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REAL-TIME COMPLETION MONITORING 
WITH ACOUSTIC WAVES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to International 
Application PCT/US2008/084882, ?led on 26 Nov. 2008, 
Which claims priority to US. application Ser. No. 61/004, 
877, ?led on Nov. 30, 2007, and Ser. No. 61/058,944, ?led on 
Jun. 5, 2008, each of Which is incorporated herein in its 
entirety 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

FIELD OF THE INVENTION 

The inventions disclosed and taught herein relate generally 
to the ?eld of subterranean Well monitoring, and more spe 
ci?cally to methods and systems for the real-time acoustic 
monitoring of completed Wells and the surrounding subterra 
nean regions. 

BACKGROUND OF THE INVENTION 

Completions lie at the heart of deepWater production and 
constitute a large portion of the overall Well cost. Great mul 
tidisciplinary effort is invested in designing them. This con 
trasts greatly With the production stage, Where little informa 
tion is available to detect problems, optimiZe the in?oW and 
prevent expensive Work-overs. Sand screen plugging, incom 
plete packing, development of “hot spots” in screens, desta 
biliZation of the annular pack, ?nes migration, near-Wellbore 
damage, cross-?oW, differential depletion, compartmental 
iZation, compaction represent a typical list of challenges that 
are extremely dif?cult to decipher based on just several per 
manent pressure and temperature gauges. Many problems can 
be identi?ed by production logging, but it is costly and not in 
real time. Permanent pres sure and temperature sensors placed 
across the sandface can provide critical information for diag 
nosing the completion problems and the service industry is 
developing tools to make such sensing feasible in the future. 
HoWever these neW pressure and temperature data are 
unlikely to lead to unambiguous identi?cation of the prob 
lems above because of multitude of parameters characteriZ 
ing complex completions and reservoirs that remain uncon 
strained by our data. 

For example, there is an issue of underperforming hydro 
carbon production Wells in the Gulf of Mexico. “Well perfor 
mance” absorbs large-scale reservoir issues such as compart 
mentaliZation as Well as changes in local Well skin With time 
that further comprises of completion, perforations and near 
Wellbore effects. Therefore, multiple explanations can be 
given to the problem. Apparent compartmentaliZation and 
ubiquitous U-shaped boundaries can be one ansWer on a 
“reservoir” scale. Yet those boundaries are rarely con?rmed 
by 4D seismic or other data. Shale draping is an alternative 
reservoir-scale scenario that can lead to Well underperfor 
mance. Another Wellbore-scale explanation suggests that 
Well productivity declines With time due to loss of so called 
“kh” product Where k and h are reservoir permeability and 
thickness correspondingly. The differential depletion model 
argues that this loss occurs mainly due to reduction in pro 
ducing thickness although the exact mechanisms of ?oW 
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2 
impairment are still debated. Similarly, reduction in perme 
ability is another alternative explanation, although the 
amount of this reduction (85-90%) is not consistent With 
laboratory measurements. Existing sparse data from Wells 
can support any of these scenarios, con?rming that the prob 
lem is under-constrained. In order to distinguish betWeen 
these quite different scenarios, there is a need for more doWn 
hole data at various scales that can unambiguously character 
iZe various components of the production system. 

In the context of deepWater completions there is an addi 
tional emphasis on sand control because it is believed that 
managing produced sand is generally a costly and mostly 
unWorkable solution for the Gulf of Mexico, although it may 
Work Well in other places Where there is some grain-to-grain 
cementation present. The presence of sand control media 
betWeen the reservoir and the Wellbore introduces additional 
cost, complexity and requires proper management. The goal 
is a solution that is robust enough to control sand production 
for the life of the reservoir, avoiding impairment and the need 
for any intervention. To come up With a sand control system 
that is less prone to problems, the root cause of existing 
problems must ?rst be understood. Once issues are fully 
understood, smart, on-demand intervention or remediation 
may become possible. The high cost of deepWater Well 
devices (sand screens etc) and intervention can justify the 
presence of smart surveillance tools that Would not be eco 
nomical in other environments. In addition, the surveillance 
tools preferably need to last for the life of the reserve. 

SUMMARY OF THE INVENTION 

The present invention provides a system and method for 
monitoring doWnhole permeable devices such as sand 
screens. According to some embodiments, a method for 
monitoring ?uid ?oW through a doWnhole device, comprises 
a) providing an acoustic tube Wave in ?uid in the device; b) 
measuring the acoustic tube Wave after it has passed through 
the ?uid in the device; and c) assessing the permeability of the 
device by measuring the attenuation of the acoustic signal. 
Changes in velocity of the acoustic signal may also be mea 
sured. 
The device may be is a permeable doWnhole device and 

step c) may further include determining that the device is at 
least partially plugged by detecting at least one of a reduction 
in attenuation or a reduction in velocity loss in the tube Wave 
as it passes through the device. 
The device may be a sand screen; the measurements in step 

b) may be made using a plurality of sensors deployed in the 
hole; and the sensors may be ?ber optic sensors. The method 
may further including a step of cross-correlation a signal 
received at a ?rst receiver With signals received at additional 
sensors so as to obtain an effective response as if the signal 
had been emitted from a source at the position of the ?rst 
receiver. 

Step c) may further include determining that the device is 
not plugged by detecting that a fast tube Wave passing through 
the device is sloWed at loW frequencies but is accelerated at 
high frequencies; determining that the device is not plugged 
by measuring a fast Wave and detecting a relatively strong 
attenuation of said fast Wave in a frequency range of 350-700 
HZ; or determining that the device is not plugged by detecting 
a sloW tube Wave that has been transformed into a complex 
packet With reduced amplitude and velocity. The method may 
further include the step of determining the relative permeabil 
ity of the device by detecting a frequency band having a 
relatively high degree of attenuation and comparing the fre 
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quency of the band to that of a frequency band having a 
relatively high degree of attenuation in a different measure 
ment. 

In other embodiments, the invention provides a method for 
producing hydrocarbons from a hydrocarbon-bearing forma 
tion, comprising producing hydrocarbons through a perme 
able doWnhole device and monitoring the ?oW through the 
device using the methods described herein. The present 
invention includes a system for real-time monitoring of 
completions by providing the ability to assess changes in 
permeability occurring in the sand screen and gravel pack 
devices, as Well as individual perforations using acoustic 
Waves. It is complementary to other in-Well monitoring meth 
ods, such as that disclosed in US. Pat. No. 6,854,327, that 
alloW monitoring structural integrity (static deformations) of 
sand screens and thus understanding compaction and other 
strain-related conditions. 
The present acoustic monitoring method can serve as a 

permanently installed monitor of the quality of the sandface. 
The acoustic monitoring methods constantly conduct both 
active checks of the sandscreen and its environment and pas 
sive monitoring of the reservoir. Early detection and proper 
diagnostics folloW as a natural outcome of permanent moni 
toring, so that proper treatment (Work-over) can be delivered 
before issues get out of hand. Permanent monitoring can also 
serve as an additional insurance to safeguard expensive 
completion and sand control devices, as Well as the borehole 
itself. In addition, methods such as described herein can 
deliver streams of neW data to that can enhance understanding 
of other sand-screen and completion issues and eventually 
contribute to proper resolution of many “Well underperfor 
mance” problems. 

