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ABSTRACT

An experiment was designed and built to study vertical annular air-water flows in a channel
with a rectangular cross section with no heat transfer. Flush-wire electrical conductivity probes
were theoretically analyzed to demonstrate their potential to accurately measure liquid film
thickness in the experiment with high temporal and spatial resolution. Flush-wire probes were
then successfully implemented and film thickness measurements obtained. From theoretical
analysis, the suitability of micromachined hot film and floating element wall shear stress sensors
for measurements of wall shear stress in the annular flow was investigated. A microfabricated
hot film wall shear stress sensor was subsequently packaged and installed in the experiment,
where it provided wall shear stress measurements with high temporal and spatial resolution.
After the implementation of these new measurement techniques, a large suite of test cases was
run and data for film thickness and wall shear stress acquired. A statistical analysis of the film
thickness data indicates the existence of two distinct wave regimes, ripple waves and disturbance
waves, within the annular flow regime. Spectral decomposition of film thickness and wall shear
stress data demonstrates the existence of dominant frequencies in the wave spectrum and an
exponential decay of wave amplitudes at high frequencies indicative of a force balance between
capillary and momentum forces. Wave velocities were determined from cross correlations which
again provided evidence of different types of waves each with different wave velocities and spa-
tial extensions. A semi-analytical model for wave velocities as a function of superficial Reynolds
numbers was validated and improved. The improved model gives an accurate prediction for
wave velocities and is based on physical arguments representing the appropriate length scales in
annular flow. The experimental results and data analysis provide a new perspective of annular

two-phase flows in a channel with a rectangular cross section.



1. INTRODUCTION
1.1 Motivation

Multi-phase flows are one the most fascinating areas of today’s engineering research. Multi-
phase flows intrinsically offer all the challenges posed by single phase flows plus added com-
plexity; instead of one homogenous medium in the flow field, we observe two or more media,
which can dynamically interact. Multi-phase flows play an important role in equipment design.
Countless processes from large scale industrial processing to home air conditioning make use of
multi-phase flows and impose the need to model and understand the complex phenomena
involved. At the same time, it is human nature to inquire beyond the borders of our current
knowledge and to investigate what has not yet been understood. If it was not for existing applica-

tions of multi-phase flows, scientific curiosity would be a driver for research.

However, liquid-gas multi-phase flows do enjoy a lot of interest driven by current and poten-
tial applications. Liquid-gas flows occur primarily in the context of a phase changing material; in
other words, heat transfer is involved in the process. These processes have widespread use, but
the potential of liquid-gas flows is far from being fully exploited. One important application of
this type of multi-phase flows is in thermal control systems in which a heat source is used to
evaporate a liquid. The heat stored in the vapor is then transported to a heat sink and is released
during condensation. This form of heat transport has a tremendous untapped potential. As com-
pared to heat transfer using a single-phase medium, two-phase heat transfer loops can work with
much smaller mass flow rates due to the large latent heat of evaporation and condensation
involved. Also, it is possible to design nearly isothermal heat transport systems which offer con-
siderable convenience in terms of thermal control. To date, two-phase liquid-gas systems have

not received the attention they deserve. Especially in high-technology environments such as
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space applications or automotive engineering there is still a huge potential for reducing mass and
improving performance if liquid-gas heat transfer technology was utilized. It is a lack of under-

standing and satisfactory modeling that hampers this promising technology.

Even in areas where liquid-gas systems are used today, there is a need for more thorough
understanding and modeling. One important example are steam generators, which have been
used for more than a century, yet there are still unresolved issues in the prediction of their perfor-
mance. Steam generators and other forms of heat exchangers were traditionally built with circu-
lar pipes and research focused on this geometry. Today, more compact equipment can be
designed using rectangular ducts. This geometry poses new challenges for multi-phase flow
research. Liquid-gas flows in circular tubes are easier to model than flows in rectangular cross
sections, since it is usually sufficient to model the average flow field in two dimensions. Chan-
nels with rectangular cross section introduce added complexity in that the average flow field is
now three-dimensional. Experimental investigations are needed to accurately describe and

model liquid-gas flows in rectangular cross sections.

The scope of the research is further refined in terms of the flow regime under consideration.
If a vertical column of liquid is heated and starts boiling, the column can be divided into several
flow regimes as shown schematically in Figure I-1. At the bottom of the column there will be
only the liquid phase present; this is the so called “subcooled region.” Further up, small bubbles
of vapor form in the liquid travelling upward, termed “bubbly flow.” Then, the bubbles combine
and form slugs of vapor that are surrounded by a film of liquid along the walls and are separated
from neighboring slugs by bridges of liquid. This flow regime is called “slug” or “plug flow.”

Once the vapor slugs become sufficiently large the bridges of liquid between the vapor slugs dis-
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(1967), who investigated steam-water flows in a 25.4 mm x 3.14 mm vertical rectangular chan-
nel over a wide range of pressures. His work, limited to a phenomenological classification of the
flow regimes, concluded that flow regimes are highly sensitive to pressure. Martin (1972) estab-
lished quantitative results for local void fractions. He conducted steam-water experiments in two
channels (50 mm x 2 mm and 50 mm x 2.5 mm). Jones and Zuber (1979) tied the previous work
together by relating local void fractions to flow regimes. They studied air-water flow in a S mm x
63 mm rectangular duct and obtained their data with an X-ray technique. Sadatomi et al. (1982)
extended the knowledge on rectangular two-phase flows by including pressure drop measure-
ments. They performed air-water experiments in four different rectangular channels of 17 mm x
50 mm, 10 mm x 50 mm, 7 mm x 50 mm, and 7 mm x 20.6 mm. Pressure drop, and global and
local void fraction were measured. Their experiment suggests that the Chisholm and Laird
(1958) relation for the prediction of pressure drop correlates well with the experimental data. A
number of researchers worked on refining the models for pressure drop. Troniewski and Ulbrich
(1984) investigated the flow regimes and pressure drops in a variety of horizontal and vertical
rectangular cross sections with aspect ratios between 1 and 12. The experiments were performed
with water and air. From analytical and experimental work they concluded that the Lockhart-
Martinelli (1949) method with an appropriate equivalent diameter is applicable for the predic-
tion of pressure drops in rectangular channels. Moriyama and Inoue (1992) conducted experi-
ments with nitrogen and R113 in narrow rectangular channels. With gaps between 5 um and
100 um. Pressure drop, void fraction and phase velocities were measured. The measured fric-
tional pressure drops in their experiments were lower than those predicted using the Chisholm
(1958) correlation. Recently, Mishima et al. (1993) studied air-water flows in three channels

40 mm wide and 1.0 mm, 2.4 mm, and 5.0 mm deep. Their pressure drop measurement corre-



lated with the Chisholm (1958) correlation, similar to Sadatomi et al. (1982).

1.2.2 The Liquid-Gas Interface

The work discussed in the previous paragraph forms a basis for global description of two-
phase flows in rectangular channels. Although this knowledge is very valuable, its applicability
is limited, particularly due to the highly empirical nature of the findings. Today, improvement in
understanding and predicting two-phase flow is sought through complex numerical schemes.
These schemes are a combination of analytical and empirical models. This approach shifted the
focus of attention from a global to a more local understanding of two-phase flows. The work of
Capiello (1992) is one example of such an approach. Capiello formulated a model for interfacial
shear in vertical annular mist flow. In his model, he resorted to numerous empirical relationships
for quantities such as deposition, atomization, and friction factors. The work of Kang and Kim
(1993) demonstrates a different approach. They performed experimental work to determine the
shape of the liquid-gas interface. Using this experimental background, they formulated a model
for interfacial shear. Clearly, a crucial step to further our understanding is to determine the actual
shape of the two phases inside the two-phase flow; in other words locate the interface between

the gas and the liquid.

A proven method for interface detection is conductivity measurement. Coney (1973) laid the
foundation for liquid film thickness measurements using conductivity probes with electrodes
mounted flush in the wall. Koskie et al. (1989) used parallel-wire electrodes and demonstrated
improved spatial resolution and linearity. Kang and Kim (1992) implemented a flush mounted
electrode with an opposing wire. This probe configuration provides even better spatial and tem-

poral resolution. They also demonstrated that this probe can be calibrated in-situ by applying
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statistical methods. Therefore so called flush-wire probes are the method of choice in obtaining

high accuracy, highly localized film thickness measurements.

1.2.3 Wall Shear Stress Measurement

Detection of the liquid-gas interface in annular flow provides information on one important
aspect of the flow field. Another important quantity in the description of the flow are the forces
acting in the flow. The forces within the flow field are difficult to detect. More accessible are the
forces acting on the boundary of the flow domain; i.e., the channel walls. First attempts at mea-
suring wall shear stress in two-phase flows were undertaken using large floating elements in the
channel walls by Adormni et al. (1963). These mechanically complex devices directly measured
shear stress integrated over the area of the floating element. In order to obtain more local mea-
surements, hot film techniques are commonly applied (Hagiwara et al. 1989, Govan et al. 1989).
More recently, microfabricated sensors have opened new perspectives for localized wall shear
measurements. In parallel efforts, Goldberg et al (1994) and Liu et al (1994) developed micro-
fabricated hot film shear stress sensors that provide a excellent local and temporal resolution of
wall shear stresses. Padmanabhan et al. (1995) miniaturized floating element shear stress sen-
sors. These sensors permit shear stress measurements with a similar temporal and spatial resolu-
tion as the microfabricated hot film counterparts with the added advantage of a direct force

detection. Both concepts of miniature wall shear stress sensors are pursued in our research.

1.3 Outline of Work Performed
An experimental setup has been designed and built to study annular air-water flows in a
channel with a rectangular cross section. The flow has been studied on a fundamental level in an

adiabatic flow loop with special consideration to small structures in the flow field. In this sce-
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nario, basic mechanisms and phenomena have been investigated. The knowledge obtained can

be translated to even more complex, non-adiabatic liquid-gas flows.

A considerable part of the research was devoted to the implementation of new measurement
techniques. In a first step, one single flush-wire probe has been implemented in order to demon-
strate the applicability of this measurement technique in the given environment. The single
flush-wire probe has been calibrated and provides a proof-of-concept and single point film thick-
ness information. Experience gained in this first step has been used to build a dual flush-wire
probe, where two measurement locations are separated by a small streamwise distance. Finally, a
third flush-wire setup has been built with nine probes. As well, a prototype microfabricated hot
film wall shear stress sensor has been modified to operate in water, has been tested and calibrated

in water flow, and has been installed in the actual two-phase environment.

A large suite of annular two-phase flow test cases has been performed, from cases bordering
to plug flow to those bordering on dryout conditions. Therefore, the measurements of film thick-
ness and wall shear stress covered a large range of the annular flow regime, A large number of
test cases permited investigation of physical trends from measured data. Analysis of the data
included statistical evaluation. For example, average values and standard deviations of film
thickness and wall shear stress have been computed. In addition, probability distributions of film
thickness data have been determined as part of the characterization of the interface. Spectral den-
sity has been calculated for film thickness and wall shear stress data, providing information
about the frequency content of these quantities. As well, cross correlations of data measured at
different location have been used to determine wave velocity and wave evolution. Furthermore,

the interface shape was reconstructed from measurements of film thickness using nine flush-wire



probe data.

The measurements provide detailed information about the interface shape and wall shear
stress in annular flows in rectangular ducts. This information forms a much needed basis for
modeling of the flow. Investigation of the data revealed starting points for new modeling con-
cepts in annular flow. A simple, yet powerful model for the prediction of interfacial wave veloc-

ities has been tested and improved.

Chapter 2 presents the design and qualification of the experimental apparatus. The film
thickness and wall shear stress measurement instrumentation is presented in chapter 3. Chapter 3
also includes a discussion of other possible measurement techniques and addresses the accuracy
of the chosen methods. Chapter 4 documents the suite of experiments and measurements taken
and illustrates the analysis performed with the data. Chapter 5 provides several examples of flow
modeling based on the measured data. A summary of the findings of this work, together with an

outlook on future directions of this field of research, can be found in Chapter 6.



2. EXPERIMENTAL APPARATUS
2.1 Test Loop Overview

A test rig has been built in which a vertical upward air-water annular flow can be created in
a 63.5 mm x 6.35 mm (2.5 in x 0.25 in) rectangular cross section over a length of 1.83 m (6 ft).
Figure 2-1 depicts the experimental apparatus. Water is run in a closed loop system with a stor-
age tank. The water is driven by a pump, regulated with a valve and metered with turbine flow
meters. Alternatively, the water flow rate can be determined by redirecting the return water flow
into a metering container. The air flow is driven by compressors, buffered by storage tanks. The
air flow rate is controlled by adjusting a pressure regulator in the delivery line. A flow straight-
ener and a contraction provide high quality laminar air flow to the injector where water is being
added. The injector delivers water along the channel walls while air is guided in a smaller duct.
The injector is connected to the test section, which has transparent side walls on the wide sides
of the channel. At the end of the test section the combined air-water flow enters a separator and
gravity feeds the water back to the storage tank, while the air is vented off. Instrumentation for
measurements of pressure drop, local liquid film thickness, and wall shear stress is incorporated
within the test section. The water supply can be redirected to a calibration channel, which serves
to qualify and calibrate the wall shear stress sensors. All measurements are transformed into
voltages and collected by a data acquisition computer. Some data processing is performed in real

time in the computer, while most of the analysis is performed later on an external work station.

The following sections will present the components of the setup in detail. Models and manu-
facturers of equipment used can be found in Appendix B. Some design drawings are included in
this chapter to illustrate functionality of equipment. All remaining design drawings can be found

in Appendix C.






2.2 Air Handling Equipment
2.2.1 Compressor

Initially, blower units of increasing size were used to generate the desired air flow. These
units were unable to provide enough flow rate due to the large pressure head in the test section.
The setup was changed to two large shop-air compressors in line, each with its own storage tank.
These units provide an excellent source for the air flow and are not hampered by the pressure
head of the experiment. They allow a smooth constant flow rate discharge at up to 20-10~ m’/s

(32 cfm).

2.2.2 Air flow Control
The air flow is regulated by a pressure regulator between the compressor and the flow
straightener. The regulator facilitates air flow adjustment between 0 and 15- 10 m3/s (32.5 cfm).

An elbow connects the throttle valve to the flow straightener.

223 Laminarization Section

The flow straightener breaks large scale turbulence down to small scale by means of one
sheet of honeycomb and three fine wire meshes. A three dimensional contraction, custom CNC
machined from plexiglas, laminarizes the flow. The inlet cross section is 127 mm x 101.6 mm
(5 in x 4 in), while the outlet is 63.5 mm x 6.35 mm (2.5 in x 0.25 in). The contour of the con-
traction is shaped by a fifth order polynomial defined by zero slope and curvature at the entrance
and exit and its length is 305 mm (12 in). The contraction is connected to the injector by a
slightly conical laminarization section. Air flow measurement is provided by measuring the

pressure drop over the contraction using a differential pressure transducer.
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2.3 Water Handling Equipment
2.3.1 Storage Container

A large 1.2 m® (310 gl) tank provides a constant head water source that is independent of the
water flow rate through the test section. It is filled with municipal tap water, treated with chlorine

in order to avoid contamination by algae growth.

2.3.2 Pump
A centrifugal pump provides water at up to 630-10"% m%s (10 gpm) flow rate. A recircula-
tion loop with an adjustable valve protects the pump from excessive pressure heads at low flow

rates.

233 Water Flow Control and Measurement

A filter, placed in the water supply line before the pump, removes solid contaminants from
the water. Two turbine flow meters, installed in parallel, accommodate flow rate measurement at
large or small flow rates. The small flow meter covers the range from 22-10°% m’/s (0.35 gpm) to
220-10% m%/s (3.5 gpm), the large flow meter from 250-10°6 m3/s (4 gpm) to 3800-10 m?/s (60
gpm). A metering valve is utilized to control the flow rate. At low water flow rates the recircula-
tion valve is open, protecting the pump from large pressure heads and the small flow meter mea-
sures the flow rate. To obtain large flow rates, the recirculation valve is closed and the large flow
meter connected. Water is returned from the separator to the tank through a 50.8 mm (2 in) O.D.
pipe using gravity feed. At flow rates below 22-10°6 m%/s (0.35 gpm) the returning water is redi-
rected to a metering container. Low water flow rates are determined by the time needed to fill the

container.
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aspect ratio rectangular cross section. For large aspect ratios the flow in the center region of this
channel can be modeled as a two-dimensional channel flow. For a laminar flow, aspect ratios of
25 or larger provide a good flow quality in the center (Laufer, 1951). For a laminar two-dimen-
sional channel flow the wall shear stress, T, , in a channel with width w,, height &, viscosity
i, and volumetric flow rate Q is:

. - 6o

w =

eqn (2-1)

2

heaWeal
If the aspect ratio is fixed the wall shear stress is only a function of flow rate and channel

height. The maximum shear stress that can be observed in a laminar channel is limited by the

transition to turbulent flow which occurs somewhere in the vicinity of a Reynolds number of

2000. The Reynolds number, defined with the average velocity, « and the height of the

average’

channel, can be expressed in terms of volumetric flow rate, channel width, and kinematic viscos-

ity, v :

u h
Recal — _average cal = Q eqn (2-2)
\Y% WeaV

Given a maximum Reynolds number of 2000 and the desired maximum wall shear stress, the

maximum channel height for a laminar flow can be computed:

6Re ., 1

eqn (2-3)
Pty q

hcal =
where p is the density of the fluid.

