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ABSTRACT

Distributed acoustic sensing (DAS) technology has proven to be extremely valuable in

oil and gas industry applications, such as seismic imaging, completion monitoring, and

production monitoring. However, quantitative analysis of DAS data is necessary to realize

the full potential of the technology. Furthermore, the benefit of DAS technology comes

from multiple usages of the same fiber. Hence, this thesis aims to advance the acquisition,

processing, and interpretation of DAS data for the following applications in different stages

of a well life cycle: time-lapse vertical seismic profiling (VSP) during completion

operations, and multiphase flow monitoring during production.

In the first part of the thesis, we developed a processing workflow to quantitatively

analyze unique time-lapse DAS VSP datasets acquired after each hydraulic fracturing

stage. This workflow inverts properties of transmitted PS-waves observed in the field data

to the geometrical and physical characteristics of the stimulated rock volume (SRV). For

each VSP dataset, the PS-wave is generated due to the interaction of the incident P-wave

from the surface seismic source with the SRV, which can be represented as a temporary

low-velocity anomaly. We found that the analysis of the PS-waves can constrain SRV

height, SRV width, and fracture closure time. First, we applied the developed workflow in

a single well completion case and then validated this workflow with 2D finite-difference

time-domain (FDTD) modeling. Next, we extended it to a case of zipper-fracturing

stimulation, when multiple wells are completed simultaneously. Finally, we showed and

validated with 3D FDTD modeling that the previously developed workflow can be used to

invert SRV properties in a fiber well and adjacent wells. Our work provides critical

information to optimize hydraulic fracturing operations.

We then used laboratory experiments to advance DAS acquisition and analysis for

multiphase flow monitoring, focusing on a slug flow, one of the most common flow types in
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both wells and surface facilities. The slug flow consists of two phases — a gas phase Taylor

bubble and a liquid phase slug. Such flow type can be damaging to facilities; consequently,

active flow monitoring is essential and can reduce operational costs through proactive

facility management. We built a vertical flow loop facility equipped with air/water inlets, a

thermal injection apparatus, and a wrapped single-mode fiber to research slug flow. The

flow loop allows the study of acoustic and thermal energy propagation within the slug flow

using DAS. After data processing, two moveouts were observed in the data, one associated

with the thermal slug, propagating at water velocity, and another with Taylor bubbles,

propagating at air velocity. Therefore, by applying our workflow, we demonstrate that

velocities of both liquid and gas phases can be measured. Furthermore, the same workflow

can be applied to field data.

As a next step, we modified the flow loop and added a special bubble-generating

apparatus, which allowed us to study the rising Taylor bubbles in a controlled environment.

We explored how DAS response changed with bubble size. We confirmed that no velocity

change is observed due to bubble size difference, and DAS can be used as a pressure

gradient sensor to estimate the size of Taylor bubbles. Additionally, we demonstrated that

DAS is a valuable laboratory tool because it captures spatially distributed processes, such

as Taylor bubbles merging, in more detail than is possible with conventional point sensors.

The thesis shows that DAS is a unique tool for reservoir monitoring. Time-lapse VSP

allows for characterization of SRV during well stimulation, including the case of multiwell

completions. Later in the life of the well, the same fiber cable can be used for flow

monitoring, which was studied in a controlled laboratory environment for the slug flow

case.
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CHAPTER 1

INTRODUCTION

Distributed acoustic sensing (DAS) technology utilizes conventional telecommunication

or specially engineered fiber-optic cable [e.g., 1, 2] as a sensor array [3]. DAS systems

consist of the interrogator unit (IU) and fiber-optic cable. The IU, which has a laser

onboard, sends one or several laser pulses (a pulse train) into the fiber cable [3]. Then, at

each point of the cable, light is scattered by density inhomogeneity within the fiber core,

either natural or induced (in the case of engineered fiber). Rayleigh scattering forces light

to scatter without changing the light frequency. A small portion of the light energy scatters

backward and propagates back to the IU, and a photodetector within the IU captures the

backscattered photons. Also, the IU measures the time delay between the outgoing pulses

and incoming photons. As the speed of light within a particular type of fiber is known

(about n = 1.45 times slower than the speed of light in a vacuum), the IU can calculate the

location along the fiber cable from where the photons were scattered using the optical time

domain reflectometry (OTDR) principle. The IU also measures the optical phase change

∆ϕ observed in the backscattered light. This phase change is linear to the applied

longitudinal strain εz [3]:

∆ϕ =
4πnξLg

λ
εz, (1.1)

where n is the refractive index, λ = 1550 nm is the probe laser wavelength, ξ ≈ 1.7 is the

photo-elastic coefficient, and Lg is the gauge length (which varies from 1 to 100 m; the

most common value being about 10 m). The DAS system outputs the relative strain values

averaged along the gauge length; hence, the spatial resolution of the measurement is a

function of the gauge length. The IU can provide measurements with nanostrain sensitivity

along > 100 km fibers [4]. DAS technology makes measurements with high spatial

resolution (down to 1 m) along the length of the fiber-optic cable. The laser pulse
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transmission and receiving process can be repeated as often as there is no interference

between measurements occurring.

DAS registers strain signals in a wide band of frequencies, from 1 mHz to 100 kHz [e.g.,

4, 5], demonstrating the high sensitivity to not only mechanical but also thermally induced

strain at low frequencies [6]. For oil and gas, geothermal, or carbon capture utilization and

storage industrial applications, the cable can be installed in a variety of ways along a

borehole, such as cemented behind the casing [e.g., 7, 8], clamped to tubing [e.g., 7, 8],

lowered down with wireline [e.g., 9] or even conveyed as a disposable bare fiber [e.g., 10].

Thus, DAS technology in these industries can be used for three main applications using the

same fiber:

• seismic imaging and monitoring (vertical seismic profiling (VSP), microseismic,

cross-well seismic);

• completion monitoring (injection allocation, low-frequency DAS); and

• production monitoring in wells and on the surface (acoustic and thermal analysis).

Not all applications are possible with all types of installations, and only permanent

installation behind the casing allows a full suite of DAS applications. Moreover, the

cost-effectiveness of DAS technology comes from multiple uses throughout the life span of

the well. That is why in this thesis, we aim to advance DAS applications related both to

the early stage of a well life cycle (well completion) and to the longest stage (production).

In the case of seismic applications, the fiber cable can be considered a line of geophones

along the wellbore axis. The difference between DAS data and geophone data is in the

measured quantities [e.g., 11]. Multicomponent geophones measure particle velocity in

three directions. In contrast, DAS measures strain or strain rate along the direction of the

fiber, resulting in a different radiation pattern from geophones [12]. The one main

disadvantage is that DAS data are single component. Several ongoing studies are related to

this drawback. For example, research shows that instead of using a straight fiber, one could
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use multiple helically wound fibers to achieve multi-component DAS measurements [e.g.,

13]. DAS VSP surveys have many advantages. Two main benefits are:

• seismic wavefields are recorded along the entire fiber or well length; and

• as fiber can be cemented in place, DAS provides exceptional receiver-side

repeatability for time-lapse surveys.

These benefits allow use of DAS-based VSP for offshore [e.g., 14, 15] and onshore [e.g.,

7] reservoir monitoring and hydraulic fracture characterization [e.g., 16–20].

Chapter 2 of this thesis focuses on understanding how seismic monitoring can applied in

hydraulic fracturing monitoring through time-lapse DAS VSP surveys. As the DAS VSP

surveys are repeated after each hydraulic fracturing stage, we refer to this type of

acquisition as interstage DAS VSP. The unique dataset provided by Apache Corporation

allows us to investigate seismic waves scattering on the stimulated rock volume (SRV) due

to hydraulic fracturing. We found that the scattered converted PS events allow for

characterizing SRV anomaly. We propose a new method for calculating SRV height based

on analysis of the extent of transmitted PS-waves recorded by DAS. We support our study

with analytical traveltime curve derivation, 2D finite-difference time-domain (FDTD)

full-wavefield modeling results, and applying our method to the field data.

Chapter 3 extends the workflow developed in Chapter 2 and applies it to another field

dataset provided by Apache Corporation. In the new case, multiple wells were undergoing

fracturing operations simultaneously, which complicates the analysis of the scattered

events. However, we showed that the study of PS-waves converted by SRV observed during

interstage DAS VSP surveys allow for SRV characterization of not only the fiber well itself,

but the wells of the zipper-group, constraining the geometrical and physical properties of

SRVs. 3D FDTD full-wavefield modeling confirms that the heights of the SRVs from the

fiber well can be estimated and the heights and lengths of other SRVs in the zipper group

can be constrained. The results can be used to constrain hydraulic fracturing numerical
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models and evaluate completion quality.

After demonstrating that DAS VSP could be successfully used to monitor well

completion, we moved to the next critical stage of the well life cycle. We used laboratory

experiments to advance multiphase flow monitoring with DAS. Production flow profiling is

one of the most important potential uses of DAS data both for downhole and surface

applications. Production allocation along a horizontal well can further evaluate the success

of completion. This knowledge can help optimize hydraulic fracturing operations in

different regions and formations. From DAS data, one can measure the speed of sound in

the fluid and estimate the flow rate using the Doppler Effect [e.g., 21, 22]. Flow rate can

also be calculated by sensing the slugs and turbulent eddies in the flow using DAS data

[e.g., 22, 23]. A recent study demonstrated using low-frequency DAS (LFDAS) signals to

track the thermal slugging in the wellbore to estimate flow velocity for low-rate oil

producers [24]. The implications of these potential capabilities are substantial for the oil

and gas industry. While a significant amount of work has been done for single-phase flow

analysis, there is still a knowledge gap in evaluating multiphase flows.

In the following chapters of the thesis, we focus on studying DAS response to slug flow,

which consists of intermittent phases of gas in the form of Taylor bubble and liquid in the

form of liquid slug [25]. This flow type is one of the most common and damaging flow

patterns observed in wellbores and surface facilities.

In Chapter 4, we investigate the thermal and acoustic response of DAS data to

two-phase slug flow. We built a vertical flow loop test facility and equipped it with fiber

optic cable wrapped along the pipe. We generated various slug flow regimes and studied

the recorded DAS response. First, we found that DAS can detect the velocity of rising

bubbles. Next, we added a thermal injection apparatus that introduces temperature

variations in the flow. As DAS can measure minute temperature variations we could

determine velocity of the thermal slug. Moreover, this velocity is found to be very close to

that of the liquid phase. Therefore, we conclude that DAS can be used to extract both
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liquid and gas phase velocities in a two-phase slug flow.

In Chapter 5, we modified our existing flow loop by adding bubble apparatus, which

can generate Taylor bubbles of pre-defined sizes and facilitate the study of two bubble

interactions with DAS. We developed a workflow to extract accurate bubble velocity and

apply it in experiments with different bubble sizes. We confirm with the DAS data that

velocity does not change with bubble size, as predicted by classical theory [26]. Moreover,

we extracted the velocity of the wake region following the Taylor bubble, which is slower

than the Taylor bubble velocity. The distributed nature of DAS measurements allows for

detailed analysis of the spatially distributed processes, which is difficult to monitor with

the point sensors. For the study of two bubble interactions, we observed that when the

second bubble enters the wake region of the first bubble, it accelerates and merges with the

first bubble. Meanwhile, using quantitative amplitude analysis of DAS data, we were able

to estimate the size of the Taylor bubbles. Our findings demonstrate that DAS can be used

as a unique tool to study flow dynamics, and our workflow can be upscaled easily for field

applications.

In Chapter 6, we summarise the main results of the thesis and discuss integration and

possible future application of the gained knowledge.
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CHAPTER 2

MODELING AND INTERPRETATION OF SCATTERED WAVES IN INTERSTAGE

DISTRIBUTED ACOUSTIC SENSING VERTICAL SEISMIC PROFILING SURVEY

A paper published in Geophysics.

Aleksei Titov1,2, Gary Binder2, Youfang Liu2, Ge Jin2, James Simmons2, Ali Tura2,

David Monk3, Grant Byerley3, and Mike Yates3

2.1 Abstract

Optimization of well spacings and completions are key topics in research related to the

development of unconventional reservoirs. In 2017, a vertical seismic profiling (VSP)

survey using fiber-optic-based distributed acoustic sensing (DAS) technology was acquired.

The data include a series of VSP surveys taken before and immediately following the

hydraulic fracturing of each of 78 stages. Scattered seismic waves associated with hydraulic

fractures are observed in the seismic waveforms. Kinematic traveltime analysis and

full-wavefield modeling results indicate these scattered events are converted PS-waves. We

tested three different models of fracture-induced velocity inhomogeneities that can cause

scattering of seismic waves: single hydraulic fracture, low-velocity zone, and tip diffractors.

We compare the results with the field observations and conclude that the low-velocity zone

model has the best fit for the data. In this model, the low-velocity zone represents a

stimulated rock volume (SRV). We propose a new approach that uses PS-waves converted

by SRV to estimate the half-height of the SRV and the closure time of hydraulic fractures.

This active seismic source approach has the potential for cost-effective real-time monitoring

of hydraulic fracturing operations and can provide critical constraints on the optimization

of unconventional field development.

1Primary researcher and author
2Department of Geophysics, Colorado School of Mines, Golden, CO
3Apache Corporation, Houston, TX
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2.2 Introduction

Unconventional oil and gas resources play a significant role in the hydrocarbon resource

potential of the United States [27, 28]. Horizontal drilling and hydraulic fracturing are the

key technologies that lead to the success of unconventional reservoirs. Horizontal wells

allow larger contact areas to targeted reservoirs, while the hydraulic fracturing operation

stimulates production via permeability enhancement of tight reservoir rocks. Current

stimulation designs can have multiple stages along the horizontal part of the wellbore,

where each stage can have multiple perforation clusters [29]. The completion design and

well spacing need to be optimized to achieve the best financial results. The

characterization of stimulated rock volume (SRV) is critical for this optimization.

The developed geophysical tools to characterize SRV include microseismic monitoring

[30], microdeformation measurements [31], and strain measurements [32]. Microseismic

emissions, excited during the hydraulic fracturing treatment, can be recorded with surface

or borehole sensor arrays. Knowing subsurface velocity models, one can map the location

of each event. The cloud of the events, associated with a particular stage, determines an

SRV [33]. Microdeformation monitoring uses surface and borehole tiltmeters [34]. These

tools can capture small subsurface deformations and provide an estimation of induced

fracture geometry. Both microseismic and microdeformation methods can estimate the 3D

geometry of hydraulic fractures, but with limited spatial resolution. On the other hand,

fiber-optic-based crosswell strain measurements reported by [32], can provide hydraulic

fracture geometry estimation with a high spatial resolution (< 5 m), but limited only to

the monitor well locations.

Other techniques to characterize induced fractures use surface or borehole active seismic

sources with downhole receivers. [35] present one of the first Vertical Seismic Profiling

(VSP) tests to monitor changes in subsurface associated with explosive fracturing of the

target zone. The survey was recorded with borehole receivers using surface sources. They

observed a reduction in P- and SH-wave velocities and an increase in attenuation after
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fracturing. The fractured zone height was estimated as a result of the experiment. Another

active source technique utilizes S-wave shadowing, which is based on a theoretical fact that

no S-wave energy should transfer through open fluid-filled fractures at normal incidence

[36]. In this study, borehole sources (air guns) were used to illuminate hydraulic fractures

at almost normal incidence. The shadow was recorded in the offset well with seismic

receivers. [36] report decreasing S-wave amplitudes for about an hour after hydraulic

fracturing, which indicate the opening of the fractures. The reinforcement of S-wave

amplitudes indicates fracture closure. These two examples show analyses of direct or

transmitted waves. On the other hand, scattered waves, which include reflected, converted,

and diffracted waves, can also be utilized to estimate hydraulic fracture properties.

