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ABSTRACT 

With the increased use of natural gas as a transition fuel on the path toward low-carbon 

energy, safety and environmental concerns from leaking underground natural gas pipelines are 

becoming more widespread. Pipeline leakage can be catastrophic when flammable mixtures of 

methane and air accumulate and ignite. Methane is additionally a powerful greenhouse gas thus; 

leakage also poses adverse climate impacts. What is not well understood in leakage incidents is 

how the environmental conditions (i.e. soil type and moisture, competing utilities, ground surface 

cover) affect gas migration behavior (including the migration rate and extent). To mitigate these 

concerns, an increased understanding of gas migration through soil is necessary to support efficient 

leak response, improve leak detection technology, and inform policy and regulations. This study 

investigates the effects of various soil conditions including soil moisture, heterogeneity, gas 

leakage rate, and pipeline depth on natural gas migration caused by leaking pipelines. Eight field-

scale experiments were performed in custom designed test beds with different soil textures, 

pipeline burial depths, and alterable leak rates and soil moistures. Subsurface and surface methane 

concentrations in addition to soil moisture, temperature, and meteorological data were collected 

over time under transient and steady state conditions. Results found pronounced effects of soil 

heterogeneities and to a lesser degree of soil moisture on the shape and travel distance of the 

subsurface methane plume. Leaks from shallow pipelines were found to produce higher surface 

methane concentrations than from pipelines buried deeper. Advection and buoyancy played a large 

role on methane concentrations close to the leak, whereas diffusion dominated as the plume moved 

farther away from the source. Although the conditions explained above were considered 

separately, they affect each other, yielding a combined and complicated effect on gas distribution 

profiles. Numerical modeling studies also ensued using TOUGH2 EOS7CA. Comparison to 

experimental results demonstrated the model’s ability to accurately simulate methane migration 

from a leaking pipeline. The findings of this study will aid leak detectors locate leaks more 

effectively and regulators create more knowledge based decisions to increase resident safety and 

decrease climate forcing emissions.  
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1 CHAPTER 1: INTRODUCTION AND BACKGROUND 

 

In the United States alone, there are over 2.5 million miles of natural gas pipelines, of which, 

2.2 million miles are low-pressure distribution mains and service lines near residential/business 

areas (PHMSA Annual Report Mileage, 2018). Natural gas (NG) is widely used because of its 

lower carbon emissions compared to coal and oil, thus leaving a smaller greenhouse footprint, and 

low cost and is therefore increasingly relied on as a transition fuel to help fill the energy gap while 

more sustainable options reach maturity. The last decade saw a near doubling in this growth, from 

1.3% to 2.2% per year (IPCC, 2014). This large growth in usage also resulted in growth in 

subsurface pipeline infrastructure and the unintended consequences of gas leakage. Although NG 

pipeline safety has greatly improved in recent decades (PHMSA, 2014), leakage incidents still 

occur, oftentimes associated with aging infrastructure, excavation, and human error, accounting 

for approximately 22% of all fugitive emissions (Heath et al., 2015). Pipeline leakage can be 

catastrophic due to gas buildup, migration though subsurface environments and ultimately its 

release into the air or a substructure (e.g. basement, French drains), as demonstrated in recent 

incidents (e.g. Firestone, Colorado-May 2017; Spearman, Texas – January 2017; Refugio, Texas 

– February 2017; Paradis, Louisiana- February 2017; San Bruno, California-September 2010). In 

2016 alone, 120 incidences reported on natural gas distribution lines resulted in 11 fatalities, 76 

injuries, and over $57M in cost (PHMSA, 2017).  Such incidents have tremendous impact on 

human health and the environment, community trust and support, and the economy. What is not 

well understood in many leakage incidents is how the environmental conditions (such as soil type 

and moisture, competing utilities, ground surface cover) affect the gas migration behavior 

(including the migration rate and extent). Although recent technology advances in methane 

detection have made progress in leak detection accuracy and efficiency, efforts are hampered in 

subsurface pipeline scenarios due to the complex nature and extent of such leaks.  

 

In addition to safety concerns, methane gas poses environmental concerns.  Methane is a major 

greenhouse gas, with an estimated global warming potential 86 times that of CO2 on a 20-year 

basis and 25 times greater over a 100-year timeline (Jackson et al., 2013). Recent studies have 

attempted to calculate the acceptable level of natural gas leakage to maintain the climate forcing 
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benefits of using Natural Gas. Alvarez et al. (2012) compared natural gas to other forms of 

electricity generation finding that a natural gas leakage less than 3.2% of total production will have 

immediate climate benefits over coal-fired power plants. This approach utilized technology 

warming potential, accounting for technology substitutions and integrating results over time.  

Other studies calculated threshold leak rates at which natural gas and coal have equal greenhouse 

gas footprints for electricity generation on 20 year and 100 year time horizons. Estimates ranged 

between 2-7% at the 20-year horizon and 9.4-17% for the 100-year horizon (Jiang et al. 2011; 

Zhang et al. 2014; Sanchez and Mays, 2015). In these studies, leakage is defined as “all natural 

gas not combusted during production, refining, and transmission, including flaring and venting” 

(Jiang et al., 2011). In terms of how much methane is actually leaking, Hayhoe et al.(2002), 

estimates global average to be 2% of total production. Many smaller scale estimates have also been 

made focusing on a specific region (2.8-10.1% total production - Petron et al., 2012; Karion 2013; 

Schneising et al., 2014; Caulton et al., 2014), unconventional production (0.7-5.8% Howarth et al., 

2011; EPA GHG inventory 2011; Jiang et al. 2011; Stephenson et al. 2011; Hultman et al., 2011; 

Burnham et al., 2011;Cathles., 2012), Conventional production (0.47-3.9 EPA 1996;  Ventakesh 

et al. 2001; Hayhoe et al., 2002; Jamarillo et al. 2007; EPA GHG inventory 2011; Jiang et al. 2011; 

Stephenson et al. 2011; Hultman et al., 2011; Burnham et al., 2011; Wigley, 2011; Howarth et al., 

2011; Cathles., 2012; O’Donoughue et al., 2014) A recent study has found that upgrades at 

metering and regulating stations, and improvements in leak detection and maintenance activities 

has led to decreasing emission estimates for the distribution systems, 36-70% less than the 2011 

EPA inventory (Lamb et al., 2015). 

1.1  Pipeline Background 

Natural gas gathering, transmission, and distribution pipelines range in material 

composition, size, and burial depth, depending on the age, location, and use (Folga, 2007; 

Transportation of Natural Gas, 2016). New copper, protected steel, and plastic pipelines are less 

prone to leaks than older pipelines made of cast iron or unprotected steel (EPA-GRI, 1996; GTI, 

2010; Lamb, 2015; GHGI, 2015) which, according to Lamb et al. (2015), account for 46% of leaks 

although they represent just 10% of national distribution system pipeline. However, all pipelines 

may leak due to external interference, material failure, earth movement, breakdown of joints, 

corrosion of unprotected steel, and graphitization of iron pipelines (EGIG database, PHMSA 
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incident records 2010-2016). Pipelines are usually placed via trenching, boring or horizontal 

directional drilling (HDD), based on federal regulations (Transportation of Natural Gas, 2016; 49 

CFR 192), pipe diameter, soil or rock type, terrain characteristics, number, and types of residences 

it is located adjacent to (known as classification), etc. Upon laying the pipe, in the case of a 

trenched operation, the trench is backfilled with excavated material. Backfilling often involves 

mechanical compaction (causing a low-permeability zone), additional materials, and sometimes 

use of different soil types or soil mixtures to achieve a level surface. In some areas, a layer of 

broken rocks may be placed above the pipeline, or a protective layer of fine sand, soil, or gravel 

placed below, thus forming a high-permeability layer (Folga, 2007). In the case of pipeline boring, 

the overlying soil is undisturbed, leaving surrounding stratified soil layers undisturbed, but mud is 

pumped along the installed pipe, creating a zone of modified permeability around the pipe (Folga, 

2007). Other considerations include the co-location of other utilities (e.g. water lines, electric) near 

the pipeline, again increasing the complexity of the subsurface environment.  Figure 1.1 shows a 

general schematic of a pipeline leakage scenario. In summary, soil layers and other subsurface 

infrastructure above and around a leaking pipeline markedly affect subsurface NG 

migration. 

  
 

Figure 1.1 An idealized schematic of gas leakage from an underground pipeline and the complex 
mechanisms that affect the gas migration. No previous study has experimentally and numerically 
investigated the mechanisms affecting NG migration from pipelines and how this information 
can be used to address gas leakage situations 
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1.2 Migration Mechanisms 

In addition to soil conditions playing a role in the NG migration pathways, a number of 

site-specific factors also play a significant role including (1) the gas transport mechanisms 

themselves, (2) soil properties surrounding the pipeline, and (3) atmospheric characteristics. 

Transmission mains typically carry natural gas at high-pressure (∼3500-9600 kPa) whereas low-

pressure conditions (1.5–2000 kPa) prevail in distribution systems. Therefore, in the event of a 

leak, the mechanism of gas emission into the surrounding soil as well as the area of influence of 

the leak will vary depending upon the pressure conditions of the pipeline. Methane flow regimes 

are typically dominated by advective flow near the leak (due to high pipeline pressure, buoyancy 

effects of methane, and soil permeability) and become diffusion-controlled as gas migrates away 

from the point of leakage (controlled by air-filled porosity). Soil gas permeability decreases with 

an increase in soil moisture because there is less air space available, increasing the soil’s tortuosity. 

This decreases the advective flow of gases.  Soil heterogeneities such as high or low permeable 

layers, also effect gas behavior resulting in attenuation, accumulation or lateral migration.  For 

example, gas can accumulate under a low permeable clay lens.  Over time, the gas will laterally 

migrate along the bottom of the lens and emit off-site at some distance away from the leakage site, 

resulting in elevated surface leakage readings at some distance away from the actual leakage 

location. NG migration is also driven by pressure differentials which can develop because of short-

term fluctuations in barometric pressures due to natural oscillations of atmospheric wind (Poulsen 

et al., 2003), water table fluctuations due to site specific hydrogeology or rainfall events (Patterson 

and Davis, 2009), and meteorologically induced long-term changes in barometric pressures 

(Keskikuru, 2001). Gas intrusion into a basement or crawlspace is driven by temperature 

differentials between a building’s interior and ambient air (Garbesi and Sextro, 1989), wind 

loading against the side of the building (Garbesi and Sextro, 1989; Keskikuru, 2001), and the 

positive and negative pressure gradients induced by centralized HVAC systems (Garbesi and 

Sextro, 1989). As these pressure differentials develop, NG can mobilize both vertically and 

laterally, and be drawn up to the soil surface or into a building’s interior space through cracks or 

gaps, as seen in Fig 1. The NG migration length scales from a leaky pipeline may vary broadly in 

the range of 2–10 m (Okamoto and Gomi, 2011, Yan et al., 2015, and Xie et al., 2015) depending 

upon the burial depth, soil properties and moisture conditions as well as on the gas composition.   
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Methane migration is also controlled by its gas properties. Perhaps most notably, methane’s 

specific gravity (0.554), which is considerably less than that of air (1.0). This causes increased 

buoyancy effects in the migration pathway, compared to heavier gases. Methane’s solubility in 

water is only 0.022 mg/ml, thus aqueous phase concentration and attenuation is negligible. 

Temperature affects many properties of methane including density, viscosity, but more importantly 

molecular diffusion and the diffusion coefficients in free air and water that govern the diffusive 

flow of gases. In relation to pipeline leaks, advection dominates at locations near the leak due to 

pipeline pressure, but diffusion dominates as the gas moves further away.  

1.3 Previous Experimental Gas Migration Studies 

There are few field studies available that report the effect of environmental conditions on 

gas migration.  Okamoto and Gomi (2011) performed a field-scale study of natural gas and propane 

leakage from underground pipelines using an engineered test bed resembling a typical road base, 

demonstrating that the gas migration patterns are highly gas-density dependent. This study 

included very few leak scenarios for comparison, with dry soil, only one soil type, pressure, leak 

rate and direction, no temperature, soil moisture or wind speed evaluation, and did not look at how 

the gas presented itself on the surface. Yan et al. (2015) conducted a field scale natural gas pipeline 

leakage experiment with a focus on a variety of parameters affecting gas diffusion behavior 

including the leak direction (i.e., up, down, left or right), and the volumetric flowrate (3-24 Lmin-

1).  The study experimentally showed that the leak direction had significant impact on 

concentrations above the pipe, while it had little effect on the below pipe concentrations. Yan et 

al., has similar shortcomings, in that surface, temperature, soil moisture, and heterogeneity effects 

were not evaluated, nor was any numerical modeling performed. Wakoh and Hirano (1991) 

compared the time of detection results of a propane migration experiment in homogeneous sand 

over various distances to numerical modeling predictions with “fairly good” agreement when the 

detection distance was greater than 2 m from the source. This study appears to have difficulty with 

the experimental set-up because the flowrates are not consistent between runs and the sensors were 

reported to have possibly interfered with results due to slow diffusion across a membrane. Iwata 

(1992) employed field scale experiments and modelling to study the effects of a burial wall, road 

pavement, and backfilling sand on gas dispersion from NG distribution main.  While this study did 

include a variety of soil types and subsurface infrastructure configurations, the effects of soil 
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moisture, temperature were not explored and near-surface methane concentrations were not 

gathered. Xie et al. (2015) also completed a field scale study on methane migration from 

distribution pipes, concluding that symmetrical concentration distributions existed in the 

horizontal plane around the emission point, while those in the vertical plane were asymmetrical 

due to an increase in kinetic energy upwards from buoyance effects. This experiment was also ran 

under one leak rate in a single homogeneous test bed. No literature could be found on the effect of 

water saturation profiles on gas migration at this scale. Additionally, the influence of emission 

point depth was also not found in any previous studies. 

