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ABSTRACT

Conventional easurement techniques have given limited insights into the complex structure of multi-phase flows.
This has led to highly subjective flow pattern classifications which have been cast in terms of flow regime maps.
Rather than using static flow regime maps, some of the next generation of multi-phase flow analysis codes will
implement interfacial area transport equations that would calculate the flow patterns that evolve spatially and
temporally.' To assess these new codes, a large data base needs to be established to quantify the essential
characteristics of multi-phase flow structure. One such characteristic is the interfacial area concentration.' In this
paper, we discuss the current benefits and lirnitations of using Magnetic Resonance Imaging (MRI) to examine multi-
phase flow patterns and transitions. Of particular interest, are the MRI measurements of interfacial area concentration
for slug flow in an air-water system. These tests were performed at the University of California, San Francisco
(UCSF) School of Medicine MR1 Center as a collaborative research effort with Oregon State University (OSU).3
The special scanning sequences designed by UCSF were capable of imaging at repetition intervals as fast as 7
rnilliseconds.

1. INTRODUCTION

Many flow maps have been developed to describe two-phase flow patterns and flow transitions. Several are in wide
use and serve a valuable design function. For example, the flow map of Hewitt and Roberts' for upward, vertical flow
and the flow map of Mandhanel for horizontal flow have wide industrial applications. These flow nriaps, although
extremely useful, tend to be subjective in nature. Ten-ns used to describe patterns such a chum flow, slug flow, plug
flow, and wispy-annular flow provide qualitative insights but do not give quantitatively meaningful descriptions of
the flow stricture. Because of this, the point of transition from one flow pattern to another is also difficult to
quantify. Future codes seeking to implement more accurate models for interfacial transfer will require a database that
quantitatively describes the interfacial structure.

The Department of Nuclear Engineering at Oregon State University (OSU) and the Department of Radiology, School
of Medicine, at the University of California, San Francisco (UCSF) have entered into a collaborative effort to study
the structure of two-phase flow patterns and flow pattern transitions using MR1. This paper examines the benefits
and limitations of using MRI for multi-phase flow studies and presents the results of using MRI to measure interfacial
area concentration in an intermittent air-water slug flow.
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2. MAGNETIC RESONANCE IMAGING TECHNIQUES

There are a variety of MRI techniques that can be used to quantify the velocity of moving fluids. In general, this is
done either by sensitizing the special orientation of the magnetization to reflect the velocity (phase shift or phase
contrast methodology) or by imaging spatial variations in the magnitude of the magnetization (time-of-flight
methodology). The following sections provide a brief description of each of these main methodologies.

A. Phase Shift Methodology

The Phase Shift Methodology is an effective MRI approach for quantifying fluid motion. The basic premise involves
measuring the phase shift of the transverse magnetization of moving spins along a magnetic gradient and correlating
the measured phase shifts with the fluid velocity.

First a 90-degree excitation Radio Frequency (RF) is applied to a proton bearing fluid. This causes all of the proton
spins to be "in phase" (i.e., they are in coherence). Next a linear magnetic gradient (phase encoding gradient) is
applied for a certain period such that the precession frequency of the spins will be different from one position to
another due to its dependence on the magnetic field. The spins will experience a gradual change in their precession
frequencies as they pass the linear magnetic field. This gradual change in precession frequency is seen as a phase
shift of the Larmor frequency of these spins. After the gradient field is turned off, the spins'precession fi-equency will
be the same but with different phases. (i.e., the phases of spins located in a lower magnetic field will lag behind those
in a higher magnetic field along the agnetic gradient). This phase shift can be correlated with the velocity of the
spins along the magnetic gradient. That is, the phase shift of a spin at (yz) in a cross-sectional plane perpendicular
to the flow direction within a time interval T can be expressed as:

4�yz) = au(yz)+bv(yz)+cw(yz) (1)

where the flow is in the x-direction and u, v, and w are the instantaneous velocity components of the velocity vector
V in the x, y, and z directions. The parameters a, b, and c are constants usually expressed in units of
radians/(cm/sec). These constants are deternriined by the waveforms of the slice selection, phase encoding and
frequency encoding magnetic gradients respectively and can be selected based on the sequence used. They are defined
as:

a = y Tj t dG) dt (2)
Jk dxj0

b Td t dG) dt (3)
= J k dy0

T� t dG) dt (4)
c = YJk dz)0
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where y is the gyrornagnetic ratio typically given in units of radians/(Tesia-sec) and G is the magnetic field typically
expressed in units of Tesla. If for example, b and c are chosen to be zero, then the distribution for the u component
can be visualized. The other components can be determined in the same manner by choosing other gradients (i.e.,
other constants) to be zero over very short time frames. The phase shift, 4(yz), can be determined from the
arctangent of the ratio of the imaginary to real part reconstructed image intensities as follows:

40,z = arctan R (yz) (5)I y1z)

where the imaginary part image intensity is expressed as:

I(yz) = kp(yz)sin4)(yz) (6)

and the real part image intensity is expressed as:

R(yz) = kp(yz)cos4)(yz) (7)

where k is a constant and pyz) is the spin density. From equations (1) and (5) the flow distribution can be visualized
and from equations 6) and 7) the spin density and thus the flow structure can be measured.

