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METHOD AND APPARATUS FOR THE 
MEASUREMENT OF THE MASS FRACTION 
OF WATER IN OIL-WATERMIXTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a continuation of U.S. patent application Ser. 
No. 13/066,354 filed Apr. 13, 2011, now U.S. Pat. No. 8,880, 
363, which is a continuation-in-part of U.S. patent application 
Ser. No. 12/383,431 filed Mar. 24, 2009, now U.S. Pat. No. 
8,532,943 issued Sep. 10, 2013, all of which are incorporated 
by reference herein. 

FIELD OF THE INVENTION 

0002 The present invention is related to the measurement 
of the mass fractions of water and oil in a flowing mixture of 
oil and water through a pipe. (AS used herein, references to 
the “present invention” or “invention relate to exemplary 
embodiments and not necessarily to every embodiment 
encompassed by the appended claims.) More specifically, the 
present invention is related to the measurement of the mass 
fractions of water and oil in a flowing mixture where a tem 
perature changer changes the temperature of the flowing oil 
water mixture by a measurable amount between a first time 
and a second time so the mass fraction can be determined 
from the change in the Sound Velocity in the mixture for a 
known change in temperature. 

BACKGROUND OF THE INVENTION 

0003. This section is intended to introduce the reader to 
various aspects of the art that may be related to various 
aspects of the present invention. The following discussion is 
intended to provide information to facilitate a better under 
standing of the present invention. Accordingly, it should be 
understood that statements in the following discussion are to 
be read in this light, and not as admissions of prior art. 
0004 Recent years have seen increased need for an accu 
rate measurement of the water cut the fraction by volume of 
water in crude oil relative to the total volume of the mixture. 
The need has arisenbecause of the increased use of water and 
steam for the extraction of crude oil from depleted fields, and 
because of increased transport of crude by tankers to refiner 
ies remote from the field—the transporting tankers often 
maintain a nominally fixed ballast condition by introducing 
seawater into oil storage tanks. 
0005 Accurate measurement of water cut has proven dif 

ficult: 
0006 1. Several systems that endeavor to correlate the 
capacitance of the oil water mixtures with water cut are 
commercially available. These systems suffer however 
from several technical difficulties: (a) For high water 
cuts, the mixture's conductance becomes high and 
capacitance is a poor measure of the water content; and 
(b) The relationship between the inter-electrode capaci 
tance (or resistance) may not characterize the true mass 
or volume fraction of water in the flowing fluid, because 
the distribution of the phases does not correlate with the 
electrostatic field intensity. 

0007 2. Experiments have shown that, under certain 
conditions, measurement of the Sound Velocity of an 
oil-water mixture can be used to characterize the mass 
fractions of water and oil in the mixture. There are how 
ever several drawbacks to this method: (a) An accurate 
measure of the Sound Velocity and specific gravity of 
each of the two phases is required and (b) The method 
becomes increasingly inaccurate as the Sound Velocity 
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and specific gravity of one phase approaches that of the 
other (this situation can occur with heavy crudes). 

0008. 3. Many rely on batch sampling of the flowing 
process fluid for the measurement of water cut, with the 
separation and weighing of the phases performed off 
line. This method has several obvious drawbacks: (a) It 
is labor intensive, (b) The uncertainties as to how well 
the sample represents the whole are difficult to bound, 
and (c) The sample data are not available in real time to 
allow action in response to a sudden change in water cut. 

0009. The water cut measurement of the present invention 
draws on the technology oftechnique 2 above, but overcomes 
its difficulties, as well as those of the other techniques, by a 
unique and hitherto unexploited approach. 

BRIEF SUMMARY OF THE INVENTION 

0010. The present invention pertains to the measurement 
of the mass fraction of water in oil-water mixtures. The mea 
Surement is performed using ultrasonic transducers. The mea 
surement is based on the fact that the mass fraction is related 
to the change in the sound velocity in the mixture for a known 
change in temperature. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

