(21) 2 704 837

122 DEMANDE DE BREVET CANADIEN

CA 2704837 A1 2009/06/11

Intellectual Property
Office

Canadian

Office de la Proprieté

Intellectuelle
du Canada

i~

13) A1

CANADIAN PATENT APPLICATION

An agency of
Industry Canada

Un organisme
d'Industrie Canada

CIPO

e / [ / J

R, E b =-
‘\.‘\. N R TR ) ".'g;“ N
R IR &""
.‘..}‘:. I.l.:‘ 4\‘ 4 e
TR

At i "
RIS NN e
o L NN
AN AVt v s A A Y |

V.\u
et
=]
B
SER,
e
e,
..\w....\\s.\
.«”.\sn\.
A “.

18

=SEARCH
14

#ﬂﬂﬂﬁ

iy

s

=

T

s

&

R
i
AL
R
il

-
ey
i el
-

P

=

F WW

S

oz
o e

L
i

e
e
OPIC

.
.-

h

+
e e
¥
=

+-

e

o' L'l L'l
+

H LAy
e

n
k

My iy g n
+

‘L BT LT L
e e e el '
b e e

=

22

S

4
=

+

w._.f._.
o
FErEA
i

ALiL
16
-&Eﬁ

A

RNATIONALE R

A MM‘MMHMW

2

i
+._V.._.
SN NN

mﬁiﬂﬂﬁjﬁiﬂdﬁaa
i

nu

WY

|
F
ok

n
=}

-+-+-+l+-+-+l+-+l+l+-+l+l+l+l+l'
=+

i
i S S

L

'

.
n s
b
+1'
-

£
+
-
+

o+
-

| | l+l
F

s

&

.
e

MAATSCHAPPIJ B.V., NL

(72) Inventeur/Inventor:

Hf..-..‘\ g

IR

e

> o

%
i T e
G e R P AT

N

FELY

i
vvﬁ

o
25
e
R

e
SR
e
S
i
NENERNNE,
R
S
S
o
o

EE LIE ENE EEE BN

N

BAKULIN, ANDREY VICTOROVICH, US
(74) Agent: SMART & BIGGAR

Tl Tl Tt Pl ol Pl

61) Cl.Int./Int.Cl. £E275 4/7/70(2006.01)
SHELL INT

(71) Demandeur/Applicant:
gt

.

e

T T L LT LT LT LT T T -

e

.
.

il
Fr L !
I e
.T;mnmwmn
Tl P e
» v T LT
B o
i L
-+
R
77 (]
ot T
- [
e TRl
O = e
- - )
N e .
- R
% m......”...”......
g

o “
£ “wmm

wm

.
OPIC - CIPO 191

FIg. 3

R
e
i
i
ARSI
R,

"L
o

);

am b,

5

e

o T T T

o e e _h am un, o
T s

.

-rr
':I.

R
._r_.__.._v..__.__w.._._._v.r._..___r

_m_...v.+
5
>
S
i

B
>
}%

- L b N

LA AL AL

http.//opic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca

e I L T T T T T T T T T T AT LT T LT T T T T T LT T T YT LT Y
[ [ u

il Pl Pl Pl Pl Pl Pl P Pl Pl ol Pl Tt Pl Pl Ty

s

s L LT T L TLT LT LT LT

T T P e Jr o T

et

Ny
W
m
N

FAIIIIFIIIFIIIIIIIIFIIIIIIIIIIIIIF

Ll

Canada

N® publication PCT/PCT Publication No.: 2009/073520

Priorites/Priorities: 2007/11/30 (US61/004,877

N® demande PCT/PCT Application No.: US 2008/084882
2008/06/05 (US61/058,944)

Date publication PCT/PCT Publication Date: 2009/06/11
Entrée phase nationale/National Entry: 2010/05/04

Date de depot PCT/PCT Filing Date: 2008/11/26

e e e e T e T

b) measuring the acoustic tube wave after it has passed through the fluid in the device; and ¢) assessing the permeabillity of the

(54) Titre : SURVEILLANCE D'ACHEVEMENT EN TEMPS REEL AVEC ONDES ACOUSTIQUES
A method for monitoring fluid flow through a downhole device, comprises a) providing an acoustic tube wave In fluid in the device;

(54) Title: REAL-TIME COMPLETION MONITORING WITH ACOUSTIC WAVES

(57) Abrégée/Abstract:

St et N e N e’



CA 2704837 A1 2009/06/11

en 2 104 837
13) A1

(57) Abrege(suite)/Abstract(continued):

device by measuring the attenuation of the acoustic signal. Changes In velocity of the acoustic signal may also be measured. The
device may be a permeable downhole device such as a sand screen the measurements in step b) are made using a plurality of
sensors deployed In the hole. The method may further including the step of cross-correlating a signal recelved at a first recelver
with signals recelved 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 first recelver.



CA 02704837 2010-05-04

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization %

International Bureau

(43) International Publication Date
11 June 2009 (11.06.2009)

(51) International Patent Classification:
E21IB 47/10 (2006.01)

(21) International Application Number:
PCT/US2008/084882

(22) International Filing Date:
26 November 2008 (26.11.2008)

(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
61/004,877 30 November 2007 (30.11.2007) US
61/058,944 5 June 2008 (05.06.2008) US

(71) Applicant (for SM only): SHELL OIL COMPANY
[US/US]; One Shell Plaza, P.O. Box 2463, Houston, Texas
77252-2463 (US).

(71) Applicant (for all designated States except US): SHELL
INTERNATIONALE RESEARCH MAATSCHAPPL)
B.V.[NL/NL]; Carel van Bylandtlaan 30, NL-2596 HR The
Hague (NL).