The use of scattered waves for hydraulic fracture and SRV characterization was tested

previously in field and lab settings. The field data were acquired with conventional

geophone arrays, mostly in vertical wells. [37] demonstrate that S-waves generated on the

surface could scatter on the hydraulic fractures induced from a vertical well. The scattered

diffracted waves were recorded in an offset monitoring well. The authors showed how the

ray-tracing and full-wavefield modeling based on the Born approximation could explain the

observed results. Despite that only the phases of the recorded and the modeled wavefields

were matched, the authors estimated the length and height of the fractures using the

scattered waves. [38] apply full wavefield modeling based on the Kirchhoff approximation

to the same dataset. In this study, both the amplitudes and phases of recorded scattered

waves were matched, and more precise estimation of fracture geometry was provided. [39]

demonstrate through laboratory and numerical experiments that both incident P- and

S-waves generate a broad range of scattered waves, including diffracted, reflected,

converted, and guided waves in a water-filled layer. The authors conclude that scattered

waves measured in different configurations (i.e., VSP, crosswell, single-well) could be used

to “monitor fracture growth in the field.” [40] examine experimental, numerical, and

analytical evidence of the interaction of seismic waves with a shared fracture. The authors
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show that waves, converted on a fracture from P- to S-wave can be detected and used to

estimate shear stress. [41] propose a methodology to estimate the quality (opening) of

hydraulic fractures from VSP survey data. The authors demonstrate in a 3D model-based

study that a combination of microseismic and VSP data could provide improvement in

scattered wave extraction. Time-lapse seismic response to scattered waves was utilized to

determine fracture compliance and distinguish between economically significant open

fractures and not important closed ones. [42] recently illustrate the use of scattered energy.

The waves scattered by hydraulic fractures (coda) from microseismic sources were used to

image hydraulic fractures. All these studies motivate us to understand how scattered waves

can be used in an inter-stage distributed acoustic sensing (DAS) VSP survey.

DAS is a novel technology valuable for SRV monitoring. The DAS technology turns

fiber-optic cable into an array of strain-rate sensors. Both conventional telecommunication

and specially engineered optical fibers can be used for sensing. DAS utilizes phase-sensitive

optical time-domain reflectometry [3]. The DAS interrogator unit sends a highly stable

pulse (or several pulses) down the fiber cable. Due to Rayleigh elastic scattering, a small

part of the incident energy scatters on natural inhomogeneities within a cable. The

photodetection system within the DAS interrogator captures the backscattered photons.

The interrogator unit then compares the phase difference between two points in the fiber

separated by a certain length (namely gauge length, typically about 10 m). The phase

difference is in direct proportion to the applied strain changes along the axial direction of

the fiber at the backscattered location [3]. The interrogator assigns a strain-rate

measurement to a particular point along the fiber (fiber channel) based on the traveltime

delay between the incident and the backscattered energy.

DAS has a vast potential for different geophysical applications, as it has a broad

(< 1 mHz to > 100 kHz) frequency response [4, 32], wide (> 100 km) aperture [43], and

small (0.25 m) spatial sampling intervals [4]. Geophysical applications of DAS in the oil

and gas industry typically employ borehole deployment of fiber-optic cable, which can be
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cemented outside casing, clamped to tubing, or installed on a wireline unit. These

applications include VSP [44], microseismic monitoring [45, 46], and crosswell strain

monitoring [32, 47].

DAS-based VSP has been successfully used for offshore [15, 44] and onshore [7] reservoir

monitoring, as this technique provides high repeatability in time-lapse data. [16, 17, 48, 49]

show the possibility of using DAS VSP to characterize hydraulic fracturing. They saw time

delays in P-wave arrivals, which was attributed to P-wave slow-down in the SRV. We

present a DAS-based method to estimate the half-height of SRV, which utilizes scattered

waves observed during the inter-stage VSP survey.

In 2017, a VSP survey was acquired [17]. The data include a series of VSP surveys

before hydraulic fracturing and shortly after the completion of each of 78 fracturing stages.

The completion was done using sliding sleeve technology. The hydraulic fractures were

initiated from sleeve ports. The time between adjacent stages varied from one to three

hours. Two vibroseis sources were located along the horizontal well direction, and about

1.6 km from the toe and the heel of the well, as shown with red dots in Figure 2.1 (modified

from Binder et al., 2020). Seismic data were recorded using DAS in the treatment well,

where the sensing fiber was cemented outside the casing. DAS provides high data

repeatability [50], which is crucial for time-lapse surveys. In the processed field data, time

delays between stages were observed in both P- and S-wave arrivals [17, 19]. In addition,

scattered waves from the hydraulic fractures are also observed [17, 19]. Understanding

both observations could lead to a new cost-effective tool for SRV monitoring.
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Figure 2.1 The geometry of the interstage DAS VSP survey illustrating the well (black),
points along the fiber optic cable sampled by the interrogator (red), and two source
locations north (blue) and south (orange) of the well. A P-wave velocity model is shown in
green derived from a sonic log. Eikonal-based wavefronts are shown illustrating incident
angles along the well from both sources (modified from [19]).

We focus on a detailed analysis of observed scattered waves. Figure 2.1 shows an

example of an event caused by incident P-wave scattered by the SRV from a survey taken

after completion of stage 30 with baseline subtracted. Time and distance axes are relative

to the port location (i.e., stage center). We propose three different models of

fracture-induced velocity inhomogeneities that can cause seismic waves scattering. For each

model, we derive analytic traveltime equations for different modes of the scattered waves

and analyze event amplitude using finite-difference (FD) modeling. Finally, we compare

the synthetic results with the field data. From the scattered waves, we estimate the SRV

half-height and the fracture closure time.
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Figure 2.2 An observed scattered event in the field data. Time-lapse response from north
source for VSP survey after completion of stage 30.

2.3 Modeling

We propose three different velocity models that mimic the velocity perturbation

induced by hydraulic fractures: single hydraulic fracture (HF), low-velocity zone (LVZ),

and tip diffractors (TD). We analyze the kinematic and dynamic properties of the scattered

wavefields of these three models.

2.3.1 Models

2.3.1.1 Hydraulic fracture model

Hydraulic fractures, even of a millimeter width, can lead to relatively strong scattered

events [41]. There are two approaches to model a single hydraulic fracture with FD

method. The first one utilizes a non-equidistant, locally adapted grid, where the smallest

cell is smaller than the fracture width. The fracture in this method is treated as

water-filled cells [51]. Another approach is to use equivalent medium theory [52], where

fractures are represented by anisotropic cells on a uniform grid. These cells correspond to

changes in boundary conditions with a linear-slip model. [53] show that these two

approaches provide nearly the same results for scattered waves. The only difference is the

slow-wave traveling in the fluid layer, which is observed with the first approach but not
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with the second. In our modeling, we do not consider the slow-wave propagation. Also, the

equivalent medium approach is more computationally efficient [53]. As a result, we adopt

the latter method to construct the model.

For the background medium (BM), we use a homogeneous and isotropic medium with

P-wave velocity V BM
P = 3776 m/s, S-wave velocity V BM

S = 2200 m/s, and density

ρBM = 2.55 g/cm3 derived from the well logs corresponding to the targeted reservoir. The

stiffness tensor for BM in Voight notation is CBM
ij :

CBM
11 = (λ+ 2µ),

CBM
13 = C31 = λ,

CBM
33 = (λ+ 2µ),
CBM

55 = µ,
CBM

15 = CBM
51 = CBM

35 = CBM
53 = 0,

(2.1)

where λ and µ are Lamé parameters of the background medium. To model a single HF of

width (wHF ) 5 mm, we follow the equivalent medium approach and use the stiffness tensor

CHF
ij equation reported in [54]:

CHF
11 = (λ+ 2µ)(1− δN),

CHF
13 = C31 = λ(1− δN),

CHF
33 = (λ+ 2µ)(1− r2δN),

CHF
55 = µ(1− δT ),

CHF
15 = CHF

51 = CHF
35 = CHF

53 = 0,

(2.2)

with

r = ν/(1− ν), (2.3)

δN = ZN(λ+ 2µ)/[L+ ZN(λ+ 2µ)], (2.4)

δT = ZTµ/(L+ ZTµ), (2.5)

where ν is the Poisson’s ratio of the background medium, ZN and ZT are the normal and

tangential fracture compliances, and L = 4 m is the size of the numerical grids. The

anisotropic cells have a horizontal symmetry axis, i.e., represent an HTI material.

For a fluid-filled fracture, ZN = wHF/K, where K = 2.25 GPa is the bulk modulus of

the fluid and ZT = ∞ [53]. The comparison between the values of stiffness tensor
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components for BM and hydraulic fracture cells indicates that the difference between CBM
33

and CHF
33 is only about 0.1%, and the differences between C11, C13, and C31 are about 1%.

The most significant change is in the C55 component. Assuming ZT = ∞, δT is equal to 1,

and CHF
55 = 0. Thus, the difference between CBM

55 and CHF
55 is 100%.

Figure 2.3a shows the C55 homogeneous BM field. The horizontal and vertical axes

correspond to distance and relative depth, respectfully. The point with coordinates (0,0)

corresponds to the port location, from where the hydraulic fracture is initiated. The orange

line shows a DAS optical fiber line with 1.02 m channel spacing. Figure 2.3b shows the HF

model with a half-height of 200 m.

Figure 2.3 Models of velocity inhomogeneity induced by a hydraulic fracture in terms of
C55. (a) Background medium (BM), (b) hydraulic fracture (HF), (c) low-velocity zone
(LVZ), (d) tip diffractors (TD).

2.3.1.2 Low-velocity zone model

The low-velocity zone (LVZ) model, first introduced by [55], includes a LVZ

surrounding the hydraulic fracture. The LVZ can be created by two possible mechanisms.

First, the seismic velocity of rocks changes with effective stress [56]. In the process of

hydraulic fracturing, the pore pressure near the fracture increases, causing a drop in

effective stress, and hence a reduction in the local seismic velocity. A second possibility is
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the creation of secondary fractures near the major hydraulic fractures [57]. In both

mechanisms, one can treat the LVZ as an approximation of the SRV.

The LVZ causes delays in P- and S-wave arrival times between the monitor survey

acquired after completion of each stage and the baseline. Our starting LVZ model has P-

and S-wave velocities 20% slower than BM. The LVZ has 20-m width and 200-m

half-height. We also apply a triangular filter to smooth the LVZ boundary, as shown in

Figure 2.3c.

2.3.1.3 Tip diffractors model

The tip diffractors (TD) model was inspired by finite-element modeling of fracture

propagation [58] and strain signals observed in low-frequency DAS data recorded in the

monitor well during a treatment process [32]. Both studies show that a zone with strong

extensional stress exists close to the hydraulic fracture tip, which leads to a localized

decrease of seismic velocity. We use the same algorithm to generate the TD model as we

did for the LVZ model. We assume that the size of each diffractor is 20 m by 20 m. The

diffractors are co-located with fracture tips 200 m away from the well. We decrease velocity

for each box by 20% in comparison with the BM, as shown in Figure 2.3d.

2.3.2 Kinematics analysis

We derive traveltime equations for different modes of seismic waves and explain how

moveouts change with the change of fracture half-height h. To simplify the problem, we

assume an incoming seismic wave propagates in a homogeneous isotropic BM. The wave

impinges from the left with the angle of incidence θ that is measured from the normal to

the DAS receiver line. The model h is measured from the fiber to the upper tip of the

model, and the model width is w. The receiver coordinate x = 0 m corresponds to the port

location (see Figure 2.4).
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Figure 2.4 An incident P-wave impinges the model with half-height h and width w.
Diffracted PP- and PS-waves from the top tip are shown in red. Converted reflected and
transmitted PS-waves are shown in blue. Diffracted pure and converted waves from the
bottom tip are not shown.

Using ray theory and assuming that the fracture plane, which defines model orientation,

is perpendicular to the receiver line, we derived traveltime equations for the scattered

wavefields. We define t = 0 s as the arrival time of the incident wave to the port location

(x = 0 m). Below, we consider the selected traveltime equations for scattered PS modes:

tiP =
sin θ

V BM
P

x, (2.6)

tdPS = −h cos θ

V BM
P

+

√
x2 + h2

V BM
S

, (2.7)

tcPS = (−cos θ tan βPS

V BM
P

+
1

V BM
S cos βPS

) | x |, (2.8)

where tiP corresponds to incident wavefield, tdPS to diffracted PS wavefield, and tcPS to

converted wavefields (reflected and transmitted). The incident angle for converted PS-wave

βPS is defined from the Snell’s law:

sin (π/2− θ)

sin βPS

=
V BM
P

V BM
S

. (2.9)
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It can be seen from equation 2.7 that the diffracted-wave arrival time depends on the SRV

half-height h. So, it may be theoretically possible to estimate h from diffracted wave

moveout. However, as we show later, the diffracted waves are weak and can hardly be used

for the SRV half-height estimation. Equation 2.8 for transmitted and reflected waves does

not have h as a parameter. Nevertheless, we still can use these scattered modes to

determine h. The reflected and transmitted scattered waves are detectable only in a

limited number of DAS channels. For example, reflected and transmitted PS-waves are

detected only on the interval

x ∈ [−sPS, sPS], sPS = h/ tan βPS, (2.10)

where sPS is the “shadow” of converted PS-wave. Consequently, we can use this shadow to

characterize the SRV half-height using the scattered wave signal in an inter-stage DAS

VSP. To determine h, we need to extract the length of PS-wave shadow. The shadow of

transmitted/reflected scattered modes starts at the port location and ends where these

modes merge with corresponding diffracted modes. After we determine sPS, we can

calculate h combining equation 2.9 with 2.10:

h =
V BM
S

V BM
P

cos θ√
1−

(
V BM
S

V BM
P

)2

cos2 θ

sPS. (2.11)

Solving equation 2.11 for sPS allows us to calculate the PS-wave shadow for the given

model’s half-height. The calculated sPS for h = 200 m is equal to 387 m. To illustrate how

moveouts change with SRV half-height, we plot the traveltime curves of two SRV models

with different half-height in Figure 2.5. Figure 2.5a-Figure 2.5d illustrates the traveltime

curves for h = 50 m, while Figure 2.5e-Figure 2.5h for h = 200 m. In this example, we

assume that the far-field source is located to the left from the fracture location, and the

plane-wave incident angle is 41◦.
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Figure 2.5 Traveltime curves for (a,b,c,d) h = 50 m and (e,f,g,h) h = 200 m. Black lines
correspond to (a,b,e,f) incident P-wave or (c,d,g,h) S-wave. Blue lines show converted,
transmitted, or reflected modes. Red dashed lines show diffracted events.

Figure 2.5a,b,e,f show PP-modes (incident P, diffracted PP, transmitted and

reflected PP), PS-modes (incident P, diffracted PS, transmitted and reflected PS).

Figure 2.5c,d,g,h show SP-modes (incident S, diffracted SP, transmitted and reflected SP),

and SS-modes (incident S, diffracted SS, transmitted and reflected SS), respectively. All

blue curves with the positive distances are transmitted waves, and the ones with the

negative are reflected waves.

In this survey, the estimated central frequency from the extracted wavelet is about

fc ≈ 30 Hz. The P-wave wavelength λBM
P = V BM

P /fc ≈ 126 m, and S-wave wavelength

λBM
S = V BM

S /fc ≈ 73 m. The width of the inhomogeneity is much less than the P- and

S-wavelengths for all three models. It means that kinematic results will be the same for the

HF and the LVZ models. For the TD model, the reflected and transmitted waves are not

generated, and only diffracted waves are considered (red lines in Figure 2.5).