0011. In the accompanying drawings, the preferred 
embodiment of the invention and preferred methods of prac 
ticing the invention are illustrated in which: 
(0012 FIG. 1 shows change in VOS (at 60 degF) vs. 
WC(%). 
0013 FIG.2 shows sound velocity vs. temperature in pure 
water at 1000 psia. 
0014 FIG. 3 shows change in sound velocity per unit 
change in fluid temperature for pure water. 
0015 FIG. 4 shows sound velocity vs. temperature for 
several crude oils. 
0016 FIG. 5 shows distribution of sensitivities: sound 
velocity to temperature for 55 crude oils. 
0017 FIG. 6 shows change in sound velocity of water oil 
mixtures per degree F., heavy crude. 
0018 FIG. 7 shows change in sound velocity of water oil 
mixture per degree F., mid range crude. 
0019 FIG. 8 shows change in sound velocity of water oil 
mixtures per degree F., light crude. 
0020 FIG.9 is a flow diagram of measurement of the mass 
fraction of water, in water-oil mixtures of the present inven 
tion. 
0021 FIG. 10 shows temperature and sound velocity sen 
sor assembly of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0022 Referring now to the drawings wherein like refer 
ence numerals refer to similar or identical parts throughout 
the several views, and more specifically to FIGS. 9 and 10 
thereof, there is shown an apparatus 10 for measuring the 
mass fractions of water and oil in a flowing mixture of oil and 
water through a pipe 12. The apparatus 10 comprises a sensor 
portion 14 that measures sound Velocity and temperature of 
the flowing oil water mixture at a first time and at a second 
time. The apparatus 10 comprises a temperature changer 16 in 
thermal communication with the flowing fluid which changes 
the temperature of the flowing oil water mixture by a mea 
Surable amount between the first time and the second time. 
0023 The sensor portion 14 can include a first sensor 
portion 18 that measures the sound velocity and temperature 
of the flowing oil water mixture upstream of the temperature 
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changer 16, and a second sensorportion 20 that measures the 
Sound Velocity and temperature of the flowing mixture down 
stream of the temperature changer 16. The temperature 
changer 16 can be either a heat exchanger that adds thermal 
energy to, or a cooler that removes thermal energy from the 
flowing mixture. 
0024. The apparatus 10 can include a controller 22 and 
processor 24 that determine the mass fraction of the water and 
oil through an algorithm stored on a computer readable 
medium which is executed by the controller 22 and processor 
24 that relates the mass fraction to the change in the Sound 
Velocity in the mixture for a known change in temperature. 
The oil water mixture can be emulsified so that droplets of a 
dispersed phase, which is either oil or water, are distributed 
throughout a continuous phase, which is either water or oil. 
The dispersal can be achieved by the flowing mixture moving 
at a velocity sufficient to achieve emulsification with essen 
tially no slip. The apparatus 10 can include a pump 26 in fluid 
communication with the mixture to ensure the velocity of the 
sample mixture is made to meet or exceed the emulsification 
Velocity requirement and wherein a portion of the flowing oil 
water mixture is continuously sampled and passed through 
the first and second sensor portions 18, 20 and the tempera 
ture changer 16 so as to allow determination of the change in 
mixture sound Velocity for a measured change intemperature. 
0025. In another embodiment, the apparatus 10 can 
include a pump 26 in fluid communication with the mixture to 
ensure the Velocity of the sample mixture is made to meet or 
exceed the emulsification Velocity requirement and wherein 
several portions of the flowing oil water mixture are sampled, 
either continuously or successively. The samples, either sin 
gly or in combination, can pass through the first and second 
sensorportions 18, 20 and the temperature changer 16 so as to 
allow the determination of the change in mixture sound Veloc 
ity for a measured change in temperature for each sample 
location. 
0026. The apparatus 10 can include a sampling arrange 
ment 28 for sampling the fluid in communication with the first 
sensorportion 18. The sampling arrangement 28 can include 
a plurality of taps 30 disposed at different radii in the pipe 12 
which sample the mixture. The sampling arrangement 28 can 
include valves 32 for each tap that are maintained open for a 
period long enough to ensure a representative Sound Velocity 
and temperature measurement for the associated tap location. 
0027. The first sensor portion 18 can include a sound 
velocity transducer 34 and a reflecting plug. 36. The sound 
velocity C of the mixture can be determined from the transit 
time t of a pulse of ultrasound from the transducer that travels 
to the reflecting plug 36 of the sensor and back to the trans 
ducer. 
0028. The present invention pertains to a method for mea 
Suring a water mass fraction in a flowing mixture of oil and 
water through a pipe 12. The method comprises the steps of 
measuring Sound Velocity and temperature of the flowing oil 
water mixture at a first time with a sensorportion 14. There is 
the step of changing the temperature of the flowing oil water 
mixture by a measurable amount with a temperature changer 
16 in thermal communication with the flowing fluid. There is 
the step of measuring Sound Velocity and temperature of the 
flowing oil water mixture at a second time with the sensor 
portion 14. 
0029. The measuring step at a first time can include the 
step of measuring the sound Velocity and temperature of the 
flowing oil water mixture with a first sensorportion 18 of the 
sensor portion 14 upstream of the temperature changer 16, 
and the measuring step at a second time includes the step of 
measuring the Sound Velocity and temperature of the flowing 
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oil water mixture with a second sensor portion 20 of the 
sensorportion 14 downstream of the temperature changer 16. 
The temperature changer 16 can be either a heat exchanger 
that adds thermal energy to, or a cooler that removes thermal 
energy from the flowing mixture. 
0030 There can be the step of determining the mass frac 
tion of the water through an algorithm stored on a computer 
readable medium which is executed by a controller 22 and 
processor 24 that relates the mass fraction to the change in the 
Sound Velocity in the mixture for a known change in tempera 
ture. 

0031. There can be the step of emulsifying the oil water 
mixture so that droplets of a dispersed phase, which is either 
oil or water, are distributed throughout a continuous phase, 
which is either water or oil, said dispersal achieved by the 
flowing mixture moving at a Velocity sufficient to achieve 
emulsification with essentially no slip. “no slip” means the 
Velocities of the two components of the mixture are equal. 
0032. There can be the step of pumping the mixture with a 
pump 26 in fluid communication with the mixture to ensure 
the velocity of the sample mixture is made to meet or exceed 
the emulsification Velocity requirement and wherein a portion 
of the flowing oil water mixture is continuously sampled and 
passed through the first and second sensorportions 18, 20 and 
the temperature changer 16 so as to allow determination of the 
change in mixture sound Velocity for a measured change in 
temperature. 
0033. In an alternative embodiment, there can be the step 
of pumping the mixture with a pump 26 in fluid communica 
tion with the mixture to ensure the velocity of the sample 
mixture is made to meet or exceed the emulsification Velocity 
requirement and wherein several portions of the flowing oil 
water mixture are sampled, either continuously or Succes 
sively, said samples, either singly or in combination pass 
through the first and second sensor portions 18, 20 and the 
temperature changer 16 so as to allow the determination of the 
change in mixture sound Velocity for a measured change in 
temperature for each sample location. 
0034. There can be the step of sampling the fluid with a 
sampling arrangement 28 in communication with the first 
sensor portion 18. The sampling step can include the step of 
sampling the mixture with a plurality of taps 30 disposed at 
different radii in the pipe 12 of the sampling arrangement 28. 
0035. There can be the step of maintaining open valves 32 
of each tap of the sampling arrangement 28 for a period long 
enough to ensure a representative sound velocity and tem 
perature measurement for the associated tap location. There 
can be the step of determining the sound velocity C of the 
mixture from the transit time t of a pulse of ultrasound from a 
transducer that travels to a reflecting plug 36 of the first sensor 
portion 18 and back to the transducer. 
0036. In the operation of the invention, sound velocity— 
the propagation Velocity of a pressure wave through a physi 
cal medium is a function of the ratio of the stiffness and the 
density of the medium. For a sound Velocity measurement to 
characterize the components of an oil-water mixture, the two 
phases must be dispersed, so that the stiffness and density of 
each component of the mixture participate in the pressure 
wave propagation. Furthermore, the length of the pressure 
wave must be long compared to the dimensions of the dis 
persed phase, to prevent the multiple phase interfaces in the 
wave path from excessively scattering the acoustic energy. 
0037. When an oil-water mixture flows at a velocity in 
excess of 4 to 10 feet per second, the mixture starts to emul 
Sify—one of the two phases becomes dispersed. Emulsifica 
tion is often complete at velocities of 10 feet per second, 
though higher Velocities may be necessary in some circum 



US 2015/0052983 A1 

stances. If the oil fraction is high, the water disperses in the 
oil; if the water fraction is high, the opposite occurs. But in 
both cases the droplets of the dispersed phase are small and 
pulses of ultrasound, at frequencies up to 1 MHZ or more can 
be transmitted and received through distances long enough to 
make various ultrasonic measurements practical. 
0038 A derivation of the relationship between the sound 
velocity of a mixture of oil and water and the sound velocities 
and other properties of its constituents follows. 
0039. In the absence of slip" the specific volume V of the 
mixture of oil and water is given by: 
0040 *The term slip is used to describe a state in which 
one phase of a two phase mixture is traveling at a different 
mass Velocity than the other phase. The absence of slip means 
that the two mass Velocities are equal 

0041. Here 
0042. The subscripts 1 and 2 refer to water and oil 
respectively 

0043 X is the fraction of the mixture, by weight, that is 
water. More precisely, X=W/(W+W), where the W’s 
are mass flow rates. 

