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Abstract 

Reliable prediction of gas migration velocity, void fraction, and length of gas-affected region 

in water and oil-based muds is essential for effective planning, control, and optimization of drilling 

operations. However, there is a gap in our understanding of gas behavior and dynamics in water 

and oil-based muds. This is a consequence of the use of experimental systems that are not 

representative of field-scale conditions. This study seeks to bridge the gap via the well-scale 

deployment of distributed fiber-optic sensors for real-time monitoring of gas behavior and 

dynamics in water and oil-based mud. The aforementioned parameters were estimated in real-time 

using optical fiber-based distributed acoustic sensor (DAS), distributed temperature sensor (DTS), 

and distributed strain sensor (DSS). 

This is the first well-scale study conducted to investigate gas dynamics in oil-based muds using 

a variety of distributed fiber-optic sensors - DAS, DTS, and DSS.  The gas migration velocity, 

void fraction, and length of the gas-affected region were estimated across the wellbore for a series 

of multiphase flow experiments carried out with gas injection (nitrogen and helium) in water and 

oil-based mud at various operating conditions. The results obtained using each of DAS, DTS, and 

DSS show good agreement with downhole gauges-based estimates and observations from surface 

gauges, validating the reliability of the distributed fiber-optic sensors for monitoring gas behavior 

and dynamics in water and oil-based muds. 
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Chapter 1. Introduction 

1.1. Research motivation and relevance 

 

Water- and oil-based muds are frequently employed in the oil and gas industry to serve 

various purposes during drilling and completion, such as formation pressure control, removal of 

cuttings, transmission of hydraulic power, and wellbore stability maintenance (Boyd et al. 1987). 

Due to its unique characteristics, the use of oil-based muds ensures higher lubricity, greater 

stability at high temperatures, and improved wellbore stability in shaly formations (Boyd et al. 

1987). During drilling and completion operations, there is a tendency to encounter gas-bearing 

formations, leading to an unwanted fluid influx into the wellbore. Hence, a good understanding of 

gas influx dynamics in mud is essential, as this will impact the ability to implement effective and 

efficient well control measures. However, gas influx dynamics in oil-based muds, including the 

dynamic migration velocity, solubility effect, bottomhole pressure effect, and the change in gas 

void fraction as the gas migrates toward the surface are not fully understood. Currently, a 

discrepancy exists between the observed gas rise velocity in the field and the velocity estimate 

obtained via the industry-standard Taylor bubble correlations (Rader et al. 1975; Johnson et al. 

1995; Jayah et al. 2013; Samdani et al. 2023a; Rao et al. 2022).  

By investigating gas behavior in non-Newtonian fluids via laboratory experiments, 

computational fluid dynamics, and numerical simulations, attempts have been made by some 

authors to understand the origin of this discrepancy to develop a better model (Tariqul et al. 2019; 

Tariqul et al. 2022; Taotao et al. 2012; Hu et al. 2022; Li et al. 2002; Dewsbury et al. 1999). 

However, the fluids used (Xanthan solution and polymers) exhibit rheological properties that are 

quite different from those of drilling muds. This limits our ability to model and predict gas influx 

behavior accurately for better implementation of well control and kick removal operations. 
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Furthermore, only a few well-scale studies have been conducted to investigate gas influx dynamics 

(Feo et al. 2020; O’Brien 1981; Sharma et al. 2020; Santos et al. 2021; Casariego and Bourgoyne 

1988; Samdani et al. 2023a), especially in oil-based muds (Samdani et al. 2023a). This is due to 

the limitation of not being able to create experimental setups that approximate well-scale 

conditions (Viana et al. 2003; Hasan and Kabir 1992; Rao et al. 2022). The well-scale study 

presented by Samdani et al. (2023a) was based on the use of downhole gauges, which limited their 

scope of investigation as the gas migration velocity could only be estimated at the locations of the 

downhole gauges. 

The limitations of the previous studies therefore justify the need for a better and more 

accurate approach. Moreover, owing to the disparity in compositions and rheology properties, gas 

tends to behave differently in water and oil-based muds. This impacts the level of complexity of 

the measures required for effective well control while operating with either fluid. This is especially 

important where there is a possibility of penetrating gas-bearing formations. Studies have shown 

that gas-kick detection is more challenging in oil-based muds due to the solubility effect 

(Aboulrous et al. 2013; O’Brien 1981; Thomas et al. 1982; Anfinsin and Rommetveit 1992). When 

compared with water-based mud, gas-kick detection in oil-based mud is about three times slower 

due to the solubility effect (Leandro et al. 2014). This therefore necessitates a better understanding 

of gas dynamics and behavior in both water and oil-based muds at field-scale conditions for 

optimization of well control operations in the field. 

1.2. Overview of distributed fiber-optic sensing 

 

Distributed fiber-optic sensing is a surveillance technology that is rapidly gaining relevance 

in the oil and gas industry for real-time tracking of dynamic events in wellbores and reservoirs 

(Hartog 2017). DFOS operates on the principle of back-scattered light and is based on three 
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different mechanisms. These mechanisms are Rayleigh scattering, Raman scattering, and Brillouin 

scattering. Rayleigh scattering is an elastic scattering that is sensitive to dynamic strain, and it is 

typically used for distributed acoustic sensing.  Raman scattering is an inelastic scattering that is 

sensitive to temperature, and it is commonly used for distributed temperature sensing (DTS). 

Brillouin scattering is an inelastic scattering that is sensitive to both strain and temperature, and it 

is typically used for distributed strain sensing (DSS). A typical fiber-optic consists of a glass core 

through which light pulse travels, a cladding that ensures total internal reflection, and a coating 

that protects it from environmental conditions (Figure 1). As shown in Figure 2, the back-scattered 

signals exhibit different wavelengths and intensities. DFOS overcomes one of the limitations of 

traditional point gauges by enabling a continuous measurement of strain rate and temperature in 

real-time across the whole length of the well at high resolutions in time and space, thereby making 

detailed monitoring of gas dynamics and behavior possible (Sharma et al. 2020).   

 

Figure 1. The basic components of an optical fiber (Ref: Cisco). 



4 
 

 

Figure 2. The backscattered light components for a fiber-optic system (Ekechukwu and Sharma 

2023). 

 

This study demonstrates the capability of DAS, DTS, and DSS for real-time monitoring 

and understanding of gas behavior and dynamics in water and oil-based muds. It is the first study 

conducted at a well-scale to investigate gas dynamics in oil-based mud using fiber-optic DAS, 

DSS, and DTS. This study seeks to shed some light on gas behavior in water and oil-based muds 

via well-scale experimental investigation and analysis. A series of gas-kick experiments were 

conducted in a 5163-ft wellbore instrumented with fiber-optic sensors. The fiber-optic DAS, DTS, 

and DSS data acquired were analyzed independently to estimate the gas migration velocity, length 

of gas-affected region, and gas void fraction. The results obtained using each of DAS, DTS, and 

DSS show excellent agreement with downhole measurements. The gas front and bottom velocity 

(FV and BV) estimates are also comparable with the predictions of commonly used multiphase 

flow correlations. Furthermore, the effects of gas influx rate and bottomhole pressure on gas 

dynamics in oil-based mud were investigated by analyzing well-scale tests conducted in oil-based 

mud at different bottomhole pressures and gas injection rates. The well-scale experiments also 
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highlight the effects of gas solubility as well as the rheology and composition of wellbore fluid on 

gas flow behavior and dynamics. 

The subsequent chapters of this thesis are organized as follows: Chapter 2 highlights the 

objectives and novelties of this study as compared to previous studies in literature. The 

experimental setup and procedures employed for the fiber-optic data acquisition, processing, and 

interpretation, as well as flow correlations implementation, are described in Chapter 3. The results 

of the DAS, DTS, and DSS for the water and mud tests, comparison with the estimates from the 

numerical model, gauge analysis, and flow correlations, as well as the effects of bottomhole 

pressure, injection rate, and gas solubility on gas dynamics are discussed in Chapter 4. Finally, the 

key findings from the study as well as the suggested future directions are summarized in Chapter 

5. 
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Chapter 2. Research Objectives and Novelties 

2.1. Research objectives 

 The main objectives of this study are summarized below: 

• Monitoring of gas injection, bullheading, and migration dynamics in water and oil-based 

muds using DAS, DTS, and DSS. 

