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ABSTRACT 

The application of an evacuation process as a method to recover hydrocarbon spills 

in the capillary fiinge was studied experimentally using a cylindrical glass bead column, 

water, and n-Heptane. Thirty-six expenments were executed with two different glass beiid 

packs using a drainage capillary system, to address a series of parameten regarding 

contaminant recovery, including: the vacuum suction pressure applied, location of the 

production probe, volume of the spill, rainfdl, and water table movement. The study 

concluded that the hydrology and capillarity of the subterranean strata play a major role in 

the recovery of the hydrocarbon. Further, there is an optimum location with regard to the 

point of drawdown and the waterlhydrocarbon interface. According to the experimental 

setup used, the evacuation process is effective in containing the contaminant fiom spreading, 

but it is not efficient as an in-situ clean up method of a hydrocarbon spill. 

iii 



I wish to express my gratitude to Dr. John Belgrave for providing me with the 

opportunity to work on this project, Dr. Apostolos Kantzas for taking on the supervisory role 

and his continuous encouragement to find engineering fiindamentais in the experimental 

results, and to Neotechnology Consultants Ltd. (NEOTEC) of Calgary for providing fhds 

for this project. 

I would also like to thank: Fausto Nicola for his assistance in designing and his 

construction of the main pieces of the experimental apparatus; the members of the machine 

shops (main engineering shop and department shop) for their help with the little but 

important things that needed to be done; and Dr. Ayodeji Jeje and Matt Ursenbach for their 

great advice. 

Further, I wouid Iike to thank Donald Eckford, Greg Krpan, and Rita Tobak for their 

fnendship and interest. 

Finally, a special thank-you to Ernst Kerkhoven for his support, encouragement, and 

enthusiasm, 



Dedicated 

to 

My Parents 



TABLE OF CONTENTS 

Page 

APPROVAL PAGE 

ABSTRACT 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

NOMENCLATURE 

CHAPTER 1 .  INTRODUCTION 

CHAPTER 2. BACKGROUND 

2.1 The Hydrological Cycle 
2.2 Ground Water 

2.2.1 Zone of aeration 
2.2.2 Zone of saturation 

2.3 Petroleum Hydrocarbon Spills 
2.3.1 Dissolved hydrocarbons 
2.3.2 Immiscible hydrocarbons 
2.3.3 Hydrocarbon residuai saturation 

CHAPTER 3. CAPILLARITY 

3.1 Capillary Tube 
3.2 Capillary Pressure 

3.2.1 A bubble of liquid suspended in a fluid 
3.2.2 A horizontal Liquid table 
3.2.3 A vertical capiliary tube 
3.2.4 A horizontal capillary tube (Case 1) 
3.2.5 A horizontal capillary tube (Case 2) 



Page 

3.2.5.1 Variation in channel radius 
3.2.5.2 Variation in contact angle 
3.2.5.3 Variation in interfacial tension 

3.3 Capillary in Porous Media 
3.3.1 Pore geometry of perfect spheres 
3.3.2 Non-uniform pores of ground water bearing 

strata 
3.4 Capillary Hysteresis 

CHAPTER 4. LITERATURE REVIEW 

CHAPTER 5. EXPERIMENTAL APPARATUS AND PROCEDURE 

5.1 Experimentai Apparatus 
5.1.1 The cylindrical core ce11 
5.1.2 Packing of the cylindncal core ce11 
5.1.3 Core porosity, permeability, and connate 

water saturation 
5.1.4 The water table 
5.1.5 Air flow meter 
5.1.6 Liquid collection system 
5.1.7 Selection of c hemicals 

5.2 Expenmental Procedure 
5.2.1 Cleaning of the core 
5.2.2 Preparation of the core for the next 

experirnen t 
5.2.3 The experiment: monitoring and data collection 
5.2.4 Initial testing of the core 

CHAPTER 6, APPLICATION OF CAPILLARY THEORY 

6.1 Drawdown 
6.2 Production Pressure Head 
6.3 Cornparison of the Experimental Core with a 

Capillary Tube 

CHAPTER 7. RESULTS AND DISCUSSION 

7.1 Reproducibilit. of Experiments 
7.1.1 Set 1: Experiments 32 and 33 (Core 1) 

vii 



7.1.2 Set 2: Experiments 28,30, and 35 (Core 1) 
7.1.3 Set 3: Experiments 27 and 36 (Core 1) 
7.1.4 Set 4: Experiments 26 and 3 1 (Core 1 )  
Effect of Vacuum Suction Pressure 
7.2.1 Set 1 : Experiments 3 1,32,33, and 34 (Core 1) 
7.2.2 Set2:Experiments27,28,30,35,36,37,and 

39 (Core 1) 
7.2.3 Set 3: Experiments 47,49,50, and 5 1 (Core 2) 
7.2.4 Set 4: Experiments 52 and 53 (Core 2) 
Effect of Production Probe Height Above the Free 
Water Table 
7.3.1 Set 1: Experiments 22, 23, 24, 27, and 3 1 

(Core 1) 
7.3.2 Set 2: Experiments 45 and 47 (Core 2) 
Effect of the Volume of Hydrocarbon Spill 
Effect of "Rainfall" 
7.5.1 Set 1 : Experiments 22 and 46 (Core 1) 
7.5.2 Set 2: Experiments 23 and 44 (Core 1) 
7.5.3 Set 3: Experiments 26,3 1, and 48 (Core 1) 
7.5.4 Set 4: Experiments 45,54, and 55 (Core 2) 
Effect of Time Allowed for Equilibration 
Effect of Dropping the Water Table 
Effect of Raising the Water Table 
Method of Entering the Hydrocarbon into the Core 
Effect of Production Probe Drawdown and its 
Distance to the WaterMydrocarbon Interface on 
Recovery Factor 

CHAPTER 8. CONCLUSIONS AND ECOMMENDATIONS 

8.1 Conclusions 
8.2 Recommendations 

REFERENCES 

APPENDIX A: RAW DATA 

APPENDK B: SAMPLE OF ORIGINAL DATA 

Page 

119 
120 
121 
122 
122 
123 

123 
124 
124 

124 

125 
125 
126 
128 
128 
129 
129 
130 
131 
132 
133 
133 

174 

1 74 
176 

178 

182 

201 



LIST OF TABLES 

Table 1: 

Table 2: 

Table 3: 

Table 4: 

Table 5: 

Table 6: 

Table 7: 

Table 8: 

Table 9: 

Table 10: 

Table 1 1 : 

Table 12: 

Table 13: 

Table 14: 

Table 15: 

Table 16: 

Tabie 17: 

Occurance of Water WorIdwide 

Capillary Rise in Unconsolidated Materials 

Some Natural Processes Mecting Contaminants During 
Transport 

Surnmary of Natural Processes AfTecting the Fate of 
Hazardous Constituents in the Subsurface 

Cornparison of Parameters 

Mesh Sizes for Glass Beads and Sieves 

Porosity and Comate Water Saturation of Core 1 and Core 2 

Physicai Properties of Chernicals Tested 

Drainage Experiments for Core 1 

Drainage Experiments for Core 2 

Reproducibility Set 1 : Experiments 32 and 33 (Core 1) 

Reproducibility Set 2: Experîments 28,30, and 35 (Core 1) 

Reproducibility Set 3: Experiments 27 and 36 (Core 1) 

Reproducibility Set 4: Experllnents 26 and 3 1 (Core 1) 

Effect of Vacuum Suction pressure Set 1 : Experiments 3 1,32, 
33, and 34 (Core 1) 

Effect of Vacuum Suction pressure Set 2: Experiments 27,28, 
30,36,37, and 39 (Core 1) 

Effect of Vacuum Suction Pressure Set 3: Experiments 47, 
49,50, and 51 (Core 1) 

Page 

19 



Page 

144 Effect of Vacuum S uction Pressure Set 4: Experiments 52 and 
53 (Core 2) 

Table 18: 

Effect of Production probe Height Above the Free Water 
Table Set 1 : Experiments 22,23,24,27, and 3 1 (Core 1) 

Table 19: 

Effect of Production probe Height Above the Free Water 
Table Set 2: Experiments 45 and 47 (Core 2) 

Table 20: 

Effect of the Volume of Hydrocarbon Spill: Experiments 4 1, 
42, and 43 (Core 1) 

Table 2 1 : 

Table 22: 

Table 23: 

Table 24: 

Effect of "Rainfall" Set I : Experiments 22 and 46 (Core 1) 

Effect of "Rainfdl" Set 2: Experiments 23 and 44 (Core 1 ) 

Effect of "Rainfall" Set 3: Experiments 26,3 1, and 48 (Core 
1 ) 

Effect of "Rainfdl" Set 4: Experiments 45,54, and 55 (Core 
2) 

Table 25: 

Table 26: Effect of Time Allowed for Equilibration: Experiments 21 
and 22 (Core 1 )  

Effect of Dropping the Water Table: Experiments 32,33, and 
56 (Core 1) 

Table 27: 

Effect of Raising the Water Table: Experhents 45 and 58 
(Core 2) 

Table 28: 

Table 29: EEect of Method of Entering the Hydrocarbon into the Core: 
Experiments 22 and 25 (Core 1) 



LIST OF FIGURES 

Figure 1: 

Figure 2: 

Figure 3: 

Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure 9: 

Figure 10: 

Figure 1 1 : 

Figure 12: 

Figure 13: 

Figure 14: 

Figure 15: 

Figure 16: 

Figure 17: 

Diagram of the Hydrological Cycle 

Schematic of the Hydrological Cycle 

Ground Water in Relation to the Subsurface 

Movement of Dissolved Contaminant Plume 

Movement of an Irnmiscible Contaminant Plume Less Dense 
than Water 

Movement of an Immiscible Contaminant Plume Denser than 
Water 

Capillary Phenomena in a Glass Capillary Tube 

Capillary Phenomena 

Vertical Capillary Tube 

Relative Permeability Curves for Strongly Water-Wet and 
Oil-Wet Reservoir Rock 

Horizontal Capillary Tube (Case 1) 

Horizontal Capillary Tube (Case 2) 

Capillary Phenomena in Porous Media of Perfect Spheres for 
a Pendular Liquid Distribution 

Schematic of Hysteresis in Contact Angle 

Schematic of Drainage and Imbibition Relative Permeability 
and Capiilary Pressure Cumes 

Capillary Pressure Hysteresis 

Experimentai Apparatus 

Page 

22 

22 

23 

23 

24 



Figure 1 8: 

Figure 19: 

Figure 20: 

Figure 21 : 

Figure 22: 

Figure 23: 

Figure 24: 

Figure 25: 

Figure 26: 

Figure 27: 

Figure 28: 

Figure 29: 

Figure 30: 

Figure 3 1 : 

Figure 32: 

Figure 33: 

Particle Size Distribution for Glms Bead Packs 

Permeability Plots for Core 1 and Core 2 

Calibration Graph for Air Flow Meter 

Growth of Capillary Fringe for Core 2 

Schematic Diagram of Core with Water/Air Capillary Fnnge 
and the Axial Water Pressure Profile 

Schematic of Fluid Levels when Oil has been Introduced into 
the Core, and the Axial Liquid Pressure Profile 

Liquids in Capillary Tubes 

Oil and Water in same Capillary Tube 

Reproducibility Set 1 : Experiments 32 and 33 (Core 1) 

Reproducibility Set 3: Experiments 27 and 36 (Core 1) 

Reproducibility Set 4: Experiments 26 and 3 1 (Core 1) 

Effect of Vacuum Suction Pressure Set 1 : Experiments 3 1, 
32,33, and 34 (Core 1) 

Effect of Vacuum Suction Pressure Set 2: Experiments 27, 
28,30,35,36,37 and 39 (Core 1) 

Effect of Vacuum Suction Pressure Set 3: Experiments 47, 
49,50, and Sl(Core 2) 

Effect of Vacuum Suction Pressure Set 4: Experiments 52 and 
53 (Core 2) 

Effect of Production Probe Height Above the Free Water 
Table Set 1 : Experiments 22,23,24,27, and 3 1 (Core 1) 

Page 

98 

99 

99 

1 O0 

113 



Page 

160 Effect of Production Probe Height Above the Free Water 
Table Set 2: Experiments 45 and 47 (Core 2) 

Figure 34: 

Effect of the Volume of Hydrocarbon Spill: Expenment 41, 
42, and 43  (Core 1) 

Figure 35: 

Effect of "Rainfdl" Set 1 : Experirnents 22 and 46 (Core 1) Figure 36: 

Figure 37: 

Figure 38: 

Figure 39: 

Effect of "Rainfall" Set 2: Experiments 23 and 44 (Core 1) 

Effect of "Rainfall" Set 3 : Experiments 26,3 1,48 (Core 1) 

Effect of "Rainfall" Set 4: Experiments 45,54, and 55 (Core 
2) 

Effect of Time Aliowed for Equilibration: Expenments 21 
and 22 (Core 1) 

Figure 40: 

Effect of Dropping the Water Table: Experiments 32,33, and 
56 (Core 1) 

Figure 4 1 : 

Effect of Raising the Water Table: Experiments 45 and 58 
(Core 2) 

Figure 42: 

Effect of Method of Entering the Hydrocarbon into the Core: 
Experiments 22 and 25 (Core 1) 

Figure 43: 

Effect of Production Probe Height Above the Free Water 
Table (Core 1) 

Figure 44: 

Effect of Distance Between Water/Mydrocarbon Interface and 
Production Probe 

Figure 45: 

Figue 46: Recovery Factor Distribution for Core 1 (Initiai Production - 
Water Supply Open) 

Recovery Factor Distribution for Core 1 (Water Supply Open) Figure 47: 

Figure 48: Recovery Factor Distribution for Core 1 (Water Supply 
Closed) 



Page 

Figure 49: Recovery Factor Distribution for Core 2 (Water Supply Open) 1 72 

Figure 50: Recovery Factor Distribution for Core 2 (Water Supply 173 
CIosed) 



NOMENCLATURE 

Drawdown (inches of water) 

Force of the weight of liquid pulling d o m  (Equation 3) 

Force of the weight of liquid pulling up (Equation 3) 

Acceleration of gravity 

Distance the production probe is above watedoil interface (cm) 

Distance the production probe is below watedoil interface (cm) 

Distance the production probe is above the free water table (cm) 

Height of capillary rise 

Height of capillary rise in porous media (Table 5) 

Height of capillary nse in a tube (Table 5) 

Capillary height of oiVair interface (Figure 2 1, cm) 

Capillary height of waterhir interface (Figure 2 1, cm) 

Capillary height of water/oil interface (Figure 2 1, cm) 

Height of oil in column (Equation 24) 

Height of water in column (Equation 24) 

Pressure on wetting side (or A side) of oil bubble (Equation 27) 

Atmosphenc pressure 

Pressure on wetting side (or B side) of oil bubble (Equation 28) 

Capillary pressure 

Capillary pressure exerted on A side of bubble (Equation 27) 

XV 



Capillary pressure exerted on B side of bubble (Equation 28) 

Capillary pressure at the glas bead/oiWair interface 

Capillary pressure at the glass bead/water/air interface 

Capillary pressure at the glass bead/water/oil interface 

Pressure of the fluid 

Pressure in the non-wetting phase 

Pressure of the oil 

Pressure at the probe inlet (inches of water) 

S tatic pressure 

Pressure in the wetting phase 

Wellbore flowing pressure 

Production probe height (cm) 

Productivity index 

Production pressure head (inches of water) 

Pressure differential 

Flow rate 

Radius 

Radü of cwature of liquid - fluid interface 

Radius of oil bubble 

Radius of sphere 

Inside radius of capiiiary tube 

R,, R2 Nominal radii of curvature of liquid - fluid interfacial d a c e  

XVi 



Mean radius of curvature 

Recovery factor 

Residual saturation capacity (Equation 1) 

Radius of the solid spheres (Equation 37) 

Specific gravity 

Boiling temperature 

Volume of discharge of hydrocarbon (banels, Equation 1) 

Vacuum suction pressure (inches of water) 

Volume of soi1 required to attain residual saturation (cubic yards, Equation 1) 

Water supply valve 

Greek 

Y Interfacial Tension (Table 5) 

0 Contact angle 

0, Contact angle on A side (Equation 34) 

8, Contact angle on B side (Equation 34) 

O,, Contact angle for oil 

0- Contact angle for water 

P Density 

p, Density of oil 

p,, Density of oil 

p, Density of water 



p,, Density of water 

a Interfaciai tension 

O, Interfacial tension on A side (Equation 35) 

o, Interfacial tension on B side (Equation 35) 

<P Soi1 porosity 



C W T E R  1 

INTRODUCTION 

Ground water constitutes a very small hction of the total world's available water, 

but it is the major source of fiesh water available on land. In most countries, ground water 

is the only source of fiesh water for human consumption and agriculture. Other uses are for 

orchards, plantations, and industries; as well, the whole well being and ecology of nature 

depend on it. 

Al1 ground water is accumulated in near-surface subterranean strata. Al1 fiesh water 

that enters this system is part of the hydrological cycle, which is a dynamic system. 

Consequently, any contamination of this system can have dismous effects on the ecological 

system over large areas. 

The behaviour of a contaminant cm be predicted by observing its physical properties. 

Our senses cm detect a chemical as solid, liquid, or gas; clea. or coloured; and odourless or 

odorous (pleasant (aromatics) or pungent (mercaptans)). In general however, physicai 

properties of contamhants are obtained using simple instruments such as a themorneter and 

a .  electric heat source to measure the melting point; litmus paper to measure pH; a vacuum 

pump and glass apparatus to meamre vapour pressure; and a capillary tube to measure 

surface tension and wettability (Sc&di, 1994). 

By volume, petroleum products play a major role in today's society. Consequently, 

the risk of spills of crude oil and petroleum products is a teaiity that cannot be ignored during 

the production, processing, transportation and storage stages, as well as the utiiization of 
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hydrocarbons. The potential of large hydrocarbon spills occur duhg transportation (whether 

by marine transport or underground pipeline) and storage, mainly due to the burst of a 

pipeline or the storage tank wall. Land spills invariably result in relatively large subsurface 

contamination, where the movement of ground water can play a major role in the spreading 

of the contaminant. 

Much of the pollution in industrial countries is buied in the mbmrface, ranging fiom 

abandoned hazardous waste disposai sites to uncontrolled releases at locations of 

manufacturing, transport, and storage; where cleanup methods such as excavation or vertical 

wells have been applied to extract contarninants fiom soil and ground water aquifer systems 

(Karlsson, 1993). The on-site treatment of petroleum contaminated soils and near surface 

sand formations is increasingly gaining attention by remediation companies as a viable 

cleanup method. Contamination of subsurface soils and ground water formations however, 

remain a pervasive environmental pro blem. 

Public concerns and demands for cleaner air, soil, and water has led to increased 

governmental and industry actions, such as federal and private-sector spending on 

remediation, the progressively increasing level of environmental control guidelines, 

industry's cornrnitments to waste management engineering, and the study of ecology 

emerging as a science taught at universities. Given this increasing level of govemment and 

public environmental awareness, environmental management has emerged as a key 

component in the overall management of hydrocarbon exploration, development, and 

production (Kosasi. and Shobirin, 1995) in the petroleum industry. 

Recently, in-situ s u b d a c e  remediation processes have k e n  the focus of signiscant 
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attention by the scientific community involved with the cleanup of environmentai 

contaminants. These efforts have shown that significant modelling and experimental 

research is needed to M e r  understand the interaction of Unmiscible liquids in the capillary 

zone with unsahuated zone infiltration and saturated zone transport (Hoag et al. 1991). 

The current technology for the extraction of liquid contaminants, contaminated 

ground water fiom aquifers, or vapour-phase contaminants from vadose soi1 zones is based 

on the same engineering principles as the production of oil and gas fiom reservoirs by means 

of wells. Because of similarities with petroleurn reservoirs, the effective extraction of liquid 

hydrocarbon contaminants fiom ground water bearing formations is strongly influenced by 

the capillarity of the subterranean strata. 

The research for this thesis was to experhnentally investigate the subsurface 

hydrodynarnics of contaminant recovery at the capillary f i g e .  For this purpose, the 

experiments focused on the recovery of hydrocarbon contaminants at the water table 

capiliary m g e ,  by applying the evacuation process using two porous media, consisting of 

vertical, cylindrical g las  bead packs. 



CHAPTER 2 

BACKGROUND 

Ground water is accumulated in near surface subterranean -ta, with al1 water 

entering and leaving the water bearing mata being a part of the hydrological cycle, which 

is a dynarnic system. Consequently, any contamination of the ground water system can have 

disastrous effects on the ecological system over large areas. Contamination can occur by 

leakage fiom hazardous waste disposal sites to uncontrolled releases on locations of 

manufacturuig, transport and storage. The potential of large hydrocarbon land spilis occur 

during transportation and storage, mainly due to the burst of a pipeline or the storage tank 

wall. These spills invariably result in relatively big subsurface contamination, where the 

movement of ground water can play a major role in the spreading of the contaminant. 

2.1 The Hydrological Cycle 

The hydrological cycle, as seen in Figures 1 (diagram) and 2 (schematic), includes 

ai l  movement of water in solid, liquid, and vapour form; throughout the atmosphere, on the 

earth's surface, and in the subterranean ground water bearing strata. Hence, it is necessary 

to study the entire cycle in order to understand subsurface-water motions. 

The two causes for the movement of water in the hydroIogica1 cycle are heat fiom the 

sun and gravity. The hydrological cycle may be long or short, and it may be summarized, 

begllining with the short cyclic movement and ending with the longer and more complicated 

cycle, as follows (Tolman, 1937): 



5 

1. Water vapour condenses to rain, snow, or fog and vaporizes again before the water 

reaches the earth's surface. 

2. Vapour condenses in the atmosphere into min or snow which reaches the surface of 

the earth and is then evaporated before the water seeps underground. This 

evaporation rnay be directly from the rain water before it forms a runoff, or fiom 

streams, lakes, or the oceans. 

3. Vapour condenses in the atmosphere and fails as snow or min on the ground and 

seeps below the surface. The water which enters the soil rnay return to the 

atmosphere by the following methods: 

a) It rnay be held as soil moisture and returned directly by transpiration (fiom 

plants) and evaporation. 

b) It rnay become gravity (vadose) water and seep down to the saturated zone. 

After water reaches the saturated zone, it rnay percolate as fiee-rnoving water 

through p e ~ o u s  material, the openings of which are inter-connected, or it 

rnay move as confked water in and through ground water conduits. 

The principal fkesh water reservoirs of the hydrological cycle are (Toiman, 1937): 

1. The atmosphere, a reservoir of atmospheric moishue which replenishes al1 the other 

reservoirs. 

2. The ground d a c e  which supports d a c e  water in streams, lakes, ponds, and solid 

watet in the fonn of snow and ice. 

3. The soil zone, acting as a reservoir of soil moisture which is held against the pull of 



gravity and is thus made available for plant consurnption. 

4. The ground-water reservoir. 

Freeze and Cherry (1 979) present an estimate of the spread, volume, and residence 

tirne of water molecules in the different water bodies of the hydrological cycle (Table 1). 

2.2 Ground Water 

About 94 percent of the worlds available water is in the oceans, which cover about 

71 percent of the earth's d a c e .  Oceanic water is unsuitable for drinking or for agricultural 

use due to its high salt content, mainly NaCl. The remaining 6 percent is fiesh water and is 

rnainly accurnulated on land. Of al1 water on land, more than 33 percent is fiozen in ice 

sheets and glaciers. Most of the rest, about 66 percent, is water collected below the e h ' s  

d a c e  and is called ground water. Ground water constitutes only a very small fraction of 

the total water available and is therefore a precious, if not a strategic commodity, protected 

by stringent ecological and environmental controls in many corntries. 

Ground water is never chemicdy pure. Even rain water contains materials dissolved 

fiom the air as weN as suspended dut. For instance, "red snow" or "blood rain" is coloured 

by intemiixed organisms of mîcroscopic size. The most common substances dissolved in 

ground water are the saits of the common basic radicals (e.g. sodium, potassium, calcium, 

magnesium, iroa, and aluminum) and acid radicals (e.g. CI; SOA and CO,'*) derived fiom 

rock disintegration, fiom the gases of the air, volcanic gases, and fiom organic sources. 

Thus, the chernical make-up of ground water determines its suitability for agricultural and 



industriai purposes, and as druiking water (Tolman, 1937). 

Ground water enters the earth's surface into the near d a c e  permeable strata which 

is called the zone of aeration (also called the zone of intermittent saturation, zone of 

suspended water, or unsaturated zone). Beneath this zone lies the formation where the pores 

and crevices are fùlly filled with water (saturated zone). This water bearing zone extends 

downwards until it reaches an impermeable zone, rock, or barrier lying below the fiesh water 

holding layer or aquifer. This barrier is also called a ground water dam or aquiclude. 

Underground water occurs in the two great zones of aeration and saturation, which 

are separated by the water table. The movement and occurrence in these two zones are 

markedly different. The following are four distinct types of rnovements of the subsurface 

water, whereby two occur exclusively above the water table, one can occur above or below 

the water table, and the 1s t  occurs only in the zone of saturation. Minor movements of soil 

moisture are due to subsurface evaporation and molecular attraction of soil particles for 

moisture by roots. (Tolman, 1937): 

1. Seepage - takes place chiefly in a downward vertical direction. It is at nrst a slow, 

dif ise  movement by which the surfaces of al1 openings are wetted; and second, a 

downward movement of water by gravity on the filrns coating the openings. The 

movement is complicated by the presence of ground air which is displaced in part by 

the downward seeping water, or completely displaced by a rising water table. 

