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ABSTRACT

As the frequency and length of space flights increase, a better understanding of the 

physical phenomena associated with reduced gravity is needed. One of these processes is 

two-phase flow. Two-phase gas-liquid flows are encountered in many space applications 

such as; boiling and condensation, thermal-hydraulic power cycles for space stations and 

satellites, and in the transfer and storage of cryogenics. An experimental approach is 

needed to provide the background for accurate modeling and designing of equipment 

Measurements of pressure, temperature, flow and void fraction at J..l-g were made during 

several microgravity flights onboard NASA's KC-135 aircraft. High-speed video images 

were also recorded. The results were later compared to those obtained at I-g. 

This study is focused on the measurement and analysis of the volumetric void fraction in 

water-air, two-phase flow at J..l-g and I-g. The water used for the tests was either de

ionized and distilled, or filtered through activated carbon and distilled. The volumetric 

void fraction can be found from the ratio of the volume occupied by the gas to the total 

volume of the gas and liquid. Two capacitance void fraction sensors were used. In the 

early stages of void fraction measurement, a helical-wound-electrode void fraction sensor 

was designed and tested in February 1994. Over the course of this research, some of the 

problems associated with this sensor were identified and a new concave-plate-electrode 

capacitance sensor was develOPed having a linear response over the flow settings and 10 

times the sensitivity of the helical wound sensor. Data was collected covering a wide 
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range of void fraction, from approximately 0.1 to 0.9 at both 1-g and Il-g conditions. 

The flow regimes encountered included bubble, slug, transitional flow, and annular flow. 

Void fraction values for slug flow appear to be slightly higher at Il-g. The average void 

fraction values for the remaining flow regimes do not appear to show any discernible 

difference. The development of the void fraction and flow profiles conducted by Zuber 

and Findlay (1965), was used to compare the profiles found at 1-g and Jl-g. These results 

indicate that the void fraction profile is slightly flatter at I-g for slug flow. Using this 

model, the results for bubble flow at I-g agree with the results reported by other 

researchers where the well known "saddle" shape profile was found. A statistical 

approach was used by plotting probability density functions for the 1-g and Il-g void 

fraction data. A wider fluctuation in void fraction was found for bubble and slug flows at 

1-g compared to Jl-g. The probability density functions for the highly inertia dominant 

transition flow and annular flow regimes at 1-g and Il-g were comparable. 
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--------------------------

1. INTRODUCTION

1.1 BACKGROUND 

Flight has always been intriguing to humankind. Sir George Cayley, "the Father of 

British Aeronautics," in the early 1800's was probably one of the fIrst to pursue the 

concept of manned flight In 1804 Cayley tested a number of model gliders. Later in 

1871 the fIrst rubber band powered model airplane was flown by Alphonse penaud. The 

success of various flYing machines through the 1800's, which includes models and full 

scale gliders, can be traced back to Sir George Cayley's models. The desire to soar like a 

bird was finally realized with the success of the experimental work done by the Wright 

brothers. Their fIrst control-powered flight was conducted on December 17, 1903. 

Since then, propeller propulsion has given way to jet propulsion, increasing speed from 

approximately 60 to 27,000 kilometers per hour. Then, rocket power was born and with 

it came space flight. The development of space flight soon led to a lunar landing in 1969 

when Neil Armstrong fIrst set foot on the moon. With an increase in technology and 

aeronautical expertise, satellite launches, space probes, and frequent space missions have 

been realized. As the frequency and length of space missions increase, the need for a 

better understanding of the physiological effects that fl-g has on the human body, as well 

as the physical behavior of processes is needed. Present interests include the 

development of pharmaceutical products, material science in the development of 
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homogeneous crystal growth, tribology, fluid physics, and life sciences. Canada fonnally 

joined the International Space Station (ISS) program in 1986. The main task was to 

develop the Mobile Servicing System, (MSS) for the ISS. The other members involved 

in the development of the Space Station are the European Space Agency (ESA), Japan, 

and the USA. Canada's contribution to the development of the MSS will utilize the 

technology of the Canadarm, which operates with two joints, a shoulder and an elbow. 

In addition, a wrist joint will be utilized in order to simulate full human arm movement. 

The Canadian Space Agency, CSA, was created in March 1989 to coordinate the 

Canadian space programs. In order to facilitate research in a number of areas, CSA 

provided funding for R&D for space-related projects to a number of universities across 

Canada. The Microgravity Research Group at the University of Saskatchewan was frrst 

involved in this area in 1987. Since then, various experiments were designed and flown 

to determine what effect reduced gravity has on two-phase flow. This involved 

simultaneous measurements of pressure drop, heat transfer, void fraction, and flow 

regimes. 

In order to effectively test and prepare experiments and applications for the Space Shuttle 

and the ISS, Jl-g can be simulated on earth with the use of drop towers, sounding rockets 

or aircraft flYing parabolic trajectories. Drop towers have a relatively short period of Jl-g 

ranging from a fraction of a second to 10 seconds. The longest being a drop tower in 

Japan where approximately 10 seconds of Jl-g is obtained. Sounding rockets are blasted 
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into the atmosphere providing approximately 5 to 10 minutes of Jl-g. Aircraft flights are 

more cost effective with the added advantage of allowing the researcher to accompany 

the experiment to monitor in real time the progress of the tests. The Microgravity 

Research Group, through funding from CSA, has been using the Nationa! Aeronautics 

and Space Administration, NASA's, KC-135 aircraft. Since 1959, the KC-135 has been 

actively used by NASA in the training of astronauts and the testing of hardware for space 

applications. By flYing parabolic trajectories, Jl-g can be achieved for approximately 20 

to 30 seconds. Each flight consists of forty parabolic maneuvers, broken up into four sets 

of 10 parabolas. Breaks between each set of 10 parabolas allow the personnel monitoring 

the tests to change equipment settings, or trouble-shoot unexpected problems, providing 

more flexibility to the researchers. A typical Jl-g trajectory can be seen in Figure 1.1. 

20-30 5 at low graVity 
60 5 at 1.8 9 -----41.... 

Figure 1.1 Typical parabolic flight of the KC-135 aircraft (approximate altitude, 
drawing not to scale). 
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The Jl-g period occurs near the crest of the parabola at approximately 10,600 m. It is 

then followed by a high gravity period of approximately 1.8 g that lasts for approximately 

60 seconds. A typical gravity level experienced inside the KC-135 can be seen in Figure 

1.2 where gz is the gravity level normalized to go, the earth gravity. The low gravity 

experienced in the KC-135 is generally termed "microgravity", and is given the notation 

Jl-g. However, the actual gravity level is in the order of 10-2 to 10-3 g. This is primarily 

due to residual gravity levels arising from uncontrollable sources, such as the engine 

vibrations and air turbulence. The power available on the KC-135 for operating the 

experiments include a 28 VDC supply, and 110 VAC provided at 60 and 400 Hz. Figure 

1.3 shows a typical low gravity period experienced by the author onboard the KC-135. 
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Figure 1.2 Typical gravity level onboard NASA's KC-135 aircraft. 
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Figure 1.3 A photograph of the author floating inside the cabin of the KC-135. 

1.2 GAS-LIQUID TWO-PHASE FLOW STUDY AND OBJECTIVES 

Two-phase flow has many applications in space; examples are boiling and condensation, 

thermal-hydraulic power cycles for space stations and satellites, and the transfer and 

storage of cryogenics. An experimental approach is needed to provide the background 

for accurate modeling and designing of equipment. The main flow regimes that occur at 

~-g are classified as bubble, slug and annular can be seen in Figure 1.4. 

The main objectives of this research project are: 

1. To design a non-intrusive capacitance void fraction sensor. 

2. To measure void fraction over a wide range of liquid and gas flow rates. 

3. To take measurements of void fraction at ~-g over the same range. 
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4. To compare J..L-g results with I-g results using statistical and void fraction profile 

modeling techniques. 

5. Compare the present results to results obtained by other researchers. 

Bubble Slug Annular 

Figure 1.4 Bubble, slug and annular flow regimes at f.l-g. 

1.3 LAYOUT OF THE THESIS 

A literature review describing the various methods that are often used for void fraction 

measurements is covered in Chapter 2. Chapter 3 describes the helical plate sensor that 

was used in the early experimental stage, and discusses the problems directly related to 

void fraction measurements using such sensors. The experimental equipment used on 

ground for calibrating the capacitance sensor, as well as a description of the flight 

apparatus is covered in Chapter 4. The calibration of the capacitance sensor is given in 
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detail in Chapter 5. Chapter 6 compares the void fraction results obtained from the flight 

and ground tests using the helical wound capacitance sensor. Comparisons of the void 

fraction measurements with those obtained by other researchers are also given in that 

chapter. The results from ground tests using a new concave plate capacitor are also 

presented. Chapter 7 summarizes the results from a statistical approach that compares 

the void fraction fluctuations at I-g and fl-g. Chapter 8 concludes with a summary and a 

list of future work. Hight and ground data are tabulated in Appendix A. Other 

appendices include figures of flow regimes, calibration and equipment specifications, and 

information regarding the new concave plate capacitance sensor. 
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2. LITERATURE REVIEW

2.1 MEASUREMENT TECHNIQUES 

Due to the transient nature of two-phase flows, most analysis techniques involve an 

ensemble average that is obtained from various data at the same flow conditions, or by a 

time-average from a single recording. Some of the common techniques for obtaining 

void fraction measurements include: gamma-ray attenuation, conductance probe, quick-

closing valves, and capacitance methods. The selection of any of these methods depends 

on its application, and whether a volumetric average or a local void fraction measurement 

is desired. The volume average void fraction, ex, in a two-phase mixture is defined as: 

volume of gas in the mixture 
ex = -------=::.-------- (2.1) 

total volume of the gas and liquid 

The cross sectional void fraction, ax, can be found from: 

(2.2)

where Ag and AI are the area occupied by the gas and liquid phases, respectively. In 

addition to obtaining a void fraction measurement, the statistical analysis of the void 

fraction signal can also be used to determine the flow regimes associated with the flow 

and their transitions. 
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2.2 QUICK-CLOSING VALVES 

Quick-closing valves are probably one of the oldest methods used to determine void 

fraction. The basic concept of measuring void fraction using quick-closing valves is very 

simple. Flow enters a test section which is separated by two electromagnetic, or similar 

type of valves. After steady-state flow is achieved, the valves are closed simultaneously. 

The void fraction is then determined by the volume occupied by the gas in the "trapped" 

section to the total volume of the test section. 

Dounan et al. (1985), found that in order to reduce measurement error, the closing time 

for the quick-closing valves must be very short when two-phase flow is flowing in a 

heated section. This is because the quality, x, is gradually increasing throughout the test 

section. The quality is found from the ratio of the mass of the gas to the total mass of the 

two phase mixture. For this condition, the eXPerimental errors are reduced to negligible 

values if the closing time is less than 1/100 of a second (Dounan et ai., 1985). When the 

quality is constant (as in the present case of adiabatic two-phase flow), the closing time 

does not need to be as short, however, both valves must close simultaneously (Dounan et 

aI., 1985). 

Gao et al. (1985) used quick-closing valves which had a switching time of 0.03 seconds. 

The difference in switching time between the inlet and outlet valves was 0.009 seconds. 

Gao et al. (1985) used the quick-closing valves in addition to the conductance probe 

method and stated that they achieved good results for horizontal and vertical flows. 
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The main advantage in using quick-closing valves is that the measurement is exact. 

However, it is inappropriate if continuous measurements are needed. There is also some 

practical limitations since the flow must be isolated from the circuit in the eXPerimental 

process (Gao et ai., 1985). Instead, quick-closing valves are often used as a means for 

calibrating other void fraction measurement sensors. Chi and Whatley (1992) used quick

closing bladder valves for average void fraction measurements, and a gamma 

densitometer to obtain local void fraction measurements. For calibration, or for 

comparison of void fraction measurements obtained from other techniques, quick-closing 

valves have been used by KIug and Mayinger (1993); Kocamustafaogullari and Wang 

(1991); Teyssedou and Tapucu (1988); Dounan et ai. (1985); and Gao et ai. (1985). In 

this study, quick-closing valves were used to calibrate newly designed capacitance 

sensors. 

2.3 RADIATION TRAVERSING TECHNIQUE 

Radiation methods do not disturb the flow allowing precise continuous void fraction 

measurements. However, their usefulness is limited since consideration must be given to 

their application and safety aspects. There must be proper safety shielding, licensing and 

inspections, and certain operating procedures must be followed all the time. 

Measurements using radiative methods can provide not only the average cordal void 

fraction, but the time varying signal may be used for flow pattern identification. This is 

done with signal analysis using probability density functions (PDF's) and power spectral 
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densities (PSD's). A description of measurement details can be found in Hsu and 

Graham (1976) and Schrock (1969). 

Jones et al. (1981) used an x-ray beam and reported the void fluctuation dynamics. For 

bubbly flow, the PDF had a single peak located at the mean of the void fraction value and 

a standard deviation characteristic of the bubble size. Similar results were seen with 

annular flow where the mean was representative of this type of flow, and the standard 

deviation was characteristic of the waviness of the annular fIlm and the droplets carried 

by the gas (Jones et al., 1981). See also Jones and Zuber, (1975). Film thickness was 

also determined from the PDF's. 

2.3.1 Gamma-Ray Attenuation 

A gamma densitometer was used in a report by Chan (1992). His objective was to 

measure void fraction and phase distribution in a CANDU NGS primary heat transport 

pump suction pipe and for a typical CANDU fuel channel which had a 37 element 

Darlington fuel bundle inside. Various methods are discussed, one being the use of three 

or more beams located along different chords. The use of a strip source where an array 

of detectors were located to cover the complete cross section of the pipe is presented by 

Chan (1984). Numerous other works have been done with radiative methods. Later in 

this thesis, a comparison is made between the results from a gamma densitometer 

obtained by Jiang (1992) and those from the capacitance sensor. 
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2.3.2 J3-Ray Attenuation 

The ~-ray is made up of high-energy electrons which attenuate at a faster rate than y-rays 

and can be stopped in a fmite range. When used in water, its range is approximately 0.1 

to 10 cm (Hsu and Graham, 1976). The overall range that can be traversed, is decreased 

in denser materials such as metals. Therefore, ~-ray attenuation produces better results 

when used with thin-walled geometric applications. Higher sensitivity in void fraction 

measurements can be achieved using ~-ray attenuation as compared to y-ray attenuation 

since the absorption coefficient is one to two times higher. The most popular ~-ray

source is 90sr, which has a half-life of 23 years. The daughter of 90 Sr, is 90y which has a 

half-life of 65 hours when emitting 2.26 MeV ~-ray (Hsu and Graham, 1976). 

2.4 CONDUCTANCE PROBES 

The conductance probe can be used to determine the area-averaged void fraction of two

phase flow. It may be an intrusive probe or it may have electrodes mounted flush on the 

wall of the tube or channel. If an intrusive probe is used, it can have some effect on the 

flow. The measurement of the void fraction is achieved based on the difference in the 

electrical conductivity of the gas and liquid phases. The gas content resistance is higher 

when the probe is placed in air as opposed to water. As the gas content increases, the 

resistance of the gas-liquid mixture increases. For steady flow, the volume of gas and 

liquid is essentially constant at a certain set point, thus the mean resistance, Ra, for each 

of the phases can be determined (Gao et aI., 1985). 
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The electrodes can be located such that one is placed flush with the wall and the other in 

the flow, or both electrodes located in the flow path. If the walVflow probe configuration 

is used, there must be continuity in the circuit, which means that it is limited to measuring 

bubbly flow or slug flow regimes. 

The flow regimes can be determined from the conductance-time curve, and the void 

fraction can be identified from the duration frequency of a bubble passage (Hsu and 

Graham, 1976). Droplet size can be determined by using the conductance probe where 

both electrodes are located within the flow path. 

Measurements can be made continuously and sensitivity is good with only a short time 

delay. Since it produces a localized measurement, the chordal void fraction profile can be 

determined by traversing the probe along the cross-section of the tube. Measurements 

that can be made using such a probe include: local and average void fraction, bubble 

velocity and bubble size. The signal from the probe could also be used to identify the 

flow regimes and their transitions. However, sampling rates have to be quite high, and 

the measurement time must be long enough to provide a good statistical representation of 

the flow. 

A two-tipped probe (or a double sensor probe) that was used by Serizawa et at. (1975) is 

shown in Figure 2.1. The probe tips are identical with the second probe placed 5 nun 

downstream from the fIrSt. When a bubble comes in contact with the fIrst probe, there 
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will be a short time delay before it comes in contact with the second probe. Using cross

correlation on the signal from the two-probes, the bubble velocity can be determined. 

Figure 2.1 Two-probe void fraction sensing device. 

Flow regime identification in vertical upward two-phase flow was done by Das and 

Pattanayak (1993) using two different electrode configurations. The electrodes were 

placed 90° apart in a horizontal plane. The frrst set had an electrode exposed in the 

center, and the other on the inside of the tube wall. The second set had both electrodes 

exposed to the core region. They reported a wide spread in the PDF plots, with one peak 

when the void fraction was around zero. A second peak would form as soon as the 

bubbles coalesce to form larger bubbles. The slug-to-churn flow transition was 

determined by counting pulses produced when the liquid slug bridged the electrodes. For 

this case the electrodes were set up where the second set of electrodes were 8D 

downstream from the fIrst set. The churn-to-annular flow regime was also determined 

from counting pulses. As the gas flow was increased, the inertia of the gas caused the 
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intetfacial shear stress to retain an upward flow of the liquid, thus bridging of the liquid 

no longer occurred (Das and Pattanayak (1993)). Another report by Das and Pattanayak 

(1994) dealt specifically with the bubble-to-slug transition results. A conductance probe 

was also used by Gao et al. (1985) for flow pattern identification and void fraction 

measurements. 

A conductivity probe was used by Matuszkiewicz et al. (1987) to determine the bubble

to-slug transition in the range of ex =0.10 to 0.50. This was done using a water-nitrogen 

mixture. This goal was to determine instabilities of the void fraction waves. A square 

channel with 12 conductivity probes mounted flush with the walls of the channel was 

used. The probes were located along the developing length of the flow, each separated 

by a distance of 150 mm downstream from each other. 

Teyssedou and Tapucu (1988) traversed a conductance probe across a 19 mm diameter 

plexiglas tube to determine the local void fraction profile. The conductance probe was 

calibrated with quick-closing valves and the results from the local void fraction profile 

was compared to void profiles obtained from an optical probe. A measurement with an 

optical probe relies on the fact that there will be a change in the refractive index as the 

two-phase flow passes by the sensor. Teyssedou and Tapucu (1988) reported good 

results from the comparison between an optical probe, a conductance probe, and the 

quick-closing valves. 
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A local conductance probe was also used by Kamp et al. (1993) to determine the void 

fraction distribution in a 40 mm diameter tube at reduced gravity. Reduced gravity was 

obtained by flYing parabolic arcs onboard the French Jl-g aircraft, the Caravelle. Void 

fraction profiles were compared to those obtained at similar flow conditions on ground. 

It was found that the void fraction was maximum at the center of the tube for the Jl-g 

results, compared to the typical1-g results with the maximum void fraction near the wall. 

Colin and Fabre (1994) used a conductive probe to obtain the average void fraction for 

tubes having inside diameters of 6, 10, 19 and 40 mm. These test were also done at both 

Jl-g and 1-g conditions. Other void fraction measurements using conductance probes 

were reported by: Gao et al. (1985); Herringe and Davis (1974, 1976). 

2.5 CAPACITANCE TECHNIQUE 

A capacitance sensor provides a non-intrusive way to measure void fraction. It provides 

time-averaged void fraction measurements, and its time varying output signal can be also 

used for flow pattern identification. The details of capacitance measurement is discussed 

in the following chapter. However, the general concept is described here. Since the area 

and distance between the capacitor's electrodes are constant, the only contribution to a 

change in capacitance is due to a change in the dielectric. For two-phase flow, the 

dielectric consists of the liquid and gas phases. The measured capacitance represents the 

amount of the phases and configuration of the phases within the tube for a pre-set flow 

rate. 
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Electrical impedance measurements have been used in the past for gas-water mixtures to 

detennine void fraction. One important factor is that when impedance gauges are used, 

drift will occur if the liquid conductivity changes. This was noted by Geraets and Borst 

(1988). If water temperature, for example, increases from 25 to 50°C, conductivity 

doubles while the relative pennittivity decreases by approximately 12 %. Geraets and 

Borst (1988) found that drift can be reduced by operating at a frequency high enough to 

give dominance to capacitance. They used a Boonton 72BD capacitance meter, capable 

of phase detection, operating at a frequency of 1 MHz. fluids having a specific 

conductivity of less than 0.5 (10-2)[ilmr1 produced measurement accuracy within 1.5%. 

A variety of electrode configurations have been attempted by a number of researchers 

ranging from: flat plate, concave, helical and multiple helical wound, where either the 

electrodes were in contact or isolated from the fluid. Two capacitance sensors were used 

by Geraets and Borst (1988), where one tube had an inside diameter of 50 mm and the 

other was 5 mm. The sensors used by them were of the helical wound type having 2 thin 

brass strips wound around a thin acrylic tube. The brass strips were placed such that they 

are always opposite each other. A guard electrode was used to minimize edge effects and 

the effect of "stray" capacitance. Stray capacitance is essentially any undesirable 

capacitance which can occur between; circuit wires, wires and the chassis, or components 

and the chassis of electronic equipment. Geraets and Borst (1988) used the sensor for 

void fraction measurement as well as to determine flow pattern information in horizontal 

pipe flow. 
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Some early work by Gregory and Mattar (1973) was done to experimentally determine 

the best electrode configuration. In their study, they used different electrode 

configurations such as flat plate, a series of concave, helical, and multiple helical wound 

electrodes. Their conclusion was that the two electrode, helical wound produced the 

most accurate measurements compared to the flat plate, the concave and multiple helical 

designs. 

Tomographic imaging with the use of a capacitance sensor was done by Huang et ai. 

(1989). Eight electrodes were mounted on the outside of an insulated pipe. By 

measuring the capacitance of different pairs of electrodes, image reconstruction was 

possible. The capacitance of the two-phase flow changed corresponding to the changing 

dielectric within the pipe. The changing amplitude of the signal was then processed by a 

computer where a linear back projection algorithm was used to reproduce a cross

sectional image. 

Heerens (1986) reported on various capacitance electrode configurations for toroidial 

geometries and theoretical solutions for each configuration. Other articles by Huang et 

ai. (1988), and Huang et ai. (1989) reviewed electrode guard methods and electronic 

measurement techniques. Additional research efforts with capacitance measurements 

include those by: Albouelwafa and Kendall (1979); Li et ai. (1992); Shu et ai. (1982); 

and Masuda et ai. (1980). 

18



3. VOID FRACTION MEASUREMENTS USING 

CAPACITANCE SENSORS 

3.1 WATER USED DURING MEASUREMENTS 

The water used for calibration and ground testing was de-ionized and distilled with a 

Corning Mega-Pure™ System MP-12A. For the flight tests similar conditions were met, 

Le. the water was filtered through activated carbon and was also distilled. There are, 

however, some differences between the two purification processes. In the frrst case 

where a de-ionization process was used, there are a variety of combinations and 

selections of ion-exchange materials available. Three major groups are sodium cation 

exchangers, hydrogen cation exchangers and anion exchangers (powell, 1954). The 

purification is achieved by using anion and/or cation resins. In the case where activated 

carbon is used to purify the water, there are a number of factors which will influence its 

purity. Some of these factors are: carbon filter bed resistance (which will influence 

pressure requirements), abrasion of granular carbon, content of iron and other elements, 

and particle size distribution of the powdered carbon (AWWA Research Foundation, 

1983). Activated carbon is used for the removal of organic contaminants in the water. In 

both cases additional purification was obtained by a distillation process. 
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3.2 CAPACITANCE MEASUREMENTS 

Two, all encompassing, important factors that determine how well capacitance 

measurements are made are: the geometry of the sensor, and the properties of the media 

between the electrodes which act as the dielectric. Included under these two factors are 

the following: stray capacitance; fringing of the electrical field; temperature, Le. its effects 

on the change of Permittivity of the fluid and electronics; changing dielectric; and whether 

or not the fluid is a conducting fluid. 