0044) The mixture density, p is the reciprocal of the spe 
cific volume: 

0045. The densities of the mixture components are simi 
larly related to their specific volumes. 
0046) The sound velocity c of the mixture is related to the 
mixture density by the following: 

0047 
0048 
0049 

Here 
g is the gravitational constant 
P is pressure 

0050 s is entropy 
0051 Similar relationships apply to the sound velocities 
of the mixture components. 
0052 Expressing equation 2 as a differential: 

dp=-dv/v’ 4) 

0053. Using this relationship to express the reciprocal of 
the Sound Velocity in terms of pressure and specific Volume: 

1/c’=-(1/gy’)31/3P, 5) 

Or: 

31/3P=-(gy’)/c’ 6) 

0054 The partial derivative of equation (1) with respect to 
pressure at constant entropy yields the relationship between 
the sound velocity of the mixture and its constituents: 

Or 

(-gv)/c’=X(-gy’)/c’--(1-X)(-gv)/c’ 8) 

0055 Canceling the (-g) term from both sides of equation 
(8): 

v/c’=X(v2/c2)+(1-X)(v°/c’) 9) 

0056. It is noted that equation (9) is the square of the 
acoustic admittance of the mixture—the admittance charac 
terizing the Velocity/pressure quotient of the two mixture 
components in parallel. 
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0057 FIG. 1 plots the sound velocity measured for a mix 
ture of water and oil, each having known properties, against 
the mass fraction of water in the mixture, for a limited range 
of water mass fractions (0 to 10%). It should be noted that this 
document uses the term “water cut as a synonym for the 
mass fraction of water, X, as defined above. Strictly speaking 
water cut is the volume fraction of water. The relationship 
between the two terms is straightforward, if the specific gravi 
ties of the constituents are known. The volume fraction of 
water in the mixture V/(V+V) is given by MV/(MV+ 
MV) where V and V are the specific volumes of the water 
and oil respectively. This expression can be converted to the 
following form: V/(V+V)=Xv/(XV+(1-X)V). 
0.058 FIG. 1 also plots the mixture sound velocity calcu 
lated using equation (1) against the water mass fraction. The 
calculated mixture sound velocity (the “mass weighted 
velocity of the figure) is lower than the measured velocity by 
about 0.1%. A volume weighted calculated velocity, on the 
other hand, is about 0.07% higher than the measured sound 
velocity. The volume weighted figure is of doubtful physical 
significance. The source of the discrepancy between Sound 
Velocity predicted by equation (1) and the measured Sound 
velocity may be due to the configuration of the experiment but 
may also be due to slip—the Velocity of the dispersed phase, 
water in this case, is not necessarily the same as that of the 
continuous phase. Equation (1) takes no account of slip. Fur 
thermore, slip can vary with the specifics of the measurement. 
To achieve full emulsification a fluid velocity of 10 feet/ 
second or more is required; at this velocity droplets are very 
small. At Velocities above 10 feet/second, the drag forces on 
a droplet, which pull it along with a velocity approaching that 
of the continuous phase, overwhelm the gravitational forces 
on the droplet, leading to little or no slip. The velocity was in 
the 3 to 4 feet/second range. At this velocity, the drag forces 
on the larger droplets of the dispersed phase do not over 
whelm gravitational forces and the water droplets will tend to 
travel at a lower Velocity than the continuous oil phase. 
0059 Reiterating, slip can be avoided and emulsification 
assured if the mixture sound velocity is measured where the 
direction of flow is horizontal, and the fluid velocity is in 
excess of 10 feet/second. Any measurement using Sound 
velocity as a determinant for water cut must adhere to this 
requirement. 
0060 A re-examination of equation (9) reveals several 
drawbacks to the use of mixture sound velocity alone to 
measure water cut. More specifically, the sound velocities of 
the constituent phases must be known precisely, for the con 
ditions of the measurement, specifically the temperature of 
both phases and the salinity of the water phase. This becomes 
evident from the scale of FIG.1—an oil temperature change 
of 3° F can change the mixture sound velocity by 250 in/sec. 
which corresponds to a 10% change in water cut. Thus if one 
is to make a determination of water cut to within, say, it 1%, be 
must measure temperature to better than +0.3°F., on an abso 
lute basis. 

0061. As noted in the background section above, an addi 
tional difficulty with the direct use of mixture sound velocity 
to measure water cutarises if the constituent Sound Velocities 
and densities are equal or nearly so. This can readily be seen 
in equation (1); changes in K will produce no change in 
mixture sound Velocity when the two phases have the same 
specific gravity and Sound Velocity. 
0062. The means for measurement of water cut proposed 
herein exploits the responses of the constituents of a water-oil 
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mixture to a change intemperature. The response of the Sound 
velocity of water to an increase in temperature is very differ 
ent from the response of the sound velocity of oil. The differ 
ence is evident from the data of FIGS. 2, 3, 4 and 5. The data 
of the figures describe the behavior of sound velocity with 
temperature for the temperature range in which most water 
cut measurements are made: 40°F. to 140°F. FIG. 2 plots the 
sound velocity of water against temperature: FIG.3 plots the 
incremental change in Sound Velocity of water per degree 
Fahrenheit. FIG. 4 plots the sound velocity of four typical 
crudes covering a range of specific gravities, again against 
temperature. FIG. 5 is a bar chart showing the incremental 
change in sound velocity per degree Fahrenheit for 55 differ 
ent crudes, in the temperature range of interest. 
0063. The difference in the responses of constituent sound 
Velocities to a change in temperature is evident from a com 
parison of FIGS. 3 and 5. In water, an increase in temperature 
produces a change in Sound Velocity ranging from +7 fpS/ F. 
at low temperatures to near Zero attemperatures at the upper 
end of the range of interest. In most crude oils, an increase in 
temperature produces a change in Sound Velocity of about 
-6.7 fps/Ft.0.3 fps/ F., over the full temperature range. For 
all crudes the incremental change is negative, in contrast to 
that of water, which is either positive or Zero, depending on its 
temperature. 
0064. The principles of the proposed means for water cut 
measurement are illustrated in FIGS. 6, 7, and 8 which show 
the sound Velocity changes for a 1° F. increase in mixture 
temperature over water mass fractions ranging from Zero to 
100%. FIG. 6 represents the response of a typical heavy 
crude, FIG.7, a medium crude, and FIG. 8, a light crude. Each 
figure shows the sound velocity response for three different 
mixture temperatures covering the full range of potential 
applications: 40°F., 100°F., and 140°F. A comparison of the 
figures shows the strengths of a measurement using the pro 
posed means for a mixture temperature change of only 1° F.: 

