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Summary. This paper presents a software technique for measuring individual phase flow rates in two-phase flow. The technique 
is based on the extraction, classification, and identification of stochastic features from turbulent pressure and void-fraction waveforms. 
Experiments in a horizontal air/water loop showed that a set of stochastic features is uniquely related to the individual phase flow rates. 
The software flowmeter is calibrated in situ by compilation of feature sets related to individual phase flow rates in a data base. On-line 
flow-rate measurement is made by a pattern recognition technique that identifies the best match to the measured feature vector from 
the calibration data base. 

Introduction 
In the current practice for testing muItiphase well and pipe flow, 
a test separator separates different fluid phases, which are then me
tered in their respective single-phase flowlines by any single-phase 
flow measurement device. This approach suffers from inaccuracy 
and high cost. 

The requirements for a multiphase meter include an accuracy of 
±5% for reservoir management and ±0.5% for fiscal measure
ment, a small footprint, minimum length upstream and downstream 
of the meter, a sampling frequency of at least 10 Hz, design pres
sure up to 35 MPa, and a pressure drop of not more than 100 kPa 
across the meter. Finally, the meter should be easy to install and 
maintain. 1 

The software-based multiphase metering technique (called ES
MER) reported in this paper appears to offer an accuracy suitable 
for testing and to meet the design criteria for an oilfield on-line 
multiphase flowmeter (Fig. 1). 

Theoretical Background 
Stochastic Features. A number of researchers2-11 used stochas
tic methods to analyze pressure and void-fraction waveforms to dis
criminate between different flow regimes. We have extended the 
stochastic treatment of the turbulent pressure and void-fraction wave
forms by applying signal analysis methods, such as voice recogni
tion, used in other disciplines. These methods have enabled us to 
derive "stochastic features" that characterize flow regimes with 
a greater degree of sensitivity and reproducibility than previously 
available. 

The stochastic features can be separated into two groups, the 
amplitude- and frequency-domain features. The amplitude-domain 
features include the probability density function, standard devia
tion, coefficient of skewness, and kurtosis. The frequency-domain 
features, widely used in voice and speaker recognition research, 
include the linear prediction coefficients. 12,13 

Feature Vector. A set of stochastic features derived from a wave
form is called the "feature vector" of the waveform. We can also 
visualize the waveform as a distinct "object" by translating its fea
ture vector to "feature space," as shown in Fig. 2. We use "wave
form" to mean any signal that can be obtained from any sensor 
or combination of sensors that responds to the turbulent 
hydrodynamics of the flow, such as pressure, differential pressure, 
and void-fraction sensors. 

Flow-Regime Maps. Many studies propose generalized multiphase 
flow-regime maps on the basis of empirical/visual observa
tions 14· 16 and/or mechanistic force balances. 17,18 

Flow-Regime/Rate-Identiflcation Grid. The superficial-velocity 
flow-regime map is used in this study. This map is overlain by a 
'Now at Cairo U. 
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grid, and we propose that each grid cell has a unique hydrodynam
ic waveform that can be modeled by its feature vector. Grid cells 
can be refined, depending on the variation of the feature vector be
tween adjacent cells. This variation must be greater than the varia
tion of the feature vector within a given grid cell in consecutive 
measurements (under conditions of constant superficial velocity). 

F-Ratio. An objective scale, the F-ratio, can be established to test 
the sensitivity of the feature vector to distinguish between neigh
boring cells. Atal 19 first used the F-ratio in speaker recognition. 
It was defined as: 

variance of speaker means 
F=------------~------

or F= 

average of individual speaker variance 

< (x;_/i)2 > i 
< (xL-x;)2 > cd 

where x=time dependent quantity observed, < >; = average over 
speakers, < > a = average over different blocks of one speaker, 
x;= <xL> a' a=block of observation, and jl= <x; >;. The 
higher the F-ratio, the greater the chances of speaker identification. 

