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1 Introduction

Flow measurements by use of gamma-ray attenuation has been utilised in multiphase flow
meters for many years. This represents a robust and reliable type of flow composition
measurement[1]. The use of a radioactive isotope does however introduce some challenges.
When using radioactive sources there is additional paper work to be done, the source has to be
tracked through its life-time and after end of life-time of the instrument the source has to be
disposed of in a safe way. The radiation hazard has to be handled during storage,
transportation and installation. An X-ray based system will only be switched on after it has
been installed and it does not represent any radiation hazard when switched off. Multiphase
flow meters are installed worldwide and Roxar has experienced that in some parts of the
world it is more difficult to install nucleonic gauges and there is a request for multiphase
meters with no radioactive source.

Most Roxar multiphase meters are equipped with a Cs-137 source for density measurement.
For some years Roxar has also supplied non-gamma multiphase meters where the gamma-ray
measurement is replaced with a patented algorithm that combines the information from the
other flow measurements in the meter. The non-gamma meter does however have flow-range
limitations and higher measurement uncertainty compared to the standard meter with gamma-
ray source. The X-ray based flow meter is a new option without radioactive source that does
not have these performance limitations.

A prototype X-ray based flow densitometer has been developed in collaboration between
Roxar (Norway) and PANalaytical (the Netherlands). The prototype meter has been
successfully flow loop tested at Christian Michelsen Research (CMR) in Bergen and TUV
NEL in Scotland. The flow testing includes both measurements on multiphase flow and on
wet gas flow

2 Flow composition measurement by gamma-ray and X-
ray

Radioactive sources or X-ray tubes produce high energy photons that can be used in flow
composition measurements. The basic measurement principle is the same independent on the
origin of the photons. The attenuation of photons is measured along the narrow beam path in
the flow, see Figure 1. The beam is shaped by using a collimator that shields the radiation in
other directions than that of the beam. The average attenuation coefficient of the flow
components is thus the measured variable. This attenuation coefficient is dependent on the
energy of the photons, the atomic composition of the flow and the density (or pressure) of the
flow. The photon attenuation is not dependent on the origin of the photons. But it is possible
to produce higher photon energy with a gamma-ray source than with an X-ray source. Due to
the relatively low energy obtainable with an X-ray source it is required to use material with



low density to transmit the beam through the pipe wall. In the Roxar prototype X-ray meter
there are titanium plugs in the steel wall, where the beams are transmitted through.

A traditional X-ray tube produces a continuous energy spectrum, while a gamma-ray source
has discrete energies. Interpreting the attenuation of a continuous energy spectrum is more
complex compared to measuring the attenuation of a single energy beam. In the Fluor’X tube
used in this work mainly discrete characteristic energies are emitted from the tube.

The X-ray tube produces photon energies close to 60keV and the gamma-ray densitometer
used in this work is based on Cs-137 with principal energy of 662keV. Both of these energies
are in the range where Compton scattering is the dominating interaction mechanism. The
attenuation due to Compton scattering is about proportional to the density of the material and
the measurements can be used for finding the density of the flow. There is, however, also
some contribution from photoelectric effect, in particular for the X-ray beam. The
photoelectric effect is strongly dependent on the atomic composition. A result of this is a
higher salinity dependency of the low energy beam.

In the work presented here the gas volume fraction (GVF) has been calculated from the X-ray
measurements and the gamma-ray measurements. The water cut (WC), fraction of water in
the liquid, is found by capacitance measurements in the MPFM and this measurement has
been used as input in the GVF calculations. The GVF measurements from the X-ray system
and the gamma-ray system are compared. In these measurements flow regime effects and slip
(different flow velocity for gas and liquid [2]) is not compensated for. Due to these effects it
is expected that there will be deviation between the measured and the true GVF unless the
flow is homogenous and with no slip. In the Roxar multiphase meter slip is measured and
flow regime effects are also compensated for based on other flow measurements. Flow regime
effects can also be compensated for by using multi-beam gamma or X-ray measurements [3].
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Figure 1. Principal sketch of gamma-ray or X-ray based flow composition measurement.
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3 The Fluor’X tube

The underlying principle of an x-ray tube is to accelerate electrons over a high voltage
potential before hitting a heavy metal target, the anode. During the deceleration process the
kinetic energy of the electrons is converted into x-rays and other forms of energy (mainly
heat). A complex, highly polychromatic x-ray spectrum is generated in a conventional x-ray
tube. The spectral definition consists of a continuous brehmsstrahlung contribution
superimposed by the characteristic fluorescence lines [1] of the anodic material being thus
inadequate for multiphase flow measurements.