We subtract baseline to observe time-lapse effects in the field data. Some residual

energy of incident wave preserved in the time-lapse seismogram (see Figure 2.2). This

energy may interfere with some scattered modes, make it challenging to observe
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non-diffracted PP-, SP-, and SS-modes (blue lines), which arrive right before or after the

incident wave (black lines). The most promising modes to extract model’s half-height are

reflected and transmitted PS-waves.

2.3.3 Numerical simulation and dynamic analysis

One may analytically derive the amplitudes of converted, reflected, and transmitted

waves for the HF model [59]; however, for the other models and diffracted waves, it can be

challenging. We ran FD elastic modeling for each model to verify our traveltime equations

and estimate the scattered to incident waves amplitude ratio. We adapt sfewefdm program

within the Madagascar package to simulate the seismic wave propagation in isotropic and

anisotropic media [60]. We use the models presented earlier in Figure 2.3 with a grid cell

size of 4 m. A vertical acceleration source was placed −2500 m to the left and −2856 m

above the port location. A Ricker wavelet with a center frequency of 30 Hz is selected as

the source function. We calculate the seismic wavefields in terms of x component of the

displacement field, ux(x), along the horizontal receiver line with 1.02 m increments. ux(x)

is then converted to DAS measurement ε̇(x), assuming a gauge length Lg of 16 m, using [3]:

ε̇(x) = u̇x(x+ Lg/2)− u̇x(x− Lg/2). (2.12)

Figure 2.6 shows the DAS record for BM (a) and each model (b-d) for incident P-wave,

and Figure 2.7 for S-wave, with the BM subtracted. The amplitudes were normalized by

those of the incident P- or S-wave. The amplitude scales in all panels are kept the same.

The half-height of each model is 200 m, which corresponds to traveltime curves shown in

Figure 2.5e-h. Figure 2.8 shows the maximum amplitude distribution of the scattered

energy for different models. They were automatically picked using the Hilbert transform.

We discuss P-wave scattering first. The most energetic are the reflected and transmitted

PS-waves. For the HF model, the amplitude of scattered PS-waves is very high (blue line

Figure 2.8a). The amplitude distribution is symmetric for reflected and transmitted waves.

The rapid decay in amplitude is observed for | x |> 400 m, which is about sPS = 387 m,
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calculated using equation 2.11. At these locations, the reflected and transmitted PS-waves

merge with the diffracted PS-wave. On the other hand, for the LVZ model, we see an

asymmetric behavior. More energy is observed in the “transmitted” part (for x > 0). The

amplitude achieves a maximum value of about 20% of incident wave amplitude. The TD

model shows that all diffraction waves are very weak.

Figure 2.6 Synthetic DAS record. (a) Incident P-wave for BM, and scattering of the
P-wave on (b) HF, (c) LVZ, and (d) TD models.
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Figure 2.7 Synthetic DAS record. (a) Incident S-wave for BM, and scattering of the S-wave
on (b) HF, (c) LVZ, and (d) TD models.

Figure 2.8 Amplitudes of (a) scattered PS- and (b) SS-modes normalized by the amplitudes
of incident P- and S-waves for different models. For the LVZ model, part of the amplitudes
is muted as they are disturbed by the interference with the delayed incident wave.

For the incident S-wave, we observe most energy for transmitted SS-modes for LVZ and

TD models. However, these modes interfere with the delayed incident S-wave, which
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disturbs the actual amplitude values after baseline subtraction. So, the amplitude values

for transmitted S-waves are not reliable. For the HF model, the amplitudes of scattered

waves do not exceed 5% of the incident S-wave amplitude.

We qualitatively compared the results derived from our modeling with the field

observation of the scattered waves, as shown in Figure 2.2. The LVZ model best fit the

data due to the similar amplitudes of scattered events and asymmetry in the response. To

quantitatively investigate how different parameters of the LVZ model influence the seismic

response, we ran a series of sensitivity tests. We varied the velocity contrast (∆V ),

half-height (h), width (w), and smoothness (σ) of the LVZ. The smoothness is an artificial

modeling parameter that affects the transition in velocities between BM and LVZ.

Table 2.1 shows the variation of the parameters. Figure 2.9 shows the results of the

sensitivity analysis. We do not trust PS-wave amplitude close to the port location as it is

disturbed by the interference with other modes. The analysis shows that the amplitude

distribution of scattered waves is sensitive to all parameters mentioned above. The arrows

in Figure 2.9 indicate these variations. The amplitude is directly proportional to velocity

contrast (Figure 2.9a) and half-height (Figure 2.9c) and inversely proportional to

smoothness (Figure 2.9d). The dependence of the amplitude to the model width is

non-linear and has a maximum at about 36 m or λP/4. While the response is asymmetric

relative to the port location, the shifted symmetry axes can be found. These axes are

shown in Figure 2.9 with the dashed lines.
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Figure 2.9 Amplitudes of scattered PS-modes normalized by the amplitudes of the incident
P-wave. Sensitivity tests to (a) velocity contrast, (b) width, (c) half-height, and (d)
smoothness. Dashed lines show the shifted symmetry axis, and arrows illustrate the change
in amplitude with a parameter increasing. Part of the amplitudes close to the port location
(x = 0 m coordinate) is muted as they are disturbed by the interference with the delayed
incident wave.

Table 2.1 LVZ model parameters. Bold values are kept fixed while varying another
parameter.

∆V (%) h (m) w (m) σ
5 140 12 1
10 160 16 2
15 180 20 3
20 200 24 4
25 220 28 5
30 240 32 6
35 260 36 7
40 280 60 8
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2.4 Field data observations and interpretation

2.4.1 Data acquisition and processing

The data include a series of VSP surveys before hydraulic fracturing and shortly after

the completion of each of 78 fracturing stages. The field geometry is shown in Figure 2.1

(modified from Binder et al., 2020). Two vibration points were located about 1.6 km from

the toe and the heel of the wellbore. Two vibes were sweeping on each location from 4 Hz

to 80 Hz for 15 s with extra 4 s of recording time. VSP data were acquired prior, after, and

in between 78 fracturing stages. 20 sweeps or more were made each time at each vibration

point. There are 158 total correlated stacked seismograms to be processed and analyzed.

The recording was done with the 2015 generation interrogator unit. The gauge length was

selected to be 16 m. The spatial sampling is 1.02 m, providing 3200 channels distributed

along the vertical and horizontal parts of the well.

To achieve the optimal signal-to-noise ratio (S/N), the data were processed in the

following order: first, we removed interrogator noise common across all DAS channels, as

explained by [61]. To do this, we subtracted the median trace formed from DAS channels

in the vertical well subsection. Second, correlation with the vibroseis sweep and stacking

was made. Then, to further suppress noise, f-x deconvolution, dip filtering, and a 4 Hz to

90 Hz band-pass filter were applied [19]. Finally, the baseline was subtracted from all

monitor seismograms for each source.

2.4.2 Observations and interpretation

We applied a post-processing workflow to enhance the S/N of scattered transmitted

PS-waves. The workflow is based on applying f-k filtering to differently flattened data. The

illustration of our workflow for the VSP survey after stage 30 is shown in Figure 2.10. First,

we flatten the data along the incident P-wave arrival. The f-k spectrum and seismogram

are shown in Figure 2.10a and Figure 2.10d. Negative wavenumbers correspond to upgoing,

and reflected PS-wave energy. Hence, the flattened incident P-wave propagates with infinite
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apparent velocity across the fiber channels. The residual incident P-wave energy is centered

around k = 0 1/m in f-k plots. We zeroed all k < 0.002 m−1 to suppress the residual

incident P-wave and upgoing energy. Next, we put zeros above the incident P-wave arrival

and flatten the data along scattered transmitted PS-waves. After that, we kept only

−0.003 < k < 0.003 m−1 to filter out the downgoing waves propagated with velocities

different from transmitted PS-wave (see Figure 2.10c). The result of this post-processing

workflow is shown in Figure 2.10f. The scattered event is observed in the relative time of

0.13 s. Also, a second-order scattered multiple is observed in the relative time of 0.23 s.

Figure 2.10 Post-processing workflow to increase S/N of PS-wave shown in Figure 2.2.
(a,b,c) The f-k spectra with applied masks and (d,e,f) corresponding seismograms for (a
and d) flattened incident P-wave data, (b and e) flattened incident P-wave data after
filtration of direct arrival and (c and f) upgoing energy, and flattened transmitted PS-wave
data.

After the post-processing, the scattered waves from the incident P-wave can be

observed from several stages. Figure 2.111a,b,c show the processed flattened transmitted

PS-wave data for north source after stage 30, 45, and 60. The top axis shows the port

number derived from the port location. Using the known incident P-wave arrival time, we
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correlate the relative time to the port number. We use Figure 2.11a to clarify the axes.

The scattered event indicated by the blue arrow is observed in relative time 0.13 s from a

relative distance of 820 m, corresponding to port 29. The same procedure can be applied to

the VSP survey after stage 45 (Figure 2.11b) and stage 60 (Figure 2.11c). The

corresponding times and ports for events indicated by orange and green arrows are 0.19 s

(port 42) and 0.25 s (port 58), respectively. Port numbers do not match the VSP survey

number. This observation indicates that scattered PS-waves endure for some time.

Figure 2.11 Scattered events observed in the field data for north source after completion of
(a) stage 30, (b) stage 45, and (c) stage 60; (d,e,f) corresponding amplitude slices for
different relative times or port locations.

The bottom row of Figure 2.11 shows corresponding distribution of the absolute value

of minimum normalized amplitude in a 20 ms time window centered on relative times of

0.13, 0.19, and 0.25 s for VSP surveys after stage 30 (Figure 2.11d), 45 (Figure 2.11e), and

60 (Figure 2.11f). These amplitude curves allow extracting the shadow of transmitted

PS-waves. However, with the current data quality, it is challenging to precisely pick the

point where the shadow ends. Our shadow length uncertainty is about 20 m. Table 2.2

shows the length of the estimated shadows and calculated half-heights using equation 2.11.
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The angle of incident θ was determined using a ray-tracing analysis, as shown in

Figure 2.1. The field amplitude curves are very similar to the amplitude curves for the LVZ

model, shown in Figure 2.8. Assuming stage 29 SRV half-height is 245 m, w = 20 m, and

modeling parameter σ = 4, the rough estimation of velocity variation between SRV and

undisturbed rock is about 25%.

Table 2.2 Estimated PS-wave shadows and SRV half-heights from north source for VSP
surveys after stage 30, 45, and 60.

VSP survey after stage (#) Port (#) θ (◦) sPS (m) h (m)
30 29 37.9 473± 20 245± 10
45 42 34.4 566± 20 310± 11
60 58 30.7 526± 20 304± 12

As a final step of our interpretation, we stacked the amplitudes along transmitted

PS-wave moveout for each time-lapse seismograms for north and south sources. The result

of this procedure is shown in Figure 2.12. The top subplots show the stacked seismogram

for the north (Figure 2.12a) and south (Figure 2.12b) sources. Each vertical trace here

represents a single seismogram, shown in Figure 2.11, stacked along the relative distance

axis. The top axis represents the timeline of fracturing. As the well was completed using

sliding sleeve technology, the average speed of completion was ten stages a day. We are

interested mostly in the response above the diagonal black line, which represents a VSP

survey after completion of a particular stage versus corresponding to this stage port

number. The noise below this line is caused mainly by multiples of scattered PS-waves. We

observe three major events in north source data indicated by arrows. The same events are

observed in south source data. Also, in the south source data, we observe multiple events

before stage 20, which are not visible in the north source data. We do not see them in the

north source, as we did not record the full length of the scattered events due to the fiber

termination at the toe of the well.
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Figure 2.12 Amplitude stack along transmitted PS-wave moveout of the scattered events
for (a) north and (b) south sources; (c and d) correspond to amplitude slices. Three major
events were observed for both sources initiated after stage 28, 42, and 56. The diagonal
black line represents the VSP survey vs. the port number.

The bottom row of Figure 2.12, similar to Figure 2.11, shows the distribution of the

absolute value of minimum normalized amplitude in a 20 ms time window centered on

relative times of 0.13 s, 0.19 s, and 0.25 s for north (Figure 2.12c) and south (Figure 2.12d)

sources. The amplitude response for north source is similar for all of the three events. The

maximum values of stacked amplitude also are approximately the same. Considering the

response for relative time 0.13 s, we see that time-lapse signal initiated after stage 29.

After stage 31, it reaches the maximum amplitude, after which it decays. After stage 42, it

returns to the background noise level. However, the time-lapse response is still visible for

the rest of the experiment, which may indicate that some fractures remain open. The

response for relative time 0.19 s, which corresponds to SRV generation at stage 42, decays

slowly than the one generated at stage 29. Analysis of the amplitude decay time can

provide us with insight into the fracture closure rate. The amplitude response for south

source looks differently with significantly varying maximum amplitudes. The cause of this
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could be the incident P-wave, which for the south source travels in previously stimulated

rock. Further investigations and modeling work are needed to interpret the observed

responses fully.

2.5 Discussion

The proposed method for estimating SRV half-height and the closure time of hydraulic

fractures involves the analysis of the seismic waves scattered by SRV and recorded with

DAS during completion. [17] and [19] demonstrate that the time delay is observable and

can be used to constrain both SRV half-height and leak-off time. Figure 2.13 shows the

half-height estimation derived from scattered-wave analysis overlaid with the prediction of

SRV half-heights from [19]. While the results are comparable, scattered-wave analysis

indicates lower half-heights. The time-delay analysis is based on changes in velocity along

the raypath from the surface to the fiber; therefore, multiple SRVs associated with different

frac stages can contribute to the observed time delay for a particular frac stage. In

contrast, for the scattered waves, the seismic response is more localized in its nature. If

SRVs are further apart than a 1/4 of an S-wave wavelength, then the responses from

adjacent SRVs can be separated.
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Figure 2.13 Time-shifts in incident P-wave (modified from [19]). The solid black line shows
the estimation of SRV half-height from the incident P-wave shadow. The zone of unreliable
time shift estimation due to poor fiber angular sensitivity in the heel of the well falls to the
left from the dashed line. Blue, orange, and green bars show the estimated SRV
half-heights from scattered transmitted PS-wave analysis.

The LVZ model provides the best description of the field data. This model causes the

asymmetric response in scattered PS-waves. Another possible model that can describe

asymmetric results with reasonable amplitudes is found in [40]. The authors introduce

coupling fracture stiffness in the HF model, which causes asymmetric amplitude

distribution in transmitted and reflected PS-waves. However, only the LVZ model can lead

to a significant time delay in incident wave arrival presented in [17]. The velocity gradient

within the LVZ model may relate to the secondary fractures proposed by [57]. In the LVZ

model, the amplitude of the converted PS-wave depends on multiple parameters, including

velocity contrast and geometric characteristics of the SRV. These parameters can be used

to constrain hydraulic fracture models.

We see great potential in using inter-stage DAS scattered wave analysis for real-time

completion optimization, especially with the current achievements in fiber design and DAS
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interrogator technology. A new generation of interrogators and the specially engineered

optical fiber are available on the market. The new systems could provide up to a 100x

increase in S/N [1]. These advancements in DAS technologies should allow us to interpret

the scattered events more quantitatively. With increased fiber sensitivity, even a single

sweep could provide enough S/N to observe scattered PS-waves. In another direction of

development, with increased instrument sensitivity, other scattered modes (such as

diffracted pure and converted waves) potentially could be used. Moreover, the scattered

events can be generated not only by an active surface source but also by microseismic

events and perforation shots. [62] show that SRV length can be estimated using perforation

shots from an adjacent well. Hence, with further advancements in the technology and data

interpretation, one may be able to perform real-time monitoring of SRV.

Future work will target automatic inversion for SRV parameters. The ultimate goal is

to connect the SRV characteristics with completion efficiency and production. Other

possible applications for using scattered events will include analysis of zipper-frac

treatment, estimating proppant placement, and leak-off distribution.

