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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product or process dis-
closed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily con-
stitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Nomenclature

C capacitance

CD drag coefficient

D b bubble diameter

DH hydraulic diameter

E energy

f friction factor

FI interfacial shear coefficient

g gravitational acceleration
G conductance or mass flow

M momentum flux

P absolute pressure

AP pressure drop

q heat flux

U phase velocity

Ur relative velocity, i.e., Ug- Ul
Y admittance ..

Z axial (vertical) position

Greek symbols

ct void fraction

e capacitance

_, conductivity

® phase angle

p density
o surface tension

co angular frequency

Subscripts

g gas phase

l liquid phase

ro,mix two-phase mixture
?
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Abstract

Significant advances have recently been made in analytical and computational methods

for the prediction of local thermal-hydraulic conditions in gas/liquid two-phase flows.

There is, however, a need for extensive experimental data, for the dual purposes of consti-

tutive relation development and code qualification. This is especially true of systems

involving complicated geometries and/or extreme flow conditions for which little, if any,

applicable information exists in the open literature. For the tests described in the present

paper, a novel electrical probe has been applied to measure the void fraction in atmo-

spheric pressure air/water flows, and steam/water mixtures at high temperature and pres-

sure. The data acquired in the latter experiments are compared with the results of a one-

dimensional two-fluid computational analysis.
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Measurement of Local Void Fraction at

Elevated Temperature and Pressure

D. Duncan and T. A. Trabold

1. Introduction

Over the past several decades, much effort has been devoted to improving computational

methods for the prediction of local thermal-hydraulic conditions in gas/liquid two-phase

flow. Recent advances in computational capability have, however, resulted in an imbal-

ance between our ability to solve the complicated conservation equations and our ability

to measure physical parameters that describe interactions between the phases, lt is now

apparent that additional detailed experimental data are required, both for the purpose of

formulating the required constitutive relations and for code qualification. General Electric

is currently developing computational methods based on a rigorous two-fluid formulation.

This has become the impetus behind a comprehensive program to develop two-phase flow

measurement techniques for high-pressure steam/water applications. Of the various

parameters that need to be measured, the local void fraction is of primary interest for

defining the two-phase flow environment.

As documented in several excellent reviews (e.g., Brockett and Johnson, 1976; Hsu, 1977;

Delhaye, 1986; Mayinger, 1988; Snoek, 1988; Yokobori et al., 1991), a number of tech-

niques for local void fraction measurement have been used with varying degrees of suc-

cess. These techniques generally have limitations which make them unsuited for transient

two-phase flows, and where the temperatures, pressures and water chemistries make them

impossible to apply. For example, gamma densitometry is limited by long counting times

and bulky, rather expensive equipment. Additionally, there are restrictions on the handling

of this equipment due to the radiation source. Other methods such as the optical probe and

hot-film anemometer have been used for local measurements (Cartellier and Achard,

1991), but are not suitable for high pressure and temperature conditions. This is especially

true in applications in which the working fluid can be very corrosive to the active element

of these types of devices.

Electrical instrumentation techniques are particularly attractive for local void fraction
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measurements, due to their ability to resolve rapid changes in the two-phase flow field.

The general principle of operation of electrical void fraction probes is based on the differ-

ence in the electrical properties between the liquid and vapor phases. As outlined by

Hardy and Hylton (1984), the admittance (inverse of impedance), Y, of a two-phase mix-

ture can be described by a complex number:

]"mix - Gmix +Jt°Cmix - II'_e/® (1)

whose real part is the conductance G and whose imaginary part is the susceptance CoC,

where C is the capacitance, co is the angular frequency of excitation, and G is the phase

angle. The two-phase mixture conductance and capacitance for a fluid like water, where

the conductivity and the dielectric constant of the liquid are much greater than those of the

corresponding vapor phase, can be expressed as

Gmix- Ym-B- (2)

E

m (3)
Cmi x " "ff

where Ymis the average mixture conductivity, ran is the average mixture capacitance, and

B is a constant determined by the geometry of the electrode. In general, an electrical

impedance-type probe measures the magnitude and phase of the admittance, which in turn

permits the determination of Ym and em that can be related to void fraction through cali-

bration.