Based on a patented design, the Fluor'X tube is capable to generate a near monochromatic
spectrum which is much more suitable for gauging applications. In the Fluor'X tube a primary



conical anode surrounds a beryllium cup holding a secondary conical target outside of the
vacuum envelope (see Figure 1). The inner side of the anode is coated with a high Z material,
in this case gold, over a surface of few cm’. Bombarded with electrons supplied by a circular
filament, the primary anode becomes a source of polychromatic radiation which penetrates the
beryllium window to excite the characteristic fluorescence lines of the secondary target
material (W in our case). Since the secondary target is shielded by the beryllium cup against
the scattered electrons, the brehmsstrahlung contribution in the out coming beam is
significantly suppressed resulting in an output spectrum with mainly characteristic lines of the
secondary target.

Primary anode———
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Figure 2. Architecture of the Fluor’X tube. The location and arrangement of the filament, Be
window, primary and secondary target are indicated.

A previously reported version of the Fluor'X tube [4] used electrons accelerated to 160 kV,
water cooling system and a combination of Au / W as primary and secondary anodes,
respectively. The spectral output of this tube is presented in figure 2. This radiation has a
strong characteristic line pattern which simplifies spectral interpretation and increase the
confidence and quality of the collected data.
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Figure 3. Energy spectrum for Fluor’X tube with 160kV HV. The spectrum is scaled to 100% at
the W k-alfal fluorescence peak. The insert shows on logarithmic scale the remainder of the
background.



In line with this concept, a recently developed low power version of the Fluor'X tube was
used to carry out this study (see Figure 4).

Figure 4. The low power version of the Fluor X tube. The tube length is about 20cm.

This tube is compact and smaller in dimensions than its predecessor and is capable to work at
maximum 100kV supplied by a relatively small generator. Due to low power consumption the
anode cooling is achieved only through heat conduction and free air convection.

The Fluor'X design allows easy reconfiguration of the spectral output by using a wide range
of secondary target materials. The user has the freedom to adjust the beam intensity and to
choose even a composite material for the secondary target, thereby widening the application
range of the Fluor X tube.

4 The Prototype flow densitometer based on Fluor’X

The current version of the Roxar prototype X-ray densitometer was developed in 2007/2008
and first flow-tests were done in 2008. Main challenges for the design are combining the high
voltage (100kV), explosion safety and the transmission of the low-energy X-ray beam from
the X-ray tube to the detector. In the prototype meter this was solved by placing the X-ray
tube and the HV generator inside an aluminium Ex d casing on the outside of the meter body.
Titanium plugs are used to allow the beam to be transmitted through the walls of the meter
body. The prototype is designed as a separate spool piece that can be installed alone or in
series with a multiphase meter. Drawings of the meter are shown in Figure 5. This first design
of the gauge is fully operational and can be used in explosion hazardous atmosphere.

Concerning radiation safety, the meter has been designed to comply with the German
“Vollshutz” standard according to Roentgenverordning 1987. Safety switches will shut down
the beam if the box containing the X-ray tube and HV generator is out of position. The
external dose-rate at 10 cm distance from the surface is below 1 microSv/h.

In this first version of the meter we have used standard components such as the Ex d casing
for the generator and the product is thus not very compact and does not have a Roxar design



Ex d casing

Figure 5. Principle sketch and 3d drawing of prototype meter body. Dimension is given in mm.

5 Prototype testing

X-ray tubes are often used in laboratory instruments, where the environmental conditions such
as temperature and vibration is quite different from the requirements for gauges used in oil
and gas production. The X-ray tube and generator for the prototype meter has thus been
specially designed for this application and the main design criteria are high stability of the X-
ray beam, robustness and reliability. PANalaytical has done computer simulations and
extensive testing (according to the ISO 13628-6 standard) on key components to obtain an
optimal design

Roxar has done both static tests on the complete system and flow loop testing. The flow loop
testing has been done both at CMR in Bergen and at TUV NEL in Scotland.
The main results from this testing are presented here.

5.1 Static tests

Static tests were done by positioning polypropylene phantoms in the pipe spool. The plastic
phantoms, which have about the same properties as oil concerning gamma/X-ray attenuation,
are shaped as stratified and annular flow regimes.

Table 1 shows the gas fraction measured along the centre beam. Measurements are compared
with the true gas fraction along the beam. We can see that the difference is less that 0.7 %.
Taking into account that there is some uncertainty in the dimensions of the plastic phantoms
this is about as accurate as it is possible to demonstrate.

