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(54) Determining the water cut and 
water salinity in an oil-water 
flowstream by measuring the sulfur 
content of the produced oil 

(57) Fluid in pipeline (14) or a 
container at a refinery or at any of 
various petroleum producing 
operations is bombarded with 
neutrons from source (S) and high 
energy gamma rays resulting from 

capture of thermal neutrons are 
detected by detector (0). The spectra 
of the detected gamma rays are then 
analyzed in analyzer (26) to determine 
the relative presence o f the elements 
sulfur, hydrogen and chlorine. From 
the sulfur measurement, the oil cut 
(fractional oil content) o f the fluid is 
determined, enabling the water cut to 
be determined. From the determined 
water cut, water salinity can also be 
determined. 

26 FIG. 1. 

MULTI-CHANNEL 
ANALYZER 

,24 76, 

c 
0 -28 R 

F 
M n 
P 0 
U R 
I n 
E F 
R R 

GAIN 
STABILIZER 

B+ 

AMPLIFIER SIGNAL 

to. 

16-

-30 

,20 

22-4 

B* POWER 
SUPPLY 

HIGH 
VOLTAGE 
POWER 
SUPPLY 

CD 
CD 
ND 

O 
N ) 

O > 



2024410 
1 / 3 

26 L 
FIG.I 

MULTI-CHANNEL 
ANALYZER 

G 

C 
0 
M 
P 
U 
T 
E 
R 

-26 

GAIN 
STABILIZER 

r t T 

AMPLIFIER GAIN 
STABILIZER 

AMPLIFIER 

B+ 

SIGNAL 

16-

H.V. 

-T 

O - o 
,12 

R 
E 
C 
0 
R 
D 
E 
R 

30 

/ A 

22-

± 20 
B+POWER 

SUPPLY 

HIGH 
VOLTAGE 
POWER 
SUPPLY 

10 

r i 

[ 
p f o / 0 j14 

SIGNAL 



F I G . 5 . 

WATER SALINITY ppm NaC! 

0.02 £> 
0.04 \ 

FIG. 3 . 

r WINDOW 2 
i I to 

S 
U) 

WINDOW 3 WINDOW 1 

ZNB 
C D 

rfa*. 

1/ % CHLORINE: (Pc/) -1 

2 3 4 5 6 7 8 
GAMMA RAY ENERGY (MeV) 



.040 

.010 
.010 

~LWC*0.63 

0 

4-7 
£ 

o 
V ) 

T 3 X 

U 
(4.5%) 

+5 

i: 
w 
S 
w 

C O 

hps* 
KS*. 

It 



1 GB 2 024 410 A 1 

SPECIFICATION 
Determining the water cut and water salinity in an oil-water flowstream by measuring the sulfur 
content of the produced oil 

The present invention relates to nuclear techniques for detecting water cut and water salinity in an 
5 oil/water flowstream in petroleum refining and producing operations. 5 

Our copending Patent Application No. 48043/77 relates to a new and improved method and 
apparatus for determining the presence of salt water in a fluid conduit, such as crude oil at a wellhead, 
loading dock or other location, or refined product, feed stock or waste water to dispose of at a refinery. 

With this technique, the fluid is bombarded with fast neutrons from a neutron source which are 
10 slowed down and thereafter engage in thermal neutron capture reactions with materials in the fluid, 10 

giving rise to thermal neutron capture gamma rays. The energy spectra of the thermal neutron capture 
gamma rays are obtained, from which a measure of the relative presence of chlorine in the fluid may be 
ascertained, so that if the salinity of the fluid is known, the relative presence of salt water can 
accordingly be determined. Further, the relative presence of sulfur may under certain conditions be 

1 5 determined simultaneously with the relative presence of chlorine. 15 
In many petroleum field applications, however, the produced fluid water salinity may vary. This is 

frequently the case in fields where water flooding (or steam flooding) with other than connate water is 
utilized. In these situations, the water cut of the salt water cannot be established unless corrections 
were made for salinity variations, which are difficult to quickly and accurately observe and determine. 