2. Capiilary rise - is confined to water movement in the capillary h g e .  

3. Ground water turbulent flow - may occur above or at the water table if large openings 

exist, or below the water table if large openings and fke exit and entrance ofwater 
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exists, such as in cavems. However, natural ground water gradients are usually too 

small to develop turbulent flow except in large conduits above or at the water table, 

in conduits below the water table where free escape permits rapid movement, or in 

the vicinity of the intake of a purnping well. 

4. Percolation - (or laminar flow) occurs only in the saturated zone in interconnected 

openings under ordinary hydraulic gradients existing underground. 

The water table exists only in water bearing formations which contain openings of 

suficient size to permit hydraulic movement of water. In literature, there are several 

definitions of the water table. It may be defmed as the contact plane beween free ground 

water and the capillary f i g e  zone (Tolman, 1937), or the surface separating the capillary 

fnnge fiom the "zone of saturation" (Davis and DeWiest, 1966). The more accurate 

definition is that the water table is the surface on which the fluid pressure in the pores of a 

porous medium is exactiy atmosphenc, as is revealed by the level at which water stands in 

a well which taps an unconfued water saturated strata (Davis and DeWiest, 1966; Freeze and 

Cherry, 1979). 

2.2.1 Zone of aeration 

The zone of aeration extends fiom the earth's d a c e  to the ground water table, and 

includes the capiilary fiinge zone. It is in this zone where destructive chemical action and 

disintegration of rocks occur. In this zone the oxygen of the atrnosphere assisted by 

moisnire, carbonic acid, organic acids, and where present suiphuric acid, acts on the rocks 
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and manufactures the manifold dekital products of weathering. 

From the top of the soi1 sdace, the water in the zone of aeration can be classified as 

follows (Todd, 1980; Tollman, 1937): 

Soil Water - constitutes the upper portion of the zone of aeration and is lirnited to the surface 

layer penetrated by roots. Active root development occurs chiefly within 10 feet of 

the surface. Soil water is the reservoir of available soi1 moimire upon which plant 

life depends. 

Vadose Water - includes: 

1. Pellicular water - which adheres to rock surfaces throughout the zone of 

aeration. It is held in place by capillary forces and does not move by gravity, 

but may be abstracted by evaporation and transpiration. This water remains 

fixed and is only depleted very slowly by subsuface evaporation and 

chernical reaction of the water with rock particles, known as weathering. 

2. Gravity (or vadose) water - which moves fieely under the control of gravity 

only after the grains or rock surfkes have ken coated with pellicular water. 

3. Perched water - which occurs locally in the zone above an impervious barrier. 

Capillmy Water - dso called capillary fringe water, lies above the water table and is in 

contact with it. The capillary f i g e  water is held above the water table by 

capiilarity, and has a thickness ranghg fiom a hction of an inch to possibly 10 feet 

or more depending on the porosity, the size of the detritu, and the texture of the 

materid above the water table (Table 2). If the depth to the water table is equal or 

l e s  than the height of capillary lift the capillary f i g e  wiIl discharge grouad water 
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by evaporation, or if the capillary fringe extends up to the zone of root penetration, 

ground water will be discharged by transpiration through plant foliage. It has been 

show that if the depth to the water table is equal or Iess than the height of capillary 

Iift, then the water table response to precipitation is greater than would be expected 

based on the specific yield of the geologic material and the arnount of rainfall (Abdul 

and Gillham, 1984; Gillham, 1984). 

2.2.2 Zone of saturation 

The zone of saturation extends down fiom the ground water table to the aquiclude. 

As al1 openings in the zone of saturation are fully filled with water, the unbalanced film 

forces, which develop only at air-water surfaces and are important in the zone of aeration, 

are ineffective. The controlling factors in this zone are the geological structure, hydrological 

characteristics of water-bearing materials, and hydraulic gradient (Le. gravity), whereby the 

following bodies of water can be identified (Todd, 1 980; Tolman, 1 93 7): 

Free ground water - when water moves through an intercomected body of permeable 

material, unhampered by impervious confining material, it may be denominated as 

fiee ground water moving under the control of the dope of the water table (gravity 

effects). 

Conzned water - that moves in strata, conduits, or arteries under the control of the merence 

in head between the intake and discharge areas of the confined water body. If water 

is confined in compressible alluvial materiai (chiefly sand and gravel), and if high 

artesian pressure in the conhed aquifer is reduced by pumping, the aquifer may be 
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compressed by weight of overlying matenal supported in part by artesian pressure; 

or if the confining strata are uncompacted, the reduction of pressure in the aquifer 

may allow water to be pressed out of confining material into the aquifer by the 

weight of overlying material (overburden pressure). 

Fixed ground water - is held in mal1 openings (chiefly mbcapillary in size) that resist water 

movement under the usual hydraulic gradients existing underground. It is 

distinguished fiom pellicular water which exists only in undersaturated material. 

Conmie ground water - is saline water entrapped in the pores of consolidated sedimentary 

rock when originally deposited. The openings and interstices of al1 sedimentary 

rocks deposited beneath the ocean were originally filled with salt water. After the 

rocks have been lifted above the sea, fiesh water slowly drives out and replaces the 

salt water. Exploration of oil fields has shown that bodies of sea water are preserved 

in anticlines and under barriers which prevent access of fiesh water descending fiom 

the ground surface. These occurances indicate that under unfavourable structural 

conditions ground-water movement may be restricted even in porous sedimentary 

beds. 

2.3 Petroleum Hydrocarbon Spills 

The hydrodynamics of the subsurface formation is the primary factor goveming the 

severity of groormd water contamination. Important physical characteristics of the formation 

are the depth to the water table, the net recharge, the aquifer media (consolidated or 

unconsolidated strata), the soil media, the t ~ p ~ m p h y ,  the impact of the vadose zone, and the 



hydradic conductivity of the aquifer. 

Aquifers that are at greater risk fiom contamination include (Duston et al., 1992): 

1. Shallow aquifers and those with high net recharge. 

2. Formations with hi& hydraulic conductivities including aquifer media such as 

unconsolidated sand and gravel, karst limestone, tubular basalt, massive permeable 

limestone, thin-bedded sandstone, limestone, and shale sequences. 

3. When the overlying soil is thin, absent, or consists of sand. 

4. When the slope of the land is gradua1 (because there is less ninoff, and therefore, 

more infiltration). 

Less permeable soil media, such as clays and clay-rich materials, prevent or retard 

movement of the contaminants into the ground water due to capillarity effects. The less 

permeable the vadose zone media (e.g. shale, silt, and unconsolidated clay), the lower the 

risk of ground water contamination. 

Hydrocarbon contaminants can reach the ground water zone either dissolved in water 

or as liquid phases that may be immiscible in water. There are many mechanical, chernical, 

and biological processes by which contaminants can be transported throughout the 

subsurface. Table 3 summarizes some of the natural processes that affect contaminant 

transport, whiie Table 4 surnmarizes the various effects that the subsurface processes have 

on the fate of contaminants. The subdace transport of immiscible hydrocarbon Liquids is 

govemed by a set of factors dif5erent fiom those for dissolved contaminants. 



2.3.1 Dissolved hydrocarbons 

The migration of dissolved hydrocarbon solutes, Figure 4, are govemed by (Mackay 

et ai., 1985): 

Advection - which is the dominant factor of migration in saad and grave1 aquifers. 

It is the process whereby solutes are transported by the main motion of flowing 

ground water. 

Dispersion - whereby contaminants are spread as they move with the ground water. 

It results fiom two basic processes: molecular diffusion and mechanical mixhg. The 

most important effect of dispersion is the spreading of a contaminant mass beyond 

the region it would occupy without dispersion. 

Sorption and retardation - a process whereby some dissolved contaminants may 

interact with the aquifer solids encountered dong the flow path through adsorption, 

ion exchange, and other processes. These interactions result in the contaminanis 

distribution between the aqueous phase and the aquifer solids, a decrease of 

contaminant concentration in the aqueous phase, and retardation of the movement of 

the contaminant relative to ground water flow. The higher the fiaction of the 

contaminant sorbed, the more retarded is its transport. 

Chernical and biological transformation - a process whereby contaminants can be 

transformed into other compounds by an extraordinarily complex set of chernical and 

biological interactions. The effects, relative importance, and interactions of these 

processes in the ground water zones are not weil understood, but are increasingiy the 

subject of research. 



23.2 Immiscible hydrocarbons 

Many hydrocarbon liquids released into the subsurface may migrate as discrete non- 

aqueous phases, generally immiscible with water, and with some components possibly 

dissolving (in part) into the surroundhg ground water. The migration of an immiscible 

phase in the subsurface is govemed largely by its density, viscosity, and capillarity (i.e. 

residual saturation, which in principle is a form of liquid hold-up). The experiments of this 

thesis deal with immiscible hydrocarbon spills. 

When a significant quantity of a Iight liquid petroleum hydrocarbon (i.e. lighter than 

water) is released into the subsurface (e.g. due to leaks in underground storage tanks or 

pipelines), several migration pathways exist These migrations of liquid petroleum into the 

subsurface can be divided into three stages as follows (Testa and Winegardner, 1 99 1): 

1. Seepage through the unsaturated zone. 

2. Stability within the water capillary zone. 

3. Spreading over the water table. 

Once a significant volume of a light liquid hydrocarbon is released, it generally 

migrates downward under the influence of gravity, its viscosity, and mbordinate capillary 

forces until it reaches the capillary nInge above the water table, Figure 5, where it starts to 

spread out. Plimary factors affecthg the amount of lateral spreadllig include the rate of 

release, the volume of the release, and the presence of significant permeability contrasts. For 

example, a large instantaneous release into the unsaturated zone will  have a higher degree 

of spreading in comparison to a continuous s m d  release. 
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When vertically migrating hydrocarbon nears the water table, the capillary f i g e  is 

initially encountered. This capillary zone rises above the water table to a certain height 

dependent upon the grain size distribution in the formation, and the rate of aeration that takes 

place in the zone. Essentially, fïner grained soils mch as silt or clay attain a thicker capülary 

zone (higher water saturation) than coarser grained soil, such as sand or grave1 (due to 

capillarity differences). 

As the light hydrocarbon enten the water capillary zone, it begins to fil1 the non - 
capillary pore spaces (drainage process). Little mixing occurs since the two fluids are 

immiscible (interfacial tension effects). Additional light hydrocarbon accumulation then 

begins to spread laterally above the water table to form what is refened to as a pancake. 

The initial stage of lateral spreading is dominated by gravity forces and may locally 

depress the water table. But as the gravitational potential diminishes, capillary forces 

(residual saturation) tend to control the rate of lateral spreading, with its shape detemiined 

by the movements of ground water. In addition, subsequent water infiltration from the 

surface (e.g. due to rainfall) influences the subsrtrface migration of hydrocarbon 

contaminants. 

The basic principles goveming the downward migration of light hydrocarbons are 

applicable to dense hydrocarbons (heavier than water) as well. The difference is, that once 

gound water is encountered, dense hydrocarbons continue to migrate downward, reflecting 

a specific gravity or density greater than that of water, Figure 6. Although a pancake may 

initiaiiy form at the fke water table because the spiii encounters a denser medium (i.e. water) 

than air and due to interfacial tension eEects, downward migration occurs once significant 



mass is attalned. 

The depth of the dense hydmcarbon liquid peneûation into the ground water bearing 

formation depends on the amount spilled and the capillary characteristics of the strata. 

Consequently, it may not be equal to the permeability barrier of the aquiclude because of 

capillary pressure; that is, the spi11 rnay pancake out on top of a less penneable porous zone 

within the ground water bearing strata. 

23.3 Hydrocarbon residual saturation 

Once a hydrocarbon liquid has passed through an alluvial material bed, or a porous 

sedirnentary rock, a certain amount of the liquid is held up in the porous medium, called a 

residuai saturation, constituting an immobile contaminate volume. It is a form of liquid 

hold-up, or liquid entrapment due to capillary effects. This residual saturation is referred to 

as the residual oil saturation in petroleum reservoir engineering terms. The residual 

saturation capacity of a soil or sand is generaily about one third that of its water-holding 

capacity (Testa and Wiwgardwr, 199 1). Immobilization of a certain volume of hydrocarbon 

is dependent upon the soil make up (e.g. the relevant content of sand, clay, and organic 

material), the soil porosity, the capillary characteristics of the sedirnentary bed, and the 

physical characteristics of the hydrocarbon product. The volume of soil required to 

immobilize a volume of liquid hydrocarbn can be estimated using basic petroleum reservoir 

engineering principles (e.g. Crafi and Hawkins, 1959) as presented by Testa and 

Winegardner (199 1) as follows: 



where: V, = cubic yards of soi1 required to attain residual saturation 

V, = volume of discharge of hydrocarbon, in barrels 

Qi - - soi1 porosity 

RS = residual saturation capacity (is the irreducible saturation in petroleum 

engineering terms, and is primarily dependant on capillary forces) 

0.2 = conversion factor (1 barre1 = 0.2 cubic yard) 

The porosity of an alluvial detritus is in the order of 30 to 40 percent. The residuai 

saturation capacity of a detrital materid depends on many factors with capillarity (wetting) 

as a major one. On average, this saturation is in the order of 30 to 35 percent for a sand, but 

it c m  be significantly higher for tnie soil, that is, with a hi& content of organic detritus due 

to adhesion and adsorption effects upon contact with organic material. 

Assurning an alluvial sedimentary bed, with average porosity of 35 percent, and a 

residual saturation of 33 percent, the residual saturation capacity of one cubic yard of soil is: 

= 0.58 Barrels of contaminant 

This example shows that with the spreading and migration of the hydrocarbon 

contaminant in the ground water system, a signincant volume fraction of the progresshg 
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spi11 is continuously made immobile (trapped) by the residual saturation (e.g. a form of liquid 

hold up), and thus acts as a form of slowing down of the frontal spreading of the spill. Also, 

the total volume that was spilt detemines the maximum areal and volumetric spreading of 

the contaminant zone. This identifies that as soon as a liquid hydrocarbon spi11 has occurred, 

the first d e  for clean-up is the imrnediate stoppage of the spreading by pumping, the 

evacuation of the mobile portion of the spi11 in the zone of aeration, and over the area of the 

pancake to stop M e r  migration by the ground water system. 

When a petroleum spi11 occurs at the capillary fnnge, the contaminant enters a very 

complex environment. The pre-existing conditions include air filled pores, partially water 

saturated pores that are under strong capillary pressure (pellicular water), and a degree of 

permeability that is variable depending on whether the soi1 has been recently in a wetting or 

draining phase (capillary hysteresis effects). In addition, the contaminant has its own 

properties of density, viscosity, surface tension, and any chemical transformation due to 

weathering, dl of which influence its ability to flow. 



Table 1 : Occurance of Water Worldwide (Freeze and Cherry, 1979) 

Parameter Surface Area Volume Volume Residence Time I @mZ)X106 I ( L ~ ~ ~ x I O ~  1 (%) 1 
- .  

Oceans and Seas 1 361 1 1370 1 94 1 4000 years 

Soi1 Moisture 1 130 1 0.07 1 < 0.01 1 2 weeks - 1 year 

Lakes and Reservoirs 

Swamps 

River Channels 

Biospheric Water 1 < 0.1 1 < 0.1 1 < 0.01 1 1 week 

1.55 

< 0+01 

< 0.01 

Ground Water 

Icecaps and Glaciers 

Atmospheric Water 

Table 2: Capiliary Rise in Unconsolidated Materials (Todd, 1980) 

0.13 

< 0.01 

< 0.01 

130 

17.8 

504 

Material 

. 
Fine Grave1 

c0.01 

< 0.01 

~0.01 

60 

30 

0.0 1 

Sand 

Coarse Sand 

10years 

1 - 10 years 

2weeks 

Grain Size 
(mm) 

5-2 

Medium Sand 

Fine Sand 

4 

2 

~0.01 

Capillary Rise 
(cm> 

2.5 

1 - 0.5 

Silt 

2 weeks - 10,000 
Yem 

10 - 1 O00 years 

1Odays 

13.5 

0.5 - 0.2 

0.2 - 0.1 
24.6 

42.8 

0.05 - 0.02 200 (still rising after 72 
&YS) 
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Table 3: Some Natural Processes Anecting Contaminants During Transport (LaGrega et al., 

1 Process Type 

Mechanical (Physical) Processes 

Chernical Processes 

Process 

Advection 
Dispersion 
Dif i ion 
Density stratification 
Non-aqueous phase fluid flow 
Fractured media fiow 

Oxidation-reduction reactions 
Ion exchange 
Complexation 
Precipitation 
Irnmiscible phase partitionhg 
Sorption 

Biological Processes r Aerobic degradation 
Anaero bic degradation 
Cometabolism 
Biolog ical uptake 





Figure 1 : Diagram of the Hydrological Cycle (Todd, 1980) 

R-O - runoff 1 - infiltration 
1 - transpiration Pc - percolation 
P - precipifation M - volcanic or magmatic water 
E - eva~oration 

Figure 2: Schematic of the Hydrological Cycle (Bowen, 1980) 
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Figure 3: Ground Water in Relation to the Subsurface (Bowen, 1980) 

hi Unsa furated Soil 

Cap illa ry Fringe ------------ ---------- 
------------- 

1 Groundwater Flow - - Aquifer 1 

Dissolved contaminant plume 

Figure 4: Movement of Dissolved Contaminant Plume (Davis and 
Comweil, 199 1) 
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Water Table 
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1 Groundwater Flow - - Aquifer [ 

lmmiscible plume less dense than water 

Figure 5: Movement of an immiscible Contaminant Plume less Dense 
than Water (Davis and Comwell, 199 1) 

lmmiscible plume dense? than water 

Figure 6: Movement of an unmiscible Contaminant Plume Denser than 
Water (Davis and Comwell, 1991) 



CHAPTER 3 

CAPILLARITY 

Capillary pressure and capillary action play a central role in the description of 

multiphase flow in porous media (Hassanizadeh and Gray, 1993). In addition, viscous and 

capillary forces significantiy influence the effective removal of hydrocarbons frorn 

subnirface strata, and for the tesidual saturations lefi behind. Therefore, the understanding 

of the capillarity of the ground water bearing strata is essential for the effective recovery of 

hydrocarbon contaminant spills. 

Capillarity, which is defined as the property or state of being capillary, irîitially 

referred to the action of liquids in very srnall diameter bore tubes, known as capillary tubes 

(Richards, 193 1). In soi1 science, hydrology, petroleurn reservoir engineering, and other 

fields, the term capillarity is used in connection with a variety of sirnilar fluid phenomena 

within the confines of the capillary of pore spaces, these being: the thin wedge-shaped 

(sometimes disc like) open spaces; the sharp corners, very fine or hairlike crevices and 

interstices; and irreguiarities at the edges of pore openings of soils, alluvial beds, and 

sedimentary rock formations (Morrow and Harris, 1965; Richards, 193 1). As well, if the 

whole pore opening is small enough, as in clays, then the whole pore opening is a capillary. 

Capiliarity is the action by which the d a c e  of a liquid-fluid interface, when in contact with 

a solid, is curved; and this curved interface is called meniscus. 

Meniscus means crescent or crescent shaped body. It is the curved upper mrface of 

a liquid in a (partidy filied) container where it contacts the solid due to capiliarity (Figure 
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7). The cwature of the interphase surface (meniscus) is the result of cohesion forces 

miniminng the contact üquid interfacial surface area, and is determined by the geometry of 

the pore space, the wettability of the solid (rock) surface, and the relative quantity (i.e. 

saturation) of the wetting phase present (Perkins, 1957). 

The classical example of capillarity is the action whereby the liquid-fluid interface 

in a capillary tube (air-liquid-glas system), is elevated or depressed, Figure 7. 

The molecular forces acting in the boundary surfaces of liquids are directly 

responsible for al1 capillary phenornena and have their origin in the cohesive and adhesive 

attractions which are exerted between molecules of fluids in capillary spaces (Richards, 

193 1). Cohesion is the attraction of the molecules of a pure substance for each other, and 

by which the molecules of a body are united throughout the substance rnass. Adhesion is the 

molecular attraction exerted between the surface molecules of two dserent substances 

(mediurns) in contact with each other. 

The cohesion and adhesion force (F) is inversely proportional to the distance (r) 

between the molecules, in the order of : F = flP to fl. Consequently, F diminishes rapidly 

with distance and approxhates zero for a distance in the order of : r = IO4 to IO4 m (Kronig, 

1966). Therefore, for the cohesion and adhesion force to work, the distance between 

molecules must be smdl enough. For a liquid-liquid and liquid-solid system, the distance 

between different molecules can be smd enough (in the order of the diameter of a molecule) 

for the adhesion forces to be a real entity . However, for a solid-gas and liquid-gas system, 

the distance of the solid or liquid d a c e  molecule to the nearest gas molecde is too great 

to have any eEect. Consequently, for solid-gas and liquid-gas systems, the only force 
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working is the cohesion force of the solid or liquid molecules. 

In the center of a pure liquid medium, each molecule is attracted (cohesion) by d l  

those surroundhg it, and the net effect is zero. However, at the surface where the molecules 

are in contact with the molecules of a second pure medium, the molecules in the surface are 

not only subject to the cohesion forces inwards, but are aiso countered by the adhesion forces 

of the molecules across the interface, and vice versa. The net result is that: 

a) For a liquid-liquid system, the surface molecules of the liquid with the greater 

cohesion force tend to be pulled (sucked) into its own body, the nurnber of molecules 

at the surface becomes the smallest possible when in static equilibriurn, and the 

surface behaves as if it were in tension and had a skin on it. The cohesion and 

adhesion force acting in the skin is called interfacial tension. It causes a drop of 

liquid in air, or in an other immiscible liquid body to have the form of a sphere 

(Calhoun, 1982). This is the smallest surface for a volume of liquid (Experiment of 

Plateau, Figure 8a (Kronig, 1 966)). Richards (1 93 1) identifies this as the most 

common case of capillary action. 

b) For the interface of a liquid-fluid-solid system (e.g. Figure 8b and 8c), when the 

adhesion force is greater than the cohesion force for a liquid molecule at the solid 

d a c e  (as in for a water-air-giass system), the Liquid molecules tend to spread over 

the solid surface. Consequently, the liquid is called the wetting phase, the meniscus 

is concave (hollow shaped), and the fluid tends to rise in a capillary tube dipped in 

the fluid. On the other hanci, when the adhesion force is Iess than the cohesion force 

for the liquid molecule at the solid d a c e  (as in for a mercury-ab-giass system), the 
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liquid molecules tend to withdraw fiom the solid surface. Consequently, the liquid 

is called the non-wetting phase, the meniscus is convex (bal1 shaped), and the fluid 

surface will be depressed when a capillary tube is dipped in the fluid. 

c) For a gas-solid or gas-liquid systern, the distance between the molecules at the solid 

or liquid surface to the nearest gas molecule is too great for the adhesion forces to 

have any effect, and consequently is zero for the molecules on either side of the 

interface. 

Interfacial tension (IFT) is the net result of the moleuular cohesion and adhesion 

forces associated with the boundary layer of a liquid in contact with another medium. It is 

an expression of the net attractive forces bebveen two adjacent molecules at the boundary 

d a c e  of a medium. It works in the interfacial surface of two medium, and tangent to the 

interfacial surface. 

The interfacial tension of a liquid-liquid system is determined by the liquid with the 

Iarger surface tension, and the interfacial tension is then approximately equal to the 

difference of the surface tensions of the two liquids. For instance, the d a c e  tension of 

water is 72 dynedcm, and for n-Hexane is 18 dyneslcm. The water - n-Hexane interfacial 

tension is 51 dynedcm. Interfacial tension is Uinuenced by a variety of factors like: 

temperature, pressure, the presence of impurities or dissolved gasses, the composition for 

petroleum liquids (e.g. the presence of dissolved gasses reduces d a c e  tension, or bitunen 

like compounds increases surface tension), and the presence of d a c e  active agents 

(surfactants) in the liquid phase(s) (Lyoos, 1996). 
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~n publi&ed Eteram the terms ' ' d a c e  tension" and "interfaciai teISi0d9 are w d  

intercbgeably. n e  proFer term is "interfacd tension9', with the temi 4bsurface tension" 

comctly used for a system of a liquid with its own vapour (or air) (Lyons, 1996). 

Surface tension is the more commonly used term for surface energy. SuUface energy 

is defined as the amount of work in ergs which must be done to create 1 cm2 of a liquid 

surface, while surface tension is defined as the force per unit length (dydcm) required to 

-te a unit ofliquid surfàce area. Num&dy, surface energy and sunace tension are the 

Same value. 

Measured at equilibrium conditions, the surface tension of a pun substance and the 

internicial tension between two pure substances are definite and constant characteristics of 

substances (Calhoun, 1982). Surface tension (a) can be measured in a nurnber of ways; 

Mungan (1994) lists the foiiowing methods: Maximum Bubble Pressure, Drop Volume, Du 

Nouy Tensiometer, Vertical Plate, Capillary Height, Pendant Drop, Sessile Drop, Furguson's 

Horizontal Capillary, and Spinning Drop. 