For 50 Pa maximum wall shear stress, the channel height is calculated to be 0.6 mm. A
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larger channel height would be desirable because then any small variations in the channel height
of the calibration test stand would have less influence on the overall result since the ratio of the

variation to the actual height is smaller. Therefore, a turbulent calibration stand was designed.

A turbulent flow channel can easily provide large wall shear stresses. A stochastic calibra-
tion may be required which is, though more elaborate, a well established procedure. For a turbu-
lent channel, the design limitations are different from the laminar flow field case. At a given
channel height and width, any wall shear stress can be created if only the flow rate is large
enough. Nevertheless, there is a low limit for the shear stress, when the flow becomes laminar.
The flow regime near the transition from laminar to turbulent flow should be avoided. Formulae
for wall shear stress in turbulent two-dimensional channel flow are well established. A com-

monly used empirical relationship is given by White (1974):

2 _
T, = lp( Q )0.495(logRe;,/2) 22 eqn (2-4)
8 M Wea
where
h/2)u
ey = ( )vaverage eqn (2-5)

A parametric study was performed to determine viable channel dimensions. At a height of
3.175 mm (1/8 in), 50 Pa wall shear stress can be created with a water flow rate of 880- 10 m?/s
(14 gpm). This flow rate is approximately the maximum flow rate that can be generated in the
experimental setup. Transition to laminar flow yields a minimum shear stress of 2 Pa at
Re_,=2000. The length of the channel is a trade-off between overall pressure head created by the

channel and available flow development length. The flow development length between inlet and
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sensor location is 457 mm (18 in), which is equivalent to 144 channel heights. The overall flow
length is 610 mm (24 in). These dimension provide a fully developed turbulent flow at the sensor

location (Laufer, 1951).

The channel, built from Plexiglas, employed 3.18 mm (1/8 in) Plexiglas spacers sandwiched
between a 12.7 mm (1/2 in) bottom and a 19.05 mm (3/4 in) top. All instrumentation ports as
well as the inlet and outlet were machined into the bottom part, which is shown in Figure 2-7.

Figure 2-8 presents a cross section of the calibration stand setup.
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Figure 2-8. Cross section of the calibration test stand.

noulli’s equation with constant density:

2(pent,rancc - pcxit)

2 2
[(Aemrance —Agxit) — 1 ]

Q= TlconlractionAenu'anccAexit [ eqn (2-6)
P

where @ is the volumetric air flow rate, p the density of the medium, A, 1nce and Ag,; are
the entrance and exit cross sectional areas, respectively, and P, nce and pg,;, are the pressure
values at these locations. A discharge coefficient, M qnraction - 2cC0unts for frictional losses.
Pressure taps are located at the entrance and exit cross section of the contraction. The pressure
difference is measured with a differential pressure transducer. The air density is calculated using
an absolute pressure sensor at the contraction inlet and an estimate for inlet temperature. The
model for the volume flow rate is relatively insensitive to the actual small changes in the inlet air
temperature. The discharge coefficient was determined using a high accuracy laminar flow ele-
ment connected in the flow loop between the compressor and the elbow. The accuracy of the
laminar flow element was specified to be better than 0.5 percent of full scale. Figure 2-9 shows a

comparison between the model equation and measured values. The estimated inlet temperature
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was 300 K while the ambient temperature was 298 K. The dependency of volume flow rate on
the square root of pressure drop gives rise to inaccuracies at the lower end of the flow regime.
For flow rates between 4.72-103 m’/s (10 cfm) and 19.0- 1073 m¥/s (40 cfm), the worst case error
in the flow rate measurement is 4 percent. The calibration was performed twice on consecutive
days and was found to be repeatable and consistent. The air flow rate can be controlled by
changing the set point of the pressure regulator. The air flow rate can be adjusted with
0.24-103 m’/s (0.5 cfm) accuracy. Once a desired flow rate is set, small variations in the tank
pressure may cause oscillations in the flow rate. During measurements the flow rate is readjusted
after each realization. The change of flow rate over the time span of a measurement realization is

less than 4 percent. For certain operating conditions the fluctuations are negligible.
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Figure 2-9. Calibration curves for the air flow measurement

2.6.2 Water Flow Meters

Both turbine flow meters were individually tested before they were inserted into the test

loop. Calibration was checked by measuring the time required to fill a known volume with water.
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Figure 2-10 presents the calibration curves for both flow meters. The accuracy of both flow
meters is 3 percent of measurement within the range of calibration, in the worst case scenario.
The calibration was repeated after one week and yielded unchanged accuracy. A metering valve
facilitates flow rate adjustment with an accuracy of 1.3-10° m’/s (0.02 gpm). Once a desired
water flow rate is adjusted, fluctuations in the flow rate caused by changing pressure heads are

smaller than 2 percent of the actual flow rate.
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Figure 2-10. Calibration curves of the turbine flow meters.
2.6.3 Calibration Channel

Water flow rates were determined with the same flow meters used for the two-phase channel.
Wall shear stress is calculated from a measured pressure drop and from a turbulent flow predic-
tion. Pressure drop is measured with a differential pressure transducer with a maximum range of
7.8 kPa (800 mm of water). Assuming a fully developed flow the average wall shear stress can

be determined from a force balance over a section of the horizontal channel:

27, (wey + hey)l Ap = Apw by eqn (2-7)

where t,, is the spatially averaged shear stress at the wall, [ Ap the streamwise distance between
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pressure ports, and Ap the pressure difference between the pressure ports. The second shear
stress value is obtained from Equation (2-4) and (2-5). These two equations are a semi-analytical

wall shear stress prediction for a two-dimensional, turbulent, single-phase channel flow.

Figure 2-11 shows a comparison of the turbulent prediction and the wall shear stress com-

puted from the measured pressure drop. The two data sets compare well and confirm the exist-

ence of a fully developed, two-dimensional flow field.
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Figure 2-11. Wall shear stress in the calibration channel.
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3. SCIENTIFIC INSTRUMENTATION
31 Pressure Drop Measurement
311 Implementation of Pressure Drop Measurement

The side walls of the test section consist of three segments with the middle segment being
used for instrumentation. Eleven pressure taps at locations shown in Figure 3-1 allow differential
pressure measurements at various locations. The differential pressure sensor is set up for a max-
imum pressure difference of 350 Pa, which covers the range of pressures experienced in the

experiment. Alternate diaphragms permit larger pressure ranges.

3.1.2 Calibration of Pressure Drop Measurement

The differential pressure transducer was calibrated using two columns of water with known
difference in surface level. Figure 3-2 depicts the calibration chart of the transducer. The overall
accuracy of the differential pressure sensor is within 1.5 percent. The calibration for this device

is checked and, if necessary, readjusted once every week.

3.2 Film Thickness Measurement
3.2.1 Candidate Measurement Techniques

Liquid film thickness measurements are an attempt to detect one aspect of the phase distri-
bution inside a liquid-gas flow. This task can be attacked in two ways: either the interface
between the two media is directly detected and traced or it is attempted to map the areas where
each phase is present. While these approaches seem similar, in the latter it is not a property of the
interface but a difference in properties between the two media that is recorded. Interface detec-

tion methods typically utilize reflections at the interface, while methods for mapping phase dis-






45

10.0 - ;

s | J

: 1

l L
1

123 tatutuiatatinded nidatedad g didadady” g T -------- 1

— [ ' ]
2 [ !
g, [ :
[} ]

S 5.0 ( ------------------------- e ———— o

> ! ! +

= ! )
=2 [ !
3 B

o data points (max error 1.5%)

28 -~~~y ~——-———1 === |east square linear regression,

X ; ' ]

: : |
S 1 ]

! | .
0.0 0 100 200 300 400

differential pressure [Pa]
Figure 3-2. Calibration chart of the differential pressure sensor.
ease of implementation. Conductivity probes measure the electrical resistance between elec-
trodes in contact with the liquid. The resistance measured can then be mapped to film thickness
with an appropriate calibration technique. These methods have evolved from crude approaches
with large electrodes mounted in channel walls to highly refined probe configurations that offer

high spatial and temporal resolution.

Contact probes are similar to conductivity probes in that they often use electrical conductiv-
ity to detect the presence of the liquid phase. The fundamental difference from a conductivity
probe is that a contact probe is only used to distinguish whether the probe is inside or outside the
liquid film. Contact probes have also been designed with heated elements, which get rapidly

cooled when they touch the liquid phase.

Historically, capacitance probes played a major role. Two electrodes are mounted outside the
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flow field and the capacity between the electrodes is measured. Capacity changes with the
amount of liquid present between the electrodes. Capacity probes lack the ability to locally
resolve the film thickness and are now reserved for specialty applications, for example, in non-

conducting fluids.

Optical methods offer capabilities beyond mapping only film thicknesses. One example is
optical tomography in which several single absorption measurements are used to reconstruct the
phase distribution. This technique has the potential to map the phase distribution in the entire
flow field. Holographic methods have been implemented with excellent results (Mayinger,
1993). Unfortunately, these optical approaches require very expensive equipment and have not
found widespread acceptance. A much simpler optical technique involves adding luminescent

dye to the liquid (Ohba et al., 1995), but this method has limited spatial resolution.

In our research, the key requirement was to provide measurements with very high spatial
and temporal resolution in order to be able to study the importance of small interface structures
on the dynamics of two-phase flows. Within the given monetary constraints, conductivity mea-

surements show the greatest promise to obtain the desired data.

Figure 3-3 shows three fundamentally different setups of conductivity probes used for film
thickness detection. Figure 3-3a shows two electrodes mounted flush in the channel wall. These
electrodes have been implemented in various shapes. Properly designed, these flush mounted
probes can be built with negligible disturbance of the flow field. Coney (1973) presented a thor-
ough evaluation of the performance and operation of these probes. One of the disadvantages of
flush mounted probes is their low sensitivity at large film thickness. This problem could possibly

be remedied with larger electrodes, but this implies a loss in spatial resolution. Koskie et al.
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Figure 3-3. Different counfigurations of conductivity probes.
(1989) implemented the probe shown in Figure 3-3b. This probe offers the inherent advantage of
a linear response at any film thicknesses. Kang and Kim (1992) showed that a combination of
the two previous probes offer a drastically increased spatial resolution. This so called “flush-wire
probe” is shown in Figure 3-3c. As an added benefit, only one wire is protruding into the flow
field, thereby minimizing flow field disturbances. Figure 3-4 shows the response of all three
types of conductivity probes to a hypothetical step shaped wave of unit height. Clearly, the flush-
wire probe tracks the surface shape most closely which is crucial to accurately detect and track

small scale wave structures.

Consequently, flush-wire probes have been used in our experimental setup to measure film
thickness. In a first step, a single flush-wire probe was implemented to study performance char-
acteristics and calibration issues in the given flow scenario. This was an important step, since
flush-wire probes had previously only been used in more simple horizontally stratified flow. In
the second step two flush-wire probes with 2 mm separation distance in streamwise direction

were installed. The second probe permits evaluation of wave velocity and deformation, which
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Figure 3-4. Response of conductivity probes to hypothetical step wave (Kang and Kim, 1992).

adds a second spatial dimension to the measurement. Finally, an array of nine flush-wire probes

was implemented to obtain three-dimensional information about the interface.

3.2.2 Theory of Film Thickness Measurements using Conductivity

The principle of operation of a flush-wire conductivity probe is relatively simple. If one can
measure the resistance between the flush and the wire electrode in Figure 3-3c and if there is a
one-to-one relationship between resistance and film height it should be possible to determine
this relationship through calibration and thereby measure film height indirectly. In Figure 3-5,
the assumed one-to-one relationship between resistance and film thickness is examined. It is
assumed that a constant voltage is applied to the electrodes and the resulting current is measured.
The liquid film has a much lower specific conductivity than the electrodes, therefore it is safe to
assume that practically all voltage drop occurs in the liquid or, in other words, the electrode sur-

faces are at a constant potential. Electrical equilibrium in the liquid is established on a much
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shorter time scale than any fluid motion. Therefore, the electric field can be examined in a quasi-
steady geometry. Figure 3-5 also includes schematic flux lines to indicate the conduction path
between the electrodes. If the liquid film height is increased by Ah as shown in Figure 3-5b
there is more wetted area on the wire probe and thereby a larger conductance path between the
electrodes. Since only the wetted area on the wire probe is increased, while the flush electrode
remains in full contact with the liquid, the decrease in resistance with increasing film height is
apparently small. Nevertheless, there is always a decrease in resistance when film height is
increased, which indicates a monotonically decreasing relationship between the two quantities.
An analytical solution for the resistance as a function of film height is not available. Oishi (1997)
used a semi-analytical approach to determine resistance as a function of film height. His work
confirms the existence of one-to-one relationship between these two quantities. Kang and Kim
(1992) performed an elaborate three-dimensional finite difference analysis of all three types of
wire probes shown in Figure 3-3. They established the performance potential shown in Figure
3-4 and concluded that the area within the liquid film that influences the resistance spans only a

few wire diameters.

power power
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Figure 3-5. Schematic of conduction path in the liquid film.

The practical implementation of conductivity measurements needs further considerations. If
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a DC voltage is applied to the electrodes, chemical reactions on the surface begin which alter the
resistance and eventually deteriorate the electrodes. Therefore, AC voltage is used instead and a
demodulator circuit removes the carrier frequency from the measured signal. Coney (1973)
found optimal results using a carrier frequency of about 100 kHz. At lower frequencies chemical
effects can play a role and at higher frequencies the measurements becomes dominated by

capacitance effects.

323 Implementation of the Flush-Wire Probe

Figure 3-6 depicts the custom designed demodulation circuit that facilitates the measure-
ment. On the left side the high frequency signal from an external signal generator enters the cir-
cuit. Two transformers provide galvanic separation of the conductivity probe from the
environment. The circuit consists of an amplifier, a full wave rectifier and a low pass filter. A
sine wave of 100 kHz is used as a carrier signal. The low pass filter removes frequencies above
10kHz. The output signal of the circuit is proportional to the conductivity between the elec-
trodes. For multiple conductivity probes, a fully parallel approach was adapted for the electronic
circuitry. The dual flush-wire probe was operated with two separate demodulators, while the
nine probes were connected to nine circuit boards mounted in one common housing. There is
always one common signal generator for all probes, which puts all neighboring electrodes at the
same signal level and minimizes “cross talk” between channels. The signal from the demodula-
tors is fed into a measurement amplifier and from there to an A/D converter within the data

acquisition computer.

The mechanical implementation will be introduced for the simplest setup used, which is the

single flush-wire probe. Figure 3-7 shows a cross section of the test section with the probe
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Figure 3-18. Probe used in “conductivity mode.”

shows three untriggered signals of the probe used in contact mode, for three different insertion

depths of the needle, and the corresponding actual film height.
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Figure 3-19. Charting film thickness probability.

The horizontal portions of the wave scans mark intervals where the needle probe is not
touching the water film. Summing up these intervals and dividing by the overall time of the scan
yields the probability for the needle not touching the interface. In other words, this is the proba-
bility for the film thickness being less than the distance between the wall and the needle. One

minus this probability yields the probability for the needle to touch the liquid film. If this contact
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probability is plotted versus distance from the wall, Figure 3-20 is obtained. Since the wavy film
is permanently covering the wall, for the chosen combination of water and air flow rate, contact
probability approaches unity as the needle is moving closer to the wall. Probability reaches zero

as the needle is retracted farther away from the wall than the largest wave crests.
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Figure 3-20. Contact probability versus probe distance from the wall.

Next, the needle probe is put in conductivity mode, close enough to the wall to ensure per-
manent contact with the water film. Figure 3-18 depicts a portion of the corresponding wave
scan. A histogram is computed and normalized from the conductivity data as shown in Figure
3-21. The similarity between the probability curves in Figure 3-20 and 3-21 indicates the closure
of this argument. Therefore, there is a one-to-one correspondence between conductivity and film
thickness. If a given film thickness has a probability as shown in Figure 3-20 and a certain value
of the conductivity signal has the same probability in Figure 3-21 then the conductivity value

corresponds with the film height. In other words, Figures 3-20 and 3-21 are both functions of
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probability. Therefore, these two figures can be combined to yield the calibration chart as shown

in Figure 3-22.
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Figure 3-21. Histogram and probability of voltage levels in Figure 3-18.
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Figure 3-22. Comparison of probabilities yields calibration chart for film thickness.

