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Utah FORGE Fiber Optic Diagnostic Drivers — Value - Objectives
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Integrated Analysis
And Interpretation
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Installation

June - July 2023

Extended Cement
Circulation ' Pumping

Monitoring Operations
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First Principles — Physics
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Distributed Fiber Optic Sensing
Applications at FORGE
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Summary NEUBREX

Energy Services

The Big Idea Details of what can be measured
v’ Fiber provides scalable diagnostics AP / At
v' At economic cost/ value proposition AT / At
v Long term reliability system architect Aepsilon (strain) / At
v Leverage evolving surface tool fiber Aseismic attributes / At
Ainduced seismicity / At and Aspace
Evidence
Key Take Aways » Proven technology for EGS Diagnostics
> Fiber Optics has been a Versatile Tool > Fiber OptiCS levered from O& G exper
» Relate Diagnostics 1O  Long Cycle Needs » FORGE provides critical use case evidence
» Multi-functional design team needed » Engineering and Optical Physics mesh
» Success requires full cycle planning
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» Utah FORGE Enhanced Geothermal Setting.

» Fiber Optic Cable installed in well 16B(78)-32.
NEUBREX

Energy Services
» Fiber installed “behind pipe” and cemented in place.

» Cable contains 2 x Single Mode Fiber & 1 x Multi Mode Fiber.

» Fiber optics “strands” inside the cable are the sensor.
» The fibers response to Strain, Temperature, Vibrations changes.

» Interrogator Units are connected to the fibers at the surface.
» These units “pump” controlled laser pulses or chirps of optical
light down the different fibers.

16B Fiber Optic
Producer Well

TVD, ft KB (x10*3)
TVD, ft KB (x1043)

» As the light is transmitted down the fibers, some of it is back
scattered up the cable and the optical receiver in the Interrogator
Unit senses the backscatter.

- » The backscattered energy on the optical receiver plate is

16A Injector ,_n\g%;_%w digitized, processed and recorded onto mass storage media.

Well
36-32 | 8
| § » Based on known optical physics relationships, these measurands

/8B-32 . o .
ONTORPN o are converted to strain, temperature and acoustic vibration strain
AR rate data and further processing and analysis produces information.
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16B
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Fiber Optic
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Well Installation

Equipment and
Process

©o (o) oo
Fiber on Pipe Spooling Casing Hangers Clamps & Centralizers Well Head Exit Hardware
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DSS FIBER

Cross Section of the
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(courtesy Alan Reynolds)
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Clear Polypropylene
0.D.: 1.3mm (0.051") Nominal

18AWG Solid Bare Conductor
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DSS Fiber assembly and support member shall be pulled in together in
parallel under the filler belt.

Round Polypropylene
0.D.: 2.79 mm (0.110") Nominal

825 Alloy Sheath Tube
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From Theory to Practice

First Principles — Physics |

Scattering medium

« Scattering of light

<—\nti-8tokes components ! _Stokes components >
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Engineering Interrogator System Schematic
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Downhole

receiver for Rayleigh

Temperature Strain and DAS
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RFS DSS Measurement Principle

Strain Detection via

Rayleigh Frequency Shift
Distributed Strain Sensing

Original Length Signature

Changed Length Signature
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Original fiber

Full spectrum laser Fiber
’ \AAW Density Heterogeneity

Laser Frequency

compression T . Comeression

Frequency shift of reflection spectrum
can be observed for a strained fiber.

Amplituds

@

mplitu l:l

Reflectio \th

Laser Frequency

Figure 1: Conceptual illustration of
RFS measurement. The frequency
shift of Rayleigh reflection spectrum
is linearly dependent on fiber
temperature and strain changes.

optimization using multi-well
simulation for the lower Spraberry
shale in Midland basin. In SPE Liquids-
Rich Basins Conference-North
America. Society of Petroleum
Engineers.
https://doi.org/10.2118/187485-ms.
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In general, has sensitivity in
Strain Change of < 0.5 microstrain
unit, and

Temperature change sensitivity on
the order of 0.1 °C

1 pepsilon =1 x 10**-6 strain units

Strain unit is dimensionless
Strain Change can be conceived of

A length length/ original length mm

. 1 p epsilon of strain change =
1x10** -6 mm change/ 1 mm length

Small changes are detectable !
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Rayleigh Backscatter frequency shift (RFS) is obtained by signature cross correlation TAH F@ RG E
analysis between a reference trace and a second trace. The strain change is measured AVR - C21A5 + CZZAT N\ US Department of Energy

via the Rayleigh Frequency Shift (A V(R)).

where (C,; and C(C,, stand for Rayleigh strain-

Frequency “fingerprints” of TW-ODTR at two times (reference and current) at the same | frequency and temperature-frequency coefficients,
location are illustrated.
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DAS Measurement Principle

Dual Optical Pulse Phase Shift
Fiber Optic sensing using
Time Domain

Reflectometry (T- OTDR)

DAS is sensitive to fast vibrations.

It can measure acoustic signals.

Low Frequency portion of the
Acoustic range is Strain Rate
Equivalent.

DAS Measures quickly in time.
Sample every 1/5000 sec.

