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Abstract

The main purpose of this work is to study the effects of (1) configuration, size, and materials
of electrodes, (2) flow pattern, (3) electrode position with respect to a dielectric boundary on the
void fraction measurement and flow regime characterization by capacitance transducers. From the
experimental results, relationships between the measured relative capacitance and void fraction are
obtained for both annular and stratified flow systems under static condition, and this result is com-
pared with theoretical predictions. From this study it can be concluded that (1) the strip-type
electrodes are more sensitive than ring-type electrodes for both annular and stratified flows, (2)
electrode size does not affect the relative capacitance vs. (1—a) curve, and (3) electrode position
is important for stratified flows but it has no effect on annular flows.
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Nomenclature

C total (or output) capacitance of a system

C*  relative capacitance defined by Egs. (1)
and (2)

o capacitance of the tube completely filled
with liquid or solid (i.e., when a=1)

C, capacitance of the empty tube (i.e., when
a=0)

D inside diameter of the test section (or
outside diameter of the flow model shown
in Fig. 2)

H  height shown in Fig. 2(b)

{ length of electrodes (in axial direction)

¢ gap (or space) between two electrodes

w width of electrodes

a void fraction

€ permittivity

R dielectric constant (or relative permit-
tivity)

7} stratified angle shown in Fig. A-1

Subscripts

material 1
2 material 2

I. Introduction

The response of the volumetric concentration
of the liquid and vapor phases due to pertur-
bations in heat flux and inlet flow is of par-
ticular interest due to its influence on the
neutron dynamics in nuclear reactors(1). The
problem of predicting void volumes for the flow
of steam-water mixtures in vertical channels is
important for the designer of boiling water
reactors, in particular.

Most of the void measuring techniques which
are based on the nuclear reactions such as

gamma attenuation, X-ray attenuation, beta

attenuation, neutron diffusion or the (7, n)
reaction are not applicable inside the teactor
cores where intensive fields of all these nuclear
radiations predominate (2). The disadvantages
of 7-densitometry are that it exhibits a strong
flow-regime dependence and requires a relatively
strong source and thus, a large amount of
radiation shielding, to observe fast transient
phenomena (3).

Among the non-nuclear methods of void
measurement one of the most important is the
capacitance method, which is based on the
difference between liquid and vapor dielectric
constant. This measuring method has been
applied to determine the void fraction in bulk
boiling (2) and the particle velocity in gas-
powder streams (3). The capacitance method
has the following advantages (1,3) : (1) most
economical, (2) simple installation, (3) the
electrodes are external to the flow, (4) applicable
to fast transient phenomena, and (5) the output
is an analog voltage suitable for process conirol.

The entire project of this work consists of
(1) stationary experiments and (2) dynamic
experiments. In our previous paper (1), a set
of analytical relative capacitance formulas for
core and anular flows was presented along with
the formulas derived for stratified flows (one
for horizontal electrode position and the other
for vertical electrode position). In addition,
only a part of the stationary test results was
presented to examine the validity of the analy-
tical formulas derived in the present work.

The main purpose of this paper, on the other
hand, is to present the outline of the experi-
mental techniques used and the experimental
results to examine the effects of (1) geometry,
size, and materials of electrodes, (2) flow pat-
terns, and (3) electrode position with respect
to a dielectric boundary on the measurement of

void fraction by the capacitance technique.
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II. Principles of Void Fraction Measure-
ment by a Capacitance Transducers

The void fraction measurement technique is
based upon the fact that the dielectric constant
of the liquid water is a well defined parameter
which is predominantly a function only of
temperature and the value of the dielectric con-
stant of the liquid (or solid phase) is very large
compared to that of the gaseous phase. Depen-
ding on the flow pattern and size of bubbles,
the total dielectric constant of a two-phase
mixture (in the forced convection boiling) can
be calculated as a function of the dielectric
constants of the two media by means of theore-
tical relation (1, 2). One of these is the slug-
flow law according to which the two slugs of
vapor and liquid from an electrical viewpoint
are in parallel between the electrodes. Another
possible method of relating a to the relative
capacitance C/C, is the Maxwell law (2).
Also, in the case of annular flow regime it is
possible to derive a function a=a(C/C,), by
considering the liquid and vapor phases as
capacitances in series. When the flow pattern
corresponds to spray-flow regime, i.e., small
liquid masses dispersed in a vapor matrix,
another function a=a (C/C,) can be obtained
by deriving the dielectric constant of the mix-
ture by means of the Maxwell formula, applied
for water droplets dispersed in a steam matrix.