The probability argument is only true if the probability properties do not change during cali-

bration. Constant probability conditions can be assumed if all flow properties, such as flow rates,

temperatures, and pressures remain constant and the sampling occurs over sufficiently long time

intervals.
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Once the calibration is performed the needle probe remains fixed in the fully submerged
position within the film. No further manipulation of the needle probe is needed for subsequent

measurements at different flow conditions.

3.25 Error Analysis for Flush-Wire Probe
Film Thickness Measurement, Error Analysis: A thorough discussion of all possible

sources of measurement errors will be presented, then the overall accuracy will be determined.

For the following discussion, two statistical terms will be needed. “Bias” is an error that
occurs for every data point with the same magnitude and direction. “Random error”, “variance”,
or “noise” is an error which is different in magnitude and direction for every data point. The pur-
pose of calibration is to minimize bias. Random error can be reduced by improving the signal to

noise ratio of the equipment used or by loss of information (averaging of data).

[n order to determine the film thickness the resistance between the flush and the wire probe
is measured and then converted to film thickness. It is important to define the term “local film
thickness”. In the mathematical sense, “local film thickness” refers to the height of a water col-
umn with infinitesimally small diameter. Inherently, conductivity probes provide a weighted
average measurement over a column of liquid in the vicinity of the sensor. For the flush-wire

probe this area spans a few wire diameters.

Test runs have shown that droplets hitting the conductivity probe can be a source of errone-
ous measurements. If a droplet deposits on the uninsulated part of the wire probe it may bridge
with the liquid surface and thereby cause an increased conductivity. Conductivity can thus

become larger than with the liquid film alone. These droplet events manifest in the conductivity
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trace as large sharp peaks. For the single flush-wire probe, this effect has been accommodated in
the analysis by appropriate filtering of the raw data from the conductivity probe. All multiple
flush-wire probes were built with thinner probe supports protruding into the flow field. This

decreased the target area for droplets and greatly reduced droplet deposition.

The presence of the wire probe itself can induce error by altering the film thickness in sev-
eral ways. The wetting characteristics of water on platinum can create a meniscus and thereby
distort the liquid-gas interface. The formation of a meniscus is caused by wetting effects of
water on platinum in the presence of air. In a static equilibrium situation the contact angle
between two liquids on a solid can be described by Young’s equation. Unfortunately, the param-
eters required in Young’s equation are not easily attainable. For a real surface and a dynamic sys-
tem, the meniscus will be different from a static theoretical model. Specifically, a hysteresis
effect, in which increases in the contact angle when the film is retreating and reduction in the
contact angle when the film is rising, has to be expected. Koskie et al. (1989) observed that the
distortion caused by the meniscus is typically a fraction of the wire diameter and in the order of

a few micrometers, indicating that bias introduced by this effect is negligible.

Another concemn is that the needle will cause a disturbance in the liquid film due to the
motion of the liquid. A holdup on the upstream face of the needle and a wake on the downstream
side are to be expected. In order to be able to describe the disturbance physically, pressure, vis-
cous, surface and gravitational forces have to be considered. In horizontal flows, the dominant
force balance is usually between pressure and gravitational forces. In a vertical film, gravita-
tional forces lose importance and surface forces become crucial. The high speed air flow above

the interface will also play a major role in defining the shape of the disturbed interface. The dis-
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turbances created by the wire probe can be kept negligible if a small enough probe is used. The
probes used in the dual and nine flush-wire probe setup have a maximum outer diameter of 150
um with a 50 pm tip, small enough to practically eliminate bias of this kind. A simple estimate
of the holdup ahead of the wire probe is presented in Appendix A. The holdup at typical flow
conditions is less than 7.5 um and the bias of the film thickness measurement due to the holdup

is a fraction of this value.

Furthermore, the flow field in the gas phase will be influenced by the presence of the probe
and the probe support. Changes in the air flow cause changes in the pressure distribution on the
interface and can thereby again modify the shape of the interface. The most valuable evidence of
disturbances created by the wire probe was presented by Koskie et al. (1989) and indicate that

measurement errors due to flow and interface disturbance are on the order of a few micrometers.

The disturbance discussed in the previous paragraph become more significant with increas-
ing wire probe diameters. Therefore, a very thin wire probe appears to be the logical choice. On
the other hand, structural rigidity considerations pose a lower limit for the wire diameter. If the
wire is too thin, deflections caused by the forces exerted by the flow can change the conductivity
measurement. It is important to note that the conductivity signal does not only depend on the lig-
uid film height but also on the distance between wire probe and flush electrode. Theoretical anal-
ysis has shown that the worst case deflection of the tip of the wire probe used in these
experiments is less than 2 pm due to static loads exerted by the flow field. Changes of the con-

ductivity measurement due to these deflections of the wire can therefore be neglected.

As stated previously, a measurement error would be introduced if the distance between the

two electrodes changed during data acquisition. Rigid mounts and a high precision micro stage
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provide a fixed needle position. Theoretical analysis has shown that lengthening of the wire due
to thermal expansion is negligible. This conclusion is based on the observation that water and air
temperature are constant within 2 K over the duration of a test un. Changes of the conductivity
of water, which can occur due to temperature variations or changing water impurity levels can
have an impact on the measurement. These changes have to be compensated for by daily calibra-
tion. Repeated calibrations before and after test runs proved that changes in conductivity over
this time span are negligible. The same argument holds for the surface properties of the elec-

trodes; changes in the surface properties occur but they are compensated by daily calibration.

The electronic circuitry can also introduce measurement errors. Most elements can create
bias and random errors. The signal generator ideally provides a pure sine wave with constant fre-
quency and amplitude. If the amplitude changes the conductivity signal changes proportionally.
If the frequency drifts the change in response is determined by the filtering characteristics of the
demodulator. Amplitude and frequency drifts typically manifest themselves as bias errors and
can be compensated by calibration. Deviation from a pure sine signal will create noise in the
conductivity signal. The amplifier and filter in the demodulator can also create bias and random
error. However, such bias errors are small and compensated by calibration. The circuitry was
carefully designed to minimize noise. Nevertheless, as in any circuitry, some noise is added to
the signal. All cables and connectors are shielded to minimize noise. The lead wires to the con-
ductivity probes is very sensitive to shielding. The conductivity probe itself is not shielded. A
grounded wire cage has been put around the instrumentation section to improve noise rejection
but was found unnecessary. The measurement amplifier and the analog to digital converter can
add bias and random error. The measurement amplifier offers the convenience of a self calibra-

tion, which reduces bias in this part of the data acquisition system. Errors in the quantization of
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the signal are minimized by selection of an amplifier gain, which optimally uses the measure-
ment range of the analog to digital converter. The measurement resolution is limited by the
smallest quantization step of the analog to digital converter. This converter provides 12 bit data
output, equivalent to 4096 digital levels. The actual resolution in terms of film thickness depends
strongly on the conductivity versus film thickness calibration curve and will be discussed later in

this section.

The way to quantify total accuracy is an end-to-end test of the film thickness measurement.
The difficulty in quantifying end-to-end measurements is the unavailability of a known and con-
trolled liquid film thickness. Ideally, an alternative method of film thickness measurement
should provide reference information. Unfortunately, there is no alternative method that can be
realized with a reasonable effort. The advantage of the conductivity method is that this approach
yields unequaled quality of measurements with a moderate amount of equipment involved. Nev-

ertheless, pseudo-reference states can be created as described in the following paragraph.

Noise was measured for three conditions: open circuit (no conductivity), closed circuit (infi-
nitely high conductivity), and with a known constant resistance. Figure 3-23 shows the three sig-

nal traces. The RMS is always smaller than 0.6 mV, while the signal range spans 330 mV.

Long term drifts of the measurement system are compensated by daily calibration. Never-
theless, bias can occur over the duration of one test run. This bias can be estimated, using a sta-
tistical approach. The conductivity measurement in a wavy water film yields a random signal,
which means that one single data point cannot be predicted. Instead of a single data point, statis-
tical properties can be used to quantify inaccuracies. For a constant water and air flow rate, the

statistical properties of a series of conductivity measurements will be constant except for mea-
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At this point in the analysis bias and random error of the conductivity measurement are
quantified. The conductivity data is converted to film thickness using a calibration chart. There-

fore, the calibration procedure is examined next.

In the calibration procedure, conductivity probability and contact probability are combined
to yield a conductivity versus film thickness relation as described in the previous section. The
accuracy of the conductivity probability has been discussed previously. Note that probability is
determined by a statistical procedure from a finite number of samples. Therefore, probability
itself has a statistical uncertainty. During calibration, the number of samples is chosen large
enough to guarantee three digits of accuracy for probability. This accuracy is verified by compar-
ison with probabilities determined from larger samples. The accuracy of the conductivity mea-
surement has been established previously and next the accuracy of the calibration curve will be
examined. Noise does not affect the calibration curve, since probability is established for large
samples. Bias can change the calibration. Apart from conductivity values, the distance between
the needle probe and wall has to be determined. This information is used to establish contact
probability. There are several sources of error involved in the determination of probe to wall dis-
tance. Most prominent is the uncertainty in defining the zero distance reference position. The
surface roughness of the flush electrode as well as unevenness of the wire tip contribute to the
uncertainty. Both roughness together account for about 10 um uncertainty in the zero position
for the single flush-wire probe. The zero position is adjusted mechanically and then checked by
measuring conductivity between the electrodes in the dry channel while advancing the needle
probe. The zero position is detected by a significant increase in conductivity. The repeatability of
the zero position is better than 10 um, which is consistent with the uncertainty due to surface

roughness. For the multiple flush-wire probes, highly polished platinum surfaces were imple-
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mented as flush electrodes, which improved the zero adjustment accuracy to 5 um. The accuracy
of the micrometer stage is I pm. The micrometer stage has no backlash but some backlash can
be created by friction in the feed through of the wire probe. The tightness of the feed through is
adjusted manually in order to achieve a compromise between sealing action and friction. Back-
lash can be determined at the zero distance position. If the needle probe is advanced until it
touches the wall and then retracted there is a 5 um hysteresis in the micrometer reading. This
hysteresis is attributed to backlash due to friction in the feed through. In practical operation, the

effect of backlash can be eliminated by always advancing the probe during adjustment.

The overall accuracy of the wire probe to wall distance can be determined from a statistical
approach. Here again, a probability argument will be invoked. At a given distance between with
probe and wall, for a given flow condition, a probability for the probe touching the film can be
established. This probability is a unique and continuous function of the wire probe to wall dis-
tance. For constant flow conditions and constant wire probe to wall distance, the same probabil-
ity should be measured every time the experiment is run. If the probability changes some error in
the measurement must have occurred and the error can be quantified. If all changes are attributed
to the accuracy of the needle position measurement an upper bound for this measurement can be
obtained. Figure 3-26 shows probability versus distance from wall for several runs, including the
envelope enclosing the data points. In Figure 3-27, the width of the envelope of the curves in
Figure 3-26 is plotted versus distance from wall. This yields an upper error bound of about

25 pm for film thicknesses of less than 500 pm.
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how an upper bound for the measurement error can be obtained. At the beginning of the mea-
surement chain, there is a voltage acquired from the conductivity probe. The maximum bias for
this voltage can be found in Figure 3-25 and is called AU}, and AUp,,. . In addition, noise
might have altered the signal. For a measured voltage of Uy, the actual voltage U, can be in the

range

Upg+ AUy + AU 3o < U, < Uy — AU — AU gie eqn (3-1)

noise
Using the calibration chart, this voltage range is mapped to film thicknesses. The limits of
this interval are called f * and f, and the film thickness corresponding to U, is called f.

Therefore,

f = fo-Af <fo<fo+Af* = f" eqn (3-2)

Figure 3-29 shows this error bound as a function of f . Also shown are the contributions to

the overall error. Figure 3-30 presents the same data in terms of relative error. The relative accu-
racy, comparing the film thickness of consecutive data points, is in the order of 5 um, judging by

the signal to noise ratio.
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Figure 3-28. Schematic of the error analysis procedure.
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33 Wall Shear Stress Measurement
33.1 Candidate Techniques

A wall shear stress sensor has to measure the tangential force exerted by an adjacent viscous
fluid on a surface. Various techniques have been suggested and implemented in the past. Han-
ratty and Campbell (1983) and Jones (1983) have given summaries of available techniques. Wall
shear stress measurements techniques can be divided into several categories as shown in Figure
3-31. The first are the direct techniques, where the actual force on the wall is determined. A seg-
ment of the wall is mechanically isolated and the forces acting on the segment are measured. The
second category incorporates all methods that use properties of the velocity field in the adjacent
fluid to determine wall shear stress. Here again, there are methods with a more direct approach,
using the actual velocity field, such as Stanton tubes, Preston tubes, and sublayer fences and
there are methods that use transport properties of the flow field, such as thermal or electrochem-
ical techniques. A common principle in all indirect methods is to use properties of the boundary
layer close to the surface under consideration. More specifically, all indirect methods attempt to
focus on the part of the boundary layer where the velocity distribution is close to linear. Since

the linear sublayer is generally small, this implies the need to miniaturize the sensors utilized.
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wall shear stress sensors

direct force detection indirect force detection

momentu

floating element transport  thermal mass
/ _/ transport  transport
N ~

Stanton | |Preston| | sublayer hot film | [electrochemical
tube tube fences probe probe

Figure 3-31. Classification of wall shear stress sensors.

In the annular flow scenario in this research, most commonly used measurement techniques
would fail because the sensors are not small enough. The average liquid film thickness is on the
order of 250 ym. Films this thin require a new level of miniaturization to reliably accomplish
wall shear stress measurements with indirect methods. For direct measurement techniques, also
called “floating element techniques,” miniaturization is not a necessity to accomplish accurate
wall shear stress measurements. Nevertheless, the nature of our research, which focuses on small

flow structures, dictates the use of miniaturized sensors also for a floating element approach.

Fortunately, wall shear stress sensors with characteristic dimensions in the micrometer range
are in development. A group at the Massachusetts Institute of Technology (Goldberg et al. 1994;
Padmanabhan et al., 1995) is working on both microfabricated hot film and floating element
shear stress sensors. Currently, their work focuses on a sensor that uses an optical detection
scheme to measure the displacement of a floating element. Another effort to miniaturize wall
shear stress sensors in conducted at the University of California, Los Angeles where Liu et al.

(1994) developed microfabricated hot film wall shear stress sensors. We had the unique opportu-
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2
Sy%—T = aa—€ eqn (3-6)
Z ay
with the boundary conditions:
T(z=2zpy) =T, eqn (3-7)
T(z,y=0) = Topeor eqn (3-8)
T(z—e,y) =T, eqn (3-9)

where z is the streamwise coordinate, o is the thermal diffusivity of the fluid, 7 is the tem-

perature of the fluid far away from the sensor, and T is the temperature of the sensor.

sensor
Mitchell and Hanratty (1966) gave an analytical solution for this equation for the case of an elec-
trochemical probe. The governing equation and boundary conditions for the electrochemical
probe are the same as for the hot film probe if thermal diffusivity is replaced by mass diffusivity

and temperature by concentration. Their solution can be adapted to express the average heat flux

from the sensor to the fluid:

l

T 3
Ifnid = 0‘8071‘((1—1'1—) (T sensor ~ T.) eqn (3-10)

sensor
where [, ... is the streamwise extension of the sensor. This expression can be rewritten in
terms of the total heat dissipated by the sensor to the fluid, (q,;4, the sensor area, A, . and

a heat transfer coefficient, h:

Qﬂuid = Asensorh(Tscnsor -T,) eqn (3-11)

where:
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h=C 11.’:,/3 eqn (3-12)
and:
1
c 0807k( L )3 (3-13)
= 0. —— eqn (3-
! aulscnsor

It may be noted that this result is different from the more basic Reynolds analogy. Reynolds
analogy was derived for an infinite heated wall, while the cubic root relation in Equation (3-12)

arises for a locally heated wall.

Ideally, all heat dissipated from the heated element is transferred to the adjacent flow field.

Practically, there is always a conductive loss to the substrate which can be written:

Qaubstrate = Ca T sensor = T substrate) eqn (3-14)
where C, is a function of the thermal conductivity of the substrate and the geometry of the
interface between substrate and heated element. C| and C, are dependent on sensor geometry
and material properties of the sensor and the wall. For small temperature changes, material prop-

erties are relatively invariant and thus both coefficients can be treated as constants.

In practice, the heated element is kept at a constant temperature using temperature depen-
dent resistivity of the heated material. An electronic driver circuit supplies a regulated voltage to
the heated element such that the resistance of the element and, thereby, the element temperature,
is kept constant. The net heat dissipated by the element can be expressed in terms of the voltage

applied, Uy, » the sensors ohmic resistance R, and the resulting current, [ . :
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2
Usensor
Qscnsor = Qﬂuid + qubstrate = Usensorl sensor — R eqn (3-15)
sensor

The driver circuit also provides an output signal proportional to the voltage applied to the

heated element. This output signal is connected to the data acquisition equipment.