 

 Similarly, there are also a small number of laboratory gas migration experiments on 

methane or natural gas constituents (e.g. CO2, propane). Most of these experiments ensued in 

uniformly packed 1-D columns ((Hibi et al., 2009, 2012; Karl-Heinz et al., 2004; Praagman and 

Rambags, 2008) or small 2D tanks (Deepagoda et al., 2016; Praagman and Rambags, 2008) with 

a constant flow rate. Most recently, work done by Deepagoda et al. (2016 &17) investigated the 

effects of near-surface atmospheric (wind and temperature) and soil conditions (textural 

heterogeneity and soil moisture) on methane transport in the shallow subsurface.   Using a 2-

dimensional laboratory scale experimental apparatus, they showed the clear effects of soil textural 

heterogeneity and, to a varying degree, of soil moisture on NG migration.  For example, gas 

migration in a texturally heterogeneous soil system (e.g. a low-permeability clay lens embedded 

in a sandy soil formation) is markedly different from that of a homogenous soil system due to the 

differences in soil texture and porosity (i.e. tortuosity effects). However, through further numerical 

characterization, they demonstrated the dominant effect of saturation over soil texture in NG 

migration pathways. Praagman and Rambags (2008), conducted an extensive study on the effects 

of soil conditions on low pressure natural gas leaks in the unsaturated zone using a numerical 

model, and 1D and 2D bench top models. Their results showed that an increase in water saturation 

caused a decrease in spreading width and volumetric flux, but an increase in pipeline pressure 

resulted in an increase in spreading width and volumetric flux, They also found, an increase in the 

leakage rate saw no effects on the total spreading width, but increased the volumetric flux, and 

adding soil layering increased spreading width.  

A number of studies concerning subsurface CO2 migration from shallow CO2 

sequestration have ensued both at the lab and field scale (McPherson and Cole, 2000; Oldenburg 
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and Unger, 2004; Leneveu, 2008; Spangler et. al., 2009; Strazisar et al., 2009; Cohen et. al., 2013; 

Gasparini et. al., 2015; Basirat, 2016; Dai et. al., 2016). For example, Strazisar et al., (2009) 

performed two shallow CO2 experiments at the Zero Emissions Research and Technology Center 

(ZERT) for a point source and fault or fracture release. Results from the point source showed a 

tightly focused plume with a total area flux very close to the injection rate and a 50 m spreading 

radius of the gas tracer. The diffuse experiment shows “hot spots” along the length resulting from 

topographical high spots where the CO2 accumulated before flowing to the surface. Evidence of 

lateral movement from possible groundwater release was also reported. At a lab 

scale Basirat (2015) studied coupled CO2 transport in the porous media and free-flow, by varying 

the injection type (point vs diffuse) and leak rate (1.5 and 2.5 L/min) differed, this study only 

considered in a homogenous, dry sand tank with stagnant atmospheric conditions. Earlier arrival 

times as measurement ports were observed for the higher leak rate. “Very good” agreement 

between numerical and experimental results was observed for the diffuse injection scenario, but 

only “fairly good agreement for the point source injection with diffusion dominant predictions 

being more difficult than in the advection dominant regime.  

In summary, although previous field- and laboratory-scale experimental studies provide 

some insight into NG migration behavior, to date, none have investigated gas migration in 

the field under different soil texture, soil moisture, gas flow and environmental conditions.  

1.4 Previous Gas Migration Modeling Studies 

Most numerical simulations of shallow subsurface gas migration are based on either the 

advection dispersion model (ADM) (combining Darcy’s and Fick’s law) or the dusty gas model 

(DGM). Although the DGM has been used for simulating multi-phase flows in porous media (e.g., 

Webb, 1998; Hibi et al., 2009), Deepagoda et al., (2016) explained that use of an ADM is 

appropriate for this work.  Most studies regarding greenhouse gases have focused on CO2, but 

methane is becoming increasingly important to consider due to explosion hazards and greenhouse 

gas potency.  

Numerical modeling effort specifically focused on subsurface transport of methane are 

limited (Wakoh and Hirano, 1991, Iwata et al., 1992; Praagman and Rambags, 2008; Okamoto 

and Gomi, 2011; Deepagoda et al., 2016). Wakoh and Hirano (1991) numerically and 
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experimentally evaluated the diffusion of leaked methane gas in soil. They employ a simple 

analytical solution to the advection diffusion equation, which predicted a spherical concentration 

distribution based on the leak rate, length of time leaking, porosity, diffusion coefficient and 

distance from the leak. Discrepancies between numerical and experimental results were due to 

neglecting buoyancy driven flow, and assuming a constant diffusion coefficient throughout the 

domain. Iwata et al, (1992) adopted a single-phase, three-dimensional, unsteady-state advection 

diffusion model modified by Darcy’s law, comparing results to experimental data. Although the 

model showed good agreement to experimental results in most cases, the importance of multiphase 

flow is ignored. Using a modified ADE framework for a gas-air mixture, Okamoto and Gomi, 

(2011) modeled methane and propane from subsurface leaky pipeline infrastructure. Their work, 

however, assumed isothermal conditions and did not consider the distribution of soil moisture in 

the unsaturated soil. Deepagoda et al., (2016) modeled methane migration in the subsurface using 

the TOUGH2 model with the EOS7CA module under different soil saturations coupled with a 

bench-scale 2D tank experiment (Deepagoda et al., 2016). This model adopts a cubic equation of 

state with a multiphase version of Darcy’s Law to model flow and transport of gas and aqueous 

phase mixtures in shallow subsurface porous media systems. It also includes multiple calculation 

methods for accurate density, viscosity and enthalpy properties of gas mixtures. Results showed 

good agreement between experimental and numerical methane concentrations, demonstrating that 

the fickian ADE model was adequate for modeling this process at the lab-scale. TOUGH2 does 

not model coupled free-space and porous media, thus the effect of wind-speed could not be 

simulated.  Although this model’s use of Henry’s law is only accurate for low gas pressure 

scenarios, this is therefore appropriate for studying pipeline leakage scenarios (Oldenburg 

EOS7CA). While Deepagoda did verify his model with his experimental results, no statistical 

analysis was done. Outside of methane specific studies, few studies have been evaluated on gas 

migration through the vadose zone, (Diffuse injection: Oldenburg, 2004; Oldenburg and Unger, 

2004; de Lary et al., 2012; Cohen et. al., 2013) Other CO2 work: (Basirat et. al., 2015; Seung-

Wook Ha et al., 2017; Doughty and Pruess, 2004, Doughty, 2007; Jessen et. al., 2005, Oldenburg, 

2003, Basirat, 2016, Dai et. al., 2016; Cohen et. al., 2013; McPherson and Cole, 2000; Leneveu, 

2008; Oldenburg and Unger, 2004; Gasparini et. al., 2015; Spangler et. al., 2009). 

Some numerical modeling studies have been done emphasizing the importance of soil 

heterogeneity on subsurface gas migration (Delahaye and Alonso, 2002; Deepagoda et al., 2015) 
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For example, Delahaye and Alonso (2002) looked at the development of preferential pathways as 

a result of heterogeneous material and its effect on gas migration. Deepagoda et al. (2015) 

compared methane gas transport simulations for both soil moisture and a layered, heterogeneous 

system. Results showed good agreement between model and experimental results, and that soil 

textural heterogeneity had more of an effect on steady-state subsurface methane concentration 

profiles than did soil moisture. A large body of literature exists on how soil layering affects soil 

moisture distribution in a variety of fields and applications (Agriculture: (Harris et al. 1966; 

Modaihsh et al. 1985; Yamanaka et al. 2004; Fuchs and Hadas 2011); engineering: (Aubertin et 

al. 2009; Ng et al. 2015).) Additionally, Assouline et al. (2014) and Pillai et al. (2009) simulated 

the water flow in layered porous media by comparing a coarse sand over a fine sand (C/F) to a fine 

sand over a coarse sand (F/C) system. Results showed that in the C/F system the underlying fine 

layer remained saturated until the overlying coarse layer was dry, whereas in the F/C system, air 

entered the underlying coarse layer preferentially once the evaporation front reached the fine-

coarse interface. 

Although the use of TOUGH2 to model natural gas pipeline leakage is limited,  it has been 

used successfully in a variety of related fields (Spangler et. al., 2009, Oldenburg et al. 2003, 2010; 

de Lary et al., 2012; Loisy et al.,2013; Garcia et al., 2013; Basirat et al., 2013, 2015; Gasparini et 

al., 2015) Gasparini et al., (2015) studied the injection and migration of CO2 in the subsurface 

using this model at a facility in Northern Spain (Gasparini et. al., 2015). Experiments were 

conducted with homogeneous and heterogeneous soil to demonstrate how the model performed 

under differing soil conditions. However, due to experimental errors that caused preferential flow 

pathways to develop in the subsurface, numerical model comparisons with experimental data were 

difficult. In addition, the model did not consider the effect of temperature. Another series of studies 

was conducted at the ZERT facility in Bozeman, Montana in conjunction with Montana State 

University (Spangler et. al., 2009). In these experiments, CO2 was leaked, at a point below the 

water table, through pipelines at different fluxes, and the concentrations were measured as the gas 

migrated through the subsurface in saturated and unsaturated conditions (Spangler et. al., 2009). 

Some discrepancies between experimental and modeling work were attributed to heterogeneities 

that were not accounted for in the model, showing the difficulty of accurately modelling subsurface 

field-experiment conditions.  
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Based on a controlled field scale experimental and numerical study, we investigated 

methane gas migration through soil under varying subsurface and atmospheric conditions to 

provide new insights into the migration mechanisms.  The goal of this work was to better 

understand the degree to which controlling parameters such as soil heterogeneity, moisture, 

leakage rate, and pipeline leakage depth affect the subsurface NG migration and test how the 

knowledge of different parameters can affect the predicted extent of gas migration. To understand 

the degree to which the controlling parameters affect the subsurface NG migration, we performed 

a series of controlled field-scale experiments at the Methane Emission Technology Evaluation 

Center (METEC), Fort Collins, CO, USA. METEC includes a unique underground pipeline testbed 

that allows for the simulation of underground pipeline leaks at known leakage rates in varying 

subsurface (e.g. soil type, texture, moisture, leak direction) and surface (e.g. precipitation, 

temperature, wind speed, surface obstruction, and vegetation) conditions, allowing for both control 

and measurement of subsurface and surface conditions on a continuous basis. The primary research 

questions for this study were to: (A) assess whether the METEC subsurface test bed system is an 

effective means of studying methane gas transport from leaking natural gas pipelines and (B) 

investigate how is methane migration affected by leak rate, soil moisture, and atmospheric 

conditions in homogeneous vs heterogeneous systems. The key hypotheses of this study are: (1) 

the subsurface migration of multicomponent gas mixtures are predominately controlled by the 

subsurface soil moisture conditions and leakage rate and, to a lesser degree, the pipeline burial 

depth, and near surface atmospheric conditions (i.e. wind and temperature). (2) The degree to 

which the above controlling parameters affect the transport behavior can be evaluated using a field 

scale experimental test system and (3) Gas migration from pipelines can be numerically simulated 

when the multicomponent, density dependency as well as temperature is properly considered.   
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2 CHAPTER 2: MATERIALS AND METHODS  

 

Experiments were conducted at the Methane Emissions Technology Evaluation Center 

(METEC), Colorado State University, Ft Collins, CO, USA.  The METEC facility is part of CSU’s 

Energy Institute, built to evaluate the performance of sensor technologies developed by the 

Department of Energy’s Advanced Research Projects Agency-Energy (ARPA-E) Methane 

Observation Networks with Innovative Technology to Obtain Reductions (MONITOR) program.  

The METEC pipeline test bed allows for the simulation of underground pipeline leaks at known 

leakage rates in varying subsurface and surface conditions. This test bed provides a unique 

opportunity to study leaks based on differences in subsurface (e.g. soil moisture, soil type, 

heterogeneity), surface (e.g. pavement, vegetation, standing water), and atmospheric (e.g. near-

surface wind and temperature) conditions. All subsurface and surface conditions can be 

continuously monitored using soil moisture, temperature, pressure, humidity and wind speed 

sensors installed throughout the site and described in detail below. Although there are different 

soil and surface configurations throughout the site, the work described herewithin is based on the 

homo and heterogeneous sand beds and therefore will be the focus of this section.  Results from 

the natural soil beds under varying surface configurations is the focus of on-going work.  