The forces which express the molecuiar actions betweezi the various soiid, liquid, and 

gas phases in a prous medium are 4 e d  capüiary forces (Calhoun, 1982). They nmlt h m  

the combined effects of pore geometry, interfaciai tension, and wettability (i.e. contact 

angle). Interfacial tension alone is insufncient to define capiilary fortes because it does net 

desailx the manner in which two immiscible fluids behave when together in contact with 

a solid suff i ;  h t  k, whae their interfaçid Suffixe contacts a solid (a third medium). The 

extra variable necessary to descnk this behaviour is the "contact angle" that the 

interfaciai d 8 c e  (meniscus) makes at the solid surface (Calhoun, 1982). 
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The contact angle is a measure of the relative adhesional attraction of two fluids with 

respect to a solid surface, as schematically shown in Figure 9; and is evidence of a general 

property called ''wettability" (Calhoun, 1982). It is a meamre of the relative wetting or 

spreading characteristic by a liquid in the presence of another fluid on a solid surface. In 

general, for a liquid-liquid-solid system, the liquid with the lowest ET with the solid surface 

has the smaller contact angle, and is consequently the wetting phase. The liquid having a 

contact angle of less than 90" is defined as the "wetting" phase, and the fluid having a 

contact angle of greater than 90" is defined as the "non-wetting" phase. A liquid having a 

contact angle of 90° is called a neutral wetting phase. 

The distribution of a liquid in a porous system is dependent upon its wetting 

characteristics (Frick and Taylor, 1962). Because of theù effect on the contact angle, 

adhesive forces are directly involved in an initial wetting process such as the spreading of 

a liquid on the pore surface of a dry porous (solid) medium (Richards, 193 1). Because of the 

action of interfacial tension, the wetting liquid tends to collect first in the capillary of the 

porous medium. This is also referred to as the capiilary liquid. Depending on the amount 

of liquid present in the pore medium (also referred as liquid saturation) and by increasing the 

liquid volume (Le. saturation), the wetting liquid will then spread in thin films over the 

d a c e  of the open pores connecting the capillary iiquid bodies. But after the solid medium 

is completely wetted with a thin fïim (funicular distribution), adhesive forces are no longer 

effective in producing a motion of the liquid and influence capilIary action only to the extend 

that they hold a thin iiquid film M y  in contact with the soiid pore wall surface (Richards, 

1% 1). Only when the liquid saturation is greater than the minimum funicular saturation, is 
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liquid motion by hydrauiic forces possible. The "minimum funicular saturation" is here 

assumed to be as that liquid saturation whereby d l  liquid is held by capillarity alone for a 

fiinicuiar distribution. 

In petroleum engineering, by convention, the contact angle is the angle the 'kater-oil 

(or water-gas)" interfacial surface makes with the solid surface, and with respect to the water 

body, here referred to as 0- (Anderson, 1 987). (If the contact angle with respect to the oil 

body is O,, , then: O,, + 8,, = 180"). Then, for those b'water-oil-rock" systems whereby 

8, < 90°, the rock is defined as water wet, and for those systems whereby O,, > 90°, the 

rock is defmed as oil wet. In a "hydrocarbon liquid-air-rock" system and in a "water-air- 

rock" system, both liquids are wetting the solid. However, for an "oil-water-rock" system 

either liquid can be the wetting phase (Lyons, 1996). Individual researchers have identified 

that petroleum reservoirs range fiom water wet to oil wet (Frick and Taylor, 1962; Lyons, 

1996). 

Based on wettability studies (Lyons, 1996) on cores, a qualitative indication of 

wettability was established consisting of the three regions of wettability: water-wet, 

intermediate wet, and oil wet. However a quantitative definition of the separation of the 

three regions is still arbitrary, although there is some consensus for the intervai brackets. 

Generally, the definîtion of the "water-wet and intermediate-wet" separation is for a contact 

angle oE 8- = 62" to 80" , and for the "intermediate-wet and oil-wet" separation is for a 

contact angle of: 8, = 105 O to 133 O. With very few exceptions, al1 hydrocarbon bearing 

formations are considered intermediate wet. 

The measurement of the contact angle for a porous solid medium in petroleum 
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engineering is a very onerous task seldom yielding conclusive results for a variety of reasons 

(Calhoun, 1982; Frick and Taylor, 1962; Lyons, 1996; Mungan, 1981), incluciing: the 

petrology of the detritus strata, the purity of the solid medium in which the pores are located, 

the geomeûic aspects of the pores, the mineralization inside the pores, the impact of 

chemicals used when drillhg the core, core preserviag technique used, the method of contact 

angle measurement, and contact angle hysteresis (Le. "advancing" and "receding" contact 

angles). Generally, there exists no such thing as an "unaltered core" (Mungan, 1981). 

Therefore, the contact angle measurement is very difficult and is bught  with uncertainty 

(Dullien, 1992). Consequently, as Mungan (1 98 1) acknowledges: "The measurement and 

use of the contact angle in reservoir wettability work is cornplex, far fiom routine, and 

should be done by an expert". 

The advancing contact angle is when water is brought into contact with oil on a solid 

surface previously in contact with oil. The receding contact angle is the contact angle 

formed when oil cornes into equilibrium with water on a surface previously covered with 

water (Mungan, 1981). Unless otherwise qualified, the term contact angle always refers to 

"advancing contact angle" as measured in the water phase. 

The contentious nature of reservoir rock wettability determination is m e r  

evidenced by the work of researchers who arrived at a variety of additional wettability 

dennitions (Lyons, 1996) like: Ulilform wettability vs fiactional wettability; preferential 

wettability, "squatters rights" concept for intermediate wettability; neutral wettabiiity; 

heterogeneous wettability, aiso caiied spotted or dalmatian wettability; mîxed wettability; 

speckled wettability; advancing and receding contact angles (i.e. wettabilities). 
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Regardless of the nature of the wettability of a reservoir rock, the general consensus 

is that the wettability of the hydrocarbon bearing strata plays a role in the recovery of 

hydrocarbons (e.g. impact on relative permeability curves (Figure 1 O), residual saturations, 

rnobility ratio, and imbibition (Mungan, 198 1 ; Lyons, 1996)). 

3.1 CapiLlaty Tube 

A capillary tube is defined as a tube with a diameter that is small enough to cause, 

when dipped into a strongly wetting liquid (contact angle, 0 = 0.O0), the whole air-Iiquid 

interfacial surface (meniscus) inside the tube to be completely curved. In general, for a 

liquid-fluid system in capillarity, the meniscus separates the two fluid phases. The surface 

of water in an bbair-water-glass" systern is concave (hollow shape), Figure 7% as water is the 

wetting phase. in an "air-mercury-glass" system the mercury surface is convex (bal1 shape), 

Figure 7b, as mercury is the non-wetting phase. There where the liquid-fluid interfacial 

d a c e  (meniscus) contacts the solid is cded: "contact line", "common line", "three phase 

line of contact" (Dullien, 1992), or "meniscus rim". 

Consider the rise of a liquid (e.g. water) in a capillary giass tube, Figure 9, (liquid-air- 

glass system). This figure Uustrates the static condition of a liquid held in capillarity. The 

contact angle (8) is the angle at which the liquid-fluid interfacial d a c e  contacts a solid 

d a c e  at the meniscus rim, measured tangent to the interfacial d a c e ,  at and perpeodicular 

to the Mn. Since d a c e  tension acts in the iiquid d a c e ,  it acts at the angle "0" to the solid 

surface and at the meniscus rim. 

For the tube capiiIarïty system shown in Figure 9, the total force in the liquid surface 
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at the meniscus rim which holds the tiquid column up (capillary suction (Mungan, 198 1)) is: 

The total force of the weight of the liquid colurnn above the fiee water table, pulling 

down at the liquid meniscus in the tube (gravity pull due to the capillary rise (Mungan, 

198 1)) is: 

Under static conditions, these two forces keep each other in equilibrium, and yield 

the value for the surface tension as follows: 

- 
Fup - F"+wn 

or: 

Therefore : 

where: r, = inside radius of the capillary tube 

h, = height of the capiliary rise (capiliary height) 

P = density of the liquid 



g 
- - acceleration due to gravity 

8 = contact angle of the liquid surface with the solid at the meniscus rim 

0 - - interfacial tension 

Researchers have used equation 7 to measure the radii of capillary tubes, surface 

tension, contact angles, and the height the rise of liquids in capillary tubes (Calhoun, 1982). 

The surface tension equation (equation 7) cm be rearranged to yield: 

From Figure 9 and the equations 7 and 8, the following observations can be made: 

1. The rneniscus in the capillary tube acts Iike a piston, and there is a pressure 

differential (AP) between the pressure of the fluid (air) on the convex side of the 

meniscus and the pressure of the liquid (water) on the concave side of the meniscus. 

The quantitative value of this pressure differential is related to the capillary height 

as follows: 

The pressure of the air (the non-wetting phase) just above the meniscus is higher than 

the pressure of the iiquid (the wetting phase) just below the meniscus by AP. Here 

AP is also referred to as capillary pressure, P,. 
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2. Equations 7 and 8 for o and AP respectively are for an bbair-water-glass" system, 

whereby the density for air was neglected, because it is many tirnes smaller than the 

density for water. For an "oil-water-glass" system (with the oil lighter than water 

and the non-wetting phase) these equations can be derived sirnilady to yield 

(Calhoun, 1 982; Mungan, 1994): 

3. The capillary tube presents a relationship between interfacial tension, contact angle, 

capillary height, and the inside radius of the tube, as per equation 7. From this 

relationship the capillary height can be determined as follows: 

From this relationship one concludes (Calhoun, 1982) for a capillary tube: 

a) The parameter which deterriines whether a fluid wiil rise or fd in the 

capillary tube (Figure 7) is the contact angle. 

b) A high suface tension alone will not permit a iiquid to rise (or fall) to a great 

height in capillary. 
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C) The capillary height is inversely proportional to the tube diameter, 

consequently, the parameter which has the greatest influence on the capillary 

height is the inside diameter of the tube. 

Correspondingly, for an alluvial strata, the smaller the pores the higher the capillary 

fringe zone above the water table; and, discontinuities in the pore size in the layers of the 

alluvial strata may cause limits to the rise of the capillary h g e  zone above the ground water 

table. 

3.2 Capülary Pressure 

When a discontinuity of phases exists at equilibrium conditions, there will be a 

pressure d'ierential across the liquid-fluid interphase boundary (Caihoun, 1982). This 

pressure differential, called capillary pressure (PJ, is related to the curvature of the 

interfacial surface by the Laplace equation (Lyons, 1996; Mungan, 198 1). The Laplace 

El8391 capillary pressure equation identifies an abrupt pressure difference across the liquid- 

fluid interfacial (or boundary) d a c e  in capillarity; that is, between the pressure of the non- 

wetting phase and the pressure of the wetting phase, opposite the interfacial d a c e  

(meniscus) under static e q u i l i b h  conditions (Morrow and Harris, 1965): 

where: AP = pressure differential across the Uiterfàcial d a c e  boundary 



pc - - capillary pressure 

Pm = pressure in the non-wetting phase 

p , = pressure in the wetting phase 

a = the interfacial tension in the liquid-fluid interfacial surface (the term 

fluid meaning either liquid or gas) 

R,, R2 = two nominal (principal) radii of curvature of the liquid-fluid 

interfacial surface contained by two mutually perpendicular planes, 

usually taken as positive if the centre of the cunrature lies on the sarne 

side of the interface as the non-wetting phase (Morrow and Harris, 

1965). 

It is customary to introduce the term "mean curvature" (R,,,), defined by Dullien 

(1992) as the harmonic mean: 

Consequently, the Laplace capiliary pressure equation (equation 13) is then written 

as: 

The Laplace capillary pressure equation assumes a complete liquid wetting of the 
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solid surface (fhicular distribution, 0 = O.OO). To account for a non-zero contact angle, the 

Laplace equation is written (Calhoun, 1982; Mungan, 198 1 ; and Muskat, 1949) as: 

The capiilary pressure is the effect of the exertion of the interfacial tension forces in 

capillarity, resulting in the advancement (or withdrawal) of the meniscus rim, that is the 

wetting (or non-wetting) of the solid (porous rock). The radii of curvature of the interphase 

surface, and hence the capillary pressure, are detemillied by local pore geometry, wettability, 

saturation, and saturation history (Anderson, 1987). For porous media of alluvial strata and 

sedimentary rock formation, the equations for the interfacial curvature are much too 

complicated, if not impossible, to be solved analytically, and hence, capillary pressure can 

only be determined experimentally. In these cases, a simple relationship between contact 

angle and capillary pressure c m  not be derived (Anderson, 1987). However, the intrinsic 

nature of capillarity in porous media cm be deduced from capillarity for simple pore 

geometry as shown in the foilowhg examples. 

3.2.1 A bubble of liquid suspended in a fluid 

Because of interfacial tension, a bubble (or drop) of liquid suspended in a fluid will 

assume the shape of a sphere, the srnailest energy level for the system, e.g. the Experiment 

of Plateau, Figure 8a. Because the Liquid - fluid interfacial surface is spherical, the two 

principle mdii of cwature QI, Rd of the interfacial d a c e  are, due to symrnetry, equal to 
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each other, and equal to the radius of the bubble (rd. For a drop of oil suspended in a fluid, 

the pressure of the oil (PJ inside the bubble is greater than the pressure of the al1 mrrounding 

fluid (P,) at the same level as the centre of the bubble, and this pressure difference is the 

capillary pressure for the bubble. 

The capiilary pressure for a sphencal liquid bubble is as follows: 

The capillary pressure for the bubble of liquid is inversely proportional to the radius 

of the bubble, and therefore, the bigger the bubble the smaller the capillary pressure. 

Consequently, it is easier to break up a big bubble (into smaller ones) than a small bubble, 

and therefore: 

a) Emulsions are very difficult to alleviate in oil field production operations. 

b) For a water flood, small bubbles of oil (or gas for that matter) inside the pore 

openings of a porous rock, which is completely water wet, cause blocking of water 

movement through the porous media, in the event that the pore b o a t  vs pore size 

ratio is nifnciently smali enough (Jamin effect). 

3.2.2 A horizontal üquid table 

For a liquid - air interfacial d a c e  in a wide container in equiliirium, the interfacial 

surface is flat, a horizontal '%ee liquid surface". This flat surface cm be considered as a 

portion of a sphere with a radius of innnite (œ) proportion. Two perpendicular planes with 
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a cornmon line perpendicular to the flat liquid surface, will intersect the sphere according to 

two circles, both with a radius of infinite (-) length. Due to symmetry therefore, the two 

principle radii of curwihire of the liquid surface are equal to each other (R, = Ra, and equal 

to the radius of the sphere (rJ. Consequently, the capillary pressure for a flat liquid surface 

(e.g. a water table) is: 

3.2.3 A vertical capillary tube 

The Laplace capillary pressure equation can be used to solve for the capillary 

pressure as fùnction of ET, contact angle, and the radius of the tube (rJ, Figure 9. For the 

capillary tube the meniscus (Le. liquid-fluid interphase sudace) can be approximated as a 

portion of a sphere (with radius rJ at the meniscus rim. Because the liquid d a c e  is 

sphencal, the two principle radii of cwature are, due to symmetry, also equal to each other 

(R, = RJ, being the two circular intersections of two perpendicular planes through the sphere 

with a common iine through the centre of the tube. The radius of the interfacial sphere cm 

then be expressed in the radius of the tube as foliows: 

The Laplace capillary pressure c m  then be written as: 



This equation is equal to the previously established capillary pressure equation for 

a vertical tube (combination of equations 8 and 9). 

3.2.4 A horizontal capülary tube (Case 1) 

Consider a horizontal cylindrical capillary tube, half filled with water, the wetting 

phase, and the other half filled with oil, the non-wettkg phase; with the two phases separated 

by a meniscus (interfacial surface) appro.ximately in the middle of the tube, as shown in 

Figure I l .  

A s s e n g  static equilibrium conditions, that is the meniscus stays in place, then: 

a) The pressure in the water phase in the centre of the capillary tube is: 

the pressure in the oil phase in the centre of the capillary tube is: 

P. = h.Pog 

The pressure in the oïl phase (PJ and the water phase (P,) is in equüibrium with the 

capillary pressure (PJ, as follows: 



or: 

This identifies (EPRCo, 1968) that: 

1. An "entry pressure" equal to the capillary pressure is required to force the oil 

(or gas for that matter) into a water filled capillary. 

. . 
II. A "suction pressure" e q d  to the capillary pressure is required to cause water 

to spontaneously imbibe into an oil filled capillary. 

b) As for the vertical capillary tube, the cwature of the interfacial surface at the 

meniscus rim can be expressed in the radius of the tube as follows: 

And, dong similar lines as for the vertical capillary tube, the Laplace capillary 

pressure equation can be written as follows: 

This equation is equal to the previously established capiilary pressure equation for 

a vertical capiilary tube, equation 20. 

c) The capillary phenomena in the vertical and horizontal capiliary tubes cm be 

extended to a porous media in that the capillary pressure is a measure of the tendency 

(or force) of the wetting phase to wedge out (drive out) the non-wetting phase fiom 
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the capillary pore space, also referred to as imbibition. The strength of this tendency 

(or force) depends on the contact angle (the wedge) for the wetting fluid and the 

(average) pore size (or radius of the channel) of the alluvial strata or the sedimentary 

rock formation. That is, the smaller the contact angle a d o r  the smaller the capillary 

pore space, the stronger the tendency (Le. the capillary pressure). Or, the capillary 

pressure is the incrementd pressure that the wetting phase meniscus imposes on the 

non-wetting phase in the capillary of a porous medium, due to interfacial tension 

forces (Le. molecular cohesion and adhesion forces) alone. 

Imbibition, sometirnes also referred to as spontaneous imbibition, is a process in 

which a wetting fluid will enter and replace a non-wetting fluid fiom a porous medium by 

the action of capillary forces alone, Le. without a driving pressure force (Mungan, 198 1). 

Richardson [1961] has found that the rate of imbibition depends on such factors as 

permeability of the porous medium, wettability (8), pore structure and pore size distribution, 

pore b o a t  versus pore size ratio, viscosity of the fluid and the interfacial tension between 

the two fluid involved (Mungan, 1 98 1). 

3.2.5 A horizontal capillary tube (Case 2) 

When more than one interface (meniscus) is present in a given channel, conditions 

may be such that the resistance to flow is markedly increased or may become great enough 

to prohibit flow. This is named afler its discoverer, Jamin (Calhoun, 1982). 

Consider a discrete bubble of oiI inside a horizontal cylindrical capillary tube @orou 
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channel) filled with water, as shown in Figure 12a The oil is Unmiscible with water, with 

water as the wetting phase and oil as the non-wetting phase. in this scenario there are two 

interfaces, with the capillary pressure &op across each interphase the same but in opposite 

direction to each other. 

The pressure exerted by the water on the oil bubble via the "A" side meniscus is: 

The pressure exerted by the water on the oil bubble via the "B" side meniscus is: 

PB + pc-B (28) 

where: PA 

PB 

pc-A 

p, 

the pressure in the wetting phase on the left or "A" side of the oil 

bubble in the tube 

the pressure in the wetting phase on the right or "B" side of the oil 

bubble in the tube 

the capillary pressure exerted on the oil bubble by the meniscus on 

the "A" side 

the capiiîary pressure exerted on the oil bubble by the meniscus on 

the "B" side 

Assuming static equilibrium conditions (i.e. the bubble does not move), the pressures 

exerted by the water on either side of the oil bubble are in equilibrium (but in opposite 

direction), therefore: 



Consequently, for equilibnum conditions: 

P B  - PA = PsqA - Pc-* = O 

or: 

Now, if either capillary pressure term of the right hand side of the equation were 

modified, the net pressure drop between points "A" and "B" would not be zero. This 

condition gives the JaMn effect, Le. a resistance to flow. The difference may not be zero due 

to a change in any of the three parameters: r, o. or 8, for side "B" as compared to side "A" 

as shown in the following three examples. 

3.2.5.1 Variation in channel radius 

Consider a variation in radius as shown in Figure 12b. The capillary is no longer 

considered to have a uniform radius. The clifference in pressure between points "A" and "B" 

is now: 



Inasmuch as r, is less than r,, a positive pressure is required at point "A" to retain the 

bubble in the position shown in the figure. If the water flow were to the right (Le. deeper 

into narrowing capillary), a bubble of oil (or gas for that matter) in the water stream could 

block such a channel until the pressure drop between points "A" and "B" was sufficiently 

great to push the bubble past the smdlest constriction (the pore throat) at the point where the 

channel again widened. 

3.2.5.2 Variation in contact angle 

Consider a variation in contact angle as shown in Figure 12c. This situation generaily 

occurs when there is a difference in advancing and receding contact angles. The contact 

angle at "A" is defined as an "advancing contact angle", and that at "B" the "receding contact 

angle" (for the case that water flows fiom left to right). The former is always larger that the 

latter (Calhoun, 1982). Such a deformation of a bubble takes place when it is on the verge 

of movement, toward the right as shown in Figure 12c. The resulting pressure between 

points "A" and "B" then is: 

Inasmuch as 0, is larger than O,, PA will be larger than PB, i.e. a positive pressure 

&op between "A" and '8" is necessary to initiate flow to the right. A total of "n" mch 
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bubbles within a tube would require a pressure &op oE n(P, - PA) to move them. 

3.2.5.3 Variation in interfacial tension 

Consider a variation in interfacial tension. This situation occurs, for example, if a 

bubble of gas is straddled by water and oil, as shown in Figure 12d; in which it is assurned 

that the contact angle for either gas-liquid interface with the solid is the same (this is 

generally not the case). The net effect is a pressure difference between points "A" and "B": 

Again, if "a, cos(8,)" is greater than "q cos(8,)", a positive pressure drop fiom "A" 

to "B" would be necessary to initiate flow to the ri@. 

In the above three parameter (r, a, and 8) examples, the absolute pressures of PA and 

PB are not considered (which is the operating reservou pressure, and could be in the order 

of thousands of pounds per square inch). The magaitude of the pressure drop between points 

"A" and "E'(e.g. for a particular reservoir flow channel) is related to the number of flow 

channels that would be blocked by the Jamin effect, and it is in direct proportion to the total 

number of oil (or gas) bubbles that exist in a given flow channel (Calhoun, 1 982). 

3 3  Capiliarity in Porous Media 

33.1 Pore geometry of perfect spheres 

Capiiiary action and pressure both play a ceneal role in the description of multiphase 

flow in porous media (Hassanizadeh and Gray, 1993). The porous medium of hydrocarbon 
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or water bearing subterranean strata varies in complexity of pore structure and associated 

tortuosity of flow channels. To explain the basic concepts of capillary behaviour for such 

a medium, an ideal pore structure is required. The ideal pore configuration usually chosen 

is one made up of spherically uniform particles of a definite size (e.g. a glass bead of a 

specific mesh size). 

Consider two spherical grains (or giass beads) in contact as shown in Figure 13, with 

a wetting liquid in capiliarity at the point of contact, for a pendular liquid distribution system. 

The capillary pressure for this system is given by: 

where r, and r2 are the principle radii defining the c w e d  liquid-fluid interfacial surface as 

shown. The centre of the meniscus curvature for r, is in the non-wetthg phase, and therefore 

is taken positive. The centre of the interfacial curvature r2 is in the wetting phase, and 

therefore is taken negative, whereby r, > r,. The values of r, and r, reflect the amount of 

liquid that is contained at the contact, and therefore reflect the saturation of that liquid 

present in the porous media if a number of such contacts are considered. Since r, and r, are 

proportional to the Iiquid saturation (i.e. the fiactional pore volume occupied by the wetthg 

phase), the capiiiary pressure increases with the reduction of the liquîd saturation; and 

therefore, capillary pressures are commonly displayed as a function of iiquid (e.g. water) 

saturation (Hagoort, 1988). 

Nerpin [1970] (Lu et ai., 1995) calculated the height of capillary rise, h, into an 



idealized porous medium of spheres to be: 

where: R, = the radius of the solid spheres 

Nerpin developed this equation fiom an analysis of the liquid meniscoid necks (i.e. 

pendular rings) between the spheres and the contact angle, which he assumed to be zero. 

Nerpin's equation suggests that the capillary rise in a dry glass bead pack is twice the 

capillary rise for a capillary tube, assuming R, = r,, and a contact angle of zero. 

When describing capillary nse into porous media, it is common in the literature to 

use a system of capillary tubes with different diameters to describe capillary nse h o  porous 

media (Anderson, 1987; Lu et al., 1994). Qualitatively the cornparison has merit but 

quantitatively, although directionally correct, it has discrepancies (Richards, 193 1). 

Lu et ai. (1995) studied the capillary rise into initially dry glass bead porous media, 

and compared this with the capillary rise in a capillary tube. They studied four packing 

arrangements of uniform spheres: cubic, orthorhombic (hexagonal), tetragonal sphenoid, and 

rhombohedral, for which they detennined the porosity and the capillary height, Table 5. 

They concluded that: 

1. The capillary rise into a porous medium is different fiom that into a capillary tube. 

The capillary rise into an initialiy dry g las  bead porous medium is not stable, with 

any slight disturbance being able to slow down or even stop the process. 

2. The maximum possible height of the capiilary rise into an initially dry glass bead 
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porous medium with radius R, is 1.65 - 3.00 times higher than that into a cylinder of 

the sarne intemal radius (rJ, when the contact angle is zero. This cornparison goes 

limp in that R, is the radius of the solid sphere, whereas r, is the inside diameter of 

the hollow space inside the tube; although admittedly, the smaller the radius of the 

sphere, the smaller the pore space between the spheres. 

