Nuclear Instruments and Methods in Physics Research A327 (1993) 580-593

North-Holland

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH

SectionA

Analysis of multiphase flows using dual-energy gamma densitometry

and neural networks

C.M. Bishop ?# and G.D. James °

% Neural Networks Group, AEA Technology, Harwell Laboratory Oxfordshire, OX11 ORA, UK
b Harwell Instruments, AEA Technology, Harwell Laboratory, Oxfordshire, OX11 ORA, UK

Received 5 August 1992 and in revised form 6 November 1992

Dual-energy gamma densitometry offers a powerful technique for the non-intrusive analysis of multiphase flows. By employing
multiple beam lines, information on the phase configuration can be obtained. Once the configuration is known, it then becomes
possible in principle to determine the phase fractions. In practice, however, the extraction of the phase fractions from the
densitometer data is complicated by the wide variety of phase configurations which can arise, and by the considerable difficulties of
modelling multiphase flows. In this paper we show that neural network techniques provide a powerful approach to the analysis of
data from dual-energy gamma densitometers, allowing both the phase configuration and the phase fractions to be determined with
high accuracy, whilst avoiding the uncertainties associated with modelling. The technique is well suited to the determination of oil,
water and gas fractions in multiphase oil pipelines. Results from linear and non-linear network models are compared, and a new

technique for validating the network output is described.

1. Introduction

The accurate mass-flow metering of oil well prod-
ucts is of great importance to the oil industry. The high
cost of sub-sea production has led to the use of multi-
phase pipelines to transfer mixtures of oil, water and
gas, sometimes derived from more than one field. This
provides a requirement for multiphase metering in
which the flow rates of oil, water and gas can be
determined with sufficient accuracy for reservoir man-
agement, for monitoring the withdrawal of fluids from
a reservoir, and for custody transfer purposes. Ideally
the measurements should be carried out non-intru-
sively. To this end, nuclear techniques, notably neutron
interrogation and activation, and gamma densitometry
and cross correlation, have an important part to play.
It is unlikely, however, that any one technique will
provide all the information required for the mass-flow
metering of all three components. Restricting our at-
tention to nuclear based techniques, we note that neu-
tron interrogation can provide phase fraction measure-
ments, and oxygen activation by pulsed fast neutrons
can provide separate phase velocities for phases which
contain oxygen [1]. Dual-energy gamma densitometry
(the subject of this paper) gives the oil, water and gas
fractions along the gamma beam path, and this infor-
mation can be translated into phase fractions for known
three phase configurations [2,3]. The cross correlation
of single energy densitometry data has been applied to
provide velocity measurements for two phase liquid-gas
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systems [4]. Computer modelling studies of the cross
correlation of two dual energy densitometry measure-
ments indicated that the velocity of the liquids in a
three phase system can be obtained independently of
the gas phase velocity [5].

In this paper we present the results of an investiga-
tion in which neural network analysis is used to derive
the phase configuration, and thus oil, water and gas
phase volume fractions, from simulated data for a six
beam dual energy densitometer. It is shown that neural
network techniques provide a powerful and practical
solution to the problem of interpreting gamma densito-
meter data which can readily be applied in the opera-
tional environment. The network can learn the re-
quired non-linear transformations needed to extract
phase fractions from the densitometer data by using a
set of examples, thereby avoiding the need for complex
and uncertain modelling of the 3-phase flow. In fact, as
we shall show, there is no need to determine the phase
configuration at all.

In section 2 we give an overview of the dual-energy
gamma densitometry system and its application to oil
pipeline monitoring. An introductory overview of neu-
ral networks is given in section 3, followed in section 4
by a discussion of the dataset used to train and test the
networks. A detailed account of the mathematical
derivations used to define the data set are given in the
appendix.

The first problem addressed is that of using the
gamma densitometry information to determine the ge-
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ometrical configuration of the multiphase flow, and
this is discussed in section 5. We show that the neural
network is able to distinguish several different configu-
rations with high reliability. In section 6 we then ex-
ploit neural networks to determine the oil fraction
directly from the gamma densitometry measurements.
Note that this technique does not itself require the
phase configurations to have been determined.

An important practical consideration is the length
of time for which the gamma signals have to be inte-
grated, since this determines the overall accuracy of
the system as well as the length of time needed to
make a measurement. The effects of integration time
on network performance are investigated in section 7.
It is shown that good performance can be obtained
with integration times of a few tens of seconds.

Another important issue concerns the robustness of
the neural network solution. Since the neural network
learns by example its performance may deteriorate if it
is presented with input data which differs significantly
from that used during training. While this problem can
largely be avoided by careful selection of the training
data set, it is important to have a means for verifying
the phase fractions predicted by the network. In sec-
tion 8 we demonstrate that a verification system can be
designed which is able to detect novel input data with
high reliability.

Finally, the significance of the results is discussed in
section 9.

2. Dual-energy gamma densitometry

Here we give a brief overview of the technique of
dual-energy gamma densitometry. We do not aim to
give a complete treatment, but sufficient detail is given
to make the paper self contained.

Gamma densitometry [2] makes use of the attenua-
tion of a beam of gamma rays passing through matter.
The degree of attenuation is dependent on the path
length within the material, the nature of the material
and the wavelength of the gamma rays. Since, for a
given substance, the fraction of the beam attenuated
per unit length is constant, over a finite distance the
beam intensity will fall exponentially. We therefore
write the intensity of a gamma beam (of given wave-
length) after passing through a length x of material in
the form
I=1,e #P*, )
where p is the mass density of the material, u is the
mass absorption coefficient of the material at the given
wavelength, and I is the intensity of the gamma beam
in the absence of material. Since, for a given material,
w© and p can be measured separately, determination of
I allows the length x of material between the gamma
source and the detector to be determined.

water

beam

Fig. 1. Schematic cross section of a pipe containing oil, water

and gas in a stratified configuration, showing the path of a

gamma beam together with the definitions of the path lengths
Xoy Xy, Xg and d.