The inventions disclosed and taught herein are directed to 
methods and applications of real-time acoustic monitoring of 
completions and gravel packs. In accordance With a ?rst 
embodiment of the present disclosure, a method for enhanc 
ing the recovery of hydrocarbons from a hydrocarbon bearing 
formation employing recovery ?uids is described, Wherein 
the method comprises real-time acoustic monitoring of the 
stability and/or permeability of the completion. Further 
embodiments of the present invention include methods for 
producing hydrocarbons from a hydrocarbon-bearing forma 
tion While monitoring the stability of a sand-screened 
completion are described, Wherein the method comprises 
real-time acoustic monitoring of the completion using an 
acoustic model during the production process. 

In yet another embodiment of the present disclosure, meth 
ods for maintaining the stability or permeability changes of a 
Wellbore during drilling or Well servicing operations, or dur 
ing production or enhanced recovery operations, or during 
sand-screened completions. The present methods may 
include using ?uids introduced into the Wellbore to facilitate 
the operations are described. Still other embodiments of the 
present methods ma comprise generating a real-time acoustic 
monitoring model; monitoring the Wellbore using acoustic 
tube Waves to monitor changes in the Wellbore; continuing to 
update the model and continuing to adjust on a real-time basis 
the properties of the ?uids as needed to maintain or enhance 
the production permeability during the operation. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The folloWing ?gures form part of the present speci?cation 
and are included to further demonstrate certain aspects of the 
present invention. The invention may be better understood by 
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4 
reference to one or more of these ?gures in combination With 
the detailed description of speci?c embodiments presented 
herein. 

FIG. 1 schematically illustrates the effect of permeability 
on acoustic Waves using a model of a reservoir. 

FIG. 2 schematically illustrates a cross-section of a sand 
screened completion in a cased borehole. 

FIG. 3 schematically illustrates an experimental ?oW loop 
setup for modeling sand-screen completion in a horiZontal 
Well. 

While the inventions disclosed herein are susceptible to 
various modi?cations and alternative forms, only a feW spe 
ci?c embodiments have been shoWn by Way of example in the 
draWings and are described in detail beloW. The ?gures and 
detailed descriptions of these speci?c embodiments are not 
intended to limit the breadth or scope of the inventive con 
cepts or the appended claims in any manner. Rather, the 
?gures and detailed Written descriptions are provided to illus 
trate the inventive concepts to a person of ordinary skill in the 
art and to enable such person to make and use the inventive 
concepts. 

DETAILED DESCRIPTION 

It Will be understood that the use herein of a singular term, 
such as, but not limited to, “a,” is not intended as limiting of 
the number of items. Also, the use of relational terms, such as, 
but not limited to, “top,” “bottom,” “left,” “right,” “upper,” 
“loWer,” “doWn,” “up,” “side,” and the like are used in the 
Written description for clarity in speci?c reference to the 
Figures and are not intended to limit the scope of the invention 
or the appended claims. Additionally, in this description, the 
terms “up” and “doWn”; “upWard” and doWnWard”; 
“upstream” and “downstream”; and other like terms indicat 
ing relative positions above or beloW a given point or element 
are used in this description to more clearly described some 
embodiments of the invention. HoWever, When applied to 
apparatus and methods for use in Wells that are deviated or 
horiZontal, such terms may refer to a left to right, right to left, 
or other relationship as appropriate. Discussion of singular 
elements can include plural elements and vice-versa. 
One aspect of the present invention is the use of a sensor, 

such as an acoustic sensor, in a Well to monitor an operation 
performed in the Well or to monitor various aspects of a 
doWnhole tool, system, or device. Other aspects of the inven 
tion include the routing of control lines and sensor placement 
in a sand control completion. By Way of example, the present 
invention may be used in a Wellbore that has penetrated a 
subterranean Zone that includes a productive formation. The 
Wellbore may include a casing that has been cemented in 
place. The casing may have a plurality of perforations that 
alloW ?uid communicationbetWeen the inside of the Wellbore 
and the productive formation. As is knoWn in the art, Well 
tools, such as a sand control completion devices, may be 
positioned Within the casing adjacent to the productive for 
mation, Which is to be gravel packed. 
As used herein, the term “screen” refers to Wire Wrapped 

screens, mechanical type screens and other ?ltering mecha 
nisms typically employed With sand screens. Screens gener 
ally have a perforated base pipe With a ?lter media (e. g., Wire 
Wrapping, mesh material, pre-packs, multiple layers, Woven 
mesh, sintered mesh, foil material, Wrap-around slotted sheet, 
Wrap -around perforated sheet, MESHRITE manufactured by 
Schlumberger, or a combination of any of these media to 
create a composite ?lter media and the like) disposed thereon 
to provide the necessary ?ltering. The ?lter media may be 
made in any knoWn manner (e.g., laser cutting, Water jet 
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cutting and many other methods). Sand screens need to have 
openings small enough to restrict gravel ?oW, often having 
gaps in the 60-120 mesh range, but other siZes may be used. 
The screen element can be referred to as a screen, sand screen, 
or a gravel pack screen. Many of the common screen types 
include a spacer that offsets the screen member from a per 
forated base tubular, or base pipe, that the screen member 
surrounds. The spacer provides a ?uid ?oW annulus betWeen 
the screen member and the base tubular. Screens of various 
types commonly known to those skilled in the art. Note that 
other types of screens Will be discussed in the folloWing 
description. Also, it is understood that the use of other types of 
base pipes, e.g. slotted pipe, remains Within the scope of the 
present invention. In addition, some screens have base pipes 
that are unperforated along their length or a portion thereof to 
provide for routing of ?uid in various manners and for other 
reasons. 

Applicants have created highly effective methods and sys 
tems for the real-time acoustic monitoring of sand-screened 
completions using acoustic Waves. These methods and sys 
tems can be used to monitor a variety of variables in a com 

pleted boreholes, including permeability and changes in per 
meability across the completed subterranean region. 

FIG. 1 is a schematic illustration of an open borehole 10 
passing through an impermeable formation 20 in Which there 
is a layer 30 of a porous, permeable material ?lled With ?uid, 
Which is an environment typical for Wireline acoustic log 
ging. Within this environment, a tube or Stoneley Wave 12 is 
a fundamental axisymmetric mode that exists from Zero fre 
quency. At loW frequencies it represents a piston-like motion 
of the ?uid column and dominates Wave propagation. When 
formation shear velocity is larger than the ?uid velocity (“fast 
formation”), as in an impermeable formation, the tube Wave is 
completely trappedia mode that does not attenuate in imper 
meable formations. When tube Wave encounters a permeable 
region such as 30, it sloWs doWn and attenuates because ?uid 
communication occurs betWeen the formation and the Well 
bore. This communication leads to an energy loss in the form 
of leaking sloW Biot Waves inside the formation. Modeling 
predicts that at loW frequencies, tube-Wave velocity Will 
decrease and attenuation Will increase With increasing ?uid 
mobility (permeability/viscosity). These predictions have 
been validated in the laboratory and became a foundation for 
a “direct” and continuous technique of estimating in-situ 
permeability from Wireline logs. The presence of mudcake 
restricts ?uid communication and makes tube-Wave signa 
tures less sensitive to formation permeability. In the limiting 
case of a hard mudcake, ?uid pressures in the borehole and the 
formation become completely unrelated; tube Waves experi 
ence no attenuation and sloW doWn and propagate in the same 
Way that they Would if the Well Were surrounded by an imper 
meable formation. 