Lu et al. (1994) M e r  comment that the capillary rise into porous media is a two- 

dimensional movement with sequential jurnps and water film thickening associated with 

water film flow. The contact angle between liquid, gas, and solid plays an important role in 

this process inasmuch as it cm change the initiation point of the jump. It also causes 

differences for capillary nse into initidy dry and initidy wet profiles, as its value dong the 

water films relates to a receding contact angle produced by a previous drying process as 

cornpared to the capillary rise into an initially dry profile, when it relates to an advancing 

contact angle at the wetting fiont. The length of contact lines associated with the gas-liquid 

interface is much longer in an initially dry profile. 

3.3.2 Non-uniTorm pores of ground water bearing strata 

The fluid distribution and capillary character of a non-ideal porous medium is 

innuenced by several factors, which can be categorized as follows (Hassanizadeh and Gray, 

1993; Rose and Bruce, 1949): 

a) Geometry of the porous medium - this includes the consideration of the packing of 

the particles in the porous medium, gmin size distniution, and microscale and 
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macroscde heterogeneties. The packing of the medium itself is subject to solid 

matrix deformation, and secondary processes of mineralization, which introduces 

factors of cementation, and of solution action which causes alteration of pore 

structure. 

b) Physical and chernical nature of the interstitial spaces - this includes the 

consideration of the wettability of the solid surfaces, the existence of non-uniform 

wetting surfaces, and the presence of microscopie scde fluid-fluid interfaces. 

c) Physical and chemicd properties of the fluid phases - this includes surface, 

interfacial, and adhesion tensions, contact angles, viscosity, density difference 

between Unmiscible phases, and other fluid properties. 

ft is generally considered that al1 ground water bearing alluvial formations and soils 

are water wet. However, because hydrocarbon liquids also wet dry alluvial strata, the 

preferential wettability of the strata plays a role in the recovery of hydrocarbon contaminants 

from the zone of aeration and therefore fiom the capillary fringe zone (extrapolation fiom 

petroleum engineering concepts). 

In the zone of aeration, the Liquid nIms on the pore walls (pellicular water) 

connecting the liquid bodies in the capillary spaces tend to dry up first, because it has the 

larger d a c e  area. This results in the break up of the hydrological continuity; it causes the 

water bodies in the capiilary spaces to become isolated fiom each other and to retract withh 

the confines of the capillary (pendular distribution). Further aeration will then dry up the 

water bodies in the capiilary spaces, but at a much reduced rate due to the limited d a c e  



53 

exposed to aeration, and subject to the capillary rise from the water table (capillary suction). 

The movement of water in the capillary f i g e  zone is only possible for the pellicular 

water (funicdar) distribution. 

3.4 Capiilary Hysteresis 

Capillary hysteresis is the retardation or discrepancy of the capillary effect due to the 

difference in capillarity for the drainage process as compared with that of the imbibition 

process. 

Imbibition is the capillary process in which a wetting fluid will enter and displace a 

non-wetting fluid fiom a porous medium by the action of capillary forces, starting with the 

smaller pore spaces and pore throats, or capillary spaces. Drainage is the capillary process 

in which a non-wening fluid will (i.e. is forced to) enter and displace a wetting fiuid fiom 

a porous medium, starting with the larger pore openings or non-capillary spaces, by applying 

an extemal force and against the action of capillary forces. 

For the drainage and imbibition capillary process the irreducible saturation is reached 

when the hydraulic continuity is los (Anderson, 1987). The irreducible wetthg phase 

saturation constitute capillary liquid while the irreducible non-wening phase saturation is 

caused by liquid entrapment, due to capiilary effect in the pores. 

Capillary hysteresis impiies that the capillary effect in a porous medium is subject 

to the liquid saturation history of the medium. The saturation history causes a hysteresis in 

the contact angle (advancing and receding contact angles), Figure 14, and consequently 

r e d t s  in a hysteresis in relative permeability and capiIlary pressure curves, Figure 15. 
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Capillary hysteresis is conceptuaily illustrated in Figure 16 (Mungan, 198 1). 

Consider three water-wet capillaries, two of uniform radius (r, and r,), and a third of radius 

r, with a bulb (with a radius rJ located in the middle of the tube. If al1 three tubes are 

initially full of water (due to the water table level being high), and are then subject to a 

lowering of the water table level (drainage process), the final equilibrium position would 

then be as shown in the figure. Tubes 1 and 3 will drain to a height dictated by the Laplace 

equation, while Tube 2 will drain to the sarne height as Tube 1, as the radius at that position 

is the same. On the other hand, in an imbibition process situation al1 the tubes are empty, 

and then are subject to a nse in water level in the tube. The nse in the two uniforrn tubes will 

be the same as before. However, for Tube 2, the water will nse to an elevation inside the 

bulb where the radius of the bulb equals r2. Thus, the non-uniform tube gives different 

saturations depending on whether the saturation is approached by the drainage process (the 

non-wetting phase displacing the wetting phase) or by the imbibition process (the wetting 

phase displacing the non-wetting phase). 

Literature suggests that contact angle hysteresis is caused by a variety of factors, 

including roughness of the solid d a c e ,  adsorption effects, solid surface impurities, and 

elastic forces developed within the solid-auid interfacial d a c e  that act upon the contact 

line and resist its movement. Hassanizadeh and Gray (1993) concluded that the primary 

cause of the hysteresis is the fact that the stresses in the solid-fluid interface will develop 

such that they will oppose the movement of the contact line, and these stresses are dinerent 

for the drainage as compared to the imbibition capillary process. Others attribute hysteresis 

to contact angle effects and non-wetting fluid entrapment (Lu et al., 1994). Morrow and 
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Harris (1 965) iden* that "Except where there is no hysteresis of contact angle and the solid 

is of simple geometry (such as a capillary tube of uniform cross section), there is hysteresis 

in the relationship between capillary pressure and saturation". 



Table 5: Cornparison of Parameters (Lu et al., 1995) 

Packing or Mode1 Porosity Capillary Rise &,) I I 
1 Cubic Packing 1 0.4764 1 3.2973(y cos2 (0/2))/(pgRJ 1 1.65 

1 Hexagonal Packing 1 0.3954 ( 4.5872(~ cos2 (8/2))/(pgRJ 1 2.29 



Air & 

Water 

Air 
Mercury 

Figure 7: CapUary Phenornena in a Glass Capiliary Tube (Caihoun, 1982) 



Olive - 
- 8- 
Water and Alcohol Mixture 

Iiquid 

Water - Air 

Mercury - Air 

The water-alcohol 
mixture has the same 
density as the olive oil. 

Experiment of Plateau 

adhesion << cohesion 

meniscus is convex 

-- 
Figure 8: Capillary Phenornena (Kronig, 1966) 



m eniscus 1 nm LTCOSO 

rneniscus p-4 
contact 

j angle 
8 

Water '-I 

---- 

h ,  = capillary height 

1 -----* water table 

p.- .- 
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\ STRONGLY OIL-WET ROCK 

40 60 80 
WA TER SA TURA TION, % PV 

STRONGLY WATER-WET ROCK 

20 40 60 80 100 
WATER SATURATION, % PV 

-- -- 
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Rock (Craig, Jr., 1993) 



Figure 11: Horizontal Capülary Tube, Case 1 (Calhoun, 1982; EPRCo, 1968) 
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Figure 12: Horizontal Capillary Tube, Case 2 (Calhoun, 1982) 



Figure 13: CapilIary Phenornena in Porous Media of Perfect Spheres for a Penduiar Liquid 
Distribution, (Amyx et al., 1 960; Leverett, 194 1) 
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Figure 14: Schematic of Hysteresis in Contact Angle 
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CHAPTER 4 

LITERATURE REVIEW 

Since the mid 19801s, in-situ subsurface remediation processes have been the focus 

of significant attention by the scientific cornmunity involved with the cleanup of 

environmental contaminanis (Hoag et al., 199 1). Such technologies generally use one of 

three rnethods to either remove the contaminates fiom the subsurface ground water, or to 

contain them within a fixed area in the subsurface. They are: 1) the physical methods such 

as ground water pump and treat, subsurface drains, and low permeability sub-surface 

barriers, 2) the biological method of bioremediation with the use of engineered enzymes 

emerging as a way to enhance this process (Trombly, 1995), and 3) the chernical method of 

penneable subsurface barriers. Currently, there are two methods of subsurface barriers being 

developed, one is the use of treated zeolites (Newman, 1995) and the second is the use of 

iron f i g s  (Strauss, 1995). 

The applicability of these technologies depends on the contaminant mass exchange 

between the water saturated and unsaturated zones of the ground water bearing strata. 

Because many contaminant sources occur on the land surface or within the upsaturated zone, 

mass transport fiom the unsaturated zone to the saninited zone is a common mechanism of 

ground water contamination. Some of the pollution processes involved include: aqueous and 

gas phase molecular diffusion, mechanical dispersion, aqueous and gas phase advection, and 

partitioning among the aqueous, gas, and solid phases. The extent to which each of these 

processes contributes to mass trander between the saturated and unsatunited zones depends 
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on both the properties of the con taminant compound and the petrophysical conditions within 

the ground water bearing subsurface (McCarthy and Johnson, 1993). 

Of the physical processes, research has focused mainly on two areas of study: the 

movement of liquid contaminants in the porous water bearing zones, and the evacuation 

processes of light volatile hydrocarbons. To the fmt area of research belongs the works by 

Schwille (1 988), Hoag et al. (1 99 1), and McCarthy and Johnson (1 993), and to the second 

area belongs the work of Hoag and Cliff (1988). 

Schwille (1988) performed several experiments, using a variety of porous media 

models including glass fnts, sand packed glas  colurnns (of different sizes), a 560 x 160 x 

28 cm trough, as well as a g las  bead packed tiame ce11 for macroscopic examination. 

Experiments were conducted to determine the behaviour of several heavier than water 

contaminants (dichloromethane; tetrachloroethylene; I , 1 , 1 ,-trichloroethane; and 

trichioroethylene) in the water saturated and unsaturated zones. In several experiments, it 

was observed that the hydrocarbons, when f a h g  down fiom the umaturated to the saturated 

zone, spread laterally when in contact with the capillary f ~ g e  (before 'Yhgering" into the 

saturated zone). Also observed was that, when compared to the infiltration of water, 

tetrachloroethylene penetrated the unsaturated region easier than water, but it slowed at the 

capillary fnnge, while the water passed through the m g e  more easily. 

Hoag et al. (1991) performed theoretical hypothetical examinations of possible 

relationships near the capillary h g e ,  and the importance of con taminant mass transfer fiom 

the capillary zone into the saturated flow regime for a contaminant that is immiscible and 

iighter than water. They concluded that the rate of contaminant transport into the saturated 



69 

zone was dependant on the circumstances present. In one case, if gound water flow was 

relatively steady, a zone of floating contaminant may exist on the capillary f i g e .  

Infiltrating water, under drainhg conditions, would reach an equilibrium with the immiscible 

liquid resulting in a saturated contaminant condition. Assuming that only vertical ground 

water flow exists in the capillary zone, the rate of contaminant input to the saturated zone 

will be lirnited by the rate of infiltration. Assuming that a horizontal flow boundary exists 

at the ground water table, then mass transfer of contaminant fiom the capillary zone into the 

saturated zone will have only limited effects on contaminant input into the saturated zone. 

The result is a relatively ineffective ûansfer of contaminant from the capillary fkinge zone 

to the saturated zone. 

In a second case, if there was an impingement of the satmted zone by penetration 

of the capillary zone (resulting from the depression of the capillary zone where considerable 

qmtities of an irnmiscible contaminant are spilled), the potential for contaminant transfer 

fiom the unsaturated zone to the sanirated zone is greatly increased. In another case, 

fluctuating gound water tables may result fiom a rise in the ground water table through 

wetting (imbibition) of the capiliary zone. Since immiscible contaminants become 

immobilized at residual saturation, the net result is that saturated contaminant concentrations 

exist at the top of the horizontal flow zone of the saturated zone. This boundary condition 

enables a substantially greater mass transfer of contaminant hto the saturated zone, 

principaliy resulting fiom the upper flow boundary king the immiscible con taminant itself. 

McCarthy and Johnson (1993) conducted physical experiments using a heavier than 

water volatile organic compound (tri-chloroethylene, TCE) to examine and qmtify the 
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transport mechanisms of dissolved TCE fiom shallow ground water to the unsaturated zone. 

The aquifer model used in their experiments was 0.75 m wide, 1 .O m long, and 1 .O m deep; 

and using a two dimensional sampling net work installed dong the longitudinal axis of the 

model. The aquifkr model was filled with type 8 flint shot Ottawa sand. Three experiments 

were performed. The first experiment investigated the movement of dissolved TCE from the 

ground water to the unsaturated zone under drainage conditions. The second experiment 

investigated the transport of TCE fiom ground water during a water table &op. The third 

experiment examined the movement of TCE fiom ground water under imbibition conditions. 

They concluded that at moderate ground water velocities, molecular diffision was 

the dominant vertical transport mechanism, while vertical dispersion was negligible. 

The authors then developed a two dimensional advection-diffusion model, and a one 

dimensional diffusion-dispersion model, and compared the results of the models with the 

experimental data. They detemiined that there was agreement between both models and the 

data, and suggested that in cases in which the ground water velocities are low, flow is 

predominantly horizontal, and horizontal concentration gradients are smail; a simple, one- 

dimensional approximation of vertical transport across the capiiiary f i g e  c m  be usefid in 

the qualitative sense. 

Hoag and Cliff(1988) reported on an in-sifu vapour extraction (soi1 venting) system 

that was effective in removing 1,330 1 of gasoline fkom residually saturated soils and fiom 

the top of the capîilary zone. The entire remediation process took less than 100 days, with 

the majority of the recovery achieved within one month. 

Of the physical in-situ processes researched to date, vapour extraction holds perhaps 
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the most widespread application to the remediation of volatile and semi-volatile organic 

chexnicals fiequently f o n d  in the subsurface. In-situ vapour extraction has been applied at 

rnany sites by means of significantly different approaches (Hoag et al., 1991). However, for 

this process, it is essentiai that ail components will vaporize at the in-situ operating 

evacuation pressures, otherwise heavy residues will be left behind. 

An understanding of the air-immiscible liquid-water three-phase conduction and 

distribution in the porous media is important, including the capillary phenomena in the 

capillary h g e  zone (unsaturated zone). Additionally, the site history of ground water 

fluctuation (hysteresis), capillarity, and immiscible contaminant behaviour in the capillary 

fnnge and saturated zones is essential information (Hoag et al., 1991). In general, it is 

observed that because of the current lirnited insight into the subsurface transport 

mechanisms, it is not known to what extent technologies such as soi1 venting are applicable 

in removing contaminants fiom the capillary fringe. 



CHAPTER 5 

EXPERlMENTALAPPARATUS 

5.1 Experimental Apparatus 

The apparatus used for the experiments was constnicted of several components. It 

consists of a vertical cylindricd column packed with glass beads (the cyliiidrical core cell), 

and is equipped with two rows of equally spaced side ports (or probes) dong the length of 

the cylinder. The permeability and porosity of the core was then measured. A water 

reservoir connected to the bottom of the cell serves as the water table, and an air flow meter 

connected to the top of the ce11 measures the air flow into the cell. In order to produce the 

fluids fiom the core (i.e. glass bead pack), a liquid collection system is hooked up to the 

desired side port (also called production probe). This collection system is connected to a 

manometer (to rnonitor the vacuum pressure that the core was exposed to), as well as to a 

vacuum cylinder (reservoir), which is connected to a vacuum pump. A schematic diagram 

of the apparatus is shown in Figure 17. 

The origiiiai experimentai program prescribed one Lighter than water hydrocarbon and 

one heavier than water hydrocarbon to act as the contaminant for the experiments, as well 

a cleaning fluîd was needed to dean the core after each expairnent was completed, therefore, 

a group of chernicals were tested for their suitability and use in the experiments. 
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5.1.1 The cybdrical core ceU 

A one-dimensional cylindrical ceil, filled with glass beads and stationed vertically, 

was used in order to investigate the recoverability of a hydrocarbon contaminant fiom the 

capillary f i g e .  The two foot cylindricai ce11 was fabricated fiom a clear acrylic tube with 

a 7 cm (2% inch) outside diameter (O.D.) and a 5.1 cm (2 inch) inside diameter (I.D.). 

Stainless steel probes (side ports) 10.2 cm (4 inches) long and 0.3 cm (Va of an inch) in O.D. 

were positioned at 2.5 cm (1 inch) intervals dong the cylindrical ce11 length, radially 

extending to the centre. The glass bead pack (the core) inside the acrylic tube is 5.1 cm (2 

inches) in diarneter and 61 cm (2 feet) in height. On the top and bottom of the tube are end 

caps that were constnicted fiom 7 cm (2% inch) O.D. clear solid acrylic. These end caps, 

screwed into the tube ends, have a wire screen mesh on the inside surface that is in contact 

with the glass beads. Each cap was machined such that, the flow of liquid (bottom cap) or 

air (top cap) was transitioned from the 0.6 cm (% inch) O .D. stalliless steel line fitted into the 

center of the cap to the 5.1 cm (2 inch) LD. core of the acrylic cylinder. This transition was 

done by machining a conical path into the cap that starts at 0.6 cm (% inch) in diarneter from 

about midway in the cap, and ending at the inside cap surface where the wire mesh is located. 

5.13 Packing of the cyündrical core ceU 

The cyhdrical celi was cleaned by washing it with hot tap water and dish-washing 

soap. This was necessary in order to remove the oils that were used during the machinkg 

of the cylinder. The end caps were also cleaned using the same method. Any excess grease 

was removed by using a grease-dissolver, and then washing the pieces with soap and rinsing 



74 

with tap water. Everythiag was then re-rinsed using distilled water, and allowed to air dry. 

The glass beads were cleaned by washing them with hot tap water and dish washing 

soap. The beads were rinsed repeatedly, e s t  with tap water and then with distilled water. 

They were then poured into a metal tray and placed into an oven of 105 OC and allowed to 

dry for 12 hours. The oven was then tumed off allowing the glass beads to cool before being 

poured into a clean glas jar for storage until use. 

The cell was then filled by pouring the glas beads into the ce11 in approximately 2.5 

cm (1 inch) layers at a tirne. Then the side of the ce11 was tapped to achieve the densest 

packing of the glass beads. Each mass of glass beads added to the ce11 was meamred, so that 

the total mass of beads in the ce11 was a known quantity. When the ceil was filled to the top 

(space was reserved for the top end cap), a thread scraper was used to ensure that the threads 

for the top cap were relatively fiee of any glas beads. The top cap was then screwed into 

place. 

Two identical clear acrylic cylindrical cells were constructed and filled with glas 

beads (Core 1 and Core 2) to speed up the experirnental testing procedures because of the 

sipnincant thne it took to establish an equilibrium f i g e .  The clear acrylic cylinder aiiowed 

only the outer layer of g l a s  beads to be visible. For Core 1, the end caps had a layer of 

grease as lubrication put on the threads (V - thread, 12 thread per inch), and the end caps 

were screwed into the core. For Core 2, a layer of Teflon tape was wrapped around the 

threads, and the end caps was screwed into place. Core 2 was built afler Core 1. It was 

observed form Core 1, that the glass beads had the tendency to become embedded in the 

threads of the top cap, causing the top cap to seize before it could be M y  closed on the core. 
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For the second core, the threads were made looser and Teflon tape was used so that if some 

of the glass bead were embedded in the threads, the cap could still be screwed into place. 

Experiments were performed with homogeneous glass bead packs of two different 

mesh sizes. Core 1 has glas beads of 16 - 20 mesh, and Core 2 has glass beads of 30 - 40 

mesh. Figure 18 shows the results of a sieve analysis performed on the glass beads. The 

sieve sequence was Mesh size 18,25,35,60, and 80. Table 6 shows the mesh sizes in metric 

units (mm). According to Todd (1980), both glass bead packs belong to the category of 

coarse sand, Table 2. 

5.13 Core porosity, permeabüity, and connate water saturation 

The porosities of the cores were measured by first completely fillhg the empty ce11 

with a measured mass of water. This water was then drained out, and the core allowed to 

dry. The empty ce11 was completely filled with the g las  beads. The cores were then filled 

with water fiom the bottom up until completely saturated with a measured mass of water. 

By dividing the mass of water after the ce11 was packed with glass beads by the mass of 

water before the cell was packed, the porosity of the core was determined, Table 7. 

Theoretical porosity calculations for pedect spheres have computed the porosity to be 47.6 

% for cubical packing (the least dense packing) and 25.96 % for rhombohedral packing (the 

most dense packing), regardless of the size of the spheres (Frick and Taylor, 1962). The 

rneasured values, Table 7, are somewhat in between, because the core is filled with a mesh 

size range, and most likely the densest packing was not achieved. 

To determine the permeability of the core, the M y  (water) saninited core was laid 
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horizontal on its side, with the "bottom" end of the core comected to the water table 

apparatus and the '?op" end over the sink. Water was allowed to flow through the core with 

the water table level being at a fked height above the center line of the core, and water 

produced fiom the "top" end was collected in a cylinder. The mass of water collected over 

each given time interval was measured. For each core, 6 experiments were performed using 

3 different water table heights. A cross plot was then made in order to determine the 

permeabilities of the cotes, as is s h o w  in Figure 19. It should be noted that the viscosity 

of water was assumed to be 1 .O cP. 

To determine the connate water saturation, each core was filled fiom the bottom up 

until completely saturated with a measured mass of water. The bottom valve of the core was 

then opened, and the water that poured out of the cores was collected and weighed. The 

residual mass of water in each core was calculated by subtracting the mass of water collected 

fiom the core fiom the mass of water originaliy imbibed into the core. By dividing the mass 

of water remaining in the core by total mass of water that was imbibed into the core, the 

connate water saturation for Cores 1 and 2 was calculated (Table 7). 

5.1.4 The water table 

Since the experiments involved the need for a water table, a water table reservoir was 

made using an upside down graduated cylinder and a rubber stopper with two stainless steel 

tubes going through it. One tube was slightly longer than the other. The stopper was 

inserted into the top of the cyhder such that the uneven ends of the stainiess steel tubes were 

outside (not inside) the cylinder. To control the water table level, the cyhder (filled with 
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water) was placed upside down over a h e l  on a wooden sled that could travel up and down 

and parallel to the core. The bottom ends of the stainiess steel tubes were suspended over 

the funne1 with the shorter tube monitoring the level of the water table, and the longer tube 

releasing the water into the b e l .  n ie  b e l  was connected to a plastic tube that was 

connected to the bottom of the core. The fiee water table level was established inside the 

funnel. The water table height in the funne1 was maintained within an accuracy of +/- 1 mm 

for Core 1 and +/- 1.75 mm for Core 2 kom the average. This difference was due to the fact, 

that when the water table touched the shorter tube, interfacial tension, i.e. the meniscus, 

prevented the air fiom entering the cylinder, and hence, prevented water fiom Ieaving the 

cylinder to become part of the water table. Only when the water table had dropped 

sufliciently (about 2 to 3.5 mm) would the film (the meniscus) break and water pour through 

the longer tube submersed in the water table, while air flowed up the shorter tube into the 

cylinder. When 8 - 15 ml of water from the cylinder was released, the water level reached 

the shorter tube and the flow of air and water stopped due to the re-establishment of the 

meniscus. 

5.1.5 Air flow meter 

Since for ali experiments, the rate of air entering the core was to be measured, a Lab- 

Crest Mark III Flowmeter was provided. This meter cm rneasure the flow rates of single 

phase lîquids or gases (e.g. air). The flowmeter kit came with four tubes, and each tube had 

two correspondhg meter floats. For pinposes of the experiments, it was decided that the 

glass tube numbered 448-035 wodd provide the best readings for air flow rates (the other 
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tubes were for increasingly higher flow rates). For this tube, two floats could be used: one, 

a sapphire float for an air flow rate range of 0.4 - 43.5 cm3/min and second, a stainless steel 

fioat for an air flow rate range of 0.4 - 83.5 cm3/rnin. 

Initially, it was decided that the sapphire float wouid be the best choice given the 

anticipation that the air flow rates would be low. However, during the preliminary testing 

with the experimentai apparatus, it was discovered that the sapphire float in the air flow 

meter would not respond appropriately to the flow of air into the core. For example, the float 

regularly either remained at the bottom of the air flow meter, or the float would jump up due 

to a surge in the flow of air, and then remain stuck in the middle of the tube regardless of 

whether or not there was any air flow. This was tested by discomecting the air flow meter 

from the core leaving both end of the meter open to atmosphere. It was therefore decided 

that the float should be changed from sapphire to stainless steel. This meant that the readings 

for air flow rate would be corner than with the sapphire float, but the readings would then 

be accurate. 

Also, as part of the kit, a chart was provided that wouid correlate the readings of the 

meter with the air rate at standard temperature and pressure. A reproduction of this graph 

is shown in Figure 20. 

5.1.6 Liquid coliection system 

The liquid production coliection (measurement) system consists of a glas graduated 

cylinder capped with a rubber stopper. The stopper has two holes in it to allow for two 

tubes: one, a 0.6 cm (% inch) O.D. copper tube to be connected to the production probe in 
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the glass bead core, and the second, a 0.6 cm (% inch) O.D. copper tube connected (via a 

splitter) to the vacuum cylinder and the water manometer. The line to the vacuum cylinder 

is a 0.6 cm (% inch) O.D. plastic tube, while the line to the manometer is a 0.3 cm (Vs inch) 

O.D. plastic tube. The vacuum cy linder connects to the vacuum pump via a valve and a line. 