In all gamma-ray or X-ray densitometers there is a contribution from scattered radiation in the
measured count-rate. This is because radiation is not only absorbed but also scattered by the
flow, pipe wall and other objects between the source and detector. The buildup is defined as
the ratio between the measured detector intensity and the theoretical detector intensity with no
scatter. So the number is always larger than 1. The contribution from scatter complicates the
measurement analysis and it is thus preferable to have the buildup as low as possible. The
scatter is dependent on the GVF and the flow regime and is difficult to predict. The buildup in
the FluorX meter has been measured at different flow regimes, and it is found to be smaller
than that of a Cs-137 based densitometer.



Table 1 Results from tests with polypropylene phantoms in FluorX meter.

Gas fraction [%]
Plastic phantom Count-rate | av att coeff theory | measured
1. empty pipe 10912 0.0000 100 100.0
2. stratified flow 5788 0.1747 50 50.4
3. stratified flow 5806 0.1738 50 50.6
4. annular flow 5181 0.1749 41 41.7
5. pipe filled 3042 0.1762 0 0.0
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Figure 6. Measurement cross-section showing polypropylene phantoms. Dimensions are given in

mm.

5.2 Multiphase flow

In all flow tests the prototype meter body has been installed in a vertical section of the
pipeline after a T-blend. This is the standard way of installing the Roxar multiphase meter.
The prototype has been installed in series with a multiphase meter with a gamma-ray
densitometer, so the flow goes through the prototype before passing through the multiphase
meter. Figure 7 show the installation at the TUV NEL multiphase loop.

Multiphase Flow Meter

Position for
gamma-ray
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X-ray system

Figure 7. drawing of Fluor’X meter and MPFM2600 with pipes for NEL installation.



First flow testing of the prototype X-ray densitometer was done at CMR in March and April
2008. The prototype meter body was installed in series with an MPFM 1900 meter. In Figure 8
time series of countrates and GVF measurements are plotted for the X-ray meter and the
gamma-ray meter. The change of countrate is bigger for the X-ray meter and the measurement
sensitivity is thus better for X-ray based system.
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Figure 8. Test results Friday 15 February. Left: count rates (Fluor’X on top). A small change in
GVF is easier to detect with FluorX as can be seen from the data indicated. Right: GVF

When comparing the GVF values from the X-ray meter with gamma-ray measurements
(Figure 9) it is evident that there is good correlation. But there are some systematic
differences. This is as expected because the measurements are from two different cross-
sections along the vertical pipe. The gamma-ray and X-ray measurements do not take flow
velocity of the flow components into account. These test measurements are thus based on the
assumption that the velocities of the different flow components are the same. This is often not
the case. There will often be slip, which means that the gas is flowing with a higher velocity
than the liquid. Due to different slip in the two cross-sections there will be deviation between
the two gas fraction measurements. Other factors that could cause deviation is different flow
regime and backflow of liquid in the vertical pipe section. causing a higher GVF at the highest
flow cross-section. This is probably the reason why the measured GVF was higher at the
upper measurement cross-section (the gamma-ray densitometer) for the CMR flow data.
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Figure 9. Gas fraction measured by the Fluor’X system vs. the gamma-ray densitometer.



In June/July 2009 flow loop tests on both multiphase and wet gas flow were carried out at
TUV NEL in Scotland. The X-ray meter was installed in series with the Roxar MPFM2600
with gamma-ray densitometer (Figure 7). A time series plot of GVF measurements are shown
in Figure 10. The gas fraction measured in the gamma-ray densitometer is lower because of
higher gas velocity (slip) in the upper measurement cross-section. The MPFM2600 data
shown are also based on the gamma-ray densitometer, but these data are also combined with
other measurements in the multiphase meter and the GVF is thus corrected for slip and other

flow-regime effects.
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Figure 10. The NEL reference data for the measurement points are plotted in green. GVF
calculated from Fluor’X measurements, from the gamma-ray data and GVF from the

MPFM2600 is shown. Data are average values over 25s.

Figure 11 show the X-ray measurements compared with gamma-ray measurements and
compared with the NEL reference data. Also here we see the deviation between gas fraction
in the measurement cross-section of the X-ray meter and the gamma-ray meter. Further, we
see that the GVF from the X-ray measurement is underestimated at high GVF when compared
with reference data. This is due to higher slip at high GVF and can be compensated for in a

multiphase flow meter.
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Figure 11. GVF measured by Fluor’X plotted against GVF measured by gamma-ray data (left)
and against NEL reference data (right). Right: Dashed lines show +/- 5%



5.3 Wet gas flow

The X-ray meter was also tested in the wet gas loop at TUV NEL. The test-section was
identical to the one used in the multiphase loop. The X-ray meter was placed under a
MPFM2600 meter in a vertical section of the pipe. The GVF was above 90% and the flow
pressure was between 30 and 55 bar. The flow components were nitrogen gas and kerosene
liquid.