In addition to the effect of the permeability of the surround 
ing formation on tube Waves, boundaries betWeen formations 
With different permeabilities also cause re?ected tube Waves. 
When the effect of a change in permeability is simulated 
using a simple model of a permeable reservoir embedded 
betWeen tWo impermeable half-spaces, it can been seen that 
some re?ection exists due to mismatch of tube-Wave veloci 
ties betWeen the layer and the half-spaces. Increases in layer 
permeability in the simulation lead to dramatic increase in 
tube-Wave re?ectivity, especially at loW frequencies. The 
added re?ectivity is due to increased ?uid communication; a 
more permeable formation causes a larger reduction in tube 
Wave velocity inside the layer and therefore larger contrast in 
properties controlling the re?ection. If ?uid communication 
is terminated (e. g. hard mudcake) then all the responses col 
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6 
lapse doWn to the black curve corresponding to impermeable 
elastic case. This highlights the fact that tube-Wave signatures 
are only affected When ?uid communication is present. For a 
partial ?uid communication, responses Would fall betWeen 
elastic impermeable and corresponding open-?oW poroelas 
tic solutions. 
We have discovered that tube Waves are capable of 

instantly testing the presence or absence of ?uid communi 
cation across the borehole Wall inside a particular layer. If the 
?uid communication is absent due to present mudcake or lack 
of formation permeability, then velocity reduction or attenu 
ation is observed. If ?uid communication is present, then 
velocity reduction and attenuation are observed. Similarly, in 
a re?ection con?guration, increased ?uid communication 
leads to a larger re?ection. In the next sections We illustrate 
the application of these principles to cased completed bore 
holes With sand-screened completions. 
Cased and Completed Boreholes 
A cased and completed Well has several layers betWeen the 

formation and the borehole ?uid. As shoWn in FIG. 2, in a 
simpli?ed model of a sand-screened cased completion the 
folloWing concentric cylindrical layers are typically present: 
?uid-?lled borehole 10, sand screen 14, gravel sand 16, cas 
ing 18, and formation 22. A plurality of perforations 24 in the 
casing act as communication channels, connecting borehole 
10 With formation 22 through casing 18. In open-hole 
completions, the casing and perforations are absent and for 
mation ?uid communicates directly With the borehole 
through the gravel pack and sand screen. The sand screen and 
gravel pack prevent migration of reservoir sand into the Well 
bore as Well as maintain the structure of the reservoir around 
the Wellbore. 

This more complex model of a completed Well has one 
essential similarity to the simple open-hole model, namely in 
a ?oWing Well there Will be ?uid communication across all 
layers of the completion. Lack of ?uid communication in any 
intermediate layer (screen or perforations) Will alter the ?oW 
of reservoir ?uid into the borehole. 
As discussed beloW, We have discovered that reduced or 

?uid communication across the sand screen or perforations 
has a measurable effect on the signatures of tube Waves pass 
ing through the relevant portion of the borehole. Thus, the 
present systems and methods can be used to monitor Whether 
permeable doWnhole devices, including but not limited to 
sand screens and perforated casings, are alloWing the 
expected level of ?oW, or are partially or completely plugged. 
As long as su?icient sensors are in place to provide the nec 
essary resolution, the present systems and methods can be 
used to locate and quantify the extent of plugging of a per 
meable doWnhole device. Still further, We have discovered 
that the present systems and techniques can be used to moni 
tor dynamic systems in Which the rate and pattern of ?uid ?oW 
is changing, such as a gravel packing process. 

There are signi?cant acoustic distinctions betWeen open 
hole and sand-screened completions: a) the latter have addi 
tional solid layers of sand screen or casing (both made of 
steel); b) only a single poroelastic layer and a single interface 
are present in the open-hole model, Whereas in the sand 
screened completion there are multiple poroelastic layers 
(perforated casing, formation, gravel sand, sand screen) and 
multiple poroelastic interfaces betWeen them; c) gravel sand 
and sand screen are very different from reservoir rocks in that 
they are very permeable (permeability>100 Darcy); and 
gravel sand has very loW shear velocity (<100 m/ s). 
The effects of casing and (impermeable) sand screen can be 

partially understood from studies of Wave propagation in 
producing Wells With tubing and casing or open holes With 
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drillpipe. In both cases, the inner pipe and the annulus are 
?lled With the same or a different ?uid. A key distinction 
betWeen these analog models and the sand-screen completion 
is the following: tubing, drillpipe and casing are completely 
impermeable, Whereas sand screen, gravel sand and casing 
are highly permeable and, in the normal case, are open to 
?oW; and, the annulus is ?lled With ?uid having no shear 
rigidity, Whereas the gravel sand in the sand-screened 
completion is likely to have some small shear rigidity. 

There are tWo knoWn techniques that utiliZe tube Waves in 
producing cased and perforated Wellbores for monitoring of 
hydraulic fracturing. The ?rst technique comprises the use of 
“tube-Wave re?ection logs.” It analyZes the strength of tube 
Wave re?ections along a perforated interval that Was hydrau 
lically fractured. By carrying out tube-Wave re?ection log 
ging at frequencies ~300-3000 HZ before and after 
stimulation one can assess the quality of hydraulic fracturing 
along the perforated interval. The second technique, “hydrau 
lic impedance testing,” consists of periodically pulsing a 
stimulation Well With very-loW frequency tube Waves (<10 
HZ) and looking for changes in various signatures of re?ected 
signals to estimate the time of opening and the parameters of 
a hydraulic fracture behind a perforated casing. In the ?rst 
technique a source and a receiver are placed in the Wellbore 
next to the fracture and therefore high-frequency re?ections 
can resolve the ?oW properties of individual vertical intervals 
of a feW meters. In the second technique the signal is sent and 
received from the Wellhead With the result that only very loW 
frequencies can be recorded. As a consequence, this tech 
nique has poor vertical resolution and only averaged proper 
ties of the Whole fracture can be evaluated. Nevertheless, both 
techniques illustrate the use of tube Waves to sense the 
increase in ?uid communication betWeen Wellbore and for 
mation caused by the opening of a hydraulic fracture. 
No techniques are currently knoWn for monitoring the 

completion environment comprised of both man-made 
(screen, casing, gravel sand) and natural (formation) compo 
nents, permeability of Which needs to be monitored over time. 
In the discussion beloW, We focus on laboratory experiment 
simulating realistic completions and comparing the results 
With analytical and numerical modeling. 
Laboratory Setup With a Horizontal Well Model 

FIG. 3 depicts the schematics of a horiZontal ?oWloop 
setup used for experimental measurements. In an experimen 
tal setup, the outer pipe (casing 18) of ~30 ft (9 m) length 
consisted of six 5-ft sections joined together and attached to 
the underlying support rail. The inner pipe (sand screen 14) 
Was positioned inside using plastic centraliZers. A source 32 
and a plurality of sensors 34 Were positioned inside the inner 
pipe. 

It Will be understood that the concepts of the present inven 
tion are applicable to systems in Which the sensors are 
deployed on a Wireline or are permanently placed in the hole. 
By Way of example only, sensors could be embedded in the 
completion itself, mounted on any of the doWnhole tubulars, 
or included in the form of distributed sensors (Which may be 
?ber optic sensors) that are Wrapped around one or more of 
the doWnhole tubulars or devices. 

LikeWise, source 32 may comprise any suitable source, or 
a plurality of sources, and may be loWered into the hole or 
permanently deployed in the hole. Further, as discussed 
beloW, the source may be an effective source, and may be 
outside of the hole, so long as it is acoustically coupled to the 
?uid in the region of interest. 

