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Abstract

In this paper, experimental data obtained with a new impedance based measuring technique for multi-phase
flows are presented. By impedance measurement between different electrode combinations of a completely
non-intrusive, multi-electrode impedance probe, a vector is obtained, which is subsequently compared to a set of
stored data, shaped as a reference matrix. This allows for the on-line reconstruction of the local volumetric flow
composition and the occurring flow regime. The method covers component concentrations in the range of 0-100%
over multiple flow regimes and a wide field of flow components. In addition to a brief description of the
reconstruction principle, different ways of generating the reference matrix are discussed and measured data for oil,
water and gas flows are presented. Component concentration can be determined at an overall accuracy better than

2%.

1. Impedance method

The impedance method is widely applied for
measurement of volumetric concentrations in
multiphase flows. It is based on the different
electrical properties (permittivity, conductivity) of
the flow components and their effect on the
measured impedance (capacitance, conductance)
of an appropriate sensor. The majority of these
applications comes from the field of two-phase
flows, and especially from capacitance measure-
ment in non-conducting fluids. Although the
impedance method offers a number of advan-
tages like simultaneous answer and no need for
moving parts, its sensitivity to the flow pattern
sometimes limits the range of application. Many
different electrode designs have been developed,
trying to minimize this limitation. A popular

method is the use of parallel plate electrodes,
Auracher [1]). The use of ring electrodes is de-
scribed by Andreussi et al. [2], helical electrodes
have been tested by Geraets et al. [3], Abouel-
wafa et al. [4]. A method of electrode excitation
was proposed by Merilo et al. [5] and incorpo-
rates the use of 6 strip-electrodes fed by a 3-phase
voltage generator.

For the generally occurring flow conditions,
especially with dispersed flow components, a
number of analytical formulae are known, which
connect the permittivity ¢ of a mixture of two
fluids of particular permittivities &,, £, with their
volumetric concentration ratio. These models are
based on general conditions regarding the shape
of the dispersed particles and often are limited to
relatively small maximum concentrations. The
most popular models are those by e.g. Maxwell
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[6], Bruggemann [7], a very good review is given
by van Beek [8]. Dykesteen et al. [9] have pro-
posed a method of determining the component
concentrations in 3-component flows by measur-
ing both the capacitance and the resistance of an
impedance sensor.

The sensitivity of the impedance to the distri-
bution pattern of the components within the sen-
sor leads to different calibration curves for each
flow regime. In many practical flow situations,
these curves differ very much. In order to avoid
large errors, this calls for more information about
the dominating flow pattern.

2. Reconstruction principle

To overcome the insufficiencies mentioned
above, a new approach is made for concentration
measurement in multi-phase flows [10]. Although
the proposed method has been originally devel-
oped with respect to offshore applications in oil /
water / gas-mixtures, it can be easily applied to a
much wider field of multi-component flows. The
main part of the described measuring technique
is a non-intrusive impedance probe consisting of
eight surface-plate electrodes mounted on the
inner side of the tube (see Fig. 1).

With this probe, the impedance between dif-
ferent combinations of electrodes — the so-called
measuring fields — is measured. For every mea-
suring field, the impedance - as an integral pa-
rameter — is determined by the component distri-
bution within the whole sensing volume of the
probe. However, the individual domains of the
sensing volume make different contributions to
the total amount of the flow-influenced probe
impedance. Therefore, characteristic distribution
patterns for the spacial sensitivity [11] can be
observed, which allows one to classify the multi-
tude of measuring fields into several groups.

Each group consists of a certain number of
fields, which depends upon the degree of field
symmetry, the fields being “rotated” against each
other by an angle Ay = k - 360° /8. These are the
diametral fields D,-D,, eccentric E,-E;, wall
W,-W; and large fields B,-B,, integral fields I,,
I,, and the Maltese-cross shaped field M|, see
Fig. 2. Although a much higher number of fields
is theoretically possible, the conducted tests
proved, that the 27 fields shown above are suffi-
cient to ensure a good and unambiguous perfor-
mance over the flow regimes of practical rele-
vance.