(72) Inventor; and
(75) Inventor/Applicant (for US only): BAKULIN, Andrey

-

E
b
o
a

P
o
&ﬁg
R
S
Tl
S
~
éﬁﬁ*

o
P
G
S
fi}}}

i
o
&f
&f
it

;
R

SR
7
}_{:I- +
}{+ +
}i_-l- ==
+ﬂ_-l- ==
P
o
e
S
Sttt
R
Sk
S
5

s

o s
s
s
-+
+
+
+
+
+

%
5

-

-+

ﬁ.'.
5
i
i
S
S
o
i
s
.,#*
e
5
&f
i

%
A

e -‘h -i-'.h.

e W e Wl e e B Wl

-

£
<
+
+
+
£
£
£
-
+
+
+
+

RS

s

e
e
e
e
A
e
2
o
A
i
v
o
e
e

e
X
L
L
e
2
53
o

¥
n

T-i-
s
g
%
e
Aok
i
R
0
L
s
-
%
i
¢

t‘i‘
>
L
L
.
N
7T
3
&
S
L
.
=
o
e
;

et
&y
o s
o e
o e
o
&Ny 4
s e

s
et
=W
&Ny 4
&Ny 4
&Ny 4
o s
+

e
&g
&f
ﬁf
G,
G
@F‘
R
o
i
i
G
E&I
G
i,
e,
s,
s
e
52
L

g:
&4

09/073520 A1 |01 0N A ARV 0 AR R 0 1

e
e
o
#
o
e
o
2
2

e

+
+

7
5
o
o
%ﬁ
Eﬂ
o
%ﬂ

'I't'l'
5
%
23
i
o
WL
5
%
g%
3
%
;

;
>
:
:
2

+

e

+

i

+
+

it
o
:

+
+

Y

+
+

+-F'

oy

o
+

e

oy

+

e

e e e e

+

oy

+
+ 4

oy

+
+

oy

+
+

oy

+

11-

%
ﬂf
q’
o
5
A
3
o
s
@'
3
=
S5
£y
;

4+
+

Y

+

ere
%ﬂ
E{
e

+

o

(74)

(81)

(84)

o
.

"

"
7%
i
o
2

s
==

aﬁi
o
AL

A
:
&

L o Sl e el

ug"

+++++++++I

Y
5
5
7
ER:
s
o
e

£

e

25
&

bl g

.

X
e e e N

'

.‘:' - o]

(10) International Publication Number

WO 2009/073520 Al

Victorovich [RU/US]; 4254 Childress St., Houston, Texas
77005 (US).

Agent: WATKINS, Marcella D.; Shell Oil Company, One
Shell Plaza, P.O. Box 2463, Houston, Texas 77252-2463
(US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LL.C, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, T1,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM.,
ZW.

Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, ELE, ES, Il,
FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,

[Continued on next page]

(54) Title: REAL-TIME COMPLETION MONITORING WITH ACOUSTIC WAVES

-
Y
A
A
A
S
L

i
o
s
NN
Sesos
o
o
R

o

i Wl L on e et

T TT T T TS TSP P TP

L L LS LS L LT L T LT L T L T L T L L L™ I...fi.::..:....:-...I.-.ll.i.:...-lli.:....:....l1 6 - I.I.I

T T T T T o T o T g oy

+
+
+
+

s
o
A
A
e
A
-
GRS

+
s
4
-+
+

T
2

o
i
i
e
e
ﬁt
S

A
L
5 A
et
s

L
.5
5%
i

+
+

;

+

&:
&
(e

o
ﬁﬁ
oA
2
.
e
e
o

(57) Abstract: A method for monitoring fluid flow through a downhole device, comprises a) providing an acoustic tube wave in
fluid in the device; b) measuring the acoustic tube wave after it has passed through the fluid in the device; and ¢) assessing the

& permeability of the device by measuring the attenuation of the acoustic signal. Changes in velocity of the acoustic signal may also
N be measured. The device may be a permeable downhole device such as a sand screen the measurements in step b) are made using

O
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a source at the position of said first receiver.

a plurality of sensors deployed in the hole. The method may further including the step of cross-correlating a signal received at a
first receiver with signals received at additional sensors so as to obtain an effective response as if the signal had been emitted from
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Real-Time Completion Monitoring with Acoustic Waves

CROSS REFERENCE TO RELATED APPLICATIONS
The present application claims priority to U.S. applications Serial No. 61/004,877,
filed on November 30, 2007, and Serial No. 61/058944, filed on June 5, 2008, each of

which 1s incorporated herein in 1ts entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

Not applicable.

FIELD OF THE INVENTION
[0001] The inventions disclosed and taught herein relate generally to the field of
subterranean well monitoring, and more specifically to methods and systems for the real-

time acoustic monitoring of completed wells and the surrounding subterranean regions.

BACKGROUND OF THE INVENTION

[0002] Completions lie at the heart of deepwater production and constitute a large portion
of the overall well cost. Great multidisciplinary effort 1s invested in designing them. This
contrasts greatly with the production stage, where little information 1s available to detect
problems, optimize the inflow and prevent expensive work-overs. Sand screen plugging,
incomplete packing, development of "hot spots” 1in screens, destabilization of the annular
pack, fines migration, near-wellbore damage, cross-tlow, differential depletion,
compartmentalization, compaction represent a typical list of challenges that are extremely
difficult to decipher based on just several permanent pressure and temperature gauges.
Many problems can be identified by production logging, but it 1s costly and not in real
time. Permanent pressure and temperature sensors placed across the sandface can provide
critical information for diagnosing the completion problems and the service industry 1s
developing tools to make such sensing feasible 1n the future. However these new pressure
and temperature data are unlikely to lead to unambiguous 1dentification of the problems
above because of multitude of parameters characterizing complex completions and
reservolrs that remain unconstrained by our data.

[0003] For example, there 1s an 1ssue of underperforming hydrocarbon production wells 1n

the Gulf of Mexico. “Well performance™ absorbs large-scale reservoir 1ssues such as
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compartmentalization as well as changes 1n local well skin with time that further comprises
of completion, perforations and near-wellbore etfects. 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
confirmed by 4D seismic or other data. Shale draping 1s an alternative reservoir-scale
scenario that can lead to well underperformance. 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 producing thickness
although the exact mechanisms of flow impairment are still debated. Similarly, reduction
in permeability 1s another alternative explanation, although the amount of this reduction
(85-90%) 1s not consistent with laboratory measurements. Existing sparse data from wells
can support any of these scenarios, confirming that the problem 1s under-constrained. In
order to distinguish between these quite different scenarios, there 1s a need for more
downhole data at various scales that can unambiguously characterize various components
of the production system.

[0004] In the context of deepwater completions there 1s an additional emphasis on sand
control because 1t 1s believed that managing produced sand 1s generally a costly and mostly
unworkable solution for the Gulf of Mexico, although 1t may work well in other places
where there 1s 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 1s a solution that 1s 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 1s less prone to problems, the
root cause of existing problems must first be understood. Once 1ssues 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 economical 1n other environments. In addition,

the surveillance tools preferably need to last for the life of the reserve.
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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 tluid flow through a downhole device, comprises a) providing an acoustic tube
wave in fluid 1n the device; b) measuring the acoustic tube wave after it has passed through
the fluid 1n the device; and ¢) assessing the permeability of the device by measuring
the attenuation of the acoustic signal. Changes 1n velocity of the acoustic signal may also
be measured.