The electrical capacitance, C, is formed when two electrodes having opposite charge, Qe, 

are separated by an insulator. The capacitance is defined as the ratio of the charge, Qe to 

the magnitude of the voltage potential, Yab, between the electrodes;· Le.: 

(3.1)

Capacitance has units coulomb per volt (C·y-I) where 1 C·y-I is equal to one farad, F. 

The electric field between two parallel electrodes in a vacuum is given as: 

(3.2)

where ere is the magnitude of surface charge density on either plate, Eo is the Permittivity 

of free space, Le. a vacuum, and A is the area of each plate. The potential gradient 

between the plates is uniform, thus: 

y=Ed=J...Qcd 
(3.3)

ab c A ' eo 

where d is the distance between the plates. Using the analogy of a flat parallel plate 

capacitor, the electric field, Ee, charge and voltage potential are shown in Figure 3.1. 
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Figure 3.1 Charge distribution and electric field lines for a parallel plate capacitor. 

A slight amount of fringing of the field may occur at the edges of the electrodes. Fringing 

occurs when the electric field travels outside of the space between the electrodes. This 

can be minimized by keeping the distance between the electrodes small in comparison to 

the electrode dimensions. In designing a capacitance sensor for obtaining measurements 

with liquid-gas flow in a circular tube, the distance, d, between the electrodes will depend 

on the tube diameter and may not be small in comparison with the electrode dimensions. 

To minimize fringing, the use of guard electrodes may be implemented Stray 

capacitance can also be a problem. Thus, additional protection can be achieved with the 

use of a shield electrode. These topics are discussed in some detail later in this chapter. 

One other influence on capacitance measurement is the type of dielectric. In two-phase 

flow, the dielectric is made up of the phases present, Le. the gas and the liquid. By 

definition, the dielectric constant, K, is the ratio of C to C', where C is the measured 

capacitance when the capacitor has the dielectric between its electrodes, and C' is the 

measured capacitance of the capacitor located in a vacuum: 
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C
K=-. (3.4)

C' 

The dielectric constants for some materials are given in Table 3.1, taken from Sears et al., 

(1982). 

Table 3.1 Dielectric constant, K, for materials at 20° C. 

Material K Material K 
Air at 1 atm 1.00059 Plexiglas 3.40 

Glass 5-10 Vacuum 1 
Glycerin 42.5 Water 80.4 

The materials which make up the dielectric for the capacitance sensor include the 

plexiglas (or the acrylic tube which separates the electrodes from the fluid), and the 

flowing fluid itself. The permittivity of the dielectric, E, defined in Equation 3.5, changes 

with temperature: 

(3.5) 

By combining Equations 3.1 and 3.3, and for a capacitor which has a dielectric between 

its plates, i.e. not in a vacuum, the capacitance is given by: 

(3.6)

Water and air were used in the experiments. Table 3.2, taken from Lide, (1992-1993) 

lists some of the properties of water, ranging from 0 °c to 50°C. 
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Table 3.2 Properties of water in the range of 0 • 50°C. 

Cp J/gK 
4.2176 
4.1921 
4.1818 
4.1784 
4.1785 
4.1806 

Temp °C 
o 
10 
20 
30 
40 
50 

.99984 

.99970 

.99821 

.99565 

.99222 

.98803 

K
87.90 
83.96 
80.20 
76.60 
73.17 
69.88 

amN/m 
75.64 
74.23 
72.75 
71.20 
69.60 
67.94 

In order to minimize the change in the pennittivity of water, the temperature of the fluid 

was controlled with the use of heat exchangers. During ground calibration runs a tube-

in-tube heat exchanger was used, and with the flight apparatus a forced air heat 

exchanger was used. 

Another phenomenon which could also occur when such sensors are used is with respect 

to induced charges that exist on the faces of a dielectric. When a dielectric is placed 

between two electrodes, there is a reduction in the potential difference between the 

plates, as compared to the potential observed when the capacitor is placed in a vacuum. 

The induced charge on the dielectric is shown in Figure 3.2. This means that the electric 

field is reduced, and consequently the charge per unit area is reduced. This reduction 

could mean that induced charges have occurred on the opposite sides of the dielectric, 

assuming that no charge has "leaked off' the plates. Near the positively charged 

electrode, induced negative charges appear, while near the negatively charged electrode, 

induced positive charges would appear. This becomes important when considering the 

water molecule or other substances which are polarized. 
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dielectric 

Figure 3.2 Schematic showing the induced charges which appear on the faces of a 
dielectric when placed within an electric field. 

A polar molecule exists when there is an accumulation of electron density towards one 

end of the molecule. As a result, one end appears slightly negatively charged, 0- and the 

other slightly positively charged, 0+. The product of the charge, 0, times the distance of 

separation is defined as the molecule's dipole moment. Its units are then 

coulomb' meters, (expressed as debye), where one debye, De, is defmed as 

IDe =3.34 X 10-30 C· m. Each bond is a vector having both magnitude and direction. 

Thus, in the case of a bent or non-symmetrical molecule, as with water, it is possible for a 

dipole moment to exist. Figure 3.3 depicts the charges on a water molecule showing a 

net dipole of 1.94 De (Kotz and Purcell, 1987). 

20
o 

net dipole =1.94 De9~ 1
H H 
&I- &I-

Figure 3.3 Bond dipole for a water molecule, showing the net dipole. 
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Water is a triatomic molecule consisting of one oxygen and two hydrogen atoms. The 

direction of molecular polarity is shown by an arrow with a positive tail, +~. There is a 

net dipole since both 0-H bonds are polar and both bond dipoles point towards O. A 

net movement of charge towards the oxygen atom, away from the hydrogen atoms would 

then take place. When a molecule having a dipole moment is placed within an electric 

field, the positive side of the molecule will align with the negatively charged electrode as 

shown in Figure 3.4. When this happens, the ability of the capacitor to hold charge is 

affected (Kotz and Purcell, 1987). To minimize this effect, an alternating 

charge/discharge technique is used to operate the electronics needed to obtain the 

capacitance measurements. This concept is discussed later when the sensor electronics 

are introduced. 

00 

QG) 

Figure 3.4 Alignment of molecules having a dipole moment in an electric field. 

3.3 CAPACITANCE SENSOR DESIGN 

The design of the helical plate capacitance sensor was conducted by Siemens (1992). 

The sensor was to be non-intrusive, capable of measuring void fraction for two-phase 
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mixtures, and meet certain constraint requirements since it would be operated in a 

microgravity environment. In summary, the criteria were (Siemens, 1992): 

• due to the space limitations on the aircraft, it should occupy a short length of the 

microgravity test section, 

• it should be non-intrusive and be used with various liquids and gases; e.g. water-

air, water-helium, and silicone-air, and 

• it should be insensitive to vibrations, and must be able to withstand the pressure 

fluctuations of the flow. 

A design was selected consisting of two helical wound electrodes with electronics 

operating on a charge/discharge principle. The helical design was selected based on the 

work of Gregory and Mattar (1973) and Geraets and Borst (1988). Additional work 

with regards to recent capacitance measurement techniques, the concept of the guard 

electrode and solutions of the Laplace's equation for various cylindrical and toroidal 

configurations are discussed by Heerens (1986). To determine the best electrode 

configuration, a number of tests were done (Gregory and Mattar (1973». These included 

various designs ranging from flat plate, concave, to .multiple helix electrodes. The best 

results were obtained with a two electrode helical wound sensor. In addition, a number 

of helical wound electrode sensors were constructed (by trial and error), where the pitch 

and width of electrodes were varied (Gregory and Mattar, 1973). Criteria were 

developed relating the width to pitch and tube diameter; these are: 

w 
- = 0.100 to 0.136 (3.7) 
p 
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and, 

--L- =1.83 to 3.66, (3.8) 
O.D. 

where, w is the width of the electrode, p is the pitch, and O.D. is the outside diameter of 

the tube. Rather than using an acrylic outer tube, a design suggested by Geraets and 

Borst (1988) was adopted. It was relatively easy to construct, and it provided a "solid 

state" design which was durable to withstand operating pressures (Siemens, 1992). 

The main components of the sensor consisted of two active electrodes and a shield 

electrode which were machined from the same bar stock. A cross-section showing the 

two grooves cut in brass bar stock, creating the three main components, can be seen in 

Figure 3.5. A groove is cut in a helical fashion creating the active electrodes, 1 and 2. 

Active Electrooles 

IZa Electrooles 

~ MOoterlOoI ReMoved 

Shielol Electrooles 

Figure 3.5 Cross-section showing electrode configuration and groove detail 
(dimensions are in mm). 

The material between the active electrodes acts as the shield electrode. The shield 

electrode was used to eliminate stray capacitance. The next step in the manufacturing 
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process was to sever half a pitch from both sides of one electrode. This was suggested by 

Geraets and Borst (1988), with reference to Heerens and Vermeulen, (1975) to protect 

against edge effects. This results in one electrode having three pitches and the other only 

two. An outer cylinder, also made of brass, tapped for two BNC connectors, was 

positioned over the electrodes. The outer cylinder, running the full length of the sensor, 

acts as a guard and was electrically in contact by pinning it to the shield electrode. In 

addition to this, the two half pitches of the electrode which were severed were also 

electrically pinned to the outer guard. The electrode configuration can be seen in Figure 

3.6. 

Co-Axiol Coble Connector 

_ __ _ __ _ Acry~T~~ _ 

~ Electroole 1 ~ Guarol Electroole 

_ Electrode 2 (;SSJ Shield Electroole 

o CeMent E:Zl Outer Housing 

Figure 3.6 Electrode configuration for the capacitance sensor. 

Two BNC connectors, diametrically opposed, were then threaded into the outer cylinder 

with the center electrode of each of the BNC connectors in contact with each of the two 

active electrodes. To ensure a good electrical connection between the BNC electrodes 

and the active electrodes, the center of each of the BNC's were also coated with an 
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electrically conductive adhesive. A non-conductive insulating adhesive was then injected 

into the groove which was machined to create the two active electrodes. This was 

accomplished with a sYringe, using a two-part low viscosity cement (Siemens, 1992). 

The next step was to drill out the center of the sensor and sever the active electrodes 

from the shield electrode. Finally, an acrylic tube was inserted into the sensor. This 

allows the two-phase flow to pass through the sensor without coming in contact with the 

electrodes. The final geometry of the sensor was as follows: 

• The two-phase flow test section was made of acrylic tube having an J.D. and a.D. 

of 9.525 nun (3/8") and 15.875 mm (5/8"), respectively. 

• To stay within the limits of Equations 3.7 and 3.8 the ratios were set to: 

w 
- = 0.122, (3.9) 
P 

and 

--P-=1.84. (3.10)
a.D. 

These constraints result in a pitch of 29.21 rom (l.15") and an electrode width of 3.58 

rom (0.141"). This design resulted in a total change in capacitance of approximately 0.5 

pF when the sensor was filled with all water compared to when it was filled with all air. 

3.4 SENSOR ELECTRONICS 

Various electronic designs have been studied for use in capacitance measurement and 

generally fall into one of four categories including: resonance, oscillation, 

charge/discharge, and AC bridge circuits. For details, see the Review Article by Huang et 

29



ale (1988). The article by Huang et ale (1988) covers capacitance measurement 

techniques in the 0.1 - 10 pF range. Using the charge/discharge principle, Huang et al., 

(1989), reported a tomographic flow imaging system which used eight capacitance 

electrodes. The charge/discharge principle was selected since it is immune to stray 

capacitance. The electronics designed by Siemens (1992) operated at 2 MHz and was 

based on the report by Huang et ale (1988). 

A typical stray-immune charge/discharge circuit can be seen in Figure 3.7(a). The circuit 

can operate between 100 kHz to about 5 MHz. The switching is controlled by a CMOS 

switch having four switches that are toggled open and closed according to the switching 

diagram shown in Figure 3.7(b). Summarizing the switching description by Huang et ale 

(1988), the sensor capacitance, Cx is charged to Vc by closing switch SI and S2. When SI 

closes, one electrode of the sensor, point B, is connected to ground. The stray 

capacitance at this time would be due to the CMOS switches SI and S4. SI and S4 will 

also become charged as the sensor's electrode charges. On discharge, S1 and S2 open and 

S3 closes simultaneously. As soon as S3 closes, it connects point B to the charge 

measuring circuit, then after a short delay, S4 closes to discharge Cx to ground. The stray 

capacitance does not get measured by the circuit, only the capacitance of Cx is measured. 

On discharge, point B switches again to ground. The stray capacitance will not affect the 

measurement (Huang et al., 1988). 
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Figure 3.7 Typical charge/discharge circuit taken from Huang et ale (1988). 

3.5 VOID FRACTION SAMPLING RATES 

A signal analysis of the capacitance output was conducted to ensure that there was a 

good signal to noise ratio and that aliasing was not present. Aliasing occurs when a 

signal is improperly represented by another. This can occur when the sample rate is too 

low resulting in an improper representation of the input signal. The result is that a low
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frequency signal appears in place of the true higher frequency input signal. To alleviate 

this problem, a sample rate should be used which is at least twice the highest frequency of 

the signal to be sampled. For a signal frequency which is bandwidth limited to fmax, then a 

non-aliasing sample rate, fs, would be fs ~ 2fmax Hz. This sample rate is known as the 

Nyquist rate (Taylor and Smith, 1976). However, sampling at only two times fmax will 

only guarantee information about frequency and will not be able to provide information 

about amplitude. 

A low pass filter can be used that will pass all frequencies in the range -fmax ~ f ~ fmax, and 

zero all other frequencies. However if the Nyquist criterion is not followed, low pass 

filtering will not be able to restore the signal such that no aliasing will occur. 

Noise in a signal is any unwanted disturbance which can be either random or regular. The 

objective of signal processing is to minimize the effects of the noise. If a signal is 

contaminated by additive noise, it can only be recovered when its root-mean-square value 

is greater than that of the noise. Therefore, it is important to maintain a signal to noise 

ratio greater than unity (McMullen, 1968). 

The noise of a data acquisition system can be found from the signal-to-noise ratios of the 

input to the output. If the system is "noise free", the input and output noise ratios will be 

the same, thus having a noise of unity. If the noise is greater than unity, the system itself 
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will be adding noise to the signal (McMullen, 1968). Noise in the collected data could be 

traced to the electrodes, amplifier, or any background noise. 

To obtain a recording of the void fraction signal at a high sampling rate, a TEAC FM 

Data recorder was used. The TEAC XR-310 data recorder is a portable wide-band FM 

recorder which uses standard VHS magnetic recording cassette tapes. Its FM amplifier 

panel is capable of recording seven channels. Input and output levels are displayed by a 

bar meter and a digital display. The input range is adjustable to accept signals from ±0.1 

to ± 10 Volts. 

The selection of the tape speed determines the PM bandwidth as indicated in Table 3.3 

(TEAC Manual). 

Table 3.3 TEAC XR-310 FM bandwidth and recording times. 

PM BANDWIDTH AND RECORDING TIME
TAPE SPEED WIDE BAND GROUP 1 IMAX REC 

TIME 
cm/s ips 
1.19 15/32 DC- 313 Hz 5 Hr. 47 min. 
2.38 15/16 DC- 625 Hz 2 Hr. 54 min. 
4.76 1 7/8 DC - 1250 Hz 1 Hr. 27 min. 
9.52 3 3/4 DC- 2500 Hz 44 min. 
19.05 7 1/2 DC- 5000 Hz 22 min. 
38.10 15 DC - 10000 Hz 11 min. 
76.20 30 DC - 20000 Hz 5 min. 

1 Video Cassette T-120 (TEAC Manual). 
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Three channels of data were collected continuously on a VHS tape; these are: the 

superficial liquid velocity, Vsh the superficial gas velocity, Vsg, and void fraction, Cl. An 

input voltage of ± 5 V and a tape speed of 4.76 cm/s providing a bandwidth from DC to 

1250 Hz was used. A bandwidth from DC to 2500 Hz was also used. This would allow 

sampling rates of 1024 and 2048 Hz to be used for Fast Fourier Transform (FFIj 

analysis. 

Data was recovered from the TEAC PM tape recorder on the VAX Computer system 

using an ADQ32 AID Converter Module. The ADQ32 analog-to-digital converter 

module incorporates direct memory access (DMA), uses a 12-bit successive 

approximation AID converter, and can accept both unipolar or bipolar inputs (ADQ32 

manual, 1988). Some of the features on the ADQ32 are listed below. A complete listing 

can be found in the ADQ32 Manual (1988). 

• 200 kHz throughput (maximum). However, the actual sampling rate depends on 

gains set, and the number of channels selected, as there is settling time required by 

the multiplexer. Different gains require different settling times. 

• 32 single ended or 16 differential input channels. 

• Gains of 1, 2, 4 or 8 can be selected per channel. 

• Input of±10 Volts or 0 - 10 Volts. 

• Direct memory access (DMA) data transfer. 
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FFf plots were made from the void fraction data using sampling rates of 2048 and 1024 

Hz. Figures 3.8 and 3.9 show the frequencies for slug and annular flows, sampled at 

1024 Hz. 

o~.q-\Ooo~~~~~~~~~~~

Frequency (Hz) 

Figure 3.8 FFf for the slug flow regime, VsI =0.12 mis, and V~ =0.67 mls. 
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Figure 3.9 FFf for annular flow regime, VsI =0.12 mIs, and V~ =9.69 mls. 
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The FFT plots indicate that the frequencies for void fraction were below approximately 

16 Hz for slug flow. The general trend was that the amplitude decreases slightly and 

frequencies spread out to approximately 20 to 25 Hz as the annular flow regime was 

approached. Based on the Nyquist criterion a minimum sampling rate of 50 Hz was 

needed to avoid aliasing. However, as already stated, sampling at only two times fmax will 

only guarantee information about frequency and will not be able to provide information 

about amplitude. Thus, the general "rule of thumb" is to select a sampling rate 5 to 10 

times fmax• Due to some limitations with the DAS, Le. 29 channels were being used for 

data acquisition, a sampling rate of 70 Hz was selected. This would ensure a non-aliased 

signal. Furthermore, although some frequencies approached 20 to 25 Hz, the majority 

were less than 10 to 15 Hz as can be seen in the typical FFf plots of Figures 3.8 and 3.9. 

Thus, 70 Hz would still provide approximately 5 times the sampling rate of those signals 

seen in the 10 to 15 Hz range. 
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4. EXPERIMENTAL APPARATUS

4.1 GROUND LOOP 

4.1.1 Introduction 

The calibration ground loop was designed and constructed to obtain a dynamic 

calibration of the capacitance void fraction sensor. The main ground loop hardware was 

constructed during the work of Lau (1993) and Jiang (1992). The existing hardware 

consisted of a positive displacement pump, the connecting tubes leading to the mixer, and 

the mixer itself. The major hardware components consisted of a closed liquid loop and an 

open gas loop. A data acquisition system (DAS) was used to control some of the 

hardware components and record data. More details on this loop can be found in Lau 

(1993) and Jiang (1992). 

4.1.2 Closed Liquid Loop 

As mentioned earlier, the water used for the tests was de-ionized and distilled with a 

Corning Mega-Pure™ System MP-12A, and it was re-circulated through the closed 

calibration loop. The inside diameter of the vertical tube was 9.525 rom (3/8"). A 

schematic of the calibration loop can be seen in Figure 4.1. The water was pumped with 

a positive displacement pump from a 151.4 liter (40 US gallon) tank. Manually 
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After the liquid passed by the needle valve, it was then directed through a flow meter and 

a heat exchanger before entering the mixer. The flow was then directed upward through 

a developing length of tube made of stainless steel. 

The developing length, from the mixer to the base of the void fraction sensor was 2.8 m 

(LID =294), and the distance from the mixer to the centerline of the fIrst quick-closing 

valve was 3.39 m. The length from the centerline of the fIrst quick-closing valve to the 

centerline of the second one was 1.592 ffi. The test length in which water was trapped 

was made of a clear acrylic tube (L = 1.451 m), and was mounted between the quick

closing valves. After passing through the acrylic test section, the flow then returned to 

the storage tank where the water was re-circulated. 

A third quick-closing valve was used as a bypass flow controller. All three valves were 

triggered by the same electrical switch and were operated such that when the vertical test 

section is closed by valves 1 and 2, the bypass valve opens to allow flow to return to the 

water tank. The valves which trapped the flow in the vertical test section can be seen in 

Figure 4.2. 
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Figure 4.2 Test length and quick-closing valves. 

4.1.3 Open Gas Loop 

Air was supplied from a 272.8 liter (60 Imperial gallon) air compressor. After leaving the 

air compressor, the air was filtered for oil (which may pass by the rings of the 

compressor), filtered in two stages for dust and moisture, and then passed through a 

condenser for further moisture removal. It then passed through another moisture filter 

and a pressure regulator prior to entering a computer controlled mass flow controller. 

From the controller, air passed through a one-way valve before entering the mixer. The 

one-way valve is used to keep water from flowing backwards and entering the mass flow 

controller. Air enters the mixer through two diametrically opposed inlets. A brass 
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housing makes up the body of the mixer. Single-phase liquid enters the base of the mixer 

and air is injected into the flow from small holes around the periphery. The mixer is 

located at the base of the developing length. The two-phase flow continues through the 

developing section, the capacitance sensor, the acrylic test section and returns to the 

storage tank. Upon its return to the storage tank, water is re-circulated and the air is 

released to the atmosphere. 

4.1.4 Ground Hardware 

Calibration of all instrumentation was conducted in the laboratory. For the liquid flow 

rate, two OMEGA turbine flow meters were used, one having a flow range of 0.3-9 LPM 

(giving Vs1 = 0.07-2.1 mls), and the other 0.5-15 LPM (Vs1 = 0.12-3.5 mls). The 

flowmeters utilize an infrared electro-optical transmitter which puts out a square wave 

signal. Specifications for the flow meters can be found in Appendix C. 

To measure the gas flow rate, two computer controlled mass flow controllers were used, 

one having a range of 0-20 SLM (Standard Liter per Minute), and the other 0-100 SLM. 

The mass flow controllers work on the following principle. As air enters the mass 

controller, a portion of it branches off and is passed through a small tube where the flow 

becomes laminar. Uniform surface heat flux is applied around the small tube where the 

fully developed laminar flow is flowing. When fully developed laminar flow is flowing in 

a circular tube with uniform surface heat flux, the Nusselt number is constant and is equal 

to 4.36. For these conditions, the energy required to maintain a fixed temperature profile 
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along the tube is a function of the mass flow rate. Specifications for the mass controllers 

can be found in Appendix C. 

Temperature measurements were taken with T-type, copper-constantan thermocouples. 

Absolute pressure was measured with a Validyne 0-414 kPa (0-60 psia) absolute pressure 

transducer. Three ASCO solenoid activated valves were used. Two normally open 

valves were located along the vertical test section. The third solenoid valve, used to 

control the bypass flow, was normally closed. Cycle time according to manufacturer's 

specifications for these valves is between 15 to 50 ms. 

4.1.5 Ground Data Acquisition 

The software to operate the acquisition boards was developed in the laboratory by 

Huckerby and Elkow in 1994 using Borland Turbo C++. ADLIBPC I/O drivers were 

used in the routines to control the acquisition boards. The software was develOPed to 

operate and control the instrumentation for the flight apparatus (a more detailed 

description of the software can be found in later sections). Data collected by the 

computer included: the liquid and gas flow rates, Vs), Vsg, ambient temperature, fluid 

temperature, absolute pressure, and void fraction. 
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4.2 FLIGHT APPARATUS 

4.2.1 Introduction 

The flight apparatus can be seen in Figure 4.3. The main objective in designing the flight 

apparatus was to simultaneously obtain pressure drop, heat transfer, and void fraction 

measurements for two-phase flow. 

Figure 4.3 Flight apparatus flown on the KC-135. 

It was designed (Huckerby, 1992) to be flown on NASA's KC-135 microgravity airplane 

to measure the parameters of interest under reduced gravity conditions. Data was also 

taken at normal gravity and compared with the results taken at microgravity. As with the 

ground calibration loop, the major hardware components consisted of a closed liquid loop 
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and an open gas loop. The same data acquisition equipment used in the ground 

calibration was also used to control some of the hardware and to record the data. 

