:

Capacitance method

a<03 0.135
03<a<0.7 0.043
a=0.7 0.042

Resistance method

a<03 0.027

03<a<0.7 0.045

a=0.7 0.143
Stratified flow:

Capacitance method

a<0.27 0.110
027<a<0.73 0.016
a=0.73 0.016

Resistance method

a<0.27 0.051

027<a<0.73 0.020

a=0.73 0.032
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VI. Considerations for real application of capacitance sensor

1. Capacitance sensor for void fraction measurement of break flow in ATLAS

In ATLAS experiment such as LOCA, break flow is separated into the water and steam in
separator and then these water and steam flow are indirectly measured by using an electronic
scale and a vortex flowmeter. However, break flow in SGTR can not be measured in the indirect
way since the coolant of primary system is released to the secondary system. KAERI proposed a
direct method to measure break flow in STGR simulation. The basic idea of the method is to
convert the void fraction of the system which is measured by CVM(Capacitance Void Meter)
into break flow of two phase flow. For this, KAERI designed a capacitance sensor as shown in
Fig. 16. Two sensors are attached in the inner wall of the insulator which is made from
zirconium dioxide (ZrQ,). The radius of the inner pipe is 10.6mm and that of insulator is
22.5mm. The gap between sensors is 2mm (~5.4°) and the thickness of the sensors is also
2mm. This module consisting of sensors and ceramic insulator is inserted into pipeline of

ATLAS for void fraction measurement.

STS304
capacitance sensor

Ceramic liner (ZrO,)

Copper O-ring
Figure 17: Capacitance sensor for void fraction measurement of break flow in ATLAS
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2. Considerations for analysis of sensor signal for void fraction measurement

The accurate assessment of the void fraction is an extremely significant issue to
successfully apply the direct measurement method for break flow to ATLAS simulations. As a
preparatory research this section takes care of several considerations which can be very
important for the analysis of the sensor response to the void fraction. These are mainly
classified in three parts:

(D Effect of insulator on capacitance signal

(2 Effect of temperature-dependent insulator on capacitance signal

(3 Effect of temperature-dependent permittivity of water on capacitance signal

The effect of the insulator on capacitance response is assessed by simply comparing with the
case that no insulator is installed in the sensor module. This is handled in section (1). In section
(2), different permittivity values of insulator are used to describe the effect of temperature-
dependent insulator assuming constant permittivity values of water and air. Similarly, in section
(3) various permittivity values of water are used to evaluate the effect of temperature-dependent
permittivity of the water on capacitance signal by fixing the relative permittivity of insulator

and by assuming that the air is not dependent on temperature.
(1) Effect of insulator on capacitance signal
Figure 18 shows the geometric arrangement of the domain which is based on Fig. 17. The

domain consists of water-air two phase region inside two sensors fitted to the inner wall of the

insulator.

27

@ jeju



The voltages, V, and -V, are applied to the outer boundary of the sensors. The zero
charge condition for capacitance method or insulation condition for resistance method is
imposed on the outmost boundary and continuity condition is applied to the remaining

boundaries. These conditions are given as Egs. (5), (6), (7), (8), (17) and (18).

Concentric annular flow Stratified

flow

Figure 18: Geometry for simulations. (a) air; (b) water; (c) sensor; (d) ceramic insulator;

(e) outer pipe

Since the relative permittivity of the conductor tends to be infinite, sufficiently high
relative permittivity value, that is, 10" is used for the stainless steel sensor and pipe. The
relative permittivity of zirconia (ZrO,) has been known as 12 at room temperature and 1MHz.
Therefore, this value is used to define the ceramic insulator. Table 6 shows the relative
permittivity used to define each component for simulations. For the assessment of the effect of

the insulator on capacitance signal, the capacitance response which is calculated in the real
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geometry given as Figs. 17 or 18, is compared with the case in which no insulator is involve

(See Figs. 2 and 3).
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Table 6: Relative permittivity used for simulations

Components Relative permittivity, &,
Stainless steel pipe 10"
Stainless steel sensors 10"
Ceramic insulator 12
Water 80
air 1