A variety of probe geometries has been applied, including those in which the ground and

emitter are placed in opposite test section walls, and those which are completely immersed

in the two-phase flow. Depending on the system configuration, the impedance will be

dominated by conductance (conductivity probe), capacitance (capacitance probe), or both

(impedance probe). In general, it is desirable to operate at a high enough frequency to

ensure the domination of the capacitance term because the liquid conductivity is a strong

function of temperature and ion concentration while the capacitance is not significantly

affected by these factors. Impedance-type probes can generally be used for both steady

and transient measurements due to their virtually instantaneous response. Accuracy is ade-

quate for low void fractions when the water chemistry is stable, but may be limited at

extremely small vapor volume fractions when the mixture impedance is close to that of the
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pure liquid. The probe sensitivity can be expected to improve with increasing ct, but, at

very high void fractions, accuracy often decreases because the measured void fraction is

dependent on the distribution of voids and entrained liquid in the neighborhood of the

active element. The probe and signal processing costs are relatively moderate; however,

application in a high- pressure steam/water environment is complicated by the required

mechanical penetration and the fact that the electrical insulators that support the electrodes

might not be able to survive for long-term measurements.

The impedance-type probes have been used extensively for void fraction measurement

and a number of different electrode geometries have been investigated. General problems

encountered with electrical sensors include phase distortion, electrochemical effects, non-

representative conductive paths, nonlinear response due to the effect of flow regime, probe

wettability and surface tension. To minimize these problems, it is required that the sensor

and data acquisition technique be designed and calibrated specifically for the desired mea-

surement. Also, most instruments lose their sensitivity when the sensing device is posi-

tioned at a significant distance from the signal acquisition hardware or when there is a

change in the electrical properties of the fluid. This is primarily due to either the decrease

in the signal-to-noise ratio caused by increasing the length of the transmission cable, or to

significant changes in dielectric constant or resistance of the fluid, both of which decrease

the ability to resolve the signal. A new proprietary method that overcomes these deficien-

cies, hereafter referred to as the Electric Field Perturbation (EFP) technique, has been

developed by Mohr and Associates 1. The probe can be used in a variety of applications in

high-temperature and chemical (high conductivity, mildly corrosive) environments, per-

mitting remote mez.,urements to be made over extended periods of time. For purposes of

the present study, several EFP probes have been adapted by Mohr and Associates to mea-

sure the local void fraction in various water chemistries at high temperature and pressure.

A brief description of the test facilities and some of the most significant results of experi-

ments performed in an air/water flow loop and a pressurized autoclave system are given

below. These results demonstrate the potential usefulness of the measurement technique in

improving analytical models and computational methods, as well as offering insight into

the physical behavior of two-phase flows under severe thermal-hydraulic conditions.

l'An engineeringandconsultingfirmlocatedat 1440Agnes Street,Richland,WA.
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2. Air/Water Experiments

Test Facility and Measurement System

A series of preliminary tests was performed in an air/water flow loop (illustrated schemat-

ically in Figure 1), for the early qualification of the EFP probe. The loop consisted of a

vertical transparent test section, a water pump, a heated water tank, and an air/water sepa-

rator. The test section was separated into two modules by three fast-acting valves that

were used to quickly (in about 0.1 see) trap the two-phase flow mixture. A liquid-air mix-

ing chamber was located at the inlet of the test section. For a given set of air and water

flow rates, the two-phase flow field could be altered by varying the method of air injection.

When the air was introduced by means of a manifold, the bubbles formed were generally

larger, less frequent, and not uniformly distributed across the test section width. Con-

versely, with air injection through a soapstone, the smaller bubbles were rather uniform in

both size and distribution. The latter configuration was considered to more closely model

the expected two-phase flow structure in high-pressure steam/water applications. The loop

instrumentation included rotameters to measure the air and water flows, and differential

pressure (DP) cells and pressure gages to monitor both the absolute pressure and the pres-

sure drop in the upper and lower parts of the test section. The EFP probe (2 in. long in the

streamwise dimension) was positioned at the center plane of the upper section of the 0.25

x 2.5 in. cross-section rectangular flow duct, between fast-acting valves (FAVs) 2 and 3,

approximately 65 in. downstream from the duct entrance. Although under the conditions

used in these experiments the bubble diameter was significantly larger than what is

expected ira a pressurized water system, a roughly comparable two-phase flow environ-

ment was simulated by adding a small amount of soap to lower the water surface tension
in ali tests.