The annulus betWeen the inner and the outer pipe can be 
?lled either With Water or Water-saturated gravel sand. Mea 
surements Were conducted With a hydrophone array and a 
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8 
pieZoelectric source lying at the bottom of the inner pipe. The 
source excited a broadband impulsive Waveform With con 
trolled dominant frequency. TWenty-four hydrophone sensors 
With 35 cm spacing recorded the resulting Wave?eld. To 
reduce background (building/ air conditioning) noise stacking 
of multiple records Was used. 
We attempted to distinguish betWeen four completion sce 

narios (Table 1) using tube-Wave signatures. “Open” and 
“closed” denote tWo extreme cases of presence or absence of 
full ?uid communication. “Partial” ?uid communication 
should manifest itself With intermediate signatures betWeen 
these tWo bounds. Signatures examined include propagation 
velocity and attenuation of tube Waves as Well as transmission 
and re?ection amplitudes from interfaces such as at 28, Where 
contacting media are described by different scenarios. 

TABLE 1 

Completion scenarios 

Screen Perforations 

Scenario 1 Open Closed 
Scenario 2 Closed Closed 
Scenario 3 Open Open 
Scenario 4 Closed Open 

In the present disclosure We present experimental measure 
ments for scenarios 1 and 2 in the absence of gravel sand and 
compare them With modeling. In the last section We present 
numerical modeling of gravel-packed completions for the 
?rst tWo scenarios. 
Wave Propagation in a Simpli?ed Completion Model as in 
Laboratory Setup (No Gravel Pack) 

Here We present a simple model describing Wave propaga 
tion in the laboratory setup. This model needs only minor 
modi?cation to be applicable to the real in-situ environment. 
Actual sand screens can be quite complicated, but We start 
With the assumption that screen is represented by a homoge 
neous effective pipe both in terms of mechanical and hydrau 
lic properties. If this pipe is not permeable (i.e., there is a 
plugged screen), then the laboratory setup can be simpli?ed to 
this four-layered model: 1) ?uid; 2) elastic inner pipe 
(screen); 3) ?uid; 4) elastic outer pipe (casing). This model of 
tWo concentric elastic pipes With a free outer boundary (air) 
supports four axisymmetric Wave modes at loW frequencies: 
TIitube Wave supported by the inner pipe 
TOitube Wave supported by the outer pipe 
PIiplate- or casing-type Wave related to the inner pipe 
POiplate-type Wave related to the outer pipe 
The Appendix to US. Application Ser. No. 61/004,877, 

Which is incorporated herein by reference, describes the gen 
eral nature of these modes and explains hoW the velocity of 
these modes can depend upon completion parameters. It Will 
be understood, hoWever, that the modes and the processing of 
the resultant signals can be performed using any of a number 
of mathematical techniques that are knoWn to those skilled in 
the art. 

Using the techniques described in the Appendix, We per 
formed empirical analysis and modeling to determine the 
e?icacy of the concepts claimed herein. Exemplary pressure 
seismograms for a four-layered model With closed pores (no 
gravel pack) from monopole source With successive ampli? 
cations, With the source central frequency equal to 1000 HZ 
shoWed that (a) the largest arrival is a fast tube Wave (TOi 
1030 m/ s) related to the stiff outer pipe, (b) the smaller arrival 
is a sloW tube Wave (TIi270 m/ s) related to the softer inner 
pipe, and (c) plate Waves are of even smaller amplitude (POi 
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5410 m/s, PIil 630 m/s). The fast tube Wave Was least 
attenuated in the absence of a screen, somewhat attenuated in 
closed pores and substantially absorbed in open pores. Syn 
thetic seismograms for an exemplary four-layered model 
Were computed using a ?nite-difference code. In these mod 
els, the dominant arrival Was found to be a fast tube Wave 
associated With the outer pipe (TO), Whereas the sloW tube 
Wave supported by the inner pipe (TI) Was Weaker and plate 
Waves could only be seen With substantial ampli?cation. 
Plate-Wave velocities Were found to be almost independent of 
frequency; the fast tube Waves are slightly dispersive, 
Whereas sloW tube Waves experience moderate dispersion. If 
formation is added outside the casing, then the outer plate 
Wave (PO) disappears. If the annulus betWeen the casing and 
the screen is ?lled With sand, then there is only one tube Wave 
and one plate Wave associated With the composite structure of 
the completion. Thus, the presence of tWo tube Waves can be 
used as a diagnostic for a completion Without a gravel pack (or 
?uidized gravel pack). Properties of tube Waves in a gravel 
packed completion are examined beloW. 

If the inner pipe becomes permeable (as in a sand screen 
that is open to ?oW), then the same number of Wavemodes 
remain, but their velocities and attenuation are altered. Sim 
ply speaking, both tube Waves experience attenuation and a 
reduction in velocity. 

In our modeling, sand screens open to ?oW Were modeled 
as a homogeneous pipe made of effective poroelastic Biot 
material. Resorting to effective medium theory may not be 
fully justi?ed since microelements such as perforations in a 
base pipe or slots are of the same dimensions as the pipe 
thickness. Nevertheless, data suggest that tube Waves With 
Wavelength of several meters “see” the screen as an effective 
pipe and justify a the use of simple model for understanding 
the effect of permeability changes on tube-Wave signatures. 
Thus, the radial permeability of the experimental screens Was 
estimated using a simple analytical model With an array of 
parallel slits or fractures. 

In cases When perforations are closed (scenario 1 and 2), 
the outer boundary is considered as an impermeable pipe With 
a traction-free outer boundary. Complete plugging (scenario 
2) Was modeled as a no-?oW boundary condition betWeen the 
screen and the surrounding ?uids. 
Completion Without Gravel Pack: Experiment Vs. Modeling 

Experiments Were conducted With a glass outer pipe and a 
PVC inner pipe. To model an open sand screen (“openpores”) 
We used a PVC pipe With 0.0002 m (0.008") slots. Plugged 
sand screen Was modeled With a blank PVC pipe Without slots 
and is sometimes also referred to as “closed pores.” 
A. Transmission Signatures. 

Turning ?rst to transmission signaturesivelocity and 
attenuationiin the presence of open and plugged screens, We 
compared Wave-?elds recorded in the case of no screen and 
screen With “open” and “closed” pores. In the absence of a 
screen, We found that there is only one (fast) tube Wave 
present With velocity of about 1050 m/ s. It experiences some 
amplitude loss, possibly due to intrinsic attenuation in the 
glass as Well as in the thick recording cable. When an imper 
meable inner pipe is added (closed pores), an additional sloW 
tube Wave appears, Whereas the fast Wave starts to be slightly 
more attenuated due to high absorption in the PVC. With a 
slotted innerpipe, ?uid communicates across the PVC screen, 
Which causes a relatively strong attenuation of both tube 
Waves. As used herein, the term “relatively strong attenua 
tion” refers to attenuation that is greater than the attenuation 
experienced by the fast Wave traveling through a medium that 
is knoWn to be relatively impermeable, as compared to the 
completion or region of interest. Median ?ltering can separate 
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10 
fast Wave and sloW Wave and reveal the presence of multiple 
re?ections of each Wave at the joints betWeen the 5-ft pipe 
segments. We found that the sloW Wave Was ab sent Without a 
screen, present in a screen With closed pores and more attenu 
ated and sloWer in open pores. Thus, We conclude that greatly 
increased attenuation of both fast and sloW tube Waves is the 
?rst-order diagnostic for open screens (“open pores”), 
Whereas reduced attenuation is characteristic for plugged 
screens (“closed pores”). 
When it is determined that all or a portion of a completion 

is plugged, it may be desirable to adjust the properties of 
?uids in the borehole so as to reduce or eliminate the plug 
ging. This may be accomplished, by, for example, adjusting 
the draWdoWn pressure, pulsing the pressure, modifying the 
?uid composition, or other techniques such as are knoWn in 
the art. 