Collecting Equations (3-11), (3-12), (3-14), and (3-15) the following expression is obtained:

UZ

sensor
—— = A

R

1/3
w

Clr (T -T.)+ C2(Tsensor - Tsubstrate) eqn (3-16)

sensor sensor

sensor

The microfabricated heated element is mounted on top of an evacuated chamber (not shown
in Figure 3-32), which minimizes heat transfer to the substrate. Therefore, the last term of Equa-
tion (3-16) will be small compared to the first term and the substrate temperature can be set

equal to the water temperature without significant loss of accuracy, as in:

Tobsrae =T o eqn (3-17)

This leads to the following calibration equation with new regrouped constant coefficients C5

and Cy:

+C, eqn (3-18)

which is in accordance with the expression suggested by Bellhouse and Schultz (1966). Theoret-
ically, all coefficients can be determined from analysis. Experiments have shown that the ideali-
zations required to perform such an analysis are not sufficiently satisfied and best results are
obtained by fitting the coefficients from calibration in an environment with known wall shear

stress and water temperature (Hanratty and Campbell, 1983).
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while a similar layer of polyamide would seriously reduce the heat transfer from the hot film to
the liquid. The information gathered indicated that sapphire has the highest potential as a protec-
tive coating and therefore a | um layer of this material was deposited on the already mounted

sensor by sputtering in a vacuum chamber.

Table 3-1. Candidate coating materials for the hot film sensor.

. thermal electrical W
material conductivity | resistivity applicability
W/mK} [Qcm]
sapphire 15 10"1-10'% | can be applied at low temperature (vacuum deposition)
(A1,03)
quartz 1.5 ~1012 difficult to apply at low temperature
(Si0,)
Diamond Like | 400 10°-10'2 | properties degrade if applied at iow temperature
Carbon (DLC)
polyamide 0.22 >1010 easy to apply, thermal conductivity too low

The electrical connections to the chip were initially implemented with a conventional gold
bonding technique between the copper pads and the bonding pads on the chip. One of the four
available copper pads is connected to the ground bus on the chip, while the other three permit
contact to three different hot film elements. The gold wires utilized were 25 pm thick and freely
suspended between their end points. This contacting technique, which works successfully for
applications in air flow, did not survive the first contact with water. Three out of four gold wires
were mechanically destroyed and an alternative bonding technique had to be found. Gold wires
with SO um thickness were conventionally gold bonded to the chip and glued to the copper pads
using conductive epoxy. The free length of wire between the chip and the copper pad was pushed
flat on the plexiglas surface of the mounting plug and fixed with epoxy. Chemical incompatibili-
ties between conductive and non-conductive epoxy created some additional difficulties in this

procedure and left ultimately one hot film element functionally connected to the copper wires.
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The completely packaged sensor proved to be a functional scientific instrument, that can be con-

veniently handled and interfaced with the experimental setup.

A driver circuit similar to the equipment used in hot film anemometry is required in order to
measure wall shear stress with the microfabricated hot film sensor. Hot film sensors can be oper-
ated either in constant current or constant temperature mode. In constant current mode, the tem-
perature of the sensing element is allowed to change with varying shear stress and the driver
circuit adjusts the voltage such that the current through the element remains constant. The
changes in temperature of the sensing element imply a reduction in frequency response due to
the thermal mass of the hot film. In constant temperature mode, a higher frequency resolution
can be achieved, since the thermal mass of the sensor does not affect the measurement. A con-
stant sensor temperature control can be implemented for a sensing element which monotonically
changes resistance with temperature. This is the case for boron doped poly-silicon. The voltage
supplied to the element is regulated such that its resistance remains constant. Figure 3-37 pre-
sents a schematic of the driver circuit used in our experiment. On the far left of the diagram is a
Wheatstone bridge. The voltage difference across the bridge is used to control the voltage sup-
plied to the bridge. This feedback control scheme keeps the bridge very close to balanced and
thereby keeps the resistance constant. A two stage amplifier with variable offset and two differ-
ent gain levels preconditions the signal, which is ultimately connected to the A/D card in the

data acquisition computer.

The Wheatstone bridge and the feedback loop have to be carefully designed to create a cir-
cuit, that provides stable operation with a high frequency response. Commercially available ane-

mometers were not suited for our application because they are designed to drive sensors with
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Table 3-2. Physical quantities for the hot film sensor.

quantity symbol value unit

sensor length Lensar 51 m
sensor width Wsensor 90-10 m
overheat ratio H 1.023
TCR poly-Si o -0.003 1/K
density water’ P 996 kg/m®
therm. exp. water B 0.27 kg/m°K
viscosity water’ M 11073 kg/ms
spec. heat water’ G 4183 Jikg K
therm. cond. water | k 0.558 W/mK
therm. diff. water’ o 1.3-107 m?/s
Prandtl water’ Pr 75
wall shear stress Tw 1-50 Pa
" all properties for water at 7=298 K

is on the order of 1400 m/s. Given typical liquid flow velocities in the order of 1 m/s, the Mach

number in the flow field is always less than 0.0007 and an incornpressible treatment is justified.

Viscous Dissipation: The role of viscous dissipation is quantified by the Brinkman number,
which compares heat generation by dissipation with heat transport by conduction, and is given
by:

pee,

Br = AT eqn (3-19)

where u__ is the free stream velocity far away from the sensor. The characteristic temperature

difference in the flow field is:

AT =T T

eqn (3-20)

sensor
The sensor temperature is controlled by the driver circuit. The overheat ratio, H, which is
defined by the resistance of the hot film divided by the resistance of the cold film is set to

H = 1.023. This overheat ratio is related to the actual temperature difference by the tempera-
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ture coefficient of resistance (TCR) of the hot film elements.

H-1
o

AT =

eqn (3-21)

-

The hot film element is made of intermediately boron doped silicon, which has a
o, = 0.003 K. Therefore, the characteristic temperature difference approximately 8 K.
Characteristic velocities in the liquid film are on the order of 1 m/s. The Brinkman number for
these values is on the order of Br=2 - 107, which confirms that viscous dissipation is negligi-

ble.

Linear Sublayer: It was assumed that the thermal boundary layer over the sensor is com-
pletely within the linear sublayer of the flow. White (1974) states that the linear sublayer exists

for y+ < 35, where the nondimensional wall normal coordinate y+ is defined as:

y = l‘ eqn (3-22)
{

[t = p eqn (3-23)

For a comparably high shear stress of T,, = 50 Pa, the linear sublayer can be as thin as
160 um. This is very large compared to the streamwise extension of the hot film element (5 um).
To be more accurate, one should consider the extension of the thermal boundary layer. Hanratty
(1983) states the following criterion for the thermal boundary layer to be fully within the linear

sublayer:
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I3 < 64Pr eqn (3-24)

where l:ff is the effective sensor length, nondimensionalized with [ and Pr is the Prandtl num-
ber of the fluid. “Effective” indicates that there is a difference between the geometric length of
the hot film and its apparent length due to conduction in the sensor mount. The restriction in
Equation (3-24) is most stringent at high shear stress. For T,, = 50 Pa the maximum effective
length of the hot film, for which the thermal boundary layer lies within the linear sublayer is
2.1 mm, which is more than two orders of magnitude larger than the actual geometric dimen-

sions. Therefore, this assumption is valid.

Free Convection: At very low liquid film velocities, buoyancy forces could possibly create
a secondary flow field. Hanratty (1983) states the following criterion to avoid natural convection,
which has been derived for the concentration field of an electrochemical probe and is applied to
the hot film probe due to the previously mentioned similarity of the governing equations:

2
( l+ff) Pr> 200 eqn (3-25)

€

This equation has a noticeable shortcoming in that it has no reference to the buoyancy forces
acting on the flow field. The application of the analogy between concentration field and temper-
ature field seems inappropriate for the physical phenomena of buoyancy forces. Instead, it is use-
ful to evaluate the Grashof number and the ratio of Grashof number to the square of Reynolds

number as indicated by Bird et al. (1960). The Grashof number for this problem is given by:

3
l
Gr = 95-5952-‘3-‘22 eqn (3-26)

7]

and the Reynolds number by:
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[
Re = p—se-,is'i eqn (3-27)

The density difference can be estimated using the thermal expansion coefficient of water and
the known temperature difference between hot film and fluid. The Grashof number for the hot
film is on the order of 2-10 and the ratio of Grashof number to Reynolds number squared is
4-107°. This confirms that in the given scenario viscous and inertial forces dominate buoyancy

forces significantly.

Thermal Equilibrium: In the analysis for the derivation of the calibration function for the
hot film wall shear stress sensor it was assumed that heat transfer equilibrium is established
faster than any changes in the flow field. In actual application, the flow field may change too fast
to reach a thermal equilibrium, which would alter the measurements. Fortuna and Hanratty
(1971) examined the solution for a time varying flow field over an electrochemical probe using a
Fourrier decomposition. As stated previously, solutions for the electrochemical probe can be
adapted to hot film probes and it is found that for the following condition thermal equilibrium is

established, while for larger frequencies a correction needs to be incorporated in the calibration:

31
5 %
l+(co+) Pri< eqn (3-28)

where the dimensionless frequency, o , is given by:

O =0t eqn (3-29)

*x
and the characteristic shear time, ¢ , can be expressed as:

*
-

t = -3 eqn (3-30)
TW
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This translates into the following formula for the highest frequency that can be resolved without

a correction:

Wi~

T k
Opax = ll (—= ) eqn (3-31)

up /3\Isensorcp

where <p is the specific heat at constant pressure. Figure 3-38 shows this relationship graphi-

cally for waterat T, = 293K,
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Figure 3-38. Maximum frequency resolution of hot film sensor in water at 293 K.

The previous discussion of dimensionless numbers demonstrated the adequacy of the micro-
fabricated hot film shear stress sensor in the annular air-water flow. More information about the
sensor can be obtained from the actual operation and calibration. The sensor was mounted in the
previously described calibration channel. Time averaged measurements of sensor output and
pressure drop in the channel were recorded for various water flow rates and temperatures. This

data was used to establish the calibration coefficients in Equation (3-18). Next the sensor was
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mounted in the test section and data was collected. A comparison of this data with wall shear
stress predictions indicated problems with temperature dependence of the sensor output. Results
were accurate only in a small temperature range. This sensitivity had not been as pronounced in
the operation of the sensor in air (Tung, 1996). In air, the sensor is operated with an overheat
ratio of 1.1, which sets sensor temperature about 30 K above ambient temperature. A change of
ambient temperature of a few degrees is small compared to this temperature difference. At first,
it was attempted to operate the sensor in water with a similar overheat ratio. One hot film ele-
ment was lost due to the large heat flux created in the water environment with this overheat ratio.
The currently implemented overheat ratio provides a temperature difference between hot film
and ambient of approximately 8 K. If the ambient temperature changes by 2 K, this has a drastic
impact on the calibration of the sensor, since this temperature change is no longer small com-
pared to the temperature difference between sensor and ambient. In order to avoid this problem,
a 2 kW heating system was installed in the water supply line. This heating system allows control
of the water temperature, both in the calibration channel and in the two-phase test section, within
0.5 K. A new calibration was performed with the temperature control in place. Figure 3-39 pre-
sents the results of the calibration. All data points lie within 8 percent of the linear regression.
This value provides an estimate of the maximum error of the sensor. Unfortunately, the sensor
burned out before the calibration procedure could be refined to improve the error margin. It
should be emphasized that the strength of the sensor is in its incredibly high temporal and spatial
measurement resolution. This sensor is not designed to study average wall shear stresses in

annular flow, but to look at highly localized flow phenomena.
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Figure 3-39. Calibration chart for microfabricated hot film wall shear stress sensor.
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335 Floating Element Sensors

The basic idea behind a floating element wall shear stress sensor is strikingly simple: a piece
of the wall is cut out and suspended by a spring mechanism such that it can be displaced in the
streamwise direction, as shown in Figure 3-40. If the relationship between displacement and
spring load is known and the displacement can be detected, this sensor provides a direct means
of shear force detection, without resorting to any other transport mechanisms. Implementation of
this approach date back to the work of Adorni et al. (1963). The floating elements used initially
were relatively large pieces of the wall, in the centimeter range, suspended by an elaborate
mechanism. Measurements obtained with these instruments had low spatial and temporal resolu-
tions. Results of similar quality could be obtained from pressure drop measurements using a

force balance over the fluid, as long as the void fraction in the channel was known.

Ty

memem——

Figure 3-40. Basic setup for a floating element wall shear stress sensor.

Until the beginning of the 1990’s, hot film and electrochemical sensors were the predomi-
nant wall shear stress measurement instruments. In the early 1990’s, a group at the Massachu-
setts Institute of Technology revived the concept of a floating element sensor using a
revolutionary fabrication technique. Not only was their sensor built from silicon wafers using
microfabrication techniques, they developed a method for sandwiching two silicon wafers and

thereby improved fabrication capabilities. This new technique enabled them to build layered
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where [ .. isthe length and w,, . is the width of the sensor. The pressure force on the sen-
sor, Fp,, is:
ap
FP =(p 2= P ) wsensorhsensor = a_zlsensorwsensorhsensor eqn (3-33)

p; and p, are pressures in the cavities before and after the sensor, respectively and A, is
the height of the sensor. Both forces, F;, and F p» Are always potentially present and the mea-
surement of wall shear stress become noticeably wrong if the relative magnitude of the pressure
force is large. In other words, if the ratio between pressure force and shear force is small the

influence of the pressure force on the measurement will be negligible:

F,  aph
P _ D "*sensor _
~F1: 3% __tw «l eqn (3-34)

In a vertical two-phase flow channel this ratio is not necessarily small, since there is always
a pressure gradient due to gravitational acceleration present. In the worst case scenario of an air-

water flow, the pressure gradient would be:

= = pg = 9810Pa/m, eqn (3-35)

if the flow field was all liquid phase. The thickness of the microfabricated floating element sen-
sor is on the order of 2 um. This implies that even for wall shear stresses as low as 1 Pa the ratio
of pressure force to shear force is 0.02. This already small error becomes linearly smaller with
increasing wall shear stress and is therefore negligible in the scenario considered in this
research. However, it should be noted that there are applications where this problem can render
measurements completely useless, as in the detection of flow separations in the presence of a

pressure gradient. In that scenario, the wall shear stress is very small and even a small pressure
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34 Data Acquisition

A PC compatible computer serves as the data acquisition machine. Two data acquisition
cards perform the analog to digital conversion. One data acquisition card is connected to both
differential pressure sensors and the turbine flow meters via demodulating devices, while the
other card is used exclusively for acquiring the conductivity data at high scan rates. The conduc-
tivity signal coming from the demodulation circuit is pre-conditioned in a measurement ampli-
fier. All data acquisition is performed using a sophisticated software package. Data display,
logging, and conditioning is performed in real time with a high degree of flexibility. For complex

analysis tasks and graphing, the data is ported to a workstation.
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4. EXPERIMENTAL DATA AND ANALYSIS
This chapter presents the measurements acquired from the experiment and their analysis.
The goal is to provide a local description of the flow field of an air-water flow in a channel with
a rectangular cross section. Data recorded includes pressure drop, film thickness, and wall shear

stress. The instrumentation utilized was presented in detail in Chapter 3.

4.1 Flow Regime Map

The experiment was designed to investigate flows in the annular regime. Annular flows exist
over a wide range of air and water flow rate combinations. The annular flow regime is limited by
transition to chum flow at low air flow rates and by dryout at high air and low water flow rates. In
the experiment, there is also a limitation on minimum and maximum flow rates due to capacity

of pumping equipment, measurement, and control capabilities.

Tests were conducted to map the achievable flow conditions. The practical limits in the
experiment are chumn flow at low air flow rates and the maximum output of the compressors at
high air flow rates. The results of these tests are reported in terms of superficial momentum

fluxes for liquid and gas, j; and j,:

j[ = plul eqn(4'l)

I e eqn (4-2)

[

©
og

L
Y

where the superficial velocities «;” and u,” are defined as the average velocity one medium
would attain in the channel if it was flowing by itself. This can be expressed in terms of volumet-

ric flow rates, Q,, Q o and the cross sectional area of the channel, A :



108

u' = Q/A eqn (4-3)

u,” = Qg/A eqn (4-4)

Figure 4-1 presents the flow regime map that was obtained from these test runs. Also shown

is a churmn-annular transition prediction given by Hewitt (1970) for flow in a circular cross sec-
tion of a pipe with a diameter hydraulically equivalent to the rectangular cross section of the
experiment. The transition from annular to churn flow in a channel with a rectangular cross sec-
tion occurs at higher superficial momentum fluxes of air than in a circular cross section. Appar-

ently, the added three-dimensionality of the flow field in a rectangular cross section and the

narrow width of the duct supports the formation of liquid bridges.
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Figure 4-1. Flow regime map with values realized in the experiment.

