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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Annular two-phase flow is often predicted to occur in postulated light water re-
actor (LWR) accidents and under normal operation, in the shell side of most modern
oressurized water reactor (PWR) steam generators. Thus, thermal-hydraulic codes,
related to the operation and safety analysis of LWR components, must incorporate
accurate empirical data for adequate modeling of this important type of flow.

This report describes a technique measuring the liquid film thickness in annular
flows by means of a capacitance bridge. Although this concept is not new, the
reader will find that considerable thought was given to refine the technique and

improve accuracy.

The method described herein could be used by physicists and engineers engaged 1in
analysis and observation of subscale structures of two-phase flow regimes. In
narticular the development of local probes with high frequency response should en-
able one to measure the shape and fregquency of disturbance- and roll-waves on thin
Tiquid films. Having such quantitative information will provide a means for de-
veloping and/or validating analytical models that are the basis of sophisticated

reactor performance and reactor safety calculations.

PROJECT OBJECTIVES

The work discussed in this report is nart of a larger effort to develop optical-
electronic instrumentation systems for the measurement of key two-phase flow-para-
meters such as droplet size, velocity distributions, and entrainment thresholds

in annular two-phase flow.

New concepts and techniques are now being developed based on laser illumination and
image-analyzing methods. They will be the object of a future report in the second
quarter of 1980.



PROJECT RESULTS

After completion of this work, the new instrumentation system is expected to be
used in other EPRI projects concerned with the observation and measurement of the
small-scale structure of two-phase flows; the ultimate goal is to improve thermal-

hydraulic modeling of LWRs.

The present report should therefore be considered only as an interim report. More
information regarding this and other topics will be published in the final report.

Jean-Pierre Sursock, Project Manager
Nuclear Power Division
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ABSTRACT

A technique has been developed for measuring water film thickness in a two phase
annular flow system by means of the capacitance method. Theoretical considerations
are applied to estimate the capacitance value as function of the film thickness.

An experimental model of the flow system with two types of electrodes mounted on
the inner wall of a cylindrical tube has been constructed and evaluated. The
ability of the apparatus to observe fluctuations and wave motions of the water film
passing over the electrodes is described.
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SUMMARY

A two phase flow system where the 1iquid and gaseous phases are confined to the
interior of a cylindrical tube can be characterized by an annular film of 1iquid
flowing along the wall and a dispersion of droplets and gaseous components in the
center. It is important to measure the thickness of the annular film in order to
study the properties of such a system.

Among a number of techniques for measuring film thickness, the most common one is
the conductivity method which utilizes conducting probes to monitor the resistance
of the fluid film. In the case of pure water, the conductivity is too low to
render reliable results. A capacitance method is elected for the present study,
based upon the fact that the dielectric constant of pure water is very large

(by a factor of about 80) in comparison to that of the surrounding gaseous phase.
The capacitive probe in addition is non-intrusive and will not disturb the flow,
and the response time of the capacitance meter is short enough to observe wave
motions and other fluctuations in the film.

To permit an estimation of the electrode capacitance changes, a theoretical equa-
tion is provided for the calculation of the effect of the water layer on the sur-
face. The results are compared with experimental measurements and are in good
agreement.

Two kinds of electrodes are investigated. One type in the shape of a rod is useful
for small area detection, and the second in the form of a ring is appropriate for
obtaining average data around the perimeter of the tube's inside wall. The rod-
type electrode is designed to have a simple pattern within a circular area of 6 mm
in diameter and to be readily replaced without dismantling the flowing system. The
electrode pair is capable of measuring film thickness up to 3 mm. The sensitivity
of the device is Timited by the size of the probe. The ring electrode pair was
constructed to have the same inside diameter as that of the annular tube. The
width of the electrode, and the gap between them, are made equal to 0.125",
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3.1 mm, for a flow tube of 1%" inside diameter. The sensitivity of the ring
electrode is adequate for the measurement of water film thicknesses up to 6 mm.

Calibrations of the electrodes are carried out with static and dynamic methods for
both kinds of electrodes. It is found that the results are in very good agreement
with each other. In order to minimize the effects of temperature and conductivity
changes in the fluid on the measurement, an external capacitance can be employed

in parallel with the probe to improve the Q factor of the circuit, thereby improving
the performance of the capacitance meter.

The capacitance meter has a fast response time (cutoff frequency = 600 Hz) and is
sensitive enough to detect a capacitance change of 0.01 pF in 2 ms. Since the
meter is provided with an analog output, it is possible to detect the fluctuations
and wave motions of the water film passing over the probes by recording the
capacitance changes produced by them in a storage oscilloscope or other recorder.
The capacitance probes are non-intrusive and do not require doping or other mod-
ification of the water.

S-2



Section 1

INTRODUCTION

Some two phase flow systems, in which the liquid and gaseous phases are
confined to the interior of a cylindrical tube, are characterized by an
annular film of Tiquid which flows along the wall of the tube, and by an
interior dispersion of droplets and gaseous components. In order to study the
properties of such systems, it is important to measure with some precision,
the thickness of the annular film.

Previous studies have shown that this film may range in thickness from zero or
nearly zero, to several millimeters or more, and, in the case of slug flow,
may even fill the entire tube. Moreover, the filin thickness is known to vary
rapidly with time and position due to the presence of waves of various
frequencies and forms of turbulent behavior.

A valid thickness measurement technique should satisfy several criteria.
Because of the presence of wave motions and other disturbances, it should be
capable of rapid response. For similar reasons it should average its
measurement over as small an area as possible unless only average data are
desired. It should be non-intrusive, i.e.it should not disturb the system
being measured. Finally, it should not require that the fluid, in this case
water, be unrealistically altered by the addition of seeding materials or
ionic salts.