 

Figure 2.1 METEC Pipeline Test Bed 
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2.1 METEC Field Test Site Description  

  The underground test site consists of a 5x5x2 m homogeneous sand bed and a 5x5x2 m 

heterogeneous sand bed with three 0.2 m (8”) clay layers located at 0.25 (10”) BGS (referred to 

here as the layered bed). Distribution grade natural gas (85-87 %vol methane) was emitted into 

the test beds from two 145 liter CNG tanks. The mass flow rate of the emission was metered 

using either a 0-15 LPM or 0-75 LPM mass flow meter (Omega FMA1700 series). The emission 

flow rate was controlled using pressure regulation and an array of solenoid valves with precision 

orifices. Multiple emission points connected downstream of the flow control were individually 

selected through directional valves (Figure 2.2).  The gas was transported from the tanks using 

0.635 cm (¼”) stainless steel tubing (Model SS-T4-S-035-20, Swagelok, USA) and was emitted 

through a 0.635 (¼”) mud dauber (a.k.a vent screen) (Model SS-MD-4, Swagelok, USA). The 

mud daubers were surrounded by a wire mesh cube of gravel to prevent ingress of fine soil 

particles clogging the gas line. Within the test beds, the stainless steel tubing ran adjacent to 

schedule 40 PVC, representing the leaking pipeline, and serving as a realistic obstruction for gas 

migration.  This configuration also decreased the amount of natural gas left in the pipeline after 

an experiment by using small tubing as opposed to large gas lines, increasing the safety of the 

site.  The layered test bed utilized 10 cm (4”) and 5 cm (2”) PVC dummy pipes buried at 0.91 m 

(3’) and 0.61 m (2’) respectively. The homogeneous bed included 10 cm (4”) dummy pipe at 

0.91 m (3’) below ground surface (BGS) to top of pipe (T.O.P) and a 5 cm (2”) pipe at 0.30 m 

(1’) BGS to T.O.P. The sizes and depths of burial for the pipelines are representative of natural 

gas distribution mains nationally.  

2.2 Test Site Construction and Porous Media Characteristics 

The testbeds were dry packed by hand to ensure the most uniform packing condition 

possible, and represent a homogeneous system. The layered system was accomplished by packing 

three 3 m x 0.6 m x 0.2 m wooden forms with clay 0.25 m (10”) below the soil surface. Forms 

were removed before the next layer of sand was packed on top. The layered test configuration was 

selected based on its simplicity and the locations of the soil moisture and pressure sensors within 

the test bed. During packing, sensors and vapor implants were installed to avoid site disturbance 

after the fact. Partially saturated conditions were achieved by wetting the surface of the testbeds 
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with a sprinkler system for approximately 8 hours the day before the experiment took place. Basic 

soil properties for these two porous media are given in table 2.1, including van Genuchten 

parameters used for numerical simulations. These values were obtained from lab tests explained 

in appendix A. Microbial methane oxidation was considered negligible due to the short lengths of 

experiments and presence of only trace amounts of organic carbon in the sand. 

 

Figure 2.2 Experimental testbed schematic. Only the 0.91 m deep pipeline is shown for 
simplicity, although another pipeline is located 0.61 m BGS at a location 0.5 m away in the 
layered bed and 0.3 m BGS, 0.5 m away in the homogeneous bed. The lighter colored boxes in 
the layered test bed represent the locations of the three clay layers 

 

Table 2.1 Physical properties and transport parameters of the two porous media 

Porous 
Media 

Total 
Porosity 

(F) 

Saturated 
Hydraulic 

Conductivity 
(Ksat) 

Thermal 
Conductivity 

(λ) 
Van Genuchten 

Parameters Permeability 

 cm3 cm-3 cm s-1 Wm-1K-1 
cm3 
cm-3 cm-1 (-) m2 

   λdry λsat Θr α n  

Sand 0.35 1.92E-02 0.27 2.27 0.12 0.158 3.58 2.90E-11 

Clay 0.48 2.50E-05 0.32 1.13 0.16 0.069 4.17 3.82E-14 
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Vapor implants (Model 213860, Geoprobe, Salina, KS) were installed in the test bed                                                                        

s as the main mode of soil gas sample collection. The 7.6 cm (3’’) vapor implants were sealed at 

the bottom with self-tapping sheet metal screws and attached to 0.63 cm  (¼”) OD Polyethylene 

tubing (Model 601062, Geoprobe, Salina, KS) that lead to the soil surface. At the soil surface, the 

tubing was finished with a self-sealing silicone tubing adapter (Model 213746, Geoprobe, Salina, 

KS) and a polyethylene valve. 75 total implants were installed in each of the homogenous and 

layered beds at depths of 0.2, 0.61, 0.91 and 1.2 m (8”, 2’, 3’, and 4’). The vapor implants were 

arranged in three transects to align with the two pipe sections (Homog: HH and II, Layered: GG) 

and a perpendicular cross-section (Homog: EE, Layered: FF) as seen in figure 2.3. This 

arrangement was implemented for ease of comparison to cross-sections in two-dimensional 

modeling efforts. Each implant was surrounded with 12.7 cm (5”) (~145 mL) of #60-100 mesh 

glass beads and topped with 7.6 cm (3”) (~87 mL) of granular #16 bentonite clay as recommended 

by the manufacturer.  

 

 Figure 2.3 Plan view of homogeneous and layered test beds. The colored “o” symbols represent 
the manual sampling locations. 

  

N 
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Vapor implant sampling was conducted in accordance with ASTM D7648-12  and implant 

manufacturer recommendations by purging three line volumes using a 16 cc hand pump (Model: 

MV8500, Mityvac, St. Louis, MO). The polyethylene valve was then shut and one 10 ml plastic 

gas tight syringe (BD) was inserted into the silicone tubing adapter. The syringe was flushed once 

using well gas before a gas sample (9.2 mL) was extracted (in duplicate and triplicate in selected 

locations) and injected into a prepared 30 ml borosilicate glass serum vial (Model W012480A, 

Wheaton, Millville, NJ) for storage. Serum bottles were capped with 20 mm rubber butyl stoppers 

(Model CLS-4209-14, Chemglass, Vineland, NJ) and 20 mm Aluminum seals (Model CLS-4209-

12, Chemglass, Vineland, NJ), purged with nitrogen for 3 minutes, and then blead down to 

atmospheric pressure through a water filled syringe before each experiment. Two percent of the 

vials were used to verify the actual volume which averaged to 37 mL. This sample volume yielded 

a 5:1 dilution. Methane concentration was analyzed with gas chromatography–mass spectrometry 

(GC-MS) (HP 6980 Series GC, using a GS-Carbonplot 3.0 micron column, equipped with an 

Agilent Mass Selective Detector). Sample from the vials (0.1 mL) was analyzed with the GC-MS 

using a high split 150:1 injection method at a flowrate of 1.2 mL/min. The analysis occurred under 

isothermal conditions, at 38°C, with helium as the carrier gas. Duplicates and blanks were ran 

regularly to ensure accurate, repeatable results.  

Shallow boundary layer gas concentrations were obtained using thermal conductivity 

methane sensors (New Cosmos Electric CO, Osaka, Japan; Range 0-100%VOL, Resolution 0.5%, 

Measurement frequency 60 Hz). The sensors were amended by the manufacturer so that they were 

waterproof and could be buried in a soil environment. Six sensors were buried 7.6 cm (3”) BGS in 

the homogeneous and layered test beds, spaced evenly across the horizontal cross section (figure 

2.2). Data was collected using a CR1000 data logger (Campbell Scientific) once per minute.  

2.3 Surface Methane Measurement Methods 

A Picarro Cavity Ring-Down Spectroscopy (CRDS) methane analyzer (Model G2203, 

Picarro, Santa Clara, California; Measurement frequency: 1 Hz)) was used to obtain surface 

methane concentrations at ground-level and 0.3 m above ground level. This was done by placing 

a sample tube on the soil surface, near each of the manual sampling locations (see figure 2.3) for 

5-10 minutes (depending on the wind speed).  
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2.4 Ancillary Measurements 

A network of sensors was installed to monitor soil moisture and temperature throughout 

the subsurface (5TM, METER Group (formerly Decagon Devices), Pullman, Washington; 

Temperature range: -40 – 60 °C, Resolution: 0.1 °C, Accuracy: +/- 1°C; Volumetric water content 

Range 0.0-1.0 m3/m3, Resolution: 0.0008 m3/m3, Accuracy: ± 0.03 m3/m3; Measurement frequency 

60 Hz). Volumetric water content was computed from the sensors’ dielectric permittivity reading 

using the Topp equation (Topp et al., 1980). Water potential sensors were used to monitor capillary 

pressure (MPS-6, METER Group, Pullman, Washington; Soil Water Potential range: -9 to -

100,000 kPa, Resolution: 0.1 kPa, Accuracy: ±(10% + 2 kPa) from -9 to -100 kPa;). Sensors were 

located at 6”, 1’, 2’, and 3’ BGS at four locations total within the test bed. These sensors were 

connected to an AM16/38b multiplexer (Campbell Scientific, Inc. Logan, UT) and CR1000 data 

logger (Campbell Scientific, Inc. Logan, UT).). 

Atmospheric conditions were measured every minute using a meteorological data system 

(Met station) installed on the southwest corner of the site, approximately 100 m from the test bed. 

The system components include a Temperature/ Relative Humidity/Barometric Pressure Sensor 

(model 597, Met One Instruments, Grants Pass, OR). The unit also includes a Ultrasonic 

Anemometer (Model 81000, RM Young, Traverse City, Michigan) to measure wind speed 

(Accuracy: +/- 1%, +/-0.05 m/s (30 m/s)). Met station sensors are connected to a data logger 

(AutoMet 580, Met One Instruments, Grants Pass, OR) and monitored remotely from the onsite 

control center.  

2.5 Experimental Methods 

Eight experiments were completed for this study (Table 2.2): 2 soil states (homogeneous 

and layered), 2 soil saturations (near-dry and partially saturated), 3 leak rates (6, 12, 24 lpm), and 

2 depths (0.15 and 0.91 m BGS). Each experiment was started by regulating the gas pressure to 

the desired value and turning on the solenoid valve to the desired flowrate. Due to labor and safety 

constraints, each experiment was ran for a total of 8 hours, thus steady state could not be confirmed. 

Soil moisture, temperature, and pressure was measured every minute. Thermal conductivity 

measurements for the New Cosmos methane sensors were also measured every minute.  Manual 

methane samples from the vapor implants occurred approximately every hour and surface methane 
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concentrations from the Hi-Flow every 2 hours.  Surface concentrations using the Picarro occurred 

approximately every 2 hours.  

Table 2.2 Experimental design 

Experiment 
Methane gas flow rate at 

standard conditions  (lpm) 
Saturation 

Gas injection depth  
(m) 

1:  Homogeneous 6.4 Low (17%) 0.91 
2:  Homogeneous 13.7 Low (15%) 0.91 
3:  Homogeneous 21.3 Low (15%)  0.91 
4. Homogeneous 11.8 Low (14%)   0.15 
5:  Layered soil 6.0 Low (16 & 42%)   0.91 
6:  Layered soil 21.0 Low (16 & 40%)  0.91 
7:  Homogeneous 11.9 High (23%) 0.91 
8:  Layered soil 11.4 High (22 & 45%)  0.91 

 

2.6 Numerical Model  

TOUGH2 (Pruess et al., 1999) combined with the equation of state module EOS7CA 

(Oldenburg, 2015) was used for modeling shallow subsurface methane transport. TOUGH2 is 

a numerical simulator for isothermal and non-isothermal flows of multicomponent, multiphase 

fluids in one, two, and three-dimensional porous and fractured media. The EOS7CA module is for 

mixtures of a non-condensable gas (NCG) and air with or without a gas tracer, an aqueous phase, 

and water vapor. The NCG can be chosen as CO2, N2, or CH4. Here, a 2 phase, 5 component, CH4 

and air injection was used.  

  The modeling program uses a cubic equation of state with a multiphase version of Darcy’s 

Law, solved by integral finite difference method, to model flow and transport of gas and aqueous 

phase mixtures in shallow subsurface porous media systems. The model estimates air as a mixture 

of 79% N2 and 21% O2 by volume. The Tough2/EOS7CA model utilizes the Peng-Robinson 

equation of state model (Peng and Robinson, 1976) to calculate real gas mixture properties (i.e., 

density, enthalpy, viscosity). Gas diffusion is modeled by a temperature-dependent Fickian 

molecular diffusion coefficient. Gas solubility is modeled by Henry’s Law. The use of Henry’s 

Law is accurate for low pressures only (less than approx. 1 MPa) thus; this model can only be 

applied to shallow subsurface conditions (Oldenburg, 2015), as considered in this study.  More 

information regarding the model description can be found in Pruess et al., 1999 and Oldenburg, 

2015. The equations governing transport, relevant to this study are furnished in Table 2.3.  
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 The simulations took place in a 2-D Cartesian computational domain discretized into 1000 

soil elements and 150 “atmospheric” elements. Neumann (no flux) boundaries were employed at 

the sides and bottom of the domain. The top boundary was modeled after the atmosphere (free 

flow region) with very high permeability and porosity to be able to incorporate surface methane 

concentration measurements (Figure 2.4). Partially-saturated conditions were achieved by running 

a pre-simulation using measured saturation data, allowing for the model to reach saturation-

capillary pressure equilibrium at the steady state. An injection simulation was then ran using pre-

simulation output and gas flow. Simulations were ran for 8 hours to match the experimental set-

up. 