Figures 19 and 20 show the simulation results for concentric annular and stratified flow,
respectively. In these figures, red line represents the normalized capacitance-void fraction
relationship based on real geometry and blue line denotes the case in which the insulator is not
considered. The maximum error between these two cases is roughly 4.5% for concentric annular
flow. In case of stratified flow the maximum error is approximately 6.5% and this occurs at low

void fraction region. This implies that the effect of the insulator may be considered for accurate

analysis.

k — Void fraction, « |C;° fosulator = Clat it
09} F no insulator
o} A 0.1 0.0436
o7t 0.2 0.0375
£ 0.3 0.0432
£ 0.4 0.0438
g 32 0.5 0.0431
ol 0.6 0.0447
01 winmato| 0.7 0.0443
A TR T 0.8 0.0366
o ¢ 0.9 0.0223

Figure 19: Effect of insulator on capacitance signal for concentric annular flow
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o7t 0.2 0.0165
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1 0.5 0.0017
ool 0.6 0.0008
ot o | 0.7 0.0047
o 5 OB 0% o o7 or v 0.8 0.0072
v 0.9 0.0110

Figure 20: Effect of insulator on capacitance signal for stratified flow

(2) Effect of the temperature-dependent insulator on capacitance signal

As a practical matter, ceramic materials that satisfy the following property criteria at 25C
is classified as good insulators:

*  Dielectric constant (relative permittivity), &, <30

*  Electrical resistivity, p > 10 (Q-cm)

The relative permittivity of most ceramic insulators range from 5 to 15 and their resistivity
values are commonly over 10" (Q-cm) at 25C and IMHz. These electrical properties are
dependent on temperature, that is, relative permittivity and electrical conductivity of insulators
tend to increase with temperature. This is largely due to contents and properties of additives. For
example, the relative permittivity value of zircon porcelain is roughly 10 at room temperature
and slightly changes with temperature, ¢, =15 at 300C. On the other hand, in case of steatite
its relative permittivity is constant up to around 300°C and then sharply increases with

temperature.
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The research on temperature-dependent electrical properties of zirconia (ZrO,) which is
used for insulator of capacitance sensor module has not been widespread. Therefore, this work
assumes that relative permittivity value of zirconia insulator changes from 12 (room
temperature) to 30 which is typical criteria for insulator for given permittivity values of water
and air, thatis, ¢, /¢,=0.0125, 0.05, 0.1, and 0.2.

Figures 21~28 show the capacitance response to void fraction for various permittivity

values of the insulator, ¢_.

¢ e, 200125 ) ’
0;- ' Void fraction, o M
Cg::12
0.8}
07} 1 0.1 0.0021
o 0.2 0.0029
Sod 0.3 0.0047
S0l " 0.4 0.0039
i ;:20 . 0.5 0.0033
02} 25| 1 0.6 0.0036
04 G 0.7 0.0033
R CENTRTR VRN . W T ] 0.8 ALV
nomalized capacitance, C* 0.9 0.0002

Figure 21: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.0125

in concentric annular flow
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Figure 22: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.0167

in concentric annular flow
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Figure 23: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.025

in concentric annular flow
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Figure 24: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.05

in concentric annular flow
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Figure 25: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.0125

in stratified flow
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Figure 26: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.0167

in stratified flow
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Figure 27: Effect of temperature-dependent insulator on capacitance signal for ¢, /¢, =0.025

in stratified flow
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Figure 28: Effect of temperature-dependent insulator on capacitance signal for ¢, /&, =0.051n

stratified flow

According to simulation results, the temperature-dependent behavior of the insulator does
not significantly affect the normalized capacitance for given void fraction even though this work
uses a simple assumption. For all cases maximum deviation between the normalized capacitance
for £, =12 ande, =30is less than 0.1%. This implies that impedance method is feasible
even if the system is under severe conditions of high temperature and pressure which leads to

change in permittivity of the insulator.
(3) Effect of the temperature-dependent behavior of water on capacitance signal

In the previous section the assessment of the effect of temperature-dependent insulator on
capacitance signal was handled. This section, similarly, deals with the effect of temperature-

dependent characteristic of the water on capacitance responses for given relative permittivity of

the insulator, that is, ¢ =12, 15, 20, 25, and 30.
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Figures 29~38 show the deviation between the normalized capacitance for A =0.0125
which is conventional value at standard temperature and pressure and for A =0.05 at 550k and