Table 4-1 lists the flow conditions of the data points in Figure 4-1. In addition to the flow

conditions, the table includes superficial Reynolds numbers, defined by:



u;dy _ (Q/AY2A/(2W pannet + 2P cpannet))

A/

Vv

M|

ug'd,, _ L_Qg/A)(ZA/(ZWchannel+2hchannel))

Ve
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eqn (4-5)

eqn (4-6)

where v, and v g are the kinematic viscosity of the liquid and the gas, respectively, d, is the

hydraulic equivalent channel diameter, A, . is the depth of the channel, and w; .., is the

width of the channel. The viscosities for the superficial Reynolds numbers in Table 4-1 were

evaluated at a temperature of 293 K. The kinematic void fractions is defined by:

Exn = 0,/ (0 + Q)

eqn (4-7)

Table 4-1. Measurement points for churn annular transition and maximum flow rates.

data | airflow water flow air density | superficial | superficial | kinematic
point | (CFM] | -10% fgpm] | -10° | [kg/m9) Re# water | Re# air void fraction
(m3s) [ms]

1 15.56 7.34 0.49 31 1.16 889. 13547. 0.996

2 14.68 6.93 0.71 45. 1.17 1273. 12922. 0.994

3 13.82 6.52 1.02 64. 1.20 1831. 12417. 0.990

4 13.57 6.41 1.51 95 1.21 2717. 12365. 0.985

5 12.78 6.03 1.97 124. 1.24 3538. 11877. 0.986

6 12.88 6.08 243 153. 1.27 4367. 12272. 0.975

7 11.65 5.50 2.94 186. 1.29 5290. 11303. 0.967

8 11.97 5.65 3.28 207. 1.32 5895. 11870. 0.965

9 12.75 6.02 6.53 412. 1.59 11735. 15265. 0.963

10 14.65 6.91 534 337. 1.86 9599. 17161. 0.954

11 16.26 767 4.56 288. 1.52 8205. 18535. 0.964

12 17.49 8.26 3.97 251. 1.49 7134. 19517. 0.971

13 18.40 8.68 3.55 224. 1.46 6383. 20179. 0.975

14 19.15 9.04 3.22 203. 1.44 5786. 20735. 0.978

15 19.81 9.35 2.90 183. 1.43 5214. 21230. 0.981

16 24.23 114 2.01 127. 1.37 3613. 24959. 0.989

17 29.57 14.0 0.44 28. 1.22 796. 27047. 0.998
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Table 4-3. Water temperatures for test cases.

temperature temperature temperature
case case case
K K} Kl

13-06 298.6 16-36 | 300.6 28-18 298.4
13-08 299.0 16-50 | 301.1 28-25 300.3
13-12 299.3 21-06 | 298.3 28-36 301.0
13-18 299.5 21-08 | 298.1 35-06 298.1
13-25 300.2 2112 | 298.1 35-08 298.1
13-36 3004 21-18 | 298.3 35-12 298.2
13-50 301.3 21-25 3004 35-18 300.3
16-06 298.6 21-36 | 300.6 19-06 298.3
16-08 298.4 21-50 301.2 24-06 298.1
16-12 298.9 28-06 | 2984 32-06 298.2
16-18 299.3 28-08 | 298.0 42-06 298.0
16-25 300.4 28-12 | 298.2

shear stress signal are simultaneously recorded. In order to accomplish these high data acquisi-
tion rates, binary data from the data acquisition card was directly streamed to the mass storage

device without conversion to voltages or the measured quantity.

Time Scales: The first set of graphs illustrates different perspectives that can be gained
using time traces. Figure 4-6 presents film thickness recorded with the single flush-wire probe at
8.3-103 m¥/s (17.5 cfm) air and 30-10°% m3/s (0.5 gpm) water flow rate in three different time
scales. Grey lines, connecting the graphs indicate how the time scales in the three graphs relate.
The uppermost graph presents 50 ms of the data recorded. There are only few large structures
visible and the film thickness predominantly oscillates around 180 um. This perspective is suited
to study the shape of single structures in the film. The middle graph shows twice as much data
using a recording time of 100 ms. Multiple large structures occur followed by time intervals with
small wave amplitudes. The bottom graph presents 1000 ms of film thickness data. In this graph,

the flow appears to be dominated by large structures. Although the interpretations of the three
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Flow Rate Dependent Changes: This section illustrates how the wave shapes of the inter-
face depend on the flow rates. Data was acquired with the dual flush-wire probe. The two flush-
wire probes are spaced 2 mm apart in streamwise direction. Figure 4-9 shows the location of the

two probes in the test section.
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Figure 4-23. Probe spacing and probe naming convention for nine probe array.
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4.5 Statistical Analysis

The time traces of film thickness and wall shear stress provide an intuitive perspective of the
flow behavior. It is apparent that there are trends in the data, such as increasing film thickness
and waviness with increasing water flow rate. A statistical analysis permits quantitative evalua-

tion of these and other physical trends.

From the recorded data averages and standard deviations of film thickness were computed.
For every flow case six realizations, each six seconds long, sampled at 10 kHz are used to deter-
mine these basic statistical quantities. Wall shear stress quantities were only determined for 16
out of the 35 test cases, since the micromachined hot film sensor failed after several hours of test
runs. Table 4-4 lists averages and standard deviations of film thickness and wall shear stress. A
striking observation from these values is the fact that the standard deviation of wall shear stress
is comparable in magnitude to the average wall shear stress, sometimes even larger. This can

only be the case if there are mostly small amplitude waves and few very large amplitude events.

These large amplitude events have a strong influence on the average value. This abservation
can be translated into a physical interpretation. Wall shear stress can be related to the pressure
drop in the channel with a force balance over the two-phase flow field. If a few large amplitude
events affect the average wall shear stress and thereby the pressure drop, it can be concluded that
these events play a significant role in the force balance in the flow field. Note that only a high
time resolution of the measurement allows this observation. Conventional shear stress detection
techniques would most likely have failed to record the high amplitude events or at least averaged

the peaks over longer time intervals.



Table 4-4. Average and standard deviation of film thickness and wall shear stress.

flow average film std. dev. of film average wall std. dev. of
case thickness thickness shear stress wall shear
(um] [um] (Pa] (Pa]
13-06 | 436 295 n/a n/a
13-08 | 461 310 n/a n/a
13-12 | 492 320 n/a na
13-18 | 548 337 n/a n/a
13-25 | 602 341 n/a n/a
13-36 | 648 339 wa n/a
13-50 | 666 335 wa n/a
16-06 | 377 273 4.6 7.5
16-08 | 406 288 43 5.6
16-12 | 424 299 5.6 8.4
16-18 | 478 318 n/a na
16-25 | 526 327 n/a n/a
16-36 | 574 330 n/a n/a
16-50 | 604 326 n/a n/a
21-06 | 275 203 4.1 4.6
21-08 | 304 228 5.2 59
21-12 | 331 249 7.0 7.7
21-18 | 378 277 120 12.5
21-25 | 422 293 n/a n/a
21-36 | 480 307 n/a n/a
21-50 | 510 304 n/a n/a
28-06 | 220 160 11.2 11.2
28-08 | 242 186 9.5 94
28-12 | 265 212 13.9 13.9
28-18 | 298 232 219 19.8
28-25 | 359 265 na n/a
28-36 | 402 278 n/a n/a
35-06 | 188 134 15.0 13.2
35-08 | 213 159 16.7 15.3
35-12 | 235 181 20.5 18.0
35-18 | 258 199 na n/a
19-06 | 349 257 wa wa
24-06 | 266 197 wa n/a
32-06 | 209 152 n/a n/a
42-06 | 163 108 n/a n/a
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Figure 4-26. Average film thickness versus superficial Reynolds number ratio.
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4-28, which depicts the standard deviation versus the average of film thickness. All data points

collapse along one line in this graph. Gill et al. (1963) deduced the existence of a quadratic rela-
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tionship between film thickness and roughness height for annular flow in pipes with circular
cross sections from pressure drop measurements and a simple friction factor model. Figure 4-28
supports the existence of such a relationship. All data points collapse along a parabola. There is
a small degree of scatter at large average film thicknesses, which is a consequence of larger mea-
surement uncertainties due to the steep slope of the film thickness versus conductivity calibra-

tion curve in this film thickness range.
400 — T v ~T - Y v

300 [ 5 693
200 | & .

100 1

standard deviation of film thickness {um)

0 e N - e L N 1 Y

0 200 400 600 800
average film thickness [um]

Figure 4-28. Standard deviation versus average of film thickness.

A quantity useful to characterize the interface roughness is the ratio of standard deviation
and average film thickness. This quantity is plotted as a function of superficial Reynolds number
ratio in Figure 4-29. Here, the data groups along two straight lines, which may be associated

with different wave types.

More detailed information about statistical properties of the flow can be obtained from prob-
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ability distributions of the film thickness. Figure 4-30 presents cumulative probability versus
film thickness. Cumulative probability is the probability that the film thickness is larger than a
given threshold value. For all cases the cumulative probability reaches unity at a finite nonzero
film thickness. In other words, there is a thin liquid film permanently present on the wall. This
film, also called “substrate”, has been previously identified in annular flow in pipes with circular
cross section (Telles and Dukler, 1970). At very high liquid and gas flow rates (e.g., case 35-18)
the substrate is very thin, yet present. Only at high air flow and drastically lower water flow rates
(see Figure 4-13) does dryout occur. The thickest substrates occur at low air flow rates. All
cumulative probabilities display a steep drop in probability just above the substrate thickness
and then a shallow approach to zero probability. At high air flow rates the initial drop of proba-
bility for film thicknesses larger than the substrate is very steep, while for large water flow rates,
the slope is much more shallow. In physical terms, there are few, mostly small waves at high air
flow rates, while there is a large range of waves with a relatively large probability at large water

flow rates.
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Figure 4-30. Cumulative probability for film thickness.

From cumulative probability distributions, probability density can be derived by differentia-

0 500 1000 1500 O

tion with respect to film thickness. Probability density at a given film thickness times the width
of a small interval around this film thickness yields the probability that the film thickness is
within this interval. Figure 4-31 presents probability density of film thickness for eight flow con-
ditions. In this graph, the drastic differences between the wave structure at different flow condi-
tions becomes even more apparent than in Figure 4-30. At high air flow rates there is a small
range of film thickness with a high probability density. In other words, the interface is almost
smooth and deviations from the average film thickness are small and occur infrequently. At high
water flow rates, and especially at low air flow rates, the situation is almost the opposite. The
probability density displays a broad maximum and extends to large film thicknesses. This indi-
cates a large amplitude spectrum of waves occurring on the interface. At high air and low water
flow rates, the most likely wave amplitudes are barely larger than the thickness of the substrate,

while the most probable wave amplitudes at high water and low air flow rates are much larger.
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These statements complement observations made previously in the discussion of time traces of

film thickness.
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Figure 4-31. Probability density of film thickness.
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4.6 Pressure Drop

Pressure drop measurements are presented separately, since these measurements were taken
with a hydraulically and mechanically slowly responding device. Therefore, all data recorded is
automatically averaged over longer periods of time compared to the film thickness and wall
shear stress measurements. Also, pressure head measurements complement wall shear stress
measurements, since both are connected by a force balance over the flow field. Pressure head
measurements were obtained simultaneously with the single probe film thickness measurement.
Total measured pressure head is composed of two contributions, due to gravity and due to fric-
tion:

_9p
0z

=9
T 9z

dp

3z eqn (4-8)

total friction gravity
The gravitational pressure head can be determined from a force balance over a segment of
the channel, assuming fully developed velocity profiles:
dp
== = g[(1 —e)p,+epg] eqn (4-9)

d .
¢ lgravity

where € is the void fraction. In order to determine the gravitational pressure head an assumption
on the phase distribution in the channel has to be made, since void fraction is not measured. At
first, a phase distribution with a ratio of the film thickness on the short side of the channel to the
long side of the channel of 10, which is also the aspect ration of the rectangular cross section, is
assumed. This assumption permits comparison of measured data to friction head prediction in
the literature. A comparison of frictional pressure heads from measurements, using a film thick-
ness ratio of 10, and a pressure drop prediction from Troniewski and Ulbrich (1984) is shown in

Figure 4-32. The fit of experimental data to the prediction can be improved, using a film thick-
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ness ratio of about 7. A least squares fit gives an optimal agreement of prediction and measure-
ments for a film thickness ratio of 7.08. The corresponding frictional heads together with
predictions are shown in Figure 4-33. The agreement between the measurement and prediction is
good, given the uncertainty in the measurement and the uncertainties associated with semi-

empirical correlations (Hetsroni 1982).
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Figure 4-32. Measured and predicted pressure drop for c,=10.

One of the issues to be investigated is the sensitivity of the calculated frictional pressure gra-
dient to the choice of numerical value for the film thickness ratio. In order to investigate this, a
sensitivity analysis has been performed. The assumption of a constant film thickness ratio is a
first order approximation, which allows one to estimate void fraction and average phase veloci-

ties from a known average film thickness at the long side of the channel. Figure 4-34 introduces



141

15000

10000 s

O data at 0.03°10™ m%/s (0.54 gpm)

® data at 0.13+10"3 m%s (2.00 gpm) 4
% data at 0.19¢10"3 m%s (3.00 gpm)
= Troniewski

5000

frictional pressure drop [Pa/m]

o

0 I S L . .
10.0 20.0 30.0
air flow rate {cfm]

Figure 4-33. Measured and predicted pressure drep for ¢,= 7.08.

the notation used in the following discussion: f is the measured average film thickness at the

long side of the channel, w_y ..., is the long dimension of the channel, and A ; the short

channe!
dimension of the channel. The effect of the assumption of a constant film thickness ratio is illus-
trated in Figure 4-35. Shown are five different approximations for void fraction as a function of

relative film thickness, which is average liquid film thickness divided by the channel width. The

void fraction as a function of relative film thickness can be expressed as:

- | )
€= (1,2 1-2 eqn (4-10)
hchannel (Wchannel/ hchannel) hchannel

where f/ Ry anne is the relative film thickness and W yire1/ Bopanner the aspect ratio of the

channel (here 10). The constant c, is the film thickness ratio discussed previously. For ¢, = 0

there is no liquid film in the corners; ¢, = 1 implies that the film in the comer is as thick as the
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Figure 4-36. Comparison of predicted (Troniewski and Ulbrich, 1984) and measured wall shear
stress.
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4.7 Correlation Analysis
In the presentation of time traces of measured data it is apparent that the signals recorded at
different sensor locations are related. For example, events visible in the data trace of one of the
dual flush-wire probes always leave a signature at the other probe location. A similar observation
was made when signals from the wall shear stress sensor are related to film thickness measured
at a different location. The appropriate mathematical tools to quantify the relationship between
these data traces are correlation coefficient functions. The correlation coefficient function
rxy(At) between two signals, x(f) and y(t) , with average values X and y, and variances

O, and G recorded for times ty <t <t , is defined by:

Fens
ro(An = 3 [ [x(t) - Xl0y(t + AN -3 dt p/(6,6,) eqn (4-11)

t
The normalization with average and variance of the signals permits a convenient interpreta-
tion of the value of the correlation coefficient function: if x(#) and y(t) are identical, except

for a time delay, the correlation coefficient function is unity for this specific time delay; if x(t)

and y(t) are unrelated, the correlation coefficient function goes to zero.

Figure 4-37 presents the correlation coefficient function between the two probes of the dual
flush-wire probe setup for eight flow conditions. The two probes are 2 mm apart in streamwise
direction, as shown in Figure 4-9. The data traces presented in Figures 4-10 to 4-12 indicate that
the two signais are closely related. The correlation coefficient functions confirm and quantify
this phenomenon. They display a highly pointed maximum with correlation values around 0.6 at

the maximum. This confirms that the two wave traces indeed match up well for one distinct time
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delay. In other words; information that is recorded at the upstream probe can be identified at the
downstream probe at a later time and a velocity for this signal propagation can be calculated
from the time delay at the maximum of the correlation and the probe separation distance. The
peaks of the correlation become narrower as both liquid and gas flow rate increase. This implies
that the traveling time of a signal between the probes becomes more clearly defined at high lig-

uid and gas flow rates.
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Figure 4-37. Correlation coefficients between film thickness at upstream and
downstream location of the dual flush-wire probe for various flow rate combinations.