For the duration of each experiment, the pump was aiways lefi running. When the vacuum 

pressure (accordhg to the manometer) started to drop, e.g. due to the production of air, the 

valve fiom the vacuum cylinder to the pump was (carefully) opened manually to allow 

control over the vacuum pressure. The steel vacuum cylinder (a T size Helium cylinder with 

a volume of about 494 acted mainly as a vacuum reservoir, and buffered the action of the 

vacuum pump. 

The production probe inside the collection cylinder was curved to the wall of the 

cylinder so that production liquids could flow down the g las  wall (of the cylinder) instead 

of dropping down ont0 the liquid surface. This prevented any bubble/emulsion forrning on 

top of the liquid surface in the cylinder which made volume readings problematic. 

5.1.7 Selection of chemicals 

A number of chemicals were initially tested for the purpose and suitability of using 

them for the experiments. Two liquids were tested for cleaning the core. Refer to the List in 

Table 8 for the initial chemicals tested. 

The original plan was to conduct two senes of experiments, one with a hydrocarbon 

lighter than water, and the other with a hydrocarbon heavier than water. The constraints on 

the hydrocarbons were: 
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1. The hydrocarbon could not cause damage to the acrylic material that the core was 

made of. This was tested by immersing a rectangular piece of acrylic in the test fluid 

for several days. If the liquid caused hairlike surface bctures, here called 

"scratches", or dissolved the acrylic test piece, the fluid was rejected. 

2. The hydrocarbon needed a vapour pressure that was low enough (i.e. low volatility), 

such that exposure to a vacuum would not cause a measurable loss of hydrocarbon 

recovered. 

Three conditions were set for the cleaning fluid. The nrst condition was the same as 

the fust constraint for the hydrocarbon selection. The second condition was that the fluid 

had to clean the core, i.e. both the hydrocarbon and water are to be soluble in the cleaning 

fluid. nie third condition was that the cleaning fluid should vaporize easily. 

M e r  the testing of the chernicals listed in Table 8 was completed, the following were 

selected for the experiments: n-Heptane and di-Ethyl-Phthalate for the lighter and heavier 

than water hydrocarbons respectively. Isopropyl alcohol was selected as the cleaniag fluid. 

During the necessary testing it was observed, that any chlorinated hydrocarbon would 

cause damage to the acrylic and hence, none of these were suitable as test fluids. In the case 

of methylene chlonde, the fluid began to dissolve the acrylic on contact with most of the 

other fluids causing severe scratch marks on the d a c e  of the acrylic piece. On completion 

of the suitability tests, it was decided that di-Ethyl-Phthdate was the best choice as a heavier 

than water hydrocarbon. However, later after the nrst experiment using di-Ethyl-Phthalate 

(experiment 57), it was discovered that this Liquid did in fact damage the acrylic cyiinder, 
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causing severe scratching on the inside d a c e  of the acrylic wali. It was assumed however, 

that the damage caused by the di-Ethyl-Phthalate was due to the fact that the wall of the core 

was already scratched fiom a previous use of isopropyl alcohol. This alcohol was originally 

tested and deemed to be not damaging to the acrylic, hence it was selected to clean the core. 

Over time it was observed that this alcohol did indeed cause rninor scratching of the acrylic 

wall, making it difficult to see through the cylinder wall to monitor capillary fiinge 

development. Therefore, the continued use of this fluid to clean the core was stopped and 

hot water used instead. The effect of hot water was two fold: one, the hot water would 

anneal the d a c e  of the acrylic, and second, the n-Heptane used would vaporize and exit at 

the top of the core. Further, from consultation with the machinist who constnicted the two 

cells, it was learned that the stresses in a piece of circular acrylic are different than those in 

a rectangular piece and this may have had an iduence on the effect that the different liquids 

c m  have on acrylic. 

5.2 Experimental Procedure 

The procedure for conducting the experiments consisted of the following stages: 

cleaning of the core, preparation of the core for the next experiment, and the experiment 

itself Before proceeding with the presmibed experiments, 20 initial tests on the cores were 

perfomed to evaluate the experimental apparatus, the experimental systern set-up, the testing 

procedures for both the capillary drainage and imbibition processes, and the 

monitoring/recording of the data. 



5.2.1 Cleaning of the core 

Once an experiment was terminated, the vacuum pump was stopped, the vacuum 

production - collection system was disconnected from the production probe, the probe's stop 

cap put back on, and the air flow meter was disconnected. The valve comecting the core to 

the water reservoir was subsequently closed, and the water line and reservoir system 

disconnected from the core. The bottom valve was then opened to allow ail remaining 

liquids to pour fiom the core. After the liquids had drained by gravity, an air hose was 

attached to the top of the core, and air was blown fiom top to bottom of the core until 

completely dry. Once the core had dried, the air hose was removed and one end of a 1.8 m 

(6 ft) long plastic tube was attached to the bottom of the core. The other end of the plastic 

tube had a funnef attached to it, and was positioned vertically above the top of the core. 

Distilled hot water (80 - 90 OC) was poured into the funnel, and then flushed fiom bottom 

to top through the core. Approlcimately 7/(about 14 pore volumes) of hot water was flushed 

through the core in order to clean it. Once the core was cleaned the water was drained and 

the air hose was re-atîached to the top. The caps on the probes ends were removed, and air 

was blown through the core so that the glas bead pack and the probes could dry out. As the 

core dried, the caps for the probes were put back onto the probes. Air was allowed to flow 

through the core (top to bottom) ovemight (approxhately 12 hours) to insure that the glus 

bead pack was fblly dry. The air was laboratory provided pressured air, and was put though 

a stainiess steel tube that was fïiled with "Indicating Driente" (8 mesh) to remove water and 

oiis that may have existed in the lines and air. Once the core was dry, it was ready for the 

next experiment. 
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5.2.2 Preparation of the core for the next experiment 

The experimental study involved the establishment of a water table in the cylindrical 

core cell, the establishment of the capillary f i g e ,  and the subsequent introduction of a 

hydrocarbon contaminant above the capillary fringe. Al1 experiments were perfomed at 

ambient (20 - 24°C) conditions. The preparation of the core for the next capillary drainage 

experiment consisted of the following steps: 

a) The core was Mly saturated with water to a height of 25 - 30 cm for Core 1 and 30 - 
35 cm for Core 2 above the bottom of the glas bead pack. The system was allowed 

to equilibrate at that saturation for about 30 minutes. 

b) The water table was then dropped about 15 to 20 cm for Core I and 25 to 30 cm for 

Core 2 (relative to the bottom of the glass bead pack) to establish the drainage 

capillary f i g e  zone. As the water flowed fiom the core back into the water table 

reservoir, it was removed fiom the fùnnel using an eye-dropper so that the water table 

level remained constant. Once water had stopped flowing back from the core into 

the funnel, the system was allowed to equilibrate for 24 hours for Core 1, and 72 

hours for Core 2, to establish the drainage capillary fringe. It was visually observed 

fiom the 16-20 mesh core (Core 1) that it took about 24 hours for the drainage 

capillary f i g e  to reach equilibrium, and about 72 hours for the 30-40 mesh core 

(Core 2). 

C) After the capiliary f i g e  had equilibrated, the desired amount of hydrocarbon (the 

contaminant) was injected into the core at about 5.1 cm (2 inches) above the top of 

the capiilary f i g e ,  using a small funne1 hooked up to a probe (side port). The 
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hydrocarbon was poured into the funnel, and allowed to filter into the core at its own 

pace. It was observed from both cores, that, as the hydrocarbon entered the core, 

water was immediately displaced nom the core into the water table reservoir, Le. a 

drainage process. In addition, for Core 2 it was observed that, the hydrocarbon level 

in the core rose above the level of the injection probe before falling back down to 

below the level of the probe. After the required volume of hydrocarbon was injected, 

the system was lefi standing 24 hours for Core 1, and 72 hours for Core 2, to allow 

the system to equilibrate. This 24 and 72 hours was an arbitrary decision, because 

the hydrocarbon-water meniscus was not readily visible. However, for some Core 

2 experiments, 48 hours was w d .  

d) M e r  the iiquid system had stabilized, an air flow meter was connected to the top of 

the core. The vacuum production - collection system was hooked up to the core at 

the desired production probe (relative in height to the fiee water table), and the 

desired vacuum pressure was established in the vacuum production - collection 

system using the vacuum cylinder and the vacuum pump. With the opening of the 

production valve, comecting the collection system to the production probe of the 

core and exposing the core to the vacuum pressure, the measurement of the flow and 

recovery of n-Heptane (the contaminant), water, and air commenced. 

Al1 of the experiments conducted were done using the drainage capiiiary f i g e  

because the imbibition capillary m g e  was either too smaii (1.4 - 1.6 cm for Core 1, and 

developed aimost immediately) or took an extensive period of tirne to develop (1 7 - 18 cm 



for Core 2 over 18 days (Figure 2 1)). 

It was visually observed that for al1 drainage tests, the distribution of the liquids in 

the capillary m g e  was not completely the same at the start of each experimental test. The 

top of the capillary tiinge itself was never the same height, and showed a variance in the 

range in height. The drainage capillary fringe showed a "jagged" top, with peaks and 

valleys. These peaks and valleys for Core 1 would range in height fiom 8 to 9.15 cm for the 

peaks, and 6.8 to 8.2 cm for the valleys; while for Core 2 they would range in height fiom 

1 6.2 to 1 8.2 cm for the peaks, and 14.4 to 1 7.1 cm for the valleys (al1 measured fiom the free 

water table), Tables 9 and 10. This would suggest that the formation of the drainage 

capillary fringe, like the imbibition capillary Wnge, is not stable, and is subject to 

fluctuations in the system that can disrupt its formation (as was found by Lu et al., 1994). 

Consequently, when the hydrocarbon is added to the top of the capillary fringe, the 

hydrocarbon will not exactly distribute (equilibrate) itself in the same manner fiom test to 

test. 

5.2.3 The experiment: monitoring and data collection 

The actual experiment started when the valve linking the production - collection 

system to the core was opened, exposing the production probe to the desired vacuum 

pressure (in the Helium cyihder), as shown on the water manometer. At that moment, a stop 

watch was started, and the production of fluids (hydrocarbon, water, and air) was monitored 

over the. Measurements were taken each tirne when the total liquid produced reached a 

whole ml (not at specific tirne intervals), at which tirne the total water produced was also 



86 

recorded. The hydrocarbodair and watermydrocarbon menisci in the glas  cylinder could 

be read accurately. If no liquids were produced, the comecting valve was closed, the 

vacuum pressure was increased, and the valve linking the production probe to the vacuum 

production - collection system was reopened. The cumulative volumes of water and 

contaminant withdrawal at the f i g e ,  as well as the air flow rate, were rneasured. For al1 

experiments, the valve in the water line comecting the water table to the core was left open. 

For a couple of experiments, the valve co~ecting the core to the water table was closed fiom 

the begllining of the experiment, to see the effect of no water supply. The valve was also 

closed when water became the oniy fluid that was being produced. When this was the case, 

water production tended to be very rapid. The experiment was terminated when there was 

no m e r  hydrocarbon recovery fiom the core. There could be air flow, or, only the 

remaining mobile water was being produced. 

A listing of the experiments performed with the initial conditions of the test are 

presented in Tables 9 - 10. 

Ali tests were performed rnanually, data monitoring was dow by visual observation, 

and recorâing was done rnanually. Although due diligence was exercised for each test, 

differences between experimentai results will occur due to measurement accuracies and 

tolerances, and variances in capillary f i g e  eqtdibration. In addition, it was observed that 

when the valve between the production probe and the collection cylinder was closed at the 

end of the experimentai test, at times a drop or two of liquid would fd fiom the line into the 

collection cylinder. For some tests, this manifests itself in the recovery increasing at the end 

of the test (the last data point), rather than the recovery being held at a constant value. 



5.2.4 Initial testing of the core 

The original experimental plan proposed was to perform a set of tests using glass 

beads of a specific mesh size, for six different mesh sizes of glass beads: 10-14, 16-20,20- 

30,30-40,60-80, 120- 170, and 230-325 mesh. 

The experimental test (for al1 tests) prescribed the following test procedures for a 

given glas bead pack: 

Establish a constant water table level. 

Introduce water into the glass bead pack (to a predetermined height). 

Allow the water-air transition zone (capillary fiinge zone) to equilibrate. 

Introduce a pre-detemiined volume of a lighter than water hydrocarbon through a 

side port, above the top of the capillary f i g e ,  and allow it to equilibrate (such that 

one of the other side ports lies in the center of the transition zone). 

Turn on the vacuum pump and set the flow rneter to a low air extraction rate. 

Record the volume of hydrocarbon and water produced as a f'unction of tirne. 

Record the extraction (vacuum) pressure below atmospherk (as a fiuiction of time). 

Each test was to be repeated up to five times, using dBerent air extraction rates, to 

determine the effect of rate (Le. lack of equilibrium) on the relative withdrawal rate of 

hydrocarbon and water. In addition, an arbitrarily small nurnber of tests were to be 

dupiicated in order to determine the quaiity of the reproducibility of tests. 

The above test procedures were to be repeated to evaluate different parameter settings 

me: 
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a) Using a heavier than water hydrocarbon, and address capillary pressure (see Chapter 

3)- 

b) Introduce water above the (lighter than water) hydrocarbon to simulate the effect of 

b'rainfall". 

c) The use of a laminated glass bead pack, consisting of 10-14 mesh and 60-80 mesh 

g las  beads in altemating one inch layers. 

Twenty experiments were performed to evaluate the experimental apparatus, the 

equipment system set up, and the proposed prescribed test procedures. During these 

experiments, deficiencies and problems were encountered with the experimental apparatus, 

system set up, and test procedures. 

In review consultations, this resulted in the elimination of tests, changes to the 

experixnental set up, modifications to the testing of parameters (see Chapter 6), and the 

procedures (as per this thesis). For example: 

a) It was discovered that the vacuum collection system needed to be improved. The 

original system used the smalier 0.3 cm (Via inch) lines whereby the produced fluids 

became stuck on the inside of the line. This was corrected with the use of 0.6 cm (% 

inch) lines wherever possible. Further, the produced liquids tended to form bubbles 

(emulsion) as it dropped into the collection cylinder due to the high speed at which 

the fluids flowed through the line. This emulsion made the determination of the 

volume of liquids produced very diffcult, and required a visual estimation of the 

interface between water and hydrocarbon and the total volume of liquids in the 
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cylinder. It was reasoned, that if the portion of the copper production tube inside the 

cylinder was bent so that the produced liquids could flow dong the wall of the 

cylinder, no emulsion wouid form. This modification to the tube corrected the 

pro blem. 

b) Duing the initial capillary fiinge development tests, it became apparent that for glas 

bead packs of different mesh sizes, tests would only be practical with the 16-20 mesh 

(for Core 1) and the 30-40 mesh (for Core 2). The Iarger glass bead (10-14 mesh) 

pack wouid not provide a workable capillary f i g e  zone; and the smaller glass bead 

packs (less than 30-40 mesh) wodd take too long to establish a capillary fiinge zone. 

c) The capillary fringe can be established by either the capillary drainage or the 

capillary imbibition process. During the initial tests for an imbibition capillary 

system, it became immediately apparent that the capillary m g e  for Core 1 appeared 

to develop almost immediately to a height of 1.4 to 1.6 cm, and developed over an 

extensive period of time for Core 2 (Figure 21). On the other hand, the drainage 

capillary ilyge couid be established within a reasonable time h e ,  namely 24 hours 

for Core 1 and 72 hours for Core 2. Based on these findings, it was decided not to 

pumie any m e r  testing for the imbibition capillary system. 

d) Another problem observed was that the capillary f i g e  would not develop to the 

same height for the same mesh glass bead packs, and it would not be a straight (level) 

Line around the cyiinder w d .  Similar hdings are observed in the literature (Lu et 

al., 1994), and therefore this was accepted as a matter of fact (see Section 5.2.2). 

e) The experimental set up and equipment used did not d o w  for the control of the air 
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flow to a low extraction rate. On the other hand, the utilization of a large (49 T )  

helium cylinder would allow for the control of the vacuum pressure with a good 

degree of accuracy. Therefore, the testing procedures were modified such that the 

vacuum pressure was held constant and the air flow meter reading was recorded as 

a fiuiction of tirne. 

f) The experimental tests could only be performed using low vacuum pressures, narnely 

0.6 to 4.0 inches of water. To perform the experiments at higher vacuum pressures 

caused severe water coning, and made monitoring/recording of the progression of the 

tests not practical/possible. 

In addition to the above, during the actual experiments performed, problems did 

develop with respect to the cleaning fluid and the heavier than water hydrocarbon. These 

matters are discussed in Section 5.7.1. For the heavier than water hydrocarbon, it was 

decided not to perform any experiments (see Chapter 6). 



Table 6: Mesh Sizes for Glass Beads and Sieves 

1 Mesh Size 1 Size in mm 

Table 7: Porosity and Connate Water Saturation of Core 1 and Core 2 1 Core 1 Pomriv 1 Connate Watcr 
Saturation 

1 Core 1 1 36.3 % 1 6.2 % 1 



of Chernicals 

Vapour 
Pressure 
at 20°C 
(mm 
Hg) 

Surface 
Tension 
at 20°C 
(dyn/cm) 

Acetone 

- 

Cyclohexane C&, 1 0.779 1 80-81 1 insoluble 

Cyclopentane 0.745 49-50 insoluble zk++&r NIA 

Isopropy 1 
Alcohol 

Methyl Alcohol 

NIA Methy lene 
Chloride 

n - Heptane 

n - Hexane 

Tetrachloro- 
ethy lene 

NIA 

Toluene 
- --- .- 

1,1,1- Tri- 
c hloroethane 

C2H3C13 1 1.325 1 74.1 1 insoluble 

Trichloro- 
ethylene 

AU data except for d a c e  tension is fkom Perry's Chernical Engineers Handbook 6'h 
Edition. Suface tension is fiom Jasper (1 972). 



Table 9: Drainage Experiments 

I 

I 

for Core 1 

Initia1 
Vacuum 
Pressure 
(in H m  

Comments Additions Production 
Height 

(fiom Free 
Water Table) 

(cm) 

WaterIAir 
Capillary 

Fringe 
Height 

(fiom Free 
Water Table) 

(cm) 
Allowed 48 hours 
for C .F. growth, and 
between HC 
injection and 
production 

Had HC leakage 
when connecting 
collection system to 
probe 

Closed off water 
supply before 
introducing C,, re- 
opened during C, 
injection 



:Mnents for Core 1, Continued 

WaterIAir 
Capillary 

Fringe 
Height 

(nom Free 
Water Table) 

(cm) 1 
1 

Additions Production 
Height 

(firom Free 
Water Table) 

(cm) 

Initial 
Vacuum 
Pressure 
(in H m  

0.6 

1 -4 

0.8 Unable to shut off 
1 water supply (water 

production only) 

1 .O 

Meamred fiom original water table 

Measured fiom final water table 



ximents for Core 2 Table 10: Drainage Ex 

r 

II 

II 

II 

II 

3 9 

m. 

I. 

I 

- 

Initial 
Vacuum 
Pressure 
(in Hz01 

WaterIAir 
Capillary 

Fringe 
Height 

(fiom Free 
Water Table) 

(cm) 

Additions Production 
Height 

(fiom Free 
Water Table) 

(cm) 

Allowed 552 hours 
for growth, and 264 
hours between HC 
injection and 
production 

-- 

Allowed 2 1 6 hours 
b e ~ e e n  HC 
injection and 
production 

Water supply cut off 
fiom start of 
experiment 

Water supply cut off 
fiom start of 
experiment 

Allowed 48 hours 
for CF growth, 
between injection of 
HC and water, and 
HC production 



Table 

WaterIAir 
Capillary 

Fringe 
Height 

(nom Free 
Water Table) 

(cm) 
1 

ieriments for Core 2, Continued 

Additions Production 
Height 

(fiom Free 
Water Table) 

(cm) 

Vacuum 
Pressure 
(in H20) 

. 

Initial 

water table 
level by: 4.0 cm 

Comrnents 

1 .O 

Measured fiom original water table 

Measured fiom f?nal water table 

Allowed 48 hours 
for CF growth, 
between injection of 
HC and water, and 
HC production 



Collection 
Cylinder 

Vacuum 
Cylindet 

Manometer 

Vacuum 

Figure 17: Experimental Apparatus 
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Particle Size Distribution (Core 1) 

1.5 0.85 0.60 
Average Particle Size (mm) 

Particle Size Distribution (Core 2) 

Average Particle Size (mm) 
Figure 18: Particle Size Distribution for Glas  Bead Packs 
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Permeability of Coie 1 and Core 2 

Figure 19: Permeability Plots for Core 1 and Core 2 

Callbratton Graph for Flow Meter 
Tube 448 - 035, Stainless Steel Tube 

U 
O 1 O 20 30 40 50 80 70 80 90 

Air Flow Rate (cm31min et STP) 

Fipre 20: Calibration Graph for Ait Flow Meter (Fisher ScientSc 
Company) 



Cornparison of Experiments 8, 13, and 19 
Core 2: 30-40 Glass Bead Pack 

Growth of Capillary Fringe 

O 2 4 6 8 10 12 14 16 18 20 22 24 

Time (days) 

Figure 21: Growth of Capîiiary Fringe for Core 2 



CHAPTER 6 

APPLICATION OF CAPILLARY THEORY 

The concept and theory of capillarity in Chapter 3, identifies that the presence of 

mobile water in a porous medium causes the development of the capillary ninge zone. The 

rise of the capillary Fnnge above the fiee water table depends on a nurnber of conditions, 

such as: the available water supply below the fi-ee water table, the pore size and pore size 

distribution of the porous medium, the wettability of the porous system, and whether there 

is an imbibition or drainage process. 

For the subjected experiments, two cores with different mesh size glas  beads were 

used and identified as Core 1 and Core 2. For Core 1, the large mesh size glass bead pack, 

the imbibition capillary height was about 1.5 cm and the drainage capillary height was about 

8.1 cm, identiQing a scenario as depicted in Figure 16, for tube 2, i.e. a non-uniform mix of 

glass beads. For Core 2, the smaller mesh size glas bead pack, the imbibition capillary 

height was about 18.0 cm and the drainage capillary height was about 17.0 cm, which is 

about equal, suggesting a rather uniform mix of glass beads. 

The workings of the molecular cohesion and adhesion forces, being on a very small 

scaie, caused the drainage f i g e  to be developed much faster than the imbibition fiinge. The 

difference in time for the capillary f i g e  development, i.e. imbibition versus drainage, is 

thought to be due to porosity size and distribution, wettability, and the fact that the interfacial 

tensions or the molecular adhesion forces are working against the gravity forces for 

imbibition, and are aided by the gcavity forces for the drainage b g e .  This difference in the 
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working of the adhesion forces was observed with the preliminary experiments and led to the 

decision to use the drainage fringe for al1 experiments. 

Al1 experiments were started first with the development of the glass bead/water/air 

drainage capillary fi-inge zone, Figure 22. As shown in this figure by the axial liquid 

pressure distribution curve, the waterhir meniscus interface caused the water phase pressure 

in the core above the fiee water table, but below the meniscus, to be reduced fiom 

atmospheric pressure, here called "under-pressure" as annotated in the figure. That is, the 

pressure differential or under-pressure is related to the height above the free water table with 

the watedair capillary fringe height "~,,,;' as maximum, this being the capillary pressure 

for the g las  bead/water/air system. 

The visible waterkir capillary fringe consisted of a rather jagged interface line of one 

or only a few glass beads against the inside acrylic cylindricai wall; the fhge  d a c e  inside 

the core, and not visible, may not be at the sarne height for each experiment and, mon likely, 

was aIso not a smooth surface. 

After the drainage capillary h g e  was developed, a meamred mass of oil was 

introduced into the connate water satwated region just above the capillary h g e  zone. This 

oil influx volume was then allowed to equilibrate, and is presented schematically in Figure 

23. The presence of the oil layer above the waterloil meniscus b g e  caused the watedoil 

fringe height to be reduced due to interfacial tension and gravity effects, whereby the 

water/oil interface appears to act as a piston for an immiscible water/oil system. nie 

thickness of the oil zone was generally very difficuit to be determined visually, because the 

meniscus interfaces between the water and oil, and the oil and air, were generally not 
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conclusively discemable. Therefore, the oil height (b) was calcuiated as follows: 

It was experimentally determined that the connate water saturation (S, pendular ring water) 

for Core 1 was 6.2% and for Core 2 was 13.2%. In general, the average computed oil height 

(ho) was 5.2 cm for Core 1 and 5.9 cm for Core 2. 

The measured oil volume was introduced generally about 5.1 cm (2 inches) above the 

water-air capillary interface. The oil then, rather immediately for Core 1 but somewhat 

slower for Core 2, gravitated to the waterlair interface, spread over it replacing the air, and 

thus immiscibly displacing the water, lowering the waterloil interface by the weight of the 

oil column. In this process, oil may have been lefi behind as residual oil (Sm) above the 

capillary fringe, and air may have been trapped as residual gas saturation (SJ in the oil 

colurnn. Because both the Sm and S, could not be measured with the experimental set-up, 

it is here assumed that both parameters are O % and therefore left out of equation 38. 