• Independent estimation of gas migration velocity, void fraction, length of the gas-affected 

region, and gas arrival time at the surface in water and oil-based muds using DAS, DTS, 

and DSS. 

• Validation of fiber-optic results using surface and downhole gauges, numerical simulation, 

and existing multiphase flow correlations. 

• Investigation of the effects of gas solubility, bottomhole pressure, and gas injection rate on 

gas behavior and dynamics in oil-based mud.  

2.2. Previous studies and novelties 

Attempts have been made by some authors to facilitate a better understanding of gas 

dynamics in water via well-scale studies of nitrogen gas behavior and dynamics in a water-filled 

wellbore using DAS, DTS, or a combination of both methods. To highlight the novelties of this 

study, a summary of previous well-scale studies is presented in Table 1. It is essential to bear in 

mind that most of the previous well-scale studies focused on the estimation and use of only gas 

migration velocity as a parameter for understanding gas behavior and dynamics. For instances 

where void fraction was estimated, the numerical modeling schemes employed could not 

accurately capture the initial conditions of the gas influx and some of the operational conditions 

(Wei et al. 2022; Wei and Chen 2022b; Santos et al. 2021. Furthermore, Samdani et al. (2023) 

conducted a well-scale study on nitrogen gas behavior in oil-based mud. However, this study was 
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limited to gas migration velocity estimation using downhole gauges. Reliable estimation of gas 

void fraction is important for proper planning and implementation of well control operations. It 

has been observed that pressure builds up in oil-based mud due to the gas solubility effect. This 

phenomenon was observed to persist until any entrained gas had completely dissolved in the mud. 

At this point, no further gas migration occurs. This increases the chances of a blowout occurrence 

when the entrained gas expands multiple times its original volume. On the other hand, pressure 

builds up continuously in water-based mud until the entrained gas reaches the surface (O’Brien 

1981; Leandro et al. 2014). Due to the influence of void fraction on pressure dynamics during 

drilling and well control operations, reliable quantification of the gas void fraction is important for 

the effective and safe implantation of such operations. As discussed earlier, most of the previous 

well-scale studies did not explore void fraction dynamics and the results reported by a few of them 

were obtained via numerical schemes that did not accurately capture the operating conditions. 

Some experimental investigations that do not approximate field conditions have also been carried 

out (Nwaka et al. 2020; Pietrzak and Placzek 2019; Miyabayashi et al. 2022; Gopal 1998). 
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Table 1. Comparison of previous works with the current study 

 

Reference 
Wellbore 

Fluid(s) 

Gas Monitoring 

with Fiber-

Optic Sensor 

Gas Migration 

Velocity  

Gas 

Void 

Fracti

on 

Gas 

Influx 

Length 
DAS DTS DSS 

DA

S 

Current Study 
Water & Oil-

based Muds 
Yes Yes Yes Yes Yes Yes 

Feo et al. (2020) Water Yes Yes No Yes No No 

Santos et al. 

(2023) 
Water Yes No No Yes No No 

Sharma et al. 

(2021) 
Water Yes No No Yes No No 

Sharma et al. 

(2020) 
Water Yes Yes No Yes No No 

Santos et al. 

(2021) 
Water Yes No No Yes Yes No 

Samdani et al. 

(2023) 

Oil-based 

Mud 
Yes No No Yes No No 

Jagadeeshwar et 

al. (2023) 
Water Yes Yes No Yes No No 

Wei and Chen 

(2022b) 

Water - 

based Mud 
No No No No Yes No 

Wei et al. (2022) 
Water - 

based Mud 
No No No No Yes No 

Williams et al. 

(2020) 
Water Yes Yes No Yes No No 

 

 

The limitations of the previous studies justify the need for a better and more accurate 

approach to monitoring and understanding gas behavior and dynamics in water and oil-based 

muds. This study demonstrates the capability of DAS, DTS, and DSS for real-time monitoring and 

understanding of gas behavior and dynamics in water and oil-based muds. It is the first well-scale 

investigation of gas dynamics in oil-based mud with solids using distributed fiber-optic 

measurements. The study seeks to shed some light on gas behavior in water and oil-based muds 

via well-scale experimental investigation and analysis. 
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As discussed in the previous chapter, the DSS surveillance technology employs the 

mechanism of an inelastic light scattering that is sensitive to both temperature and strain. The 

technology has been employed in literature for monitoring static strain and assessing the integrity 

of structures (Zhang et al. 2010; Sasaki et al. 2019; Zhang et al. 2021; Sang et al. 2019; Kogure 

and Okuda 2018; Yoshida et al. 2002; Blanc et al. 2022; Baldwin 2015; Zhang and Xue 2019). It 

was also deployed by Ugueto (2021) to monitor hydraulic fracturing in unconventional reservoirs, 

but the work was limited to intermittent strain measurement. Therefore, this study is also the first 

exploration of the applicability of DSS for monitoring dynamic, fast-changing events like gas 

behavior in oil-based mud at the well-scale. 
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Chapter 3. Methodology 

3.1. Experimental set-up and procedure 

 

The sets of experiments analyzed in this work were carried out at the Petroleum 

Engineering Research, Training, and Testing (PERTT) lab facility located at the Louisiana State 

University (LSU) campus. Figure 3a shows the geographical location of the PERTT lab facility 

where the experiments were conducted. The PERTT facility consists of several equipment and 

subsurface structures suitable for field-scale investigation of multiphase flow phenomena. These 

include field-scale wells, fluid circulation systems, surface and downhole flow monitoring devices, 

and an underground gas storage system. A detailed description of the PERTT facility is presented 

in Sharma et al. 2020. A schematic of the test well in which the analyzed experiments were 

conducted is shown in Figure 3b. The test wellbore of depth 5800 ft consists of a bridge plug (set 

at 5163 ft) and a tubing of length 5025 ft on which single-mode and multimode fibers are clamped. 

The DAS measurements were obtained via the single-mode fiber, while the multimode optical 

fiber was employed for the DSS and DTS measurements. Also installed in the wellbore are four 

downhole pressure and temperature gauges A, B, C, and D. These gauges are located at depths of 

487 ft, 2023 ft, 3502 ft, and 5024 ft respectively. A chemical injection line (half-inch in diameter) 

used for some of the experiments conducted at low injection rates is also attached to the tubing. 

This is shown in Figure 3b.  

Tests 1 to 5 were analyzed to monitor and characterize gas migration in oil-based mud. The 

effects of gas injection rate and bottomhole pressure on gas migration velocity in oil-based mud 

were investigated. Table 2 summarizes the specifications of the DAS and DTS data acquisition for 

Tests 1 to 5. Experiments 6 and 7 were analyzed to compare gas signatures and void fraction in 

water and oil-based muds. Table 3 summarizes the specifications of the DAS, DSS, and DTS data 
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acquisition for Tests 6 and 7. Tests 8 and 9 were conducted to investigate the effect of gas solubility 

on gas behavior and dynamics in oil-based mud. Table 4 summarizes the DAS acquisition 

parameters for Tests 8 and 9. 

(a)  

(b)  
Figure 3. (a) LSU PERTT lab facility (b) schematic of the test well (Adeyemi et al. 

2023b) 
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Table 2. DAS and DTS measurement specification for Tests 1 to 5 (Adeyemi et al. 2023b) 

 

DTS  DAS  

Optical mode  Multimode  Optical mode  
Single-

mode  

Spatial resolution  3.28 ft  Spatial resolution  6.53 ft  

Sampling interval  1.64 ft  Sampling interval  2.45 ft  

Temporal resolution  10 sec  
Temporal 

resolution  
0.00025 sec   

Range  15 km   Range  16 km   

Accuracy  ±0.9 °F  Frequency  4 kHz  

Operating 

Temperature 

 32 to 122 

°F  
Gauge Length 6.53 ft 

 

Table 3. DAS, DTS, and DSS measurement specification for Tests 6 and 7 (Adeyemi et al. 