The device may be 1s a permeable downhole device and step ¢) may further include
determining that the device is at least partially plugged by detecting at least one of a
reduction 1n attenuation or a reduction in velocity loss 1n the tube wave as it passes through
the device.

The device may be a sand screen; the measurements 1n step b) may be made using
a plurality of sensors deployed 1n the hole; and the sensors may be fiber optic sensors. The
method may further including a step of cross-correlation a signal received at a first 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 first receiver.

Step ¢) 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 1s
accelerated at high frequencies; determining that the device 1s not plugged by measuring a
fast wave and detecting a relatively strong attenuation of said fast wave 1n a frequency
range of 350-700 Hz; or determining that the device 1s not plugged by detecting a slow
tube wave that has been transformed 1nto a complex packet with reduced amplitude and
velocity.. The method may further include the step of determining the relative
permeability of the device by detecting a frequency band having a relatively high degree of
attenuation and comparing the frequency of the band to that of a frequency band having a
relatively high degree of attenuation 1n a different measurement.

In other embodiments, the invention provides a method for producing hydrocarbons
from a hydrocarbon-bearing formation, comprising producing hydrocarbons through a
permeable downhole device and monitoring the flow 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 1n permeability occurring in the

sand screen and gravel pack devices, as well as individual perforations using acoustic
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waves. It is complementary to other in-well monitoring methods, such as that disclosed in
U.S. Patent No. 6,854,327, that allow monitoring structural integrity (static deformations)
of sand screens and thus understanding compaction and other strain-related conditions.
[0005] 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 1ts environment and passive monitoring
of the reservoir. Early detection and proper diagnostics follow as a natural outcome of
permanent monitoring, so that proper treatment (work-over) can be delivered before 1ssues
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 1ssues and eventually
contribute to proper resolution of many ““well underperformance” problems.

[0006] 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
first embodiment of the present disclosure, a method for enhancing the recovery of
hydrocarbons from a hydrocarbon bearing formation employing recovery ftluids 1s
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 formation 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.

[0007] In yet another embodiment of the present disclosure, methods for maintaining the
stability or permeability changes of a wellbore during drilling or well servicing operations,
or during production or enhanced recovery operations, or during sand-screened
completions. The present methods may include using fluids introduced into the wellbore to
tacilitate 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 fluids as needed to

maintain or enhance the production permeability during the operation.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0008] The following figures form part of the present specitication and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these figures in combination with the detailed
description of specific embodiments presented herein.

FIG. 1 schematically 1llustrates the effect of permeability on acoustic waves using a
model of a reservoir.

FIG. 2 schematically 1llustrates a cross-section of a sand-screened completion 1n a
cased borehole.

FIG. 3 schematically 1llustrates an experimental flow loop setup for modeling sand-
screen completion 1n a horizontal well.
[0009] While the inventions disclosed herein are susceptible to various modifications and
alternative forms, only a few specific embodiments have been shown by way of example 1n
the drawings and are described in detail below. The figures and detailed descriptions of
these specific embodiments are not intended to limit the breadth or scope of the inventive
concepts or the appended claims 1n any manner. Rather, the figures and detailed written
descriptions are provided to 1llustrate 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

[0010] It will be understood that the use herein of a singular term, such as, but not limited
to, *“a,” 18 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 1n the written description for clarity in specific 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 i1ndicating 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.
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[0011] One aspect of the present invention 1s the use of a sensor, such as an acoustic
sensor, 1n a well to monitor an operation pertormed 1n the well or to monitor various
aspects of a downhole tool, system, or device. Other aspects of the invention include the
routing of control lines and sensor placement 1n a sand control completion. By way of
example, the present invention may be used 1n 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
fluid communication between the 1nside of the wellbore and the productive formation. As
1s known 1n the art, well tools, such as a sand control completion devices, may be
positioned within the casing adjacent to the productive formation, which 1s to be gravel
packed.

[0012] As used herein, the term "screen” refers to wire wrapped screens, mechanical type
screens and other filtering mechanisms typically employed with sand screens. Screens
generally have a perforated base pipe with a filter media (e.g., wire wrapping, mesh
material, pre-packs, multiple layers, woven mesh, sintered mesh, foil material, wrap-
around slotted sheet, wrap-around pertorated sheet, MESHRITE manufactured by
Schlumberger, or a combination of any of these media to create a composite filter media
and the like) disposed thereon to provide the necessary filtering. The filter media may be
made 1n any known manner (e.g., laser cutting, water jet cutting and many other methods).
Sand screens need to have openings small enough to restrict gravel flow, often having gaps
in the 60-120 mesh range, but other sizes may be used. The screen element can be reterred
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 perforated base tubular, or base
pipe, that the screen member surrounds. The spacer provides a fluid tlow annulus between
the screen member and the base tubular. Screens of various types commonly known to
those skilled 1n the art. Note that other types of screens will be discussed in the following
description. Also, 1t 1s understood that the use of other types of base pipes, e.g2. 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
fluid 1n various manners and for other reasons.

[0013] Applicants have created highly effective methods and systems for the real-time
acoustic monitoring of sand-screened completions using acoustic waves. These methods

and systems can be used to monitor a variety of variables in a completed boreholes,
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including permeability and changes 1n permeability across the completed subterranean
region.

[0014] FIG. 1 1s a schematic 1llustration of an open borehole 10 passing through an
impermeable formation 20 1n which there 1s a layer 30 of a porous, permeable material
filled with fluid, which 1s an environment typical for wireline acoustic logging. Within this
environment, a tube or Stoneley wave 12 1s a fundamental axisymmetric mode that exists
from zero frequency. At low frequencies 1t represents a piston-like motion of the fluid
column and dominates wave propagation. When formation shear velocity 1s larger than the
fluid velocity (“fast formation™), as in an impermeable formation, the tube wave 1s
completely trapped — a mode that does not attenuate 1n impermeable formations. When
tube wave encounters a permeable region such as 30, it slows down and attenuates because
fluid communication occurs between the formation and the wellbore. This communication
leads to an energy loss 1n 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 fluid mobility (permeability/viscosity). These predictions
have been validated 1n 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 fluid communication and makes tube-wave signatures less sensitive to
formation permeability. In the limiting case of a hard mudcake, fluid pressures 1n the
borehole and the formation become completely unrelated; tube waves experience no
attenuation and slow down and propagate in the same way that they would 1f the well were
surrounded by an impermeable formation.