A number of techniques have been employed in the past to make film thickness
measurements (1-15). Of these, the most common method (1) has been to exploit
the difference in conductivity between the liquid and gaseous phase. Con-
ductivity probes flush mounted in the wall of the tube, sense the resistance
of the fluid and hence, the thickness. Penetrating conductivity probes (2,3)
in the form of insulated needles with conductive ends have also been employed
to estimate the film thickness. Unfortunately, the conductivity of pure water
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is so low that these methods have, for the most part, required the addition of
ionic salts to make reliable measurements possible.

In the present study, we have elected to use the capacitance method to measure
the film thickness. In this method, which was first described by Dukler, et
al (4, 5) and further developed by Ozqu and Chen (6), use is made of the fact
that the dielectric constant of water is 80 times as large as that of the sur-
rounding gaseous phase. If a capacitor, consisting of two small plates moun-
ted on the interior surface of the tube, is covered by a water film, the cap-
acitance will increase as the film thickness is increased. Once the system is
calibrated, the capacitance, and hence the film thickness, can be determined
with a commercial capacitance meter. The method has the advantage that, un-
like the conductivity technique, it can be made to work reliably with pure
water. The response time is limited only by the capabilities of the capac-
itance meter, and, as will be shown, is short enough to observe wave motions

and other fluctuations in the film thickness.

In the next section, a theoretical calculation of the effect of the water
Tayer on the capacitor plates is given. This calculation enables us to pre-
dict the approximate performance of various probe geometries in order to
determine optimum behavior. In the section following, the design of two types
of electrodes suitable for annular flow measurements is described. In section
4 the methods employed for the calibration of the capacitance probes are
outlined, and in section 5 the experimental results of the calibration are

presented.
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Section 2

GENERAL CONSIDERATIONS OF CAPACITIVE ELECTRODE MEASURING SYSTEM

A convenient geometrical arrangement for the capacitance measurement of the
film thickness consists of a pair of concentric metallic rings mounted coax-
ially in the wall of the flow tube. Electrodes of this type have been de-
scribed elsewhere (6). The dimensions of these electrodes are characterized
by the perimeter of the rings, 2 = IID, where D is the diameter of the tube,
the width of the rings, a, and d, their separation. Because such electrodes
will average the film thickness measurement around the perimeter of the tube,
it is desirable to consider also smaller electrodes capable of measuring the
thickness at a point on the tube wall. These electrodes would consist of a
pair of small metal plates mounted on the interior surface of the tube. By
analogy with the ring electrodes, we can consider these electrodes to have a

separation, d, and characteristic dimension, a.

In the case of the ring electrodes, the length, £, is much larger than the
width, a. The rings can be unrolled and, for the purposes of an approximate
calculation, considered to be parallel, coplanar strips of infinite length.
Under this condition the capacitance per unit length, C/%, can be estimated to
be (Appendix A)

Vs
s [V”/ )
.= m A0 ST
v, 't =7 Cos (Sinh v>
Vs
Adv
i . 2-1)
M/P 2(k-1) -1/Sinh V; ] (
v, 1t Cos (Sinh v>
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where

k = dielectric constant of the fluid
£ = length of electrode
Vi o= sinhT(5 (2-2)
V, = Cosh™'(1 + 22 (2-3)
Vs = g+ Cosh™ (1 + g—a) (2-4)
A = a correction factor

= 0 for V; <V,

= exp [} %—(Vl - Vz)] for Vo, <V, (2-5)

The Tast term of Eq. 2-1 accounts for both the fringe effect of the electrodes
and the saturation which occurs when the water film thickness becomes large.

Equation 2-1 is illustrated in Fig. 2-1 for the case of a pair of parallel
strips (corresponding to a pair of ring electrodes) satisfying the condition
a/d =1 and covered by a water film thickness, t, of a dielectric constant

k = 80. In the figure the capacitance is expressed as a percentage of the
sat- uration value and as a function of the ratio t/d.

The small circles on the dotted line in Fig. 2-1 are measured values reported
by Ozgu and Chen (6), using two brass strip electrodes of length equal to 80
mm, width 2.38 mm and gap 2.38 mm. The saturation capacitance value was mea-
sured to be 37.5pF, while the value calculated from the above equation is
40.28pF. The theoretical formula does not apply to the small electrodes of
different cross sectional patterns shown in Fig. 2-2. Such electrodes exhibit
fringe effects in all directions which are not possible to include in a simple
equation Tike eq. 2-1. However, an electrode pair of coaxial shape such as
shown in Fig. 2-2D, can be considered as the transformation of a pair of ring
electrodes, and the theoretical considerations given above are still valid to
some extent. An example is given in the following section.
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Section 3

DESIGN OF THE APPARATUS FOR ANNULAR FLOW EXPERIMENTS

The design of the experimental apparatus may be divided into two parts, namely
the electrodes and the two-phase flow system. It was decided that a plexi-
glass tube of 1%" inside diameter should be used for the experiment, and that
electrodes of the rod-type were desirable for the detection of local film
thickness, while electrodes of the ring-type were more suitable for monitoring
the average film thickness with large dynamic range. The rod-type electrodes
are in reality a pair of small electrodes of a given configuration on the end
of a cylindrical rod of small diameter (4 to 6 mm). The ends of the elec-
trodes are flush mounted with the inner surface of the flow tube and appear as
two small metallic plates separated by an insulation gap.