0065. The left intercept (for 0% water cut) for all three 
figures is the same -6.7 fps/ F. FIG. 5 shows that this 
figure is characteristic of many crudes, regardless of 
their specific gravity. FIG.5 also shows that unlike water 
(FIG. 3), the slopes all the crude sound velocity-tem 
perature curves are negative. Crude oil properties are 
well understood. The left intercept of the mixture sound 
Velocity/temperature change vs. water cut curve can be 
firmly and accurately anchored for any crude. 

0066. The right intercept (for 100% water cut) is like 
wise readily and precisely established using a tempera 
ture measurement of modest accuracy. The sound Veloc 
ity versus temperature curve for pure water (FIG. 2) is 
extremely well documented in the scientific literature: 
the effect of salinity is likewise well documented and, 
with respect to the curve's slope, Small. Accordingly, a 
measurement of the mixture temperature to within, say, 
+2 F. allows the determination of the right intercept 
with precision, as illustrated by FIG. 3. 

0067. The measurement does not depend heavily on 
knowledge of the Sound Velocities and specific gravities 
of the constituents. This follows from the shapes of the 
curves in FIGS. 6, 7, and 8. Between the two intercepts 
the curves do not depart greatly from a linear relation 
ship (the curve for heavy crude at 40°F. is essentially 
linear). Scoping calculations, described in Appendix A, 
indicate that the proposed means can measure water cut 
with an accuracy of better than +0.7% throughout the 
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full range of water cuts (0% to 100%). This conclusion is 
Subject to the following conditions: 
0068 Constituent sound velocities and gravities are 
established by a temperature measurement of +2 F., 

0069. A salinity estimate within a few thousand ppm 
is available, 

0070 The oil source is known and properties are 
established using existing oil property databases. 

(0071 Algorithm 
0072 The instrument utilizes measurements or estimates 
of the change in mixture properties with a measured change in 
temperature dT. Taking the derivative of equation (9) with 
respect to temperature: 

0073 Here, again, the terms without subscripts refer to 
mixture properties, those with the subscript 1 refer to water 
properties, those with the subscript 2 refer to oil properties. 
0074 The term dv/dT on the left side of equation (11) can 
be expressed in terms of its constituents by taking the deriva 
tive of equation (1) with respect to temperature: 

0075. If the expression of equation (12) is substituted for 
dv/dT in equation 11 and the result solved for the mass frac 
tion of water X, an expression of the following form is 
obtained: 

0076 All of the terms on the right hand sides of equations 
(14) and (15) are measured or can be estimated with reason 
able accuracy from look-up tables. More specifically: 

0.077 dc/dT is known for a wide range of crude oils. As 
noted in this disclosure it is usually close to 6.7 fps/ F. 

0078 dv/dT can be estimated from API or other tables 
relating crude oil density to temperature for a wide range 
of crudes and refined products. See, for example, the 
figure of page A-7 in Crane'. 
"Crane Technical Paper No. 410, incorporated by reference herein 

0079 v is estimated from those same lookup tables, 
based on a knowledge the specific volume for oil in the 
field from which the crude has been extracted and the 
temperature of the mixture as measured by an RTD at the 
inlet of the measurement apparatus. 

0080 c is estimated from those same tables, based on a 
knowledge the sound velocity for oil in the field from 
which the crude has been extracted and the temperature 
of the mixture measured by the RTD at the intake of the 
measurement apparatus. 

0081 v is the specific volume of the mixture, as deter 
mined from the densitometer upstream of the inlet to the 
measurement apparatus. This variable can also be esti 
mated from the mixture sound Velocity and the proper 
ties of the constituents. 
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I0082 c is the sound velocity of the mixture as measured 
by a single path ultrasonic transit time meter at the inlet 
of the measurement apparatus. 

0083 dc/dT is determined from the measured differ 
ence in Sound Velocity between single path ultrasonic 
transit time meters at the inlet and exit of the measure 
ment apparatus and the measured difference in tempera 
ture between RTDs at the inlet and exit of the measure 
ment apparatus. Differential errors are minimized by 
“Zeroing out the sound velocity and temperature differ 
ences with no heating or cooling, using the 2 way valve, 
to bypass the cooler. This step is performed before com 
mencing the measurements. 

0084 As noted previously, the petroleum industry gener 
ally characterizes the presence of water in a petroleum prod 
uct as “water cut”. Also as noted above, water cut is defined as 
the volume fraction of water present in an oil-water mixture. 
For a homogenous mixture without slip, Volume fraction is 
related to the mass fraction X as determined by the algorithm 
of equations (13), 14) and (15) as follows: 

VF=X v1/DX v1+(1-X)'. 16) 