[0015] In addition to the effect of the permeability of the surrounding formation on tube
waves, boundaries between formations with ditferent permeabilities also cause reflected
tube waves. When the effect of a change 1in permeability 1s simulated using a simple model
of a permeable reservoir embedded between two impermeable half-spaces, 1t can been seen
that some retlection exists due to mismatch of tube-wave velocities between the layer and
the half-spaces. Increases in layer permeability 1n the simulation lead to dramatic increase
in tube-wave reflectivity, especially at low frequencies. The added reflectivity 1s due to
increased fluid communication; a more permeable formation causes a larger reduction in
tube-wave velocity inside the layer and therefore larger contrast in properties controlling
the reflection. If fluid communication 1s terminated (e.2. hard mudcake) then all the

responses collapse down to the black curve corresponding to impermeable elastic case.
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This highlights the fact that tube-wave signatures are only affected when fluid
communication 1s present. For a partial fluid communication, responses would fall between
elastic impermeable and corresponding open-flow poroelastic solutions.

[0016] We have discovered that tube waves are capable of instantly testing the presence or
absence of fluid communication across the borehole wall inside a particular layer. If the
fluid communication 1s absent due to present mudcake or lack of formation permeability,
then velocity reduction or attenuation i1s observed. It fluid communication is present, then
velocity reduction and attenuation are observed. Similarly, in a reflection configuration,
increased fluid communication leads to a larger reflection. In the next sections we illustrate
the application of these principles to cased completed boreholes with sand-screened

completions.

Cased and Completed Boreholes

[0017] A cased and completed well has several layers between the formation and the
borehole fluid. As shown in Figure 2, in a simplified model of a sand-screened cased
completion the following concentric cylindrical layers are typically present : fluid-filled
borehole 10, sand screen 14, gravel sand 16, casing 13, and formation 22. A plurality of
perforations 24 1n 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 formation fluid 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 wellbore as well as maintain the structure of the reservoir around the wellbore.
[0018] This more complex model of a completed well has one essential similarity to the
stmple open-hole model, namely 1n a flowing well there will be tfluid communication
across all layers of the completion. Lack of fluid communication in any intermediate layer
(screen or perforations) will alter the tlow of reservoir fluid into the borehole.

[0019] As discussed below, we have discovered that reduced or fluid communication
across the sand screen or perforations has a measurable effect on the signatures of tube
waves passing 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 flow, or
are partially or completely plugged. As long as sufficient sensors are in place to provide the

necessary resolution, the present systems and methods can be used to locate and quantify
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the extent of plugging of a permeable downhole device. Still further, we have discovered
that the present systems and techniques can be used to monitor dynamic systems in which
the rate and pattern of fluid flow 1s changing, such as a gravel packing process.

[0020] There are significant acoustic distinctions between open-hole and sand-screened
completions: a) the latter have additional 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 1n the sand-screened completion there are multiple poroelastic layers
(perforated casing, formation, gravel sand, sand screen) and multiple poroelastic interfaces
between them; ¢) gravel sand and sand screen are very different from reservoir rocks 1n
that they are very permeable (permeability > 100 Darcy); and gravel sand has very low
shear velocity (<100 m/s).

[0021] The effects of casing and (1mpermeable) sand screen can be partially understood
from studies of wave propagation in producing wells with tubing and casing or open holes
with drillpipe. In both cases, the inner pipe and the annulus are filled with the same or a
different fluid. A key distinction between these analog models and the sand-screen
completion 1s 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 tlow; and, the annulus 1s filled with fluid having no shear rigidity, whereas the
gravel sand 1n the sand-screened completion 1s likely to have some small shear rigidity.
[0022] There are two known techniques that utilize tube waves 1n producing cased and
perforated wellbores for monitoring of hydraulic fracturing. The first technique comprises
the use of “‘tube-wave retlection logs.” It analyzes the strength of tube-wave reflections
along a perforated interval that was hydraulically fractured. By carrying out tube-wave
reflection logging at frequencies ~ 300-3000 Hz betore and after stimulation one can assess
the quality of hydraulic fracturing along the perforated interval. The second technique,
“hydraulic impedance testing,” consists of periodically pulsing a stimulation well with
very-low frequency tube waves (<10 Hz) and looking for changes 1n various signatures of
reflected signals to estimate the time of opening and the parameters of a hydraulic fracture
behind a perforated casing. In the first technique a source and a receiver are placed 1n the
wellbore next to the tfracture and therefore high-frequency retlections can resolve the flow
properties of individual vertical intervals of a few meters. In the second technique the
signal 1s sent and received from the wellhead with the result that only very low frequencies

can be recorded. As a consequence, this technique has poor vertical resolution and only
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averaged properties of the whole fracture can be evaluated. Nevertheless, both techniques
illustrate the use of tube waves to sense the increase 1n fluid communication between
wellbore and formation caused by the opening of a hydraulic fracture.

[0023] No techniques are currently known for monitoring the completion environment
comprised of both man-made (screen, casing, gravel sand) and natural (formation)
components, 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

[0024] FFigure 3 depicts the schematics of a horizontal flowloop setup used for
experimental measurements. In an experimental 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 1nside using plastic
centralizers. A source 32 and a plurality of sensors 34 were positioned inside the inner
pipe.

[0025] It will be understood that the concepts of the present invention are applicable to
systems 1n which the sensors are deployed on a wireline or are permanently placed in the
hole. By way of example only, sensors could be embedded 1n the completion itself,
mounted on any of the downhole tubulars, or included 1n the form of distributed sensors
(which may be fiber optic sensors) that are wrapped around one or more of the downhole
tubulars or devices.

[0026] Likewise, source 32 may comprise any suitable source, or a plurality of sources,
and may be lowered into the hole or permanently deployed 1n the hole. Further, as
discussed below, the source may be an effective source, and may be outside of the hole, so
long as 1t 1s acoustically coupled to the fluid 1n the region of interest.

[0027] The annulus between the 1inner and the outer pipe can be filled either with water or
water-saturated gravel sand. Measurements were conducted with a hydrophone array and a
piezoelectric source lying at the bottom of the inner pipe. The source excited a broadband
impulsive waveform with controlled dominant frequency. Twenty-four hydrophone sensors
with 35 cm spacing recorded the resulting wavetield. To reduce background (building/air

conditioning) noise stacking of multiple records was used.
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[0028] We attempted to distinguish between four completion scenarios (‘T'able 1) using
tube-wave signatures. “Open” and “closed” denote two extreme cases of presence or
absence of full fluid communication. “Partial” fluid communication should manitest itself
with intermediate signatures between these two bounds. Signatures examined include
propagation velocity and attenuation of tube waves as well as transmission and retlection
amplitudes from interfaces such as at 23, 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

[0029] In the present disclosure we present experimental measurements for scenarios 1 and
2 1n the absence of gravel sand and compare them with modeling. In the last section we

present numerical modeling of gravel-packed completions for the first two scenarios.