DESIGN OF ROD-TYPE ELECTRODES

To design electrodes of the rod-type for thickness measurements, there are two
factors to be considered, the sensitivity of the electrode and the dynamic
range of operation. The former factor is limited by the size of the electrode
which should be as small as possible in order to monitor the local film pre-
cisely, and the latter is determined by the shape of the electrode pair on the
rod.

Electrodes with a narrower gap and larger area will yield a larger capac-
itance, however, the dynamic range of operation will be increased with the
width of the gap because it requires a thicker fluid film to reach saturation
with a larger gap. To select a proper shape and size of electrode, different
patterns of electrode pairs were made on printed circuit board and tested by
covering them with a water film of known thickness. The variety of geomet-
rical sizes and shapes considered is shown in Fig. 2-2. Fig. 3-1 shows the
change in capacitance measured in each case as a function of the water film
thickness. As a reasonable compromise, the configuration C of Fig. 2-2
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with a diameter of 6 mm and a gap of 0.8 mm along the diameter, was the final
selection. This kind of electrode pair can be made of copper plates separated
by a thin layer of bakelite of a given thickness. The materials were first
glued together to form a single piece and then machined to the right size. An
alternative method preparing a rod electrode pair was to use a ceramic rod
ground to a cylinder of proper dimensions, then coated with nichrome at high
vacuum, having a narrow insulated gap across the diameter at both ends and
along the Tength of the rod. This kind of electrode pair has a low initial
capacitance, a high Q, because of its high parallel resistance (in the megohm
range) and is suitable for high temperature operation due to the good thermal
stability of the substrate material.

The rod electrodes can be constructed independently without considering the
size of the annular flow pipe, except that the end of the electrode, which is
to be inserted into the flow tube should be machined to the right curvature so
that it will be flush with the tube's inner wall. This end of the electrode
was coated with a gold layer. The mounting of the rod electrodes in the tube
was achieved by means of an attaching block, Fig. 3-2, which was provided with
rubber O-rings to stop the Teakage of water, with BNC connectors for the
output signal, and a shielding metallic box to screen off Tocal interference.
Rod electrodes made of rigid coaxial conductors have also been investigated.
However, because of their low sensitivity, small dynamic range, and difficulty
of construction, they are not recommended for practical application. Samples
of the electrodes constructed are illustrated in Fig. 3-3. The rod electrode
has the advantage that it can be removed readily without dismantling the
flowing system.

DESIGN OF THE RING-TYPE ELECTRODE

The ring electrode pair was constructed to be the same size as the annular
tube. It consisted of copper rings embedded in the inner wall of the tube,
separated by a gap of the same material as the tube. Both the rings and the
gap were designed to have the same width i.e. 1/8" and a diameter of 1%". The
electrode section was an integrated part of the pipe and cannot be changed
easily without disturbing the test system. A shielding case was also provided
for the ring electrode section to screen off interference. The photo and
sketch in Fig. 3-4 shows the construction in detail. The selection of

-1

d=a-= g-1'nch for the ring electrode pair was based on the following
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considerations. According to the theoretical calculation (e.g. Fig. 2-1 solid
curve), the change of capacitance is large within the range 0 < g <2 and
saturates at about §~= 5. If the annular tube has an inside diameter of 1%"
= 31.75 mm, the electrode should be able to measure a water thickness up to
half of this value, i.e. ts = 15.88 mm. Assuming this for the saturaEed
capacitance, the electrode should have a gap of d = —%— = 3,17 mm = %—. In
order to obtain an accurate measurement at the Tocation under investigation,
the ring electrode pair should not have an axial length of more than 10 mm,
(~1-of the tube inside diameter). Using a =d = %ﬁ, the total dimension will

3 1]
be 2a +d = 3 = 9,53 mm, which is close to the requirement, and the electrode
will have good sensitivity with water film thickness up to 2d = %- or 6 mm.

This is the optimized ring dimension we used.
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Section 4

CALIBRATION OF ELECTRODES

The calibration of the electrodes was implemented by two methods. A static
calibration was performed by covering the electrode surface with a stationary
film of water of known thickness, and the capacitance value was taken as a
function of water film thickness. For the dynamic calibration, a specially
constructed flow system was designed. This system consists of a section of
pipe into which the electrodes, (rod-type or ring-type) can be mounted. The
capacitances of the electrodes were measured with running water of known
thickness, flowing along the inner wall of the pipe and over the surface of
the electrodes continuously. The water film thickness along the tube's inner
wall is a function of the measured flow-rate of the water as explained below.

STATIC CALIBRATION

The apparatus for static calibration consisted of water containers of care-
fully controlled dimensions. For the rod electrodes a cylindrical water
container made of plexiglass was designed having a hole in the bottom so that
the rod electrode could be inserted into it, flush with the bottom surface
(Fig. 4-la). The water film thickness on top of the electrode was determined
by two independent methods, (1) by calculation from a known volume of fluid in
the container and (2) by detection of the water surface with a microscope
device which was specially designed to measure thickness down to 0.lu. Dif-
ferent kinds of water, namely low conductivity water (LCW), tap water (TW),
distilled water (DW), and de-jonized water (DIW), were employed for the
calibration. The conductivities, §, of different fluids are as follows:

6LCW = 6.67 US/cm, STW = 66.7 US/cm, 6Dw = 2.0 uS/cm, and

6DIW = 2,63 US/cm. Among them the LCW and TW were used most frequently.