 

 

Figure 2.4 Initial and boundary conditions for the subsurface porous media computational 
domain in TOUGH2/EOS7CA simulations. ql, qg, and qh denote liquid, gas, and heat flux 
respectively. Gas flow is modeled as a CH4 and air mixture (CH4: 860,000 ppm (86%Vol); Air: 
140,000 ppm (14%Vol)).  
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Table 2.3 Tough2/EOS7CA governing equations (Adapted from Deepagoda et al., 2016) 

Description Equation 
Mass and Energy Balance 𝑑

 𝑑𝑡 ∫ 𝑀𝑖𝑉𝑛 = ∫ 𝐹𝑖 ∗ 𝑛𝑑𝛤𝑛 + ∫ 𝑞𝑖𝑑𝑉𝑛𝑉𝑛Γ𝑛𝑉𝑛  

Mass Accumulation 
      𝑀𝑖 = 𝜙 ∑ 𝑆𝛽𝜌𝛽𝑋𝛽𝑖𝛽  

Phase Flux 
     𝐹𝛽 = −𝑘 𝑘𝑟𝛽𝜌𝛽𝜇𝛽 (𝛻𝑃𝛽 − 𝜌𝛽𝑔) 

Component Flux: Advective and diffusive 
      𝐹𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒𝑖 = ∑ 𝑋𝛽𝑖 𝐹𝛽𝛽  

       𝐹𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒𝑖 = −𝜙𝜏𝜌𝛽𝐷𝛽𝑖 𝛻𝑋𝛽𝑖  

 𝐷𝛽𝑖 (𝑇) = 𝐷𝛽𝑖 (𝑇0) [𝑇 + 273.15273.15 ]𝑇𝐷
 

Relative permeability (Mualem’s)  
(van Genuchten, 1980) 𝑖𝑓 𝑆𝑙 < 𝑆𝑙𝑠 𝑘𝑟𝑙 = √𝑆∗ {1 − (1 − [𝑆∗]1 𝜆⁄ )𝜆}2

 

 𝑖𝑓 𝑆𝑙 ≥ 𝑆𝑙𝑠 𝑘𝑟𝑙 = 1  𝑖𝑓 𝑆𝑔𝑟 = 0 𝑘𝑟𝑔 = 1 − 𝑘𝑟𝑙   
 𝑖𝑓 𝑆𝑔𝑟 > 0 𝑘𝑟𝑔 = (1 − �̂�)2(1 − �̂�2) 

 �̂� = (𝑆𝑙 − 𝑆𝑙𝑟)/(1 − 𝑆𝑙𝑟 − 𝑆𝑔𝑟) 𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟)/(𝑆𝑙𝑠 − 𝑆𝑙𝑟) 
Capillary pressure (van Genuchten, 1980) 𝑃𝑐 = −𝑃𝑜([𝑆∗]−1 𝜆⁄ − 1)1−𝜆   
 𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 − 𝑃𝑚𝑎𝑥 ≤ 𝑃𝑐 ≤ 0 
Henry’s Law 𝑃𝑔𝑖 = 𝐾𝐻𝑋𝑤 
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3 CHAPTER 3: RESULTS AND DISCUSSION 

 

From the experimental analysis, five comparisons were made. First the general migration 

behavior seen in the homogeneous test bed is discussed Additionally, the rest of the subsurface 

results are shown to orient them in space. Next I discuss the subsurface methane concentrations as 

a function of time and distance from the source in the subsurface and surface respectively. The 

discussions on the effects of water saturation, leak rate, and pipeline burial depth follow. All 2D 

methane concentration plots were made in Surfer 15 (Golden Software, Golden CO) using the 

kriging method of interpolation based on a thorough analysis of various methods. 

3.1 Experimental Results 

Figure 3.1 shows the concentration plot results at three different times along two different 

transects, II (adjacent to the pipeline) and EE (perpendicular to the pipeline). The trends in all the 

plots are similar, showing relatively concentric concentration contours centered around the 

emission point. Over time, the concentration contours grow outward towards the edges of the test 

bed. The contours are symmetric in the horizontal direction, but asymmetrical in the vertical 

direction. This is due to the increased kinetic energy caused by the gas release pressure pointing 

up as well as the effect of buoyancy due to the decreased specific gravity of methane as compared 

to air. Despite the effect of buoyancy, the gas concentrations also occur below the emission 

location. This highlights the importance of diffusion in shallow subsurface methane transport, 

driven by concentration and pressure differences. These finding are consistent with those from 

Yan et al. (2015), Okamoto and Gomi, (2011), and Xie et al. (2015). These growth rates vary, 

depending on the distance from the emission point, as discussed in section 3.1.4. The slight 

variations between these two transects may be due to slight differences in porosity incurred during 

bed packing. The increased concentrations seen at early times could be because the gas flow 

regimes are not fully mobilized at early times (i.e. initial stages). Figures 3.2 and 3.3 depict the 

results of the homogeneous and heterogeneous test beds respectively. The plots in figure 3.2 

occurred mostly on the II transect except for experiment 4 which occurred on the HH transect since 

the experiment was carried out on a shallower pipeline. This figure only shows half the bed from 

the west edge to the emission point. The plots in figure 3.3 occurred on the GG transect and include 
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the full test bed width. The homogeneous plots exhibit similar behavior as described above for 

experiment 3. The layered results however, do vary as will be discussed in the following sections. 

The spreading width at the end of 6 hours was typically between 1-2 m. Here, spreading width is 

defined as the lateral distance, along the surface, from the emission point to the 25%vol contour. 

Table 3.1 lists the average MET station data for each sampling time as well as the daily average 

for each experiment. Average soil water saturation profiles for dry and partially saturated 

conditions in the homogeneous and layered test beds are shown in figure 3.4. 

 

 

 

Figure 3.1 Methane concentration plots for experiment 3 along the II and EE transect. The 
emission point is located at (2.5, -0.91) in the II graphs and (2.75, -0.91) in the EE graphs 
(Denoted by the black star). Methane concentrations are shown in %vol. 
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Figure 3.2 Subsurface methane concentration plots for all experiments conducted in the 
homogeneous test bed at three times along transect II and HH (for experiment 4 only).  
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Figure 3.3 Methane concentration plots for all experiments conducted in the layered test bed at 
three time points along transect GG.  

 

 

 

Figure 3.4 Average saturation profiles for dry and partially saturated experiments in the A.) 
homogeneous and B.) layered test beds. 
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Table 3.1 Average meteorological station data for each experiment at time = 1.5, 4.5, 6 hours and 
overall. 

Exp 

# Time 

Wind 

Speed 

(m/s) 

Wind 

Direction 

(Deg) 

Wind 

Elevation 

(Deg) 

Ambient 

Temp 

(°C) RH(%) BP(mbar) 

1 

1.5 hrs 3.78 395.16 -2.15 9.56 31.18 827.23 

4.5 hrs 4.01 328.73 1.62 8.10 38.29 827.57 

Overall 2.83 285.45 0.81 9.13 34.01 827.42 

2 

1.5 hrs 0.59 229.93 5.46 -4.43 41.66 846.80 

4.5 hrs 2.12 164.47 0.11 -2.48 47.24 844.02 

6 hrs 1.62 145.95 -1.19 -2.41 55.05 843.76 

Overall 1.22 244.83 2.10 -3.17 46.67 845.06 

3 

1.5 hrs 1.26 223.64 2.92 8.44 34.93 827.98 

4.5 hrs 1.15 289.82 0.95 13.37 24.14 825.41 

6 hrs 1.05 218.15 0.88 15.56 22.50 825.07 

Overall 1.27 238.63 1.30 11.34 29.04 826.40 

4 

1.5 hrs 8.28 311.59 0.02 3.56 21.54 831.39 

4.5 hrs 8.86 296.41 -0.49 2.88 24.96 832.49 

6 hrs 7.56 272.99 -0.78 2.73 24.62 833.44 

Overall 9.81 295.14 -0.38 2.92 24.06 831.82 

5 

1.5 hrs 7.11 284.93 -0.03 10.73 29.31 837.24 

4.5 hrs 3.37 422.47 0.21 4.45 55.87 838.04 

6 hrs 4.27 137.18 -0.46 0.29 68.12 839.33 

Overall 5.52 299.26 -0.03 6.12 48.11 837.90 

6 

1.5 hrs 1.26 361.32 3.37 -9.33 73.27 839.87 

4.5 hrs 1.96 416.38 1.31 -8.28 72.18 838.56 

6 hrs 2.04 452.97 0.75 -8.37 72.51 838.56 

Overall 1.64 391.96 1.41 -8.63 71.79 839.11 

7 

1.5 hrs 2.29 369.91 0.49 5.87 40.46 831.11 

4.5 hrs 1.95 390.24 1.57 13.72 22.52 828.38 

6 hrs 9.58 201.97 1.23 18.44 8.67 827.22 

Overall 3.78 294.47 1.90 12.53 24.12 829.12 

8 

1.5 hrs 1.33 303.55 -2.32 7.09 27.23 844.05 

4.5 hrs 2.26 123.29 2.14 10.72 19.15 842.39 

6 hrs 3.47 172.84 0.67 11.45 19.73 842.21 

Overall 2.19 259.89 0.68 9.50 22.27 843.04 
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3.1.1 Subsurface Methane Concentration as a Function of Time and Distance from the 

Source  

Figure 3.5 shows the subsurface methane concentrations obtained over time for experiment 

3 and 6, homogeneous and layered test beds with an emission rate of 21 lpm respectively. Error 

bars were calculated using the average standard deviation of all duplicated samples for all 

experiments, fixed at 1.93%VOL CH4. Locations near the leak change rapidly and approach steady 

state more quickly, while locations farther from the leak location change more slowly. This is 

again due in part to the lower specific gravity of methane compared to air and advective flux near 

the emission point. This allows methane to more easily emit to the atmosphere, where the rate of 

methane leaving the soil surface starts to approach the leak rate, thus steady state. These results 

are consistent with those of Okamoto and Gomi, 2011 and Yan et al., 2015. 

 

Figure 3.5 Chronological changes in Methane concentrations at two locations in the beds. A.) 
Represents transect DD (X,Y = 2.5 m, 2.25 m ) at depths of 0.2, 0.61, 0.91 and 1.21 m and 
transect CC (X,Y = 2.5 m, 1.5 m) at depths of 0.2, 0.61, and 0.91 m in the homogeneous sand 
test bed. B.) Represents transect BB (X,Y = 2.5 m, 2.25 m) at depths of 0.33 (inside the clay 
layer), 0.61, 0.91 and 1.21 m and transect AA (X,Y = 2.5 m, 1.5 m) at depths of 0.2, 0.61, and 
0.91 m in the clay layered test bed. Despite the differences in soil texture, both beds show similar 
trends at these locations over time. 
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3.1.2 Surface Methane Concentrations as a Function of Time and Distance from the 

Source 

  Surface methane concentrations obtained by the Picarro in experiment 4 are shown in 

figure 3.6.A and are representative of the data obtained during the other experiments. Methane 

concentrations peaked directly over the location of the emission point and decreased with 

increasing distance from the emission point. Concentrations also increased the longer the gas was 

emitting. The effect of wind speed was observed in experiment 7 shown in figure 3.6.B. Here the 

concentration readings at time 2 are less than at time 1. This is attributed to the increased wind 

speeds during the second collection (~7.3 m/s) compared to that of the first (~1.5 m/s). These 

trends differ from those reported in Deepagoda et al., 2016 whose surface methane concentrations 

resembled a simple nonlinear parametric power function, when wind was present, and a constant 

concentration under no wind conditions.  Generally, methane concentrations varied between 2-

3000 ppm (0.0002-0.3 %vol) indicating large dilution once the methane reaches the atmosphere, 

consistent with Deepagoda et al., 2016 and Yan et al., 2015. Insets of Figure 3.6 A and B are 

provided in C and D for the concentrations at 0.3 m AGS (above ground surface), where the small 

values can be more clearly seen. Although the trends in this data is consistent with what is 

described above, much more dilution occurs just 0.3m off the surface. This is an important finding 

since most pipeline leak detection occurs some distance off the ground.   

3.1.3 Effect of Soil Water Saturation 

Figure 3.7 a and b, depict the concentration profiles at time 3 (6 hours) from the dry and 

saturated experiments in the homogeneous sand bed (a &b, respectively).   We see that the near 

dry case presents a larger leak spreading width (~1.05 m) than does the partially saturated case 

(~0.7 m), consistent with the findings of Praagman and Rambags (2008). This is due to the 

increased water-induced tortuosity making it less favorable for the gas to diffuse horizontally. The 

partially saturated case also has lower methane concentrations, as seen in Deepagoda et al. (2016). 