2023b) 

DTS  DSS DAS  

Optical mode  
Multimo

de  
Optical mode  

Multimod

e 
Optical mode  Single-mode  

Spatial 

resolution  
3.28 ft  

Spatial 

resolution  
32.8 ft  

Spatial 

resolution  

6.53 ft (Test 6) and 19.69 ft 

(Test 7)  

Sampling 

interval  
1.64 ft  

Sampling 

interval  
0.33 ft  

Sampling 

interval  

2.45 ft (Test 6) and 6.54 ft 

(Test 7) 

Temporal 

resolution  
10 sec  

Temporal 

resolution  
40 sec  

Temporal 

resolution  

10-4 sec (Test 6) and 10-3 sec 

(Test 7)  

Range  15 km   Range  60 km  Range  16 km   

Accuracy  ±0.9 °F  Accuracy  ±0.5 °F  Frequency  
10 kHz (Test 6) and 1 kHz 

(Test 7) 

Temperature 

Range 

32 to 122 

°F  

Temperature 

Range 

-13 to 176 

°F  
Gauge Length 6.53 ft and 19.69 ft 
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Table 4. DAS acquisition parameters for Tests 8 and 9. 

Optical mode  
Single-

mode  

Spatial resolution  6.53 ft  

Sampling interval  2.45 ft  

Temporal 

resolution  
0.025 sec   

Range  16 km   

Frequency  40 Hz  

Gauge Length 6.53 ft 

The test well was filled with synthetic-based mud (or water). The synthetic-based mud 

(SBM) used in this study has a density of 8.34 ppg, yield point of 16 lb./100ft2, and plastic viscosity 

of 15 cP. The interfacial tension between nitrogen gas and the SBM used in this study ranges 

between 21.2 dyne/cm and 7.9 dyne/cm, for a pressure range of 800 to 3600 psi (Samdani et al. 

2023a). Also, the percentage by volume of low and high-gravity solids in the SBM are 2.6% and 

9.7% respectively. The properties of the SBM utilized in this study are summarized in Table 5 

below. 

Table 5. Properties of the SBM utilized in this study (Adeyemi et al. 2023b). 

Mud 

Density 

(lb./ft3) 

Plastic 

Viscosity 

(cP) 

Yield 

Point  

(lb. 

/100ft2) 

Interfacial Tension 

(dyne/cm) 

Low-gravity 

Solids  

(%) 

High-gravity 

Solids  

(%) 

62.4 16-21 16 17.9 - 21.2 [800 – 

3600 psi] 

2.6 9.7 

 

 A summary of the experiments analyzed in this study is presented in Table 6. The test 

matrix presented in Table 6 is a superset of the test matrix presented in Samdani et al. (2023a). A 

similar test number nomenclature was used for ease of reference, especially during the comparison 

of the fiber-optic results with the gauges-based results presented in Samdani et al. (2023a). 
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Experiments 1 to 5 involved the injection of a fixed amount of nitrogen gas through the tubing (or 

the half-inch chemical injection line) while maintaining the desired bottom-hole pressure. During 

gas injection, mud was displaced and removed from the top of the annulus. Monitoring of the 

migration of the injected gas in real-time was carried out via DAS, DTS, downhole, and surface 

gauges. Experiments 6 and 7 involved the injection of gas through the tubing and then bullheading 

the gas down the tubing by circulating water (or mud), while maintaining the desired backpressure 

and taking returns through the annulus. Distributed fiber-optic sensor (DAS, DTS or DSS), 

downhole, and surface gauges were then employed for real-time monitoring of the gas migration. 

Table 6. Well-scale tests matrix for the experiments analyzed in this study. 

Test 

# 

Fiber-

Optic 

Data 

Injected 

Volume 

(bbl.) 

Injection 

Method 

Test 

Type 

Bullheading 

Rate (gpm) 

 

 

Gas 

Type 

 

Wellbore 

Fluid 

Type 

Injecti

on 

Rate 

(bpm) 

Botto

m-hole 

Pressu

re (psi) 

1 

DAS 

and 

DTS 

20.0 Tubing 
Migra

tion 
250 

Nitro

gen 

Oil-based 

mud 6 3600 

3 

DAS 

and 

DTS 

20.0 
Injection 

line 

Migra

tion 
- 

Nitro

gen 

Oil-based 

mud 0.25 2290 

4 

DAS 

and 

DTS 

20.0 Tubing 
Migra

tion 
250 

Nitro

gen 

Oil-based 

mud 6 2290 

5 

DAS 

and 

DTS 

20.0 Tubing 
Migra

tion 
200 

Nitro

gen 

Oil-based 

mud 4.5 4500 

6 

DAS 

and 

DTS 

8.0 Tubing 
Circul

ation 
200 

Nitro

gen 

Water 

- - 

7 

DAS 

and 

DSS 

8.4 Tubing 
Circul

ation 
200 

Nitro

gen 

Oil-based 

mud - - 

8 DAS 5.0 Tubing 
Migra

tion 
250 

Nitro

gen 

Oil-based 

mud 
- - 

9 DAS 5.0 Tubing 
Migra

tion 
250 

Heliu

m 

Oil-based 

mud 
- - 
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For Tests 1 to 5, the DAS and DTS measurements were used to independently estimate the 

gas migration velocity. For Tests 6 and 7, gas front, and rear velocities, length of gas-affected 

region, and gas void fraction were estimated independently using DAS and DTS (or DSS). 

Before discussing the methodology employed for the analysis and interpretation of the acquired 

DAS and DTS data, I think it is necessary to comment on the uncertainty level in the fiber-optic 

measurements. A detailed analysis of the error and uncertainty associated with the DTS and DAS 

measurements has been carried out by Wei et al. (2023b) to ascertain the degree of accuracy, 

comparability, and reliability of the DAS and DTS measurements. By calibrating the DTS data 

with a reference coil on the surface, the DTS temperature resolution was found to be 0.2 ℉ or 

0.11 ℃ with the averaged calibration error of ± 1.8 ℉ (± 1.0 ℃). The uncertainty in the DAS 

measurement depends on the noise floor of the optoelectronic data acquisition unit, which also 

depends on the acquisition parameters. For the DAS system used in this study, a maximum of 10% 

uncertainty can be expected from the DAS results (Wei et al. 2023b). The low level of uncertainty 

reinforces my confidence in the DAS and DTS results presented in the subsequent chapters of this 

thesis. 

3.2. Fiber-optic data processing  

 The signal processing techniques implemented on the DAS, DSS, and DTS data to enhance 

the quality and visibility of the gas signature are described in this section. Implementation of the 

signal processing techniques is essential for accurate quantification of the parameters used to 

describe gas dynamics in water and oil-based muds. The fiber-optic data acquired from the 

wellbore are inherently noisy. The sources of the noise include fiber slippage, pump vibration, 

laser noise, noise introduced due to local oscillation, and digitization of the backscatter signals. 

Signal noise cannot be avoided, and different fiber-optic interrogators have different noise 
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threshold levels (as evident in the data acquired in this study using different interrogators). This 

therefore necessitates the implementation of some signal processing techniques on the DAS, DTS, 

and DSS data to enhance the visibility of the gas signature and improve gas-kick detection. 

3.2.1. Analysis of the DAS data 

The DAS (acquired in .hdf5 or .segy format) is a representation of the spatiotemporal strain 

rate data obtained in real-time from the wellbore. Figure 4 shows that the gas signature is not so 

visible from the DAS strain rate measurements. Hence, rigorous processing of the acquired DAS 

strain rate data is required to understand the gas behavior and dynamics. The first step in processing 

the DAS data involves the implementation of frequency band energy (FBE) analysis (Sharma et al. 

2021; Jagadeeshwar et al. 2023). The FBE analysis minimizes the background noise effects for the 

best-performing frequency band. The best-performing frequency band refers to the frequency band 

that is least sensitive to background noise and best captures gas flow dynamics. It is, therefore, 

most suitable for both quantitative and qualitative description of gas dynamics in the wellbore. 

This frequency band was identified via spectrum analysis (Figure 5). The result of the spectrum 

analysis (Figure 5) shows that the 10 – 50 Hz frequency band best describes the gas migration 

dynamics. To implement the FBE techniques, the DAS strain rate data was partitioned into equal 

time windows, and fast Fourier transform (FFT) was applied to each time window to convert the 

DAS strain rate data from the time domain to the frequency domain. The algorithm returns the 

signal energy summed over some pre-defined frequency intervals and then concatenates the output 

for all the time windows. In addition to background noise minimization, the FBE also serves as a 

powerful technique for reducing the size of the acquired DAS data via intelligent compression that 

preserves signal quality. This helped to overcome the computational challenges associated with 

the handling of the DAS datasets of massive sizes. For instance, the DAS data obtained in this 
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study was about 2.0 Gb for every 10 seconds and the FBE method was employed to reduce it to 

about 1.0 Mb for every 10 seconds. Thereby, overcoming a major hurdle associated with data 

handling. 