Results and Dis_;pssion

The validation of a new measurement technique requires the existence of a standard.

However, it is generally difficult to qualify measurements made with a local void fraction

device, because no convenient standard exists. The fast-acting valves permit, by measur-

ing the relative lengths of the trapped gas and liquid columns, a direct measurement of the

spatially averaged void fraction. A local measurement, such as that from the EFP probe,

can be validated against a spatially averaged measurement only for flow conditions in

which the vapor volumes are uniformly distributed in the test section. A second way to
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validate the results of the EFP probe is to compare them with the void fraction calculated

from the differential pressure measurement. This comparison, however, can be made only

for a limited range of flow conditions (low liquid and air flows) where buoyancy forces are

predominant.

The EFP void fraction probe performed well in air/water mixtures for a wide range of flow

rates (0 - 2000 lb/hr water flow and 0 - 11 SCFM - standard cubic fl/min air flow). As

illustrated in Figure 2 for a single liquid mass flow rate, the variation of measured local

void fraction with air volumetric flow rate follows the expected trend, and provides strong

evidence that the EFP probe is capable of acquiring data in various flow regimes. How-

ever, the probe performance was validated only for a bubbly flow regime (0 - 40 lb/hr

water flow; 0 - 0.12 SCFM air flow). This was the only test condition where a uniform,

buoyancy=dominated flow could be obtained. The EFP probe qualification data for a water

flow of 40 lb/hr are presented in Figure 3. The void fraction measured by the probe, fast-

acting valves, and the DP cell are shown as a function of the air flow rate for both air inlet

mixing configurations. The experiments were run by keeping the water flow constant and

varying the gas flow from 0 to 0.1 SCFM. When air was introduced through the soapstone

(smaller, well distributed bubbles), the void fraction measured by the EFP probe compares

very well with the results obtained from both the fast-acting valves and DP cell; relatively

good agreement was obtained even when the air was injected through the manifold, lt is

interesting that the EFP probe showed, as theoretically expected, a lower void fraction

when larger bubbles were present due to the increased bubble rise velocity. For larger gas

flows, the flow regime changed from bubbly to chum-turbulent. Under these conditions

the local measurement could no longer be validated by a spatially averaged measurement

from the fast-acting valves because the large unsteady bubbles were not uniformly distrib-

uted in the test section. Also, in this flow regime the friction forces are significant and the
DP measurement cannot be used as a standard.

3. Steam/Water Experiments

The successful qualification of the EFP probe in the air/water bubbly flow did not guaran-

tee that it would work in the intended high-pressure, high-temperature, high-pH steam/

water application. As noted above, the electrical impedance-type devices work based on

the difference between the dielectric properties of the liquid and gas phase; this difference

decreases with increased mixture temperature. Therefore, by knowing the variation with
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temperature of the dielectric properties of the two phases, a theoretical temperature cor-

rection was developed and applied to the correlation between impedance and void fraction

obtained from air/water data. An additional concern in the application of the EFP probe in

steam/water environments was that the high electrical conductivity of the solution could

result in loss of signal, lt was therefore considered imperative to perform an additional

series of tests to validate the EFP probe in a pressurized boiling autoclave.

Test Facility and Measurement System

The test facility used to evaluate the perfon_ance of the EFP probe in a pressurized steam/

water environment is shown schematically in Figure 4. lt consisted of an autoclave heated

by a primary (high-pressure water) tube array. The total heat input was controlled by vary-

ing the primary side flow rate and inlet temperature. The autoclave basically is a heat

exchanger with the secondary side in a pool boiling (low phase velocities) configuration.