2.6 Conclusions

We derived traveltime equations and performed numerical modeling to interpret the

observed scattered events in the inter-stage distributed acoustic sensing (DAS) vertical

seismic profiling (VSP) data. The results indicate the events in the data are converted

PS-waves. The low-velocity zone (LVZ) model, which represents a stimulated rock volume

(SRV) around hydraulic fractures, provides the best description of the data, as it matches

recorded field amplitudes of scattered reflected and transmitted PS-waves. Because the

converted PS-waves can be observed only in a limited range of DAS channels, one can

estimate the half-height of SRV by mapping the DAS channel through a simple ray-tracing

model. In the field data, we observed three major scattered events by stacking along the

transmitted PS-wave moveout to increase the S/N and understand the distribution of the

scattered events. The estimated half-height of SRV from these three events ranges from
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245 m to 310 m. Each event lasts more than a day. The stacked amplitude decay time is

related to the fracture closure rate and indicates the permeability of the stimulated

reservoir.

2.7 Acknowledgments

We thank Apache Corporation for providing the seismic data and permission to present

it. We also thank members of the Reservoir Characterization Project (RCP) at the

Colorado School of Mines for their financial support.

2.8 Data and materials availability

Data associated with this research are confidential and cannot be released.

32



CHAPTER 3

DAS TIME-LAPSE VSP ANALYSIS FROM ZIPPER-FRACTURING OPERATIONS:

OBSERVATIONS, MODELING, AND INTERPRETATION

A paper submitted to Geophysics.

Aleksei Titov1,2, Ge Jin2, Gary Binder3, and Ali Tura2

3.1 Abstract

Recent advances in distributed acoustic sensing (DAS) technology allow active seismic

monitoring of stimulated rock volume (SRV) development. This study showcases an

inter-stage DAS vertical seismic profiling (VSP) survey acquired during a zipper-fracturing

stimulation. Incident P-waves scattered by the SRV and converted to S-waves are observed

in the data. The signals are associated not only with hydraulic fracturing stages of the

instrumented well, but also with fracturing of an adjacent well in the zipper group. A

workflow is developed to monitor and characterize the SRV, fracture closure time, and

interactions between zipper wells. 3D full wavefield modeling confirms the data

interpretation and provides additional insight. As a result, we have been able to estimate

SRV properties, including SRV height, width, and the fracture closure time for all wells

within the zipper group. Moreover, for adjacent wells the length and azimuth of SRV can

be constrained. Our work provides critical information for optimizing hydraulic fracturing

operations.

3.2 Introduction

Production from unconventional reservoirs play an essential role in world energy

markets. The optimization of completion operations is crucial in developing these

1Primary researcher and author
2Department of Geophysics, Colorado School of Mines, Golden, CO
3Automated Seismic LLC, Santa Clarita, CA
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reservoirs. A common way to reduce completion cost is to use a zipper-fracturing design.

This design involves simultaneous stimulation of multiple wells within the same pad. The

positive economic impact comes from reducing rig time and potentially creating optimal

fracture geometry [63].

Hydraulic fracture geometry is usually derived from pressure measurements and

fracture propagation models; however, such results may have significant uncertainty [64].

Several established methods can constrain the models by mapping the geometry of

hydraulic fractures and stimulated rock volume (SRV) [e.g., 65]. For example, microseismic

monitoring [e.g., 66], also known as passive seismic, uses the seismic energy generated by

small earthquakes during well stimulation to estimate the fracture geometry. Active

time-lapse seismic surveys [e.g., 67] can also be used to monitor hydraulic fracture

stimulation. Non-seismic techniques include electromagnetic imaging of conductive

proppant [e.g., 68], fluid and proppant tracers [e.g., 69], and tiltmeters [e.g., 34].

A novel technique for fracture monitoring is distributed acoustic sensing (DAS). This

technique utilizes telecommunication or engineered fiber-optic cable and turns it into a

dense array of single-component strain-rate sensors along the cable length [3]. The cable

can be cemented behind the casing [e.g., 7, 8], clamped to tubing [e.g., 7, 8], installed on a

wireline along a horizontal well [e.g., 9], or bare fiber can be pumped through the well [e.g.,

10]. The cable permanently installed behind the casing along the instrumented well

provides a highly repeatable measurement of the seismic wavefield [e.g., 70]. More

importantly, the data acquisition can occur during the completion operation of the well.

Signals from various physical processes can be captured by DAS to monitor and evaluate

the efficiency of hydraulic fracture treatment. Using DAS one can detect and characterize

microseismic events [e.g., 71, 72], study near-wellbore conductivity using perforation shots

[e.g., 73, 74], analyze acoustic noise from fluid injection to estimate cluster efficiency [75],

and the fracture-induced strain field from adjacent wells observed in low frequency (LF)

part of DAS spectrum (< 0.05 Hz), so-called LFDAS [32]. In addition to all applications
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mentioned above to monitor completion operations, DAS can also be used for time-lapse

vertical seismic profiling (VSP). In case of horizontal wells profiling becomes far from

vertical, but historically the name still holds.

Running VSP surveys before and after each completion stage, one can obtain a

dynamic characterization of the stimulated reservoir. [16, 17, 19, 48, 76] showed that

inter-stage DAS VSP data indicate time delays of incident P- and S-waves due to the

fracturing of the instrumented well. The slow down occurs due to the low-velocity zone

(LVZ) around the created hydraulic fractures. In this study, we define the rock volume in

which elastic properties were changed during the stimulation as SRV [55]. [20] analyzed the

scattered waves in similar interstage VSP data, acquired after each stage of hydraulic

fracturing. The authors demonstrated that the scattered waves are P-waves converted to

S-waves by the velocity contrast induced by SRV due to hydraulic fracturing process. The

study shows that these signals can be used to estimate the SRV height. In this work, we

extend the previous studies [19, 20] and analyze the scattered wave energy detected in the

fiber well, which is caused by the treatment of a zipper-fracturing group of three wells. We

then conduct a series of numerical modeling experiments to quantitatively interpret the

scattered events in more detail.

3.3 Survey and data description

In 2018, inter-stage DAS VSP surveys were conducted using an instrumented well

equipped with engineered fiber-optic cable. The cable is installed behind the casing and

cemented in place. These surveys monitor the hydraulic fracturing operation of a three-well

zipper group located in the Midland Basin. Figure 3.1 illustrates zipper wells and the

survey geometry, with Figure 3.1a showing the map view and Figure 3.1b showing the

gun-barrel view. The wells target different formations (A, B, and D as indicated in the well

names), and were completed using a plug-and-perf design. The pumping time of each stage

varies from 2 to 3 hours.
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Figure 3.1 Well and survey geometries. (a) Map view. Source locations and well geometries
are indicated. (b) Gun-barrel view (looking northward). Well locations are indicated.

The well 9Bf, indicated in blue color, is the instrumented well with engineered

fiber-optic cable cemented behind the casing. Two shot points were used during fracturing,

with each shot point location consisting of two vertical vibrators working simultaneously to

increase S/N. The S1 source location was about 2.0 km to the NNW from the heel of the

well. The S2 source location was about 2.4 km to the SSE from the toe of the well. The

DAS data were acquired with a receiver spacing of 2 m and a time sampling interval of 2

ms (after downsampling). The interstage DAS VSP survey was composed of 60 VSP

surveys for each shot point, including nine baseline VSP surveys before 9Bf treatment, 46

VSP surveys after each fracturing stage of 9Bf well, and five surveys after 9Bf completion

to monitor leak-off. However, the baseline surveys do not represent undisturbed reservoir

conditions in this case as other wells were being fractured before and during the acquisition

time.
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The side view of the wellbore geometries is shown in Figure 3.1a. Rhombi in

Figure 3.1a illustrates the fracture initiation locations (center of the stages) before VSP

survey 25, which is selected for demonstration. Figure 3.1b shows the completion timing,

where the vertical axis corresponds to time and the horizontal axis to the distance along

the wellbore, similar to Figure 2a. The relative time zero in Figure 3.1b corresponds to

VSP survey 25. This shot was taken after completion of stage 16 of the 9Bf well, about 3

hours after completion of stage 12 of well 10D, and about 7 hours after completion of stage

30 of well 11A.

Figure 3.2 (a) Location of initiation ports (side view looking westward) and (b) relative
completion timing of the zipper-group wells for VSP survey 25 taken after completion of
stage 16 of well 9Bf, stage 12 of well 10D, and stage 30 of well 11A.

3.4 Field data analysis

3.4.1 Data processing

The data exhibited improved SNR compared to previous examples found in the

literature [17, 20, 49], and 4D effects can be even seen in the individual sweeps without

stacking. This improvement was primarily attributed to the use of the engineered
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fiber-optic cable, which significantly increase the energy of Rayleigh backscattering [1, 2].

The data input to our analysis were provided after applying a 4D processing sequence to

optimize S/N and enhance stage-by-stage time-lapse effects. The processing sequence

includes interrogator noise removal from uncorrelated records, correlation with the applied

sweep, stacking of all seismograms corresponding to particular fracturing stage, and mild

noise suppression followed by spiking deconvolution. All processing steps were carried out

within each stage individually.

To analyze time-lapse effects the baseline data was generated by averaging the nine

baseline VSP records. Stage average time shifts and amplitude operators were used to

match each stage to the baseline. These latter steps were useful in suppressing unwanted

time-lapse effects caused by weathering conditions and small location changes in the

seismic vibrators. Finally, the baseline seismogram was subtracted to obtain the waveform

difference.

An example of a time-lapse seismic response is shown in Figure 3.3. The time-lapse

data correspond to VSP survey 25 from source S2 (the toe source, located to the left in

Figure 3.2a). The shot was taken immediately after completion of stage 16 of well 9Bf.

Earlier in time, stage 12 for well 10D and stage 30 for well 11A had been completed, as is

shown in Figure 3.2b. The transmitted PS-wave (PST ) through the SRV is clearly

observable at the fiber well. The transmitted PP-wave (PPT ) is also visible; however, it

interferes with the residual incident P-wave, as they arrived at almost the same time with a

slight delay of about 1 ms. The reflected PS-wave (PSR) from the SRV is very weak, which

is consistent with observations presented by [20]. We focus on PST waves in this paper,

which we will also refer as transmitted PS scattered events.

3.4.2 Scattered events analysis

In this dataset, transmitted PS-waves scattered at SRV can be observed for every stage

of the fiber well in the time-lapse response. [20] show that these waves can be used to

estimate half-height of SRV generated due to the fiber well completion. In this study, we
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Figure 3.3 Time-lapse response from VSP survey 25 (baseline is subtracted) from source
location S2 (see Figure 3.1).

demonstrate that similar analysis can be applied not only to the SRV created by the fiber

well, but also to the SRV created by adjacent wells.

The processing workflow developed by [20] is applied to make scattered PS-waves more

visible: first, the incident P-wave arrival was flattened using a linear moveout correction.

Next, an f-k filter was used to suppress the residual incident P-wave energy by filtering out

all wavenumbers larger than the chosen threshold. After that, data was flattened along

transmitted PS-wave moveout, using the linear moveout method with shear-wave velocity

extracted from the sonic log. The signal was bandpass filtered in wavenumber domain to

leave only transmitted PS-wave energy. Finally, all residual noise arriving before the

incident P-wave arrival was masked. The result for VSP survey 25 from source S2 is shown

in Figure 3.4. Here, the PS-wave extent, i.e., the distance along the fiber which can sense

the PS-waves, is defined as the PS-wave shadow.

To estimate the half-height for any stage one can use [20]:
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Figure 3.4 Time-lapse response from VSP survey 25 (baseline is subtracted) from source
location S2 after applied post-processing workflow. Transmitted PS-wave shadows (sPS)
are highlighted for SRVs from wells 9Bf and 11A.

h =
cos θ√

1−
(

V BM
S

V BM
P

)2

cos2 θ

sPS, (3.1)

where θ is angle of incidence, V BM
S and V BM

P is the S-wave and P-wave background

medium velocity (averaged reservoir velocity before hydraulic fracturing stimulation), and

sPS is the length of PS-wave shadow. The shadow started at P-wave arrival time, and the

extent of the shadow is determined by its half-height (h). The amplitude of scattered

events does not disappear sharply, as the transmitted PS-wave gradually merges with the

diffracted PS-wave. This nature of the scattered events brings complexity to the shadow

length extraction. Also, the model simplifies the scattered wave propagation in a

homogeneous layer with reservoir velocities, which applies to our case only to some extent.

The scattered event for well 9Bf is observed for a relative time of 0.3 s. It starts from

DAS channel 400 and lasts for about 290 DAS channels, which given 2 m channel spacing

equals to 580 m. Using Equation 1 we can estimate the half-height for this well, which is
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about 250 m. The scattered event for well 11A becomes visible at a relative time of about

0.14 s, and is weaker than the event for 9Bf well. Note that stage 30 for well 11A was

completed about 7 hours before the VSP shown in Figure 3.3 and Figure 3.4, and therefore

the impedance contrast could have dissipated with time. The average half-height for

adjacent well 11A was estimated at about 250 m. Note for this analysis, half-height is

defined as the fracture height above the instrumented well, which means that to calculate

true half-height (fracture height above the injection well depth) for an adjacent well,

vertical offset needs to be added or subtracted accordingly. Scatter events from 10D cannot

be observed, which indicates that the SRV created by well 10D may not reach the fiber at

well 9Bf.

To analyze the distribution of the scattered events of all the stages, we stacked the data

shown in Figure 3.4 along the DAS channel direction for each time-lapse VSP survey. The

results of this procedure are shown in Figure 3.5a and Figure 3.5b for source points S1 (the

heel source) and S2 (the toe source), respectively. The horizontal coordinate in this type of

plot corresponds to VSP shot number. The vertical axis is similar to Figure 3.4, i.e.,

relative time after applying transmitted PS-wave flattening procedure. Each vertical trace

represents one VSP survey, and maximum energy of this trace is related to the transmitted

PS scattered event.

To explain the plots, we consider survey 25 from source S2. After stacking the

seismogram shown in Figure 3.4, we receive a trace with amplified amplitudes

corresponding to scattered events. We observe scattered events from well 9Bf in

corresponding relative times (0.14 s for S1 and 0.30 s for S2) for VSP shot 25 (horizontal

axis). The plot also indicates that scattered PS-waves are present for every stage as the

corresponding responses migrate with the completion stage locations. Moreover, the

stacked plots allow for tracking the scattered events distribution, determining their

duration, and quantitatively analyzing the stacked amplitudes.
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Figure 3.5 Scattered events distribution for (a) S1 and (b) S2 source locations. Each
vertical trace represents a stacked record shown in Figure 4 along the DAS channel axis for
different VSP shots. Trends for well 9Bf are highlighted in blue, and for well 11A in green.
White dashed lines limit VSP shots taken during the completion of well 9Bf.

Scattered events distribution plots for both sources have a common response; however,

the S/N is higher for S2, possibly due to different surface and/or near-surface conditions.

We observe two prominent trends, one follows the completion of instrumented fiber well

9Bf (highlighted in blue) and the other follows the adjacent well 11A (highlighted in

green), which is located to the side and in the next shallower formation. Note that there is

a direct relationship between relative time and distance along the fiber (see Figure 3.4).

For S1 (Figure 3.5a), the earlier relative time corresponds to toe-ward stages, while for S2

(Figure 3.5b), the earlier time corresponds to heel-ward stages. That is the reason that the

observed event distributions follow the trend from top left to bottom right for S1 and from
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bottom left to top right for S2. Raw scattered events distribution plots have artifacts from

subtraction of the baseline in the form of horizontal bands. We mentioned that the baseline

was generated by stacking nine surveys. Among these surveys there could be some which

contain scattered events from other wells, hence the horizontal band artifacts can persist in

all the differential data. We have filtered out the baseline bias via f-k filtering to generate

Figure 3.5. We make sure that this procedure does not significantly affect the analyzed

signals. A more robust way to suppress these signals is to acquire a baseline survey prior to

any pad stimulation. We suggest this approach for further similar data acquisition projects.

