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Abstract

The results presented in this paper demonstrate the performance of the PFGSE-NMR to
obtain a complete characterisation of two-phase flows. Different methods are proposed to
characterise air-water flows in different regimes stationary two-phase flows and flows in
transient condition. Finally a modified PFGSE is proposed to analyse the turbulence of air-
water bubbly flow.

I - Introduction

Pulsed NMR techniques have been used in the past to study transport properties of
fluids. The first main results concerned molecular diffusion (Stejskal, 1965). Later Packer
(1969), Grover Singer 1971), Deville & Landesman 1971), Hayard et al. 1972) and
Garroway 1974) extensively used pulsed NMR techniques to study flowing liquids, by
measuring the average velocity and the velocity probability distribution of flowing liquids in
laminar regime. Regarding turbulent flows, de Gennes 1969) established that correlation time
of velocity could be related to the attenuation of odd echoes in a Carr-Purcell sequence (Carr &
Purcell, 1954). Application of NMR to turbulent flows is due to Fukuda & Hirai 1979) who
used the spin echo technique in presence of a constant magnetic field gradient to measure the
velocity probability distribution and the velocity fluctuation. A recent review of flow
measurements by NMR is due to Caprihan & Fukushima 1990). These studies demonstrated
that pulsed NMR is a non disturbing technique which should apply to all dielectric liquid flows
and in particular to complex liquid flows.

For single-phase flows, the hot wire anernornetry or the laser Doppler anernometry are
unequalled and currently used with a good accuracy. But for multiphase flows, these classical
techniques cannot be used easily and NMR is certainly the more promising technique. However
very few experiments have been published so far on multiphase flows. Some of them deal with
multiphase flows in porous media (Garigalas et al., 1984, Edelstein et al., 1988 and Majors et
al., 1990) Two phase flows in channel were reported by Lynch Segel 1974) who were able
to determine the average volume fractions of the gas and liquid phases. Abouelwafa & Kendall
(1979) developed a technique for measuring the average velocities and the fractions of two
phase fluid mixtures such as oil and water. Krager et al. 1984) proposed to use the eux of
nuclear spins out of the NMR coil to deduce the mass flow rate in a pipe their method can be
applied over a wide range of velocities and flowing conditions (velocity range from 03 to 100
m/s). These experiments provide an accurate determination of the average quantities, but no
information on velocity distribution or velocity profile. Majors et al. 1989) used a NMR
imaging technique to measure simultaneously the velocity and concentration profile in a
suspension of mono-dispersed polyethylene spheres in a viscous petroleum gear oil undergoing
steady flow.

In this paper, we present a method using the Pulsed Field Gradient Spin Echo technique
(PFGSE-NMR) to characterise multiphase flows. After a rapid description of the experimental
set-up and of the method, we report investigations of air-water flows in different regimes 
stationary flow and flows in transient condition. Finally a modified PFGSE is proposed to
analyse turbulence in air-water bubbly flows.

II - Experimental set-up

'Me base of the instrument is a SMIS Multispect spectrometer operating in the range 2-
100 MHz, chosen because of its flexibility. The high homogeneous magnetic field used for
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NMR measurements is generated in an electromagnet which consists of two solenoids joined
end to end; they generate inside a magnetic field Bo of 012 Tesla. The resonance frequency
corresponding to this magnetic field is MHz for the protons. The two solenoids have same
length (L-- 1 m) but different diameters (Dinside = 0. 3m for the main solenoid and (Dinside = 0 I
m for the other.

The flow is studied in a straight circular pipe of glass with a diameter D of 5mm; for
NMR measurements the pipe has to be made of a dielectric material (glass, ceramics, resin)
transparent to the radio-frrquency electromagnetic field.

0-N

Magnetic field gradient r.f. coil

X

Principal solenoid
0.12 Tesla

Field gradient.10_�
coil

Flow direction
Secondary solenoid,...-- in the channel

0 12 Tesla

Figure I Experimental set-up

The pipe is placed along the axis of the solenoids, parallel to the magnetic field BO. In the
centre of the main solenoid, where the magnetic field is most homogeneous, a NMR saddle coil
is adjusted to the pipe (Figure 1). This coil is used to define the radio-frequency pulses and to
detect the magnetisation induction; so it allows to study a volume V which is a piece of pipe of
length L ( - D= 50 mm) where the fluid is studied 'Me gradient field pulses are provided by a
quadripole gradient coil wound (Webster Marsden, 1974) on a dehin former with its axis
perpendicular to the pipe. Pulsed field gradient up to 01 T/m along the flow axis are used in
these experiments.

