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This presentation was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference therein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed therein do not
necessarily state or reflect those of the United States Government or any
agency thereof.




Motivation: Early Kick Detection (EKD)

Unexpected gas invasion (kick) into the borehole is Gas influx can result in a loss of well

a persistent threat during drilling. Traditional kick ~ control and/or blowouts. Accurate

detection has a significant time lag and is affected  Early Kick Detection (EKD) is crucial

by missed and false detection. to improvement in well control
safety.

Deepwater Horizon explosion in Louisiana's Gulf of
Mexico on April 20, 2010 (Photo: US coast guard)

The proposed
method for Early
Kick Detection
(EKD) involves
utilizing
geophysical signals
from Logging-
While-Drilling
(LWD) sensors,
enabling real-time
detection within
minutes.'?

Annulus

* Challenge: field and laboratory data
are not readily shared or ‘valuable’

* Goal: Produce synthetic data to help
fill the knowledge gap and to aid in @
Early Kick Detection (EKD) algorithm
development
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1) Rose, K., et. al., 2019, USPO #10253620;
2) Adapted from Tost, B., et. al., 2016, https://doi.org/10.2172/1327810




Single-phase response
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Sonic-Logging Wellbore Acoustics
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Sonic Logging: lllustration of acoustic logging with a
source (transmitter) and an array of receivers.3

3) Wang et al. Bottomhole Acoustic Logging. https://doi.org/10.1007/978-3-030-51423-5

1. The sonic tool produces an acoustic signal
2. Sound travels outward through the fluid
Directly through the fluid to the receivers, and

Indirectly through/along the formation via other modes of
propagation

3. The sonic log is complex and analyzed to understand formation
properties

4* The proposed effort seeks to identify and use the mud
acoustic velocity to flag a possible kick

Approach: Create synthetic data
for EKD development



Computational Acoustics: Pressure Acoustics (

Fluid wave propagation : pressure acoustics

Fluid Pressure Acoustics via General Scalar Wave
Equation (GSWE):

2 1
EW‘*‘V'(—;(V% —Qd)) =0m

* “Small” acoustic pressure variations, p;

* Speedofsound,c = K/p

e Accommodates monopole, Q,,, and dipole
sources, Qg

COMSOL

MULTIPHYSICS®

3

* Interphase (mass/momentum) transfer is neglected

* Resonance effects are neglected

Modeling Two-Phase Fluids:

In the event of a gas kick, two phase
gas-liquid mixtures may be expected
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1) Homogenized model

Using a mixture approximation
(Wood'’s Equation)
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Does not require a mixture
model

Allows for scattering: reflection,
refraction, diffraction

Computationally expensive




Computational Acoustics: Solids Mechanics

Elastic wave propagation

Equation of motion in a linearly elastic medium
av
pa = FV +V-S

* velocity, v = %; (u = displacement)
* possible body force, F;,

* stress relation, S, given by Cauchy stress tensor
w/ assumption of isotropic material: 0 =

(K —26G)tr(e)l + 262 = 0.5(V - u +
v-wT)

P-wave propagation
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S-wave propagation

G — Shear Modulus
K — Bulk Modulus
Fig? p — Density

4) Peterie, Shelby L., Richard D. Miller, and Julian lvanov. "Seismology and its applications in Kansas." Kansas: Kansas Geological Survey (2014).

Solid Acoustics Interaction couples the pressure
field in the fluid to the elastic wave (structure
deformation) in the solids :

1 92
-n- (_Z(th — qd)> =—n-—

Fy = pen
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Verification: Critical Angle

Critical angles (0;.) where /=p is the
compressional and /=s the shear

Receivers §

“Solid” Domain ——)
¢p =3000m/s
¢, = 1500 m/s
p = 2650 kg/m?3

For angles of
incidence larger
than 6. the sound

wave is completely s}

Wellbore fluid reflected
¢ = 366m/s
(0.1%) _
pr =999 kg/m® N\ Acoustic
Source

f = 7500 Hz
Compressional Wave Shear Wave
* 0pc = asin(csg/cp) * 05c = asin(cs/cy)
* Oy = asin(366/3000) * 6,, = arcsin(366/1500)
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* Opc =7.0° * O
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Model captures the
critical angles for
both p-wave and s-
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S-wave and Stoneley wave