I0085 Implementation 
I0086 FIGS. 9 and 10 illustrate one implementation of the 
present technique for water cut measurement. FIG. 9 shows 
an oil water mixture flowing in a pipe 12. The diameter of the 
pipe 12 is selected so as to maintain the mixture Velocity 
above 10 feet per second, to ensure emulsification and mini 
mal slip. The sample arrangement (4 taps 30 located at dif 
ferent radii within the pipe 12) enhances the precision of the 
measurement. Locating the taps 30 according to the rules of 
numerical integration (e.g., Gaussian quadrature) and 
weighting the mass fractions at each location as prescribed by 
the integration method allows the calculation of bulk average 
water cut with lower uncertainty. 
0087. The sample tap arrangement allows sampling to 
proceed from each tap in turn, through the operation of the 
solenoid valves S1 through S4. Each valve is maintained open 
for a period long enough to ensure representative Sound 
Velocity and temperature measurements for the associated tap 
location. The metering pump 26 ensures that the velocity of 
the mixture in the sample piping is maintained above that 
necessary to minimize slip and maintain emulsification. 
0088 FIG. 10 shows one arrangement of sensors for the 
measurement of Sound Velocity and temperature. The diam 
eter of the sensor piping is chosen to ensure that, given the 
flow rate of the sample pump 26, the mixture remains emul 
sified. A sensor of the requisite accuracy—an RTD or ther 
mocouple—measures the temperature of the incoming 
sample mixture. The sensor is located at the 90° inlet bend to 
ensure a measurement representative of the sample liquid. 
The sample is then directed through a second 90° bend in 
which is located a piezoceramic sound Velocity transducer 34. 
The transducer is operated in the pulse echo mode. With 
appropriate signal processing, the Sound Velocity C of the 
mixture can be determined from the transit time t of a pulse of 
ultrasound that travels to the reflecting plug 36 of the sensor 
and back to the transducer: 

0089. Where L is the distance from the transducer face to 
the reflecting plug, and 

0090 t is the round trip transit time in the fluid. 
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0091. The diameter and frequency of the ultrasonic trans 
ducer and the configuration of the sensor tube are chosen to 
ensure that, given the diameter of the sensor assembly in the 
way of the transit time measurement, the walls of the sensor 
assembly due not interfere with the transit of the pulse. In 
addition this section of the sensor assembly is horizontal, to 
avoid gravitationally induced slip in the sample mixture. The 
effect of fluid velocity on the sound velocity measurement is 
intrinsically nullified by the pulse echo arrangement. 
0092. It should be noted that the pulse transit time mea 
surements will include the travel times of the pulse through 
non fluid media—the delays of the cable, electronics, and the 
acoustic “window” of the transducer assembly. These delays 
can be calculated (or measured offline). In any event, a highly 
accurate determination of the delay in non fluid media is not 
required because the method relies entirely on the difference 
in sound velocities of the mixture at two different tempera 
tures. Means for dealing with the difference in the delays of 
the two measurements in a manner consistent with the accu 
racy goals of the measurement are discussed further in 
Appendix A. 
0093. The electric heater downstream of the inlet sensor 
assembly in FIG.9 raises the temperature of the mixture by a 
preset amount. As shown in Appendix A, the digitally based 
transit time measurement allows the determination of the 
difference in sound velocities, hot vs. cold, to within a few 
parts in 100,000, a temperature increase of as little as 2°F. is 
Sufficient to produce an accurate measurement of the change 
in mixture Sound Velocity. Note that the proposed means can 
work just as effectively if the temperature of the sample is 
cooled by 2 F. The heater-cooler choice would be based on 
the temperature of the incoming oil-water mixture and the 
amount of power required to affect the heating versus the 
cooling. 
0094 Downstream of the heater (or cooler), the sample 
mixture is directed thorough the second Sound Velocity and 
temperature sensor assembly. After passing through this sen 
sor assembly, the mixture is returned to the pipe 12 from 
which it was extracted. 

0.095 To obtain the water cut, the algorithm described by 
equations (13), (14), (15), and (16) above is employed. 
0096. It should be pointed out that the data processing of 
the proposed system should account for the transport delay 
through the piping and the heater (or cooler) between the 
sensors which measure Sound Velocity and temperature at the 
upstream and downstream locations. The data processing 
must take the difference between the measurements at the hot 

(or cold) sensor and the measurements at the inlet sensor 
taken earlier by an amount equal to the transport delay. This 
measure is necessary because the water cut may vary in time; 
failure to account for the transport delay will introduce 
“noise' and possibly biases into the water cut measurement. 
0097 Heater power and flow rate affect the performance 
of the sample system illustrated in FIG.9. Clearly, the system 
costis minimized if power and flow rate requirements are low. 
On the other hand, accuracy is enhanced with increased tem 
perature rise (or fall). And larger ultrasonic transducers can be 
accommodated in larger sensor pipe 12 diameters, which 
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require higher flow. Larger transducers maximize the strength 
of the received ultrasonic signals while still avoiding interac 
tion of the acoustic wave with the pipe 12 wall. Design 
tradeoffs are illustrated in the table below. 

TABLE 1. 

Sample System Design Tradcoffs 
Minimum Flow Velocity 10 fps. Sp. Gravity 1.0. Sp. Heat 1.Obtu/H F. 

System 1 System 2 System 3 

Temperature increase 10 F. 10 F. 20 F. 
(or decrease) 
Heater Power for increase 2 kW 5 kW 5 kW 
Flow Rate 14 gpm 34 gpm 17 gpm 
Sensor Pipe Diameter 0.75 in. 1.2 in 0.83 in 

0098. Appendix A analyzes the uncertainties in the mea 
surement System3 of the table above. It concludes that uncer 
tainties in the measurement of water cut with this system are 
about it/2% water cut at water cuts near 0% and 100%. The 
uncertainties increase to about +2/3% water cut in the mid 
range of water cuts (20% to 70%). Increasing the heating (or 
cooling) so as to double the temperature increase (or 
decrease) in system 3 would halve these uncertainties. 
0099 Implementation methods other than those illus 
trated in FIGS. 9 and 10 are possible. For example, in some 
pipelines a heater is employed at the head end, to increase oil 
temperature and thereby reduce pumping power require 
ments. Conventional temperature instruments upstream and 
downstream of the heater, along with conventional ultrasonic 
transducers (which can be mounted external to the upstream 
and downstream pipe) will provide inputs to a system that 
determines water cut using an algorithm similar to that 
described above. Again, data processing for Such installations 
must account for the transport delay between the cold and hot 
sensor locations. 

0100 Although the invention has been described in detail 
in the foregoing embodiments for the purpose of illustration, 
it is to be understood that such detail is solely for that purpose 
and that variations can be made therein by those skilled in the 
art without departing from the spirit and scope of the inven 
tion except as it may be described by the following claims. 