II1. Experimental Techniques

1. Experimental Apparatus

Two series of experiments were designed: one
stationary experiments(i.e., experiments con-
ducted under no flowing condition, at room
temperature and at atmospheric pressure), the
other dynamic experiments. As a first part of

the series, stationary experiments were first

carried out. The apparatus of the present sta-
tionary experiment consists of three major parts
as shown in Fig. 1, 2, and 3.: (1) two types
of test sections, one with a pair of strip-type
electrodes (Fig. 3a), the other with a pair of
ring-type electrodes (Fig. 3b), (2) simulation
models for various void fraction and flow pat-
terns (Fig. 2a, b), and (3) measuring equip-
ment for capacitance,.

LCR METER
(HP 42624)

ELECTRODE
RUBBER

TEST SECTION
(PYREX TUBE)

ELECTROSTATIC
SHIELDING

Fig. 1. Schematic Diagram of Experimental
Apparatus

(b) Stratified Flow Model

Fig. 2. Isometric Views of Flow Pattern Model

o LCR meter

(A) Strip Type (B} Ring Type

Fig. 3. Isometric Views of Two Different Elec-
trode Configurations



Experimental Investigation of Parametric Effects..M.H. Chun and C.K. Sung 37

Table 1. Test Section Geometry and Other Data

(a) Test Section Dimensions.

0.D. (mm)

Material J I.D.(mm) ‘ Length(mm) ' Volume(cc) ‘ Test section No.
Pyrex Tube 34.5 ‘ 38.5 i 250 i 234 Tube-1
Pyrex Tube 26 ! 30 ‘ 250 | 133 Tube-2

1

(b) Electrode Dimensions Attached to Each Test Section

o Material and Width Length Gap Attached Test Flow Model
Electrode Type Electrode No. | W(mm) I{(mm) t(mm) Section Material
Al-1 46 40 4 Tube-2 polyacrylate; water
Al-2 46 50 4 Tube-2 polyacrylate
Al-3 46 57 5.6 Tube-2 paraffin wax
Al-4 46 60 3.5 Tube-2 polyacrylate
Strip Al-5 60 70 4 Tube-1 water
Al-6 46 80 3.™ Tube-2 water
Al-7 46 99 5.8 Tube-2 paraffin wax
Cu-1 46 50 3.5 Tube-2 water; polyacrylate
Cu-2 46 60 4 Tube-2 water
Cu-3 60 45 3.8 Tube-1 water
Ring Al-R { 94 ’ 10 i : Tube-2 ‘ polyacrylate

The test section is a cylindrical pyrex tube
where a pair of electrodes is attached circum-
ferentially and then a simulation model is
inserted. This was wrapped with a rubber sheet
(Imm thick) and then electrostatically shielded
with an aluminium foil as shown in Fig. 1.
Dimensions of test sections and electrodes are
given in Table 1.

Two basic electrode configurations designated
as “ring” and “strip” were examined in the
present test for sensitivity and flow regime
dependency. Two isometric views of a pair of
strip-type and a pair of ring-type electrodes
wrapped around a pyrex tube are shown in
Figs. 3(a) and 3(b).

are summarized in Table 1(a),

Test section dimensions

Dimensions of electrodes attached to each test
section, on the other hand, are summarized in
Table 1(b): e.g., the strip electrodes designated
as “Cu-2” is made of a thin copper plate and
consisted of two 60mm long by 46mm wide
strips attached longitudinally and separated by
4mm (shown in Fig. 3a), The ring electrodes,

on the other hand, consisted of two 10mm wide
aluminium strips attached circumferentially to
the tube(30mm outside diameter) and separated
by 10mm (shown in Fig. 3b).