10MPa with respect to given permittivity values of the insulator.
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Figure 29: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =12 1n concentric annular flow
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Figure 30: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =15 in concentric annular flow
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Figure 31: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =20 in concentric annular flow
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Figure 32: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =25 in concentric annular flow
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Figure 33: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =30 in concentric annular flow
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Figure 34: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =12 in stratified flow
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Figure 35: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =15 in stratified flow
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Figure 36: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =20 in stratified flow
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Figure 37: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =25 in stratified flow
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Figure 38: Effect of temperature-dependent permittivity of water on capacitance signal for

&. =30 in stratified flow

In these simulations maximum deviation between capacitance for A =0.0125 and
A=0.05 is approximately 5% in case of concentric annular flow, on the other hand, that of
stratified flow is less than 0.1%. In case of stratified flow the geometric effect appears to be

more dominant than the change in relative permittivity of water. This is because the sensors are
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completely surrounded by water which goes through severe variation of permittivity in
concentric annular flow, while in stratified flow the sensors are partially submerged in water.
From the previous section and the foregoing discussion it is confirmed that the
temperature-dependent behavior of the insulator and water does not have any significant effects
on the normalized capacitance-void fraction relationship. However, it should be noted that
calculated capacitance ratio which is defined as Eq. (12) is quite different. This ratio is a very
important parameter offering the information for the experimental calibration. Table 7 shows
calculated capacitance ratio for various permittivity values of the insulator and water which are

used in simulations.

Table 7: Capacitance Ratio (Ca / CW) for given permittivity values of the insulator and water

Permittivity Capacitance Ratio (Ca 4 CW) for given permittivity values of insulator
Ratio, A 12 15 20 25 30
0.0125 0.265 0.309 0.372 0.424 0.468
0.0167 0.325 0.374 0.442 0.496 0.541
0.025 0.421 0.475 0.544 0.598 0.640
0.05 0.598 0.649 0.710 0.752 0.784

Considering the air-water or steam-water two phase flow, the permittivity ratio A1 =0.05 at
550k and 10MPa, and the relative permittivity value of the insulator may increase up to 20 or so
on. For these cases the impedance method may require more sophisticated measurements which
can detect the void fraction existing in small deviation between capacitance value for o =1

and o =0, which corresponds to large C,/C, .
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VII. Conclusions

For the application of the impedance method to void fraction measurements theoretical
relationship between the normalized capacitance or resistance and void fraction for concentric
annular flow and stratified flow is proposed. In this relationship the sensor size is one of most
significant parameters along with the electrical properties of the domain. Various simulations
are performed to determine the optimal sensor size changing the angle between sensors. As the
sensor size increases the sensitivity of the sensor for void fraction measurement based on the
normalized capacitance or resistance tends to be higher, on the other hand, the relationship
between the normalized capacitance or resistance and void fraction becomes linear with
decrease in the sensor size. This theoretical relationship is compared with static experiments. On
the whole, experimental results match the predicted signal, however, some errors occur in low
void fraction regions for both cases, the concentric annular and stratified flow. These errors are
thought to be caused by the contact impedance which is not considered in the theoretical
relationship. In this work, main considerations for accurate assessment of the void fraction
based on real geometry of the sensor which are designed by KAERI are also handled. These
considerations are classified in three parts: (1) effect of the insulator, (2) effect of the
temperature-dependent insulator, (3) effect of the temperature-dependent permittivity of the
water on capacitance signal.

Simulation results show that the effect of the insulator is slightly large, roughly 5% for
both the concentric annular flow and stratified flow, but that of temperature-dependent behavior

of the insulator and water is negligible if sophisticated measurements are devised.
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This works use many assumptions as follows:
(1) Theoretical relationship is derived for ideal concentric annular flow and stratified flow
without any fluctuations of the interface between the water and air region.

(2) No contact impedance is considered for both concentric annular and stratified flow.

(3) Temperature-dependent behavior of the insulator and water is assumed to be constant.
For the development of the sensor for monitoring the void fraction further study may deal with
the following tasks:

(1) Verification of feasibility of impedance method for real situations:

*  Eccentric annular flow

e Distorted bubble

Bubbly flow
*  Slug type flow
*  Wavy flow
(2) Development of the model considering the effect of the contact impedance and

temperature-dependent behavior of components and fluid in the sensor module.
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