4.2.2 Closed Liquid Loop 

The flight apparatus was designed having a closed liquid loop. It has a vertical test 

section, with vertical and horizontal flow observation sections. The test section tube has 

an inside diameter of 9.525 mm (3/8"). A schematic of the flight apparatus can be seen in 

Figure 4.4. 
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Figure 4.4 Schematic of the flight apparatus. 
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A variable speed pump/separator unit moves the single-phase liquid through a heat 

exchanger. The liquid then enters any combination of four venturies which were 

manually selected to control the flow, and then passes through a flow meter before 

entering the mixer. At the mixer, the flow was directed upward. The air injector at the 

mixer is located 14.2 cm from the base of the vertical test section. The fIrst pressure 

taps, where absolute and gauge pressures are recorded, are located 28.1 cm from the 

mixer (LID = 29.5). A middle pressure (gauge) tap was located further downstream at 

58.6 cm from the mixer (LID = 61.5). The inlet port of the void fraction sensor is 62 em 

downstream from the mixer (LID = 65.1), and the top pressure (gauge) tap is 97.4 cm 

downstream from the mixer (LID = 102.3). Just below the top pressure tap is a vertical 

viewing section that is 12.7 cm long. The viewing section (an optical correction box) is 

made of acrylic and filled with glycol. Glycol is selected since its index of refraction is 

almost the same as acrylic, thus clearer observations are possible. The flow then passes 

through a heated test section (104.8 cm from the mixer (LID = 110)), and then through a 

horizontal viewing section before returning to the pump/separator. At the 

pump/separator, air is vented overboard while the liquid is re-circulated. A make-up 

liquid tank ensured sufficient supply of liquid to the loop. 

4.2.3 Open Gas Loop 

For all ground tests, air was supplied with the same air compressor. The same filtering 

process for air was used as in the ground calibration. During the flights, air was supplied 

from cylinders of compressed air, approximately 15.2 MPa (2200 psi) and regulated 
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down to 689.5 kPa (100 psi) before it passed through the mass flow controller. The air 

was then injected into the flow at the mixer. The mixer had a number of small holes 

around its periphery. The liquid flowed through the center of the mixer and gas was 

uniformly mixed with the liquid from the small holes. The two-phase flow continued 

through the flow loop and returned to the pump/separator. There the liquid and gas were 

separated and the gas was vented overboard. 

4.2.4 Flight Hardware 

A pump/separator unit was operated by a variable speed DC motor. As the higher 

density liquid enters the rotating drum, it is forced outward to the walls of the drum, 

while the lower density gas accumulates at the center. Two aerodynamically designed 

pick-up tubes, "scoop" the single-phase fluid and returns it back to the loop. A 

photograph of the pick-up tubes is shown in Figure 4.5. 

Figure 4.5 Pick-up tubes on the pump/separator. 
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The liquid flow rate was measured using the same OMEGA flow meters that were used in 

the ground calibration loop. For air flow measurements, two computer controlled mass 

flow controllers were used (0-20 SLM and 0-100 SLM ranges). 

Surface temperature measurements at the heated section were taken with T-type, copper

constantan thermocouples. Inlet and outlet temperatures at the heated section were taken 

with RTD probes. RTD probes were also used to measure ambient and venturi 

temperatures. Absolute pressure was measured with a Validyne 0-413.7 kPa (0-60 psia) 

pressure transducer. Three differential pressures were also measured with ValidYne 

pressure transducers having diaphragm ranges of± 13.8 kPa (± 2 psid) and ± 20.7 kPa (± 

3 psid). 

A high-speed video camera was used to record the two-phase flow patterns in the vertical 

viewing section. The camera, a NAC Color Highspeed Video, was set at 1000 fps. A 

TOYO Optics CCTV Zoom 12.5 - 75 mm F1.8 lens was used with it. Lighting was 

supplied with two Dedocool© spotlights. A photograph of the highspeed video system 

can be seen in Figure 4.6. 

A Sony Hi8 with 60 frames per second and variable shutter speeds of up to 1/10000 of a 

second was used to record the flow in the horizontal section. Fluorescent back lighting 

was used to illuminate the flow. 
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Figure 4.6 NAC Highspeed camera system. 

4.2.5 Flight Data Acquisition 

The liquid and gas flow rates, gravity levels in the x, y, and z directions, the pump rpm 

and void fraction measurements were recorded by a 486/66 MHz computer. In addition, 

the fluid and surface temperatures, the heater power, and the pressure (both absolute and 

gauge) were also recorded. Calibration of all instrumentation was conducted in the 

laboratory prior to and after each flight. The gravity level measurements were taken with 

accelerometers provided by the Canadian Space Agency. 
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An ADAC 5950XL plug-in board was used as the internal interface between the PC bus 

and the data acquisition boards. A high-level AID 4012HLAD module was used with the 

analog inputs for: the liquid flow meters, pressure transducers, gravity level transducers, 

mass flow controller, heater power, pump speed, and void fraction. The high-level 

4012HLAD module contains a 12 bit AID converter. Successive approximation is used 

to convert the signal from analog to digital. Uncertainty in digitizing the signal is 2.44 

mV for a ± 5 V range. Sampling time for this board is 50 Jl seconds per channel. There 

are 16 differential input channels of which 13 were used for high-level data acquisition. 

A 12 bit 4412DA module having four channels was used for analog output. Analog 

output from the 4412DA module was used to control the mass flow controller, an LED 

Jl-g indicator, the heater relay, and a back pressure compensator. A 16 channel RTD 

input board, 4012CSAD, was used to record temperature measurements. This board 

uses a 1 rnA current source for each input and can be used with 3 or 4 wire RID's. 

Three wire RTD probes were used on four of the channels. The remaining temperatures 

were taken with thermocouples. 

A 4012TCEX module was used for thermocouple measurements. This board was 

plugged into the 4012CSAD as an analog expander allowing 16 thermocouple inputs. It 

allows cold junction compensation for J, K, E and T type thermocouples and includes 

open thermocouple detection. Twelve temperature measurements were taken using type 

T, copper-constantan, thermocouples. 
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4.3 COMPUTER SOFTWARE 

The software to operate the acquisition boards was written by Huckerby and Elkow in 

1994 using Borland Turbo C++. ADLffiPC I/O drivers were used in the routines to 

control the acquisition boards. The software was developed to control the 

instrumentation and record the data. A total of 29 channels were used to record data. 

The data collected by computer included: 12 surface temperatures at the heated section, 4 

RID temperatures, and 13 high-level AID measurements. 

The screen output could be toggled between graphics or text mode. In the graphics 

mode, the screen was divided into 5 rectangular sections. The frrst section showed the 

pressure measurements on a bar graph. The second section included the temperature 

measurements where the 12 surface temperatures of the heated section were indicated by 

circular indicators and the RID's as numerical output. The third section showed the set 

points and actual values for the superficial liquid and gas flows, along with bar graph 

indicators. The gas flow was also color coded to indicate whether the gas flow level was 

being read from a file or set manually. The fourth section showed the gravity level, also 

in a bar graph form. The fifth section indicated the heater power setting and actual 

values. It was also shown in bar graph form and was color coded to indicate whether the 

power was on or off. At the bottom of the screen there were a number of indicators and 

text output regarding: sampling rate, whether data is being written to disk, pump rpm 

and other messages to the operator. 
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In the text mode the data was in numerical fonn showing the channel number, gain, NO 

value~ voltage and the actual value. The temperatures were output for both the 

thermocouples and the RTD's. It was possible to toggle to the text mode if an actual 

value needed to be monitored. Some additional features which could be conducted 

without leaving the program included; the ability to edit liquid and gas set points, 

controlling whether or not data is written to disk, writing comments into the header of 

each data file before it is written to disk, setting the current parabola number along with a 

few others. 
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5. VOID FRACTION CALIBRATION AND TESTS 

5.1 BACKGROUND 

Calibration of a capacitance sensor can be conducted dynamically with the use of quick

closing valves, or statically. When a static calibration is done, liquid is incrementally 

added as the output is recorded. Another approach is to use beads or phantom acrylic 

rods to simulate air. The latter is usually used in the calibration of bubbly and annular 

flow. 

A number of tests with the capacitance sensor which involved preliminary static and 

dynamic calibrations showed that the sensor's output was nonlinear. In addition the 

sensitivity of the sensor was somewhat different when a static run was done compared to 

a dynamic test. This is partially attributed to the electrode configuration. As mentioned 

earlier, one active electrode was wound three full pitches and the other only two. This 

was to control end effects as suggested by Geraets and Borst (1988). As long as liquid is 

located between the shorter electrode, the output is linear (this can be controlled under 

static conditions). However as soon as liquid passes the short electrode, but still in 

contact with the longer electrode, the charge now crosses over to the guard electrode 

making the reading non-linear. The effects of this can be seen in Figure 5.1. The results 
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shown here are for the sensor oriented in a vertical position. Tests were also conducted 

with the sensor in a horizontal position. However, due to the surface tension of the 

water, it was impossible to maintain a unifonn dispersement of water along the total 

sensor length at high void fraction values. 
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Figure 5.1 Static calibration of the helical wound capacitance sensor in a vertical 
orientation. 

A dynamic calibration was needed which could be applied to ground and flight data over 

a wide range of liquid and gas flow rates and void fractions. Due to the sensor's 

nonlinear response, curve-fit software, Table CurveTM, was used to determine the best fit 

for the data. Some of the methods that are commonly used to determine whether a curve 

fit is sufficiently good is to look at the correlation coefficient squared and the standard 

error. Also the residuals (or the standardized residuals) are plotted against the various 

parameters which may influence the results. When plotting the residuals against the 

various parameters, an indication whether the fit is good or not is realized when the 
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residuals are equally scattered above and below the abscissa over the entire range. 

Obviously the main objective in plotting the residuals against the various parameters is to 

determine whether or not any of those parameters have an influence on the results. 

To obtain a good calibration, it was necessary to collect readings over the widest possible 

range of void fraction. The void fraction was detennined by measuring the amount of 

liquid trapped between two quick-closing valves to the total volume of the trapped 

length. However, the calibration was limited to a void fraction range of 0.1 ~ ex. ~ 0.9. A 

void fraction outside that range would result in liquid levels within the brass housing of 

the valves making a visual reading impossible. To obtain values below 0.1 and above 0.9 

was impossible unless some method of draining the line was implemented. 

5.2 CALIBRATION OF THE VOID FRACTION SENSOR 

Given these constraints, the objective was to obtain void fraction measurements as close 

as possible to 0.1 and 0.9 over a wide range of flow settings. Two new OMEGA liquid 

turbine flow meters (which were used on the flight apparatus) were also utilized in the 

calibration; a FfB602 LO-FLOW sensor 0.3-9 LPM range, and a FfB603 LO-FLOW 

sensor 0.5-15 LPM range. Two mass flow controllers, a 0-20 SLM and a 0-100 SLM 

were used with air which would provide good control at both low and high gas velocities. 

The liquid SUPerficial velocities were 0.1, 0.33, 0.6, 1.0, 1.7, 2.4 and 3.3 mls. The gas 

flow rates varied depending on the liquid flow with the intent to cover the widest possible 
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range of void fraction. These particular flow settings were selected to match with those 

obtained earlier by Jiang (1992) using a gamma densitometer. This would provide 

another set of measurements to compare against. 

5.2.1 Calibration Procedure 

The desired water and air flow settings were entered into a data file which is then read by 

the computer. First, the void fraction sensor was zeroed, and its output was recorded 

during single-phase air flow. The sensor's output for single-phase water was then 

recorded. New gas-liquid flow settings were then read from the data file by the 

computer. The gas flow was controlled by the computer and the liquid flow setting was 

achieved by manually adjusting the control valves. Once the flow has reached steady

state, the DAS records Vsh Vsg, ambient and liquid temperatures, and the absolute 

pressure for approximately 20 seconds. All three quick-closing valves were 

simultaneously triggered causing the two valves across the acrylic tube test section to 

close, hence trapping the two-phase flow. Meanwhile, the third valve opens, allowing the 

flow to bypass the test section and return to the tank. This allows the two-phase flow to 

continuously run without having any sudden changes imposed on the flow settings. The 

height of the liquid column trapped in the test section was then measured to the nearest 

millimeter (see Appendix C). For each of the flow settings, three void fraction 

measurements between the valves were recorded. The average value from the three 

measurements was then used to represent the void fraction for that particular flow 
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setting. This procedure was followed for all flow settings. Switching time for the valves 

was 15 to 50 milliseconds. 

The procedure used for the flow was that initially the liquid flow was held at a constant 

value. The gas flow was then increased to cover the widest possible range of void 

fraction readings. After the upper limit for the gas flow was obtained, and the void 

fraction was recorded for that range, measurements were taken with single-phase water 

before the liquid flow was increased to its next setting. The single-phase recording of the 

sensor's output was used to determine if drift in the sensor's electronics had occurred. 

Some additional tests were made to determine the range of the sensor readings. 

Numerous runs were made, taking readings with single-phase air and then single-phase 

water. These results showed that the range of the sensor was 0 - 5.2 volts. In addition, 

tests were done to determine if there was any effect on the span if the electronics drifted. 

This was accomplished by shifting the zero, then taking readings with single-phase air 

followed by single-phase water. From these tests, it was concluded that it was only 

important to know the voltage output when the sensor is full of water and the change in 

voltage due to a change in the void fraction. It was also found that the span did not 

change if there was a shift in the zero. 

Another test was done to ensure that change in the sensor's output was entirely due to a 

change in the void fraction (and not influenced by the liquid flow rate). The results of 
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that test are shown in Figure 5.2. As can be seen while the single-phase water flow rate 

was increased from 0.1 mls to 3.3 mis, the sensor's output remained fairly constant at an 

average value of 5.2 volts. 
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Figure 5.2 Voltage output from a capacitance sensor over an increasing flow rate of 
single-phase water. 

5.2.2 Calibration Curves 

The average voltage output signal from the void fraction sensor was related to the void 

fraction measured between the quick-closing valves. From the collected data, it was 

found that a direct relationship existed such that the signal from the capacitance sensor 

was a function of the liquid flow rate. For the calibration, the voltage output was 

normalized to the 5.2 volts obtained from an all water reading, and the liquid flow rates 
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were nonnalized to 3.3 mis, the maximum flow rate tested. Curve fitting software, 

Table CurveTM, was used to best fit the data. The equation is of the form, 

(5.1) 

where, ex. is the void fraction and A and Bare variables dependent on the superficial liquid 

velocity, and x is the normalized voltage output. In selecting this equation, a number of 

criteria were considered. Some of the considerations were: nonlinear output, the 

correlation coefficient squared, R2
, the number of data points available for each flow, the 

residuals, and that the selected equation had to have a common form to cover the 

complete range of flow, Le. Vs1 from 0.1 mls to 3.3 mls. The correlation coefficient 

squared for each superficial liquid flow rate can be seen in Table 5.1. 

Table 5.1 Calibration results showing the correlation coefficient squared, R2
, for 

each superficial liquid velocity. 

V s1 (mls) R2 V s1 (mls) R2 

0.1 0.95 1.7 0.92 
0.32 0.98 2.4 0.98 
0.6 0.96 3.3 0.90 
1.0 0.94 

The plots of the void fraction from the quick-closing valves as a function of the 

normalized voltage output from the capacitance sensor can be seen in Figure 5.3. 
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Figure 5.3 Void fraction measured by quick-closing valves as a function of 
normalized voltage. 

The form of Equation 5.1 can be rewritten as, 

(5.2) 

where a is the void fraction, YA and YB are variables, and Nv is the nonnalized voltage. 

The values for A and B in Equation 5.1 were plotted as a function of nonnalized Vs1 (for 

each sUPerficial liquid velocity); these are shown in Figures 5.4 and 5.5. A curve-fit for 

the values of A and B produced an equation of the fonn, 

(5.3) 

where Cli, C2h and C3i are constants from the curve fit, NVs1 is the nonnalized superficial 

liquid velocity, and the subscript i, is the nomenclature for A or B. The value of a is 
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found by fIrst solving for Yi in Equation 5.3 and then using the values for Yi in Equation 

5.2. The values for the constants Cli, C2i, and C3i are given in Table 5.2. 

Table 5.2 Values for the constants given in Equation 5.3. 

i=A 0.932 0.996 0.664 
i=B -0.812 -0.990 0.672 
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Figure 5.4 Variable A, as a function of normalized V51. 

By using Equation 5.3, the correlation coefficient squared for the curve-fits shown in 

Figures 5.4 and 5.5 was approximately 0.99. 

o 
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Figure 5.5 Variable B as a function of normalized V51. 

5.2.3 Void Fraction Calibration Results 

Equations 5.2 and 5.3 were used with the acquired data during calibration. The 

calculated void fractions were then compared to the measured values actually trapped in 

the test section between the two quick-closing valves. The results of this comparison are 

shown in Figure 5.6. In that figure, it can be seen that most of the measured data are 

within ± 10% of the actual values. Using linear regression, the standard error was found 

to be 0.046. At a void fraction of approximately 0.7, there is a slightly larger scatter than 

seen with other void fraction values. The scatter in this region is associated with the 

churn flow regime. This can be attributed to the oscillatory motion of the flow. This 

oscillatory motion is the result of a reduced liquid "hold-up" due to gravitational pull on 

the liquid phase, which can then be interrupted by occasional high gas inertia intervals 

61



that tend to hold the liquid up again. As a result, the void fraction in this region varies 

significantly depending on the flow conditions in the tube. 
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Figure 5.6 Calculated void fraction as a function of the void fraction trapped 
between two quick-closing valves. 

5.2.4 Calibration Results Compared to a Gamma Densitometer 

Present data using the capacitance sensor were compared to those obtained earlier by 

Jiang (1992). In the latter study, Jiang (1992) measured void fraction in vertical co

current upward and downward two-phase flow using a gamma densitometer. The test 

section tube size was identical to the one used here. The following graphs, Figures 5.7 

(a) through (g), show the results of comparing void fraction measurements using quick
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closing valves, the capacitance sensor and the gamma densitometer (Jiang, 1992) for V51 

ranging from 0.1 to 3.3 m/s. 
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Figures 5.7 Comparison of void fraction measurements obtained from a gamma 
densitometer, quick-closing valves and the helical plate capacitance sensor. 
Legend: <> gamma densitometer, 0 quick-closing valves and the A helical plate 
capacitance sensor. 

The error bars shown in Figures 5.7 (a) through (g) indicate an uncertainty of ± 10%. In 

general, the results from the gamma densitometer, the quick-closing valves and 

calibration data compare very well. Significant differences between the gamma 

densitometer and the results from the capacitance sensor can be seen in Figures 5.6 (c) & 

(d). In the figures, the gamma densitometer measurements are lower than the others. On 

the other hand, the results from the calibration tests are in excellent agreement with the 

void fraction obtained with the quick-closing valves. Since the calibration data were 

repeatable, the above mentioned difference can not be attributed to measurement error. 

It was reported by Jiang (1992) that measurement errors in the gamma densitometer were 

the highest in this region of unsteady churn flow. 
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5.3 ADDITIONAL MEASUREMENT TESTS

A number of additional tests were conducted in order to determine the effect of 

temperature, different fluids, and operating frequencies on the capacitance measurements. 

The same tests were conducted on both sensors, the helical and the concave plate 

capacitance sensors. The concave plate sensor was designed to eliminate some of the 

problems which were present in the helical plate sensor, namely, non-linear response, 

poor sensitivity and poor shielding. A discussion of the concave plate design can be 

found in Appendix D. In summary, the concave plate sensor was found to have a linear 

response for all flow rates over the complete void fraction range, ten times the sensitivity 

and improved shielding. 

The fIrst test shows that the sensor output was not affected by electro-magnetic noise. 

Tests were done where the helical plate capacitance sensor was placed a few inches away 

from the solenoid valves and a static calibration was conducted with the valves off and 

on. The results can be seen in Figure 5.8. A comparison of the voltage output when the 

valves were off, and then were turned on showed an RMS of approximately 2 %. This 

indicated that the shielding of the sensor was able to adequately protect against this type 

of noise. 
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Figure 5.8 Static test with the helical plate capacitance sensor for its immunity to 
electro-magnetic noise. 

The next test shows what effect changing the fluids has on capacitance. Since the fluid 

makes up the dielectric, a change in the fluid implies that there will be a change in the 

measured capacitance. This test is shown for newly de-ionized and distilled water, water 

taken from the flight apparatus and ground calibration loop, a well as tap water. The 

results shown in Figure 5.9 were conducted with the concave plate sensor using a HP 

4284A Impedance meter. The relative measurement accuracy of the meter was 

approximately 0.7 % (see Appendix C). It should be noted that the water in the ground 

loop had recently been flushed and changed and therefore follows very close to the trend 

of the new de-ionized and distilled water. Water in the flight apparatus had intentionally 

been left in the loop to determine what effect it would have on the capacitance 

measurement. As expected, the evidence from these results show that the quality of the 

water will have an effect on the capacitance measurement. Therefore, the procedure that 
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was used was to drain the flight apparatus when it was not in use and to blow air through 

the lines to dry the system out. As mentioned earlier, new de-ionized and distilled water 

or water filtered through activated carbon which was also distilled was used in all tests. 
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Figure 5.9 The effect of various types of water on capacitance conducted with the 
concave plate capacitance sensor. 

One other technique used in the capacitance measurement was to normalize the output 

from the HP 4284A meter by using: 

(5.4) 

where C* is the normalized reading from the meter, Cw, en and Ca, represent the 

capacitance values for all water, the measured value, and all air readings, reSPectively. 

This method is shown in Figure 5.10 where it was applied to the results of Figure 5.9. It 

can be seen that the data collapses to form a common relationship. 
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Figure 5.10 Void fraction as a function of the normalized meter reading, C·, for 
various types of water. 

It was found that conductance is diminished and dominance is given to capacitance if high 

frequencies were used. For an ideal capacitor, current leads voltage by 90 degrees, 

where the measured impedance, Zm, and the phase angle would be represented as 

ZmL - 90°. The context of the word "phase" when referenced to impedance should be 

noted to distinguish it from its use with "two-phase" flow. When it is used with reference 

to the phase angle, it refers to the angular displacement of a vector quantity. Zm can be 

determined from: 

(5.5) 

where R is the resistance and Xc is the capacitive reactance given as: 

1 
X c =-· (5.6)

roC 

68



For an ideal capacitor, the resistance, R, is zero. However, due to the materials used in 

construction and the media flowing through the sensor, the resistance is not zero for the 

void fraction capacitance sensor. As the measurement frequency is increased the phase 

angle approaches -90°. A HP 4284A Impedance meter was used to determine the 

measurement frequency that would minimize conductance, Le. keep the resistance, R, 

small relative to capacitance, so that capacitance is dominant. Results for a test with all 

air, ex = 1, and all water, ex =0 are shown in Table 5.3. A frequency range from 10 kHz 

to 1 MHz was used (1 MHz was the maximum measurement frequency possible on the 

HP 4284A Impedance meter). The data from Table 5.3 is shown in Figures 5.11 and 

5.12. 

Table 5.3 Influence of frequency on impedance and phase angle for single-phase 
air and single-phase water. 

ex=l ex=O 
Frequency Impedance Phase Angle Impedance Phase Angle 

(kHz) kQ (degrees) kQ (degrees) 
10 61646.3 -82.23 2078.7 -71.49 
20 31385.1 -84.73 1242.1 -71.76 
30 21213.8 -85.75 916.7 -73.60 
40 16044.4 -86.29 729.6 -75.58 
50 12916.3 -86.69 604.2 -77.26 
60 10809.0 -86.96 514.2 -78.59 
80 8161.3 -87.36 395.4 -80.37 
100 6560.2 -87.62 320.9 -81.46 
200 3322.2 -88.20 166.9 -83.63 
300 2227.7 -88.42 113.6 -84.42 
400 1677.0 -88.59 86.3 -84.88 
500 1345.4 -88.69 69.8 -85.19 
600 1123.6 -88.72 58.6 -85.42 
800 845.9 -88.87 44.5 -85.82 
1000 678.2 -88.92 35.9 -86.10 
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Figure 5.11 The effect of frequency on impedance and phase angle for single-phase 
air, a =1. 
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Figure 5.12 The effect of frequency on impedance and phase angle for single-phase 
water, a =O. 
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It can be seen that at a frequency of 1 MHz the phase angle for single-phase air and 

single-phase water is approximately -89° and -86°, respectively. Therefore the frequency 

was set to 1 MHz when the HP 4284A Impedance meter was used. As already stated, 

the electronics designed to measure capacitance with the helical sensor operated at 2 

MHz which would also give dominance to capacitance. 