The interface between the two-phase mixture and pure steam was kept constant by a feed-
water controller. This controller matched the subcooled feedwater flow introduced at the

bottom of the autoclave with the outlet steam flow. The test facility was instrumented to

monitor primary water inlet and outlet temperatures and flow rate, feedwater temperature

and flow rate and two-phase mixture level. Additional instrumentation was installed to

monitor steam flow rate and the steam and two-phase mixture temperatures on the secor,d-

ary side. Experiments were performed using water (Solution A) wish electrical conductiv-

ity of 8 lamho/cm and pH = 8.8, and Solution B with conductivity of 500 _mho/cm, and

pH of approximately 10.8.

Five void fraction p:obes, 3 in. long in the vertical dimension, were mounted with equal

spacing on a rod and inserted into the test cell as indicated in Figure 4. As the water level

was varied, the position of the probes relative to the interface between two-phase mixture

and pure steam changed, resulting in different local void fraction conditions and boiling

characteristics. The probes were connected to a signal processing unit controlled by a host

computer. Data acquisition and analysis software has been developed for IBM-clone 386

and 486 PC systems, as well as for HP workstations.

One-Dimensional Computational Analysis

In order to gain some insight as to how the void fraction can be expected to vary with axial

(Z) position (along the EFP probe array) within the autoclave, a one-dimensional compu-
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tational analysis was performed. This was considered to be an integral part of the void

fraction probe data analysis because the variation of bubble size with chemical composi-

tion, which would be expected to affect the local thermal-hydraulic conditions, was not

determined experimentally. Also, the elevated temperature and pressure conditions

encountered in these experiments made it virtually impossible to perform a concomitant

measurement that could provide a means for evaluating the probe's performance. A com-

puter code was employed in which the following equations for conservation of mass,

energy, and momentum, respectively, were solved:

dG
az - 0 (4)

dE
d-Z = q (5)

1 d(u- s) dAP 2
2_Pg dZ " ot---_ - _pgg - FlU r (6)

where the axial pressure drop gradient (dAP/dZ) is a combination of contributions due to

elevation (APel), acceleration (APace), and friction (APrf):

L

APet = fp,ngdZ (7)
0

&Pacc = Mou' - Mi. (8/

I Ut f
APfr - fOIUll 2 H IM_ez (9)

Note that, since a one-dimensional formulation is used, the computed void fractions are

actually spatial averages over horizontal "slices" of the modeled autoclave; no radial void

fraction distributions are calculated. If the vapor phase is considered to consist of dis-

persed spherical bubbles, the interfacial shear coefficient (FI) may be expressed as

3aCDP 1

F t -.4D b (10)

where Pl, CD and D b are, respectively, the liquid density, drag coefficient and bubble
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diameter. The drag coefficient was set equal to 0.44 for ali computations, while the bubble

diameter was treated as a variable parameter for the purpose of comparison between

experimentally and computationally determined void fractions. To determine an approxi-

mate range over which the specified bubble diameter should be varied, the following cor-

relations for bubble diameter at departure from a heated surface were applied:

Fritz (1935)

Db.C[3[ 2ge° I t'_g(oz-og) (11)

where C was found experimentally to be 0.0148 for water bubbles and 13corresponds to

the contact angle, which could vary from roughly 20 to 60 deg;

Borishanskiy et al. (1981)

0.00149

t,0.46 (19.)

where Db and P have units of meters and bars, respectively. For saturated components at a

pressure of about 600 psia and over ali contact angles, Equations 11 and 12 yielded bubble

diameters from 10 to 92 mils. Since there was such a large variation in possible Db values

estimated from these two empirical correlations, it ,',as apparent that the computations

should be run using a wide range of bubble diameters. For purposes of the present analy-

sis, this range was chosen to be 8 to 100 mils.

Results ttnd Discl_ssign

The objectives of these tests were to demonstrate that the void fraction probe could func-

tion in a high-pressure steam/water environment, to provide data that could be compared

with prior calculations and help in the understanding of differences in the void fraction

distribution in the autoclave as a function of heat flux and flow rates. Additionally, the per-

formance of the EFP probe in a high-conductivity water solution was also investigated.

To achieve these objectives, two types of tests were performed.