Wave Propagation in a Simplified Completion Model as in Laboratory Setup (No Gravel
Pack)

[0030] Here we present a simple model describing wave propagation 1in the laboratory
setup. This model needs only minor modification to be applicable to the real in-situ
environment. Actual sand screens can be quite complicated, but we start with the
assumption that screen 1s represented by a homogeneous eftective pipe both 1n terms of
mechanical and hydraulic properties. If this pipe is not permeable (i.e., there 1s a plugged
screen), then the laboratory setup can be simplified to this four-layered model: 1) flud; 2)
elastic inner pipe (screen); 3) tluid; 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 :

o 11 — tube wave supported by the inner pipe

. TO - tube wave supported by the outer pipe

° PI - plate- or casing-type wave related to the inner pipe
. PO - plate-type wave related to the outer pipe

11
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[0031] The Appendix to U.S. Application Serial No. 61/004,877, which 1s incorporated
herein by reference, describes the general 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.
[0032] Using the techniques described 1n the Appendix, we performed empirical analysis
and modeling to determine the efficacy of the concepts claimed herein. Exemplary
pressure seismograms for a four-layered model with closed pores (no gravel pack) from
monopole source with successive amplifications, with the source central frequency equal to
1000 Hz showed that (a) the largest arrival is a fast tube wave (TO — 1030 m/s) related to
the stift outer pipe, (b) the smaller arrival 1s a slow tube wave (11 — 270 m/s) related to the
softer 1nner pipe, and (¢) plate waves are of even smaller amplitude (PO - 5410 m/s, PI -
1630 m/s). The fast tube wave was least attenuated 1in the absence of a screen, somewhat
attenuated 1n closed pores and substantially absorbed in open pores. Synthetic seismograms
for an exemplary four-layered model were computed using a finite-ditference code. In
these models, 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 amplification. 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 1s
added outside the casing, then the outer plate wave (PO) disappears. It the annulus between
the casing and the screen 1s filled with sand, then there 1s 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 fluidized
gravel pack). Properties of tube waves 1n a gravel-packed completion are examined below.
[0033] If the inner pipe becomes permeable (as in a sand screen that 1s open to tlow), then
the same number of wavemodes remain, but their velocities and attenuation are altered.
Siumply speaking, both tube waves experience attenuation and a reduction 1n velocity.
[0034] In our modeling, sand screens open to tlow were modeled as a homogeneous pipe
made of effective poroelastic Biot material. Resorting to effective medium theory may not
be fully justified since microelements such as perforations 1n 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 justity a the use of
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stmple model for understanding the effect of permeability changes on tube-wave
signatures. Thus, the radial permeability of the experimental screens was estimated using a
sumple analytical model with an array of parallel slits or fractures.

[0035] In cases when perforations are closed (scenario 1 and 2), the outer boundary 1s
considered as an impermeable pipe with a traction-free outer boundary. Complete plugging
(scenario 2) was modeled as a no-flow boundary condition between the screen and the

surrounding fluids.

Completion without Gravel Pack: Experiment vs. Modeling
[0036] Experiments were conducted with a glass outer pipe and a PVC inner pipe. To
model an open sand screen (“‘open pores”) 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 1s

sometimes also referred to as *‘closed pores.”

A. Transmission signatures.

[0037] Turning first to transmission signatures — velocity and attenuation — in the presence
of open and plugged screens, we compared wave-tields recorded 1n the case of no screen
and screen with “open” and “‘closed” pores. In the absence of a screen, we found that there
1s only one (fast) tube wave present with velocity of about 1050 m/s. It experiences some
amplitude loss, possibly due to intrinsic attenuation 1n the glass as well as 1n the thick
recording cable. When an impermeable 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 inner pipe, fluid communicates across the PVC
screen, which causes a relatively strong attenuation of both tube waves. As used herein,
the term “relatively strong attenuation™ refers to attenuation that 1s 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
filtering can separate fast wave and slow wave and reveal the presence of multiple
reflections of each wave at the joints between the 5-ft pipe segments. We found that the
slow wave was absent without a screen, present 1n a screen with closed pores and more
attenuated and slower 1n open pores. Thus, we conclude that greatly increased attenuation
of both fast and slow tube waves 1s the first-order diagnostic for open screens (“open

pores”’), whereas reduced attenuation is characteristic for plugged screens (“closed pores™).
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[0038] When it 1s determined that all or a portion of a completion is plugged, it may be
desirable to adjust the properties of tluids 1n the borehole so as to reduce or eliminate the
plugging. This may be accomplished, by, for example, adjusting the drawdown pressure,
pulsing the pressure, modifying the fluid composition, or other techniques such as are
known 1n the art.

[0039] 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 reflections at the pipe joints, this analysis 1s
preferably performed using slowness-frequency spectra. Slowness-frequency spectrum for
the synthetic seismograms 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 dispersion. In the presence of open slots, the fast wave experiences strong
attenuation that 1s particularly anomalous in the medium frequency range (350-700 Hz).
[0040] In a plot of the averaged velocity spectrum over the entire frequency range, both
fast and slow tube waves with approximately 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.

[0041] In contrast, the spectrum of the fast wave 1n an open screen had a big energy “hole”
between 300 and 600 Hz where fast the wave was attenuated so strongly that even higher
frequencies (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 1t was larger than the amplitude of the
fast wave.

[0042] This experimental behavior was then compared with results predicted using
numerical modeling. A plot of theoretical 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. Synthetic pressure seismograms computed for closed and
open pores 1n an experimental setup using a retlectivity 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 1n the porous screen material. Increasing the diameter
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of the impermeable 1inner pipe 1s 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 1s well matched,
for open pores the velocity is higher than predicted. Most likely this 1s the result of
variation in elastic properties of the PVC used tor manufacturing 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, 1n 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 open slots, both waves
experienced strong changes. The fast tube wave experienced moderate attenuation and
change of waveform. The slow tube wave was transtormed 1nto a complex 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 approximation of the
velocity of propagating slow Biot's wave 1n the porous screen material (~ 80 m/s). Since
central frequency of the source (500 Hz) was much higher than critical Biot frequency (30
hz), the interference with slow Biot wave 1n the porous screen may be a reason for a
complicated wave packet.