For the static calibration of the ring electrodes, a rectangular water tank,
with a Teveling screw for fine level adjustment, was used (Fig. 4-1b). Copper
strips of jdentical gap width and Tength as the actual ring electrode pair
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were prepared on a printed circuit board which was adjusted and checked with a
water-bubble gauge to make sure that it was paraliel to the water surface.
Since the electrode's surface was not flush with the bottom of the water tank,
the elevation of the electrode's surface and thickness of the first water
Tayer had to be determined by means of a microscope. Thereafter, the mea-
surement of the water thickness was accomplished as described in the last
paragraph. The use of copper strips to replace the ring electrodes for static
calibration may introduce a discrepancy between the calibration and the true
ring electrode value. However, because of the relatively large inner diameter
of the tube in comparison to the width and gap length of the electrode, a pair
of flat strips were considered to be adequate for the first calibration, as
had been previously described elsewhere (6). The tests were done mainly with
lTow conductivity and tap water at room temperature.

DYNAMIC CALIBRATION

The apparatus for the dynamic calibration of the capacitance probes is shown
in Fig. 4-2. It consists of a porous plastic water injection tube mounted in
a plexiglass water jacket. Attached beneath the injection tube is a length of
14" ID plexiglass tubing onto which short sectons of plexiglass containing
the probes are mounted. Water from the supply was passed through calibrated
turbine flowmeters (Flow Technology Inc., models FT-12N25-LJC and FTM-N10-LJS)
before being introducted to the test apparatus. The flow rate was measured to
a precision of better than 1% using a freqguency counter and the manufacturer's
calibration charts.

The thickness of a falling film of water flowing down the inside of the tube
js quoted by Wallis (19). At low flow rates, the film flow is laminar and
obeys the equation

.. 3Uf Qf 1/3
N ﬂgpr

where § is the film thickness. e is the water viscosity, Qf is the
volumetric flow rate, g is the gravitational acceleration, s is the water
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density and D is the tube diameter. At higher flow rates the film flow
becomes turbulent and the thickness increases at a greater rate than the 1/3
power predicted under laminar conditions. The onset of turbulence is governed
by the film Reynold's number defined as

4o Q
Re. = ff
r ﬁDuf

Normally the onset of turbulence is considered to occur for ReF > 2000 but a

reasonable fit to the entire flow region can be obtained if laminar flow

conditions (& proportional to Q}/3) are assumed for ReP < 3000 and turbulent

flow conditions (8§ proportional to 01/3) are assumed for Rer > 3000.

If we insert the appropriate numbers for the pipe diameter and assume a water
temperature of 17°C we find with Q¢ expressed in gal/min and § in cm.

s = 0.0593 q}/3 Q; < 1.28 gal/min
§ = 0.0546 Q§/3 Qp > 1.28 gal/min

This result is plotted in Fig. 4-3.

With this apparatus, film thicknesses ranging from less than 0.4 to 4 mm could
be obtained with the existing water supply.

INSTRUMENTATION FOR CAPACITANCE MEASUREMENT

For the experimental investigation of water film thickness by means of capac-
itance methods, different types of instruments were considered. A Boonton 1
MHz Capacitance Bridge 76 A is capable of showing the values of capacitance,
resistance, conductance, and Q factors. It has very good accuracy and very
high resolution, but a slow response time, (about two measurements per
second). This instrument is more suitable for the static calibration of the
electrodes. In order to obtain similar accuracy and fast response, a capac-
itance meter from the same manufacturer Model No. 72BD, with a digital readout
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and a DC analog output was finally selected and was found to be satisfactory
for both the static and the dynamic measurements. The meter has a cut-off
frequency of about 600 Hz which is very important and useful for the dynamic
detection of the water film waves generated during the annular flow. The
analog output of the capacitance meter will provide a signal for visual obser-
vation or recording on a storage oscilloscope. The capacitance meter is
sensitive enough to detect a capacitance change of .0l pF in 2 ms. The condi-
tion required for the capacitance meter 72BD to give an accurate readout is
that a Q factor of a value better than 5. However, it had been tested and
found that even with a Q as low as 0.9, the error in the result is still well
within 1%. The requirement of a high Q however, is not a problem, as an
external small capacitor can always be conected in parallel with the elec-
trodes to increase the figure of merit. This can be verified by the ex-
perimental results obtained. The set up of equipment for static calibration
is shown by a photo in Fig. 4-1. A storage oscilloscope, Tektronix 5113, with
a model 5A22N Differential Amplifier and 5B92N Dual Time Base, was used for
the measurement of the film thickness fluctuations.
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Section 5

EXPERIMENTAL RESULTS

In this section experimental results are presented in order that a comparison
can be made between the data obtained from the theoretical investigations and
experimental observations and between the results of the static and dynamic
calibrations. In addition, the influence of other parameters such as the
conductivity of the water, the temperature of the fluid, and the Q factor are
examined.

