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Current Project Overview 

The UPSIDE Project was formed as an administrative order of consent (AOC) resulting from an 

accident in Firestone CO in 2017. Kerr-McGee, a subsidiary of Occidental Petroleum, funds the 

project with a focus on detecting and reducing natural gas emissions and decreasing the 

likelihood of similar accidents. The project focuses on gas emissions from flowlines and 

gathering lines to assess/improve earlier leak detection protocols. The project objectives are i) 

Investigate and document current leak detection practices for flowlines ii) Improve 

understanding of the performance of existing and emerging leak detection methods iii) Develop 

recommendations for flowline monitoring 

One project deliverable is the construction of an aboveground 3D methane plume for a 

subsurface leak to inform leak survey protocols. The 3D plume task is divided into the impact of 

environmental variability and leak characteristics on methane shape and size and how that can 

inform leak survey protocols. My work focuses on the impact of variability in leak 

characteristics: gas composition, leak rate, leak depth, and soil type. Leak characteristics 

experiments aim to inform at what height, distance, and crosswind distance should a leak survey 

be conducted to increase the probability of detection (true positive). Leak characteristics affect 

gas migration in the subsurface and thus, the distance from the leak source at which, the gas 

escapes into the atmosphere. A leak survey conducted at the wrong point has a high likelihood of 

reporting a false negative (missed leak), which could result in hydrocarbon explosions when the 

leak is not mitigated.  
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Research Progress 

Flowlines are pipelines that transport natural gas from wellheads to the well pad equipment such 

as the separators; while gathering lines are pipelines that transport natural gas from the well pads 

to the gathering compressor stations or processing plants. Flowlines and gathering lines both 

transport multiphase natural gases. 

i.) Gas Composition 

Composition of heavy hydrocarbons in natural gas 

The multiphase composition of natural gas constitutes hydrocarbons and non-hydrocarbons. As 

an example, the U.S. Geological Survey report on unconventional reservoirs in the D.J. (Denver-

Julesburg) basin reported the natural gas composition at 82.6% CH4, 10.0% C2H6, 2.7% C3H8, 

0.3% C5H10 and 2.6 % CO2, with 1.7% unreported due to low contents (Robbins et al., 2020). In 

the Permian Basin, natural gas composition is 66.26% CH4, 13.66% C2H6, 10.29% C3H8, 0.34% 

CO2, 3.76% n-C4H10, 2.23% N2, 0.98% i-C4H10, 0.87 C5H12, 0.75% C6H14 and 0.83% i-C5H12 

(Howard et al., 2015). This representation of raw natural gas transported in flowlines and 

gathering lines indicates that despite CH4being the primary constituent of natural gas, other gases 

constitute a significant percentage of the gas. Of particular interest are the heavy hydrocarbons 

that despite being in small percentages, their high molecular weight contributes significantly to 

the gas density. This first experiment investigates the impact of gas composition on above-

ground CH4 detection. 

Gas Composition Experiments 

10slpm (total natural gas composition) of gas was released at the rural testbed, METEC at 3ft 

a. 10slpm CH4 

b. 7slpm CH4 3slpm C2H6 

c. 7slpm CH4 2slpm C2H6 1slpm C3H8 

d. 7slpm CH4 1slpm C2H6 C3H8 1slpm C4H10 

The plume width vs height AGL (above ground level) plot indicates plume widths and heights 

where the CH4 mixing ratio is above 0.1ppm enhancement for various gas compositions. A 

threshold of 0.1 ppm above background concentration was set as the minimum sensitivity of the 

instrument. The experiments were classified as per Pasquill-Gifford stability classes calculated 

from Monin-Obukhov length. As the detection of CH4 downwind depends on the meteorological 

factors at the time of the survey, the plots across stability classes A-D (stability classes 

experienced early morning to early evening-time when most surveys are done) indicate in what 

stability class a leak will be detected. The gas composition experiments were done in 3 

consecutive days of summer, hot weather and high soil temperature minimizing the impact of 

changing weather conditions. The experiments were conducted in strong insolation. Thus, the 

varying factor determining the PGSC was wind speed. PGSC A generally showed a good pattern 

of high detection. PGSC A is characterized by low wind speeds >2m/s. In no to low wind 

conditions, high concentrations of CH4 are observed which decreases with increasing wind 
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velocity (Deepagoda, 2016). The high CH4 concentrations increase the CH4 leak detection 

probability.   