Additional diagnostics can be established by analyZing 
energy distribution as a function of frequency betWeen these 
tWo cases. Since the experimental data are complicated by the 
presence of additional re?ections at the pipe joints, this analy 
sis is preferably performed using sloWness-frequency spec 
tra. SloWness-frequency spectrum for the synthetic seismo 
grams shoW that the fast tube Wave dominates the spectrum. 
For closed pore the sloW tube Wave Was Well seen, With a 
broadening peak toWards loWer frequencies indicating dis 
persion. In the presence of open slots, the fast Wave experi 
ences strong attenuation that is particularly anomalous in the 
medium frequency range (350-700 HZ). 

In a plot of the averaged velocity spectrum over the entire 
frequency range, both fast and sloW tube Waves With approxi 
mately the same velocities of 350 m/s and 1100 m/s Were 
present in the plugged and open cases but the sloW Wave Was 
completely absent Without a screen. In a plugged screen the 
fast Wave carried a maximum energy in the frequency range 
of 300-600 HZ, close to the dominant frequency of the source, 
Whereas loWer and higher frequencies carried less energy. 

In contrast, the spectrum of the fast Wave in an open screen 
had a big energy “hole” betWeen 300 and 600 HZ Where fast 
the Wave Was attenuated so strongly that even higher frequen 
cies (600-900 HZ) carried more energy. As for the sloW tube 
Wave, it mainly existed at frequencies beloW 600 HZ and Was 
also attenuated. Surprisingly its amplitude increased at loW 
frequencies for open pores, Where it Was larger than the 
amplitude of the fast Wave. 

This experimental behavior Was then compared With 
results predicted using numerical modeling. A plot of theo 
retical dispersion curves for the case of closed pores reveals 
that the fast tube Wave experiences little dispersion beloW 
2000 HZ and matches experimentally observed values. Syn 
thetic pressure seismograms computed for closed and open 
pores in an experimental setup using a re?ectivity method 
shoW that in open pores sloW tube Waves transforms to a rather 
complicated packet of energy With rather loW velocities and a 
“stairstep” pattern. Lines draWn connecting the break in the 
phase have slopes close to sloW P-Wave velocity in the porous 
screen material. Increasing the diameter of the impermeable 
inner pipe is expected to result in a sloWdoWn of the second 
tube Wave velocity from 350 to 280 m/s. While for closed 
pores the sloW velocity is Well matched, for open pores the 
velocity is higher than predicted. Most likely this is the result 
of variation in elastic properties of the PVC used for manu 
facturing the blank pipe and the slotted screen. Synthetic 
seismograms Were computed for a glass setup With our best 
estimate of poroelastic parameters of our experimental setup. 
As in the case of the experimental results, in the case of closed 
pores We observed tWo tube Waves, With the fast tube Wave 
dominating in amplitude. In the presence of a screen With 
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open slots, both Waves experienced strong changes. The fast 
tube Wave experienced moderate attenuation and change of 
Waveform. The sloW tube Wave Was transformed into a com 

plex packet With Weak amplitude, rather sloW velocities and a 
very strange character. By connecting the points Where the 
phase changes inside the packet, We derived an approxima 
tion of the velocity of propagating sloW Biot’s Wave in the 
porous screen material (~80 m/ s). Since central frequency of 
the source (500 HZ) Was much higher than critical Biot fre 
quency (30 hZ), the interference With sloW Biot Wave in the 
porous screen may be a reason for a complicated Wave packet. 

Without limiting the scope of the invention in any Way, the 
folloWing physical interpretation is suggested for the mod 
eled results. A tube Wave is born When the piston-like motion 
of the ?uid inside the pipe creates a radial expansion that is 
resisted by the elastic pipe. The sloW Wave is mainly sup 
ported by the inner pipe. When this pipe is slotted, radial 
movement of the ?uid is no longer resisted, as liquid can 
freely escape to the annulus, thus leading to a strong attenu 
ation of this Wave. In contrast, the fast Wave is mainly sup 
ported by the outer glass solid pipe. When the inner pipe is 
permeable, piston-like motion of the ?uid in the fast Wave can 
additionally exchange the ?uid betWeen the outer and the 
inner ?uid columns, thus creating a moderate attenuation. 

Plots of sloWness-frequency spectra for open pores shoW 
that, similar to the experimental results, the fast Wave expe 
riences anomalously high attenuation in the medium fre 
quency range of 350-700 HZ. In addition, velocity is reduced 
at loW frequencies and the energy peak becomes broader, 
indicating dispersion. Plots of energy distribution (left) and 
peak velocity (right) for the fast tube Wave in the synthetic 
data con?rm that the fast tube Wave in an open screen is 
sloWed at loW frequencies but experiences slight acceleration 
at high frequencies. Comparison of the plots con?rms the 
qualitative agreement betWeen experiment and modeling: in 
both cases the fast Wave exhibits anomalous amplitude 
decrease in the medium frequency range, While preserving its 
higher and loWer frequencies. This amplitude decrease can 
not be explained by the spectra of the source Wavelet and 
therefore should be attributed to anomalous attenuation 
caused by ?uid movement through the slotted porous screen. 

The frequency range exhibiting resonance attenuation is 
controlled by permeability. For instance, When permeability 
decreases to 50 D, this band moves from 350-700 HZ to 
600-1000 HZ, i.e. the loWer the permeability, the higher the 
frequency of the band With anomalous attenuation of the fast 
Wave. This is also consistent With experimental data, since 
plugged screens (0 Darcy) do not exhibit anomalous attenu 
ation because the attenuated band Will be at very high or 
in?nite frequencies. Therefore the central frequency of the 
band With anomalous attenuation of the fast tube Wave can be 
used as an additional robust diagnostic of the screen perme 
ability. We should note that in both cases central frequency of 
the source is preferably much higher than the critical Biot 
frequency for the screen. It remains unexplained Why in open 
pores modeling predicts rather strong dissipation, unusual 
characteristics and strong sloWdoWn of the sloW tube Wave, 
Whereas experiments shoW that the sloW Wave is simpler and 
of comparable amplitude to the fast Wave at loW frequencies. 

The difference in velocity and attenuation betWeen 
completions With open and plugged screens also leads to 
re?ections at the boundaries Where properties change. The 
folloWing paragraphs discuss transmission-re?ection at a 
single interface betWeen open and plugged sections of the 
screen. 
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Interface Plugged-Open. 

First, We used an experimental model in Which 2/3 of the 
pipe length comprise a blank pipe (closed pores), and the 
remaining 1/3 comprised a slotted screen. At loW frequencies, 
a source located in the middle of the blank pipe excites both 
fast and sloW Waves. The fast Wave is highly attenuated upon 
reaching the interface, eg. at 28 in FIG. 3. The sloW Wave 
experiences strong re?ection that is more easily seen on the 
Wave?eld-separated display. At higher frequencies, fast-Wave 
re?ections become more observable. Modeling shoWs quali 
tatively similar behavior. First, the fast Wave becomes more 
attenuated in the open section. Second, While We observe both 
fast-fast and sloW-sloW re?ections, the latter is substantially 
larger in amplitude, Which is consistent With the experimental 
data. As above, it is observed that modeling underestimates 
the amplitude of the sloW Wave in open pores. 
Interface Open-Plugged 
When the source is inside the open section then Wave 

propagation changes. First, at loW frequencies the sloW tube 
Wave (~300 m/ s) dominating Wave propagation in the open 
section converts effectively into a fast Wave (~l000 m/ s) in 
the plugged section. The interference betWeen the strongly 
attenuating fast and sloW Waves creates the impression of a 
curved moveout around the source, hoWever it is clear that the 
fast Wave is born by a late-arriving direct sloW Wave. A simple 
inspection of unprocessed gather reveals the location of the 
open-plugged interface as the change in the slope of the 
dominant events. Second, the same incident sloW Wave gen 
erates a strong re?ection back into the open section that is 
clearly larger than the earlier re?ection from a pipe joint. 
Third, at higher frequencies We observed a direct fast Wave 
from the source that quickly attenuated in the open section but 
converted to a fast Wave that experiences less attenuation in 
the closed section. Nevertheless, a stronger right-going fast 
Wave is born by conversion from a later sloW tube Wave. 
Completion With a Gravel PackiNumerical Modeling 