The secondary solenoid, where the homogeneity is about ± 1, is only used to extend to
h = 1. 5 m the zone where the nuclear spins of the flowing fluid polarise before to penetrate the
studied volume V. The spins of the liquid flowing at a mean velocity U, are submitted to the
field Bo during a time tp = h/U. The longitudinal relaxation time T of the spins has to be
shorter than tp in order to obtain a complete polarisation, i.e. a complete relaxation of the spins
along the magnetic field in the section V. So, the maximum velocity of the fluid is less than

Umax = hT1. For pure water T = 2 s and Umax = 075 m/s. To investigate higher speed
flows, one can reduce the longitudinal relaxation time T1 by adding a ferric salt. Lowering T to
50 ms, Uma,, is increased up to 30 m/s.

III - Echo characteristics in a flowing liquid

To study the transport of fluid by PFGSE-NMR in a given volume V, one can apply the
sequence of pulses presented in Figure 2 in presence of a satic homogeneous magnetic field Bo
(Leblond et al., 1994). Before the sequence is applied, the magnetisation has to be relaxed
along the direction of the static magnetic field Bo.
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Figure 2 Pulsed Field Gradient Spin Echo sequence

Consider an element ) of the fluid flowing in the volume V. xj(t), yj(t) and zj(t) are the
co-ordinates of the element ) in the referential Oxyz) where is the centre of the volume V
(center of the r.f. coil), the z-axis is in the flow direction. When a sequence is applied, this

element is submitted, either to Eo in the absence of the field gradient, or to 3o + d zj(t) when

the field gradient, , is applied. In the frame (OXYZ) rotating with an angular frequency
coo =y Bo about the Z-axis (y is the gyromagnetic ratio of the protons), the (7c/2)x r.f. pulse
tilts the proton magnetisation of the element ) along the Y-axis. During the time interval
(tlt,+S), the field gradient G shifts the phase of the magnetisation in the plane (OXY) ; the
phase displacement is then given by 

t1+8
O = ,yG f zj(t) dt

tj

Neglecting the displacement of the element ) during the gradient pulse duration 

(It�) << 1), one obtains Oj 8 G zj(tl). Then the (n)y T.f. pulse changes thedt 
sign of this phase shift, which becomes Oj 8 G zj(tl). Ile second gradient pulse (8 G) at 2
induces a new phase shift which is proportional to the new position zi(t2) of the element, so that
the resulting phase shift at time 2 corresponding to the echo is

Oj (2-T)=,y 6 G zj(t2 - zj(tl)l (2)
where is the time interval between the two r.f. pulses.

If the velocity vj(t) of the element ) is characterised by a correlation time v higher than

A, where A is the time interval between the two gradient pulses of the same doublet, one can

neglect the velocity fluctuation during A and write 

zj(ti + A) zj(ti = v(' A if -TV >> A
Consequently, one obtains:

0(2t y 8 G v(,c A (3)

For turbulent flows with Reynolds numbers lower than 6000, one generally estimates that
'r > Ms.

The magnetisation detected is the sum of a the contributions of the different elements )
in the volume V. For much smaller than the relaxation times, T and T2, and than the efflux
time of the liquid in volume V,
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2,r << T I and T2 and 2r << L (4)U

and the magnetisation at time 2 is given by 

MI = MO < exp i �j(2T) >
where MO is the amplitude of the total proton magnetisation in V and < > is an ensemble
average on all the elements ) in volume V.

The first echo MI is given by 

MI(k = W < exp(i k v > with k = 8 G A (6)
According to Grover & Singer 197 1) and Fukuda & Hirai 1979), we can itroduce now

the velocity probability distribution (velocity spectrum) P(vt), where P(vt) dv is the
probability to find particles of fluid with velocities in the interval [v, v dvj in the volume V at
the time t. Then Eq.(6) may be written as:

+00

MI(tk = MO(t) f P(vt) eikv dv (7)
-00

with
+00

k = 8 G A and f P(vt) dv = I

So Mi(kt) is the inverse Fourier transform of the velocity pobability distribution Pvt).
MO(t)

IV - NMR characterisation of two-phase flows

Consider a air-water two-phase flow where the displacements of the protons are analysed
by NMR. The magnetisation MO(t) measured at time t is proportional to the number of protons
present at time t in the volume V; then RL(t), the volume fraction of water at time t in the
volume V is:

RL(t) (8)
moo

where Moo is the magnetisation measured when no air is present. From each measurement of
MO(t), one can deduce the instantaneous volume fraction of water in the volume V and by
averaging the results of series of measurements, one obtains the mean volume fraction of water,
RL:

RL MI(t) (9)
moo

where represents a time average.
it

Developing in equation 7), eikv versus kv, one demonstrates that for 01 < i , the phase

4), of Mi(tk) is equal to k v(t) where v(t) is the mean velocity of the water in the volume V:
+00

(DI (t - k v(t) for I< 7[ with v(t) v P(vt) dv (10)
2 -00

MO(t) et M I t, k) the time averages of MO(t) and M I t, k), are two measurable

quantities. According to equations (8) and 9), one obtains:

-F-M (t, k = -�Wt-) f d v v'tj RL exp(i k v) (I )
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RL P(vt) RL(t) RL
where P(Vt) - RL(t) is the RL-weighted average of P(vt). So P(Vt) is the

MI (t, k) � � RL
inverse Fourier Transform of the measurable quantity, � �' From P(vt) one can

MOW
RL

derive the RL-weighted averaged velocity of water, generally called the mean velocity of

water in the flow 

-RL RL
v = f d v v P(vt) (12)

This quantity is different from the volumetric flux of water, JL, which is simply defined

by the ration where QL is the volumetric flow Tate of the water, and A, the area of the pipe
A

cross section. However JL can be related to quantities measured in the volume V by NMR

JL = RLM V(t) and JL = RL(t) v RL (13)

Summarising, in air-water two-phase flow, the parameters measurable by PGFSE-NMR
are :

- the instantaneous and mean volume fractions in the volume V : RL(t) et RL(t) [equations

(8) et 9)]
- the instantaneous velocity of the liquid fraction : v(t) [equation 10))

- the averaged liquid velocity probability of the water: P(vt) 'RL) [equation 13)]

the mean velocity and the volurnetric flux of the liquid fraction [equation 12)] and JL

[equation 15)).
From these results, one obtains so a complete characterisation of the water =sport in the

two-phase flow.

V - Results in stationary air-water two-phase flows

RL
The measured liquid velocity probability distributions, P(vt) are presented in Figure

3.
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Figure 3 Mean velocity probability distributions of water obtained

at constant water volumetric flux ULvate, = 10 cnVs)
for different air fluxes corresponding to RGair = 0 - 50

The different curves were obtained at a constant water volumetric flux ULwater 10 cm/S)
for different air fluxes corresponding to RGair(t = to 50 %. Even in the case of a low void
fraction (bubbly flows) the velocity probability distribution is strongly broadened in
comparison with the velocity probability distribution obtained in pure liquid flow (RGair = 0);
the presence of bubbles in the flow induces an important velocity fluctuation in water. For
higher void fraction RGair(t) = 20%), the flow patterns become unstable and intermittent; the

standard deviation of the velocities exceeds 100% of the mean velocity. So for kwater = 29.5

cm/s and JGair = 32 cm/s (corresponding to RGair(t) = 42%), the velocity probability

distribution covers a velocity range from - 0 ctrVs to 150 cm/s.
In Figure 4 we compare the liquid volumetric fluxes derived from the NMR

measurements, using the relations 12) and 13), with those obtained by the turbine meter. One
observes a good agreement between the two results on a large range of volume fractions.
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Figure 4 Comparison between JLwajer obtained by NMR

and kwater measured by the turbine meter

VI Two-phase flow in transient condition

Ile experimental set-up is pesented Figure .

IR barrier
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Figure Experimental set-up used to generate two-phase flows in transient condition
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A vertical channel is supplied by a water reservoir made of cooper. In the initial condition
the valve is closed and the channel is empty. The NMR measurements are performed in a
section of the pipe 10 cm below the reservoir. The total length of the vertical channel is 17 rn.
The opening of the valve is controlled by the spectrometer and the starting of NMR sequences
is triggered by a signal indicating the complete opening of the valve. In all the sequences the
amplitude of the gradient pulses was constant.