Spatial resolution is 1 meter
Compared to
20cm resolution of RFS DSS

LI TAHF®RGE

. Rayleigh scattering @
Input Light

Laser pulses Impurity o

nn
I

(a)

% Time:
slow axis

Distance:
fast axis

- -
- -
_____
_____
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-

s — |
(b)

Disturbance

Distributed Acoustic Sensing (DAS)
For Geomechanics Characterization: A
Concise Review

Tao Xie, Shi, Zhang, Chen
2021; I0P Conference

Figure 1

Figune drMeasuremenicpringiple-ofl DAS based on
phase-sensitive optical time-domain reflectometry

NEUBREX

Energy Services

Like a set of microphones
At 1 meter interval,

The acoustic vibrations
Are detected and
Measured using DAS.

A phase shift between
The first laser pulse and
The second laser pulse

Is related to the vibration
Of very small density
Impurities in the glass.
The phase shift is related
To Strain rate changes at
Very high speed (5kspS)
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MD, ft KB

RFS DSS STRAIN RATE under Fluid Circulation Conditions
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RFS DSS STRAIN RATE From Fracture Driven Interactions (FDI) during 16A Frac at 16B Monitor Well

Utah Forge 168(78) 32 RFS stral change rate smf 2 (time: UTC)
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Integrating HF Pump Curve Data with Croswell Strain Data

Stage by Stage L | =i | BT T
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Treating Pressure A AT NEUBREX
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strain change, ue

Utah Forge 16B(78)-32: RFS strain change (Apr 05 19:00 to Apr 06 13:00)

150 7
(ﬁlﬂ T0E I:Hls o (O [Hu] [H1:2] [HB][Hr[H[HU[r{Hls{H2[H21][H2{H23[H:{H25] 5 — —
| | | ! H1 8776.
R | | | - . WEUBREX
100 1 Hl Xwell FDI Features from 16A Frac Mepsured on {16B = o5 Errergy Services
UMl =
I | l 1" e S+
ﬁJN, l },' | l JH' ll y i H7 8959.965
! AT | | .In'J. Ly H :
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o Rl NI | TR W'ﬂ, I w] iw ﬂ H14 9431.453
AR A \ H15 9449.455
QU I H16 9460.804
: I ' H17 9476.848 Stage 2
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50 - ’ SR T R N ST ases aee ,//
;St?gF 4 Stage 3 g Stgagﬁ 2 | Stage ii ; a— "i’ﬁ S
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—~100 S S S N B I ! P 1ot o f c 84 q B i H26 9763.903
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MD, .I:t KB H28 9778.827
RFS DSS STRAIN RATE Depth Profiles Extracted at Different Times during Just to remind, these are the MD
Frac Period. RKB (31) of the 20 perf clusters to
be shot in 16B. 5:57 PM %

This data was used to “Pick” discrete Fracture Driven Interactions produced
During the 16A frac and these were cataloged relative to their MD in 16B.

U TAHE®RGE

This Catalog was analyzed on job site to “high grade” 16B FDI targets for 16B Plug and Perrt Action
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16B Frac Pumping Parameters and v
Actual Stage / Cluster Depths oy Sarvices

Well 16B(78)-32: Actual Pumped

Fluid 100-mesh 40/70-
Stage Name Fluid Type | Volume Fump Rate Prop mesh Prop
(bbl) (bpm) Volume Volume
(Ib,,) (Ib,,)
Stage 1

4 Slickwater 3,624 60 (Avg = 55) 45,600 66,840
Stage 2 5 Slickwater 4,734 60 (Avg = 56) 46,770 102,000
Stage 3 3 Slickwater 4,321 60 (Avg = 51) 43,322 70,163 7| A B c D E F G ||
2 Measured Depth (Referenced to KB = 31.5 fi)
Stage 4 4 Slickwater 3,800 60 (Avg = 56) 43,217 65,317
3 Gun 1 Gun 2 Gun 3 Gun4 Gun 5 Frac Plug Top
Stage 5 4 Slickwater N/A N/A N/A N/A

apeiien | oma-sm | ome-omo | sus-ome | smo-ssm | |
Stage 2 (16B) 9,508 - 9,512 9,475-9,479 9,459 - 9,463 9,447 - 9,451 9,429-9,433 -

Stage 4 (16B) 9,054 - 9,058 9,026 - 9,030 8,995 - 8,999 8,958 - 8,962 --

13 Stage 5 (16B) 8,879-8,883 8,870-8,874 8,834 -8,838 8,774-8,778

I
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Stage 2: In-Well Frac Period Injection Noise using DAS Acoustics
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Stage 2: Fluid Injection Allocation Results Derived from DAS

NEUBREX
. Energy Services
32-128 Hz Based Solution Fluid injection allocation for band: 32-128 Hz
16 Toe Cluster Heel ward
5
5
2
= 241
=
=
=
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% —
512+
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3

1
I l Perforation number
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EVO2 - 16AFRAC & EVO3 -16B CIRCULATION
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DAS Data at 3m Trace Intervals, 1.5Mw

Acoustic Signals from Induced Micro seismic Events. NEUBREX
B Energy Services
Event ID 112551 =N
o P Wave S Wave 9612024 20:14:57.074
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Utah Forge 16B(78)-32 - strain rate - spatial resolution 1.5 m
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