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Figure 5.5. Simulated aqueous-phase 1, 1, 1-TCA concentrations following the 
mobilization of a gas cluster from the pool surface, and the resulting coalescence and 
mobilization of gas clusters at higher elevations, immediately (a) before, and (b) after a 
mobilization event at 23 .2 days. Also shown are the aqueous-phase 1, 1, 1-TCA 
concentrations (c) 0.5, (d) 3.5, (e) 6.5, (t) 9.5, (g) 12.5, (h) 15.5, and (i) 18.5 hours 
following mobilization. The gas-occupied blocks are shown in black, and the relative 
aqueous-phase 1, 1, 1-TCA concentration is shown on a log scale from white to red. 
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5.6 Summary and Conclusions 

Results of the intermediate-scale, two-dimensional flow cell experiment conducted in this 

study show that the spontaneous expansion and mobilization of a discontinuous gas phase 

produced aqueous-phase 1, 1, 1-TCA concentrations that were greater than expected based 

on predictions made using a conventional model for DNAPL pool dissolution in the 

absence of a discontinuous gas phase. Relative aqueous-phase 1, 1, 1-TCA concentrations 

of C/Cs=0.07-0.13 were observed 7 cm above the pool surface, and peak relative 

concentrations of C/Cs=8xl0-4 and C/Cs=9x10-5 were observed at 22 cm and 32 cm 

above the pool surface, respectively. These were significantly greater than the predicted 

relative concentrations of C/Cs=0.03 at z=7 cm, and C/Cs=O at z=22 cm and z=32 cm. 

These results show that the spontaneous expansion and mobilization of a discontinuous 

gas phase above a DNAPL pool can produce previously unexpected, higher aqueous­

phase concentrations of the DNAPL constituent downgradient of the pool, which result 

from the vertical transport ofDNAPL constituent mass by discontinuous gas flow, and 

the partitioning of that mass from the gas phase to the aqueous phase well above the pool 

surface. The experimental results, in combination with the simulation results based on 

multi-component partitioning and gas movement by macroscopic IP, also show that the 

discontinuous nature of the gas flow produces transient behavior in these downgradient 

concentrations. Multi-component partitioning from gas clusters away from the DNAPL 

pool produced short-term, pulse-like events with elevated aqueous-phase 1,1,1-TCA 

concentrations, but allowed the discontinuous gas phase to persist with a composition 

made up of the other dissolved gases. 

These results have potential implications for the diagnosis ofDNAPL source zones based 

on the analysis of aqueous-phase concentrations. The current conceptual models 

commonly applied to DNAPL-contaminated sites do not include mechanisms capable of 

generating the aqueous-phase concentrations at the elevations above a DNAPL pool 

surface that were observed in this study, for horizontal flow fields with low vertical 

transverse dispersivity. Therefore, if this mechanism were active at a contaminated site, 
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detectable aqueous-phase concentrations produced by the partitioning of DNAPL 

constituents from a mobilized gas phase would likely be mistakenly attributed to a 

shallower, up gradient DNAPL source. Transient behavior of these aqueous-phase 

concentrations, as was observed in this study, could further complicate investigation 

efforts by generating detectable concentrations that may not be present during all 

considered sampling periods. It is expected that finer media, which require a longer time 

to generate the larger gas clusters necessary for mobilization, would produce less frequent 

events, and make detection even less likely. It is also expected that coarser media, 

multiple fingers, and greater travel times between the fingers and the sampling point 

would produce less separation between concentration events, and make detection more 

likely. The need to understand the potential effects of spontaneous expansion and 

mobilization under a wider variety of conditions warrants additional experimental 

investigation as well as the development of comprehensive numerical models to 

accurately simulate this only recently reported complex process. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Overall Conclusions 

The goal of this research was to develop a quantitative understanding of discontinuous 

gas phase expansion and mobilization above a DNAPL pool. The following conclusions 

can be made based on the results of this research: 

1. A discontinuous gas phase in the vicinity of a DNAPL pool will expand if the sum of 

the partial pressures in equilibrium with the surrounding bulk aqueous phase is 

greater than the sum of the hydrostatic pressure and local capillary entry pressure. 

This condition is more likely to occur, and will be faster, in shallower systems (i.e 

lower hydrostatic pressures) containing coarser media (i.e. lower capillary pressures), 

more volatile DNAPL, and higher concentrations of other dissolved gases (i.e. higher 

partial pressures). 