The VSP surveys from 10 to 56 were shot right after the completion with uniform stage

spacing for instrumented well 9Bf. Hence, the observed trend for well 9Bf is a straight line.

The well 11A was completed ahead of well 9Bf (with smaller stage measured depths and

larger DAS channel numbers, see Figure 3.2), and the time interval between stages

increased with time (or VSP shot number), which explains the curved trend for well 11A.

We can see from Figure 3.5 that the energy of scattered waves for both wells does not last

much longer than the 9-hour time interval between VSP surveys. It is highly likely that the

velocity anomaly associated with the created SRV diminished in about 9 hours due to

pressure drop post fracking, as otherwise we should observe destructive interference among

any sequential traces, which we do not observe in Figure 3.5. With accurate rock physics

models, this information could be used by petroleum engineers to analyze fracture closure

time and effective permeability.

The amplitudes of toe stages for S1 and heel stages for S2 are incomplete since the full

length of PST shadows cannot be captured due to the limited fiber length. During the

processing step, we corrected for DAS angular sensitivity to P-wave amplitudes using

incident P-wave normalization. However, the scattered PS-wave amplitudes still can

slightly vary due to differences in incident angle. Otherwise, the amplitude changes are

associated with SRV properties, such as induced velocity contrast, SRV height, and width.

Also, due to the 3D nature of zipper-fracturing treatment, the distance between SRV from
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adjacent wells to the instrumented well might influence the amplitude of scattered events.

We observe that there is a general match between datasets corresponding to both source

locations. The maximum effect due to fracturing of well 9Bf is observed during VSP shot

#30 (taken after completion of stage 21 of well 9Bf). The differences between datasets may

be due the fact that transmitted PS-waves from source location S1 (toe source, see

Figure 3.1) propagate in previously stimulated rock, while for source location S2 (heel

sources) in unstimulated rock. We will further discuss the interpretation of the observed

amplitude variations in the 3D numerical modeling section.

3.4.3 Field data analysis summary

Analysis of scattered events shows responses from the fracturing operation in the

instrumented 9Bf and adjacent 11A wells. Figure 3.6 summarizes the SRV geometries

interpreted from analysis of scattered PS-waves in a gun-barrel view.

Figure 3.6 Gun-barrel view of SRV geometries estimated from analysis of scattered
PS-waves.

The average half-height for SRVs due to hydraulic fracturing of well 9Bf is about

250 m, while for well 11A, it is about 180 m. The upper bound for SRV half-height induced
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by the fracturing of well 10D on average is less than 200 m, as we do not see a 10D

response. These results imply that there could be stress barriers that control fracture

height growth. These geometrical constraints provide critical information for fracture

propagation models, well stacking, and well spacing decisions. The fact that scattered

waves generated by well 11A SRV can be observed at well 9Bf might indicate that the

average SRV half-length is more than 100 m. However, it is not entirely clear whether the

SRV generated by well 11A has to reach the fiber well 9Bf in order to generate the

observed signals due to ray geometry and finite-frequency effects. Moreover, the azimuth of

fracture propagation can affect scattered event locations. To better understand and

interpret the scatter-wave signals and answer the questions regarding SRV length and

azimuth, we conduct 3D elastic modeling to simulate the wavefield.

3.5 3D modeling of scattered events

Several studies have previously conducted 2D modeling to understand interstage VSP

observations [19, 20]. The geometric and elastic properties of SRV generated from different

wells may vary as a function of all three spatial coordinates. Also, the fiber monitoring well

can be located differently relative to SRV. Hence, to explain the zipper group interference,

3D elastic modeling can be conducted. We select the LVZ model as it provides the best

field data fit [20]. The LVZ model is generated by introducing Gaussian smoothed

low-velocity anomaly of particular geometrical dimensions into a homogeneous background

model. The smoothing converts sharp velocity contrasts to gradient velocity variations.

[77] shows that such gradient anomalies lead to asymmetric amplitude responses for

transmitted PS (PST ) and reflected PS (PSR) waves, as observed in field data

(Figure 3.3). The PST/PSR ratio can be used to estimate the smoothness of the LVZ

transition, which is related to SRV width [20].
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3.5.1 Modeling setup

We used SOFI3D modeling code [78], which is a 3D finite-difference elastic wave

simulator, to model PS-waves in 3D. We choose a homogeneous background model with the

P- and S-wave velocities and density extracted from well logs of the reservoir section. The

model has a grid discretization (dx, dy, dz) of 4 m. To save computational costs, we

decided to generate and propagate plane waves only in the vicinity of the reservoir depth

instead of simulating point sources from the surface. This effort reduces our domain size to

400x400x400 cells. To generate plane waves, we create a plane of explosive sources. The

explosive sources are chosen because they do not generate S-waves in a homogeneous

isotropic medium, and as a result, S waves can only be generated by a velocity

inhomogeneity. This allows us to separate the converted PS-wavefield from the pure

P-wavefield by applying a curl operation to the computed wavefield. We do not analyze

transmitted PP-waves as they are interfering with the residual incident P-wave, and the

reflected PP-waves are hardly visible in the field data. We set up a perfectly matched layer

(PML) to suppress reflected waves from the model boundaries. However, the suppression

was not perfect for the boundaries Y = ±800 m. To avoid the effect of boundary

reflections, we only analyzed wavefields in the center of the model −500 ≤ Y ≤ 500 m.

3.5.2 Modeling results

First, we created a simple 3D model by populating the same 2D model as in [20] in the

Y dimension. The velocity model, the corresponding magnitude of PS-wave particle

velocity, and maximum amplitude curves (for Y = 0 m) are shown in Figure 3.7. The test

shows similar behavior reported by [20] for the 2D case. The transmitted PS-wave has a

much higher amplitude than the reflected PS-wave. Also, the X location with maximum

amplitude (i.e., peak location), indicated by the yellow arrow, determines the PS-wave

shadow, and can be used to calculate SRV half-height (see equation 3.1). The maximum

amplitude corresponds to a location where transmitted and diffracted PS-waves merge

46



together.

Figure 3.7 (a) ’2D velocity model in 3D’, (b) corresponding seismogram in terms of the
magnitude of PS-wave particle velocity, and (c) maximum amplitude (Y = 0 m) extracted
from seismogram. The yellow arrow in (c) indicates the end of transmitted PS-wave
shadow, which can be used to determine the half-height of the SRV.

Next, we tested four different models to gain additional insights into estimating SRV

properties using scattered PS-waves. The velocity anomaly associated with SRV is placed

in the middle of the domain with the assumed injector located at (0 m, −700 m, 0 m)

coordinates. Figure 3.8 represents X − Y or map view, Z − Y or gun-barrel view, and

Z −X or side view slices over the domain center. The receiver lines are distributed in

Z = 0 m plane of the model along X direction. Different receiver lines allow us to extract

seismic wavefields for monitor wells with various offsets. Figure 3.9 shows the resulting

amplitude slices for three receiver line locations (Y = −300 m, Y = 0 m, and Y = 300 m)

for the models shown in Figure 3.8.

The first model with half-infinite SRV is shown in Figure 3.8a. We use this model to

understand whether SRV from an adjacent well should intersect the instrumented well for

PST waves to be detected. Figure 3.9a shows the decrease in amplitude values of scattered

waves as we are moving to the edge of the SRV and away from the velocity anomaly. We

find that the amplitude slice away from the SRV edge (Y = 300 m) still shows a visible
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Figure 3.8 P-wave velocity model slices for (a) half-infinite SRV, (b) SRV with the
half-height change, (c) SRV with a change in velocity contrast, (d) SRV with non-normal
fracture propagation. The lines on X-Y and Z-X slices, as well as the dots on Z-Y slices
represent virtual fiber receiver lines, so the modeling allows to obtain seismic wavefields for
various geometries of instrumented fiber well relative to SRV locations.
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Figure 3.9 Amplitude slices for models shown in Figure 3.8. The slices are shown for fiber
wells located on Y = −300 m, Y = 0 m, and Y = 300 m.

response. This means that the scattered waves can be detected even if the SRV does not

cross the fiber well. Two mechanisms can explain this response: first, the seismic waves can

be affected by the velocity structures within the Fresnel volume. The PS-wave converted

by the SRV can be detected with DAS fiber if the SRV is within the seismic Fresnel

volume, which could be hundreds of meters away from the ray path depending on the

wavelength [79]. In this case, one can use the proposed calculation algorithm for

half-height estimation (equation 3.1). Second, part of the energy could be diffracted from

the edges of SRV. There is an opportunity to calculate the geometry of SRV from the

calculation of the diffracted wave moveout [20]; however, diffracted waves could be too

weak to be observed in field data.
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The second model of SRV with half-height changing with offset is shown in Figure 3.8b.

We see how the peak related to the PS-wave shadow (Figure 3.9b) moves with the SRV

half-height change above the receivers. The largest height corresponds to fiber location

Y = −300 m and the smallest to Y = 300 m. In the 3D case and our geometry, half-height

calculation corresponds to the average half-height within the Fresnel volume. This

modeling result demonstrates that the fracture height above an offset monitor well can be

correctly estimated using our proposed method.

The next model, shown in Figure 3.8c, represents the case of a velocity contrast change

within the SRV. Amplitude slices for this case are presented in Figure 3.9c. In this case,

the change in half-height, does not influence on the location of the peak (around

X = 350 m). The only difference is in the amplitude values for various fiber well locations.

The amplitudes decrease proportionally to the decrease of the velocity contrast, and again,

we need to consider the averaging effect within the Fresnel volume.

The last model (Figure 3.8d) represents SRV with non-normal fracture propagation

relatively to the injection well. In this case (Figure 3.9d), we see that the entire amplitude

slice shifts with the fracture azimuth, which can be used to calculate the fracture

propagation direction.

The 3D modeling confirms previous findings of 2D modeling studies and highlights the

value of inter-stage DAS VSP data for monitoring not only the completion process of the

fiber well but also adjacent wells in its vicinity.

3.6 Discussion

Using the results of 3D modeling, we can further interpret the field data quantitatively

to understand the observed similarities and differences in scattered wave properties

generated by SRVs from the fiber well (9Bf) and the adjacent well (11A). We have not

noticed a significant difference in the size of PST shadow zones between these two wells,

which is associated with similar fracture heights above the fiber well. This implies that the

shapes of 11A SRVs are rectangular at least in the distances of about 100 meters, which is
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the summation of well spacing and the radii of Fresnel volumes.

For both wells, we see high asymmetry in amplitudes between the reflected and

transmitted waves, which according to our modeling, could be interpreted as a SRV with a

width of more than 50 m [20]. The reflected PS wave is visible only at several stages.

Further stage-by-stage analysis and comparison with validation datasets is necessary to

evaluate if SRVs corresponding to these stages have smaller widths.

We observe converted waves with smaller amplitude for well 11A stimulation, which

may indicate two possibilities: (1) the velocity contrast decreases away from the initiation

point with the SRV intersecting the monitoring well, which may be related to the fracture

width decreasing with distance, or (2) the SRV from an adjacent well does not intersect the

monitoring well, and the observed scattered waves are caused by the Fresnel zone effect, as

the first radius of the Fresnel zone can reach more than 200 m in our case [80]. The answer

to this question is important, as it could significantly impact the interpretation of SRV

geometry. The two competing interpretations can be distinguished with additional

datasets, for example, additional source locations to illuminate the LVZ anomaly from

various angles, and/or low-frequency cross-well strain measurements (LFDAS) to confirm

fracture hits at the monitor well [32].

Despite changes in the amplitude values, we have not observed changes in amplitude

decay rate. This means that the reservoir properties, such as permeability, could be quite

similar around wells 9Bf and 11A. Besides, we found a mismatch between the observed

trend in well 11A for scattered events distribution (Figure 3.5) and the locations derived

from stage location information assuming normal fracture propagation. It means that the

fractures which grew from the well 11A are not normal to the well, and the azimuth of the

fractures can be estimated.

Future analysis of this data should include stage-level quantification of SRVs, which is

possible as the scattered waves vanished quickly. Moreover, integrating this data with

other types of DAS data, such as interstage DAS VSP time-shift data [19], low-frequency
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cross-well strain data [32], microseismic data [72, 81], perforation data [73, 74], will allow

for a more comprehensive description of the SRV from DAS scattering measurements.

3.7 Conclusion

Inter-stage DAS VSP surveys provide valuable insight into zipper-fracturing treatment.

High-quality data from engineered fiber-optic cable allow for amplitude analysis of the

observed PS-waves scattered from the SRV. Amplitude distributions of these waves allow

for stage-by-stage hydraulic fracturing effectiveness characterization. A single well with

fiber allows monitoring not only the treatment at the fiber well, but also adjacent wells via

analysis of PS scattered events to estimate SRV properties, including SRV height, width,

and the fracture closure time. Moreover, for adjacent wells the length and azimuth of SRV

can be constrained.

The results of 3D modeling gave insights into the 3D nature of seismic wave

propagation and interaction of the seismic wavefield with SRV. 3D modeling confirms the

feasibility of the proposed method to estimate the SRV properties of well with fiber and

adjacent wells and supports the quantitative interpretation of SRV properties.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION OF DISTRIBUTED ACOUSTIC FIBER-OPTIC

SENSING IN PRODUCTION LOGGING: THERMAL SLUG TRACKING AND

MULTIPHASE FLOW CHARACTERIZATION

A paper submitted to SPE Production & Operations.

Aleksei Titov1,2, Yilin Fan3, Ge Jin2, Ali Tura2, Kagan Kutun3, and Jennifer Miskimins3

4.1 Abstract

This study experimentally investigates the impact of gas bubbles on the thermal and

acoustic energy prorogation within the wellbore, at various water and gas flow rates using

distributed acoustic sensing (DAS), This is the first study to experimentally investigate the

thermal and acoustic propagation at both single- and two-phase flow conditions using DAS.

It is believed that the physical interpretation from this study will significantly improve the

production logging algorithms especially at multiphase flow conditions, benefit the

detection of gas leakage in the vertical section of a wellbore, as well as pipe line flow

monitoring. Distributed fiber-optic sensing (DFOS) based production logging has drawn

much attention in recent years. Comparing to conventional production logging tools,

fiber-optic cables can endure much harsher borehole environments and can be deployed at

a lower cost. This work presents an experimental study of using DAS to track the thermal

slugging in single-phase (liquid) and two-phase (gas and liquid) flow within a vertical

wellbore to estimate flow velocity and characterize multiphase flow behavior.

A vertical flow loop is constructed for this research, which consists of a 7 m long

transparent PVC test section with a 1-inch pipe inner diameter. A single-mode optic fiber

with thin plastic coating is wrapped evenly around the PVC pipe, with a fiber-to-pipe

1Primary researcher and author
2Department of Geophysics, Colorado School of Mines, Golden, CO
3Department of Petroleum Engineering, Colorado School of Mines, Golden, CO
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length ratio of 10.7. Tap water and compressed air are used as the testing fluids. The

water and air are injected at the bottom of the test section, similar to field conditions

where oil and gas mixture flows into the wellbore from the bottom. The water is directly

supplied from the building water system without using an additional pump to minimize the

unrelated acoustic noise. Air is supplied from an air tank charged by the building

compressor with a maximum pressure of 80 psi. A peristaltic pump is used to inject a small

amount of hot water (< 2% of the minimum water volume from the inlet) to generate

thermal slugs at the bottom of the test section.