APPENDIX A 

Uncertainties for the Water Cut Calculation 

0101 
0102 This analysis establishes that systems of the type 
described herein, wherein the temperature of an emulsified 
oil-water mixture is increased or decreased 2°F., can measure 
water cut with an accuracy of better than +0.67% water cut 
over the full range of water cuts. Accuracy approaches +0.5% 
water cut at water cuts near 0% and 100%. These accuracies 

are calculated for System 3 herein. The accuracies can be 
halved, roughly, if heating (or cooling) is increased so as to 
double the temperature change. 
(0103) Analysis 
0104. Design tradeoffs for systems to measure the water 
cut of a sample of a flowing water-oil mixture are given in a 

Summary 
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table herein. FIGS. 9 and 10 depict the arrangement of the 
sample measurement systems. In System 3 herein, a 5 kW 
heater provides a temperature rise of 2 F. for a sample flow 
rate of 17 gpm. This flow rate in a 0.83 inch diameter pipe 12 
produces a fluid velocity of 10 feet/sec, which is assumed 
sufficient to ensure an emulsified sample with little slip. This 
system will be used as a reference to establish the accuracy of 
the measurements of the change in Sound Velocity and the 
change in temperature, as well as the accuracy of other fluid 
properties used to calculate the accuracy of the water cut 
determination over the full water cut range. 
0105. The accuracy objective for the water cut measure 
ment—in the order of it 1% water cut implies requirements 
on the accuracy of the measurements of the changes in mix 
ture Sound Velocity AC and changes in mixture temperature 
AT produced by the heater of the reference system. An input 
mixture temperature in the 100°F. range was chosen for the 
analysis. For this mixture temperature, the mixture Sound 
Velocity change per unit temperature change, dC/dT, varies 
from -81 inches per second per F. at 0% water, to +36 inches 
per second per F. at 100% water cut. FIG. 12, produced from 
the analyses Supporting the present invention, shows that, for 
a heavy crude, intermediate values of water cut are related to 
dC/dT by what is essentially a straight line connecting these 
end points. The medium and lighter crudes in this example 
share the same end points, but depart from linearity because 
of the differences in the properties of the constituents, spe 
cifically sound Velocity and density (which is strongly corre 
lated with sound velocity). A sensitivity analysis performed 
in Support of the present invention demonstrated that, with an 
approximate knowledge of the constituent properties, a cor 
rection could be applied to the linear relationship to achieve 
good water cut accuracy (a quantitative analysis of this cor 
rection is given later in this analysis). But for all oils, the 
overall accuracy of the water cut determination rests on the 
accuracy of the dC/dT measurement: for this example, 1.17 
inches per second per degree F. per% water cut. For the two 
degree F. change in the temperature of the sample of the 
reference system, this amounts to a 2.34 inch/sec change in 
Sound Velocity for a 1% change in water cut. So the issues are: 
(1) Can a change in mixture Sound Velocity of 2.34 inches per 
second be measured with Sufficient accuracy to support a 
t1% water cut measurement? and (2) Canachange in mixture 
temperature of 2 F. be measured with sufficient accuracy to 
Support at 1% water cut measurement? 

0106 Before addressing these issues, it should be noted 
that at product temperatures lower than the 100°F. assumed, 
the slope becomes higher; therefore the burden on the mea 
Surement accuracies of the change in Sound Velocity and the 
change in temperature is eased. On the other hand at higher 
product temperatures, 140°F., for example, the slope is lower. 
But in this case the designer has the option of cooling the 
sample by, say, 5 or 10 F., using the ambient as a heat sink. 
For these conditions, cooling requires the expenditure of very 
little power hence the burden on the measurements of the 
reduced slope can be economically offset by a much 
increased temperature change. 
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0107 Algorithm for the Determination of AC, the Change 
in Mixture Sound Velocity 
0108. The sound velocity of crude oil-water mixtures is in 
the order of 55,000 inches per second, so that the requirement 
to detect and measure a change of 2.34 inches/second 
amounts to a precision requirement of about 1 part in 24,000. 
The sound velocity Cas measured by the sensor assemblies of 
FIG. 10 is given as: 

0109 Here L is the distance in the fluid from the face of the 
transducer window to the reflecting plug, and 

0110 t is the transit time in the fluid 
0111. As stated above, the time that is measured will 
include not only the transit time in the fluid but the delays in 
the transmission of energy from a transmitter through cables, 
transducers, acoustic windows and signal detection electron 
ics. Assuming for the moment that the non fluid delays, T, and 
path lengths for each sensor are equal, the sound Velocities as 
measured by the sensors upstream (C) and downstream (H) of 
the heater element are, respectively: 

A-1) 

0112 Here At is the difference in transit time produced by 
heating the fluid in the heater. 

A-2B) 

0113. The difference in sound velocities, AC is given by 
AC-C-C-2L1/(t+At-T)-1/(t-t') A-3) 

0114 Multiplying both terms in the brackets by the prod 
uct (t+At-t)(t-t') the following expression is obtained for 
AC: 

AC-2 (i-T)-(t+At-t)(t+At-t)(t-t') A-4) 

0115 Carrying out the algebra in Equation (A-4): 
AC=-2L At (t+At-t)(t-t')ls-2L At (t-t')? A-4A) 

0116. The approximation of equation (A-4A) is justified 
as follows: For the sensors of the reference system, a path 
length L of 5 inches has been selected. With this path length, 
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a /2 inch diameter, 3 MHZ transducer produces a focused 
beam that does not interact with the 0.83 inch diameter tubu 

lar walls of the sensor. The net transit time in the fluid (t-t') 
for a packet of 3 MHz acoustic energy with these parameters 
is nominally 167 useconds at the inlet temperature of 100°F. 
The change in sound velocity produced by 2 F. of heating 
causes a change in transit time, At, of 6.5 nanoseconds for a 
change in water cut of 1%. Relative to t, the At can therefore 
be neglected in the denominator product. 
0117 Uncertainty in the Determination of the Change in 
Mixture Sound Velocity 
0118. The uncertainty in the change in sound velocity GAC 

is found by taking the differential of equation A-4A. The 
result of this procedure is as follows: 

0119 The uncertainties in path length GL and net transit 
time G(t-t') are dominated by biases that do not vary with 
operating conditions. Their net impact can be determined by 
measuring the At with the heater or cooler off (that is, with no 
temperature change between the two sensors). In this condi 
tion <-AC=AC=0. The measured residual At, GAto, character 
izes the net residual biases in transit time and path length, 
including those due to differences between the lengths and 
non fluid delays of the upstream and downstream sensors. 

