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[ 57] ABSTRACT 

The sand concentration in a ?owing well is measured 
‘ quantitatively by anapparatus and method wherein an 
acoustic noisedetector of wide band frequency re 
sponse is placed in the ?ow stream. The output signal 
of the detector is selectively ampli?ed at two frequen 
cies, the lower of which is relatively unaffected by 
sand concentration in comparison to the higher, and 
the resultant signals are combined electronically on an 
analog. computer whose output is virtually a unique 
function of sand concentration and nearly indepen 
dent of ?uid velocity. 

19 Claims,"3 Drawing Figures 
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. 1 ‘ I . . 

METHOD AND APPARATUS FOR MONITORING ‘ 
THE SAND CONCENTRATION IN A FLOWING 

' ' ‘WELL _ 

_ BACKGROUND OF_ INVENTION 
1. Field of the Invention , r ' 

' This invention relates generally to the detection of 
acoustic noise in the ?ow stream of a producing well 

vHand more particularly to a method and apparatus for 
quantitatively monitoring the sand concentration in 
such ?ow stream. ' ’ 

' 2. Description of the Prior Art . ' 

-It is well-known in the oil industry that the ?uids re 
covered from certain incompetent hydrocarbon pro 
ducing formations vacquire vconcentrations of sand 
which increase with the production rate or velocity of 
?uid ?ow. Because daily allowables have been. in 
creased or removed on some wells responsive to accel-. 
erated demands in recent months, it is desired to set the 
?ow rate for these wells'as high‘ as permissible without 
producing sand. If; sand is produced, the ‘?ow must be 
reduced until the sand-discontinues, in order to prevent 
damage to the well and to the formation itself. 
Techniques and . equipment have been devised inv 

_ order to detect the critical'?ow velocity marking the 
onset of sand production. Exemplary of ‘such tech 
niques and apparatus is the invention disclosed in US. 
Pat. No. 3,563,311,. The basic hypothesis of such a 
technique is that a ?uid carrying sand particles will im 
part. more energy to its surroundings than the same 
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importance inassessing the probability of severe dam 
age depending upon the extent to which tolerable sand 
concentrations'are being exceeded. 

1 SUMMARY OF THE INVENTION‘ 
A It is, therefore, a ‘general object of this invention to 

_ provide an improved method and apparatus for detect; 

10 

I the concentration of sand in the flow stream'ol‘ a pro- . 

ing the presence of sand in the ?ow stream of a produc 
ing well. ‘ 

It is a further object ofvthis'invention to provide a 
method and apparatus for quantitatively determining 

ducing well. - 
' it is yet another object ‘of this invention to provide a 
method‘ and apparatus for‘ measuring the sand produc 
tion in the flow stream .of a producing well independent ' v 
of ?ow velocity. I _ 

The acoustic noise generated by the ?uid stream in 
a producing well is'known ‘to have a complex frequency 
spectrum. However, the position of the spectrum peaks - 
does not appear to change appreciably with velocity or 

' gas/oil ratio. The present invention is based, at least in 
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?uid ?owing without sand, and further'that with in-" 
creasing velocity the averageamplitude ofthe noise 
‘will also increase. In this prior art invention, a sound‘ 
detector is positioned within a well at the level of a pro 
ducing formation of interest so that it monitors the 
sound produced by the ?owing ?uids. An electrical sig 
nal generated by the detector is ampli?ed and recorded 
at different ?ow rates.1The onset/of, sand production 
marks apoint at which there is aichange in the slope of 
a log-log plot of sound level versus flow rate. 
One of the disadvantages of techniques such as that 

' tically sensingthe noise generated by the ?ow stream . 
in the well, producing an electrical signal of ‘a known} 35 

40 

described above lies in the factthat the accuracy of. the . 
critical flow rate determination is dependent upon the 

' number of ?ow rates at which the-formation concerned 
is produced; In addition,~the assumption is made in 
such a method that by producing the formation at a 
?ow rate below the critical value, sand will not be pro 
duced. However, changes can occurthat will invalidate 
such assumption. For example, if water should come 
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into a producing formation, the well tends to sand up ' 
rapidly without any apparent increase in the flow veloc 

continually re-establish .the' critical flow rate by means 
of a new series of ?ow rate measurements. ' 
Attempts have also been made to continuously moni 

tor, the condition of a well by simply providing a warn 
ing signal when the level of an electrical signal gener 
ated by an acoustic detector exceeds a predetermined 
threshold value. Thistype of indicator is unreliable be 
cause there is no way of telling‘with certainty whether 
the increase in signal value is the result of a change in 
?ow velocity, gas/oil ratio,or, more importantly, the 
concentration of sand. ' _ _ ' 