20 Briefly, the present invention relates to a new and improved method and apparatus for 20 
determining the water cut of a liquid flowstream containing oil and water. The liquid flowstream may be 
at a wellhead or loading dock, feed stock in a refinery or waste water. 

The liquid is bombarded with fast neutrons from a neutron source which are slowed down and 
thereafter engage in thermal neutron capture reactions with materials in the liquid, give rise to thermal 

25 neutron capture gamma rays. The energy spectra of the thermal neutron gamma rays are obtained, from 25 
which a measure of the concentration of chlorine, sulfur and hydrogen in the liquid may be ascertained. 

In most oil fields, the sulfur content of the oil can be established to a high degree of accuracy and 
does not vary. With the present invention, the measures of the concentration of hydrogen, chlorine and 
sulfur and the established sulfur content of the oil are then used to obtain a measure of the oil cut of the 

30 liquid. From the measure of oil cut, the water cut of the liquid is obtained. As a further aspect of the 30 
present invention, the water salinity is determined from the water cut and the concentration of chlorine. 

Figs. 1 and 2 are schematic block diagrams of apparatus according to the present invention; 
Fig. 3 is a graphical illustration of a typical thermal neutron capture gamma ray spectrum for a two 

phase flowstream containing water and crude oil; 
35 Fig. 4 is a graph by which the water cut of the fluid is determined for a fluid according to the 35 

present invention as a function of sulfur content, and the ratios chlorine neutron capture gamma ray 
count and sulfur neutron capture gamma ray count of the fluid, respectively, to the hydrogen neutron 
capture gamma ray count from the fluid; and 

Fig. 5 is a graphical illustration of net counts of chlorine neutron capture gamma rays count as a 
40 function of percent chlorine in a fluid used to determine water salinity with the present invention. 40 

The present invention is based upon the bombardment or irradiation with neutrons of a flowing 
stream of liquid, containing crude oil and water, and the detection of gamma radiation emitted by the 
elements chlorine, sulfur, and hydrogen upon capture of thermal neutrons. For a given thermal neutron 
flux, the yield of chemical element capture radiation is proportional to the concentration of that element 

45 in the flow stream. According to the present invention, since the sulfur content of crude oil during 45 
production is known to a high degree of accuracy and does not vary, the oil cut of the liquid is first 
ascertained from the concentration of sulfur in the liquid. The water cut of the liquid is then determined 
from the oil cut. Additionally, from the water cut and the concentration of chlorine, the water salinity of 
the liquid is determined. 

50 Gamma radiation resulting from thermal capture (n,y) reactions is "prompt" in the sense that it is 50 
emitted within microseconds after the capture event. This is in contrast to "delayed" gamma radiation 
resulting from "activation" type reactions which is emitted from milliseconds to years after the reaction. 
Since thermal neutron capture radiation from prompt reactions is almost instantaneous, the velocity and 
volume flow rate of the crude oil stream do not affect the measurement. Another advantage of the 

55 present invention is that since thermal neutrons are required, a chemical source rather than an 55 
evacuated accelerator type neutron generator source can be used. Chemical sources are relatively 
inexpensive and, of course, require no associated electronics and maintenance. 

Figure 1 shows an apparatus A according to the present invention with a neutron source S and a 
detector D mountSd in suitable sockets 10 and 12, respectively, of a counting chamber C mounted in a 

60 crude oil flow line 14. The detector D is preferably a 5" x 5" Nal(TI) cylindrical crystal coupled to a 60 
photomultiplier tube T. The source S shown is a Cf252 neutron source emitting 5 x 107 neutrons per 
second, although it should be understood that a different source material such as actinium-beryllium, 
americium-boron.oramericium-beryllium could be used, if desired. 

The chamber C preferably should be constructed of some material which contains no elements 
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producing appreciable capture gamma radiation above 5,0 MeV. Aluminum or certain fiberglass-epoxy 
materials would be suitable, although iron, which produces 9.30 and 7.64 MeV gamma radiation 
through (n,y) reactions, should be avoided. It should be noted that the chamber C is designed such that 
the detector D and source S are physically isolated in the sockets 10 and 12 from the crude oil. This 

5 eliminates the possibility of contaminating the crude oil if the source S should leak and also permits the 5 
detector D and source S to be removed without interrupting the flow of crude oil. 