Since the interfaces between the air and the oil, and the oil and the water in the core 

were very difficult to observe, the waterloil capillary fiinge height, in Figure 23, was 

caiculated using the waterlair capillary f i g e  height in Figure 22 (which was easily visually 

measured) and the calculated oil height as per equation 38, as follows: 
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If the calcuiated waterloil capillary h g e  height &,,$ and the calcuiated oil height 

(ho) were added, the sum, i.e. total liquid height, would add up to a value that was within 

k 1.5 cm of the observed total liquid height in the core, which was not accurately discemable. 

It is noted that for al1 expenments, $,, was kept above the free water table, limiting 

the mass of oil used in the experiments, and consequently b. In addition, in light of the fact 

that the water/oil and oiVair interfaces were difficult to discern, the production probe height 

was measured fiom the fiee water table. The production probe distance, h, or h2 in Figure 

23, was then computed using the calculated water/oil capillary height, h(w/o, Figure 23, as 

determined for the subject experiment, which was slightly different fiom experiment to 

experiment; as the watedoil capillary height was calculated fiom the measured waterlair 

capillary height, which had a variance range of about 0.5 to 1 .O cm for Core 1, and 0.75 to 

1.5 cm for Core 2. 

6.1 Drawdown 

In the petroleurn technology, the concept of drawdown PD) (Lyons, 1996; Craft and 

Hawkins, 1959) is used, which relates to the well's ability to produce (q), as expressed in the 

productivity index (PI), as follows: 

Where DD (also caiied pressure drawdown) is the pressure differential between the 

static reservoir pressure, P, and the bottom downhole wellbore flowing pressure, P,, as 

follows: 



DD = P,, - PWf 

The drawdown concept can be applied to the subject experimental core, whereby the 

wellbore sandface is the production probe inlet inside the core, as follows: 

DD = pst - p,,,, (42) 

For the production probe located in the oil column, h, above the waterloil interface, 

Figure 23, is: 

where P, is the atmospheric pressure, and VP is the vacuum suction pressure exposed to 

the production probe. 

In Figure 23 it is assumed that al1 glass beads in the oil column are covered with a 

film of water, and consequently the glass bead/oil/air capillary pressure is assumed to be: 

P,, = O, as annotated in Figure 23, and this term is left out of equation 43. 

By applying equations 43 and 44 to the DD equation 42, it will yield: 

Because VP is measured in inches of water, the oil column term is to be expressed in inches 



of water, as follows: 

where h, and h, were measured in centimeters. 

For the production probe located at a depth below the water/oil interface, Figure 

23, the DD concept yields: 

- 
pprobi - P a ,  - VP 

therefore: 

DD = (Pa, - h,f',g) - (Pa, - VP) 
= -h3pwg + VP 

Because VP is measured in inches of water, and h, is measured in centimeters, the equation 

is written in terrns of inches of water as foliows: 

It is observed that in equation 50, the capillarhy of the glas bead/water/oil system is 



incorporated in h,. 

6.2 Production Pressure Head 

For water wells, the term production pressure head (PPH) is used, which is defined 

as the pressure differential between the weight of the liquid (water) column, and the suction 

pressure of the water purnp. When this concept is applied to the subject experimentai core, 

this would yield for the production probe in the oil colurnn, expressed in inches of water, 

P P H  = 
( h o  - h , ) R s  + yp 

(2.54 cmlinch)pw 

where VP was measured in inches of water and ho and h, measured in centimeters. One 

would observe that the PPH equation 51 and the DD equation 46 are identicai for the 

production probe being in the oil column, assuming P,,,, = O, Figure 23. 

For the production probe being h2 below the watedoil interface, Figure 23, the PPH 

would interpret, expressed in inches of water, as follows: 

PPH = 
h o p s  + h2PS 

+ VP 
(2.54 cm/inch)pw (2.54 cm/inch)pW 

- - h o p s  4- h2g + y p  
(2.54 cm/înch)p, 2.54 cm/inch 

Here though, it was imediately concluded that for the production probe being below the 

watedoil interface, the DD equation 49 and the PPH equation 52 are incompatible, because 

the PPH does not take into account the capillary pressure at the watedoil interface and the 
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oiVair interface. 

It is observed that for most experurients the VP, in inches of water, is less than the 

water capillary height, $,,, in Figure 22, and consequently the capillarity of the cores 

cannot be ignored in the results of the tests, as illustrated in the following section. 

6.3 Cornparison of the Experimental Core with a Capillary Tube 

Literature (e.g. Lu et al., 1995) identified that the capillary effect in a glass bead pack 

can be illustrated with a capillary tube with a normalized inside tube radius (r), as follows: 

When this tube is vertically dipped into water, Figure 24(a), the water capillas, pressure is 

expressed as: 

- 
a - h c ( w l a l p w g  (54) 

Similady, for this tube dipped into oil, Figure 24(b), the oil capillary pressure is expressed 

as: 

Whether kWla.,., will be larger or smailer than bcda, depends on the relevant value of the 

interfaciai tensions, contact angles, and densities. In Figure 24 it is assumed that h,(W,a, > 

4(da).p Or < e(w wifh O(,) < and PW ' PO* 

When this capillary tube is dipped into a liquid, which consist of a mail oil layer on 
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top of water in a container, whereby, when the tube is in the water, the oil layer in the 

container is removed, the capillary effects are as illustrated in Figure 25. For Figure 25 the 

same concepts can be applied as equations 3 and 4 yielding equation 9, resulting in: 

Whether the oiVair capillary pressure will contribute to raising the water column, h, depends 

on the relevant heights of h, Figure 25, and $, in Figure 24. Thus, for h, < h,,,,, the Pa,,, 

will contribute to increase the water colurnn, h,,,; and for b> bthdU), the oil column difference 

h,, - h,,, will depress the water column hW. 

For purposes of the subject experiments, the oil colurnn h,, (equation 38) was chosen 

such that an adequate water colurnn was available above the free water table, b, to conduct 

the required experiments; however the g las  bead/oil/air capillary height, 4,,,,, was not 

experimentally determined with the cores. 

Analogous to Calhoun's (1982, Section 43) elucidation, the liquid pressure at Point 

A, Figure 25, is: 

the pressure in a production probe at point A is: 

Consequently, the drawdown for point A is: 



wherein: 

This identifies that P,,,, has an effect on the drawdown. 

For the cores it was assurned that the glass beads in the oil zone are completely 

wetted with a f i h  of water (Section 6.1) and consequently there is no glass bead/water/oil 

interface line (meniscus). This is analogous to the 8, being 90" which renders P,,,,, = O in 

equation 60 and consequently this DD equation is reduced to: 

which is identical to equations 45 and 5 1. 

Calhoun's elucidation for the liquid pressure in Point B below the oil column, Figure 

25, is: 



or: 

with the drawdown for the production probe located at point B being: 

or: 

Since equations 62 and 63 are equal, h, can be expressed as follows: 

The assumption that al1 glass beads in the oil zone are covered with a film of water makes 

the glass bead/water/oil interface non-existent, and consequentiy it is assumed that P,,, = 

0, and therefore: 

One concludes, that for h, to be positive, as was the case for al1 experiments, Le. above the 

fiee water table, the folio wing condition applies: 



identifj4ng that the capillarity, P,,,,, in the porous medium has a direct impact on the DD 

for al1 experiments performed, as identified in the comment for DD equation 50. In 

principle, equation 68 is a condition for PPH equation 52 in that ho and h2 are dependant on 

Pc(w/o)- 
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Figure 24: Liquids in Capillary Tubes 
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Figure 25: Oil and Water in same Capillary Tube 



CHAPTER 7 

RESULTS AND DISCUSSION 

A series of experiments were performed to investigate the recovery performance of 

a hydrocarbon spi11 fiom the capillary fnnge. In total, 24 experiments with Core 1 and 12 

experiments with Core 2 were performed using the drainage capillary fiinge system. The 

raw data collected from al1 experiments were plotted and these plots are presented in 

Appendix A. An example of an original raw data set is presented in Appendix B. 

The plots show the cumulative water and hydrocarbon production, as well as the gas 

flow rate as a function of time. For some of the expenments the gas meter bobbed between 

a minimum and a maximum and hence, for these experiments the minimum and maximum 

readings were taken and plotted. For other expenments the gas flow rate was either more 

steady and only one reading was taken (annotated as the maximum) or, there was no gas flow 

observed in the core (it is noted that the threshold air flow rate for the meter is 0.4 cdmin). 

There are no plots for experiments 38 or 57 with Core 1. In the case of experiment 

38, there was an inability to completely shut off the water valve (it was stuck) and only water 

was produced straight Eom the water reservoir. Therefore, b i s  experiment was considered 

a failure. In the case of experiment 57, the chernical di-Ethyl-Phthalate was used, which is 

heavier than water. Although the collection system was hooked up to a probe located below 

the water table Ievel, it was quickly discovered that the chemicai had completely mnk to the 

bottom of the core before the experiment was started and thus producing only water. Upon 

opening the bottom valve of the core (for cleaning) the di-Ethyl-Phthalate poured out. The 
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only chemical remaining in the core was most likely at residual saturation. This did 

demonstrate for Core 1, that although the hydrocarbon and water are immiscible, the 

capillarity did not prevent easy hydrocarbon liquid movement through the glas bead porous 

medium, caused by a small gravity difference. In consultation, it was concluded that the 

experiments with the heavier than water hydrocarbon were not doable with the apparatus. 

In addition, with expenment 57, it was discovered that di-Ethyl-Phthalate had a detrimental 

effect on the acrylic wall of the core (see Section 5.1.7). Based on the above, it was also 

concluded that ail M e r  planned experiments with this chemical could not be carried out 

for either core. 

Two experiments, numbered 29 and 40, did not produce meaningful interpretations 

and are therefore not discussed. They are stand alone tests and could be considered 

exploratory tests, and their results are shown in Appendix A. 

In addition to al1 experirnental tests being performed according to an initial set of test 

conditions regarding the location of the production probe and vacuum pressure; ail tests were 

extended to evaluate the incremental hydrocarbon recovery with respect to raising the 

vacuum pressure and for shutting off the water supply to the core. 

For al1 experiments under the initial test conditions, whenever there was no water 

production, there was dso no water released fiom the water reservou into the water table in 

the funnel, regardess of the volume of hydrocarbon produced. 

All sets of experiments were performed in sequence andlor randomly, with the 

assumption that the core cleaning process redted in the exact same standard of cleanliness 

of the core for every experimental procedure (Section 5.2). 
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For several experiments it was observed that with the closing of the production probe 

valve at the end of the experiment, a notable drop of hydrocarbon was released fiom the 

production flow line into the production collection cylinder. This resulted in a smail increase 

in the recovery of hydrocarbon, which appears as a blip at the end of the rate versus 

cumulative production curve. 

Al1 tests performed were done to address the following parameten with regard to the 

recovery performance of hydrocarbon spills in the vicinity of the capillary Fringe zone: 

The reproducibility of experiments, 

The effect of vacuum suction pressure, 

The effect of production probe height above the fiee water table, 

The effect of the volume of hydrocarbon spill, 

The effect of "rainf'ail", 

The effect of tirne allowed for equilibration, 

The effect of dropping the water table, 

The effect of raising the water table, 

Method of entering the hydrocarbon into the core, and 

The effect of production probe drawdown and its distance to the water/hydrocarbon 

interface on the recovery factor. 

7.1 Reproducibiüty of Experiments 

The reproducibility of an experiment implies that for identical experiments, ali fluids 

will settie in the same or sirnilar manner in the pore spaces during the experimental set up, 
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i.e. during the development of the airlwater capillary fnnge, during the placement of the 

hydrocarbon spill in the core, and during equilibration time; and in the way that the fluids 

are produced during the experimental test itself, within acceptable measurement accuracies 

and tolerances (see Sections 5.2.2 and 5.2.3). Four randomly chosen sets of experimental 

tests for Core 1 were subject to reproducibility: experiments 32 and 33; experiments 28,30 

and 35; experiments 27 and 36; and experiments 26 and 3 1. 

7.1.1 Set 1: Experiments 32 and 33 (Core 1) 

This set of experiments was performed under the initial conditions of the production 

probe being in the hydrocarbon column 5.1 cm above the fiee water table, and a vacuum 

pressure (VP) of 1 .O inches of water, Table 1 1. Figure 26 shows that the production profiles 

are very similar in shape and deflections with comparable recovery factors (RF). These two 

expenments are therefore considered to show good reproducibility. 

7.1.2 Set 2: Experiments 28,30, and 35 (Core 1) 

This set of experiments was performed under the initial conditions of the production 

probe being in the water capillary fringe below the hydrocarbon column, and 2.5 cm above 

the free water table using a VP of 1.0 inches of water, Table 12 (there is no figure). This set 

of experirnents shows a good reproducibility in that none of these tests produced any fluid 

for the initial conditions. The cause is thought to be that the drawdown @D), being 0.2 

inches of water, was Uwifncient to initiate production. The under-pressure in the capiilary 

fringe balanced the VP. 
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In order to evaluate the DD, dl three experiments were then subjected to a VP of 2 

inches of water yielding varying responses of sirnultaneous hydrocarbon and water 

production, Appendix A. In the extended part of the experiment, al1 three were eventually 

exposed to a maximum VP of 5.0 inches of water, and the water supply was shut off, 

whereby the ultimate end recovery was about 47.4 %. 

7.1.3 Set 3: Experiments 27 and 36 (Core 1) 

This set of experiments was performed under the initial conditions of the production 

probe being in the water capillary fnnge below the hydrocarbon column, 2.5 cm above the 

fiee water table using a VP of 0.6 inches of water, Table 13. This set of experiments was 

sirnilar to Set 2 with the exception, that the VP of Set 3 was 0.6 inches of water, i.e. a lesser 

W. 

The comparison of these two experiments, Figure 27, shows that the experirnents 

were not reproducible in that experiment 27 went to a RF of 63.4 % while experiment 36 

stopped producing hydrocarbon at a RF of 27.8 %. For both experiments, the DD was 

negative identifying that the VP was less than the under-pressure in the f i g e .  Surprisingly, 

a negative DD for these two experiments produced hydrocarbon, whiie for Set 2, which was 

identical except for the VP, did not produce any fluids with a DD of 0.2 inches of water. 

Although the causes could be various, it is specdated that opening the production probe to 

a negative DD caused some air to enter the core, redting in the capillary f i g e  to be broken 

up. In addition for experiment 36, it is perceived that when production stopped at 10 cc, a 

Jamin effect may have occurred. On the other hand, for experiments 36, &tW,O, was higher 
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than for experiment 27, causing the production probe to be m e r  below the 

water/hydrocarbon interface, yielding a lesser recovery performance. Further, for experiment 

36, it was necessary to increase the VP to 2.0 inches of water to re-induce flow, i.e. water 

production only. As with Set 2, it was necessary to close the water supply valve and increase 

the VP to see more incremental hydrocarbon production. Experiment 27 achieved a RF of 

63.4 %, while experiment 36 achieved a RF of 59 %, both greater than for the previous set 

under similar final conditions of the extended experiment. 

7.1.1 Set 4: Experiments 26 and 31 (Core 1) 

This set of expenments was performed under the initial conditions of the production 

probe being in the hydrocarbon column 5.1 cm above the fiee water table, and using a VP 

of 0.6 inches of water, Table 14. This set of experiments was similar to Set 1 with the 

exception that the VP was 0.6 inches of water, i.e. a lesser VP; and, the watedair capillary 

fringe was lower, resulting in h, to be greater, i.e. the production probe was higher up in the 

hydrocarbon zone. A cornparison of these two tests show that they were not reproducible, 

Figure 28. The performance of test 3 1 followed a similar pattern as the two experknents of 

Set 1, while experiment 26, after a cumulative production of 2.5 ml, completely stopped 

producing. Raising the VP to 1.4 inches of water did not result in any additional flow, but 

with a VP of 2.0 inches of water the production of hydrocarbon achieved a RF of 55.6 %. 

The test results suggest that the RF is related to "h, - h,", which is the length of the 

hydrocarbon column above the probe, and that there may be an under-pressure under the 

hydmcarbodair capillary interface, Le. there is a P,,,, for experiment 16 or a Jarnin effect. 
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In review of the above four sets of tests, it can be concluded that the reproducibility 

of these experiments cannot be guaranteed because of the variances in capillary behaviour 

as the most likely cause; e.g. under-pressure in the capillary h g e ,  the Jamin eKect, and the 

variable nature of the jagged liquid-fluid interfaces. 

7.2 Effect of Vacuum Suction Pressure 

Two sets of experiments were performed with Core 1 and with Core 2 to evaluate the 

effect of vacuum suction pressure (VP) on the recovery of hydrocarbons fiom the capillary 

reg ion. 

7.2.1 Set 1: Experiments 31,32,33, and 34 (Core 1) 

The results of the first set of experiments with Core 1 are s h o w  in Table 15 and 

Figure 27. For these experiments the production probe height (PH) was 5.1 cm above the 

fiee water table and located in the hydrocarbon column. Figure 29 shows that the VP does 

not strongly influence the ultimate recovery of hydrocarbons from the capillary fiinge. It can 

also be observed that the rate of hydrocarbon production is not in proportion to Darcy's Law. 

The production rate is disproportionately higher for a VP of 1.4 inches of water as compared 

to a VP of 0.6 inches and 1.0 inch of water, suggesting that the fluids may not have 

equilibrated to comparable saturations, i.e. effective permeability for hydrocarbon effects. 

Table 15 would also suggest that the RF is related to DD and "h, - h," at the start of the 

experiment. 



7.2.2 Set 2: Experiments 27,28,30,35,36,37, and 39 (Core 1) 

The results from the second set of experiments with Core 1 are shown in Table 16 

and Figure 30. For these experiments the PH was 2.5 cm above the fiee water table located 

below the waterlhydrocarbon interface. Experiments 27 and 36 are identical experiments, 

as well as experirnents 28,30, and 3 5. Surpnsingly, experiment 36, with a VP of 0.6 inches 

of water and a DD of -0.38 inches of water perforrned similar to experiment 37 with a VP 

of 1.4 inches of water and a DD of 0.42 inches of water. From this set of experiments it can 

be concluded, that there is no relationship between VP and RF. Notable is, that a small 

negative DD will produce hydrocarbon (see also Section 7.1.3), with a RF ranging from 28 - 

63 %. 

7.23 Set 3: Experiments 47,49,50 and 51 (Core 2) 

The resuits fiom the third set of experiments with Core 2 are shown in Table 17 and 

Figure 3 1. For the third set, the PH was 7.7 cm above the fiee water table and located below 

the water/hydrocarbon interface, i.e. in the water column. For experiment 5 1, after being 

exposed to a VP of 4.0 inches of water for 30 minutes, rapid water production started 

bringing dong 3.25 cc of hydrocarbon at the very start of water production and revertîng to 

sole water production thereafter. Considering the production performances of Set 3 it can 

be argued that only experiments 49 and 50 share similarities in trend and deflections. 

However, there is no trend with respect to the production performance in relation to VP as 

for Set 2. It was also observed that al1 experiments with a negative DD produced 

hydrocarbon with the RF ranging from 45 - 57 %, while for experiment 51 the DD is 0.97 



and yielded only a RF of 9 %. 

7.2.4 Set 4: Experiments 52 and 53 (Core 2) 

The results fiom the fourth set of experirnents with Core 2 are shown in Table 18 and 

Figure 32. For the fourth set? the PH was 7.7 cm above the fiee water table and Iocated in 

the water column below the water/hydrocarbon interface. The water supply was shut off 

from the very start of both experiments (after the t h e  for equilibration). The results of these 

two experiments are not conducive for a rneaningful conclusion, other than that the higher 

the VP the higher the rate of recovery and RF. 

7.3 Effect of Production Probe Height Above the Free Water Table 

Two sets of experiments with Core 1 and Core 2 were performed to evaluate the 

effect of production probe height above the fkee water table (PH) in the recovery of 

hydrocarbons fiom the capillary f i g e .  

7.3.1 Set 1: Experiments 22,23,24,27, and 31 (Core 1) 

The results of the first set of tests with Core 1 are shown in Table 19 and Figure 33. 

For this set, the VP was 0.6 inches of water. Experîments 22 and 23 had the production 

probe in the hydrocarbon column, while the three other tests had the production probe in the 

water column, i.e. in the water capiliary fringe. When looking at the production performance 

curves, no relationship can be correlated between production performance and the PH. Also, 

it is noted that for the experiments with the production probe in the water column, a negative 
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DD for experiment 23 and 27 produced a large volume of hydrocarbon (lW is 63 to 67 %) 

while experiment 24 with DD = 0.13 inches of water produced no hydrocarbon. For 

experiment 22 the hydrocarbon recovery appears to be related to (h, - h,), i.e. the higher the 

hydrocarbon column above the probe the higher the RF, as found in Section 7.1.4. 

7.3.2 Set 2: Experiments 45 and 47 (Core 2) 

The results of the second set of experirnents with Core 2 are shown in Table 20 and 

Figure 34. For this set, experiments 45 and 47, the production probe was in the water 

column and the VP was 1 .O inch of water for both experiments. The results show that both 

experiments have a similar end recovery. However, the production performance curves 

suggest that the higher the production probe is in the water capillary fnnge, the higher the 

rate of recovery of hydrocarbons without water production, i.e. it is related to distance 

travelled in the water column. For both experiments, a negative DD, Le. the VP is less than 

the under-pressure in the capillary fnnge, resulted in hydrocarbon recovery, as in Sections 

7.1.3 and 7.2.2. 

7.4 Effect of the Volume of Hydrocarbon Spiii 

Three experiments were performed with Core 1, Table 2 1 and Figure 35, to evaluate 

what the effect the volume of hydrocarbon added to the core had in the recovery of 

hydrocarbons ftom the capillary m g e .  For this set, experiments 4 1 (36.1 ml hydrocarbon 

added), 42 (28.9 ml hydrocarbon added), and 43 (43.9 ml hydrocarbon added), the PH was 

3.8 cm above the fiee water table, in the water capillary fiinge, and the VP was 1.0 inch of 
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water. The DD for this set of experiments was -0.5 inches of water, noting that the VP was 

somewhat l e s  than the under-pressure in the water capillary Fnnge below the hydrocarbon 

column. As was identified in the previous section for Core 1, there appears to be a 

relationship of the distance between the waterhydrocarbon interface and the production 

probe (h,J the DD and the recovery of hydrocarbons. For experiment 42, no fluid production 

was recorded for the prescribed conditions of the experiment, suggesting that capillary under- 

pressure prevented fluid movements. On the other hand, the same negative DD yielded a RF 

of 6 1 and 73 % for experiments 4 1 and 43 respectively. It can therefore be observed, that 

the more hydrocarbon that was added above the capillary Fnnge, i.e. the smaller h2, the 

higher the RF. As well, the performance trends for experiments 41 and 43 have similarities 

in the decline rate (rate vs cumulative production). It is noted that, with the closing of the 

production probe valve a drop of hydrocarbon was released fiom the flow line, presenting 

a blip at the end of the rate cuve for experiment 41. 

7.5 Effect of "RainfaU" 

"Rainfall" was simulated by adding an amount of water above the hydrocarbon zone 

using a higher probe than the one that was used to inject the hydrocarbon. For these 

experiments, once the water was added, the unfortmate aspect was that the 

waterhydnwbon interfaces were not discemable at al1 and hence fluid movements were 

open to speculation. When water was added above the lighter than water hydrocarbon, two 

effects took place. Fim, the density of the hydrocarbon was lighter than that of the water by 

0.3, prompting the hydrocarbon to nse above the water. Second, the weight of the added 
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water column on top of the hydrocarbon caused an imbibition process on the top of the 

hydrocarbon zone and a drainage process on the bottom. 

It was observed, that the liquid movements of the lighter than water hydrocarbon with 

a gravity difference of 0.3, were not comparable to the liquid movement of the heavier than 

water hydrocarbon with a gravity difference of 0.1, experiment 57 (page 1 15); and therefore, 

it is speculated that the glass bead/water/hydrocarbon contact angles are not comparable. 

For these expenments, the equilibration tirne provided afler the addition of water on 

top of the hydrocarbon zone was 24 hours for Core 1 and 48 hours for Core 2. It was 

observed that there was no water release fiom the water reservoir, and a minimal water table 

movement in the h e l  fiom the start of water injection to the end of the equilibration tirne. 

This suggests that al1 fluids where heId in capillarity. For these experiments, the position of 

the production probe was chosen arbitrarily and relative to the fiee water table and its 

position with respect to the waterhydrocarbon interface, Le. whether or not the probe was 

in the hydrocarbon colurnn afler the equilibration time, is unknown. Hence, the concept of 

drawdown cannot be expressed. 

Four sets of experirnents were performed to evaluate the effect of "rainfd" on the 

recovery of hydrocarbons fiom the capillary fnnge, three sets with Core 1 and one set with 

Core 2. Each set of experiments was, in p ~ c i p l e ,  identical for the initial set up of the 

experiment including the PH, whereby, for the £kst experiment, no water was added. 



7.5.1 Set 1: Experiments 22 and 46 (Core 1) 

The results of the first set of experiments with Core 1 are shown in Table 22 and 

Figure 36. For this set, the PH was 6.3 cm which was in the hydrocarbon zone, h, = 2.43 cm? 

and the VP was 0.6 inches of water, which gave a DD = 1.3 5 inches of water for experiment 

22. For experiment 46, before the "rainfall", h, = 1.23 cm, i.e. the production probe was 

lower in the hydrocarbon column than for experiment 22, due to the difference in 4,,,,. 