Figure 4-38 shows the cross correlation function between wall shear stress and the signal
recorded at the upstream location of the dual flush-wire probe. Similar to Figure 4-37, all graphs
display a maximum at one time delay. The maxima of the correlation coefficient functions are

significantly smaller than in Figure 4-37 and occur at larger time delays. Also, at low air flow
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rates, the maxima are much broader. The increased time delay is a consequence of the larger dis-
tance between the measurement locations. The two flush-wire probes are spaced only 2 mm
apart, while the wall shear stress sensor is 102 mm upstream of the first flush-wire probe. This
increased distance also accounts for the lower value of the correlation coefficient function and
the broad peaks. Waves experience deformation as they travel downstream. The deformation
increases with distance traveled and may become strong enough such that a wave can no longer
be identified. This is the most likely explanation for the broadening of the peaks at low air flow
rates. It should be noted that this interpretation implies an underlying assumption: a correlation
coefficient function between two quantities tests these quantities for a linear relationship with a
time delay. The existence of a distinct maximum indicates that such a relationship does exist or
that the relationship can at least be approximated linearly. In other words, there exists a linear

proportionality between wall shear stress and film thickness.

The signal propagation velocity, which can be calculated from the time delay at the maxi-
mum of the correlation coefficient function and the probe separation can be interpreted as wave
propagation velocities. The experiments performed offer several possibilities to relate signals
and determine streamwise wave velocities. As mentioned previously, the two film thickness sig-
nals from the dual flush-wire probe were used to calculate wave velocities. In the nine flush-wire
probe there are four pairs of probe locations that can be used to determine wave velocities. The
signal from probe 8 (see Figure 4-23) can be related to the signal at probe 1 and likewise for
probes 9 and 5, 6 and 3, and 7 and 4.These probe combinations provide correlations over 10 mm
and 20 mm distances. The relation between shear stress and film thickness at the upstream loca-
tion of the dual flush-wire probe covers a streamwise distance of 102 mm. Table 4-6 lists the

wave velocities determined for these probe combinations. For comparison, average phase veloc-
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Figure 4-38. Correlation coefficients between wall shear stress and film thickness at upstream
probe (dual flush-wire probe) for various flow rate combinations.

ities are also listed.

The wave velocities determined over large distances are mostly larger than the velocities
from short separation distances. This discrepancy may be due to the greater uncertainty of wave
velocities determined over large distances due to deformation of the waves. This uncertainty
would manifest itself in a random error in velocities determined over large distances. Figure
4-43 examines trends in the velocity as a function of superficial Reynolds numbers. Indeed,
wave velocities from the 102 mm correlation display more scatter than other data sets. Neverthe-
less, there is a significant trend in that the 102 mm correlation wave velocities largely exceed the
other wave velocities at low superficial gas Reynolds numbers while the gap closes for high

superficial Reynolds numbers. Apparently, large distance correlations capture wave phenomena



Table 4-6. Average phase and wave velocities.
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case average phase velocity wave velocity from correlation
air water 2mm 10 mm 20 mm 102 mm
[cfm-10xgpm] [m/s] [m/s} s} fr/s) [m/s}] {mvs]
13-06 19.5 0.40 1.52 1.50 1.77 2.00
13-08 20.0 0.53 1.69 1.86 1.87 2.69
13-12 20.6 0.76 1.96 2.1 2.20 4.18
13-18 21.3 1.03 2.38 2.36 2.53 3.68
13-25 215 1.32 278 2.7 2.99 474
13-36 224 1.77 3.12 3.09 3.14 4.79
13-50 228 240 3.70 3.4 3.70 439
16-06 23.2 045 1.72 1.76 1.79 3.09
16-08 24.0 0.60 2.00 2.20 2.31 3.01
16-12 243 0.88 2.33 2.53 254 3.69
16-18 246 1.17 2.50 2.76 2.91 4.02
16-25 254 1.49 3.23 2.98 3.22 4.63
16-36 26.3 1.97 3.85 3.52 3.93 5.21
16-50 26.6 2.62 4.55 4.19 4.44 5.21
21-06 286 0.61 2.08 2.29 2.34 2.65
21-08 29.2 0.79 2.38 2.57 2.63 2.89
21-12 29.9 1.10 2.86 2.91 2.92 3.51
21-18 30.6 1.46 3.33 3.37 3.49 4.07
21-25 31.4 1.82 4.00 3.79 4.01 4.65
21-36 325 232 5.00 4.37 4.76 5.56
21-50 331 3.05 6.25 4.61 5.15 6.07
28-06 37.1 0.76 2.50 2.53 2.55 2.86
28-08 37.7 1.00 2.94 2.98 2.98 3.35
28-12 38.1 1.37 3.70 3.52 3.59 3.83
28-18 389 1.83 5.00 4.19 4.22 427
35-06 456 0.90 3.33 3.04 2.97 3.19
35-08 46.0 1.13 4.00 3.55 3.55 3.61
35-12 46.8 1.54 5.00 4.13 4.13 4.22
35-18 473 2.11 6.25 4.54 4.80 488
19-06 268 0.50 185 2.15 2.29 281

different from short distance correlations. This is indicative of the difference between large and
small wave structures. Large wave structures can travel long distances without losing their iden-

tity, while they may be hard to detect with short probe separation distances. The exact opposite
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The film thickness measurements acquired with nine flush-wire probes theoretically permits
the calculation of 36 different sets of correlation coefficient functions for each flow rate combi-
nation. Out of these 36 combinations, 12 were chosen that describe the three-dimensional propa-
gation of waves. From the nine probes shown in Figure 4-23, two groups of four probes each are
formed and all six correlations between these four probes are grouped in Figures 4-41 to 4-44.
The first group consists of the outermost probes, which are probes 1, 5, 8, and 9. The second
group consists of the innermost probes, which are probes 3, 4, 6, and 7. Out of 35 flow combina-
tions, two were selected for graphing, one representing a typical common result of the correla-
tion and one a more anomalous observation. Figures 4-41 and 4-42 present the correlation
coefficient functions for 9.95-10 m¥/s (21 cfm) air and 110-10° m%s (1.8 gpm) water flow
rate, which is typical for all other cases except very low water flow rates. Figures 4-43 and 4-44

represent the low water flow rate cases.

Figure 4-41 shows the correlation coefficient function for the outermost probes at
9.95-10" m3/s (21 cfm) air and 110-10° m¥/s (1.8 gpm) water flow rate. The probe locations
chosen for the correlations are indicated by arrows in each diagram. The streamwise correlations
display the highest maxima in this graph. The maxima of the correlations in spanwise direction
are much smaller and occur in the center of the graph, with no time delay. This implies that there
are wave structures larger than the distance between these probes, which pass the probes simul-
taneously. The diagonal correlations display the smallest maxima and these maxima occur at the
same time delay as the streamwise correlation maxima. This indicates that the waves propagate

in streamwise direction on the average.
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The correlation functions at the same flow condition for the innermost probes follow the
observations stated for the outer probes. Due to the shorter distance between the probes the max-
ima in the streamwise and diagonal correlation occur at lower time delays and the maxima are

stronger and more pointed, which indicates less deformation of the waves.

The correlation coefficient functions for the outermost probes at 7.6-10" m3/s (16 cfm) air
and 40-10"% m%/s (0.56 gpm) water flow rate, shown in Figure 4-43, allow observations similar to
Figure 4-41. The major differences are that the maxima are much lower and broader. indicating
more deformation of wave structures at low water flow rates. Figure 4-44, which shows the cor-
relations for the innermost probes at these flow conditions, is remarkably different from the pre-
vious three graphs. Here, the strongest correlations are observed in spanwise direction at zero
time delay. This implies that there is a noticeable loss of information as the waves travel down-
stream and the close proximity of the probes in spanwise direction yields the strongest correla-
tion. Here again, the streamwise and the diagonal correlation display maxima at about the same
time delay and the time delay in spanwise direction is zero, which implies that on average,

waves propagate in the streamwise direction.
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4.8 Spectral Analysis

Spectral analysis provides quantitative measurements of the frequency content of signals.
Spectral densities can be conveniently computed using fast fourrier transformations of the mea-
sured signal. Pre-processing operations are applied to the data before transformation. The data
sets, which were sampled at 10 KHz, were split into blocks of 8192 data points. Each set was fil-
tered with a Hanning window and was then fast fourrier transformed. This procedure yields a
frequency resolution of the spectral density of 1.2 Hz. The results were averaged over all avail-

able realizations.

Figures 4-45 and 4-46 present the spectral densities of film thickness and wall shear stress
normalized by the square of the variance. In Figure 4-45, the normalized spectral density is
shown on a semi-logarithmic graph in a range from O to 1kHz. All graphs display constant slope
at the largest frequency and larger scale graphs confirm that this slope continues to even higher
frequencies. This indicates an exponential decay of the signal at high frequencies. In the low fre-
quency range, a distinct maximum appears at higher air flow rates. This maximum indicates the
presence of a spectrally selective mechanism, which favors waves at one distinct frequency. The
spectral density of wall shear stress follows a trend similar to the spectral density of film thick-
ness, except that the initial drop off at low frequencies is larger for wall shear stress, which indi-
cates that there is more low frequency content in the shear stress signal. Due to equipment

failure, shear stress data at the some of the low air flow rate cases is not available.
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Figure 4-46. Normalized spectral densities for film thickness and wall shear stress at low
frequencies.

The shift towards higher frequencies is quantified in Figure 4-47. Figure 4-47 investigates
the change of the frequency at which the maximum spectral density of film thickness occurs
with superficial Reynolds numbers. The data points determined from actual data are marked
with filled symbols and display some amount of scatter. In order to visualize trends in this data,
linear regressions were fit to data points at constant superficial liquid Reynolds numbers. These
regressions are marked with white symbols corresponding to the black symbols used for the
data. Clearly, the slope of the linear regression increases with increasing superficial liquid Rey-
nolds numbers. Note that the frequency at which the maximum spectral density of film thickness
occurs changes by more than an order of magnitude over the range of measurements. This is a

quantitative indication that drastically different wave structures occur in the experiments.
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Figure 4-47. Frequencies for maximum spectral density versus superficial Reynolds number gas.

A great amount of research has been performed on waves on the surface of oceans.
Although, that physical situation contains some differences, some results of that research can be
applied to surface waves in vertical annular films. Several surveys have studied the spectral den-
sity distribution of ocean waves and attempted to model this distribution. One common result of
these studies is the existence of a so called equilibrium range at high frequencies where spectral

density is proportional to the frequency raised to constant:

-C,
pr=Cf eqn (4-12)

where p ( is the spectral density, f is the frequency, and C; and C, are constants. Values deter-

mined for C, vary between 5 and 7/3, the former determined for a force balance between grav-
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ity and momentum (Philips, 1958) and the latter for a force balance between capillary and
momentum forces (Hicks, 1963). Figure 4-48 presents values for C , determined from a linear
regression of the logarithm of the power spectra in the vicinity of 750 Hz. The values plotted are
surprisingly close to the prediction given by Hicks, considering the difference of the physical sit-
uation. It can be speculated that values in the vicinity of 7/3 indicate the dominance of capillary
and momentum forces. In Figure 4-48, the values determined at the lowest superficial liquid
Reynolds numbers fall in this range. For other flow conditions, it can be expected that gravity

plays an important role, but obviously in a fashion different from ocean waves.
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4.9 Interface Reconstruction

To the human observer, the flow presents itself in a form similar to the photographs shown in
Figure 4-2. The question arises whether the data acquired permits reconstruction of the interface
shape in a form comparable to visual observations. The film thickness is known at nine non-
equidistantly spaced locations in the flow field. A graph showing these nine known data points in
three-dimensional perspective does not permit the human eye to grasp the shape of the interface.
Obviously, an interpolation of the known data points, which also requires an assumption about
its variation, is required to form a coherent view of the interface. A straightforward linear inter-
polation of the data is not a realistic assumption, since it fails to represent small structures over
most of the domain. A spectral decomposition in space is the best choice for a higher order inter-
polation scheme. Several variations of spatial spectral decompositions were implemented. The
assumptions made for the scheme that gave most satisfactory result (i.e., yielded interfaces that
are most similar to visual observations) are shown in Figure 4-49. Only data from five probes in
one line, which are probes 1, 2, 3, 4, and 5 are used. The interface is assumed to be symmetric
about a line within the sensor array. Measured data points are mirrored at this symmetry line and
an equidistant array of ten data points is obtained. This data is spectrally decomposed with
respect to the spanwise coordinate and the lowest four terms of the Fourrier series are retained.

Due to the symmetry assumption, only cosine terms are obtained.

In the streamwise direction the waves are modeled “frozen.” In other words, a wave shape
reconstructed at one single streamwise location at one moment in time is assumed to propagate
downstream with a constant velocity and without deformation. The correlation analysis has
shown that there is streamwise deformation of waves which can be noticeable for certain flow

conditions. However, the goal of the interface reconstruction is not a quantitative comparison to
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S. ANNULAR FLOW MODELING
Measured data is one form of description for a physical scenario. Measurements provide
information on physical quantities for a discrete set of flow conditions for which experiments
have been performed. For conditions or quantities not included in the measurements models are
required to describe the flow. Clearly, a model is only useful if it adequately matches measured
data. The measurements acquired in this experiment provide a unique opportunity to validate
and improve models for annular flows in channels with rectangular cross sections. In this chap-
ter, a semi-analytical model, called model A (Kumar, 1996), for wave velocity as a function of
superficial Reynolds numbers and average phase velocities is compared to measurements. It is
then shown how model A can be improved in terms of accuracy of the wave velocity prediction

and physical reasoning.

5.1 Wave Velocity Model A

Model A provides a prediction of interfacial wave velocity as a function of superficial Rey-
nolds numbers and average gas and liquid phase velocities. Included in this model are sub-mod-
els for interface roughness and friction factors. The basis for model A is a tangential force
balance on the interface. The interfacial shear exerted by the liquid and the gaseous phase can be
expressed as follows:

1 2
t"| = §Cf.-|gpg("g —u;y) eqn (5-1)

g
| 2
‘till = icffllp’(""‘“') eqn (5-2)

where C f’l and C f'Il are the interfacial friction coefficient for the gas and liquid, respectively,
3 g :

and Uy, uy, and u; are the average gas, liquid, and interface wave velocities, respectively.
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Equating the two expressions and regrouping terms, the following expression for interface wave

velocity can be obtained:

_ Kug+u, 3
“= 5K ean -3)

where the coefficient K is given by:

eqn (5-4)

In single phase flows, C Iz in each field can be a function of Reynolds number and wall
roughness. It has been shown from experiments (Wallis, 1969) that the friction factor is a func-
tion of wave roughness. Since the wave roughness itself depends on the Reynolds number in the
respective fields, the friction factor can be taken to be a function of the Reynolds number only.

Therefore K can be simplified to:
1(Re’ )p 172
K = [f ] eqn (5-5)
2(Re )P
The two functions f; and f, are yet undetermined.They can be combined to form one

common function of both, the liquid and the gas phase Reynolds number. It is suggested to

express the common function in terms of the ratio of the two Reynolds numbers:

Re’,\p 11/2
=|r g) g -6
[ (Re’, p,] eqn (5-6)

Equations (5-3) and (5-6) form a simple expression for interfacial wave velocity in terms of

ug, uy, density ratio and Reynolds number ratio.
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The reasoning behind the attempt to express the ratio of the friction factors as a function of
the Reynolds number ratio becomes apparent from the experimental results. From the experi-
ments, the relative wave roughness, G f/ d,, is calculated as the ratio of the standard deviation of
film thickness, G f» to the hydraulic diameter of the channel d,, for the 35 flow conditions span-
ning the entire annular flow regime. This roughness is then plotted as a function of

(Re’,/Re’)) in Figure 5-1.
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Figure 5-1. Relative roughness versus Reynolds number ratio.

The measured data group around two straight lines on log-log scale with a transition regime
bridging the two flow regimes. It is possible to relate the relative roughness to the Reynolds

number ratio as:

(o] Re’_vu
7 = (&) “n D
h !
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The exponent, n |, is close to -0.1 for the conditions where the film is fairly thick and the
waves may be characterized as disturbance waves. For the thin film cases, where the ripple
waves are dominant, the exponent is close to -0.9; however, the roughness for these conditions is
generally below that for the disturbance waves as can be expected. If interest focuses on thick
films with large waves, then one can use a single exponent (n; = -0.1) for the complete

regime. It is then possible to use Equation (5-7) to express the friction factors in Equation (5-4):

C | p p
fi Re Re’ yu

g - g\ = g .
Cfi,, f(Re', ) CS(Re'l) ean >

where Cs is a constant of proportionality. Inserting Equation (5-8) into (5-4) and combining

with (5-3), the interfacial wave velocity becomes:

Re’ \-0.1 p 172
£ 4
_ I:CS(RC',) Pl] “g T

u. =

i Re’ \Olp 1172
1 +[C (——,g) —g]
\Re’";) p

This equation allows the prediction of interfacial wave velocities given the superficial Rey-

eqn (5-9)

nolds numbers, average liquid and gas phase velocities, and densities. The interfacial velocity
given in Equation (5-9) is compared with the experimental data in Figure 5-2. For C5 = 2.25,
the comparison is satisfactory at low wave velocities while there are discrepancies at high veloc-

ities.