The difference in degree of saturation may be insufficient to see a marked saturation effect. 
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Figure 3.6  Surface methane concentrations obtained from the Picarro during experiment 4 and 7. 
These measurements were taken on the pipeline transects, HH and GG respectively. Zoomed in 
figures of the 0.3 AGS concentrations are shown in C and D. Distances are from the left edge of 
the test bed. The emission point is located at 2.5 m demarcated by a vertical, dashed line.  

 

 

Figure 3.7 a-b Measured methane concentrations under near-dry and partially-saturated 
conditions in the homogeneous (a & b) soil test beds. Plots are along transect HH. Emissions 
occurred at 2.5 m (denoted by a black star). 
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3.1.4 Effect of Leak Rate 

Figure 3.8 depicts the measured subsurface methane concentrations from Experiments 2 

and 3 at 1.5 and 6 hours after the start of the injection, comparing the effect of varying leak rates 

in the homogeneous test beds. At the 6-hour mark, the migration is reaching a more steady state 

thus; concentrations and spreading widths are very similar between the 12 and 21 LPM figures. 

At the earlier time (1.5 hours), the migration is still in a transient state and a difference is 

observed, where the methane plume has reached the surface in the 21 LPM case because the 

advection has more of an effect than does the diffusion. Praagman and Rambags (2008) likewise 

reported no effect on spreading width with increasing leak rate. Figure 3.9 displays the 

subsurface methane concentrations of experiments 5 and 6 in the layered test bed at the same 

times after injection. In these cases, a difference in observed at both times showing increased 

spreading width and concentrations with increasing leak rate. This is due to the effect of the 

heterogeneity causing preferential flow within the system, although we still see the heightened 

effect of advection and buoyancy in the higher leak rate case. Yan et al. (2015), also reported 

larger concentrations with increasing leak rate.  

 

Figure 3.8 a-d: Methane concentration profiles along transect HH for experiments 2 and 3 in the 
homogeneous bed at times 1.5 and 6 hours after the start of the gas injection. Black bars 
represent the pipeline. Red stars represent the emission point location. 
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Figure 3.9 Methane concentration profiles along transect GG for experiments 5 and 6 in the 
layered bed. Transparent rectangular boxes in c and d represent the locations of the clay layers. 
Note, the horizontal scale is different between figures 3.8 and 3.9.  Black bars represent the 
pipeline. Red stars represent the emission point location.  

 

3.1.5 Effect of Pipeline Burial Depth 

Figure 3.10 compares subsurface methane results between a pipe buried 0.91 m (3 ft) below 

ground surface (Experiment 2) and one buried 0.2 m (1 ft) under the surface (experiment 4) 

emitting at 12 lpm, along transect EE at time 3 (6 hours). The 0.91 m depth profile highlights the 

role diffusion plays on the gas migration, because even though advection from the upward pointing 

emission point and the lower specific gravity of methane compared to air is causing upward 

movement, a large downward movement caused by diffusion is also pronounced. While spreading 

width is approximately the same, higher concentrations are seen at the surface in experiment 4 

compared to experiment 2.  

Although we considered the effects (e.g., flow rate, saturation, layering, burial depth, etc.) 

separately, they, in fact, affect each other, yielding a combined and a more complicated effect on 

gas distribution profiles. This could also be seen in your modeled results. 
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Figure 3.10 Subsurface methane concentration plots for experiment 2 and 4 at time 3 (6 hours) 
along transect EE. The emission point is marked by a black star. 

 

3.2 Numerical Simulation Results 

The experimental set-up for experiment 2 (Homogeneous sand with a leak rate of 13.66 

LPM, 15% saturation, soil temp of 2.6°C) was simulated in TOUGH2. Natural gas composition 

was mimicked using a mixture of 86% methane (analyzed from the supply tank on site with a 

GC) and 14% air (comprised of a 79/21% Nitrogen/ Oxygen mixture). Figure 3.11 a-c shows the 

model outputs for three different times. Model sensitivity was analyzed by changing soil water 

saturation from 15 to 50 % and porosity from 0.35 to 0.3. Results are shown in figure 3.11 d-f 

and g-i, respectively. 

  

 

Figure 3.11a-f: TOUGH2 model output simulating experiment 2. Emission point is marked by a 
black star. Note the vertical axis is 2 m deep compared to the 1.2 in the experimental section. 
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4 CHAPTER 4: CONCLUSIONS 

 

This study investigated the effects of subsurface variables (soil moisture, soil texture, leak 

rate, leak depth) on shallow subsurface methane migration resulting from natural gas distribution 

pipeline leaks using a state of the art, field-scale, three-dimensional, porous-media test facility. 

Clear effects of soil moisture were observed in both transient and steady-state subsurface methane 

concentration profiles as indicated in the smaller plume spreading width. Larger surface 

concentrations were also observed in the partially-saturated conditions. Leakage rate had little 

effect on the spreading width of the methane plume, but did show larger surface and subsurface 

methane concentrations with increasing leakage rate. Clear effects of heterogeneity (ie clay layer) 

were seen in both the near-dry and partially-saturated conditions due to differences in porosity. 

Although wind greatly influence the surface methane measurements, there was little influence on 

the subsurface methane measurements, probably attributed to limited mixing depth. Decreased 

pipeline burial depths resulted in higher surface concentrations over a smaller area, because it more 

easily reached steady-state conditions. Although we considered the effects explained above, (e.g., 

flow rate, saturation, layering etc.) separately, they, in fact, affect each other, yielding a combined 

and a more complicated effect on gas distribution profiles than they individually imply. The 

average surface spreading radius was 1-2 m. The subsurface methane concentration profiles could 

be adequately simulated using the advection-diffusion framework of Tough2\EOS7CA model.  

The METEC subsurface test bed was designed for immense diversity thus there are many 

avenues for future research including: investigating gas migration in trenched bed systems, 

including the mixed soil properties found when pipelines are backfilled during typical installation, 

the effect of vegetation, surface obstructions resembling roads, and the direction the leak is 

pointing underground (i.e. up, down, side). Increased evaluation of the surface methane 

concentrations under varying atmospheric conditions as well as more model simulations of other 

parameters would also increase the understanding of the gas migration behavior from leaking 

underground pipelines.  
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A APPENDIX A: SITE DESIGN AND CONSTRUCTION 

A.1 Soil Characterization 

 Subsurface gas transport is highly dependent on soil characteristics and thus must be well 

understood and incorporated into the model. A variety of test were completed including soil 

water retention curve data (to obtain van Genuchten parameters), soil grain size analysis, 

saturated hydraulic conductivity, thermal conductivity, and organic content. The first natural soil 

sample collection was done at two locations near the proposed corners of the test bed (Figure 

A.1). Samples were collected in 10 cm increments using a hand auger. Due to the hard ground 

conditions, samples were only able to be collected from the first 50 cm at site 1 and 40 cm at site 

2. A separate composite sample of the natural soil was collected from the trenching piles during 

construction. Samples of the sand and clay used in the sand beds were also collected during 

construction.   

 

Figure A.1 Locations of soil sampling 
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A.1.1 Grain Size Analysis 

To characterize the soil type of the natural soil, a grain size analysis was completed on 

the various 10 cm samples. The sieve sizes used for analysis were: 3 ½, 12, 35, 70, 100, 200, 500 

using the American standard sieve sizes. Figure A.2 shows the particle distributions for each of 

the 10 cm samples at site 1 from 0 to 50 cm depth. 

 

Figure A.2 Grain size distribution from site 1 and 2 
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Particle diameter cutoffs were used to partition between sand, silt, and clay fractions. These sizes 

are as follows: 

2 mm > Sand > .05mm 

.05mm > Silt > .002mm 

Clay < .002 mm 

These cutoffs were used to compute the percentages of each of these fractions comprising the 

sample, which was then input into the USDA Soil Texture Calculator, which plots the 

percentages on the triangular plot shown in figure A.3. Table A.1 shows the soil fractions and 

Texture class based on said calculator. Samples straddle being a Fine sand to a loamy fine sand.  

 

Table A.1 Soil fractions and texture classes for each of the soil increments at sites 1 and 2 

Sample Sand Silt Clay Marker Color Texture Class 

1.1-10 0.906 0.083 0.011 Orange Fine Sand 

1.10-20 0.919 0.077 0.004 yellow Fine Sand 

1.20-30 0.934 0.062 0.004 green Fine Sand 

1.30-40 0.879 0.117 0.004 blue Fine Sand 

1.40-50 0.847 0.141 0.012 red Loamy Fine Sand 

2.1-10 0.836 0.128 0.036 red Loamy Fine Sand 

2.10-20 0.827 0.143 0.030 blue Loamy Fine Sand 

2.20-30 0.853 0.116 0.031 green Loamy Fine Sand 

2.30-40 0.824 0.136 0.040 yellow Loamy Fine Sand 

 

 

 



40 
 

  

Figure A.3 USDA Soil Texture calculator triangle plots for soil texture of soil samples at sites 1 
and 2. Refer to table A.1 for color key. 

 

Organic content of the 10 cm increment samples were also measured. Both sites were very low 

(~ 4-5%) and seemed to decrease with depth. 

 

A.1.2 Saturated Hydraulic Conductivity 

 Saturated hydraulic conductivity was measured using the Falling-head method with an 

automated Ksat set up (Model: single station chameleon kit, SoilMoisture Equipment Corp, 

Santa Barbara, CA). Tests were ran a minimum of three times to with slightly different packing 

to provide a range of values for use in model tuning. Results for the three soil types (clay, sand, 

and natural soil) are provided in Table A.2 
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Table A.2 Saturated hydraulic conductivity measurements 

Soil Test Number Actual Porosity Ks   (m/s) 

Clay 

1 0.479 2.15E-07 
2 0.454 3.38E-08 
3 0.488 8.20E-07 
4 0.488 2.50E-07 

Sand 
 

1 0.285 8.05E-05 
2 0.291 9.83E-05 
3 0.359 1.83E-04 

4.1 0.355 2.00E-04 
4.2 0.355 1.61E-04 
4.3 0.355 2.15E-04 

Natural Soil 
1 0.473 7.85E-07 

2.1 0.480 4.13E-06 
2.2 0.480 1.49E-06 

 

A.2 Experimental Site Design 

 Much deliberation went into deciding what pipeline characteristics were going to be 

incorporated into the experimental field test site design. The final site design included five total 

beds, three in the natural soil (City-scape, Non-vegetated, Vegetated) and two sand beds 

(Homogeneous and Layered). The natural soil beds are largely similar for easy comparison. All 

contain one 2” dummy pipeline at 2 ft deep to top of pipe (T.O.P.) with 3 emission points 

pointing right, down and up, and one 4” pipeline at 3 ft T.O.P. with 3 emission points pointing 

left, down and up. The depths were chosen based on regulated depths of gathering, distribution 

mains and service lines. The two sand beds were also constructed similarly. Both are 5 x 5x 2 m 

and contain a 2” and 4” dummy pipeline with 3 emission points each. As-built site plans were 

made, but are not enclosed to keep anonymity of exact emission point locations from potential 

technology competitors at the METEC site. 

 

A.2.1 Emission Point Details 

In order to mitigate safety hazards associated with filling an entire pipeline with natural 

gas and forcing it to leak, an alternative method of gas delivery and emission was devised. A 5 

cm (2”) or 10 cm (4”) PVC pipe capped at both ends was used as a realistic obstruction for the 
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gas to migrate around. 0.64 cm (¼”) stainless steel Swagelok tubing was used to deliver the gas 

from the above ground control box to the underground emission point. The 0.64 cm (¼”) 

Swagelok was then connected to a 90° elbow with a Mud Dauber (vent screen) fitting with a 40 

mesh screen.  Pea gravel packs 10 x 10 x 10 cm large were fixed over the emission point to 

decrease the ingress of small particle that may clog the emission point. Figure A.4 a shows an 

isometric, side, and assembled view of the emission points. Leak rates were chosen to resemble 

those found in distribution and gathering sectors rather than from very large high-pressure 

transportation pipelines because these pipelines tend to explode and crater the surrounding earth 

when they leak negating the smaller transport pathways. As such, the site was designed to supply 

flow rates from 0.47 – 47 lpm (1-100 SCFH).   

 

Figure 4A.4 A-C: Emission point details. A.) Mud dauber isometric view B.) Mud dauber side 
view C.) Installed emission point example with 90° elbow, mud dauber and gravel pack 

 

A.3 Preliminary Modeling Work 

Some preliminary modeling work with TOUGH2 EOS7CA was completed with soils that 

were expected to be similar to site conditions. This work was completed in order to inform our 

design decisions, ensuring the size of the beds and placement of sensors were adequate to capture 

the extent of the gas plume. Soil properties are known to have a pronounced effect on the 

diffusion of gases in the subsurface thus, this work also provided initial insights into which soil 

parameters would dominate the migration behavior. In the simulations shown in Figure A.5, 

methane gas at 5% volume (50,000 ppm) was injected at 2 locations 0.61 and 0.91 m BGS 

simultaneously for 30 minutes and diffusion was observed when the source was turned off.  The 
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simulations show concentration profiles in Bonny Silt compared to a #12/20 sand at three 

different leak rates indicative of leak sizes from distribution lines. Also pictured is the effect of 

shrinking the domain size. Concentrations are shown as a mass fraction. Soil parameters for the 

two soils are provided in Table A.3. 