The void fraction and flow pattern, such as
annular or stratified flow in the static condition,
were controlled and simulated by inserting a
known amount of water or by inserting a
different simulation model (shown in Figs. 2a
and 2b) with a known size into the test section.
In the case of stratified flow, in particular, the
void fraction was controlled by inserting known
amount of water and also by changing the cross
sectional height (H in Fig. 2b) of semi-circular
cylinder. Dimensions and dielectric constants of
flow pattern models are shown in Tables 2(a)
and 2(b).

The output capacitance was measured with a
digital LCR meter (HP model 4262A) that has
the measuring range of capacitance from 0,01
pF to 19.99 mF. The LCR meter has a basic
accuracy of 0.2 to 0.3% depending on test

signal level, frequency and measuring equivalent
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Table 2. Dimensions and Dielectric Constants
of Flow pattern Models

(a) Dimensions of Flow Pattern Models

[ b ID |void| FI
] | ow
brotren ol (B, ©) 4% "gyfFrac- | Model
© | (mm) (min) tion Material
A-1 26 0 0 |paraffin wax
A-2 " 4.5 0.03 "
Annular|{ A-3 ” 8.04/ 0.14 “
A-4 1 15.85] 0.42 "
A-5 " 18.9 | 0.51 ”
B-1 ” 0 0 |polyacrylate
B-2 ” 8.46| 0.11 "
B-3 14 11.68 0.20 1
Annular| B-4 " 13.12] 0.25 "
B-5 ” 16.20; 0.39 ”
B-6 ” 20.42| 0.61 ”
B-7 " 23.02| 0.79 "
C-1 ” 26 0 "
C-2 | " 20.17| 0.17 4
Stratified C-3 7 18. 11 0. 26 "
CH4 1 15.10! 0.40 4
C-5 7 13.45 0. 48 4
C-6 4 12.11; 0.54 "
(b) Dielectric Constants of Flow Pattern Material®
. Dielectric Temperature
Material Constant ez °C)
water ! 78.2 25
55 102
Air 1 102
Paraffin wax 2.25 25
Polyacrylate 2.75 23
circuit.

2. Test Parameters and Test Procedures

The main controllable test parameters were:
(1) flow pattern (annular and stratified), (2)
electrode type (strip or ring) and its position
on the test section with respect to the dielectric
(8) void
(4) test section

boundary (vertical or horizontal),
fraction (from zero to unity),
diameter. These test parameters can be further
It should be
noted here that the definitions of the “horizontal

classified as shown in Table. 3.

electrode position” and the “vertical electrode
position” are given in Appendix.

As may be observed in the relative capacitance
formulas derived in our earrlier work (1), the
relative capacitance is functions of dielectric
constants e, and void fraction a, except for
the case of stratified flows with a pair of vertical
strip-type electrods. Void fractions and flow
patterns were simulated with a proper combina-
tion of two different materials having different
dielectric constants.

In the preliminary test, the sensitivity and
flow regime dependency of two basic electrode
types (i.e., ring and strip type) were first
examined and evaluated along with the sensi-
tivity of LCR meter frequency. As a result,
LCR meter frequency of 10 KHz and the strip-
type electrode were selected to be used in all
the final series of tests.

For each test, the following procedure is
required:

1. The lead cable from a pair of electrodes
is first connected to the LCR meter as shown
in Fig. 1.

2. The capacitance of the leads and the empty
tube (i.e., C,) is then measured along with the
capacitance of the leads and the tube which is
completely filled with void fraction simulant
material or flow pattern simulant material (i.e.,
ChH.

3. The output capacitance of the whole test
section partially filled with a given void fraction
or flow pattern model (i.e., C), which has a
known dielectric constant and volume, is mea-
sured.