Figure 36 suggests that the hydrocarbon did not migrate to the top of the "rainfall" water and 

that "rainfaI1" is conducive for increased hydrocarbon production performance and recovery. 

However, it could also be speculated that for experiment 46 the production probe before the 

"rainfdl" was lower in the hydrocarbon column, and consequently was able to produce more 

hydrocarbon, assurning that al1 liquids were held in place in capillarity after the "rainfàll". 

7.5.2 Set 2: Experiments 23 and 44 (Core 1) 

nie  resuits of the second set of experiments with Core 1 are shown in Table 23 and 

Figure 37. For this set, the PH was 3.8 cm, which was in the water zone for experiment 23, 

with h2 = 0.35 cm, and the VP was 0.6 inches of water, which gave experiment 23 a DD = 

-0.9 inches of water yielding a RF of 66.8%. The resdts of the second set were the opposite 

of the previous set in that "rainfall" (adding of IO cc of water) resulted in no fluids being 

produced for experiment 44. Even raising the VP to 3.0 inches of water and closing off the 

water valve did not result in hydrocarbon production. From this experiment, it may be 

speculated that the hydrocarbon migrated due to gravity effects. 
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7.53 Set 3: Experiments 26,31, and 48 (Core 1) 

The results of the third set of experiments with Core 1 are s h o w  in Table 24 and 

Figure 38. For this set, with experiments 26 and 3 1 being identical, the PH was 5.1 cm, 

which was in the hydrocarbon zone for experiments 26 and 3 1 with h, = 0.73 and 1.02 cm 

respectively, and the VP was 0.6 inches of water, which gave experiments 26 and 3 1 a DD 

of 1.73 and 1.81 inches of water respectively. The resuits fiom this set suggest that "rainfall" 

is detrimental to the recovery of hydrocarbons, although, increasing the VP and shutting off 

the water supply for the extended part of the experiments does result in comparable 

recoveries. 

7.5.4 Set 4: Experiments 45,54, and 55 (Core 2) 

The results of the fourth set of experiments with Core 2 are shown in Table 25 and 

Figure 39. For this set, the PH was 10.2 cm and the VP was 1.0 inch of water. For 

experiment 45, the production probe was in the water zone with h2 = 2.97 cm, and the DD 

was -3.02 inches of water, yielding a RF of 52.3 %. The results of the fourth set of 

experiments suggest that the greater the volume of the rainfall, the lesser the amount of 

hydrocarbons cm be recovered It appeared that ail fluid movements were blocked, or held 

in capillarity, or hydrocarbon migration may have taken place. 

In review of the above, these experiments suggests that "rainfali" may be conducive 

for the effective stabilization of a hydrocarbon contaminant spiii, Le. it prevents m e r  

spreading of the spill due to liquid blocking or phase trapping; however, it does not promote 



a more effective recovery of a spill. 

7.6 Effect of Time Allowed for Equilibration 

Two experiments, numbers 2 1 and 22, with Core 1, Table 26 and Figure 40, were 

performed to evaluate the effect that the time allowed had for waterlair and 

water/hydrocarbon capillary equilibration in the recovery of hydrocarbons from the capillary 

fringe zone. For these experiments, the PH was 6.3 cm which was in the hydrocarbon 

column, and the VP was 0.6 inches of water for a DD of 1.34 and 1.35 inches of water 

respectively. The time ailowed for equilibration was 48 hours for experiment 21, and 24 

hours for experiment 22. For both experiments, the hydrocarbon was the only fluid 

produced. The recovery performance curves show, that the end (ultirnate) recovery is the 

sarne for both experirnents. However, the production performance curves also show, that the 

longer the time given for equilibration, the better the production performance i.e. a higher 

rate. This is perceived to be due to the effect that the liquids achieved a better equilibrium 

state with regard to the fluid saturations. Because liquids are more segregated for a longer 

equilibrium time in favour of the hydrocarbon (the non-wetting phase) in the hydrocarbon 

zone, the result is a more uniform waterhydrocarbon interface due to gravity dserence 

effects. This may also have af5ected the effective permeability for the hydrocarbon phase 

at different water saturations (a lower water saturation for experiment 21) above the 

waterhydrocarbon interface. 



7.7 Effect of Dropping the Water Table 

One set of experiments with Core 1, Table 27 and Figure 4 1, being experiments 32, 

33, and 56, were performed to evaiuate the efEect of dropping the water table in the recovery 

of hydrocarbons from the capillary fnnge zone. For experiments 32 and 33, which are 

identical experiments, the water table height was 10.25 cm. For experiment 56, the water 

table height was originally 10.25 cm (equilibration time was 24 hours), after which 

hydrocarbon was added (equilibration time was 24 hours), and subsequently the water table 

was dropped to 8.0 cm (relative to the bottom of the glas bead pack, equilibration time was 

24 hours) for a water table fa11 of 2.5 cm. After that, the waterhydrocarbon and the 

hydrocarbonkiir interfaces were not conclusively discemable. For al1 three experiments, the 

PH was 5.1 cm above the free water table at the time of production start, which gave a h, of 

0.32 and 0.48 for experiments 32 and 33 respectively, and the VP was 1 .O inch of water. 

After the hydrocarbon colurnn above the capillary h g e  was equilibrated for 

experiment 56, the lowering of the water table caused the drainage process to take place at 

the hydrocarbonfwater interface. This may have caused residual hydrocarbon to be ieft 

behind (non-wetting fluid entrapment) above the hydrocarbon colurnn since the volume of 

the non-wetting fluid stays the sarne, but it spreads out over more porous medium in the core. 

One the other hand, lowering the water table caused the production probe to be higher up in 

the hydrocarbon coiumn and consequentiy, as found in previous experîments, the RF being 

dependant on h,, - h,, was 48.6 % for experiment 56 as compared to 67.4 % and 64.4 % for 

experiments 32 and 33 respectively. 
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7.8 Effect of Raising the Water Table 

Two experirnents, 45 and 58, with Core 2, Table 28 and Figure 42, were performed 

to evaluate the effect of raising the water table in the recovery of hydrocarbons Eom the 

capillary f i g e  zone. For experiment 45, the water table was 5.0 cm fiom the bottom of the 

glass bead pack. For experiment 58, the water table was originally 5.0 cm fiom the bottom 

of the glas  bead pack, and after the introduction and subsequent equilibration of the 

hydrocarbon colurnn, the water table was raised to 9.0 cm above the bottom of the glas  bead 

pack. After raising the water table, the fluids were given 48 hours to equilibrate. The PH 

was 10.2 cm for experiment 45, and 6.2 cm for experiment 58, i.e. the production probe was 

not moved after the raising of the water table. The VP was 1 .O inch of water for both 

experiments. 

The RF for experiment 45 was 52.3 % while the RF for experirnent 58 was O %. 

Consistent with previous experiments, experiment 45 with h2 = 2.97 cm and where the DD 

was -3 .O2 inches of water, produced hydrocarbon. However, although experiment 58 had 

a less negative DD, there was no hydrocarbon production. This may be attributed to the fact 

that the production probe for experiment 58 was M e r  fiom the water/hydrocarbon interface 

than for experiment 45. It is noted that for experiment 58, in order to induce liquids 

production, it was necessary to increase the VP to 4.0 inches of water and to shut off the 

water supply . 



7.9 Method of Entering the Hydrocarbon into the Core 

Two experiments, 22 and 25, were performed with Core 1, Table 29 and Figure 43, 

to evaluate the effect of closing the water valve during hydrocarbon injection into the core. 

Experiment 22 followed the standard procedure, i.e. using an open water valve; while for 

experiment 25 the water valve was closed during injection, and after the hydrocarbon was 

injected the water valve was opened again to allow the fluids to equilibrate. For both 

experiments, the production probe was in the hydrocarbon colurnn and the DD was 1.35 

inches of water for experiment 22 and 1.42 inches of water for experirnent 25. 

Although the RF's are similar, Le. 41.6 % for experiment 22 and 46.7 % for 

experiment 25, the production performance curves show a dramatic difference. For 

experiment 25, ho - h, is 2.23 cm while for experiment 22 it is less, i.e., consistent with the 

trend of the RF. The cause for this difference may be attributed to the differences in 

capillarity after the equilibration times. 

7.10 Effect of Production Probe Drawdown and its Distance to the 

WaterMydrocarbon Interface on the Recovery Factor 

It became apparent in the previous sections that there is a relationship between the 

location of the production probe above the fiee water table and the recovery factor, even 

though Section 7.3 aione did not compietely bear this out. The production probe location is 

important in that it relates the position of the probe with respect to the hydrocarbon column. 

If the production probe is relatively high in the hydrocarbon column, i.e. the distance 

between the hydrocarbon/air interface and the production probe is s d ,  there will be air 
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coning fiom the top of the hydrocarbon column, and consequently very little hydrocarbon 

is produced. Further, a production probe located high in the hydrocarbon zone cannot 

produce the hydrocarbon that is below the production probe, because it was observed fiom 

the experiments that there was no movement of water fiom the reservoir into the water table 

regardless of the amount of hydrocarbon produced over the experimental tirne period. This 

indicates that the waterhydrocarbon interface did not rise during the expenment. 

As the location of the production probe was moved M e r  down the hydrocarbon 

column, the vacuum pressure was assisted by the "weight" of the hydrocarbon column that 

was above the production probe, as expressed by the drawdown, equation 46. On the other 

hand, if the production probe was far below the hydrocarbon column, i.e. near the fiee water 

table, there was water production only, provided that the vacuum pressure was suficient to 

overcome the under-pressure in the water capillary fiinge (equation 50). 

There are two ways to look at the above aspects of the recovery phenomena: one, is 

to look at the recovery factor as a h c t i o n  of the production probe height (PH) above the fiee 

water table, and second, is to look at the recovery factor as a function of the distance between 

the waterhydrocarbon interface and the production probe. 

With respect to the first way, Figure 44 shows the recovery factor as a fiinction of 

production probe location relative to the fiee water table for a couple of different vacuum 

suction pressures used for Core 1. This figure suggests two things: first, there exists a 

minimum distance between the production probe and the fke water table required in order 

to materialize the production of hydrocarbon, and this minimum distance increases with 

increased vacuum pressure. Second, there is an optimum location that would maximize the 
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recovery of hydrocarbon, and this location is higher up above the fiee water table for a higher 

vacuum pressure. However, Figure 44 does not take into consideration the location of the 

water/hydrocarbon interface with respect to the location of the production probe for each 

experiment. A similar correlation couid not be established for Core 2, because of insufficient 

data points. 

With respect to the second way, Figure 45 shows the recovery factor ss a function of 

the distance between the water/hydrocarbon interface and the position of the production 

probe for Core 1. Looking at the recovery factor relationship in this manner, it allows for 

the differences in the heights of the watermydrocarbon capillary f i g e  for each experiment 

to be taken into account. Figure 45 suggests several things: first, there is a maximum 

distance limit between the waterhydrocarbon interface and the production probe in order to 

have hydrocarbon production fiom below the hydrocarbon column. As the probe is located 

farther away from the interface and closer to the water table, water production would occur 

more readily than the recovery of hydrocarbon. Second, the maximum distance lirnit is 

closer to the waterhydrocarbon interface for a higher vacuum pressure. Third, when 

comparing the recovery factors for a vacuum pressure of 0.6 inches of water with those for 

1 .O inch of water, the higher the vacuum pressure the higher the hydrocarbon recovery at the 

optimum location. It is noted that there are an insufficient number of data points to render 

a conclusion fiom a vacuum pressure of 1.4 inches of water. Findly, the optimum location 

for a production probe is in the proximity of the watedhydrocarbon intefiace, and this can 

be either in the bottom of the hydrocarbon column or just below the watermydrocarbon 

interface. 
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A production probe located just above the waterhydrocarbon interface has the benefit 

of the "weight" of the hydrocarbon column dong with the vacuum pressure, i.e. a drawdown 

that is larger than the vacuum pressure for the hydrocarbon production. 

If the probe is located just undemeath the watedhydrocarbon interface, the vacuum 

suction would have to be stronger than the under-pressure of the waterhydrocarbon capillary 

fnnge as related to the available height, h,, which in turn is determined by the "weight" of 

the hydrocarbon column., equation 67. However, this was not observed for more than 

several experiments, but rather the opposite was seen, i.e. a negative drawdown produced 

hydrocarbon (e.g. Sections 7.1.3, 7.2.2, 7.2.3, and 7.3.1). It is possible that a production 

probe located just below the interface could benefit fiom hydrocarbon coing into the 

capillary fringe, as the waterhydrocarbon capillary fringe is a 'Tagged" interface inasmuch 

as the waterlair interface was jagged. Or, the jagged nahue of the waterhydrocarbon 

interface caused the probe to be just in the hydrocarbon colurnn, i.e. in a vailey of the jagged 

interface, although the computed b, and consequently the h ,,,, did not indicate this. 

Inasmuch as that there is a relationship between the recovery factor and the location 

of the production probe relative to the watermydrocarbon interface and the vacuum pressure, 

recovery factor distribution plots were made to analyse the combhed effect of production 

probe location and drawdown on the recovery factor. 

Figures 46 - 48 show the recovery factor distributions for Core 1, while Figures 49 - 
50 show the recovery factor distributions for Core 2. For Figures 46 and 49, only the initial 

production data points were considered. fn both figures, the water supply was open. For the 

other figures, the plots include the data points that are fkom the extended part of the 
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experiments. The recovery factors for al1 data points were calculated from the "hydrocarbon- 

in-place" at the time when each step of an experiment started. 

Figure 46 suggests that a positive drawdown combined with a positive distance 

between the watedhydrocarbon interface, i.e. the production probe is above the 

water/hydrocarbon interface, yields the best recovery. Further, it suggests that a near zero 

drawdown results in no hydrocarbon recovery. 

Since Figure 47 includes the data points fiom the extended parts of the expenments, 

it is noted that the extended part of the test had less hydrocarbon in place, and also had the 

greater possibility of air and water production, especially as the drawdown increases. 

For Core 2, no experiments were done with the production probe above the 

waterhydrocarbon interface. The results for Core 2 are shown in Figures 49 and 50. 

Remarkably, as seen in Figure 49, a negative drawdown can yield the best recovery. It is 

possible that when the vacuum suction was applied to the probe, some air flowed into the 

core breaking up the capillary f i g e  fonning a hydrocarbon migration pathway towards the 

probe, resulting in hydrocarbon production. On the other hand, there couid have been a 

similar scenarîo as postulated for Core 1, in that the jagged nature of the waterhydrocarbon 

interface caused the probe to be just in a valley of the interface, although the computed b, 

and consequently k,,, did not indicate this. For Figure 50, the water supply valve was 

closed only for the extended part of the experiments, except for two experiments, 52 and 53 

for Core 2, where the water supply valve was closed fiorn the start of the experiment. 

Generally, it can also be noted that Core 1 yielded a better overall recovery than Core 

2, which could be a consequence of Core 1 having a larger pore opening than Core 2, 



meaning that the hydrocarbon can be easier trapped in Core 2 than in Core 1 .  



Table I l :  Reproducibility Set 1: Experiments 32 and 33 (Core 1) 

Note: WIS = water supply 

RF 
(%) 

32 

Table 12: Reproducibility Set 2: Experiments 28,30, and 35 (Core 1) 

DD 
(in -0) 

8.35 15.22 open 

1 closed 1 

VP 
(in HzO) 

5.23 1 0.48 1 ; 33 1 open 

-- -- 

t 
28 open 1 8.0 / 5.23 1 

0.321 15.10/1.0 I 

8.2 

l 1 ; closed 1 

h? 
(cm) 

hi 
(cm) 

1 
5.10 

W I 

(%) I I 

I l i I 
l 1 closed j ! ! i I 1 I 

1 4.02 45.71 1 

PH 
(cm) 

h 
(cm) 

1 Exp. 

2.32 

hi 
I i (cm) 

! ' 30 1 open 7.88 5.26 1 1.78 2.5 1.0 0.2 
I i Open 1 2.0 , 1.02 5.5 1 

i 

WIS 
vaive 1 (cm) 

67.36 

5 .O 

1.0 

PH 
(cm) 

h2 
(cm) 

5.32 

2.28 

VP 
(in &O) 

/ / closed 

67.36 

64.4 

DD 
(in HzO) 

I 

1 
1 

1 closed / 
1 

O .2 2.5 O 35 

1 1 1  2.0 
1.0 

I 

7.93 1 5.26 open 

r 

1.02 136.5 

i 

1.83 

closed 

closed 

closed 1 

4.02 
1 

t 

1 
1 

O 

38.57 

47.52 1 

1 .O 1 0.2 

48.9 I 1 5.0 

2.0 1 .O2 

5.0 1 4.02 



Table 14: Re~roducibiiity Set 4: Experiments 26 and 3 1 (Core 1) 

Table 13: Reproducibility Set 3: Experiments 27 and 36 (Core 1)  

l 

f 1 I open / 1.4 1 2.43 6.94 
1 I 1 
i i open 1 I I / 2.0 13.03 155.56 1 

I 
I I 

RF 
(%) 

63.36 

63.36 

27.78 

27.78 

27.78 

47.92 

59.03 1 

1 I 
j 1 open I 1 / ! 1 15.0 15-31 156.94 1 

PH 
(cm) 

VP 
(in H,O) 

0.6 

4.0 

r 

DD 
(in H20) 

-0.38 

3 .O2 

1 

h, 
(cm) 

-0.38 

0.02 

1 .O2 

1 ,O2 

ho 

(cm) 

1 36 1 open 
1 

1 open 

open 

, closed 
r 

5 .29 

0.6 
1 

3 1 1 open 
- 

Open 1 1 1 

1.65 1 2.5 
h2 

(cm) 
4 , ~ ~  
(cm) 

ExP 

56.94 

7.95 

L 

5.26 

1 I 

i 
1 ciosed 

W S  
valve 

5.0 1 
closed 1 

1.81 1 5.1 5.23 

49.86 

59.97 
L 

1 2.0 
5.0 closed 

7.75 

i 1 Open 

27 

2.5 1 0.6 

1 .O 

2.0 

2.0 

1 / 
49.86 1.02 

2.47 

5.47 

1 1 
open 

2.06 8.13 

I 
5 .O 1 4.02 

5.22 

I 
i 
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Table 15: Effect of Vacuum Suction Pressure Set 1 : Experiments 3 1,32,33, and 34 (Core 

Note: Experirnents 32 and 33 are identical 

1) 
RF 
(%) 

49.86 

49.86 1 
, 

59.97 

67.36 

67.36 

64.4 

DD 
(in H20)  

1.81 

2.47 

5.47 

PH 
(cm) 

5.1 

VP 
(in HzO) 

0.6 

2.0 

h, 
(cm) 

0.73 

h, 
(cm) 

5.23 

: 3 2  /open 
r 1 

/ closed 

I 1 5.0 j 1 closed 
1 

/ 5.0 

hz 
(cm) 

1 

h W  
(cm) 

7.95 

1 E ~ P -  
I 

/ 31 
I 

8.35 3 .22  i0.32 

I 

5.1 

5.1 

l 34 open 8.0 5.26 

5.32 ' 65.1 
I 

W B  
valve 

open 

I 

open 1 
closed 

3 3  open 18.2 

1.0 / 2.32 

I I I I 
O 1 closed ! I / 1 1 1 4.0 i 4.3 / 63.36 1 

I 
0.7 1 / 5.1 j 1.4 2.63 

5 .O 

61.98 

5.32 

5.23 1.0 1 2.28 0.48 1 



Table 16: Effect of Vacuum Suction Pressure Set 2: Experiments 27,28,30,35,36,37, and 
39 (Core 1) 

1 

! l 
i closed 
I 

RF 
(%) 

63.36 

63.36 

0.0 

8.3 1 

36.7 

45.71 

0.0 

5.5 1 

DD 
(in HzO) 

-0.38 

3 .O2 

0.02 

I 

/ closed 

I 
I 1 closed 1 
I 

! 1 open 
I 
i 1 closed 
1 

h? 
(cm) 

1.65 

hl 
(cm) 

/ 2.0 1 1.02 1 36.5 1 

1 I 

1 

Exp- 

l 
! 

PH 
(cm) 

2.5 

open 1 

h i  
(cm) 

7.75 

W/S 
valve 

i 
2.0 

3 8.57 

VP 
(in HzO) 

0.6 

2.5 
1 

h, 
(cm) 

5.26 
I 

I 

27 1 open 

1 .O2 

I 
I / closed 1 

0.0 

I .O2 

j 1.0 

1 
! 

1 / closed 1 1 , 5.0 
I 
I 

1 
I 

4.0 

1.0 

2.0 1 1.02 

0.02 

2.0 

136 o p e n  

4.02 1 47.52 j 

L8 

I 

-0.38 

5.0 1 4.02 

8.13 5 . 2 2 '  27.78 

open 1 1.92 8.0 15.231 , 

5.26 1 7.88 30 / open 

1 .O 

2.0 

2.0 

5 .O 

2.06 1 2.5 

0.02 1 27.78 1 

I 

0.6 

------ 

1 1 open 1 
/ open 

1 closed 

1 closed 

1 .O2 

1 .O2 

4.02 

open 

I I  

27.78 

47.92 

59.03 

1.78 

l 

1.0 2.5 0.02 

2.0 1 1.02 



Note: Experiments 27 and 36 are identicai, as well as 28,30, and 35 

Table 16: Effect of Vacuum Suction Pressure Set 2: Experhents 27,28,30,35,36,37, and 
39 (Core 1) Continwd 

RF 
(%) . 
33.93 1 
33.93 

33.93 

49.86 

56.79 

Table 17: Effect of Vacuum Suction Pressure Set 3: Experiments 47,49,50, and 51 (Core 
y 

DD 
(in H,O) 

O .42 

1 .O2 

2-02 

4.02 

7.02 

VP 
(in H20) 

1.4 

139 'open 

1 closed 

DD 
(in H20) 

-2.03 

6.97 

-1 .O3 

VP 
I 
l Exp* / W/S l 4,,, 

open 

1 / open 

4<w~ 
(cm) 

8.35 

1 

Exp. 1 W/S 
valve 

RF 
(%) i 
55.48 1 
55.48 

45.33 

ho 

(cm) 

5.23 37 

1 1 closed 1 
t 

1 
l 

l 
\ closed 1 

1 

8.3 

/ valve 1 (cm) 
1 

1 47 1 open / 16.78 
I t 

ho 

I 

hz 
(cm) 

2.27 

hl 
(cm) 

open 

1 2.22 / 2.5 5.23 

/ 5.52 5.9 

I 
2.97 1 46.7 

1 

, 2.0 
l 

1 3.0 

PH 
(cm) 

2.5 

I 1 closed 

/ 1 closed 

1.8 j 0.82 1 0.0 1 

(cm) 

5.93 

hl 

17.25 

-0.03 

4.97 

51 

5 .O 

8.0 

46.4 

52.63 

1 

h2 1PH 

4.0 1 0.97 1 31.68 

7.7 

closed 

57.53 

57.53 

open 

4.02 

6.02 

I 

(cm) 1 (cm) 1 (cm) 1 (in H,O) 

/ closed 1 I 

I 

27.0 

5.0 

5.03 

0.82 
I I 

1 7.0 

I 

5.91 

5.93 

149 ' open 16.98 

8.95 4.0 

I 
1.8 

7.7 

5.24 

5.73 

1 10.0 

0.97 

1.0 

7.7 

7.7 

, 
17.48 

i 1 closed 

2.0 

I 
6.0 

3.0 

8.0 

1 50 open 

closed 



Table 18: Effect of Vacuum Suction Pressure Set 4: Experirnents 52 and 53 (Core 2) 

/i closed b7.03 1 5.9 1 1 5.3 j 7.7 1 3.0 / -0.03 1 13.77 

h, 
(cm) 

1 
1 1 closed 

1 

/ closed 

closed 

h, 
(cm) 

b~w1 
(cm) 

Exp- PH 
(cm) 

7.7 

h2 

(cm) 

5.29 

W/S 
valve 

! 