. A further disadvantage of all such techniques is that 
they are not able to give a quantitative determination 
of sand concentration, which may be‘ oflcorisiderabl-e 

ity. Under such circumstances, it becomes necessary to . 
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the order of 700 kilohertz, result in a signi?cant 

part, on the discovery that the introduction of sand in 
the ?ow stream and subsequent changes in' the volume‘ 
fraction thereof have “relatively little effect on the am~ 
plitude of .the noise at lower frequencies, say- on the 
order of 100 kilohertz, but at higher frequencies, say on 

m 

crease in noise amplitude._ Y 
In summary, in accordance with a preferred embodi-' 

ment' of. this ‘invention, a method for detecting and 
monitoring the. sand concentration'in the produced ?u 
ids in an oil well comprises generally the steps of acous 

frequency. spectrum responsive to said noise, selec 
tively amplifying the signal at a ?rst higher frequency 
atv which such amplitude is significantly dependent 
upon both ?ow velocity and sand concentration and at 
a second lower frequency at which the amplitude de 
pends only on ?ow velocity and is substantially inde 
vpendentof sand concentration, and thereafter elec- ' 
tronically combining said ?rst and second frequency 
signal components in‘ an analog computer to produce 

. an output indicative only 'of sand concentration and 
substantially independent of ?ow velocity. - _ _ 

Additionally, in another preferred-embodiment this 
invention comprehends apparatus for carrying out such 
method wherein an acoustic sensor of wide band fre 
quency response is supported within an oil ?lled probe 
positioned at thewellhead in the ?ow stream so as to 
provide an electrical output signal continuously repre-‘ 
‘sentative of the acoustic noise generated by the ?uid 
?ow. The electrical output of the transducer is passed 
through a ?lter network which selectively?lters two 
predetermined low and high frequency components of 
the total frequency spectrum as determined by the re 
sponse characteristics of ‘ the particular transducer. 
These two signals are further ampli?ed,- recti?ed, and 
electronically combined in an analog computer. The 
computer is adapted to perfonn asimultaneous solu 

- tion of emperically determined functional expressions 

65 

for the low and high frequency components de?ned in 
terms of flow velocity and sand concentration as inde 
pendent variables, the solution being such, as to elimi 

, nate flow velocity between these functions. Means are 
provided for'directly reading or continuously plotting 
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the output signal of the computer as a quantitative 
measure of sand concentration whose accuracy is rela 
tively unaffected by changes in flow velocity. 
Other objects and advantages of the method and ap 

paratus of this invention will become apparent from 
consideration of the‘ detailed description to follow 
taken in conjunction with the drawings appended 
hereto. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a view partly in sectiona nd partly diagram 
matic of the apparatus of this invention. 
FIG. 2 is a block diagram illustrating the electronic 

components of the signal processing circuits of this in 
vention, and 
FIG. 3 is a graph of a typical frequency spectrum for 

an acoustic sensing element as employed in this inven 
tion plotted against output signal amplitude for both 
sand-free and sand-producing ?ow stream conditions. 

DESCRIPTION OF THE PREFERRED 
' EMBODIMENTS 

In accordance with a preferred embodiment of this 
invention an acoustic probe 10 as seen in FIG. 1 ex 