 
(a) Test 1 

 
(b) Test 3 

 
(c) Test 4 

 
(d) Test 5 

Figure 4. DAS strain rate waterfall plots for Tests 1 to 5 (Adeyemi et al. 2023a). 
 

After the implementation of the FBE techniques, observation shows that the gas signature was 

still not visible for some of the tests. This is especially evident in Figure 6a where the gas migration 

signature during Test 6 could not be seen. This is probably due to the type of interrogator employed 

for that particular test. This therefore necessitates further processing. Consequently, a combination 

of additional signal denoising tools like a higher-order gradient filter, gradient-based iterative 

destroying algorithm, and Gaussian filter (Bouali 2010; Jagadeeshwar and Sharma 2023; Haddad 

and Akansu 1991; Stefano 2008) was employed to improve the gas signature visibility by reducing 

the effects of high-frequency background noise. 
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(a)  

 
(b)  

(c)  (d)  

Figure 5. (a) An example of DAS strain-rate data acquired during Test 4 which shows gas below 

3500 ft depth (b) 2D DAS spectrum (c-d) DAS spectrums at different depths to identify the best-

performing frequency band (Adeyemi et al. 2023a). 

A detailed mathematical description of the application of each of the aforementioned signal-

denoising tools to fiber-optic data processing is presented in Jagadeeshwar and Sharma (2023). As 

evident in Figure 6b, the gas migration signature becomes visible after the implementation of the 

additional signal-denoising methods. This makes the front and bottom gas rise velocities, as well 

as the length of the gas-affected region trackable.  

(a)  
(b)  

Figure 6. DAS result for nitrogen in water in Test 6 (a) FBE [10-50 Hz] waterfall (b)FBE [10-50 

Hz] after additional signal denoising (Adeyemi et al. 2023b). 
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In an attempt to improve the visibility of the gas injection signature for Tests 1 to 5, the DAS strain 

rate data was also processed and analyzed in the low-frequency range (0 – 0.03 Hz). The low-

frequency range consideration was necessitated by the lack of visibility of the gas injection 

signature on the high-frequency DAS. Low-frequency DAS is sensitive to both strain and 

temperature effects (Ekechukwu and Sharma 2021) and it has been found great usefulness in 

pressure estimation, gas signature detection, and hydraulic fracture characterization (Chen 2021; 

Jin and Roy 2017; Haavik 2022; Sharma et al. 2020). A detailed description of the use of low-

frequency DAS for improving the quality of gas signatures is presented by Sharma et al. 2020. 

3.2.2. Analysis of the DSS data 

 The Brillouin-based DSS is sensitive to both temperature and strain effects. To understand the 

overall effect of the gas dynamics on the DSS, the strain and temperature effects were not 

decoupled. Hence, the analyzed DSS data bears the imprints of both effects. The DSS data was 

acquired in .h5 file format. A visualization of the DSS data acquired during Test 7 (Figure 7a) does 

not show a very clear signature of the gas. This is due to the low quality of the DSS data. The low 

data quality is attributable to the loose tube configuration and data acquisition on multimode fiber.   

To improve gas detection using DSS, additional signal processing methods were implemented 

on the acquired DSS data. The result obtained after the implementation of gradient filtering with 

respect to time is shown in Figure 7b. Although Figure 7b shows some improvement, the signal 

was still affected by some background noise. Convolution filtering was therefore employed to 

further improve the signal quality. Convolution filtering is a commonly used method in computer 

vision for image edge detection and quality enhancement (Haddad and Akansu 991; Stefano 2008) 

described mathematically by Equation (1) below. 

 𝐺(𝑥, 𝑦) =  𝜔 ∗ 𝐹(𝑥, 𝑦) =  ∑ ∑ 𝜔(𝑑𝑥, 𝑑𝑦)𝐹(𝑥 + 𝑑𝑥, 𝑦 + 𝑑𝑦)𝑏
𝑑𝑦=−𝑏

𝑎
𝑑𝑥=−𝑎                              (1)     
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Where 𝐺(𝑥, 𝑦) is the output signal, 𝜔 is the convolution filter, 𝐹(𝑥, 𝑦) is the input signal, 

𝑑𝑥  𝑎𝑛𝑑 𝑑𝑦 are the horizontal and vertical strides, respectively. As shown in Figure 7c, a notable 

improvement was observed. The processed DSS data was then used to estimate the front and rear 

velocities of the gas, gas void fraction, and the length of the gas-affected regions. 

(a)  (b)  (c)  

Figure 7. DSS results for nitrogen in mud in Test 7 (a) Unprocessed DSS (b) DSS gradient (c) DSS 

gradient after convolution filtering (Adeyemi et al. 2023b). 

3.2.3. Analysis of the DTS data 

 DTS data was also acquired for the conducted experiments (except Test 7 where DSS was 

acquired). A spatiotemporal waterfall plot of the DTS temperature shows that the data was also 

affected by background noise and therefore requires some processing. As shown in Figure 8, the 

gas signature could be seen after implementing gradient filtering with respect to time. However, 

the gas signature was still very much buried in the background noise. Hence, the convolution 

filtering described in the previous section was also implemented on the DTS data. Different kernel 

sizes were used and remarkable improvement in signal quality was observed, as the gas signatures 

are clearly visible (Figure 9). 
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Figure 8. DTS gradient for Test 1 without any processing (Adeyemi et al. 2023a). 

 
(a) 2×2 kernel 

 
(b) 3×3 kernel 

 
(c) 5×5 kernel 

 
(d) 7×7 kernel 

Figure 9. A convolution filter implemented on DTS data for Test 1 using different kernel sizes 

(Adeyemi et al. 2023a). 

3.2.4. Gas Rise Velocity Estimation 

 To estimate the front and rear velocities of the gas between the gauges, which are important 

parameters of interest for this study, the F-K transform was implemented on both the processed 

DAS and DTS data (Sharma et al, 2020) for independent velocity estimations at different depths. 

FFT was applied to both time and space dimensions to obtain frequency and wave-number 

domains, respectively. F-K transform is a tool commonly used in processing seismic signals to 

reduce the effect of propagation noise (Kim, Cho, and Yi 2007). This involves the application of 
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2D FFT to a spatial-temporal matrix to obtain a new matrix in the F-K domain. The front and 

bottom velocities of the gas in the annulus were computed as the slope of the F-K transform, as 

the gas crossed the different gauge locations. A detailed mathematical description of the use of the 

F-K transform for gas rise velocity estimation is presented by Sharma et al. (2020). 

3.2.5. Void fraction estimation 

 This section describes the methodology employed for gas void fraction estimation. The 

instantaneous void fraction estimation is illustrated schematically in Figure 10 using the scenario 

when the migrating gas was between downhole gauges B and C. Void fraction estimation requires 

that the instantaneous pressure-drop (estimated from the downhole gauges) and the length of the 

two-phase gas-liquid region (estimated from the fiber-optic data) be known. For the scenario 

illustrated in Figure 10, the pressure-drop (∆p) between gauges B and C at the instance when the 

bottom of the gas crosses gauge C (around 14:46:35) is about 53.3 and the length of the two-phase 

gas-liquid region (h) at that instance is about 344 ft. The instantaneous gas void fraction was then 

estimated using the equation (2) below. 

𝐺𝑎𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
∆𝑃

0.052 ×(𝜌𝑙−𝜌𝑔)×ℎ
                                                                                          (2) 

 

 

Figure 10. Estimation of void fraction from fiber-optic and pressure drop data (Adeyemi et al. 

2023b). 

 



23 
 

3.3. Results validation approach 

 Three different methods were employed in this study to ascertain the reliability of the DAS, 

DTS, and DSS results. The first approach involves the use of downhole gauges. The downhole 

gauges were employed to estimate the front and rear velocities of the gas. The velocity estimates 

obtained using the downhole gauges were then compared with DAS, DTS, and DSS predictions. 

The comparison shows good agreement between the downhole gauges and the fiber-optic sensors.  