In order to understand the in?uence of gravel sand on Wave 
propagation it is important to properly predict the shear 
modulus of the sand. There are tWo possible scenarios: 

If the shear modulus is small but non-vanishing, the gravel 
pack is similar to a layer of a Weak elastic material. In 
this case, the completion behaves as a composite (radi 
ally layered) poroelastic surrounding consisting of a 
sand screen, gravel sand, and casingiall With a non 
Zero shear rigidity. If all layers are fully bonded, only a 
single tube Wave exists. 

If the shear modulus of sand is Zero, the gravel acts as a 
suspension and its behavior is similar to an effective 
high-density ?uid but complicated by ?nite porosity and 
permeability. More than one tube Wave Would be 
observed in this case, making it similar to the case of a 
completion Without a gravel pack. 

Based on our studies, it is believed that in the normal case 
of good-quality gravel packs the ?rst scenario takes place. 
This is con?rmed by visual inspection of gravel packing 
procedures at the lab: once sand particles are packed, they do 
not move With the ?oW and remain “locked” in place. That is 
indicative of grain-to-grain contact and non-vanishing shear 
rigidity. The second scenario may occur in case of ?uidiZed 
sand When ?oW destabiliZes the gravel pack and grain-to 
grain contact no longer takes place. In the folloWing discus 
sion, We concentrate on the “normal” ?rst scenario When the 
gravel pack is modeled as a layer of poroelastic Biot medium. 
Shear-Wave velocity remains the most uncertain parameter. 
For initial modeling We have taken a value of 70 m/ s that lies 
betWeen in-situ estimates of ~l20-l50 m/s and laboratory 
estimates of~l0-20 m/s. 
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In the next section We analyze Wave propagation in the 
model describing the laboratory aluminum setup that Would 
be used for an actual experiment With a gravel pack in the 
future. Thus We examine four-layer model With a free outer 
boundary consisting of: l) ?uid; 2) elastic inner pipe (screen); 
3) sand; and 4) elastic outer pipe (casing). 
Transmission Signatures 

If the poroelastic nature of sand and screen are neglected 
and are modeled as elastic impermeable media, then only tWo 
axisymmetric modes propagate at loW frequencies: 
Titube Wave supported by the composite pipe consisting 

of screen, sand and casing; 
Piplate- or casing-type Wave supported by the composite 

pipe. 
Thus a gravel-packed completion has half as many modes 

as a completion Without gravel pack. This greatly simpli?es 
Wave propagation. A composite tube Wave is closer in char 
acter to fast tube Wave and even maintains a similar velocity 
of ~1 100 m/ s. When the sand becomes ?uidized then a second 
(sloW) tube Wave emerges that is similar to the case of a 
completion Without a gravel pack. Therefore the presence of 
second sloW tube Wave is a diagnostic of completions With 
?uidized sand or lack of sand. The plate Wave has a drastically 
loWer velocity and becomes strongly dispersive due to highly 
contrasting elastic properties of the completion layers. 

Finally, it should be noted that additional axisymmetric 
modes appear at higher frequencies. Cut-off frequencies of 
the higher-order mode decrease With decreasing shear veloc 
ity of the sand. As a result, a very loW shear velocity of the 
sand may create a complex multi-mode Wave propagation. 

Synthetic seismo grams shoW that the tube-Wave dominates 
Wave propagation at loW frequencies, While the plate Wave 
can only be seen With high ampli?cation. In the plugged 
section of the screen (closed pores) the tube Wave has a higher 
velocity and experiences very little attenuation, as expected. 
In contrast, open pores alloW ?uid communication betWeen 
the liquid column inside the screen and pore ?uid in the sand. 
As a result, We observe a strong dispersion and a reduction in 
velocity as Well as substantial attenuation even at very short 

offsets. Thus, similar to open-hole logging methods, We can 
distinguish permeable and impermeable sections of the 
screen by examining velocity and attenuation. SloW-doWn in 
velocity and high attenuation are simple diagnostics of an 
open section, Whereas speed-up and little or no attenuation 
are characteristics of a plugged section. 
Re?ection Signatures 

The synthetic seismograms also illustrate the re?ection 
transmission process at the plugged-open and open-plugged 
interface. Wave propagation is simpli?ed compared to the 
case of no gravel pack, since only a single tube Wave is present 
in the open and plugged sections. The re?ected tube Wave is 
due to the difference in velocities and attenuations across the 
interface. Interestingly, in the model, the re?ected Wave from 
the closed-open interface is very large (about 35%), Whereas 
the re?ected Wave from the open-plugged interface is Weaker 
(about 5%). It is tempting to use 1D effective Wavenumber 
approach to gain an insight into the physics of the re?ection 
transmission process. While this approach has been validated 
for poroelastic media and radially inhomogeneous elastic 
media, its validity for radially layered poroelastic media is yet 
to be established. Nonetheless, using a the 1D assumption, the 
effective Wavenumber approach predicts that the re?ection 
coe?icients at plugged-open and open-plugged interfaces 
should be of the same magnitude and opposite sign, Which 
contradicts the ?nite-difference modeling. 
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Fiber-Optic Devices 
As discussed above, laboratory experiments and modeling 

prove the concept of using tube-Wave signals to monitoring 
permeability changes along the completion. HoWever, in 
order to implement this technique doWnhole, it is necessary to 
provide acoustic sources and receivers in a producing Well. 
Tools used in the lab are not applicable for doWnhole deploy 
ment; doWnhole deployment requires that the sources and 
receivers be protected and not obstruct the ?oW. 
Sensors 
With respect to receivers, these objectives can be met by 

?ber-optic sensors placed on the outside of the pipe (sand 
screen, tubing or casing). In addition, such sensors can be 
completely passive and therefore do not require electric 
poWer. We tested this idea by comparing hydrophone record 
ing inside the plastic pipe With ?ber-optic “on the pipe” 
seismograms. Good agreement Was observed betWeen the 
tWo sets of measurements. 

While inside the pipe at loW frequencies both tube andplate 
Waves are described by piston-like motion, on the pipe Wall 
tube Waves produce mainly radial displacement, While plate 
Waves produce mainly axial displacement. A ?ber Wrapped 
around the pipe detects the radial displacement of the pipe, 
Which is characteristic of tube Wavesisometimes called 
“breathing” modes. In addition, azimuthal averaging per 
formed by ?ber-optic sensors tends to suppress other noises 
and highlight the axisymmetric tube Wave. 