4 
vcurrents and other unwanted noise, and may conve 

20 
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tends within a ?ow line 12 at the wellhead of a produc- _ 
ing well, preferably downstream of a choke (not 
shown). For example,this~may be accomplished by in7 
setting the probe 10, which may be of hollow metallic 
constrqction, within a vertically extending T-joint 14 
connected in the line 12 so that the upper end of the 
probe 10 is engaged thereby, as by threading, and its 

niently be ?xed to the probe 10 in a downhole location 
or at the wellhead. The output of the preamplifier 28 
may be applied with appropriate impedance matching 
to a further wide band ampli?er 30 which serves to step 
up the signal to a range of several volts. At this point, 
the acoustic noise responsive signal is filtered by means 
of a pair of networks 32 and 33 designed to pass two 
preselected narrow band frequency components, gen 
erally at the higher and lower ends of the frequency 
spectrum of the signal. The outputs of the filters 32 and 
33,‘ after suitable ampli?cation in ampli?ers 34 and 36, 
are recti?ed by means of a-c/d-c converters 38 and 39 
to provide a pair of high and low frequency d-c signals 
V, and V2. " 
A d-c power supply 41 is adapted to provide-neces-v 

sary operating voltages for preampli?ers 28 and ampli 
?ers 34 and 36. The power supply 41 may conveniently 
be located remote from the preampli?er, 28 and incor 
porated in the same electronic package as the other 
processing circuit 22. In order to isolate the-power sup 
ply 41 from the signal output of the preampli?er 28,-an 
inductor 42 and capacitor 43 are introduced as shown 
and selected topresent highand low impedances re 
spectively to such signal output.‘ _ I _ 

The selection of the two frequencies for V1 and V2 is 
based upon the observed fact that the effect of sand 
concentration von- the noise amplitude of the ?ow 

. stream is much more pronounced at high frequencies 
30 

lower end extends within the ?ow stream. A sensing el- . 
ement 17 may be positioned within the probe 10 sur- ‘ 
‘rounded with a bath of oil 18 to insuresuitable cou 
pling with the acousticnoise of the flow stream imping 
ing on the- external surface of the probe 10. Alterna 
tively, the element 17 may be cemented directly against 
the probe 10, which in that event may be solid rather 
than oil ?lled. Asa further alternative, the probe 10 
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may be formed of thin ?exible rubber supported by a _ 
rigid frame to provide improved coupling to the sensing 
element 17 and may have ‘the collateral advantage of 
combating the corrosive effects of sand on a metallic 
surfaced probe. . 
The sensing element 17 may consist of a piezo elec 

tric disc or cylindrical shell having a wide range elec 
tro-acoustical response characteristic, preferably ex 
tending from 100 to I000 kilohertz.- A pair of insulated 
electrical leads 20 are suitably fastened to the opposite 
?at surfaces of the sensing element 17 and extended 
therefrom to the upper end of probe 10. This enables 
transmission of the signal output of the sensing element 
17,‘ responsive to the. acoustic noise of the ?ow stream, ‘ ‘ 
to a group of signal processing circuits 22._In a manner 
to be described, the signal is there operated upon to 
provide a further output representative of the volume 
fraction of sand‘ in the flow stream, and such'output 
may be still further applied to a continuous recorder 24 
and/or an alarm device 26. _ 
The signal processing circuits 22 may be better un 

derstood by reference to FIG. 2. Since the alternating 
current signal produced by the sensing element 17 will 
typically be in the microvolt range, it ‘is necessary to. 
pass it through a preampli?er 28 before further pro 
cessing. The preampli?er 28 may be housed' in a fash 
ion to provide suitable electrical shielding against stray 
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than it is at low frequencies. At the same time, the ef- , 
fect of flow velocity and gas/oil ratio on noise ampli 
tude is relatively constant over the entire frequency 
spectrum. It has been-hypothesized, based on a consid 
eration of the kinetic. energy of sand particles and liq 

. uid ?ow and veri?ed by experimentation, that these ef 
fects are suf?ciently regular and consistent. that they 
may be approximated by mathematical expressions. 
The. signals V1 and V2, therefore, represent particular 
functions of flow velocity and sand concentration. 
These signals may thus be operated upon, by analog or 
digital techniques, to provide a simultaneous solution 
of such functional expressions for said sand ‘concentra 
tion independently of ?ow velocity. Thus, it is the pur 
pose of analog computer-4.0 to electronically combine 
signals vliand V2 and compute therefrom an output sig 
nal uniquely dependent upon sand concentration; 
While the presence of any signal output from the com- ‘ 
puter 40 at all is indicative of the onset of sand produc 
tion, the level of such signal may be used to differenti 
ate between acceptable and unacceptable levels 0 
sand production in the oil well flow stream. » ' 
The frequency dependent effect of sand concentra 

tion on acoustic noise, in the ‘?ow stream’ of a well can 
be better appreciated by an inspection of the chart of 
FIG. 3. Here there are plotted values of signal output 
such as are obtainable from the sensing element '17’ 
with frequencies varying from 100 to 1000 kilohertz. It 
will be understood that these curves are illustrative of 
the general character of this frequency spectrum. In a 
particular installation, the location of speci?c spectral 