SELECTION OF ELECTRODE PATTERNS FOR THE ROD-TYPE ELECTRODE PAIR

In order to optimize the geometrical configuration of the rod-type electrodes,
preliminary measurements were first made using electrodes of various shapes and
sizes. To simplify the measurements, these electrodes were generated
photographically on printed circuit boards. A number of samples are shown in
Fig. 2-2. The initial capacitance of these kinds of electrodes is always very
low because of the small thickness (0.016") of the copper sheet. In Fig. 3-1,
two families of curves are shown to illustrate that the characteristics of the
electrode pairs depends very much on their shape. Curves with a solid line
(A, B, C, D, E) are taken from the electrode pairs with an outside diameter of
6 mm, while those with a dashed line (a, b, c, d, e) belong to the electrodes
of 4.5 mm in outside diameter. The black line or curve within the circle,
Fig. 3-1, represents the air-gap which is about 0.8 mm for the large
electrodes and 0.6 mm for the small electrodes. From these curves, several
conclusions can be drawn, namely, (1) the saturated capacitance increases with
the size of the electrode by comparing families I and II, (2) the sensitivity
of the electrode AC/At, increases with the length of the gap, {by comparing A,
B, C, etc) and (3) the dynamic range, i.e. the range of the water thickness
from zero to the saturation value %%—5 0, increases with the transverse length
of the gap, (comparing electrode E or e to the other electrodes in the same
family).
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The electrode C has a very simple geometric form, and in addition, has a
relatively high sensitivity and a wide dynamic range. Based upon this
preliminary investigation, it was thus decided to use pattern C with a
diameter of 6 mm for the design of the rod electrode.

Pattern D is an electrode of coaxial form. It is a closed circuit with the
least fringe effect, hence it is the most interesting electrode for comparison
between the theoretical and experimental evaluations. This electrode system
fits the theory quite well if the concentric gap is small compared to the
width of the outer and inner electrodes. Since the inner electrode is a
metallic disc, it reduces the fringing effect of the electrode to a great
extent. An example is given in Fig. 5-1.

COMPARISONS BETWEEN STATIC AND DYNAMIC MEASUREMENTS

There were two kinds of rod electrodes tested; the ceramic electrode and the
copper electrode. Since the data of the static measurements are taken by
adding water to the container step by step, it is always possible to obtain a
smooth curve with good consistency. In Fig. 5-2, two curves are shown which
represent the measurement results for a ceramic electrode and a copper elec-
trode. Obtained with low conductivity water, the curves differ from each
other by about 20%, (less than 1 pf), which is understandable since the geo-
metrical dimensions of the two electrodes are not exactly identical. The
small triangle dots and crosses are the measured points from dynamic mea-
surements taken at a different time. Misalignment of the rod electrode inside
the tube will cause considerable deviation between the dynamic points and the
static curve.

By accurate adjustment and the use of a rod electrode which has the probe end
cut to the same curvature of the tube's inner wall so that it will be flush
with the wall surface, the dynamic measured points fall on the static curve
with good consistancy (Table 5-1 & 5-2). The data was repeatable. This
implies that static calibration is applicable to dynamic conditions. This
fact is further strengthened by measurements of the ring electrodes. In Fig.
5-3 a curve is drawn through measured points represented by small circles
taken with low-conductivity water, LCW, of conductivity 6 = 6.67 uS/cm, and by
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crosses taken with tap water, TW, of & = 66.7 uS/cm. There is practically no
difference between LCW and TW in the experimental results from the static
measurements, using two coplanar strips to represent the two ring electrodes.

The results of the dynamic measurements carried out on the ring electrodes are
given in Fig. 5-4 where the large number of points were also taken at dif-
ferent times, with TW or LCW. The most significant and important fact is that
all the points fall on the static curve with Tittle deviation except those few
points near 3 mm, which were at the time Timited by the flow system. The ring
electrode pair was mounted on the inner wall of the annular tube section and
had the exact diameter as the tube. There was thus no problem of alignment,
therefore the dynamic data coincided with the static curve as expected. In
Tables 5-3 and 5-4 the experimental results are recorded.

INFLUENCE OF WATER TEMPERATURE AND CONDUCTIVITY ON FILM THICKNESS MEASUREMENT

The above experiments were carried out at room temperature. Since varying
temperature may be present in the real system, it is important to determine
the influence of temperature on the capacitance measurement. With regard to
the electrode's own initial capacitance, it did not change value significantly
when the electrodes were heated up by a hot air gun or cooled by a coolent
spray. MWith a printed circuit electrode, it was noticed that with LCW
{conductivity & = 6.67 uS/cm) the saturation capacitance changed by about 6%
from 17°C to 49°C, while the capacitance within the dynamic range, i.e. below
the knee of the saturation part of the curve, remained practically unchanged.
When tap water (8 = 66.7 uS/cm) was used, the temperature dependence was more
pronounced. Within this temperature range, the variation of the measured
saturation capacitance can be as high as 50%. The reason is that the conduc-
tivity of tap water available at LBL is high and it increases rapidly with
temperature. The model 72BD Capacitance Meter requires a moderate quality
factor, Q = 5, for reliable operation. For very small capacitance values,
this restriction necessitates that the parallel leakage resistance be Targe
(e.g. if C =1 pF then R ~ 1 MQ). The initial capacitance of the printed
circuit electrodes were in general very low, less than 1 pF. The highly
conductive tap water was not able to provide a sufficiently high resistive
film above the electrode. To increase the Q factor, one can always connect an
external, large capacitor parallel to the electrode (Fig. 5-5). This has been
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tried and found to reduce the temperature dependence of the electrode capaci-
tance to a Targe extent. The solid rod electirodes and the ring electrodes
utilized for the experiment have comparatively large initial capacitances.

The temperature effect was not observed, therefore, probably no significant
temperature effects exist for the electrode of significant large capacitance.
In theory, the capacitance itself depends only on the dielectric constant
which is independent of temperature. If the conductivity of the flowing fluid
should change according to the temperature and thus alter the value of Q to an
unfavorable value, it is, as it has been pointed out, always possible to
improve the Q factor by adding an external capacitor and restore the stability
of the capacitance against temperature.
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Table 5-1

STATIC MEASUREMENT OF ROD-TYPE ELECTRODES
WITH A 6 MM DIAMETER AND 0.8 MM INSULATION GAP

Water: Low Conductivity Water (LCW) at 20 C.