2. The expansion of a discontinuous gas phase in the vicinity of a DNAPL pool is due 

to multi-component partitioning. Therefore, the presence of volatile DNAPL alone 

is not sufficient to produce expansion; the concentration of all dissolved, volatile 

species must be considered when assessing the potential for spontaneous expansion, 

and the resulting expansion rate. 
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3. Spontaneous expansion of a discontinuous gas phase will significantly affect the 

mass transfer rate from a DNAPL pool only under a limited set of conditions. If the 

gas phase is not in contact with the DNAPL pool, the mass transfer will be 

significant only for high gas coverage close to the surface oflong pools, under slow 

groundwater flow conditions. The mass transfer rate can be significantly greater if 

the gas is in contact with the DNAPL pool, as rapid mass transfer occurs by gas­

phase diffusion through the gas cluster connected to the pool surface. However, the 

effect of clusters connected to the pool surface would be limited to a height above 

the pool surface equal to the critical cluster height, at which fragmentation and 

mobilization of the gas cluster would occur. 

4. Spontaneous expansion above a DNAPL pool will result in expansion rates that 

produce discontinuous gas flow in fine to coarse sand. This discontinuous gas flow 

is characterized by repeated trapping and coalescence of gas clusters, where rapid, 

large-scale vertical transport of the gas phase is made possible by the coalescence of 

clusters from near the pool surface with those trapped higher above (i.e. pipeline 

behaviour). This pipeline behaviour is an important consideration for mass transfer 

from DNAPL pools due to spontaneous expansion and mobilization, as large-scale 

vertical transport will only be possible under conditions where the dissolution of 

trapped clusters above the pool is slower than the expansion of those near the pool 

surface. 

5. The combination of image analysis and pressure measurements can provide 

meaningful insight into transient discontinuous gas flow, including measurements of 

entry and terminal pressure values, and critical cluster lengths. 

6. In relatively homogeneous sands, discontinuous gas flow produced by spontaneous 

expansion results in the formation of macroscopic gas fingers composed of multiple 

discrete gas clusters, which can reach substantial heights above the DNAPL pool 
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surface. The fingers evolve at higher-to-lower rates along the flow direction, as 

other dissolved gases in the upgradient aqueous phase are removed due to the growth 

of upgradient fingers. This preferential up gradient growth suggests that the larger­

scale effects of this mechanism will be limited to the leading edge ofDNAPL pools, 

in the absence of an additional mechanism that produces dissolved gases further 

downgradient. 

7. Spontaneous expansion and mobilization of discontinuous gas from the surface of a 

DNAPL pool can produce aqueous-phase DNAPL constituent concentrations that are 

greater than expected based on theoretical calculations for strictly DNAPL-water 

systems, even at elevations where the concentrations are expected to be zero. The 

increased concentrations well above the pool surface appear as short-duration events 

in the presence of a sustained gas phase, due to the partitioning of DNAPL 

constituents from the gas to the aqueous phase during multi-component mass 

transfer. 

These conclusions provide the necessary basis to begin incorporating this fundamental 

mechanism into the conceptual and mathematical models used for DNAPL-related 

research, the investigation ofDNAPL-contaminated sites, and the design and application 

of DNAPL remediation technologies. They also provide the broader hydrogeologic 

engineering and science community with additional knowledge pertaining to multi-phase, 

transient systems in porous media, which are of interest to those studying topics such as 

biologically produced gases, air injection, and carbon dioxide storage. 

6.2 Contributions 

This research established a detailed conceptual model for the spontaneous expansion and 

mobilization of a discontinuous gas phase above a DNAPL pool. In this conceptual 

model, multi-component partitioning produces discontinuous gas flow, in the form of 

macroscopic gas fingers at the pool's leading edge, which results in transient changes to 
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the aqueous-phase DNAPL constituent concentrations well above the pool surface. 

During this research, the following specific contributions were made to science and 

engmeenng: 

1. The small-scale vial experiments (Chapter 2) provided the first clear evidence of 

discontinuous gas phase expansion driven by the partitioning ofDNAPL constituent 

to the gas phase. This supported previously published results, and helped to 

established spontaneous expansion as a fundamentally important mechanism. 

2. The screening-level relative flux model (Chapter 2) provided the first information 

concerning the conditions under which mass transfer due to spontaneous expansion 

could be significant at DNAPL-contaminated sites. This established the potential 

importance of spontaneous gas expansion with respect to mass transfer from DNAPL 

pools, and showed that further research into this mechanism would be valuable. 

3. The small-scale vial experiments (Chapter 2) and the small-scale DNAPL flow cell 

experiments (Chapter 4) provided the first measurements of spontaneous expansion 

rate in the presence of a DNAPL pool, and the first evidence of faster expansion for 

more volatile DNAPL. This established the gas flow conditions, and corresponding 

mass transfer conditions, relevant to this mechanism. 

4. The small-scale air injection experiments (Chapter 4) presented a technique to 

measure the critical cluster length in a porous media model thicker than one grain 

diameter, and provided the first measurements of critical cluster length in natural 

porous media. This provided a tool for the detailed study of discontinuous gas flow 

in natural porous media. 