Figure 4A.5 Preliminary TOUGH2 Modeling outputs using Bonny Silt and lab grade #12/20 
sand 

 

Table A.3 Soil Properties of preliminary TOUGH2 modeling work 

Soil Parameters Bonny Silt #12/20 Sand 

Porosity [-] 0.43 0.32 

Permeability [m2] 1.18*10-13 1.08*10-10 

Van Genuchten m [-] 0.367 0.920 

Residual Saturation [-] 0.07 0.02 

Dry Thermal Conductivity [Wm-1°C-1] 0.37 0.04 

Saturated Thermal Conductivity [Wm-1°C-1] 1.28 3.00 
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A number of conclusions can be drawn from this modeling effort. All of the simulations 

were done under a saturation of 12%. Thus, under dry conditions, it can be seen that porosity 

largely effects gas migration since the plums with a higher porosity (Bonny silt) are more diffuse 

than those in the sand with a lower porosity.  As leakage rate increases, so does spreading width 

and gas mass fraction (concentration) as can be expected from advection. Smaller spaces become 

saturated with gas more quickly than larger spaces. This finding can be paralleled to small house 

basements compared to larger house basements. Houses with a smaller surface footprint and 

basement volume will reach potentially explosive concentrations of gas faster than houses with 

large basement volumes.  
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B APPENDIX B: METHANE SENSOR RESEARCH 

B.1 Above Ground Methane Analyzers 

Most natural gas pipeline leak detection occurs at or above the soil surface thus, above 

ground methane concentrations were also measured throughout experimentation. This allowed 

comparison between the below ground concentrations and what most detection technologies 

actually read.  The following technologies were investigated to determine which method would 

provide the best information regarding methane leaks from the underground transmission 

pipeline test beds at the Methane Emission Technology Evaluation Center (METEC) site at 

Colorado State University in Fort Collins, Colorado. These devices were evaluated based on 

their availability, accuracy, and ease of use. The device that best provided information about the 

simulated leaks from the pipelines was used to study the behavior of methane in the atmosphere.   

 

Picarro G2203 

 

The Picarro G2203 Analyzer is manufactured specifically to detect methane and an 

acetylene tracer in the plumes. This device uses cavity ring-down spectroscopy (CRDS) in order 

to detect methane concentrations ranging from 0-20 ppm. The G2203 is a versatile piece of 

equipment, and may be set up as a stationary system at a location of high methane emissions or 

as a mobile unit to evaluate methane concentrations across the width of a plume. With a 

precision of 3 ppb for methane and a response time of less than 3 seconds, the G2203 allows for 

accurate and continuous evaluation of methane plumes (Picarro, Inc. 2011).  

 

The G2203 was developed to be run with an acetylene tracer placed directly next to the 

emission source. When the acetylene tracer is released at a known flow rate, the emission rate of 

methane can be determined by 𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑒 =  𝑄𝑡𝑟𝑎𝑐𝑒𝑟 ∗  𝐶𝑚𝑒𝑡ℎ𝑎𝑛𝑒 − 𝐶𝑚𝑒𝑡ℎ𝑎𝑛𝑒,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐶𝑡𝑟𝑎𝑐𝑒𝑟 − 𝐶𝑡𝑟𝑎𝑐𝑒𝑟,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  

Where Emethane represents the emission rate of the methane, Qtracer represents the flow rate of the 

tracer gas, and Cmethane and Ctracer represent the downwind concentrations of the respective 

constituents. In the event that the location of the methane source is unknown or the plume is not 
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well mixed, this equation can be expanded in order to account for the different concentrations of 

methane and tracer across the width of the plume: 

𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑒 = 𝑄𝑡𝑟𝑎𝑐𝑒𝑟 ∗  ∫ (𝐶𝑚𝑒𝑡ℎ𝑎𝑛𝑒 − 𝐶𝑚𝑒𝑡ℎ𝑎𝑛𝑒,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)𝑑𝑥𝑝𝑙𝑢𝑚𝑒 𝑒𝑛𝑑𝑝𝑙𝑢𝑚𝑒 𝑠𝑡𝑎𝑟𝑡∫ (𝐶𝑡𝑟𝑎𝑐𝑒𝑟 − 𝐶𝑡𝑟𝑎𝑐𝑒𝑟,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)𝑑𝑥𝑝𝑙𝑢𝑚𝑒 𝑒𝑛𝑑𝑝𝑙𝑢𝑚𝑒 𝑠𝑡𝑎𝑟𝑡 ∗ 𝑀𝑊𝑚𝑒𝑡ℎ𝑎𝑛𝑒𝑀𝑊𝑡𝑟𝑎𝑐𝑒𝑟  

In which MWmethane and MWtracer represent the molar weights of methane and the tracer gas 

respectively (Mønster et al. 2014).  

 

Prior to collecting any information with the Picarro G2203, background concentrations of 

methane and acetylene should be taken directly upwind of the site. Next, the acetylene tracer 

should be placed at the points of emission or, if at a site with inhomogeneous emission rates, as 

close to points of major emissions in order to negate any error caused by insufficient mixing of 

the tracer and the methane plume. The flow rates of these tracer bottles should be set to 

approximately 1 kg/hr to simplify calculations. Weather conditions should be evaluated in order 

to determine wind direction, wind speed, and atmospheric stability (Mønster et al. 2014).   

 

The exact position that the Picarro G2203 should be placed is dependent on the site and 

the atmospheric conditions. In their analysis of the Picarro G2203’s performance, Mønster et al. 

(2014) conducted all transects of the plume 500-2000 m away from the point of emission.  

 

Although the Picarro G2203 is excellent for plume characterization, it does not provide 

information about the concentrations of methane directly at the soil-atmosphere interface. 

Because of this, the Picarro G2203 will be useful to see the broader impact of methane leaks on 

the environment, but will not assist in developing a model of the movement of methane in porous 

media. 

 

Summa Canisters 

 

Similar to soil gas sampling, Summa canisters may be used to collect samples of gas in 

the ambient atmosphere. Samples taken with a Summa canister may be analyzed with a gas 

chromatographer (GC) in order to determine its composition. Summa canisters come in a variety 

of sizes, which allows for either a larger sample or a longer sampling period at the site. Because 
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of their ease of use, Summa canisters make for a simple sampling solution in a variety of 

scenarios. 

 

Prior to taking any samples, the Summa canisters must be thoroughly cleaned and 

checked for contamination. The fittings for the sample train must be washed using a hexane 

solvent and heated to 100°C in order to remove any contamination. Additionally, the canisters 

and the fittings must be flushed with nitrogen for approximately 8 hours as an additional 

cleaning step. If the Summa canisters are new, at least one of the new canisters must be blank 

tested prior to use (Guillot 2017).  

 

There are two sampling techniques that may be used to obtain samples from the ambient 

atmosphere: grab samples and time integrated samples. Grab samples are used as a more 

qualitative approach for detecting constituents in air, as the GC analysis will only reveal the 

presence of contaminants, rather than information on leak rates (RESTEK 2010). In order to take 

a grab sample at a site, a particulate filter should be added to the inlet valve. Once placed at the 

site in question, the main valve on the canister is opened to allow for airflow into the canister. 

After approximately a minute, the valve may be shut and the canister taken to the GC for 

analysis (Guillot 2017). Time integrated samples, on the other hand, are more representative as it 

represents the time-weighted average of an emission point (RESTEK 2010). This strategy uses a 

flow controller to restrict air flow into the canister over a period of time. Often, the flowrate used 

for these tests are approximately 1 scc/min (Guillot 2017).  

 

 Although easy to use, Summa canisters have some drawbacks. Special equipment is 

required to clean and evaluate Summa canisters, increasing the cost of the overall sampling 

system. Additionally, several assumptions have to be made with the results of both sampling 

procedures. By making grab samples, one is assuming that the Summa canister is placed properly 

near the emission source and that the gas sample is representative of the site. Time integrated 

samples assume a consistent emission rate throughout the entire test. Both assumptions can cause 

error in the overall tests. 
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Hi-Flow 

 

The Hi-Flow Sampler system is a portable system that is used to test for natural gas leaks 

throughout the processing and distribution process. This system comes equipped with several 

interchangeable attachments that can interface with various portions of natural gas infrastructure. 

The Hi-Flow Sampler uses catalytic oxidation or thermal conductivity in order to determine flow 

rate of a methane leak, and it has an accuracy of ±5% of the reading or 0.02% methane, 

depending on which is higher (Bacharach, Inc. 2015).  

The Hi-Flow is useful for a variety of testing conditions because of its relatively lightweight 

design and battery-run operation. 

 

The Hi-Flow Sampler determines the emission rate of leaks by encompassing the leak in 

question and using a vacuum to draw in an air sample at a known flow rate. During data 

collection, the vacuum draws in both surrounding air and the leak at two different flow rates—

one high and one low. The leak rate is then calculated with the following equation: 𝐿𝑒𝑎𝑘 = 𝐹𝑙𝑜𝑤 ∗ (𝐺𝑎𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐺𝑎𝑠𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) ∗ 10−2 

Where Flow represents the sample flow rate, Gassample is the concentration of gas obtained from 

the leak (as a percentage), and Gasbackground represents the concentration of the gas in the ambient 

atmosphere (Bacharach, Inc. 2015).  

 

Because the Hi-Flow does not come with any attachments that allow the system to 

analyze samples from underground pipelines, many research groups have developed their own 

attachment to obtain estimated leak rates. These attachments often take the form of a surface 

covering, such as an inflatable pool or a tarp as a method to isolate the leakage point from the 

surrounding environment. The edges of the covering are weighed down in order to prevent air 

intrusion and methane loss, both of which would significantly alter the estimated leak rate of the 

site (Farrag 2013).  

 

 There are several challenges associated with using the Hi-Flow Sampler as a means of 

measuring leak rates of underground pipelines. Prior to using the Hi-Flow, another device must 

first be used to identify the location of the leak and the approximate area in which the methane is 
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migrating from the soil to the atmosphere. Farrag used a Combustible Gas Monitor (CGM) in 

order to identify the area requiring a surface cover (2013). However, the location of leaks is 

known at the METEC site, making this problem inapplicable for this site. Additionally, Farrag 

noticed some error caused by the effectiveness of the surface covers used in experiments (2013). 

If the cover does not seal well to the ground or if the cover does not sufficiently cover the area of 

the leak, measurements by the Hi-Flow will be incorrect. 

 

RMLD 

 

The Remote Methane Leak Detector (RMLD) is a handheld device that uses tunable 

diode laser absorption spectroscopy (TDLAS) to determine the concentration of methane in the 

ambient air. Not only does this system detect leaks, it also provides a concentration in ppm-m, 

giving an idea of the concentration and the width of the plume. The device has a sensitivity of 5 

ppm-m at 0-50 ft and 10 ppm-m at 50-100 ft. The maximum distance that this device can 

measure is 100 ft, allowing for plumes that are hard to reach to be measured (Heath Consulting 

Incorporated 2009).  

 

Due to the wide use of this apparatus in distribution line leak detection, Heath Consulting 

Incorporated has made the RMLD very user-friendly. The infrared laser that measures the 

concentration of methane in air continuously runs while the device is turned on. The values 

obtained from spectroscopy are then displayed on the LED screen on the control module. The 

operator of the device simply has to point the transceiver towards the location of interest, as 

shown in. A spotter laser, which consists of a simple visible laser, can be used to identify the 

location of high methane concentrations by simply squeezing the trigger on the handle of the 

transceiver. The control module also produces sound based on the presence and concentration 

level of methane at a site as an audio indicator (Heath Consulting Incorporated 2009).  

 Although the RMLD is simple to use, there are many challenges that make this device 

prohibitive for the METEC site. The RMLD gives information for the concentration of methane 

through the plume. However, since natural gas is not visible to the naked eye, there is no way of 

knowing the exact width of the plume. Additionally, this device makes the assumption that the 
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methane concentration across the entire plume is constant. This may not be the case for 

underground pipelines, where the soil layers could cause an inhomogeneous plume. 

 

GDS Infrared Sensors 

 

The GDS Corp’s Infrared (IR) Sensor uses infrared absorption to determine the 

concentration of methane in the air. This system is able to continuously monitor the air and is 

able to survive in extreme environmental conditions (GDS Corp 2014). Capable of measuring 

with respect to the Lower Explosive Limit (LEL) or percent by volume, the GDS sensor is able 

to measure concentrations of combustible gases with an accuracy of ±3-5% LEL, depending 

upon the concentration of the gas (GDS Corp n.d.). Because of its durability and its ability to 

monitor a site for a prolonged period of time, GDS IR sensors are a good option for detecting 

methane leaks.  