Within each measurement cycle, the probe
impedance for m fields is recorded. This mea-
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Fig. 1. Non-intrusive impedance probe (&54 mm, L = 160 mm) with 8 surface-plate electrodes.
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Fig. 2. Measuring fields used with the impedance probe.

surement vector V, consisting of m impedance
readings, is compared to a stored reference ma-
trix M of dimension m Xn. M consists of the
(m - n) impedance values representing n different

flow compositions over several flow regimes.
Within every flow regime, the component concen-
tration is increased gradually, the stepwidth de-
pending on the overall accuracy of the measure-
ment setup (typ. 2%). In this way, the column
numbers contain the encoded information about
the flow composition and the flow regime.

It proved useful to generate both V' and M
with normalized, relative impedance values, 0 <
Z;<1. In the case of non- conducting fluids,
with capacitance measurement, this leads to di-
mensionless capacitances according to

C’meas - Cmin

Cvmax ~ “min

C*=

This ensures a good comparability and achieves
independence of the actual probe dimensions. In
the next step, V and M are compared, calculating
the error

s()= 5 (1V- M, 1) @

i=1

for every column of M. Due to the use of dimen-
sionless impedances which lead to small error
values in the range s(j) <1 over most interesting
flow regimes, eq. (2) shows a sharper detection of
the minimum, compared to the sum over error
squares, often used for this purpose. The recon-
struction is finally performed by determining the
best-fit column (s(j,) = min{s(;)}). The flow com-
position and the occurring flow regime are then
determined by decoding the address of the such
determined best-fit column jj.

3. Generation of the reference matrix

The reference matrix can be generated in two
ways: by numerical calculation or by calibration.

3.1. Numerical calculation

The numerical method [10], [12] is based on
the solution of Poisson’s equation for a domain of
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permittivity ¢ and space- charge density o:

, o
Vip=A4p= — =, (3)
£
In the special case, with no free charges 0,

eqn. (3) reduces to Laplace’s equation
A¢ =0. (4)

A represents the Laplace operator and ¢ de-
scribes the potential. In Cartesian coordinates,
and if one of the three dimensions can be re-
garded infinite, eq. (4) simplifies to the expres-
sion

aZ(P aZ(P
+ —_—
ax?  dy?

=0. (5)

The calculation of the two- dimensional field
can be accomplished by use of the finite-dif-
ference-method [13]. The capacitance Cap be-
tween any two of a given set of electrodes is
determined by the existing electrical field be-
tween the assembly, i.e., by the potential distribu-
tion between the electrodes. In this way, the
impedances between any electrodes can be calcu-
lated for every specified flow distribution within
the probe, so that the distribution of the
impedances for every measuring field is obtained.

3.2. Calibration

The generation of the reference matrix by cali-

bration can be done by two ways:

— calibration under real flow conditions, and

~ bullet calibration with stationary calibration
apparatus.

In the first case, the impedance probe is ex-
posed to a multiphase flow of the required flow
regime and flow components. During stepwise
alteration of the flow composition, the impedance
values for all measuring fields are measured and
stored. For this calibration procedure, a multi-
phase reference measurement technique - e.g.
y-ray measurement or quick-acting valves — is
required as a reference for determination of the
actual volumetric flow composition. In flow
regimes with fluctuating component concentra-
tions, e.g. slug flow, it has to be ensured, that

representative mean values of the void fraction
are recorded. If the reference matrix is generated
by calibration in real flows, the flow itself can be
regarded as a “black box”, and no further asump-
tions concerning the phase distribution (e.g. en-
trained droplets) are required. By consequence,
even “exotic” flows, e.g. high-viscous, non-newto-
nian flows can be covered. The maximum possi-
ble reconstruction accuracy is determined by the
accuracy of the multiphase reference measure-
ment technique used for calibration.

If multiphase test facilities are not available, a
modified calibration procedure, the calibration
with a stationary apparatus can be used instead.
In this case, the component distribution within
the probe is simulated by phantoms. This method
is suited well for flow regimes with geometrically
defined interface areas, especially for stratified
flow or annular flow with a negligible amount of
entrained liquid in the core. The calibration ap-
paratus used for the presented measurements is
shown in Fig. 3.

The impedance probe is flanged between two
plexiglass planes and connected to an impedance
meter. For simulation of stratified flow, the appa-
ratus is fixed horizontally. By injecting equal
amounts of liquid with the help of a syringe, the
void fraction inside the apparatus is decreased in
equal steps.

For simulation of annular flow, cylindrical
phantoms are located inside the probe. The circu-
lar gap between phantom and probe wall is filled
with a liquid of the desired permittivity. By the
use of phantoms of different diameter, a number
of void fractions is represented. Simulation of
core flow can be achieved with the same setup,
however the liquid has to be filled inside the
phantoms. This setup also allows for the investi-
gation of the influence of eccentric phase distri-
butions.