[0043] Without limiting the scope of the invention in any way, the following physical
interpretation 1s suggested for the modeled results. A tube wave 1s born when the piston-
like motion of the fluid inside the pipe creates a radial expansion that is resisted by the
clastic pipe. The slow wave 1s mainly supported by the inner pipe. When this pipe is
slotted, radial movement of the fluid 1s no longer resisted, as liquid can freely escape to the
annulus, thus leading to a strong attenuation of this wave. In contrast, the fast wave 1s
mainly supported by the outer glass solid pipe. When the inner pipe 1s permeable, piston-
like motion of the fluid 1n the fast wave can additionally exchange the tluid between the
outer and the inner fluid columns, thus creating a moderate attenuation.

[0044] Plots of slowness-frequency spectra for open pores show that, sumilar to the
experimental results, the fast wave experiences anomalously high attenuation in the
medium frequency range of 350-700 Hz. In addition, velocity 1s reduced at low
frequencies and the energy peak becomes broader, indicating dispersion. Plots of energy
distribution (left) and peak velocity (right) tor the tast tube wave 1n the synthetic data
confirm that the fast tube wave 1n an open screen 1s slowed at low frequencies but
experiences slight acceleration at high frequencies. Comparison of the plots confirms the

qualitative agreement between experiment and modeling: 1in both cases the fast wave
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exhibits anomalous amplitude decrease in the medium frequency range, while preserving
its higher and lower frequencies. This amplitude decrease cannot be explained by the
spectra of the source wavelet and therefore should be attributed to anomalous attenuation
caused by fluid movement through the slotted porous screen.

[0045] The frequency range exhibiting resonance attenuation 1s 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 1s also consistent with experimental data,
since plugged screens (0 Darcy) do not exhibit anomalous attenuation because the
attenuated band will be at very high or infinite 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 permeability. We should note that 1n both cases central
frequency of the source 1s preferably much higher than the critical Biot frequency for the
screen. It remains unexplained why 1n open pores modeling predicts rather strong
dissipation, unusual characteristics and strong slowdown of the slow tube wave, whereas
experiments show that the slow wave 1s simpler and of comparable amplitude to the fast
wave at low frequencies.

[0046] The difference in velocity and attenuation between completions with open and
plugged screens also leads to reflections at the boundaries where properties change. The
following paragraphs discuss transmission-reflection at a single interface between open and
plugged sections of the screen.

Interface plugged-open.

[0047] 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 1n the middle of the blank pipe excites both fast and slow
waves. The fast wave 1s highly attenuated upon reaching the interface, eg. at 28 in Figure
3. The slow wave experiences strong reflection that 1s more easily seen on the wavetield-
separated display. At higher frequencies, fast-wave reflections become more observable.
Modeling shows qualitatively similar behavior. First, the fast wave becomes more
attenuated in the open section. Second, while we observe both tast-fast and slow-slow
reflections, the latter 1s substantially larger in amplitude, which 1s consistent with the
experimental data. As above, it 1s observed that modeling underestimates the amplitude of

the slow wave 1n open pores.
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Interface open-plugged

[0048] When the source is 1nside the open section then wave propagation changes. First, at
low frequencies the slow tube wave (~ 300m/s) dominating wave propagation in the open
section converts eftectively into a fast wave (~1000 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 1s clear that the fast wave 1s born by a late-
arriving direct slow wave. A sumple 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 1ncident slow wave generates a strong reflection back into the open section that 1s
clearly larger than the earlier reflection from a pipe joint. Third, at higher frequencies we
observed a direct fast wave from the source that quickly attenuated 1n the open section but
converted to a fast wave that experiences less attenuation in the closed section.
Nevertheless, a stronger right-going fast wave 1s born by conversion from a later slow tube

Wave.

Completion with a Gravel Pack—Numerical Modeling
[0049] In order to understand the intfluence of gravel sand on wave propagation it 1s
important to properly predict the shear modulus of the sand. There are two possible

scenarios:

o It the shear modulus 1s 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
(radially layered) poroelastic surrounding consisting of a sand screen, gravel sand, and
casing — all with a non-zero shear rigidity. It all layers are fully bonded, only a single

tube wave exists.

° It the shear modulus of sand 1s zero, the gravel acts as a suspension and i1ts
behavior 1s similar to an effective high-density fluid but complicated by finite porosity
and permeability. More than one tube wave would be observed 1n this case, making it
sumilar to the case of a completion without a gravel pack.

[0050] Based on our studies, it 1s believed that in the normal case of good-quality gravel
packs the first scenario takes place. This 1s confirmed by visual inspection of gravel
packing procedures at the lab: once sand particles are packed, they do not move with the
flow and remain “locked” 1n place. That 1s indicative of grain-to-grain contact and non-

vanishing shear rigidity. The second scenario may occur 1n case of fluidized sand when
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flow destabilizes the gravel pack and grain-to-grain contact no longer takes place. In the
following discussion, we concentrate on the “normal”™ first scenario when the gravel pack 1s
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 ~120-150 m/s and laboratory estimates of ~10-20 m/s.

[0051] 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:
1) fluid; 2) elastic inner pipe (screen); 3) sand; and 4) elastic outer pipe (casing).
lransmission signatures.

[0052] It 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:

e I — tube wave supported by the composite pipe consisting of screen, sand and
casing;

e P - plate- or casing-type wave supported by the composite pipe.
[0053] Thus a gravel-packed completion has half as many modes as a completion without
gravel pack. This greatly simplifies wave propagation. A composite tube wave 1s closer 1n
character to fast tube wave and even maintains a similar velocity of ~ 1100 m/s. When the
sand becomes fluidized then a second (slow) tube wave emerges that 1s stmilar to the case
of a completion without a gravel pack. Theretore the presence of second slow tube wave 1s
a diagnostic of completions with fluidized 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.
[0054] IFinally, 1t should be noted that additional axisymmetric modes appear at higher
frequencies. Cut-ott frequencies of the higher-order mode decrease with decreasing shear
velocity of the sand. As a result, a very low shear velocity of the sand may create a
complex multi-mode wave propagation.
[0055] Synthetic seismograms show that the tube-wave dominates wave propagation at
low frequencies, while the plate wave can only be seen with high amplification. 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 fluid
communication between the liquid column 1nside the screen and pore fluid 1n the sand. As

a result, we observe a strong dispersion and a reduction 1n velocity as well as substantial
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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 1n 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.