 

When installing the IR sensor, it is important that the sensor is oriented so that it facing 

down and is 12-18 inches above the source of the leak. The sensors should be calibrated before 

being used by zeroing the system with clean air, or air that is free from hydrocarbons. 

Additionally, calibration gas should be used as a means of calibration by introducing the gas to 

the sensor at a constant flow rate. When properly calibrated, the signal level produced by the 

sensor will correspond to the concentration of gas in the atmosphere: the higher the signal 

(measured in mA), the higher the concentration of the gas (GDS Corp 2014). 

 

 As with the other systems for detecting natural gas leaks, the GDS IR sensor has 

challenges. The GDS sensor requires specific calibration gas that must be obtained from GDS 

Corp, increasing the overall cost of the system. However, this system requires less maintenance 

and is more durable than any previously mentioned device. It is the author’s opinion that this 

device is the best suited for evaluating leaks from the test bed. 
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Figaro Metal Oxide Semiconductor Sensors 

 

The Figaro Metal Oxide Semiconductor sensors (MOS) are small components for a 

simple circuit that can be used to determine methane concentration in the atmosphere. 

Specifically, the TGS 2612, a sensor capable of measuring methane or liquid petroleum gas, is 

used to determine the concentration of methane from 1-25% LEL. This sensor is extremely 

small, allowing it to be placed wherever a leak is predicted to be. In addition to this, this sensor is 

very commonly used for gas alarms due to the fact that it is not sensitive to alcohol vapors. 

Because of their low cost and low power consumption, TGS 2612 sensors are under 

consideration for METEC tests (Figaro USA Inc 2014). 

 

Figaro MOS sensors use the properties of tin dioxide as a way to determine the 

concentration of volatile compounds in the air. Electrons in the tin dioxide are attracted to 

oxygen in the atmosphere, making a higher resistance in the metal. However, when volatile, 

combustible chemicals are in the air, the oxygen becomes more attracted to the gases, releasing 

the electrons in the metal and reducing the resistance. The concentration of combustible gases is 

inversely proportional to the resistance of the sensor (Figaro Engineering Inc 2017).  

 

Despite all of the advantages of a Figaro MOS sensor, there are many challenges that 

make this device prohibitive for field use. The TGS 2612 is merely a circuit component, which 

means the overall circuit must be assembled by the purchaser. Additionally, the entire system 

must be protected from extreme weather conditions, such as precipitation, but it also must be 

exposed to the ambient air in order to obtain data. The sensor only measures between 1-25% 

LEL and is incapable of reaching higher values than that. Finally, if any LP gas is at the site, the 

sensor will not be able to distinguish between the methane concentration and the LP gas. This 

would cause significant error in the data collected.  

 

 

 

 

 



52 
 

XP-3140 

 

The XP-3140 is a handheld thermal conductivity sensor that is capable of detecting 

methane from 0-100% volume. This device is specifically manufactured for the gas of interest in 

order to decrease any error introduced from other volatile gases present at the site. Under ideal 

conditions, the XP-3140 is capable of measuring with an accuracy of ±5-10%, depending on the 

concentration present in the air: higher concentrations correspond to larger standard deviations, 

while lower concentrations correspond to smaller standard deviations. Because of its long battery 

life, its ability to store readings, and its ease of use, the XP-3140 is well suited for spot testing a 

site for leaks (New Cosmos Electric Co, Ltd 2016).  

 

Although the XP-3140 device is a practical system for measuring gas, the cost of each 

device makes the use of this system prohibitive. Each XP-3140 costs over $1000, which does not 

include the cost of accessories such as the software and USB cable needed to connect the device 

to a computer. Additionally, to the author’s knowledge, the manufacturer does not have much 

literature on the device, which makes it difficult to fully develop a sampling protocol for this 

system. More information is required about the device before it can be used as an aboveground 

sampling system. 

 

Conclusions 

 

Based on the site conditions, the ease of use of the devices, and the applicability of the 

measurements, the Picarro and Hi-Flow systems are best suited for surface measurements at the 

METEC site. The Picarro has very high sensitivity and can be adapted to have a portable hose to 

easily gather spatial concentration data around the test bed surface.  The Hi-Flow sampler is also 

recommended because of its ability to provide estimates of the leak rate of the underground 

pipeline, allowing for easy comparison between the known flow rate and the measured flow rate. 

Both of these instruments are widely used for natural gas leaks thus, their use will also provide 

information on their effectiveness for leak detection and quantification of subsurface pipelines.  
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B.2 Below Ground Methane Sensors 

There is a plethora of methane gas sensing technologies on the market today. Many of 

these only indicate the presence of methane, rather than a concentration and are designed for use 

in air. The subsurface concentration measurements need to be taken at various locations 

surrounding a leak in order to accurately measure the radial spread of methane over time. The 

variables considered when choosing a proper methane sensor were: automated readings, real-

time data, small to no consumption of the gas, no pumping effects, and no heat changes to the 

surroundings ease of set-up and installation. First a comparison on technology type was done. A 

large number of commercial options were explored including sensors used in similar past studies, 

market searches and leads from various company representatives as are explained below.  

From analysis of soil gas sampling methods used in similar field scale natural gas 

pipeline leakage studies, it was found one of the methods utilized in Okamoto and Gomi 2011 

was a syringe pull method. This method uses syringes to manually pull gas samples from buried 

tubes at various depths for analysis in a gas chromatography unit (details pictured below) In 

addition to the use by Okamoto and Gomi 2011 for propane measurements, this method has 

verified at the lab scale by previous students. Through correspondence with a college on the 

Okamoto and Gomi 2011 paper, it was found that their particular set up used noncommercial 

materials that were difficult to find compatible pieces. A Region 4 EPA Operating Procedure for 

soil gas sampling recommended Geoprobe vapor implants. The implants range from 3-21 inches 

tall and are made of stainless steel with a pore size of 0.145 mm. The implant is attached to a 

plastic tube and backfilled with glass beads and bentonite to ensure smooth flow of 

representative gas samples to the surface.  A disadvantage of this method is that it requires 

manual sampling, analysis, data recording, more intensive installation in undisturbed ground, and 

the consumption of clean storage containers and GC analysis consumables. Since this method is 

relatively low cost, it will be widely used at the METEC site.  

The second method of gas concentration measurements in Okomoto and Gomi, 2011 was 

a New Cosmos thermal conductivity sensor (V3-ti). It utilizes thermal conductivity technology to 

distinguish between the gas in question and a reference gas (oxygen). These sensors can be 

directly buried in the subsurface and allow for autonomous measurements. Okomoto and Gomi, 

2011 used 175 of these to obtain very good spatial resolution of data in a 5x5x2 m area. The 
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main disadvantage of these sensors is the cost (~$2,700 each). The manufacturer states the 

measurement resolution is 0.5%vol. Lab test were done to verify this statement under different 

saturations as presented in appendix B.4.  

Another similar study, Yan et al. 2015, used the CPR-GD catalytic bead methane sensor.  

They are produced and distributed solely from CPR Kangerxing S&T Development Co.,Ltd. in 

China and traditionally used above ground for monitoring methane concentrations in industrial 

setting.   As such, the company has no knowledge on how to use them underground and the 

author did not reply to any inquiries.  

Through internet market research, the Mini CH4 Pro by Pro Oceanus was discovered. 

This sensor uses infrared technology and was designed for underwater use (~100 m), verifying 

the waterproof requirement. Because of its rigidity, it is very cost prohibitive ($6000 per sensor) 

and very robust for our application. To overcome the difficulty of finding a manufactured sensor 

specialized for underground uses, it was recommended that a homemade gortex outer layer 

encasing the IR sensor would be sufficient protection from the elements. It was also learned that 

continuously running the IR sensor would produce better results by mitigating condensation onto 

the sensor due to the laser’s slight heat output. 

By recommendation of the Pro Oceanus representative, small affordable IR sensors were 

then researched. First the IRM-AT from Alphasense, running ~ $65 per sensor and capable of 

reading up to 100%vol methane. Unfortunately they didn’t offer transmitter boards for their 

sensors, needed to communicate over the distance needed for underground applications. The 

need for a comprehensive solution pushed us toward two possible solutions from Clairair, 

standard and Prime. The standard sensors, Cirius 1, are less expensive (~$110) and offer a 4-20 

mA signal, but require and OEM transmitter, Cirius X (~$150). The Prime sensors can be 

directly interfaced with a data logger and Ethernet communication, without the need for a 

transmitter thus lowering the overall cost to ~$175 per sensor. These sensors are not designed for 

underground use and thus need a protective shield such as the gortex or membrane suggestion. 

After much deliberation with the company representatives, the electrical requirements, size 

constraints and waterproofing were found incompatible with our use.  

From this review, it was decided to use mainly the Geoprobe vapor implants and 

sparingly the New Cosmos/DOD Technologies V3-ti thermal conductivity sensor. The vapor 
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implants were chosen, in part, for their low cost, comprehensive sampling process. We were able 

to purchase a large volume of them all at one place without the worry of part compatibility. More 

information regarding the sampling process used can be found in the experimental methods 

section. A few New Cosmos sensors were purchased for ease of use concentration verification 

and more shallow methane measurements than what could be achieved using the vapor implants. 

Since these sensors can be connected to a data logger and monitored remotely, they allow the site 

operators to check the real-time concentration in the subsurface without having to rely on the 

labor intensive syringe and GC analysis methods, increasing the overall safety of the site.  

B.3 Sampling Method Evaluation 

Soil gas sampling is very dependent upon site-specific factors and can be accomplished 

in many different ways depending on available equipment, location of a gas chromatographer 

(GC) in relation to the sampling point, and the quantity of gas desired. To remedy this, a 

literature review of sampling methods was performed. Each of the respective sample collection 

and analysis techniques is associated with ASTM standards, which helps to ensure the quality of 

samples that are analyzed and reported. The following document describes several sample 

collection techniques, discussing benefits, drawbacks, and key points of each. 

 

Regardless of sample container, the same general procedure for sample collection exists. 

Prior to any sample being gathered from the soil gas probe, the entire system must be purged in 

order to remove any ambient air in the probe or sample train. A system is adequately purged only 

when 3 times the system volume is extracted from the probe. The total volume of the system 

should include the following: the internal volume of the tubing, the internal volume of the probe 

tip, the sand pack space around the probe tip, and the dry bentonite in the annular space 

(California Environmental Protection Agency 2015) Table 1 shows the purge volume needed 

when using the Geoprobe ¼ in ID Tubing. This information does not include the volume of 

tubing that connects the well to the device that is purging the system, which will need to be 

accounted for in the total purge volume. 
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Table B.1 Manual Sampling Well Purge Volumes (Geoprobe Source 2017) 

Well Depth (m) / (ft) Purge Volume (mL) 

0.3 / 1 28.95 

0.61 / 2 57.9 

0.91 / 3 86.85 

1.21 / 4 115.8 

1.52 / 5 144.75 

 

The process of purging is usually done in one of two ways: via syringe or via vacuum 

pump. Syringes (often sized 50-250 mL for purging) offer the benefit of measuring the precise 

volume of gas that is extracted from the ground as well as provide a qualitative assessment of 

soil permeability based on the difficulty of extracting gas from the probe (California 

Environmental Protection Agency 2015). However, this process can be very time consuming as 

the volume extracted per syringe stroke is dependent on the size of the syringe. Alternatively, 

either manual hand vacuum pumps or automatic vacuum pumps can be used for purging a 

system. With an automatic vacuum pump, the flow rate can be set to a certain value, requiring 

only a timer to determine if an adequate volume of gas had been purged (SERAS 2001). A 

manual hand vacuum pump requires counting out the number of strokes. Each stroke of the 

handle on the vacuum corresponds to specific displacement of a fluid (usually around 16 cm3 to 

32 cm3) (“Hand Vacuum/Pressure Pumps” n.d.).  

 

In order to prevent the formation of a vacuum inside the probe or tubing, the purging 

flow rate must be kept to somewhere between 100 and 200 mL/min (ASTM D7648-12). While 

purging, it is important to keep track of the pressure within the system to ensure that the pressure 

is less than or equal to 100 inches of water (California Environmental Protection Agency 2015). 

Use of a vacuum pump with a vacuum gauge is a preferred method for ensuring vacuums do not 

exceed the specified pressure. 

 

After the appropriate volume of ambient air has been extracted from the system, the 

sample train can be set up with the container into which the sample is being drawn. When 

assembling the complete sampling train, it is very important to prevent ambient air from 

reentering the equipment via capping the system or closing valves (ASTM D7648-12). In order 
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to determine whether any leaking of ambient air into the system is occurring, a tracer should be 

placed near the probe/surface interface as well as any connections in the sample train. Liquid 

tracers, including pentane, difluoroethane, hexane, and n-propanol, can be applied to the sample 

train via towels or cloth; any interface or joint in which ambient air could enter the sample train 

should be wrapped in a cloth containing the chosen tracer liquid. Gaseous tracers, including 

helium and sulfur hexafluoride, can be used instead of liquid tracers. The sample train should be 

tented or shrouded to maintain an ambient air concentration of approximately 5% of the tracer 

chemical. Following sample collection, the tracers should be added to the analyte list for GC 

analysis (California Environmental Protection Agency 2015). 