The effect of temperature on the capacitance measurement can be seen in Figures 5.13 

and 5.14 The results in these figures show two trends. For the concave plate capacitor 

there is an increase in capacitance as the temperature changes. The opposite is true for 

the helical plate sensor, the capacitance, and hence the voltage can be seen to decrease. 
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Figure 5.13 Capacitance measured from the concave plate capacitor as a function 
of temperature for single-phase water. 
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Figure 5.14 Voltage output from the helical plate capacitor as a function of 
temperature for single-phase water. 

As already stated, the dielectric constant for single-phase water decreases with increasing 

temperature. However, the dielectric is also comprised of the material which makes up 

the sensor. In the case of the helical plate sensor, besides the water, the only other 

dielectric material is the acrylic wall of the tube. Since the acrylic contribution is small, 

the voltage is seen to decrease. On the other hand, the concave plate sensor is made of 

fiber-resin wrap, and delrin is used to separate the electrodes from the shield electrode 

(see Appendix D for construction details). Thus the influence of these other materials is 

more complex and the capacitance is seen to increase with temperature. The important 

aspect of these results show that temperature will affect the capacitance measurement and 

that each sensor must be tested to determine what the temperature effect will be. 
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6. RESULTS AND DISCUSSION 

6.1 BACKGROUND 

In February 1994, data for two-phase water-air flow were collected during low gravity 

periods onboard NASA's KC-135 aircraft. Five separate flights were conducted where 

pressure drop, heat transfer and void fraction data were collected. A total of 61 data 

points were used in the void fraction analysis. Superficial liquid flow settings from 0.07 

to 2.5 mis, and sUPerficial gas velocities between 0.1 to 18 mls were selected. Void 

fractions from 0.1 to 0.9 and bubble, slug, transitional, and annular flow regimes were 

obtained. Flow settings achieved during the flight were then carried out on ground in 

order to make comparisons. 

After flight data were collected, tests were conducted in the laboratory at nonnal gravity 

using the same settings for liquid and gas flow rates achieved during the flights. Ground 

tests were done on the same hardware. Video images of the flow were also taken during 

those tests for flow regimes ranging from bubble to annular flows. 
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6.2 FLIGHT AND GROUND RESULTS 

The void fraction measurements ranged from approximately 0.1 to 0.9. Tabulated data 

showing the void fraction, flow rates and flow regimes for the flight and ground data can 

be found in Appendix A. 

Flow pattern maps are presented first. The flow regimes were determined from the video 

images taken during the tests with a high speed camera (1000 fps). The following are the 

criteria used to determine the flow regimes. For the flight data, the flow was classified as 

bubble flow when the bubble's length was less than or equal to 2 tube diameters. As the 

bubbles coalesce and form a larger bubble of 1 to 2D or greater, it is then called a Taylor 

bubble. For this study, slug flow was based on the condition that the Taylor bubble was 

greater than 2D and a liquid slug separated the Taylor bubbles at all times. Barnea and 

Shemer (1989) also considered the bubble a Taylor bubble when it was longer than 2D. 

Their work involved the use of a conductance probe where they looked at histograms to 

determine flow regimes and their transitions. They found 2D to be a good representation 

of when the transition to slug flow occurred. Silnilar consideration was used by Dukler et 

ai. (1988). The classification of slug-annular flow occurred when a short slug existed 

such that at times it was broken allowing gas to flow through the annulus of the tube. 

The flow was classified as annular flow when the gas phase flowed uninterruptedly at the 

center of the tube at all times. 
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Similar criteria were used for the ground data. Bubble, slug, and annular flow regimes 

were classified in the same manner as with the flight data. The only difference is with 

regards to churn flow. As mentioned earlier, churn flow occurs in the presence of a 

gravitational field resulting in an oscillatory motion in the liquid flow. The ground data 

are presented on a flow regime map in terms of the sUPerficial liquid and gas velocities. 

This is shown in Figure 6.1. 
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Figure 6.1 Flow regime map for ground data. 
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The flow transition boundaries were developed from data collected for vertical flow of 

water-air by a number of researchers as presented in Rezkallah (1986). It can be seen 

that the present data compares well with the earlier data. 

The Jl-g data are presented on a flow regime map in Figure 6.2. Dukler et al., (1988) 

obtained data for water-air flow in a drop tower and aboard a Learjet. From their data 

they develOPed flow transition boundaries. 
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Figure 6.2 Flow regime map for flight data. 
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-_ .. _-------------------._------

The transition from bubble to slug flow will take place when bubbles come in contact 

with each other such that coalescence occurs and surface tension then holds the now 

larger bubble together. To determine this transition, Dukler et ai. (1988) considered 

three conditions of bubble alignment The fIrst was that a void fraction of 0.52 would be 

obtained from small bubbles in a cubic array. For large spherical bubbles the void fraction 

would be approximately 0.5. Finally, ellipsoids would result in a void fraction of 

approximately 0.4, depending on whether or not the major axis of the bubble is aligned 

with the tube axis. Given that any combination of these conditions may occur, an average 

void fraction of 0.45 was used as the transition. Using the average void fraction of 0.45 

an equation describing the transition line in tenns of superficial velocities was then 

developed by Dukler et ai. (1988) as: 

Vs1 = 1.22Vsg • (6.1) 

Colin et ai., (1991) suggested that the critical void fraction is 0.20 which results in a 

transition boundary between bubble and slug flow regimes as: 

(6.2) 

The present data compares better with Colin et ai. (1991) as can be seen in Figure 6.2 by 

the regime boundary represented by Equation 6.2. However, more data points are 

needed in this transition region. .(See the data listed in Appendix A.) The present data 

for bubbly flow ends at a void fraction between 0.18 and 0.22. The next flow settings 

result in slug flow at a void fraction of about 0.31 and 0.39. Thus, additional data at Jl-g 

is needed to fill in the void fraction range from 0.20 to 0.30. 
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The transition boundary between slug and annular flow, shown in Figure 6.2, was 

developed by Dukler et al. (1988) based on a force balance on a control volume for 

annular flow. It appears that the transition boundary should actually be more vertical 

than the boundary indicated by Dukler et al. (1988). Part of the discrepancy between the 

present results and Dukler's could be that the model develOPed by Dukler et al. (1988) 

had to account for the interfacial friction factor. To do this, a preliminary estimate of the 

interfacial friction factor was made using an empirical correlation (See Dukler et al. 

(1988) for details). More research work is needed to understand the two-phase fluid 

behavior at the interface with reference to its waviness and shear. 

The forces influencing flow re,gimes include inertia, buoyancy, surface tension and 

turbulent stresses. As gravity changes the balance between these forces also changes. An 

alternative method to determine the transition boundaries was suggested by Zhao and 

Rezkallah (1993). This was to plot the superficial gas Weber number as a function of the 

superficial liquid Weber number. The Weber number, We, is defined as: 

We = pV 
2
D = inertial force , (6.3) 

a surface tension 

which is the ratio of inertia to surface tension forces. Using this dimensionless group is 

important at J.1-g since buoyancy forces are diminished giving way to other forces, such as 

inertia and surface tension. However, depending on the quality of the near J.1-g trajectory, 

some residual gravity could still be experienced onboard the aircraft. If the residual 

gravity is minimal, under conditions of low flow rates (bubble and slug flows), the flow 

will be dominated by surface tension. High flow rates (annular flow) will be dominated 

78



by inertia forces. Zhao and Rezkallah (1993) suggested that the transition from slug flow 

to frothy slug-annular flow will take place at approximately: 

(6.4)

and for the inertia dominant annular flow: 

(6.5)

Figure 6.3 shows the Jl-g data based on the Weber numbers for superficial gas and liquid 

flows along with the transition boundaries marked at a Wesg of 1 and 20. 
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Figure 6.3 Flow regime map for Jl-g data. 
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There seems to be good agreement between the Jl-g data and the transitions based in 

Zhao and Rezkallah (1993). The slug to slug-annular flow regime occurs at 

approximately Wesg of 1.0 and annular flow regime at approximately 20. Rezkallah and 

Zhao (1995) later showed that the constant Wesg was approximately true for low values 

of West, but for higher Wesl, there was a slight increasing trend in the transition boundary 

as Wesl increased. This was also reported by Bousman (1995) using data collected from 

air-water flow in a 12.7 rom lD. tube. 

Figure 6.4 shows the entire void fraction data obtained during both the flight and ground 

tests as a function of the superficial liquid and gas ratio, VsgNsl. 
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Figure 6.4 Flight and ground void fraction data. 
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Further comparisons were made between the ground and flight data by matching common 

ratios of Vsg/Vsl. Only the data points which had similar values for Vsg/V51 were used in 

the comparisons here. However, due to the limited number of data points in the annular 

flow regime, the percent difference in Vsg/V51 is higher. In general, the percent difference 

in the ratio of Vsg/V51 for the flight and ground data is within approximately ± 3 to 4 %. 

The results are presented where positive values indicate higher flight results. The 

uncertainty of the measurement is shown with error bars at ± 10%. Data for the bubble 

flow regime is shown in Figure 6.5. Table 6.1 lists the data used in the comparison 

between 1-g and Jl-g data. 
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Figure 6.5 Comparison of the bubble flow regime for the flight and ground data. 

For a void fraction below approximately 0.16 the results from the flight and the ground 

data show a tendency for the flight data to be approximately 8 to 25 % higher. Above 

ex, =0.2, the difference is reduced until the trend is reversed with the I-g data slightly 

higher than the Jl-g counterpart (approximately 7 to 16 % higher). These differences are 
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mostly higher than the measurement error. The higher void fraction at fl-g for ex < 0.2 

can be attributed to the significant reduction in slip between the phases, combined with a 

substantial influence of surface tension under reduced gravity. This results in the bubbles 

sustaining their shape for a larger gas content, while coalescence and collision of the 

bubbles is reduced significantly. 

Table 6.1 Comparison between VSg/V51 and ex for the bubble flow regime. 

Flight/Parabola VsgNsi Ave. Ground/Parabola VsgNsl Ave. % diff. % diff. 
a ex VsgNsl a 

94F3P32 0.038 0.118 94G3P32 0.038 0.099 -1.7 19.8 
94F3P34 0.076 0.106 94G3P34 0.078 0.098 -2.4 8.1 
94F3P26 0.090 0.165 94G3P27 0.090 0.132 0.2 25.0 
94F3P36 0.116 0.127 94G3P36 0.118 0.112 -1.5 12.9 
94F3P37 0.159 0.126 94G3P37 0.158 0.136 0.9 -7.7 
94F3P29 0.194 0.140 94G3P29 0.195 0.156 -0.9 -11.2 
94F3P23 0.204 0.152 94G3P23 0.200 0.177 1.7 -16.0 

Ave. -0.5 4.4 

The slug flow results are shown in Figure 6.6, with the corresponding data used in the 

comparison listed in Table 6.2. For this regime, the void fraction appears to be slightly 

higher for the fl-g data, with a difference that ranges from 3 % to 35 %. This trend 

seems to be consistent up to a void fraction of approximately 0.70 beyond which the 

percent difference in void fraction begins to decrease. This is near the transition to slug-

annular flow at fl-g, and churn flow at I-g. In the latter, flow reversal is observed and 

could greatly influence the void fraction readings in that region. 
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Figure 6.6 Comparison of the slug flow regime for the flight and ground data. 

Table 6.2 Comparison between Vsg/VsI and a for the slug flow regime. 

Aight/Parabola VsgNsl Ave. GroundIParabola VsgNsl Ave. % diff. % diff. 
a a VsgNsl a. 

94F3P17 0.517 0.390 94G3P17 0.520 0.288 -0.4 35.3 
94F3P13 0.793 0.437 94G3P13 0.795 0.363 -0.3 20.3 
94F3P18 0.823 0.415 94G3P18 0.798 0.391 3.1 6.1 
94F5P33 1.039 0.467 94G5P22 1.048 0.454 -0.9 2.9 
94F5P22 1.062 0.495 94G5P33 1.053 0.446 0.9 10.9 
94F5P34 1.226 0.515 94G5P34 1.232 0.474 -0.5 8.7 
94F3P14 1.497 0.620 94G3P14 1.497 0.505 -0.0 22.6 
94F3P19 1.768 0.662 94G5P23 1.746 0.580 1.3 14.1 
94F5P24 2.186 0.590 94G5P24 2.193 0.615 -0.3 -4.2 
94F5P12 2.383 0.671 94G5P12 2.416 0.628 -1.4 6.7 
94F3P20 2.618 0.736 94G3P20 2.524 0.649 3.7 13.3 
94F3P15 2.638 0.690 94G5P35 2.660 0.653 -0.8 5.6 

94F3P8 3.920 0.727 94G3P8 3.841 0.628 2.1 15.8 
94F4P22 4.990 0.724 94G4P22 4.873 0.704 2.4 2.9 
94F4P12 7.728 0.657 94G3PI0 7.941 0.708 -2.8 -7.8 

94F5P5 26.799 0.642 94G5P5 26.222 0.669 2.2 -4.3 
Ave 0.5 9.3 
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The results for slug-annular flow at f.L-g and for chum flow at 1-g are shown in Figure 

6.7, with the corresponding data used for comparison listed in Table 6.3. 
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Figure 6.7 Comparison of the slug-annular flow regime at f.L-g and the churn flow 
regime at I-g. 

Table 6.3 Comparison between Vsg/V51 and a for the slug-annular regime at f.L-g 
and churn flow regime at I-g. 

Flight/Parabola VsgNsl Ave. Ground/Parabola VsgNsl Ave. % diff. % diff. 
a a VsgNsl a 

94F5P40 5.223 0.733 94G5P40 5.376 0.792 -2.9 -8.0 
94F5P25 5.771 0.637 94G5P25 5.709 0.665 1.1 -4.5 
94F5P15 6.527 0.562 94G5P15 6.440 0.687 1.3 -22.3 
94F5P38 8.006 0.697 94G5P38 7.747 0.686 3.3 1.5 
94F5P36 9.375 0.714 94G5P36 9.269 0.713 1.1 0.2 
94F4P25 16.026 0.633 94G4P25 16.058 0.673 -0.2 -6.3 
94F5P16 17.677 0.682 94G5P16 17.439 0.721 1.4 -5.8 

Ave 0.7 -6.5 

The void fraction results in this highly transitional region are comparable for both the f.L-g 

and I-g cases. With the exception of one data point, the difference in the measured a is 
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within ± 8 %, which is within the uncertainty of the sensor. As mentioned earlier, the 

slug-annular flow is in a transition where inertia forces are becoming more dominant as 

compared to surface tension. The liquid slug at these conditions contains a frothy bubble 

mixture, which can result in large fluctuations in the void fraction measurement. 

Finally, the results for annular flow is shown in Figure 6.8 with the data listed in Table 

6.4. 
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Figure 6.8 Comparison of the annular flow regime for the flight and ground data. 

The annular flow results show that the J..l-g and I-g data are very similar. This is expected 

since under both I-g and J..l-g conditions, the flow is highly turbulent and inertia dominant. 

The difference between the I-g and J..l-g void fraction values is within ± 5 %. 
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Table 6.4 Comparison between Vsg/V51 and a for the annular flow regime. 

Flight/Parabola Vsg/VsJ Ave. GroundlParabola VsgN51 Ave. % diff. % diff. 
a a VsgNsl a 

94F5P19 52.699 0.885 94G5P19 51.464 0.886 2.4 -0.2 
94F4P27 62.780 0.813 94G4P27 63.956 0.833 -1.9 -2.3 
94F4P29 97.702 0.931 94G4P29 106.504 0.896 -9.0 3.9 
94F4P20 174.963 0.931 94G5P9 187.050 0.887 -6.9 5.0 
94F5P9 192.400 0.875 94G4P20 190.454 0.925 1.0 -5.7 

Ave -2.9 0.1 

Another comparison was made with the J.l-g data collected by Bousman (1995). The void 

fraction data collected during the present study atJ.l-g is presented in Figure 6.9. On the 

same plot the J.l-g water-air data of Bousman (1995) are also presented. 

1 

Open Symbols: Present Study ~~~~~ f::lar0.9 
Closed Symbols: Bousman (1995) A A. A I 

~ A "SIug- nnu ar 

A • t:/1 A 

0.8 

0.7 
A ~A A 

0.6 Slug /'A t A 
AAca. 0.5 

0.4 

0.3 Bubble 

0.2 

0.1 

OB 

AS 

OS-A 

CA 

eB 
AS.A

0+--1----+--+----+--+--1----+--+----+----1 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

a. 

Figure 6.9 Comparison between the present study and Bousman (1995) at J.l-g 
conditions. 
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Bousman's microgravity data was collected for horizontal flow in a 12.7 mm ID tube 

aboard NASA's KC-135 aircraft using two parallel wires located in the flow, spanning 

the cross section of the tube. The wires were separated by 2.5 mm and the void fraction 

was determined by measuring the electrical conductance between the wires. Uncertainty 

in the void fraction measurements made by Bousman (1995) was estimated to be 

± 0.65 % for a void fraction range between 0 < (X, < 0.75. 

The comparison between the present data points and those of Bousman (1995) was done 

by matching ~ for each flow regime, where ~ is the volumetric gas quality; defined as: 

Qg Vsg
(3- ---- (6.6) 

- (Q g +QI) - (Vsg + Vs1 ) . 

A summary of the comparison can be seen in Table 6.5. It should be noted that Bousman 

(1995) did not classify any of the flow regimes as slug-annular. Therefore, the 

comparison of slug-annular flow shown in Table 6.5 is based on similar values of ~ that 

were classified as slug-annular flow in the present study. 

As can be seen, the present data correlates well with the measurements of Bousman 

(1995). In general, ~ was well matched within ± 3 %, except for bubble flow where there 

was limited data available for comparison. The RMS of (X, is less than ± 8 % for the 

bubble, slug, and annular flows. The large scatter in the range of (X, between 0.6 and 0.8 

is in the transitional flow. Within this transitional slug-annular regime, the RMS for (X, is 
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observed to be approximately 15.3 %. However, this is expected since this is a 

"transitional" flow, with a more "chaotic" nature compared to other regimes. 

Table 6.5 Comparison between the present study and data from Bousman (1995). 

___Fl_o_w_R_e-==gJ.::::...·m__e ....;A:...::..;.,.ve.;........;,~..;..,o...;..d_if....;fe_re_n....;c...;;.e_in_(3__....:R:..:;M:;,....:..;;:S_o;;;.:f....;a:.:..~(%:...;;.'OL.)__ 
Bubble ± 8 ± 3.8 

Slug ±3 ±8.1 
Slug-Annular ± 1 ± 15.3 

Annular ± 1.5 ± 4.3 
Average ± 3.4 ± 7.9 

6.3 VOID FRACTION MODELING 

Developing a model for predicting the void fraction is of interest to designers of systems 

involving two-phase, gas-liquid flows under various working conditions. Since under 

most conditions the two phases may not travel at the same velocity, consideration must 

be given to the relative velocity (or slip velocity) between the two phases. From the 

continuity equations, Zuber and Findlay (1965) developed a general expression for 

predicting the average void fraction which takes into account the relative velocity 

between the two phases, and the void fraction profile across the tube. The continuity 

equation: 

- apv·o+-=o (6.7)at ' 

where G=p Vi represents the mass flux, can be written for each phase as: 
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(6.8)

for the liquid phase and, 

(6.9)

for the gas phase. These equations apply to a system where there is no change in phase 

occurring due to evaporation, condensation, or by chemical reaction (adiabatic, non-

reacting systems). Since two-phase flow systems are considerably more complicated than 

single-phase, a number of relationships between void fraction and the velocities of the 

phases are needed. The superficial velocities are related to the actual liquid velocity, v), 

and actual gas velocity, vg, by: 

(6.10)

and 

Vsg = av g' (6.11) 

The relative velocity, or slip velocity is defined as: 

(6.12) 

The drift velocity of the gas and liquid, Vgj and Vlj, relative to the mean fluid is given by: 

v·=V -J' (6.13)ID g 

and 

V 1j =VI - j (6.14) 

where the volumetric flux, j, is given by: 

(6.15)
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Zuber and Findlay (1965) use a weighted mean value, (F), determined from: 

..!-JaFdA 
(F) =(aF) =_A:-=A__ (6.16) 

(a) ..!-JadA 
AA 

where F is a quantity influenced by the void fraction. Substituting Equation 6.11, 6.15, 

and 6.16, in Equation 6.13, Zuber and Findlay (1965) developed the following expression 

which can be applied to any flow regime: 

(~) (avgj) 
(6.17)(a) = Co + (aXj) . 

Equation 6.17 is in a general form which can be applied to any flow regime to predict the 

void fraction since the varying flow and void fraction profiles as well as the relative 

velocities between the phases are taken into account. 

The coefficient, Co, is called the distribution coefficient which accounts for the non

uniform distribution of the void fraction over the cross section of the tube, and is 

obtained from: 

(6.18)

The second term on the right hand side of Equation 6.17 is the weighted mean drift 

velocity which takes into account the local relative velocity. Zuber and Findlay (1965) 

proposed a flow distribution of the form: 

i =l_(.E-)m (6.19). R'Jc 
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and a void fraction distribution: 

(6.20)

where m and n are exponents to be detennined, and subscripts c and w refer to locations 

at the center and at the wall of a tube, resPectively. By inserting Equations 6.19 and 6.20 

into: 

(6.21)

Co can be detennined from: 

U 
n(m + n + 4) + 2(m + 2)---!.. 

C = U c (6.22) 

o (m+n+2{n +2 ::) 

The distribution coefficient, Co, depends on both the flow and the void fraction profiles. 

Depending on the radial void fraction and flow distribution, Co can be greater, equal to, 

or less than one. These conditions are summarized in Table 6.1, where CXc is the void 

fraction at the center of the tube, and CXw is the void fraction at the wall. 

Table 6.1 The effect of CXw and <Xc on Co. 

Case 1 Case 2 Case 3 

aw=CXc=cx 
Co = 1 
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Following Zuber and Findlay (1965), the value of the exponent n, can be detennined if 

the average void fraction, a, as well at <X.e and <x.w are known. By re-arranging Equation 

6.20 and integrating over the area, <X. is detennined as: 

(6.23) 

When there is no change of phase at the wall, i.e. adiabatic conditions, aw is zero and only 

the void fraction at the centerline and the average void fraction are needed to detennine 

the exponent n. From experimental data, Zuber and Findlay (1965) found that n varied 

between 1.41 to 2.78, and it was found to increase as j increased. To determine the range 

of Co, Zuber and Findlay (1965) selected values of 1, 2 and 7 for the exponents, m and n. 

When fl.wI<X.e is zero, Le. for the case when a liquid fIbn is in contact with the wall, Co can 

range from 1.13 when m =n =7, to 1.5 when m =n =1. As the exponent increases from 

1 to 7, the resulting profiles are more flat, resembling a transition from laminar to 

turbulent profiles. Zuber and Findlay (1965), suggested that the flow profile and the void 

fraction distribution should be similar since j is influenced by the gas flow. Thus, m and n 

should be equal, or nearly equal to each other under these conditions. They presented 

results from Petrick (1962), where Co decreases as the radial void fraction profile 

becomes flatter. The average value for Co was approximately 1.35. 

Expressions for the weighted drift velocity of the gas with respect to the mean fluid were 

also given by Zuber and Findlay (1965) as, 
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1 

avgj =1.53[()g~p]4 , (6.24) 
a PI 

for bubbly flow and, 

a~gj =0.35[gt,PD]2
1 

, (6.25) 
a PI 

for slug flow, based on analysis where the drift velocity, Vgj, is equal to the tenninal 

velocity of a particle rising in an infinite medium. 