Wrapping ?ber on the outside of the sand screen or casing 
can be implemented using a real-time casing imaging (RTCI) 
tool that aims at measuring deformations of the pipe. RTCI 
sensors tend to be closely spaced to detect asymmetric quasi 
static deformations, Whereas the present real-time comple 
tion monitoring (RTCM) preferably uses an average around 
the circumference of the pipe at discrete locations but at ?ne 
sampling interval in time. 
Laboratory Fiber-Optic System 
The current ?ber optic system used in the test setup Was an 

interferometric system based on Michelson interferometers. 
A Michelson interferometer consists of a signal splitter, a 
reference coil, a sensing coil and tWo Faraday Rotating Mir 
rors (FRMs), one placed at the end of each ?ber coil. The 
modulated light from the laser is split and travels doWn the 
reference and sensing coils. Both signals re?ect at the FRMs 
and travel back to the splitter, Where they interfere and the 
light is routed back to the opto-electronics using the second 
?ber lead. 
The sensing coil is Wrapped around the pipe and experi 

ences strain as the pipe breathes. The reference coil is pref 
erably located very close to the sensing coil, so as to minimize 
any noise pick-up before the signals interfere. The point of 
interference betWeen the sensing signal and reference coil is 
the splitter/combiner, Which is co-located doWnhole With the 
coils. The strain induced in the pipe during the breathing 
motion causes a dynamic change in optical path length in the 
sensing coil compared With the reference coil. The change in 
optical path length causes a shift in the interferometric signal, 
Which in turn can be related to the magnitude and frequency 
of the breathing motion of the pipe. 
The main bene?t of this scheme is the ease of installation 

and ?exibility to move individual sensors betWeen different 
locations on the pipe as Well as betWeen different test setups. 
An experimental system With 24 sensors uses 48 ?ber optic 
leads, Which is manageable in a laboratory environment but 
impractical for a ?eld deployment. 
Fiber-Optic System for Field Installation 
A system for ?eld deployment Would preferably use a 

signal multiplexing scheme based on Frequency Division 
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Multiplexing (FDM) and Wavelength Division Multiplexing 
(WDM), Which Would reduce the number of ?ber optic leads 
running from the sensing section to the surface. The reference 
coil of the Michelson interferometer is not preferred for ?eld 
deployment, as the reference coil Would require some space 
betWeen the tubing and casing. The selected Michelson inter 
ferometric system is ideal for the current laboratory experi 
ments Where a high degree of ?exibility is desired, combined 
With the highest possible performance and noise cancellation. 
It may hoWever be sub-optimal from an overall deployment 
perspective, given its mechanical footprint. 

Other techniques for making the desired measurements 
exist and may also be practical for ?eld deployment. TWo 
options in particular offer good performance and may be 
compatible With the present system. Both of these systems 
use a continuous optical ?ber. 

The ?rst technology is based on the Fabry-Perot interfer 
ometer, Where re?ective mirrors are engraved in the optical 
?ber. The engraved sensing coil is Wrapped around the pipe, 
as for the Michelson interferometer, and experiences strain as 
the pipe breathes. The reference coil is relatively far from the 
sensing coil and the signal pulses may pick-up noise as they 
travel up the cable before the signals interfere. The strain 
induced in the pipe during the breathing motion causes a 
dynamic change in optical path length in the sensing coil 
compared With the reference coil. The change in optical path 
length causes a shift in the interferometric signal, Which in 
turn can be related to the magnitude and frequency of the 
breathing motion of the pipe. The bene?t of the Fabry-Perot 
system is the smaller doWn-hole footprint. The drawback is 
the potentially higher noise that maybe picked up by the cable 
connecting the sensors to the surface opto-electronics. 

The second technology, “Blue ROSE”, Was developed by 
the Naval Undersea Warfare Center for military security 
application, in Which ‘ROSE’ is an acronym for Rayleigh 
Optical Scattering and Encoding. The Blue ROSE technology 
detects Rayleigh backscattering pro?les (or “?ngerprints”) 
along the length of the ?ber. Each segment of the optical ?ber 
has a unique scattering pro?le due to the random impurities in 
the ?ber that causes Rayleigh scattering. The Blue ROSE 
system uses the Rayleigh ?ngerprints in the optical ?ber as a 
Fabry-Perot re?ectors. The system can dynamically use dif 
ferent Rayleigh ?ngerprints anyWhere along the length of the 
?ber. Blue ROSE has the potential to combine both the RTCI 
and RTCM systems in a single cable, Which Would be desir 
able for complete doWnhole surveillance. 
Sources 

Both transmission and re?ection con?guration of RTCM 
require repeatable excitation of the tube Wave doWnhole. This 
can be achieved in the tWo different Ways described beloW, 
using both active sources and passive sources. 
Active Sources 

In principle, a dedicated active source can be mechanically 
clamped on the outside of the tubing or screen similar to and 
can be mechanical or magnetostrictive. Apart from additional 
installation in the Well, this approach also requires electric 
poWer cable to supply the source. 
Passive Noise Sources 
A less demanding alternative may be to use ?oW noise or 

other disturbances as a passive signal and obtain response 
betWeen tWo sensors using cross-correlation. So called “noise 
correlators” have been used to detect the location of subsur 
face leaks in the pipes. Lately, similar cross-correlation tech 
nique of ?ber-optic on-the pipe sensors Was utiliZed to mea 
sure tube-Wave velocity and invert for ?uid composition and 
?oW speed in surface and doWnhole pipes. In the doWnhole 
case, the acoustic ?oWmeter preferably comprises an array of 
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16 
?ber-optic sensors installed on the outside of the tubing near 
the completion and performs acoustic measurements in real 
time While the Well is ?oWing. 
Effective Source 

Cross-correlation is a 1D version of the more general Vir 
tual SourceTM method described in US. Pat. No. 6,747,915 
and international application WO2008064100. After cross 
correlation of, for example, a recording at the ?rst receiver 
With those at the remaining sensors it is possible to obtain a 
response as if the signal had been actually emitted from a 
“effective source” placed at the location of the ?rst receiver. 
Since We directly measure the incident signal in the effective 
sourceiWe knoW the source signature and can shape it to as 
desired. This is important, as it can alloW tWo important 
stepsithe stacking of multiple records shaped With the same 
source signature to improve signal-to-noise ratio, and evalu 
ation of not only velocity but also attenuation of the tube 
Wave signals. Thus, in some embodiments, the virtual source 
method is used to alloW the implementation of a completely 
passive version of RTCM Without active sources doWnhole. 

The folloWing examples are included to demonstrate pre 
ferred embodiments of the invention. It should be appreciated 
by those of skill in the art that the techniques disclosed in the 
examples Which folloW represent techniques discovered by 
the inventors to function Well in the practice of the invention, 
and thus can be considered to constitute preferred modes for 
its practice. HoWever, those of skill in the art should, in light 
of the present disclosure, appreciate that many changes can be 
made in the speci?c embodiments Which are disclosed and 
still obtain a like or similar result Without departing from the 
scope of the invention. 
Discussion of Experimental Setup 
The initial ?oW-loop setup With Plexiglas pipe and PVC 

screens Was not Well suited for acoustic measurements 
because of extremely high attenuation and sloW velocities. It 
Was also not representative in terms of acoustical properties to 
a ?eld case With steel tubulars. The glass setup used in the 
current experiments Was an improvement, but still remained 
suboptimal due to acoustically sloW and attenuative PVC 
screens as Well as due to strong inter-joint re?ections that 
contaminated the data. While processing partly helped to deal 
With these parasitic re?ections, joints of such design are not 
representative of a ?eld case and thus should be avoided. It is 
preferable to use an aluminum setup With aluminum outer 
pipe and aluminum screens to reach fast acoustic velocities 
typical for steel tubulars While still remain at a loW Weight that 
can be handled in the lab. To avoid inter-joint re?ections, it is 
advisable to reduce number of pipe sections and suspend the 
pipe off the slings. 
Acoustic Acquisition 