The physical shape of the chamber C is not critical as long as the source S and detector D are 
surrounded by at least several inches of liquid. Figure 2 depicts an alternative configuration wherein 
both the source S and detector D are mounted external to the conduit 14. In certain situations, such as if 

10 iron is used to construct chamber C, it might be desirable to coat the inside of the chamber C with a 10 
durable material of high thermal neutron cross capture cross section, such as boron. This would reduce 
the thermal neutron interactions with the walls of the chamber and also prevent the escape from the 
chamber of thermal neutrons that might react with elements outside the chamber producing additional 
"background" radiation. Boron (boron carbide mixed with epoxy resin) would be ideal for this 

15 application since it has a large thermal neutron capture cross section [a = 775 barns) and a capture 15 
reaction which produces no radiation above 5.0 MeV. 

The detector D produces scintillations or discrete flashes or light whenever gamma rays pass 
therethrough, while the photomultiplier tube T generates in response to each such scintillation a voltage 
pulse proportional to the intensity of the scintillation. A conventional preamplifier circuit 16 amplifies 

20 the pulses from the photomultiplier tube T and furnishes the amplifier pulses to a further amplifier stage 20 
18, A B+ power supply 20 is provided for the preamplifier 16, and a high voltage power supply 22 is 
provided for the photomultiplier tube T. 

The output pulses from the amplifier 18 are furnished to a gain stabilizer circuit 24 which is 
calibrated to respond to the energy level of a selected reference peak in the gamma ray energy 

25 spectrum, such as the 2.23 MeV energy peak of hydrogen in Window 2 (Fig. 3). It should be understood, 25 
however, that other gamma ray energy peaks or a peak generated by a light emitting diode mounted 
within detector crystal D o r a peak from a mercury type pulser may be used for gain stabilization, if 
desired. The gain stabilizer circuit 24 is an automatic gain control circuit which responds to energy level 
of pulses at the calibrated peak level and adjusts the gain of all energy level pulses to compensate for 

30 gain shift or variations in tube T and other circuitry of the apparatus of the present invention due to 30 
power supply voltage fluctuations and/or temperature effects. 

The output pulses from gain stabilizer circuit 24 are supplied to a pulse height or multi-channel 
analyzer 26. The pulse height analyzer 26 may be of conventional design as known in the art and 
having, for example, three or more channels or energy divisions corresponding to quantizations or 

35 energy ranges of the pulse heights of the input pulses, if desired. The pulse height 35 
analyzer 26 functions to sort and accumulate a running total of the incoming pulses 
into a plurajity of storage locations or channels based on the height of the incoming pulses 
which, it will be recalled, is directly related to the energy of the gamma rays causing the pulse.The 
output of the pulse height analyzer 26 in the case of the present invention consists of count pulses 

40 occurring in each of three energy ranges or windows as depicted in Fig. 3. It should also be understood 40 
that three appropriately biased single channel analyzers may be used in place of the multi-channel 
analyzer 26, if desired. 

The output from the pulse height analyzer 26 may be stored on a suitable memory device for 
subsequent processing, or alternatively, is supplied directly over an appropriate number of lines to a 

45 computer 28, which obtains from the number of chlorine, sulfur and hydrogen counts a measure ofthe 45 
oil cut and accordingly, the water cut, in the liquid in the line 14, in a manner to be set forth. Further, the 
computer 28 may also determine from the output of analyzer 26 a measure of the water salinity in such 
liquid. The results of such computations may be stored or displayed, as desired with a recorder 30 or 
other suitable display device. 