6.4 EXPERIMENTAL RESULTS 

It should be noted that the results in this section have been obtained, and are presented 

from two capacitance sensors. The capacitance sensor which was flown in February 

1994 was the helical-wound-electrode sensor, which was designed by Siemens (1992). 

Various tests conducted with this sensor indicated that a better response could be 

obtained if a number of changes were incorporated into the design. A new concave-

electrode-plate capacitance sensor was designed and built during the course of this study. 

A presentation of the new design can be found in Appendix D. Testing and calibration of 

the concave plate capacitance sensor was not completed in time for the February 1994 

flights. However, ground data was collected with the new sensor, and the flow settings 

were matched to the flight data. 

The results presented for Co for the ground data are those obtained from the new concave 

plate capacitance sensor. The Co results from the flight results were obtained with the 
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helical plate capacitance sensor. Equation 6.17 was applied to the flight data. As already 

stated, due to the low gravity level during the periods of near Jl-g, buoyancy effects 

would be minimized and thus, the second tenn on the right hand side of Equation 6.17 

can be neglected. Therefore, by plotting ~ as a function of a, as shown in Figure 6.10, Co 

was found by linear regression to be 1.25 for the Jl-g data. 
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Figure 6.10 ~ as a function of a for bubble and slug flow at Jl-g, Co =1.25. 

The results for slug flow at I-g are shown in Figure 6.11. From linear regression, Co was 

found to be 1.165 and av gj = 0.03. Using Equation 6.25 for slug flow, where the 
a 

properties of water were evaluated at the average temperature of 300 C, a value of 0.107 

was obtained for a~gj . The values for the weighted drift velocity of the gas relative to 
a 

the mean fluid from Equation 6.25 does not compare well with the eXPerimental results. 

The distribution parameter, Co, for Jl-g and I-g were found to be 1.25 and 1.165, 

roil 
~

0+--+-+--+-+--+-+--+-+--+--1 
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respectively. For water-air flow at Jl-g, Bousman (1995) obtained a Co value of 1.27, 

which is in perfect agreement with the present data. 
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Figure 6.11 Results for slug flow at I-g, Co = 1.165. 

The bubbly flow results plotted in terms of the actual gas velocity, vg, as a function of the 

total volumetric flux, Vsg + Vsb can be seen in Figure 6.12. From linear regression, Co 

was found to be 0.61 and c:x.Vgj =0.19. As seen earlier, Co < 1.0 occurs when <Xc < Uw. 
c:x. 

This agrees with work done by other researchers where the void fraction profile for 

bubble flow was determined with the use of local probes. An example of this can be 

found in Kamp et al. (1993). The typical "saddle" shape profile is seen where the void 

fraction is higher at the wall of the tube and drops off towards the center. 
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Figure 6.12 Bubbly flow at I-g, Co =0.61. 

At I-g, Kamp et al. (1993) found that the peak in the void fraction profile occurred at a 

distance from the wall equal to approximately one bubble diameter. They also found that 

the peak void fraction near the wall was much higher, relative to the void fraction at the 

centerline, when the liquid velocity was significantly larger than the gas velocity. 

An investigation into the development of the void fraction profile in a 38 mm ID vertical 

tube for bubble flow was done by Grossetete (1995). Water-air mixtures were used, with 

local measurements taken at LID locations of 8, 55 and 155 from the mixer. Grossetete 

(1995) found that there was a dominant "saddle" shape profile at an LID of 8. This 

dominance diminished as the LID ratio increased due to gas expansion and coalescence. 

At LID =55, the "saddle" shaPe was still evident, however the void fraction at the center 

had also increased. At LID = 155, the void fraction was highest at the center of the tube. 

Corresponding to the change in the void fraction profile, Grossetete (1995) also found 
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that the fluid velocity profile also changed. As the ratio of LID increased, the fluid 

velocity profile became more of a parabolic shape. The increase in the radial velocity 

gradient, combined with the expanding gas, higher coalescence rate and added 

turbulence, cause the void fraction to increase at the centerline. In this study the void 

fraction sensor was located at LID = 65.1. Therefore a value of Co = 0.61, which was 

obtained during ground tests in this study, also agrees well with the results of Grossetete 

(1995). 

By comparing Co for the flight and ground data, it can be seen that the distribution 

coefficient is higher for Jl-g than for I-g. This suggests that the void fraction distribution 

at Jl-g tends to be maximum at the centerline, as opposed to near the wall (conditions 

very common at I-g). The other interesting observation is that under Jl-g conditions, Co 

is the same for bubble or slug flows. This could be explained primarily in terms of the slip 

velocity. Since at Jl-g, the slip velocity is so small (almost zero), the difference between 

the two regimes should be very small. For the I-g case, on the other hand, a change in 

the flow regime results in a change in Co since the void fraction profile and the velocity 

profile are different for different flow regimes. Drift velocity should also change for each 

flow regime since it depends on the momentum transfer between the two phases, and the 

shear stress due to interfacial interaction between the phases. 
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7. STATISTICAL METHODS

7.1 SIGNAL ANALYSIS 

Improved understanding of two-phase flow characterizations can be obtained from a 

careful statistical analysis of the void fraction signals. Temporal fluctuations in the void 

fraction have been obtained in the past using signals from gamma densitometers, pressure 

transducers, impedance probes, and non-intrusive impedance sensors. In those cases, 

flow regime identification was determined from a time varying signal. Some examples of 

such analysis were done using gamma densitometers (Jones and Zuber, 1975; Jones et al., 

1981); pressure signals (Weisman et al., 1979; Keska et al., 1992); impedance probes 

(Das and Pattanayak, 1993; Matuszkiewicz et al., 1987); and non-intrusive impedance 

sensors (Geraets and Borst, 1988; Keska et al., 1992). In some cases the varying output 

alone was used, and in other cases the power spectral densities, histograms and 

probability density functions were used to identify the flow regimes. 

7.2 PROBABILITY DENSITY FUNCTIONS 

Descrete random variables can be plotted in a histogram which shows the frequency (on 

the ordinate) as a function of some measured parameter (on the abscissa for a given class 

width). The frequency distribution is then a collection of classes which are of equal size 

and cover the entire range of data without overlapping. A probability density function, 
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(PDF) indicates the probability for a certain void fraction value to exist within a certain 

range, lin. Details of the probability density function can be found in Bendat and Piersol 

(1971 and 1980). Figure 7.1 illustrates the method used to obtain the probability density 

measurement for one of the void fraction signals (Flight 3, parabola 9). 

Within a narrow class width, lin, the probability that n(n) will fall within lin is given by: 

lim N[a(n)Edad
Prob[n(n) E lin~ ] = , (7.1)

N~oo N 

where ~ is the center value of lin, and N[a(n) E lia~] is the number of times a(n) is 

within the class width, lia. 
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Figure 7.1 Void fraction signal for flight 3, parabola 9, slug flow. 
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To obtain the probability density function, Equation 7.1 is divided by Aa, and, taking the 

limit as Aa ~ 0 gives: 

lim Prob[a(n) E Aa~]
(7.2)p(a) = Aa~O Aa 

If the number of samples approaches infinity, and the class width approaches zero, the 

curve will become continuous. The probability density function is obtained when the 

height of the curve is standardized such that the area under the curve is equal to unity 

(Kennedy and Neville, 1986). The equation for the PDP is then defined as: 

Prob[-oo < a(n) ~ 00]= 
+00

fp(a)da =1, (7.3) 

where p(a) is the probability function. Since the void fraction signal is taken over a finite 

period, the number of sample points is not equal to infinity, the form of Equation 7.3 can 

be accordingly modified. To obtain a PDP for a discrete random variable, the ordinate is 

divided into equal class widths, Aa. If over the total time trace the number of samples is 

N, and ni is the number of occurrences within ~a;, then the probability density function 

can be written as: 

n. 
p(a) = (7.4)J 

NAa j 

As the total numkr of samples increases (N ~ 00), and the class width decreases 

(Aa ~ 0), Equation 7.4 approaches a continuous function. 
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7.2.1 Typical PDF Plots 

The use of visual methods alone for determining the two-phase flow regimes could be 

regarded as purely subjective. The flow is highly "chaotic", making the identification by 

visual methods very difficult sometimes. Some factors that can influence the flow 

regimes and their transitions include; the orientation of the flow, tube geometry and size, 

velocity of the two phases, void fraction and fluid properties. 

The dYnamics of two-phase flow was used by Keska et at. (1992) for flow classification. 

Jones et at. (1981) reported measurements of void fraction fluctuations and showed PDF 

plots for bubble, slug, and annular flows. Typical PDF histogram for these flows are 

shown in Figures 7.2, 7.3 and 7.4 for bubble, slug, and annular flows, respectively. 

Bubble flow, as shown in Figure 7.2, is characterized by a single peak showing a high 

probability at a low void fraction. 
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Figure 7.2 A typical PDF for bubble flow. 
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Figure 7.3 A typical PDF for slug flow. 
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Figure 7.4 A typical PDF for annular flow. 

Slug flow, shown in Figure 7.3, is characterized by two peaks, one is representative of 

the slug at low void fractions, while the other represents the higher void fraction. As air 

flow is increased, the second peak will begin to show higher probability than the fIrst. 
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The transition from bubble to slug flow usually occurs as the second peak begins to form, 

indicating longer bubbles and hence a higher void fraction. 

Annular flow is typically represented by a single peak having a high probability at a high 

void fraction, as shown in Figure 7.4. Transition from slug to annular flow usually occurs 

as the frrst peak: (shown in the PDF for slug flow, Figure 7.3), located at low void 

fraction values disappears. The PDF will be skewed to the left, i.e. a long thin tail to the 

left, with small or eventually no void fraction values at low u. 

7.2.2 Probability Density Results 

The results from the PDF analysis are presented here. For the flight data, the average 

time duration consisted of approximately 400 samples (which corresponds to 

approximately 5.7 seconds of void fraction measurements). The selection of the 

"window" length depends on the stability of the g-level and both liquid and gas flow 

rates. For the ground data, a "window" length of 625 samples was used, which 

represents approximately 8.8 seconds of data gathering. Table 7.1 lists the data, showing 

the flow rates, void fraction and flow regimes for some of the parabolas. (The complete 

listing of data from flight and ground tests can be found in Appendix A.) 
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Table 7.1 Data obtained from the flight and ground tests showing flow rates, 
gravity level, average void fraction, and flow regimes. 

Flight/Ground VsI Vsg Nonnalized Ave. Flow 
Parabola (mls) (mls) Gravity gz a Regime 
94F3P29 1.5133 0.2931 0.0044 0.1402 B 
94F3P13 0.2442 0.1936 -0.0029 0.4367 S 
94F5P16 0.3944 6.9716 0.0070 0.6816 S-A 

94F5P9 0.0723 13.9129 0.0222 0.8751 A 
94G3P29 1.5044 0.2939 1.0000 0.1559 B 
94G3P13 0.2429 0.1932 1.0000 0.3630 S 
94G5P16 0.3969 6.9215 1.0000 0.7214 C 

94G5P9 0.0744 13.9165 1.0000 0.8866 A 

The parabolas listed in Table 7.1 represent typical flow characteristics from bubble (B), 

slug (S), slug-annular (S-A), chum (C), to annular (A) flow regimes, and were used to 

compare the PDF's for the flight and ground results. The sample coefficient of variation, 

cv, was used to accept or reject regions of data and was calculated (Barnes, 1994) from: 

cv =(~)100%, (7.5) 

where s is the sample standard deviation and x is the sample mean. Data was retained if 

the sample coefficient of variation was between ± 7% for Vs1 and Vsg, and when the 

gravity level, gz, was within ± 0.04. It was found that most of the data .was within 

approximately 2 to 3 standard deviations when the ± 7% range for Vsl and Vsg was used. 

To better understand the PDF results, a description of the signal and the effect that 

random noise has on the signal is presented next. Figure 7.5 shows the capacitance 

sensor's output in volts for single-phase water. The average voltage over the total 
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sampling time is 5.2 volts. However, it can be seen that the signal fluctuates about the 

mean due to random noise. A PDF for this data can be seen in Figure 7.6. 
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Time (s) 

Figure 7.5 Voltage oQtput for single-phase water. 

Since 5.2 volts actually represents a void fraction of zero, any voltage greater than 5.2 

will indicate a void fraction slightly less than zero, and a voltage less than 5.2 volts would 

represent a void fraction slightly greater than zero. Similar results would be seen for an 

all air reading, Le. a void fraction of one. Random noise would cause void fraction values 

slightly greater and also less than one. Obviously readings less than zero and greater than 

one are not possible, but are simply due to Gaussian noise. In addition to the PDF results 

shown in Figure 7.6, a Gaussian distribution curve is presented. A Gaussian distribution 

is defined as: 

1 e-(ll-~)2/(2(J/)f(x) -_ -oo<x<oo, (7.6) 
°d.J21t 

where the mean, Jl, and the standard deviation, ad, determine the function f(x). 

105 



.•..••.......•.4.5 100% 
I

I ,. 90%4 .I . I. 80%3.5 

Gaussian 70% 
3 Distribution ~

60% QJ 

>2.5
~ .-.... 

~Q 5.2 volts @ 49.1 % 50% 
~ -2 = e40% = 

1.5 U 
30% 

1 20% 

0.5 10% 

0 0% 
0 lIi 0 lIi 0 lIi 0 lIi 0 lIi 0 lIi 0 lIi 0 
00 00 0'\ 0'\ 8 ~ .-. .-. N N ~ ~ ""f" ""f" lIi lIi \C 
~ ~ ~ ~ an an an an an an an an an an an an an 

Voltage 

Figure 7.6 PDF for single-phase water. 

Therefore, the instantaneous void fraction values below 0 or above 1.0 will result from 

the noise of the system. It can be seen that the distribution of the noise approaches that 

of a Gaussian distribution. Besides considering the mean and the variance of the single-

phase data, two other parameters are often used to determine how well the data agrees 

with a Gaussian distribution. The fIrst parameter is a measure of skewness and the other 

a measure of kurtosis. The reason for using these parameters is that it is possible to have 

two sets of data which have the same mean and variance but totally different 

distributions. Therefore, the objective is to compare the distribution of the data to that of 

a Gaussian distribution. The first is to determine whether or not the data is skewed, i.e. if 

it is asymmetric. The second is a measure of kurtosis that is a measure of whether the 

data has a sharper peak than, or is flatter than the Gaussian distribution. If the measure 
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of skewness and kurtosis are equal to zero, then the distribution follows that of a 

Gaussian distribution. The mean, variance, skewness and kurtosis for single-phase water 

was 5.20, 0.0088, -0.062 and -0.132, respectively. The important aspect of these results 

indicate that although the measure of skewness and kurtosis are not exactly zero, they are 

small enough to show that the noise will be equally distributed above and below the 

mean. The voltage output, which is 5.20 volts for single-phase water, occurs at a 

cumulative percentage of 49.1 %. Therefore. any void fraction values shown on a PDF 

figure which is less than zero or greater than one is not due to error in measurement but 

rather to random noise in the system. 

The following time trace signals and PDF's are developed for the parabolas listed in 

Table 7.1. Corresponding flow images digitized from video can be seen in Appendix B. 

The PDF plots were obtained using Equation 7.4 where a value of 0.01 was used for ~a.

Figure 7.7 shows the time trace and PDF's for bubble flow. As already stated, the 

average void fraction for bubble flow for both I-g and Jl-g cases was found to be quite 

similar. However, the instantaneous values are different, as can be seen in the time trace 

shown in Figure 7.7. 

The PDF's show that the fluctuation in void fraction is greater at I-g as opposed to Jl-g. 

This could be explained perhaps in light of the "physics" of the flow, both at I-g and Jl-g 

conditions. The predominant forces for this flow regime include buoyancy, surface 

tension, and turbulent stresses. At I-g, forces due to gravitational acceleration tend to 
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accelerate the bubble and hence Increase the probability of their interactions and 

coalescence. 
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Figure 7.7 Bubble flow regime time traces and PDF's for data collected during 
Flight 3, P29, «a) & (c», and Ground 3, P29, «b) & (d». 
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Thus, the void distribution varies as the bubbles agglomerate, collide, and coalesce. This 

is clearly shown in Figure 7.7 (d) where the fluctuations of a range from approximately 

zero to 0.50. On the other hand, at ~-g conditions, the slip velocity in bubbly flow is 

almost zero, and the bubble movement and turbulence are highly suppressed. Therefore, 

the bubbles remain mostly intact, moving with a unifonn velocity that is more or less 

equal to the liquid velocity. This is also evident from the video images that were analyzed 

for this flow. In tenns of the PDF distribution, as shown in Figure 7.7 (c), the spectrum 

of variation of a is limited in the range of 0.08 < a < 0.20. Within this void fraction 

range, it can be seen that the mean value that occurs at ~-g has a much higher probability 

of occurring, approximately 3 to 4 times that of the I-g counterparts. 

These are important findings that can perhaps explain the lower heat transfer coefficients 

associated with bubbly flow at ~-g conditions. Rite and Rezkallah (1995) reported that 

the heat transfer coefficients for bubbly flow at 1-g were 12 to 3 % higher than ~-g, in the 

range of 0.10 < a < 0.18. The higher heat transfer rates at 1-g would be attributed to the 

higher turbulence, and hence better mixing of the flow caused by the large fluctuations in 

void fraction. 

Typical time traces and PDF's for slug flow are presented in Figure 7.8. The transition to 

slug flow occurs as the gas flow rate increases (a increases) to the point when significant 

coalescence of the smaller bubbles will fonn larger "bullet shaped" bubbles, commonly 

known as Taylor bubbles for I-g flows. 
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(a) Time trace for slug flow at Jl-g. (b) Time trace for slug flow at I-g. 

(d) PDF for slug flow at I-g. 

Figure 7.8 Slug flow regime time traces and PDF's for data collected during Flight 
3, P13, «a) & (c», and Ground 3, P13, «b) & (d». 

The signal output for slug flow is therefore characterized by high and Iowa values, 

depending on which phase is flowing in the conduit at that time. This is obvious from the 

signal trace shown in Figure 7.8 (a) and (b). However, since the smaller bubbles at I-g 

(c) PDF for slug flow at Jl-g. 
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conditions will eventually "catch-up" with the Taylor bubble and hence increase a, the 

spread of the signal is far more significant under I-g compared to J..l-g. In the latter, a 

changes only between approximately 0.3 to 0.55, while at I-g the range of a variation is 

between almost zero up to 0.75. The lesser fluctuations at J..l-g are also reflected in the 

PDF plots; Figure 7.8 (c) and (d). 

As stated earlier in the comparisons of the average values for slug flow at I-g and J..l-g, 

the average void fraction value for J..l-g conditions appears slightly higher than those for 

I-g. As with bubble flow, the time trace shows less fluctuations in the void fraction at J..l

g as compared with I-g. However, the greater fluctuation in void fraction seen at I-g 

would be associated with air bubbles in the liquid slug, trailing the Taylor bubble. At I-g 

there is high turbulent mixing in the wake of the Taylor bubble. 

Thus two conditions may occur. The first one is that turbulence may cause the bubbles in 

the wake to coalesce, and buoyancy to force the new larger bubble to join with the Taylor 

bubble giving a high void fraction reading. The second case is that the number of bubbles 

is not great enough for coalescence in the turbulent region, thus a low void fraction 

reading will occur. However,as evident from the numerous video images in this regime, 

Taylor bubble like flows at J..l-g do not have as much air entrained in the liquid following 

the Taylor bubble, and the slugs are more uniform in length. The main reason for the 

void fraction being higher at J..l-g could be explained in that there is very little or no slip. 
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The PDF's for slug flow are also quite different The PDF from the Jl-g data for slug 

flow covers a much narrower spectrum when compared to 1-g, indicating more uniform 

bubbles with less variation in void fraction in the liquid slug. As discussed earlier, the 

transition into slug flow should show two peaks on a PDF, one associated with the liquid 

slug, and the other with the Taylor bubble. With the ground data, the development of the 

two peaks can be seen in Figure 7.8 (d) with one at approximately 0.20 and the other at 

approximately 0.60. 

The distinctiveness of the peaks depends mainly on the geometry of the sensor, and to a 

lesser extent on the flow itself, Le. the size and concentration of bubbles trailing in the 

wake of the Taylor bubble, and the length of the liquid slug itself. Since the sensor 

measures a volumetric void fraction, the signal is "filtered" for certain bubble sizes. This 

can be explained by tracing the progress of slug flow. As a bubble enters the sensor, and 

assuming it is longer than the sensor, a high void fraction reading is registered. This will 

account for the second peak in the PDF at a high void fraction. As the bubble exits, the 

liquid slug enters the sensor, and the void fraction begins to decrease. The decrease in 

the void fraction depends on the concentration and size of the bubbles in the wake of the 

main Taylor bubble. This measurement will account for the fIrst peak of the PDF at a 

low void fraction. 

If the sensor was alternately filled with only bubble followed by only liquid, two distinct 

peaks will form with low void fraction values between the peaks, depending on the 
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degree of entrained bubbles. However, if either the bubble or the liquid slug are not as 

long as the sensor, the sensor does not see the two extreme void fraction values but an 

average reading between them. Also, slug flow with a high degree of bubble entrainment 

in the liquid portion will not produce two distinct peaks but rather a wide PDF with a 

single peak at a high void fraction. This was the case at Jl-g conditions where only a 

single peak was registered. This is primarily due to the short liquid slugs separating the 

bubbles. In general, as seen in the video, at no time was the sensor filled with liquid only. 

Thus an average void fraction representing the bubble and slug was always read. 

Observations of the video images at Il-g indicate that this type of flow is extremely 

predictable in that the slugs were essentially of equal length. This is also evident in the 

PDF. It has a high probability at the average void fraction with very little variation away 

from the average. 

The heat transfer results in slug flow, as reported by Rite (1995), indicate that the heat 

transfer coefficients at I-g can be 40 to 28 % higher than their counterparts at Jl-g 

(corresponding to a void fraction increase from approximately 0.3 to 0.65). As the flow 

rates increased, the difference in heat transfer coefficients decreased. As a void fraction 

of 0.7 to 0.8 is approached, the differences are not as pronounced. This could be perhaps 

explained in terms of the results shown in Figure 7.8 (c) and (d). As already stated, the 

PDF's at I-g are wider than those at Jl-g, indicating that a wider range of bubbles are 

present in the I-g flow. This could result in enhanced mixing in the slug region of the 

flow; thereby resulting in a higher heat transfer coefficient 
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The next series of plots shown in Figure 7.9 are for the transitional slug-to-annular flow 

Figure 7.9 Slug-annular and churn flow regime time traces and PDF's for data 
collected during Flight 5, P16, «(a) & (c», and Ground 5, P16, «b) & (d». 

(churn flow regime at I-g) cases. 
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(c) PDF for slug-annular flow at fl-g. 
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(b) Time trace for churn flow at I-g. 
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(d) PDF for churn flow at I-g. 
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This transition is the result of increasing the gas flow rate to the point where the gas 

phase becomes a continuous phase with no or little liquid bridging at the center. At I-g, 

churn flow is subjected to the pull of gravity on the liquid phase, thus enhancing the liquid 

bridging. The average void fraction in both cases is similar, and has a value around 0.7. 

It can also be seen from Figure 7.9 that the time trace and the PDF's are also similar. 

This is mainly due to the fact that inertia forces are starting to dominate, and hence 

gravity plays a much lesser role. The interface between the liquid and gas becomes wavy 

as the bubble length grows. As the waves are sheared by the incoming gas, liquid is 

entrained into the gas core and a "frothy" mixture is fonned in the liquid regions. 

The heat transfer results showed that the slug-annular and annular heat transfer 

coefficients approached similar values for both the 1-g and the Jl-g data (Rite, 1995). 

Some of the data showed that the Jl-g heat transfer coefficients were slightly higher in the 

slug-annular regime (approximately 10% higher). However, this was approaching the 

measurement uncertainty of the heat transfer data. Although the PDF's and void fraction 

appear similar, the heat transfer for this regime would be detennined by the froth present 

in the slug-annular flow at Jl-g and the degree of churning at 1-g since both are becoming 

inertia dominantflows. 

Finally, the annular flow results are shown in Figure 7.10. In that flow, inertia forces are 

very si,gnificant and dominate by far all other forces acting on the flow. Thus, it is 

expected that the effects of gravity are negligible in this regime. 
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Figure 7.10 Annular flow regime time traces and PDF's for data collected during 
Flight 5, P9, «a) & (c», and Ground 5, P9, «b) & (d». 