The first set of experiments maintained a constant liquid level while the heat input was
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varied by changing the primary water temperature and/or flow rate. For this test series,

each data point was acquired at a constant heat input. In the second set of experiments, the

primary water conditions (heat input) were held constant while the liquid level was varied.

Typical results from these sets of experiments are illustrated in Figures 5 and 6, respec-

tively. Figure 5 presents a comparison between the EFP probe measurements and a 1-D

two-fluid model calculation in which the interfacial shear force (FI) was changed by spec-

ifying different bubble sizes. The test was run in Solution B under saturated conditions at

665 psia (100% heat input) with the two-phase mixture level just barely contacting the

bottom of void fraction Probe VF5. Generally, the local void fraction increases with verti-

cal position, although some variation from this trend is observed due to differences in

probe proximity to the primary water tube. Probe VF2 was located close to the heating

surface and measures a higher than average void fraction. Probe VF3, yielding a relatively

low void fraction measurement, is located opposite the array and is shielded from the

heated surface by the supporting rod. A linear regression of the void fraction data from

EFP probes VF1 through VF4 correlates well with th,_ 1-D analysis using an interfacial

shear force based on 16 mil average diameter bubbles. Probe VF5, which for this test

resided mostly in the steam space above the two-phase mixture interface, yielded a void

fraction measurement of about 98%. The measured 2% liquid volume fraction is likely

due to the frothing behavior of the liquid/steam interface.

Figure 6 compares the data for two test points from the second set of experiments (Solu-

tion B at 665 psia and 100% heat input; Solution A at 770 psia and 50% heat input) run

with the two-phase mixture interface located low in the autoclave, beneath Probe VF3. As

expected, and as predicted by the 1-D model, the EFP probe data indicate that there is an

increase in the local void fraction with increasing heat input. As mentioned above, the

Probe VF2 is located near the heating surface and will tend to measure a higher than aver-

age local void fraction. The measurements also show a distinct change in void fraction at

the interface between two-phase mixture and steam. In fact, the froth level near the inter-

face at EFP Probe VF3 could easily be detected by the dynamic change in local void fra_-

tion indicated by the probe. Another very important finding was that the probes were able

to detect slight differences in moisture carryover at the three highest measurement loca-

tions. For example, for the Solution A test at 50% heat input, Probes VF3, VF4, and VF5

yielded local void f,'ac.tion measurements of 98.0, 98.3, and 99.0%, respectively, indicat-

ing that the moisture carryover decreases away from the interface. As expected, there are

no significant differences in data for 50 and 100% power in the steam space.
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4. Conclusions

A novel electrical technique, the Electric Field Perturbation probe, has been applied to

measure the local void fraction in various gas-liquid two-phase environments. For testing

in vertical air/water flows through a rectangular duct, the data acquired with this device

were validated with spatially averaged results obtained using fast-acting valve and differ-

ential pressure methods at low liquid flow rates in the bubbly flow regime. Also, results

obtained over the full range of gas and liquid flow rates indicate that the probe can poten-

tially be used in ali flow regimes. In the case of pressurized water two-phase flow, which is

the actual physical environment for which the present study was undertaken, the EFP

probe was able to detect small variations in void fraction over the entire range studied. At

very high void fractions, subtle differences between pure saturated steam and slight

amounts of moisture carryover near the two-phase mixture interface were measured. Also,

for the lower void fraction region near the bottom of the autoclave, differences in the local

void fraction due to heat input and probe proximity to the nucleate boiling source were

detected.

From a practical standpoint, the measurement technique described in this paper holds a

great deal of promise since it was successfully applied at temperatures and pressures up to

about 520°F and 770 psia, and maintained its mechanical integrity in a pH = 10.8 environ-

ment. Also, the fact that the signal processing equipment was placed at an appreciable d;s-

tance (12 to 15 ft) from the active element of the probe indicates that its use in demanding

research and industrial applications is possible. Future work is planned to perform a rigor-

ous validation of the EFP void fraction probe under various flow conditions, using stan-

dard instrumentation such as the hot-wire anemometer and gamma densitometer. Also, the

application of this device for flow regime identification through analysis of the output sig-

nal will be thoroughly investigated.
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