It is essential, that the void fraction steps Aa
between adjacent impedance vectors stored in the
reference matrix remain under a certain magni-
tude, which is determined by the overall-accuracy
of the impedance measurement (typ.: da = 2%).
This is achieved by interpolation algorithms ap-
plied to the data obtained either by calibration or
by computation.
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4. Experimental data lar flow regime. The measurements were carried
‘ out in oil/gas and water/ gas flows of ambient

The experimental data shown below have been pressure with tap water, SHELL/ ONDINA 15
obtained with an impedance probe -@54 mm, oil and air. The multiphase test loop (see Fig. 4)
I =160 mm - in the stratified, bubbly and annu- was equipped with horizontal and vertical test
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Fig. 3. (a, top) and (b, bottom): Apparatus for stationary calibration. Impedance probe (1); electrodes (2); electrical connections (3)
tubes (4,5); plexiglass planes (6); phantom (7); positioning bores (8).
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sections of 10 m length. Liquid flow rates could
be adjusted in the range of 0.3 < V, <4 l/s, gas
flow rates were between 0 < Vg <9 l/s. Thus, a
void fraction range of 0 < a < 0.88 could be cov-
ered. The reconstruction was based on capaci-
tance measurement at a frequency of f= 100
kHz, using a HP 4284A impedance meter. This
allowed for a measurement time ¢, =30 ms
per field, at a basic accuracy in the range of
0.1%.

According to the description of the reconstruc-
tion technique given above, it is to be expected,
that the best results are obtained, if cycles with a
large number of measuring fields are employed.
However, this is connected with a long measuring
time (up to 1.8 s) per cycle. Under many practical
conditions, this is not tolerable, especially if the
time history of the void fraction fluctuations has
to be tracked.

In order to increase the measurement rate per
cycle, a large amount of the development work on
the presented new technique has therefore been
spent on the composition of short cycles, com-
posed of few fields, but nevertheless yielding a
good reconstruction accuracy [10]. Generally con-
sisting of 6-8 fields, such cycles have best perfor-
mance within one certain flow regime and allow
for an accuracy of up to 2-3% for void fraction
determination. With the setup used, the corre-
sponding measurement rates for these short cy-
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Fig. 4. Multiphase test loop. Reservoir (1); pump (2); mixer
(3); compressor (4); gas tank (5); impedance probe (7); trans-
parent sections (8); separator (9); ball valves (10).
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Fig. 5. Calculated (a*) vs. reference void fraction () for

stratified flow of oil/ gas. (Cycle C: 8 fields:
D\,Ds,E\,E) W\, W,,B,,1;; Cycle K: 27 fields.)

a Cycle K

cles are about 2s~! and could be considerably

speeded up by the use of a faster impedance
meter.

4.1. Stratified flow

The good performance of the reconstruction
technique for the stratified flow regime is demon-
strated in Fig. 5. It shows the reconstructed void
fraction a* vs. the reference void fraction « in
horizontal flow of oil and gas. @ was determined
from the liquid level measured with a transparent
measuring section, containing a thin scale with
etched markings. This compensates for the opti-
cal refraction in the glass wall, the reference
accuracy was about 2%.

The reference matrix has been generated with
the help of the stationary calibration apparatus
(Fig. 3), the void fraction being changed in steps
of 8%. After calibration, the “coarse” reference
matrix was refined by spline interpolation to Aa
= 2%. The matrix covers the full void fraction
range, thus containing n' = (a,,, —«a,;)/da =
50 columns in the stratified flow regime.

The data have been reconstructed by the use
of a long cycle K (27 fields) and a short cycle C (8
fields). Figure 5 shows, that the accuracy ob-
tained with the short cycle C is not significantly
poorer than the one obtained with the long cycle
K, although the measurement rate is about 3
times higher. The average accuracy with the prac-
tical short cycle is in the region of 3%.
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By increasing both gas and liquid flow rates
and changing the smooth stratified flow to wavy
flow, the reconstruction showed no noticeable
deterioration. This effect is thought to be ex-
plained by the fact, that the wavelength of the
surface waves on the liquid interface was short in
relation to the length of the impedance probe.
Therefore, the probe can be regarded as a low-
pass filter with an averaging effect on the local
void fraction fluctuations inside the probe. By
reducing the electrode length to a value which is
determined by the resolution of the impedance
meter, and use of axial guarding electrodes, these
fluctuations can be tracked.