In both cases, only a thin film of the liquid is retained at the tube wall, with the gas phase 

occupying the center. Thus, no great difference should be expected. This is seen in the 

similar time traces, width and maximum values of the PDF's, and in general in the 

average void fraction values reported earlier for this flow. 
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In addition to examining the individual PDF plots for the flight and ground data, the next 

figure, Figure 7.11 is a plot of the maximum value of the [lIst mode of the PDF as a 

function of void fraction for both sets of data. 
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Figure 7.11 Maximum value of the first mode as a function of void fraction for the 
I-g and fl-g data. 

A mode of a PDF occurs whenever there is a local maximum in [(a). This means that a 

maximum value will occur in[(a) at some void fraction, aI, and all values near UI will be 

less than [(UI). More than one mode may exist, corresponding to each local maximum 

The [lIst mode is considered to be the greatest local maximum, the second mode is the 

next greatest local maximum, etc. Figure 7.11 only shows the [lIst mode as a function of 

void fraction. Figure 7.12 shows the RMS of the void fraction signal. The area under a 

PDF is equal to one. Therefore, for bubble and annular flow regimes where only one 

peak in the PDF occurs, a high value for the [lIst mode will imply a narrower fluctuation 
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in void fraction, i.e. a lower RMS. Conversely, a lower value for the fIrst mode will 

imply a higher RMS. 

0.25 

00 
~
cr:: 

0.20 

0.15 

0.10 

0.05 

e 

'
e. •: .. 
e • 4 

0 
0 A 

ta: 0 

A A OB-At 
A 16 AS-At 

• OS-A-At 

• f ~
°A-At 

• eB-Gnd
Itl .A, . .S-Gnd 

o AO. .C-Gnd•.# A,. .A-Gnd 

A A 0••• 
A • 

O~A 0 
A • 0 

A Of 
ii 

0.00 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

a 

Figure 7.12 RMS values as a function of void fraction for the 1-g and Jl-g data. 

The RMS of the void fraction signal was determined from: 

1 N 2 
RMS= -L(a-(a») , (7.7) 

N i=l 

where a and (a) are the instantaneous and mean void fraction values respectively, and N 

is the total number of samples. For the flight data, it can be seen from Figure 7.11 that 

the fIrst mode for the flight data is higher than the ground data, up to a void fraction of 

approximately 0.70. At a void fraction of 0.70 (which would represent the void fraction 

where inertia begins to dominate), the two data sets merge into each other. For void 

fraction values greater than 0.70, the I-g and the Jl-g results are almost identical. This 

same trend can be seen in Figure 7.12. At void fraction values less than 0.70 the RMS 
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values for the I-g data are higher than the Jl-g. This shows that there is a wider range of 

bubble sizes for I-g. As already stated, this could be attributed to the additional 

turbulence due to buoyancy, and the greater degree of turbulent eddies. The lower RMS 

values associated with the Jl-g data indicates that the bubble sizes are more uniform, 

which is also confrrmed from the high speed video images. In fact, bubbles in contact 

with each other are rarely seen to coalesce within the viewing section of the video. 

This uniform shaPe of the bubbles with essentially no slip between the two phases in the 

flow, accounts for the low RMS. For bubble flow at I-g, buoyancy forces exist which 

would ultimately introduce some additional turbulence. Coalescence is observed, and 

bubble sizes are no longer uniform. As a result, the void fraction varies more and is 

evident with the higher RMS value. Once a void fraction of 0.70 is reached, where 

inertia forces once again, become dominant, the spread in the RMS values for the I-g and 

Jl-g data are the same. The scatter seen in the void fraction at 0.70 could be due to the 

intermittent slugs associated with slug-annular transitional flow, and the degree of 

entrained bubbles in the slugs. As the highly inertia dominant annular flow is approached, 

the scatter in the RMS values decrease and the I-g and the Jl-g data collapse onto each 

other showing similar RMS values. 
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8. SUMMARY AND FUTURE WORK

8.1 SUMMARY OF CONCLUSIONS 

The material covered in this research is based on using a capacitance technique for 

measuring void fraction. The preceding work fIrst presented some of the common 

methods used to measure void fraction, which include: quick-closing valves, radiation 

techniques, conductance probes, and capacitive techniques. An in-depth look at the 

capacitive method and some of the common problems was presented. Using the 

capacitive method, void fraction measurements were obtained for water-air data collected 

at I-g and fl-g. The data was collected for flow in a vertical 9.525 mm (3/8") I.D. tube 

over a wide range of liquid and gas flow rates, covering a range of void fraction from 

approximately 0.10 to 0.90. Comparisons were made between the void fraction results 

collected at I-g and fl-g: from the average void fraction values, using probability density 

functions and a model which predicts the void fraction and flow profiles developed by 

Zuber and Findlay (1965), as well as the RMS value from the void fraction signal. A 

number of conclusions can be drawn from this work: 

1. Some of the tests which must be taken into consideration when using capacitive 

methods showed that: 

(a) Proper shielding was shown to protect the sensor against electro

magnetic noise by testing it in close proximity to this type of noise. 

120



(b) Conductance was found to diminish as measurement frequencies 

increased giving dominance to capacitance. 

(c) Capacitance was found to be affected by the purity of the water. Since 

the dielectric is made up of the two-phase flow, the components which make 

up the experimental test apparatus must be selected to minimize corrosion 

and degradation of the media. 

(d) Temperature was also found to have an effect on the measured 

capacitance for both sensors. Since the dielectric constant changes with 

temperature, its effect will depend not only on the media but on the 

materials used in constructing the sensors. 

(e) Although the superlicialliquid and gas velocities are steady-state, the 

fluctuating nature of two-phase flow requires that the sensor be short 

enough to measure the fluctuations that occur in the void fraction as the 

flow regimes change. 

2. In comparing the average void fraction obtained for the bubble flow regime at l-g 

and Jl-g it was found that for ex < 0.16 and VsgNsl < 0.1, the Jl-g void fraction was 

approximately 8 to 25 % higher. This could be attributed to a significant 

reduction in slip between the phases as well as the greater influence of surface 

tension under reduced gravity. For 0.16 < ex < 0.2 the difference decreases until 

the trend is reversed with the l-g data slightly higher, approximately 7 to 16 % 

higher. 
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3. The average void fraction values for slug flow were found to be higher for the J..l-g 

data, ranging from 3 to 35 %. This trend was consistent up to a void fraction of 

approximately 0.7 (which is approaching the transitional flow). 

4. The average values of void fraction for the transitional flow, slug-annular, and 

churn flows at J..l-g and 1-g resPectively, were found to be similar. The percent 

difference in the void fraction was less than the uncertainty of the measurement 

The similarities in void fraction could be attributed to the fact that inertia forces 

are becoming more dominant 

5. As with the transitional flow, the average values of void fraction for annular flow, 

both at 1-g and J..l-g were also similar. The difference in the void fraction was 

within ± 5 % which is within the uncertainty of the measurement. Similar void 

fraction values would be expected since inertia forces are now dominant. 

6. The distribution coefficient, Co, which takes into account the non-uniform 

distribution of the void fraction and flow was determined for the 1-g and J..l-g data. 

It was found that Co was 1.25 for the bubble and slug flow at J..l-g. From 

experimental data, Bousman (1995) obtained a value for Co of 1.27 which is in 

good agreement with the present results. At l-g, Co was found to be 1.165 for 

slug flow. These values for Co indicate that a flatter profile occurs at I-g. For the 

bubble flow regime at 1-g Co was < 1.0, i.e. 0.61, which agrees with the typical 

"saddle" shaPe void fraction profile present in vertical bubble flow. 

7. Average void fraction values for J..l-g conditions collected in the present study 

were compared to those of Bousman (1995) for each flow regime. The RMS of 
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ex was less than approximately ± 8 % for the bubble, slug and annular flows. 

Slug-annular was higher, at ± 15 %, but it is a transitional flow and is more 

"chaotic" than other regimes. 

8. The PDF's for bubble flow showed a much greater fluctuation in void fraction at 

I-g which ranged from approximately 0 < ex < 0.5, whereas, the void fraction at 

Jl-g showed a range from approximately 0.1 < ex < 0.2. The dominant forces for 

bubble flow at I-g are buoyancy, surface tension and turbulent stresses. Thus 

there would be a high degree of interaction between bubbles causing collisions 

and coalescence. At Jl-g the slip velocity is essentially zero resulting in 

suppressed turbulence and interactions between bubbles. 

9. The PDF's for slug flow also indicated a greater fluctuation in void fraction for 

the data collected at I-g. Fluctuations ranged from approximately 0 < ex < 0.75 

for I-g and only between approximately 0.3 < ex < 0.55 for the Jl-g data. 

10. As with the average void fraction values for slug-annular and chum flow, the 

PDF's were also found to be similar. Void fluctuations from approximately 0.5 to 

0.9 were observed for both 1-g and Jl-g flows. This could be attributed to the fact 

that inertia is. becoming the dominate force. 

11. The PDF's for annular flow were found to be similar for both I-g and Il-g flows. 

A vary narrow fluctuation from approximately 0.8 to 0.9 was observed. This 

would be expected since this is a highly inertia dominant flow. 
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12. From the void fraction signal RMS, it appears that the transitional flow begins at a 

void fraction of approximately 0.7. This is where inertia forces are becoming 

dominant. 

13. Video images were taken for both the I-g and Jl-g data. Flow regime maps which 

were plotted with supemcialliquid and gas velocities as well as in terms of the 

Weber number compared well with flow transition boundary lines developed by 

other researchers. 

14. A new concave plate capacitance sensor having a linear output and 10 times the 

sensitivity of the helical capacitance sensor was designed, built and tested with 

two-phase flow at I-g. 

8.2 FUTURE WORK 

Some additional work needs to be conducted in order to improve the comparisons for 

void fraction at I-g and Jl-g. 

1. Measurements at Jl-g need to be conducted with the newly designed concave 

plate capacitance sensor. This will allow stable, reliable measurements to be made 

in the bubble and slug-annular flow regimes where scatter in the data is the 

greatest. 

2. Due to the small tube diameter used for the test section, an alternative method 

should be employed to determine flow regime transitions. The new concave plate 

capacitor has proven to give reliable measurements throughout all flow regimes. 

Therefore, it is suggested that a shorter version of this sensor be built, so that the 
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averaging effect is minimized. A shorter sensor would then require modification 

to the DAS in order that higher sampling rates could be realized. 

3. Average void fraction measurements are not complete by themselves in that more 

information about the flow is needed. Gas velocity is an essential measurement 

when determining Co. A probe, (ideally a two-probe) method could be used. 

Bubble velocity can be determined by using cross-correlation between the probes. 

4. Since inertia dominant flows show similar results at I-g and at j.!-g, additional data 

needs to be obtained at j.!-g and I-g in the bubbly flow to slug transition regimes. 

With better instrumentation as listed above, accurate, repeatable data can be 

obtained and correlations derived which would then assist in void fraction 

prediction and equipment design. 

5. Re-sizing of the heat exchanger on the flight apparatus needs to be conducted so 

that fluid temperature can be held constant over the course of 40 parabolas. This 

will minimize the drift which occurs due to the changing permittivity of the fluid 

even with a small change in the incoming fluid temperature. 

6. Improvements need to be done with the pump/separator to control the liquid loss 

which occurs at high superficial gas velocities. This will provide better flow 

stability at these flow rates. 

125



REFERENCES

ADQ32; 1988 AID Converter Module Manual. Digital Equipment Corporation. 

ALBOUELWAFA, M.S.A.; & KENDALL, E.J.M.; 1979 Analysis and Design of 

Helical Capacitance Sensors for Volume Fraction Determination. Rev. Sci. 

lnstrum. Vol. 50, No.7, p. 872-878. 

AWWA RESEARCH FOUNDATION (a Cooperative Research Report); 1983 

Activated Carbon in Drinking Water Technology. American Water Works 

Association Research Foundation. Printed in the U.S. p 1-13. 

BARNEA, D.; & SHEMER, L.; 1989 Void Fraction Measurement in Vertical Slug 

Flow: Applications to Slug Characteristics and Transition. lnt. J. Multiphase 

Flow, Vol. 15, p. 495-504. 

BARNES, 1. WESLEY; 1994 Statistical Analysis For Engineers and Scientists A 

Computer-Based Approach. McGraw-Hill, Inc. New York. 

BENDAT, mLIUS S.; & PIERSOL, ALLAN G.; 1980 Engineering Applications of 

Correlation and Spectral Analysis. John Wiley & Sons, Inc., New York. 

BENDAT, mLIUS S.; & PIERSOL, ALLAN G.; 1971 Random Data: Analysis and 

Measurement Procedures. John Wiley & Sons, Inc., New York. 

BOUSMAN, SCOTT; 1995 Studies of Two-Phase Gas-Liquid Flow in Microgravity. 

NASA Contractor Report 19534. 

126



CHAN, A.M.C.; 1992 Void Fraction Measurements in Large Diameter Pipes with Thick 

Metal Walls or Complex Internal Geometries. ANS Proceedings, National Heat 

Transfer Conference, Vol. 6, Aug. 9-12, San Diego, California, p. 236-244. 

CHAN, A.M.C.; 1984 A Single-Beam Multi-Detector Gamma Densitometer for Void 

Fraction and Phase Distribution Measurements in Transient Two-Phase Flows. 

Measuring Techniques in Gas-Liquid Two-Phase Flow, Springer, Berlin

Heidelberg, p. 281-304. 

CHI, I.W.H.; & WHATLEY, V.; 1992 Non-Uniform Void Distributions in an Annular 

Channel with Air-Water Downflow. HTD-Vol. 197, Two-Phase Flow and Heat 

Transfer, ASME. p. 19-27. 

COLIN, C.; & FABRE, 1.; 1994 Gas-Liquid Pipe Flow Under Microgravity Conditions: 

Influence ofTube Diameter on Flow Patterns and Pressure Drops. International 

Heat Transfer Conference, Brighton, UK. 

COLIN, C.; FABRE, I.A.; & DUKLER, A.E.; 1991 Gas-Liquid Flow at Microgravity 

Conditions -- I. Dispersed Bubble and Slug Flow. Int. 1. Multiphase Flow Vol. 

17, p. 533-544. 

DAS, R.K.; & PATTANAYAK, S.; 1993 Electrical Impedance Method for Flow 

Regime Identification in Vertical Upward Gas-Liquid Two-Phase Flow. Meas. 

Sci. Technol. Vol. 4, p. 1457-1463. 

127



DAS, R.K.; & PATTANAYAK, S.; 1994 Bubble to Slug Flow Transition in Vertical 

Upward Two-Phase Flow Through Narrow Tubes. Chemical Engineering 

Science, Vol. 49, No. 13, p. 2163-2172. 

DOUNAN, JM; ZHENGnE, WANG; ZHENWAN, YU; & DONGMING, QUI; 1985 

Experimental Study of Void Fraction in Vertically Upward and Downward 

Liquid-Gas Two-Phase at Low Velocity. Two-Phase How and Heat Transfer: 

China-U.S. Progress, Hemisphere Publishing Corporation, Washington, DC. p. 

63-70. 

DUKLER, A.E.; FABRE, J.A.; McQUILLEN, J.B.; & VERNON, R.; 1988 Gas-Liquid 

Flow at Microgravity Conditions: Flow Patterns and Their Transitions. Int. J. 

Multiphase Flow, Vol. 14, No.4, p. 389-400. 

GAO, H.H.; ZHOU, F.D.; & CHEN, X.J.; 1985 Void Fraction Measurement Using the 

Conductance-Probe Technique in Air-Water Two-Phase Flow. Two-Phase How 

and Heat Transfer: China-U.S. Progress, Hemisphere Publishing Corporation, 

Washington, DC. p. 57-62. 

GERAETS, J.J.M.; & BORST, J.C.; 1988 A Capacitance Sensor for Two-Phase Void 

Fraction Measurement and Flow Pattern Identification. Int. J. Multiphase How, 

Vol. 14, p. 305-320. 

GREGORY, G.A.; & MATTAR, L.; 1973 An In-Situ Volume Fraction Sensor for Two

Phase Flows of Non-Electrolytes. Journal of Canadian Petroleum, Vol. 12-13, 

p.48-52. 

128



GROSSETETE, c.; 1995 Experimental Investigation and Preliminary Numerical 

Simulations of Void Profile Development in a Vertical Cylindrical Pipe. 

Proceedings of The 2nd International Conference on Multiphase Flow '95-Kyoto, 

Japan, April 3-7. 

HEERENS, WILLEM CHR.; 1986 Application of Capacitance Techniques in Sensor 

Design. J. Phys. E. Sci. Instrum. Vol. 19, p. 897-906. 

HEERENS, W.C.; & VERMEULEN, F.C.; 1975 Capacitance of Kelvin Guard-Ring 

Capacitors with Modified Edge Geometry. 1. Appl. Phys., Vol. 46, p. 2486

2488. 

HERRINGE, R.A.; & DAVIS, M.R.; 1974 Detection ofInstantaneous phase changes in 

Gas-Liquid Mixtures. 1. Phys. E: Sci. Instrum, Vol. 7, p. 807-812. 

HERRINGE, R.A.; & DAVIS, M.R.; 1976 Structural Development of Gas-Liquid 

Mixture Flows. J. Fluid Mech., Vol. 73, p. 97-123. 

HP 4284A IMPEDANCE METER; 1991 Operation Manual HP 4284A Precision LCR 

Meter 20 Hz - lMHz. 3rd Edition, Tokyo, Japan. 

HSU, YIH-YUN; GRAHAM, ROBERT W.; 1976 Transport Processes in Boiling and 

Two-Phase Systems. Hemisphere Publishing Corporation, McGraw-Hill Book 

Company, New York. 

HUANG, S.M.; STOTT, A.L.; GREEN, R.G.; & BECK, M.S.; 1988 Electronic 

Transducersfor Industrial Measurement ofLow Value Capacitances. J. Phys. E: 

Sci. Instrum, Vol. 21, p. 242-250. 

129



HUANG, S.M.; PLASKOWSKI, A.B.; XIE, C.G.; & BECK, M.S.; 1989 Tomographic 

Imaging of Two-Component Flow using Capacitance Sensors. J. Phys. E: Sci. 

Instrum, Vol. 22, p 173-177. 

HUCKERBY, SCOTT, C.; 1992 Two-Phase Liquid-Gas Flow Pattern Observations 

Under Microgravity Conditions. M.Sc. Thesis, Saskatoon, University of 

Saskatchewan. 

nANG, YIJUN.; 1992 Void Fraction Measurements in Vertical Co-current Upward and 

Downward Two-Phase Gas-Liquid Flow Using a Gamma Densitometer. M.Sc. 

Thesis, Saskatoon, University of Saskatchewan, p. 178-182. 

JONES, OWEN, C. Jr.; ABUAF, N.; ZIMMER, A.; & FEIERABEND, T.; 1981 Void 

Fluctuation Dynamics and Measurement Techniques. "Two-Phase Flow 

Dynamics" , BERGLES, ARTHUR E., ISHIGAI, SEIKAN, McGraw-Hill 

International Book Company, Washington, p. 145-163. 

JONES, OWEN, C. Jr.; & ZUBER, NOVAK.; 1975 The Interrelation Between Void 

Fraction Fluctuations and Flow Patterns in Two-Phase Flow. Int. 1. Multiphase 

Flow, Vol. 2, p. 273-306. 

KAMP, A.; COLIN, C.; FABRE, J.; 1993 Bubbly Flow in a Pipe: Influence of Gravity 

upon Void and Velocity Distributions. 3rd World Conference on Experimental 

Heat Transfer, Fluid Mechanics and Thennodynamics, Honolulu, Hawaii, Oct. 30 

- Nov. 5. 

130



KENNEDY, JOHN B.; & NEVILLE, ADAM M.; 1986 Basic Statistical Methods for 

Engineers and Scientists. 3rd Ed., Harper and Row, New York. 

KESKA, JERRY K.; FERNANDO, ROHAN D., & HAMER, MATfHEW T.; 1992 

Experimental Study of Temporal Fluctuation of Physical Parameters in an Air

Water Two-Phase Flow in a Small Horizontal Square Channel Based on the In

Situ Measurement of Concentration with a Computer Based System. ANS 

Proceedings, National Heat Transfer Conference, Vol. 6, Aug 9-12, San Diego, 

California. 

KLUG, F.; & MAYINGER, F.; 1993 Novel Impedance Measuring Technique for Flow 

Composition in Multi-Phase-Flows. ANS Proceedings, National Heat Transfer 

Conference, Vol. 7, Aug. 8-11, Atlanta, Georgia, p. 76-83. 

KOCAMUSTAFAOGULLARI, G.; & WANG, Z.; 1991 An Experimental Study on 

Local Interfacial Parameters in a Horizontal Bubbly Two-Phase Flow. Int. 1. 

Multiphase Flow, Vol. 17, No.5, p. 553-572. 

KOTZ, JOHN C.; & PURCELL, KEITH F.; 1987 Chemistry & Chemical Reactivity. 

Saunders College Publishing, Philadelphia. 

LAU, VINCENT W.W.; 1993 Pressure Drop and Flow Patterns During Upward and 

Downward Two-Phase Water-Air Flow in Vertical Tubes. M.Sc. Thesis, 

Saskatoon, University of Saskatchewan, p. 31-42. 

131



LI, HAIQING; ZHOU, ZEQUI; & HU, CHIYING; 1992 Measurement and Evaluation 

o/Two-Phase Flow Parameters. IEEE Transactions on Instrum. and Meas., Vol. 

41, No.2, p.298-303. 

LIDE, DAVID R.; 1992-1993 CRC Handbook of Chemistry and Physics. 73rd Edition. 

CRC Press, Boca Raton. 

MASUDA, YOSHIHARU; NISHIKAWA, MANABU; & ICHIJO, BUNJIRO; 1980 

New Methods of Measuring Capacitance and Resistance of Very High Loss 

Materials at High Frequencies. IEEE Transactions on Instrum. and Meas., Vol. 

IM-29, No.1, p.28-36. 

MATUSZKIEWICZ, A.; FLAMAND, J.C.; & BOURE, lA.; 1987 The Bubble-Slug 

Flow Pattern Transition and Instabilities 0/ Void Fraction Waves. Int. l 

Multiphase Flow, Vol. 13, p. 199-217. 

McMULLEN, CHARLES W.; 1968 Communication Theory Principles. The MacMillan 

Company, New York. 

OMEGA ENGINEERING INC.; 1993 Ultra-Low Flow Sensor. Operator's Manual, 

Stamford, CT. 

PETRICK, M.; 1962 A Study o/Vapour Carryunder and Associated Problems. ANL

6581, July 1962, Argonne Nat. Lab., Report ANL-6581. 

POWELL, SHEPPARD T.; 1954 Water Conditioning for Industry. McGraw-Hill Book 

Company, Inc., New York, p. 169-183. 

132



REZKALLAH, K.S.; 1986 Heat Transfer in Hydrodynamics in Two-Phase Two

Component Flow in a Vertical Tube. Ph. D. Dissertation, Winnipeg, University 

of Manitoba. 

REZKALLAH, K.S.; & ZHAO, LITONG; 1995 Flow Pattern Map for Two-Phase 

Liquid-Gas Flows Under Reduced Gravity Conditions. J. Advances in Space 

Research, Vol. 16, No.7, p. 133-136. 

RITE, RAYMOND W.; 1995 Heat Transfer in Gas-Liquid Flows Through a Vertical 

Circular Tube Under Microgravity Conditions. Ph. D. Thesis, Saskatoon, 

University of Saskatchewan. 

RITE, RAYMOND W.; & REZKALLAH, K.S.; 1995 New Heat Transfer Data for 

Two-Phase, Gas-Liquid Flows Under Microgravity Conditions. Int. J. 

Multiphase Flow (SPecial Issue), (in press). 

SCHROCK, V.E.; 1969 Radiation Attenuation Techniques in Two-Phase Flow 

Measurements. 11th National ASME/AICHE Heat Transfer. Conference, ASME 

Heat Transfer Division. 