' peaks and the amplitude of the signal output of the 
sensing element 17 are affected not only by its geome 

_ try, resonant frequencies, and method of ‘mounting, but 

65 also by the construction and material of the probe 10. 
Thus, the‘ chart comprises a familyof curves, namely 
30, 31, 32, and 33, which are representative of general 
ized frequency spectra in which‘ the arbitrarily varied 



5 
parameter is sand concentration. For example‘, in curve 
30 no sand has beenrintro'cluced in'the flow stream. 
Curves 31, 32, and 33‘represent the addition of increas 
ing volume percentages of sand in the total flow. 

it should be carefully noted that at the low frequency 
end of the spectra, for example in the neighborhood of 
100 kilohertz, there is relatively little change in ampli 
tude with increase in sand concentration as compared, 
for_ example, to the increase observed at a higher fre 
quency spectral peak, such as at 780 kilohertz. This dif 
ference has been found sufficiently pronounced so that 
a preselected higher frequency spectral component 
may vary more than five times as rapidly with increased 
sand concentration as the preselected lower frequency 
component within the same spectrum. There is no in 

. tent, however, to assert a lower limit or establish a spe 
ci?c minimum frequency within the signal spectrum at 
which the effect of sand increases becomes pro 
nounced. As shown in the illustration of FIG. 3, other 
intermediate spectral peaks, for-example at approxi 
mately 350 kilohertz and 480 kilohertz, may be equally 
indicative of the desired effecLYet, it can be observed 
that lower frequency components clearly exist at which 
the effect diminishes substantially. The important point 
to grasp is'that there is a hitherto unsuspected and yet 
consistent frequency interdependence of sand concen 
tration and acoustic noise level which runs counter to 
the uniform effects of flow velocity on ‘such noise. This 
invention, therefore, takes specific advantage of this 
particular frequency dependence. . > 
For the values of amplitudes of frequency compo 

nents of the signal output of the sensing element 17 for 
which substantial dependence upon sand concentration 
exists, the following general function may be stated: 

V1 : Klva + kgvbsc ’ 

where V, is the amplitude of a preselected higher fre 
quency component; v is the ?ow velocity; S is sand con 
centration expressed as a volume fraction of. the total 
fluid volume; and k1, k2, a, b, and c are experimentally 
determinable coefficients and exponential values re 
spectively. ’ ' 

Conversely, for lower frequency components which 
are substantially or relatively independent of sand con 
centration, the corresponding general function may be 
expressed as: 

‘ V2 = k3vd 

where k, and d represent respectively further experi 
mentally determinable coefticient and exponential 
value. ‘ 

If now the signals .V, and V2 are applied to the analog 
computer 40, a simultaneous solution may be provided 
for the functional expressions for V, and V2 for sand 
concentration independent of flow velocity, to wit: 

The output S can then be conveniently applied to 
continuous recording means 24 which can be queried 
remotely or which can if desired provide a suitable 
warning signal from alarm 26 if the value of sand con 
centration S should exceed acer-tain predetermined 
threshold value. 

Prior to the operation of this method and apparatus‘ 
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' V,_and In order to do this, the frequency response > 
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characteristics of a particular sensing element 17, if not 
already known, is ?rst established by techniques well 
known in the art. Examination of this spectrum willde 
termine the location of appropriate spectral peaks such 
as‘ have been previously discussed in connection with 
FIG. 2. ldeally, the sensing element 17 is thereafter in 
stalled in the probe 10 positioned in the manner de 
scribed for this invention. Filters 32 and 33 are then ad 
justed to select a high and lowv frequency component of 
the output signal of sensing element 17 as described, 