B. Time-Offlight Methodology

The Time-of-Flight Methodology or Tagging and Tracking Method was pioneered by Singer to quantify blood flow
characteristics in a mouse tail.' This approach is very effective in producing graphic visualizations of molecular
displacement It involves the dispersion of the transverse magnetization in a selected plane by a large amplitude
gradient pulse or a series of pulses called (spoilers) and the subsequent imaging of spins residing in that plane.

Instead of utilizing the phase shift of the transverse magnetization of moving spins, this approach utilizes the
amplitude of the longitudinal magnetization of the moving spins during a delay time. In this approach, a lump or
bolus of spins (selected slice of spins) is labeled (tagged) with an RF excitation at a certain time and imaged at a later
tirne. Thus the velocity may be thought of as the displacetnent of the spins over the interval between two successive
excitations. Mathematically the velocity can be expressed as:

-X
(8)aT

where Ax is the displacement and At is the time interval. Therefore a velocity distribution can be extracted from the
frames by evaluating the velocity at different locations across the flow.

The slice selection can be performed using a selected R and a magnetic field gradient perpendicular to the imagingC,
plane. Therefore two controlling parameters detennine the slice thickness; the R bandwidth and the magnetic field
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gradient strength. Slice thickness can be reduced by either decreasing the R bandwidth or by increasing the
magnetic gradient strength. The magnetic gradient used in the slice selection process is applied only for the duration
of the R excitation pulse.

Both the Phase Shift Methodology and the Time-of-Flight Methodology have been successfully applied in numerous
studies. Several of these studies are described in the next section.

3. MR1 APPLICATIONS

MRI is most extensively applied as a diagnostic technology in the edical field. It is capable of diagnosing diseased
tissues in many physiological systems and clinical states. It has been used to detect and quantify the disorders of flow
within blood vesseIS6.7.8.9.10 and in any clinical studies to determine the direction of blood flow, the type of flow
(faininar or turbulent), and the flow velocity. Post processing techniques reveal valuable information regarding the
flow structure. These techniques depend on the characteristic times of the tissues. That is, the signal intensity
increases in tissues that have long spin-spin relaxation times. Significant developments in image reconstruction
techniques have resulted because of the numerous medical applications.

Because multi-phase flows are encountered in many petroleum reservoir and porous edia processes," recent
petroleum research efforts have iplemented MRI technology. This industrial application of MRI has resulted in the
development of new iaging strategies along with advanced image reconstruction software. These research activities
are aimed at acquiring the structural details and flow distributions within geological features.

The use of MRI technology in studying oil-gas flow is based on the high density and high abundance of protons in
the oil, in contrast to the low density and low proton abundance in the gas. Because the measured signal produced
from the oil is much stronger than that produced from the gas, the components can be easi'y distinguished. Other
applications of MRI technology in petroleum research include investigations of bubble formation mechanisms and
its relationship to changes in oil viscosity, studies of bubble distribution and its impact on oil flow", examinations
of residual oil distributions, characterization of drilling mud filtrate, and studies of the changes in the phasic behavior
of dark, heavy foamy) oil.

MRI technology has been successfully used to quantify the velocity profiles of the laminar, transition and turbulent
flow regimes of single phase fluids in pipes.

The most commonly used imaging sequences are the spin-echo sequences ........ and the multiple spin-echo EPI
(ultrafast) sequences. 6- " The multiple spin-echo EPI sequence has aso been used to develop a three dimerisional
image of foam structure" and to map the velocity spectra in Taylor-Couette Flow." In all of these experimental
studies, the phase shift approach of moving spins was utilized in visualizing the instantaneous velocity distribution
in the two-dimensional plane perpendicular to the flow direction. Using the multiple spin-echo EPI sequence, along
with flow-sensitive gradients in two directions, each of the velocity components could be quantified using its
corresponding phase shift. The multiple spin-echo EPI sequence is capable of imaging all of the velocity components
at the same time rather than imaging one component at a time using a single spin-echo sequence.