Reflection signatures

[0056] The synthetic seismograms also illustrate the reflection-transmission process at the
plugged-open and open-plugged interface. Wave propagation 1s simplitied compared to the
case of no gravel pack, since only a single tube wave 1s present in the open and plugged
sections. The reflected tube wave 1s due to the difference in velocities and attenuations
across the interface. Interestingly, in the model, the reflected wave from the closed-open
interface 1s very large (about 35%), whereas the retlected wave from the open-plugged
interface 1s weaker (about 5%). It 1s tempting to use 1D etfective wavenumber approach to
gain an 1nsight into the physics of the reflection-transmission process. While this approach
has been validated for poroelastic media and radially inhomogeneous elastic media, its
validity for radially layered poroelastic media 1s yet to be established. Nonetheless, using a
the 1D assumption, the effective wavenumber approach predicts that the reflection
coefficients at plugged-open and open-plugged interfaces should be of the same magnitude
and opposite sign, which contradicts the finite-ditference modeling.

Fiber-Optic Devices

[0057] As discussed above, laboratory experiments and modeling prove the concept of
using tube-wave signals to monitoring permeability changes along the completion.
However, 1n order to implement this technique downhole, it 1s necessary to provide
acoustic sources and recervers 1n a producing well. Tools used in the lab are not applicable
tor downhole deployment; downhole deployment requires that the sources and receivers be
protected and not obstruct the tlow.

Sensors

[0058] With respect to receivers, these objectives can be met by fiber-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 1dea by
comparing hydrophone recording inside the plastic pipe with fiber-optic “on the pipe”

seismograms. (Good agreement was observed between the two sets of measurements.
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[0059] While inside the pipe at low frequencies both tube and plate 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 fiber wrapped around the pipe detects
the radial displacement of the pipe, which i1s characteristic of tube waves - sometimes
called “breathing” modes. In addition, azimuthal averaging performed by fiber-optic
sensors tends to suppress other noises and highlight the axisymmetric tube wave.

[0060] Wrapping fiber on the outside of the sand screen or casing can be implemented
using a real-time casing 1imaging (RTCI) tool that aims at measuring deformations of the
pipe. R'TCI sensors tend to be closely spaced to detect asymmetric quasi-static
deformations, whereas the present real-time completion monitoring (RTCM) preferably
uses an average around the circumference of the pipe at discrete locations but at fine
sampling interval 1n time.

Laboratory fiber-optic system

[0061] The current fiber optic system used 1n 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 Mirrors (FRMs), one
placed at the end of each tiber coil. The modulated light from the laser 1s split and travels
down the reference and sensing coils. Both signals reflect at the FRMs and travel back to
the splitter, where they interfere and the light 1s routed back to the opto-electronics using
the second fiber lead.

[0062] The sensing coil 1s wrapped around the pipe and experiences strain as the pipe
breathes. The reterence coil 1s preferably 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 1s co-located downhole
with the coils. The strain induced 1n 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 1n turn
can be related to the magnitude and frequency of the breathing motion of the pipe.

[0063] The main benefit of this scheme 1s the ease of installation and tlexibility to move
individual sensors between different locations on the pipe as well as between ditferent test
setups. An experimental system with 24 sensors uses 48 fiber optic leads, which 1s
manageable 1n a laboratory environment but impractical for a field deployment.

Fiber-optic system for field installation
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[0064] A system for field deployment would preferably use a signal multiplexing scheme
based on Frequency Division Multiplexing (FDM) and Wavelength Division Multiplexing
(WDM), which would reduce the number of fiber optic leads running from the sensing
section to the surface. The reference coil of the Michelson interferometer is not preferred
for field deployment, as the reference coil would require some space between the tubing
and casing. The selected Michelson interferometric system 1s 1deal for the current
laboratory experiments where a high degree of flexibility 1s desired, combined with the
highest possible performance and noise cancellation. It may however be sub-optimal from
an overall deployment perspective, given 1ts mechanical footprint.

[0065] Other techniques for making the desired measurements exist and may also be
practical for field deployment. Two options 1n particular offer good performance and may
be compatible with the present system. Both of these systems use a continuous optical
fiber.

[0066] The first technology 1s based on the Fabry-Perot interferometer, where reflective
mirrors are engraved in the optical fiber. The engraved sensing coil 1s wrapped around the
pipe, as for the Michelson interferometer, and experiences strain as the pipe breathes. The
reference coil 1s relatively far from the sensing coil and the signal pulses may pick-up noise
as they travel up the cable betfore the signals interfere. The strain induced 1n the pipe
during the breathing motion causes a dynamic change 1n 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 benefit of the Fabry-Perot system 1s the smaller
down-hole footprint. The drawback 1s the potentially higher noise that maybe picked up by
the cable connecting the sensors to the surface opto-electronics.

[0067] 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 profiles (or “fingerprints”) along the length of the fiber. Each segment of
the optical fiber has a unique scattering protile due to the random impurities in the fiber
that causes Rayleigh scattering. The Blue ROSE system uses the Rayleigh fingerprints in
the optical fiber as a Fabry-Perot reflectors. The system can dynamically use different

Rayleigh fingerprints anywhere along the length of the fiber. Blue ROSE has the potential
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to combine both the RTCI and RTCM systems 1n a single cable, which would be desirable
tor complete downhole surveillance.

Sources

[0068] Both transmission and reflection configuration of RTCM require repeatable
excitation of the tube wave downhole. This can be achieved 1n the two different ways
described below, using both active sources and passive sources.

Active sources

[0069] In principle, a dedicated active source can be mechanically clamped on the outside
of the tubing or screen sumilar to and can be mechanical or magnetostrictive. Apart from
additional 1nstallation 1n the well, this approach also requires electric power cable to supply
the source.

Passive noise sources

[0070] A less demanding alternative may be to use flow 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 subsurface leaks in the pipes.
Lately, sumilar cross-correlation technique of fiber-optic on-the pipe sensors was utilized to
measure tube-wave velocity and invert for fluid composition and flow speed 1n surface and
downhole pipes. In the downhole case, the acoustic flowmeter preterably comprises an
array of fiber-optic sensors installed on the outside of the tubing near the completion and
performs acoustic measurements in real time while the well 1s flowing.