7 preferably at widely separated spectral peaks, to in~ 

25 
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40 

, nent-‘an alternate signal V3 is then available such as 

55 
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65 
in conjunction with a particular well, an empirical de- ' 
termination may be made of the coefficients and expo 
nential values in the above recited general formulas for 

crease the signal strength. The well is produced over a 
range of several ?ow'velocities and with small varying 
concentrations of sand. Component output values of V, l 
and V2 are read and graphical or numerical methods 
used to fit the ‘data to the general functional expres 
sions for V1 and V2 so as to obtain discrete values for 
the coefficients and exponentials in those generalex 
pressions. It is believed, however, that the values of 
these coefficients and exponents a'repredictable for a 
given type of installation within an acceptable margin 
of error. Thus, the described calibration steps may not 
be essential in all cases. , 

It will be understood that the analog computer 40 
may be designed, by employing techniques well-known 
to the art, to perform' the necessary simultaneous solu 
tion of‘ the particular functional expressions now avail 
able for the quantities V1 and Vzso that the output rep 
resents the quantity S independent of variations in flow 
velocity. The computer 40 mayconveniently incorpo 
rate a plurality of amplification stages whose‘ gains are 
adjustable in accordance with the particular values as-’ 
signed to the coefficients and exponentials in the gen-v 
eral formulas. In this fashion, therefore, the computer 
40 may be easily accommodated to the requirements of 
a particular installation. ' 

In the manner described above, an apparatus may be 
constructed using a single acoustic probe 10 that will 
measure the sand concentration in the ?owing stream . 
of a well to an accuracy of 25 percent. This is ade 
quate as a monitoring device and will allow proper 
measures to be taken for protection of the well and its 
surface equipment. ' " 

if desired, a more accurate measurement of sand 
concentration may-be made by means of a separate > 
flow velocity sensor such as a turbine flow meter or 
through the pressure drop across an ori?ce plate (not 
shown). in such case the circuitry 22 incorporates only 
a single ?lter channel for the high-frequency compo 
nent signal V1 and the lower frequency component V2 
is eliminated. In place of the lower frequency compo 

from a flow meter proportional to the first power of 
flow velocity. This again enables analog computer 40 
to compute from the signal ‘V1 and the flow-meter out- . 
put signal V3 a solution for the quantity S independent 
of ?ow velocity. Clearly, appropriate changes would be 
made in the design of the computer 40 to perform the 
intermediate steps in the computation 

if desired, the signals V1 and V2 or the alternative 
flow meter output signal V3 may be digitized and with ’ 
suitable programming the computation for S perfonned 
digitally using a mini-computer or a microprocessor. 

It will be understood that what has been described 
and illustrated herein is representative of a particular’ 
embodiment of this invention. Many variations therein 
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will occur to those skilled in the art without departing 
from the spirit and scope of the invention, the features 
of which are more particularly set forth in the claims 
appended hereto. 
What is claimed is: 
1. The method of determining the sand concentration 

in the produced ?uids of a well comprising the steps of: 

a. deriving from the acoustic noise generated by the 
?ow stream of said ?uidsa first broad band electri 
cal signal; . 

b. ?ltering said ?rst electrical signal to obtain there~ 
. from at least one preselected narrow band fre 
quency component whose amplitude approximates 

_ a ?rst known function of the ?ow velocity of said 
fluids and the sand concentration therein; 

c. deriving a second electrical signal responsive to the 
movement of said ?ow stream whose amplitude ap 
proximates a second known function of said ?ow 
velocity and said sand concentratiomgand 

d. computing from said at least one frequency com 
ponent and said second signal an output signal re 
sponsive thereto whose amplitude represents a si 
multaneous solution of said ?rst and second func 
tions for said sand concentration independent of 

' said ?ow velocity. 
2. A method as in claim 1 wherein the step of obtain 

ing said second signal comprises further ?ltering said 
?rst electrical signal to obtain therefrom a second pre 
selected narrow band frequency component lower in 
frequency than said ?rst preselected frequency compo 
nent, the amplitude of said second frequency compo 
nent being less sensitive to sand concentration than the 
amplitude of said ?rst frequency component. 

3. A method asin claim 2 wherein'the center fre 

25 
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quencies of said ?rst and 'second frequency compo- ~‘ 
nents are selected to coincide with respective spectral 
peaks of said’ ?rst electrical signal. . _ g 

4. A method as in claim 3 wherein the sensitivity to 
’, sand concentration of said second frequency compo 

nent is at least ?ve times that of said ?rst frequency 
component. 