ESMER's two-phase grid nodes are analogous with speakers; i.e., 
ESMER identifies grid nodes by the same techniques used to iden
tify speakers. Speaker recognition techniques "train" the recogni
tion system on the digitized waveforms of the voices or utterances 
of the speakers. ESMER trains (calibrates) the recognition system 
on the digitized waveforms of the turbulent hydrodynamic signals. 

The capabilities of the pattern recognition algorithms notwith
standing, the higher the F-ratio, the greater the refinement of the 
grid cells; i.e., the greater the sensitivity of the technique to flow
regime or flow-rate identification. At its coarsest, ESMER is capable 
of identifying flow regimes. Beyond a certain threshold, grid-cell 
identification can be related directly to individual phase flow rates. 

The strength of the F-ratio is expected to depend on a number 
of factors, such as sensor selection, number of calibration points, 
stochastic features derived from the flow, flowline geometry (up
and downstream conditions, diameter, and orientation), and fluid 
physical properties. 

Calibration. ESMER must be calibrated in situ by extraction of 
feature vectors at a number of grid cells. Contour mapping tech
niques are used to interpolate/extrapolate the measurements to the 
entire grid-cell domain. The adequacy of the calibration points can 
be determined through observation of (1) the variance of the con
tour map with additional data (Fig. 3) or (2) the change in F-ratio 
with additional gridpoints. 

Pattern Recognition. Flow regime and rates are identified by 
matching measured feature vectors to those in the calibration data 
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Fig. 1-Schematic of ESMER. 
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Fig. 2-Feature vector-an "object" in multidimensional 
space. 

base. In this study, the Euclidean distance template matching tech
nique was used. With this technique, the match is quantified by 

where De is the Euclidean distance between the measured vector, 
M, and the calibration pattern, C. Mi and Ci are the ith feature 
of the measured and calibration feature vectors, and n is the num
ber of features in the vector set. s i is the standard deviation of the 
ith feature used to normalize the feature domains. 

Software Package. A user-friendly software package was devel
oped that contained facilities for multichannel digital data acquisi
tion, digital filter design and implementation, time- and 
frequency-domain displays of the digitized signal, interactive or 
automated calibration, contour mapping of feature vectors, and on
line measurement with an analog representation of the individual 
phase flow rates. 20 
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Experiments 
Test Rig. Fig. 4 is a schematic of the horizontal two-phase flow 
loop. Water flow rate was measured with an orifice; compressed
air flow rate was measured with a rotameter or an orifice. Two 
separate 8.8-m-Iong test sections of 50- and 26-mm-diameter pipe, 
with stabilization lengths of 113 and 217 times the diameter, re
spectively, were used. Table 1 shows the range of flow rates. All 
flow regimes except annular flow were tested. Measurements were 
made at atmospheric pressure. 

Sensors. Two absolute-pressure and three differential-pressure 
transducers, a void-fraction capacitance transducer, and a conduc
tance microprobe were used. Differential-pressure tappings were 
configured radially and axially. Darwich21 described the conduc
tance and capacitance probes in detail. 

Data-Acquisition System. Measurements were digitized with an 
analog-to-digital (AID) converter controlled by a PC. The 8-channel, 
12-bit A/D converter was capable of sampling at frequencies up 
to 20 kHz. Digital-filtering software allowed the design and im
plementation of low-pass, high-pass, band-pass, and band-stop 
recursive or nonrecursive filters to isolate the extraneous noise from 
sampled waveforms. The spectral densities of the signals were dis
played to determine the optimum sampling frequency and to record 
lengths. 

Results and Discussion 
This section describes the application of the ESMER technique to 
the horizontal air/water flow loop described earlier. 

Calibration. Waveforms were sampled and analyzed on 545 points 
in the 50-mm pipe and 370 points in the 26-mm pipe. Each meas
urement comprised 4,096 sample points, which were divided into 
16 blocks of 256 points each to ensure that statistical properties 
were stationary across the waveforms. Time- and frequency-domain 
variations of the waveforms were studied graphically to detect ex
traneous noise. Noise was eliminated by digital filtering. 