A gamma beam passing through a multiphase
pipeline will be attenuated by water, oil and gas each
of which will have its own density and absorption
coefficient. Fig. 1 shows a schematic illustration of a
collimated gamma beam passing through a circular
cross section pipe containing oil, water and gas in a
stratified configuration. The intensity of the beam after
passing through the pipe will be given by

I =1, e HoPo¥o g™ HuPuXy o~ HePyXy ()

where I, is now the beam intensity if there were no
material in the pipe (i.e. a vacuum), and x,, x,, and Xy
are defined in fig. 1. Here we have introduced separate
densities and mass absorption coefficients for each of
the three phases. Note that even if the three phases
are in a different geometrical configuration, for in-
stance if they are homogeneously mixed, we can still
apply eq. (2) provided we interpret the x’s as the total
effective path length through each phase.

The basic problem is to determine the values of the
three unknowns x, x,, and X,. In dual-energy gamma
densitometry this is achieved by sending a second
gamma beam through the pipe along the same chord as
the first beam. This second beam has a different wave-
length, and so the absorption coefficients will have
different values. For the second beam we have

I'=1I; € “HoPo¥o @ ~HwPwXw o~ HgPgXy (3)
It is convenient at this point to define the quantities
L=-In(I/l)), L'=-In(1'/I}). 4)
We can then write egs. (2) and (3) in the form
L=popoXot hwPyXy+ HhePyXy, (%)
L' = popoXo+ WyPwXy + HopgXy. (6)
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Since L and L’ are measured from the gamma beam
attenuation, and since the p’s and u’s are known, egs.
(5) and (6) represent two equations in three unknowns.
The third equation needed to determine the x’s comes
from the geometrical constraint that the sum of the x’s
must equal the total path length

X, tx,tx,=d, 7
as shown in fig. 1. We can therefore solve the three

simultaneous algebraic egs. (5), (6) and (7) to give the
path length in oil in the form ‘

L —pgpgd L' —pyped
BwPw = BgPg  MwPw — KgPg
Xo = ’ . . (8)
{ FoPo ~ KePg  MoPo~ KgPy }
HwPw = HgPy  MwPw — KgPy

A similar expression is obtained for x,. The value
of x, can then be found from eq. (7). Thus, dual-en-
ergy gamma densitometry allows us to determine the
path length through each phase along the line of sight
of the gamma beam. This, however, does not allow us
to determine the oil fraction directly since the path
lengths depend both on the oil fraction and on the
geometrical configuration of the phases. Since many
different phase configurations are possible with multi-
phase flows, we need further information.

One approach is to introduce a baffle system into
the pipe which is designed to induce turbulence into
the flow and thereby homogenise the three phases. If
the gamma measurements are made -a short distance
downstream of the baffle, then we can assume that the
three phases are well mixed, and the phase fractions
can be determined from the path lengths using

fo=xo/d’ fw=xw/d’ fg=1_fo_fw7 (9)

where f,, f,, and f, represent the volume fractions of
oil, water and gas respectively. One significant draw-
back with this approach is that there must be a suitable
baffle plate already installed in the pipeline. This tech-
nique cannot therefore be used with a portable moni-
tor system intended to be used on a new section of
pipe at short notice. A second disadvantage with the
baffle system is that the baffle itself can introduce
significant drag into the flows and so reduce pumping
efficiency.

We describe here an alternative technique which
does not require any modification to the pipeline and
which can therefore be used as a truly portable flow
monitor. It is based on the use of multiple beam lines,
each comprising a dual-energy gamma densitometer, to
give additional information concerning the phase con-
figuration. Throughout this paper we shall consider a
particular system, employing six beam lines arranged as
shown in fig. 2, which together provide 12 independent
measurements giving information on the phase config-
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Fig. 2. Cross section of the pipe showing the arrangement of

the six beam lines. Each beam line comprises a single dual-
energy gamma densitometer.

uration. The principles are quite general, however, and
can be applied equally well to any similar system.
Details of the geometry are given in the appendix. If
the phase configuration is known then the phase frac-
tions can usually be obtained by straightforward calcu-
lation, as was done for the case of homogeneous flows
in eq. (9). The task, therefore, is to use the 12 measure-
ments to determine the phase configuration. Note that
the phase configuration may not be static, but may
have significant time variations. Since the dual-energy
gamma densitometry technique must take a measure-
ment over a period of several seconds it will average
over any time variation on a shorter time scale. The
system therefore sees a time averaged phase configura-
tion.

A key difficulty in determining the phase configura-
tion is that the various possible configurations are not
usually known in advance. In principle, one approach
to the determination of the phase configuration from
the dual-energy measurements is to use tomographic
reconstruction techniques to obtain an image of the
phase configuration directly. In practice such an ap-
proach cannot be adopted due to the very limited
number of beam lines available. (Practical tomography
systems generally make use of hundreds or thousands
of independent lines of sight.) In this paper we shall
show how neural network techniques provide an effec-
tive and practical solution to the problem of determin-
ing the configuration.

Furthermore, we shall show that a neural network
can be used to map the 12 measurements directly onto
the phase fractions themselves, without the need to




