52 

VP 
(in &O) 

4.0 

8 .O 
l 

closed 

closed 

17.03 

4.0 l 0.97 i 13.77 

5.91 

5 .O 

10.0 

DD 
(in H@) 

0.97 

4.97 

RF 
(%) 

32.28 

41.9 

1.97 

6.97 

19.28 

26.86 



Table 19: Effect of Production Probe Height Above the Free Water Table Set 1 : Experiments 

1 1 ! i ' 
i 23 ooen ! 7.75 / 5.26 1 1 0.35 / 3.8 1 0.6 1 -0.9 1 66.8 

22,23,24,27, and 3 1 (Core 1) 

RF 
(%) 

41.55 

50.55 

70.64 

DD 
(in H+3) 

I .35 

2.0 

5 .O 

I 

i l i l  I 

I I 1 1 I l 
I I 1 l f 

VP 
(in &O) 

0.6 

2.0 

5 .O 

2.0 

5 .O 

5 .O 

1 I I  i i ! 1 1 5.0 i 1 closed / 
! 1 

PH 
(cm) 

6.3 

I 

1 
1 
1 I 

2.94 / 1.2 
I ! open / 

1 1 

/ open 

1 closed i I 
2 4  :open 1 17.68 

4.53 144.82 1 I 

I 

: .- .- - -. -. . 
i i 

j 27 j open / 7.75 j 5.26 j 1 1.65 / 2.5 1 0.6 
b 

0.5 

3.5 

3 -5 

1 I 1 i 1 .O 1 0.53 , 0.0 
1 

1 
I 

! 
5.17 1 

l t 
t 

: 31 1 open 1 7.95 
1 

l 1 

! clawd 1 
i 

1 open 
I 

hl 
(cm) 

2.43 

Exp. W/S 

! open 1 

66.8 

66.8 

66.8 

0.6 1 0.13 

1 ! closed i I i I t / 0.8 1 0.33 1 7.0 I 
1 i 

1 

4 

0 

h2 , (cm) 

22 

1 1 I 

4,,, ' h,, 
(cm) 1 (cm) 

0.0 
I i l 

I 

/ open 1 I I 1 [ l i i 
1 4.0 

5.23 

valve 

open 7.45 

50.42 j 1 closed 1 

I 
5.23 

1 l 

l 1 7.0 / 6.53 
l 

t I 
0.73 1 i ' 5.1 1 0.6 i 1.81 1 49.86 1 I 

I 

2 .O 

5 .O 

2.47 

5.47 

49.86 

59.97 



Table 20: Effect of Production Probe Height Above Free Water Table Set 2: Experiments 
45 and 47 (Core 2) 

1 closed 1 
- -- / 1 closed / 

1 47 / open 1 16.78 ( 5.93 ! 
/ closed 1 

(cm) 1 (cm) (in H,O) (in H20) (%) 

2.97 10.2 1.0 -3 .O2 52.34 

I 
I 1 

i 
r 1 
I I 

I 1 closed / I 
I 
1 5 .O 

1 
! ' / 3.5 / 66.48 1 

Table 21: ERect of the Volume of Hydrocarbon Spill: Experiments 4 1,42, and 43 (Core 1) 

I i I l 1 -  i - '  1 42 open / 8.28 1 4.19 , 11.62 j 3.8 1.0 ! -0.5 / 0.0 I 

Exp- I W/S 1 vaive 
1 

k,,,, 
(cm) 

RF 
(%) 

60.94 

I 
ho / h, PH 
(cm) i (cm) (cm) 

1 I 1 1 l 

41 

1 open 1 1 

/ open 
b 

l 

1.6 
I 

i 
1 0.1 j 0.0 1 

-- 

42.39 

55.36 

72.89 

72.89 

1 - -  

1 / c losedi  j i j 1 2 . 4  10.9 

VP 
(in H1O) 

open , 8.23 

' 1 1  i I 
1 1  

l 

2.4 / , 0.9 

ciosed 

1 43 1 open 

DD 
(in H,O) 

5.23 

13.84 

1 0.85 1 3.8 1 1.0 1 -0.5 1 

i 
6.0 

1.0 8.59 
t 

4.5 

-0.5 

6.0 j 4.5 

6.36 , 0.43 
I 

closed 1 
3.8 



Table 22: Effect of ''JXainfall" Set 1 : Experiments 22 and 46 (Core 1) 

RF 
(%) 

1 22 / open / 7.45 1 5.23 
open 

Table 23: Effect of "Rainfali" Set 2: Experiments 23 and 44 (Core 1) 

ho 
(cm) 

! 

l 1 1 
46 1 open / 8.68 

closed 

i 
23 open 7.75 5.26 0.0 3.8 0.6 / 66.8 

t 

PH 
(cm) 

Water 
added 
(ml) 

0.0 1 6.3 

i l ; open 1 

VP 
(in H,O) 

i / Open I I I 
1 5.27 19.9 ' 6.3 

5 .O , 70.64 

0.6 / 41.55 
2.0 

0.6 

2.0 

50.55 

54.95 

56.32 

1 1 closed l 1 I 
I 

1 5.0 / 66.8 1 

19.55 

25.14 

1 I 

I 

3.8 1 l 0.6 
1 

1 / closed 

1 l 
1 closed t 

114 I 
o p e n  8 . 4 8  5.19 9.9 0.0 

i 
0.0 1 i 

t 1 i 1 closed / 
i 

1 11.4 
1 1 

I 

I 
l 

closed / 
t 

j 5.0 
8 .O 

1 13.0 / 0.0 



Table 24: Effect of "Rainfall" Set 3: Experiments 26,3 1, and 48 (Core 1) 

1 26 1 open 

Exp. 

1 open 

WIS 
valve 

/ closed 

I 

i 
! j open 

h, 
(cm) 

Note: Experiments 26 and 3 1 are identical 

Water 
added 
(ml) 

b 
I 1 1 clcsed 1 

19.9 148 /open 
i i open 
l 1 

PH 
(cm) 

1 1 closed 1 
I [ I 

/ closed 

8.45 i5.22 
I 

1 

5.1 

VP 
(in H@) 

1 3.0 
6 .O 

RF 
(%) 

1 

5.0 

0.6 

53.47 

56.94 

59.97 

4.86 

1.4 ! 7.64 



Table 25: Effect of "Rainfali" Set 4: Experiments 45,54, and 55 (Core 2) 

I I 1 1 1 1 

1 

1 closed 1 

, 

1 closed 
1 

i 1 closed 
l 

Table 26: Effect of Time Allowed for Eauilibration: Ex~erirnents 21 and 22 (Core 1) 

RF 
(%) 

52.34 

53 .O3 

59.23 

49.45 

49.45 

r 
l 

1 

I 
1 1 open I 1 .O 1 .O 47.09 
I I 

I 1 open I I I 2.0 2.0 47.78 
, 

i 1 open 1 5.0 5 .O 73.4 1 
I 1 22 1 open 7.45 5.23 2.43 6.3 0.6 1.35 41.55 

1 

I 
open 2.0 2.0 50.55 

! open 5 .O 5.0 70.64 

VP 
(in H,O) 

1.0 

6.0 

1 '3.0 0 . 0  
I i 

0.0 

i 

1 1 closed 1 i 1 1 1 2.0 / 0.0 

j 

Water 
added 
(ml) 

0.0 

ho 
(cm) 

5.9 

55 

+ 

1 4.0 
1 
1 0.0 

1 / closed 

c losed 

PH 
(cm) 

10.2 

34.9 

$,, 
(cm) 

17.2 

r 

Exp. 

45 

I 
10.0 

W/S 
valve 

open 

I 1 
t 

10.2 5.93 open 

28.77 
1 

closed 

1 .O 17.55 

6.0 

i 54 I 

l 
I 

24.9 open 1 17.4 1 5.91 
f 

closed / 
10.2 1 1.0 

8.0 



Table 27: Effect of Dropping the Water Table: Experiments 32,33, and 56 (Core 1) 

156 1 open 1 8.53 1 

Note: Experiments 32 and 33 are identical 

VP 
(in H,O) 

E ~ P -  

5.1 

5.1 

32 1.0 

5 .O 

1.0 

5.0 

1 l 
1 closed 

Table 28: Effect of Raising the Water Table: Experiments 45 and 58 (Core 2) 
t 1 

ho  

(cm) 
RF 
(%) 

WJS &[Wh)  

valve / (cm) 

67.36 

67.36 

64.4 

65.1 

1 I 

closed 1 

PH 
(cm) 

open 

\ 1 

1 5.0 

t I 
i / closed 1 I 

I 10.0 59.23 

49.32 

7.95 

1 closed 

5.23 

8.2 j 33 5.22 open 

0.0 

o.O 

2 1.29 

27.47 

I 1 I 

j 
I ' 58 open i 17.25 , '6.2 11.0 

/ closed 

i 1 I i open i 
I 1 closed 1 
1 1 1 closed 1 

2.0 

4.0 

10.0 



Table 29: Effect of Method of Entering the Hydrocarbon into the Core: Experiments 22 and 
25 (Core 1) 

VP 
(in H,O) 

0.6 

EXP. W/S 
valve 

h ,  
(cm) 

DD 
(in H,O) 

1.35 

ho 

(cm) 
RF 
(%) 

41.55 1 22 
t 

5.23 

5.27 

50.55 

70.64 

46.7 

49.45 

57.69 

63.19 

open 1 7.45 

2.0 / 2.0 

h, 
(cm) 

5 .O 

0.6 

1 .O 

2.0 

5 .O 

2.43 

I 
5.0 

1.42 

1 .O 

2.0 

5 .O 

6.3 

h 
(cm) 

7.68 

1 open 

PH 
(cm) 

1 25 2.23 

open 

open 6.3 

t / open 

i open 
i I 
I 1 open 
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Figure 26: ~e~roducibilitfset 1: Experiments 32 and 33 (Core 1) 
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Figure 28: Reproducibility Set 4: Experirnents 26 and 3 1 (Core 1) 
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Figure 37: Effect of "Rainfall" Set 2: Experiments 23 and 44 (Core 1) 
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Figure 40: Effect of TA; Allowed for Equilibration: Experiments 21 and 22 (Core 1) 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

Al1 experiments were performed manuaily, and al1 measurements were done by visual 

obsexvations only. Therefore, although due diligence was used, there are inherent variances 

in accuracies and capillary equilibrations. These matters may affect the conclusions. 

When considering the results of the performed experiments, it is clear that there are 

many factors af5ecting the outcome of these experiments. In light of the complexity of the 

experimental capillarity conditions, the following general conclusions can be made: 

1. The recovery of hydrocarbons fiom the capillary fringe is affected by the location of 

the production probe with respect to the waterhydrocarbon interface and the vacuum 

suction pressure used. The optimum location for the production probe is in the 

vicinity of the waterhydrocarbon interface and a stronger vacuum pressure yields 

only a slightly better hydrocarbon recovery. 

2. When the production probe is located below the watermydrocarbon interface, and the 

vacuum pressure exceeds a critical value with respect to the under-pressure in the 

capillary fkinge, then only water is sucked up into the production probe. 

3. Al1 experiments can be reproduced. However, the reproducibility is dependant on 

the fluid distribution in the core before the start of the experiment, and the fluid 

movements der  the experiment has staaed. Fluid distribution in the core was never 

the same because the development of the drainage capillary f i g e  was never the 
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same for al1 experiments within the provided equilibration time. Also, since fluid 

distributions were never the sarne, fluid movements will not be the sarne for al1 

experiments. 

4. "Rainfall" may trap hydrocarbon due to capillarity. However, it may not be 

conducive to the more efficient recovery of hydrocarbon spills, due to phase trapping 

and liquid blocking. 

5 .  The movement of the water table can afTect the hydrocarbon recovery in that the nse 

or fdl of the water table causes additional non-wetting fluid entrapment due to the 

spreading of the hydrocarbon over a larger porous bulk volume, thus lowering its 

recoverability. 

6. The waterhir capillary f i g e  interface was only visible fkom the outside as a jagged 

interface line at the inside of the core wall, with peaks and vaileys. However: the 

distribution and the height of the peaks and valleys inside the core were unknown. 

Further, for each experiment, the watedair capillary fnnge was never at the sarne 

height, nor was the distribution of its peaks and valleys ever the sarne. 

7. The hdings of the experiments, extended to a hydrocarbon spill in a ground water 

bearing strata, yield the followiag conclusions: 

a) in the event of a hydrocarbon spill, the application of an evacuation process 

using wells will stabilize the spill, reduce its areal spread (pancaking), its 

depth of penetration, and its volume. However, it is not a clean-up method 

for the scheme presented here. 

b) The capillarity of the ground water bearing strata plays a major role in the 
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spreading and entrapment of a hydrocarbon spill, as does the character of the 

ground water table in the subterranean strata (zone of intermittent saturation) 

and the effect of rainfall. These factors may determine whether a horizontal 

well or vertical well should be used for the efficient recovery of a 

hydrocarbon spill. 

In-situ factors decting the recovery processes are: i) the viscosity of the 

contaminant, ii) interfacial tension and wettability, iii) pore size distribution 

in the contaminated zone, iv) local heterogeneities, v) temperature with 

depth, vi) the volatile nature of the contaminant, and vii) in situ subsurface 

natural chernical processes. 

8.2 Recommendations 

Based on the results of the experiments performed, and given the complexity of the 

nature of capillarity and its effect on the recovery of hydrocarbons fiom the capillary region, 

the following recornmendations are made: 

1. A series of experiments should be performed to cross-correlate the minimum vacuum 

pressure required to produce water fiom the capillary fringe without the presence of 

a hydrocarbon column, and with respect to the probe height above the fiee water 

table for a glas beadwaterlair system at equilibrium conditions. 

2. A series of experiments should be performed as above but for a glass 

beadfwatermydrocarbon system, with the presence of a hydrocarbon column, and 

with the production probe below the waterlhydrocarbon contact, whereby it can be 
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observed at what vacuum pressure and distance fiom the production probe to the 

waterhydrocarbon contact coning will take place. 

3. The use of an oil with a better light rehctive index ciifference with water, or the use 

of only water soluble or oil soluble dyes, to better visually observe the liquid-fluid 

interfaces. An alternative is to use a CAT scanner to monitor the fluid saturations 

inside the core and to analyse the jagged nature of the capillary fnnge. 

4. A shorter (e.g. 1 foot) and smaller diameter (e.g. 1 inch) core may be acceptable, 

assuming that the same glass bead mesh sizes are used. A longer core is more 

appropriate if the glass bead sizes are smailer, because it has a higher capillary f i g e .  
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Production Helght: 6.3 cm Volume of n-Heptane added: 38.1 ml 
Hydrocarbon RF: 73.4 % 

Experiment 22 (Core 1) 
Drainage Air-Water Capillary Fringe 
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Production Height- 6.3 cm Volume of n-Heptane added: 36.1 ml 
Hydrocarbon RF: 70.6 % 
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Experiment 23 (Core 1) 
Drainage Air-Water Capillary Fringe 

Production Height: 3.8 cm 
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Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 67.5 % 
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Experiment 24 (Core 1 ) 
Drainage Air-Water Capillary Fringe 

1 O0 10 
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Hydrocarbor 
Water 
Air (min) 

-.-.-.-.- Air (max) 

wscut  off 

f ime (min) 
Production Height: 1.2 cm Volume of n-Heptane added: 35.7 ml 

Hydrncarbon RF: 50.4 % 



Experiment 25 (Core 1 ) 
Drainage Air-Water Capillary Fringe 
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Production Height: 6.3 cm Volume of n-Heptane added: 36.4 ml 
Hydrocarbon RF: 63.2 % 

Experiment 26 (Core 1 ) 
Drainage Air-Water Capillary F ringe 
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Production Hsight- 5.1 cm Volume of n-Heptane added: 36.0 ml 

Hydrocarbon RF: 58.3 % 



Experiment 27 (Core 1 ) 
Drainage Air-Water Capillary Fringe 

Hydrocarbon 
Water 
Air (min) 

-.-.-.-.- 

O 20 40 60 80 100 120 140 160 
Time (min) 

Pmductfon Height: 2.5 cm Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 63.4 % 

Experiment 28 (Core 1) 
Drainage Air-Water Capillary Fringe 
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Production Height 2.5 cm Volume of n-Heptane added: 36.1 ml 
Hydrocarbon RF: 45.7 % 



Experiment 30 (Core 1) 
Drainage Air-Water Capillary Fringe 
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Experiment 29 (Cote 2) 
Drainage Air-Water CapilIary Fringe 

O 1 O 20 30 40 50 60 ?O 80 
Time (min) 

Production Height: 2.5 cm Volume of n-Heptane added: 36.3 ml 
Hydmcarbon RF: 48.9 % 
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Production Height: 10.2 cm (for first 55 min) Volume of n-Heptane added: 36.5 ml 
Production Height: 5.2 cm (for last 65 mln) Hydrocarbon RF: 56.2 % 



Experiment 31 (Core 1) 
Drainage Air-Water Capillary Fringe 

70 
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Production Height: 5.1 cm Volume of n-Heptane added: 36.1 ml 
Hydrocarbon RF: 60.0 % 

Experiment 32 (Core 1) 
Drainage Air-Water Capillary Fringe 

1 O 
VP=f.O VP = 5.0 in H20 . 
in H20 +WS&off - 

-. 

O 20 40 60 80 100 120 140 160 180 
Tlme (min) 

Pmducîion Height 5.1 cm Volume of n-Heptane added: 36.0 ml 
Hydrocarbon RF: 61.4 % 



Production Helght: 5.1 cm 

Experiment 33 (Core 1) 
Drainage Air-Water Capillary Fringe 

Time (min) 
Volume of n-Heptane added: 36.1 ml 
Hydrocarbon RF: 65.1 % 

Experiment 34 (Core 1 ) 
Drainage Air-Water Capillary Fringe 
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Production Height: 5.1 cm Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 63.4 % 



Experiment 35 (Core 1) 
Drainage Air-Water Capillaty Fringe 

25 
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L * in HZ0 >- in H20  - in H 2 0  hW0 

Production Hetght 2.5 cm 
Time (min) 

Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 51 .? % 

Experiment 36 (Core 1 ) 
Drainage Air-Water Capillary Fringe 
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Pmduction Height 2.5 cm 
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Volume of n-Heptane added: 36.0 ml 
Hydmcarbon RF: 50.0 % 



Experiment 37 (Core 1) 
Drainage Air-Water Capillary Fringe 

90 
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Production Height: 2.5 cm 
Tim e (min) 

Volume of n-Heptane added: 36.1 ml 
Hydrocarbon RF: 56.8 % 

Experiment 39 (Core 1) 
Drainage Air-Water Capillary Fringe 

O 5 10 15 20 25 30 35 40 45 50 55 60 65 
Tïme (min) 

Production Hsight 2.5 cm Volume of n-Heptane added: 36.1 ml 
Hydmcarôon RF: 52.6 % 



Experiment 40 (Core 2) 
Drainage Air-Water Capillary Fringe 
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Tirne (min) 
Production Height: 5.2 cm Volume of n-Heptane added: 36.5 ml 

Hydmcarbon RF: 57.5 % 

Experiment 41 (Core 1) 
Drainage Air-Water Capillary Fringe 

VP = 1.0 VP = 5.0 in HZ0 

1 
in HZ0 - 4 

WS cut off 
- i 

- 
1 
c 
i! - i ! - 
'1 
Ii . ! i 
5 
' j  0. - 
' 8  / 
li 4 0. 

i! i! /#& 

l!!! ,@ i - 

- 

O 10 20 30 40 50 60 70 80 90 100 
Tirne (min) 

Production Height: 3.0 cm Volume of n-Heptane addrd: 36.1 ml 
Hydmcarbon RF: 66.5 % 



Experiment 42 (Core 1) 
Drainage Air-Water Capillary Fringe 

80 
VP = 1 .O VPa1.8 VPs2.4 VP = 2.4 VP =i 6.0 
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Production tleight: 3.8 cm Volume of n-Heptane added: 28.9 ml 
Hydrocarbon RF: 55.4 % 

Experiment 43 (Core 1 ) 
Drainage Air-Water Capillary Fringe 

Hydrocarbon 
Water ----- Air (min) 

Production Height 3.8 cm Volume of n-Heptane added: 43.9 ml 
Hydrocarbon RF: 72.9 cc 



Experiment 44 (Core 1) 
Drainage Air-W ater Capillary Fringe 

30 50 
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Time (min) 
Production Height: 3.8 cm Volume of n-Heptane added: 35.8 ml; water added: 9.9 ml 

Hydrocarbon RF: 64.2 % 

Experiment 45 (Core 2) 
Drainage Air-Water Capillary Fringe 

O 10 20 30 40 50 60 70 80 90 1 0 0 1 1 0  120 130- 
Tïme (min) 

Production Helght: 10.2 cm Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 58.2 % 



Experiment 46 (Core 1) 
Drainage Air-Water Capillary Fringe 

VP =r 2.0 in HZ0 
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Production Height: 6.3 cm Volume of n-Heptane added: 30.4 ml; water added: 19.9 ml 
Hydrocarbon RF: 58.3 % 



Experirnent 48 (Core 1) 
Drainage Air-W ater Capillary Fringe 

H ydrocarbon ----- Water 
-.-.-.-.- Air (m ln) 
-.-.-.-.- Air ( m a )  

Air fiow off scaie - 

O 20 40 60 80 1 O0 120 160 
T ime (min) 

Production Heiaht: 5.1 cm Volume of n-Heptane added: 36.0 ml; water added: f 9.9 mi 
Hydrocarbon RF: 58.9 % 

Experiment 49 (Core 2) 
Drainage Air-Water Capillary Fringe 

Hydrocarbon 
-a--- Water 
--.-- Air (min) 
-.-*-.-.- Air (max) 

Tirne (min) 
Production Height: 7.7 cm Volume of n-Heptane added: 36.4 ml 

Hydmcarbon RF: 48.7 % 



Experiment 50 (Core 2) 
Drainage Air-Water Capillary Fringe 

O 10 20 30 40 50 60 70 80 90 100 110- 
Time (min) 

Production Heisht: 7.7 cm Volume of n-Heptane added: 36.5 ml - 
Hydrocarbon RF: 57.5 % 

Experiment 51 (Core 2) 
Drainage Air-Water Capillary Fringe 
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Production Heig ht: 7.7 cm Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 31 -7 % 



Experirnent 52 (Core 2) 
Drainage Air-Water Capillary Fringe 

WS cut off I Hydrocarbon ----- Water 
-.-.-.-.- Air (min) 

Time (min) 
Production Height: 7.7 cm Volume of n-Heptane added: 36.4 ml 

Hydrocarbon RF: 41.9 % 

Experiment 53 (Core 2) 
Drainage Air-Water Capillary Fringe 
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Production Height 7.7 cm Volume of n-Heptane added: 36.3 ml 
Hydrocarbon RF: 26.9 % 



Experiment 54 (Core 2) 
Drainage Air-W ater Capillary Fringe 

VP = 1 .O VP = 8.0 in HZ0 
. in H20 Y S  cut qfl 

20 - ! 
'5 ! /* 

Time (min) 
Production Helght: 10.2 cm Volume of ri-Heptane added: 36.4 ml; water added: 24.8 ml 

Hydrocarbon RF: 49.5 % 

Experiment 55 (Core 2) 
Drainage Air-Water Capillary Fringe 
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Pmducffon Hsight: 10.2 cm Volume of n-Heptane addsd: 36.5 ml: water addsd: 34.9 ml 

Hydrocarbon RF: 34.2 % 



Experiment 56 (Core 1) 
Drainage Air-Water Capillary Fringe 

Hydrocarbon 
Water 

-.-.-.-.- Air (min) 
Air (max) 

O 20 40 60 BO 1 O0 120 140 
Time (min) 

Production Height: 5.1 cm Volume of n-Heptane added: 36.5 ml 
Water Table was dropped by: 2.25 cm Hydrocarbon RF: 49.3 % 

Experiment 58 (Core 2) 
Drainage Air-Water Capillary Fringe 
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Production Height: 6.2 cm Volume of n-Heptane added: 36.4 ml 
Water Table was raûed by: 4.0 cm Hydrocarbon RF: 27.5 % 



APPENDIX B 

SAMPLE OF ORIGINAL DATA 



Experirnent 33 (Core 1 : 16-20 Glas Bead Pack) 

19/06/96 
1. 9: 10 am - Set the water table level to 28.2 cm and opened the water valve to let 

the water into the core. 
2. 9:35 am - Capillary fringe is at 29.7 cm. Closed the water valve and dropped the 

water table level to 10.25 cm. 
3. 9:40 am - Opened the water valve and removed water from the reservoir so that 

the water level remained at 10.25 cm. 

20/06/96 
1. 850 am - The capillary fringe is 18.0 to 18.9 cm above the water table. 
2. Mass n-Heptane poured out: 25.0g (36.5 ml) 
3. n-Heptane poured into probe 9 (22.9 cm) at 8 5 5  am 
4. Mass n-Heptane + beaker start 76.2 g 

end 51.5g 
diff 24.7 g (36.1 ml) 

1 1/06/96 
1 Vacuum/collection system hooked up to probe 6 (1 5.2 cm) 
2 Vacuum pressure preset to 1 .O inch H20 
3 T = 20.25 O C  

4 Air flow meter: 448 - 035 with Stainless Steel Float 

Note: Abbreviations used: 
H20 = Water 
T = Ambient room temperature 
TL = Total liquid volume 
TW = Total water volume 
THC = Total hydrocarbon volume 
VP = Vacuum pressure 
gas meter readings are unconverted 



Time 
min 

O 
1 
13 
17 
20 
24 
27 
3 1 
35 
39 
43 
48 
52 
56 
2 
7 
13 
19 
25 
33 
41 
50 
O 
2 

2 
2 

3 
4 
5 
5 
7 
7 
9 
10 
12 
15 

secs 

O 
45 
56 
10 
44 
13 
52 
36 
3 1 
21 
30 
2 
17 
53 
O 
39 
49 
24 
48 
30 
59 
O 
O 
30 

47 
56 

45 
33 
20 
46 
6 
50 
5 
O 
20 
O 

Total 
min 

O 
1.75 
13.933 
17.167 
20.733 
24.2 1 7 
27.867 
3 1.6 
35.517 
39.35 
43.5 
48.033 
52.283 
56.883 
62 
67.65 
73.8 17 
79.4 
85.8 
93 *5 
101.98 
110 
120 
122.5 

122.78 
122.93 

123.75 
124.55 
125.33 
125.77 
t 27. t 
127.83 
129.08 
130 
132.33 
135 

Stop 
Restart, VP = +2.5 -2.4 in 
H20, water supply cut off 

gas meter = 4, have water 
production 
gas meter = 5 to 5.5 
gas meter = 5.5 to 6 
gas meter = 5 to 5.5 

gas meter = 5 to 5.5 
gas meter = 5.5 

gas meter = O 
Stop 

n-Heptane recovered &er experiment: 15.8 g (23.1 ml). 
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