50 Fig. 3 shows a typical capture gamma ray spectrum 32 recorded using the equipment of Fig. 1 for 50 
a stream of liquid crude oil containing oil and water. The intense peak of 2.23 MeV results from the 
capture of thermal neutrons by hydrogen in the crude oil and/or water and is used, as set forth above, as 
an energy reference peak by the gain stabilizer circuit of Fig. 1. Fig. 3 also shows the energy settings of 
the multi-channel analyzer 26. The first setting, identified as "Window 1", extends from 5.75 to 8.0 

55 MeV and includes photoelectric and escape peaks from the 7.79, 7.42,6.64 and 6.11 MeV radiation 55 
from the CI35 (n,y)CI36 reaction as well as the relatively low intensity 7.78,7.42,7.19, 6.64 and 5.97 
MeV peaks from sulfur. The second setting, identified as "Window 2", extends from 2.00 to 2.50 MeV 
and includes the 2.23 MeV hydrogen capture peak. The third setting, identified as "Window 3", extends 
from 5.00 to 5.75 MeV and includes the relatively intense 5.42 MeV sulfur capture peak. 

60 DETERMINATION OF OIL CUT AND WATER CUT 60 
At the outset, it is to be noted that the counts obtained in the apparatus A must be compensated 

in accordance with the sensitivity calculations in the manner set forth in the co-pending U.S. patent 
application discussed above. For the liquid in the flowstream 14, the following terms of nomenclature 
are applied: 
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L00 = fraction of the liquid that is oil, or oil cot 
Lwc = fraction of the liquid that is water, or water cut 
MC| = concentration of salt (in pounds of NaCI per thousand barrels of liquid) 
M s = concentration of sulfur in the liquid (%) 
Mso = concentration of sulfur in the oil phase of the liquid (%) 5 
CH = counts accumulated in the hydrogen window (2) 
Cc, = counts accumulated in the chlorine window (1) 
Cs = counts accumulated in the sulfur window (3) 
RCi = Cc/CH ratio of counts in chlorine window (1) to counts in hydrogen window (2) 
Rs = Cg/CH = ratio of counts in sulfur window (3) to counts in hydrogen window (2) 10 
m, = constants (I = 1 , . . . , 4) 
bj = constants (j = 1,2) 

With the present invention, the computer 28 is utilized to determine Lwc from the values CH, Ccl, 
and Cg obtained in the analyzer 26. For a given sulfur concentration in a liquid, Mc , is a linear function of 

15 the ratio Rcl. Therefore, 15 

M c i = m i R c i + Yi (D 

The y intercept of Equation 1, y v varies with sulfur concentration according to the Equation 

y, = m2M s + b, (2) 

Substituting Equation (2) into Equation (1) yields 

20 Mc ) = m ^ d + m2M s + b, <3) 20 

Also, for a given chlorine concentration, Ms varies with Rs according to the Equation 

M s = M3Rs + y2 (4) 

where 

Yz = m 4 M C I + b2 (5) 

25 Substituting Equation (5) into Equation (4) yields 25 

M s = m3Rs + m4Mc l + b2 (6) 

Equations (3) and (6) can now be solved simultaneously for M c l to yield 

MCI = K1 + K2RCI + K3RS (7) 

where K v K2 and K3 are calibration constants defined as follows: 

3 Q K . ^ m ^ + bV/O - m 2 m 4 ) 30 

K2 = m1/(1 — m2m4) (8) 

Kg = m2m^(1 — m2m4) 

Likewise, Equations (3) and (6) can be solved simultaneously for M s to yield 

M s = K4 + KsRs + K6Rci (9) 

35 However 35 

M s = L0CMS0 (10) 

and 

L w = = 1 - L „ c ( 1 D 
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Substituting Equation (10) into Equation (11) and solving for Lwc yields to 

L w c = 1 - ( M a / M J (12) 

Substituting Equation (9) into Equation (12) yields: 

Lwc = 1 — (K4 + K5Rs + KeRcl)Mgo~1 

5 where K4, K5 and K6 are calibration constants defined as follows: 

K4 = (m4b t + b2)/(1 - m2m4) 

Ks = m / ( 1 m2m4) 

K6 = m j m y O — m2m4 ) 

It should be noted that the K terms in Equations (8) and (14) contain only the constant terms m1 

and b r These constant terms are governed only by the physical and nuclear design of the apparatus A 
and are evaluated using a monitor calibration procedure. The ratios Rcl and Rs are first measured using 

10 fluids containing known amounts chlorine (Mcl) and sulfur (Ms) concentrations. These data are then 10 
used in Equation (1), (2), (4) and (5) along with least squares fitting techniques to obtain m1 and b r 

Finally, the constants K are computed from the resulting values of m, and bj using Equations (8) and 
(14). 