Let consider the nth sequence starting at time tn the volume fraction of water in the
volume V is obtained at time t by measuring Mo(tn) according to the relation 8):

RL(tn) = MO(tn)
moo

v(tn), the mean velocity of the water in the volume V is deduced from the phase (DI tn of
the echo of the nth sequence, since according to equation (10)

(DI tn = y 8 G A V(tn)
Finally, from RL(tn) and Vtn), we can be deduced DL(tn), the instantaneous water

volumetric flow rate, defined by:
DL(tn = A JL(tn = A RL(tn) Vtn) (14)

where A is the channel section.
To obtain correct measurements of RL(tn) and v(tn), we must take into account the two

following conditions:

- Ile amplitude of the gradient pulse G must be fixed so that for any sequence, 01(tn <

according to the condition (IO).
The time interval between two consecutive NMR sequences must be longer than the efflux

time of the liquid in the volume V; this last condition has been satisfied using variable time
intervals according to 

500000 - (Ms) (15)
tn - tn-I = 27484 - 4867 tn-1)

where t is the starting time of the nth sequence n - t I 1 - 40 ins).

81,2
7 -

1
6
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:5 0,6 4
a: 3

0,4 --
2

0,2 -- 1
0

0 2 a --I > 0 1 1
0 0,5 1 1,5 2 25 3 35 0 0,5 1 1, 2 25 3 35

time (s) time (s)

b)
Figures IO a) and b) : Time evolution of the volume fraction of water, RL(tn),

and of the water volumetric flow rate, DL(tn).

Figures 10 a) and b) present the volume fraction of water, RL(tn), and the water
volumetric flow rate, DL(tn), versus tn. These results are obtained when the initial water volume
in the reservoir is 8 litres.

The volume fraction of water increases rapidly to the maximum value; then it decreases
slowly and continuously up to 06; after which one observes a sharp decrease of RL UP to 03
at time tn = 12 s, followed by instabilities during 0.5 second; later the water volume fraction
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decreases again and relaxes slowly to zero. On the other hand, the water volumetric flow rate
increases rapidly to a maximum value = 7 litters per second) and remains constant during 1.5
seconds; after a rapid decrease observed at tn = 12 s, one observes a relaxation to zero.

This example presents one of the methods to analyse by NMR a transient regime. In the
present experimental configuration the application of the PFGSE sequence is limited to
measurements of fluid velocities, v(tn), lower than 3 m/s; we estimate that, in the volume V the
efflux of the liquid during 2 , the sequence execution time, must be lower than IO%. This
condition implies that:

,r v(tn) L/10 where L is the studied section thickness

In the present experimental configuration L = cm and 24 ms so that the maximum
measurable v(tn) is typically m/s.

VI - Analysis of the instabilities in bubble Two-phase flows

In the preceding section the transport of liquid in the measurement volume V has been
studied using a PGSE sequence. This sequence applied at different time tn has been used to
asses the mean velocity and the volume fraction of the liquid. However the repetition frequency

of the PFGSE sequence, is limited; T must be higher than the efflux time (TE = L) of theV
liquid in the volume V. This condition limits the dynamics of fluctuations which can be
observed. In an attempt to analyse turbulent fluctuations, the PFGSE sequence has been
modified in an continuous and priodic (T 6) sequence of frequency ability higher than
IkHz. This periodic sequence is presented Figure 7.

Free induction Free induction Free induction
d decay decay

7C/ X X
gnetic
Id

ent

t t +,r t + 2 t +3T t +4,r t +5T t-� t., + Ttime

PFGSE sequence

Figure 7 Periodic PFGSE sequence. Each period is composed of three steps:
- an annihilation of the longitudinal and transversal magnetisation in the volume V
- a wait time (3,r)
- a PFGSE sequence to measure the liquid amount entered in the volume V during the

wait time and its velocity.
R

At each period, a �)X radiofrequency pulse is applied at ti, between two strong magnetic

field gradient pulses designed to cancel all the components of the magnetisation in the volume
V. At time ti + 3T a classical PFGSE sequence is applied to determine the quantity of liquid

entered in volume V during the time interval [ti ; ti + R]; this quantity is proportional to the
- 3T 3,rtransverse magnetisation measured at ti + 3 it is equal to TL(t) , where JLW is the

average liquid superficial velocity during the time interval [ti ; ti + 3C]. During the same

sequence period, the phase, (Di, of the echo at ti + 5, is measured; this phase is proportional to

the mean velocity, vi, of the liquid entered in V during the time interval [ti ; t + RI
According to equation (IO), one obtains:
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Oi = yBG A i (16)

So at each period 6r, one derives 

VL(ti ; 3T), the volume of the liquid entered in the volume V during the time interval [ti ; ti + 3t]

i , the mean velocity of the liquid entered in V during the time interval [t ; t + RI

To apply correctly this method, two conditions must be satisfied:

during the time interval [ti ; ti + R], the particles of liquid entered in volume V must remain in

the volume V. This condition implies that 3 ax < L, where vLMax is the maximum

velocity of the liquid particles. So for - = ms and L = cm, vLMax must be lower than 16
M/s.
all the particles of liquid must move in the same direction. So we must exclude the presence of
re-circulating zones in the flow.