Acoustic acquisition in the lab utiliZed 24 sensors at 35 cm 
spacing. To avoid aliasing, it is preferred to have a sensor 
spacing equal or smaller than 1/2 Wavelength of Wave of inter 
est computed at the dominant frequency. Thus for gravel 
packed completions With expected velocities of ~700 m/ s and 
central frequency ~700 HZ, the Wavelength is ~l m and spac 
ing of 0.5 m or less is preferred. In completions With no gravel 
pack, or if ?uidiZation is suspected, sloW tube-Wave velocities 
of ~300 m/ s are expected and smaller sampling intervals are 
desirable. Of course, if a loWer frequency can be used in a 
satisfactory mannerithen sampling can be increased, hoW 
ever loWer frequency tends to produce loWer spatial resolu 
tion. 
We have also discovered that sloW tube Wave modes can be 

excited in open annular regions, and these Waves can be 
detected. Thus, in-Well and in-annulus conditions can be 
determined using tube Wave recordings from active and/or 
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passive sources. This technique is useful for, for example, 
identifying un-cemented or partially-cemented annular 
regions behind casing in a Well. This method Would comple 
ment more conventional logging techniques. Moreover, pas 
sive observations of these tube Wave modes could be indica 
tive of phenomena such as behind-casing ?oW or casing 
deformation acting as sources. Some embodiments of the 
invention therefore include transmitting an acoustic signal to 
?uid that may be acoustically coupled to the annulus and 
inferring that the layer of cement is incomplete if a sloW 
annular tube Wave mode is observed. 

REFERENCE TO APPENDIX 

An appendix comprising Zero-frequency velocity in mod 
els With one and tWo concentric pipes Was attached to the 
parent application from Which this application claims prior 
ity, the entire contents of Which are incorporated herein by 
reference. 

Other and further embodiments utiliZing one or more 
aspects of the inventions described above can be devised 
Without departing from the scope of the invention. For 
example, the real-time acoustic monitoring techniques 
described herein can be applied to not only the monitoring of 
sand-screened and gravel packed completions, but also to 
other completion and doWnhole applications, such as recov 
ery operations. Further, the various methods and embodi 
ments of the real-time acoustic monitoring methods can be 
included in combination With each other to produce variations 
of the disclosed methods, apparatus, and embodiments. 

The order of steps can occur in a variety of sequences 
unless otherWise speci?cally limited. The various steps 
described herein can be combined With other steps, interlin 
eated With the stated steps, and/or split into multiple steps. 
Similarly, elements that have been described functionally can 
be embodied as separate components or can be combined into 
components having multiple functions. 

The inventions have been described in the context of pre 
ferred and other embodiments and not every embodiment of 
the invention has been described. Obvious modi?cations and 
alterations to the described embodiments are available to 
those of ordinary skill in the art. The disclosed and undis 
closed embodiments are not intended to limit or restrict the 
scope or applicability of the invention conceived of by the 
Applicants, but rather, in conformity With the patent laWs, 
Applicants intend to fully protect all such modi?cations and 
improvements that come Within the scope or range of equiva 
lent of the folloWing claims. 
What is claimed is: 
1. A method for monitoring ?uid ?oW through a permeable 

doWnhole device in a borehole, comprising: 
a) providing an acoustic tube Wave in ?uid in the device; 
b) measuring the acoustic tube Wave after it has passed 

through the ?uid in the device; and 
c) assessing the permeability of the device by measuring 

the attenuation of the acoustic signal and determining 
that the device is at least partially plugged by detecting at 
least one of a reduction in attenuation or a reduction in 
velocity loss in the tube Wave as it passes through the 
device. 

2. The method according to claim 1 Wherein step c) further 
includes measuring changes in velocity of the acoustic signal. 

3. The method according to claim 1, further including 
adjusting the properties of ?uids in the borehole in response to 
a determination that the device is at least partially plugged. 

4. The method according to claim 1 Wherein the device is 
selected from the group consisting of sand screens, gravel 
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packs, gravel pack screens, Wire Wrapped screens, mechani 
cal screens, screens having a fully or partially perforated base 
pipe and a ?lter medium disposed thereon, and perforated 
casing. 

5. The method according to claim 1 Wherein the device is a 
gravel packing device and Wherein the measurements made in 
step c) are indicative of properties of a gravel packing process. 

6. The method according to claim 1 Wherein the measure 
ments in step b) are made using a plurality of sensors 
deployed in the borehole. 

7. The method according to claim 6 Wherein the sensors are 
permanently deployed in the borehole. 

8. The method according to claim 6 Wherein the sensors are 
?ber optic sensors. 

9. The method according to claim 8 Wherein the sensors are 
supported on a device that is Wrapped around at least one of a 
sand screen and doWnhole tubular. 

10. A method for producing hydrocarbons from a hydro 
carbon-bearing formation, comprising producing hydrocar 
bons through a permeable doWnhole device and monitoring 
the ?oW through the device using the method of claim 1. 

11. A method for monitoring ?uid ?oW through a perme 
able doWnhole device in a borehole, comprising: 

a) providing an acoustic tube Wave in ?uid in the device; 
b) using a plurality of sensors deployed in the borehole to 

measure the acoustic tube Wave after it has passed 
through the ?uid in the device; 

c) assessing the permeability of the device by measuring 
the attenuation of the acoustic signal; and 

d) cross-correlating a signal received at a ?rst receiver With 
signals received at additional sensors so as to obtain an 

effective response as if the signal had been emitted from 
a source at the position of said ?rst receiver. 

12. A method for monitoring ?uid ?oW through a perme 
able doWnhole device in a borehole, comprising: 

a) providing an acoustic tube Wave in ?uid in the device; 
b) measuring the acoustic tube Wave after it has passed 

through the ?uid in the device; and 
c) assessing the permeability of the device by measuring 

the attenuation of the acoustic signal; Wherein step c) 
further includes determining that the device is not 
plugged by detecting that a fast tube Wave passing 
through the device is sloWed at loW frequencies but is 
accelerated at high frequencies. 

13. A method for monitoring ?uid ?oW through a perme 
able doWnhole device in a borehole, comprising: 

a) providing an acoustic tube Wave in ?uid in the device; 
b) measuring the acoustic tube Wave after it has passed 

through the ?uid in the device; 
c) assessing the permeability of the device by measuring 

the attenuation of the acoustic signal; and 
further including the step of determining the relative per 

meability of the device by detecting a frequency band 
having a relatively high degree of attenuation and com 
paring the frequency of said band to that of a frequency 
band having a relatively high degree of attenuation in a 
different measurement. 

14. A method for monitoring ?uid ?oW through a perme 
able doWnhole device in a borehole, comprising: 

a) providing an acoustic tube Wave in ?uid in the device; 
b) measuring the acoustic tube Wave after it has passed 

through the ?uid in the device; and 
c) assessing the permeability of the device by measuring 

the attenuation of the acoustic signal; Wherein step c) 
further includes determining that the device is not 
plugged by measuring a fast Wave and detecting a rela 
tively strong attenuation of said fast Wave. 
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15. A method for monitoring ?uid ?oW through a perme 
able doWnhole device in a borehole, comprising: 

a) providing an acoustic tube Wave in ?uid in the device; 
b) measuring the acoustic tube Wave after it has passed 

through the ?uid in the device; and 5 
c) assessing the permeability of the device by measuring 

the attenuation of the acoustic signal; Wherein step c) 
further includes determining that the device is not 
plugged by detecting a sloW tube Wave With reduced 
amplitude and velocity. 10 

* * * * * 
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