The following feature vector was derived from each waveform: 

[s S K Vp Q] Q2 Q3 Q4], 

where the amplitude-domain features are standard deviation, s, 
coefficient of skewness, S, and coefficient of kurtosis, K. The 

SPE Production Engineering, August 1991 



2.0 
A 1.0 

B 2.0 

~ 1.0 C 3.0 

~ 
.8 D ~.0 

0 .6 .Q 

~ E 10.0 

~ 
.. 

F 1S.0 

~ .2 .. a. 

G 20.0 

H 30.0 
:J 
({) 

40.0 

.1 
J se.e 

Fig. 3-Contour map of a feature vector. 

frequency-domain features are linear prediction residual error coeffi
cient, Vp , and linear prediction coefficients, al through a4' 

The preliminary study of the stationarity of the waveforms was 
made by plotting the average value of the features within a sample 
block of 256 points over 16 blocks (Fig. 5). Feature-vector meas
urements were surface fitted over a 40 x 40 regular grid cell by con
touring techniques. Fig. 6 shows examples of the feature-vector 
contour maps for the radial differential-pressure signal. 

Feature-vector strength with respect to waveform and individual 
features was quantified by the F-ratio test. Table 2 shows the F
ratio for the absolute- and differential-pressure signals in the 50-
mm pipe. These were found to have a higher F-ratio than other 
sensors used in this study. 21 

Darwich 21 showed the effect of pipe diameter on the feature vec
tors by comparing the measurements conducted on 50- and 26-mm
diameter pipes. Generally, it was observed that the feature maps 
showed similar trends but that isolines did not coincide. Thus, 
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TABLE 1-RANGE OF FLOW RATES 

10 
(mm) 

50 
26 

Superficial Water Velocity 
(m/s) 

0.072 to 3.405 
0.282 to 3.360 

Superficial Air Velocity 
(m/s) 

0.266 to 8.509 
0.115 to 8.621 

calibration depends on pipe diameter if superficial velocities alone 
are chosen as the key fields in the calibration data base. 

Measurement. The template matching categorizer was tested with 
129 measurements in the 50-mm pipe chosen at random over the 
whole flow domain. The effect of feature-vector size was inves
tigated through use of the following feature sets: absolute pressure 
with eight features; differential pressure with eight features; and 
absolute and differential pressure combined with 16 features. It was 
observed that the combined feature vector resulted in considerable 
improvement in recognition rate (Fig. 7). Five different measures 
of error were used 15 : 

81=(~ 
n 

2f2 E c i ' 
i=1 

I 
n 

82=- E leil, 
n i=1 

1 
n 

83 =- E ei, 
n i=l 

n 
100 

1~li' 84=- E 
n i=l 

100 
and 8 5=-

n 

7 , 

7 8 8 

15 

13 -d-- 12 
IJ U 

99 10 10 ~3 

3 
X 

3 
!Xl 

11 
3. Control valves 4. Water phase orifice meter 

5. Air rotameter 6. Air phase orifice meter 

7. Radial differential pressure transducer 

8. Absolute pressure transducer 

9. lD axial different,al pressure transducer 

10. 8.4 D axial dirrcrcntiol pressure transducer 

11. Absolute pressure transducer 

12. Capacitance transducer 

14. Mixing section 

16. Single phase gas flow line 
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13. Conductance probe 

15. Single phase liquid flow line 

17. Two-phase flow line 

Fig. 4-Experimental rig. 
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Fig. 5-Variation of the absolute-pressure signal features with sample block and flow regime: (a) standard deviation; (b) linear 
prediction coefficient vp; (c) linear prediction coefficient a1; (d) linear prediction coefficient a2' 