4, An experimental value of the relative
capacitance C* is then obtained by substituting
the above measured values of C, Cy, and C,
into one of the following equations (1):

C__
Cc* =—T_C(?—0~ (when ¢ >¢,) ¢))
C*= —%—_Lcll (when &,<¢y) 2
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Table 3. Classification of Main Test Parameters

Test Parameters \ Flow Pattern Electrode | F;gggion | Tests?ze: tion
(1) Types ' a) Annular flow | &) Ringtype | N/A a) Tube-1
j b) Stratified flow } b) Striptype ! b) Tube-2
- __ [ S o o R R
(2) Material or combination of | a) Paraffin wax and air | a) Aluminium N/A ‘\‘ Pyrex Tube
simulation material: b) Polyacrylate and air | b) Copper !
1 c¢) Water and air 1
(3) Size or Range of measure- [[ N/A Listed in Table 1(b) ) a=0~1 Listed in
ment: ‘ I Table 1(a)
(4) Position of electrode with | N/A a) Horizontal N/A | N/A

respect to dielectric

b) Vertical 1
¢) 80 degree }

for various combinations of thst parameters,

o
@

T ,
Stratified Flo A saified Fiow |

boundary
where electrodes are, in general, far more sensitive
ne2l than ring electrodes for both annular and
C0= I:C] a=0— —‘2-— (3) . g .
stratified flows. Therefore, the strip-type elec-
rell
Cl= [C] a=1= vzﬁ (4) T T T T T T T T T
. Electrode 1
'It mjy. be(:1 x;ioted here' that the “relatlc\ize capa- Symbol ﬁ:‘” T agrjve[PmLeg
citance” is defined as in Egs. (1) and (2) to e lsioszlsrp |cuilar < 87
eliminate capacitances of the connecting cables 0 |eo~22Ring | AI-R .
and the pyrex tube. A |41~42|Strip |Cu-1|C1 ~ C6
‘A [23~25(Ring | AI-R ”
IV. Experimental Results and Discussion L Fitted Curve #
a Common_Test Parameters : 7/
) (1) Flow Pattern Materiat : 0
From the experimental results, relationships T 1ok Polyacrylate S /]

; : ' «© . 2) Strip E ition : /
between the measured relative capacitance (C¥) = - ( )Hofgoi:jmde Position , ‘e / |
of the strip and ring electrodes and void fraction g (3) Measwement Freq.: , 7
(in the form of 1-a) in snnular snd stratificd 8 | o ¢« v

€ - s/
in orm of 1-a) in annu ?r and stratifie §  Annular Flow Measured / , »
flow systems under static condition are obtained ) with Strip Electrode /’ /
5 /
3

and this result is compared with theoretical

predictions. A brief summary of important

results is as follows:

1. Flow Regime Dependence of ¢ vs. (1—a)
Curve. Sensitivities of Ring and Strip
Electrodes, and the Necessity of Flow
Regime Characterization

The flow regime dependence of the “output
capacitance (C-Cy) vs. (1-a) curve” is shown
in Fig. 4 for both ring and strip electrodes.
From this figure one may observe that the strip

Measured with

Strip Electrode , ; Measured with
£

Ring Electrode

T

O
D
T
~
~N
/
~N
’ ~N

Qo o=
PP ¢
0.4} '] 4 //'O’ g —

/ e <

/
o2 / /o"‘\,’\ Annular Flow
e Measured with

1

/
_// /”/ e Ring Electrode
4 -
Y kel S N N SO N N S B
o] Q.2 04 06 0.8 1.0

(1-d)
Fig. 4. Flow Regime Dependence of (C—Co) vs.
(1—a) Curve and Sensitivities of Ring
and Strip Electodes
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trodes are employed in all the test of other
parameters in this work.