 
Figure 1: Gas composition plume width 7m downwind 

10slpm of dry CH4 released at 3ft was detected across all stability classes. Dry CH4 is buoyant 

with a specific gravity of 0.554. Thus, its migration to the surface took a shorter time resulting in 

high concentrations of CH4 above-ground compared to releases with heavy hydrocarbons. The 

plot of CH4 when 1slpm of increasing C2-C4 is added to the natural gas system shows a 

decreasing CH4 detection probability across stability class and height. However, comparing gas 

compositions across stability classes, CH4 detection, when 1slpm of C4H10 was added into the 

natural gas system, indicated a significant drop in CH4 detected.  An increase in carbon number 

in CH4, C2H6, C3H8 and C4H10 increases the mass of the gas (16.04 g/mol, 30.07 g/mol, 44.1 

g/mol, and 58.12 g/mol) respectively. Based on the ideal gas law,  

𝜌 = 𝑃𝑀/𝑅𝑇 (1) 

 where ρ is the gas density, P is the gas pressure, M is the molar mass of the gas, R is the gas 

constant (8.314 J.K-1) and T is the gas temperature; an increase in molecular weight of the gas 

increases the gas density. According to Londono et al. (2002), the viscosity of hydrocarbon gases 

is a function of pressure, temperature, density, and molecular weight, while gas density is a 

function of pressure, temperature, and molecular weight. Based on this, the presence of heavy 

hydrocarbons with high molecular weight increases the gas density and thus, the gas viscosity. 

High viscosity reduces the vertical and lateral migration of gas to the atmosphere. Hence, only 

very low concentrations of CH4 managed to escape into the atmosphere as shown by CH4 

detection at PGSC A 0.5-2m. This indicates that for a natural gas leak containing heavy 

hydrocarbons, CH4 has a low probability of being detected very close to the leak point as only 

small concentrations escape into the atmosphere. 
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Figure 2: Gas composition  plume width 14m downwind 

Measurements taken 14m downwind of the plume indicated that a controlled natural gas leak 

with 1slpm C4H10 had a higher plume width across all heights in PGSC A, and part of PGSC B-

D compared to the 7m plots. This indicated an increase in CH4 concentrations further downwind 

of the leak. The delay in CH4 escaping to the surface for gas with heavy hydrocarbons is as a 

result of high gas density and viscosity of the gas.  Soil temperature is crucial in determining the 

migration of natural gas in the soil in case of a leak. A high soil temperature reduces the 

intermolecular forces in the gas which in turn reduces the gas viscosity. Gas with low viscosity 

migrates faster vertically and laterally through the soil and to the surface. CH4 gas migrates from 

the leak point migrates through soil pores into the atmosphere as a factor of gas viscosity, soil 

properties, and flow properties (temperature, pressure, and fluid velocity). For a wet gas, the 

flow properties at the leak point are affected by the gas viscosity. Thus, a wet gas will flow 

slowly in the soil compared to dry CH4 gas. The ABB UGGA is a methane analyzer and thus 

could only detect CH4 coming from the ground. These results indicate that aboveground CH4 

leak detection for a natural gas leak from a flowline/gathering line is a function of soil properties 

and atmospheric conditions. Leaks from heavy hydrocarbons should be surveyed >15m from the 

leak point compared to dry CH4 leaks as a function of soil properties.  