(I) Ceramic Electrode with Gold Tip
Initial Co = 17.04 pF.

Capacitance

Film Thickness Increase
t, mm C, pF
.245 .982
.398 1.580
.560 1.963
.778 2.525
1.002 2.970
1.244 3.340
1.588 3.675
1.911 3.909
2.608 4.390
3.010 4.180
3.313 4.204
3.744 4.210
4,123 4.202



Table 5-1 Continued

STATIC MEASUREMENTS OF ROD-ELECTRODES
WITH A 6 MM DIAMETER AND 0.8 MM INSULATION GAP

Water: Low Conductivity Water (LCW) at 20 C.

(II) Solid Copper Electrode

o = 12.8 pF
Capacitance

Film Thickness Increase

t, mm C, pF
.236 .621
.401 1.032
.617 1.437
.804 1.842
.970 2.139
1.270 2.522
1.578 2.862
1.994 3.084
2.270 3.175
2.555 3.222
3.906 3.301
4,272 3.298



Table 5-2
DYNAMIC MEASUREMENTS OF ROD ELECTRODES

Water: LCW at 18 C
(I) Ceramic Electrode With Gold Tip

1st Trial
Film
Freq. Thickness Capacitance
f, Hz t, mm C, pF
30 0.440 1.80
51 0.530 2.085
98 0.650 2.213
115 0.730 2.533
141 0.820 2.651
222 1.110 3.315
272 1.270 4.454
405 1.830 3.900
902 2.870 4,180
2nd Trial
27 0.442 1.380
64 0.560 1.644
121 0.720 2.040
136 0.800 2.307
295 1.375 3.280
662 2.322 3.950



3rd Trial

Film
Freq. Thickness Capacitance
f, Hz t, mm C, pF
20 0.38 1.542
78 0.60 2.187
80 0.61 2.235
86 0.622 2.281
90 0.630 2.314
105 0.675 2.375
112 0.710 2.420
125 0.760 2.484
238 0.811 2.555
142 0.830 2.756
211 1.080 2.935
322 ©1.400 3.602
540 2.040 3.930
950 2.980, 4.182



Table 5-2 Continued
DYNAMIC MEASUREMENTS OF ROD ELECTRODES

Water: LCW at 18 C
(I1) Solid Copper Electrode

Tst Trial
Film
Freq. Thickness Capacitance
f, Hz t, mm ¢, pF
22 .390 1.051
48 0.506 1.152
81 0.610 1.532
122 0.750 1.870
133 0.790 1.932
220 1.110 2.507
233 1.160 2.592
325 1.420 2.807
611 2.120 3.192
840 2.720 3.275
2nd Trial
13 0.33 0.860
46 0.50 1.198
90 0.63 1.470
106 0.68 1.618
115 0.722 1.652
132 0.787 1.754



Film

Freq. Thickness Capacitance
f, Hz t, mm C, pF
145 0.84 1.820
156 0.88 1.955
167 0.92 2.007
172 0.94 2.128
182 0.98 2.176
345 1.50 2.733
510 1.98 3.034
900 2.87 3.245
3rd Trial

20 0.38 1.542
78 0.60 2.187
80 0.61 2.235
86 0.622 2.281
90 0.630 2.314
105 0.675 2.375
112 0.710 2.420
125 0.760 2.484
238 0.811 2.555
142 0.830 2.756
211 1.080 2.935
322 1.400 3.602
540 2.040 3.930
950 2.980 4.182



Table 5-3
STATIC MEASUREMENTS OF RING ELECTRODES USING STRIPS
Width: 1/8", Gap = 1/8", Initial Capacitance Co: 2.6 pF
(I) Water: LCW, 20 C

Film Capacitance
Thickness Increase
t, mm C, pf
.205 6.52
414 13.2
.735 20.8
.875 20.4
1.255 28.1
1.663 32.4
2.273 37.8
3.455 43.8
4.313 47.6
4.833 49.6
5.573 51.5
6.426 53.3
6.913 54.0
7.393 54.6
7.795 55.1
8.645 56.0
9.645 56.8
10.309 57.3



Film Capacitance

Thickness Increase
t, mm C, pf
11.840 57.90
12.348 53.80
13.350 58.80
13.508 59.10
14,259 59.20

(IT) TW, 20 C

0.215 7.10
0.455 13.10
0.577 15.80
0.674 17.90
0.768 19.30
0.872 20.40
1.080 23.60
1.275 26.00
1.466 28.40
1.654 30.60
1.873 32.60
2.081 34.50
2.332 36.60
2.584 38.60



Film

Thickness

t, mm

3.
3.
3.

017
520
740

.404
.075
.556
.033
.075
.040

Capacitance
Increase

C, pF
41.80
44.10
46.40
48.10
49.00
50.60
51.40
53.20
54.25



Table 5-4
DYNAMIC MEASUREMENTS OF RING ELECTRODES

Diameter: 1 ", Width 1/8", Gap, 1/8"
Water: LCW & TW 17.7 C

(1) Water LCW*

Freq. of Film Capacitance
Water Gauge Thickness Increase
f, Hz t, mm C, pF
65 .57 12.4
116 .73 16.9
220 1.10 24.5
282 1.32 27.2
349 1.51 30.4
410 1.68 32.8
486 1.88 35.2
596 2.17 38.2
618 2.27 38.5