For the case of single-phase water flow, the velocity of the thermal slugging signal is

similar to the actual water velocity, as expected. For multiphase flow, the thermal signal

looks almost identical with that for single-phase, although the bubble velocity is much

higher than the water velocity. This observation indicates that gas, with low thermal

capacity and in its bubble form, cannot carry enough heat to perturb the thermal slugs in

the water severely. However, a detailed analysis of the thermal slugging velocity indicates a

small increase with an increase of gas flow rate. We interpret that the thermal slugging

velocity is associated with the actual water velocity. The existence of the gas bubble

decreases the effective water holdup (cross-sectional area occupied by the water phase) in

the pipe. We find that, with a constant water volumetric rate, smaller holdup leads to

higher in-situ water velocity, thus higher thermal slugging velocity.

The decay of the thermal slugging signal is also analyzed. The signal decay is due to

the heat exchange between the fluid and the surrounding, as well as between the warmer

and cooler fluid within the pipe. We observe a faster signal decay associated with a higher

bubble rate, which indicates a faster heat exchange rate with the existence of gas bubbles.

Multiple physical processes may cause this correlation. First, as the gas bubbles travel

through the water with a higher velocity, they generate local turbulence in the water phase

and accelerate the heat exchange within the water. Another possibility is that the gas,

although with much smaller thermal capacity, carries heat from the warmer section to the
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cooler section, therefore accelerating the thermal equilibrium process. The comparison

between the single-phase water and two-phase air-water experimental results indicate that

the gas bubbles generate acoustic energy as they move through the pipe. Even in the

low-frequency DAS data band (< 0.5 Hz), it appears that the higher background noise-level

is associated with the rising bubbles. Detailed analysis of the DAS data indicates

individual bubbles can be traceable if they are separated more than a gauge length.

4.2 Introduction

More and more oil and gas companies are interested in utilizing distributed fiber-optic

sensing (DFOS). This technology provides a reliable, cost-effective solution for many

borehole sensing applications since only the optical fiber is deployed downhole, and all data

acquisition hardware is located at the surface [3]. DFOS is widely used both for

engineering (production and completion monitoring) and geophysical (vertical seismic

profiling, microseismic) applications in the oil and gas industry. Due to the limited

understanding of the recorded data, many DFOS data processing flows are still based on

qualitative approaches. In this paper, we conduct experiments to help the development of

more quantitative methods that can expand the applications of DFOS data.

DFOS technology is split into three main types. In distributed acoustic sensing (DAS),

strain changes along the fiber are recorded. In distributed temperature sensing (DTS), the

temperature along the fiber is recorded. In distributed strain sensing (DSS), the absolute

strain value is recorded [3]. The critical piece of technology behind DFOS is an

interrogator unit (IU) located on the surface and consisting of a stable laser and a very

sensitive photodetector. The interrogator sends a laser pulse down the optical fiber, which

scatters off inhomogeneities in the fiber. The interrogator then records backscattered light,

which can be used to measure strain for DAS and DSS or temperature for DTS. By using

the time delay of backscattered light, measurements of strain or temperature are

distributed along the full length of the cable with a sampling interval as small as 1 m.
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DFOS has many advantages for borehole applications compared to conventional tools

(geophone, pressure gauges, temperature gauges, etc.). In most cases, the fiber cable is

permanently cemented behind the casing. Once installed, fiber can monitor the entire

length of the wellbore with an excellent spatial resolution for the whole life of the well.

There is no electrical power in the optical fiber cable and no electronic hardware is

deployed downhole which means the cable can withstand harsh borehole conditions and

high borehole temperatures.

In this study we focus on using DAS to monitor borehole flow. Production flow

profiling is one of the most important potential uses of DAS measurements. Knowing the

production allocation along a well with multiple production zones can significantly improve

the reservoir model, provide better understanding reservoir performance, and identify

better producing formation and completion designs. DAS technology provides a unique

opportunity as it is sensitive to a wide range of frequencies from 1 mHz to 100 kHz. This is

the reason that, for production applications, DAS can be used not only to measure acoustic

signals generated by the flow but also to capture subtle temperature changes due to

thermal strain induced on the fiber core. According to [6], at extra low-frequencies

(< 1 Hz), DAS is sensitive to temperature perturbations as small as 10−5 ◦C/s. In the case

of DAS, the phase change of Rayleigh scattered light is measured over a distance called the

gauge length, Lg. This provides an estimate of the average strain over the gauge length at

each sampling point along the fiber. Depending on the interrogator, the strain rate instead

of the strain may be measured [3].

Different components of the DAS signals could be extracted from the data for

production logging purposes. One of the first use of DAS for flow monitoring was reported

by [82] for a tight gas producers. The production profiles were generated by monitoring

acoustic noise generated by produced gas flowing through perforations, and converting the

noise intensity captured by DAS in a certain frequency band to flowrates. While this

approach can provide some quantitative insight into the production allocation, there are
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still a lot of factors that can influence results, and the method does not work for oil

producing wells. Another approach utilizes detection of sound waves propagated in the

fluid within the wellbore. The speed of sound is a function of the fluid density and fluid

composition [e.g., 83]. So one could invert the speed of sound for fluid composition.

Moreover, analyzing the DAS signal in the frequency-wavenumber domain, one can detect

the difference in the speed of sound waves propagating with and against the flow direction

using the Doppler effect. The latter approach allows inverting for flow velocity [22, 84].

However, a lot of low-rate producers are very quiet and have low flow velocity, which leads

to unreliable Doppler effect results. Flow rate can also be calculated by mapping the

turbulent eddies in the flow using DAS data [22, 23]. These eddies are small vortices that

can be tracked in the lower frequency band in comparison with sound waves. But this

method also requires a high flow velocity in the borehole to generate acoustically

detectable eddies.

Another approach is based on the high sensitivity of DAS to thermal changes. A recent

study demonstrates the use of low-frequency DAS (LFDAS) signals for tracking the

thermal slugging in the wellbore to estimate flow velocity. [24] shows how the combination

of calibrated DTS [85] and DAS can be used for production monitoring of low-rate oil

producers. DTS is used to measure borehole temperatures during steady states, and DAS

is used to measure borehole flow velocities by tracking temperature slugging signals during

transient states. Motivated by this research, we further develop the technique for

two-phase (liquid and gas) flow, and namely to slug flow.

Slug flow is one of the most common flow patterns encountered in two-phase upward

flows in vertical and inclined wellbores and facilities [e.g., 86, 87], and slug flow is

characterized as an intermittent flow of large gas bubbles (also known as Taylor bubbles),

and liquid slugs with dispersed small gas bubbles. The Taylor bubble has an elongated

bullet shape [88]. The alternating impact of almost entirely gas and fully liquid phases can

be quite destructive for downhole and surface equipment. Also, the transition to this type
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of flow can indicate the onset of liquid loading, which can lead to production disruption. In

this research, with the help of a vertical flowloop setup, we demonstrate that DAS can be

used to detect slug flow and generate a production log using a joint thermal slugging and

acoustic tracking approach. The setup and initial results of this experiment are presented

in [e.g., 89]. We also developed a novel approach for DAS data processing based on a

multispectral analysis of the Taylor bubble oscillation. This approach can lead to a method

for reliable production logging and monitoring for wells with two-phase slug flow.

4.3 Experimental setup

The flow loop in this experiment contains of a 7-m long, 1-inch internal diameter

transparent PVC pipe, which is placed vertically to represent a vertical wellbore. A

single-mode optical fiber with thin plastic coating (Corning SMF-28) is wrapped around

the PVC pipe, with a fiber-to-pipe length ratio of 10.7 (about 75 m of fiber wrapped

around the 7-m pipe, which lead to ≈ 930 wraps with ≈ 0.74 cm spacing between each

wrap). This fiber installation allowed us to receive more data points and use a smaller

effective gauge length of about 1 m. Water and air inlets are connected to the bottom of

the pipe and flowing upwards by the pressure differential during the experiment. To reduce

the unrelated acoustic noise from pump, we use tap water as the water supply. Also,

additional insulation was added between strut channels and pipe clamps to minimize pipe

vibration. The air is supplied by the building compressor, which can create up to 80 psi

pressure difference. Figure 4.1a shows the diagram of the flow loop, and Figure 4.1b shows

a picture of the bottom section of the pipe and the wrapped fiber. With this set up, we

test two-phase slug flow production logging with an active thermal source. A peristaltic

pump is used to add a small amount of hot water into the flow through an inlet at the

bottom of the flow loop to generate thermal slugging signals. The hot water supplied from

a thermally controlled circulatory bath is about 20◦C higher than the tap water

temperature, and the injection rate is lower than 0.1 L/min. An OptaSense ODH 3.1 IU

was used to record the DAS data.
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Figure 4.1 (a) Diagram of the vertical flow loop and (b) picture of the pipe bottom section
and the wrapped fiber (modified from [88]).

We generate slug flow by injecting a small amount of gas into the flowing water. The

main goal is to study how the gas affects the thermal and acoustic energy in the flow. To

generate thermal perturbations, hot water was injected for 1 minute, then turned off for

1 minute. The cycle is then repeated several times. The notion is to generate a similar

response as observed in field data reported by [24]. Cold tap water flowed with constant

superficial velocity, vSW , measured by a magnetic flowmeter. By adding a small amount of

gas with different rates into the flow, we generated slug flow (see Figure 4.1). At each gas

rate, the hot water injection is repeated for five to six cycles. The air rate is controlled by a

small leakage at the control valve with different back-end pressures. Due to the instrument

limitation, the volumetric air rate cannot be measured directly with a flowmeter, and a

digital camera was used to estimate it.

A flow pattern for slug flow is shown in Figure 4.2a. Two main components of the flow

are observed. A Taylor bubble is followed by a liquid slug with dispersed small gas bubbles.

A high-definition (HD) video camera was used to acquire a video of slug flow with 60
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frames per second. We developed algorithm that reads the video file frame by frame (as

shown in Figure 4.2b), calculates averaged RGB color values from a selected area (red box

in Figure 4.2b), and outputs an RGB color time series with the zero-mean value presented

in Figure 4.2c. We visually compare the extracted time series with the video and set a

threshold of –10 amplitude for this study detect a Taylor bubble. When an averaged color

value is lower than the threshold, the algorithm detects the transit of the Taylor bubble

within the red box. The same approach can be applied at a different location of the red

box within the same video frame. Knowing the distance between the boxes, we calculate

the Taylor bubble velocity (vB). Using spectral analysis of the acquired color data time

series, we also estimated the average Taylor bubble frequency (fB), which is correlated

with the gas injection rate.

Figure 4.2 (a) Flow pattern for slug flow (modified from [87]). (b) Example of a video
frame, the red box indicates the area of extracted averaged RGB color information, which
shown in (c) for the 5-second section of the video recording. The dark blue area indicates a
liquid slug region, while the bright blue area indicates the Taylor bubble region.
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4.4 Thermal slugging for generation DAS-based production log for slug flow

The first experiment was designed to understand how DAS can be used to track

artificially generated thermal slugging signals in two-phase slug flow. For this experiment

water was flowing with vSW of approximately 0.17 m/s. From video analysis, vB was

estimated to be about 1.6 m/s, and fB varies from 0 (single-phase water flow) to

1.6 bubbles/s.

4.4.1 DAS data processing workflow

The raw DAS data is recorded in terms of the optical phase for our IU. The initial

processing of the DAS data are as follows:

• Convert optical phase data to the phase rate by differentiating along the time axis.

• Remove noise by applying a median filter.

• Apply a low-pass Butterworth filter to pass the signals below 0.5 Hz.

Figure 4.3a shows the processed LFDAS data for single-phase water flow. The

horizontal axis is the time of the experiment, while the vertical axis indicates the channel

number. Channel 15 corresponds to the bottom and channel 90 to the top of the vertical

pipe. One can observe the thermal slugging signal represented by the red (heating) and

blue (cooling) bands. To illustrate this signal in more detail, we show the data slice for

channel 50. Figure 4.3b shows the raw data itself, and Figure 4.3c shows its smoothed

version. The phase rate is linearly proportional to the induced thermal strain changes [3].

Hence the increase and decrease in phase rates correspond to the heating and cooling

processes, respectively. In Figure 4.3c one can clearly see the 5 pairs of heating and cooling

cycles.

The next processing steps are:

• Cross-correlate each channel with the bottom channel.
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Figure 4.3 (a) LFDAS signal for single-phase water flow, black lines show thermal slugging
velocity vTS ≈ 0.19 m/s. (b) Amplitude slice for channel 50 and its smoothed version (c).

• Analyze the observed time-lag in cross-correlation data for thermal slugging velocity

extraction (vTS).

• Analyze the maximum value of cross-correlation for estimation of the DAS amplitude

decay rate.

The last step allows us to analyze how quickly thermal energy dissipates. Highlighted

with a black line in Figure 4.3a, the velocity of the thermal slugging signal (vTS) is

0.19 m/s, which is approximately 12% higher than the actual water velocity.

The thermal signal with gas injection (Figure 4.4) looks almost identical to single-phase

water case (Figure 4.5a), despite the difference in bubble and water velocities (vB ≫ vSW ).

This observation indicates that gas, with low thermal capacity and in its bubble form,

cannot carry enough heat to perturb the thermal slugs in the water severely. However, the

cross-correlation-based analysis of the thermal slugging velocity indicates a small increase

of vTS associated with a higher gas bubble rate (Figure 4.4). We interpret that the vTS is

mostly associated with the actual in-situ water velocity, vw.

Using the effective channel spacing of about 9 cm, we can recalculate the slopes in

metric units. The results for the thermal slugging experiment are summarized in
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Figure 4.4 LFDAS signal for slug flow: (a) fB ≈ 1.0 bubbles/s, vTS ≈ 0.2 m/s and (b)
fB ≈ 1.6 bubbles/s, vTS ≈ 0.22 m/s. Black lines highlight thermal slugging velocities.

Figure 4.5. Figure 4.5a shows how thermal slugging DAS velocity changes with Taylor

bubble frequency, and Figure 4.5b shows how the DAS amplitudes decay. The minus sign

in front of the logarithm in vertical axis of Figure 4.5b indicates that a higher value of

decay means faster thermal dissipation. The Taylor bubble frequency is inversely correlated

with the average liquid holdup (HL); as the existence of the gas bubbles decreases the

effective water holdup (volumetric fraction of pipe cross-sectional area occupied by water)

in the pipe. With a constant water volumetric flow rate, a smaller liquid holdup leads to a

higher actual water velocity, therefore a higher thermal slug velocity. We also observe a

faster signal decay associated with a higher Taylor bubble frequency, which indicates a

faster heat exchange rate with the existence of gas bubbles. Multiple physical processes

may cause this correlation. As the gas bubbles travel through the water with a higher

frequency, they generate local turbulence in the water phase and accelerate the heat

exchange within the water.

The comparison between the water only example (Figure 4.3a) and two-phase example

(Figure 4.4) indicates that gas bubbles generate acoustic energy as they move through the

pipe. Even in the low-frequency band (< 0.5 Hz), the apparent higher background

noise-level is associated with the rising bubbles. Detailed analysis of the DAS data
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Figure 4.5 LFDAS signal analysis. (a) DAS flow velocity and (b) DAS amplitude decay as
a function of the Taylor bubble frequency.

indicates individual bubbles can be traceable, which is detailed in the next section.

4.4.2 Acoustic signatures of rising Taylor bubbles recorded with DAS

A second experiment was conducted to analyze acoustic signatures associated with

rising Taylor bubbles. For this experiment water was flowing with a lower superficial

velocity, vSW of about 0.07 m/s, in comparison with the first experiment. From video

analysis, vB was estimated to be about 0.3 m/s. This flow regime allows discrimination of

acoustic signals from distinct bubbles.