It should be noted here that the void fraction
cannot be determined without independent
knowledge of the flow pattern. Therefore, it is
necessary to determine the flow pattern of the
given two-phase system before making the void
fraction measurement by means of the capaci-
tance transducer technique. For the flow regime
characterization, on the other hand, one may
be able to construct as many calibration curves
as necessary in a manner similar to the methods
used to obtain the curves shown in Fig. 4; in
Fig. 4, one can observe that the two flow pat-
terns (i.e., an annular flow and a stratified
flow) are characterized by the two entirely diffe-
rent (C-C,) versus(l-a) curves depending only

on the electrode types.
2. Effect of the Electrode Size and Flow
Pattern Materal on C* vs. (1—a) Curve

Fig. 5 shows that C* vs. (1-a) curve depends
on the flow pattern material, but does not

T T T T T T T T
Symbot Run | Electrode | Flow Pattem
YOO No. | width(mm) Model No.
® |[26-28 40 Bt ~ B7
10+{ o |1-3 60 -
A [B~9 50 Cl ~ C7
r a |29-31} 60 Bl ~ B7 A
F m [32-34f 80 Water
2 osf- —
@ a [3s-371 40 o
g | —— Theory J
S Common Test Parameters:
© 08[ (1) Electrode Type: Strip =
E (Pasition} {Horizontal)
3 I (2) Electrode Materid : Al E
@ (3) Measurement Freq.: 1DKHz
O4r fomy i Petycnyite ° Stratified Flow |
)
v o Simulated with
Polyacrylate -
0.2 Stratified Flow  —
Simulated with
Woter
4 ! }
© 0.8 1.0

(1-d)

Fig. 5. Effect of Electrode Size and Flow Pat-
tern Material on C* vs. (1--a) Curve

depend on the electrode size, whereas the output
capacitance (C-C,) increases with increase in
electrode size. The sensitivity of C can be

improved by using larger electrodes.

3. Effect of Electrode Configuratio on C* vs.
(1—a) Curve

Reproducibility and the effect of strip-type
electrodes position on the C¥* vs. (1-a) curve
for annular and stratified flows are shown in
Figs. 6 and 7, respectively. While Fig. 6 indi-
cates that the C* vs. (1-a) curve does not
depend on electrodes position for annular flow,
Fig. 7 shows that it depends on the electrode
position for stratified flow. Also, Fig. 7 shows
that the vertical electrode position gives larger
values of C* than the horizontal electrode
position for stratified flows.

As can be noticed in Fig. 6, there is some
deviation between the measured values of the
relative capacitance C* for a given condition.
The maximum deviation between the values

of the different measurement is about 20% of

AL D SR SIS S B S
~ [Flow
symbol | RN Blec: ptlern Electrode
10 No. No Nofjel Position ,
®] t {Ai-4 | Bi ~B87 | Horizontal
‘lﬁ i D 2
2 N EE
8 08r v P " -
]
3 L -—— Theory
8 |
o
o 06r -
2
5
2 r .
@
o Common Test Parameters :
04— Oa = ]
{1) Annular Flow Simulated with
Polyacryiate
(2) Test Section:Pyrex Tube
(I.D.= 26mm, Length =250
Q2 mm
(3) Measured Freq.
1O KHz
(4) Electrode Type:
Strip.
ol ! ! 1 1 L
o} 0.2 0.4 06 0.8 1.0

{1-d)

Fig. 6. Reproducibility and Effects of Electrode
Position on C* vs. (1—a) Curve for
Annular Flow
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T T T T T T T T T
ISymbol |Run No.|Electrode No.|[Electrode  Position
o] 11 Cu-2 Horizontal
] 12 “ “
A 13 “ "
v 14 “ “
[] 16 Cu-2 Vertical
10 [] 17 P P p
A 18 P ”
- L v 19 P ” &
< — Theory
-~ \/
8 08 Lommon Test Parameters : —
] (1) Statified Flow Simulated with Water
kel | (2) Test Section:Pyrex Tube(I.0.=26mm,
s Length = 250mm) 7
[} (3} Measurement Freq. : 10 KHz
g 06 (4) Electrode Type : Strip > —
Z
] =
4 . -
041~ “ -1
L v B
Vertical Electrode
0.2 é Horizontal Electrode]
0 Vieu! gv '%G 1 | L | 1
0 02 04 06 0.8 10

(1-d)

Reproducibility and Effects of Electrode
Position on C* vs. (1—a)Curve for
Stratified Flow

Fig. 7.

the measured values.