SEARS, FRANCIS W.; ZEMANSKY, MARK W.; & YOUNG, HUGH D.; 1982 

University Physics. 6th Ed., Addison-Wesley Publishing Company, New York. 

SERIZAWA, AKIMI; KATAOKA, ISAO; & MICHIYOSHI, ITARU; 1975 Turbulence 

Structure of Air-Water Bubbly Flow -I. Measuring Techniques. Int. J. 

Multiphase Flow, Vol. 2, p. 221-233. 

133



SHU, MING T.; WINBERGER, CHARLES B.; & LEE, YOUNG H.; 1982 A Simple 

Capacitance Sensor for Void Fraction Measurement in Two-Phase Flow. Ind. 

Eng. Chern. Fundam., Vol. 21, p.175-181. 

SIEMENS, GREGORY; 1992 Design, Construction and Testing of a Capacitive Void 

Fraction Sensor for Use in Two Component, Two-Phase Flow. Saskatoon, 

University of Saskatchewan, Not published. 

TAYLOR, FRED; & SMITH, STEVE L.; 1976 Digital Signal Processing in 

FORTRAN. Lexington Books, D.C. Heath and Company, Lexington, 

Massachusetts. 

TEAC INSTRUCTION MANUAL; XR-310/510 Cassette Data Recorder. TEAC 

Corporation, Japan. 

TEYSSEDOU, A.; & TAPUCU, A.; 1988 Impedance Probe to Measure Local Void 

Fraction Profiles. Rev. Sci. Instrum. Vol. 59 No.4, p. 631-638. 

WEISMAN, 1.; DUNCAN, D.; GIBSON, 1.; & CRAWFORD, T.; 1979 Effects of Fluid 

Properties and Pipe Diameter on Two-Phase Flow Patterns in Horizontal Lines. 

Int. J. Multiphase Flow, Vol. 5, p. 437-462. 

ZHAO, L.; & REZKALLAH, K.S.; 1993 Gas-Liquid Flow Patterns at Microgravity 

Conditions. Int. 1. Multiphase Flow, Vol. 19, No.5, p. 751-763. 

ZUBER, N.; & FINDLAY, J.A.; 1965 Average Volumetric Concentration in Two-Phase 

Flow Systems. Journal of Heat Transfer, Trans. ASME, Series C, Vol. 87, No.2, 

p.453-468. 

134



Appendix A VOID FRACTION TABULATION 

Table A.l Flight 3 and ground 3 data showing flow rates, gravity level for flight 
data, average void fraction and flow regime. gz = 1 for the ground data. 

Flight GroundVsl Vt!fl. Normalized Ave. How Vsl Vt!fl. Ave. How 
Parabola Parabola(m/s) (m/s) Gravity gz ex. Regime (m/s) (m/s) ex. Regime 
94F3P34 2.527 0.193 0.0098 0.106 B 94G3P35 2.496 0.234 0.095 B 
94F3P33 2.526 0.144 0.0049 0.108 B 94G3P33 2.485 0.135 0.097 B 
94F3P35 2.496 0.244 0.0002 0.117 B 94G3P34 2.479 0.194 0.098 B 
94F3P32 2.479 0.093 0.0101 0.118 B 94G3P32 2.486 0.095 0.099 B 
94F3P27 1.485 0.144 0.0004 0.120 B 94G3P36 2.489 0.294 0.112 B 
94F3P28 1.468 0.194 -0.0011 0.126 B 94G3P27 1.508 0.136 0.132 B 
94F3P37 2.471 0.393 0.0191 0.126 B 94G3P37 2.499 0.394 0.136 B 
94F3P36 2.523 0.294 -0.0167 0.127 B 94G3P22 0.844 0.094 0.141 B 
94F3P22 0.859 0.091 0.0423 0.139 B 94G3P26 1.107 0.096 0.142 B 
94F3P29 1.513 0.293 0.0044 0.140 B 94G3P28 1.356 0.195 0.144 B 
94F3P23 0.697 0.142 0.0066 0.152 B 94G3P29 1.504 0.294 0.156 B 
94F3P24 0.752 0.193 -0.0001 0.165 B 94G3P23 0.669 0.134 0.177 B 
94F3P26 1.055 0.095 -0.0009 0.165 B 94G3P24 0.754 0.194 0.185 S 
94F3P30 1.247 0.393 -0.0051 0.178 B 94G3P30 1.253 0.394 0.192 S 
94F3P25 0.899 0.393 -0.0035 0.218 B 94G3P12 0.246 0.093 0.205 S 
94F3P12 0.254 0.092 -0.0270 0.386 S 94G3P25 0.888 0.393 0.282 S 
94F3P17 0.375 0.194 -0.0079 0.390 S 94G3P17 0.374 0.195 0.288 S 
94F3P18 0.416 0.342 0.0012 0.415 S 94G3P13 0.243 0.193 0.363 S 
94F3P13 0.244 0.194 -0.0029 0.437 S 94G3P18 0.431 0.344 0.391 S 
94F3P7 0.119 0.193 0.0040 0.555 S 94G3P6 0.101 0.135 0.405 S 
94F3P6 0.098 0.144 0.0051 0.562 S 94G3P7 0.101 0.193 0.483 S 

94F3P14 0.229 0.343 0.0056 0.620 S 94G3P14 0.229 0.344 0.505 S 
94F3P19 0.278 0.492 -0.0136 0.662 S 94G3P19 0.290 0.493 0.567 S 
94F3P15 0.243 0.642 0.0292 0.690 S 94G3P8 0.102 0.393 0.628 S 
94F3PIO 0.100 0.792 0.0028 0.713 S 94G3P15 0.238 0.642 0.636 S 

94F3P8 0.100 0.392 -0.0010 0.727 S 94G3P20 0.275 0.694 0.649 S 
94F3P20 0.264 0.692 0.0050 0.736 S 94G3P9 0.099 0.593 0.676 S 
94F3P9 0.106 0.591 0.0079 0.773 S 94G3PIO 0.100 0.793 0.708 S 
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Table A.2 Flight 4 and ground 4 data showing flow rates, gravity level for flight 
data, average void fraction and flow regime. gz =1 for the ground data. 

Flight Vs1 VSfl. Nonnalized Ave. Flow Ground Vs1 VSfl. Ave. Flow 
Parabola (m/s) (m/s) Gravity gz ex. Regime Parabola (m/s) (m/s) ex. Regime 
94F4P13 0.119 1.959 0.0014 0.571 S 94G4P24 0.217 2.465 0.675 S 
94F4P23 0.198 1.467 -0.0008 0.600 S 94G4P13 0.099 1.963 0.689 S 
94F4P12 0.125 0.963 0.0108 0.657 S 94G4P22 0.197 0.962 0.704 S 
94F4P22 0.193 0.962 -0.0025 0.724 S 94G4P12 0.103 0.962 0.713 S 
94F4P25 0.216 3.458 0.0085 0.633 S-A 94G4P23 0.196 1.466 0.739 S 
94F4P24 0.208 2.458 0.0130 0.633 S-A 94G4P14 0.130 3.960 0.665 C 
94F4P14 0.119 3.967 0.0050 0.707 S-A 94G4P25 0.215 3.452 0.673 C 
94F4P27 0.158 9.942 -0.0017 0.813 A 94G4P27 0.155 9.926 0.833 A 
94F4P18 0.121 13.914 0.0095 0.872 A 94G4P18 0.095 13.927 0.881 A 
94F4P20 0.102 17.906 0.0043 0.931 A 94G4P29 0.131 13.920 0.896 A 
94F4P29 0.144 14.027 0.0180 0.931 A 94G4P20 0.094 17.922 0.925 A 
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Table A.3 Flight 5 and ground 5 data showing flow rates, gravity level for flight 
data, average void fraction and flow regime. gz =1 for the ground data. 

Flight Vs1 VSfl, Normalized Ave. How Ground Vs1 VSfl, Ave. How 
Parabola (m/s) (m/s) Gravity gz ex Regime Parabola (m/s) (m/s) ex Regime 
94F5P32 1.519 0.767 0.0048 0.312 S 94G5P32 1.501 0.773 0.267 S 
94F5P33 10411 1.466 0.0251 00467 S 94G5P33 1.396 1.470 0.446 S 
94F5P22 0.908 0.964 -0.0004 00495 S 94G5P22 0.924 0.968 00454 S 
94F5P34 1.601 1.962 0.0036 0.515 S 94G5P34 1.598 1.969 00474 S 
94F5P23 0.818 1.463 0.0260 0.578 S 94G5P23 0.820 1.431 0.580 S 
94F5P24 0.895 1.957 0.0034 0.590 S 94G5P24 0.897 1.968 0.615 S 
94F5P14 0.318 20459 0.0218 0.590 S 94G5P12 00400 0.966 0.628 S 

94F5P3 0.070 0.960 -0.0008 0.608 S 94G5P35 1.495 3.977 0.653 S 
94F5P5 0.073 1.956 0.0120 0.642 S 94G5P14 0.291 20411 0.667 S 

94F5P12 00404 0.963 0.0121 0.671 S 94G5P5 0.075 1.959 0.669 S 
94F5P2 0.086 0.558 0.0370 0.740 S 94G5P2 0.076 0.560 0.687 S 

94F5P15 0.526 30435 0.0171 0.562 S-A 94G5P3 0.079 0.963 0.742 S 
94F5P25 0.685 3.954 0.0264 0.637 S-A 94G5P25 0.695 3.968 0.665 C 
94F5P35 1.517 3.951 0.0059 0.638 S-A 94G5P38 0.765 5.930 0.686 C 
94F5P16 0.394 6.972 0.0070 0.682 S-A 94G5P15 0.527 3.396 0.687 C 
94F5P38 0.751 6.011 0.0117 0.697 S-A 94G5P36 0.748 6.934 0.713 C 
94F5P36 0.754 7.069 0.0137 0.714 S-A 94G5P16 0.397 6.922 0.721 C 
94F5P40 1.562 8.157 0.0181 0.733 S-A 94G5P40 1.518 8.161 0.792 C 
94F5P30 0.559 8.839 0.0250 0.756 S-A 94G5P30 0.611 8.777 0.753 A 
94F5P29 0.613 11.916 0.0330 0.824 S-A 94G5P29 0.540 11.958 0.827 A 

94F5P9 0.072 13.913 0.0222 0.875 A 94G5P19 0.270 13.885 0.886 A 
94F5P19 0.265 13.981 0.0147 0.885 A 94G5P9 0.074 13.917 0.887 A 
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Table A.4 Microgravity bubble and bubble-slug flow data from Bousman (1995) 
for air/water in a horizontal 12.7 mm ID tube. 

Run Flow Vsg(m!s) Vs1 (m!s) j (m/s) ~ a 
Pattern 

83.320 B 0.487 0.8050 1.292 0.377 0.303 
85.200 B 0.109 0.5040 0.613 0.178 0.162 
87.220 B 0.312 0.5320 0.844 0.370 0.313 
87.300 B 0.362 0.8070 1.169 0.310 0.283 
90.200 B 0.118 0.8060 0.924 0.128 0.113 
45.100 B-S 0.220 0.1770 0.397 0.554 0.402 
60.100 B-S 0.114 0.1010 0.215 0.530 0.431 
64.200 B-S 0.182 0.3400 0.522 0.349 0.297 
65.300 B-S 0.597 0.8610 1.458 0.409 0.375 
81.120 B-S 0.118 0.2040 0.322 0.366 0.312 
89.100 B-S 0.576 0.5190 1.095 0.526 0.488 
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Table A.5 Microgravity slug flow data from Bousman (1995) for air/water in a 
horizontal 12.7 mm In tube. 

Run Flow Vsg (m/s) Vs1 (m/s) j (m/s) J3 a 
Pattern 

32.100 S 0.430 0.0720 0.502 0.857 0.617 
58.100 S 1.110 0.2030 1.313 0.845 0.660 
58.220 S 0.396 0.0820 0.478 0.828 0.652 
59.200 S 0.506 0.2070 0.713 0.710 0.610 
65.100 S 0.360 0.1430 0.503 0.716 0.554 
65.200 S 0.589 0.3350 0.924 0.637 0.506 
66.200 S 1.154 0.3410 1.495 0.772 0.600 
67.120 S 0.900 0.1040 1.004 0.896 0.652 
67.200 S 0.202 0.0550 0.257 0.786 0.546 
67.300 S 1.118 0.8780 1.996 0.560 0.491 
68.300 S 0.770 0.6010 1.371 0.562 0.497 
69.320 S 1.674 0.5810 2.255 0.742 0.586 
81.320 S 0.981 0.5270 1.508 0.651 0.600 
83.220 S 0.291 0.2030 0.494 0.589 0.504 
84.120 S 0.345 0.0650 0.410 0.841 0.677 
85.300 S 2.034 0.7920 2.826 0.720 0.603 
86.120 S 1.244 0.1970 1.441 0.863 0.690 
86.220 S 0.624 0.2030 0.827 0.755 0.704 
86.320 S 1.205 0.7890 1.994 0.604 0.552 
91.100 S 2.180 0.5150 2.695 0.809 0.668 
144.500 S 0.987 0.1210 1.108 0.891 0.728 
155.100 S 2.099 0.1100 2.209 0.950 0.760 
155.200 S 2.103 0.0690 2.172 0.968 0.770 
155.300 S 1.089 0.0710 1.160 0.939 0.674 
155.400 S 0.533 0.0710 0.604 0.882 0.705 
155.500 S 1.071 0.5260 1.597 0.671 0.618 
155.600 S 0.543 0.5300 1.073 0.506 0.509 
156.100 S 2.100 0.1920 2.292 0.916 0.727 
156.200 S 1.075 0.1930 1.268 0.848 0.708 
156.300 S 0.536 0.1950 0.731 0.733 0.648 
156.400 S 1.064 0.1130 1.177 0.904 0.741 
156.500 S 5.460 0.1130 5.573 0.980 0.703 
156.600 S 2.059 0.5300 2.589 0.795 0.667 
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Table A.6 Microgravity annular flow data from Bousman (1995) for air/water in a 
horizontal 12.7 mm In tube. 

Run Flow Vsg (m/s) Vs1 (m/s) hmean h stdev 
Pattern (mm) (mm) 

87.100 A 4.690 0.0600 0.640 0.260 
143.300 A 5.480 0.0700 0.680 0.350 
82.120 A 10.070 0.0700 0.510 0.230 

144.400 A 10.440 0.0700 0.500 0.210 
141.200 A 10.830 0.0800 0.500 0.190 
142.100 A 15.660 0.0700 0.410 0.130 
144.100 A 25.080 0.0700 0.310 0.070 
143.100 A 26.180 0.0700 0.250 0.040 
142.500 A 5.280 0.1300 0.820 0.430 
143.400 A 5.380 0.1200 0.740 0.390 
142.400 A 10.300 0.1300 0.590 0.260 
141.300 A 10.400 0.1200 0.660 0.230 
141.500 A 15.670 0.1200 0.530 0.150 
142.200 A 15.680 0.1100 0.460 0.160 
144.200 A 25.450 0.1100 0.350 0.080 
143.200 A 25.500 0.1100 0.290 0.060 
90.100 A 3.990 0.2000 0.920 0.460 
143.500 A 5.290 0.2100 0.910 0.440 
141.400 A 10.330 0.2100 0.770 0.270 
142.300 A 15.180 0.2000 0.580 0.190 
141.100 A 24.750 0.2000 0.410 0.070 
143.600 A 5.110 0.5500 1.100 0.540 
81.220 A 9.230 0.5100 0.880 0.350 
141.600 A 9.260 0.5500 
144.600 A 10.010 0.5400 0.860 0.320 
142.600 A 22.430 0.5000 0.550 0.150 
144.300 A 23.520 004000 0.500 0.120 
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Appendix B FLOW REGIMES 

Besides showing the typical flow regimes encountered during I-g and J.l-g conditions, the 

figures shown below correspond to the data listed in Table 7.1. The data listed in Table 

7.1 was used to compare the average void fraction values for each of the flow regimes. 

In addition, the same data was used in the PDP statistical analysis for each regime 

presented in Chapter 7. 

(a) (b) (c) (d) (e) (D
94F3P29 94G3P29 94F3P13 94F5P2494G3P13 94G5P24

VSg = 0.293 m/s Vsg = 0.294 m/s Vsg = 0.194 m/s VSg = 0.193 rnIs VSg = 1.957 m/s VSg = 1.968 m/s 
Vs1 = 1.513 m/s Vs1 = 1.504 m/s Vs1 = 0.244 mls Vs1 = 0.243 m/s Vs1 = 0.895 m/s Vs1 = 0.897 mls 

a=0.14 a = 0.16 a= 0.44 a = 0.36 a= 0.59 a = 0.62 
Bubble Bubble Slug Slug Slug Slug 
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(g) (h) (i) U) (k) (1)
94F5P5 94G5P5 94F3P10 94G3P10 94F5P16 94G5P16

VSg = 1.956 m/s VSg = 1.959 m/s VSg = 0.792 m/s VSg = 0.793 m/s Vsg = 6.972 m/s Vsg = 6.922 m/s
Vs1 = 0.073 m/s Vs1 = 0.075 m/s Vs1 = 0.100 m/s Vs1 = 0.100 m/s Vs1 = 0.394 m/s Vs1 = 0.397 m/s

a= 0.64 a= 0.67 a = 0.71 a = 0.71 a= 0.68 a=0.72
Slug Slug Slug Slug Slug-Annular Churn
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(m) (n) (0) (p) 
94F5P16 94G5P16 94F5P9 94G5P9 

VSg =6.972 m/s VSg =6.922 m/s Vsg =13.913 m/s VSg =13.917 m/s
Vs1 = 0.392 m/s Vs1 = 0.397 m/s Vs1 = 0.072 m/s = 0.074 m/sVs1 

a= 0.68 a = 0.72 a=0.88 a= 0.88 
Slug-Annular Churn Annular Annular 

Figure B.I Typical flow patterns for bubbly to annular flow for the l-g and fl-g 
runs. 

Note: The figures are referenced to the data collection by: first the year, then the flight or 

ground number, and finally the parabola number. 
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Appendix C CALIBRATION OF INSTRUMENTATION 

C.1 LIQUID FLOWMETERS 

The specifications for two OMEGA® (1993) turbine flowmeters used to measure the 

liquid flow rates are listed in Table C.1. The flowmeters utilize an infrared electro-optical 

transmitter. Output is in the form of a square wave signal. Calibrations were carried out 

in the laboratory by weighing the mass flow for a given time period and relating the mass 

flow rate to the voltage output. 

Table e.l Specifications for the OMEGA FrB602 and the FrB603 turbine 
flowmeters. 

Accuracy 
Repeatability 
Linearity 
Viscosity Range 
Working Pressure 
Ambient Temperature 
Wetted Material 
Power Supply 
How Range: 

FfB602 
FfB603 

Pressure drop: 
FfB602 
FfB603 

±1 % of reading 
± 0.1 % of reading 
± 1% of reading 
1-15 centistokes 
150 psig at 175 OP 
-40 OF to +185 OP 
PVDF 
5-18 VDC, 6-33 rnA 

0.3-9 LPM 
0.5-15 LPM 

23.2 psid 
23.1 psid 

The calibrations for the FfB602 and FTB603 were: 
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Q. =2.0579xl0-5 YDC, (C.l) 

and, 

Q. = 5.0003 X 10-5 YDC (C.2) 

respectively, where Q. is the liquid flow rate. 

C.2 GAS FLOWMETERS 

Two MKS mass controllers were used to control the air flow. The controllers are factory 

calibrated with nitrogen at standard conditions. The output is then a nitrogen equivalent 

flow where conversion factors are necessary for some gas flows other than nitrogen. 

(The conversion factor for air is 1.0.) The MKS mass controllers used in this study were 

the 20 SLM and the 100 SLM. To convert the measured flow rate to the actual flow 

rate, the perfect gas law was used: 

(C.3)

where, Qg is the actual gas flow, Po and To are the standard pressure and temperature, Pg 

and Tg are the inlet pressure and temperature of the gas and Qm is the measured flow rate. 

The calibrations for the MKS 20 SLM and the 100 SLM were: 

Qg = 6.6653 x 10-5 YDC (C.4) 

and, 

Qg = 3.3326 x 10-4YDC, (C.5) 

respectively. The performance specifications are listed in Table C.2. 
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Table C.2 Specifications for the MKS 20 SLM and 100 SLM mass flow controllers. 

Full Scale Nitrogen Equivalent Ranges 20,100 SLM
Control Range 1.0 - 100% of F.S.
Accuracy (include. non-linearity) ±1.0% of F.S.
Resolution (measurement) 0.1% ofF.S.
Temperature Coefficients

Zero < 0.05% of F.S.fC (500 ppm) 
Span < 0.10% of ReadingfC (1000 ppm)

Operating Temperature Range 15°-40°C
Maximum Inlet Pressure 150 psig
Pressure Coefficient 0.005% of Reading/psi
Minimum Pressure Drop 11 Torr at atmosphere (0.2 psi)

It was impossible to calibrate the mass controllers in the laboratory due to the controlled 

environment required. Although nitrogen was readily available, the calibration must be 

conducted at standard temperature, 273.15 K, and standard pressure, 760 mmHg (14.7 

psi.). Therefore, calibrations were confirmed with the use of orifice plates with known 

discharge coefficients. The flow rate through an orifice can be found from: 

(C.6) 

where, CD is the discharge coefficient, A is the cross-sectional area of the orifice, Lip is 

the pressure drop across the orifice, go is the acceleration due to gravity and p is the 

density of the air passing through the orifice. Using this method, it was found that the 

percent difference between the flow through the orifice and the 20 SLM and 100 SLM 

mass controllers was approximately ±3 to 4 %. 
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It should be noted that in using Equation C.6, the assumptions were that the flow was 

steady-state, inviscid and incompressible. For this to be true, the dynamic pressure must 

not be much larger than the static pressure, otherwise there will be a large density change. 

For isentropic (Le. reversible adiabatic process) compressible flow of a perfect gas, the 

equation relating the upstream condition to the stagnation point, labeled (1) and (2) 

respectively is given as: 

(c.?) 

where the elevation between points (1) and (2) is zero, p is the pressure, k is the specific 

heat ratio, and Ma is the Mach number. The Mach number can be found from: 

(C.8)

where V is the fluid velocity, R is the gas constant, and T is the temperature of the gas. 

For incompressible flow and no elevation change, the Bernoulli equation: 

(C.9)

can be written as: 

By dividing through by PI and using the perfect gas law, PI = pRTt, as well as 

Mal = ~, gives a relationship for incompressible flow: 
kRTl 

(C.ll) 
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The results for compressible and incompressible flow, Equations C.7 and C.II 

respectively, are shown in Figure C.I with the tabulated data listed in Table C.3. 

0.40 -r
~

~ Compressible Flow Equation C.7 0.35 0 
~

o Incompressible Flow Equation C.ll0.30 0 

0c: 0.25 
~

.--- 8c: 0.20 ~

• 8N 

-e 0.15 8 
00.10 + 

0 
0

0.05 0 
0 

- 0• f) I I I0.00 I I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Mal 

Figure C.I Comparison between compressible and incompressible flow equations. 

For a Mach number < 0.3 the percent difference between the compressible and 

incompressible equations is < 2 %. A typical example for standard air (l5°C) and a Mach 

number of 0.3, would result in a velocity of: 

(C. 12)VI =.JkRTI Ma =[ 1.4(286.9 k;K}288.l5K)}.3=102 m/s. 

The largest mass flow rate with the mass flow controllers was approximately 20 mls. 

Therefore, the assumptions of the flow being steady-state, inviscid and incompressible is 

acceptable and Equation C.6 can be used. 
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Table C.3 Tabulated data for comparing compressible and incompressible flow 
equations. 