The use of downhole gauges for gas rise velocity estimation and real-time tracking of 

instantaneous gas locations is illustrated in Figure 11. Gas entry into the region between the 

downhole gauges is indicated by the decrease in the hydrostatic pressure in the region. The 

hydrostatic pressure decline is due to the reduction in the average fluid density in the annular 

region between the gauges. This phenomenon is illustrated schematically in Figure 11a, using the 

downhole gauge data acquired during Test 1. The time t1 represents the instance when the front of 

the gas crossed gauge C. It is confirmed by the onset of continuous decline in the hydrostatic 

pressure difference between the downhole gauges B and C (PC-B), as illustrated in Figure 11b. A 

minimum pressure difference was observed at time t2, indicating the instance when the gas bottom 

crossed gauge C. Conversely, at time t3, when the front of the gas crossed downhole gauge B, an 

increase in PC-B  was observed due to an increase in the average fluid density in the region as 

some part of gas had left the region. It marked the onset of a continuous increase in PC-B  until all 

the gas had left the region between gauges C and B. Finally, time t4 represents the instance when 

the gas bottom crossed gauge B and at that instance, the absolute value of PC-B is minimum. This 

is an expected observation as the average fluid density is maximum when there is no gas in the 

annular region between the downhole gauges C and B. The understanding of the instantaneous 
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locations of the front and bottom of the gas was combined with the knowledge of the gauge 

locations to obtain the gauges-based FV and BV estimates presented in Table 16. 

 

Figure 11. Description of gas migration dynamics during Test 1 using downhole gauges (Adeyemi 

et al. 2023a). 

 

 The fiber-optic result was also compared with the predictions obtained using four commonly 

used multiphase flow correlations for gas migration velocity. These correlations are summarized 

in Table 7.  

 The comparison shows reasonable agreement between the fiber-optic result and some of the 

multiphase flow correlations. Finally, the gas rise velocity and void fraction estimates obtained 

independently using DAS, DTS, and DSS were also compared with the results obtained via 

numerical simulation (Chen et al. 2023). The comparison shows good agreement between the 

fiber-optic and numerical simulation results. 
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Table 7. Flow correlations used for comparing gas rise velocity in the annulus (Adeyemi et al. 

2023b). 

Flow Correlation Equation 

Harmathy (1960) 
𝑢 = 0.4774 (

𝜎(𝜌𝑙 −  𝜌𝑔)

𝜌𝑙
2

)

0.25

 

Zuber and Hench (1962) 
𝑢 = 0.4774 (

𝜎(𝜌𝑙 −  𝜌𝑔)

𝜌𝑙
2

)

0.25

𝐻0.5 

Griffith and Wallis (1961) 
𝑢 = 1.637 × 𝐾 (

𝐷2(𝜌𝑙 −  𝜌𝑔)

𝜌𝑙
)

0.5

 

Griffith (1964) 

𝑢 = 1.637 × 𝐾 ((
𝐷2 − 𝐷1

2
) (

𝜌𝑙 − 𝜌𝑔

𝜌𝑙
))

0.5

 

𝐾 = 0.345 − 0.037 (
𝐷1

𝐷2
) +  0.235 (

𝐷1

𝐷2
)

2

−  0.134 (
𝐷1

𝐷2
)

3

 

 

 Surface gauges were also employed to monitor gas dynamics and validate fiber-optic results. 

The duration of major events such as gas injection, bullheading, and gas migration were estimated 

from the surface gauges. Gas injection period is indicated on the surface gauges by continuous 

decrease in the storage wells pressures. The entry of the injected gas into the annulus is indicated 

by an increase in casing pressure and a sudden rise in the casing pressure is observed at the instance 

the gas arrived at the surface. Observations from the surface gauges show good agreement with 

the results obtained from the fiber-optic sensors. The results of the surface gauges analysis for 

Tests 1 to 5 are presented in Chapter 4. 
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Chapter 4. Results and Discussions 

This chapter discusses the results of the water and mud tests conducted in this study. These 

experiments are summarized in Table 8. Tests 1 to 5 were conducted to understand gas dynamics 

in oil-based mud using fiber-optic sensors, and also investigate the effects of bottomhole pressure 

and gas injection rate on gas behavior and dynamics in oil-based mud. Tests 6 and 7 were 

conducted to understand the effect of rheology on gas behavior and dynamics. Two additional 

experiments (Tests 8 and 9) were also conducted using different gases (helium and nitrogen) to 

gain insight into the effect of gas solubility on gas dynamics in oil-based mud. The fiber-optic, 

surface gauges, and downhole gauges data acquired during the experiments were processed and 

analyzed. The results obtained and their implications on gas behavior and dynamics are thoroughly 

discussed in this chapter. 

Table 8. Summary of the water and mud tests analyzed in this study. 

Test 

# 

Injected 

Volume 

(bbl.) 

Injection 

Method 
Test Type 

Bullheading 

Rate (gpm) 

 

Well-bore 

Fluid Type 

Injected 

Gas Type 

1 20.0 Tubing Migration 250 
Oil-based 

mud 

Nitrogen 

3 20.0 
Injection 

line 
Migration - 

Oil-based 

mud 

Nitrogen 

4 20.0 Tubing Migration 250 
Oil-based 

mud 

Nitrogen 

5 20.0 Tubing Migration 200 
Oil-based 

mud 

Nitrogen 

6 8.0 Tubing Circulation 200 Water Nitrogen 

7 8.4 Tubing Circulation 200 
Oil-based 

mud 

Nitrogen 

8 5.0 Tubing Migration 250 
Oil-based 

mud 

Nitrogen 

9 5.0 Tubing Migration 250 
Oil-based 

mud 

Helium 
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4.1. Fiber-optic results for gas migration in water 

  The results of the DAS and DTS analysis for Test 6 are presented in this section. The signal 

processing techniques discussed in Chapter 3 were implemented on the fiber-optic data to enhance 

the visibility of the gas signatures.  The gas signatures during the water test are most visible in the 

10 – 50 Hz frequency range. Consequently, the FBE corresponding to the 10 – 50 Hz frequency 

range was selected for further analysis and interpretation. The processed DAS FBE plot for the 10 

– 50 Hz frequency band is shown in Figure 12a. The gas signatures that were initially buried in 

the background noise are clearly visible after implementing the signal processing techniques 

discussed in Chapter 3 (Figure 12a). Similarly, the visibility of the gas migration signatures was 

greatly enhanced after the implementation of additional signal processing techniques on the DTS 

data (Figure 12b).  

 

(a)  (b)  

Figure 12. Waterfall plots for Test 6 (nitrogen in water) (a) Processed DAS FBE (b) DTS 

gradient (Adeyemi et al. 2023b). 

As discussed in Chapter 3, the gas rise velocity was obtained from the fiber-optic data via F-K 

analysis. The front and bottom velocity (FV and BV, respectively) estimates were obtained at 

instances when the gas crossed the downhole gauges to facilitate results validation via comparison 

with gauges-based results. The results of the F-K implementation on the DTS data are shown in 

Figure 13.  The estimation of the FV and BV from the F-K signatures is illustrated in Figure 13a. 
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For instances where the F-K signatures were not very visible, the FV and BV were estimated 

manually from the waterfall plots of the processed DAS and DTS data.  

 
(a) Gas front at gauge B 

 
(b) Gas front at gauge C 

 
(c)  Gas front at gauge D 

Figure 13. F-K transforms at different depths implemented on the DTS data for Test 6 (Adeyemi 

et al. 2023b). 

As discussed earlier, the FV and BV of the gas were also estimated using the downhole gauges. 

This was done to facilitate the validation of the fiber-optic results. The pressure gauge data for the 

water test is shown in Figure 14 below. Figure 14 was used to estimate the times and pressure 

drops when the front and bottom of the gas crossed each of the downhole gauges. The information 

was then combined with the knowledge of the gauge locations to estimate the average void 

fraction, as well as the average FV and BV at different gauge locations. The results obtained are 

summarized in Table 9.  

 
Figure 14. Gas front and bottom locations and observed pressure drop trends during Test 6 

(Adeyemi et al. 2023b). 
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Table 9. Gauges-based velocities for Test 6 (Adeyemi et al. 2023b). 
 