Time series plots of GVF measurements are shown in Figure 12. The X-ray data show smaller
fluctuations from the NEL reference data than the gamma-ray data. When compared with
multiphase flow the wet gas flow is more or less homogenous and liquid is flowing at the
same velocity as the gas. There is thus less influence from slip and flow regime effects on the
measurements.
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Figure 12. Measured GVF and NEL reference values, Measurements were recorded in NEL gas
loop. Integration time: 25s.

The measured GVF values for a number of test points are shown in Figure 13. The gamma-
ray (662keV) measurements show larger deviation. This can also be seen in Figure 14 where
the measurement error for all the wet-gas test points are plotted in a histogram. The standard
deviation of the GVF X-ray measurements are about half that of the gamma-ray
measurements: 0.16 % vs. 0.37 % absolute. The low energy used in the X-ray meter is more
suitable for the low density wet gas flow. Theoretical calculations show that at wet gas flow
with 50 bar pressure the relative uncertainty of the measured attenuation coefficient is about
double for 662keV compared to at 60keV. So the measurement results are in compliance with
the theory.
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Figure 13. Test points recorded in NEL gas flowloop. Measured and reference GVF values are
plotted.
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Figure 14. Histogram of measurement deviation for Fluor’X measurements and gamma-ray
measurements.

5.4 Stability of the beam intensity

For the gamma-ray densitometer the intensity of the beam is proportional to the activity of the
radioactive source. The beam intensity is thus very predictable. For the X-ray meter the beam
intensity is dependent on a number of factors, such as the high voltage, the emission current
and mechanical dimensions inside the X-ray tube. It is important that the photon intensity
does not fluctuate due to temperature variations, vibrations or other environmental factors.
The Fluor’X tube has been specially designed to minimize such fluctuations. The Fluor’X
tubes that have been tested have shown an acceptable stability. At the NEL test the beam
intensity for empty pipe was recorded every day, and the standard deviation for these



measurements for the whole test period was 0.1%. Beam stability is further improved in a
later version of the Fluor’X tube.

6 Installation on multiphase flow meter

In a final design of the X-ray system it is planned to be integrated as a part of the multiphase
flow meter. It is today possible to get the Roxar topside multiphase meter in a non gamma
version and with gamma-ray densitometer. The X-ray system will then be a third option for
the meter, with this option it will be possible to have a flow meter without the limitations on
measurement accuracy and flow ranges that the non gamma meter has.

A concept design for X-ray system installed on MPFM2600 is shown in Figure 15. By placing
the HV generator in a separate Ex d casing a more practical design is achieved.

Figure 15. Industrial design of the Roxar MPFM2600 fitted with X-ray system

It could also be useful to have the X-ray system as a separate spool piece, a sketch of this is
shown in Figure 16. It could then be installed as a stand alone meter or in series with a non-
gamma meter.



Figure 16. Industrial design of stand alone spool piece with X-ray system.

7 Possibilities for further development

The use of an X-ray system opens for new possibilities for flow composition measurement.
Both the intensity of the beam and the photon energy can be adjusted to fit the application.

In the Fluor’X technology there is a possibility to choose the energy of the photons by
choosing the material for the secondary anode. It is possible to use lower photon energy than
what has been used in our prototype tests, and this enables higher measurement accuracy in
low density flow, such as wet gas. There is also a possibility for using multiple energy beams,
which makes it possible to find more flow information such as water cut and water salinity.
Water salinity can also be measured by combining the measurement of scattered and
transmitted radiation (Dual modality densitometry) [2].

The beam intensity can be changed during the measurement. When increasing the beam
intensity the time-resolution of the measurements is improved and more detailed flow
information can be obtained

8 Conclusions

A prototype X-ray flow composition meter based on the patented Fluor’X tube been built and
flow tested. The tests show that it is possible to replace the traditional gamma-ray
densitometer on the Roxar multiphase flow meter with the X-ray system. The X-ray system
shows higher measurement sensitivity in all flow tests, and in particular for low density flow.
The radiation safety during operation of the meter is fully acceptable and during installation,
storage and transportation the radiation hazard is removed. The X-ray based flow composition
gauge will be a valuable alternative to the gamma-ray densitometer in future Roxar
multiphase meters.
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