A-5) 

I0120 Accordingly, the uncertainty in AC due to uncertain 
ties in path length and non fluid delays can be minimized by 
algebraically combining 6Ato with the measured At when the 
sample is being heated. It should be noted however that the 
correction CAto is subject to the same time measurement 
uncertainties as is the measurement of At, which uncertainties 
are described in the paragraphs that follow. 
I0121 The residual uncertainty in AC is due to uncertain 
ties in the time difference At between the transit times mea 
Sured by the hot and cold sound Velocity sensors under oper 
ating conditions. Elements of the At uncertainty are given in 
Table A-1 below. 

A-6) 

TABLE A-1 

Uncertainty Elements in Time Difference Measurements 

Time Difference 
Uncertainty Element 

Clock dt 

Clock resolution 

Random noise 

Coherent noise 

At error 

Reference System 

Value Basis 

6.5 x 10 ns The same clock will be used for both hot and cold 
measurements. Long term wander tends to cancel in 
eacht measurement. Clock accuracy is specified at 0.01%. 
The figure given is 0.01% of the reference At. 

0.016 ns The uncertainty in a single measurement (0.625 ns) is 
reduced by multiple samples (60 seconds of sampling 
at a 50 Hz rate = 3000 samples). The uncertainties in 
each time measurement are combined as the root Sum 
Squares. 

0.14 ns A signal random noise ratio of 10 was assumed. 
Uncertainty is reduced by multiple samples, as above. 

1.88 ns A conservative signal coherent noise ratio of 40 was 
assumed. 

1.88 ns Root sum Squares of above elements, since they are 
not systematically correlated with one another 
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0122 These same uncertainties also apply to the measure 
ment, with Zero temperature change, of the net bias CAt due 
to differences in path length and non fluid delay. Thus the total 
uncertainty in the measurement of dC/dT, the change in Sound 
velocity with temperature for the reference system is given 
by: 

3AC=2L/(t-t) (3A)^+(3Ato)''=C- (3A)^+(3Ato) 
22/(1-t) A-7) 

(0123 
3AC=55,000 in/s (1.88 ns)?+(1.88 ns)'', (167,000 

ins)=0.88 inches second 

Substituting numbers for the reference system: 

A-7A) 

0.124 Relative to the change in mixture sound velocity AC 
brought about by the 2°F. temperature change of the refer 
ence system—2.34 inches/second/% water cut—the uncer 
tainty in the sound Velocity contributes an uncertainty in the 
measurement of a 1% change in water cut of 0.88/2.34–0.376 
of 1%. Thus the differential sound velocity measurement 
uncertainty degrades the ability to measure a 1% change in 
water cut by +0.38%. 
0.125 Uncertainty in the Determination of the Mixture 
Temperature Change, AT; Aggregate Uncertainty in the 
Determination of dC/dT 
0126 The +0.38% figure does not account for the uncer 
tainty in the measurement of temperature rise, AT, which is 
also used to determine dC/dT. For effective measurement of 
water cut, the temperature measurement system must be 
designed to measure precisely the difference in the tempera 
tures of the mixture upstream and downstream of the heat 
addition (or heat removal) device. FIG. 13 shows a sample 
schematic of a system for this purpose, using precision RTDS 
for both the hot leg and cold leg temperature measurements. 
Each RTD has a resistance of 1002. at 32°F. with a sensitivity 
of approximately 0.214C2/F. The 2°F. temperature rise of the 
reference system produces a differential voltage of 0.418 my 
between each leg of the resistance bridge. For this analysis it 
has been assumed that this Voltage can be measured within 
+0.1 my; thus the accuracy of the measurement of the tem 
perature rise in the reference system is 0.1/0.418=0.24 for a 
1% change in water cut or +0.24% water cut. 
0127. As with the sound velocity differential, biases in the 
resistance bridge differential can be readily eliminated by 
measuring the differential Voltage when no there is Zero tem 
perature difference between the “hot” and “cold’ measure 
ments (that is, no heating or cooling). Again, however, the 
differential Voltage measurement with no heating or cooling 
is Subject to its assumed uncertainty of t0.1 my. Accordingly 
the overall uncertainty of the temperature rise measurement is 
given by the root Sum square of the uncertainty in the Zerobias 
determination and the uncertainty in the determination with 
heating or 2x(0.24%)'-0.34%. 
0128. The aggregate accuracy for the slope measurement 
dC/dT is the root sum square of the sound velocity and tem 
perature components or (0.38%)+(0.34%)'--0.51%. 

TABLE A-2 

Uncertainties in the correction to a linear water cut vs. dCi dT curve 

1. Uncertainty in correlation of Sound velocity and +36 inches per 
temperature for saline water second 
2. Uncertainty in correlation of Sound velocity and +160 inches per 
temperature for the crude oil of the application second 
3. Uncertainty in the measurement of C-C2 due +234 inches per 
to a 2 F. uncertainty in the measurement of T. second 
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TABLE A-2-continued 

Uncertainties in the correction to a linear water cut vs. dCi dT curve 

4. Aggregate uncertainty due to constituent Sound 
velocities (root sum squares of 1, 2, and 3) 
5. Maximum water cut change light vs. heavy oil 
for a fixed dC/dT, FIG. 14 
6. Maximum sound velocity difference, light vs. 
heavy oil 
7. Maximum uncertainty in water cut 
determination due to uncertainty in constituent 
Sound velocities. 
line 4/line 6 x line 5 

+286 inches per 
Second 

14.9% 

9600 inches per 
Second 

+0.44% water cut 

I0129. Aggregate Uncertainty of the Water Cut Measure 
ment 

0.130. The +0.44% uncertainty due to constituent proper 
ties is a maximum; as can be seen in FIG. 14 the corrections 
to a linear water cut vs. dC/dT relationship approach the 
14.9% used in the table above only in the mid range of water 
cuts. In this range the total measurement uncertainty of the 
reference system is the root Sum Squares of the slope uncer 
tainty, +0.51% and the constituent uncertainty +0.44% or 
+0.67%. Thus, over the range of water cuts from 0% to 100% 
the uncertainty of the water cut measurement of the reference 
system lies between 0.51% and 0.67% water cut depending 
on the water cut itself. 