One-minute raw DAS recording and corresponding LFDAS data in terms of phase-rate

are shown in Figure 4.6a and Figure 4.6b, respectively. The signal-to-noise ratio for

LFDAS thermal slugging, in this case, is very high and one can easily pick the velocity

associated with thermal slugging signal of vTS ≈ 0.075 m/s, which is slightly higher than

vSW . This observation matches observations in the first experiment. Note prominence of

the boundary between the blue color (cooling down) and the red color (heating up), which

is highlighted with a black line in Figure 4.6b. Another interesting signal is associated with

the rising Taylor bubble, and it is especially visible during the cool down period of the

experiment as a dark blue band. One of these bands is shown with a white line. The vB

extracted from DAS data is very close to the vB extracted from video analysis.
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Figure 4.6 Example of DAS data; hot water injection starts at 30 seconds. (a) Raw
phase-rate data. (b) Low-passed data (< 0.5 Hz). Thermal slugging trend with velocity
vTS ≈ 0.075 m/s is shown in black and propagation of Taylor bubble signal with velocity
vB is highlighted with white line.

For further analysis of the rising bubble data, we calculate channel-by-channel

variations of the Fourier spectrum and corresponding bandpassed DAS signal, which is

shown in Figure 4.7. Two frequency bands capture our attention: 20-80 Hz (Figure 4.6a)

and 160-200 Hz (Figure 4.6c). For the 20-80 Hz range, we observe multiple diagonal bands

in the frequency domain. As acoustic energy propagates from the bottom to top of the

pipe, the recorded frequency decreases. In the same frequency range, we have fundamental

alternating current frequency about 60 Hz and 30 Hz inter-harmonic distortion, which

appear as vertical lines and make the corresponding bandpassed data look noisy; however,

one can distinguish signals propagating with vB. We are associating this frequency range

with resonance bubble frequencies, which change as Taylor bubbles are rising and elongated

due to pressure decrease. For the 160-200 Hz range, there are no significant variations in

the frequency domain, but we observe the signal propagating with the bubble velocity in

the bandpassed data. Hence, this frequency band might be associated with liquid slugs.

We apply multispectral analysis to highlight the frequency change as the Taylor bubbles

rise up. We divided the 20-80 Hz spectrum into three bands and color-coded them using
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Figure 4.7 Channel-by-channel variations of the Fourier spectrum and the corresponding
bandpassed DAS signal. 20–80 Hz (a) and (b), and 160–200 Hz (c) and (d). The first band
corresponds to the Taylor bubble and second to liquid slug.
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red (20-40 Hz), green (40-60 Hz), and blue (60-80 Hz) colors. After that, for each channel

for 1 s of data, we calculated the mean value of spectral amplitude for each frequency

band. Finally, we mix all colors to generate an image, shown in Figure 4.8. This is a

multispectral time-variable representation of the DAS data. In this representation, blue

color correspond to higher frequency and smaller bubbles, green color to a medium

frequency and medium-sized bubbles, and red color to a lower frequency and larger

bubbles. For various observed bubbles, we can see how the color changes as the bubble

propagates along the pipe, which corresponds to a change of the Taylor bubble size. This

example shows how DAS can be used to calculate the bubble size.

Figure 4.8 Multispectral time-variable representation of the DAS data corresponding to
rising Taylor bubbles.

In the literature [e.g., 90], one can find that bubbles have a resonance frequency, also

known as Minnaert resonance frequency:

ν0 =
1

2πR0

√
3κp0
ρ

, (4.1)

where R0 is equilibrium radius of a spherical bubble, κ is a polytropic index (κ = γ for an

adiabatic process, where γ is a ratio of specific heat of a gas at constant pressure to that at

constant volume, or κ = 1 for the isothermal process), p0 is pressure and ρ is the density of
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fluid surrounding a bubble. For an air bubble in water under one atmosphere, under

assumptions of negligible heat flow and negligible surface tension equation 4.1 reduces to:

ν0R0 ≈ 3.3 m/s. (4.2)

Despite the fact that the Taylor bubble is not a spherical freely-oscillating bubble and

some of the assumptions may not be correct for our experiment, we can use equation 4.2 to

roughly estimate the size of the bubble associated with the frequency of 75 Hz. For the

measured pressure of about 1.6 atmospheres at the half-length of the pipe, the

R0 ≈ 4.5 cm, which is larger than the bubble half-width (1.2 cm) and bubble half-height

(2 cm) estimated from the video. This indicates that further studies are required to

describe the observed frequency change more precisely.

4.5 Future work

To improve the achieved results and overcome limitations of the current experimental

setup, we are constructing a large horizontal flow loop with a real-life borehole. The 230-m

flow loop (Figure 4.9) is located in the tunnels of a research mine (Edgar Mine). This flow

loop focuses on understanding two-phase flow (water and air) in a horizontal well. A 40-m

section (Figure 4.9b section #3) of the flow loop is a 6-in borehole drilled through the rock

body in the mine. A 4-in metal casing will be instrumented with two permanently installed

fiber cables and cemented into the borehole, to mimic a horizontal wellbore environment.

This section of the flow loop is ideal for studying thermal slugging and acoustic wave

propagation, as hundreds of feet of rock provides insulation. The other section of the flow

loop (Figure 4.9b section #2) contains a 25-m transparent PVC pipe where the pipe

inclination is adjustable. This section will be used to study the variation of water holdup

due to well inclination and how to use DFOS to measure the holdup. Finally, we plan to

develop a wireline DAS-based production tool with active acoustic and thermal source and

test it utilizing the Edgar mine flow loop.
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Figure 4.9 Edgar mine flow loop diagram (a) and 3D map (b). The 40-m long section #3 is
the in-wellbore part of the flow loop and the 25-m long section #2 is a part with adjustable
pipe inclination.

4.6 Conclusions

We have conducted a series of flow loop experiments to understand the fundamental

physics of the interaction between the optical fiber and borehole flow. The goal of the

experiments was to understand the potential of using fiber-optic sensing technology for

production logging purposes in case of two-phase (liquid and gas) slug flow. Results from a

vertical flow loop indicate both thermal and acoustic signals measured by DAS are

sensitive to the existence of a small amount of gas injection. We found that thermal

signatures derived from the DAS data are mostly sensitive to water phase of the flow, while

air phase of the flow provides distinctive features in acoustic domain. Investigating both

thermal and acoustic characteristics, it is possible to determine velocities of liquid and gas

phases separately, as well as estimate liquid holdup. Based on these findings, a novel

DAS-based production monitoring algorithm was developed. This approach can also be

used for other applications, such as small gas leakage in the vertical section of a wellbore

and pipe line flow monitoring.
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CHAPTER 5

DISTRIBUTED ACOUSTIC SENSING (DAS) RESPONSE OF RISING TAYLOR

BUBBLES IN SLUG FLOW

Ready to submit

Aleksei Titov1,2, Yilin Fan3, Kagan Kutun3, and Ge Jin2

5.1 Abstract

Slug flow is one of the most common flow types encountered in surface facilities,

pipelines, and wellbores. The intermittent gas phase in a shape of a Taylor bubble followed

by the liquid phase can be destructive to equipment. However, commonly used point flow

sensors have significant limitations for flow analysis. Distributed acoustic sensing (DAS)

can turn optical fibers into an array of distributed strain rate sensors and provide

substantial insights into flow characterization. We built a 10-m vertical laboratory flow

loop equipped with wrapped fiber optic cable to study the DAS response of rising Taylor

bubbles. Low-passed DAS data allows for velocity tracking of Taylor bubbles of different

sizes and different water velocities. Moreover, we measured the velocity of the wake region

following the Taylor bubble and explore the process of Taylor bubbles merging. The

amplitude analysis of DAS data allows for the estimation of Taylor bubble size. We

conclude that DAS is a promising tool for understanding Taylor bubble properties in the

laboratory environment and monitoring such destructive flow in facilities across different

industries for safe and cost-effective operations.

5.2 Introduction

Flow measurements play a crucial role in understanding the fluid dynamics in

laboratory experiments as well as safe and economic operations of subsurface and surface

1Primary researcher and author
2Department of Geophysics, Colorado School of Mines, Golden, CO
3Department of Petroleum Engineering, Colorado School of Mines, Golden, CO
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facilities. While the single-phase flow metering is well-established, the development of

sensors for multiphase flow evaluation is still undergoing and currently the point flow

meters have been used in most cases. There is increasing demand for distributed

multi-phase-capable measuring solutions, both for laboratory and field environments. The

need is even more demanding in in-well flow profiling for hydrocarbon producers. Some

works suggest so-called distributed virtual flow metering based on advanced

machine-learning algorithms [e.g., 91, 92]. This approach converts arrays of temperature

and pressure sensors and point flowmeters to an array of distributed flowmeters. Despite

that there is significant progress in this direction, the robustness of algorithms and

availability of dense temperature and pressure sensors significantly limit this approach.

Another solution utilized acoustic, strain, and temperature features of different flow types

recorded by the fiber optic cable using distributed fiber optic sensing (DFOS) methods [93].

One of the most promising DFOS technologies is distributed acoustic sensing (DAS).

DAS has developed rapidly in recent years. DAS utilizes telecommunication or special

engineered fibers and turns them into a dense array of strain rate meters [3]. Due to the

broad band of frequencies that DAS can capture, this technology has a broad spectrum of

applications. For example, in the oil and gas industry, DAS applications include recording

of seismic waves [e.g., 70], detection of fracture propagation [e.g., 32], and flow profiling

[e.g., 23]. In addition, DAS is sensitive to subtle temperature variations in sub millihertz

range and can be used as distributed temperature gradient sensors (DTGS). If the sensing

fiber is installed on top of a structure which can change its dimensions due to pressure

change inside (e.g., pipes [e.g., 94], mandrels [9]), DAS can act as a distributed pressure

gradient sensor (DPGS).

From DAS data, one can measure the speed of sound in the fluid and estimate the flow

rate using the Doppler Effect [e.g., 22, 84]. Flow rate can also be calculated by mapping

the slugs and turbulent eddies using DAS data [e.g., 23, 84]. In addition, recent studies

demonstrated using low frequency DAS signals to track thermal slugging in the wellbore to

72



estimate flow velocity for low-rate oil producers [24] and in laboratory setup [95]. The

implementation of these potential capabilities will highly benefit chemical, oil and gas,

carbon sequestration, and geothermal industries. In this paper, we use a laboratory testing

facility to advance DAS-based two-phase (liquid and gas) slug flow characterization.

Slug flow is a flow consisting of intermittent liquid and gas phases [25, 96]. Gas forms

the Taylor bubble, which is followed by a liquid slug. Immediately after the Taylor bubble,

there is a region with smaller dispersed bubbles (dispersed bubble train or wake [97]). Slug

flow is one of the most common flow types encountered in wells and pipelines, which can be

destructive for surface and downhole equipment. Moreover, for oil and gas industry

applications, the transition to slug flow type can indicate the onset of liquid loading,

leading to a shorter well life span. Hence, it is crucial to characterize such flow type, and

DAS is one of the most promising solutions. We designed and built a vertical flow loop

facility to study slug flow with DAS. Our work shows that DAS can determine the

velocities of both the Taylor bubble and dispersed bubble train as well as the size of the

Taylor bubble.

5.3 Data acquisition and processing

5.3.1 Flow loop testing facility

To study slug flow in a controlled environment, we built a vertical flow loop test facility.

Figure 5.1 shows the design of a vertical flow loop located inside the lab space with high

ceilings. Telecommunication single-mode fiber is wrapped around a 2-inch vertical schedule

40 PVC pipe and covers the entire length of the pipe. In addition, two pressure

transmitters and a video camera were installed. Figure 5.1b shows the Taylor bubble

generating apparatus, which produce air bubbles of controlled sizes. It consists of several

valves connected by pipe sections. The air volume trapped between valves is released when

the valves are consequently opened from top to bottom. The trapped volume between each

pair of valves used in the experiment is indicated in Figure 5.1b. Figure 5.1c presents the

modification of the bubble apparatus for studying interactions between two bubbles of the
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same size.

Figure 5.1 (a) Design of vertical flow loop facility with attached bubble apparatus. The
main elements are indicated. Blue horizontal arrows point to the pipe joints. (b) Bubble
apparatus to generate bubbles of different sizes. (c) Bubble apparatus to study the
interaction of two bubbles of the same size.

The generated bubbles captured by the video camera are shown in Figure 5.2 for all

studied bubble sizes. The bubble contours of are highlighted with gray lines for clarity.

This figure also gives illustration of the fiber installation. The tight buffered fiber used for

DAS acquisition is single-mode Corning SMF-28 with a yellow jacket of Df = 900 µm in

diameter. The orange fiber is a multi-mode fiber and was not used in this work. The

distance (dw) between wraps is 1 cm. The outer diameter of the PVC pipe (DO) is

6.032 cm. Hence, to calculate the fiber-to-pipe length ratio (FPR) we use:

FPR =

√(
π(DO +Df )

dw

)2

+ 1, (5.1)

where FPR here equals 19.26.
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Figure 5.2 Example of generated Taylor bubble of different volume: (a) 10 cm3, (b) 31 cm3,
(c) 60 cm3, (d) 154 cm3, and (e) 392 cm3. The yellow tight buffered fiber was used for the
DAS acquisition. The distance between neighboring wraps is 1 cm.

5.3.2 DAS data processing

We used the Treble interrogator unit (IU) from Terra 15 [98–100] to acquire the DAS

data for this work. The IU natively measures and output the rate of fiber length change (ẋ

[m/s]) and allows for post-acquisition gauge length (GL, Lg [m]) assignment when data are

converted to strain rate (ε̇ [(m/m)/s]) by taking spatial derivative along fiber axis (x):

ε̇(x) =
ẋ
(
x+ Lg

2

)
− ẋ

(
x− Lg

2

)
Lg

. (5.2)

The optimal results are achieved when GL is equal to pulse width (PW), which in our

case was equal to 2.45 m. We followed this rule of thumb, and as our first step of data

processing, we converted the raw data to strain rate, using equation 5.2. The data were

acquired with sampling rate fs = 4 kHz and spatial sampling dx = 0.82 m along the fiber

cable. Due to wrapped fiber geometry, the effective channel spacing and GL are obtained

by division of fiber to pipe ratio and leads to the effective channel spacing x̃ = 4.3 cm and

effective gauge length L̃g = 12.9 cm along the pipe length. Figure 5.3a shows an example of

raw DAS data (waterfall plot) in terms of strain rate for a typical experiment. For all
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waterfall plots in this paper, the colormap limits are from −0.2 µε/s to 0.2 µε/s. In this

experiment, the water velocity vw = 0 m/s (stagnant water column) and the bubble volume

VB = 392 cm3. The horizontal axis is the relative time from the beginning of recording for

a particular experiment, and the horizontal axis is the distance along the vertical pipe. The

initial data have a significant amplitude shift into negative values, which can be related to

a slight environmental temperature decrease. So, the baseline signal was estimated by

averaging 2.5 s (highlighted in Figure 3a with a blue box) of the recorded data for each

DAS channel (Figure 5.3b). This baseline vector was subtracted from the initial data

matrix. Using frequency-wavenumber analysis, we estimated that the frequency of the

signal associated with rising Taylor bubble is below 1 Hz, which is consistent with

previously published computational fluid dynamics (CFD) models of rising Taylor bubble

[101]. Hence, as a next step we apply 1 Hz low-pass filter and downsample the data by a

factor of ten, which led to time sampling of d̃t = 10/fs = 0.0025 s.