 Time FV 

(ft/s) 

 Time BV (ft/s)  Pressure 

Drop 

(psi) 

Gas 

front at 

gauge C 

12:04:50 1.81 Gas bottom 

at gauge C 

12:11:20 1.64 ΔPCB 126.69 

Gas 

front at 

gauge B 

12:15:40 2.09 Gas bottom 

at gauge B 

12:26:50 1.76  
ΔPBA 

254.40 

Gas 

front at 

gauge A 

12:26:50 2.18 Gas bottom 

at gauge A 

12:41:20 1.83  
ΔPDC 

97.37 

 

Table 10 shows the existence of good agreement between the velocity and void fraction 

estimates obtained independently using DAS and DTS, as well as with the gauges-based results 

presented in Table 9. The fiber-optic results also show reasonable agreement with some of the 

existing multiphase flow correlations (Table 11).  This shows the reliability of the fiber-optic 

sensors for monitoring gas behavior and dynamics. It is also observable from Table 10 that both 

the gas void fraction and length of the gas-affected region increase from the bottom of the wellbore 

to the surface. This is due to the effect of lower gas solubility at lower pressure near the surface. 

Table 10. DAS and DTS results for Test 6 (Adeyemi et al. 2023b).  

Time  Event  

DAS DTS 

Gas 

Void 

Fraction 
FV 

(ft/s) 

BV 

(ft/s) 

Gas 

Region 

Length 

(ft) 

FV 

(ft/s) 

BV 

(ft/s) 

Gas 

Region 

Length 

(ft) 

12:04:50 
Gas front at 

gauge C 
1.87 1.69 502 1.85 1.70 508 0.43 

12:15:40 
Gas front at 

gauge B 
2.04 1.73 750 1.96 1.78 738 0.47 

12:26:50 
Gas front at 

gauge A 
2.10 1.77 923 2.14 1.84 927 0.52 
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Table 11. Estimated gas rise velocity for Test 6 using DAS, DTS, and flow correlations 

(Adeyemi et al. 2023b). 

Time  Event  

Average Gas Migration Velocity (ft/s) 

DAS DTS 

Bubble flow 

(Griffith 

1964) 

Bubble 

flow 

(Harmathy 

1960) 

Bubble 

flow (Zuber 

and Hench 

1962) 

Slug 

flow 

(Griffith 

and 

Wallis 

1961) 

12:04:50  
Gas front at 

Bank C  
1.87 1.85 2.13 2.00 1.72 2.80 

12:15:40  
Gas front at 

Bank B  
2.04 1.96 2.16 2.01 1.73 2.84 

12:26:50  
Gas front at 

Bank A  
2.10 2.14 2.18 2.02 1.73 2.88 

Water-Nitrogen Interfacial Tension (σ) = 70 dyne/cm, Water Density (𝜌𝑙) = 8.33 ppg, Annular 

Geometry Factor (K) = 0.354 

 

4.2. Fiber-optic results for gas migration in oil-based mud 

 This section discusses the results obtained from the analysis and interpretation of the DAS, 

DTS, and DSS data acquired during the tests conducted with oil-based mud. Similar to Test 6 

conducted with water, the 10 – 50 Hz frequency range was observed to be the frequency band that 

best captures the gas signatures and flow dynamics. Hence, this frequency band was selected for 

visualizing the gas signatures for all the tests conducted with oil-based mud (Figures 15a and 16). 

The gas migration signatures that were initially buried in the background noise also became more 

visible in the DSS waterfall plot (Figure 15b) after implementing the signal processing techniques 

discussed in Chapter 3. Although the top and bottom of the gas are visible on the DAS for test 7 

(Figure 15a), the quality of the gas signatures observed on the DSS (Figure 15b) was affected by 

the loose tube fiber configuration, as previously discussed in the previous chapter. As shown in 

Figure 16, the implementation of various signal processing techniques greatly improved the 

visibility of the gas signatures on the DAS data for Tests 1 to 5. 
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(a)   
(b)  

Figure 15. Fiber-optic results for Test 7 (a) DAS FBE [10-50 Hz] (b) Processed DSS (Adeyemi 

et al. 2023b). 

(a) Test 1 (b) Test 3 

(c) Test 4 (d) Test 5 

Figure 16. High-frequency DAS FBE waterfall plots corresponding to 10-50 Hz for Tests 1 to 5 

(Adeyemi et al. 2023a) 

As discussed in Chapter 3, the DAS data was also processed in a low-frequency range (0 – 

0.03 Hz) and additional signal processing techniques were also implemented to enhance the 

visibility of the gas injection signature for Tests 1 to 5. The additional techniques include de-

striping, gaussian filtering, and higher-order gradient filtering. The gas injection signature was 

observed to be more visible on the low-frequency DAS for Tests 1 to 5 (Figures 17a, 17c, 17d), 

during which injection was done through the tubing. However, the gas injection signature is not 
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clear for Test 3 (Figure 17b) because the gas injection was done through the half-inch capillary 

injection line at a very low injection rate (0.25 gpm). 

(a)  Test 1 (b) Test 3 

(c) Test 4 (d) Test 5 

Figure 17. Low-frequency DAS waterfall plots for Tests 1 to 5 (Adeyemi et al. 2023a) 

The gas front and bottom velocities (FV and BV) in the oil-based mud were estimated from 

the F-K signatures at different depths using the processed DAS data. The results of the F-K 

implementation on the DAS data acquired during the mud tests are shown in Figures 18 to 22. For 

instances where the F-K signatures were not clear, the FV and BV were estimated manually from 

the processed DAS data (Figures 15a and 16). 

(a) Gas front at gauge B (b) Gas front at gauge C (c) Gas front at gauge D 

Figure 18. F-K transforms implemented on the DAS data for Test 2 (Adeyemi et al. 2023a). 
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(a) F-K transform of DAS for gas between 

gauges D-C 
(b) F-K transform of DAS for gas between 

gauges C-B 

Figure 19. F-K transforms implemented on the DAS data and estimated velocities for Test 1 

(Adeyemi et al. 2023a). 

(a) F-K transform of DAS for gas between 

gauges D-B. 
(b)F-K transform of DAS for gas between 

gauges A- B. 

Figure 20. F-K transforms implemented on the DAS data and estimated velocities for Test 3 

(Adeyemi et al. 2023a). 

The DTS data acquired during Tests 1 to 5 was also processed and analyzed using the 

approach discussed in Chapter 3. The gas injection and migration signatures are clearly seen from 

the results obtained (Figures 23a, 23c, 23d). For the same reason as the DAS case, the gas injection 

signature is not clear for Test 3. The results show that both DAS and DTS can be used to reliably 

monitor gas behavior and dynamics. 
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(a) F-K transform of DAS for gas between 

gauges D-B 

(b)F-K transform of DAS for gas between 

gauges B-A. 

(c) F-K transform of DAS for gas between 

gauges D-C. 

 
(d) F-K transform of DAS for gas between 

gauges C-A 

Figure 21. F-K transforms implemented on the DAS data and estimated velocities for Test 4 

(Adeyemi et al. 2023a). 

F-K transform of DAS for gas between gauges C-B 

Figure 22. F-K transforms implemented on the DAS data and estimated velocities for Test 5 

(Adeyemi et al. 2023a). 
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(a) Test 1 (b) Test 3 

(c) Test 4 (d) Test 5 

Figure 23. DTS gradient plots for Tests 1 to 5 (Adeyemi et al. 2023a). 

To facilitate comparison with the DAS results, the F-K analysis was also implemented on 

the DTS data for the same time-space window as that of the DAS. The FV and BV were also 

estimated from the slopes of the F-K signatures obtained from the DTS data. Figures 24 to 27 show 

the F-K results for the DTS data acquired during Tests 1 to 5. The FV and BV were estimated 

manually from the DTS waterfall plots (Figure 23) for instances where the F-K signatures were 

not very clear. 
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(a) F-K transform of DTS for gas between 

gauges D-C. 

 

(b) F-K transform of DTS for gas between 

gauges C-B.  

Figure 24. F-K transforms implemented on the DTS data and estimated velocities for Test 1 

(Adeyemi et al. 2023a). 

F-K transform of DTS for gas between gauges B-A.  

Figure 25. F-K transforms implemented on the DTS data and estimated velocities for Test 3 

(Adeyemi et al. 2023a). 

(a) F-K transform of DTS for gas between 

gauges D-B.  

(b) F-K transform of DTS for gas between 

gauges C-A.  

Figure 26. F-K transforms implemented on the DTS data and estimated velocities for Test 4 

(Adeyemi et al. 2023a). 
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(a) F-K transform of DTS for gas between 

gauges D-B.  