5. A method as in claim 1 wherein said step of obtain 
ing said second signal comprises directly measuring 
said flow velocity by means of a flow meter. 

6. A method as in claim 1 wherein said step of deriv 
ing said ?rst electrical signal comprises positioning‘ 
sounddetection means in the?ow stream of said pro 
duced?uids at a predetermined location. 1 

7. A method as in claim 6 wherein said sound detec 
tion means is an eleetro-acoustical transducer. 

8. A method as in claim 1 wherein said at leasto'ne 
frequency componentv and said second signal are com 
bined in an analog computer. _ 

9. A method as in claim v1 wherein said at least one 
frequency component and said second signal are com 
bined in a digital computer. I - 

10. A method as in claim 1 comprising the additional 
vstep of continuously recording the output signal of said 
computer means. 

11. A method as in claim 10 comprising the further 
step of generating a warning signal when the value of 
the output of said computer means exceeds a'prese 
lected threshold value. _ ' 

l2. Apparatusfor determining the sand concentra 
tion in the produced ?uids of a well comprising: 

40 

8 
a. sound detection means adapted to provide a ?rst 
wide band electrical signal'responsive to the acous- . 
tic noise generated by the ?ow stream of said ?u 
ids; . 

b. means for filtering said ?rst electrical signal to ob 
tain therefrom at least one preselected narrow 
band frequency component expressible as a ?rst 
known function of the flow velocity of said fluids 
and the sand concentration therein; ~ 

c. means for deriving from the flow stream of said flu 
ids a second electrical signal expressible as a sec 
ond known function of said ?ow velocity and said 
sand concentration; and _. 

(1. means for computing from said at least one fre 
quency component and said second electrical sig- . ' 

, nal a simultaneous solution of said ?rst and second 
known functions for said sand‘ concentration inde 
pendent of said ?ow velocity. 

13. Apparatus as in claim 12 wherein said means for 
deriving a second electrical signal is a ?ow meter 
adapted to provide a direct measurement of thexflow 
velocity of said ?ow stream. ' ' 

14. Apparatus as in claim 12 wherein said means for 
deriving said second electrical signal comprises means 
for ?ltering said ?rst electrical'signal to obtain a second 
preselected narrow‘ band frequency component thereof 
lower. in frequency than said ?rst frequency component 
and having an amplitude less sensitive to said sand con 
centration. ’ ' \ . - 

15. Apparatus as in claim 14 wherein the amplitude 
of said ?rst frequency component is-moresensitive to 
sand concentration than the amplitude of said second 
frequency component by a factor of at least ?ve. 

16. Apparatus as in claim 14 wherein said ?rst known 
function comprises the general formula VI = klva ,+ 
k2S"v” and said second known‘function comprises the 
general formula V2 = kav“ wherein V1. and V2 represent 
the respective amplitudes of said ?rst and second fre 
quency components, v represents ?ow velocity, S rep 
resents the volume fraction of sand in the fluids, and k1, 
k2, k3, a, b, c, and d represent experimentally determin 
able coef?cients and exponential .values respectively. 

17. The apparatus of claim 16 wherein said comput 
ing means is-an analog computer provided with a plu 
rality of ampli?cation stages whose gains are individu 

- ally adjustable to accommodate speci?c values of klkz, 

45 
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k;;, a, b, c, and d. 
18. Apparatus as in claim 16 wherein said computing 

means is a digital computer. ' . 

19. A method for detecting and monitoring the sand 
concentration in the ‘produced ?uids in an oil'well com 
prising: . a 

a. acoustically sensing the noise generated by the 
?ow stream of the well; ' ' ' > 

b. transducing said acoustic noise‘ into abroad band 
electrical signal; 

c. selectively ?ltering said broad band signal at a ?rst. ' 
higher frequency to provide a ?rst component sig 
nal whose amplitude is dependentupon said sand 
concentration and on the flow velocity of said ?u 
ids and at a second lower frequency to provide a 
second component signal whose amplitude is de 
pendent on ?ow velocity and is substantially inde 
pendent of said sand concentration; > 

d. rectifying said ?rst and second component signals; 
and ' 

e.- thereafter electronically combining said ?rst and 
second componentsignals in an analog computer 
adapted to provide therefrom an output indicative 
only of sand concentration and substantially inde 
pendent of ?ow velocity. 

* * * * * 
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