TABLE 2-F-RATIO OF ABSOLUTE- AND 
DIFFERENTIAL-PRESSURE SIGNAL FEATURES 

F-ratios 

Axial Differ-

Absolute Radial ential 

Features Pressure Differential 10 8.40 

s 29.00 53.20 39.60 60.50 
S 2.00 0.28 0.12 1.66 
K 0.63 0.76 0.53 1.18 
vp 2.90 5.09 3.42 2.79 
a1 5.30 5.48 6.29 2.01 
a2 4.00 2.23 6.61 1.15 
a3 2.00 0.95 2.21 0.57 
a4 1.90 2.10 4.07 0.94 

where ei=(vm-Va)i, vm=measured (i.e., the recognized) super
ficial velocity, and va = actual superficial velocity. 

Consider the following to understand the need for different meas
ures of error. 

1. An additional error measure is defined here as 

06 = 100 [e/(vrnax -vrnin)]i, 
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where (vrnax -vrnin) is the difference between maximum and mini
mum velocities (i.e., the measurable flow range). We found that 
for 96% of the gas-velocity measurements, 06 lay within ± 10% 
range; it was within ±5% range for 87% of the measurements. 
For liquid-velocity measurements, 95 % of measurements lay within 
± 10 % and 85 % within ± 5 % . 

2. 0, is sensitive to errors at high velocities. 
3. 02 is sensitive to errors at low velocities. 
4. 03 provides overall accuracy with positive and negative devi

ations canceling each other. 
5. 04 and 05 are sensitive to errors at low velocity. 
Tables 3 and 4 show the value of the various error measures 

in gas- and liquid-velocity measurements with different feature 
vectors. 

Conclusions 
1. The superficial gas/liquid-velocity surface can be divided into 

grid cells where each cell can be uniquely characterized by a stochas
tic feature vector derived from the turbulent hydrodynamic wave
forms sampled at high frequencies. 

2. The relative strength of features can be assessed by the F-ratio 
test. In air/water horizontal flow, the strongest features were de
rived from absolute- and differential-pressure waveforms. 
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TABLE 3-COMPARISON OF SYSTEM PERFORMANCE IN 
SUPERFICIAL-GAS-VELOCITY MEASUREMENT 

Error Oifferential- Absolute- Both 
Parameter Pressure Signal Pressure Signal Signals 

£1 1.005 0.578 0.425 
£2 0.483 0,317 0,248 
£3 -0.072 -0.079 -0.043 
£4 26.363 19,344 15,019 
£5 4,794 -2,137 -0.066 

3, Individual phase velocities can be measured by a template 
matching pattern recognition technique, which obtains a match be
tween the measured vector and the calibration set. 

4. The technique is implemented by a user-friendly software pack
age that can be installed on flowlines with minimum alteration and 
cost because it works with proprietary sensors. 

5. The technique can be extended to oil/water/gas three-phase 
flow with the following advantages: it enhances the feature vector 
by the addition of further frequency-domain features; it uses other 
sensors sensitive to the hydrodynamic/physical properties of the 
three phases (i.e" in addition to the current pressure sensors); and 
it uses pattern recognition techniques that consider the sensitivity 
of the feature vectors to flow regime and compensate for the rela
tive strengths of the features by weighting coefficients, 
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TABLE 4-COMPARISON OF SYSTEM PERFORMANCE IN 
SUPERFICIAL-LiQUID-VELOCITY MEASUREMENT 

Error Oifferential- Absolute- Both 
Parameter Pressure Signal Pressure Signal Signals 

£1 0,256 0,199 0,146 
£2 0.151 0.121 0,092 
£3 0,029 0,063 0,023 
£4 19.399 14,188 7.408 
£5 9.551 7.602 1.377 
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SI Metric Conversion Factors 

bar x 1.0* E+02 kPa 
cycles/sec x 1.0* E+OO Hz 

ft x 3.048* E-Ol m 
in. x 2.54* E+OO em 

*Conversion factor is exact. SPEPE 
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