We will note zo the position of the inlet section of the measurement zone. To define more
precisely the measured quantities, it is convenient to introduce 
- P(zotv), the velocity distribution of the liquid at time t in the section zo. p(zotv is

normalised according to: dv p(zotv = I
J(ZOt), the instantaneous liquid superficial velocity in the section zo, related to p(zotv by

the following relation:

JL(ZOt = RL(t) j dv v p(zotv) (17)

rj(zov, ti, R), the RL-weighted of p(zotv) during the time interval [ti; ti + R], defined by

ti 3c

f dt RL(t) PZOtv)
II(zo, v, ti, 3) ti (18)

ti+3-i

f dt RLM
ti

Then VL(ti, R), the volume of liquid entered in the volume V during the time interval [ti;

ti + 3t] is defined by 

ti+3,r

VL(ti ; 3 = A(zo) f dt RL(t) f dv v p(zotv = A(zo) R -i--j R (1 9)
ti

Or:

VL(ti , 3 = A(zo) R RL(t) R f dv v nzo, ti, 3) (20)

where -kL-t,) and -fL-t,) are the liquid volume fraction and the liquid superficial velocity

in the section zo, averaged during the time interval [ti; ti + 3C].

Now let introduce G(vti), the velocity distribution in VL(ti, 3), the volume of the liquid

entered in V during [i; ti + R). According to Equation 22), G(vti) can be related to (zO, v,

ti, R)
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G(vti) v r(zo, v, ti, 3) (21)

f dv v r(zo, v, ti, 3)

so that Vi , the mean velocity of the liquid entered in V during the time interval [ti ; ti + R is
given by:

f dv v2 1(zo, v, ti, 3C)

U f dv v G(vti) f dv v r(zo, v, ti, 3) (22)

So we have demonstrate that
3,r- the fluctuation Of VL(ti, 3) is proportional to the fluctuation of Xti) the liquid

superficial velocity in the section zo, averaged during the time interval [ti ; ti + 3j.

- the fluctuation of Ui is related to the fluctuation of (zo, v, ti, R according to equation

22).

Using the periodic PFGSE sequence to measure J 3,t and ui at regular time interval

ft, it is so possible to deten-nine the spectral densities of the fluctuations Of JY � 3 and

rj(zo, v, ti, R).
T-Figure 8 presents the spectral density of the fluctuation of L(t 3 noted Sj(v), in three

different two-phase flows. J(ti) 3-r has been measured at regular interval = 16 ms during 

s (period number = 500). nen Sj(v) has been obtained from JL(v), the Fourier transform of

R
J00

Sj(V) = IJL(V)12
N - tl

In the presented examples, the flow is analysed in a vertical pipe with a diameter D of
50mm; the distance between the mixer and the analysed section is two meters. A grid is placed
40 cm in front of the analysed section. 717he air supply and the water supply are regulated at
constant mass flow rate. In all the xperiments, the mean water flow is constant, JL = 46 cm/s.
The three spectra presented in Figure correspond to three different air flow rates, JG = 42,

12. 5 and 16.64 cm/s. At low void fraction JG < 01, the level of the fluctuations are very
-T-L

low and undetected. At higher void fraction the amplitude of the fluctuations increases strongly

with JG ; for JG = 03, the spectrun of the fluctuations is more wide than the frequency
_TL_ _j T

analysed range (v = 530 Hertz); for JG - 036, the fluctuations of -YL-t,) becomes very
-L

large and the shape of the spectrum of the fluctuations is now very different: the low frequency

fluctuations are predominant (v = -15 Hertz) and peaks are present at v = , 10 and 15 hertz.
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Figure 8 : These three spectra of JL(td has been obtained at constant water flow rate, L

46 cm/s, for three different air flow rates, JG = 42 cnx/s 12. 5 cm/s .......
and 16.64 cm/s �� .