(1) Water LCW

24 0.4 8.8
57 0.51 11.9
78 0.55 13.9
132 0.79 18.5
210 1.08 23.9



Freg. of Film Capacitance

Water Gauge Thickness Increase
f, Hz t, mm C, pF
230 1.15 24.9
270 1.30 27.2
310 1.40 29.2
364 1.60 31.7
433 1.75 34.0
494 1.90 35.8
559 2.10 37.4
612 2.22 38.3
724 2.56 39.8
820 2.68 40.6

(1) Water LCW®

22 0.40 7.6
57 .51 11.0
78 .55 12.8
130 .79 17.0
160 .98 20.7
210 1.10 22.6
240 1.13 24.5
270 1.30 26.0
310 1.42 27.8
369 1.60 29.9
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Freq. of Film Capacitance

Water Gauge Thickness Increase
f, Hz t, mm C, pF
432 1.75 32.1
499 1.95 33.9
560 2.10 25.2
620 2.25 26.5

(1) Water LCW®

19 .37 7.8
57 .51 11.6

76 .60 13.3
105 .67 15.9
132 .74 17.9
181 .97 21.6
192 1.02 22.8
206 1.07 23.6
279 13.00 27.6
325 14.50 29.2
354 15.20 30.8
364 15.80 32.0
432 17.30 33.4
433 17.30 33.5
505 19.50 35.5
563 21.00 36.7
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Freq. of Film Capacitance

Water Gauge Thickness Increase
f, Hz t, mm C, pF
625 22.3 37.9
683 24.4 39.0

(2) Water TW

75 0.6 13.4
101 0.66 15.5
365 1.55 30.6
409 1.70 32.5
435 2.03 36.5
619 2.23 39.4
870 2.58 41.5

(2) Water TW

24 0.4 8.3
57 0.51 12.0
78 0.55 13.2
133 0.79 18.4
211 1.08 23.4
228 1.14 25.0
268 1.20 27.3
311 1.40 29.0
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Freg. of Film Capacitance

Water Gauge Thickness Increase
F, Hz t, mm C, pF
370 1.60 31.4
435 1.76 33.6
495 1.90 35.6
557 2.10 37.8
613 2.22 38.5
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Section 6

DISCUSSIONS AND CONCLUSIONS

We have investigated, experimentally and theoretically, two types of capac-
itance probes for making water film thickness measurements in annular
two-phase flow configurations.

Capacitance probes of the rod-type are useful for making local measurements.
However, as we have seen, their dynamic range is limited. For the probes
considered in this report, the maximum film thickness which can be reliably
measured is approximately 1-2 mm. The only way that the film thickness range
can be increased is to enlarge the physical size of the probes. Thus, local-
ization and thickness range are competing constraints subject to compromise.
The rod-type electrodes have the advantage that they can be easily installed
in the flow tube at any desired position.

The ring-type electrodes, on the other hand, have superior sensitivity and
dynamic range. As shown above, they have the capability of making film thick-
ness measurements up to 4-5 mm. Because they completely encircle the flow
tube, measurements wih these probes are averaged over a larger area. The
ring-type probes are more difficult to construct and cannot be repositioned as
easily as the rod electrodes.

As can be seen from the calibration curves (for example Fig. 5-2 and

Fig. 5-3), the response of both types of probes to changing film thickness is
non-linear. It is necessary to provide a linearizing transformation to the
capacitance measurement to obtain the proper film thickness. This linear-
ization can be accomplished either digitally by a data analysis system, or in
an analog fashion by appropriate electronic circuitry. An analog linearizer,
which would provide an immediate conversion, is presently under consideration.
Because of the rapid response capabilities of the model 72BD capacitance
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meter, it is possible to detect the fluctuations and wave motions of the

water film passing over the capacitance probes. The oscilloscope photographs
shown in Fig. 6-1 and 6-2 illustrate the variations in measured capacitance
for each type of probe caused by fluctuations in the film thickness. In the
photographs the amplitude of capacitance fluctuations is shown together with
the mean capacitance value and the calculated average film thickness as deter-
mined by measuring the total water flow rate. The fluctuations are due to
turbulences in the film flow which occur for film Reynold's numbers in excess
of about 2000 as described above.

In order to determine the thickness fluctuations of the film from the photo-
graphs, it is necessary to apply the linearizing transformation derived from
the calibration curves. For example, in Fig. 6-1d, the mean film thickness is
3.0 mm which for the ring-type electrodes is well within the dynamic range of
the probe. The film thickness fluctuations can be obtained from the capac-
itance fluctuations of approximately 3.5 pF and the slope of the transfer
curve yielding 3 + 0.35mm for this case. On the other hand, the data in Fig.
6-2d obtained with the rod-type electrodes and a mean film thickness of 3mm,
shows a small capacitance fluctuation. This is because the probe is almost
saturated. Even with a lihearizing circuit, one would not expect to obtain
reliable information in this case.