4. Effect of Electrode Material on C* vs.
(I—a) Curve

Two materials for strip electrodes (i.e., Al
and Cu) are tested to evaluate the sensitivity
and possible effects of electrode material on the
measurement of C* vs. (1—a).
visible effect can be observed from the experi-

However, no

mental results shown in Fig. 8.

5. Accuracy of the Results

To evaluate approximately the accuracy of
the results obtained with the capacitance method,
measured values of (1—a) are compared with
true values of (1—a) as shown in Fig. 9, The
predicted values (1—a) in Fig. 9 are obtained
by substituting the relative capacitance measured
by a capacitance transducer into the theoretical
formulas derived in the previous work (such as
Egs. 9b, 10, or 11 in Ref. 1).
(1—a). on the other hand, correspond to those

True values of

T T T T T T T T

Run {Elec- [Flow Pattermn:
Symbol| No, | trode NojModel  No,
O pesdAl-2] Cl ~CB
10k ;
[ ] 141-421 Cu— 1 -
L | o he-ada-s5 ] waer j
A& (1t~ Cy-2 "
OB — Theary 3 .

Common Test Parameters :
(1) Flow Regime : Stratified
{2) Electrode Type: Strip

(Posinion) (Horizontai)
(3) Measurament Freq. : 10 KHz

3

Relative Capacitance (C")
o
D
1

[e)
-
T

Stratified Flow Simulated
[. with Polyacrylate
N N

|
|
l

02 Stratified Flow
Simuated with
L Water j
O AQ“ 1 ! ).
Q 0.2 04 06 c.8 1.0
(t-d)
Fig. 8. Effects of Electrode Material on C* vs.
(1—a) Curve
T T T T T T T
L | symbol Flow Electrode | Flow Model
> Pattern Position  { Material
F A E‘rg:nf«ed Horizontal Polyucryiofel B
- O |Annukir Flow “ ‘ ” i m
T ;
L X E:g.‘,’.,""m T - Water B
= 1 # Vertical i “
kel - : A
! v “ {Polyacrylate
— 1oF
-
5 »
g 0.8
El
> -
- 08|
2
L2 I~
°
£ oap
0.2+
y
’
K

True Value

of

(1- o)

Fig. 9. Comparison of Experimental and True

(1—a> Value
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values simulated by inserting a different simu-
lation model with known size (listed in Table
2) into the test section (or controlled by inser-
ting known amount of water into the test
section),

As can be seen in Fig. 9, the agreement
between the predicted values and true values
is within+10% with some exceptions of the
results that were obtained for stratified flow
simulated with water at lower (1—a) values
than 0.5. In Fig. 5, it must be noticed that
when stratified flow is simulated by water (and
air), in particular, the slope of the C¥% vs.
(1—a) curve is extremely small until (I1—a)
value reaches 0.5; the main reason for this is
because there is a large difference in dielectric
constants of water (55 at 102°C) and air (1 at
102°C) as shown in Table 2(b). Also, in the
theoretical formulas shown in the Appendix
(Egs. A-1 and A-2), it should be noticed that
Eq. (A-1) is applicable for ogag_’zr_, whereas
Eq. (A-2) is applicable for %gﬁgn, The re-
gion of small (1—a) values (i.e., from 0 to
0.5) corresponds to ogeg% Consequently,
small fluctuations in measurements due to finite
precision of instruments used in making the
capacitance measurements can introduce large
relative errors in the region of small (1—a)
values.