Figure 5.3 Example of DAS data processing for the Taylor bubble of 392 cm3 rising in the
stagnant water column. (a) DAS data after conversion to the strain-rate domain. The
baseline signal is estimated by averaging data for the first 2.5 s, as highlighted by the blue
box. (b) The estimated baseline signal. (c) DAS data after baseline subtraction,
application of 1 Hz low-pass filter, and x10 downsampling. The green inclined arrow
indicates the signal associated with constant rise velocity of Taylor bubble. The black
vertical arrow indicates the noise (tube-waves) associated with ball-valve opening, while
the blue vertical arrows point to tube-waves generated by the Taylor bubble passing
through the pipe joints (indicated by horizontal blue arrows).
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The result of the DAS data processing is shown in Figure 5.3c. The signal associated

with the rising Taylor bubble is clearly seen in the processed data as a diagonal dark blue

line (starting around 11 s and ending around 52 s). This signal corresponds to the negative

strain rate, which corresponds to a very small pipe diameter decrease as the bubble passes

through. In this experiment, each DAS trace in our wrapped installation is a proxy to the

pressure gradient sensor. From this figure, one can conclude that the velocity of the Taylor

bubble does not change as it rises in the water column. Moreover, one can estimate

velocity by fitting the linear moveout (vB ≈ 10 m/41 s ≈ 0.24 m/s). The automatic

workflow for velocity estimation will be presented in the next section. Another useful signal

for flow analysis is associated with the observed blue shadow following the Taylor bubble.

The boundary between this zone and background noise is highlighted with a white dashed

line. After analyzing the video record, we conclude that this blueish region is associated

with a train of dispersed bubbles following the Taylor bubble. The smaller slope of the

dashed white line compared to the Taylor bubble signal is associated with slower dispersed

bubble train velocity (≈ 0.20 m/s). Other signals include waves, which propagate with

relatively high velocity (≈ 1500 m/s), which results in vertical bands in the figure. The

most intensive tube wave (indicated by black vertical arrow) is associated with ball valve

opening and vibration of the entire flow loop due to this mechanical impact. Other smaller

tube waves are generated when the bubble hits the pipe joint or reaches the top of the

water column. The joints are indicated by horizontal blue arrows, while the corresponding

tube waves by vertical blue arrows. Note that the tube waves associated with the joints

mainly propagate downward, as their energy quickly dissipates in the upward direction

where the Taylor bubble (gas) occupies most of the pipe cross-section.

5.3.3 Workflow for estimating Taylor bubble velocity and size

To further analyze the DAS signals associated with the Taylor bubble, we propose the

following workflow. First, we remove the signal related to the valve opening by assigning

zeros to all DAS data from 0 s to 12 s in Figure 5.3b. Next, we shift every subsequent
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channel by the number of time samples (Nt) to flatten signal associated with the Taylor

bubble rise (Figure 5.4a). We can calculate velocity using the following equation:

v =
d̃xf̃s

Nt

. (5.3)

As the Taylor bubble generates a negative strain rate response, we minimize the

minimum amplitude of the averaged signal (Figure 5.4b) by changing v, as shown in

Figure 5.4c. The minimum amplitude value in this plot corresponds to Taylor bubble

velocity in a stagnant water column, which also known as a drift velocity vd = 0.249 m/s.

Figure 5.4 Example of Taylor bubble velocity and size estimation. (a) Flattened data with
a velocity of 0.249 m/s. Time axis origin corresponds to the Taylor bubble signal. (b) DAS
response averaged along distance axis zoomed into the region of ±2 s around Taylor
bubble. (c) Minimum of the averaged DAS response for flattening procedure with different
velocities.

The magnitude of the averaged signal (Figure 5.4b) is related to Taylor bubble size, as

the larger Taylor bubble creates a larger absolute value strain rate anomaly. However, the

uncertainty is high and the estimation depends on the flattening of the bubble signal. That

is why for amplitude analysis, we used RMS amplitude in the ±2 s window around the
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Taylor bubble signal in time and averaged from 4 m to 6 m in space. The window for RMS

amplitude extraction is shown as a white rectangle in Figure 5.4a. For this example, the

RMS amplitude is equal to 0.514 µε/s.

5.4 Results

5.4.1 Influence of Taylor bubble size on DAS response

We conducted a series of experiments to analyze how the size of generated bubbles

influences DAS response. Figure 5.5 illustrates the flattened responses for bubbles of

different sizes, shown in Figure 5.2. The flattening velocity of 0.249 m/s was the same for

all experiments. The results indicate that Taylor bubble velocity does not depend on

bubble size, that is in agreement with [25]. [26] formulates that Taylor bubble velocity in a

stagnant water column can be calculated using:

vd = 0.35
√
gDI , (5.4)

where g is the acceleration due to gravity and DI is the internal tube diameter. In our case

g = 9.798 m/s2 and DI = 5.199 cm, which results in a velocity of vd = 0.250 m/s, which is

very close to the measured velocity. It is evident that the signal amplitude becomes more

prominent as the volume of bubbles increase. Also, the time duration of the negative

strain-rate disturbance broadens, as it takes more time to cross a particular DAS channel

for the larger bubble.

To analyze the response more quantitatively, we utilize the proposed approaches in the

previous section to extract DAS data products that are related to bubble properties. The

products as a function of initial bubble volume are shown in Figure 5.6. Figure 5.6a

presents the extracted velocity, which is constant for different volumes. Figure 5.6b shows

the DAS distance-averaged response. We observe the increase in absolute amplitude

perturbation and time duration of the negative region. However, as we mentioned before, a

more robust way to extract associated amplitude changes is to use RMS amplitude, shown

in Figure 5.6c. The linear fit could be a good first step for the estimation of a Taylor
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Figure 5.5 Flatten DAS response for bubbles of different size: (a) 10 cm3, (b) 31 cm3, (c)
60 cm3, (d) 154 cm3, and (e) 392 cm3. The velocity of flattening is 0.249 m/s for every
experiment.

bubble volume. However, DAS amplitude response is rather complicated, as it involves the

pipe response to pressure drop associated with the bubble, mechanical coupling between

the fiber and the pipe, and the effect of gauge length averaging.

Figure 5.6 Extracted DAS data products as a function of initial bubble volume. (a) Taylor
bubble velocity is constant for all experiments vd = 0.249 m/s. (b) DAS response averaged
along distance axis. (c) RMS amplitude in ±2 s window around the Taylor bubble signal in
time and averaged from 4 m to 6 m in space.

80



5.4.2 Multiple Taylor bubbles DAS response in a stagnant water column

Due to the distributive nature of DAS measurements, the suggested workflow can be

highly beneficial to study Taylor bubble interactions, which is challenging with point

sensors. The problem of Taylor bubble interactions is important in the fluid dynamics

community, and a significant amount of research can be found in the literature [e.g., 102].

Using the bubble apparatus (Figure 5.1c), we generated two bubbles, separated by a

defined length, to observe bubble merging process in DAS data (Figure 5.7).

In the presented experiment, bubbles were separated by 5 s (indicated by vertical black

arrows), which initially equals about 1.25 m separation. From the previous experiment

with the single bubble (Figure 5.3c), we estimated the velocity of the dispersed bubble

train (wake), which is indicated as a white dashed line in Figure 5.7a. For the first 2 m of

DAS data, both Taylor bubbles travel with the same velocity vd; however, as soon as the

second bubble intersects the wake region of the first bubble, the second Taylor bubble

accelerates to a constant velocity of about 0.333 m/s (white dotted line). We validate that

the observed signals are associated with the first (Figure 5.7b) and second (Figure 5.7c)

bubbles using the recorded video from the camera. Note that the first bubble has a bullet

shape. However, the second bubble shape is disturbed by the turbulent wake region of the

first bubble. After the bubble merging occurred, the new Taylor bubble travels at the same

velocity as the first Taylor bubble. Also, we noticed that there are more relatively large

bubbles observed in the train of the second bubble (Figure 5.7d). The signals from them

are also visible in DAS data. These bubbles are rising with the same velocity as the second

Taylor bubble.

5.4.3 Influence of water velocity on DAS response

In the previous sections we analyzed the DAS response of rising Taylor bubbles in a

stagnant water column. We conducted the following experiment to verify whether the

suggested workflow can be applied to non-zero water superficial velocity. In the
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Figure 5.7 (a) DAS response for two 392 cm3 bubbles simultaneously present in a stagnant
water column. Black arrows indicate the signals associated with the opening of the ball
valves. The first bubble signal is similar to the signal presented in Figure 5.3c. The white
dashed line indicates the wake region of the first Taylor bubble. The second Taylor bubble
changes its velocity as soon as it arrives at the wake region of the first bubble. The velocity
of the second bubble is indicated by the white dotted line. (b) Photo of the first Taylor
bubble. (c) Photo of the second Taylor bubble while in the wake region of the first bubble.
(c) Photo of a bubble in the train of the second Taylor bubble.
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experiment, the water was flowing with vSW=0.096 m/s as measured by the flow meter.

vSW is the superficial water velocity, defined by the volumetric water flow rate divided by

the cross-sectional area of the pipe. Figure 5.8a illustrates the observed DAS response to

one 392 cm3 Taylor bubble and Figure 5.8b to two 392 cm3 bubbles present in the water

column. Besides additional noise from flowing water, we still observe all features associated

with the Taylor bubbles propagation. The Taylor bubble velocity in this case

vB = 0.385 m/s.

Figure 5.8 DAS response to Taylor bubbles rising in water column moving with
vSW = 0.096 m/s. (a) One 392 cm3 bubble. (b) Two 392 cm3 bubbles. White dashed lines
indicate the wake region of the first Taylor bubble. The dotted white line in subplot (b)
shows the velocity of the second Taylor bubble in the wake region of the first Taylor bubble.

Note that vB > vM + vd, which is consistent with the theoretical estimates [26]:

vB = C0vM + vd, (5.5)

where 1.2 < C0 < 2 is the distribution coefficient representing the impact of the velocity

and concentration profile [103]. vM is the mixture velocity, given by

vM = vSW + vSA, (5.6)

where vSA is the superficial air velocity, defined as the volumetric air flow rate divided by

the pipe cross-sectional area. In this experiment, vSA is negligible in equation 5.6.
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5.5 Discussion and conclusions

In this manuscript we demonstrate that DAS is a promising tool for flow analysis, such

as slug flow in the laboratory environment. After applying a low-pass filter, each DAS

trace in the strain rate domain can be treated as a pressure gradient sensor, or a

temperature gradient sensor, as we showed in Chapter 4 and our previous works [24, 95].

Extracting velocities associated with pressure (or temperature) change is robust and can be

done with high accuracy in a wide range of values. We demonstrate that it is possible to

capture the velocities associated with a Taylor bubble and its wake region. Moreover, due

to the distributed nature of measurements, velocity tracking can be possible along all

length of the laboratory setup, allowing us to observe and analyze the process of two

Taylor bubbles merging.

DAS amplitude analysis can provide much more information regarding the measured

processes. However, the DAS amplitudes should be treated carefully, as in non-invasive

configuration (when the fiber is mounted on top of the piping) they are related to pressure

(or temperature) variations inside a pipe as a function of DAS acquisition parameters

(effective GL), pipe material, and extent of anomaly. If the anomaly is smaller than

effective GL, the GL smoothing effect should be considered. Furthermore, inhomogeneities

in fiber installation and the pipe itself can influence the strain transfer from pressure

anomaly inside the pipe to the strain of optical fiber core, which is the actual measurand.

Hence the calibration of DAS data with the point sensors is necessary to achieve

quantitative results. Nevertheless, we were able to extract DAS amplitudes and relate them

to the Taylor bubble size.

The suggested fiber installation can be easily upscaled for flow monitoring in surface

facilities. Furthermore, similar physical principles of pressure anomaly detection are

possible with straight fiber installation, allowing the proposed methodology to linear

structures where the wrapped installation is not optimal, e.g., flow monitoring along

pipelines or in wellbores.
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CHAPTER 6

CONCLUSIONS

The main benefit of permanent fiber installation along a well is the vast number of

different datasets that can be acquired using the same cable along the entire life span of a

well. This thesis advances DAS technology for two applications related to different periods

of well life: completion (Chapter 2 and Chapter 3) and production (Chapter 4 and

Chapter 5).

First, we derived traveltime equations and performed numerical modeling to interpret

the observed scattered events in the interstage DAS VSP data. The results indicate that

the events in the data are converted PS-waves. The low-velosity zone model, representing a

diffused SRV around hydraulic fractures, provides the best match to the data. Because

converted PS-waves can be observed only in a limited range of DAS channels, one can

estimate the half-height of the SRV by mapping the DAS channel range through a simple

ray-tracing model. In the field data, we observed three major scattered events by stacking

along the transmitted PS-wave moveout to increase the S/N and understand the

distribution of the scattered events. The estimated half-height of SRV from these three

events ranges from 245 to 310 m. Each event lasts more than one day. The stacked

amplitude decay time is related to the fracture closure rate and indicates the permeability

of the stimulated reservoir.

Furthermore, interstage DAS VSP surveys provide valuable insight into

zipper-fracturing treatment. High-quality data from engineered fiber-optic cable allow for

amplitude analysis of the observed PS-waves scattered on SRV. Amplitude distributions of

these waves can be used for hydraulic fracturing effectiveness characterization. A single

fiber well enables monitoring of the treatment of fiber well and adjacent wells via PS

scattered events analysis to estimate SRV properties. This analysis includes SRV height,

length, and width, as well as the fracture closure time. The results of 3D modeling gave
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insight into the 3D nature of seismic wave propagation and the interaction of the seismic

wavefield with SRV. 3D modeling confirms the feasibility of the proposed method to

estimate the SRV properties of fiber and adjacent wells. It also supports the quantitative

interpretation of SRV properties.

To advance flow monitoring with DAS, we conducted a series of flow loop experiments

to understand the fundamental physics of the interaction between the optical fiber and

borehole flow. The goal of the experiments was to understand the potential of using

fiber-optic sensing technology for production logging and surface facilities monitoring in

the case of a two-phase (liquid and gas) slug flow. Results from a vertical flow loop show

both thermal and acoustic signals measured by DAS are sensitive to the existence of a

small amount of air. Furthermore, we found that thermal signatures derived from the DAS

data are primarily sensitive to the water phase of the flow. In contrast, the gas phase of the

flow provides distinctive features in the acoustic frequency range. Investigating both

thermal and acoustic characteristics, it is possible to determine the velocities of liquid and

gas phases separately, as well as to estimate liquid holdup. Based on these findings, a novel

DAS-based flow monitoring algorithm was developed. This approach can also be used for

other applications, such as monitoring a small gas leakage in the vertical section of a

wellbore and pipeline flow profiling.

Finally, we demonstrate that DAS is a promising tool for flow analysis, such as slug

flow in the laboratory environment. After applying a low-pass filter, each DAS trace in the

strain rate domain can be treated as a pressure- or a temperature-gradient sensor.

Extraction of velocities associated with pressure (or temperature) change is robust and can

be done with high accuracy in a wide range of values. We demonstrate that capturing the

velocities associated with a Taylor bubble and its wake region is possible. Moreover, due to

the distributed nature of measurements, velocity tracking is possible along the entire length

of the laboratory setup, allowing us to observe and analyze the merging process of two

Taylor bubbles. DAS amplitude analysis can provide much more information regarding the
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measured processes, and we were able to extract DAS amplitudes and relate them to the

Taylor bubble size.

The thesis showcases that DAS is a unique technology for monitoring processes during

the entire life span of a well. The main focus was the applications of DAS in the

unconventional oil and gas industry. However, the developed interstage DAS VSP analysis

of PS-waves can be directly applied to monitoring well completion in enhanced geothermal

systems. Moreover, it also can be expanded to the faults mapping. Similarly, the findings

regarding DAS response to thermal, acoustic, and pressure attributes of a slug flow can be

used in pipeline monitoring workflows and in chemical and processing industries.
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