Survey Protocol Wet Gas Flowlines 

Leak survey protocols for wet gas flowlines should focus on measurements further downwind 

from the leak source compared to dry gas leaks. Dry CH4leaks are detectable close to the leak 

source. However, when heavier hydrocarbons are present, methane travels further thus requiring 

a survey to be done at a further distance. Pasquil-Gifford stability class A presents the best 

conditions for detecting CH4 leaks close to the ground and at higher heights. PGSC A is 

characterized by low wind speed, and strong to moderate solar insolation. This agrees with 
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Deepagoda (2016) who stated that in no to low wind conditions, high concentrations of CH4 are 

observed which decreases with increasing wind velocity. 

Most leak surveys start with the driving survey and when a leak is detected, the results are 

verified with a walking survey. The driving survey is conducted by mounting a tracer analyzer at 

0.5 to 5m. The accuracy of detection for a driving survey depends on the distance between the 

leak point and the right of way. This indicates that a driving survey for a flowline/gathering line 

with wet gases will detect a leak if the right of way is not so close to the leak source. Further, the 

walking survey to verify the driving survey detection should be done at the same heights 0.5 to 

5m to ensure a leak is not missed. Driving and walking surveys are convenient and less costly 

compared to the low-level (UAV) and middle-upper air mobile systems. However, using UAVs 

is effective in surveying areas without the right of way. It can be used to survey inaccessible 

areas from the leak source and at different heights increasing the detection probability. 

The table provides a summary of downwind distance, height, and width for the gas composition 

experiments that will provide a true detection. 

Table 1: Gas Composition Plume Detection Metrics 

Gas 

Composition 

PGSC Downwind 

Distance 

Height Width 

10slpm CH4 A-D <14m <7m 7-14m 

7slpm CH4 

3slpm C2H6 

A-C 

D 

A-D 

<7m 

<7m 

<14m 

<7m 

<0.5m 

<7m 

5-14m 

6m 

7-28m 

7slpm CH4 

2slpm C2H6 

1slpm C3H8  

A 

B-D 

A 

B-D 

<7m 

<7m 

<14m 

<14m 

<7m 

<0.5m 

<7m 

5-7m 

13-15m 

5m 

23-28m 

14-28m 

7slpm CH4 

1slpm C2H6 

1slpm C3H8 

1slpm C4H10 

A 

A 

B-D 

<7m 

<14m 

<14m 

<2m 

<7m 

5-7m 

7-14m 

22-28m 

15-28m 

 

The plume width at 14m is much wider than at 7m. As downwind distance increases, the CH4 gas 

plume is dispersed making it wider while reducing the concentration. 
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ii.) Leak Rate 

The size of the leak (leak rate) is a function of the size of the crack/hole, the pressure difference 

between the inside and outside of the pipe, and the specific gravity of the gas. Lees (2012) 

defined leak rate in terms of pressure in the pipeline 

L = -V dP/dt   (2) 

where L is the leak rate (Pa m^3/s), P is the pressure (Pa), V is the volume of the vessel (m^3) 

and t is the time (s).  

In the second experiment, 1slpm (40g/hr), 5slpm (200g/hr) and 10slpm (400g/hr) of dry CH4 gas 

was released at the rural testbed, METEC, at 3ft. 

 
Aboveground CH4 mixing ratios measured 7m downwind of the leak point indicate an increase 

as the leak rate increases. In PGSC A, the plume widths of the 1slpm, 5slpm, and 10slpm leak 

rates have a small margin difference of <2m. However, a difference is seen across stability 

classes as small leaks are undetectable in PGSC B-D. PGSC B-D characterized by high wind 

speed increases air dispersion in the atmosphere, diluting the gas concentrations and thus low 

CH4 concentrations detected.  
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However, 14m downwind of the leak small concentrations of methane are seen in PGSC B-D for 

the leak rates 1slpm and 5slpm. These leaks are detectable at heights 2-7m. This could be 

resulting from stray CH4 concentrations blown by the wind to the sensor.  