Instrumental errors of the present work are
mainly associated with the accuary of the LCR
meter (HP model 4262 A); the accuracy of
the LCR meter is 3% of the reading plus counts
according to its specifications,

6. Problems to be Resolved for Practical
Applications

Clearly, the above results and discussions

apply to the stationary condition. However, in
a flow situation, the interface between gas/
vapor-liquid is not well defined. Therefore, a

question will arise: how such a change will

affect the comparison between observed and
predicted values of the void fraction? In addi-
tion, pulsations, turbulence, wave motions, and
non-uniform annular film thickness could be
present in actual dynamic liquid-gas/vapor sy-
stem, This paper is concerned with the stationary
test results only. Those problems that are con-
cerned with the dynamic conditions will be pro-
perly addressed in our next paper on the dyna-
mic test which is now under preparation. Con-
struction of a test loop for dynamic experiments
has been already completed and also a series of
dynamic experiments has been carried out at
the KAIST.

Y. Conclusions

From the present experimental results and
comparisons with the theory (1) following con-
clusions can be made:

1. Strip-type electrodes are more sensitive
than ring electrodes for both annular and stra-
tified flows.

2. Electrodes size does not affect the relative
capacitance vs. (1—a) curve, but the sensitivity
of the output capacitance (C) can be improved
by increasing the electrode size.

3. Electrode position is important for stratified
flows, but is has no effect on annular flows.
Since the vertical electrode position giveslarger
values of C* than the horizontal electrode posi-
tion, the vertical electrode position should be
used for stratified flows in particular.

4. In general, the agreement between the
predicted values of (1—a) and the experimental
results is within -+10 percent.

5, Without independent knowledge of the
flow pattern the void fraction cannot be deter-
mined. Therefore, it is necessary to determine
the flow pattern of the given two-phase flow
system before making the void fraction measure-
ment by means of the capacitance transducer
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technique.

6. In a flow situation, the interface between
gas/vapor-liquid is not well defined. In addition,
pulsations, turbulence, wave motion and non-
uniform annular film thickness could be present
in actual dynamic liquid-gas system. To address
these problems, a small loop for dynamic experi
ments has been constructed. A series of tests
has been completed under the condition of a
two-phase mixture in forced convection for
different values of void fractions and flow rates
The manuscript of the paper on the dynamir
experiments is now under preparation,
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Appendix

1. Definitions of the “Horizontal Elecrtode
Position” and the “Vertical Electrode

Position”

For stratified flows, there are two typical

a
e: 2
[>T
(a) Horizontai - Type
- a

(b) Vertical — Type

Fig. A-1. Cross Section of Two Test Sections
with aPair of Strip-Type Electrodes for
Stratified Flows

configurations depending on the position of strip-
type electrodes with respect to the dielectric
boundary as shown in Fig. A-1. The following
two terms are defined for convenience in dis-

cussion:

“Horizontal Electrode Position”—This is the
case when the dielectric boundary (i.e., the
interface between the two different materials
with perimittivities of ¢, and &) is parallel
to the imaginary line connecting two insu-
lation points between a pair of strip electrodes
attached circumferentially on the surface of a
test section (Fig. A-la).

“Vertical Electrode Position”-—The configu-
ration of strip electrodes is such that the die-
lectric boundary is vertical to the imaginary
line joining two insulation points between a
pair of electrodes (Fig. A-1b).

2. Relative Capacitance Formulas for Stra-
tified Flows:

The theoretical formulas for the case of stra-
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tified flows with a pair of horizontal strip-type (If e >esn and 0<0 <£> (A-1)
electrodes were derived in our previous work -T2

. .. . ) &g+ (7!"—‘0) [Szk(l_cosﬁ) —2511?]
(Ref. 1). For the horizontal position, in par eem - (oan—1m) (1—0) (1 —cosf)

ticular, the relative capacitance formulas for z
stratified flows are given by the following equ- (H er>eze and —2--<‘0$7I> (A-2)

C¥=

In Egs. (A-1) and (A-2), 6 is the stratified
angle shown in Fig. A-1.

ations:

Cr= __ cxf(l—cosd)
earmt— (2 —€18)0(1+cosh)