 

As with purging, sampling should occur at a low flow rate from 100-200 mL/min. Once 

samples have been collected, the containers with the sample should be transported to the GC in 

cool, dark location (e.g. a cooler without ice) in order to prevent condensation and degradation of 

contaminants (California Environmental Protection Agency 2015). 

 

Syringes 

 

Syringes are an efficient method for collecting samples, but a poor method for 

transporting samples from the location to the GC. Syringes have the added benefit of telling the 

exact volume of gas that has been purged from the system. Specifically, gas-tight, glass syringes 

with a Teflon seal or valve are often preferred to other syringes as they are not prone to leaching 

with analytes, they are capable of being cleaned and reused, and they minimize the number of 

leaks by sealing the needle on the syringe when not actively in use (California Environmental 

Protection Agency 2015). Syringes have multiple benefits for soil gas sampling: they are simple 

to use, they can be used to directly inject the sample into the GC (ASTM D7648-12), and they 

can provide qualitative analysis about the permeability of soil during purging (California 

Environmental Protection Agency 2015). 

 

Prior to sampling, a syringe should be leak tested by closing the valve and trying to force 

air through the needle at the end (California Environmental Protection Agency 2015). When the 

integrity of the syringe is verified, it can be used to extract samples.  
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Sampling trains may be constructed in many different ways, so the actual process of 

sampling the soil gas varies based on the layout at the site. The sampling train layout proposed 

by Geoprobe is as follows: Teflon tubing, which connects the probe to the surface, is connected 

to a short section of silicone tubing. The silicone tubing is connected to another line of tubing, 

which ends at an on/off valve used for purging the system. Following the system purge, a needle 

can be inserted into the silicone tube, and the gas sample can be extracted. When the needle is 

removed, the silicone tube adjusts to eliminate the hole and prevent further leaks (Geoprobe 

Systems 2006). Figure B.1 shows an example of this sample train. 

 

 

 

Figure B.1 Potential sampling system setup (syringe sampling and hand pump purging) 
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Other sampling trains can be even more simplified. H&P Mobile Geochemistry proposed 

a sample train in which a short length of tubing is connected to the probe and a valve. All 

purging and sampling occurs with the syringe at the end of the tube with the valve. Gas is 

prevented from leaking by carefully closing both the valve on the tubing and the valve on the 

syringe before removing the syringe from the system. Figure B.2 shows an example of this 

sample train (H&P Mobile Geochemistry 2004) 

 

    

Figure B.2 Example of Syringe Sampling Technique with H&P Mobile Geochemistry Sample 
Train (2004) 

 

Some engineers utilize additional leak prevention methods by placing the needle in a 

septum after the sample is collected and during transport to the GC (Shumacher et al. 2009). In 

total, the holding time of gas within a glass syringe is estimated to be 30 minutes. To prevent 

further degradation of the sample, it is best to transport syringes in a cool, dark container like a 

cooler with no ice (California Environmental Protection Agency 2015). 

 

When the sample reaches the GC, it can be directly inserted into the machine from the 

syringe. When the syringe is emptied, it is purged with nitrogen in order to remove any 

contaminants remaining within the body of the syringe. After purged, the syringe should be 

blank-tested in the GC in order to verify that all contaminants have been removed in the cleaning 
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process (Regnery personal correspondence 2017). The syringe can then be reused to sample 

another location. 

 

Tedlar Bags 

 

Tedlar bags are another low-cost and commonly used soil gas container. These bags 

come in a variety of sizes, allowing for a higher volume of gas to be extracted than what a 

syringe is capable. Tedlar bags are much better at storing samples, and allow for the transport of 

samples offsite (ASTM D7648-12). Unlike syringes, Tedlar bags cannot be reused, as heating 

and rinsing techniques fail to fully remove contaminants from the container (McGarvey and 

Shorten 2000). 

 

There are two main procedures for extracting a sample and storing it in a Tedlar bag. One 

method minimizes the need for additional equipment for sample collection. Gas can be injected 

into a Tedlar bag with a syringe. Gas samples can be extracted from the probe via syringe as 

described in the previous section, and then injected into the bag using a septum fitting to prevent 

ambient air from seeping into the bag (California Environmental Protection Agency 2015). This 

method is not reliant on surrounding power sources, and it preserves samples from syringes long 

enough for them to be transported offsite. 

 

The other, more common procedure for using a Tedlar bag is shown in Figure B.3. In 

order to fill the Tedlar bag, it is placed inside a vacuum box and connected to the probe. The 

vacuum box is sealed and connected to a pump which draws out the air in the box. As a vacuum 

is applied to the bag, it expands. When the bag is filled, the tubing connecting the vacuum pump 

to the vacuum box is removed from the box, the bag is sealed, and a label is affixed to the eyelet 

on the bag (SERAS 2001). When the Tedlar bag arrives to the GC, a syringe can be used to 

extract samples of the gas and inject them into the machine. 
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Figure B.3 Tedlar Sampling Train Layout (SERAS 2001) 

 

Summa Canisters 

 

Summa canisters are a commonly used gas collection system that have sufficient storage 

ability for transport to laboratories. Using a Summa canister allows a gas sample to be stored for 

30 days, making it one of the most stable storage containers for gas samples available (California 

Environmental Protection Agency 2015). Additionally, Summa canisters are capable of being 

cleaned and reused for sample collection. Nitrogen purges and heat desorbs contaminants within 

the body of the canister, allowing them to be removed by evacuating the contents of the canister 

(RESTEK 2010). Unfortunately, these cleaning methods require a lot of additional equipment 

manufactured specifically for Summa canisters, unlike the cleaning methods for syringes. The 
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need for additional equipment raises the costs associated with using Summa canisters as the 

method for sample collection and storage.   

 

Summa canisters contain a vacuum, which is used to draw gas from the probe into the 

body of the canister. An attached pressure gage and flow controller are used to regulate the flow 

into the canister so that the specified flow rate for soil gas samples is not exceeded, as shown in 

Figure B.4 (California Environmental Protection Agency 2015). Depending on the flow rate 

achieved by the Summa canister and the volume of sample required, the Summa canister will 

require a specified sampling period in which the soil gas sample is collected. By the end of the 

sampling period, a vacuum between -7 to -4 in. Hg will remain in the canister (RESTEK 2010). 

 

 

Figure B.4 Summa Canister Sampling Train Layout 
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To extract a sample from the canister in order to analyze it in the GC, additional 

equipment is needed depending on the type of canister used. Devices such as proconcentrator 

instruments or loop autosamplers are required to extract the desired amount of sample from the 

canister and inject it into the GC (“Sampling” 2003). The need for additional equipment as well 

has the high cost of the Summa canisters themselves makes the cost prohibitive for the METEC 

project. 

 

 

Glass Vials 

 

Glass vials have been shown to be a cost effective substitute for summa canisters 

showing an order of magnitude agreement (Levi et al, 2011). Rochette and Bertrand, 2003 found 

that commercially available glass vials held 89% of their vacuum after 136 days and had a 

contamination rate of 0.20% day-1 during the first 129 days of storage. The addition of a silicone 

septum increased vacuum to 93% and decreased sample contamination after evacuation to 0.13% 

day-1. Glass vials come in a wide range of sizes and are available in clear or amber color with 

crimped or screw-on tops. Most gas studies use pre-evacuated vials. As such, they are not 

reusable without bottle evacuation equipment. To store a sample, the syringe method described 

above is used. Over Pressurization is recommended if direct GC analysis is going to be used. 

Levy et al, used 22 mL preevacuated bottles with half of a 40 mL sample. Duplicate vials were 

collected with the remaining 20 mL. Equipment blanks were also collected by injecting ambient 

air with clean equipment. Pihlatie et al. used a large and small volume technique utilizing 12 mL 

vials. The large volume method used a 100 mL syringe, flushed the vial 4 times with 85 mL of 

the syringe and pressurized the vial the last time with the remaining 15 mL. A small volume 

technique was also utilized to minimize pressure disturbance, directly inserting a 20 mL sample 

into the preevacuated vial. 12 mL Extainers from Labco were used in multiple studies. From a 

personal communication with a Colorado School of Mines Post-Doc, it was decided to use 30 

mL serum vials with thick butyl-rubber stoppers because they are much more reliable for holding 

gas samples for longer periods of time.   
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Tubing Material Options 

 

All of the above methods use some type of tubing in the collection process. There are many types 

of tubing commercially available, but not all of them are appropriate for this type of applications. 

Some tubing materials are susceptible to significant contaminant sample loss due to sorption. 

Two separate studies have been done comparing types of tubing. Hayes et al. 2006 reported little 

difference between Teflon, nylon, and PEEK. Although low level blanks occurred in the nylon, 

values were much lower than screening levels. Ouellette, 2004 studied hydrocarbon adsorption 

of five tubing materials (Teflon, nylon, polyethylene, vinyl, and flexible tygon. The study found 

nylon and Teflon has insignificant losses less than 10%, while the others were significantly 

higher. Most notably the flexible tubing with losses up to 80%. Hartman recommends avoiding 

flexible tubing. Rigid tubing should be stored away from truck exhausts and sealed. Hartman 

prefers 1/8” Nylon tubing as it is easier to work with than ¼” and less expensive than Teflon.  

B.4 DOD Methane Sensor Validation Results 

 Since the subsurface thermal conductivity methane sensors were costly, they were put 

through a series of validation experiments to quantify how they performed under varying 

saturation conditions. The experiments were conducted in vertical column made of 4” ID clear 

cast acrylic with a 15x15 cm (6x6 in) square base (McMaster Carr) [2]. The column included 

connections for gas supply using a 0.32 cm (1/8 in) National Pipe Tapered Thread (NPT) 

stainless steel Swagelok male connector tube fitting at 5cm from the base. The sensor was 

secured in the column with a 1.27 cm (1/2”) NPT plastic liquid tight cable gland 13cm from the 

base (Figure B.5). 
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Figure B.5: Isometric view of column design for New Cosmos sensor verification tests 

 

At the beginning of each trial, the sand was prepared to the desired saturation before 

packing and allowed to equilibrate in a covered vessel at room temperature for one day. The 

column was then packed with laboratory grade #50/70 sand at the desired saturation to a porosity 

of approximately 0.326 (following sand manufacturer guidelines for tight packing) roughly 

following the procedure in Sakaki et. al., 2008. For experiments where the soil was saturated, the 

cohesion between particles increased and the desired tight packing was not achieved. The 

volume of soil that did not fit inside the column was placed in an oven-safe container and 

allowed to dry in an oven at 105oC. After 24 hours, the weight of the excess sand was recorded 

and subtracted from the original weight to calculate the achieved porosity. The packed column 

was then placed inside an enclosed, well-ventilated hood properly equipped to handle explosive 

gas mixtures and the appropriate gas supply and electrical connections were made. The sensor 

data was monitored by connecting the indicator card to a Campbell Scientific CR1000 data 

logger using a CURS 100 resistor to convert the mA signal to volts. For more information on the 

Indicator Unit V3 sensor, CR1000 data logger, and the PC200W program, see the following 

references [6, 7]. The sensor was allowed to equilibrate with the testing environment for four 
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hours, as recommended by the manufacturer. Figures B.6 a and b describe the experimental set-

up. 

  

 

Figure B.6 a-b: New Cosmos sensor verification experimental set up: B.6a shows the ventilated 
hood that was used for this experiment due to the explosive nature of methane. B.6b shows the 
set-up used for the column, including the gas inlet and sensor connection. 

 

The gas supply was a mix of 100% methane and nitrogen gas to obtain the desired concentration. 

This ratio was electronically controlled by a LabVIEW application programed to control Alicat 

mass flow meters. The experiments were run with varying methane concentrations of: 0, 1, 2, 3, 

4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%VOL at a constant 1 LPM flowrate. The sensor 

was allowed to stabilize for approximately 2 minutes to allow each new concentration to reach 

steady state before recording the sensor value. Experiment trials were ran at saturations of: 0, 20, 

50, and 80% saturation. 

Table B.2 and figure B.7 show the results of the testing. The similar slopes of all of the data sets 

indicates the data trend is consistent. The high R2 values verify that the data follows a linear 
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trend. The difference in calibration intercept could be due a swing in the calibration over time or 

differing conditions. 

Table B.2 New Cosmos sensor verification results. This table shows the results of a linear best-
fit line through each data set 

 

 

Figure B.7 Known vs Sensor Concentrations for the New Cosmos Sensor Verification 

 

When the percent error is plotted for each concentration reading vs the known 

concentration (Figure B.8) it can be seen that there are larger errors at the smaller concentrations 

between 1-10vol%, but lower errors at medium concentrations ~40-80 vol%. It is also apparent 

that there is no trend with saturation. 
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Figure B.8 Percent error vs known CH4 concentration for each experiment 

 

To check the effects of the imperfect porosities on the error, figure B.9 was generated, plotting 

the average percent error and porosity for each trial. It was determined that porosity does not 

seem to be a larger driver of errors since larger errors occur at both large and small porosities. 

 

Figure B.9 Average percent error vs porosity for each experiment 
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