Effective Source

[0071] Cross-correlation is a 1D version of the more general Virtual Source™ method
described in U.S. patent No. 6,747,915 and international application W0O2003064100.
After cross-correlation of, tor example, a recording at the first receiver with those at the
remaining sensors it 1s possible to obtain a response as if the signal had been actually
emitted from a “‘effective source™ placed at the location of the first receiver. Since we
directly measure the incident signal 1n the effective source — we know the source signature
and can shape it to as desired. This 1s important, as 1t can allow two 1mportant steps—the
stacking of multiple records shaped with the same source signature to improve signal-to-
noise ratio, and evaluation of not only velocity but also attenuation of the tube-wave
signals. Thus, 1n some embodiments, the virtual source method is used to allow the

implementation of a completely passive version of RTCM without active sources

downhole.
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[0072] The following examples are included to demonstrate preferred 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 1n the specific embodiments which
are disclosed and still obtain a like or sumilar result without departing from the scope of the

1nvention.

Discussion of experimental setup

[0073] The 1nitial flow-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 1n terms of acoustical properties to a field case with steel
tubulars. The glass setup used 1n 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 reflections that contaminated the data. While processing partly helped
to deal with these parasitic reflections, joints of such design are not representative of a field
case and thus should be avoided. It 1s 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
reflections, it 1s advisable to reduce number of pipe sections and suspend the pipe oft the
slings.

Acoustic acquisition

[0074] Acoustic acquisition in the lab utilized 24 sensors at 35 ¢cm spacing. To avoid
aliasing, 1t 1s preferred to have a sensor spacing equal or smaller than %2 wavelength of
wave of interest computed at the dominant frequency. Thus for gravel-packed
completions with expected velocities of ~ 700 m/s and central frequency ~ 700 Hz, the
wavelength 1s ~ 1 m and spacing of 0.5 m or less 1s preferred. In completions with no
gravel pack, or if fluidization 1s suspected, slow tube-wave velocities of ~ 300 m/s are
expected and smaller sampling intervals are desirable. Of course, 1t a lower frequency can

be used 1n a satisfactory manner — then sampling can be increased, however lower

frequency tends to produce lower spatial resolution.
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[0075] We have also discovered that slow tube wave modes can be excited 1n open annular
regions, and these waves can be detected. Thus, in-well and 1n-annulus conditions can be
determined using tube wave recordings from active and/or passive sources. This technique
1s useful for, for example, identifying un-cemented or partially-cemented annular regions
behind casing 1n a well. This method would complement more conventional logging
techniques. Moreover, passive observations of these tube wave modes could be indicative
of phenomena such as behind-casing flow or casing deformation acting as sources. Some
embodiments of the invention theretore include transmitting an acoustic signal to fluid that
may be acoustically coupled to the annulus and inferring that the layer of cement 1s

incomplete if a slow annular tube wave mode 1s observed.

Reference To Appendix
[0076] An appendix comprising zero-frequency velocity in models with one and two
concentric pipes was attached to the parent application from which this application claims

priority, the entire contents of which are incorporated herein by reference.

[0077] 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 recovery operations. Further, the various
methods and embodiments of the real-time acoustic monitoring methods can be included 1n
combination with each other to produce variations of the disclosed methods, apparatus, and
embodiments.

[0078] The order of steps can occur in a variety of sequences unless otherwise specifically
limited. The various steps described herein can be combined with other steps, interlineated
with the stated steps, and/or split into multiple steps. Similarly, elements that have been
described tunctionally can be embodied as separate components or can be combined 1nto
components having multiple functions.

[0079] The inventions have been described 1n the context of preferred and other
embodiments and not every embodiment of the invention has been described. Obvious
modifications and alterations to the described embodiments are available to those of

ordinary skill in the art. The disclosed and undisclosed embodiments are not intended to
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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
modifications and improvements that come within the scope or range of equivalent of the

following claims.
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CLAIMS

What 1s claimed 1s:

. A method for monitoring fluid flow through a downhole device 1n a borehole,
comprising:
a) providing an acoustic tube wave 1n fluid 1n the device;
b) measuring the acoustic tube wave after 1t has passed through the fluid in the
device; and
C) assessing the permeability of the device by measuring the attenuation of the

acoustic signal.

2. The method according to claim 1 wherein step ¢) further includes measuring

changes 1n velocity ot the acoustic signal.

3. The method according to claim 1 wherein the device 1s a permeable downhole
device and step c¢) turther includes determining that the device 1s at least partially plugged
by detecting at least one of a reduction 1n attenuation or a reduction 1n velocity loss in the

tube wave as it passes through the device.

4 The method according to claim 3, further including adjusting the properties of

fluids 1in the borehole in response to a determination that the device 1s at least partially

plugged.

d. The method according to claim 1 wherein the device 1s selected from the group
consisting of sand screens, gravel packs, gravel pack screens, wire wrapped screens,
mechanical screens, screens having a fully or partially perforated base pipe and a filter

medium disposed thereon, and perforated casing.
0. The method according to claim 1 wherein the device 1s a gravel packing device and

wherein the measurements made 1n step ¢) are indicative of properties of a gravel packing

ProcCcess.
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7. The method according to claim 1 wherein the measurements 1n step b) are made

using a plurality of sensors deployed in the borehole.

3. The method according to claim 7 wherein the sensors are permanently deployed 1n
the borehole

9. The method according to claim 7 wherein the sensors are fiber optic sensors.

10. The method according to claim 9 wherein the sensors are supported on a device that

1s wrapped around at least one of the sand screen or another downhole tubular.

11. The method according to claim 7, further including the step of cross-correlating a
signal recerved at a first recerver with signals receirved 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

first recelrver.

12. The method according to claim 1 wherein the device 1s a permeable downhole
device and step ¢) turther 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 1s

accelerated at high frequencies.

13. The method according to claim 1, further including the step of determining the
relative permeability of the device by detecting a frequency band having a relatively high
degree of attenuation and comparing the frequency of said band to that of a frequency band

having a relatively high degree of attenuation 1n a ditfferent measurement.

14. The method according to claim 1 wherein the device 1s a permeable downhole
device and step ¢) further includes determining that the device 1s not plugged by measuring

a fast wave and detecting a relatively strong attenuation of said fast wave.
15. The method according to claim 1 wherein the device 1s a permeable downhole

device and step c¢) turther includes determining that the device is not plugged by detecting

a slow tube wave with reduced amplitude and velocity.
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16. A method tor producing hydrocarbons from a hydrocarbon-bearing formation,
comprising producing hydrocarbons through a permeable downhole device and monitoring

the flow through the device using the method of claim 1.
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