V111 - Conclusions and recommendations

The results presented in this paper show that the PFGSE-N'NM technique can be useful to
analyse two-phase flows. This method was applied to air-water flows in different regimes 
stationary two-phase flows and flows in transient condition. Finally a periodic PFGSE
sequence is proposed to analyse the "turbulence" in air-water bubbly flow.

In the present configuration the instrument used in this experiment is adapted to flow
velocity lower than 2m/s. To increase the velocity range, magnetic field gradients with shorter
switch times are required.

Acknowledgements

We acknowledge the stimulus for this work provided through helpful discussions by
J.M. Delhaye. Partial financial support came from the GREDIC (CNRS Research Groupie N'
1027; partners: CNRS, EDF, Bertin & Co).

Bibliography

Abouelwafa, M.S.A. & Kendall, E.J.M., 1979, Optimization of continuous wave
nuclear magnetic resonance to determine in situ volume fi-actions and individual
flow rates in two component mixtures, Rev. Sci. Instrum., 50, 1545-1949.

Caprihan, A. Fukushima, E., 1990, Flow measurements by R, Physics
Reports, 198, N 4 195-235.

Carr, H. Y. Purcell, E.M. 1954, Effects of diffusion on free precession in
nuclear magnetic resonance experiments. Phys. Rev., 94, 630-638.

De Gennes, P.G., 1969, Theory of spin-echoes in a turbulent fluid, Phys. Lett.,
29A, 20-21.

Deville, G., Landesman, A., 197 1, Exp6riences d6chos de spin dans un liquide
en dcoulement, Journal de Physique, 32, 67-72.

624



Edelstein, W.A., Vinegar, H.J., Tutujian, P.N., Roemer, P.B. & Mueller, O.M.,
1988, NMR imaging of core analysis, Proc. 63th Annu. Tech. Conf. and Exhib.,
Soc. Petrolum Engineers, SPE 18272, 101-112.

Fukuda, K. Hirai A., 1979 A pulsed NR study on the flow of fluid, J. Phys.
Soc.. Jap., 47, 1999-2000.

Gaigalas, A.K., Van Orden, A.C.L, Robertson, B., Mareci, T.H. & Lewis, L.A.,
1984, Application of magnetic resonance iaging to visualization of flow in
porous media, Nucl. Technol., 84, 113.

Garroway, A.N., 1974, Velocity measurements in flowing by NMR, J. Phys.,
D7, L I 59-L 63.

Grover, Th. & Singer, J.R., 1971, NMR spin echo flow measurements, J. Appl.
Phys., 42, 938-940.

Hayward, R.J., Pecker, K.J. & Tomlinson D.J., 1972, Pulsed field-gradient
spin-echo NMR studies of flow in fluids, Mol. Phys., 23, 1083-1102.

KrUger, G.J., Haupt, J. Weiss, R., 1984 A nuclear magnetic resonance
method for the investigation of two-phase flow, Measuring Techniques in Gas-
Liquid Two Phase Flows, Delhaye, J.M., & Cognet, G., Eds, Springer-Verlag,
435-454.

Leblond, J. Stepowsky, D, 1994, Some non-intrusive methods for diagnosis in
two-phase flows (to be published in Mutiphase Science and Technology)

Leblond, J., Benkedda, Y, Javelot, S & Oger, L., 1994, Two-phase flows by
Pulsed Field Gradient Spin-Echo NMR, Meas.Sci. & Techn.., (to be published).

Lynch, G.F. & Segel, S.L., 1977, Direct measurement of the void fraction of a
two phase fluid by nuclear magnetic resonance, Int. J. Heat Mass. Transfer, 20,
7-14.

Majors, P.D., GivIer, E.C. & Fukushima, E., 1989, Velocity and concentration
measurements in multiphase flows by NMRJ. Magn. Res., 85, 235-243.

Majors, P.D., Smith, U., Kovarik, F.S. & Fukushima, E., 1990, NR
spectroscopic imaging of oil displacement in Dolomite, J. Magn. Resonance, 89,
470-478.

Packer, K.J., 1969, The study of slow coherent molecular motion by pulse
nuclear magnetic resonance, Mol. Phys., 17, 355-368.

Webster, D.S., & Marsden, K.H., 1974 Improved apparatus for NMR
measurement of self diffusion coefficients using pulsed field gradient. Rev. Sci.
Instrurn., 45, 1232-1234.

625



626