4. OSUIUCSF MM EXPERIMENT DESIGN

The 0SU/UCSF study examined an-iinar flow of a single-phase liquid, stratified air-water flow, wavy air-water flow,
and air-water slug flow in a cylindrical tube. As shown in Figure 1, the concurrent air-water flow loop consisted of
a one-inch diameter test section capable of producing air superficial velocities, j,, ranging from 03 m/s to 14 m/s and
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water superficial velocities, j, ranging from O.08 to 13 m/s. This corresponds to void fractions ranging from O. 19
to 099. The volumetric flow rate of the air and of the liquid are measured prior to entering the mWng chamber. The
air-water mixture travels concurrently through the 6 meter tube and exits into a discharge tank which permits the air
to separate from the liquid. The liquid is then recirculated hrough the test section.

The tube is located inside a 1.5 Tesla MRI unit Magentom, Siemens, Elargen, Germany). The scanner is a whole
body system which has a bore diameter of 55 cm. T'he static magnetic field is generated by superconducting coils.
Radio frequency coils are used to transmit RF excitation into the material to be imaged. This excites a component
of magnetization in the transverse plane which can be detected by a radio frequency reception coil. In order to
localize the signal in space, the gradients of the magnetic field are used to generate a variation of the processional
frequencies across the sample. The received signal reflects this distribution of frequencies and a Fourier transform
of the received signal provides an image of the spatial distribution of magnetization. The magnetic field gradients
on this system are capable of a maximum gradient strength of 10 mT/m and can be ramped from zero to maximum
strength in I msec.

A variety of MRI strategies were used to display different properties of the flow. The bolus tagging method described
above was used to provide a visualization of the distribution of velocities across the tube in the longitudinal image
planes. This sequence provided 6 nun thick slices, with an in-plane resolution of I mm x I nun. In addition a spin
echo sequence of a plane transverse to the flow direction was used to depict the iso-velocity contours across the tube.
These appear as alternate dark and bright bands of signal intensity.

In order to view the passage of dynamically varying fluid levels a rapid imaging sequence, providing images at a rate
of one Hz was used. For scanners with conventional agnetic field gradient capabilities, the most rapid repetition
time that can be achieved is of the order of 7 msec. With a field of view of 250 mm, images with 2 mm x 2 run in-
plane resolution can be acquired in 896 msec using.a sequence dubbed "Turboflash." The slice thickness was 10 mm.

By varying the liquid and air flow rates, a wide range of two-phase flow patterns could be produced in the test section
as depicted in Figure 2 Using specialized scanning sequences, the MRI unit was capable of producing flow images
of the X-Y plane, the Y-Z plane, and the X-Y plane as illustrated in Figure 3.

The magnetic resonance images were recorded on the computer and processed using a software package called
IMAGE (Wayne Rasband, NIH, Bethesda, MD). 11is package is suitable for doing digital image processing to
determine the following characteristics of the flow:

• '17he longitudinal and transverse cross-sectional flow areas of each fluid phase,
• Average fluid densities, and
• Continuous three-dimensional velocity profiles in the liquid phase.

In addition, the IMAGE software permits rotation and scaling of the iage being examined for three dimensional
representations.

5. 0SU/UCSF MR1 SINGLE-PHASE FLOW MEASUREMENTS

This section presents the images obtained using the NEU scanning sequences for a single phase liquid, laminar flow
benchmark case. Figures 4 through 6 present the magnetic resonance images obtained for an-dnar flow of liquid water
in the tube. The classical parabolic velocity profile for laminar flow can be observed in Figure 4 (X-Z plane) and
in Figure 5 (X-Y plane). As shown in Figure 4 a slice of fluid is "tagged" at time zero. This appears as the dark
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vertical line across the pipe image called the "bolus." The tagged slice is tracked at 500 rnsec time intervals, thus
producing a parabola at periodic distances from the initial "tagging" location. Using IMAGE to measure this
distance, and knowing the time elapsed, permits a simple calculation of the velocity profile. For this case, the
maximum velocity is determined to be 1.0 m/s.

Figure shows that the velocity profile is actually skewed towards the top of the pipe because of an exit effect. As
the water exits the test section, it travels a short distance, because of space limitations, and drains into a reservoir.
The proximity of the draining "water fall" to the test section exit, results in an exit effect which is readily captured
by the MRI. Figure 6 presents an image of the Y-Z plane. The alternate dark and bright rings represents the
contribution of different laminae traveling at different velocities.

6. OSU/UCSF MRI MEASUREMENTS OF INTERFACIAL AREA CONCENTRATION FOR AR-
WATER SLUG FLOW

The slug flow pattern is characterized by what appear to be intermittent liquid slugs separated by pockets of air.
However, using the MPJ, it becomes clear that the slugs actually consist of an air-water mixture with void fractions
ranging from 04 to 0.8. In the figures that follow, the darkest shades represent the lowest density fluid. In this case,
the dark background represents air; whereas, the lighter shades represent liquid.