Test values for the constants K were obtained in accordance with the foregoing procedure for an 
15 apparatus A of the following configuration: 15. 

Source S Am—B( 1.16 • 107 n/sec) 

Detector D 3" x 3" Nal(TI) cylindrical crystal 

Using oil as a base fluid containing varying amounts of chlorine (as C2H2CI4) and sulfur, the 
constants K were obtained for an apparatus A of the configuration set forth above as: 

K, = - 3 0 9 . 1 2 K4 = - 0 . 9 6 4 6 

20 K 2 = 26,892 Kg = 531.62 (15) 20 

K3 = - 1 0 , 8 4 5 Ks = - 3 5 7 . 1 3 

Thus, it can be seen that these values of K4, K5 and Ke are known calibration constants, and M s o is 
a known value, representing the sulfur content of the crude oil in the liquid. The values of Rs and Rcl are 
ratios determined in the computer 28 from the measured quantities CH, Cc l and Cs. Using the measured 
quantities, Lwc, the water cut of the liquid, can, therefore, be determined using Equation (13). A 

25 nomograph is set forth in Fig. 4 exemplifying how the water cut Lwc can be rapidly and accurately 25 
determined according to the present invention in the manner set forth above from the ratios Rs and Rcl 

ofthe concentrations of sulfur and chlorine, respectively, to the concentration of hydrogen and the 
measured sulfur content Mso. 

DETERMINATION OF WATER SALINITY 
30 Further in accordance with the present invention, the chlorine count Ccl is utilized to determine the • 30 

percent chlorine Pc l in the liquid in accordance with the relationship: 

Cc, = i q , - P c , - T (16) 

where is a calibration constant determined in the manner disclosed in the copending U.S. patent 
application referenced above, and T is the count time. 

35 Now that the chlorine count Ccl, the percent chlorine Pc l in the liquid and the water cut Lwc or 35 
percent water are known, the water salinity of the fluid may be determined assuming that all chlorine 
contained in the liquid is contained in the water in the form NaCI. Fig. 5 is a chart exemplifying how 
water salinity can be accurately determined once the water cut Lwc is determined in accordance with 
the present invention. 

40 It should be understood that the techniques described above are not necessarily confined to a 40 
counting chamber geometry. In the event that the subject measurement must be made in a flow line 
without cutting the pipe or without diverting a portion of the stream to a counting chamber as described 

(13) 

(14) 
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above, it would still be possible to make an estimation of the water cut and water salinity (albeit not as 
precise) by locating the source S and detector D against the pipe 14 on opposite sides of it. 

The neutron source S and detector D would thus be mounted on the outside of the existing flow 
line 14 by means of a suitable clamp device C, or other suitable pipe attachment means, as shown in 

5 Fig. 2. The remainder of the apparatus of Fig. 2 corresponds to that of Fig. 1 and thus is not shown. 5 
However, this apparatus is connected to the preamplifier 16 and the photomultiplier tube T in the 
manner set forth above for Fig. 1. Measurements have been made indicating that ppm concentrations of 
chlorine and 0.1 percent concentrations of sulfur can be detected using this "through-pipe" technique 
of Fig. 2; however, for a given count time, the precision to which the through-pipe measurements can 

10 be made is not as good as that obtained using a counting chamber. 10 
From the foregoing, it can be seen that the present invention provides a method of rapidly and 

accurately determining the water cut and water salinity of a fluid, even in circumstances where the 
water salinity is varying or fluctuating. 

The foregoing disclosure and description of the invention are illustrative and explanatory thereof, 
15 and various changes in the size, shape and materials, as well as in the details of the illustrated 15 

construction may be made without departing from the spirit of the invention. 