 
(b) F-K transform of DTS for gas between 

gauges C-B.  

Figure 27. F-K transforms implemented on the DTS data and estimated velocities for Test 5 

(Adeyemi et al. 2023a). 

The gas rise velocities (FV and BV) and void fractions estimated using DAS and DSS for Test 

7 are presented in Table 12. Estimates of the FV and BV were also obtained using downhole gauges 

(Table 13) and some existing multiphase flow correlations (Table 14). The results presented in 

Tables 12, 13, and 14 show good agreement between the gas migration velocity estimated 

independently using DAS and DSS, as well as with downhole gauges and some of the multiphase 

flow correlations. The results also show that both FV and BV, as well as gas void fraction increase 

as the gas migrates towards the surface due to a less dominant solubility effect and higher gas 

expansion effect at lower pressure near the surface. The lengths of the gas-mud region estimated 

using the fiber-optic data also show a similar trend due to the combined effect of gas solubility and 

dispersion. 

Table 12. DAS and DSS results for Test 7 (Adeyemi et al. 2023b). 

Time  Event  

DAS DSS 

Gas 

Void 

Fraction 
FV 

(ft/s) 

BV 

(ft/s) 

Gas 

Region 

Length 

(ft) 

FV 

(ft/s) 

BV 

(ft/s) 

Gas Region 

Length (ft) 

14:43:50 
Gas front at 

gauge C  
1.85 1.80 350 1.81 1.83 344 0.45 

14:55:10 
Gas front at 

gauge B  
1.94 1.90 449 1.86 1.84 462 0.48 

15:04:20 
Gas front at 

gauge A  
1.97 1.94 455 1.89 1.86 473 0.50 
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Table 13. Gauges-based velocities for Test 7 (Adeyemi et al. 2023b). 

 

Gas 

Location 

Time FV 

(ft/s) 

Event  Time BV 

(ft/s) 

 Pressure 

Drop 

(psi) 

Gas front at 

gauge C 

14:43:50 1.82 Gas bottom at 

gauge C 

14:46:10 1.75 ΔPCB 53.53 

Gas front at 

gauge B 

14:55:10 1.90 Gas bottom at 

gauge B 

14:57:30 1.87  

ΔPBA 

59.26 

Gas front at 

gauge A 

15:04:20 2.05 Gas bottom at 

gauge A 

15:07:05 1.97  

ΔPDC 

67.17 

 

Table 14. Estimated gas rise velocity for Test 7 using DAS, DSS, and flow correlations 

(Adeyemi et al. 2023b). 

Time  Event  

Average Gas Migration Velocity (ft/s) 

DAS DSS 

Bubble 

flow 

(Griffith 

1964) 

Bubble 

flow 

(Harmathy 

1960) 

Bubble flow 

(Zuber and 

Hench 

1962) 

Slug 

flow 

(Griffith 

and 

Wallis 

1961) 

14:43:50  
Gas front at 

Bank C  
1.85 1.80 2.12 1.78 1.58 2.78 

14:55:10  
Gas front at 

Bank B  
1.94 1.90 2.15 1.79 1.58 2.82 

15:04:20  
Gas front at 

Bank A  
1.97 1.94 2.17 1.80 1.59 2.86 

Mud-Nitrogen Interfacial Tension (σ) = 19.55 dyne/cm, Mud Density (𝜌𝑙) = 8.30 ppg, Annular 

Geometry Factor (K) = 0.354 

 

A comparison of the gas FV and BV estimates obtained from the fiber-optic DAS and DTS data 

(acquired during Tests 1 to 5) with the downhole gauges results is presented in Table 15. It shows 

the reliability of the fiber-optic sensors for gas dynamics monitoring as the absolute percentage 

error ranged from 0.79% to 8.53% with a mean error of 3.91%.  
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Table 15. Comparison of DAS, DTS, and downhole gauges results 

Test 

No. 

Velocity 

Tracked  

Gauge 

Interval 

DAS-

based 

Estimates 

(ft/s) 

DTS-

based 

Estimates 

(ft/s) 

Gauges-

based 

Estimates 

(ft/s) 

% Error 

in DAS-

based 

Estimates 

% Error 

in DTS-

based 

Estimates 

1 

Gas 

Front 

D-C 0.71 0.66 0.67 7.46 % 1.49 % 

C-B 0.84 0.82 0.87 3.45 % 5.75 % 

Gas 

Bottom 

D-C 0.66 0.61 0.64 1.56 % 4.69 % 

C-B 0.97 0.92 0.94 3.19 % 2.13 % 

3 

Gas 

Front 

D-B 0.59 0.61 0.64 7.81 % 4.69 % 

B-A 0.88 0.90 0.91 3.30 % 1.09 % 

Gas 

Bottom 
D-B 1.63 1.57 1.52 7.24 % 3.29 % 

4 

Gas 

Front 

D-B 1.09 1.17 1.11 1.80 % 5.41 % 

B-A 1.27 1.40 1.29 1.55 % 8.53 % 

Gas 

Bottom 

D-C 0.96 0.98 0.95 1.05 % 3.16 % 

C-A 1.28 1.31 1.27 0.79 % 3.15 % 

5 

Gas 

Front 
D-B 0.84 0.87 0.88 4.55 % 1.14 % 

BV 
D-C 0.72 0.63 0.68 5.88 % 7.35 % 

C-B 1.01 1.05 0.99 2.02 % 6.06 % 

 

While both DAS and DTS provided reliable insights into gas behavior and dynamics 

investigated in this study, I believe it is important to discuss the advantages and limitations of each 

fiber-optic sensing technique in order to provide some justifications for the deployment of both 

techniques in this study rather than one of them. DTS has been shown to be more effective for 

monitoring events that are directly associated with changes in temperature in the wellbore. These 

include; cooling down during fluid injection, warming back during the shut-in period, and the 

possibility of a leak along the wellbore, as well as a good indicator of any connection that may 

exist between the wellbore and a bridge plug (Holley and Kalia 2015; Bhatnagar 2016). DTS also 

offers some advantages in the area of data handling and processing. For instance, the DTS data 

acquired in this study was less than 1.0 MB for every 10 seconds of data acquisition. Therefore, 

the DTS data was easy to handle and process using the available computational systems. Owing 
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to the type of fiber used (multimode), the DTS was less affected by fiber degradation. Therefore, 

some events that could not be seen on the DAS due to the fiber degradation effect (for single-

mode) are clearly visible on the DTS data. In comparison with the DTS, DAS has been shown to 

be more sensitive to sudden changes of flow and it is unaffected by the thermal conductivities of 

the fiber-optic cable and the tubular. DAS has been successfully deployed in some cases where 

DTS could give wrong information. For instance, DTS could indicate cooling when it is a 

perforated interval through which there is no fluid influx into the wellbore (Sookprasong et al. 

2014; MacPhail et al. 2016). Analysis of the DAS data also provides a more detailed understanding 

of the dynamic events taking place in the wellbore. Via the implementation of the spectrum and 

FBE analyses on the DAS data, it is possible to identify the frequency band that captures the 

individual event and also extract the DAS data that corresponds to the identified frequency band. 

A major challenge associated with the deployment of DAS is data handling and processing. For 

instance, the size of DAS data acquired in this study was about 2.0 GB for every 10 seconds. As 

discussed in Chapter 3, this challenge was overcome via FBE analysis, which serves as an 

intelligent data compression scheme. In summary, while either DAS or DTS can be deployed to 

reliably monitor dynamic events in the wellbore, a combination of both techniques is required for 

a holistic and detailed understanding of the events taking place in the wellbore. 

4.2.1. Gas solubility effect 

 To investigate the effect of gas solubility on gas dynamics in oil-based mud, two additional 

well-scale experiments were conducted using different gases (nitrogen (Test 8) and helium (Test 

9)). As shown in Table 16, the two experiments were conducted at the same injection pressure, 

bullheading rate, and gas injection volume. The gas injection also took place through the tubing 
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for both tests. To facilitate direct comparison of results, the same fiber-optic acquisition parameters 

were also employed for the two tests (Table 4). 

Table 16. Well-scale tests matrix for the nitrogen and helium tests. 

Wellbore 

Fluid  
Injected Gas  

Injection 

Method 

Injection 

Pressure (psi) 

Bullheading Rate 

(gpm) 

Injected 

Gas 

Volume 

(bbl.) 