Because of the transient nature of this flow pattern a sequential MRI scanning technique was used. First a 32 msec
repetition time was used.Ibe result for a Y-Z scan of a single slug is shown in Figure 7 By reducing the repetition
time in the sequence to 7 msec, the finer structure of an air-water slug can be observed. This is shown in Figure .
Figures 9 through I I show the flow structure of air pockets as they travel through the test section. The average void
fraction and the nterfacial perimeter can be determined using the IMAGE software. By varying the scanning
frequency and exan-dning entire series of MRI scans over a statistically significant time period, the average liquid
slug size, velocity and frequency of occurrence can be determined.

The interfacial area concentration (I/L) was determined as follows:

1 IP
(9)L A

where is the perimter of the interface between the air and liquid phase and A. is the cross-sectional flow area of
the pipe. The void fraction averaged over the image slice thickness (-IO nun) was determined as follows:

I At (10)

A

where A, is the cross-sectional area of the liquid.

The following table presents the numerical estimates of void fraction, interfacial perimeter and interfacial area
concentration for several of the images obtained for the air-water slug flow regime.
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Pipe Diameter: 254 cm
Pipe Area, A: 507 cm'

Image A, (cm') a Ip (cm) I/L, (cm-')

MR1 193 3.24 0.36 25.7 5.1

MRI-189 2.01 0.60 2.54 0.5

MRI-197 0.81 0.84 8.20 1.6

MRI-203 1.89 0.63 6.25 1.2

Note that MRI-193 has the largest interfacial perimeter with a value of 25.7 cm. This is also reflected in the
interfacial area concentration. This indicates that the interfacial structure offers significant opportunity for interfacial
transport depending on the driving potential across the interface. In fact, the interfacial area concentration for the
air-water pattern (MRI-193) shown in Figure is an order of magnitude greater than the stratified air-water patterns
shown in Figure 9 MRI-189). Additional studies will likely reveal the "fractal" nature of the interfacial area
concentration and perimeter.

7. LIMITATIONS OF APPLYING MRI IN FLOW STUDIES

The major limitations of using MRI for imaging multi-phase flows are:

• Piping and Fluid Properties: One of the prerequisites of using MRI in flow studies is to use fluids and
piping that are neither conductive nor magnetic to avoid interactions with the high static magnetic field and
other agnetic gradients that vary with time.

• Resolution: For non-steady flows, such as turbulent flow or rapidly evolving multi-phase fow pattern
systems, short acquisition times are required. This acquisition time should be on the order of a few
milliseconds for to obtain quantitative measurements, (i.e., snapshots) of the eddies in turbulent flow or of
flow patterns in multi-phase flow.

• Geometry: Because MRI systems have been primarily been developed for medical applications, they are
oriented for horizontal flows. Limited vertical flow studies can be perfon-ned in MRI systems with large
bore diameters.

• Cost: MRI systems are relatively expensive. A small MRI system with a 25 Tesla magnet having a 40 cm
diameter magnet costs approximately $ 1,000,000 (U.S. currency).

8. CONCLUSIONS

In summary, MRI scanning techniques for flow imaging can produce highly detailed data on two-phase flow structure
and flow pattern transitions. These data will provide new insights into flow structure and lead to the development
of quantitative methods of characterizing two-phase flow patterns.
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To advance MRI as an effective tool to study multi-phase flow we need to:

• explore the successes and failures of previous applications of MRI in different industries,
• design an effective strategy that can capture the events occurring in multi-phase systems in a very short data

acquisition time,
• continue to advance the software used to analyze the images,
• develop industrial MRI systems which are smaller and less expensive, and
• conu-nunicate with experts around the world regarding experimental techniques amenable to MRI

Technology.
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Figure 4 MRI-82 of the X-Z Plane for Water: Laminar Flow, Average Liquid Velocity = 009 m/s., TR=500
msec.

Figure 5. MRI- 3 of the X-Y Plane for Water: Larninar Flow, Average Liquid Velocity .0.09 MIS TR=500
msec.

'Figure 6 NIRI I of the Y-Z Plane for Water: Laminar Flow, Average Liquid Velocity 0.09 m/s., TR=200 msec.
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Figure 7 MRI-171 of the Y-Z Plane for Air-Water: Slug Flow, =45 m/s, J. = 90 m/s., TR=32 msec.

Figure S. NMJ-193 of the Y-Z Plane for Air-Water: Slug Flow J 45 ni/s, J. = 9.0 m/s., TR= 7 msec-
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Figure 9 MRI-189 of the Y-Z Plane for Air-Water: Slug Flow, J = 5 m1s, J. = 90 m/s., R=7 msec.

Figure 10. MRI-197 of the Y-Z Plane for Air-Water. Slug Flow, J, =.45 M/s, J. = 90 m1s., TR=7 msec-
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Figure 1 1. MRI-203 of the Y-Z Plane for Air-Water: Slug Flow, J = 45 m/s, J. = 90 m/s., R=7 isec.
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