The apparent difficulties at high wave velocities can be explained from the derivation of model
A. The coefficient n; = —0.1 was chosen for the disturbance wave regime alone, thus Ripple

waves are not accommodated for by the model. This deficiency will be addressed in model B.
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Figure 5-2. Comparison of interfacial velocity model A with experimental data.
It is important to observe the physical meaning of Equations (5-7) and (5-8). Combining

these two equations the following expression is obtained:

Cfil O’f

Cs lg = —= eqn (5-10)
{

C;| 4,

i

In other words, model A assumes a linear relationship between the relative roughness and

the friction factor ratio.

It may also be observed that Equation (5-7) is not an accurate representation of a straight

line in Figure 5-1. The accurate description would be:

O'f - C Re'g 1 (5 ll
d, ~ 6(Re’,) ' s C-ih

A constant, C 5 has been introduced in Equation (5-8), but this constant is different from C, 6-

C¢ would have a value of approximately 0.03 from Figure 5-1, instead a value of C5 = 2.25
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had to be used to obtain an acceptable fit of the model to measured data.

Figure 5-2 contains uncertainty bars for the measured wave velocity. Wave velocities are

determined from the time it takes a wave to travel the distance between the conductivity probes:

|«

eqn (5-12)

«
L
"
~
~

where ¢, is the time of travel and s is the separation distance between the conductivity probes.
There are two sources of measurement uncertainty: the accuracy of the distance between the
conductivity probes, s, and the accuracy in the measured time, f,. The uncertainty of the wave

velocity measurement can be expressed as follows:

du; du;
Au; = m—As-{-a—t'Att eqn (5-13)
or in relative terms:
Au;
— = .Aﬁ +|4s eqn (5-14)
U; t s

where Au; is the uncertainty in wave velocity, Az, the uncertainty in time of travel, and As the
uncertainty in distance. The time accuracy is limited by the data acquisition frequency to
0.05 ms. The distance accuracy is limited by measurement and alignment capabilities to 0.1 mm.
All comparisons of measured to modeled data are plotted with uncertainty bars. Most uncer-
tainty bars shown in Figure 5-2 overlap the optimal fit diagonal line in the graph. Only very few
data points do not match the model equation. This indicates that model A provides a useful pre-
diction for wave velocities for a wide range of flow conditions. The average relative deviation

between model and measurement is 10.5 percent and the maximum relative deviation 25.1 per-
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53 Wave Velocity Model C

The weakest link in models A and B is the functional relationship between the friction factor
and Reynolds number and wall roughness. As stated previously, a linear relationship between
the friction factor ratio and relative wall roughness was assumed. Although a linear relationship
is a reasonable assumption, there may be room for improvement using a more physical model.

Therefore a better expression for the friction factor was investigated.

Friction factors for single phase flow have been well researched, especially for pipe flow. If
it is assumed that the interface between the gas and the liquid is a non-deforming wall traveling
at the velocity «;, an appropriate expression for a pipe friction factor can be found. Generally,
these expressions are, as stated previously, a function of wall roughness and Reynolds number.
For turbulent flow conditions, the shear stress distribution in the flow field can be determined
using a law of the wall type velocity distribution. In the case of a sufficiently rough wall, the fric-
tion factor becomes a function of wall roughness alone. White (1974) presented the following
semi-empirical relation for a friction factor, A, which has been derived from a law of the wall

velocity distribution:

d, =2
A= (ZIOgg + 1.2) eqn (5-15)

where d, is the appropriate hydraulic diameter, 3 is the wall roughness, andC = A/4 . Fig-
ure 5-4, a sketch of the flow scenario under consideration, shows the appropriate length scales to
determine the relative roughness in both the liquid and the gas phase. The wall roughness will

again be expressed as the standard deviation of film thickness.

On the gas side, the appropriate hydraulic diameter is the hydraulic diameter of the channel






of the form:
9’_[ - (Re’g)ns
h, Re’,
can be used.
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eqn (5-17)

1.0 -~ —

0.5] 'o/@'

standard deviation/average film thickness

T

- ripple waves

- = disturbance waves

)
8 -&f& o'o OM
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1

10
Re’ g/ Re’ |

100

Figure 5-5. Ratio of standard deviation and average of film thickness versus superficial

Reynold’s number ratio.

Inserting Equations (5-16) and (5-17) into Equation (5-15) and then using these expressions

in Equation (5-4) yields:

r

\

4

Re
0.6 - n3log-§;,—g
i

’

Re
0.6 - nzlogﬁ,g
!

3\

P

eqn (5-18)

Equation (5-18), together with Equation (5-3) forms a prediction of interfacial wave velocity as a

function of superficial Reynolds numbers, average liquid and gas phase velocities, and densities.
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(5-15) in its original form does not seem appropriate to describe friction factors for the liquid

phase. Nevertheless, the physical situation is similar to a pipe flow and a modification of Equa-

tion (5-15) seems appropriate. If the constants in Equation (5-15) are replaced with coefficients,

which need to be determined, and an expression of the form of Equation (5-17) is used to model

the relative roughness, the following equation is obtained:

Re’, -2

’

Introducing this expression into Equation (5-4) yields:

,

This expression can be rewritten as:

.

» A

Re ¢
C7 —n;;logm

Re’, |
0.6 - nzlogie—;‘—
i

J

Re

( Re’ |

[ -Cylog—=f
- 90g 7

Re
K:(.‘slgi? ,I

- 4

eqn (5-19)

eqn (5-20)

eqn (5-21)

An optimization of the coefficients with a least squares fit yields: Cg = 2.5, Cy = 0.5 ,and

C\o = 0.35.Figure 5-7 presents a comparison of model D with measurements. The agreement

most accurate representation of the measured data.

between model and measurements is marginally better than model B (average relative difference

of model to measurement is 7.7 percent, maximum deviation is 14.9 percent), which makes it the
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e 9
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Re ¢

p 1 —CMIng

K = Cp; [=2 !
13 P Re’

l - Clslogﬁ

~

eqn (5-24)

J

This expression is identical to Equation (5-21). The three coefficients in Equation (5-24) were

obtained by regrouping coefficients and exponents of previous expressions.

55 Discussion of Wave Velocity Models

The measurements obtained in this research provide a unique opportunity to develop and
improve models for properties of the flow. In this chapter, four semi-analytical models for wave
velocity as a function of supertficial Reynolds number and average phase velocities have been
investigated. The four models differ in their physical basis and in the accuracy with which they
predict wave velocities. Table 5-1 lists the maximum and average deviation between prediction
and measured data for all models. Model D provides a significantly better accuracy then the
other models. Models A and B have simplicity in their favor. With only two coefficients, these
models provide a reasonably accurate prediction of measured data. Nevertheless, this simplicity
is obtained at the expense of physical accuracy. Only model C and D are based on friction factor
sub-models which incorporate the appropriate length scales in the flow field. Therefore, model D

is best suited to model interfacial wave velocities.

Table 5-1. Comparison of accuracy of wave velocity models.

model
A B C D
percentage average deviation 105 8.1 9.5 7.5
percentage maximum deviation 25.1 164 244 15.2

The development of model D does not only exemplify the impact of the measurements
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acquired in this research on flow modeling, it is an accurate tool for the prediction of wave

velocities in annular two-phase flows in channels with rectangular cross sections.
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6. CONCLUSIONS AND OUTLOOK
6.1 Conclusions

The design and fabrication of an experiment in which vertical annular air-water flows in a
channel with a rectangular cross section are studied was successfully completed. The investiga-
tion of the annular flow focused on fundamental aspects of liquid-gas flows, utilizing an adia-
batic flow field. Results can be transferred to more complex non-adiabatic vapor-gas systems.

Special consideration was given to local phenomena in the annular flow.

Several new measurement techniques were refined and introduced to vertical annular flows.
Flush-wire electrical conductivity probes were introduced to measure the liquid film thickness.
A theoretical analysis demonstrates the applicability and performance potential of this technique
in the given environment. In the experiment, first a single flush-wire probe, then two flush-wire
probes, and finally an array of nine probes were implemented. The measurements obtained with
these probes confirm the performance potential of this film thickness measurement technique.
Microfabricated wall shear stress sensors were investigated for their applicability in annular air-
water flows. A detailed theoretical analysis shows that both hot film and floating element minia-
turized wall shear stress sensors can be used to obtain highly temporally and spatially resolved
wall shear stress measurements. The implementation of the microfabricated hot film wall shear
stress sensor in the two-phase environment was successfully pursued. After packaging and
minor modifications, this sensor provided high quality wall shear stress measurements in annular

flow with a temporal and spatial resolution which has never been reached before.

A large suite of test cases was run and measurements of film thickness and wall shear stress
acquired for these cases. These cases cover the entire range of annular flow from bordering on

churmn flow to almost dryout conditions.
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A statistical analysis of the measurement data was performed. The averages and standard
deviations of film thickness increase monotonically with increasing momentum flux of water for
constant momentum flux of air and decrease monotonically with increasing momentum flux of
air with constant momentum flux of water. The standard deviation of film thickness and the stan-
dard deviation of film thickness divided by the average film thickness group around two straight
lines when plotted against the ratio of superficial Reynolds number of air and water. This group-
ing indicates the presence of two wave regimes within the annular flow associated with different
wave structures. The standard deviation of film thickness plotted against the average of film

thickness collapses along a parabolic curve.

Probability density distributions of film thickness document the change of flow behavior for
the test cases investigated. At high air flow rates the liquid film is almost smooth, with only
small waves. At low air flow rates, and particularly when combined with high water flow rates,

large waves occur frequently. In all cases there is a thin, permanent, liquid film called substrate.

A spectral analysis of film thickness and wall shear stress data shows exponential decay of
the amplitudes at high frequencies. The exponent of the decay is in the vicinity of the value char-
acteristic of a balance between capillary and momentum forces. At low frequencies, there is an
amplitude maximum at a distinct frequency, indicating the presence of a spectrally selective
mechanism. The frequency at which the maximum amplitude occurs increases with increasing
air and water flow rates. From cross correlations of data measured at different locations wave
velocities were determined. Wave velocities determined from signals with a large streamwise
separation are up to two times larger than wave velocities determined over short distances. This

difference is attributed to waves of different spatial extension and velocities.
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The interface shape was reconstructed from the measured data using spectral decomposition
in the spanwise direction and using the concept of a frozen wave in streamwise direction. The

results demonstrate the possibility of interpolating the interface from the measured data.

The large amount of high accuracy measurements collected provides real data suited for
models to be validated against. The measured data was used to test a semi-analytical model
which predicts wave velocity as a function of superficial Reynolds numbers and average liquid
and gas phase velocities. The model agrees reasonably well with measured data. Three more
models were developed and compared to measurements, which provide better accuracy of the
wave velocity prediction and a physical basis which represents the appropriate length scales of

waves in an annular flow.

6.2 Outlook

A great amount of knowledge has been collected and documented, charting new territories
in multi-phase flow research. This information opens up new possibilities for future work. The
descriptions established can be implemented in models, providing more compact descriptions of
the flow field. Alternative instrumentation, such as optical methods can complement the mea-
surements and increase the width of the description of the flow. Investigations with media differ-
ent from air and water can pave the way to apply descriptions to non-adiabatic systems. The
geometry of the flow channel can be changed. As well, different orientations of the channel can
provide a better understanding of the role of gravity. Also, different aspect ratios of the rectangu-

lar cross section can help to scale results to other geometries.

Without this research most of these future directions would lie beyond the horizon. It can

only be hoped that this work inspires more activities in this area of multi-phase flow research.
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Appendix A: HOLDUP OF FILM AT WIRE PROBE
The presence of the needle probe in the liquid will cause a holdup in the liquid film. This
holdup can potentially bias the film thickness measurement by increasing the wetted area of the

wire probe. Figure A-1 depicts the flow upstream of the wire probe.

Ax

7 . needle probe

channel
wall

gas flow

< $

liquid film

Figure A-1. Schematic of holdup ahead of wire probe.

Description of a holdup on a cylindrical object is well established for horizontally stratified
flow. In this case, a balance between pressure forces in the liquid and body forces (gravity) is
sufficient to model the flow field. The flow scenario shown schematically in Figure A-1 is
noticeably different in that gravity acts parallel to the predominant velocity field. The purpose of
the calculations presented here is not a high fidelity model of the actual flow field, but to provide

an order of magnitude estimate on the height of the holdup at the wire probe.
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A.l Assumptions

The characteristic length scale in the flow field is the radius of the wire probe, which is
25 pm. Average velocities are on the order of 20 m/s in the gaseous phase and 2 m/s in the liquid
phase. The Weber number for this problem is on the order of one, which indicates that capillary
and inertial effects need to be incorporated. The Reynolds numbers are 35 in the liquid flow and
50 in the gas flow. Flow fields in this Reynolds number regime are particularly difficult to model,
since neither low nor high Reynolds number simplifications are applicable. In order to devise a
simple model for an estimate of the holdup, the flow will be modeled inviscid. Compressibility
can be neglected in both phases. The flow field far upstream of the probe is assumed to be at a
uniform velocity in both phases. The domain of interest is limited to upstream of the wire probe,
since the largest interface deformation is expected at the upstream stagnation line at the wire
probe. The three-dimensional flow field is treated as two decoupled two-dimensional problems.
The model incorporates forces on the interface due to the two-dimensional pressure field
assumed in each phase, the deformation of the interface, and surface tension. In each cross sec-
tion in the x-y plane the flow is modeled as a potential flow around an infinitely long cylinder
with circular cross section, which is schematically depicted in Figure A-2. In the x-z plane,
forces due to the deflection of the interface will be incorporated. In order to capture surface ten-

sion, curvature of the interface both in the x-z and y-z plane is determined.
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equation. This pressure distribution due to the cylinder alone is termed p oi*

= %
Poy = P+ Su(1-0) eqn (A-4)
where
1 2
E=1 +—‘-2005(29) eqn (A-5)

4
& &
Equation (A-5) can be applied to either the gaseous of liquid phase with the appropriate density
and free stream velocity. The free stream pressure has to be the same for both phases in order for

forces to balance on the interface far away from the cylinder.

Next, the pressure due to inflection of the interface is approximated. For a surface element
deflected by an angle .., as shown in Figure A-1, it is reasonable to approximate the pressure

nc?

on the interface as follows:

= P :
p=p_+ -2-u'”zsmainc eqn (A-6)

The prime notation on pressure and free stream velocity indicate that appropriate local values
have to be used. For ;. = O Equation (A-6) yields p = p’_ and for &;;, = 7t/2, the stag-

nation pressure, p = p’'_ +(p/ 2)u'3, , as expected.

The pressure difference across the interface due to surface tension is:

1 1
Apr- = —l"(—- + —) eqn (A-7)
r sz Ryz

where I is the coefficient of surface tension. The two radii sz and Ryz can be determined
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from the slope and curvature of the interface:

2.3/2
R, = [t +(2z/3x) ] eqn (A-8)
°z/ ax>
2.372
Ryz [1 +(az/ ay) 1 eqn (A-9)
3%z/ ay

Equations (A-4) and (A-6) are applied to the liquid and gaseous phase, respectively and the fol-

lowing pressure distributions are obtained:

Pr 2

P; = Pt 5“1,,,[1 + §(sinoy, . - 1)] eqn (A-10)
- pg 2 .
pg - pon+-2-ug'oo[l+c(51nainc—l)] eqn(A‘ll)

Now Equations (A-7), (A-10), and (A-11) can be combined to form the equation determining the

interface shape:

Apr = pj-pg = (Z z“ 928 ; ”)(l &) +( 2 2 u ”)Csmamc eqn (A-12)
A3 Implementation
Equation (A-12) can be numerically integrated with an appropriate boundary condition,
which is an unperturbed interface far upstream of the cylinder. The integration is a marching
procedure following the streamlines of the potential flow field. After every step in x-direction the
data is interpolated back to an equidistant orthogonal grid. The curvature of the interface is
approximated using the curvature of the previous step in x-direction, which permits an explicit

marching procedure.
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A4 Results

Figures A-3 and A-4 present the results of a calculation at 28 cfm air and 12 gpm water flow
rate, which is typical for most flow cases. Figure A-3 is drawn approximately to scale in order to
demonstrate the relative size of the holdup. Figure A-4 shows a magnification of the wave ahead

of the cylinder. The wave is highly pointed in the vicinity of the stagnation line of the cylinder

and reaches up to about z = 0.35 which translates to 7.5 um for a 50 um diameter wire probe.

Figure A-3. Holdup at 13.3-10"3 m%/s (28 cfm) air and 80-10"° m¥s (12 gpm) water flow rate shown
approximately to scale.