Oil-based 

mud 
Helium Tubing 2350 250 

5.0 

Oil-based 

mud 
Nitrogen Tubing 2350 250 

5.0 

 

 The DAS data acquired for both tests was processed and analyzed. The FBE analysis discussed 

in Chapter 3 was implemented on the DAS data for each test. The 0-20 Hz frequency band appears 

to capture the gas dynamics for both tests. The processed DAS FBE data was then visualized to 

gain insights into the gas behavior and dynamics during each of the tests. The DAS FBE waterfall 

plots for the two tests, clearly showing the gas signatures for both tests, are presented in Figure 28. 

As evident in Figure 28a, the top and bottom are clearly seen up to a depth of about 2120 ft 

(corresponding to 13:36:46) during the helium test. The lack of visibility of the gas signature 

beyond that time is due to some technical issues that occurred during the data acquisition, resulting 

in loss of data. The reverse is the case for the nitrogen test (Figure 28b), where the top and bottom 

of the gas are only visible up to a depth of 3650 ft (corresponding to 12:38:29). Beyond that time, 

the gas signatures are observed to have disappeared. The difference in the observations made from 

the two tests is attributable to the disparity in the degree of solubility of nitrogen and helium in oil-

based mud. The nitrogen gas appears to have completely dissolved in the oil-based mud on getting 

to a depth of 3650 ft and couldn’t make it to the surface. However, there is a greater chance that 

the helium gas will make it to the surface as the gas top and bottom signatures are still clearly 
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visible at a depth of 2120 ft. The results show that different gases tend to exhibit different degrees 

of solubility in the oil-based mud.  

(a)   (b)  

Figure 28. Fiber-optic DAS FBE [0-20 Hz] for (a) Helium and (b) Nitrogen Tests. 

 4.3. Effects of bottom-hole pressure and gas injection rate on gas dynamics 

This section discusses the effects of bottom-hole pressure and gas injection rate on gas 

dynamics in oil-based mud using the fiber-optic results presented in Table 15. Observation from 

Table 15 shows that the gas BV between downhole gauges C and D is higher during Test 1 than 

during Test 4 (conducted at a higher bottomhole pressure). The difference is due to the gas 

solubility effect in the oil-based mud at different pressures. Gas dissolution in the mud increases 

with an increase in bottomhole pressure, giving rise to lower gas void fraction and migration 

velocity. Consequently, a lower gas migration velocity was observed at higher bottomhole 

pressure. Previous studies have also shown that larger bubbles observable at lower pressures 

dissolve slower in the mud and tend to migrate at a higher velocity (Ling et al. 2015; Samdani et 

al. 2023a; He et al. 2022; Dianyuan et al. 2022). The results presented in Table 15 also show that 

gas migration velocity increases with an increase in injection rate. It is evident from Table 15 that 

the gas front velocity between gauges D and B during Test 3 is lower than the estimate obtained 

during Test 4 (conducted at a higher injection rate). This is due to the direct relationship between 

injection rate and velocity (as described by the continuity equation). A higher gas rise velocity is 
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therefore expected at a higher gas injection rate. A lower gas injection rate increases the percentage 

of unsaturated mud available for every barrel of gas injected and this gives rise to faster gas 

dissolution in the mud. Therefore, the injected gas tends to break into smaller bubbles at a lower 

injection rate, leading to lower gas migration velocity. This phenomenon was also observed in an 

experimental investigation conducted by Sun et al. 2019 and it was found to be less pronounced at 

higher gas injection rates.  

4.4. Insights from surface and downhole gauges 

4.4.1. Insights from downhole gauges 

The results obtained from the use of downhole gauges for real-time tracking of instantaneous 

gas locations is presented in this section. In Chapter 3, a pressure-drop approach to analyzing 

downhole gauges for instantaneous gas location determination and gas rise velocity estimation was 

introduced and schematically illustrated. This approach was employed to analyze the downhole 

gauges data acquired during Tests 1 to 5. The results of the analysis (showing the instances when 

the front and bottom of the gas crossed each of the downhole gauges) are presented in Figure 29. 

The results presented in Figure 29 were combined with the knowledge of the downhole gauges 

locations to estimate the front and bottom velocities between the downhole gauges during Tests 1 

to 5. 
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(a) Pressure-drop across the gauges during 

Test 1. 

(b) Pressure-drop across the gauges 

during Test 3. 

 
(c) Pressure-drop across the gauges during 

Test 4. 

  
(d) Pressure-drop across the gauges during 

Test 5. 

 
Figure 29. Pressure drop across the downhole gauges for Tests 1 to 5 (Adeyemi et al. 2023a). 

4.4.2. Insights from surface gauges 

This section describes the usefulness of surface gauges for tracking gas dynamics during 

injection, bullheading, and migration. The gas injection during Test 1, which took place from 

14:36:00 to 15:46:40, is indicated on the surface gauges by a decrease in the pressures of the 

storage wells 3 and 5 used for the gas injection (Figure 30a). Gas entry into the annulus was also 

indicated by an increase in the casing pressure. Similar phenomena were also observed from the 

surface gauge data acquired during Test 4 (Figure 30c). During Test 3, the gas was injected from 

a gas truck and indicated by an increase in the casing pressure from 10:13:00 to 11:32:50 (Figure 

30b). During Test 5 (Figure 30d), the gas was also injected from a truck and confirmed by an 

increase in the tubing pressure from 13:13:00 to 14:13:00. The surface gauges were also used to 

estimate the time taken for the injected gas to arrive at the surface. As confirmed by a sudden 
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increase in the casing pressure, the gas arrived at the surface at 12:06:26 and 16:23:10, during 

Tests 3 and 4 respectively (Figures 30b and 30c). The insights from the surface gauges were found 

to be consistent with the observations made from the fiber-optic DAS and DTS (Figures 16 and 

23).  

 
(a) Test 1 

 
(b) Test 3 

 
(c) Test 4 

 
(d) Test 5 

 

Figure 30. Surface gauge plots for Tests 1 to 5 (Adeyemi et al. 2023a). 
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Chapter 5. Conclusions and Future Directions 

5.1. Conclusions 

The main conclusions from this study are summarized below:  

▪ The research demonstrates the successful application of DAS, DTS, and DSS for studying 

gas behavior and dynamics in oil-based mud at the well-scale .  

▪ The gas front and bottom velocities, void fraction, and length of the gas-affected region that 

were estimated using each of DAS, DTS, and DSS were observed to show good agreement 

with the estimates obtained from downhole pressure gauges and some existing multiphase 

bubble flow correlations. 

▪ The average gas front velocity for nitrogen gas migration in water (Test 6) was found to be 

slightly higher than that for the oil-based mud conducted at similar gas injection volume, liquid 

circulation rate, and gas injection method (Test 7). This is due to the gas solubility effect, as 

more gas tends to dissolve in the oil-based mud, giving rise to a relatively lower migration 

velocity in the oil-based mud. 

▪ The nitrogen gas dispersion effect is higher in water, accounting for the significantly larger 

length of the gas-affected region in water than in the oil-based mud. 

▪ At the same injection pressure, bullbeading rate, and injected volume, nitrogen gas tends to 

exhibit higher solubility in oil-based mud than helium gas. 

▪ A slight disparity exists between the instantaneous gas void fraction estimated in water and 

oil-based mud. This is due to the initial gas distribution, as well as the effects of phenomena 

such as gas expansion, dispersion, and solubility.  

▪ The gas migration velocity decreases with an increase in bottomhole pressure due to the effect 

of gas dissolution in the oil-based mud. Conversely, a direct relationship exists between 
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injection rate and gas rise velocity as a higher gas injection rate results in a higher gas migration 

velocity. 

5.2. Future Directions 

 Highlighted below are some other relevant and interesting research areas that could be 

considered for future studies to extend the results from this research: 

▪ Investigation of the effects of rheological parameters such as plastic viscosity, yield point, 

apparent viscosity, and gel strength on gas behavior and dynamics in drilling muds. 

▪ Machine-learning-based study of gas behavior in drilling muds for improved well-control 

operations. 

▪ Understanding of gas dynamics in water and oil-based muds using other gases such as 

methane. 

▪ Multiphase flow regimes identification and monitoring using distributed fiber-optic 

sensors. 

▪ Analysis of field results to gain insights into gas behavior and dynamics in an actual field 

environment.  
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