5. The intermediate-scale flow-cell experiment (Chapter 3) provided the first evidence 

of macroscopic gas mobilization due to spontaneous expansion above a DNAPL 
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pool, and preferential expansion at the leading edge of the pool due to the availability 

of other dissolved gases. This established a clear conceptual basis to begin the 

incorporation of this mechanism into our conceptual models for DNAPL­

contaminated sites. 

6. The intermediate-scale flow-cell experiment (Chapter 5) also showed the first 

evidence of transient aqueous-phase DNAPL constituent concentrations in the form 

of short-term, pulse-like events. These events resulted from the partitioning of 

DNAPL constituent from a mobilized gas phase, and produced significant peak 

concentrations at elevations not explained by a conventional DNAPL-water pool 

dissolution model. This provided an important addition to the conceptual model by 

identifying a previously unrecognized transient behaviour. 

7. The numerical model (Chapter 5) combined multi-component mass transfer to a 

discontinuous gas phase with a macroscopic invasion percolation approach for the 

expansion and mobilization of gas. This provided a useful tool for understanding the 

transient, macroscopic nature of DNAPL mass transfer in the presence of a 

discontinuous gas phase, and represents a valuable first step in the development of 

multi-component, near-pore scale models of mass transfer in variably saturated 

systems. 

6.3 Recommendations for Future Work 

Several recommendations for future work have been identified based on the results 

presented here. Future experimental and numerical studies should be conducted to: 

1. Extend the conceptual model from relatively homogeneous systems to more 

heterogeneous systems. Relevant systems may include horizontal layers that prevent 

vertical gas transport and create pools of gas which act as large-scale source zones, 

horizontal layers that control the critical cluster length and produce large-scale 
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mobilization events in overlying coarse material, and sloping layers that create 

preferential gas flow pathways. 

2. Investigate the potential increase in mass transfer rates above DNAPL pools in finer 

media, where larger critical cluster lengths could produce extensive connected gas 

pathways that allow rapid transport ofDNAPL constituents away from the surface of 

the pool over larger distances. 

3. Develop new numerical models that incorporate processes relevant to multi­

component mass transfer to discontinuous gas phases, including fragmentation and 

mobilization, relative permeability effects, changes in interfacial properties, and rate­

limited mass transfer, to facilitate the detailed prediction of DNAPL behaviour in the 

presence of discontinuous gas phases. 

4. Establish a conceptual basis for spontaneous expansion above three-dimensional 

pool sources, and in residual source zones, for both DNAPL and LNAPL. Three­

dimensional pools could show behaviour similar to a leading-edge effect at all 

boundaries, and have the potential for significant bypassing of the bulk aqueous 

phase. Residual source zones could show significant effects of NAPL displacement 

due to an expanding gas phase. 

5. Determine the conditions that control branching during discontinuous gas flow under 

very slow flow conditions, which can have a significant effect on the distribution of 

any slow growing, unstable gas phase. 

6. Develop numerical tools to simulate this mechanism at the larger scales 

representative of contaminated sites, while preserving the essential physics of 

fragmentation, mobilization, coalescence, and trapping that control discontinuous gas 

flow. 
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Appendix A 

Evidence of DNAPL mobilization during the expansion 

of a discontinuous gas phase above a DNAPL pool 

Digital images taken during experiment #2, and presented in chapter 4, showed the 

spontaneous expansion and mobilization of discontinuous gas above a trans-1,2-

dichloroethene DNAPL pool (Figure 4.3). The digital images also showed the upward 

mobilization of DNAPL from the pool into the 1.1 mm-diameter sand, which was not 

discussed in chapter 4. DNAPL mobilization was observed by Roy and Smith (2007), 

which resulted from the expansion of discontinuous gas into DNAPL-occupied pore 

spaces, and the subsequent displacement ofDNAPL into adjacent pores. Roy and Smith 

(2007) also observed the upward mobilization ofDNAPL that was dragged behind 

vertically mobilized gas, or that filled pores vacated by mobilized gas. Similar 

mobilization was observed in experiment #2, with upward mobilization occurring by 

dragging (Figure Al), and by pore-filling behind mobilized gas (Figure A2). In addition, 

substantial spreading ofDNAPL over the gas-liquid interface during gas expansion was 

also observed (Figure A2). The combination of these mechanisms has the potential to 

significantly change the morphology of the pool surface, and lead to greater mass transfer 

rates. 
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Figure Al. Digital images of the flow cell during experiment #2 after (a) 5.7, (b) 6.7, 
(c) 7.7, (d) 8.7, (e) 9.7, (f) 10.7, (g) 11.7, (h) 12.7, and (i) 13.7 hours, showing the sudden 
upward mobilization (e) of the DNAPL, through the pathway in the fine glass bead layer 
created by the needle during DNAPL emplacement, due to the expansion and 
mobilization of gas at the base of the pathway. 
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Figure A2. Digital images of the flow cell during experiment #2 after (a) 11.9, (b) 12.9, 
(c) 13.9, (d) 14.9, (e) 15.9, and (f) 16.9 hours, showing upward mobilization of the 
DNAPL by the combination of pore-filling behind mobilized gas, and spreading over the 
gas-liquid interface. 
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AppendixB 