At this point, the assumptions made in the beginning of this estimate are re-examined.
Neglecting viscous effects takes away a dampening force for the buildup of a wave. Interfacial
shear would accelerate the fluid particles in the liquid phase near the boundary between the two

media and reduce the size of the holdup. The actual three-dimensional flow field will also reduce
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Figure A-4. Holdup ahead of the wire probe at 13.3-10" m%/s (28 cfm) air and 80-10"° m>/s (1.2 gpm)
water flow rate magnified.

the forces on the interface. In Figure A-1, the flow in the liquid phase at the interface is diverg-
ing, which means velocity will be reduced when compared to the two-dimensional flow field.
The flow in the gas phase will be converging, which increases the pressure the gas can exert. It
should be noted that every assumption made in this estimate was conservative, that is overpre-
dicting the actual holdup. Also, the streamwise extension of the holdup is small compared to the
region that influences the conductance path for a flush-wire probe. The area of influence spans
several probe diameters, while the holdup decays within one radius distance upstream of the

probe. The interface deflection is most likely small and negative downstream of the probe.

The model presented yields an upper bound of 7.5 pm holdup at typical flow conditions. The

effective bias of the film thickness measurement due this holdup can be expected to be signifi-
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cantly smaller than this value. This estimated bias is small enough not to significantly degrade

the accuracy of the film thickness measurement.






B.1 Air Loop

1.1 upstream compressor

2.1 shut off valve

2.2 flexible hose

3.1 downstream compressor

4.1 back pressure regulator

5.1 shut off valve

6.1 pressure regulator and oil trap
7.1 flexible hose

8.1 elbow

8.2 drain port

9.1 settling chamber, housing
9.2 settling chamber, honeycomb
9.3 settling chamber, screens
10.1 contraction, formers

10.2 contraction, sheets

11.1 straight connector

12.1 injector, housing

12.2 injector, water pipe connectors
12.3 injector, air flow channel

13.1 differential pressure sensor I
14.1 differential pressure sensor II

15.1 absolute pressure sensor

B.2 Water Loop

16.1 water tank

17.1 main water shut off valve
18.1 water filter

19.1 water pump

20.1 direct water return valve
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American Brake Shoe Company model 3351A0
1/2 in i.d. butterfly valve

1/2inid, 24 ftlong

Dresser Wayne model w53812hd37

Watts model R-240-03C

2 ini.d. gate valve

Speedair model 6ZC29A

linid., 3 ftlong

0.03 in galvanized sheet metal, custom fab.

1/8 in to 1/16 in P-NPT male adapter

1 in Plexiglas, custom fab.

1/4 in mesh, 1 in thick

#30 SS meshes, 3 pcs.

3in x S in x 12 in plexiglas, custom fab., 2 pcs.
1716 in x 6 in x 13 in, custom fab. 2 pcs.

1 in plexiglas, custom fab.

1.5 in plexiglas, custom fab.

3/8 in to 9/16-18 straight thread male connectors, 4 pcs.
0.03 in SS duct, custom fab.

Setra model 239

MKS model 223 BD

Sensotec model TJE 713-04

310 gallon water tank
2inid. ball valve
Metek model pscl-sl
Dayton model 6K-616A
2 in i.d. ball valve

21.1 calibration channel recirculation valve 1 in i.d. ball valve



22.1 calibration channel return valve

23.1 water heater

23.2 water heater, controller

24.1 large water flow meter

25.1 large water flow meter shut off valve
26.1 small water flow meter

27.1 small water flow meter shut off valve
28.1 water flow control valve

29.1 injector shut off valve

30.1 calibration channel shut off valve
31.1 drain valve

32.1 calibration channel, bottom

32.2 calibration channel, spacers

32.3 calibration channel, top

32.4 calibration channel, manifolds
B.3 Two-Phase Loop

33.1 test section, bottom flange

33.2 test section side rails

33.3 test section side walls

33.4 test section instrumentation section
33.5 test section, top flange

33.6 test section, pressure ports

33.7 test section, micro positioning stages
34.1 flow separator, outer cylinder

34.2 flow separator, inner cylinder

34.3 flow separator, top plate

34.4 flow separator, bottom plate

34.5 flow separator, drain connector
34.6 flow separator, flow guide

35.1 water return piping
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1 in i.d. ball valve

Omega heating tape model FGH 101-060, 3 pcs.
Watlow model 965

Omega model FTB-1061
2in id. ball valve

Omega model FTB-1011

1 in i.d. ball valve

1 in i.d. gate valve

1 in i.d. ball valve

1 in i.d. ball valve

| in i.d. ball valve

3/4 in plexiglas, custom fab.
1/8 in plexiglas, custom fab.
1/2 in plexiglas, custom fab.

laminated 1/2 in plexiglas, custom fab.

0.75 in x 4 in x 5.75 in aluminum, custom fab.
1/4 in aluminum, custom fab.

1/2 in plexiglas, custom fab.

3/4 in plexiglas, custom fab.

0.75 in x 4 in x 5.75 in aluminum, custom fab.
3mm i.d. & 4mm o.d. brass tubing 2” long
Daedal model 3902M

7.5 ini.d. acrylic tubing, 7 in long

4.5 in id. acrylic tubing, 4 in long

0.5 in plexiglas, custom fab.

0.5 in plexiglas, custom fab.

2ini. d. PVC elbow connector

0.03 in copper sheet, S in long, custom fab.

2 in PVC tube
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36.1 metering container shut off valve I in i.d. ball valve
37.1 metering container 5 gal cylindrical container
38.1 water return shut off valve 2 in i.d. ball valve
B4 Auxiliary Equipment and Instrumentation

39.1 data acquisition computer IBM compatible DX486-S 100MHz / 8 MB RAM
39.2 A/Dcard I National Instrument model AT-MIO-16-H9
39.3 A/Dcard I National Instrument model PC-LPM-16
39.4 data acquisition software National Instruments Labview
40.1 signal conditioning, chassis National Instrument model SCXT 1000
40.2 signal conditioning, amplifier National Instrument model SCXI 1100
40.3 terminal block [ National Instrument model SCXT 1180
40.4 terminal block II National Instrument model SCXI 1300
41.1 differential pressure transducer Validyne model DP 103-16
41.2 differential pressure transducer, demodulator Validyne model CD-15-A1-Al
42.1 flush-wire probes, wire probes 50 pm Pt. wire with 150 pm glass sheath, custom fab.
42.2 flush-wire probes, flush mounted electrodes 2 mm Pt stock material, custom fab.
43.1 hot film wall shear stress sensor Si-microchip, provided by UCLA
43.2 hot film wall shear stress senor, driver circuit custom fab.
44.1 floating element wall shear stress sensor Si-microchip, provided by MIT
44.2 floating element wall shear stress sensor, driver circuit custom fab.
45.1 function generator Hewlett-Packard model 3311A

46.1 water flow rate sensor driver circuit Omega model FLSC-18 B
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Figure C-6. Injector, air channel.
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Figure C-7. Injector and test section cross section.
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Figure C-8. Test section, bottom flange.
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Figure C-9. Test section, side walls.
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NOTATION

Symbol Units Referenced first Quantity

a [m] eqn. (A-1) radius of cylinder

c, [J/ kg K] eqn. (3-3) specific heat at constant volume

Cp [J/ kg K] eqn. (3-31) specific heat at constant pressure

c, eqn. (4-10) film thickness ratio

d, [m] eqn. (4-5) equivalent hydraulic diameter

f (Hz] eqn. (4-12) frequency

f [m] eqn. (4-10) measured film thickness

fo {m] eqn. (3-2) liquid film thickness, corresponding to U,
fa (m] eqn. (3-2) liquid film thickness, corresponding to U,
f [m] eqn. (3-2) lowest bound for film thickness

f * {m] eqn. (3-2) highest bound for film thickness

g (mv/ sZ] eqn. (3-26) gravitational acceleration

h W/ m?K] eqn. (3-11) convective heat transfer coefficient

hea [m] eqn. (2-1) internal height calibration channel

R channet (m] eqgn. (4-5) internal height test section

R ensor [m] eqn. (3-33) height sensor

J 2 (kg/ m s2] eqn. (4-2) superficial momentum flux gas

Jp [kg/ m s?] eqn. (4-2) superficial momentum flux liquid

k [W/mK] eqn. (3-3) thermal conductivity

l sensor [m] eqn. (3-10) streamwise extension of sensor

I [m] eqn. (3-22) characteristic shear length

l:ff [m] eqn. (3-24) nondimensional effective length of sensor



Symbol Units Referenced first Quantity

Ia p [m] eqn. (2-7) distance between pressure ports

n, eqn. (5-7) constant exponent

n, eqn. (5-16) constant exponent

n, eqn. (5-17) constant exponent

n, eqn. (5-22) constant exponent

nsg eqn. (5-23) constant exponent

D [Pa] eqn. (A-6) pressure field

P [Pa] eqn. (3-33) pressure in upstream gap of sensor

J 2 (Pa] eqn. (3-33) pressure in downstream gap of sensor
Peyt [Pa] eqn. (A-4) pressure distribution around cylinder
P [Pa] eqn. (A-10) pressure field in gas phase

Py (Pa] eqn. (A-11) pressure field in liquid phase

Do [Pa] eqn. (A-4) far field pressure

D [Pa] eqn. (A-6) local far field pressure

Pentrance [Pa) eqn. (2-6) pressure at contraction entrance

Pexit (Pa] eqn. (2-6) pressure at contraction exit

9 fid [W/ m?] eqn. (3-10) heat flux from sensor to fluid

r [m] eqn. (A-1) radial coordinate

Iey eqn. (4-11) correlation coefficient function of signal x and y
s [m] eqn. (5-12) probe distance

t (s] eqn. (3-3) time

1y [s] eqn. (4-11) begin of sampling interval

Lend (s] eqn. (4-11) end of sampling interval



Symbol Units Referenced first Quantity

L, [s] eqn. (5-12) time of travel

tt [s] eqn. (3-29) characteristic shear time scale

Uaverage [m/ s] eqn. (2-2) average velocity in calibration channel
U [m/ s] eqn. (5-1) average gas velocity

u; [m/ s] eqn. (5-1) interface wave velocity

u [m/ s] eqn. (5-2) average liquid velocity

u g' [m/s] eqn. (4-1) superficial velocity gas

uy (m/ s] eqn. (4-2) superficial velocity liquid

u, [m/s] eqn. (A-1) radial velocity

Ug [m/s] eqn. (A-2) azimuthal velocity

Ug o [m/s] eqn. (A-11) free stream velocity gas

U o [m/s] eqn. (A-10) free stream velocity liquid

u,, [m/s] eqn. (3-19) free stream velocity

u, [m/ s] eqn. (A-6) local free stream velocity

w [m/s] eqn. (3-4) vertical velocity component in channel
Weal [m] eqn. (2-1) internal width calibration channel

W channel [m] eqn. (4-5) internal width test section

W ensor [m] eqn. (3-32) width sensor

x(1) eqn. (4-11) sample signal

X eqn. (4-11) average of x(t)

y(1) eqn. (4-11) sample signal

y eqn. (4-11) average of y(t)

y [m] eqn. (3-4) wall normal coordinate in two-phase channel



Symbol Units Referenced first Quantity

y eqn. (3-22) nondimensional wall-normal coordinate
Z [m] eqn. (3-6) streamwise coordinate

A [m2] eqn. (4-3) cross sectional area of test section
A cqtrance [mz] eqn. (2-6) entrance cross section of contraction
A it [mz] eqn. (2-6) exit cross section of contraction
Agensor [mz] eqn. (3-11) surface area of sensor

Br eqn. (3-19) Brinkman number

C, (m/K] eqn. (3-12) constant coefficient

C, [W/K] eqn. (3-14) constant coefficient

Cs [Vzmm/K N3 leqn. (3-18) constant coefficient

C, [V2/K] eqn. (3-18) constant coefficient

Cs eqn. (5-8) constant coefficients

Cs eqn. (5-11) constant coefficient

C, eqn. (5-19) constant coefficient

Cq eqn. (5-21) constant coefficient

Cy eqn. (5-21) constant coefficient

Cio eqn. (5-21) constant coefficient

Cn eqn. (5-22) constant coefficient

Ciy eqn. (5-23)  constant coefficient

Cis eqn. (5-24)  constant coefficient

Cis eqn. (5-24) constant coefficient

Cis eqn. (5-24) constant coefficient

C L eqn. (5-15) interfacial friction coefficient



Symbol Units Referenced first Quantity
C f"lg eqn. (5-1) interface friction coefficient, gas
C f‘lz eqn. (5-2) interface friction coefficient, liquid
F P [N] eqn. (3-33) force due to pressure gradient
F. [N] eqn. (3-32) force due to shear stress
Gr eqn. (3-26) Grashof number
H eqn. (3-21) overheat ratio
I sensor [A] eqn. (3-15) electrical current in sensor
K eqgn. (5-3) coefficient
K, eqn. (4-12) constant coefficient
K, [s] eqn. (4-12) constant coefficient
Pr eqn. (3-24) Prandtl number
[m?/ s] eqn. (2-1) volumetric flow rate
o e (m3/ s] eqn. (4-3) volumetric flow rate gas
Q, [m3/ s eqn. (4-4) volumetric flow rate liquid
Qauid W] eqn. (3-11) total heat transferred from sensor to fluid
Qcensor N4 eqn. (3-14) total heat dissipated by sensor
Q. ubstrate W] eqn. (3-14) total heat transferred from sensor to substrate
R onoor [Q] eqn. (3-15) electrical resistance of sensor
R - [m] eqn. (A-7) radius of curvature in xz-plane
Ryz [m] eqn. (A-7) radius of curvature in yz-plane
Re eqn. (2-2) Reynolds number with calibration channel height
Re,,» eqn. (2-5) Reynolds number with reference to half-height
Re’ eqn. (4-6) superficial Reynolds number gas

g
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Symbol Units Referenced first Quantity

Re', eqn. (4-5) superficial Reynolds number liquid

S [1/5] eqn. (3-4) slope of velocity profile near wall

T K] eqn. (3-3) fluid temperature

T cencor (K] eqn. (3-8) sensor temperature

T g bstrate K] eqn. (3-8) substrate temperature

T, K] eqn. (3-7) fluid temperature, far away from sensor
U, (vl eqn. (3-1) actual voltage from conductivity probe
U censor vl eqn. (3-15) voltage applied to sensor

U, vl eqn. (3-1) measured voltage from conductivity probe
o [m?% s] eqn. (3-6) thermal diffusivity

Qine eqn. (A-6) inclination angle of interface

o, [1/K] eqn. (3-21) temperature coefficient of resistance

o {m] eqn. (5-15) interface roughness

€ eqn. (4-9) void fraction

€in eqn. (4-7) kinematic void fraction

M contraction eqn. (2-6) discharge coefficient for contraction

18 [kg/ ms] eqn. (2-1) dynamic viscosity

v [m?% s] eqn. (2-2) kinematic viscosity

v, [m?% s] eqn. (4-6) kinematic viscosity gas

\7} [m? s} eqn. (4-5) kinematic viscosity liquid

P (kg/ m] eqn. (2-3) density of fluid

Pr eqn. (4-12) normalized spectral density

Pe [kg/ m’) eqn. (4-2) density of gas



Symbol Units Referenced first Quantity

P, [kg/ m°] eqn. (4-1) density of liquid

G [m] eqn. (5-7) standard deviation of film thickness

C, eqn. (4-11) standard deviation of x(t)

o, eqn. (4-11) standard deviation of y(t)

T; . [Pa] eqn. (5-1) interfacial shear stress, gas

T il[ [Pa] eqn. (5-2) interfacial shear stress, liquid

T, (Pa] eqn. (2-1) wall shear stress

0 eqn. (A-1) azimuthal coordinate

0] [1/s] eqn. (3-29) dimensional frequency

o eqn. (3-28) dimensionless frequency

Omax [1/s] eqn. (3-31) maximum resolvable frequency

£ eqn. (A-3) dimensionless radial coordinate

¢ eqn. (A-4) grouped coordinate

A eqn. (5-15) friction factor

r [N/m] eqn. (A-7) surface tension coefficient

Af” [m] eqn. (3-2) upper error margin for liquid film thickness
Af * [m] eqn. (3-2) lower error margin for liquid film thickness
Ap [Pa] eqn. (2-7) pressure difference in calibration channel
As {m] eqn. (5-13) uncertainty in distance

At (s] eqn. (4-11) time delay

At, [s] eqn. (5-13) uncertainty in time of travel

Au; [m/s] eqn. (5-13) uncertainty in interface velocity

AT K] eqn. (3-19) characteristic temperature difference



Symbol Units Referenced first Quantity

AU [vl] eqn. (3-1) bias of voltage from conductivity probe

AU gise [Vl eqn. (3-1) noise of measurement from conductivity probe
Ap [kg/ m] eqn. (3-26) characteristic density difference

Apr [Pa] eqn. (A-7) pressure difference sustained by surface tension
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