Transmitter Rayleigh wave arrivals arrivals
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Sensor Measure: Wave train

Solid domain

compressional head wave
t, =146 ms @ 3.0m

receivers t, =1.64 ms @ 3.8m

Time

_g.
2D Wave Propagation in Wellbore (half domain) h
Transient evolution considering mud as air/water with gas
fraction of 0.05% (@0.1MPa, 20°C) or 1.6% (@2.98MPa, 30.2°C)
4) Alford, et al.
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, Oilfield Review Spring 2012: 24, no. 1.
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Signal Analysis/Algori

Waveforms recovered by receivers

(wellbore/simulation acoustic data)
Wave velocities

thm Development

Semblance Analysis: based on slowness-time coherence
method® used commonly for array sonic waveforms to identify

wave speed and arrival time

Semblance
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M — number of receivers
T, (t) —wave form recorded by receiver m
¢ —wave velocity (m/s)
T,T,, —time, time window (s)
6, — distance between receiver m and
the first receiver (m = 1)

velocity: ¢, = 4431 m/s

*Peak finding routine arrival time: ty,, = 0.87 ms

11
6) Kimball, C.V. & Marzetta, T.L., Geophysics, 1984: 49, no. 3.



Proposed EKD Method

Inputs from LWD data

Sonic wave trains
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Semblance Results
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> Extract fluid speed (cy) ‘
Directly
Or

Indirectly

2h

Cf =
Ly 2h tan O,

¢s —fluid wave velocity
8, — critical angle (asin(cf/cp)

Mud (fluid) acoustic velocity reflects gas content, but direct
measurement/identification can be challenging

Early Kick Detection

Wellbore fluid acoustic velocity (cy)
1600
1400

—air (0.1MPa)

1200 —air (2.98MPa)

air (11.9MPa)

pure

,_.
Q
=}
5]

o
=3
S

Speed of Sound (m/s)
0
<]
S

FY
=3
S

N
=
S

-

0 0.2 04 06 0.8
Void Fraction (-)

=3
-

Influx volume fraction (a)

' W4y W

2000

_ 1000 RISK
£
E o
g
~ -1000
E
8
E -2000
£ -3000 ~ transition to
=4
& .o slug flow —77C
] —127°C
-5000
0 0.2 0.4 0.6 0.8 1

Influx volume fraction (a)




Processing Fluid Speed

Assuming p-wave speed is correct
and varying arrival time

Assuming semblance arrival time is correct
and varying p-wave speed
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Fluid speeds for different ¢, arrival times Y5\
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Fluid speeds for different ¢,
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Final Remarks

Summary Future possible directions
. . . . . limited ) f Discrete bubble
* Model predicts acoustic propagation in wellbore 2D vs 3D'( 'mited no.) for approach
environment (e.g., critical angles & significant wave geometric spreading

modes: p-wave and s-wave)

Bubbles

* Proposed an alternative means of assessing the mud * Assessdiscrete bubble treatment

speed and therefore gas influx using compressional head as'opposed to homo.ge'nous
wave (and/or shear head wave) arrival and speed mixture on wave train in wellbore
environment (scattering as means

for attenuation in fluid)

Semblance

* Different data analysis methods
— : (e.g., signal analysis & machine
N ; learning techniques) for improved
direct . EKD
Caveats

* No absorptive (dissipation mechanisms to heat) or
Identification of the mud wave in the total acoustic signal may be

scattering losses are considered
challenging due to multiple modes of propagation, simultaneous . A h f ti the t / .
arrivals at the receiver, and attenuation of the mud wave. ssume a homogenous Tormation over the tx/rx spacing

Carney, J.E., Maciel, F.S., Waltrich, P.W., Evaluation of a CFD Commercial Package to the Modeling of Acoustic Wave Propagation in
Bubbly-Liquid Column. United States. Technical Report, 2023. https://doi.org/10.2172/2221796
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