 

Survey Protocols 

The effect of leak rate on above-ground CH4 mixing ratios indicates that small leaks (40-

200g/hr) are detectable close to the source <7m while large leaks up to >400g/hr are detectable 

up to 15m from the leak source. PGSC A presents the best conditions for leak detection as there 

is minimal air dispersion caused by wind.  

 

Table 2: Leak Rate Plume Detection Metrics 

Leak Rate PGSC Downwind 

Distance 

Height Width 

1 A <7m <2m 10-14m 

5 A 

B-C 

<7m 

<7m 

<7m 

<0.5m 

12-14m 

<4m 

10 A-D <14m <7m 7-14m 
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iii.) Leak Depth 

In this experiment, 10slpm of dry CH4 gas was released at 3ft and 6ft in the rural testbed, 

METEC.  

 

 
 

A leak that is close to the ground has a higher chance of being detected compared to a leak from 

a flowline/gathering line buried deeper underground. An increase in leak depth causes methane 

to travel a longer distance laterally and vertically before it escapes into the atmosphere. The 

longer migration reduces the concentration of CH4 detected above ground. These results are 

supported by Mitton (2018) who investigated the effect of pipeline burial depth on subsurface 

methane migration by testing CH4 release at 3ft, and 1ft below ground. Results indicated that 

while spreading widths are the same, higher surface concentrations were seen at the surface in 

the 1 ft experiment compared to the 3ft.  

7m downwind, results indicated a difference in widths of about <5m between the 3ft and 6ft 

depths. However, for the 6ft leak, concentrations are only seen during the low wind conditions of 

PGSC A. This is an indication of the small concentrations above ground for a deep-buried 

flowline, thus a low probability of detecting a plume. Measurements taken 14m downwind 

indicated a large difference of approximately 25m in PGSC A in plume widths for the 3ft and 6ft 
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releases. At 14m, the low above-ground concentrations from a 6ft pipeline have been dispersed 

and diluted in the air thus lowering the CH4 mixing ratios. The lower the above-ground CH4 

mixing ratios the lower the detection probability. No plume is observed at 0.5m PGSC A 14m 

downwind for a 6ft pipeline due to the dispersion and plume rise effects. 

 

Table 3: Leak Depth Plume Detection Metrics 

Leak Depth PGSC Downwind 

Distance 

Height Width 

3 A 

A 

<7m 

<14m 

 

<7m 

2-5m 

10-14m 

5-14m 

10 A-D <14m 

 

<7m 

 

12-14m 

 

Summary and Conclusions 

Flowlines/gathering lines’ leaks differ in gas composition, leak depth, and leak rates. The first 

experiment investigated the impact of the presence of heavy hydrocarbons in natural gas on 

aboveground CH4 detection in case of a leak. The results indicated that CH4 detection from a dry 

CH4 flowline is detectable within 15m downwind distance of the leak point while a leak from a 

flowline with heavy hydrocarbons is detectable further from the leak >10m. These results were 

used to inform leak survey protocols with the best leak detection probability being within 2m 

height. These results indicate that flowlines/gathering lines CH4 leak surveys should be 

conducted up to 20m from the leak source depending on the gas composition and close to the 

ground within 2m height. Results also indicated that PGSC A characterized by low wind 

conditions are the best conditions for CH4 leak detection. Leak rate experiments indicated that 

for small leaks 40g/hr or less should be surveyed very close to the leak source. Small leaks are 

easily diluted when they get to the surface and a positive detection is only possible very close to 

the source. The last experiment investigated the impact of leak depth. For the same flow rate and 

gas composition, leaks close to the ground are easily detected within 20m. However, leaks from 

deep-laid pipelines >6ft require surveys to be conducted very close to the source to get detection. 
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Research Plans 

1. Soil type experiments: bentonite clay, clay, clay & sand 

2. Numerical modeling of results 

3. Develop leak survey protocol for above-ground survey measurements of a subsurface 

leak. 
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