1. An apparatus for measuring the mass fractions of water 
and oil in a flowing mixture of oil and water through a pipe 
comprising: 

a sensorportion that measures Sound Velocity and tempera 
ture of the flowing oil water mixture at a first time and at 
a second time, the sensorportion includes a first sensor 
portion that measures the Sound Velocity and tempera 
ture of the flowing oil water mixture upstream of the 
temperature changer, and a second sensor portion that 
measures the Sound Velocity and temperature of the 
flowing mixture downstream of the temperature 
changer, and 

a temperature changer in thermal communication with the 
flowing fluid which changes the temperature of the flow 
ing oil water mixture by a measurable amount between 
the first time and the second time. 

2. The apparatus as described in claim 1 wherein the tem 
perature changer is either a heat exchanger that adds thermal 
energy to, or a cooler that removes thermal energy from the 
flowing mixture. 

3. The apparatus as described in claim 2 including a con 
troller and processor that determines the mass fraction of the 
water and oil through an algorithm stored on a non-transitory 
computer readable medium which is executed by the control 
ler and processor that relates the mass fraction to the change 
in the Sound Velocity in the mixture for a known change in 
temperature. 

4. The apparatus as described in claim 3 wherein the oil 
water mixture is emulsified so that droplets of a dispersed 
phase, which is either oil or water, are distributed throughout 
a continuous phase, which is either water or oil, said dispersal 
achieved by the flowing mixture moving at a velocity suffi 
cient to achieve emulsification with no slip. 

5. The apparatus as described in claim 4 including a pump 
in fluid communication with the mixture to ensure the veloc 
ity of the sample mixture is made to meet or exceed the 
emulsification Velocity requirement and wherein a portion of 
the flowing oil water mixture is continuously sampled and 
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passed through the first and second sensor portions and the 
temperature changer so as to allow determination of the 
change in mixture sound Velocity for a measured change in 
temperature. 

6. The apparatus as described in claim 5 including a pump 
in fluid communication with the mixture to ensure the veloc 
ity of the sample mixture is made to meet or exceed a emul 
sification Velocity requirement and wherein several portions 
of the flowing oil water mixture are sampled, either continu 
ously or successively, said samples, either singly or in com 
bination pass through the first and second sensorportions and 
the temperature changer So as to allow the determination of 
the change in mixture Sound Velocity for a measured change 
in temperature for each sample location. 

7. The apparatus as described in claim 6 including a Sam 
pling arrangement for sampling the fluid in communication 
with the first sensor portion. 

8. The apparatus as described in claim 7 wherein the sam 
pling arrangement includes a plurality of taps disposed at 
different radii in the pipe which sample the mixture. 

9. The apparatus as described in claim 8 wherein the sam 
pling arrangement includes valves for each tap that are main 
tained open for a period long enough to ensure a representa 
tive Sound Velocity and temperature measurement for the 
associated tap location. 

10. An apparatus for measuring the Volume fractions of 
water and oil in a flowing homogenous mixture of oil and 
water through a pipe comprising: 

a sensorportion that measures Sound Velocity and tempera 
ture of the flowing oil water mixture at a first time and at 
a second time; 

a temperature changer in thermal communication with the 
flowing fluid which changes the temperature of the flow 
ing oil water mixture by a measurable amount between 
the first time and the second time; and 

a controller and processor in communication with the sen 
sorportion that determines the volume fractionVF of the 
flowing homogenous water and oil mixture without slip 
according to 

X is a mass fraction of the oil and water mixture and 
X=B/A, 

Here 

A=dv/dT(v/c’-v/c)-dv/dT(v/c’-v2/c’)+dci/dT 
(v2/c)-dc/dT(V°/c), 

V and V are specific volumes of the water and oil respec 
tively and subscripts 1 and 2 refer to water and oil 
respectively, 

c is a Sound Velocity of the mixture, and 
dT is change in temperature. 
11. A method for measuring water mass fraction in a flow 

ing mixture of oil and water through a pipe comprising the 
steps of: 

measuring Sound Velocity and temperature of the flowing 
oil water mixture at a first time with a first sensorportion 
of a sensorportion upstream of a temperature changer, 
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changing the temperature of the flowing oil water mixture 
by a measurable amount with the temperature changer in 
thermal communication with the flowing fluid; and 

measuring Sound Velocity and temperature of the flowing 
oil water mixture at a second time with a second sensor 
portion of the sensor portion downstream of the tem 
perature changer. 

12. The method as described in claim 11 wherein the tem 
perature changer is either a heat exchanger that adds thermal 
energy to, or a cooler that removes thermal energy from the 
flowing mixture. 

13. The method as described in claim 12 including the step 
of determining the mass fraction of the water through an 
algorithm stored on a non-transitory computer readable 
medium which is executed by a controller and processor that 
relates the mass fraction to the change in the sound Velocity in 
the mixture for a known change in temperature. 

14. The method as described in claim 13 including the step 
of emulsifying the oil water mixture so that droplets of a 
dispersed phase, which is either oil or water, are distributed 
throughout a continuous phase, which is either water or, oil, 
said dispersal achieved by the flowing mixture moving at a 
velocity sufficient to achieve emulsification with no slip. 

15. The method as described in claim 14 including the step 
of pumping the mixture with a pump in fluid communication 
with the mixture to ensure the velocity of the sample mixture 
is made to meet or exceed the emulsification Velocity require 
ment and wherein a portion of the flowing oil water mixture is 
continuously sampled and passed through the first and second 
sensor portions and the temperature changer So as to allow 
determination of the change in mixture Sound velocity for a 
measured change in temperature. 

16. The method as described in claim 15 including the step 
of pumping the mixture with a pump in fluid communication 
with the mixture to ensure the velocity of the sample mixture 
is made to meet or exceed the emulsification Velocity require 
ment and wherein several portions of the flowing oil water 
mixture are sampled, either continuously or Successively, said 
samples, either singly or in combination pass through the first 
and second sensorportions and the temperature changer so as 
to allow the determination of the change in mixture Sound 
Velocity for a measured change in temperature for each 
sample location. 

17. The method as described in claim 16 including the step 
of sampling the fluid with a sampling arrangement in com 
munication with the first sensor portion. 

18. The method as described in claim 17 wherein the sam 
pling step includes the step of sampling the mixture with a 
plurality of taps disposed at different radii in the pipe of the 
sampling arrangement. 

19. The method as described in claim 18 including main 
taining open Valves of each tap of the sampling arrangement 
for a period long enough to ensure a representative Sound 
Velocity and temperature measurement for the associated tap 
location. 