We have evaluated the capacitance methods as a technique for making film
thickness measurements in two phase flow systems. Two types of probes have
been designed; rod-type electrodes and ring-type electrodes. The former type
permits the measurement of localized film thicknesses within their dynamic
range of 1-2 mm and the Tlatter type enables us to measure cylindrically aver-
aged thicknesses with greater precision and with a dynamic range in excess of
5 mm. With calibration and appropriate linearization, the capacitance
measurements can be made to yield thickness data directly and with rapid time
response. The Tlatter capability makes it possible to observe fluctuations and
wave motions in the film flow provided they are within the dynamic range of
the probe used. Finally, we point out that the probes are non-intrusive and
do not require doping or other modification of the water supply.
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Figure 6-1. Transient Measurements of Film Thickness
with Ring Electrodes
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Appendix A
DERIVATION OF EQUATION 2-1

In Fig. A-1b we show a cross sectional view of a pair of coplanar capacitance
electrodes covered with a water film thickness, t. In order to carry out the
calculation, we consider a pair of infinite parallel plates in the W-plane,
Fig. A-la, in which the lines of flux function V perpendicular to the lines of
potential function U, is transformed to a pair of coplanar electrodes in the
Z plane, having their width and spacing along the X-axis, and the fluid film
thickness, t along the Y-axis. By means of the Schwarz-Christoffel trans-

formation (16), we have:

Z =Sin W (A-1)

where Z = X + jY and W = U + jV, and it follows that:

2 2
X Y 1

+ = (A-2)
Cosh2V Sinh2V
LSRN G 1 (A-3)
Sin2y Cos?U
and
X = Sin U Cosh V, (A-4)
Y = Cos U Sinh V. (A-5)
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The curves in the Z-plane show a set of confocal ellipses for V equal to a
constant and a set of confocal hyperbolas for U equal to constants. A fluid
film of thickness t on top of the electrodes in the Z-pTane will have a par-
abolic shape between the parallel electrodes in the W-plane. This config-
uration is utilized for the calculation of the capacitance.

The field plots in Fig. A-1 assume that the electrode pair has a width
approaching infinity. If the electrode pair has a finite width, the field
distribution is altered at the edges of the electrode yielding a pattern as
shown in Fig. A-2, which is obtained from the conformal transformation with
Z=35nW (17, 18), where Sn W is the complex elliptical sine. A fluid film of
thicknesses tl, tZ’ t3, t4, and t5, on top of the electrodes in the

Z-plane will appear as ellipses in the W-plane. When this pattern is used for
the calculation of the capacitance, the equation is complicated by terms con-
taining elliptical function and is difficult to solve.

The pattern in Fig. A-1 is more tractable, because it can be solved in terms
of hyperbolic functions which are more easily evaluated. The fringe effect of
the parallel electrodes with a finite width in the W-plane can be taken care
of by increasing the width V2 (corresponding to "a" in Z-plane) to an
effective length V3, within which the field distribution is now considered

to be uniform, and by the inclusion of a factor A, defined below, account for
the saturation of the capacitance.

Suppose a pair of parallel plate electrodes having a width W and an insulated
gap D. The gap space is filled with two insulating materials of dielectric
constants k1 and k2’ respectively. The material of k1 occupies the

middle of the gap and has a thickness of B (Fig. A-3).

The capacitance c per unit length 2 of this pair of electrodes will be
obtained as:

S: szoW
Y [1 + B ke D] (A-6)

where €, = permittivity of vacuum.
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The capacitance of the electrode pair shown in Fig. A-la can thus be
calculated with the following substitutions: k1 =1 (for air), k2 = 80
(for water), W =dV, D = m, and B = 2U, namely,

C _ k2€o
5= T2 ULV (A-7)

Since U = Cos"1 §7%%TW7 (see eq. A-5), we have, for the given water thickness

tl in Z-plane with the dimension normalized to the gap length d = 2

t:

1 d/2

ST in radians (A-8)

U = Cos~

¢ _
In terms of V, the normalized thickness (a%?) is expressed as:

g (A-9)
d/2 Sinh V1

where V1 is the point at the V axis of the W plane Fig. A-l.

The outside edge of the coplanar electrode (at the point a + %& in Z-plane is
transformed to

Vo = Cosh™' (1 + 2%

d (A-10)

Before the integration can be carried out to evaluate the total capacitance,
the fringe effect of the electrode should be considered. Because of the
finite width of the electrode, the field distribution at the edge will not be
uniform, an effective length of g; will be added to V2 so that the field
distribution may be considered as uniform, and the integration should be

carried on to its limit V3 which is:

Vs = V, + g- (A-11)
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hence, we have

Vs
C kog, /
T fU,V}dv
Vo
Vi Vs
- kseo / / dv R _
el ) v T 20k 1) -1 Sinh ¥ | (A-12)
° Vi m Sinh V

This equation does not show the saturation effect with the water thickness
increasing beyond the effective length V3. This can be taken care of with
the introduction of a correction factor A, which implies that: (1) if the
water level is less than V2, no correction is necessary, i.e. A = 0, and the
integration is carried out simply for V =0 to V = V3 or

° m Sinh V

Vs Vs
C_kzi[/ dV+/ dv ] (A]
c . Ka g -13)
3 ﬂ . 1+ 2{k, - 1) Cos—1<31nh V1>

for Vi < Vs (2) if th water level is larger than V5 and less than

V3, a correction factor should be applied to the region between V2 and
V3 to reduce the capacitance exponentially, so that it diminishes in the
neighborhood beyond V3. This factor is given as

A = exp [% (v, - vz)] (A-14)

and the integration is obtained as

Vg V)
k;“[/ dv+f(1 ~ A)dV
Va

[
[)

(e}




Vi Sinh V

- k2€o / / dV
R . 206 1] ¢ (Sinh vl)

1
N
L~
|
[Naf=%
<

SR PNV ST J (A-15)
T Sinh V
for V2 < V] < V3 and (3) if the water level is larger than V3, the correction
factor remains the same, the equation of capacitance is modified to:

|

Sinh V

- oo ,/ v - / Ad\ZI(kz =) COS—l(S'inh v1>] (A-16)

for V, <V <Yy

2 3 1

The case (2) is applicable to our measurements and is given in the text as Eq. 2-1.
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