4.2. Bubble flow

The reconstruction results for the bubble flow
regime are shown in Fig. 6. In this regime, the
reference matrix was generated by calibration in
vertical, upward bubble flow of water and gas.
The reference mean void fraction inside the test
section was measured with two coupled, syn-
chronously actuated ball valves, mounted 10 m
apart. Preceding tests [10] showed an error mar-
gin of less than 2% within the covered void
fraction span 0 < a < 0.35.

The results (Fig. 6) have been reconstructed by
use of a short cycle Q (4 fields) and, again, the
long cycle K (27 fields). Again, a very good per-
formance is demonstrated. The average error
margin with the short cycle is in the region of 2%
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Fig. 6. Calculated (a*) vs. reference void fraction (a) for
bubble flow of water/gas. (Cycle Q: 4 fields: D;,E¢,By,M;;
Cycle K: 27 fields.)
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Fig. 7. Calculated (a*) vs. reference void fraction (a) for

annular flow of water/ gas. and oil/ gas. (Cycle B: 4 fields:
D,-D,)

and thus approaches the error of the reference
measuring method; the measurement rate for cy-

cle Qisover 3s L.

4.3. Annular flow

Another regime of high importance to many
applications is the annular flow regime. The re-
construction performance in this domain has been
tested within a void fraction span of 0.35 < a <
0.81. The liquid superficial velocity was therefore
set to w,;=1.8 ms™!, gas velocity was changed
within the range 1.4 <w,, <4.5 ms~!. Figure 7
shows the reconstructed data for oil/gas and
water/ gas flows, each calculated with a short
cycle B, containing only the 4 diametral fields
D,-D, (see Fig. 2). The average error in oil / gas
flow is about 9%, and thus significantly higher
than in water/ gas with 2.2%. The explanation to
this lies in the different generation ways for the
reference matrices for the two cases. The matrix
for oil/ gas flow was generated with the help of
the stationary calibration apparatus, while the
one for water/ gas was calibrated in real annular
flow.

For the stationary calibration procedure, 6 dif-
ferent void fraction points were generated inside
the impedance probe. However, with this setup,
the whole liquid was located around the pipe wall
and no entrained liquid could be simulated. If
impedance vectors measured in real annular flows
are compared to a reference matrix generated in
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the described way, this “wrong” calibration will
result in a systematical error tending towards
lower values, as shown in Fig. 7. This clearly
shows, that calibration in real flows should be
preferred to the stationary calibration, whenever
possible.

5. Discussion and conclusions

The results presented in this paper demon-
strate the excellent performance of the new de-
veloped, impedance-based reconstruction tech-
nique for multiphase flows. This improved tech-
nique avoids the disadvantages of the conven-
tional impedance method - i.e. its sensitivity to
the flow pattern — by multi-channel measurement
with the help of numerous fields and a non-intru-
sive, multi-electrode probe. All the calculation
steps and control functions for the impedance
meter are easily performed by a regular-size PC.
The new method detects the occurring flow
regime and calculates the volumetric flow compo-
sition. Its application range can also be extended
to 3-phase flows.

The required reference matrix can either be
generated by numerical computation or by cali-
bration. The best results (void fraction error mar-
gin 2%) are obtained by calibration in the real
flow.

For every flow regime, special, dedicated mea-
surement cycles can be found, which are com-
posed of a low number of measuring fields, thus
enabling a high measurement rate at good recon-
struction accuracy. The setup used for the pre-
sented tests allowed for measurement rates of up
to 4 s™1, which can be considerably speeded up
by use of a faster impedance meter.

6. List of used symbols

C [F] capacitance,
Cc*[] rel. capacitance,
! [m] length of probe,
M matrix,

0 [As] charge,

s [-] error value,

Vv ‘ vector

w[ms™1] velocity,

X,y Cartesian coordinates,
Z [N] impedance,

& [m] diameter of probe,
al-] void fraction,

g [-] permittivity,

o [As m~3] space-charge density,
o [27'm™!] specific conductivity,
¢ [V] potential,

¢ [-] angle.

6.1. Indices

g gas,

i TrOW,

Jj column,

! liquid,

s superficial.
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