Ma Compressible Flow Incompressible Flow % 
(Prpt)/pl (P2-PI)/pl difference 

0 0 0 0 
0.05 0.001751 0.001750 0.06 
0.10 0.007018 0.007000 0.25 
0.15 0.01584 0.01575 0.56 
0.20 0.0283 0.0280 0.99 
0.25 0.0444 0.0438 1.55 
0.30 0.0644 0.0630 2.22 
0.35 0.0884 0.0858 3.01 
0.40 0.117 0.112 3.91 
0.45 0.149 0.142 4.91 
0.50 0.186 0.175 6.02 
0.55 0.228 0.212 7.23 
0.60 0.276 0.252 8.53 
0.65 0.328 0.296 9.92 
0.70 0.387 0.343 11.39 

The data comparing the flow rates at the orifice to the output of the mass controllers is 

shown in Tables C.4 and C.5. It can be seen that the comparison between the orifice and 

the expected values are approximately ±3 to 4 %. 
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Table C.4 Verification of the calibration of the 20 SLM MKS mass flow controller 
using a 5.0 mm orifice plate, serial number 100. 

Flowmeter Pressure Drop Orifice Flow Expected Flow Error 
Output Orifice Rate Rate 

(% of Full Scale) (in. water) Qlmin) Qlmin) (%) 
10 0.019 1.88 2.0 6.1 
20 0.080 3.91 4.0 2.2 
30 0.187 5.97 6.0 0.6 
40 0.343 8.08 8.0 -1.0 
50 0.551 10.23 10.0 -2.3 
60 0.797 12.31 12.0 -2.6 
70 1.099 14.45 14.0 -3.2 
80 1.439 16.54 16.0 -3.4 
90 1.826 18.63 18.0 -3.5 
100 2.267 20.76 20.0 -3.8 
95 2.042 19.71 19.0 -3.7 
85 1.625 17.58 17.0 -3.4 
75 1.261 15.48 15.0 -3.2 
65 0.944 13.40 13.0 -3.0 
55 0.673 11.31 11.0 -2.8 
45 0.443 9.17 9.0 -1.9 
35 0.260 7.03 7.0 -0.4 
25 0.128 4.94 5.0 1.2 
15 0.043 2.87 3.0 4.3 
5 0.005 0.94 1.0 6.1 

150



Table C.5 Verification of the calibration of the 100 SLM MKS mass flow controller 
using a 7.5 mm orifice plate, serial number 101. 

Flow meter Pressure Drop Orifice Flow Expected Flow Error 
Output Orifice Rate Rate 

(% of Full Scale) (in. water) Qlmin) Qlmin) (%) 
5 0.026 4.91 5.0 1.9 
10 0.107 9.95 10.0 0.5 
15 0.247 15.12 15.0 -0.8 
20 0.442 20.23 20.0 -1.2 
25 0.702 25.50 25.0 -2.0 
30 1.016 30.67 30.0 -2.2 
35 1.388 35.85 35.0 -2.4 
40 1.816 41.01 40.0 -2.5 
45 2.302 46.17 45.0 -2.6 
50 2.848 51.36 50.0 -2.7 
55 3.395 55.50 55.0 -0.9 
60 4.031 60.48 60.0 -0.8 
65 4.730 65.51 65.0 -0.8 
70 5.460 70.38 70.0 -0.5 
75 6.276 75.46 75.0 -0.6 
80 7.102 80.27 80.0 -0.3 
85 8.015 85.27 85.0 -0.3 
90 8.950 90.11 90.0 -0.1 
95 9.938 94.96 95.0 0.0 
95 9.965 95.08 95.0 -0.1 
90 8.960 90.16 90.0 -0.2 
85 7.995 85.17 85.0 -0.2 
80 7.093 80.22 80.0 -0.3 
75 6.258 75.35 75.0 -0.5 
70 5.466 70.42 70.0 -0.6 
65 4.743 65.60 65.0 -0.9 
60 4.044 60.57 60.0 -1.0 
55 3.395 55.50 55.0 -0.9 
50 2.810 50.49 50.0 -1.0 
45 2.302 46.17 45.0 -2.6 
40 1.815 41.00 40.0 -2.5 
35 1.389 35.87 35.0 -2.5 
30 1.015 30.66 30.0 -2.2 
25 0.705 25.55 25.0 -2.2 
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C.3 ABSOLUTE PRESSURE TRANSDUCER 

A VALIDYNE absolute pressure transducer was used to measure the absolute pressure 

for the two-phase flow. The transducer consists of a magnetically permeable diaphragm 

which is separated by two inductance coils. As the diaphragm is deflected due to 

pressure, the inductance in one coil increases and the other decreases. An AC bridge 

circuit provides output in the form of a DC signal, indicating pressure polarity and 

magnitude. The specifications for the Validyne P305A absolute pressure transducer are 

listed in Table C.6. 

Table C.6 Specifications for the Validyne P30SA absolute pressure transducer. 

Range 
Accuracy 

Overpressure 

Pressure Media 

Excitation 
Signal Output 
Zero Balance 
Operating Temperature 
Temperature Error 
Frequency Response 
Output Noise 

0-60 psia 
± 0.5% F.S. incl. linearity, hysteresis, and 
repeatability. 
20 psia, or 200% FS whichever is greater, with 
< 0.5% zero shift 
Fluids compatible with Type 410 Stainless 
Steel and Inconel 
10.8 to 32 VDC @ 8.0 rnA nominal 
0-5 VDC F.S. @ 0.5 rnA 
< 0.1 VDC, Adjustable ±1VDC 
-65OP to + 250 OP 
< 2% F.S./100OP 
0-200 Hz flat ±1 db for electronics 
~ 5mVRMS 

The calibration for the Validyne P305A absolute pressure transducer was: 

P =82.937VDC + 0.028. (C.13) 
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C.4 IMPEDANCE METER MEASUREMENT ACCURACY 

Details on the operation of the HP 4284A Impedance meter can be found in the 

Operation Manual (1991). The relative measurement accuracy for the HP 4284A 

impedance meter includes; stability, temperature coefficient, linearity, repeatability and 

calibration interpolation error. The relative capacitance accuracy, Ae is given as: 

(C. 14) 

where the equation factors are dermed as follows: A is the basic accuracy, Ka and K., are 

impedance proportional factors, Kaa, Ktt, and K<t are cable length factors, Kc is a 

calibration interpolation factor, and Ke is a temperature factor. Equation C.14 applies 

when the measured dissipation, Dx ~ 0.1. If Dx ~ 0.1, then Ae in Equation C.14 must be 

multiplied by: 

(C.1S)

Since the dissipation changes as the capacitance changes with void fraction, it was 

decided to calculate the two extremes for relative accuracy, Ae, i.e. the relative accuracy 

for single-phase air and single-phase water. In addition, a calculation within the annular 

flow regime was performed since it was found that the measurement accuracy decreases 

as single-phase air is approached. The measurement conditions are shown in Table C.7. 

The factors listed in Equation C.14 can be found in the HP 4284A Operation Manual 

(1991), Section 9. 

A=O.l (C. 16) 

applies when a short integration time is selected, and for 0.3 VRMS ~Vs ~ 1 VRMS, (where 

Vs is the test signal voltage). 
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Table C.7 Measurement conditions for the HP 4284A Impedance meter for single
phase water, single-phase air and a void fraction of 0.88. 

Measurement Conditions 
a. =0 a. =1.0 a. =0.88 

Frequency 1 MHz 1MHz IMHz 
Capacitance Measured, C 5.180 pF 0.238 pF 0.511 pF 
Dissipation Measured, D 0.117 0.0466 0.122 
Test Signal Voltage 1 VRMS 1 VRMS 1 VRMS 

Integration Time Short Short Short 
Cable Length 1 meter 1 meter 1 meter 

(C.17)

(C.18)

and 

The equations for Ka and Kt, apply when the short integration time is used and the 

measurement frequency, fm, is 300 kHz < fm ~ 1 MHz. The values for Vs must be in 

[mVRMsJ, and IZm/is the impedance of the device under test, given in [nJ. The 

impedance, Z, can be written in rectangular form as resistance, R, and reactance, Xc, or in 

polar form: 

Z =R ± jXe = IzIL9, (C. 19) 

where, 

(C. 20)
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The impedance and reactance are in [il], eis in [degrees or radians], and the reactance is 

given as: 

1 
X = . (C.2I) 

c 21Cf C 
m 

The quality factor, Qx, and the dissipation factor, Dx, are related by: 

Q =_1 =Ixcl. (C.22) 
x D R 

x 

The cable length factors, Kaa and ~ can be found from: 

(C.23)

and, 

(C.24)

and apply when the test signal voltage, Vs ~ 2 VRMS. The value for fm is entered as 

[MHz] in Equation C.24. The calibration interpolation factor, Kc, is only used if a preset 

frequency is not selected. Since the operating frequency was set at 1 MHz, and 1 MHz is 

a preset frequency, no interpolation was needed, therefore: 

Kc =0. (C.25) 

The factor,~, is found from: 

(C.26)

and applies when a 1 meter cable is used and the test signal voltage, Vs ~ 2 VRMS• The 

value for fm must be entered in [MHz]. The final factor, Ke, is a correction for 

temperature. Since the equipment was at room temperature, T ~ 22°C, then: 

Ke =1. (C.2?) 
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This applies for a temperature range of 18 ~ T ~ 28°C. Using the information in Table 

C.7, and Equations C.15 to C.27, the relative measurement accuracy for single-phase air, 

single-phase water and a void fraction of 0.88 were detennined. The results are 

summarized in Table C.8. 

Table C.8 Factors for various values of void fraction. 

Factors: 

Ae=± 

a=O 
0.1 

2.756E-07 
6.806E-04 

o 
1.5 
o 

1.275E-02 
1 

0.21 % 

a=l 
0.1 

1.273E-08 
1.473E-02 

o 
1.5 
o 

1.275E-02 
1 

2.32% 

a= 0.88 
0.1 

2.716E-08 
6.904E-03 

o 
1.5 
o 

1.275E-02 
1 

1.15 % 

IfDx ~ 0.1 then Equation C.t5 must be used:
Ae =± 0.22 % 1.16 %

It can be seen from Table C.8 that the relative measurement accuracy for single-phase 

water, single-phase air and for a = 0.88 are 0.22 %, 2.32 % and 1.16 % respectively. 

The highest void fraction obtained during calibration and I-g runs was approximately 

0.90. Additional calculations (not shown) were done for ex = 0.50 where the 

measurement accuracy was found to be 0.31 %. Since the void fraction remained < 0.90, 

it can be concluded that the measurement accuracy will be between 0.22 % and 1.16 % 

with an average measurement accuracy of approximately 0.70 %. 
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C.5 QUICK-CLOSING VALVES 

Three ASCO quick-closing valves were used for calibrating the capacitance sensors. 

Two nonnally open valves were located across the test section and the third, a nonnally 

closed valve was located on the flow bypass line. As stated earlier in the chapter on 

calibration, a single electrical switch was used to simultaneously close the two valves 

across the test section, trapping the two-phase flow in the test section, and open the third 

valve allowing the flow which was continually being pumped to return to the storage 

tame Closing time of the valves was between 15 to 50 milliseconds. When fluid was 

trapped between the test section, some of it was contained within the brass housing of the 

valves. The volumetric void fraction was determined by accounting for the volume of the 

valves and the acrylic test section. The volume of the top and bottom valves were found 

to be 12.2 ml and 9.9 ml respectively. The length of the acrylic tube was 145.1 em and 

had a 9.525 mm LD., giving a volume of 103.4 ml or a volume per centimeter change of 

0.71 mlIcm. The volume of the air was found by measuring the distance from the brass 

housing of the top valve to the meniscus of the water and adding the volume of the top 

valve. The total volume (125.5 ml), included the volume of the top and bottom valves, 

and the acrylic tube. The void fraction was found from: 

(h(0.71 :)+12.2 fi1) 
a =--=---------.:- (C.28)

125.5 ml ' 

where h is the height of the air in the acrylic tube. 
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Appendix D NEW CAPACITOR DESIGN 

D.1 BACKGROUND 

A number of problems with the capacitance sensor designed by Siemens (1992) required 

that a new sensor be designed. Some of the problems to be addressed included a non

linear response, poor sensitivity and poor shielding. From static tests, the non-linearity of 

the sensor was found to occur when the fluid occupied regions of the sensor where half 

of the pitch from each end of one of the electrodes was severed and grounded to the 

outer shield to correct against end effects. Thus, by making both electrodes of equal 

length, the non-linear response would be eliminated. Short electrodes mounted near the 

ends of the electrodes would correct against end effects. Using the simple analogy of a 

flat plate capacitor, capacitance is given as: 

A
C=e-. (D.1)

d 

Thus, capacitance could be improved by decreasing the distance, d, between the 

electrodes. In the design, Siemens (1992) mounted the electrodes on the outside of the 

acrylic tube used to separate the flow from the electrodes themselves. As stated earlier 

the acrylic tube had a 9.525 mm (3/8") inside diameter and a 15.875 mm (5/8") outside 

diameter. By bringing the electrodes closer to the inside diameter, the distance separating 

them could be decreased by almost 6.35 mm (0.25"). However, it was decided not to 

place the electrodes in direct contact with the fluid since Geraets and Borst (1988) found 
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that a non-linear output resulted. The next improvement was with regards to shielding. 

The general concept of the shielding was correct, however, the problem was due more to 

the orientation of the shielding. This problem is associated with the large separation 
I 

between the electrodes relative to the separation between the shield and the electrodes. 

As seen in Figure D.1, the separation between the electrodes and the shield was only 1.59 

mm, whereas the distance between the electrodes was 15.875 mm (5/8"). 

I 

Active Electrodes 

IZ3 Electrodes 

~ Mo.terlo.l ReMoved 

Shield Electrodes 

Figure D.l Cross-section showing electrode configuration and groove detail, 
(dimensions are in mm). 

As a result, some charge on the electrodes will leak from the electrodes to the shield. 

Thus, increasing the distance separating the electrodes from the shield with a non

conducting material will provide improved sensitivity and still maintain proper shielding. 

The DAS was set up with the present void fraction sensor to record data at 

approximately 70 Hz. Thus, in order to remain within this sampling rate, the new sensor 

could not be shorter than the present design. In addition to the DAS discussed earlier, a 

HP 4284A impedance meter was purchased which could be operated between 20 Hz to 1 

MHz. In summary the improvements in designing the concave plate sensor were: 
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1. Make the active electrodes of equal length to eliminate the non-linear response the 

helical sensor had due to one electrode shorter than the other by one pitch. 

2. Mount guard electrodes near each end of the active electrodes to minimize 

fringing. 

3. Construct the sensor with 4 active electrodes, symmetrically placed, so that two 

opposing electrodes can be grounded to the shield electrode to minimize electric 

field lines following the wall of the tube. This will allow the measurement to be 

made across the tube and not influenced by field lines near the wall. 

4. Increase the capacitance measurement by moving the active electrodes closer to 

each other by mounting them inside a fiber-resin wrap. 

5. Improve shielding by using a non-conductive material between the active 

electrodes and the shield. 

0.2 SENSOR CONSTRUCTION 

Given the considerations listed above, it was decided to construct the sensor using a 

fiber-resin wrap, and mount the electrodes axially along the tube. A schematic of the new 

sensor can be seen in Figure D.2. Construction of the new concave plate capacitor was 

done by a sutnmer student (John Ruttle), and machining was done by the Engineering 

Shops at the University of Saskatchewan. Four brass electrodes, 100 mm long and 5.51 

mm wide (each having a 60° arc length), running along the length of the tube act as the 

active electrodes. Guard electrodes were mounted on each end of the electrodes. A solid 

rod of 9.525 mm (3/8") D.D. was frrst wrapped with wax paper to allow the sensor to be 
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removed easily from the rod when it was completed. The rod was then wrapped with the 

fiber-resin to a thickness of just over 1 tnm. After hardening, the surface was machined 

to a diameter of 10.525 rntn. 

~ Active Electrodes ~ Sheild Electrode 

~ Guard Electrodes [SJ Delrin 

o Fiber-Resin Wrap 
BNC Connector 

Figure D.2 Schematic of the concave plate capacitor. 

This would provide a 0.5 mm separation between the fluid and the electrodes. Next, 

electrodes made of 0.0254 mm (0.001") thick brass were glued into place. Fiber-resin 

was then applied in stages until an outside diameter of 15.875 mm (5/8") was reached. 

The electrodes/tube assembly was removed from the steel rod, the surface was finished, 

and the ends were machined giving a total length of 152.4 mm (6.0"). 

Delrin was then machined having a 15.875 mm (5/8") 1.0. and 50.8 mm (2.0") 0.0. It 

was positioned over the tube containing the electrodes to provide a non-conductive 

161



separation between the electrodes and the shield. A brass pipe, to act as the shield, was 

machined having an interference fit over the delrin. The delrin and brass shield were cut 

into two sections, one 16.5 mm and the other 110.5 mm. This cut allowed access to the 

electrodes. Near the cut, at the top of the longer section, four BNC connectors were 

mounted. The electrodes were soldered to the BNC connectors and then the top, 16.5 

mm section, was secured with delrin screws to the 110.5 mm section. The guard 

electrodes were then soldered to the shield. When the delrin and shield were in place, 

they extended past the guard electrodes by 5.5 mm. The completed sensor can be seen in 

Figure D.3. 

Figure D.3 New concave plate void fraction sensor. 
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0.3 CALIBRATION 

The same hardware equipment, calibration procedure, and superficial liquid and gas flow 

settings were used for the new concave plate capacitor as was done with the helical 

wound sensor. The problems found to occur with the helical wound sensor did not exist 

with the new one. Sensitivity was greatly improved. The range for the concave plate 

sensor was found to be approximately 5 pF when going from an all water filled sensor to 

all air, whereas the helical wound sensor had only a 0.5 pF change. Shielding was also 

improved. Any contact with other substances or the leads did not affect the 

measurement. In addition, the sensor had a linear response throughout all flow settings 

and flow regimes. The HP 4284A impedance meter measured the capacitance at a 

frequency of IMHz and had an average relative measurement accuracy of 0.7% (See 

Appendix C for details). The calibration results can be seen in Figure D.4 where the void 

fraction obtained from the quick-closing valves is plotted as a function of the normalized 

reading from the HP 4284A Impedance Meter. 

The solid line in Figure DA was determined from applying a linear regression to the data. 

The correlation coefficient squared, R2
, was 0.96. The dashed lines represent a fit 

standard error of 0.05. The void fraction can then be determined from: 

ex =0.8572C· + 0.0923, (D.2) 

where C* is the normalized reading from the meter, and can be determined from: 

(D.3)
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·S 0.3 
=~ 0.2 
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Normalized Meter Reading, C· 

Figure D.4 Calibration of the concave plate sensor. 

The tenns Cw, Ca, and Can, represent the capacitance for all water, all air, and measured 

values, respectively. Figure D.5 shows the linear response obtained with the new 

concave plate capacitor. It can be seen that the output is linear over the complete range 

of void fraction and for all flow rates. 

Vs1 = 0.1 m/s1 
0.9 
0.8 
0.7 
0.6 

tSO.5 • 
0.4 
0.3 
0.2 
0.1 

0+--+----+----11--+--+----+----11--+--+----1 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

(a) C· 
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Figure D.S Void fraction trapped between the quick-closing valves as a function of 
normalized capacitance, C* for constant superficial liquid velocities. 
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0.4 GROUND RESULTS 

How settings obtained from the flights conducted in February 1994 were again used to 

obtain ground data using the new concave plate capacitor. The void fraction as a 

function of Vsg/VsI can be seen in Figure D.6 where both the results from the helical plate 

capacitor and the concave plate capacitor are shown. It can be seen that the scatter in the 

bubble and chum flow regimes is much less when compared to helical plate capacitor. A 

summary of the RMS of a for each flow regime is shown in Table D.l. The data used for 

comparison was based on matching the ratio of VsgNsl for each flow regime. The percent 

difference in Vsg/Vsl is also shown in Table D.l. 

1 Closed Symbols: New Concave Plate Capacitor 
Open Symbols: Helical Plate Capacitor 

0.9
,~nnUlar

0.8 Slug-Annular 
C 

0.7 <> 

0.6

~ 0.5

0.4 

0.3 

0.2 

0.1

0
0.01 0.1 1 10 100 1000 

Vsg/Vs1 

Figure D.6 Ground data using the concave plate capacitor. 
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Table D.l Comparison between a measured by the new concave plate capacitor 
and the helical plate capacitor. 

AowRegime Ave. % difference in RMS ofa (%) 
VsgNsl 

Bubble ±1.5 1.4 
Slug ±5 4.7 

Chum ±7 6 
Annular ±5 5.1 

168


	wittrup000000
	wittrup000001
	wittrup000002
	wittrup000003
	wittrup000004
	wittrup000005
	wittrup000006
	wittrup000007
	wittrup000008
	wittrup000009
	wittrup000010
	wittrup000011
	wittrup000012
	wittrup000013
	wittrup000014
	wittrup000015
	wittrup000016
	wittrup000017
	wittrup000018
	wittrup000019
	wittrup000020
	wittrup000021
	wittrup000022
	wittrup000023
	wittrup000024
	wittrup000025
	wittrup000026
	wittrup000027
	wittrup000028
	wittrup000029
	wittrup000030
	wittrup000031
	wittrup000032
	wittrup000033
	wittrup000034
	wittrup000035
	wittrup000036
	wittrup000037
	wittrup000038
	wittrup000039
	wittrup000040
	wittrup000041
	wittrup000042
	wittrup000043
	wittrup000044
	wittrup000045
	wittrup000046
	wittrup000047
	wittrup000048
	wittrup000049
	wittrup000050
	wittrup000051
	wittrup000052
	wittrup000053
	wittrup000054
	wittrup000055
	wittrup000056
	wittrup000057
	wittrup000058
	wittrup000059
	wittrup000060
	wittrup000061
	wittrup000062
	wittrup000063
	wittrup000064
	wittrup000065
	wittrup000066
	wittrup000067
	wittrup000068
	wittrup000069
	wittrup000070
	wittrup000071
	wittrup000072
	wittrup000073
	wittrup000074
	wittrup000075
	wittrup000076
	wittrup000077
	wittrup000078
	wittrup000079
	wittrup000080
	wittrup000081
	wittrup000082
	wittrup000083
	wittrup000084
	wittrup000085
	wittrup000086
	wittrup000087
	wittrup000088
	wittrup000089
	wittrup000090
	wittrup000091
	wittrup000092
	wittrup000093
	wittrup000094
	wittrup000095
	wittrup000096
	wittrup000097
	wittrup000098
	wittrup000099
	wittrup000100
	wittrup000101
	wittrup000102
	wittrup000103
	wittrup000104
	wittrup000105
	wittrup000106
	wittrup000107
	wittrup000108
	wittrup000109
	wittrup000110
	wittrup000111
	wittrup000112
	wittrup000113
	wittrup000114
	wittrup000115
	wittrup000116
	wittrup000117
	wittrup000118
	wittrup000119
	wittrup000120
	wittrup000121
	wittrup000122
	wittrup000123
	wittrup000124
	wittrup000125
	wittrup000126
	wittrup000127
	wittrup000128
	wittrup000129
	wittrup000130
	wittrup000131
	wittrup000132
	wittrup000133
	wittrup000134
	wittrup000135
	wittrup000136
	wittrup000137
	wittrup000138
	wittrup000139
	wittrup000140
	wittrup000141
	wittrup000142
	wittrup000143
	wittrup000144
	wittrup000145
	wittrup000146
	wittrup000147
	wittrup000148
	wittrup000149
	wittrup000150
	wittrup000151
	wittrup000152
	wittrup000153
	wittrup000154
	wittrup000155
	wittrup000156
	wittrup000157
	wittrup000158
	wittrup000159
	wittrup000160
	wittrup000161
	wittrup000162
	wittrup000163
	wittrup000164
	wittrup000165
	wittrup000166
	wittrup000167
	wittrup000168
	wittrup000169
	wittrup000170
	wittrup000171
	wittrup000172
	wittrup000173
	wittrup000174
	wittrup000175
	wittrup000176
	wittrup000177
	wittrup000178
	wittrup000179
	wittrup000180
	wittrup000181
	wittrup000182
	wittrup000183
	wittrup000184
	wittrup000185
	wittrup000186
	wittrup000187
	wittrup000188
	wittrup000189
	wittrup000190
	wittrup000191
	wittrup000192
	wittrup000193
	4-6.pdf
	eklow000.tif000
	eklow000.tif001

	43.pdf
	eklow000.tif000

	46.pdf
	eklow000.tif000

	48.pdf
	eklow000.tif000