CLAIMS 
1 .'A method for determining the water fraction in a liquid containing oil and water and flowing in a 

conduit comprising the steps of: 
20 (a) bombarding the liquid with fast neutrons which are slowed down and thereafter engage in 20 

thermal neutron capture reactions with materials in the liquid; 
(b) obtaining gamma ray energy spectra of the materials in response to the capture of thermal 

neutrons by the materials in the liquid; 
(c) obtaining a measure of the concentration of each of chlorine, hydrogen and sulfur in the liquid 

25 from the gamma ray energy spectra; and 25 
(d) obtaining from said measure of the concentration of each of chlorine, hydrogen and sulfur, a 

measure of the water fraction in the liquid. 
2. A method as claimed in claim 1 including the further step of obtaining from the water fraction 

and the measure of the concentration of chlorine in the liquid a measure of the salinity of the liquid. 
30 3. A method as claimed in claim 1 or claim 2 wherein said step of obtaining gamma ray energy 30 

spectra includes counting gamma rays from chlorine in the range of from 5.75 MEV to 8.0 MEV. 
4. A method as claimed in any one of claims 1 to 3 wherein said step of obtaining gamma ray 

energy spectra includes counting gamma rays from sulfur in the range of from 5.0 MEV to 5.75 MEV. 
5. A method as claimed in any one of claims 1 to 4 wherein said step of obtaining gamma ray 

35 energy spectra includes counting gamma rays from hydrogen in the range of from 2.0 MEV to 2.50 35 
MEV. 

6. Apparatus for determining the water fraction in a liquid containing oil and water and flowing in 
a conduit comprising: 

(a) means for bombarding the liquid with fast neutrons which are slowed down and thereafter 
40 engage in thermal neutron capture reactions with materials in the liquid; 40 

(b) means for obtaining gamma ray energy spectra of the materials in response to the capture of 
thermal neutrons by the materials in the liquid; 

(c) means for obtaining a measure of the concentration of each of chlorine, hydrogen and sulfur in 
the liquid from the gamma ray energy spectra; and 

45 (d) means for obtaining from said measure of the concentration of each of chlorine, hydrogen and 45 
sulfur, a measure of the water fraction in the liquid. 

7. Apparatus as claimed in claim 6 wherein said means for obtaining spectra includes means for 
counting gamma rays from chlorine in the range of from 5.75 MEV to 8.0 MEV. 

8. Apparatus as claimed in claim 6 or 7 wherein said means for obtaining gamma ray energy 
50 spectra includes means for counting gamma rays from sulfur in the range of from 5.0 MEV to 5.75 MEV. 50 

9. Apparatus as claimed in any one of claims 6 to 8 wherein said means for obtaining gamma ray 
energy spectra includes means for counting gamma rays from hydrogen in the range of from 2.0 MEV to 
2.50 MEV. 

10. Apparatus as claimed in any one of claims 6 to 9 wherein said means for bombarding is 
55 attached to the exterior of said conduit. 55 

11. Apparatus as claimed in any one of claims 6 to 9 wherein said means for bombarding is 
inserted into a recess formed in the exterior of said conduit. 

12. Apparatus as claimed in any one of claims 6 to 11 wherein said means for obtaining gamma 
ray spectra is attached to the exterior of said conduit. 

60 13. Apparatus as claimed in any one of claims 6 to 11 wherein said means for obtaining gamma 60 
ray spectra is inserted into a recess formed in the exterior of said conduit. 

14. Apparatus as claimed in any one of claims 6 to 13 wherein said means for bombarding is 
mounted adjacent a refinery feedstock conduit or adjacent a well head conduit at an oil well or adjacent 
a conduit at a loading dock or adjacent a waste liquid conduit. 
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15. A method as claimed in claim 1 and substantially as described herein with reference to the 
accompanying drawings. 

16. Apparatus for determining the water fraction in a liquid containing oil and water and flowing in 
a conduit, substantially as described herein with reference to the accompanying drawings. 
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