Capillary pressure data from 

gas injection experiments 

McMaster University- Civil Engineering 

Results from 15 gas-injection experiments were presented in chapter 4 for the injection of 

air at 1 µL/min and 10 µL/min into 1.1 mm, 0. 7 mm, and 0.5 mm sand. The following 

figures (Bl-B15) present the capillary pressure at the injection point for each of the 15 

experiments, of which only data from the representative experiments #8, #12, and #16 

were presented in chapter 4. These data were used to calculate the minimum (P1) and 

maximum (Pe) capillary pressures during the fluctuation phases, and were used in 

combination with image results to determine the critical cluster lengths (Table 4.3). Also 

presented here are the capillary pressure data used to verify the effect of the volume of 

the injection syringe and pressure sensor tubing on transient capillary pressure at the 

beginning of each fluctuation cycle in the gas injection experiments (Figure B 16), as 

discussed in section 4.4.3. 

The results of a gas injection experiment that was not discussed in chapter 4 are also 

shown. This experiment involved the injection of air into the experimental set-up without 

any porous media in the flow cell. The results provided a measure of the capillary 

pressure response due to the injection tube (Figure B 17), and were used to verify that 

sudden changes in the capillary pressure coincided with observed snap-off of the gas 

phase at the end of the injection tube (Figure B18). 
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(porous medium: 1.1 mm sand, air injection rate: 1 µL/min). 
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Figure B2. Capillary pressure measured at the gas injection point during experiment #4 
(porous medium: 1.1 mm sand, air injection rate: 1 µL/min). 
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Figure B3. Capillary pressure measured at the gas injection point during experiment #5 
(porous medium: 1.1 mm sand, air injection rate: 1 µL/min). 
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Figure B4. Capillary pressure measured at the gas injection point during experiment #6 
(porous medium: 1.1 mm sand, air injection rate: 10 µL/min). 
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Figure B5. Capillary pressure measured at the gas injection point during experiment #7 
(porous medium: 1.1 mm sand, air injection rate: 10 µL/min). 
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Figure B6. Capillary pressure measured at the gas injection point during experiment #8 
(porous medium: 1.1 mm sand, air injection rate: 10 µL/min). 
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Figure B7. Capillary pressure measured at the gas injection point during experiment #9 
(porous medium: 0.7 mm sand, air injection rate: 1 µL/min). 
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Figure B8. Capillary pressure measured at the gas injection point during experiment #10 
(porous medium: 0.7 mm sand, air injection rate: 1 µL/min). 
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Figure B9. Capillary pressure measured at the gas injection point during experiment #11 
(porous medium: 0. 7 mm sand, air injection rate: 1 µL/min). 
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Figure B 10. Capillary pressure measured at the gas injection point during experiment # 12 
(porous medium: 0.7 mm sand, air injection rate: 10 µL/min). 
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Figure Bl 1. Capillary pressure measured at the gas injection point during experiment #13 
(porous medium: 0.7 mm sand, air injection rate: 10 µL/min). 
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Figure B12. Capillary pressure measured at the gas injection point during experiment #14 
(porous medium: 0.7 mm sand, air injection rate: 10 µL/min). 
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Figure B13. Capillary pressure measured at the gas injection point during experiment #15 
(porous medium: 0.5 mm sand, air injection rate: 1 µL/min). 
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Figure B14. Capillary pressure measured at the gas injection point during experiment #16 
(porous medium: 0.5 mm sand, air injection rate: 1 µL/min). 
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Figure Bl5. Capillary pressure measured at the gas injection point during experiment #17 
(porous medium: 0.5 mm sand, air injection rate: 1 µL/min). 
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Figure B 16. Capillary pressure measured at the gas injection point during injection into 
1.1 mm sand at 10 µL/min, where the volume of the injection system was increased from 
9mLto 35 mL. 
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Figure Bl 7. Capillary pressure measured at the gas injection point during injection into 
water (i.e. no porous media) at 10 µL/min using the same experimental set-up used for 
the injection experiments in porous media. 
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Figure B 18. Capillary pressure measured at the gas injection point during injection into 
water (i.e. no porous media) at 10 µL/min using the same experimental set-up used for 
the injection experiments in porous media, indicating when snap-off of the bubble at the 
tube tip was observed, between the injection of 0.1 mL and 0.35 mL of gas. 
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